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The fluid flows through both the fractures and pores in deep-seated rock masses, which is of
special importance for the performance of underground facilities such as groundwater use and nuclear
waste disposal [1–5]. Many researchers have contributed to modeling fluid flow through pores,
fractures, and dual-porosity media, using the developed laboratory experimental systems, theories
and numerical methods [6–9]. Although the fluid flow is affected by stresses that always exist deep
underground [10–13], we should first understand the hydraulic characteristics of fractured porous
media [14,15]. How to predict the permeability of a porous media and/or a fracture network, as well
as how the interface of pores and fractures influences fluid flow, is still unknown [16,17]. This is our
motivation to handle this Special Issue (SI) of Processes, focusing on reporting the recent advances in
fluid flow in fractured porous media.

The special issue “Fluid Flow in Fractured Porous Media” has been closed on 31 December
2018, in which a total of 58 papers are collected from different countries and different affiliations.
The accepted papers include a wide variety of topics such as granite permeability investigation,
grouting, coal mining, roadway, concrete, and so on. In the previous review work [18], we have
introduced the contributions of first published 27 papers [19–45] and we will continue to introduce the
remaining 31 papers in this study [46–76]. The details are summarized as follows:

(1) Jiang, D. et al., Experimental Investigation on the Law of Grout Diffusion in Fractured Porous
Rock Mass and Its Application [46].

This paper investigated the evolutions of grout diffusion in fractured porous rock masses using a
developed visualization platform and a three-dimensional grouting experimental system. The results
show that a parabolic shape exists when the grout flows from the hole to the bottom of the model.
The grouting pressure has a larger influence on the grouting diffusion radius than the water-cement ratio.

(2) Qiu, Z. et al., Rheological Behavior and Modeling of a Crushed Sandstone—Mudstone Particle
Mixture [47].

This paper presented the rheological deformation of a sandstone-mudstone particle mixture
through confined uniaxial compressive tests using 24 samples. The results show that with increasing
the uniaxial compressive, the rheological process experiences four stages: Linear stage, attenuation
rheological stage, secondary attenuation rheological stage, and stable stage. The authors proposed a
segmented rheological model for a coarse-grained soil.

(3) Yang, X. et al., Effect of Dry-Wet Cycling on the Mechanical Properties of Rocks: A Laboratory-Scale
Experimental Study [48].

Processes 2019, 7, 255; doi:10.3390/pr7050255 www.mdpi.com/journal/processes1
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This paper experimentally depicted the effect of dry-wet cycling on mechanical properties of rocks
in a lab-scale. The results show that the uniaxial compressive strength decreases by a rate of 34.21%
and the elastic modulus decreases by a rate of 44.63% when the wet-cycle number increases from 0–15.
The dry-wet cycling has a significant influence on the distributions of particle size and pore structure.

(4) Zhang, Z. et al., Changes in Particle Size Composition under Seepage Conditions of Reclaimed
Soil in Xinjiang, China [49].

This paper used the geotechnical experimental method to investigate the changes in particle size
composition of reclaimed soil in Xinjiang, China. The results show that the granulometric composition
of the reclaimed soil changes dramatically with varying depths from 10 m–70 m. For a depth of 10 m,
the granulometric composition is similar with that of undisturbed reclaimed soil; while when the
depth is 70 m, the fine particle content is greatly different with that of undisturbed reclaimed soil.

(5) Irfan, M. et al., Geotechnical Properties of Effluent-Contaminated Cohesive Soils and Their
Stabilization Using Industrial By-Products [50].

This paper reported the chemical impact of dyeing and tannery on high plastic clay and low plastic
clay, and examined the time-dependent variations in the properties at different effluent percentages.
The results show that with increasing time upon dyeing contamination, the unconfined compressive
strength of both soils increases.

(6) Zhang, M. et al., High Mixing Efficiency by Modulating Inlet Frequency of Viscoelastic Fluid in
Simplified Pore Structure [51].

This paper proposed an effective mixing approach to simulate the mixing of viscoelastic fluids
flowing through a simplified pore T-junction model. The results show that the mixing degree is
relatively low, i.e., 0.15 for Newtonian fluid and 0.25 for viscoelastic fluid, under a constant driving
pressure. When the phase difference is 180◦, the mixing degree has a maximum value of 0.82 for the
viscoelastic fluid.

(7) Liu, S. et al., Experimental Development Process of a New Fluid–Solid Coupling Similar-Material
Based on the Orthogonal Test [52].

This paper developed a new fluid-solid coupling similar material, which is mixed using river
sand, calcium carbonate, talc powder, white cement, Vaseline, and antiwear hydraulic oil. The results
indicate that the selected raw materials and proportioning method are suitable for usage in a coal mine
floor water inrush.

(8) Liu, L. et al., The Impact of Oriented Perforations on Fracture Propagation and Complexity in
Hydraulic Fracturing [53].

This paper developed a fully coupled FEM-based hydro-mechanical model to understand the
interaction between hydraulic fracture and oriented perforation. Here, FEM represents the finite
element method. The results show that when the perforation azimuth from the direction of the
maximum principal stress is larger, the curvature of the fracture during hydraulic fracture reorientation
is larger. For the liquid-based hydraulic fracturing, an increase in liquid viscosity from 10−3 Pa·s–1 Pa·s
increases the critical perforation angle from 70◦–80◦.

(9) Wang, F. et al., Experimental Study on Feasibility of Enhanced Gas Recovery through CO2 Flooding
in Tight Sandstone Gas Reservoirs [54].

This paper studied the feasibility of enhanced gas recovery through CO2 flooding in tight
sandstone gas reservoirs. The results show that the CO2 flooding increases the gas recovery by a rate
of 18.36% with respect to the depletion development method. A significant influence is observed from
the presence of a dip angle in tight sandstone gas reservoirs.
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(10) Zhuo, Q. et al., The Effect of Collision Angle on the Collision and Adhesion Behavior of Coal
Particles and Bubbles [55].

This paper exhibited the effect of collision angle on collision and adhesion behaviors of coal
particles and bubbles. The results show that with the increment of collision angle, the distribution
ranges of initial settlement position and particle central distribution interval expands outward.
The resistance layer influences the velocity of particles and the collision angle affects the adhesion
efficiency significantly.

(11) Wang, H. et al., Feasibility of Using Gangue and Fly Ash as Filling Slurry Materials [56].

In this paper, gangue and fly ash samples are used as filling materials through tests on the optimal
ratio of the slurry components using an Intelligent Torque Rheometer. The results show that the
optimal slurry composition of coal gangue, fly ash and gelling agent should have a weight ratio of
8:3:1. The paste-like slurry can effectively reduce the surface subsidence.

(12) Huang, S. et al., Effects of Cyclic Wetting-Drying Conditions on Elastic Modulus and Compressive
Strength of Sandstone and Mudstone [57].

This paper investigated the effect of wet-dry cycling on the evolutions of elastic modulus and
compressive strengths of sandstone and mudstone. The results show that the larger the number of
wet-dry cycling, the smaller the values of both elastic modulus and uniaxial compressive strength of
sandstone and mudstone. The mechanical properties have a linear relationship with the porosity.

(13) Zhang, Y. et al., Experimental Study on Compression Deformation and Permeability Characteristics
of Grading Broken Gangue under Stress [58].

This paper experimentally studied the compression deformations and permeability of grading
broken gangue under stresses. The results show that the stress of broken gangue has an exponential
relationship with the strain, and the compression modulus is positively correlated with the compression
rate. It is more difficult to compress for the samples with discontinuous grading than the continuous
grading samples.

(14) Sun, X. et al., Investigation of Deep Mine Shaft Stability in Alternating Hard and Soft Rock Strata
Using Three-Dimensional Numerical Modeling [59].

This paper used the geological strength index (GSI) method to characterize the deformation and
stress of surrounding rocks and the shaft lining under soft and hard strata in Anju coal mine, Shandong
Province, China. The results show that when the shaft is excavated without supports, the shear failure
and tensile failure occur in shallow surrounding rock shafts. The maximum shear stress and plastic
zone appear around the interface between the soft and hard rocks.

(15) Huang, M. et al., 2D Plane Strain Consolidation Process of Unsaturated Soil with Vertical Impeded
Drainage Boundaries [60].

This paper estimated the 2D plane strain consolidation processes of unsaturated soils under
vertical impeded drainage boundaries. The results show that the time domain can be efficiently
calculated using the numerical inversion of the Laplace transform. The semi-analytical solutions agree
well with the different solutions and the solutions reported in the literature.

(16) Wei, P. et al., Characterization of Pores and Fractures in Soft Coal from the No. 5 Soft Coalbed in
the Chenghe Mining Area [61].

3
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This paper explored the pore structure characteristics of soft coal masses using a mercury
intrusion method, low-temperature liquid nitrogen adsorption, and scanning electron microscopy
(SEM). The results show that the mercury-injection and mercury-ejection curves of soft coals have
significant differences, while those of hard coals are very close. This indicates that in the soft coal, the
pores are mainly open while in the hard coal, the pores are commonly closed. Besides, the fractal
dimension of soft coals, which is used for characterizing pore distributions, is larger than that of
hard coals.

(17) Li, J. et al., Numerical Investigation of Hydraulic Fracture Propagation Based on Cohesive Zone
Model in Naturally Fractured Formations [62].

This paper numerically investigated the hydraulic fracture propagation in naturally fractured
formations on the basis of a cohesive zone model. The results show that the stress interference from
multiple clusters plays an important role in the suppression and diversion of the fracture network.
A lower stress difference is more effective to open the natural fractures than a larger stress difference.

(18) Sun, Z. et al., Simulating the Filtration Effects of Cement-Grout in Fractured Porous Media with
the 3D Unified Pipe-Network Method [63].

This paper simulated the filtration effect of cement-grout in fractured porous media using a 3D
unified pipe network method. The grout is assumed to exhibit two-phase flow and the filtration effect
depends on the concentration and rheology of the grout, and porosity and permeability of the fractured
porous media. The results show that the size of the grout penetration region has a limited effect due to
the filtration.

(19) Hou, Y. et al., Study on the Preparation and Hydration Properties of a New Cementitious Material
for Tailings Discharge [64].

This paper developed a new cement-based material with blast furnace slag to replace the ordinary
Portland cement. The mechanical properties are tested using uniaxial compressive strength, X-ray
diffraction, and thermal gravity, scanning electron microscope, and mercury intrusion porosimetry
experiments. The results show that the mercury intrusion volume is decreased by 18% and 13%, and
the most common pore size is decreased by 53% and 29%, for the samples manufactured using the new
cement-based material and the ordinary Portland cement, respectively.

(20) Wang, C. et al., Experimental Study on the Shear-Flow Coupled Behavior of Tension Fractures
Under Constant Normal Stiffness Boundary Conditions [65].

This paper carried out a series of tests to study the shear-flow coupled behaviors of tensile
fractures under constant normal stiffness conditions using a sever-controlled direct shearing apparatus.
The results show that with increasing the initial normal stress and/or the fracture surface roughness,
the peak shear stress increases. The surface roughness of fractures also increases residual shear
stress. The larger normal stiffness leads to a larger normal stress and a smaller normal displacement
during shearing.

(21) Hao, J. et al., The Effects of Backfill Mining on Strata Movement Rule and Water Inrush: A Case
Study [66].

This paper estimated the effect of backfill mining on strata movement and water inrush on the basis
of a case study in Caozhuang coal mine, China. The results show that the backfill mining changes the
deformation and amplitude of overburden and improves the ground pressure environment. The floor
failure depth is much smaller in backfill mining, compared with that in traditional longwall mining.

(22) Hua, W. et al., Experimental Study on Mixed Mode Fracture Behavior of Sandstone under
Water–Rock Interactions [67].
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This paper studied the mechanical properties of sandstones under periodic water-rock interactions
using central-cracked Brazilian disk specimens. The results show that the fracture resistance of
sandstone is significantly influenced by the periodic water-rock interactions. The cyclic wetting-drying
plays a more significant role on the fracture resistance of sandstones than the long-term immersion.

(23) Li, H. et al., Seepage Characteristics and Its Control Mechanism of Rock Mass in High-Steep
Slopes [68].

This paper reviewed the up-to-date status of seepage characteristic evolutions of fractured rock
masses from lab-scale to the engineering scale. The experimental findings and newly developed
numerical techniques on the nonlinear flow regimes of fluid were introduced and discussed in detail.
Finally, the authors outlined the scientific progress in fractured rock seepage control theory and optimal
design technologies of high-steep slope engineering.

(24) Li, Z. et al., Experimental Study on Electric Potential Response Characteristics of Gas-Bearing
Coal During Deformation and Fracturing Process [69].

This paper designed a test system to estimate the evolutions of multi-parameters of gas-bearing
colas under loading, which was then used to investigate the electrical potential responses during
the deformation and fracturing. The results show that as the gas pressure increases, the confining
action and the erosion effect are promoted. When the coal is cracked/damaged, the electrical potential
dramatically increases to its maximum value.

(25) Liu, R. et al., Model for the Patterns of Salt-Spray-Induced Chloride Corrosion in Concretes under
Coupling Action of Cyclic Loading and Salt Spray Corrosion [70].

This paper experimentally studied the patterns of chloride ion erosion of unsaturated concrete,
which subjected to a coupling effect of cyclic loading and salt spray corrosion. The Fick’s second
law was used to obtain the chloride diffusion coefficient by fitting the variation patterns of chloride
concentration. The results show that the porosities of concrete with 30% fly ash and 20% mineral
powder under three cyclic loading protocols of 50%, 65%, and 80% of the compression strength are
3.49%, 3.83%, and 4.71%, respectively.

(26) Qiao, S. et al., The Application of a Three-Dimensional Deterministic Model in the Study of Debris
Flow Prediction Based on the Rainfall-Unstable Soil Coupling Mechanism [71].

This paper reported a three-dimensional deterministic model to study the debris flow prediction
based on the rainfall-unstable soil coupling mechanism. The results show that the proposed method is
suitable for forecasting debris flows at the regional scale, and the application of the Scoops3D model
can more efficiently characterize the slope stability than traditional two-dimensional models.

(27) Yu, W. et al., Development of 3D Finite Element Method for Non-Aqueous Phase Liquid Transport
in Groundwater as Well as Verification [72].

This paper developed a 3D finite element method to simulate non-aqueous phase liquid transport
in groundwater and verified its validity. In the proposed model, the weak form of mass balance
equations for water was discretized in space using the Galerkin finite element method. The authors
also adopted the mixed form formulations using both pressure water head and water saturation.
The developed model can be used for preliminary evaluation of the migration and diffusion of
non-aqueous liquid pollution in the fields.

(28) Liu, D. et al., Experimental Investigation of Pore Structure and Movable Fluid Traits in Tight
Sandstone [73].
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This paper reported the variations in pore structures and movable fluid traits in tight sandstones
through direction observations, indirect measurements, and imaging processing techniques. The results
show that the decreasing rate of water saturation in macropores is larger than that in tiny pores.
The sandstones having a poor reservoir quality do not exhibit a remarkable descending of lower limits
of movable pore radius.

(29) Wang, X. et al., Experimental Development of Coal-Like Material with Solid-Gas Coupling for
Quantitative Simulation Tests of Coal and Gas Outburst Occurred in Soft Coal Seams [74].

This paper developed coal-like materials with solid-gas coupling for quantitative simulation
tests. The results show that the ratio of gypsum to petrolatum plays a dominant role on the
density, compressive strength, elastic modulus, cohesion and deformation characteristics. The gas
adsorption/desorption is controlled by the coal powder content. Finally, an empirical function is
proposed to estimate the adsorption capacity.

(30) Zhang, S. et al., DEM Investigation of the Influence of Minerals on Crack Patterns and Mechanical
Properties of Red Mudstone [75].

This paper studied the effect of minerals on crack propagation patterns and mechanical properties
of red mudstones, based on numerical simulations using the discrete element method (DEM) modeling
techniques. The results show that with the increases in circle size of the central mineral and/or mineral
ratio, both the elastic modulus and uniaxial compression strength of the model increase. The mineral,
which is located in the crack propagation paths, can effectively change the crack propagation direction.

(31) Huang, B. et al., Effect of Nitric Acid Modification on Characteristics and Adsorption Properties
of Lignite [76].

This paper depicted the influence of nitric acid modification on pore structures and surface
properties of lignite. The results show that nitric acid modification can help lignite adsorb Pb2+.
The nitric acid treatment increases the contents of polar oxygen-containing functional groups, including
hydroxyl, carbonyl, and carboxyl groups on the surface of lignite.

Finally, we would like to thank all the authors for their valuable contributions, all the reviewers
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The fluid flow in fractured porous media plays a significant role in the characteristic/assessment
of deep underground reservoirs such as CO2 sequestration [1–3], enhanced oil recovery [4,5]
and geothermal energy development [6,7]. Many methods, including laboratory experiments,
theoretical analysis and numerical simulation, and many models including the discrete fracture
network (DFN) model [8–10], the channeling network (CN) model [11–13] and the dual-porosity
model [14,15], have been employed to investigate fluid flow in fractured porous media. The early
studies commonly assumed that fluid flow obeys the cubic law and that fluid flow is in the linear
flow regime [16–23], whereas recent studies also investigated the nonlinear flow through rock
fractures/fracture networks [24–33]. However, due to the complex and uncertain geometric properties
of rock masses deep underground, extensive studies on the hydraulic properties of fractured porous
media and engineering applications are still needed.

Therefore, we are handling a Special Issue (SI) of Processes on fluid flow in fractured porous media
(http://www.mdpi.com/journal/processes/special_issues/porous_media), which is now ongoing
until the deadline of 31 December 2018. This SI has published 27 high quality papers and another
8 papers are under review. The accepted papers include a wide variety of topics such as granite
permeability investigation, grouting, coal mining, roadway, concrete and so on. The details of these
accepted papers in the SI are summarized individually as follows:

(1) He, L. et al., Laboratory Investigation of Granite Permeability after High-Temperature
Exposure. [34]

The very first accepted paper of the Special Issue on “Fluid flow in fractured porous media”
presented a series of flow tests on granite after high temperature treatment of up to 800 ◦C. The results
showed that higher temperatures induce a larger number of micro-fractures and the larger decrement
ratios of both the P-wave velocity and the density of granite. The tested equivalent permeability
increases with increasing temperature, following an exponential function.

(2) Jin, Y. et al., Experimental Investigation of the Mechanical Behaviors of Grouted Sand with UF-OA
Grouts. [35]

This paper investigated the effect of a newly developed grouting material—which is a chemical
material-ureaformaldehyde resin mixed with oxalate curing agent (UF-OA)—on the mechanical
behaviors of sand specimens through uniaxial compression tests. The results showed that the presence
of initial water can decrease both the uniaxial compressive strength (UCS) and the elastic moduli (E)
of the grouted specimens; however, the peak strain (εc) does not change significantly after 14 days
of curing.
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(3) Yan, S. et al., Key Parameters of Gob-Side Entry Retaining in a Gassy and Thin Coal Seam with
Hard Roof. [36]

This paper analyzed the gas concentration and air pressure in the gob and proposed a roof-cutting
mechanical model of gob-side entry retaining (GER) with a roadside backfill body (RBB) to determine
the key parameters of the GER-TCS. Here, TCS denotes the thin coal seam. They reported that a
greater RBB width results in greater roof-cutting resistance and the floor heave of GER increases
with increasing RBB width. Finally, the validity of the proposed model is verified by comparing the
calculated results with in situ measurements.

(4) Li, J. et al., Effects of Water Soaked Height on the Deformation and Crushing Characteristics of
Loose Gangue Backfill Material in Solid Backfill Coal Mining. [37]

This paper studied the effect of water soaked height in coal mines on the deformation and crushing
characteristics of loose gangue backfill material (LGBM). They concluded that, with the increment
of water socked height, both the crushing ratio and the maximum axial strain of LGBM specimens
increase. The crushing ratio has a strong linear correlation with the maximum axial strain and a higher
water soaked height leads to a lower deformation resistance and a more significant influence on the
quality of backfilling.

(5) Liu, J. et al., Investigation on Reinforcement and Lapping Effect of Fracture Grouting in Yellow
River Embankment. [38]

This paper carried out a series of laboratory and in situ experiments to characterize the
reinforcement effect of fracture grouting on the Yellow River Embankment. The results showed
that the optimum mixing proportion of the compound cement-silicate grout is 70% cement, 25% fly
ash and 5% bentonite. The interval distance of the injection hole is suggested to be 1.2 m, in which the
lapping effect of fracture grouting veins play an import role.

(6) Ma, C. et al., Deformation and Control Countermeasure of Surrounding Rocks for Water-Dripping
Roadway below a Contiguous Seam Goaf. [39]

This paper studied the deformation of rocks surrounding the roadway using numerical simulation
and proposed a mechanical model of water-dripping rock using a bolt support. They found that the
erosion by water that is dripped on the roadway is substantial and changes significantly over time
during roadway excavation. The suggested bolt line spacing is 0.7~0.9 m and the suggested tightening
force should exceed 40 kN.

(7) Liu, R. et al., Investigation of the Porosity Distribution, Permeability and Mechanical Performance
of Pervious Concretes. [40]

This paper investigated the performance of pervious concrete, such as its porosity, pore
distribution, permeability coefficient and mechanical properties, with laboratory tests. The main
conclusions are that the standard deviation of permeability is less than 0.03 under different hydraulic
gradients. The permeability is closely correlated with the volumetric porosity (or effective pore size
d50), following polynomial functions.

(8) Xie, X. et al., Critical Hydraulic Gradient of Internal Erosion at the Soil–Structure Interface. [41]

This paper carried out orthogonal and single-factor tests to estimate the critical hydraulic gradient
of internal erosion on soil-structure interfaces. They reported that the critical hydraulic gradient is
mostly sensitive to degree of compaction, followed by roughness and clay content. The internal erosion
is found to develop inside first and then extend to the outside along the interface.
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(9) Cui, Y. et al., A New Pseudo Steady-State Constant for a Vertical Well with Finite-Conductivity
Fracture. [42]

The authors proposed a new semi-analytical solution for the Pseudo Steady-State constant,
which is defined as the difference between the dimensionless wellbore pressure and dimensionless
average pressure and is an important parameter for describing Type Curves. They derived a new
conductivity-influence function and a normalized conductivity-influence function, which are then
utilized to derive the approximate solute of Pseudo Steady-State constant.

(10) Li, Z. et al., The Fracturing Behavior of Tight Glutenites Subjected to Hydraulic Pressure. [43]

Numerical simulations were performed to model the fracturing behaviors of tight glutenites,
in which the glutenite heterogeneity has been taken into account. The main conclusions are that the
hydraulic fractures propagate along the gravels, influenced by stress anisotropy and gravel strength.
When the gravel distribution orientation, size and axial ratio are considered, the fractures propagate
past the gravel, forming a bypass fracture.

(11) Chen, S. et al., Experimental Study of the Microstructural Evolution of Glauberite and Its
Weakening Mechanism under the Effect of Thermal-Hydrological-Chemical Coupling. [44]

This paper focuses on the microsctructure evolution of glaubeite under different leaching
conditions. Cylindrical specimens with a size of 3 mm in diameter and 10 mm in length were cored
from a bedded salt deposit buried at over 1000 m depth in Yunying salt formation, China. The results
show that those specimens immersed in a solution at a low temperature generate cracks at the center
of the disc. With incremental increase of the temperature of the solution, the crack nucleation appears
and the dissolution rate increases significantly.

(12) Zhu, D. et al., Experimental Study on the Damage of Granite by Acoustic Emission after Cyclic
Heating and Cooling with Circulating Water. [45]

This paper experimentally studied the damage of granite using acoustic emissions after cyclic
heating and cooling with circulating water. They found that the physical and mechanical parameter of
granite exhibits exponential relationships with increasing number of cycles. The cumulative number
of acoustic emission decreases with the increment of heating and cooling number and the temperature
play a key role in the failure mode of samples.

(13) Chen, Y. et al., Coal Anisotropic Sorption and Permeability: An Experimental Study. [46]

This paper presented an experimental study on the anisotropic gas adsorption–desorption and
permeability of coal. The results show that an increase in the bedding plane angle of the specimen
expands the length and area of the contact surface, thereby increasing the speed and quantity of
adsorption and desorption. With an increase in the bedding angle, the number of pores and cracks is
found to increase together with the volumetric strain.

(14) Zhang, Q. et al., Effect of Pore Fluid Pressure on the Normal Deformation of a Matched Granite
Joint. [47]

Laboratory experiments were carried out to estimate the relationship between pore fluid pressure
and normal deformation of joints. They reported that during fluid injection, the joint opens and host
rock dilates. The normal deformation of joints can be well described using the proposed exponential
functions and the relative normal deformation of host rock during has a linear relationship with the
pore fluid pressure.
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(15) Chen, Y. et al., Numerical Simulation on the Dynamic Characteristics of a Tremendous Debris
Flow in Sichuan, China. [48]

This paper reported the numerical simulation of Zoumaling debris flow based on computational
fluid dynamics (CFD). All these results of the simulations and analyses can guide, and provide
suggestions for, the design and construction of prevention engineering for Zoumaling debris flow.

(16) Sha, Z. et al., Experimental Study on the Creep Characteristics of Coal Measures Sandstone under
Seepage Action. [49]

This paper investigated the creep characteristics of coal measures sandstone influenced by the
effect of seepage. A seepage-creep coupling test system was established and scanning electron
microscopy techniques were used. The results show that the maximum creep deformation gradually
decreases with the increase in confining pressure. For a fixed confining pressure, the creep deformation,
creep deformation rate, and accelerated creep deformation rate, increase dramatically with the
increment of infiltration pressure.

(17) Zhou, L. et al., A High-Order Numerical Manifold Method for Darcy Flow in Heterogeneous
Porous Media. [50]

The authors adopted a high-order numerical manifold method to improve the simulation accuracy
of fluid flow in heterogeneous porous media. They developed a regular mathematical mesh, which is
independent of the physical domain and is very efficient and flexible. The proposed new numerical
manifold method model is confirmed to be more accurate and efficient, compared with the traditional
numerical manifold method model.

(18) Wang, S. et al., Numerical Simulation of Hydraulic Fracture Propagation in Coal Seams with
Discontinuous Natural Fracture Networks. [51]

This paper investigated the mechanism of hydraulic fracture propagation in coal seams
with discontinuous natural fracture networks by using an innovative cohesive element method.
The hydraulic fracture network characteristics, as well as the growth of secondary hydraulic fractures
and the pore pressure distribution, were analyzed. The results depict that the hydraulic fracture
network is spindle-shaped at a high stress difference condition. The ratio of total length of secondary
fracture to that of main fracture is 2.11~3.62, which indicates that the secondary fracture plays a
dominate role in coal seams. The process of hydraulic fracture propagation in deep coal seams shows
very different behaviors with that in hand and/or tight rocks.

(19) Liu, W. et al., A Coupled Thermal-Hydraulic-Mechanical Nonlinear Model for Fault Water
Inrush. [52]

A coupled thermal–nonlinear hydraulic–mechanical (THM) model for fault water inrush was
proposed in this paper to study water–rock–temperature interactions and to predict the fault water
inrush. The governing equations of the THM coupling model coupled the particle transport equation,
the nonlinear flow equation, the mechanical equation and the heat transfer equation. Results show
that the water velocity increases with the increasing water pressure. Temperature change in the fault
zone is subjected to the interaction of the water pressure and the working face advanced distance.
The temperature change in the fault zone can reflect the change in seepage field in the fault and
confined aquifer, which can be used to predict the fault water inrush induced by coal mining activities.
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(20) Xu, S. et al., Deformation and Hydraulic Conductivity of Compacted Clay under Waste
Differential Settlement. [53]

This paper examined the effect of geogrid reinforcement on the deformation and conductivity
of bentonite-sand mixtures subjected to differential settlement. When the hydraulic conductivity is
5 × 10−7 cm/s, the settlement for a 100 mm width bentonite-sand mixture with geogrid reinforcement
is 100 mm and increases to 15 mm for the case without geogrid reinforcement. The obtained results are
helpful for predicting the deformation and conductivity of a landfill cover system.

(21) Xue, D. et al., A Strain-Based Percolation Model and Triaxial Tests to Investigate the Evolution of
Permeability and Critical Dilatancy Behavior of Coal. [54]

A strain-based percolation model was proposed to model the coupled process of strain and CH4

seepage under triaxial compressions. Using a volume-covering method, it is found that the multiscale
fracture network is fractal, which has a linear correlation with the porosity of matrix. The proposed
percolation model, which links the axial strain to the permeability, is used to interpret the transitions
of volumetric strain and CH4 seepage.

(22) Li, Z. et al., Experimental Study on the Reinforcement Mechanism of Segmented Split Grouting
in a Soft Filling Medium. [55]

A series of experiments were carried out to address the reinforcement by segmented split grouting
in soft filling media. They establish a quantitative relationship between mechanical behaviors and
hydraulic behaviors of soft filling media both before and after grouting. The results exhibit that
three types of veins that are skeleton vein, cross-grid grouting vein and parallel dispersed grouting
vein are formed with the increase in the distance from the grouting hole. After the skeleton support
and compaction, the segmental split grouting shows a significant reinforcement effect on the soft
filling media.

(23) Zhang, C. et al., A Numerical Study of Stress Distribution and Fracture Development above a
Protective Coal Seam in Longwall Mining. [56]

This paper performed numerical simulations on stress distribution and fracture development
above a protective coal seam in longwall mining in Jincheng, China. Five zones are divided for the
rock mass above the protective coal seam, including: pre-mining zone, compression zone, expansion
zone, recovery zone and re-compacted zone. The boreholes for gas drainage in the coal seam should
be drilled in the volume expansion or the dilation zone, in which the gas concentration is high.

(24) Wu, Q. et al., Analysis of Overlying Strata Movement and Disaster-Causing Effects of Coal Mining
Face under the Action of Hard Thick Magmatic Rock. [57]

This paper analyzed the overlying strata movement and studied the mechanical behaviors of
breaking induced disaster of hard and thick magmatic rocks. The main results are that the magmatic
rocks control the development of the bed separation. The distribution of the fracture zone alters with
the advance of the working face. The gas and water are accumulated below the bed separation space
during the breaking of magmatic rocks and tend to rush towards the working face.

(25) Zhao, C. et al., Shear-Flow Coupled Behavior of Artificial Joints with Sawtooth Asperities. [58]

This paper performed regular shear tests and shear-flow coupled tests on artificial joints that
have sawtooth asperities. The influences of joint roughness, normal stress and seepage pressure were
systematically analyzed. The results indicate that the shear strength is weakened after a seepage process
due to the mutual reinforcing of offsetting and softening effect. The evolution of hydraulic aperture
during the tests shows a four-stage characteristic: shear contraction, shear dilation, re-contraction
and stability.
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(26) Dou, Z. et al., Temporal Mixing Behavior of Conservative Solute Transport through 2D Self-Affine
Fractures. [59]

The authors simulated the temporal mixing behavior of solute transport through self-affine
fractures. The influences of Hurst exponent and Peclet number were investigated and the mixing was
studied by scalar dissipation rate in fractures. For the parallel plate fracture, the Hurst exponent played
a negligible role on the temporal evolution of the scalar dissipation rate when the Peclet number was
small. The longitudinal scalar dissipation rate overestimated the global scalar dissipation rate for a
large Peclet number.

(27) Yang, X. et al., Numerical Investigation of the Failure Mechanism of Transversely Isotropic Rocks
with a Particle Flow Modeling Method. [60]

This paper numerically studied the failure mechanisms of transversely isotropic rocks using a
particle flow modeling method. The results show that three modes are observed in the transversely
isotropic rock models, including tensile failure across interfaces, shear failure along interfaces, tensile
failure along interfaces. The bounded joint cohesion and joint friction angle significantly influence
the uniaxial compressive strengths, whereas the joint coefficient of friction and joint tensile strength
slightly influence the uniaxial compressive strengths.

Finally, we would like to thank all the authors for their valuable contributions, all the reviewers
for their comments that greatly improved the quality of the papers and all the editors from the editorial
office for their substantial support for us to handle this Special Issue.
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Abstract: The objective of this research was to explore the changes of the pore structure and surface
properties of nitric-modified lignite and base the adsorption performance on physical and chemical
adsorbent characteristics. To systematically evaluate pore structure and surface chemistry effects,
several lignite samples were treated with different concentrations of nitric acid in order to get different
pore structure and surface chemistry adsorbent levels. A common heavy metal ion contaminant in
water, Pb2+, served as an adsorbate probe to demonstrate the change of modified lignite adsorption
properties. The pore structure and surface properties of lignite samples before and after modification
were characterized by static nitrogen adsorption, X-ray diffraction, Scanning electron microscope,
Fourier transform infrared spectroscopy, zeta potential, and X-ray photoelectron spectroscopy.
The experimental results showed that nitric acid modification can increase the ability of lignite to
adsorb Pb2+. The adsorption amount of Pb2+ increased from 14.45 mg·g−1 to 30.68 mg·g−1. Nitric acid
reacted with inorganic mineral impurities such as iron dolomite in lignite and organic components in
coal, which caused an increase in pore size and a decrease in specific surface areas. A hydrophilic
adsorbent surface more effectively removed Pb2+ from aqueous solution. Nitric acid treatment
increased the content of polar oxygen-containing functional groups such as hydroxyl, carbonyl,
and carboxyl groups on the surface of lignite. Treatment introduced nitro groups, which enhanced
the negative electrical properties, the polarity of the lignite surface, and its metal ion adsorption
performance, a result that can be explained by enhanced water adsorption on hydrophilic surfaces.

Keywords: lignite; nitric acid modification; pore structure; surface characteristics; adsorption performance

1. Introduction

Lignite is a kind of low-rank coal with a low degree of coalification, and it is a macromolecular
network structure compound that is composed of aromatic hydrocarbon rings and aliphatic chains,
connected by bridge bonds. The molecular structure of lignite contains a large number of active
oxygen-containing functional groups such as phenolic hydroxyl, carboxyl, ether bonds, and carbonyl,
which impart the characteristics of weak acidity, hydrophilicity, and a cation exchange property to the
coal [1]. Compared with other coal types, lignite has a more developed internal pore structure, a larger
specific surface area, more rich oxygen-containing functional groups, and a higher porosity, which
causes better adsorption properties of lignite and makes it useful as adsorbent to remove heavy metal
ions and organic matter.

Shuying et al. [2] used Shulan lignite as adsorbent to handle wastewater that contained Ni2+, Zn2+,
and Pb2+. The results showed that lignite can remove Ni2+, Zn2+, and Pb2+ from an aqueous solution,
and the adsorption capacities of Ni2+, Zn2+, and Pb2+ were 28.18, 28.36, and 29.29 mg·g−1, respectively.
Lumin et al. [3] used Longkou lignite to adsorb mercury-containing wastewater. The mercury removal
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rate in wastewater was 99%, and the saturated adsorption capacity of lignite was 24.34 mg·g−1 under
room temperature conditions and a pH = 5. On the other hand, natural porous lignite also shows good
adsorption properties for phenol, p-nitrophenol, reactive dyes, and nonionic surfactants. Polat. et al. [4]
adsorbed phenol-containing wastewater by Soma lignite. Experiments showed that the saturated
adsorption capacity of lignite was 10 mg·g−1, and its adsorption capacity per unit area (1.3 mg·m−2)
was much higher than that of activated carbon (0.05~0.3 mg·m−2). The content of pollutants in the
wastewater after adsorption was lower than the emission standard.

Although lignite has certain adsorption properties, in actual application there are some problems
in the adsorption process, including low mechanical strength, high impurity content, poor chemical
stability, and a tendency to shrink or swell. In order to overcome the aforementioned problems, some
attempts have been done to prepare modified coal, including demineralization, nitration, sulphonation,
pyrolysis, oxidation, granulation, and so on. Daocheng et al. [5] found that sulfonic acid groups can
be introduced into the molecular structure of lignite coal by sulfonation with concentrated sulfuric
acid. At the same time, more oxygen-containing functional groups, such as hydroxyl groups and
phenolic hydroxyl groups, were formed on the surface of lignite, which made the lignite change from a
weak acid-type ion exchange to a strong acid-type ion exchange, and greatly improved the adsorption
capacity of lignite to metal ions. Choudhury et al. [6] studied the adsorption capacities of heavy metals
on two low-rank Indian coals, which was oxidized by dilute nitric acid. Nitric acid oxidation of coal
incorporates oxygen and nitrogen atoms into the coal matrix. The experimental data revealed good
adsorption capacities of some heavy metal ions, such as Ni, Cu, Cd, and Pb. Kus et al. [7] studied
the characteristics of oxidized coal, and found that coal oxidation lead to chemisorption of oxygen
at the coal surface along with the formation of acid functional groups such as hydroxyl, carbonyl,
carboxyl, and others, which led to subsequent thermal decomposition and a decrease in the aliphatic
and alicyclic carbons. And during advanced stages of coal oxidation, vitrinite in coal will develop very
extensive microcracks and microfissures accompanied by oxidation rims. During the modification
process, the pore structure and surface chemistry of the adsorbent will change greatly and cause
changes in adsorption performance. Thus, it is very important to study the changes of the pore
structure and surface chemistry of modified coal to evaluate their effects on the adsorption properties
of the adsorbent.

In this paper, different concentrations of nitric acid were used to modify lignite to get different
pore structures and surface chemistry level samples. The pore structure, surface chemistry, and
adsorption properties of different modified lignite samples were studied. Through the study we
can explore the mechanism of lignite modification and the relationship between coal characteristics
and adsorption performance. Furthermore, this study provides a basis for further research on the
mechanism of lignite modification to improve the adsorption performance of lignite.

2. Experimental Parameters

2.1. Raw Materials and Experimental Coal Sample Preparation

The experimental lignite was obtained from Xilinhaote, Inner Mongolia. The raw coal was crushed
and sieved, and the particles with a 45~75 μm size range were selected as the experimental samples.
Moisture (Mad), ash (Aad), volatiles (Vad), and fixed carbon (FCad) content based on air drying were
tested according to GB/T 212-2008. The proximate analysis results of raw coal are listed in Table 1.

Table 1. Proximate analysis of the experiment lignite.

Content Mad Aad Vad FCad

Wt/% 8.72 10.98 35.65 44.65

Ten raw coal samples with a mass of 10 g were weighed and added into 100 mL of nitric acid with
concentrations of 0, 0.1, 0.3, 0.5, 0.7, 1, 3, 5, 7, and 10 mol·L−1, marked as N0M (the raw coal), N0.1M,

20



Processes 2019, 7, 167

N0.3M, N0.5M, N0.7M, N1M, N3M, N5M, N7M, and N10M, respectively. Then, the mixtures were
placed in a shaking machine at 25 ◦C for 2 h. After the modification, the coal samples were washed
with deionized water to a neutral state, and they were dried in a vacuum drying oven at 70 ◦C for
subsequent use.

2.2. Coal Sample Mineral Composition Analysis

The mineral compositions of the brown coal before and after modification were measured by an
X-ray diffractometer (SmartLab, Japan Science, Tokyo, Japan). The coal sample was sufficiently dried
and ground before scanning with a speed of 15◦·min−1, in the range of 5◦ to 90◦.

2.3. Coal Sample Pore Structure Characterization

The specific surface area and pore structure characteristics of coal samples under different
nitric acid modification conditions were characterized by a static nitrogen adsorption instrument
(JW-BK122W, Jingwei Gaobo, Beijing, China). The adsorption and desorption isotherms of the
samples were determined by the static capacity method using nitrogen as the adsorption medium
at −195.15 ◦C under the relative pressure of 0.001~1. All samples were degassed at 105 ◦C for 4 h
before the measurement. The specific surface area, pore volume, and pore size distribution of the coal
samples were calculated by the BET (Brunauer-Emmett-Teller), BJH (Barret-Joyner-Halenda) and HK
(Horvaih-Kawazoe) models.

2.4. Coal Sample Surface Morphology Analysis

The surface morphology characteristics of coal samples under different nitric acid modification
conditions were characterized by a scanning electron microscope (JSM-7800F, JEOL, Tokyo, Japan).
In the operation, firstly, the conductive adhesive was pasted on the sample holder, and the coal
powders were scattered on the conductive adhesive. Next, the coal powders that did not adhere to
the conductive adhesive were blown away by a blowing device, and then they were scanned by a
scanning electron microscope after the gold sputtering treatment. The acceleration voltage was set to
15 KV, the resolution was set to 0.8 nm, and the magnification was 5000×.

2.5. Coal Sample Surface Functional Group Analysis

The surface functional groups of lignite under different nitric acid modification conditions were
determined using a Fourier transform infrared spectroscopy analyzer (Nicolet iS10, Thermo Fisher
Scientific, Waltham, MA, USA). The coal samples to be tested were ground and mixed with KBr at
a ratio of 1:160, and then they were pressed into thin slices. The coal samples were fully dried in a
vacuum drying oven before compression, and the test range was 4000~400 cm−1.

2.6. Coal Surface Potential Test

The surface potential of lignite samples under different nitric acid modification conditions were
determined using a potential analyzer (Zetasizer Nano ZS90, Malvern, UK). One gram each of coal
sample was added into 50 mL deionized water, mixed well, settled for 24 h, and the supernatant was
used to determine results.

2.7. Analysis of the Existence of the Types of Coal Surface Elements

The types of coal elements existing on the surface of lignite samples were analyzed by an X-ray
photoelectron spectrometer (ESCALAB 250Xi, Thermo Fisher Scientific, Waltham, MA, USA). The coal
samples to be tested were ground and dried in a 50 ◦C drying oven for 1 h at a constant temperature,
and they were then cooled in a desiccator to room temperature. After cooling, an X-ray photoelectron
spectroscopy survey scan and narrow zone scan were performed.
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2.8. Determination of the Adsorption Capacity of Pb2+ by Coal Samples

In this paper, Pb2+ was taken as the target pollutant to explore the adsorption efficiency of
modified lignite. The Pb(NO3)2 stock solution was prepared in ultrapure water at a concentration of
200 mg·L−1. Coal samples weighing 0.6 g and a 100 mL Pb(NO3)2 solution were added into a 250 mL
conical flask. The conical flask was then placed in a constant temperature shaking machine set at room
temperature for 3 h. The mixture was filtered by a 45 μm membrane to obtain a clear liquid. The Pb2+

concentration in the filtrate was measured by a plasma emission spectrometer (ICPE-9000, Shimadzu,
Kyoto, Japan) to calculate the Pb2+ removal efficiency.

3. Results and Discussion

3.1. Effects of Different Modified Concentrations of Nitric Acid on the Mineral Composition of Lignite

X-ray diffraction analysis of lignite before and after nitric acid modification was carried out.
The analysis results are shown in Figure 1.

Figure 1. X-ray diffraction spectra of lignite and nitric acid-modified lignite.

Coal is mainly composed of two major components: organic carbon molecules and inorganic
minerals [8]. As seen from Figure 1, the main mineral components in the experimental lignite were
quartz crystals and silica. In addition, there was a small amount of iron dolomite and vanadium
titanium iron minerals. After treatment with nitric acid, the peak of iron dolomite gradually weakened,
while other mineral components remained unchanged. The content of iron dolomite in lignite
decreased after treatment with 5 mol·L−1 nitric acid. Furthermore, under 10 mol·L−1 of nitric acid
treatment, the peak of iron dolomite nearly disappeared. The chemical formula of iron dolomite is
Ca(Mg,Fe)(CO3)2, a kind of alkali metal carbonate, consisting essentially of calcium carbonate and
unequal amounts of iron, magnesium, and manganese. The results indicated that the alkali metal
carbonate was easy to react with acid and was dissolved under acidic conditions. This left a dissolution
hole in the coal body, resulting in changes in the pore structure of coal [9].

3.2. Effects of Different Modified Concentrations of Nitric Acid on the Specific Surface Area of Lignite

The change of specific surface area of lignite under different concentrations of nitric acid
modification is shown in Figure 2.
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⋅
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Figure 2. Specific surface area of lignite treated with different nitric acid concentrations.

It can be seen from Figure 2, in the lignite modification process, that the specific surface area
gradually decreased with the increase of nitric acid concentration. And the higher the modified
concentration of nitric acid was, the more the specific surface area decreased. After modification
by nitric acid, some alkaline mineral impurities in the coal were dissolved to form new pores, and
at the same time the original pores in the coal were destroyed. With the increase of nitric acid
concentration, the dissolution reaction was more intense. At the same time, the organic matter that
made up the molecular structure of coal also participated in the reaction, which caused the pores to
change (explained in the discussion section). Therefore, the specific surface area of the coal samples
after nitric acid treatment was lower than that of the lignite raw coal, and the higher the modified
nitric acid concentration, the more the specific surface area decreased.

3.3. Effects of Different Modified Concentrations of Nitric Acid on the Pore Shape of Lignite

The nitrogen adsorption–desorption curves of lignite under different concentrations of nitric acid
modification are shown in Figure 3.

   
(a) N0M (b) N0.5M (c) N3M 

  

 

(d) N5M (e) N10M  

Figure 3. Nitrogen adsorption–desorption curves of coal treated with different nitric acid concentrations.
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It can be seen from Figure 3 that the shape of the adsorption–desorption curves of lignite before
and after modification belonged to the type IV adsorption–desorption isotherm [10,11], meaning that
when the relative pressure P/P0 was less than 0.02, the nitrogen adsorption amount increased with
P/P0, which indicated that some micropores existed in the coal samples. When P/P0 was greater than
0.4, the nitrogen adsorption amount in the coal samples increased rapidly with the increase of P/P0,
indicating that the coal samples contained abundant mesopores and macropores. In addition, the
capillary condensation phenomenon of nitrogen in the mesopores led to the existence of hysteresis
loops on the coal sample adsorption–desorption curve. The shape of the hysteresis loop reflected
the pore shape in the coal samples. As seen from Figure 3, the shape of the hysteresis loop of each
coal sample was uniform and conformed to the H1 type adsorption loop [12]. It can be judged from
the shape of the hysteresis loop that the pore shapes in the coal samples were mostly narrow and
long. At the beginning, as the modified concentration of nitric acid increased, the hysteresis loop
gradually narrowed, indicating that the number of open pores decreased. This also indicated that the
pore structure of lignite collapsed during nitric acid treatment, and the higher the concentration of
nitric acid, the more severe the collapse of pores. When the concentration of nitric acid was 10 mol·L−1,
the width of the hysteresis loop became larger. At the same time, the nitrogen adsorption amount was
significantly lower than that of other coal samples, indicating that the original pores in the coal sample
collapsed and crosslinked. Looking at the P/P0 range of the ring, the original pores in the coal samples
mainly transformed into mesopores.

3.4. Effects of Different Modified Concentrations of Nitric Acid on the Structural Characteristics of
Lignite Pores

The total pore volume and pore structure parameters of lignite treated with different
concentrations of nitric acid are shown in Table 2. The distribution of pores in different coal samples
are shown in Figure 4.

Table 2. The pore structure parameters of coal samples under different concentrations of nitric acid.

Samples
Total Pore

Volume/(cm3/g)
Average Pore

Diameter/(nm)
Most Probable
Pore Size/(nm)

Microporous
Volume/(cm3/g)

Microporous
Most Probable
Pore Size/(nm)

N0M 0.01110 17.36602 2.856 0.00089 1.07210
N0.5M 0.01321 22.62922 3.188 0.00084 1.07615
N3M 0.01588 23.89515 3.150 0.00079 1.01992
N5M 0.01219 25.85776 2.539 0.00065 1.03273
N10M 0.00882 68.80520 6.290 0.000098 1.01285

⋅

Figure 4. Pore volume of lignite treated with different concentrations of nitric acid.
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It can be seen from Table 2 and Figure 4, after treatment with different concentrations of nitric
acid, the total pore volume of lignite increased first and then decreased, and the micropore volume
decreased with the increase of nitric acid concentration. Combined with the results of X-ray diffraction
analysis, when the concentration of nitric acid was 0.5~3 mol·L−1, the nitric acid reacted with the
inorganic mineral impurities and the organic components in the coal, and it produced new pores,
which increased the total pore volume of the coal samples. Then, when the concentration of nitric
acid was higher than 3 mol·L−1, the nitric acid entered the micropores and reacted violently with the
mineral components in lignite. The physical and chemical structure of the coal body was destroyed,
causing the pores in the coal to collapse. Thus, the pore volume of each type was reduced, and the
total pore volume of the coal samples decreased.

3.5. Effects of Different Modified Concentrations of Nitric Acid on the Surface Morphology of Lignite

The changes in mineral composition, specific surface area, and pore structure can be more
intuitively determined from the surface morphology of lignite. Scanning electron microscope images
of lignite samples under different nitric acid concentrations were obtained using a scanning electron
microscope, which is shown in Figure 5.

  
 

(a) N0M (b) N0.5M (c) N3M 
 

 
(d) N5M 

 
(e) N10M 

 

Figure 5. Scanning electron microscope images of lignite treated with different concentrations of
nitric acid.

It can be seen from Figure 5 that the surface of lignite raw coal was relatively flatter, and it
gradually became rough after treatment with nitric acid. The higher the modified concentration of
nitric acid, the more apparent this change was, which fully demonstrated the corrosive effect of nitric
acid on the lignite structure.

3.6. Effects of Different Concentrations of Nitric Acid on the Surface Functional Groups of Lignite

The infrared scanning spectra results of lignite treated with different concentrations of nitric acid
are shown in Figure 6.
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Figure 6. Fourier transform infrared spectra of lignite and nitric acid-modified lignite.

As shown in Figure 6, the peak range of the Fourier transform infrared spectra was divided into
four main regions according to the peak positions of the Fourier transform infrared spectra of the coal
samples before and after nitric acid treatment. The discussions on the functional group structure for
each region follows.

(1) 3600~3200 cm−1: The wide and strong absorption peak at this section was mainly the
absorption band of phenolic hydroxyl (Ar-OH) in coal [13], and the characteristic absorption peak
was around 3420 cm−1 [14]. It was found that the intensity of this peak in lignite raw coal was small.
Compared with lignite raw coal, the width and strength of the peak were gradually enhanced with the
increase of nitric acid concentration. The larger the nitric acid concentration was, the more apparent
the increase was. The intensity of this peak after nitric acid modification was higher than that of raw
lignite, indicating that the content of phenolic hydroxyl increased in the modified coal samples.

(2) 3000~2800 cm−1: This section was mainly the stretching vibration region of aliphatic
hydrocarbons. The two characteristic absorption peaks at 2920 cm−1 and 2850 cm−1 were attributed to
symmetric and asymmetric stretching vibrations of C–H. In raw coal, the peak intensity of C–H was
small, and the change of peak intensity under different nitric acid concentrations was not significant,
indicating that the nitric acid modification had little effect on the content of C–H alkanes in coal.

(3) 1400~1800 cm−1: The absorption peak in the range of 1700~1800 cm−1 was attributed to the
C=O stretching vibration of the carboxylic acid, lactone, ester, and anthracene groups. The peak in
the range of 1500~1660 cm−1 was the superposition zones of several functional groups, which were
usually attributed to the stretching vibration peaks of C=C and C=O. In this region, lignite raw coal
mainly had a strong absorption peak at 1620 cm−1 and a weak absorption peak at 1710 cm−1. Generally
speaking, the peak at 1620 cm−1 was caused by stretching vibration of the aromatic ring C=C and
conjugated stretching of the benzene ring. The peak at 1710 cm−1 was the characteristic peak of the
carboxyl group in coal [15]. The FTIR spectra of raw lignite and different nitric acid concentrations of
modified coal showed that the peak intensity at 1710 cm−1 was obviously enhanced with the increase
of modified nitric acid concentration, indicating that the content of carboxyl groups in the lignite
structure increased during the process. It was found that a new peak at 1540 cm-1 appeared, and it had
an increasing trend with the increase of nitric acid concentration. There should be an anti-symmetric
absorption peak of -NO2, in the forms of R-NO2 and Ar-NO2, indicating that a nitro group was
introduced during the nitric acid modification treatment.

(4) 1200~900 cm−1: The characteristic absorption peak of this region was complex. Some
researchers think that there were carboxylic acid, acid anhydride, lactone, ester, ether, and stretching
vibration peaks of C–O–C, C–O, and O–H in this region. It can be seen from the spectra in Figure 7
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that there was no strong absorption peak, but two weak absorption peaks at 1090 cm−1 and 1030 cm−1.
This was attributed to the stretching vibration of C–O and C–O–C. Compared with the original
coal, there was no new peak in this area, but the strength was slightly enhanced, indicating that the
oxygen-containing functional groups increased in the nitric acid-modified lignite.

3.7. Effects of Nitric Acid Modification on the Types of Elements Existing on Coal Surfaces

3.7.1. Effects of Nitric Acid Modification on the Distribution of Chemical Functional Groups on the
Lignite Surface

The survey XPS spectra of lignite and modified lignite is shown in Figure 7a,b.

   (a) N0M    (b) N5M 

Figure 7. Survey X-ray photoelectron spectra of raw lignite and the modified lignite sample.

It can be seen from Figure 7a,b that the lignite raw coal and the modified lignite had strong peaks
of C and O elements, and gave a weaker peak of N element, indicating that the major elements in the
brown coal before and after the modification were C and O. The XPS peak parameters of C, O, and N
are shown in Table 3.

Table 3. The parameters of the C, N, and O XPS peaks for the raw lignite and modified lignite samples.

Parameter

Samples N0M N5M

C1S N1S O1S C1S N1S O1S

Peak Height 11,670.18 298.92 22,296.43 11,796.75 641.8 25,943.64
Peak Area 29,752.88 1018.95 56,642.3 35,778.77 3648.17 65,990.71
Atomic % 58.68 1.57 39.75 55.24 3.59 41.17

It can be seen from Table 3 that the surface of raw lignite and modified lignite mainly contained
C and O elements, and the content of N was small, indicating that the vast majority of the chemical
functional groups of the raw lignite and modified lignite were oxygen-containing functional groups.

Comparing the nitric acid-modified lignite and the raw lignite samples, it can be seen that the C
element peak area of the lignite surface increased by 20.25%, the oxygen element peak area increased
by 16.5%, and the N element peak area increased by 258% after nitric acid modification. The data
showed that the nitric acid acidification process had an effect on the surface element composition of
lignite. This was mainly to increase the content of N and O elements on the surface of lignite.

3.7.2. Distribution of Carbon Chemical Functional Groups of Lignite and Modified Lignite Surfaces

The types of nitrogen and oxygen existing in coal are closely related to carbon atoms. When C
atoms form chemical bonds with O or N, a large amount of surface chemical functional groups are
created on the surface of the coal, and this leads to a change in binding energy.
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In order to understand the change in the forms of C element existing on the surface of lignite
before and after modification, XPS was carried out in a narrow range, and the peak of C1S was fitted
by peakfit software. The peak-fitting results are shown in Figure 8a,b, and the peak parameters and
attribution are shown in Table 4.

(a) N0M (b) N5M 

Figure 8. XPS C1S spectra for lignite and nitric acid-modified lignite.

Table 4. XPS C1S synthesized data of lignite and nitric acid-modified lignite.

Peak Position/eV Area Relative Content/% Assignment

N0M 1 284.74 20,080.00 68.98 C-C, C-H
N0M 2 286.26 6701.38 23.02 C-O, C-OH, C-O-C
N0M 3 288.42 2327.59 8.00 C=O, COO−
N5M 1 284.68 21,080.00 59.41 C-C, C-H
N5M 2 286.34 9909.68 27.93 C-O, C-OH, C-O-C
N5M 3 288.41 4490.42 12.66 C=O, COO−

There are four types of carbon in coal: aromatic hydrocarbon or aromatic-substituted alkane,
phenol carbon or ether carbon, the carbonyl group carbon, and the carboxyl group carbon. It can
be seen from Figure 8 and Table 4 that the C-bonding energy of the raw lignite and modified lignite
samples was mainly in the range of 282–290 eV. Both the lignite and the modified lignite were divided
into three peaks under the best fitting state at almost the same position, which can be considered as
the same species, and the peaks were aromatic hydrocarbon or aromatic-substituted alkane at 284.7 eV,
the carbon–oxygen single bond at 286.3 eV, and the carbon–oxygen double bond at 288.4 eV [16,17].

Compared with the raw lignite, the peak area of aromatic carbon of the modified brown coal
surface reduced by 4.98%, the carbon–oxygen single bond increased by 47.87%, and the carbon–oxygen
double bond increased by 10.26%. This indicated that the nitric acid modification caused a decrease
in the aromatic hydrocarbon or aromatic-substituted alkane on the lignite surface, and an increase in
the oxygen-containing functional groups, such as the ether carbon or the phenol carbon, the carbonyl
group, or the carboxyl group.

3.7.3. Distribution of Oxygen Chemical Functional Groups of Lignite and Modified Lignite Surfaces

The oxygen element in the coal mainly exists in the form of organic oxygen-containing groups [18].
The XPS scan of the lignite coal samples before and after nitric acid modification and the peak-fitting
of the O1S spectra were carried out. The peak-fitting results are shown in Figure 9a,b. The peak
parameters and attribution are shown in Table 5.
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(a) N0M (b) N5M 

Figure 9. XPS O1S spectra for lignite and nitric acid-modified lignite.

Table 5. XPS O1S synthesized data of lignite and nitric acid-modified lignite.

Peak Position/eV Area Relative Content/% Assignment

N0M 1 532.25 49,140.00 88.06 C=O
N0M 2 533.67 6661.53 11.94 COO−
N5M 1 531.90 49,270.00 76.29 C=O
N5M 2 533.22 15,310.00 23.71 COO−

It can be seen from Figure 9a,b that the peak of the O element ranged from 529 to 536 eV. The types
of oxygen in the oxygen-containing functional groups on the coal surface can be mainly divided into
three types: C=O bond in chemical functional groups of ketones, lactones, and carbonyls; carbonyl
oxygen in the chemical functional groups of esters, amides, and acid anhydrides; and COO− in the
chemical functional groups of hydroxyl, ether oxygen, and carboxyl [19,20].

The XPS O1S spectra of lignite raw coal and nitric acid-modified lignite can be divided into two
prominent peaks: C=O at 532 eV and COO− at 533.5 eV. The change in peak area showed that the
two oxygen types changed on the surface of lignite before and after nitric acid treatment, in which
C=O increased by 0.26%, and COO− increased by 129.82%. This indicated that nitric acid modification
mainly changed the COO− content of the lignite surface.

3.7.4. Distribution of Nitrogen Chemical Functional Groups of Lignite and Modified Lignite Surfaces

The XPS N1S spectra scan of the lignite before and after modification and the peak-fitting of the
N1S spectra were carried out. The peak-fitting results are shown in Figure 10a,b. The peak parameters
and attribution are shown in Table 6.

 (a) N0M   (b) N5M 

Figure 10. XPS N1S spectra for lignite and nitric acid-modified lignite.
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It can be seen from Figure 10a,b that the N1S peak position of the raw coal was between 395 and
405 eV, and the N1S spectrum had a single peak. The significant difference from the raw coal N1S
spectrum was that the lignite N1S spectrum after nitric acid modification had two peaks at 400 eV and
406 eV, indicating that the nitrogen-containing functional groups on the surface of lignite had large
changes before and after modification. The specific changes are shown in Table 5.

Table 6. XPS N1S peak synthesized data of lignite and nitric acid-modified lignite.

Peak Position/eV Area Relative Content/% Assignment

N0M 1 398.08 114.45 11.59 pyridine
N0M 2 399.81 385.53 39.03 pyrrole
N0M 3 401.07 278.90 28.24 protonated pyridine
N0M 4 402.84 208.84 21.14 -NO
N5M 1 399.00 404.37 10.21 amine nitrogen
N5M 2 400.41 1215.78 30.69 pyrrole
N5M 3 402.28 633.02 15.98 -NO
N5M 4 405.66 1360.00 34.33 -NO2
N5M 5 407.55 348.64 8.80 NO3

−

The nitrogen element in coal is mainly from plants in the coal-forming process; therefore, mainly

in the forms of organic nitrogen. There are four main forms of nitrogen in coal: pyridine nitrogen  

(398.0~398.1 eV), pyrrole nitrogen   (400.0~400.4 eV), protonated pyridine  (401.6 eV),

and nitrogen oxides  (402~405 eV) [21,22].
Four peaks were obtained by peak-fitting of lignite raw coal XPS N1S spectra, attributed to

pyridine nitrogen, pyrrole nitrogen, protonated pyridine, and –NO. Therefore, the four organic nitrogen
types existed in lignite raw coal. Among them, the content of pyrrole nitrogen and protonated pyridine
were higher than the other two types, accounting for 39.03% and 28.24%, respectively. The contents
of –NO was 21.14%, and the content of pyridine nitrogen was 11.59% of the total nitrogen content.
The peak separation of N1S spectra of nitric acid-modified lignite obtained five peaks, attributed to
amine nitrogen, pyrrole nitrogen, –NO, –NO2, and NO3, respectively. Among them, –NO2 accounted
for 34.33% of total nitrogen, pyrrole nitrogen content was 30.69%, amine nitrogen and –NO accounted
for 10.21% and 15.98%, respectively, and the rest was a small amount of NO3.

Compared with lignite raw coal, the types of nitrogen existing in nitric acid-modified lignite
was quite different. The content of pyridine nitrogen and protonated pyridine on the surface of nitric
acid-modified lignite was so little that it was not shown in the separation peak. The pyrrole nitrogen
and –NO peak areas decreased, and new peaks of amine nitrogen, –NO2 and NO3 appeared, indicating
that there was conversion of pyridine nitrogen and protonated pyridine to other types of nitrogen
during the nitric acid modification process.

3.8. Effects of Different Modified Concentrations of Nitric Acid on the Surface Potential of Lignite

Zeta potential is an important aspect of adsorbent surface chemistry, which reflects the surface
charge of the adsorbent. The electrostatic force plays an important role in the adsorption and
purification of heavy metal ions. The negatively charged surface can provide electrostatic attraction to
heavy metal ions, thereby enhancing the adsorption amount of heavy metal ions. At the same time,
due to the dissociation of the chemical groups on the surface of the adsorbent, the change of the zeta
potential can also reflect the change of the adsorbent surface chemical structure. The zeta potential of
the lignite surface before and after nitric acid modification was determined. The measurement results
are shown in Figure 11.
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⋅

Figure 11. Zeta potential of lignite and nitric acid-modified lignite.

It can be seen from Figure 11 that raw lignite was negatively charged because of a large amount
of oxygen-containing functional groups that were present, and the absolute value of zeta potential
increased with the increase of nitric acid concentration. From the analysis of FTIR and XPS, it was
found that the content of oxygen-containing functional groups on the surface of lignite increased after
nitric acid treatment [23]. This can be confirmed from the change of zeta potential. The negative charge
was enhanced, causing the electrostatic attraction between the metal ions and the surface of the lignite.

3.9. Adsorption Capacity of Pb2+ on Different Modified Coal Samples

To elucidate the effects of adsorbent surface chemistry and pore structure on the adsorption of
Pb2+ from aqueous solution, a single-solute experiment was conducted with coal samples modified by
different concentrations of nitric acid. To compare single-solute adsorption results in a quantitative
manner, the adsorption experiment was conducted under the same conditions. The adsorption capacity
changes of Pb2+ on different concentrations of nitric acid-modified lignite are shown in Figure 12.

⋅

⋅

Figure 12. The change in Pb2+ adsorption capacities with the modified concentration of nitric acid.

It can be seen from Figure 12 that with the increase of the modified concentration of nitric acid,
the adsorption amount of Pb2+ on lignite samples tended to decrease first and then increase to the

31



Processes 2019, 7, 167

minimum value of 0.5 mol·L−1. In the previous analysis of the pore structure and surface properties
of nitric acid-modified lignite, it was found that nitric acid modification increased the content of
oxygen-containing functional groups on the lignite surface, while it decreased the specific surface
area and pore volume of coal samples. When the modified concentration of nitric acid was less
than 0.5 mol·L−1, the adsorption amount of Pb2+ on lignite decreased with the increase in nitric acid
concentration. At this time, the concentration of nitric acid was low, which mainly played an acidic
role, causing a reduction in the specific surface area of lignite and a decreased adsorption amount.
When the modified nitric acid concentration was above 0.5 mol·L−1, the adsorption amount of Pb2+ on
lignite increased with the increase in modified nitric acid concentration, and it increased rapidly in the
range of 0.5 to 5.0 mol·L−1. At this time, nitric acid showed strong oxidizing properties. The surface of
lignite was rapidly oxidized to produce a large number of polar oxygen-containing functional groups,
and the adsorption amount of Pb2+ was enhanced. When the concentration of modified nitric acid
was in the range of 5.0–10 mol·L−1, the surface chemistry functional group of lignite was close to
oxidized saturation, and the growth rate of the Pb2+ adsorption amount slowed down. Before and
after the modification, the adsorption amount of Pb2+ increased from 14.45 mg·g−1 to 30.68 mg·g−1.
It suggested that nitric acid modification can obviously improve the adsorption property of lignite, and
at the same time, the effects of pore structure and surface chemistry on the adsorption performance of
the adsorbent.

The adsorption of Pb2+ on the surface of lignite was the result of both the pore structure and the
surface chemistry of the adsorbent. At the beginning, the adsorption amount of Pb2+ decreased with
the decrease in lignite-specific surface area. Next, the adsorption amount of Pb2+ was not continually
reduced, while it greatly increased due to the increase in oxygen-containing functional groups on the
surface of lignite. It indicated that the surface chemical structure played a greater role than the pore
structure in the process of lead ion adsorption. This indicated that the removal of metal ions from
aqueous solution by coal primarily involved electrostatic adsorption, ion exchange, and subsequent
metal complex formation processes, and those processes are associated with oxygen-containing
functional groups.

4. Conclusions

To evaluate pore structure and surface chemistry effects on the adsorption of Pb2+ from aqueous
solution, a matrix of lignite with different pore structure and surface chemistry levels was studied.
From the relationship observed between the adsorbent characteristics and the contaminate adsorption
data in ultrapure water, a number of conclusions can be drawn.

The adsorption of Pb2+ on the surface of lignite is the result of both the pore structure and
the surface chemistry of the adsorbent. The adsorption capacity of lignite to Pb2+ increased from
14.45 mg·g−1 to 30.68 mg·g−1 after modification. From the X-ray diffraction, static nitrogen adsorption,
and Scanning electron microscope characterizations of the nitric acid-modified lignite, it was found that
nitric acid entered the pores of coal and reacted with the mineral components, and the pore structure
of the coal body was destroyed. The pores in the coal collapsed in a high, modified concentration. Both
of the specific surface areas and pore volumes of each sample were decreased. This can partly explain
the decrease in adsorption capacity of lignite in the low, modified concentration.

From the analysis of Fourier transform infrared spectroscopy, X-ray photoelectron spectroscopy,
and the zeta potential test, it was confirmed that nitric acid modification of coal incorporated oxygen
and nitrogen atoms in coal matrix. The surface of lignite was rapidly oxidized to produce a large
number of polar oxygen-containing functional groups, such as hydroxyl groups and carboxyl groups,
which enhanced the surface-level, negative electrical properties of lignite. The nitrification reaction
between nitric acid and the lignite organic components introduced nitro groups on the surface of
lignite, which also enhanced the surface polarity of lignite and its adsorption properties to metal ions.

The physical parameters of lignite, such as specific surface areas, pore volume, and pore size,
do not characterize the lignite adsorption properties well. The adsorption model of Pb2+, the types
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of functional groups on the surface of adsorbent, and the quantity plays key roles in the adsorption
of Pb2+ by lignite, which are determined between the adsorption capacity of Pb2+ and the number of
oxygen-containing functional groups of lignite in the corresponding relationship.
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Abstract: Rocks are natural heterogeneous materials. It is common for a rock to have several kinds
of minerals, which will have a significant effect on its mechanical behavior. The purpose of the
numerical simulation study in this paper is to explore the effects of minerals on the crack patterns
and mechanical properties of rocks. First, the corresponding calculation model is established by
using the discrete element method (DEM), whereby the mechanical parameters of the blocks and
joints in the Tyson polygon procedure are fitted with the rock properties obtained in the laboratory.
Then, various combination models of different mineral sizes and ratios are established to study the
effects of mineral size, position, and ratio on the fracture distribution and mechanical properties
of rock samples. The results indicate that with increased circle size of the center mineral and the
mineral ratio, the elastic modulus and uniaxial compression strength (UCS) of the model gradually
increase. The drop degree of post-peak stress decreases, and the integrity and bearing capacity
increase. It is found that there is a quartic polynomial relationship between elastic modulus and
mineral circle radius, with R2 ≥ 0.94. The minerals located in the crack propagation path will
effectively block the crack and change the propagation direction. When the mineral position is close
to the model boundaries, especially the lateral boundaries, it has a significant influence on the crack
initiation position, causing crack initiation to occur at the upper boundary of the mineral circle and
propagate to the middle of the model. With increased mineral percentage and small-size mineral
circle proportion, the depth of extension of the crack from boundary to center is reduced, the crack
has wide development in the boundary area, the number of central cracks in the rock specimen
decreases, and the degree of fragmentation decreases.

Keywords: minerals; mechanical properties; uniaxial compressive strength; crack distribution
characteristics; discrete element method

1. Introduction

Rocks are categorized as natural inhomogeneous materials that include different minerals, particles,
holes, and fissures. These individual materials and defects usually have different physical and mechanical
properties [1,2], which will cause different responses under the action of internal and external forces.
Underground engineering (such as coal mining, chamber excavation, oil and gas extraction, etc.) will
break the original stress balance, causing a redistribution of stress in the surrounding rock and achieving
a new equilibrium state, which produces a more complex stress environment by the dual action of
tectonic stress and mining stress. The response of heterogeneous rock under this stress environment will
have a significant impact on geotechnical and coal mining work [3], therefore, it is of great theoretical
and engineering value in many rock engineering problems to study the influence of mineral composition
on the crack distribution and mechanical properties of rock specimens.
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Under normal circumstances, the research methods of rock mechanics characteristics include field
measurements, laboratory experiments and numerical simulations. The rock properties obtained by
field measurement methods are usually reliable, but field measurement is not widely used because
of complex geological conditions and high cost [4–6]. At present, most mechanical tests of rock
samples are carried out in the laboratory; however, due to limitations in the current experimental
equipment, it is difficult to accurately determine the mineral types and their locations within the
rock samples, and it is impossible to quantify mineral ratios (the ratio of mineral area to the area of
model) on the rock sample scale. In addition, due to the randomness of sampling and the influence of
accidental factors, it is difficult to analyze the fracture modes and mechanical properties of different
combinations of mineral sizes and ratios by experimental mechanical testing. In recent years, with the
rapid development of computer performance, numerical simulation methods for the influence of
minerals on rock properties have been used more. The most commonly used numerical simulation
methods include finite element, discrete element, and finite-discrete hybrid models [7,8].

Considering the heterogeneity of rock, the granite model containing biotite, quartz, and feldspar
was established by using FLAC finite element software [9]. The conventional Mohr–Coulomb and
tensile stress failure criteria were used to study the tensile failure characteristics of granite, and the
results show that the weakest mineral, biotite, was found to control the initiation and failure mode of
cracks [10]. Tang et al. [11] used RFPA software to establish five models with the same heterogeneity
and five models with different heterogeneity, and heterogeneity was found to play an important
role in the deformation and strength characterization of specimens. More homogeneous specimens
have stronger linear deformation characteristics than more nonuniform specimens before peak stress.
Blair et al. [12] used a nonlinear, rule-based model to study the influence of microheterogeneity on the
macroscopic mechanical behavior of rock samples and found that the heterogeneity of the local stress
field caused by grain shape and loading had a significant effect on the macroscopic properties of rock.
In the finite software, the material points in the research area remain in the same neighboring relation,
which cannot simulate the fracture and separation process of the block; the continuous method has
difficulties presenting the microscopic and macroscopic crack patterns [13].

Compared with the finite element method (FEM), the discrete element method (DEM) and hybrid
finite/discrete methods can simulate movement and separation of the block. In the DEM method,
the rock is simulated using polygon blocks that interact with neighboring blocks through contacts.
Cracks can only occur along the polygon block boundaries. The initiation, expansion, and closure of
joints between blocks can simulate the formation of fissures in rocks and the response of microscopic
and macroscopic cracks under stress loads [14,15]. Lan et al. [16] established the GBM-UDEC model
to simulate the microheterogeneity of rock samples caused by elastic variation and contact stiffness
anisotropy, and found that microheterogeneity plays an important role in the micromechanical behavior
and macroscopic response control under uniaxial compressive loading. Fu [17] used PFC software to
establish different mineral compositions of particles with regular and irregular shapes to study the
effect of particle size, stiffness, and friction coefficient on the microscopic and macroscopic behavior of
granular materials.

In the course of rock foundation mechanical experiments (compressive, tensile, and shear,
as shown in Figure 1), we found that when the mineral particles are in the propagation path of
the crack, the extension direction of the original crack changes [18–20]. This causes the crack to
extend along the edges of the blocks representing the mineral particles to other regions; during the
failure process the cracks are not allowed to pass through the mineral particles. The experimental
and numerical simulation methods mentioned above did not determine the influence of mineral size,
position, and ratio on the mechanical properties of rock specimens. This shows that the gray-white
minerals in red mudstone will have a great influence on the crack mode and macroscopic mechanical
properties of rock specimens, and there have been no studies analyzing the mechanism of mineral
influence on red mudstone to fill this gap. Considering the intrinsic advantages of DEM in simulating
crack propagation, the UDEC polygon method is used to establish combination models of different

36



Processes 2019, 7, 162

mineral sizes and ratios to study the influence of mineral size, position, and ratio and different sizes of
mineral ratios on rock crack distribution and mechanical properties.
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Figure 1. Rock foundation mechanical experiments: (a) compressive, (b) tensile, (c) shear.

2. Materials and Methods

2.1. Study Case

Red mudstone is continuously distributed on a large scale in the Laosangou field, located 15 km
northwest of Xuejiawan town, Jungar banner, Erdos city, Inner Mongolia, as shown in Figure 2.
Laosangou coal mine is located in the eastern part of the Loess Plateau of Ordos, the ground is high
in the north and low in the south. The red mudstone surface is mainly red. Gray-white mineral
particles can be seen in parts of the fading area, and there is a clear boundary between the fading
area and the red rock. Gray-white minerals particles in the red mudstone appear grayish white and
are mostly granular, lumpy and breccia, the maximum particle size is about 16.7 mm, as shown
in Figure 1. During the grinding process of the rock samples, it was found that compared to the
red mudstone, the gray-white minerals particles in the red mudstone are more difficult to grind
into 200-purpose powdery. It indicates that the hardness of gray-white minerals is higher than red
mudstone. This layer of red mudstone is of great significance for maintaining a reasonable ecological
underground water level in this mine area. In order to improve the success rate of standard sample
preparation, the rock samples extracted from the scene were cut and ground directly in the laboratory.
The diameter of the rock samples was between 74 and 86 mm, and the height of the model was two
times the corresponding diameter.

BEIJING

Nei menggu

Study site

 

Figure 2. Geographical location of the study area.
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2.2. Contact Constitutive Model

Multiple studies have shown that the 2D Voronoi model in UDEC can reliably simulate mechanical
responses for both laboratory tests and field observations of rocks [21–26]. Both deformable and rigid
polygon blocks can be produced in UDEC; polygon blocks cannot be destroyed, and a fracture can
only be generated along the edges of a polygon. The generated polygon blocks are connected by joints,
and the relationship between force and displacement at these joints is determined based on the normal
joint stiffness and shear stiffness. The strength of a joint depends on its cohesion, internal friction
angle, and tensile strength. Joints break when the stress between polygons is greater than the shear
and tensile stress limits they can withstand. Therefore, the initiation, expansion, and closure of joints
between polygons can be used to simulate the fracture generation process. The joint constitutive model
is shown in Figure 3.
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Figure 3. Joint constitutive model in UDEC. (a) Normal and shear stiffness between blocks.
(b) Constitutive behavior in shear and tension (i = s, n) [7].

2.3. Model Construction and Parameter Fitting

2.3.1. Construction of Numerical Simulation Model

In this paper, considering the intrinsic advantages of UDEC in simulating the development of
rock fissures, the UDEC polygon method was used to simulate the response of rock under uniaxial
compression, with a model size of 160 mm height × 80 mm width. Using the Voronoi tessellation
generator command, the blocks were segmented into polygons and joints by setting the number of
seeds and usually had a relatively uniform size, as shown in Figure 4. The upper and lower loading
plates were set as a rigid body to simulate the loading plate in the mechanical experiment. The other
blocks were made deformable, the displacement control was applied to the upper loading plate,
and the fixed constraints were applied to the bottom loading plate. The quasi-static loading method
was used in rock mechanics experiments, and local damping (damping value is 0.8 by default) was
chosen as the damping setting.

The size of the block will influence the mechanical properties and crack propagation of the model.
In order to study the influence of block size on the mechanical properties of the model, nine models
with an average block size of 1.5–4 mm were established to simulate the uniaxial compressive strength
of the rock specimen, as shown in Figure 5. Kazerani and Yao [27,28] suggested that when the
grain size is less than one-tenth of the model, the effect of block size on the mechanical properties is
reduced. However, crystals that are too refined will significantly increase the model’s establishment
and calculation time. It takes 89 h using an ASUS computer (processor: Intel(R) Core(TM) i5-2450M
CPU@2.50 GHz, RAM: 4 GB) to calculate a model with an average size of 1 mm. In order to reduce
the influence of block size on the mechanical properties and improve the calculation efficiency of the
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model, the average size of a block was set at 2.25 mm, which is enough refinement to simulate the
mechanical behavior.
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Figure 4. Numerical model of uniaxial compression test.
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Figure 5. Effect of block size on uniaxial compression strength (UCS).

The displacement rate control applied by the upper loading plate has an important influence
on the mechanical behavior of rock, and the loading speed must be slow enough to ensure that the
rock specimen is in a quasi-static condition. In order to study the influence of loading rate on the
mechanical properties of the model, different displacement rates (0.01, 0.02, 0.05, 0.10, 0.15.2 m/s)
were exerted on the upper loading plate, and the axial stress was calculated by continuously recording
the stress values in the contact area between the upper boundary and the loading plate, as shown in
Figure 6. With increased loading rate, the uniaxial compressive strength and peak strain increased.
The uniaxial compression strength with 0.01 m/s loading rate was as low as 9.974 MPa, and the
maximum uniaxial compression strength with 0.2 m/s loading rate was 13.26 MPa. We used the 0.1
m/s loading rate, which has been validated to be low enough to ignore the effect of loading rate on
mechanical properties [29].
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Figure 6. Stress–strain curves under different loading velocities.

Based on the findings of the previous rock foundation mechanical experiment (Figure 1), the cracks
in the experiment did not penetrate the gray-white minerals in the red mudstone. In order to reproduce
this phenomenon in numerical simulations, the contacts were joined in the specified range of the
numerical model to simulate the mineral circles. Contacts that are joined cannot slide or open.
The average size of the blocks of gray-white minerals in the model was 2.25 mm. The joint stiffness in
the specified area was calculated automatically. The normal stiffness was based on an average zone
stiffness multiplied by a factor, and the default value of the coefficient was 100. In the process of
calculation, the maximum normal stiffness value that was calculated automatically was assigned to
the joint, and the shear stiffness value was taken as half of the normal stiffness value [15]. Based on
the grinding experiment of the rock samples, it was found that the hardness of gray-white minerals is
higher than that of red mudstone. The bulk and shear modulus of the grains as well as normal and
shear stiffness of the polygonal contacts control the sample’s elastic constants, they have a relatively
small effect on the sample’s UCS [30]. In order to describe the difference between the mechanical
properties of the gray-white minerals and red mudstone, it is assumed that the bulk modulus and
shear modulus of the mineral circle were twice that of red mudstone.

2.3.2. Numerical Model Parameter Verification

In the process of numerical simulation calculation, selecting reasonable physical and mechanical
parameters can effectively reproduce the mechanical behavior of rock. A previous method was
used to fit data in this paper [31–33]. The mechanical parameters of the blocks and contacts were
determined by fitting the uniaxial compressive strength of the rock. In order to obtain the physical and
mechanical parameters of the blocks and contacts in the model to represent the mechanical behavior
of red mudstone, a relatively uniform sample (compared to Figure 1a) was selected for the uniaxial
compression text for parameter fitting. The blocks in the model was elastomer, and the mechanical
strength was controlled by the joints. The FISH language was used to determine joint damage. Joints
that produced tensile damage were the tensile damage group, and joints that produced shear damage
were the shear damage group.

The physical and mechanical parameters applied to the numerical model are shown in Table 1.
Figure 7 shows the numerical simulation results of the uniaxial compression test. As shown in Figure 7a.
An X-shaped failure pattern occurs during the experimental uniaxial compression test. The same failure
mode was obtained in the numerical simulation, as shown in Figure 7b. Figure 7c is the stress–strain
curve of the model; the stress peak of uniaxial compression model was 11.39 MPa, the stress peak
of the specimen was 11.44 MPa, and the error value was 0.44%. The numerical simulation results of
uniaxial compression are well fitted to the experimental results. Before the stress peak was reached, the
stress increased linearly with the increase in strain. The stress decreased rapidly after the peak stress.
The stress value was reduced to the lowest value of 3.271 MPa and the uniaxial compression strength
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(UCS) was 28.59%. The number of damaged joints was recorded during the simulation. The amount
of damage was equal to the number of damaged joints divided by the total number of joints. Before
reaching 51.1% of the peak stress, the joints were mainly affected by tensile damage, and when the
stress value was exceeded, the joints began to produce shear damage and the quantity increased
rapidly. When peak stress was reached, the percentage of shear and tensile damage was 14.47% and
17.22%, respectively. After the peak, the number of joints suffering shear damage increased and then
stabilized at approximately 15.69%. The number of joints suffering tensile damage increased and then
stabilized at approximately 27.1%. Nearly 42.79% of the joints were found to be cracked. The number
of joints suffering tensile damage was approximately 1.73 times the number suffering shear damage.

Table 1. Mechanical parameters of sample fitting in numerical model.

Material Properties

UCS Young’s modulus
11.44 MPa 3.23 GPa

Calibrated Micro-Parameters

Bulk modulus Shear modulus Joint normal stiffness Joint shear stiffness Joint cohesion
8.54 GPa 3.636 GPa 2461 GPa 1453 GPa 5.8 MPa
Joint friction Joint tension Residual cohesion Residual friction Residual tension
10◦ 1.6 MPa 0 MPa 6◦ 0 MPa

Figure 7. Experimental and numerical simulation results of uniaxial compression test. (a) failure
pattern of the laboratory sample; (b) failure pattern of the numerical model; (c) Schematic diagram of
failure pattern and (d) stress–strain curve of the numerical model.
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The presence of minerals will change the stress distribution inside the rock specimen and cause
a change in the position of stress concentration, resulting in a change in the crack initiation location
and failure mode [11,18,19,34]. In order to describe the crack morphology, the broken fitting model
(Figure 7b) was partitioned, as shown in Figure 7c. The model was divided into five regions: region
I was the central crushing region, and regions II–V were the relatively complete zone of the model.
The main macrocracks were named F1–F4 in the clockwise direction.

2.4. Determining the Numerical Simulation Scheme

Based on the Voronoi polygon method and mineral circle simulation technology, five numerical
simulation schemes were determined and 42 calculation models were established. In scheme one,
the mineral circle was arranged in the central coordinates (40 mm, 80 mm) of region I, and the radius
of the mineral circle was 2.5–40 mm (C1–C9), as shown in Figure 8, to study the influence of different
mineral sizes on rock specimen strength and failure mode. In scheme two, the mineral circle radius was
5 mm with a 0.6% mineral ratio, the upper left quarter of the rock sample was divided into three levels,
and three positions were selected at each level to decorate the mineral circle (L1–L9), as shown in
Figure 9. This was used to study the influence of mineral circle position on the mechanical properties of
rock specimens. In scheme three, the mineral circle radius was 5 mm and four positions were selected
in the rock sample, the central crushing region (I) and the relatively complete zone (II and III), and a
mineral circle was arranged in the extension direction of the F1 crack. Then the sequence composition
of C4

2 was taken to analyze the influence of two mineral circle conditions on the mechanical properties
of rock specimens, as shown in Figure 10. In scheme four, the mineral circle radius was 10, 5 and
2.5 mm (Figure 11a) and the mineral ratio was 2.45%, 4.9% and 9.8%. Then, according to the mineral
circle radius, three computational models containing a single size mineral circle were established to
explore the influence of different mineral ratios on the mechanical properties of rock samples, as shown
in Figure 11. In scheme five, the mineral circle radius was 5 and 2.5 mm (Figure 12a) and the mineral
ratio was 4.9%. The area ratio of the 5 and 2.5 mm mineral circles contained in the rock sample was 6:2,
4:4 and 2:6, and three numerical models were established for each ratio (Figure 12) to investigate the
effects of different mineral circle proportions on the mechanical properties of rock samples. In schemes
four and five, the mineral circles were randomly distributed in the model, and the FISH language built
into UDEC was used to generate mineral circles and ensure that the circles were not embedded or
produced at the edges of the model.

 

Figure 8. Mineral radii.
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Figure 9. Mineral positions.

Figure 10. Two mineral circle (C4
2) distribution diagram.

Figure 11. Mineral ratios for models under single circular dimensions 10, 5 and 2.5 mm: (a) S1–S3:
2.45%; (b) S4–S6: 4.9%; (c) S7–S9: 9.8%.
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Figure 12. Proportion of 5 to 2.5 mm mineral circles under the same mineral ratio of 4.9%: (a) P1–P3:
6:2; (b) P4–P6: 4:4; (c) P7–P9: 2:6.

3. Numerical Simulation Results

In this section, the simulation results of the five experimental schemes are analyzed in detail.
In order to study the mechanical characteristics of rock specimens in the whole stress–strain process,
four characteristic values were selected as key objects: (1) elastic modulus, (2) uniaxial compressive
strength, (3) maximum stress post-peak, and (4) minimum value post-peak. The crack patterns of rock
specimens are studied. The UCS of the rock sample is marked on the bottom left of the model after it is
broken, and the maximum value post-peak is marked on the bottom right. The maximum value is the
value where the model goes through the post-peak descent stage before increasing to the maximum.

3.1. Mineral Circle Dimensions

In order to display the mechanical characteristics of the loading process of schemes C1–C9 more
clearly and intuitively, Figure 13a is divided into three subfigures. Before the peak, stress increases
linearly as strain increases. The elastic modulus of the model was calculated by selecting the linear
segment with good stress and strain performance, as shown in Figure 13b. With increased mineral
circle radius, the elasticity modulus of the model increases gradually. There is a quartic polynomial
relationship between the elastic modulus and the mineral circle radius, with R2 ≥ 0.94. The stress
value fluctuates near peak stress, because when stress is greater than 50% of the peak, the amount of
tensile and shear damage of joints increases rapidly, then macroscopic cracks are formed gradually,
and stress release and redistribution are caused by crack formation. The stress peak of each scheme is
marked in Figure 13a1–a3. With increased mineral circle radius, the displacement becomes smaller
when peak stress is reached. The stress peak shows different post-peak mechanical properties with
increased mineral circle radius. The stress values of C1–C3 gradually decreased to the minimum as
strain increased, and were respectively 41.95%, 47.37%, and 60.39% of their peaks. The stress of C4
and C5 decreased to the minimum value (49.95% and 54.36% of respective peaks) when the strain
reached 0.57% and 0.69%, respectively, then fluctuated in a small range. The stress of C6 and C7
decreased to the minimum (63.20% and 61.97%) when the strain reached 0.56% and 0.51% of their peak
values, then gradually increased to a maximum of 85.90% and 81.14% of the peak, respectively. C8 and
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C9 maintained good stress levels after the peak, and the maximum value was 120.07% and 124.45%,
respectively. This indicates that with increased central mineral circle size, post-peak axial stress values
decreased monotonically (C1–C3), first decreased and then stabilized (C4, C5), first decreased and then
increased (C6, C7), or first fluctuated slightly and then increased (C8, C9). In order to further analyze
the influence of mineral circle size on the mechanical properties of the post-peak phase, two post-peak
stress values were selected for analysis: the lowest stress value and the maximum value after the
descent stage. The axial stress of different mineral sizes is shown in Figure 13c; the UCS of all models
is greater than the UCS (11.44 MPa) of the homogeneous rock sample. As the mineral circle radius
increases, the UCS as a whole tends to increase. The UCS of the 40 mm mineral circle model is the
maximum, which is 1.3 times the UCS of homogeneous sample. With increased mineral circle radius,
the lowest value of stress as a whole tends to increase. The minimum and maximum stress values after
peak for C1–C7 are less than their respective UCS; the minimum stress value of C8 and C9 is less than
their respective UCS, but the maximum stress value after peak is greater than their respective UCS.

Figure 13. Mechanical characteristics of circular dimensions of different minerals: (a) stress–strain
curve, (b) elastic modulus, (c) axial stress. a1, a2 and a3 are the stress-strain curves of C1-C3, C4-C6
and C7-C9 respectively.

The fracture distribution of specimens with a central mineral circle is shown in Figure 14. When the
mineral circle radius is 2.5–10 mm (C1–C3), an X-shaped destruction form is present. When the rock
specimen was destroyed, the central area gradually moved upward, and the cracks were widely
distributed on the upper part of the specimen and both sides of the mineral circle. The degree of
damage to the lower part decreased and the integrity improved significantly. When the mineral circle
radius reached 15–20 mm (C4, C5), a V-shaped destruction form was present on the upper part of the
specimen, and two cracks in the lower part first spread along the edge of the mineral circle and then
extended to the lower left and lower right. When the mineral circle radius reached 25–30 mm (C6, C7),
a V-shaped and inverted U-shaped destruction form was present on the upper and lower part of the
specimen, respectively. The U opening increased as the mineral circle radius increased. This is because
the two cracks first propagated along the edge of the mineral circle, and the two cracks at the lower
part of C6 developed along the vertical direction. At 30 mm, the left lower crack was connected with
the left edge and the right crack extended to the right edge. When the radius was greater than 30 mm
(C8, C9), the crack was concentrated in the upper and middle part of the model and was not apparent
at the bottom because the propagation path downward was blocked.
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Figure 14. Crack pattern of mineral circle size after sample is broken.

3.2. One Mineral Circle in Different Positions

Before the peak, stress increases linearly as the strain increases (Figure 15a). The elastic modulus
of the model was calculated by selecting the linear segment with good stress and strain performance,
as shown in Figure 15b. When the stress reached the peak, the stress value of L1–l4 and L7–L9 gradually
decreased to the minimum with increased strain. The stress value of L7 reduced to the minimum value,
4.579 MPa, which is 34.64% of UCS. The stress value of L5 and L6 decreased to the minimum when the
strain reached 0.56% and 0.72%, respectively, which are 54.95% and 60.11% of their respective peaks.
Subsequently, the stress value gradually increased to 72.05% and 71.54% of the peak, respectively.
The elasticity modulus of the model is shown in Figure 15b, and the axial stress of one mineral circle at
different positions is shown in Figure 15c. When the mineral circle was at level 1 (L1–L3), the elastic
modulus and stress peak were lower than the average value, and minimum stress gradually decreased
as the distance between the mineral circle and the center line increased. When the mineral circle was
at level 2 (L4–L6), the elasticity modulus was greater than the average, the UCS of L5 and L6 was
greater than the average, and the UCS of L4 was less than the average. Minimum stress increases as
the distance between the mineral circle and the center line increases. When the mineral circle was at
level 3 (L7–L9), the elastic modulus, UCS, and minimum stress gradually increased as the distance
between the mineral circle and the center line increased.

Figure 15. Mechanical characteristics of mineral circles at different positions: (a) stress–strain curve,
(b) elastic modulus, (c) axial stress.
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The fracture distribution of specimens with one mineral circle located in different positions is
shown in Figure 16. When the mineral circle was at level 1 (L1–L3), the crack was widely distributed in
the upper part of the model, and the degree of destruction of the upper part was significantly greater
than the lower part, which indicates that the mineral circle changed the propagation direction of the
crack and affected its distribution characteristics, protecting the integrity of the lower part. The order
of integrity of the lower part of the model is L1 > L2 > L3. This shows that as the distance between the
mineral circle and the left edge decreased, the effect of the mineral circle on decreasing the number of
cracks and improving the integrity of the lower part was gradually reduced. When the mineral circle
was located at level 2 (L4–L6), the upper part of L4 presented a V-shaped failure mode and the lower
part presented a wormlike crack. The blocking effect of the mineral circle on crack propagation was not
obvious. This is because the mineral circle was located in the upper part of region I and lower part of
region III, and macroscopic cracks could not pass through the mineral circle. The mineral circles of L5
and L6 were located on the propagation path of the F1 crack, which effectively blocked the extension
of the crack to region I. F1 cracks developed in the mineral circle and then extended along its edge to
the lower left. It increased the overall integrity of the region below the mineral circle. This, together
with region III, formed a relatively complete area in the upper left of the sample, which increased the
bearing capacity of the rock specimen. This reasonably explains that in models L5 and L6, the stress
value increased to 10.03 and 9.594 MPa, respectively, in the post-peak phase with the increased strain
(Figure 15c). There were some microcracks in the relatively complete area of L6, indicating that as
the distance between the mineral circle and left edge of the model decreased, the effect of the mineral
circle on preventing the propagation of cracks gradually decreased. When the mineral circle was at
level 3 (L7–L9), an X-shaped destruction form was present when the rock specimen was destroyed.

Figure 16. Crack pattern of rock specimen with one mineral circle in different positions after sample is
broken: (a) level 1: L1–L3; (b) level 2: L4–L6; (c) level 3: L7–L9.

3.3. Mineral Circles in Two Positions

Before the peak, the stress first increases rapidly and then the growth rate slows down with
increased strain (Figure 17a). The obtained elastic modulus is shown in Figure 17b. The average
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elastic modulus of the rapid and slow growth stages was 5.8235 and 3.8454 GPa, respectively. After
the stress reaches the peak value, it decreases. The stress value of T2 reduced to the lowest value,
7.262 MPa, which was 53.28% of UCS. The stress value of T6 reduced by the least amplitude to 7.262
MPa, which was 75.24% of UCS. The stress decreases, then increases gradually. The axial stress of
mineral circles in two different positions is shown in Figure 17c. The average UCS value was 13.43
MPA, and the stress peak values of T1 and T5 were less than the average, while those of other models
were greater. After the peak stress, the decreased amplitude of T1, T2, and T5 was significantly greater
than that of other models and the stress level was relatively low. The maximum value in the floating
range after the peak was close to the minimum values of other models, which indicates that the
post-peak stress bearing capacity of T1, T2, and T5 was smaller than that of other models.

Figure 17. Mechanical characteristics of mineral circles in two positions: (a) stress–strain curve,
(b) elastic modulus, (c) axial stress.

The fracture distribution of specimens with two mineral circles located in different positions is
shown in Figure 18. The presence of a central mineral circle (T1, T2, T5) caused the central crushing
area to move up, and the degree of breakage tended to increase. This reasonably explains why the
degree of stress dropped after the peaks of T1 and T2, and T5 was greater than that of other models.
Only when the second model was broken, an approximate X-shaped destruction form was present
on the specimen. F1–F4 all cracked from the boundary of the model and successfully extended to the
middle region. In other models, F2–F4 started from the boundary and extended successfully at the
middle region; the propagation path of F1 was blocked. This blocking function can be roughly divided
into two types: either the mineral circle is located on the propagation path of the crack, which blocks
its extension direction (T3, T4, T5), or the mineral circle is near the boundary and the crack starts at
the upper boundary and develops along the upper right of the mineral circle. F1 cracks start from the
left boundary and extend to the central fracture zone, and the two cracks above will connect in the
upper left (T1, T6). To some extent, such blocking can improve the integrity of the upper left part of the
model and reduce the degree of breakage of the central region, which improves the bearing capacity of
the rock sample after the peak.

Figure 18. Crack pattern of two mineral circles located at different positions after sample is broken
(T1–T6).
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3.4. Mineral Ratios

Before the peak, the stress first increases rapidly and then the growth rate slows down with
increased strain (Figure 19a). The obtained elastic modulus is shown in Figure 19b. The average elastic
modulus of the rapid and slow growth stages was 8.8067 GPa (E1) and 4.8646 GPa (E2), respectively.
The average values of elastic modulus E1 and E2 of the model with a mineral proportion of 2.5% were
respectively 6.0479 and 4.0227 GPa, which are both lower than the average values of the overall elastic
modulus. When the mineral accounted for 5%, elastic modulus E1 and E2 were 9.0225 and 4.8668
GPa, respectively, close to the average of overall elasticity modulus. Elastic modulus E1 and E2 of the
model with a mineral ratio of 10% was 11.3498 and 5.7044 GPa, respectively, larger than the average
of the overall elastic modulus. After reaching the peak, the stress value first reduced. The stress of
S1 reduced to the lowest value (9.436 MPa, 69.48% of UCS). The stress value of S8 increased to a
maximum (20 MPa), which is 120.99% of UCS. The axial stress of single mineral size with different
mineral ratios is shown in Figure 19c. The stress peak values of S1–S3, with a mineral proportion of
2.5%, and S5, with a mineral proportion of 5%, were lower than the average value of UCS (14.6411
MPa), while the values of the other models were higher. With increased mineral proportion, the UCS
of the rock sample tended to increase. The minimum value of post-peak strength was lower than the
UCS of the respective models, and the maximum value was greater, except for S1.

Figure 19. Mechanical characteristics of different mineral ratios: (a) stress–strain curve, (b) elastic
modulus, (c) axial stress.

The fracture distribution of specimens with different mineral ratios is shown in Figure 20.
When the mineral ratio was 2.45% (Figure 20a), in model S1, the cracks were widely distributed
on the upper and both sides of the mineral circle, and the number and opening of cracks in the lower
part decreased significantly. The mineral circle in S2 changed the propagation direction of F1, and
the relationship between the F3 crack and region I was interrupted. The degree of damage of region I
in S3 was reduced, the connection between F1 F2, and region I was interrupted, and the F3, F4 crack
extended from the left and right edge to region I. The crack pattern was due to the formation of two
protective structures, shown on the right side of Figure 20a, which changed the crack initiation and
propagation pathways. When the mineral ratio was 4.9% (Figure 20b), in model S4, an X-shaped
destruction form was present on the specimen. In S5, damage occurred in the upper left and upper
right corner, and there was no obvious connection between these two failure regions and the failure
of the lower part, which caused the crack initiation position of F3 and F4 to change from the lower
edge to the right and left edge. This is because a protective structure, as shown in Figure 20b, formed,
resulting in the crack propagating along its edge, successfully changing the propagation path and
protecting the integrity of the lower region. In model S6, the crack widely developed in the upper
left and upper right regions of the rock sample, and no obvious cracks were found in the middle and
lower part. When the mineral ratio was 9.8% (Figure 20c), the main cracks developed on the middle
and upper part of the model, which approximately presented a symmetrical hyperbolic shape. The
maximum damage depth of the left and right sides of S7, S8, and S9 was 33.6 and 28.8 mm, 19.1 and
25.5 mm, and 18.3 and 21.8 mm, respectively. Comparing the results of Figure 20 horizontally (models
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with the same mineral proportion and different mineral radius), with decreased mineral radius, the
number of cracks and the breaking range of rock samples tended to decrease. Comparing the results of
Figure 20 vertically (models with the same mineral radius and different mineral proportions), with
increased mineral proportion, the number of cracks and the breaking range in the rock sample tended
to decrease, and the distribution area of the crack gradually shifted to the edge and upper part.

13.58MPa 13.15MPa 12.91MPa 13.95MPa
13.91MPa 14.28MPa

 
(a) 
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Figure 20. Crack patterns of different mineral ratios after sample is broken: (a) S1–S3: 2.45%; (b) S4–S6:
4.9%; (c) S7–S9: 9.8%.

3.5. Proportions of Different Size Minerals

Before the peak, the stress first increases rapidly and then the growth rate slows down with
increased strain (Figure 21a). The obtained elastic modulus is shown in Figure 21b. The average elastic
modulus of the rapid and slow growth stages was 9.8188 GPa (E1) and 4.48308 GPa (E2), respectively.
The average elastic modulus (E1) of the models with 5 to 2.5 mm mineral circles with proportions
6:2, 4:4 and 2:6 was 9.18036, 10.8576 and 9.4185 GPa, respectively. With an increased proportion of
2.5 mm mineral, elastic modulus E1 first increased and then decreased. After reaching peak value,
the stress value first decreased. The stress value of P8 reduced to the minimum, 13.45 MPa, which
is 86.33% of UCS, and the value of P6 increased to the maximum, 20.49 MPa, which is 126.01% of
UCS. The axial stress of different mineral circle proportions with the same mineral ratio is shown in
Figure 21c. The peak stress of P1–P5 was slightly lower than the average value of UCS (15.2344 MPa),
the peak stress of P6–P9 was slightly higher than the average value, the minimum value of post-peak
strength was lower than the UCS of the respective models, while the maximum value of post-peak
strength was greater.
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Figure 21. Mechanical characteristics of proportions of different size minerals with the same mineral
ratio (4.9%): (a) stress–strain curve, (b) elastic modulus, (c) axial stress.

The fracture distribution of different mineral circle proportions with the same mineral ratio is
shown in Figure 22. When the ratio of 5 and 2.5 mm was 6:2, in models P1 and P2, the mineral circle
blocked the extension of F2 to the core region of the rock sample, and in F1, F3, and F4 cracks gathered
at the center-left position. In model P3, F1–F4 converged approximately at the center of the model.
After crack initiation, it mainly expanded to the center, and a crushing area was formed in the rock
sample. When the ratio of 5 and 2.5 mm was 4:4, the relationship between cracks was weakened.
After crack initiation, it not only expanded to the center, but also extended to both sides of the model,
and the degree of brokenness in the middle was reduced. When the ratio of 5 and 2.5 mm was 2:6, after
the main crack initiation, it did not successfully propagate to the midline, but was widely distributed
at the left and right sides. The crushing depth of the left and right sides of P7, P8, and P9 was 26.3 and
19.7 mm, 24.5 and 30.7 mm, 20.1 and 19.3 mm, respectively. It is shown that the range of brokenness
of rock samples in the model was mainly concentrated on the left and right sides, and there was a
microcrack near the midline, but it did not form an obvious central crushing zone.

Figure 22. Crack patterns of proportions of different size minerals with the same mineral ratio (4.9%)
after sample is broken: (a) P1–P3: 6:2; (b) P4–P6: 4:4; (c) P7–P9: 2:6.
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4. Discussion

In this paper, a DEM model is established to study the crack development and mechanical
properties of red mudstone containing mineral circles under uniaxial compression. The physical
mechanical parameters of the calculation model are fitted with the UCS of red mudstone, which ensures
that the parameters of the polygonal blocks and joints are reasonable and feasible.

Numerical simulation results show that mineral size, position, and quantity will affect crack
patterns and macroscopic mechanical properties. In most cases, the crack initially extends from the
boundary position to the central region of the model. When gray-white minerals particles appear in
the model, the strength of the mineral is significantly greater than that of the red mudstone. The crack
does not pass through the mineral; it first accumulates in the upper area, then extends along the sides
to other areas, which increases the number of cracks and degree of brokenness in the upper part of the
mineral circle and improves the integrity of the lower part, as shown in Figure 14. The mineral circle
also influences the crack initiation position and extension direction. The intrinsic reason is that the
existence of the mineral circle changes the original stress environment and the stress concentration
position and leads to a different crack initiation position and fracture mode. It was found that when
the mineral circle is located in the direction of crack extension, the crack is effectively blocked and
the propagation direction is changed (L5 and L6). When the mineral circle is close to the boundary,
cracks will start in the upper part of the mineral circle and propagate to the middle of the model (T1,
T3, and T6).

In order to more intuitively show the influence of mineral circle location on the mechanical
properties of rock samples, Surfer drawing software was used to plot distribution diagrams of elastic
modulus, UCS, and minimum stress value post-peak with different mineral circle locations [35],
as shown in Figure 23. When the mineral circle is located at the center of the model and the center of
the upper and lower boundaries, especially at positions B1 and B2, the impact on the elastic modulus
is minimal; the elastic modulus is most affected when the mineral circle is located at positions A1–A4.
When the mineral circle is located at the center of the model, and especially at positions B1 and B2,
the effect on UCS is minimal. When the mineral circle is located at the four corners of the model ((0,0),
(0,0.16), (0.08,0.16) and (0.08,0)), the impact on UCS is greatest. When the mineral circle is at the center
of the model’s four boundaries ((0,0.08), (0.04,0.16), (0.08,0.08) (0.04,0)), it has the least influence on the
minimum value of post-peak stress. When the mineral circle is located at position A1–A4, it has the
greatest influence on the minimum stress.

Figure 23. Mechanical properties of different mineral circular positions: (a) elasticity modulus, (b) UCS,
(c) minimum stress post-peak.
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For rock specimens with a single size mineral circle, the area of the 10 mm mineral circle is 2.45%
of the area of the rock sample (160 × 80 mm) (Figure 20a). The number of 2.5, 5 and 10 mm mineral
circles in the model with a mineral proportion of 9.8% and 4.9% is four and two times higher than that
with a mineral proportion of 2.45%. For mineral circles of the same size, with an increased number
of mineral circles, the area where the crack cannot pass increases. This is equivalent to increasing
the area of the rock bridge in the sample to some extent; the rock bridge can stop the propagation
of cracks, and this helps to increase the rock loading capacity. For mineral circles of different sizes,
taking the particle composite structure of Figure 24 as an example, the radius of the mineral circles in
Figure 24a,b is A and A/2, respectively. In the two-dimensional environment, the area of four mineral
circles with radius A/2 is equal to the area of a mineral circle with radius A. However, compared with
Figure 24a, the area where the crack cannot pass in Figure 24b was increased by (1−π/4)A2, which is
equivalent to increasing the area of the rock bridge in the sample. As the proportion of minerals or
small size minerals with the same proportion of minerals increases, it is more likely to form a protective
structure in the rock specimen (Figure 20), which can protect the lower and inner regions in the model.
The effect is not to prevent rock samples from cracking in the protected area, but to reduce to a certain
extent the cracking degree. It is reasonable to compare the results of Figure 20 vertically (the left
of Figure 20a–c, the model (S1, S4, S7) with same mineral radius and different mineral proportion).
With increased mineral proportion, the number of cracks and the breaking range in the rock sample
tended to decrease, and the distribution area of the crack gradually shifted to the edge and the upper
part of the model. The crack extension depth from the boundary to the center decreased, and the
crack developed widely in the boundary region. The broken range of rock sample and the number
of cracks in the center position tended to decrease. Comparing the results of Figure 20 horizontally
(Figure 20a, the model (S1, S2, S3) with the same mineral proportion and different mineral radius),
with decreased mineral radius, the number of cracks and the breaking range of rock samples tended to
decrease. The phenomenon also occurred in the model containing two types of mineral circles. With a
mineral proportion of 4.9% and a decreased proportion of 5 and 2.5 mm mineral circles, the crack
started and developed widely in the boundary range of the model. The number of central cracks and
the degree of brokenness in rock specimen decreased.

Figure 24. Mineral circles with the same area: (a) radius A, (b) radius A/2.

The area of the 5 mm mineral circle is about 0.6% of the area of the rock sample (160 × 80 mm),
as shown in Figure 16. The mineral ratio of Figure 18 is 1.2%, and the mineral ratio of Figure 20a–c
is 2.45%, 4.9% and 9.8%, respectively. Before the peak, for the mineral proportion of 0.6%, the stress
increases linearly with increased strain, while for the mineral proportion over 1.2%, the stress first
increases and then the growth rate slows down with increased strain. This is because a homogeneous
sample has stronger linear deformation characteristics before peak stress than a nonhomogeneous
sample [11,36]. The average elasticity modulus of different mineral ratios is shown in Figure 25,
with the mineral ratio increasing, E-1 and E-2 gradually increasing, and the difference between the two
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also increasing. The average value of the axial stress of different mineral ratios is shown in Figure 26.
When the mineral proportion is less than 2.45%, the maximum and minimum values post-peak are
smaller than the UCS of the model. When the mineral proportion is greater than 2.45%, the maximum
value post-peak is greater than the UCS and the minimum value is less. When the mineral ratio reaches
4.9%, with increased mineral proportion, UCS, the maximum and minimum stress post-peak increase
rapidly. When the mineral ratio is more than 4.9%, the growth rate decreases significantly. The mineral
circle can increase the elastic modulus and strength of the red mudstone, reduce the degree of stress
drop, and increase the bearing capacity of the rock after the peak.
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Figure 25. Mean value of elastic modulus for different mineral proportions.
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Figure 26. UCS and maximum and minimum stress post-peak for different mineral ratios.

For the mineral proportion of 4.9%, the proportion of 5 to 2.5 mm mineral circles is 6:2, 4:4,
and 2:6, respectively. The mean values of elastic modulus and axial stress of proportions of different
size minerals are shown in Figures 27 and 28, respectively. The mean values of elastic modulus and
axial stress with a mineral proportion of 4.9% obtained earlier (Figure 19b) were used as reference
values, shown as dotted lines in Figures 27 and 28. The biggest differences of E-1, E-2, maximum stress
post-peak, UCS, and minimum stress post-peak are about 1.84 GPa, 0.52 GPa, 1.34 MPa, 1.03 and 0.78
MPa, which are 20.34%, 10.63%, 7.6%, 6.98%, and 5.75% of the reference values, respectively. The mean
differences of E-1, E-2, maximum stress post-peak, UCS, and minimum stress post-peak are 0.80 GPa,
–0.38 GPa, 0.26 MPa, 0.49 MPa, and 0.56 MPa, which are 8.83%, 7.89%, 1.46%, 3.31%, and 4.13% of the
reference value, respectively. This indicates that the proportion of different size minerals influences
the mechanical properties of rock specimens. However, the mean values of elastic modulus and axial
stress of proportions of different size minerals fluctuate around the mean value without any obvious
increase or decrease. This shows that the influence of the proportion of different size minerals on the
mechanical properties is significantly less than that of the mineral proportion.

54



Processes 2019, 7, 162

1 2 3
0

1

2

3

4

5

6

7

8

9

10

11

12

9.18036

10.85764

9.41846

4.55786 4.54187 4.34952

4.87

9.02

El
as

tic
ity

 m
od

ul
us

/(G
Pa

)
 Elasticity modulus-1
 Elasticity modulus-2

The  mineral circular proportion of 5 mm  to 2.5mm
6:2 4:4 2:6

 

Figure 27. Mean value of elastic modulus for proportions of different size minerals.
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Figure 28. UCS and maximum and minimum stress post-peak for proportions of different size minerals.

The paper presents an application of a DEM particle method and this type of analysis in an
excellent example how DEM can be adopted in order to further understand mechanical behavior of
rock containing other kinds of minerals. The limitations of this study are as follows: (1) the findings
presented in this paper do not represent the complexity of natural rocks. In most cases, minerals are
embedded with each other and appear at the boundary, which will have an effect on the mechanical
properties [37,38]. Due to the limitations of current equipment performance and numerical modelling,
it is difficult to determine the shape, location and mineral ratio of gray-white minerals particle within
red mudstone. Using the ideal circular to simulate mineral particles, there are still differences with the
actual shape and size of mineral particles in the red mudstone. (2) Based on the fact that it is difficult
to determine the mechanical parameters of gray-white mineral particles by method of parameter
fitting. In the numerical mode, the joint stiffness in the mineral circle was calculated automatically,
it is assumed that the bulk modulus and shear modulus of the mineral circle were twice that of red
mudstone. With the simplification and assumption in computational models, some influencing factors
and the resulting deviations were not considered. (3) This paper does not present the rock crack
distribution and mechanical properties affected by sample thickness. Further work needs to be done
to quantitatively evaluate the influence of specimen thickness on the UCS and fracture patterns of red
mudstone containing gray-white minerals. The ideal shape of the mineral used here still provides some
insight into how mineral size, position, and content influence crack initiation and the morphology and
mechanical properties of the rock samples. These are useful for preparing rock samples and assessing
the mechanical properties of uniaxial compression of rock samples containing minerals.
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5. Conclusions

With an increased circle size of the central mineral and the mineral ratio, the elastic modulus
and UCS of the model gradually increased, the drop degree of post-peak stress decreased, and the
integrity and bearing capacity increased. It was found that there is a quartic polynomial relationship
between the elastic modulus and mineral circle radius, with R2 ≥ 0.94. When the mineral ratio is more
than 2.45%, the maximum post-peak stress is greater than the UCS, and the stress bearing capacity
post-peak is greatly improved. When the mineral circle is in the center, its influence on the elastic
modulus and UCS of the model is less; when the distance between the mineral circle and the corner
decreases, the influence of the mineral circle on the elastic modulus and UCS gradually increases.
When the mineral position is close to the model boundaries, especially the lateral boundaries, it has a
significant influence on the crack initiation position, causing crack initiation at the upper boundary of
the mineral circle and propagating to the middle of the model. When the mineral circle is located in the
crack propagation path, it will effectively block the crack and change the direction of crack propagation.
With increased mineral ratio, the blocking effect on the crack is enhanced, and it is more likely to form
a protective structure in the rock sample, resulting in decreased extension depth of the crack from
the boundary to the center. The crack is widely developed in the boundary region. With increased
proportion of small size mineral circle, the crack starts to crack and develops widely in the boundary
range, the number of central cracks and the degree of brokenness decreases, the integrity of the rock
sample is improved, and the degree of post-peak stress is reduced. Based on the fact that it is difficult
to determine the mechanical parameters of gray-white mineral particles by method of parameter
fitting. The physical and mechanical parameters of mineral particles in the model are assumed and
simplified, the precise quantification of block and joint parameters in the model is not realized. If it is
to be extended to other models to study the influence of mineral particles on the mechanical properties
of rock, further exploration is needed.
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Abstract: Solid-gas coupling coal-like materials are essential for simulating coal and gas outbursts
and the long-term safety study of CO2 sequestration in coal. However, reported materials still
differ substantially from natural coal in mechanical, deformation and gaseous properties; the latter
two aspects are common not considered. There is a lack of a definite and quantitative preparation
method of coal-like materials with high similarity for future reference. Here, 25 groups of raw
material ratios were designed in the orthogonal experiment using uniaxial compression, shearing and
adsorption/desorption tests. Experiment results indicated that the coal-like materials were highly
similar to soft coals in properties mentioned above. And range analysis revealed the key influencing
factors of each mechanical index. The gypsum/petrolatum ratio controls the density, compressive
strength, elastic modulus, cohesion and deformation characteristic. The coarse/fine coal powder
(1–2 and 0–0.5 mm) controls the internal friction angle and is the secondary controlling factor for
compressive strength and elastic modulus. The effect of coal particle size on the sample strength was
studied using scanning electron microscope (SEM). When the gypsum/petrolatum ratio increased,
the deformation characteristics changed from ductile to brittle. The different failure modes in the
samples were revealed. The coal powder content is a key in the gas adsorption/desorption properties
and an empirical formula for estimating the adsorption capacity was established. Based on the range
analysis of experimental results, a multiple linear regression model of the mechanical parameters and
their key influencing factors was obtained. Finally, a composition closely resembling the natural coal
was determined, which differs by only 0.47–7.41% in all parameters except porosity (11.76%). Possible
improvements and extension to similar materials are discussed. The findings of this study can help
for better understanding of coal and gas outburst mechanism and stability of CO2 sequestration in
soft coal seams.

Keywords: tectonically deformed coal; coal and gas outburst; coal-like material; mechanical
properties; deformation feature; adsorption/desorption properties

1. Introduction

Coal and gas outburst accidents are among the most serious disasters affecting coal mining [1–4]
and a problem in almost all major coal-producing countries [2–4]. Coal and gas outburst is an extremely
complex gas dynamic phenomenon, in which large amounts of coal and gas are often ejected at a very
fast rate from the coal rock seam to the mining space in a very short period of time (a few seconds

Processes 2019, 7, 155; doi:10.3390/pr7030155 www.mdpi.com/journal/processes59



Processes 2019, 7, 155

to a few minutes). Such outbursts could destroy underground facilities, damage the ventilation
system, cause a large number of casualties and even induce secondary accidents such as gas burning
or explosion [2,4–7]. Today, more than half of the disasters due to coal and gas outbursts occur in
China [8], causing major economic losses and casualties.

Many factors could cause coal and gas outbursts, including in-situ stress, gas pressure, geological
structure, physical and mechanical properties of coal, mining methods and so forth. [6–10]. At present,
there is no coherent model that can fully reveal their internal mechanism. In addition, the sudden,
transient and dangerous nature makes it almost impossible to observe or study these processes on
site. Therefore, simulation tests have been rapidly developed and used to explore the mechanism
and process of coal and gas outbursts [5,9,11–15]. However, coal seams that are prone to coal and gas
outbursts often have high gas content and low strength and so it is difficult to retrieve samples from
the field for large-scale simulation tests. Hence, the development of similar solid-gas coupling coal-like
materials in the lab is indispensable for studying the mechanism of coal and gas outbursts.

In addition, there is growing realization in recent years among researchers that coal seams with
strong gas adsorption/desorption capacity may be able to capture and store CO2 [16–21]. However,
the key challenge here is the uncertain impact of CO2 on the mechanical properties of coal and how
this will affect the long-term safety and stability of storage. On the other hand, natural coal has
extremely complex composition and physical structure, as well as strong heterogeneity–even two
samples close to each other in the same coal seam could have significantly different mechanical
properties. This seriously hinders the analysis of laboratory test results and the understanding of the
above uncertainty. So, homogeneous and reproducible coal-like materials (also called reconstituted
coal sample) will provide significant advantages for studies related to CO2 sequestration in coal.

The key to solve the above two problems is to develop solid-gas coupling coal-like materials that
closely resemble the target natural coal in their mechanical and gaseous properties and deformation
features. Table 1 lists representative papers on preparing coal-like materials. There are mainly three
types of methods. The first is to directly press the coal powder without any added substances [5,12,22].
For example, in 1953, a one-dimensional coal and gas outburst simulation test was completed using
briquettes that were cold pressure formed [22]. Skoczylas [12] used fine coal powder to produce a
series of briquettes (40 mm in diameter, 110 mm in height and with porosities of 11.2–32.0%) and the
test results indicated that they had similar gaseous characteristics to natural coal. However, the coal
samples prepared by only molding pressure had very low strength. The second type is pressing coal
powders with water, oil or diesel but without any binder [11,20,23–27]. Jasinge et al. [20] prepared
reconstituted brown coal sample by compacting 0–1 mm coal particles, in order to study the effect of
coal swelling on its permeability in the laboratory. While there was a marked similarity in permeability
between natural brown coal and reconstituted specimens, the strength of this type of briquette sample
was still lower than natural coal and the gas adsorption/desorption characteristics were also quite
different. The third type is pressing a powder mixture consisted of coal powder, cement, sand,
lime and other substances [6,10,13,18,19,21,28–30]. Hu et al. [13] made coal-like materials using coal
powder, cement, water, sand and activated carbon. They studied the effect of the proportion of each
component on the density and mechanical properties of the samples. In 2017 and 2018, Wang et al. [10]
and Zhao et al. [6] studied the gas and CO2 adsorption characteristics of such coal-like materials.
Zhang et al. [30] analyzed the influence of different material ratios on the elastic modulus. This last
type of coal sample and its preparation method represent outstanding progress in the development of
coal-like materials. Nevertheless, the deformation characteristics and failure modes of similar materials,
which play an important role in the preparation, forming and developing stages during coal and
gas outburst [13], are often not considered and rarely compared with those of natural coal. A clear
discussion of related researches can be seen in Figure 1.

The abovementioned studies made important contributions to laboratory research on coal and
gas outbursts and CO2 sequestration. However, at present, there are still the following problems in the
development of coal-like materials:
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(1) The coal powders used in existing literature have different particle size and molding pressure,
molding time and additives are also different. In future simulation test, repeated adjustments are
usually needed to determine a suitable proportion of materials. There is still a lack of definite and
quantitative preparation method of coal-like materials for future reference.

(2) The similarity remains low between coal-like materials and natural coal in mechanical and
physicochemical properties, especially in that the former still have lower strength and very few indexes
were measured. Their deformation features and adsorption and desorption characteristics are often
not considered and still significantly different from those of natural coal [6,10,13,19,29]. As a result,
most simulation studies only reported qualitative rather than quantitative results [13,31]. Today, the
understanding of coal and gas outburst mechanism remained poor, the predictions were inaccurate and
coal and gas outburst accidents still account for a large proportion of accidents in coal mines [14,32,33].

In this study, we propose a systematic and quantitative development method to determine a
solid-gas coupling coal-like material that could closely resemble given natural coal in the mechanical
properties, adsorption/desorption features and deformation characteristics. First, according to the
physical and mechanical parameters of natural coal samples, raw materials were selected, that is,
coarse and fine coal powder, gypsum, petrolatum and light calcium carbonate. Second, the orthogonal
method was used to design 25 groups of schemes with different raw material ratios. Meanwhile,
the sample preparation method was optimized to improve the homogeneity and reproducibility.
Then, density, uniaxial compressive strength (UCS), elastic modulus (EM), cohesion, internal friction
angle (IFA), deformation and failure modes, porosity and adsorption/desorption characteristics of
samples were tested. Third, range analysis revealed the key influencing factors of each mechanical
and physicochemical index and the levels of influence of each factor on a given index. A multivariate
linear model was proposed to predict the mechanical parameters of the materials. Fourth, the effects of
different particle sizes on the sample strength were examined by scanning electron microscope
and the effects of gypsum/petrolatum ratio on the deformation evolution of samples were also
analyzed. Finally, a material ratio scheme closely resembling the natural coal was identified. Related
improvements and remaining problems in the preparation of similar material were also discussed.
This study would contribute to the prevention and control of coal and gas outbursts, as well as other
physical simulation tests related to soft coal seams.

Table 1. Representative literature methods for preparing coal-like materials.

No.
Coal Particle

Size (mm)

Compaction
Pressure

(MPa)
Additives

Molding/Air Curing
Time (h)

References

1 0–0.2 2.76–19.90 None - [5,12,22]

2 0.25–0.38 100 Water Molding curing 0.33 h [23–25]

3 0–1 4–13 Water Molding curing 24 h [20]

4 0.18–0.25 100 water 24 h drying
in drying basin [11]

5 0.18–0.25 100 Water Molding curing 0.5 h [26]

6 0–1.7 4 Water - [27]

7 0.1–1 5.7 Cement, water Molding curing 24 h,
air curing 96 h [18,28]
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Table 1. Cont.

No.
Coal Particle

Size (mm)

Compaction
Pressure

(MPa)
Additives

Molding/Air Curing
Time (h)

References

8 0–0.8 2–6 Cement, water
Molding curing

14.6–20 h, air curing
96–24 × 28 h

[19]

9 0.063–1 5

Phenol-Formaldehyde
Resin, potassium

hydroxide alkaline
aqueous, distilled

water

Molding curing 3–26 h,
air curing time
144.5–598.5 h

[21]

10 0.18–0.25 100 Cement, water Molding curing 0.17 h,
air curing 24 × 28 h [29]

11 0.18–0.38/0.38–0.83
mass ration 1:1 25

Cement, sand,
activated carbon,

water
Air cured 7 × 24 h [6,10,13]

Figure 1. The difference between this work and the previous studies.
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2. Materials and Methods

2.1. Preparation and Testing of Natural Coal Samples

Studies have shown that most of the coal and gas outburst occur in tectonically deformed coal
(TDC) [34–36]. This is mainly because TDC is formed under mono- or multi-phase strong tectonic
movements. Its original structure has been deformed or damaged, resulting in larger adsorption
surface area and higher gas content than the primary coal [37]. In this paper, the natural coal samples
were selected from a typical tectonically deformed coal seam from No. B-1 Coalbed, Zhengzhou,
Western Henan, China, where there have been frequent coal and gas outburst disasters over the last
60 years [7]. According to the new structural-genetic classification system [38], the TDC samples
belong to medium-rank and mylonitic structure coal and are characterized by low strength and strong
gas adsorption/desorption [32].

Because this coal seam is soft and fragile, it is difficult to obtain large samples using the traditional
drill core sampling method. The natural coal standard samples were obtained successfully only
after many attempts and improvements. Specifically, a square iron sampler was used to cut the
underground coal seam to obtain a sample of approximately 100 mm × 100 mm × 150 mm and
the sample was quickly placed in a sealed bag packaging for preservation. The sample was then
carefully polished in the lab using a grinding machine. Samples of two target sizes were prepared:
50 mm × 50 mm × 100 mm for uniaxial compression test and 50 mm × 50 mm × 50 mm for variable
angle compression shear test. The sample standard requirements and test procedures are in accordance
with methods for determining the physical and mechanical properties of coal and rock (Part 7 [39]
and Part 11 [40]). The sample loading rate was 0.5 mm/min. The basic physical and mechanical
parameters of coal sample are as follows: apparent density =1.280 g/cm3, UCS = 1.72 MPa, elastic
modulus = 126.35 MPa, cohesion = 0.17 MPa and internal friction angle = 27◦. However, the success
rate of natural coal sample preparation remained only approximately 5%. The proximate analysis
results of this TDC are as follows: moisture content Mad = 0.95%, ash content Ad = 10.42%, volatile
matter content Vad = 13.95%, porosity = 15.3%, gas adsorption constants a = 39.789 and b = 1.113 and
index of initial velocity of gas diffusion Δp = 26–29.

The stress-strain curve in Figure 2 contains the typical stages of initial compaction, linear elastic
deformation, strength hardening and softening. Notably, it includes a longer compaction phase than
primary coal seam, as well as a plastic or shearing deformation stage. The peak-failure strain of
TDC reached 1.73%, which was significantly larger than those of brittle coal or rock (approximately
0.5%) [41]. In addition, microstructure test (Figure 3) showed that the coal body was very broken.
The original structure was almost completely destroyed and was composed of particles of different
sizes and the texture was loose. This was the reason why the density and strength of TDC were both
usually smaller than those of the primary coal seam.

Figure 2. The stress-strain curve of target natural coal.
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Figure 3. The structure of natural coal under scanning electron microscope.

2.2. Similarity Criteria and Index

Coal and gas outburst is a complex solid-gas coupling process. The currently accepted view is that
it is mainly caused by the combined action of in-situ stress, gas pressure and physical and mechanical
properties of coal [7–10]. The coal and gas outburst consists of three successive stages [13], among
which the static deformation and failure of coal occur during the important outburst preparation
stage, while the fracturing of gaseous coal and the movement of pulverized coal and gas occur during
the forming and developing stage. Therefore, several similarity criteria (Ci in Equation (1) below)
have been proposed to describe the whole process of coal and gas outburst, by using mechanical,
deformation and energy models and considering the experimental conditions [6]:{

Cγ = Cn = Cϕ = Cp = 1
Cσ = CE = Cc = ClCγ

(1)

where γ, n, ϕ, p, σ, E, c and l, are the volumetric weight, porosity, internal friction angle, gas pressure,
compressive strength, elastic modulus, cohesion and length, respectively.

Judging from the above, the similarity index of the coal-like materials should include the physical
and mechanical parameters (density, uniaxial compressive strength, elastic modulus, internal friction
angle, etc.) and deformation properties and failure mode, as well as porosity, absorption constants
(a, b) and desorption index (Δp) of the initial gas diffusion velocity.

2.3. Preparation of Coal-Like Material Samples

2.3.1. Composition Selection

Coal-like materials generally consist of aggregates, binders and additives. The raw materials
should be selected according to the following principles: (1) similar to the natural coal material,
(2) abundant and low-cost and (3) safe, non-toxic and environment-friendly. In the coal and gas outburst
tests [6], the density of coal-like material should be the same as that of natural coal. So, the natural coal
powder was selected as the aggregate. Another important reason for using coal powder was that it had
good adsorption characteristics similar to the natural coal. However, the particle sizes of coal powders
reported in Table 1 were different. Some studies [30,42] have shown that larger coal particles (greater
than 3 mm) would undergo secondary crushing during the molding and pressing process, which
would have an adverse effect on molding. Therefore, two types of coal powders with particle sizes of
1–2 mm and 0–0.5 mm were used respectively as the coarse and fine aggregates. The fine coal powder
was the main aggregate to ensure the molding quality. Second, the binder was selected. Normally,
the binder has the greatest influence on the strength and deformation parameters of the material.
As the strength of sample obtained by pressing only coal powder was too low, gypsum was selected
to adjust the strength parameters of coal-like materials. Portland cement was not used here, because
the cement hardening time was too long (more than 28 days). Its strength would also change with
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time, which could lead to strength instability of coal-like materials [19] and poor homogeneity and
reproducibility. On the other hand, petrolatum was selected to adjust the deformation characteristics
of the coal-like materials.

The molding pressure has an important effect on the density and porosity of briquette [5,12].
Excessive molding pressure would damage aggregates with large particle size and affect the molding
quality. Therefore, the molding pressure was designed based on the ground stress level of the coal
seam. The vertical stress level of the coal seam was approximately 7.2 MPa. In addition, in order to
allow the gypsum to play a bonding role, it was necessary to add an appropriate amount of water.
After repeated tests, it was found that when the moisture exceeded 11%, the material was too wet
and would affect the molding, while the raw material to water ratio of 10:1 was relatively reasonable.
Because the density of gypsum (2.3 g/cm3) is higher than that of natural coal, it was also necessary to
use minuteness super white light calcium carbonate with very stable mechanical properties to match
the target density while using different material ratios. The selected material compositions are shown
in Table 2 and Figure 4.

Table 2. Selected raw materials.

Type Name Remarks

Aggregate Coal powder 1–2 mm and 0–0.5 mm coal particles

Binder

Gypsum
(The Group of TZU She Tang Gypsum,

Taiwan, China)

Particle size 0.048 mm, density 2.3 g/cm3,
fast-hardening for 15–45 min

Petrolatum
(Dezhouchengze Co., LTD, Dezhou,

in Shandong Province, China)
Medical grade, density 0.83 g/cm3

Auxiliary material
Light Calcium carbonate

(Darui Chemical Co., LTD, Gaoan,
in Jiangxi Province, China)

Ultra-fine, ultra-white, light calcium
carbonate, 0.1 μm < particle size ≤ 1 μm,
stable performance, density 0.54 g/cm3

Water Tap water

Figure 4. Photographs of the components. (a) The coarse aggregate, (b) fine aggregate, (c) gypsum,
(d) Minuteness super white light calcium carbonate powder and (e) petrolatum.
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2.3.2. Design Scheme

The components and their ratios both have an impact on the physical and mechanical properties of
coal-like materials. The orthogonal test method was used to design 25 groups of ratios, as shown in
Tables 3 and 4. The advantage of this method was that the schemes included a combination of any two
factors at all levels and reduced the amount of experimental work [43].

Table 3. The 4 factors and 5 levels of the orthogonal test design.

Level
Factor A-Aggregate/

Binder

B-Coarse/Fine
Aggregate

C-Gypsum/
Petrolatum

D-Calcium
Carbonate (%)

1 6:1 1:9 5:5 2
2 7:1 2:8 6:4 3
3 8:1 3:7 7:3 4
4 9:1 4:6 8:2 5
5 10:1 5:5 9:1 6

Table 4. The 25 groups of material composition ratio schemes.

Group No.
Factor

Aggregate/Binder
Coarse/Fine
Aggregate

Gypsum/Petrolatum
Calcium

Carbonate (%)
1 6:1 1:9 5:5 2
2 6:1 2:8 6:4 3
3 6:1 3:7 7:3 4
4 6:1 4:6 8:2 5
5 6:1 5:5 9:1 6

6 7:1 1:9 6:4 4
7 7:1 2:8 7:3 5
8 7:1 3:7 8:2 6
9 7:1 4:6 9:1 2

10 7:1 5:5 5:5 3

11 8:1 1:9 7:3 6
12 8:1 2:8 8:2 2
13 8:1 3:7 9:1 3
14 8:1 4:6 5:5 4
15 8:1 5:5 6:4 5

16 9:1 1:9 8:2 3
17 9:1 2:8 9:1 4
18 9:1 3:7 5:5 5
19 9:1 4:6 6:4 6
20 9:1 5:5 7:3 2

21 10:1 1:9 9:1 5
22 10:1 2:8 5:5 6
23 10:1 3:7 6:4 2
24 10:1 4:6 7:3 3
25 10:1 5:5 8:2 4

2.3.3. Sample Preparation Method

(1) The raw materials were weighed accurately using an electronic scale according to the given
ratios based on a total amount of 1000 g. (2) The dry components (coal powder, gypsum powder and
calcium carbonate powder) were mixed and stirred uniformly. (3) A mixture of water and petrolatum
was heated to 45 to 50 ◦C to melt it into a liquid and then quickly mixed with the materials. (4) The
well-mixed coal-like materials were divided into five equal parts by weight and put into the mold.
Each layer was pressed by a servo press machine at the speed of 120 mm/min. The target pressure
was 14.137 kN (the calculated stress was 7.2 MPa) and the load was maintained for 10 s. The actual
load-time curve during the layer-by-layer compaction press is shown in Figure 5a. Finally, the whole
sample was compacted by the press at the molding pressure of 7.2 MPa and maintained for 10 min,
mainly to make the overall force on the whole sample consistent. The loading path on the whole
sample can be seen in Figure 5b. It should be noted that the surface between two adjacent layers
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should be roughened before filling in the next layer of material to increase the adhesion between
layers. The steel mold had an inner diameter of 50 mm, a height of 120 mm and a wall thickness of
10 mm. The mold was approximately 20 mm higher than the sample, making it convenient for the fifth
material to be added to the mold at one time. The inner surface of the mold had to be very smooth
to reduce the friction. (5) With a self-designed demolding device, as shown in Figure 5d, the molded
sample was pushed out at a speed of 5 mm/min by a press. The sample slowly entered the hollow
steel pipe (wall thickness 10 mm, height 200 mm, inner diameter 100 mm, with soft material placed on
the bottom to prevent sample damage). Then, the sample was cured at room temperature for 10 to
15 days. The water content was tested continuously in this process. When the water content was the
same as that of the natural coal, the sample was sealed and stored in a plastic bag in time. In particular,
it should be pointed out that many reconstituted coal samples were destroyed during the extrusion
process in the past [18], while by using the designed demolding method here, the success rate of
sample preparation was 100%. The use of a press machine with quantitative loads for compacting the
materials was also an improvement over the manual pressing used in previous studies, which was
difficult to quantify and lowered the homogeneity and reproducibility of samples.

(a) (b)

(c) (d) 

Figure 5. Sample molding and demolding process. (a) The load-time curve during the compaction
process of each layer of material. (b) The load-time curve during the compaction process of the whole
sample. (c) Sample compression molding process. (d) Sample demolding process.

2.3.4. Sample Tests

The sample preparation met the requirements suggested by International Society for Rock
Mechanics [44]. The height of the sample was more than twice the diameter. For each group of
formulation scheme, 6 samples of Φ 50 mm × 102 mm were made (a total of 150 samples). Two samples
in each group were used for the uniaxial compression test (Figure 6a), three were cut into 6 pieces
Φ 50 mm × 50 mm in size to perform the variable angle shear tests (Figure 6b). The spare sample
would be used in the isothermal adsorption and desorption test.
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The CSS-44300 universal testing machine (Changchun testing machine research institute,
Changchun, China) with electro-hydraulic servo was used to perform the uniaxial compression
and variable angle shear tests. The test steps referred to references [39,40]. The sample loading rate
was 0.5 mm/min and the surface unevenness did not exceed 0.2 mm.

  

(a) (b) 

Figure 6. Prepared coal-like samples of two sizes: (a) Φ 50 mm × 102 mm; (b) Φ 50 mm × 50 mm.

3. Result Analysis and Discussion

3.1. Mechanical Properties

3.1.1. Results of Orthogonal Test

The mechanical property test results are shown in Table 5. The property parameters of the 25 groups
of coal-like materials covered a wide range: density of 1.171–1.305 g/cm3, uniaxial compressive
strength of 0.55–2.20 MPa, elastic modulus of 32.06–196.18 MPa, cohesion of 0.068–0.248 MPa and the
internal friction angle of 16.8–35.6◦. These samples could be used for physical simulation of most soft
coal seams [13,19].

Table 5. The physical and mechanical parameters of each group.

No. Density (g/cm3) UCS (MPa) E (MPa) Cohesion (MPa) F (◦)

1 1.235 0.67 39.76 0.131 17.4
2 1.248 1.24 76.22 0.153 23.8
3 1.251 1.68 91.90 0.192 27.2
4 1.253 1.82 141.45 0.201 32.4
5 1.242 1.74 152.75 0.248 35.6

6 1.228 0.91 35.11 0.132 18.2
7 1.229 1.49 108.22 0.164 20.4
8 1.231 1.94 163.66 0.185 27.8
9 1.296 2.05 181.85 0.203 32.8
10 1.176 0.55 32.06 0.089 28.2

11 1.223 1.16 63.90 0.152 18.7
12 1.289 1.72 111.81 0.173 21.1
13 1.305 2.20 196.18 0.201 30.1
14 1.188 0.89 63.11 0.073 23.7
15 1.184 0.79 49.05 0.095 28.9
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Table 5. Cont.

No. Density (g/cm3) UCS (MPa) E (MPa) Cohesion (MPa) F (◦)

16 1.256 1.39 64.43 0.164 21.6
17 1.252 1.94 163.59 0.213 24
18 1.172 0.99 60.69 0.068 23.4
19 1.171 1.13 84.24 0.089 25.6
20 1.212 1.04 55.07 0.119 29.8

21 1.238 1.61 97.41 0.191 22.4
22 1.181 0.77 49.24 0.061 16.8
23 1.218 1.23 74.83 0.078 22.2
24 1.211 1.38 93.58 0.108 27.4
25 1.209 1.27 77.25 0.128 30.6

TDC 1.280 1.72 126.35 0.17 27

3.1.2. Range Analysis

In addition, according to the orthogonal experimental theory, range analysis (also called visual
analysis method) was used to reveal the influence of various factors on results from the orthogonal
experiment [43]. That is, the results corresponding to the same level of each factor were averaged
and the range was obtained by subtracting the minimum average value from the maximum average
value for each level. The range value reflected the influence of different levels of a given factor on the
index of interest. A large range indicated that different levels of this factor had strong and different
influences on the test results. From the test results in Table 5, the average and range of each level of
all factors affecting the density, compressive strength, elastic modulus, cohesion and internal friction
angle could be obtained, as shown in Table 6. The effect of different levels of various influencing
factors on each index could also be obtained, as shown in Figure 7.

The following observations can be found from Table 6 and Figure 7. (1) For density, the
gypsum/petrolatum played the main controlling role. The calcium carbonate content was the
secondary factor determining the material density. In Figure 7a, the density of coal-like material
increased with increasing gypsum/petrolatum ratio but decreased linearly with increasing calcium
carbonate content. (2) For UCS, the gypsum/petrolatum ratio had the highest degree of influence
on the compressive strength. The coarse/fine aggregate ratio played a secondary controlling role,
followed by the aggregate/binder ratio. Factor D (calcium carbonate content) had almost no influence.
In addition, Figure 7b shows that (i) the compressive strength tends to be positively correlated with the
gypsum/petrolatum ratio, indicating that increasing the gypsum content could improve the material
strength significantly. (ii) The compressive strength first increased then decreased with increasing
coarse/fine aggregate ratio, indicating that a reasonable ratio of aggregate particles of different sizes
had an important influence on the material strength. When the fine aggregate/coarse aggregate content
was approximately 70%, the aggregate had the highest strength. (iii) The compressive strength of
coal-like material and aggregate/binder showed a negative correlation. (3) For E, the influence of
each factor on the elastic modulus was similar to that on the compressive strength, in the same
order of C > B > A > D. (4) For cohesion, the influence of each factor was in the order of C > A >
B > D. In Figure 7d, the cohesion of material increased with the increase of gypsum/petrolatum
ratio but decreased with increasing aggregate/binder ratios. (5) Regarding IFA, the influence of each
factor on internal friction angle was in the order of B > C > A > D. The coarse/fine aggregate had
the most significant influence. As shown in Figure 7e, as the coarse aggregate content increased,
the internal friction angle increased linearly. This indicated that the friction and bite force between
coarse aggregates were significantly larger than those between fine aggregates. Under the condition of
ensuring the molding quality, increasing the coarse aggregate content is beneficial to enhancing the
internal friction angle of the material.
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3.2. Deformation Characteristics and Failure Modes of the Coal-Like Samples

The range analysis indicated that the gypsum/petrolatum ratio is the main factor affecting
the strength indexes of the specimens. Since samples in the 25 groups used in orthogonal uniaxial
compression tests showed different deformation processes, it was necessary to study the effect of
gypsum/petrolatum ratio on the deformation features. To this end, coal-like materials with
aggregate/binder = 6:1, coarse/fine aggregate = 3:7 and gypsum/petrolatum = 5:5, 6:4, 7:3, 8:2
and 9:1 were prepared and used in deformation tests. Figure 8 shows the stress-strain curves of the
five types specimens with different levels of gypsum/petrolatum ratios in the uniaxial compression
test. All samples contained the typical stages of initial compaction, linear elastic deformation, strength
hardening and softening and a residual phase. Samples with low gypsum/petrolatum ratio had lower
strength, longer plastic or ductile deformation phase before peak stress and a gentler drop after the
peak value. While the sample with gypsum/petrolatum = 9:1 had the greatest strength and shortest
plastic deformation phase, the stress declined linearly after the peak to reach a very small residual
value, which corresponds to a brittle characteristic.

More importantly, the damage modes of the specimens with different gypsum/petrolatum
ratios under uniaxial compression test could be divided into five main types, named as A, B, C, D
and E. Figure 9 demonstrates the physical damage modes and corresponding schematic diagrams of
the specimens. Type A is squeezing failure, which belongs to ductile damage and occurred in
the sample with gypsum/petrolatum = 5:5, that is, a high content of petrolatum. The major
features include apparent lateral convex deformation and the lack of obvious large fracture surfaces,
as shown in Figure 9(A-1,A-2). Type B is wedge failure, which mainly occurred in the sample with
gypsum/petrolatum = 6:4. As shown in Figure 9(B-1,B-2), large wedge-shaped coal blocks slipped
from the sample, so that large fissure surfaces could be found in the specimens. Type C is plastic shear
failure and mainly occurred in the sample with gypsum/petrolatum = 7:3. This type is characterized
by shear cracks and damage everywhere, the absence of obvious large fissure surface, the coal body
collapsing in the form of scales and noticeable dilative shear deformation (Figure 9(C-1,C-2)). Type D
is brittle shear failure and occurred in the sample with gypsum/petrolatum = 8:2. In this case, first
a major fissure appeared and then it propagated and extended through the whole sample. When
the sample broke down, there was a large final fracture surface about 45–60◦ from the specimen
axial direction (Figure 9(D-1,D-2)). Type E is brittle splitting failure and occurred in the sample with
gypsum/petrolatum = 9:1, that is, high gypsum content. Such samples always split quickly after the
peak stress. Figure 9(E-1,E-2) present the ultimate destruction characteristic of type E: one or several
vertical cracks ran through the top and bottom of the sample and their directions were approximately
parallel to the axis of the specimen.

In addition, the occurrence of coal and gas outbursts must be affected by the deformation
and failure mechanism of the coal [13,37]. According to the different deformation mechanisms,
different types of TDC are divided into three series of deformation and ten classes, that is, the brittle,
the ductile and the brittle-ductile deformation [38]. In this study, upon decreasing the gypsum content
or increasing the petroleum content, the deformation of the coal-like materials transitioned from
ductile to brittle. The failure modes included typical squeezing damage, wedge splitting, plastic shear
failure, brittle shear and brittle fracturing. These varied deformation features are useful in different
coal and gas outburst simulation tests.
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Figure 8. Stress-strain curves of coal-like material specimens with different gypsum/petrolatum ratios.

 

A-1 A-2 B-1 B-2 C-1 C-2 D-1 D-2 E-1 E-2 
(a) 

 

A-1 A-2 B-1 B-2 C-1 C-2 D-1 D-2 E-1 E-2 
(b) 

Figure 9. (a) The different physical damage modes and (b) the corresponding schematic diagrams of
the specimens.

3.3. Physicochemical Properties

Samples in the four groups of 4, 8, 12 and 17 had similar mechanical parameters (compressive
strength, elastic modulus, cohesion, internal friction angle, etc.) and deformation features to the natural
coal. Thus, they were selected for further testing of porosity and gas adsorption/desorption.
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3.3.1. Porosity

Porosity refers to the proportion of the volume of pores to the total volume. It can be calculated
from the apparent density ρa and true density ρt of material according to the following equation:

k =
1
ρa

− 1
ρt

(2)

After the sample was dried, its apparent density could be obtained by weighing using an electronic
scale and size measurement using a Vernier caliper. The true density was measured by the automatic
industrial analyzer. From the porosity of the three groups of samples (Table 7), it can be seen that their
density and porosity were highly consistent with those of the natural coal. So, these coal-like materials
could satisfy the porosity and volumetric weight similarity ratio shown in Equation (1) [6]:

Table 7. Porosity of the samples.

Sample
Apparent

Density (g/cm3)
True Density

(g/cm3)
Mass Ratio of

Coal Powder (%)
Porosity (%)

TDC 1.268 1.573 - 15.3
No. 4 1.241 1.558 81.43 15.7
No. 8 1.277 1.623 82.25 16.1
No. 12 1.293 1.691 87.11 17.4
No. 17 1.240 1.591 86.40 16.9

3.3.2. Adsorption and Desorption Parameters

The gas adsorption constants a and b, used to quantify the adsorption capacity of coal, were
determined by the isotherm adsorption test results using methane of 99.9% purity at 30 ◦C in
combination with the Langmuir equation [6]. The parameter Δp represents the initial velocity of coal
gas diffusion [45]. In this paper, the TDC and the samples 4, 8, 12 and 17 were crushed and grains with
the particle size of 0.2 to 0.25 mm were sifted out. For each sample group, 6 portions of 3.5 g each were
weighed. Each portion was placed in the WFC-2 initial gas diffusion velocity analyzer (Zhengzhou
huazhi electronic technology co. LTD, Zhengzhou, China). Air tightness check and vacuum treatment
were performed on the test instrument. The gas adsorption and desorption of samples were tested
under the conditions of 99.9% pure methane, 0.1 MPa and 20 ◦C. The averages of the test results are
shown in Table 8. It can be seen that the gas adsorption and desorption properties of coal-like materials
were consistent with those of the natural coal and could meet the test requirements [6].

Table 8. Adsorption and desorption parameters of samples.

Sample a (cm3/g) b (1/MPa) Δp (mL/s)

TDC 39.789 1.113 27
No. 4 35.258 1.169 23
No. 8 35.463 1.163 23
No. 12 37.944 1.137 25
No. 17 37.562 1.146 24

Coal has a strong gas adsorption capacity mainly because of its good porosity and relatively
large specific surface area [36,37]. Therefore, under the same molding pressure conditions, the coal
mass ratio had the most impact on these characteristics. Tables 7 and 8 also verify this feature:
the higher the coal content, the larger the porosity of the coal-like materials and the stronger the gas
adsorption and desorption capacities. On the other hand, higher contents of gypsum, petrolatum and
calcium carbonate reduce the porosity and the methane adsorption/desorption, which is consistent
with existing research results [13,46]. Besides, previous results [47] presented that coal particles
below 3.35 mm in size have almost no influence on the gas adsorption capacity. Therefore, the
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total amount of fine and coarse coal powder can be used to quantitatively estimate the adsorption
constants a, as presented in Equation (3) and Figure 10 (with R2 = 0.9967).

Ya = 0.4841X − 4.25 (3)

where Ya is the value of gas adsorption constant a and X is the content of coal powder.

Figure 10. The quantitative relation between coal powder content and the gas absorption constant,
a and the desorption index, Δp.

Combining Tables 4 and 7, it can be seen that the four coal-like material groups of 4, 8, 12 and 17
had a coal powder ratio of 81.43 to 87.11%, which almost coincides the overall range for groups 1 to
25 (80.57 to 89.09%). This indicated that the samples in group 1 to 25 all had similar porosity and gas
adsorption/desorption characteristics as the natural coal.

3.4. Multivariate Linear Model for Predicting the Mechanical Parameters of Coal-Like Material

According to our range analysis (in Section 3.1.2), each mechanical index has multiple influencing
factors. To determine the suitable proportion of materials used in physical simulation, repeated
adjustments are usually needed. Thus, results from previous studies can hardly be used directly in
future research and it is difficult to promote the rapid development of similar materials. Therefore,
it is important to establish a multivariate linear model between the mechanical property indexes and
their main influencing factors (as shown in Table 6 and Figure 7). The model can be described by the
equations in (4):⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

Yσc = C1 + a1X1 + b1X2 + c1X3 + d1X4

YE = C2 + a2X1 + b2X2 + c2X3 + d2X4

YC = C3 + a3X1 + b3X2 + c3X3 + d3X4 (0 ≤ X1, X2, X3, X4, X5 ≤ 100)
YF = C4 + a4X1 + b4X2 + c4X3 + d4X4

YD = C5 + a5X1 + b5X2 + c5X3 + d5X4 + e1X5

(4)

where Ci, ai, bi, ci, di and ei (I = 1, 2, 3, 4, 5) are the fitting constants. The contents of coarse aggregate,
fine aggregate, gypsum, petrolatum and calcium carbonate were set as X1(%), X2(%), X3(%), X4(%)
and X5(%); and the indexes of compressive strength, elastic modulus, cohesion, internal friction angle
and density were Yσc , YE, YC, YF and YD, respectively.

74



Processes 2019, 7, 155

It should be noted that in Figure 11, the elastic modulus of the material increased exponentially
(with an excellent correlation of R2 = 0.9144) against the compressive strength, which is consistent with
previous studies [13]. More importantly, their similarity ratios are the same in the similarity criteria
(as shown in Equation (1)). Therefore, Equation (4) could be simplified to (5),⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

Yσc = C1 + a1X1 + b1X2 + c1X3 + d1X4

YC = C2 + a2X1 + b2X2 + c2X3 + d2X4 (0 ≤ X1, X2, X3, X4, X5 ≤ 100)
YF = C3 + a3X1 + b3X2 + c3X3 + d3X4

YD = C4 + a4X1 + b4X2 + c4X3 + d4X4 + e1X5

100 = X1 + X2 + X3 + X4 + X5

(5)

Then, according to the orthogonal test result in Table 5, the multivariate Equation (5) were fitted
using Origin program to identify the regression Formula (6). The R2 values of Yσc , YC, YF and YD were
0.838, 0.965, 0.945 and 0.937, respectively.

Figure 11. Relationship between modulus of elasticity and uniaxial compressive strength of samples.

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

Yσc = 0.01356X1 + 0.0171X2 + 0.1305X3 − 0.13143X4 − 0.58773
YC = −0.0016X1 − 0.00073X2 + 0.02122X3 − 0.00695X4 + 0.08933 (0 ≤ X1, X2, X3, X4, X5 ≤ 100)
YF = 0.27831X1 − 0.05061X2 + 1.15883X3 − 0.40811X4 + 13.57658
YD = −0.00024X1 + 0.00083X2 + 0.01278X3 − 0.00487X4 − 0.01045X5 + 1.14431
100 = X1 + X2 + X3 + X4 + X5

(6)

According to the physical and mechanical parameters of the raw coal, the five-variable
primary equations can be solved using the Mmult and Minverse functions in the Excel program
to obtain the corresponding composition (26.6% coarse aggregate, 62.2% fine aggregate, 8.5% gypsum,
1.7% petrolatum and 1% calcium carbonate). The gas absorption capacity of this material was estimated
by Equation (3) to be a = 38.738.

Then, samples were made according to the determined composition and their indexes were
tested in the same conditions. Table 9 shows the differences of each index of mechanical, deformation
and gaseous properties between the natural coal and developed coal-like material. The difference in
mechanical and gas adsorption/desorption parameters was very small (approximately 0.47 to 11.76%).
Figure 12 is the stress-strain curve of the coal-like material, showing evolution characteristics of strength
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and deformation (comprehensive damage mode of brittle shearing and plasticity) very consistent to
that of the natural coal.

Table 9. Difference analysis between natural coal and determined coal-like material.

Sample
Apparent
Density
(g/cm3)

UCS
(MPa)

EM
(MPa)

Cohesion
(MPa)

IFA (◦)
Porosity

(%)
a Δp

Coal-like
material 1.286 1.78 131.85 0.18 25.8 17.1 38.343 25

TDC 1.280 1.72 126.35 0.17 27 15.3 39.789 27

Difference (%) +0.47 +3.49 +4.35 −5.9 −4.44 +11.76 −3.63 −7.41

Figure 12. The stress-strain curves of coal-like material and natural coal.

3.5. Discussion

3.5.1. Microscopic Analysis of the Effect of Pulverized Coal Particle Size on Sample Strength

As stated in Section 3.1.2, a reasonable ratio of aggregate particles of different sizes has an
important influence on the material strength and elastic modulus. Meanwhile, the particle sizes of
coal powders reported in Table 1 were different. To study the effect of particle size on the preparation
and strength of samples, coal-like materials with aggregate/gypsum = 10:1, coarse (1–2 mm)/fine
(0–0.5 mm) coal particles = 1:9, 3:7 and 5:5 were prepared. Their microstructures were examined by
SEM (Figure 13).

On the one hand, the morphology diagrams (Figure 13a) of the three cut specimens show that,
when the proportion of fine aggregate was high (coarse/fine coal particles = 1:9 and 3:7), the sample
was relatively flat in morphology and relatively dense in structure, while a high proportion of coarse
aggregate (coarse/fine coal particles = 5:5) resulted in an uneven sample morphology, a looser structure
and a low strength (shown in Figure 7b). On the other hand, in specimen No. 1 shown in Figure 13b,
the gypsum (needle shapes) were stuck together when 90% of the coal had a particle size of 0–0.5 mm.
This indicates that too much fine coal particles makes it difficult to mix the sample evenly with the
cementing agent, resulting in poor strength stability and low homogeneity of the sample, which will
have an important impact on the analysis of test results. However, in specimen No. 3 the gypsum was
uniformly attached to the surface of coal particles and the very small coal particles were also firmly
bonded to the larger ones. Therefore, a large proportion of coarse coal particles is beneficial to the
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uniform distribution of cementing agent. When the ratio of coarse/fine coal particles was about 3:7,
the cement and aggregate were well mixed, and the specimen also had a compact structure.

In addition, it can be seen that gypsum with its extremely small particle size may reduce the gap
between particles and the porosity would be reduced to a certain extent, which helps to reduce the
permeability of reconstituted coal.

 
Figure 13. SEM images of three specimens composed with different coarse/fine coal particle ratios:
(a) the morphology diagrams and (b) internal structures of the three cut specimens.

3.5.2. Optimization of Sample Preparation Method and Deformation Characteristic Controlling Binder

Samples made by directly pressing the coal powder have lower strengths larger deformation
than the natural coal. Consequently, studies in the past [10,13,18,19,21,29] usually used Portland
cement to improve the strength of coal-like materials. However, the mechanical properties of cement
keep changing over time. The molding and air curing time (usually 28 days) also have significant
influence on the mechanical strengths of the sample and should be considered as additional influencing
factors in the preparation process. As a result, the sample preparation process becomes more complex,
which makes it hard to ensure the homogeneity and reproducibility. In order to solve this problem,
this study used gypsum instead of cement and improved the sample preparation method as discussed
in Section 2.3.3 (i.e., using quantitative compaction samples and self-designed molding and demolding
equipment). However, gypsum as a binder is less effective than cement in improving the mechanical
parameters of materials and so it is more suitable for the preparation of low-strength (0 to 2.5 MPa)
coal-like materials. More importantly, gypsum and petrolatum were selected as the compound binder
to adjust the deformation characteristics of coal-like materials. Similar materials with ductile to brittle
deformation features could be obtained by adjusting the mass ratio of gypsum/petrolatum.

3.5.3. Porosity Adjustment Method

Among the properties summarized in Table 9, the porosity difference was large (11.73%) while
the difference in adsorption and desorption parameters was smaller (3.63–7.41%). This indicated that
the specific surface area was not very different between the natural coal and coal-like material. Rather,
the gap between particles was larger in the coal-like materials. Studies have shown that the porosity of
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coal-like materials decreases with increasing molding pressure [12,48]. Thus, the porosity could be
adjusted by changing the molding pressure slightly but it could not be reduced by adding inorganic
matter. For example, sand will decrease the coal powder content and gas adsorption/desorption
capacity and the latter is the most important index in coal and gas outburst simulation tests [6].

3.5.4. Limitation and Future Direction to Improve the Similarity of Solid-Gas Coupling Coal-Like Materials

It can be seen from Table 9 that the difference in gaseous parameters between coal-like material
and natural coal was larger than that that in the mechanical parameters. This was mainly because the
coal-like material contained inorganic matters (gypsum and calcium carbonate) and petrolatum that
do not have gas adsorption properties. Future new binders that could simultaneously increase the
strength and adsorption characteristics of coal-like materials will further improve the similarity and
broaden the application prospects.

3.5.5. Application Prospects of Solid-Gas Coupling Coal-Like Materials

Quantitative simulation tests of coal and gas outbursts and CO2 sequestration need to
ensure that the coal-like material has highly consistent mechanical, deformation and gas
adsorption/desorption characteristics with the natural coal [13,19–21]. In the past, such similarity
was difficult to achieve [6,10,13,18,19,29], mainly because the deformation characteristics and gas
adsorption/desorption characteristics were less considered. This study tested multiple indexes
including the density, compressive strength, elastic modulus, cohesion, internal friction angle, porosity
and gas adsorption and desorption parameters. The deformation features and damage modes of
coal-like materials were also considered. Finally, samples with highly consistent stress-strain curves to
the natural coal were obtained.

Since the tectonically deformed coal seam is extremely soft and fragile, it remains difficult
to obtain natural coal samples that meet the test requirements and the related triaxial/long-term
mechanical properties are still unclear. Existing studies have shown that the strength and deformation
characteristics of reconstituted coal-like materials and natural coal were similar [20,23,27]. In view of
the highly consistent mechanical properties, the homogeneity and the reproducibility of the coal-like
material developed in this study; the synthetic material could be used in place of natural coal sample to
study the triaxial and rheological mechanical properties of soft tectonically deformed coal. The relevant
experimental results will help guide the design of roadway support for soft coal seams, the stability
control of the gas drainage borehole [49,50] and the prediction of coal and gas delayed outburst.

4. Conclusions

In this study, solid-gas coupling coal-like materials were developed according to the
characteristics of low strength, strong plastic deformation and large gas adsorption capacities of
natural TDC. Coal powder was used as the aggregate, gypsum and petrolatum as the composite binder,
calcium carbonate as the additive and vertical ground stress as the molding pressure. The orthogonal
method was used to design 25 groups of material ratio schemes. The physical and mechanical
parameters, deformation features and gaseous constants were obtained by carrying out uniaxial
compression, variable angle shearing and gas adsorption/desorption tests. The following conclusions
were obtained.

(1) The range analysis indicates that the gypsum/petrolatum ratio played the main role in
controlling the sample density, compressive strength, elastic modulus, cohesion and deformation
characteristic. The coarse coal powder (1–2 mm)/fine coal powder (0–0.5 mm) ratio was mainly in
control of the sample internal friction angle and also had an important influence on the compressive
strength and elastic modulus. When the fine coal powder/aggregate ratio was about 70%, the sample
had the highest strength. With the gypsum/petrolatum ratio increasing from 5:5, 6:4, 7:3, 8:2 to
9:1, the deformation characteristics of coal-like materials transitioned from ductile to brittle; and the
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failure modes included typical squeezing damage, wedge splitting, plastic shear failure, brittle shear
and brittle fracturing. The content of coal powder played a decisive role in the gas adsorption and
desorption characteristics of coal-like materials. An empirical formula between coal powder content
and gas adsorption index was also established.

(2) The microstructures of specimens indicate that an even mixing with the cementing agent is
difficult when there is a large ratio of fine coal particles, resulting in poor strength stability and low
homogeneity of the sample. When the ratio of coarse/fine coal particles was about 3:7, the binder and
aggregate were relatively well mixed and the specimen had a compact structure.

(3) A multivariate linear model was established between the mechanical characteristic indexes
and their main influencing factors. Then, the desired material ratio was determined using this model
and the developed coal-like material showed high similarity in its mechanical and physicochemical
properties to the natural coal sample. Meanwhile, developing new binders that simultaneously
improve sample strength and gas adsorption/desorption performance would help further reduce the
difference between coal-like material and natural coal.

(4) The method for preparing solid-gas coupling coal-like material was optimized and the
developed samples had good reproducibility and homogeneity. This study lays the foundation
for future quantitative work in the physical simulation of coal and gas outbursts, the long-term safety
study of CO2 sequestration with coal in the lab and other experiments on the mechanical properties of
soft coal seams.
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Abstract: Whether the variation of pore structures and movable fluid characteristics enhance,
deteriorate, or have no influence on reservoir quality has long been disputed, despite their
considerable implications for hydrocarbon development in tight sandstone reservoirs. To elucidate
these relationships, this study systematically analyzes pore structures qualitatively and quantitatively
by various kinds of direct observations, indirect methods, and imaging simulations. We found that
the uncertainty of porosity measurements, caused by the complex pore-throat structure, needs to be
eliminated to accurately characterize reservoir quality. Bulk water was more easily removed, while
surface water tended to be retained in the pores, and the heterogeneity of pore structures was caused
by the abundance of tiny pores. The rates of water saturation reduction in macropores are faster
than those for tiny pores, and sandstones with poor reservoir quality show no marked descending of
lower limits of movable pore radius, indicating that the movable fluid would advance exempted from
the larger pores. This study suggests that the deterioration of reservoir quality is strongly affected by
the reduction of larger pores and the aqueous phases tended to remain in the tiny pores in the forms
of surface water.

Keywords: pore structure; movable fluid; tight sandstones; Ordos Basin

1. Introduction

With depletion of conventional hydrocarbon production and increasing demand for energy,
unconventional reservoirs are expected to be a vital and realistic inventory in future energy supply [1,2].
As one of the major unconventional resources, tight sandstones reservoirs, to which many scholars
have drawn attention, have been developed successfully in China [3–6]. The definition of tight
sandstone in petroliferous basins is that its porosity is no more than 10% and in suit permeability
generally less than 1 mD or air permeability less than 0.1 mD, whereupon it needs specific treatments
(horizontal well fracturing, correct way of completion, advanced simulation jobs, etc.) to produce
commercial hydrocarbon flow [7,8]. The complexity and irregularity of the pore structure are crucial
microscopic factors for the deteriorated physical properties, poor reservoir quality, and complicated
oil emplacement; therefore, comprehensive and accurate pore geometry evaluation has become a
momentous issue in tight sandstones [9,10]. Meanwhile, due to the heterogeneity of pore structure in
tight sandstones, the fluid that flows in the porous media is more complex than that of conventional
reservoirs because of the intricate flow path [11]. Movable fluid parameters are significant in that
they can provide a reliable evaluation of the characteristics of the fluid, and accurate movable fluid
parameter estimation has been a point of interest because movable fluid parameters are valuable when
considering the water retention and residual oil accumulation and development [12]. Therefore,
the assessment of pore structure (porosity, pore size distribution (PSD), connectivity, tortuosity,
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heterogeneity, pore shape, etc.) and movable fluid features (movable fluid percentage, movable
fluid porosity, etc.) are of paramount importance in evaluating the microscopic characterization
of tight sandstones [13,14]. Accurate prediction of pore structure and movable fluid traits helps to
assess storage capacity and evaluate percolation capacity and can provide insights into planning field
exploration and development [15].

Currently, a series of optical techniques and experiments are being conducted to investigate
the pore structure of tight sandstones, including radiation methods (e.g., thin section (TS), scanning
electron microscope (SEM), small angle neutron scattering (SANS), computed tomography (CT), etc.),
intrusive techniques (e.g., pressure-controlled mercury intrusion (PCMI), rate-controlled mercury
intrusion (RCMI), etc.) and non-intrusive techniques (e.g., nuclear magnetism resonance (NMR),
low-temperature N2 adsorption (LTNA), etc.) [2,8,10–13,15–17]. With continuous increase in the
resolution of optical microscopy and radiation methods, the field of views could be small and the costs
could rise. Due to this trade-off between resolution and viewshed information, indirect techniques have
been supplemented, which systematically compensate the limits of direct techniques in characterizing
pore structure in tight sandstones [8,14]. Although many methods can be used to characterize pore
structures, no sole direct and indirect experiment can be used to determine pore structures traits due
to its own limitations and strengths [18]: TS and SEM can reveal pore morphology and occurrence
qualitatively, but these techniques were unable to obtain quantitative pore structure-related data [19,20].
CT is an effective technique to quantitatively characterize the three-dimensional images of pore
networks, but it has drawbacks in the calculation of pores larger than 3 μm and is often restricted by
expense [2,21,22]. PCMI is understood to be a widely-used method of estimation of pore structures
because it can detect a broad spectrum of PSD on account of relatively high injection pressure according
to the Washburn equation [23]; however, this technique fails to acquire an exact count of large pores
because of the shielding effect of small pores [24]. Unlike PCMI, RCMI injects mercury into pores at
very low speed that keeps the interfacial tension and contact angle changeless and can partition the
PSD into areas of pores and throats based on the periodic rising and falling of pressures, overcoming
the pitfall in PCMI [2,15,25–27]. While it is impossible to detect pores with radius less than 0.12 μm due
to the maximum injection pressure limitation (~900 psi/6.2 MPa), as a result, RCMI can be envisaged as
a limited technique that exaggerates the proportion of large pores [10,28]. NMR has been established as
an effective method to determine pore structure characterization [29,30], nevertheless, the calculation
of pore radius requires calibration with other techniques (e.g., RCMI) to confirm surface relaxivity,
namely, it would cause discrepancy between NMR-derived PSD and other independent pore size
measurement if the process of surface relaxivity calibration is skipped and referred to an arbitrary
pore size classification that is derived from other research areas [15,31,32]. Therefore, in order to better
evaluate pore structure characterization, a combination of each technique is necessary [33,34].

Recently, many studies have documented that NMR is a fast and nondestructive method to
determine flow characteristic in tight sandstones [11–13,35–37]. As for the characteristic parameters of
fluid in tight sandstones, movable fluid saturation is commonly used NMR-derived parameters, which
is related to the pore structures and can be regulated by T2 cutoff values [12]. T2 cutoff values, defined
here as the decay time after the external magnetic simulation disappeared, correspond to threshold
partitioning of the T2 spectrum into two subcurves, namely, the free fluid areas (corresponding to
T2 higher than the threshold) and bound fluid areas (corresponding to T2 lower than the threshold);
hence, rigorous calculation of T2 cutoff values is vital to exactly determine the percentage of free
water [12]. The determination of T2 cutoff values needs to compare the T2 spectrum before and after
centrifuging in a certain rotation speed because it can dramatically change among different specimens,
even in the same research area; rather, empirically determined T2 cutoff values ascertaining the
proportion of movable fluid on the basis of predecessors is too arbitrary, and accurate determination
of optimum centrifugal forces to obtain T2 cutoff values requires an understanding of the calibration
model [12,13,36,38,39]. Movable fluid percentage is a significant property used to predict estimated
ultimate recovery (EUR), because the irreducible fluids were not productive at all [11]; thus, it is
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of great importance to quantitatively determine the movable fluid parameters, in order to provide
insight into evaluating the fluid storage and percolation traits and help develop proper hydrocarbon
exploitation strategies.

Considering the significance of pore structure and movable fluid for hydrocarbon development
in tight sandstones, a comprehensive analysis of pore structures and evaluation of movable fluid
are necessary to evaluate the mechanism of hydrocarbon storage and percolation in the investigated
basin [40,41]. In our study, a suit of tight sandstone samples from the Upper Triassic in the Ordos
basin was investigated by TS, SEM, PCMI, RCMI, NMR, and CT in order to reveal the characteristics
of pore structure and movable fluid traits. We first lay out the spatial features of the pores needed for
the qualitative evaluation of our work by TS and SEM. Then we propose an integrated method by a
combination of PCMI, RCMI, and CT to describe PSD, and an improved PSD is elucidated. Further,
we determine the optimum rotation speed and movable fluid traits and explain how pore structure
and rock physical properties influence the movable fluid parameters by NMR-derived T2 spectrum
analysis before and after centrifuging at different centrifugal force, T1-T2 correlation spectra and
magnetic resonance imaging (MRI). Finally, we investigate the effect of pore radius lower limits on
reservoir quality. This multidisciplinary research unravels the impact of pore structure and movable
fluid features on reservoir quality of tight sandstones, which is critical for the future production of
the Upper Triassic tight sandstone reservoirs in Ordos Basin, China and offer technological merits in
similar reservoirs elsewhere.

2. Materials and Methods

2.1. Tight Sandstones Specimens

All specimens were taken from the Upper Triassic Yanchang tight sandstones in the Yishan slope
of the Ordos Basin in NW China (Figure 1a). It is a cratonic basin with an area of around 2.5 × 105 km2,
and Yishan slope is a hydrocarbon enrichment area, where dips at no more than 1◦ toward the
west and internal faults are rarely seen [42,43]. The Yanchang formation, which is divided into ten
members (Figure 1b), consists of sandstones intercalated with mudstones and shales, and Chang 2,
Chang 4 + 5, Chang 6 and Chang 8 members are composed predominantly of sandstones [44,45]. The
Yanchang formation is dominated by fine-to moderate-grained sands deposited in a fluvial, delta
and lacustrine environment; compaction, cementation, and dissolution represent the most significant
diagenetic process influencing pore structure and movable fluid traits [46,47]. In the present study,
sandstones specimens from the Yanchang formation were collected from 14 wells, and the porosities
of all specimens range from 5.53% to 14.24% with an average of 9.33%, while permeabilities vary
from 0.02 mD to 2.70 mD with a mean value of 0.68 mD (Table 1), which indicates that the sandstones
are typical tight sandstones [7]. The tight sandstones specimens of Yanchang formation were mainly
arkose according to Folk’s (1980) classification [47], and quartz is predominant in specimens (av.
37.38%) with a subdominant component of feldspar (av. 31.86%) and low rock fragments (average
contents of metamorphic, volcanic and sedimentary rock fragments equal to 7.84%, 3.82%, and 4.56%,
respectively) (Table 1). The clay minerals are dominated by chlorite (av. 4.81%) and illite (av. 4.72%),
whereas kaolinite is less dominant (av. 1.50%) (Table 1). The mica and quartz overgrowth contents
vary from 1.00% to 11.50% (av. 4.32%) and 1.00% to 4.00% (1.90%), respectively (Table 1).
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(a) 

 
(b) 

Figure 1. (a) Location map that shows the research area in the southwestern Ordos Basin, China
(modified after Gao and Li, 2015 [13]; Cui et al., 2017 [48]) and (b) generalized stratigraphic column of
the research area (modified after Lai et al., 2016 [49]).

Table 1. Physical properties and petrological composition of Yanchang formation tight sandstones 1.

SN ϕ, % K, mD Q, % F, % V, % M, % S, % Mi, % Ka, % Il, % Ch, % Ca, % QO, %

1# 9.60 0.59 44.00 26.00 3.00 9.00 6.00 4.00 - 5.00 - 3.00 -
2# 10.01 0.76 48.00 23.00 3.00 6.00 1.00 9.00 - 3.00 - 4.00 3.00
3# 10.47 1.56 21.00 52.00 3.00 10.00 3.00 3.00 - - 7.00 1.00 -
4# 7.79 0.21 44.00 18.00 3.00 11.00 6.00 2.00 2.00 3.00 1.00 6.00 4.00
5# 7.68 1.41 32.50 32.00 2.00 4.50 3.00 8.00 - 2.00 2.00 6.00 2.00
6# 8.23 0.18 22.80 40.00 2.50 5.20 5.70 11.50 - 4.50 5.30 0.50 2.00
7# 7.03 0.11 48.00 19.00 4.00 7.00 9.00 2.00 1.00 3.00 1.00 3.00 3.00
8# 5.53 0.02 48.00 23.00 3.00 9.00 4.00 3.00 - 7.00 - 2.00 1.00
9# 8.95 0.12 21.00 50.00 3.00 8.00 6.00 2.00 - - 8.00 2.00 -

10# 12.16 0.32 47.00 23.00 3.00 8.00 4.00 4.00 - 4.00 - 6.00 1.00
11# 14.24 2.70 40.00 33.00 8.00 9.00 - 1.00 - - 7.00 1.00 1.00
12# 12.54 0.48 25.00 53.00 2.00 6.00 3.00 4.00 - - 6.00 1.50 -
13# 5.68 0.05 46.00 22.00 3.00 7.00 4.00 4.00 - 11.00 - 2.00 1.00
14# 10.70 0.96 36.00 32.00 11.00 10.00 - 3.00 - - 6.00 1.00 1.00

1 SN—specimen number; ϕ—porosity; K—permeability; Q—quartz; F—feldspar; V—volcanic rock fragments;
M—metamorphic rock fragments; S—sedimentary rock fragments; Mi—mica; Ka—kaolinite; Il—illite; Ch—chlorite;
Ca—carbonate minerals; QO—quartz overgrowth.

2.2. Experimental Methods

First, the rock cores selected from wells were drilled parallel to the bedding plane and cylindrical
core plugs with approximately 5 cm long and 2.54 cm in diameter were obtained. The specimens
were polished and cleaned with solutions of alcohol and trichloromethane before the experiments in
order to remove the bitumen or drilling mud that remained in pores from the specimens, and then
each specimen was put into the vacuum systems and dried at 120 ◦C for 24 h. Subsequently, the
specimens were put in the core holder of the FYK-I testing apparatus, then the helium-based porosity
was repeatedly tested five times and averaged. After the porosity tests, the pressure-transient nitrogen
pulse decay permeability test was carried out using the FYK-I instrument and the specimen was
tautologically measured five times for an average.
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After the physical property measurement, the specimen plugs were split into several chips and
plugs for direct observations and indirect tests. The TS analyses were conducted on rock slices that were
impregnated by red or blue epoxy resin, using ZEISS polarized light petrographic microscope to detect
the pore geometry. SEM, which was used to observe the microscopic features of the tight sandstones,
was conducted by a FEI Quanta 400 FEG scanning electron microscope with working accelerating
voltage set at 20 kV and the samples were covered with 10 nm thick carbon films. An OXFORD IE 350
energy dispersive spectrometer was used to collect XRD data, and each specimen was crushed and
ground into powder with a grain size of 300 mesh, then dried and mixed with ethylene glycol and
heated to 550 ◦C for 3 h before the tests.

The PCMI test was conducted using a Micromeritic Autopore IV 9420 Instrument. Injection
pressure was reached at 200 MPa, which corresponded to 3.6 nm based on the Washburn equation [23],
then the pressure progressively decreased to zero and the intrusion and extrusion capillary pressure
curves were acquired. The ASPE 730 mercury porosimeter was adopted for the purpose of RCMI
measurements. Unlike the PCMI experiment, during the injection process in RCMI, mercury was
injected into the specimen at a speed of 5 × 10−5 mL·min−1 in order to stabilize the interfacial
tension and contact angle. The pressure increased as the mercury was injected into the throat, then
an instantaneous drawdown was seen when the mercury entered the pores. The periodic rising and
falling pressure was recorded by the software and real-time data were acquired to partition the void
spaces into distributions of pores and throats [26,38]. Both mercury intrusion experiments followed the
SY/T 5346-2005 Chinese Oil and Gas Industry Standard, and the contact angle and interfacial tension
was 140◦ and 480 mN·m−1, respectively.

Micro-CT scanning can provide a relatively high-resolution 3D reconstruction of the features of the
pore network, when compared to other methods [2,50–52]. The 3D images of the pore characterization
of tight sandstone were measured by a Phoenix Nanotom M scanner with a working voltage of 90 kV,
and tomogram image spatial resolution of around 3 μm. In this method, an X-ray with conical beam
penetrates the specimen and then attenuates depending on the sample density, mineral compositions
and contents, and the thickness along the beam direction, and this attenuation is mainly associated
with the decreasing sample density [22,53]. Finally, based on the threshold value segmentation method,
rock matrix with high density and void space with low density can be determined [22].

The NMR is a nondestructive technique that provides information of pore features, and insights
into the fluid and porous media can be acquired by this test [11,54]. The process that helped the
magnetization vector recover from a non-equilibrium to equilibrium state is called relaxation, and
the recovery time is called relaxation time [11]. The T1 and T2 relaxation time, which correspond
to the time that the magnetization vector is parallel to and perpendicular to the external magnetic
field returned to the equilibrium state, is referred to as longitudinal and transverse relaxation time,
respectively [55]. This technique was performed in Niumag NMR spectrometer at a proton resonance
frequency of 2 MHz and detected by a CPMG pulse sequence [55]. We set the echo number for 30
and 6000 for T1 and T2, respectively, and the echo spacing was varied from 10 μs to a few seconds
for T1 and the values of which were equal to 100 μs for T2. Each specimen was scanned 64 times to
get a good signal-to-noise ratio, and the wait time between successive scans was chosen as 5 s. The
specimens were saturated in brine, which was a mixture of deionized water and Calcium Chloride
(CaCl2) with salinity of 2.5 × 104 mg·L−1 to prevent the clay minerals from swelling. It was used for
NMR measurement to record initial relaxation time spectra and images. After the T1 and T2 spectrum
and MRI for the saturated water specimens were determined, the centrifugal processing with a rotation
speed of 2500 r·min−1, 2900 r·min−1, 3500 r·min−1, 5000 r·min−1, 7900 r·min−1 and 9100 r·min−1 for
1 h for each speed were conducted on each specimen, and the T2 spectra distributions were tested
after different rotation speed centrifugal processing was completed. Specifically, the T1-T2 correlation
spectra distributions and MRI were generated after 9100 r·min−1 (corresponding to the maximum
rotation speed) for centrifugal processing was implemented to determine the T2 cutoff values, free and
irreducible water distributions.
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3. Results

3.1. Pore Structures Observed by TS and SEM

TS and SEM can be used to determine pore types and analyses pore geometry since they provide
direct characterization of the pores [17,56]. Four main kinds of pore types are developed in the Upper
Triassic Yanchang formation of tight sandstones, including intergranular pores, dissolution pores,
intercrystalline pores, and microfractures. The intergranular pores are triangular or polygonal and
remain after strong mechanical compaction and clay minerals recrystallization [20], have characteristics
of relatively larger pore radius, pore-lining chlorite, and sometimes elongate euhedral quartz prisms
(Figure 2a,b). The size of the intergranular pores was typically >40 μm, and the relative abundances
of these pores by point counting based on TS observations were in the range from trace levels to
5.9% and averaged as 1.73%. The dissolution pores are generally a result of feldspar and unstable
ferromagnesian rock fragments dissolution and show irregular geometry [2,57]; these pore systems
are of three categories: intragranular dissolution pores (feldspar leaching generally developed along
cleavage planes) (Figure 2c), intergranular dissolution pores (Figure 2d) and moldic pores (the pores
derived from complete dissolution of grains and the shapes of the original framework were retained)
(Figure 2e) [58]. Point counting results of the dissolution pores reveal a wide range—from trace
amounts (due to feldspars leaching) to 1.0% (resulting from the connection of moldic pores and
residual intergranular pores) with an average of 0.56%. The intercrystalline pores, which refers to pores
within biotite planes, clay aggregates, quartz overgrowths, and carbonate minerals, are commonly
small enough (often lower than 10 μm) to be hardly observed in TS; however, the examination under
SEM suggested that lamellar chlorite and fibrous illite have widespread intercrystalline pores because
of its abundance (Figure 2f,g). The extensive cementation of carbonate minerals can contribute little
intercrystalline pores owing to the compacted voids in the lattice (Figure 2h), and pores within sheet
like biotite and elongated authigenic quartz only in minor amounts (Figure 2i,j). The microfractures,
which are dominated by diagenesis and scarcely observed in cores [59], offer features of microscale in
length and nanoscale in width, and can only be detected under microscopic identifications. Microscopic
observations of the specimens reveal that the microfractures along the edge of grains and through
the grains are the predominate microfracture type in tight sandstones (Figure 2k,l), from which acid
solution dissolution and mechanical compaction was derived, respectively [60]. Point counting results
show that the contents of microfractures are minimal (<0.2%).

3.2. Pore Structures Characteristics Determined by PCMI

The PCMI-derived curves of mercury drainage and imbibition for the 14 specimens are presented
in Figure 3 after Gane calibration [61] in order to make the curves smooth and continuous; the typical
parameters for pore structures are listed in Table 2. The specimens could be categorized into four
types based on intrusion and extrusion capillary curves. The first type (type α) shows low threshold
pressure (Pd) (av. 0.07 MPa), low median pressure (P50) (av. 0.81 MPa), high maximum mercury
intrusion saturation (SHgmax) (av. 89.19%) and medium hysteresis between intrusion and extrusion
curves, revealing that well-connected pores play a dominant role in this type of sandstone. Besides,
partial percolations (plateau stage in mercury intrusion curves), corresponding to the distinct change
in saturation over a small range of capillary pressure (gray boxes)), occurred in some specimens,
indicating this type is better sorted (average sorting coefficient equal to 2.49) than other types
(Figure 3a). For type β specimens, the average Pd and P50 rapidly increase, equal to 0.95% and
8.09%, respectively, and the average SHgmax decreases (av. 86.33%), while a relatively strong hysteresis
is observed (Figure 3b). These phenomena suggest that some poorly-connected pores were developed
in this type of sandstone. For the type γ specimens, the mercury intrusion curves display that the Pd
for all the specimens exceed 1.16 MPa, P50 over 7.06 MPa, and SHgmax is no more than 87.57%, that is,
mercury can hardly enter the pores and the proportion of non-connected pores is relatively high, when
compared to type α and β. The intrusion-extrusion cycles show more moderate mercury saturation rise
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and fall, corresponding to weak hysteresis, and no percolation phenomenon. However, the specimen
that has strong hysteresis may result from an abundance of mica, which is deformed in the process of
mercury injection and leads to the change of pore structures (Figure 3c). In terms of type δ, the average
Pd and P50 are the highest, equal to 3.67 MPa and 51.47 MPa, respectively, while the average SHgmax is
no more than 83.85%. Strong hysteresis of these specimens is the evidence of poor-connected pores
and minor amounts of clay minerals due to intense mechanical compaction (Figure 3d). According to
the multitype pore space model proposed by Sakhaee-Pour and Bryant [40], medium hysteresis for
type α suggests that intergranular pores mainly constitute the pore space, whereas the void spaces
in type γ is predominantly intercrystalline pores, which corresponds to a relatively poor hysteresis;
in addition, the dissolution pores may make the greatest contribution to the void spaces in type β

because their diameters are midway between intergranular pores and intercrystalline pores, according
to the description in Section 3.1. Figure 4 backs this and explains why more mercury was stranded
in the spaces in intergranular and dissolution pore-dominated reservoirs, whereas the void spaces of
intercrystalline pores can be thoroughly saturated with the wetting phase.

 

Figure 2. Typical pore types from Yanchang formation sandstones: (a) Plane-polarized light view
of intergranular pore and presence of pore-lining chlorite; (b) SEM image of quartz prisms; (c)
plane-polarized light view of intragranular dissolution pore; (d) plane-polarized light view of
intergranular pore; (e) plane-polarized light view of moldic pore; (f) SEM image of pore-filling chlorite;
(g) SEM image of illite; (h) SEM image of carbonate; (i) SEM image of mica; (j) plane-polarized
light view of quartz overgrowth; (k) plane-polarized light view of microfracture; (l) SEM image
of microfracture. IGP—intergranular pore; Ch—chlorite; QP—quartz prisms; IADP—intragranular
dissolution pore; IEDP—intergranular dissolution pore; MP—moldic pore; Il—illite; Ca—carbonate;
Mi—mica; QO—quartz overgrowth; MF—microfracture.
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Figure 3. Comparison of four types of PCMI results: (a) Type α; (b) type β; (c) type γ; (d) type δ.
The gray boxes represent a partial percolation stage.

Table 2. The parameters for pore structure characterization from PCMI 2.

Specimen Pd, MPa rmax, μm P50, MPa r50, μm SHgmax, % We, % Sort Type

11 0.07 9.94 0.94 0.78 87.61 27.48 2.75 α

14 0.07 9.94 0.68 1.09 90.78 27.39 2.24 α

1 1.80 0.41 14.45 0.05 88.40 34.27 1.99 β

2 0.45 1.62 4.29 0.17 82.47 18.09 2.64 β

3 0.45 1.62 3.75 0.20 83.63 20.34 2.55 β

4 0.45 1.62 5.72 0.13 85.56 23.33 2.67 β

10 1.80 0.41 16.12 0.41 89.46 31.04 1.92 β

12 0.73 1.01 4.21 0.17 88.49 30.93 2.20 β

6 4.49 0.16 72.99 0.01 77.39 25.12 3.24 γ

7 1.81 0.41 7.06 0.10 87.57 30.08 1.88 γ

9 1.16 0.63 10.88 0.07 79.65 23.41 2.94 γ

5 7.39 0.10 97.00 0.01 66.49 20.08 4.31 δ

8 1.81 0.41 7.22 0.10 83.85 19.44 2.39 δ

13 1.81 0.41 50.18 0.01 57.03 27.55 4.45 δ

2 Pd—threshold pressure; rmax—maximum pore radius; P50—median pressure; r50—median pore radius;
SHgmax—maximum mercury intrusion saturation; We—efficiency of mercury withdrawal; Sort—sorting coefficient.
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Figure 4. TS observations (net region with red rim represent the area that mercury occupies at this
stage) and multitype model (the full line represents mercury fulfilling the network, the dashed line
represents a wetting phase fulfilling the network and the line thickness represent the diameters of pore
throats): (a) TS observation shows intergranular pores filled with mercury at the outset; (b) start of
intrusion shows intergranular pores filled with mercury on the basis of a stick model; (c) TS observation
show mercury invading the dissolution pores; (d) intrusion in this step shows that dissolution pores
are occupied based on the stick model; (e) TS observation reveals that all connected pore throats are
filled by mercury; (f) The end of invasion based on a stick model, mercury has occupied all the pore
throats; (g) TS observation show that the pores among clay aggregates are filled with mercury; (h) The
end of invasion based on a tree-like model, corresponding to the intercrystalline pores that are filled
with mercury; (i) TS observation depicts the beginning of mercury withdrawal, reflecting mercury
leaving the smallest pores; (j) Outset of mercury extrusion based on the tree-like model, intercrystalline
pores did not leave a residual phase; (k) TS observation showing that mercury remains in weakly
connected pores; (l) End of withdrawal, where the mercury remains in the tiny pores that are less
unconnected to the outside, on the basis of a stick model. IGP—intergranular pore; DP—dissolution
pore; ICP—intercrystalline pore.

The PCMI-derived PSD can be calculated on the basis of the Washburn equation [23]. The PSD of
type α sandstones has a wide size range and possesses high peakedness over 1.0 μm with a long tail in
the rests of pore radius, suggesting that specimens with high physical properties contain relatively
larger pores and well-sorted PSD (Figure 5a). The PSD results of type β give two locations of the
maxima, of which specimens 1# and 4# correspond to the wide range pore radius with bimodal,
whereas other specimens show unimodal; the pores with radius larger than 1.0 μm are rare in this
type (Figure 5b). The PSD of the type γ sandstones mainly varies from 0.01 μm to 0.4 μm, but the
corresponding pore sizes of the peak pore volume values are different, from 0.008 μm to approximately
0.2 μm, indicating a heterogeneity of PSD with similar porosity and permeability as those of type γ

(Figure 5c). Quantitative statistics performed on type δ sandstones indicate that the PSD mainly range
from 0.003 μm to 0.15 μm, the main crests of these specimens being mainly centered at around 0.015 μm,
whereas specimen 5# is accompanied by a peak larger than 0.1 μm, which might show evidence of
microfractures (Figure 5d). The rapid increase of frequency in 0.003 μm represent the abundance of
tiny pores (mainly the pores among clay minerals or the pores within the aluminosilicate layers); hence,
porosity and permeability may be limited because of the rich clay minerals. The results of all the
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specimens show that the pore radius is distributed over a wide range and exhibits a multimodal PSD,
and with the deterioration of physical properties, the PSD becomes more fluctuant, revealing that the
pore structures are more complicated and heterogeneous. However, pores with radius over 20 μm are
rare, which show a discrepancy between the PCMI and petrographic observations because many large
pores are shielded by connected smaller pores. Hence, PCMI provides imperfect information of larger
pores and can only uncover PSD of smaller ones, accordingly, the full range of PSD determination is
required for PCMI in combination with other methods.
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Figure 5. PCMI-derived PSD of four types of tight sandstones. (a) type α; (b) type β; (c) type γ; (d)
type δ.

3.3. Pore Structures Characteristics Determined by RCMI

RCMI provides a reliable way to reflect detailed pores and throat structures. Since the void
space can be divided into pore region and throat region, based on injection pressure fluctuation, the
distribution of pores and throats radius are determined [15]. In order to investigate RCMI-derived
PSD, six typical specimens with different physical properties were selected (Table 3). The capillary
pressure curves of the specimens show that in the primary stage, the curves of total mercury intrusion
saturation followed a trend of pore mercury intrusion saturation, while with the increasing pressure,
the total mercury intrusion saturation was contributed to by the throat intrusion saturation and the
intrusion pressure of the pore rapidly increased (Figure 6). Based on the trend of pore intrusion mercury
saturation curves, the RCMI-derived PSD can be divided into a pore-dominated region corresponding
to the stage that the pore mercury intrusion saturation increased exponentially, a throat-dominated
region corresponding to the areas that the mercury saturation of pore remained unchanged, whereas
the total mercury intrusion followed the trend of throat mercury intrusion, and a hybrid region by
which both pores and throats are controlled (Figure 6). Furthermore, all specimens could be assigned
to two groups based on the proportion of different regions. Group I exhibited a relatively lower
threshold pressure (Pd) and medium pressure (P50), while relatively higher maximum total mercury
intrusion saturation (SHgmax); the percentage of pore-dominated and hybrid region exceeded that of
throat-dominated, and shows a notable flat segment corresponding to the relatively good sorting of
pores and throats (Table 3; Figure 6a,c,d). For Group II, the Pd increased while the SHgmax decreased

91



Processes 2019, 7, 149

and P50 disappeared. Moreover, the proportion of throat-dominated region surpasses that of the
pore-dominated region in this group and no hybrid region existed, showcasing characteristics of
low porosity and explaining why the storage of this group was relatively poor (Table 3; Figure 6e,f).
Specimen 5# has relatively low Pd and SHgmax, indicating that it may contain microfractures that lead
to the reduction of entry pressure (Table 3; Figure 6b).

Table 3. The parameters for pore structure characterization from RCMI. 3

SN
Pd,

MPa
rmax,
μm

P50,
MPa

r50,
μm

rt,
μm

rp,
μm

η
rm,
μm

δ
SHgmax,

%
Sp,
%

St,
%

Group

11 0.02 33.43 2.17 0.36 1.28 177.25 264.05 1.96 0.58 63.66 42.31 21.35 I
5 0.30 2.50 0.32 2.29 1.16 110.89 209.80 1.72 0.57 39.78 8.01 31.77 -

14 0.22 3.28 1.86 0.41 1.53 163.42 140.71 2.05 0.46 67.41 32.63 34.85 I
12 0.07 9.87 1.97 0.39 0.99 131.51 185.06 1.30 0.49 66.01 41.55 24.49 I
4 0.65 1.13 - - 0.78 135.20 236.89 0.93 0.37 33.75 4.38 29.36 II
8 1.01 0.72 - - 0.60 116.05 203.70 0.64 0.19 21.01 2.50 18.51 II

3 Pd—threshold pressure; rmax—maximum pore radius; P50—median pressure; r50—median pore radius;
rt—average throat radius; rp—average pore radius; η—pore throat radius ratio; rm—mainstream throat radius;
δ—sorting coefficient; St—throat maximum mercury intrusion saturation; Sp—pore maximum mercury intrusion
saturation; SHgmax—total maximum mercury intrusion saturation.
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Figure 6. Capillary pressure curves measured by RCMI of typical tight sandstones specimens.
(a) 11#; (b) 5#; (c) 14#; (d) 12#; (e) 4#; (f) 8#. PD—pore-dominated region; HR—hybrid region;
TD—throat-dominated region.

The RCMI can test pores and throats separately; hence, the distribution of the pore radius,
throat radius, and pore-throat radius ratio is recorded simultaneously [2]. The pores’ radius mainly
ranges from 88.23 μm to 230.15 μm with main crests of approximately 105 μm, showing no obvious
discrepancy between different specimens (Table 3, Figure 7a). However, the throat radius demonstrates
variations among specimens with distinctive features in spectral peaks and radius spectra, mainly
ranging from 0.15 μm to 2.54 μm with an average of 1.06 μm (Table 3, Figure 7b). The distribution of
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pore-throat radius ratio is principally in the range of 55.21–430.78 with the average value of 206.70
(Table 3, Figure 7c). Unlike PCMI, RCMI can provide more reliable results due to the quasi-statics
mercury injection process; however, this method generally leads to similar pore radius distributions
among various specimens. In addition, the pore radius derived from RCMI shows that tons of pores
larger than 100 μm existed, while pores with radius between 10 μm and 100 μm are seldom developed;
nevertheless, it does not match with the TS and SEM observations (Figure 2). This comparison reveals
that the RCMI may exaggerate the radius of the pores; therefore, necessary corrections for pore radius
curves need to be made with the help of other methods.
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Figure 7. Pore-throat size distribution by RCMI of typical tight sandstones specimens: (a) pore size
distribution; (b) throat size distribution; (c) pore throat radius ratio distribution.

3.4. Pore-Throat Microstructures Derived from Micro-CT

The pore-throat microstructures depicted by micro-CT allow accurate and detailed investigation of
PSD; the pore-throat networks are illustrated in Figure 8. The matrix of the specimens is characterized
by dark gray while the pore-throats are in color. The mutually inter-connected pores correspond to
the same color, while the disconnected pores are presented by different colors or an isolated part.
Due to the expense and time restriction, only two typical specimens with different permeability were
selected for this measurement. Specimen 11# had relatively high porosity and permeability (ϕ: 14.24%,
K: 2.70 mD); a mass of pores is mainly displayed in yellow and green, and the percentage of gray is
relatively low, suggesting that this specimen had good pore-throat connectivity (Figure 8A,B). Many
pores were found to be tubular or in larger spherical shapes, a few were isolated narrowed belt-like
or small spherical pores, showcasing that intergranular and dissolution pores play a leading role
in high permeability specimens (Figure 8A,B). For specimen 12#, which had relatively low porosity
and permeability (ϕ: 12.54%, K: 0.48 mD), the pores were sparsely distributed, when compared to
specimen 11#, and the same color was sporadically distributed, suggesting poor connectivity of these
specimens. The pore radius distribution of these specimens show that a few narrow pores are found
in 11#, whereas abundant pores with radius around 30 μm play important roles in forming major
void spaces, which implies that micro-pores determined the storage and transport properties in tight
sandstone (Figure 8C,F).
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Figure 8. (A,D) Reconstructed 3D CT images and volume of (B,E) resolved pore-throat space and (C,F)
micro-CT derived pore radius distribution of tight sandstone specimen of 11# and 12#, respectively.
The pore-throat clusters are shown in different colors.

3.5. NMR Results

3.5.1. T1 Relaxation Time before and after Centrifugal Processing

T1 measurements in a fully saturated state and centrifuged state were taken for the specimens;
these spectra are shown in Figure 9. The T1 spectra of specimens show multimodal characteristics with
the maximum crests being mainly distributed in the range of 51.79–719.69 ms and 4.64–64.49 ms in a
fully saturated state and a centrifuged state, respectively. However, the major peaks show a broad
massif-like peak in the fully saturated state and a narrow ridge-like peak in the centrifuged state; the
corresponding T1 relaxation time and amplitude moves from large to small (Figure 9). The spurious
crests at high (>8000 ms) T1 value in Figure 9a are the result of optimum values of the smoothening
factors arising from the low error and unstable nature of the problem [62,63].
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Figure 9. NMR T1 distributions of specimens (a) before and (b) after centrifugations.

3.5.2. T2 Relaxation Time before and after Centrifugal Processing

Unlike T1 relaxation time, tests of T2 relaxation time are preferred, as they are not time-consuming
and can provide more accurate information about the void space by liquid-state NMR [32,64]. The T2

distributions in the fully saturated and centrifugated state show bimodal or multimodal features with
two crests; the short T2 values represents micropores, mainly distributed in the range of 0.11–1.54 ms,
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while the long T2 relaxation time corresponding to larger pores and cracks is mainly distributed in
the range of 5.63–382.79 ms (Figure 10a). The T2 spectra show similar shape before and after the
centrifugal processing, while amplitude is narrowed in the irreducible water state (Figure 10). The left
peak shows a relatively narrow peak distribution and larger amplitude than that of the right peaks
in the fully saturated state, indicating that micropores have a higher percentage, while meso- and
macropores have a wider pore radius range [65]. Besides, amplitude reduction with a slight drop in
the left peak and distinct descending right peaks in the centrifugated state reveal that the irreducible
water is mainly stranded in the micropores after centrifugal processing (Figure 10).
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Figure 10. NMR T2 distributions of specimens (a) before and (b) after centrifugations.

4. Discussion

4.1. Full PSD Calculated by Integration of PCMI, RCMI, and NMR

As mentioned above, PCMI, RCMI, micro-CT, and NMR tests were conducted on the same
specimens; however, these tests do not lead to coincident results because of the limitations and
drawbacks of these experiments. Thus, no single test can be used to investigate total PSD in tight
sandstones; hence, the experimental data of these experiments may be modified for the sake of precise
determination. PCMI can determine the characteristics of tiny pores but acquire defective larger
pore radius spectra due to the shielding effect and mercury snap-off during extrusion [24,66]. RCMI
could quantify the throat, but had a lower throat radius limit of 0.12 μm, while the pores’ spectra
detected by this method seems unreliable, because the overall pore radius of different specimens
determined by RCMI are mainly in the range of 100–200 μm; observation of TS reveals few pores
larger than 100 μm in the research area (Figure 2; Figure 7a). Besides, the pore radius distributions of
the studied area are almost in accordance with that of other basins, such as the Songliao basin [15],
suggesting that calibration needs to be done in order to acquire accurate pore radius spectra. Moreover,
the RCMI-derived PSD shows that there is a “missing zone”, namely, the pores radius range from
20 μm to 80 μm is rarely presented. These pores are commonly found in the TS and SEM micrographs
(Figures 2 and 7), suggesting that this experiment may exaggerate the radius of mesopores. Micro-CT
scanning may be a reasonable method to characterize PSD; however, it requires a trade-off between
expense and representativeness. Moreover, the resolution of this method makes it unable to estimate
the number of relatively tiny pores. The isolated pores, which have fewer contributions to storage
capacity and no contributions to percolation ability, can be detected; thereupon, this test is inapplicable
for the determination of PSD because commercial flow is often restricted by isolated pores [2,21,22,51].
The T2 relaxation time, derived from the NMR test, can be used to describe PSD as a nondestructive
method that does not destroy in-suit pore structures; however, this method requires calibration with an
independent test to calculate surface relaxivity and specific surface area and then convert the relaxation
time to pore radius [15,21,22,31,32].

In order to overcome these shortcomings, an integrated method is necessary. First, fitting
procedures of T2 relaxation time and mercury intrusion need to be done. As discussed above, the
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PCMI-derived PSD is unreliable due to its shielding effect and induced cracks that resulted from high
mercury injection pressure. There is a discrepancy between RCMI-derived pore radius distributions
and optical observation results; hence, we use RCMI-derived throat radius curves to calibrate the T2

spectra to PSD. According to previous research [16,65], the relationship between T2 relaxation time of
fluid in the porous materials and pore radius can be expressed as follows:

T2 = Crn
t , (1)

where rt is the pore-throat radius, μm; C and n can be regarded as a constant parameter. In this way,
T2 relaxation time can be transformed to pore radius if C and n are determined. The procedures are
listed below:

(1) The maximum throat intrusion saturation is multiplied by specimen-measured helium porosity
ϕ to obtain throat porosity, ϕt. And then, the product of the incremental throat mercury intrusion
saturation and ϕt can be calculated as incremental throat mercury intrusion porosity. (2) The
incremental amplitude of T2 relaxation time is multiplied by helium porosity ϕ to obtain incremental
porosity, ϕt2. (3) The cumulative porosity according to ϕt and ϕt2 should be calculated, and the
comparison of both curves obtained. The results show that there is a good match between RCMI- and
NMR-derived cumulative porosity, suggesting that these procedures and methods are reasonable and
reliable for calibration (Figure 11a). Then the linear least square method is used to determine the most
appropriate C and n (Figure 11b). At last, the T2 relaxation time can be transformed to the pore radius,
and the NMR-derived PSD is obtained.
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Figure 11. Methods for determining the improved-NMR PSD by the integration of NMR and RCMI,
taking B116 specimen in the research area as an example: (a) data selection; (b) relationship between T2

relaxation time and pore-throat radius.

The specimens were saturated with simulated formation water before it was put into the NMR
apparatus; thus, some dead pores and ink-bottle pores saturated with fluid are inevitable. However,
this non- or weak- connected pores contributed less to the percolation [65]. Besides, as mentioned
above, the RCMI-derived throat distributions are reliable, although it cannot detect pores that are
lower than 0.12 μm; hence, the integration of PCMI and NMR-derived PSD is regarded as a valid way
to acquire the full range of PSD. The procedures are listed as follows: (1) the incremental porosity of
improved NMR-derived PSD, which is more than 0.12 μm, is cumulated to obtain NMR cumulative
porosity, ϕN. (2) Subtract the ϕN from helium measured porosity ϕ to get micropores porosity, ϕM.
(3) The incremental mercury intrusion saturation of PCMI, which has radius less than 0.12 μm, is
multiplied by ϕ to acquire the incremental PCMI-derived porosity. (4) The ratio of ϕM and ϕ is
multiplied by the incremental PCMI-derived porosity to obtain calibrated PCMI-derived porosity.
After the improved NMR-derived porosity and PCMI-derived porosity are determined, the full range
PSD can be transformed to that of Figure 12a. The improved PSD matches well with the microscopic
observations (Figure 2), demonstrating that this distribution is reasonable. In the same way, the
calibration equations for all specimens can be acquired and displayed in Figure 12b.
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Figure 12. Full-range PSD by the integration of improved-NMR PSD and PCMI: (a) sample B116; (b)
the PSDs of all specimens measured in this research.

4.2. T2 Cutoff Values

T2 cutoff is a significant value in the NMR experiment because the movable fluid saturation can
be determined by this parameter [13]. This value is not a fixed constant, due to the variation of surface
relaxivity and specific surface area of different specimens; centrifugal processing is an effective way
to calculate this value. Figure 13 demonstrates how to calculate the T2 cutoff: first, the cumulative
porosity of T2 spectrum in the fully saturated and irreducible water state is obtained, then a horizontal
projection from the post centrifugation curve is drawn, and corresponding T2 value of the intersection
of this horizontal line and cumulative curve of the fully saturated state is the T2 cutoff.
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Figure 13. Specimen 11# shows a method to determine T2 cutoff in 9100 r·min−1 rotation speed.
IPBC—incremental porosity before centrifugation; IPAC—incremental porosity after centrifugation;
CPBC—cumulative porosity before centrifugation; CPAC—cumulative porosity after centrifugation.

We repeat this centrifugal process with various rotation speeds. In order to acquire the most
accurate movable fluid saturation and determine optimum rotation speed, Coates model [65,67]
was used:

Kc = (
1

CC
)

4
ϕ4(

FFI
BVI

)
2
, (2)

where KC represents calculated permeability (mD), ϕ represents measured porosity (%), Cc is a
constant, FFI represents movable fluid saturation, and BVI represents irreducible fluid saturation.
Hence, the linear regressions between ϕ4( FFI

BVI )2 under various rotation speeds and measured
permeability (Ka) are performed to determine the optimum rotation speed. Figure 14 illustrate
that 9600 r·min−1 can best fit Equation (2) with an R2 value of 0.9428. The values of optimum T2 cutoff
are listed in Table 4.
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Figure 14. Linear regression analysis between ϕ4( FFI
BVI )2 and measured permeability (a represents

ϕ4( FFI
BVI )2). (a) 2500 r·min−1; (b) 2900 r·min−1; (c) 3500 r·min−1; (d) 5000 r·min−1; (e) 7900 r·min−1; (f)

9100 r·min−1.

Table 4. The parameters for movable fluid parameters from NMR. 4

SN
T2, ms Sm, % Sp, %

Pore Radius Lower Limits in Different Rotation Speed, μm

2500
r·min−1

2900
r·min−1

3500
r·min−1

5000
r·min−1

7900
r·min−1

9100
r·min−1

11 6.83 52.12 7.42 1.17 0.83 0.55 0.39 0.24 0.14
5 0.74 69.75 3.96 1.35 0.67 0.34 0.15 0.04 0.01

14 0.42 64.24 6.87 0.19 0.10 0.03 0.02 0.01 0.01
12 7.32 40.93 5.13 1.91 1.17 0.83 0.44 0.26 0.15
4 13.67 18.61 1.45 1.10 0.59 0.39 0.36 0.27 0.15
8 1.96 10.53 0.58 0.44 0.26 0.22 0.19 0.16 0.04

4 T2-T2 relaxation time; Sm—movable fluid saturation; Sp—movable fluid percentage.

4.3. Controls of Movable Fluid Traits on Reservoir Quality

4.3.1. Movable Fluid Parameters and Their Effects on Reservoir Quality

After determining the optimum rotation speed (9100 r·min−1), the movable fluid parameters
can be calculated. In NMR-derived relaxation time studies, the movable fluid saturation (MFS) and
movable fluid porosity (MFP) reflect the volumetric fraction of movable fluid occurring in the voids
and the practical fluid flow ability through the sandstones, respectively; thus, there is a significant
parameter that needs to be considered in evaluating reservoir quality [12]. Reservoir quality is
defined here as physical properties, including porosity and permeability. The results show that the
relationship between the reservoir quality and movable fluid saturation is inferior to that of the
movable fluid porosity; the correlation between movable fluid parameters and porosity are lower than
that of permeability (Tables 1 and 4, Figure 15). These results demonstrate that the uncertainty of
the porosity measurements, caused by the complex pore-throat structure, needs to be eliminated to
characterize reservoir quality accurately; in addition, the movable fluid parameters are more closely
aligned with permeability. Meanwhile, with decreasing reservoir quality and movable fluid saturation,
chlorite decreases from 7% to 0%, while illite increases from 0% to 7%, indicating that illite exerts a
significant impact on retaining water, whereas chlorite can retard compaction (Figure 16a–c). Besides,
reduction rate of reservoir quality with movable fluid saturation tends to decrease in tight sandstones
with intergranular pores-dominated reservoirs to those with clay minerals, which indicates that
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movable fluid parameters are sensitive to a higher content of clay minerals or the proportion of tiny
throats, whereas the reduction of intergranular pores play a clearly important role in the descending
permeability (Figure 16a,b,d).
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Figure 15. The plot of movable fluid parameters versus (a) porosity and (b) permeability. MFS-movable
fluid saturation; MFP-movable fluid porosity.
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Figure 16. Graphs illustrating the impacts of pore types, movable fluid saturation and clay mineral
contents on reservoir quality. (a) reservoir quality; (b) clay minerals; (c) movable fluid saturations
(MFS); (d) thin section images record the pore types.

4.3.2. T1-T2 Correlation Spectra and Their Effects on Reservoir Quality

The multidimensional correlation functions of T1 and T2, which were used to determine the
characteristics of PSD, are of great interest. Appendix A presents the T1-T2 spectrum for specimens
of tight sandstones; the bright red represents high amplitude, while the light red represents low
amplitude. Appendix A illustrates that in either good or poor reservoir qualities specimens, the range
of T1 and T2 is approximately 3 to 4 orders of magnitude because of the wide range of PSD, and the
figures showed a wide distribution before centrifugation and a relatively narrow ridge-like peak in the
center of the spectra after centrifugation. The bumps along the axis are likely artifacts due to noise.
According to Song et al. (2002) [55], the peaks with small T1 and T2 are dominated by surface water
whereas the long T1 and T2 peaks are contributed by surface and bulk water, and these are consistent
with the notion that the free water (bulk water) that is in the center of the pores is easily removed
after centrifugal processing [55]. Besides, the zenith of the spectra before centrifugation moved from
relatively high to low relaxation time in irreducible water conditions, suggesting that the aqueous
phases have low mobility in tiny pores. Moreover, the ridges are more closely parallel to the line T1 =
T2, meaning that they have similar T1 and T2 ratio corresponding to similar properties (Appendix A).

The effect of reservoir quality is further investigated. For the specimen with greatest reservoir
quality (11#) (Appendix A (A,B)), the proportion of bulk water that corresponds to larger pores is
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relatively high, compared to poor reservoir qualities specimens. This manifests that mill metric voids
play a predominant role in optimization of reservoir quality in tight sandstone reservoirs. With
permeability decreasing, the reduction rate of the water covering spectra areas of all the specimens,
except specimen 5#, are decline, suggesting that the pores that allowed water to immigrate freely
(bulk water) were few in the low permeability specimen, even in trace amounts in extremely tight
sandstones (Appendix A (K,L)). Specimen 5# is characterized as low porosity and high permeability
due the presence of microcracks (Figure 2l), which may lead to the wide range of T2 and narrow range
of T1 before centrifugal processing (Figures 9a and 10b, Appendix A (C,D)). However, the mechanism
of this phenomenon needs further investigation. Besides, for good reservoir quality specimens, peaks
and shoulders are continuously distributed, whereas poor ones show separate distributions before
centrifugation, revealing that the pores are relatively homogeneous, distributed in tight sandstones
with high physical properties (Table 1, Appendix A (A–D)). After centrifugation, the spectra tend
to show discrete distributions because the heterogeneity of the PSD caused some bulk water, which
is hard to remove, especially for medium permeability specimens (Table 1, Appendix A (E–H)). For
the extremely tight sandstone, however, the PSD shows a homogeneous distribution that results in
the continuous distributions of T1-T2 correlation spectra, because the very tiny pores generally show
continuous arrangement (Table 1, Appendix A (I–L)).

4.3.3. NMR Imaging for Saturated and Irreducible Water Distributions

The images show distinct difference in simulated water saturation under fully saturated and
irreducible water conditions; the red color represents oil and dark blue denotes deionized water, and
the surrounding blue color may be caused by signal noise (Appendix B). The water saturation of
the good reservoir quality specimens is always higher than that of poor reservoir quality, implying
that brine can enter the majority of pore spectrum of high permeability specimens, whereas the
low permeability specimens are dominated by tight section. Due to the hydrophilia of illite and
I/S minerals [68] (low permeability specimens, which contain relatively abundant illite and I/S
minerals), the change of water saturation before and after centrifugal processing is minor (Table 1,
Appendix B). Besides, the percentage of high-saturated sections in high permeability specimens before
and after centrifugal processing decline faster than that of the low permeability samples (slightly
decrease) (Table 1, Appendix B). This implies that movable fluid mainly comes from a contribution of
intergranular pores, while irreducible water is mainly stranded in intercrystalline pores.

4.4. Effects of Movable Pore Radius Lower Limit on Reservoir Quality

During NMR centrifugal processing, the specimens underwent different movable fluid loss,
predominantly by centrifugal forces with minor gravity [65]. In terms of the PSD being converted
from the T2 spectra and RCMI data, a series of T2 cutoff values, which is defined by the ratio of T2

spectra before and after centrifugal processing with various centrifugal forces, were often used to
determine the lower limit of movable pore radius [11,32]. In the case of high permeability specimens,
a sharp decrease of macropores was observed corresponding to high T2 relaxation time first, followed
by a moderate and uniform reduction (Appendix A (A,B)). The correlation between lower limits
of movable pore radius and movable fluid porosity show a distinct descending at the initial stage,
followed by a moderate decrease (Figure 17). We can thus infer that the intergranular pores, which
correspond to a larger pore radius, are the main result of the reduction of the lower limits of pore
radius in higher permeability sandstones, and dissolution pores and intercrystalline pores are less
important. For specimens with medium permeability, the amplitude of T2 relaxation time drop
uniformly (Appendix A (C,D)); however, the lower limits of movable pore radius show different
changes: a distinct change in MFS and MFP over a small range of pore radius lower limits occurred in
14#, whereas the variance of 12 # is opposite (Figure 17), meaning that although these two specimens
have similar reservoir quality, the percolation capacity of 14# is mainly dominated by heterogeneous
pore structures with relatively low porosity, whereas the heterogeneity of the pore-throats in specimen

100



Processes 2019, 7, 149

12# limits the improvement of permeability, even with relatively high porosity. Specimens with
lower permeability resulted in no marked descending of T2 and lower limits of movable pore radius
(Appendix A (E,F)); the length of the curves for the tight specimen are generally short (except the first
stage of 4# due to minor amounts of intergranular pores), indicating that pores in aqueous phases
were hard to enter and were removed in poor reservoir quality sandstones (Figure 17). These results
manifest that because the tight sandstones are highly heterogeneous, during the centrifugation process,
rates of water saturation reduction in macropores are faster than those for tiny pores. For specimens
with intergranular pores, the movable fluid advances, exempted from the larger pores.
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Figure 17. The plot of pore radius lower limits versus (a) movable fluid saturation and (b) movable
fluid porosity.

5. Conclusions

A combination of TS, SEM, X-ray diffraction, PCMI, RCMI, CT, and NMR tests were conducted
on typical tight sandstone specimens from Ordos Basin to investigate pore structures and movable
fluid traits. The following observations were derived:

(1) Intergranular pores, dissolution pores, intercrystalline pores, and microfractures are four main
kinds of pores in the research area. The PCMI-derived capillary pressure curves can be grouped
into four types, and the RCMI-derived capillary pressure curves are divided into pore-dominated,
throat-dominated and hybrid regions. Good pore-throat connectivity plays a vital role in enhancing
physical properties based on CT images. The amplitude and incremental porosity distribution become
small and narrow after centrifugal processing using NMR apparatus.

(2) The PSDs derived by RCMI show discrepancy with the direct observations, and the improved
PSDs can be obtained by combining PCMI, RCMI and NMR and then reconstructing cumulative PSDs,
which is consistent with the observation results of TS and SEM images.

(3) On the basis of Coates model, the linear regression results show that 9100 r·min−1 is the
optimum rotation speed in the research area to determine appropriate T2 cutoff values. MFP can
characterize reservoir quality accurately, and a high proportion of chlorite with relatively abundant
intergranular pores could improve MFS and reservoir quality.

(4) Bulk water makes great contributions to the movable fluid, whereas surface water is hard to be
removed. Movable fluid mainly comes from the contribution of intergranular pores, while irreducible
water is mainly stranded in intercrystalline pores, and the movable fluid could advance, exempted
from the larger pores.

(5) Pore structures controls the lower limits of movable pore radius and hence affects reservoir
quality. In sandstones with relatively high permeability, abundant intergranular pores can reduce the
lower limits of pore radius; however, sandstones with complex pore structures have relatively poor
reservoir qualities.
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T1-T2 correlation spectra in this study:
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Appendix B

NMR imaging in this study:
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Abstract: Groundwater contamination previously occurred at a broad range of locations in
present-day China. There are thousands of kinds of contaminants which can be divided into soluble
and insoluble categories in groundwater. In recent years, the non-aqueous phase liquid (NAPL)
pollution that belongs to the multi-phase seepage flow phenomenon has become an increasingly
prominent topic due to the challenge brought by groundwater purification and its treatment.
Migrating with seepage flow and moving into the potable water sources, these contaminants
directly endanger people’s health. Therefore, it is necessary to research how these contaminants
not only migrate, but also are then accordingly remedied. First, as an analysis means, an effective
numerical method is necessary to be built. A three-dimensional finite element method program for
analyzing two-phase flow in porous media, which can be applied to the immiscible contaminant
transport problem in subsurface flow has been developed in this paper. The fundamental theory and
numerical discretization formulations are elaborated. The numerical difficulty brought about by the
distinct non-linearity of the temporal evolution of saturation-dependent variables is overcome by the
mixed-form formulation. The effectiveness of simultaneous solution (SS) method and its improvement
in efficiency are explained. Finally, two computational examples are given for verifying the correctness
and demonstrating the preliminary applicability. In addition, the function of two-phase immiscible
flow, especially in Fast Lagrangian Analysis of Continua (FLAC) is used to simulate the same examples
and the results are compared to further verify the correctness of the numerical development.

Keywords: non-aqueous phase liquid; finite element method; two-phase flow; mixed-form
formulation; FLAC

1. Introduction

Different from the traditional of subsurface contaminant problems dominated by diffusion
dissolved in water and convection miscible in fluid transport, in recent years, pollution of non-aqueous
phase liquids (NAPLs), which belongs to multi-phase seepage flow phenomenon, is becoming
increasingly prominent and complicated in the groundwater purification and treatment. Such liquid
pollutants are immiscible in water. Most of them are organic pollutants such as hydrocarbons,
petroleum products, chlorinated organic solvents, etc. According to the density of NAPLs compared
with water, they are divided into light non-aqueous liquids (LNAPLs, lighter than water) and
heavy non-aqueous liquids (DNAPLs, heavier than water). During actual industry production,
they are commonly seen and exposed in many places [1–3]: Strong organic chlorine solvents, such as
trichloroethylene and tetrachloroethylene, are widely applicable to dry cleaning of metal, integrated
circuits, and electronic components to remove paints, oil, and fat stains [4]. Additionally, a large
number of gas stations and oil storage facilities have been newly built in many places in the world
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since the development of petroleum energy and chemicals play an important role in human industrial
production activities. Due to improper disposal or poor management, or accidental breakage of
storage containers or pipelines, they leak out and seep into the ground [5,6]. As shown in Figure 1,
these leaking petroleum products will pass through surface soil to aquifers to the aquitard, and they
will sneak into the groundwater and expand laterally on the aquitard top boundary. Additionally,
the volatile component will quickly spread far away, and even spillover out of the surface and
pollute the air. NAPLs can be chronically bounded in the pores of media, and then accumulated
there in large quantities. They are extremely difficult to degrade, finally becoming a persistent
source of contamination. It retains in the environment, able to biologically accumulate in ecosystems,
has substantial negative impacts on human health and the environment, and even directly affects the
price of land.

Figure 1. Schematic illustration of the subsurface transport mechanism of NAPL contaminants.

In these cases, it is necessary to analyze the mutual dependence and simultaneous flowing of
the non-miscible phase liquid and the ground water in the infiltration field. Compared with the
miscible fluid, the difference of NAPL in subsurface water is that the different liquids are separated
by the interfaces existing in the pores of the medium. The liquid with higher wettability tends to
adhere to pore walls. Due to the interface between the liquids is bent by interfacial tension, it is
recessed to the liquid with the higher wettability. To balance this effect, the less humidified liquid has
a higher pressure in the pores than the more humidified liquid. This usually not negligible pressure
difference is called capillary pressure. When the pore size is kept constant, capillary pressure depends
on the percentage of the pore space occupied by different liquid phase contents, that is, saturation.
The effective relative permeability of each different liquid also depends on the degree of the phase
corresponding saturation. These saturation-dependent parameters exhibit nonlinear characteristics in
time evolution, and sometimes even relatively strong nonlinearities, posing a challenge to the rigor of
numerical solutions.

1.1. Numerical Developing Status on NAPL Contaminant Analysis

The migration of incompatible pollutants in groundwater was only noticed internationally in the
late 1980s [7–9]. In the past 40 years, one scholar after another conducted comparatively systematic
research. For most cases of the soil contaminated with NAPLs, generally speaking, the problem of
two-phase flow is involved in the water-saturated domain of interest, while that of three-phase flow
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considering condensation and gasification phenomena should be taken into account in the vadose zone.
Conceptually, NAPLs are presented in small pores, pore wedges, bypassed pores as films or lenses on
water or solid surfaces. They might not be drained from pores in vadose zones after long drainage
periods in a strongly water-wet porous medium [10]. White, Oostrom, and Lenhard implemented a
numerical model on the flow of a nonvolatile nonaqueous phase liquid (NAPL) and aqueous phases
that accounts for mobile, entrapped, and residual NAPL in variably-saturated water-wet porous media.
The results were also compared against those from detailed laboratory experiments [11]. Comparisons
between the numerical simulations and experiments demonstrated the necessity to include the residual
NAPL formation process in multiphase flow simulators. Xue et al. established a coupling model for
analyzing the transport of organic contaminants in soil and water environments [12]. Wu and Wang
researched the relationship between the riser oil holding rate and the volume fraction with regards to oil
measured by the coaxial conductivity sensor, and designed an oil content measuring system based on
coaxial conductivity sensor [13]. Chen, Yang, and Tian conducted a study on microscopic mechanism of
non-aqueous phase liquids (NAPLs) migration in porous media [14]. Kleinknecht and Braun undertook
not only a large column experiment, but also its numerical simulation to study the density-driven
migration of DNAPL gas (carbon disulfide (CS2) vapor) in the vadose zone [15]. Kikumoto and
Nakamura developed a comprehensive numerical method for simulating transport of non-aqueous
phase liquids (NAPLs) in unsaturated subsurface domains [16]. Javanbakht et al. conducted a study
where X-ray microtomography experiments were performed to investigate the impact of surfactants
and microemulsions on the mobilization and resolvability of NAPL in heterogeneous rocks [17].
Xie et al. investigated the dynamic behavior, such as flow rate and multi-scale time irreversibility,
of different flow patterns based on the measurement signals obtained from oil-gas-water three-phase
and oil- water two-phase flow experiments [18,19]. Tan et al. studied the flow patterns of horizontal
oil-water two-phase pipe flow with water holdup fluctuations provided by a set of conductivity and
capacitance sensors [20]. Picchi and Battiato, tackled the problem of the limitations of Darcy’s law in
properly modeling the flow at the continuum scale by proposing a set of upscaled equations based on
pore-scale flow regimes, that is, the topology of flowing phases [21]. Balasuriya et al. performed a study
on detailed field characterization of elemental mercury DNAPL distribution with depth, together with
two-phase flow modelling by using STOMP [22]. Li et al. developed an energy demodulation algorithm
for flow velocity measurement of oil-gas-water three-phase flow [23]. Kacem and Benadda built a
model to simulate the multiphase extraction (MPE) applied to soil polluted by toluene. The transport
and transfer between three phases by using the capillarity equations were simulated [24]. These studies
involve various aspects of multiphase flows in subsurface water purification. However, in most
practical problems, because of the heterogeneity of the considered domain, the irregular shapes of its
boundaries, the existence of flow turbulence and phase interfacial interactions, and the liquid mixture
in porous medium often exhibit complex behaviors. It is not possible to solve these mathematical
models analytically. Instead, the mathematical model is transformed into a numerical one that can
be solved by means of computer programs [25]. Although there is a large amount of literature on
finite difference or finite volume methods for multi-phase flow, the flexible geometry and intrinsic
boundary adaptation ability were usually not considered sufficiently. The literature on finite element
methods is particularly needed when conducting such issues. However, among these studies and
studies, those that discuss the finite element method in this field were rarely seen, especially in
the three-dimensional FEM literature, which introduce numerical programs for their counterparts.
Descriptions in such detail with operable procedures is hardly found.

This paper introduces the program development of the three-dimensional finite element method
for non-miscible and incompressible two-phase flow and preliminary verification with two examples,
which belong to LNAPL (oil) and DNAPL (trichloroethylene), respectively.
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2. Fundamental Theory of Two-Phase Flow in Porous Media

In order to use mathematical means to depict the motion disciplines of fluids in porous media,
the continuum medium method is introduced [26]. It is needed to define the parameters of fluids and
porous medium at arbitrary point of domain in this method, such as the velocity of flow, porosity,
driving pressure, etc. Therefore, it is hypothesized that a medium is continuously filled over the entire
field of research and the actual multiphase seepage porous flow microscopic structure is replaced
by average macroscopic meaning, that is, the continuum medium mechanics which at least contains
two phases—fluid phase and porous media phase. Both medium and fluid are continuously filled
with the entire domain of interest. The parameters of the porous medium, fluid and motion such as
porosity, permeability, density, flow rate, concentration, etc., can be defined at any point. This method
to describe the migration of fluids and contaminants in porous media is called the continuum medium
method, and it has avoided the difficulty of conducting the law of fluid mass point motion in a
single pore, studying its parameters using their macroscopic average values instead. These obtained
parameters such as flow rate, pressure and concentration are the best approximation of the actual flow,
which meets the actual demands.

2.1. Governing Equations

In a porous medium, an infinitesimal elemental volume centered at a point of media is taken,
which is a volume that can represent the average physical properties near the point. It is called a
representative elemental volume (REV, sometimes called the control volume). Similar to the partial
differential equation for establishing single-phase seepage flow of porous media, as shown in Figure 2,
a cuboid REV is considered.

 

 

 

 

 

 

  

 

 

 

 

 

Figure 2. Mass conservation of flows passing through a small rectangular parallelepiped.

In the concept of continuum mechanics, it must be small enough to approximate macroscopic
continuity and large enough to be equivalent to microscopic statistical averaging.

The flow rate (Qi) flowing into the elemental volume can be expressed as:

Qi = ρuΔyΔz + ρvΔxΔz + ρwΔxΔy, (1)

where ρ is the mass density of the liquid; u, v, and w are the average flow rates through the left, front,
and bottom of the element (positive and negative, respectively, represent in and out).

In direction x, if the mass flux flowing into the element is ρu, after the same time interval Δx,
the mass flux flow out of the element can be expressed as Taylor series.

(ρu)x+Δx = ρu +
∂

∂x
(ρu)Δx +

∂2

2!∂x2 (ρu)(Δx)2 +
∂3

3!∂x3 (ρu)(Δx)3 + . . . , (2)
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If high-order terms of a small variable are omitted, the corresponding flow (Qt) flowing out of the
cuboid per unit time can be expressed as:

Qt =

[
ρu +

∂

∂x
(ρu)Δx

]
ΔyΔz +

[
ρv +

∂

∂y
(ρv)Δy

]
ΔxΔz +

[
ρw +

∂

∂z
(ρw)Δz

]
ΔxΔy, (3)

On the other hand, the cumulative storage amount (Qa) in the cuboid after per unit time can be
expressed by the following formula:

Qa =
∂

∂t
(ρφS)ΔxΔyΔz, (4)

where φ is the porosity of the media, φ = Vv/V, Vv and V are the volume of the pores and medium,
respectively; S is the saturation of the flow phase, S = Vf/Vv, Vf is the flow phase volume.

For a flow phase, according to the mass conservation principle Qi − Qt = Qa, combining
Equation (1), (3), and (4) yields:

− ∂

∂x
(ρu)− ∂

∂y
(ρv)− ∂

∂z
(ρw) = − ∂

∂t
(ρφS), (5a)

Introducing Einstein’s summation convention, Equation (5a) can be written as follow:

− ∂

∂xi
(ρui) = − ∂

∂t
(ρφS), (5b)

As the simplified form of conservation of momentum in the flow phase, Darcy’s law applies and
can be also expressed as:

ui = −k
u

Kij
∂

∂xj
(p + ρgHi) = −k

u
Kij

(
∂p
∂xj

+ γδji

)
, (6a)

where, k is relative permeability co-efficient of flow phase, μ is dynamic viscosity of flow phase, Kij is
absolutely permeability tensor, p is the pressure of flow phase, g is gravitational acceleration, Hi is the
coordinate in the direction of each coordinate axis, γ is relative density of fluid, and δji is the sign of
the Kronecker delta.

The item ρgHi �= 0 only when Hi along the gravity direction (assumed direction 3).
Thus, Equation (6a) can be also written as:

ui = −k
u

Kij
∂

∂xj

(
p + ρgH3

)
= −k

u
Kij

(
∂p
∂xj

+ γδj3

)
, (6b)

As already mentioned in the above, the flow phases discussed in this paper are all approximated
as incompressible, and the pores of the porous media are also approximated as rigid.

Substituting Equation (6b) into Equation (5b), then phase control equations yield as follows:

∇·kα
μα

κ∇(pα + ραgz) =
∂

∂t
(φSα) (α = w, o), (7)

where ∇· is the divergence operator of a vector field; ∇ is the gradient operator of a scalar field;
pα, kα, ρα, Sα, and μα are pressure, relative permeability coefficient, mass density, saturation,
and dynamic viscosity of each phase; κ is the intrinsic or absolute permeability. z is the vertical
coordinate of the porous medium. In this paper, the intrinsic or absolute permeability and porosity are
only functions of position. “w” and “o” are representing water and non-aqueous liquids.
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As for two-phase flow that contains water and non-aqueous only, there are:

Sw + So = 1, (8a)

and:
∂So

∂t
= −∂Sw

∂t
, (8b)

Noticing Equation (8a), Equation (7) can be rewritten as the following equation group:

φ ∂S
∂t = ∇·kwK∇(ψw + z)

−φ ∂S
∂t = ∇· ko

μr
K∇(ψo + ρrz)

}
, (9)

where S is saturation of water, S = Sw; μr is relative viscosity of water; K is hydraulic conductivity,
K = κρwg/μw; ψα(α = w, o) is pressure expressed in the water head of phase α, ψα = pα/(ρwg);
ρr is the relative density, ρr = ρo/ρw.

2.2. Finite Differential Discretization in Time

The finite difference discretization is used for time evolution of Equation (9) and the following
equations are obtained:

φSn+1, v+1−Sn

Δt −∇ · kn+1−θ, v
w K∇[(1 − θ)ψn

w+

θψn+1, v+1
w ]− ∂kn+1−θ, v

w K
∂z = 0

φ Sn−Sn+1, v+1

Δt −∇ · kn+1−θ, v
w
μr

K∇[(1 − θ)ψn
o+

θψn+1, v+1
o ]− ∂

∂z

(
ρr

kn+1−θ, v
o K
μr

)
= 0

⎫⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎭
, (10)

where the superscript indicates “n” is the known value of the variable at the end of the previous
time step, ψn = ψ(t), “n + 1” indicates the value to be evaluated at the end of the current time step,
ψn+1 = ψ(t + Δt); and the superscript indicates “v” is the value obtained by the current time step
in the previous iteration, “v + 1” indicates the value obtained by the current time step variable at
the completion of this iteration; θ is a parameter that indicates the type of the difference method;
when θ = 1, the backward difference format is adopted, and when θ = 1/2, the central difference
format is adopted.

In order to solve the equations, the pressure head of each phase ψw = ψw(x, y, z, t) and
ψo = ψo(x, y, z, t). are selected to be the basic variables, and the following equations are used:

ψn+1, v=0
α = ψn

α (n = 0)

ψn+1−θ, v
α = ψn

α + θ
(Δt)n+1

(Δt)n

(
ψn
α −ψn−1

α

)
(n > 0, v = 0)

ψn+1−θ, v
α = (1 − θ)ψn

α + θψn+1, v
α

(n > 0, v > 0)

⎫⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎭
, (11)

Based on these, the saturation of water can be expressed as the function of ψw or ψo. In two-phase
flow, the void space is completely filled by the two fluids. One of the fluids (the wetting fluid) wets
the porous medium more than the other (the non-wetting fluid). As a result, the pressure in the
non-wetting fluid will be higher than the pressure in the wetting fluid. The pressure difference is
the capillary pressure ψc, which is a function of saturation. As shown in Figure 3a, the saturation of
water phase can be expressed as a function of the capillary pressure head, S = S(ψc), where capillary
pressure is defined as ψc = ψo − ψw. Water phase saturation can be obtained by the following
finite-difference equation:
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Sn+1, v+1 = S
(
ψn+1, v+1

o −ψn+1, v+1
w

)
Sn = S(ψn

o −ψn
w)

}
, (12)

As shown in Figure 3b, the relative permeability coefficient of each phase is a function of water
phase saturation, and it can also be further expressed as a function of ψw and ψo. For example,
permeability coefficient of water phase can be expressed as:

Kn+1−θ, v
w = Kw

(
S
(
ψn+1−θ, v

o −ψn+1−θ, v
w

))
= Kw

(
S
(
ψn+1−θ, v

o −ψn+1−θ, v
w

))
, (13)
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Figure 3. Nonlinear character of water and NAPL two-phase flow: (a) Two-phase flow characteristic
curve of the water-non-aqueous liquid; and (b) the relative permeability coefficient of each phase
depends on the change of the water phase saturation.

The Taylor series of water phase saturation expands to:

Sn+1, v+1 = Sn+1, v +

(
∂S
∂ψ

)n+1, v(
ψn+1, v+1 −ψn+1, v

)
+O

[(
ψn+1, v+1 −ψn+1, v

)2
]

, (14a)

where:
ψ = ψc,

This expansion corresponds to the backward difference format, which has a first-order precision
after omitting the high-order terms. If the Taylor series of saturation expands as follows:

Sn+1, v+1 = Sn+1, v+ 1
2 +

(
∂S
∂ψ

)n+1, v+ 1
2
ε

+ 1
2

(
∂S
∂ψ

)n+1, v+ 1
2
ε2 + O

(
ε3)

Sn+1, v = Sn+1, v+ 1
2 −

(
∂S
∂ψ

)n+1, v+ 1
2
ε

+ 1
2

(
∂S
∂ψ

)n+1, v+ 1
2
ε2 − O

(
ε3)

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎭
, (14b)

where:
ε = ψn+1, v+1 −ψn+1, v+1/2,

adding the first and the second formula of Equation (14b), the follow equation can be obtained:

Sn+1, v+1 = Sn+1, v +

(
∂S
∂ψ

)n+1, v+1/2(
ψn+1, v+ 1

2 −ψn+1, v
)
+ O

[(
ψn+1, v+1 −ψn+1, v

)3
]

, (15)
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Equation (15) corresponds to central difference format, which has second-order precision after
omitting higher-order terms.

If the specific water content function is defined as C(ψ) = φ∂S/∂ψ, which represents the change
in water content caused by per unit change in capillary pressure head. Then, the evolution of saturation
can be expressed as:

Sn+1, v+1 − Sn+1, v =
1
φ

Cn+1, w
(
ψn+1, v+1 −ψn+1, v

)
=

1
φ

Cn+1, w(εo − εw), (16)

where:
εα = ψn+1,v+1

α −ψn+1,v
α (α = o, w),

It should be pointed out that ΔtS = Sn+1,v+1 − Sn+1,v should be able to converge to 0 in the
gradual iteration. In theory, Equation (16) can be rewritten into:

ΔtS = Sn+1, v+1 − Sn =
1
φ

Cn+1, w
(
ψn+1, v+1 −ψn

)
=

1
φ

Cn+1, wΔtψ, (17)

2.3. Mixed-Form Formulation Adopted in FEM Program Development

However, Equation (17) does not consistently meet the requirements for the conservation of
mass. As shown in Figure 4, because of the nonlinearity of the water content characteristic curve,
there exists such a case: where the actual saturation change is large corresponding to a small capillary
pressure head increment. Additionally, if Equation (17) is substituted into Equation (10) to eliminate
the saturation term, and equations with the pressure head as the unknown quantity will be directly
formed. These equations whose linear values correctly approximate the saturation require unusually
high convergence accuracy, so the efficiency is extremely low or not feasible at all. If this is not
recognized and general convergence accuracy is set, the calculation process may be unstable or the
results will be totally unacceptable.
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Figure 4. Illustration of inability of using single form formulation to model immiscible flow.

The main performance is that the conservation of mass is not guaranteed, and the position of the
depth of the infiltration is estimated incorrectly. Therefore, it is necessary to adopt the mixed-form
formula advocated by Celia et al. [27]. Equation (10) is expressed as follows:
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1
Δt Cn+1, v+ wεo − 1

Δt Cn+1, v+ wεw−
∇ · kn+1, v+w

w K∇ (θεw) =

∇ · kn+1, v+w
w K∇

[
(1 − θ)ψn

w + θψn+1, v
w

]
+ ∂kn+1, v+w

w K
∂Z −φ

Sn+1, v+w−Sn

Δt
1

Δt Cn+1, v+ wεw − 1
Δt Cn+1, v+ wεo−

∇ · kn+1, v+w
w

ur
K∇ (θεo) =

∇ · kn+1, v+w
w

ur
K∇

[
(1 − θ)ψn

o + θψn+1, v
o

]
+ ∂

∂Z

(
ρr

kn+1, v+w
w

ur
K
)
+φ

Sn+1, v+w−Sn

Δt

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

, (18)

Equation (10) and Equation (18) are in hybrid form because some items are based on the pressure
head, and some items are based on the saturation. In Equation (18), the right side of the equations are
known values of the variable at the last time step or the end of the previous iteration. The left items of
the equations are expressed as the pressure head that will increase in the current iteration, and the
quantity is the unknown value to be sought.

3. Numerical Discretization Formulations Using the Finite Element Method

In space, the shape of the variable to be sought is discretized as follows:

ψα(x, y, z, t) = Nξ(x, y, z)[Ψα(t)]ξ, (19a)

We adopt an eight-node hexahedron iso-parametric element, where:

Nξ(x, y, z) = 1/8(1 + xξx)
(
1 + yξy

)
(1 + zξz) (19b)

is an interpolation function. P0(xξ, yξ, zξ
)

represents the local coordinates of the corner points in
the eight-node hexahedral element; ξ is the local grid point number for the corresponding element,
ξ = 1, 2, . . . , 8.

According to the standard Galerkin finite element method format, the discrete residual function
should be equal to 0 in the global domain, so there are:

∑N
e=1

∫
Ve

{
1

Δt Cn+1, v+ wεo − 1
Δt Cn+1, v+ wεw −

∇ · kn+1, v+w
w K∇ (θεw)−

∇ · kn+1, v+w
w K∇

[
(1 − θ)ψn

w + θψn+1, v
w

]
− ∂kn+1, v+w

w K
∂Z +φ

Sn+1, v+w−Sn

Δt

}
NmdVe = 0

∑N
e=1

∫
Ve

{
1

Δt Cn+1, v+ wεw − 1
Δt Cn+1, v+ wεo−

∇ · kn+1, v+w
w

ur
K∇ (θεo) =

∇ · kn+1, v+w
w

ur
K∇

[
(1 − θ)ψn

o + θψn+1, v
o

]
− ∂

∂Z

(
ρr

kn+1, v+w
w

ur
K
)
−φ

Sn+1, v+w−Sn

Δt

}
NmdVe = 0

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

, (20)

where e. is element sequence number, e = 1, 2, . . . , N; m is sequence number for the grid point in the
whole domain, m = 1, 2, . . . , NP.

116



Processes 2019, 7, 116

Applying partial integral and Gaussian divergence theorem to Equation (20), after settlement
it yields:

[
θ(Aw)m(ξ) − Fm

Δt δm(ξ)
Fm
Δt δm(ξ)

Fm
Δt δm(ξ) θ(Aw)m(k) − Fm

Δt δm(ξ)

]
·

⎧⎪⎪⎨⎪⎪⎩
(εw) (ξ)

(εo)(ξ)

⎫⎪⎪⎬⎪⎪⎭ =

⎧⎪⎪⎨⎪⎪⎩
(Bw) m

(Bo)m

⎫⎪⎪⎬⎪⎪⎭, (21a)

where:

(Bw)m = (Qw)m − (Gw)m − (Aw)m(ξ)·
[
θ(Ψw)

n+1, v+w
(ξ) + (1 − θ)(Ψw)

n
(ξ)

]
− 1

Δt
ζtΘm, (21b)

(Bo)m = (Qo)m − (Go)m − (Ao)m(ξ)·
[
θ(Ψo)

n+1, v+w
(ξ) + (1 − θ)(Ψo)

n
(ξ)

]
+

1
Δt

ζtΘm, (21c)

(Aw)m(ξ) =
N

∑
e=1

∫
Ve

∂Nm

∂xi
kwKij

∂N(ξ)

∂xj
dVe (21d)

(Ao)m(ξ) =
N

∑
e=1

∫
Ve

∂Nm

∂xi

ko

μr
Kij

∂N(ξ)

∂xj
dVe (21e)

(Gw)m(ξ) =
N

∑
e=1

∫
Ve

∂Nm

∂xi
kwKi3dVe (21f)

(Go)m(ξ) =
N

∑
e=1

∫
Ve

∂Nm

∂xi

ko

μr
Ki3dVe (21g)

(Qw)m(ξ) =
N

∑
e=1

∫
ΓekwKij

∂

∂xj
(ψw + H3)NmnidΓe (21h)

(Qo)m(ξ) =
N

∑
e=1

∫
Γe

ko

μr
Kij

∂

∂xj
(ψw + ρrH3)NmnidΓe (21i)

Fm =
N

∑
e=1

∫
VeCNmdVe (21j)

ζtΘm =
N

∑
e=1

∫
Veφ(Sm − Sn

m)NmdVe (21k)

kw = kw(ψ
n+1, v+w
w ), ko = ko(ψ

n+1, v+w
o )

μr =
μo(ψ

n+1, v+w
o )

μw(ψn+1, v+w
w )

, ρr =
ρo(ψ

n+1, v+w
o )

ρw(ψ
n+1, v+w
w )

C = C(ψn+1, v+w), S = S(ψn+1, v+w)

⎫⎪⎪⎬⎪⎪⎭, (21l)

when m = (ξ), δm(ξ) = 1, when m �= (ξ), δm(ξ) = 0; (ξ) represents the global node number
corresponding to the local node number of the node in the element. ni is normal direction vector

The number of equations or variables to be solved in Equation (21a) is double to the total number
of nodes because the two-phase flow itself has two degrees of freedom. Noticing that in this form
the coefficient matrix will remain symmetrical, an unsteady iterative solution can be used to solve
the linear equations formed during each iteration of each time step, such as the conjugate gradient
method, which is very efficient, stable, fast, and accurate. As for the iterative steps for solving a system
of nonlinear equations, as expressed by Equation (18) and (21), if an incremental form of the unknown
pressure head is used, the general iterative method is equivalent to the Newton–Raphson iterative
solution when the incremental form is not used.
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4. Verifying the Numerical Solution with Two Examples

4.1. Water Flooding Oil in the Pillar Rock Sample (LNAPL)

The first example is to simulate a rock sample water displacing oil experiment to test the numerical
method presented in this paper. As shown in Figure 4, the static rock sample is filled with oil, such as
the initial saturation condition of the water is zero. The initial value of the capillary pressure of the
sample for oil and water is measured in advance, for example, the result is water head pressure 25 cm.
The side is sealed and the top boundary is kept as a certain fixed pressure. At the beginning of the
experiment, water is injected from the bottom boundary with a certain, but slightly higher, pressure to
gradually displace most of the oil from the top. The specific pressure values at the top and bottom
boundaries are shown in Figure 5.

The capillary pressure head and the relative permeability coefficient depend on water saturation
using the formulas of Van Genucheten [28] and Parker et al. [29–31]:

ψc = λ−1
(

S−1/r
we − 1

)1/n
, (22)

kw =
√

swe

[
1 −

(
1 − S−1/r

we

)r]2
, (23)

ko =
√

1 − swe

(
1 − S−1/r

we

)2r
, (24)

where, Swe is the effective water saturation, Swe = (Sw − Swr)/(1 − Sw − Swr), Swr and Sor are
the residual saturations of water and non-aqueous liquid, respectively; kw and ko are the relative
permeability coefficients of water and non-aqueous liquid; α and n are both van Genuchten constants
determined by experimental data; and r = 1 − 1/n. In this example, λ = 0.431 cm−1, n = 3.7.

 

 

 

 

 

 

(a)                                          (b) 
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Boundary condition:  Mesh generation into 1 106 

Figure 5. Displacing test thorough a rock sample: (a) Model size and boundary conditions; and (b)
model meshing.

The residual saturation of oil, and water are both 0. The required samples and other physical
parameters of the liquids are shown in Table 1.
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Table 1. Physical properties of rock sample and fluids (24 ◦C).

Density/g·cm−3 Dynamic Viscosity/cp Sample

Water Oil Water Oil Porosity Saturated permeability
coefficient/cm · s−1

1.00 0.86 0.914 38.560 0.37 3.243 × 10−2

Different from the numerical method above, FLAC2D, version 7.0, is calculating with
finite-difference method. Noticed that the sample is a quadrangular, and FLAC considers only a
plane model (the third direction is processed by unit length). In order to testify the influence of the
sample thickness in this example, a unit thickness was set to the quadrangle and it was found that
this is a complete one-dimensional problem. Therefore, the difference in thickness can be ignored.
In FLAC, the increments of the nodal pore pressure and saturation are expressed as the following
equations [28,32]:

Δψw = − Δt
φVD

[
Qw

(
1 − Soψ

′
c

Ko

)
+ Qo

]
− β

ΔV
φVD

[
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(
1 − Soψ

′
c

Ko

)
+ So

]
, (25)
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]
− β
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[
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)
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]
, (26)

Δψo − Δψw = ψ′
cΔSw , (27)

ΔSw + ΔSo = 0, (28)

where, by definition:

D =
Sw

Kw
+

So

Ko
− Sw

Kw

Soψ
′
c

Ko
, (29)

and ψw, ψo, Sw, So are nodal pressure, and saturation of water and non-wetting fluid. Kw, Ko are
fluid bulk moduli, V is the nodal volume, Q is the nodal flow rate, β is the undrained coefficient,
which is a constant and equal to one for mechanical coupling and zero for a stand-alone fluid flow
calculation. ψ′

c is the derivative of the capillary curve.
Differentiating f equations with respect to Sw gives the following Equation (30):

Soψ
′
c = −ψo

1 − r
r

(1 − Swe)Swe
−1/r

[
1 − Swe

1/r
]−r

(30)

Visualizing the calculated date results from self-development by visualization software, and then
generating the saturation distribution contours, the water saturation distribution in the rock sample
after 5000 s is shown in Figure 6. The more detailed water distribution information is shown in
Figure 7. The water content distribution at that time is shown as Figure 8. The specific water capacity
refers to a change in the volumetric water content corresponding to the unit change of pressure head.
The distribution of the relative permeability coefficients of water and oil after 5000 s is shown in
Figure 9.

As shown in Figures 6–9, the results which were calculated by self-developed program are
essentially consistent with those correspondingly by FLAC. The discrepancy yet existing between the
outcomes from source code and FLAC is due to the difference in numerical formulations between
the implicit FEM and explicit finite difference method. Concretely speaking, the latter is an overlaid
quadrilateral (four triangular elements for each) ‘element’ as its feature. Additionally, the striking
divergence between the theory described before and mentioned in this chapter will also contribute to
this subtle difference. It lies in whether the compressibility of fluids is considered.
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(a)                                         (b) 

Figure 6. Contrast of simulated water saturation distribution after 5000s: (a) Instantaneous water
saturation distribution calculated by self-developed source codes; and (b) instantaneous water
saturation distribution calculated by FLAC.
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Figure 7. Simulated water-phase saturation distribution after 5000 s.
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Figure 9. Simulated relative permeability distribution after 5000 s.

Therefore, before explaining the specific reason of this discrepancy, it is necessary to clarify
the impact of the difference based on the theory first. To simplify the comparison process,
a two-dimensional Darcy’s flow was elaborated. In a saturated fluid steady horizontal flow in the
ground, if considering the compressibility of the fluid, the governing equations are the follows:

− (ρui),i = − ∂

∂t
(ρφSw) i = x, y , (31a)

− ∂

∂x
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∂
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(
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(ρφ·1), (31b)
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while ignoring compressibility of fluid:

kr

μ
Kxx· ∂2ψ

∂x2 +
kr

μ
Kyy·

(
∂2ψ

∂y2 + g
)

= − ∂

∂t
(φ·1), (32)

Comparing Equation (31) with Equation (32), it can be noticed that, in fact, FLAC’s built-in
algorithm has considered redundant items ∂ρ/(∂x) and ∂ρ/∂y (fluid density ρ can be regarded as the
function of moduli Kα, while a constant in self-development code), which contributes to the main
difference. So as to cut down the deviations to the lowest, the most direct and simple solution is to
increase the value Kα. However, in realistic calculations, oversized Kα (almost the actual value) will
result in a significant increase in the calculation time, as shown in Equation (33), and even terminating
the process in order to ensure the convergence for transit seepage flow:

Δt = L2
zmin

(
1

kwKw
,

1
koKo

)
, (33)

where Lz is the smallest zone size in the simulation, and ko is the saturated mobility coefficient for the
non-wetting fluid (ko = kwμw/μo).

Although it is difficult to precisely position the interface between water and oil, it is believed that
the required accuracy can still be attained by finer gridding and longer computational time.
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4.2. Simulation of Trichloroethylene Transport in the Aquifer (DNAPL)

The second example is described below. It is used to verify the correctness of the developed
program by simulating a typical contamination transport problem. As shown in Figure 10, there is
a non-aqueous liquid (trichloroethylene) pressure head with a 0.1 m source at the midpoint of the
aquifer model and a low permeability rock formation in the center of the aqueous model (0.667 m
× 0.100 m). The top and bottom of the model are impervious borders, while the left and right sides
are fixed hydrostatic pressure boundaries based on initial saturation conditions. In the horizontal
direction, the water is driven by a 2% pressure gradient and slowly seeps from right to left.

 

 

 

 

 

(a)                                            (b) 

1m
 

Source of pollution 
Aquifer 

Aquitard 

2m 

Figure 10. Aqueous model test: (a) Model size and boundary conditions; and (b) model meshing.

The physical properties of the medium are shown in Table 2. For model aquifers and
low-permeability aquifers, the residual saturation of water is 5%, while the residual saturation of
non-aqueous liquids is 0.5.

Table 2. Physical properties of media (24 ◦C).

Media Density (g·cm−2) Dynamic Viscosity (cp) Surface Tension (N·m−1)

Water
NAPL

Aquifer

999.1
1462.0

0.914
0.55

0.0728
0.0293

Media Porosity Hydraulic Conductivity
(
m·s−1

) Van Genuchten Parameters

r/m−1 n

Water
NAPL

Aquifer 0.35 1.0 × 10−5 10 2

The calculation results can be obtained by discretizing the fields and performing numerical
simulations using a computer program written in accordance with the finite element formula described
above. Meanwhile, the same parameters according to Table 2 in FLAC were set and then this simulation
ran. To further verify the correctness of the source program, the numerical simulation result contour
figures of the two algorithms after 360 min, 720 min, 1080 min, 1440 min, 1800 min, 2160 min, 2520 min,
and 2880 min are compared. As an example, the distribution and variation of trichloroethylene
saturation over time in the model domain is shown in Figure 10.

During the infiltration process, under the action of gravity, DNAPL (trichloroethylene) moves in
three directions in this model simultaneously and generates an approximately circular pollution area,
the closer the place is away from the injection source, the higher the concentration of contaminant.
Meanwhile, horizontal flow driving force makes the circular area gradually transform into an elliptical
shape, as shown in Figure 11a.

122



Processes 2019, 7, 116

As the infiltration process continues, DNAPL has reached the aquitard and accumulated at the
top surface of there, shown in Figure 11b. With the infiltration time increased, DNAPL migration states
are shown in the next series of contour figures (Figure 11c–h).

According to these comparison results of the above saturation contours, it can be concluded
that either calculated by the self-developed source code or FLAC, the range scale of transport of
trichloroethylene in the aquifer after the same time interval is basically regarded as consistent.

These two typical examples have been well simulated using two difference methods:
the self-developed finite element method and the advanced finite differential method in FLAC as the
existing commercial simulator. The calculation results had both been obtained ideally. They suggest
that the comparisons were essentially in consistency, which verifies the correctness of the developed
source program, and also show its preliminary practical applicability.

   

(a) At 360 min.   

   

(b) At 720 min.   

   

(c) At 1080 min.   

Figure 11. Cont.
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(d) At 1440 min.   

   
(e) At 1800 min.   

   

(f) At 2160 min.   

    

(g) At 2520 min.   

   

(h) At 2880 min.  

Figure 11. Distribution of saturation with regards to trichloroethylene and its change with time
simulated using self-developed source code (left) and FLAC (right).
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5. Conclusions

In this paper, the procedure of developing three-dimensional finite element method source code
programs for the numerical simulation of non-miscible two-phase flows in subsurface water saturated
soil is expounded. In the proposed numerical method, the weak forms of mass balance equations for
water, NAPLs were discretized in space using the Galerkin finite element method, and mixed-form
formulations using both pressure water head and water saturation were adopted. Based on this
particular calculation method, two typical examples which belong to LNAPL and DNAPL problems
were the modelled cases, respectively. In addition, their outcomes were compared with the results
simulated by FLAC. The comparisons demonstrated that they were approximately in coincidental
agreement. Therefore, it is convincing that the correctness of the source program is obtained. Moreover,
these simulations, having been successfully applied to these problems, also indicates the potential
auxiliary analysis potentials of the algorithms developed in this paper on the rock sample displacing
experiment and the preliminary evaluation on the migration and diffusion of non-aqueous liquid
pollution in the fields. However, it should be noted that the program software developed here is still in
its infancy and needs to be further developed and continuously verified based on practical problems
in the laboratory and on-site so as to gradually attain consecutive improvements.
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Abbreviations

FLAC Fast Lagrangian Analysis of Continua
Qi (Qt) Flow rate flowing into (out of) the infinitesimal element
Qa Cumulative storage amount in the infinitesimal element (Qi − Qo = Qa)
Qw Water volumetric flow rate
Q o NAPL volumetric flow rate
ρw Mass density of water
ρo Mass density of NAPL
V Volume of the porous media
Vf The fluid volume
Vv Volume of the pores contained in the porous media
φ Porosity (φ = Vv/V)

Sw Water saturation
So NAPL saturation
kw The relative permeability coefficient of water
ko The relative permeability coefficient of NAPL
Kij Absolutely permeability tensor
pw Pore pressure of water phase
po NAPL pressure of NAPL phase
g Gravitational acceleration
γ Relative density of NAPL to water (γ = γo/γw)
δji, δj3, δm(ξ) Signs of Kronecker delta
κ Intrinsic or absolute permeability
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μ Dynamic viscosity of flow phase
μw Dynamic viscosity of water
μo Dynamic viscosity of NAPL
μr Relative viscosity of NAPL to water (μr = μo/μw)
K Hydraulic conductivity
ψw Pressure in water head of water (ψw = pw/(ρwg))
ψo Pressure in water head of NAPL ( ψo = po/(ρwg))
ψc Capillary pressure in water head (ψc = ψo −ψw)
C Specific water content
Swe Effective water saturation
Swr Residual saturations of water
Sor Residual saturations of NAPL
β Undrained coefficient
Kw Water bulk modulus
Ko NAPL bulk modulus
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Abstract: As debris flow is one of the most destructive natural disasters in many parts of the world,
the assessment and management of future debris flows with proper forecasting methods are crucial
for the safety of life and property. So increasing attention has been paid to the forecasting methods
on debris flows. A debris flow forecasting method based on the rainfall-unstable soil coupling
mechanism (R-USCM) is presented in the current study. This method is based on the debris flow
formation mechanism. The density of sediment is introduced as an evaluation index to determine the
susceptibility of debris flow occurrence. The forecasting method includes two phases: (1) rainfall
and soil coupling and (2) runoff and unstable soil coupling. Scoops3D, a three-dimensional (3D)
model for analyzing slope stability, was introduced into the debris flow forecasting method. In order
to test the forecasting accuracy of this method, Jiaohe County was selected as a research area, and
the serious debris flow disasters attributed to strong rainfall on 20 July 2017 were taken as the
research case. By comparing the forecasting results with the debris flow distribution map for Jiaohe
County, the method based on the R-USCM is feasible for forecasting debris flows at the regional
scale. The application of the Scoops3D model can more reasonably analyze the slope stability than
the traditional two dimensional (2D) method and improve the forecasting ability of debris flows.

Keywords: debris flow; forecasting; rainfall-unstable soil coupling mechanism(R-USCM); scoops3D;
Jiaohe

1. Introduction

Rainfall-induced debris flow is a mixture of unconsolidated sediment and is one of the most
important of all natural hazards, occurring in many areas [1]. Debris flows cause severe damage
to both life and property every year worldwide, occurring at different intervals and with varying
durations [2]. To reduce debris flow-related disasters, the assessment and management of future debris
flows that can be achieved through appropriate forecasting methods cannot be overlooked [3].

The current debris flow forecasting methods mostly establish the critical threshold triggering debris
flow formation in the study area based on commonly used precipitation parameters [4]. Aleotti et al.
took Piedmont Region in the northwest of Italy as the study area and determined the precipitation
threshold leading to debris flows by studying the statistical relationship between precipitation events
and debris flows occurrence [5]. However, as a region changes, so does the threshold of the rainfall [6].
A few practical forecast models based on long-term observation in a debris flow valley were obtained [7].
However, such statistics-based debris flow forecasting methods are not always economically and
practically suitable for satisfying the demand for disaster mitigation. With the development of debris
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flow forecasting research, the combination of rainfall parameters (precipitation duration, intensity and
cumulative precipitation, etc.) is used replace the single rainfall parameter as the determination factor
of debris flows. Bacchini et al. proposed a Rainfall Intensity-Duration curve for debris flow forecasting
in the Los Angeles of the United States [4]. Scholars have also carried out analyses and research on the
stability of soil on slope under the condition that soil mechanical properties change. And the debris
flow initiation models have been established. Iverson deduced the debris flow initiation model based
on Mohr-Coulomb criterion, and made a discussion on the role of pore water pressure in the process of
the debris flow formation by using the 100-meter flume test conducted by the United States Geological
Survey (USGS) [8]. Additionally, in recent years, the debris flow susceptibility model has become one
of the most important models for assessing areas susceptible to debris flows [9]. Weighted integration
methods are used to synthesize multiple debris flow-causing factors to delineate debris flow-prone
areas. However, one of the main challenges of the weighted integration method is quantification of
the impact of individual factors on debris flow susceptibility mapping [10]. Another challenge is the
availability of layer data for specific factors affecting the debris flow. Furthermore, with the change
in climate and other variables, the spatial relationship between causative factors and the evaluation
of debris flow has also changed [11]. Therefore, in order to solve these issues, a mechanism-based
prediction method was proposed in this paper.

A landslide can easily be converted into a debris flow when it contains enough water, especially
the loose deposits on its surface under the action of raindrop impact or runoff [12]. Large amounts of
deposits are drawn into the runoff and continue to move with the runoff [13]. The interaction between
the runoff and large amounts of loose deposit can lead to debris flows [14]. The formation process
of debris flows can be constructed based on two rainfall-unstable soil coupling processes. Firstly,
precipitation is coupled with slope soil, which makes the soil on the slope unstable; secondly, debris
flow is formed by the coupling of runoff and unstable soil [6]. Based on the mechanism of debris flow
formation, this forecast method established a coupling relation between the rainfall and unstable soil
of the underground surface. The density of the mixture reaching a certain threshold is a necessary
condition for the debris flow to form. Therefore, the density of the debris flow is introduced as an
evaluation index to determine the susceptibility of debris flow occurrence. To calculate the density
of the mixture, the first phase of the forecast method based on the rainfall-unstable soil coupling
mechanism (R-USCM) needs to determine the volume of unstable soil, and the second phase needs to
determine the volume of the runoff.

An accurate calculation of the amount of unstable soil failure is crucial in the first phase of the
forecast method based on the R-USCM. It is also an indispensable factor for a number of hazard
assessments, sediment budgets, and initial conditions for landslide run-out models. The 2D model
has been widely used to analyze slope stability. However, a traditional 2D slope stability analysis
(SSA) cannot consider the direction of the slip surfaces, and failure bodies are forced to move in the
presupposed direction. Furthermore, the traditional 2D model assumes that the sliding surface is
parallel to the slope, which may not be completely consistent with the actual slope instability [15].
To estimate the sum of the volumes of unstable soil, detailed data about the soil thickness are essential,
which is hard to acquire for a large regional scale. Thus, it is still a huge challenge to obtain the
relevant complete data essential to use a traditional 2D model to calculate the sum of the volumes of
the unstable soil for forecasting debris flows.

Therefore, the 3D deterministic model Scoops3D is adopted in this paper to evaluate and predict
the stability of unstable soil. The model uses the circular arc method to search for sliding surfaces with
different curvatures in the study area in 3D space and uses the limit equilibrium method to analyze the
stability of each grid based on the digital elevation model (DEM) SSA data. This solves the problem
where the sliding surface is parallel to the slope surface, which is inconsistent with the actual situation.
Furthermore, Scoops3D computes the volume of each column in the potential failure mass and adds it
to the total. It also does not ignore the columns along the margin of the potential failure mass, which
may be only partly contained within the scopes of the sphere. Thus, the volume of the unstable soil
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is calculated more accurately. In addition, the 3D SSA usually provides more stable results than the
one-dimensional (1D) and 2D methods [16–18], and it is demonstrated that the Scoops3D model has
the potential to overcome the problem of over-prediction. According to the above, using the Scoops3D
model to determine the volume of unstable soil can improve the accuracy of the forecast method based
on the R-USCM.

In this paper, the forecast method based on the R-USCM is used to predict debris flows in Jiaohe
County, Jilin Province. The serious debris flow disaster attributed to strong rainfall in Jiaohe County
on 20 July 2017, was taken as the research case. The Scoops3D model and traditional 2D method are
used to analyze the slope stability and calculate the volume of unstable soil. The soil conservation
service (SCS) curve number (CN) method is used to calculate the volume of the runoff. The Scoops3D
model combined with the SCS-CN method is called the S-CN forecast method, and the traditional 2D
model combined with the SCS-CN method is called the T-CN forecast method. In order to test the
forecasting ability of the two methods, the forecasting results of the two methods were compared with
the debris flow distribution map for Jiaohe County and tested by the receiver operating characteristic
(ROC) curve method.

2. Forecast Method of Debris Flow Based on the Rainfall-Unstable Soil Coupling Mechanism

2.1. Forecast Theory

Soil is unsaturated before persistent or heavy rainfall infiltration, being in a relatively stable state.
However, the gradual increase in the soil moisture caused by rainfall infiltration will reduce the matrix
suction and apparent cohesion of the soil, thereby reducing the shear strength of the soil. Therefore, in
the case of short-term heavy or continuous rainfall, runoff and unstable soil can cause debris flows.
According to the R-USCM, the process of debris flow formation can be simplified into two phases: The
first phase is the soil on the slope becomes unstable due to rainfall, which provides a sufficient source
basis for the generation of debris flows; the second phase is that the unstable soil will form a debris
flow when it encounters runoff.

However, so far the processes of the debris flows formation are too complex to be simulated
by numerical and physical models. Debris flow can be considered to consist of water and sediment.
The density of the sediment in the debris flow reaching a certain threshold is a necessary condition for
debris flow to form. Therefore, the density of the debris flow is introduced as an evaluation index to
determine the susceptibility of debris flow occurrence. However, the density of debris flow changes
continuously during the process of formation. Therefore, the complex dynamic rainfall-unstable
soil coupling process is expressed quantitatively with the static coupling results. Specifically, this
means using runoff and unstable soil caused by rainfall to calculate the density of the mixture.
The susceptibility of debris flow occurrence has been judged by the density we have calculated.

ρ =
ρrυr + γusυus/g

υr + υus
(1)

where ρ is the density of the debris flow, ρr is the density of the runoff, and γus is the unit weight of the
unstable soil. g is the acceleration of gravity, υr is the volume of the runoff, and υus is the volume of
the unstable soil which can provide the material source basis for the debris flow. Therefore, according
to Equation (1), the accurate calculation of υr and υus is an important part of evaluating the accuracy of
the forecast method based on the R-USCM.

According to the previous research [19], the density of the standard debris flow fluctuates between
1.1 × 103 and 2.3 × 103 kg/m3. We divided the density of the mixture into five reference intervals, as
shown in Table 1. They are used as a criteria for evaluating the susceptibility of debris flow occurrence
from low to high. Based on these density intervals, five levels of debris flow warnings were determined
(Table 1). Figure 1 shows the flowchart of the debris flow prediction method based on the R-USCM.
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Table 1. The susceptibility of debris flow occurrence based on the water-soil mixture density.

The Density of
Debris Flows

Class
Susceptibility
of Debris Flow

Color of
Warning

ρ < 1.2 1 Very low Blue
1.2 < ρ < 1.5 2 Low Green
1.5 < ρ < 1.8 3 Moderate Yellow
1.8 < ρ < 2.0 4 High Orange
2.0 < ρ < 2.3 5 Very high Red

Figure 1. The flowchart of the debris flow prediction method based on the rainfall-unstable soil
coupling mechanism (R-USCM). (SCS-CN: soil conservation service-curve number).

2.2. The Volume of Unstable Soil Calculated by the Scoops3D Model

The 3D slope stability assessment has not been widely used due to its intricacy, its computational
requirements, and the lack of relevant data. The majority of methods use 1D (infinite slope model on a
raster cell-by-cell basis) [20,21] or 2D (based on a series of obtained by DEM) [22] models to evaluate
the slope stability. Some scholars have noted that 1D and 2D models are receivable in SSA; not only are
their calculations easier, but they also provide more cautious results than 3D models [23]. However,
they may not simulate the practical mechanism of the motion process of unstable soil [15]. Compared
to other models, the Scoops3D model has the advantage of considering the terrain described by DEM
to identify various potential sliding bodies in the whole region, not just for a single landslide on the
pre-defined hill-slope. If materials have no sharp contrast or discontinuity, the failure is usually curved.
According to this feature, Scoops3D uses the potential failure or slip surface made by parts of a sphere
and presumes a rotational slip. Through a 3D analysis, the Scoops3D model provides direct estimates
of the potential failure volume. The result of the calculation is more accurate than that of traditional
models. This can also improve the accuracy of the forecast method based on the R-USCM.

Scoops3D analyzes the stability of each grid based on the DEM data. First, the sliding surface is
determined in order to calculate the weight of the potential slide block, and then the stability of the
object is calculated by the 3D limit equilibrium method. In the process of calculation, a 3D retrieval
region is established based on the grid of the DEM. A mass of search points are identified in the region.
Each search point is taken as the center of the ball in turn, and the search is expanded according to a
certain radius. The grid element that is finally delineated by the sphere is the sliding block [24]. Since
the bottom of each grid element is part of the sphere, the surface is approximately treated as a plane
with an angle of ε to the horizontal plane [24].
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Scoops3D calculated the shear strength through the linear Coulomb-Terzaghi instability
criterion [25].

s = c + (σn − u) tan ϕ (2)

where c and ϕ are the apparent cohesive force and angle of internal friction of the soil, respectively. σn
is the normal stress of the sliding block, and u is the pore water pressure acting on the shear surface.

Limit equilibrium models define F as the ratio of the shear resistance (s) to the shear stress (τ).
F < 1 shows the slope is in an unstable state in theory.

We choose the 3D expansion method of Bishop's simplified model for the limit equilibrium model
because it provides a simple and effective solution for a large number of practical problems [26]. In the
Scoops3D model, the main force from the downward sliding of soil comes from gravity on the slider,
in addition to the action of a seismic load (KeqW). Keq is the horizontal acceleration coefficient, and the
following formulas are used to calculate the safety factor using the 3D simplified Bishop method [24].

F3D =
ΣRi,j

[
ci,j Ahi,j

+
(

Wi,j − ui,j Ahi,j

)
tan ϕi,j

]
/mαi,j

ΣWi,j
(

Ri,j sin αi,j + keqei,j
) (3)

mαi,j = cos εi,j +
(
sin αi,j tan ϕi,j

)
/Fs3D (4)

The calculation of unstable soil volume is a key step in SSA, Scoops3D computes the volume (Vc)
of each column which may be unstable and adds it to the total. Some of the columns distributed on
the margin of potential failure surfaces may only be partially contained within spherical boundaries.
When two or three corners of columns are contained within the spherical trial surface, Scoops3D can
recognize them and take the incomplete volume of the columns into account, rather than full columns
that other approaches use exclusively. Therefore, Scoops3D can accurately give the estimates of the
volume of the unstable soil [24].

The volume of each column (partial or full), which is above the trial surface, can be approximately
calculated by the following equation:

Vc = (1/6)Δx(S0 + 4S1 + S2) (5)

where Δx represents the DEM mesh spacing, S0 and S2 are the superficial areas of the two parallel
sides of the column, and S1 is the superficial area of a vertical cross section through the middle of the
column [24].

For full column, its area calculation becomes the calculation of the quadrilateral area, and its
volume calculation becomes the calculation of the cube volume. For those partial columns with two
nodes, its area calculation becomes the calculation of the triangular area, and its volume calculation
becomes the calculation of the pyramid volume. For those partial columns with three nodes, the shape
of one side is roughly a quadrilateral, whereas the other side is a triangle [24].

2.3. Runoff Volume

The runoff depth plays an important role in water space redistribution. To estimate the runoff
depth and thus obtain the total volume of the runoff, the SCS-CN method is applied [27]. The runoff
depth is used to assess the potential water supply during runoff. Its most recent calculated equation
was published by the Natural Resource Conservation Service (NRCS) in 2004:

Q =
(P − Ia)

2

(P − Ia) + R
(6)

where Q is the runoff depth (mm), P is rainfall (mm), R is the potential maximum retention after the
runoff begins (mm), and Ia is an initial abstraction (mm) that includes all losses before the beginning
of runoff, evaporation, infiltration, and water interception by plants. It is defined as:
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Ia = λR (7)

According to the reference of NRCS, the value of λ in this study is 0.2 [28]. Equation (6) can therefore
be expressed as:

Q =
(P − 0.2R)2

(P + 0.8R)
(8)

R can be calculated by the following equation through the relationship between R and CN:

R =
25, 400

CN
− 254 (9)

CN provided by the Soil Conservation Service is an important indicator of the runoff depth. CN ranges
from 0 to 100, representing the runoff response to a given rainfall event. The higher the value of CN
is, the more rainfall is converted to surface runoff [27,29]. The values of CN are determined by the
effect of runoff on soil and land cover. Therefore, the value of CN for each pixel in the study area
can be estimated according to the soil-texture and land cover maps. In other words, the antecedent
runoff conditions (ARCs) determine the selection of the CN value. ARC level is determined by the
actual pre-rainfall of the debris flows. The ARC can be divided into three levels: ARC I represents dry,
ARC III represents wet, and ARC II accounts for the antecedent runoff condition between dry and
wet [27]. After determining the ARC level, the corresponding value of CN can be obtained from the
data provided by NRCS.

Then, the sum of the volumes of runoff υr which resulted from the rainfall can be calculated using
the following formula:

Sumvr =
N

∑
i=1

Si × Qi (10)

where Sumvr is the total volume of the runoff, Qi is the runoff depth of each grid cell, Si is the area of
each grid cell, and N is the total number of grid cells.

3. Debris Flow Prediction and Test in the Study Area

Jiaohe County is prone to geological disasters and is one of the regions with the most severe
geological catastrophes in Jilin Province. Because debris flow has several divisions within one zone,
more hazardous geological disasters occur [30]. In the past several years, debris flows frequently
occurred in the area due to strong rainfall, which has caused a great loss of local residents’ lives and
properties. Until 2017, a geological survey of Jilin province at a 1:50,000 scale found 162 debris flow
disaster locations (Figure 2), with 23,231 square kilometers of crops affected, 1766 houses damaged,
more than 59 km of roads damaged, 91 bridges and 7 culverts damaged, and 79 landslides and other
geological disasters produced. The direct economic loss was approximately 202.62 million yuan
(Figure 3). On 20 July 2017, Jiaohe County suffered strong rainfall which caused serious debris flow
disasters. The debris flow disasters and rainfall event was used here as a study case. The forecast
method based on R-USCM was developed for Jiaohe County, including the S-CN and T-CN forecast
methods. The forecast results were compared with the debris flow hazard points discovered by the
2017 geological survey of Jilin province at a 1:50,000 scale, and then a preliminary assessment of the
accuracy was made.
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Figure 2. Debris flow locations in Jiaohe County.

(a) (b) 

(c) (d) 

Figure 3. Debris flow disasters identified in the field: (a) debris flow deposit and destroyed wall;
(b) erosional surface; (c) destroyed road; and (d) destroyed farmland.

3.1. Calculate the Volume of Failure Soil Mass Caused by Rainfall in Jiaohe County

Scoops3D predicted the soil stability and calculated the volume of failure soil based on the
DEM and soil mechanical parameters in Jiaohe County. The DEM of Jiaohe County with a spatial
resolution of 7 × 7 m was obtained from Google Earth by using the software of 91 graphic assistant
(v16.9.9.2, Beijing Qianfanyunlian technology co. LTD, Beijing, China, 2018) (Figure 4). The mechanical
parameters of the soil include soil cohesion c, internal friction angle of soil ϕ and soil unit weight γ.
Lithology data were extracted from the geological map of Jilin Province at a 1:50,000 scale, and the
mechanical parameters were derived from the rock mechanics manual. According to the rainfall data
from the two observation stations in Jiaohe County (Figure 5), the debris flows occurred on 20 July and
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continuous rainfall preceded the day that debris flow occurred. Concentrated and continuous heavy
rainfall will significantly increase the water content and reduce the strength of the soil, and the stability
of the slope will decrease. Therefore, the mechanical parameters of soil under wetting conditions with
30% gravimetric water content were selected as the input parameters of debris flow forecast methods
(Figure 6). According to the rock mechanics manual, the unit weight of the soil is 1.75 × 104 kN/m3

when the soil is under wetting conditions with 30% gravimetric water content. The Scoops3D model
can directly generate the volume of unstable soil according to the above parameters set (Figure 7).

Figure 4. Digital Elevation Model (DEM) of Jiaohe County (m).

Figure 5. Daily rainfall data from June to August (2017) of the Jiaohe County weather stations.

 
(a) (b) 

Figure 6. Distribution of mechanical parameters of soil in Jiaohe County. (a) Distribution of cohesion
(kPa); (b) Distribution of internal friction angle (◦).
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Figure 7. The volume of unstable soil mass in Jiaohe County using the Scoops3D model.

To calculate the volume of the unstable soil using a traditional 2D method, the thickness of the
unstable soil should first be determined. In the current research, the soil thickness was obtained
by using the relation between the slope and soil thickness proposed by Veit et al [31]. It can be
approximated that there is a linear relationship between soil depth and slope angle [23]. The slope
was directly extracted from the DEM (Figure 8). In this way, the soil depth of an any pixel (y) can be
calculated by the function y = −0.0486x + 3.5. After determining the total thickness of the soil, several
layers were subdivided, and the safety factors of each layer were calculated. More details about soil
thickness are provided in Table 2. The mechanical parameters of the soil required for the traditional
2D method are the same data used in the Scoops3D model. It is essential to resample these data to
ensure the grid cells are of the same size as the DEM. Then, the sum of the volumes of the unstable soil
in the study area was calculated by Equation (11) and is shown in Figure 9.

Sumvs =
N

∑
i=1

Si × Di (11)

where Sumvs is the sum of the volumes of the unstable soil, Di is the unstable soil thickness of each
grid cell, Si is the grid cell area, and N is the sum of the numbers of the unstable grid cells.

Figure 8. Slope of Jiaohe County (◦).
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Table 2. Soil thickness in Jiaohe County, Jilin Province.

Class
Thickness

(m)
Relative
Area (%)

Thickness of Subdivided Soil Layers

1 2 3 4 5 6 7

I 3.25–3.30 7.10% 0.1 0.2 0.3 0.4 0.5 0.75 0.95
II 3.30–3.35 39.06% 0.1 0.2 0.3 0.4 0.5 0.75 1.00
III 3.35–3.40 24.59% 0.1 0.2 0.3 0.4 0.5 0.75 1.05
IV 3.40–3.45 29.25% 0.1 0.2 0.3 0.4 0.6 0.75 1.10

Figure 9. The volume of unstable soil mass using the traditional 2D model.

3.2. Calculate the Runoff Volume in Jiaohe County

The volume of runoff was calculated by the SCS-CN method, which required the CN values and
rainfall data. The CN values are determined by land use. Land use in Jiaohe was determined from a
geological map of Jilin province at a 1:50,000 scale, including agriculture land, forest, irrigation canals
and ditches, and other scarce vegetation (Figure 10). The CN values are provided in Table 3 [27].

Figure 10. Land use of Jiaohe County.

There are two weather stations in Jiaohe County. Based on the rainfall data from weather
stations, the annual precipitation is unevenly distributed, primarily concentrated from June to August.
The daily rainfall curves from July to August (2017) are shown in Figure 5. According to different types
of data sources, such as historical records, field surveys, and interviews with local residents, it can be
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determined that the large-scale debris flow caused by rainfall occurred on 20 July 2017. Daily rainfall
around the north and south of the weather stations reached 81.6 and 65 mm, respectively. Therefore,
debris flow in Jiaohe is predicted using the forecast method based on the R-USCM under the same
rainfall conditions as 20 July 2017.

Table 3. Curve number (CN) values reflecting antecedent runoff condition III (ARC III).

Land Use CN

Agriculture land 95
Forest 89

Irrigation canals and ditches 88
Other scarce vegetation 97

Combined with the rainfall data and CN values in Jiaohe County, the total volume of runoff can
be obtained according to Equation (10) (Figure 11).

Figure 11. The volume of runoff in Jiaohe County.

3.3. Calculate the Density of the Water-Soil Mixture in Jiaohe County

According to Equation (1), the maps of the water-soil mixture density calculated by the S-CN
method and T-CN method are shown in Figure 12.

 
(a) (b) 

Figure 12. The predicted density of the water-soil mixture: (a) S-CN method (b) T-CN method.
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4. Forecast Results and Discussion

In order to forecast the areas susceptible to debris flows, the density of the water-soil mixture
and the corresponding susceptibility must be referenced (Table 1). Therefore, early alerts for areas
susceptible to debris flows can be derived from the maps of forecast results (Figure 13). This is important
for providing an effective theoretical basis for geological disaster prevention, control planning and risk
management. As a result, loss of property and life can be reduced when debris flow occurs.

(a) 

(b) 

Figure 13. The maps of forecast results: (a) S-CN method and (b) T-CN method.

We analyzed the predicted results provided by the S-CN and T-CN forecast methods under the
same rainfall conditions as 20 July 2017. This makes it possible for us to compare the prediction results
with the field survey debris flow disaster points and evaluate the prediction ability macroscopically
based on the R-USCM. In general, according to the predicted results by the S-CN and T-CN forecast
methods, there are 22,391 and 33,024 km2 in the very high and high susceptibility areas which
accounted for 34.39% and 50.72% of the total study area, respectively. In addition, very low and
low susceptibility areas only accounted for 32.58% and 27.25% of the total study area. It is shown
that the study area belongs to the areas susceptible to debris flows, which is consistent with the
actual investigation.

In this paper, the ROC curve method which is an effective tool to determine the quality of forecast
methods, is also used to evaluate the prediction results of the two methods. The area under the ROC
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curve (AUC) represents the accuracy of a reliable probabilistic model for forecasting the occurrence or
non-occurrence of debris flows. The reference line serves as the standard for judging the degree of
model fitting. When AUC is greater than 0.5, the model fits well, and when AUC is less than 0.5, the
model fits randomly. The most common method is to use the success rate and prediction rate curves
to verify the model. The success rate curve is used to determine how well the maps of forecasting
results have classified the areas of existing debris flows. The prediction rate curve shows how well the
model and predictor variables predict debris flows. Both success and prediction rate curves are shown
in Figure 14. The AUC values for the S-CN model and the T-CN model are 0.889 (88.9%) and 0.768
(76.8%), respectively. The prediction rate curves show that the AUC values for the S-CN model and
T-CN model are 0.880 (88.0%) and 0.806 (80.6%), respectively, demonstrating that the S-CN model and
T-CN model have a good performance for debris flow forecasting.

  
(a) (b) 

Figure 14. Validation of debris flow prediction results: (a) success rate curve and (b) prediction rate curve.

Furthermore, under the same conditions of runoff, it can be seen that the prediction accuracy
can be improved by using the Scoops3D model to determine the volume of the unstable soil mass.
The Scoops3D model uses a circular arc search sliding surface method to determine the unstable slope
surface, overcoming the shortcomings of the 2D method, which assumes that the failure surface is
parallel to the slope surface. Scoops3D conducts SSA based on DEM of the study area. Due to the fact
that the topographic features are an important factor affecting the slope stability, it can be preliminarily
confirmed that the forecast results of the Scoops3D model have a high fit with the actual distribution of
the unstable slopes. Beyond that, the Scoops3D computes the volume of each column in the potential
failure mass and adds it to the total. This includes partial columns in the volume computation if two
or three corners of the column at the ground surface are contained within the spherical trial surface,
rather than full columns that other approaches use, especially when the potential failure mass includes
only a small number of full columns. The Scoops3D model can calculate the volume of unstable soil
more accurately.

According to the prediction rate curve, the prediction rate of the S-CN model is higher than that
of the T-CN model. As seen from Figure 13, although the susceptibility area predicted by the T-CN
method is larger, The Scoops3D model usually provides more stable results than the 2D methods in
SSA. This is because in the analysis stage of Scoops3D model, although most safety factors of the
searched unstable sliding surface are low, the stability of the partial region is improved due to the
influence of local micro-geomorphology. Therefore, it is shown that the S-CN method has the ability to
overcome the over-prediction problems in debris flow forecasting.

Figure 13 shows that the distribution map of debris flow obtained by the S-CN method is more
realistic than that by the T-CN method in terms of the distribution characteristics of debris flow. It can
be seen from Figure 13a that the debris flow tends to occur in small individual watershed areas instead
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of scattered points. The reason for this distinction is that in the analysis of slope stability, each soil
column has its individual Fs value, which is separate from other cells in the traditional 2D method.
There are some scattered unstable cells even in places far from the sliding sites. However, in the
Scoops3D model, slip surfaces tend to occur in a single block, and a hypothesis must be made in
order to aggregate unstable pixels together and define landslide blocks, which makes them readily
observable. It also makes the result more reasonable.

According to the predicted results by the S-CN and T-CN forecast methods, there are 135 and
116 debris flow disaster locations in the very high and high susceptibility areas which accounts for
83.33% and 71.60% of the total debris flow disaster locations, respectively. No trace of debris flows has
been found in partial very high and high susceptibility areas, which may be due to the occurrences
of small-scale debris flows in these locations in the past. These traces may be destroyed or covered
by plants. Field investigations can only determine the recent development of debris flows. In order
to further validate, it is necessary to conduct detailed surveys on the spatial and temporal scales of
the study area in the later stage. There are 15 and 24 debris flow disaster locations in the very low
and low susceptibility areas which accounts for 9.26% and 14.81% of the total debris flow disaster
locations, respectively. This is probably because in the actual conditions, climatic conditions, ground
fissures, earthquakes, and other effects will lead to the instability of the slope. However, the current
forecast methods cannot incorporate all factors into the SSA. Slope instability caused by factors not
included in the SSA cannot be predicted. Therefore, it will affect the accuracy of the debris flow
forecast method based on R-USCM. Another influence factor is due to the limited number of rainfall
observation stations and the finiteness of the method to collect rainfall data, which makes it very
difficult to accurately obtain the daily accumulated rainfall in each location of Jiaohe County. Based on
the data of two rainfall observation stations, all of Jiaohe County is divided into two parts. In each
part of Jiaohe County, different locations may have different amounts of rainfall over the same time
period, so it is not reasonable to use the rainfall station data to represent the rainfall values for the
entire region. Therefore, calculating the runoff by using the SCS-CN method in this paper may lead to
errors. Further research should use a reasonable method for determining the accurate rainfall values
of each location.

Finally, we emphasize that the use of the 3D method to find slip surfaces based on a high-precision
DEM is usually time-consuming. The Scoops3D model cannot run in a geographic information system
(GIS) environment nor can it realize parallel computing on multicore machines. Allowing very large
areas to be simulated in a short time is the next step that requires improvement.

5. Conclusions

In the current study, a debris flow forecasting method based on the R-USCM is proposed. The key
to the R-USCM is calculating the volume of unstable soil and the volume of runoff. The Scoops3D
model was applied in calculating the volume of the unstable soil because it can analyze the stability
of the slope according to the actual situation and calculate the volume of the unstable soil more
accurately. The SCS-CN method was also applied in calculating the volume of runoff. The accuracy
and applicability of the S-CN were proved in the case study in Jiaohe County. The results are compared
with those of the T-CN method. Through the detailed analysis of the forecast results, the following
conclusions can be made:

(1) The prediction model of the debris flow based on the R-USCM is due to the formation
mechanism of debris flow. The coupling relations between the rainfall and unstable soil from the slope
is established. As long as the unstable soil and rainfall information are obtained at the regional scale,
a debris flow forecasting method can be used to predict the susceptibility of the debris flows at the
regional scale. Thus, the debris flow forecasting method based on the R-USCM has strong applicability.

(2) The use of this S-CN method based on the R-USCM can successfully forecast debris flows at
the regional scale. According to the results from the ROC curve, the method had a higher success
and prediction rate than the T-CN method. It can be determined that the accuracy of calculating the
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volume of unstable soil when runoff conditions are the same can also influence the forecasting results.
Therefore, compared with the traditional 2D model, the Scoops3D model has a higher precision and
better adaptability in analyzing the slope stability and calculating the volume of the unstable soil.

(3) The distribution characteristics of debris flow are largely determined by the distribution
characteristics of unstable soil. It can be seen from Figure 13 that the S-CN method provides a more
realistic result than the T-CN method. The debris flow tends to occur in small individual watershed
areas instead of scattered points. The main reason is that the Scoops3D identifies the unstable sliding
surface instead of some scattered unstable cells. Slip surfaces also tend to occur in individual blocks.
Therefore, the risk map generated by the S-CN method is better applied in debris flow control and
early warning.

(4) The results show that the T-CN method has the problem of excessive prediction of debris flow.
The prediction of a dangerous area is too large to properly measure for early warning. It is certain that
the over-prediction problems of the traditional 2D method of calculating the unstable soil can also
influence the results. Because of the use of the Scoops3D models, the S-CN method has the ability
to overcome the over-prediction problems in debris flow forecasting to provide a reliable basis for
geological disaster prevention, control planning and risk management.

In conclusion, it is convincing that the Scoops3D model combined with the SCS-CN method
is a practical tool for a 3D, spatially-distributed assessment and forecast of debris flow base on the
R-USCM. At present, this method can only predict the debris flow susceptibility zone and cannot
realize the prediction of the size of the debris flow trigger area. Further development of this work
should focus on drawing orthophotographic maps of the research area to identify the actual scale
and hazard scope of each debris flow. This reforming will help to evaluate the size of the debris flow
triggering area in detail, thus allowing case-by-case comparisons between the model predictions and
field reality. In addition, future research should also use a more reasonable method to determine the
rainfall in each location of Jiaohe County and consider more comprehensive factors in SSA. More
accurate forecasting results can be obtained.
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Abbreviations

R-USCM Rainfall-unstable soil coupling mechanism
SCS Soil conservation service
CN Curve number
1D One-dimensional
2D Two-dimensional
3D Three-dimensional
ROC Receiver operating characteristic
SSA Slope stability analysis
DEM Digital elevation model
S-CN Scoops3D model combined soil conservation service-curve number method
T-CN Traditional 2D model combined soil conservation service-curve number method
NRCS Natural Resource Conservation Service
GIS geographic information system
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List of symbol

v Volume
R Radius
x Direction of the coordinate axis
y Direction of the coordinate axis
z Direction of the coordinate axis
s Shear resistance
c Cohesive force
u Pore water pressure
F safety factor
W Weight
Keq Horizontal acceleration coefficient
Ah Horizontal area
e Horizontal driving force moment arm
S Surface areas
Q Runoff depth
P Rainfall
R Potential maximum retention
Ia Initial abstraction
Sumv Total volume
N Number
D Unstable soil depth

Greek letters

ρ Density
ε Inclusion angle
α Slip direction
ϕ Internal friction angle
σn Normal stress
τ Shear stress
λ Coeffcient of proportionality
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Abstract: In this study, the patterns of chloride ion erosion of unsaturated concrete subjected to the
coupling action of cyclic loading and salt spray corrosion were experimentally studied, and Fick’s
Second Law was used to fit the variation patterns of chloride concentration to obtain the chloride
diffusion coefficient. Accordingly, we have established a mathematical model that describes chloride
transport in unsaturated concrete and accounts for the effects of gas flow, water migration, convection
diffusion, and capillary action. This model is composed of three equations—the gas flow equation,
the solution flow equation, and the solute convection–diffusion equation. The COMSOL numerical
analysis software was subsequently used to obtain solutions for this model, based on parameters such
as porosity and the chloride diffusion coefficient. Subsequently, the saturation, relative permeability,
and the chloride ion concentration during the first corrosion cycle were analyzed. The numerical
results were consistent with the experimental values and were therefore superior to the values
obtained using Fick’s Second Law.

Keywords: Unsaturation; chloride; concrete; coupling model; numerical calculation

1. Introduction

Concrete structures in tidal zones (or splash zones) are prone to damage owing to various physical,
chemical, and biological factors [1–4]. One of the main causes of damage in reinforced concrete
structures is chloride intrusion, which usually leads to steel-bar corrosion and concrete cracks [5,6].
There have been many studies on the pattern and mechanism of chloride intrusion in tidal zones (or
splash zones). Most of these studies have focused on the transport of chloride in unsaturated concrete.
It is generally accepted that chloride intrusion in a tidal or splash zone primarily occurs via capillary
adsorption on the concrete surface and diffusion within the concrete [7–9]. Based on Fick’s Second
Law, Jin et al. studied the effects of water on chloride intrusion and established a convection–diffusion
model for chlorides in unsaturated concrete [7]. Pan et al. established a convection–diffusion equation
for chlorides and obtained solutions for this equation, based on the theoretical understanding that
the transport processes of chlorides in unsaturated concrete are jointly determined by diffusion and
convection effects [10]. Using dual-porosity models, Yan et al. established equations that describe the
transport of chlorides in concrete and the fractures owing to the coupling of concentration gradients
and pore-fluid saturation gradients [11]. Li et al. proposed a model for chloride transport based
on water transport mechanisms on concrete surfaces that are alternatingly wet and dry, and they
experimentally validated this model [12,13]. Polder studied chloride transport patterns (in wet–dry
cycles) in unsaturated concrete using an electrochemically accelerated experimental approach [14].
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Several scholars have also constructed water–chloride transport models based on the effects of water
migration in concrete pores [15–18]. For example, Zanden et al. adopted the diffusion coefficient to
describe the water transport processes in concrete, and they established the transport equations for
water and chlorides in concrete samples subjected to wet–dry cycles using the convection–diffusion
model [19].

Currently, most studies on the patterns of chloride transport in unsaturated concrete are based
on Fick’s Second Law; these studies comprehensively account for the effects of capillary action,
convection–diffusion, and water migration [20–22]. However, the transmission of chlorides in
unsaturated concrete is an extremely complex process and is influenced by a variety of factors. In actual
systems, gas flow is also an important factor for the transport of chlorides. Therefore, the objective of
this study was to establish a chloride transport model that accounts for the effects of gas flow, water
migration, capillary action, and convection–diffusion. The COMSOL numerical analysis program was
used to obtain solutions for this model. The results were compared with experimental data to validate
the model.

2. Experimental Research on Chloride Transport in Concrete

2.1. Materials

The cementitious materials used in the experiment were Portland cement, mineral powder (G),
and fly ash (F) that were supplied by two local companies. The fine aggregate was river sand with a
fineness modulus of 2.8 and an apparent density of 2769 kg/m3. The coarse aggregate was crushed
limestone with a size of 5–20 mm and an apparent density of 2719 kg/m3. The slushing agent for
the concrete was carboxylic acid provided by Wulong, and the mix proportion of the concrete is
summarized in Table 1.

Table 1. Mix ratio of concrete.

Water–Cement
Ratio

Admixture
Content

(%)
Cement
(kg/m3)

Fly Ash
(kg/m3)

Mineral Powder
(kg/m3)

Sand
(kg/m3)

Stone
(kg/m3)

Water
(kg/m3)

0.32 F + G 15 + 35 226 68 158 740 1112 145

The specimens were kept in molds for about 24 h at room temperature (20 ± 5 ◦C) after casting.
Then, they were remolded and placed in a standard curing room of a controlled temperature (20 ± 2 ◦C)
and a relative humidity of more than 95% for 28 days before they were tested.

2.2. Test Methods

The dimensions of the concrete samples were 100 × 100 × 400 mm. The serial numbers and
quantity of the samples are shown in Table 2, whereas Figure 1 shows the flowchart of the tests.
The experimental procedures are described below:

1. Uniaxial compression tests were performed on the concrete samples that had been cured for
28 days to measure their strength (σc).

2. Three cyclic loading protocols (i.e., 50%, 65%, and 80% σc) were used to obtain concrete samples
with three different porosities and were numbered as #1, #2, and #3, respectively. The detailed
experimental steps of applying the cyclic loads are as follows: firstly, each specimen was loaded
at the loading rate of 5 kN/s using force control, until the load reached the specified load setting
value (here, the set value was 50%, 65%, or 80% of the compressive strength limit (c)), and then
the load was maintained for 120 s. After that, each specimen was unloaded at the unloading rate
of 5 kN/s, until the load value was 0 kN, and then the completely unloaded state was maintained
for 120 s. This procedure was repeated for 5 cycles in total, according to the above loading and
unloading operations. Finally, the sample was completely unloaded (load was 0 kN).
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3. After cyclic loading, the samples with different porosities were placed in a drying oven and
dried at 40 ◦C for 48 h. Subsequently, the samples were weighed, and the initial weights were
recorded. Subsequently, the samples were soaked in water for 48 h. The weights of the samples
at saturation were measured, and their porosities were calculated (Table 3).

4. One of the 100 × 400 mm surfaces of the samples was used as the corrosion surface, whereas the
other sides were sealed using epoxy resins. Subsequently, the concrete samples were placed in an
artificial marine climate simulation laboratory for salt spray corrosion tests. The relative humidity
was 75–80%, and the duration of the salt spray was 12 h, after which the samples were dried for
another 12 h—this cycle was continuously repeated for the duration of the test. The concentration
of the NaCl solution used in this test was 5%.

5. When the corrosion time reached 30, 110, 190, and 270 days, concrete powders were obtained
from the samples at depths of 5, 10, 15, 20, 25, 30, 35, and 40 mm, which were sealed in plastic
bags. Subsequently, 4 g of the concrete powder was mixed with 40 g of distilled water in a reagent
bottle. The bottle was shaken for 30 min in a solution shaker before being allowed to settle for
24 h.

6. The concentration of the chloride ions was measured using a DY-2501A Chloride Meter.
7. After testing, the holes in the concrete samples were filled with silicon sealant, and the samples

were returned to the laboratory for further corrosion until the subsequent time point, and
subsequently, step (6) was repeated. This was continued until the end of the experiment.

Figure 1. Flow chart of the test.

Table 2. Number of specimens.

Sample NO. 1# 2# 3#

NO./piece 3 3 3
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Table 3. Porosity of concrete.

Sample NO.
Porosity φ (%)

Sample 1 Sample 2 Sample 3 Mean

1 3.92 3.22 3.30 3.49
2 3.90 4.21 3.38 3.83
3 4.73 4.13 5.26 4.71

2.3. Results and Discussion

Figure 2 shows the variational curve of c against l in the concrete samples (c is the concentration
of chloride ions in the concrete samples, and l is the depth from the specimen surface). Figure 2a–d
correspond to the time points at 30, 110, 190, and 270 days, respectively. It was observed that c decreased
with an increase in l. When l < 15 mm, c decreased rapidly, with an average decrease of 80.80%; when
l > 15 mm, c decreased slowly, and the average decrease was only 39.10%. As stated previously,
cyclic salt sprays were used as the mechanism of corrosion in this study. The intrusion of chloride
ions was mainly driven by capillary actions and concentration gradients. Since the surface of the
concrete was the first area that came into contact with the external chlorides, large quantities of chloride
accumulated on the surface, resulting in a large chloride concentration gradient. By comparison, fewer
chloride ions accumulated deep inside the concrete samples, and, consequently, the chloride ion
concentrations were relatively small. It was also observed that, for the same l, c increased with an
increase in the porosity; this is because a high porosity increases water and gas permeability, which
promotes chloride accumulation.

 
(a) 30 days (b) 110 days 

 
(c) 190 days (d) 270 days 

Figure 2. The change curves of chloride ion concentration, c, with depth, l.

Fick’s Second Law was used to fit the pattern of chloride corrosion.
Fick’s Second Law is expressed as

C(l, t) = C0 + (Cs − C0)(1 − er f
l

2
√

Dt
) (1)
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where C0 denotes the initial mass concentration of chloride in an arbitrary section of the concrete, Cs is
the mass concentration of chloride ions on the concrete surface at an arbitrary time (t), D denotes the
diffusion coefficient of chloride ions, t represents time, l represents the depth, and erf represents the
error function.

By re-arranging Equation (1), the diffusion coefficient of chloride ions can be calculated by

D =
1
t

{
l/2er f−

[
1 − C(l, t)− C0

Cs − C0

]}2

(2)

where Cs is calculated as follows:

cs =
φρwω

ρs + φρwω
× 35.5

58.5
× 100% (3)

where φ denotes the concrete porosity, ρw is the density of the NaCl solution, ρs is the concrete density,
and ω is the mass percentage of NaCl in the solution. Further, φ assumed the values of the average
porosities in Table 3, which were 3.49%, 3.83%, and 4.71%, ρs was 2420.67 kg/m3, ρw was 1050 g/m3,
and ω was 5%.

The diffusion coefficient of the chlorides when l = 5 mm was calculated using MATLAB with
Equation (3) (Table 4). The average value was used in the subsequent numerical calculations.

Table 4. Chloride diffusion coefficient, D.

Sample NO.
Chloride Diffusion Coefficient (D) (×10−12 m2/s)

t = 30 d t = 110 d t = 190 d t = 270 d Mean

1 5.243 1.592 1.126 0.979 2.235
2 5.804 2.089 2.046 1.957 2.974
3 6.123 3.314 3.066 2.667 3.793

3. Model for Coupled Water–Gas–Chloride Transport

3.1. Basic Assumption

The model for coupled water–gas–chloride transport in unsaturated concrete was established
with the following assumptions: (a) concrete is a single porosity medium, (b) the liquids and gases in
concrete are ideal liquids and gases, (c) the influence of temperature on parameters such as dynamic
viscosity is negligible, (d) only the transmission of a single solute (chloride ions) in concrete is
considered, (e) in unsaturated concrete, the liquid phase is the chloride solution, whereas the gas phase
is air, (f) there is no exchange of matter between the gas and the liquid phases over the entirety of the
process, and (g) it is assumed that the solute (chloride ions) does not evaporate throughout the process,
i.e., there is no exchange of matter between the gas phase and the solute [23–26].

In this paper, the gas–liquid two-phase flow model in a single-porosity medium was deduced
first, and then the diffusion and gas–liquid two-phase flow were linked using the mass continuous
equation according to the relationship between the saturation and the diffusion model.

3.2. Gas Flow Model

The equation of the continuity of gaseous masses without considering the source term is as follows:

∂mg

∂t
+∇ ·

(
ρg

→
qg

)
= 0 (4)

where mg denotes the mass of air, ρg is the air density, and
→
qg is the Darcy velocity vector.

In the following subsection, explanations are provided for each of the terms in Equation (4).
(1) Expression of the Gaseous Mass
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The gaseous mass is expressed as

mg = ρgφ(1 − Sw) (5)

where φ denotes the porosity of concrete and Sw is the water saturation.
According to the state equation of ideal gases, ρg =

Mg
RT Pg, where Mg denotes the molecular mass

of the gas, R is the gas constant, and T is the absolute temperature, Equation (5) can be written as

mg =
Mg

RT
Pgφ(1 − Sw) (6)

(2) Equation of Porosity
When subjected to small loads or no load, the deformations in the porous media are mainly driven

by pore pressure; hence, pore deformation occurs without significant changes in the particle volume.
In order to facilitate subsequent derivations, α was introduced to represent the pore deformation

caused by changes in pore pressure:

α =
1

Uw

dUw

dP
(7)

where Uw denotes the volume of the pores. Thus, porosity may be expressed by

φ =
f (P)

1 + f (P)
(8)

where f (P) = φ0
1+φ0

eα(P−P0), φ0 is the initial porosity, and P0 is the initial pore pressure.
(3) Darcy Velocity Vector of the Gas Phase
Darcy’s law in the gas phase for a unit volume of porous concrete can be expressed as

→
qg = − kge

μg
∇Pg (9)

where kge is the effective permeability of the gas phase (phase permeability) and μg is the dynamic
viscosity of the gas phase.

(4) Expression for Effective Permeability
The expression for effective permeability is

kge = krg · k (10)

where krg is the relative permeability of the gas phase and k is the absolute permeability of the
porous concrete.

(5) Expression for Absolute Permeability
Absolute permeability is the permeability when only one fluid (single phase) exists in the pores

of the concrete, the fluid does not react with the concrete, and the fluid flows in accordance with the
Darcy linear percolation law.

Absolute permeability is an important parameter for characterizing porous media, since it is
closely related to the porosity of the medium. In this study, the relationship between the permeability
and porosity in porous media, as reported by Chilingar, was defined as [27]

k =
d2φ3

72(1 − φ2)
(11)

where k denotes the permeability of porous media, φ is the porosity of porous media, and d is the
effective diameter of the particles in porous media. Based on Equation (8), the following equation
was obtained:
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k = k0
(1 − φ0)

2

φ03
f (P)3

1 − f (P)
(12)

(6) Saturation and Relative Permeability
Fluid saturation is defined as the ratio of the volume of a fluid in a pore of an object to the pore

volume, expressed as a percentage or fraction.
Based on the theories related to oil reservoir models [15], the relationship between the relative

permeability, water pressure, gas pressure, and saturation [28,29] is derived in the following.
The capillary pressure is expressed as

Pc = Pe(S∗
w)

− 1
λ = Pg − Pw (13)

where Pe denotes the constant capillary pressure at the entrance, S∗
w is the saturation of the standard

liquid phase, and λ is the pore size distribution index.
The relative permeability is expressed as

krw = (S∗
w)

2+3λ
λ (14)

krg = (1 − S∗
w)

2[1 − (S∗
w)

2+λ
λ ] (15)

The relationship between the standard liquid phase saturation and water–gas saturations is
expressed as

S∗
w =

Sw − Swr

1 − Sgr − Swr
(16)

Sw + Sg = 1 (17)

where Swr and Sgr are relevant constants.
By re-arranging Equation (13), we obtain

S∗
w =

(
Pe

Pg − Pw

)λ

(18)

By substituting Equation (18) into Equations (14) and (15), the relationships between the relative
permeability, water pressure, and gas pressure are derived as

krw =

(
Pe

Pg − Pw

)2+3λ

(19)

krg =

[
1 −

(
Pe

Pg − Pw

)λ
]2[

1 −
(

Pe

Pg − Pw

)2+λ
]

(20)

The relationship between saturation, water pressure, and gas pressure can be obtained by
rearranging Equation (16):

Sw = (1 − Sgr − Swr)

(
Pe

Pg − Pw

)λ

+ Swr (21)

(7) Flow Model for the Gaseous Phase
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By substituting Equations (6), (8), (9), and (19)–(21) into Equation (4), the flow model for the
gaseous phase can be obtained as[

φ(1 − Sw)[1 +
αPg

1+ f (Pg)
] + φPgλ

(
1 − Sgr − Swr

) Pλ
e

(Pg−Pw)
(1+λ)

]
· ∂Pg

∂t

−
[

φPgλ
(
1 − Sgr − Swr

) Pλ
e

(Pg−Pw)
(1+λ)

]
· ∂Pw

∂t +∇ ·
(
− krgk

μg
Pg∇Pg

)
= 0

(22)

3.3. Flow Model for the Liquid Phase

(1) Continuity Equation of Liquid Masses
The continuity equation of liquid masses is expressed as

∂mw

∂t
+∇ · (ρw

→
qw) = 0 (23)

where mw denotes the mass of the solution in a unit volume of porous concrete, ρw is the density of the
solution, and

→
qw refers to the Darcy velocity vector of the solution.

(2) Mass of the Liquid Phase
The mass of the liquid phase is expressed as

mw = ρwφSw (24)

where ρw is the density of the solution, φ is the porosity, and Sw is the saturation of the solution.
During chloride transport in concrete, the pore pressure and the solution concentration change,

which leads to changes in the solution density. Therefore, ρw is a function of P and c:

ρw = ρw(P, c) (25)

In order to characterize the variation of density with the pore pressure and the solution
concentration, we introduced a compressible pressure coefficient, βp, and a compressible concentration
coefficient, βc:

βP = 1
ρw

dρw
dP

βc =
1

ρw

dρw
dc

(26)

where βp denotes the ratio between the change in density caused by the unit pressure changes and the
initial density, whereas βc denotes the ratio between the density changes caused by the changes in the
unit concentration and the initial density.

Subsequently, the relationship between the variations in solution density with the pore pressure
and the solution concentration can be obtained as follows:

ρw = ρw0e[βP(P−P0)+βc(c−c0)] (27)

where ρw0 denotes the initial solution density, P0 is the initial pore pressure, and c0 is the initial
concentration of the chloride ions.

(3) Darcy Velocity Vector of the Liquid Phase
Darcy’s law for the liquid phase in a unit volume of porous concrete can be expressed as

→
qw = − kwe

μw
∇Pw (28)

where kwe denotes the effective permeability of the liquid phase (phase permeability) and μw is the
dynamic viscosity of the liquid phase.
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The effective permeability can be expressed as

kwe = krw · k (29)

where krw denotes the relative permeability of the liquid phase and k is the absolute permeability of
the porous concrete media. Therefore, we obtain

→
qw = − krw · k

μw
∇Pw (30)

(4) Flow Model for the Liquid Phase
The flow model of the liquid phase is

−∇ · ( ρwkrwk
μw

∇Pw)−
[

λ
(
1 − Sgr − Swr

) ρwφPλ
e

(Pg−Pw)
(1+λ)

]
∂Pg
∂t

+

{
ρwφSw(βP + βc) +

Swρwαφ
1+ f (Pw)

+

[
λ
(
1 − Sgr − Swr

) ρwφPλ
e

(Pg−Pw)
(1+λ)

]}
∂Pw
∂t + [ρwφ0(βP + βc)]

∂c
∂t

(31)

3.4. Convection–Diffusion Models for Chlorides

The transport of chlorides in concrete is a complex process, and it may be treated as the transport
of solutes (chlorides) in solution. Solute transport in porous media is influenced by various factors,
such as convection, molecular diffusion, mechanical dispersion, precipitation–dissolution combined
effects, and chemical adsorption. In this study, only convection, mechanical dispersion, and chemical
adsorption were considered in the convection–diffusion model for chlorides in unsaturated concrete.

When the concrete pores are filled with the solution, the pore water inside the concrete does
not migrate as a whole. Under the condition that the chloride ion and the hydration product of the
concrete do not react chemically, the process of chloride ions migrating from the outside of the concrete
to the interior of the concrete, depending on the concentration gradient difference inside and outside
of the concrete, can be considered as a pure diffusion process. Convection refers to the phenomenon of
the whole substance migrating with a carrier solution. The main cause of the convection of chloride
ions in concrete is the directional seepage of the pore liquid under pressure, capillary adsorption, and
electric field forces [30].

Accordingly, Sw was introduced into the continuity equation for the mass of chlorides in saturated
concrete, from which the continuity equation for chloride masses in unsaturated porous media was
obtained as follows:

∂(mc)

∂t
−∇ · (SwφD · ∇c) +∇ · (→v c) = 0 (32)

where the mass of chloride ions in the solution is expressed as mc = Swφc − (1 − φ)ρsKL
Cmaxc
1+KLc and

→
vw

is the Darcy velocity vector of the solution.
By substituting the relevant equations into Equation (32), the convection–dispersion model for

chlorides in unsaturated concrete was obtained as follows:

−
[(

1 − Sgr − Swr
) φcλPλ

e

(Pg−Pw)
(1+λ)

]
∂Pg
∂t +

[
(c + ρsKL

Cmaxc
1+KLc )

Swαφ
1+ f (Pw)

+
(
1 − Sgr − Swr

) φcλPλ
e

(Pg−Pw)
(1+λ)

]
∂Pw
∂t

+

[
Swφ + Sw(φ − 1)ρsKL

Cmax
(1+KLc)2

]
∂c
∂t −∇ · (SwφD∇c) +∇ · ( krwk

μw
∇Pwc) = 0

(33)

3.5. Model for Coupled Water–Gas–Chloride Transport

The model for coupled water–gas–chloride transport in unsaturated concrete consists of three
parts: the flow model for the gaseous phase, the flow model for the liquid phase, and the
convection–diffusion model for chloride ions, as shown in Figure 3a–c. This model accounts for
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the effects of convection, diffusion, chemical adsorption, and capillary action and reflects on the
coupling effects between gas–liquid flows and solute transport in unsaturated porous media. The “gas
phase term” represents the influence of the gas phase on the solute.
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Figure 3. Water–gas–chloride coupling transport model in unsaturated concrete.

4. Model Calculations and Validation

4.1. Calculation Scheme

(1) Numerical model
The geometrical dimensions of the numerical model were 100 × 100 mm. The left boundary was

subjected to chloride corrosion, whereas the remaining boundaries were non-seepage boundaries.
Point A was slightly above the central line and was 5 mm from the left boundary, as shown in Figure 4.

Figure 4. Numerical calculation model.
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(2) Configuration of boundary conditions
According to the fluctuation of the sea level in the tidal zone during 24 h, the variation of

the chloride concentrations in the left boundary during a single cycle (24 h) was described using
Equation (34), as shown in Figure 5a. The variation of the pressure was described using Equation (35),
as shown in Figure 5b.

  
(a) the chloride concentrations in the left boundary (b) the pressure 

Figure 5. Boundary conditions.

In Equation (34), n = 0, 1, 2, 3, . . . , t represents the time (s), and c (t) denotes the concentration of
chloride ions (mol/m3):

c(t) =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
50 + 804

7200 × (t − 86400 × n) 0 + 86400 × n ≤ t < 7200 + 86400 × n
854 7200 + 86400 × n ≤ t < 43200 + 86400 × n
854 − 804

7200 × (t − 43200 − 86400 × n) 43200 + 86400 × n ≤ t < 50400 + 86400 × n
50 50400 + 86400 × n ≤ t < 86400 + 86400 × n

(34)

p(t) =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
1.01e5 + 0.19e5

7200 × (t − 86400 × n) 0 + 86400 × n ≤ t < 7200 + 86400 × n
1.2e5 7200 + 86400 × n ≤ t < 43200 + 86400 × n
1.2e5 − 0.19e5

7200 × (t − 43200 − 86400 × n) 43200 + 86400 × n ≤ t < 50400 + 86400 × n
1.01e5 50400 + 86400 × n ≤ t < 86400 + 86400 × n

(35)

In Equation (35), n = 0, 1, 2, 3 . . . , t is the time (s), and p (t) is the boundary pressure (Pa).
(3) Scheme of the numerical calculation
Numerical simulation scheme is shown in Table 5.

Table 5. Numerical simulation scheme.

Scheme
Parameter

φ0 % D0 (×10−12 m2/s)

Scheme 1 3.49 2.235
Scheme 2 3.83 2.974
Scheme 3 4.71 3.793

(4) Parameters for the numerical calculation
Since it is very difficult to obtain solutions for coupled models with complicated boundary

conditions, the model in this work was further simplified prior to the calculations. For example, φ, ρw,
and D were set to constant values, based on the values described by previous studies (Table 6).
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Table 6. Numerical simulation parameters.

Parameter Value

Initial porosity φ0/% φ0
Pore deformation coefficient α/(1/Pa) 1e-6
Pressure compressibility βp /(1/Pa) 5e-8

Concentration compressibility βc/ (m3/mol) 1e-5
Water permeability kw/(m2) 1e-15

Langmuir adsorption constant KL/(m3/mol) 0.001
Langmuir maximum adsorbing capacity

Cmax/(mol/m3) 100

Initial concentration C0/(mol/L) 50
Solution density ρw/(kg/m3) 1025

Gas density ρg/(kg/m3) 1.23
Concrete density ρc/(kg/m3) 2450

Chloride diffusion coefficient D0/(m2/s) D0
Liquid dynamic viscosity uw/(Pa·s) 0.00101

Gas dynamic viscosity ug/(Pa·s) 0.00085
Liquid initial pressure P0/(Pa) 1.01e5
Liquid initial saturation Swr/% 30

Gas initial saturation Sgr/% 70
Concrete permeability K0/(m2) 1e-14

4.2. Results and Analysis

(1) Variation of model parameters
In this section, the variation of parameters such as saturation, permeability, relative permeability,

and chloride ion concentration during the first cycle were analyzed.
(1-1) Variations in saturation
Figure 6 shows the variation of saturation, S, at Point A with time, t, during the first cycle.

Figure 6. The change curves of saturation, S, with time, t.

It can be observed that the chlorides were transmitted into the concrete within the first 12 h, thus
increasing the solution saturation and decreasing the gas saturation. During the period between the
12th and the 24th hour, surface water evaporation led to a decrease in the solution saturation and an
increase in the gas saturation.

(1-2) Variations in fluid permeability
Figure 7 shows the variation of the ratio between the solution permeability, kw, and the initial

solution permeability, kw0, (kw/kw0) at Point A with time, t, during the first cycle.

156



Processes 2019, 7, 84

Figure 7. The change curves of the solution permeability ratio, kw/kw0, with time, t.

At t = 12 h, kw reached its maximum value, which was 10 times the value of kw0; at t = 24 h, the
value of kw was 9 times that of kw0. Further, the curve can be divided into six segments. When t = 0–2 h,
the solution permeability ratio, kw/kw0, grew at its most rapid rate, at 1.50/h. This suggests that the
solution rapidly entered the concrete during this period. When t = 2–6 h, the rate of kw/kw0 growth
decreased to 0.75/h. When t = 2–12 h, kw/kw0 continued to increase, but with a lower, stabilized rate of
0.33/h. When t = 12–14 h, kw/kw0 began to decrease slowly, indicating that the solution on the concrete
surface had begun to evaporate. When t = 14–18 h, kw/kw0 continued to decrease, and eventually
stabilized, such that kw/kw0 = 9.0 when t = 18 h. When t = 18–24 h, the solution permeability ratio,
kw/kw0, was maintained at a steady value.

(1-3) Variations in relative permeability
Figure 8 shows the variation of the relative permeability of the solution, krw, and the relative

permeability of the gas phase, krg, at point A with time, t, during the first cycle.

Figure 8. The change curves of gas and liquid relative permeability, krg and krw, respectively, with time, t.

When t = 0–2 h, krg increased, whereas krw was nearly zero. Most of the pores in the concrete were
initially stable and filled with gas. When the boundary liquid pressure increased, the gas within the
concrete changed from a stable state to a flow-dominated state. Consequently, the relative permeability
of the gas increased slightly. Since the solution did not reach Point A, krw was zero. When t = 2–16 h,
krw increased slowly and krg declined rapidly. When t = 16 h, krw = krg, indicating that most of the
pores in the concrete were filled with water. When t = 12–24 h, krw continued to increase, albeit quite
slowly, whereas krg continued to decrease slowly.

(1-4) Variations in chloride concentration within 24 h.
Figure 9 illustrates the variation of chloride concentrations, c, with depth, l, on the central line

during the first cycle.
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Figure 9. The change curves of chloride ion concentration, c, with depth, l.

At t = 0 h, the initial concentration, c, was 50 mol/m3 at each of the points on the line.
When t = 0–12 h, c decreased with an increase in l. When l reached a certain value, c reached its
minimum value and remained steady. A peak value was not observed. When t = 12–24 h, c increased
initially, and subsequently decreased with an increase in l. When l reached a certain value, the value
of c reached a plateau. Therefore, there was a peak value of c. When the solution evaporated on the
concrete surface, the chlorides dispersed and were transported internally and externally owing to the
concentration gradients and capillary action. Consequently, a peak could be observed at a certain
distance from the concrete surface.

(2) Variation of chloride concentrations
Numerical calculations were performed according to the schemes listed in Table 5. The initial

porosities of each scheme were 3.49%, 3.83%, and 4.71%. The molar concentrations were converted to
mass concentration to facilitate the experimental validation of the numerical results. The conversion
formula is

c =
c1MCLφ

ρs
(36)

where cl is the molar concentration of chloride ions, MCL
- is the molar mass of chloride ions, φ is the

porosity, and ρs is the density of the concrete samples.
The results of the coupling model presented in this study were compared with the experimental

data and fitted results of Fick’s Second Law, as shown in Figure 10. Figure 10a–d correspond to the
results at 30, 110, 190, and 270 days, respectively. In the figure, ‘test’ corresponds to the experimental
value, ‘Fick’ corresponds to the result obtained using Fick’s Second Law, and ‘couple’ corresponds
to the results of the proposed model. The following conclusions were drawn from the analysis of
the results.

The results of the coupling model proposed in this study were consistent with the experimental
results, indicating that the model provides a reasonable description of chloride transport in concrete.
Nonetheless, a few deviations were observed between the model and experimental results because
the equations were highly nonlinear and the calculations attenuated some of these expressions.
Furthermore, the model did not account for the heterogeneity of the concrete.

As the depth increased, the fits obtained by Fick’s Second Law gradually became smaller than the
experimental results and their final values approached zero. The results of the model proposed in this
work are thus superior to those of Fick’s Second Law, since the proposed model produced a closer
approximation of the experimental values. Since Fick’s Second Law only considers the diffusion of
chlorides and ignores the effects associated with gaseous flows, water migration, capillary actions, etc.,
it cannot provide an accurate description of chloride transport processes. These deficiencies have been
addressed in the model proposed in this work.
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(a) 30 days (b) 110 days 

 
(c) 190 days (d) 270 days 

Figure 10. The comparison curves of chloride ion concentration, c, with depth, l.

5. Conclusions

(1) The porosities of concrete with 30% fly ash and 20% mineral powder were calculated under
the action of three cyclic loading protocols (i.e., 50%, 65%, and 80% σc) and were 3.49%, 3.83%, and
4.71%, respectively.

(2) The chloride ion transport law of concrete was obtained by a salt spray corrosion test under
the action of three cyclic loading protocols, and the average chloride ion diffusion coefficients of
concrete were 2.235, 2.974, and 3.793 × 10−12 m2/s, respectively, which were calculated by using Fick’s
Second Law.

(3) We have constructed a model for coupled water–gas–chloride transport in unsaturated concrete
using gas flow models, liquid flow models, and solute convection–diffusion models. This model
accounts for the effects of gas flows, water migration, convection–diffusion, and capillary actions and
reflects on the coupling between gas–liquid flows and solute transport in unsaturated porous media.

(4) The coupled water–gas–chloride transport model was solved based on cyclic boundary
conditions. The variations in parameters such as saturation, relative permeability, and chloride
concentration during the first corrosion cycle were also analyzed. Through calculations performed on
concretes with different initial porosities, this study has determined that the chloride concentrations
calculated using the proposed model are consistent with the experimental results and are therefore
superior to those obtained using Fick’s Second Law.
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Abstract: Coal mass is deformed and fractured under stress to generate electrical potential (EP)
signals. The mechanical properties of coal change with the adsorption of gas. To investigate the EP
response characteristics of gas-bearing coal during deformation and fracture, a test system to monitor
multi-parameters of gas-bearing coal under load was designed. The results showed that abundant
EP signals were generated during the loading process and the EP response corresponded well with
the stress change and crack expansion, and validated this with the results from acoustic emission
(AE) and high-speed photography. The higher stress level and the greater the sudden stress change
led to the greater EP abnormal response. With the increase of gas pressure, the confining action
and erosion effect are promoted, causing the damage evolution impacted and failure characteristics
changes. As a result, the EP response is similar while the characteristics were promoted. The EP
response was generated due to the charge separation caused by the friction effect etc. during the
damage and deformation of the coal. Furthermore, the main factors of the EP response were different
under diverse loading stages. The presence of gas promoted the EP effect. When the failure of the
coal occurred, EP value rapidly rose to a maximum, which could be considered as an anomalous
characteristic for monitoring the stability and revealing failure of gas-bearing coal. The research
results are beneficial for further investigating the damage-evolution process of gas-bearing coal.

Keywords: gas-bearing coal; electrical potential; charge separation; gas adsorption; damage evolution
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1. Introduction

As the basic energy used in the world, coal resources play an important part in industrial
production and economic life [1]. During mining activities, coal and gas outburst disasters greatly
threaten safe production in coal mines, leading to serious casualties and property loss. Examples
of accidents include coal and gas outburst and rock burst [2–4]. For example, in 2014, a coal burst
damaged mine equipment seriously and resulted in the death of two miners in the Austar coal mine
in Australia [5]. Therefore, the research on revealing the initiation and generation mechanism of coal
and gas outburst disasters is of great significance for monitoring the stability of coal-rock mass while
mining, and predicting the generation of coal and gas outburst disaster [6].

Under the combined effect of ground stress, mining-induced stress, and gas pressure, the internal
damage of coal-rock mass constantly changes to finally trigger structural instability and dynamic
failure, which causes the coal and gas outburst disaster [7]. Monitoring the stress state and
damage-evolution process of coal-rock mass is the key to monitoring and early-warning of coal
and rock outburst disasters [8]. At present, with the gradual reduction of coal resources in the shallow
underground coal seams, coal mining shifts to deep underground coal seams [9]. Deep coal seams
basically contain abundant high-pressure gas and the coupling effect of stress and gas gradually
imposes increasing influences on the state of the coal mass [10]. When the gas is sufficiently adsorbed by
the coal, the gas is stored in the pores of the coal mass at adsorbed state and free state to form gas-solid
coupling system with the coal mass [11]. The formation of this gas-solid coupling system changes
the physical and mechanical properties of the coal (including mechanical property, deformation and
fracture process, and failure mode). The formation of the system further influences the occurrence of
various disasters, such as coal and gas outburst and rock burst [12].

Energies are released during the initiation and occurrence process of coal and gas outburst
disasters. The released forms include the elastic energy, acoustic energy, electromagnetic energy,
etc. [13]. Therefore, numerous geophysical methods (such as acoustic emission (AE) and
electromagnetic radiation) are developed to monitor the stability and predict the failure of the
coal mass [14,15]. The methods have been widely explored in the laboratory, and corresponding
technologies also have been applied in mining activities in the field [16–20]. Previous studies indicated
that coal-rock mass could be electrically charged during deformation under load. It triggers the
electrical potential (EP) response on the material surface. The EP response is closely related to the
deformation and fracture of the coal mass, which characterizes the stress state and damage-evolution
process of the coal mass. The abnormal change of the EP can be considered as the precursor of failure
of coal-rock materials. Yoshida [21] found that the EP changed markedly just prior to dynamic rupture.
Takeuchi et al. [22,23] studied the electrokinetic properties of quartz and granite and demonstrated that
the fracture surface and sliding friction surface were charged with the density up to 10−4~10−2 C/m2.
By exploring the EP effect of the coal-rock not containing gas under load, Wang et al. [24] showed that
the change of the EP was highly correlated with loads and rates of load change. The distribution of the
EP field corresponded well to that of strain field. Additionally, they discussed different mechanisms of
the EP response by referring to the electromagnetic radiation (EMR) [25]. Archer et al. [14] found EP
signals were stimulated during linear-elastic and -inelastic deformation, which was associated with
micro-cracking. As a conclusion, the article provided an effective and advanced method for structural
health monitoring of rocks. Niu et al. [26] presented the EP response characteristics and its mechanism
in a similar simulation of coal-mining activities. The above research provides a favorable theoretical
basis for monitoring the failure of coal-rock mass by testing the EP response [27–29].

Previous research on the EP effect of the coal-rock mass was mostly carried out on the coal-rock
mass not containing gas. However, research on the EP response characteristics of coal dynamic
failure under the stress-gas coupling effect and the influence of gas is rare. To solve the problem,
the influences of the stress-gas coupling effect on the deformation and fracturing process of the coal
mass were investigated. Furthermore, a multi-parameter test system for gas-bearing coal under load
was designed to carry out compressive tests under different gas pressures. During the loading process,

163



Processes 2019, 7, 72

the various responses (including EP and AE) during the deformation process of gas-bearing coal
under load were synchronously recorded. Simultaneously, the evolution process of coal fractures
is subjected to high-speed photography in real time by using an industrial camera. The AE count
can reflect the micro-fracturing happening during the damage and deformation of the coal mass
while the amplitude of the signals can reflect the intensity of micro-cracks [30]. The high-speed
photography can catch the instantaneous state of crack evolution of the coal mass during different
loading stages [31]. This method allows us to analyze the EP response and the damage evolution of
the coal mass. Therefore, the research result is beneficial to further reveal the initiation mechanism of
coal-rock dynamic disasters. In this way, the attempt is carried out to provide valuable information
about the damage evolution under the stress-gas coupling effect and monitor the failure of the coal
mass by using the EP response.

2. Experimental Materials and Methods

2.1. Specimen System

The experiment was conducted in the Faraday shielded room in China University of Mining
and Technology. It could effectively prevent the electric noise from affecting the recorded signals [15].
The experimental system was designed and established individually to acquire multiple types of
information during loading process of the gas-bearing coal (see Figure 1). The subsystem parts are
shown as follows.

 
Figure 1. Experimental system of multi-data acquisition during loading process of gas-bearing coal.

Number of parts in experimental system of Figure 1.

1 loading plate 13 data transmission line
2 chamber cover 14 supporting base
3 loading shaft 15 data acquisition control host
4 specimen 16 EP controller
5 exhausting hole 17 AE controller
6 inflating hole 18 loading controller
7 chamber 19 visible window
8 gas transmission line 20 industrial camera
9 waveguide rod 21 illumination source
10 vacuum pump 22 triangular bracket
11 AE sensor 23 gas cylinder
12 exhaust line
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It includes a hermetically sealed chamber subsystem, an axial compressive loading subsystem,
an EP monitoring subsystem, an AE monitoring subsystem, a high-speed camera shooting subsystem,
and a gas inflating-extracting subsystem

(1) The hermetically sealed chamber subsystem, including a chamber cover, a loading shaft,
gas spiracles, waveguide rods, and a visible window (see Figure 1). The gas can be pumped into the
chamber with spiracles and kept at a certain pressure after closing the valve.

(2) The EP monitoring subsystem, including the electrode, data transmission line, an amplifier,
A/D converter and data storage. When the EP signals were measured by the electrode on the surface
of specimen, and then translated by the data transmission line. The host computer can analyze the
signal and display it in real time. The maximum sampling frequency is 100 kHz.

(3) The AE monitoring subsystem, reaching a series of functions, such as the parameter setting,
signal acquisition, data storage, graphics display, waveform acquisition, and spectral analysis. During
the loading process of the specimen, it can acquire simultaneously the counts and energy of AE signals
and locate the damage position inside the specimen.

Conventional AE sensors fail to endure high gas pressure. However, in previous monitoring
methods, sensors are distributed on the surface of gas-bearing containers, which causes loss and
inaccurate measurements of AE signals [32]. To solve the problem, the specialized waveguide rods
are designed, as shown in Figure 2. The one end of the waveguide rods is connected to the specimen
while the other end is connected to the AE sensor. Moreover, coupling agents favorable for conduction
of acoustic waves are uniformly painted on the two ends of the waveguide rods. Composite materials
are filled between the waveguide rods and the wall of the gas cylinder, to prevent the transmission
of acoustic waves from waveguide rods to the gas cylinder. In this way, AE signals generated by
the specimen can be completely transmitted to the AE sensors through waveguide rods as far as
possible. The composite materials are connected to the waveguide rods through the screw joints so that
the waveguide rods can move to the wall of the cylinder relatively and the specimen can be readily
dismantled. Besides, the space between the waveguide rods and the composite materials is sealed
through a flexible seal ring. It is an innovative design to transmit the AE signals of coal fracture in the
high-gas environment through the waveguide rods.

Figure 2. Schematic diagram of AE signal from waveguide wave. 11—AE sensor; 9—coupling agent;
26—waveguide rod; 27—chamber wall; 4—specimen.

(4) The axial compressive loading subsystem, including a loading frame, a hydraulic drive device,
a controller host, and a program (see Figure 3). It can record the data of displacement, load, and time
synchronously during the loading process. The oil source is placed outside the faraday shielded room,
to reduce the interferon on the experiment.
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Figure 3. Axial compressive loading subsystem. (a) Loading frame. (b) Hydraulic drive device and
controller host.

(5) The high-speed camera shooting subsystem. It includes the industrial camera, the illumination
source, and the triangular bracket. The instant crack expansion on the specimen surface during loading
process can be shot clearly by using the industrial camera through a visible window. The resolution
ratio of photograph is up to 1920 × 1080 pixels with 40 frames per second.

(6) The gas inflating-extracting subsystem, including the vacuum pump, gas transmission, exhaust
lines, and gas cylinder. The gas also can be inflated into the chamber by the gas transmission line and
extracted after the experiment.

Under the coupled action of loading stress and gas pressure, the system could be used to conduct
the compression experiment of coal. During the process, the signals of EP and AE and crack photograph
could be obtained in real time to be analyzed.

2.2. Specimen Preparation

The coal mass was derived from No. 5 coal seam in Yangzhuang coal mine, Huaibei City, China.
Then the specimens were prepared according to the standard size of 50 (width) × 50 (height) × 100
(length) mm (see Figure 4).

 
Figure 4. Coal specimen. With size of 50 (width) × 50 (height) × 100 (length) mm.

2.3. Experimental Scheme

The experiment was carried out according to the following steps.
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(1) First, all specimens were placed in the sealed dry container for 24 h before the experiment,
to prevent them from absorbing excessive water.

(2) The airtightness of the cylinder was tested to ensure that the cylinder has a favorable sealing
effect. The various parts of the test system were connected and kept a turn-on state.

(3) Electrode and waveguide rods (the other end connected to AE detectors) were distributed on
the surface of the coal mass and sealed in the cylinder. By using a vacuum pump, the cylinder was
vacuumized. To provide electrical isolation, two thin teflon-plates were placed on the top and bottom
of specimen.

(4) Gas was injected into the cylinder. After reaching a certain pressure, the pressure was stabilized
for 8 h so that the coal mass could fully adsorb gas.

(5) Experimental parameters were set.
(6) The load was applied on the specimen by using the press to further synchronously measure

various data such as EP and AE.
(7) After the specimen was damaged, the experiment was ended and gas in the gas cylinder

was released.

3. Experimental Results and Analyses

3.1. Test Results of Multi-parameters during the Damage of Gas-Bearing Coal under Load

In the series, experiments under different gas pressures were carried out. As the example,
the experimental results under 2.0 MPa were analyzed as follows. The experimental parameters were
set as Table 1.

Table 1. Setting of experimental parameters.

Shielding Effect for
Electromagnetic Signal

Threshold Value for AE
Signal Acquisition

Axial Loading
Rate of the Press

Gas Pressure in
Chamber

85 dB 45 dB 50 N/s 2 MPa

(1) Responses of strain and stress
During loading process, the gas pressure was kept at 2 MPa after reaching adsorption equilibrium.

The loading stress on the top surface of specimen by loading system is defined as loading stress (LS).
Owing to gas pressure, the initial LS was not zero. The curves of stress and strain with respect to
loading time are shown in Figure 5.

Figure 5. Curves of stress and stain with respect to loading time. The red dotted lines indicate the
mutation time of curves.
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It can be seen from Figure 5 that with increasing loading time, the stress and strain on the specimen
gradually rose. Stress and strain suddenly changed at small amplitudes both at 299.1 s and 359.6 s,
implying that the great damage appeared in the local zone of the specimen. Moreover, the local
crack expansion resulted in the instant increase of the specimen deformation while stress fluctuated.
With the constant loading, stress and strain constantly rose. At 396.9 s, the primary crack was found
and therefore the structure of the specimen lost stable. In this case, stress dramatically and suddenly
changed and rapidly reduced while strain rapidly increased.

(2) Responses of AE signals
Previous research shows that under the effect of external load, the coal mass is damaged to

thus lead to the initiation and expansion of cracks, consequently triggering numerous AE events [30].
Dislocation and slippage between particles in coal matrix can also induce the fracturing of bridge
bonds between coal molecules, consequently generating AE phenomenon [33]. AE counts characterize
the times of micro-cracking happening during damage and fracturing of the coal mass while the
amplitude of the signals reflects the strength of micro-cracking. The parameters related to AE can be
used to describe the evolution process of damage and crack expansion and release process of energies
in the coal mass, to further judge the deformation and fracturing of the coal specimen and predict
the occurrence of failure of the coal specimen [20]. Figure 6 shows the curves of AE counts and MAS
(mean amplitude strength) with respect to loading time under gas pressure of 2 MPa.

Figure 6. Curves of AE counts and MAS with respect to loading time.

As shown in Figure 6, in the early stage of loading, there were few AE signals with low AE count
and amplitude. AE signals were mainly generated due to the mutual slippage of primary cracks in
compacted gas-bearing coal and the friction between particles. With the constant growth of stress,
the coal damage was constantly aggravated, gradually transiting to plastic damage stage from elastic
stage. In the process, new cracks initiated, split, and expanded along the weak structural plane to
generate new fracturing signals thus further. Therefore, the AE counts and amplitude both increased
during which the amplitude became more concentrated. At 299.1 s and 358.6 s, the specimen was
greatly damaged and therefore cracks rapidly expanded, resulting in many fracturing events. In this
context, fractured zones were formed in local areas and high-energy gas constantly impacted the coal
mass along the weak structural plane, also exhibiting a significant friction effect. AE counts rose in
an impulse type, with a high amplitude, reflecting the sudden increase in micro-cracks in the coal
mass and the large crack strength, thus releasing huge elastic energies. The result confirmed to the
phenomenon that stresses suddenly changed at corresponding time moment in Figure 5, which can be
taken as a favorable complementary evidence. When the primary cracks occurred at 396.9 s, AE count
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and amplitude both reached the maximum. It indicated that the number and strength of micro-cracks
in the coal mass dramatically rose to thus result in the great expansion and cut-through of cracks,
consequently triggering the failure of the specimen. After the primary crack was found, AE signals
rapidly reduced and almost disappeared.

(3) Responses of crack expansion
The evolution processes of crack expansion at different time moments were recorded by applying

high-speed photography, as shown in Figure 7.

   

(a) 20.0s (b) 299.1s (c) 350.5 

   

(d) 356.8 s (e) 395.9 s (f) 396.9 s 
Figure 7. Pictures of fracture expansion in gas-bearing coal under load at different time moments; red
imaginary lines refer to the tracks of crack expansion while red wireframes denote the centralized zone
with cracks of specimen.

As shown in Figure 7, in the early stage of loading (for example, at 20.0 s), although accumulated
damage of the specimen was present, it was insignificant, and no micro-crack was formed on the
surface of the specimen. With increasing stress, the micro-defects and micro-cracks in the coal-rock
mass gradually aggregated and connected in local zones after undergoing constant extension and
expansion in the early stage, showing certain self-organization, thus triggering the generation of
micro-cracks in the coal-rock mass. At 299.1 s, stress suddenly changed at a small amplitude and
therefore two separated thin and long micro-cracks were formed on the surface of the specimen.
At 350.5 s, the damage and fracturing of the coal mass aggravated and two previous micro-cracks
mutually cut through and further expanded to thus form multiple secondary cracks. Additionally,
microscopic breakage appeared at the left side of the specimen and the top inclined to the left. At 356.8 s,
the stress approximated to the maximum, and the width and length of the primary cracks further rose,
and the number of secondary cracks increased and constantly expanded. The damage zones at the left
side and the top of the specimen were expanded and therefore the damage degree increased. At 395.9 s,
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the cracks in the middle part in the frontage of the specimen expanded and gradually cut through
while the cracks at the bottom were staggered. The structure of the coal mass became increasingly
unstable. At 396.9 s, the primary crack occurred in the specimen while the cracks in the middle part
were totally connected. Moreover, the width and length of cracks in the lower part witnessed great
increases and the cracks at the bottom were connected. Additionally, secondary cracks developed into
secondarily primary cracks. The through-running cracks showed the combination of tensile and shear
failure. Repetition

(4) Responses of EP signals
As shown in Figure 8, abundant EP signals can be generated during the damage of the gas-bearing

coal under load. The changing trend of the EP was consistent with that of stress and there was
a favorable corresponding relationship between EP and stress. With the increase of stress, damage
in the specimen evolved. As a result, new fracturing constantly happened (shown as the growth
of AE count and amplitude in Figure 6) and cracks constantly expanded (see Figure 7). During
the above damage evolution, the EP intensity constantly rose. During the loading of the specimen,
the EP intensity rose at a ladder type at 299.1 s and 359.6 s, with a significant increase amplitude.
The phenomenon conformed to the time moments when stress and strain suddenly changed in Figure 5
and the time moments when AE count and amplitude varied suddenly in Figure 6. At these moments,
the EP damage dramatically rose and therefore micro-cracks rapidly increased, showing growing
strength. As a result, huge energy was released, which was also verified in Figure 7. At 396.9 s, as stress
maximum appeared, the specimen was subjected to primary micro-cracks to thus be damaged due
to loss of bearing capacity. In this case, the specimen was greatly and rapidly damaged. Moreover,
the EP dramatically fluctuated and rapidly increased to a maximum, showing an extremely significant
response. Afterward, the EP intensity rapidly reduced and stabilized at a low level. After the specimen
was damaged, stress rapidly declined and the EP rapidly reduced and stabilized at a low level.

Figure 8. Curves of strain and EP with respect to loading time.
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The strain’s response characteristics were similar to the stress response. The difference was that
the large stress drop occurring at 299.1 s. Currently, since the specimen was still in the elastic loading
stage, the strain changes little even the EP response was significant. When loading phase of sample
becomes to be plastic phase, especially around the failure, the strain response became more significant.
It indicated that the strain monitoring is more sensitive when the specimen is plastic, especially for the
main rupture.

The representative time points were selected to calculate corresponding LS levels. On this basis,
the abnormal response characteristics of EP, AE, and crack expansion are attained, as shown in Table 2
and their datum statistics is displayed in Figure 9.

Table 2. Statistics on characteristics of EP, AE and crack expansion under different loading time
moments (stress levels)

Time (s) LS Level (%) Stress Response EP Response Crack Expansion

100.1 37.1 Steady increase Recover after the sudden change No significant cracks

299.1 80.3 Recover after the
sudden change Rise after the sudden change Two thin and long cracks

359.6 93.7 Recover after the
sudden change Rise after the sudden change Cracks running from the

top to the bottom

396.9 100 Cliff-type reduction Sudden change to the maximum
and then reduce

Increases in crack width
and length

Figure 9. Datum statistics on EP and AE responses at different stress levels.

As shown in Table 2 and Figure 9, on the condition that stress suddenly changed, EP and AE
tended to vary suddenly, showing significant abnormal response characteristics, and cracks greatly
expanded and constantly aggravated. Correspondingly, the higher the stress level was and the larger
the sudden change of stress was, the more significant the damage of the coal mass and thus the more
dramatic the abnormal responses of EP and AE. It meant that the larger the increment of EP was,
the more the AE counts and the higher the intensity. Additionally, crack expansion enhanced to thus
aggravate the damage of the coal mass.

Therefore, based on the changes of stress and AE and analysis result of crack expansion, the change
trend and response characteristics of EP can reflect the stress state of the specimen and reveal its
damage-evolution process.
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3.2. The EP Response Results under Different Gas Pressures

The EP responses under different gas pressures are shown in Figure 10. It is worth noting that gas
pressure of 0 MPa means that gas is not injected into the cylinder and previous air in the cylinder is
not extracted. Therefore, the air press is kept as the standard atmospheric pressure.

Figure 10. Changes of stress and EP during damage of coal mass under load under different gas
pressures. Black and red actual lines represent the changes of stress and EP with loading time,
respectively. (a) 0 MPa, (b) 1 MPa, (c) 2 MPa, (d) 3 MPa.

As shown in Figure 10, the EP responses under different gas pressures exhibited a basically
same change law, which was similar to the results shown in Section 3.1 (4) With the increase of
stress, the damage of the specimen under load constantly exacerbated and EP intensity gradually
grew. When the specimen was subjected to a serious structural damage, stress suddenly changed and
therefore the EP tended to vary abruptly (see 487.2 s in Figure 10a, 464.4 s in Figure 10b, 299.1 s and
359.6s in Figure 10c, and 372.7 s in Figure 10d). The specimen lost its bearing capacity after being
subjected to primary crack and therefore stress declined at a cliff type and the EP also rapidly rose to
the maximum, with the largest sudden change (see 580.3 s in Figure 10a, 472.4 s in Figure 10b, 396.9 s
in Figure 10c, and 395.9 s in Figure 10d).

The broken strength, the strain maximum, the EP maximum, and the EP variation coefficient of
specimens under different gas pressures were computed, as shown in Figure 11.
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Figure 11. Statistical results of EP responses under different gas pressures. (a) Broken strength of
specimen, (b) strain maximum of specimen, (c) EP maximum, (d) EP variation coefficient.

(1) The effective stress on the gas-bearing coal can be expressed as follows [34]:

σe = σL −∅P − 2aρsRT ln(1 + bP)/3PVm (1)

where, σe, σL, ∅, P, a, ρs, R, T, b, and Vm refer to effective stress, LS, equivalent pore coefficient,
gas pressure, ultimate gas adsorption of unit mass of rock mass at experimental temperature,
apparent density of coal, molar gas constant, absolute temperature, adsorption constant, and molar
volume, respectively.

Owing to the other conditions are unchanged, the aforementioned formula can be simplified
if only the broken strengths (effective maximum stress on the specimen) of specimens under gas
pressures were compared. It meant that relative broken strength (σe′) can be simplified and expressed
by using the difference between LS maximum and gas pressure:

σe′ = σt − P (2)

As shown in Figure 11a, with the growth of gas pressure, the relative broken strength of the
specimen gradually declined. Under the gas pressure of 3 MPa, the relative broken strength of the
specimen significantly reduced, decreasing by 18.1% compared with that without gas pressure.

(2) The deformation of the specimen can be represented by using axial mean strain. As shown in
Figure 11b, the deformation of the specimen greatly increased with increasing gas pressure. When the
gas pressure was 3 MPa, the maximum strain rose by 112.3% compared with that on the condition of
having no gas pressure.

(3) As shown in Figure 11c, the EP maximum tended to occur before or after primary micro-cracks
of specimens, which was the most significant characteristic of the EP abnormal response. With the
increase of gas pressure, although the EP maximum slightly fluctuated, it generally rose, implying that
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gas pressure promoted the EP response and therefore EP maximum was at a high level, which was
more valuable for analysis.

(4) The EP variation coefficient is the ratio of mean to standard deviation of whole EP data,
which can objectively describe the fluctuating response of EP. As shown in Figure 11d, similar to the
EP maximum, the EP variation coefficient also generally grew with the increase of gas pressure.

The aforementioned results showed that gas pressure promoted the EP response. The EP response
characteristics can monitor the evolution process of damage and fracturing of gas-bearing coal
(especially coal containing high content of gas).

4. Discussion

4.1. Damaging and Fracturing Process of Gas-Bearing Coal

The coal belongs to a typical heterogeneous structure, which contains a great number of
micro-defects including pores, cracks, and dislocation, that is, Griffith defects [35]. The result can be
clearly verified by observing the microstructures of gas-bearing coal by using the scanning electron
microscope (SEM) (see Figure 12).

Figure 12. SEM images of microstructures of coal mass before loading. (a) Primary pores are abundant
and crack was even, mostly appeared as spongy shape under magnification of 500 times; (b) Numerous
cracks were found in pore clusters under magnification of 5000 times. Red curves refer to the tracks of
cracks while red circles represent the location of cracks.

Cracks first initiated at the edge of primary cracks. After reaching the critical breaking strength,
cracks expanded along a certain angle to thus generate new cracks. With the constant increase of
stress, the damage of the coal mass exacerbated. Therefore, many micro-cracks appeared, expanded,
split, closed and mutually connected along the direction with a weak strength to thus form a failure
zone of cracks with a certain width. The phenomenon resulted in the generation of micro-cracks in
the specimen finally (see Figure 7). Figure 13 displays the images of different fracture surfaces in the
damaged gas-bearing coal at different magnification times. According to the pictures, the generation
and expansion of cracks during the fracturing of coal as well as the inflection, bending, and splitting
during the expansion can be clearly observed.
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Figure 13. SEM images of microstructures of damaged gas-bearing coal; (a) Primary pores were
deformed under magnification of 1000 times. (b) Pores were damaged, closed and then connected under
magnification of 2000 times. (c) Tensile cracks were bent and split, which were densely distributed
under magnification of 250 times. (d) Fracture surface appeared as step-shaped and river-shaped
fractures under magnification of 100 times. Red rectangles denote the location of fractures.

4.2. The EP Response Analyses

As a micro-molecular mixture, coal is composed of multiple atom groups. The interiors of
micro-molecules are connected through multiple bridge bonds, such as covalent bond, hydrogen
bond and Van der Waals’ force. The atom groups carry non-uniformly distributed charges so that
they show polarity outward. As a result, the micro-surface of the rock mass shows weak electrical
property [36] and the surface charge density exhibits the magnitude of 10−5~10−4 C/m2 [37], endowing
the rock mass with a certain conductivity. Under the effect of external factors, the charged groups
on the surface can lead to charge separation to form electric field. When the gas-bearing coal
is damaged and deformed, the particles of coal matrix, mineral particles, and cement in internal
structure of coal are subjected to relative slippage and dislocation to generate free charges due to
the friction effect. The combined effect between triboelectrification and thermionic emission effect
induces the EP response. However, the initiation and expansion of cracks can cause the fracturing
of cementitious chemical bonds (even covalent bonds) between coal molecules to generate dangling
bonds. It consequently leads to charge separation. Additionally, when stress is applied to micro-cracks,
stress concentration effect occurs at the tip of cracks, which causes the energy in coal molecules to
dramatically rise at the crack tip. Furthermore, molecular structures are subjected to distortion while
outer electrons of molecules escape [16,19,24,26,28].

The charge separation and charge accumulation happening in the aforementioned process can lead
to electrostatic charge field, which can be regarded as a point source of the surface EP effect. The interior
of the coal mass is composed of heterogeneous coal matrixes and pores filled with gas molecules and
coal matrix is greatly different from gas molecules in dielectric constant. Therefore, the polarization
electric field can be formed at the interfaces of different dielectrics. Thus, it can be considered that EP
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at a point within the coal mass is formed due to the superposition of constantly generated charges
under the combined effect of variable static electric field and polarization electric field [38]. To simplify
the solution process of EP, the EP value can be calculated with imaging method [39]. As shown in
Figure 14, it is assumed that the dielectric constants of two semi-infinite dielectrics (coal matrix and
gas) are ε1 and ε2 and their interface is set as M. Moreover, it is supposed that a point charge appears
at a point O, with the electric charge quantity of q. Additionally, it is assumed that the symmetrical
location of O in the mirror image corresponding to the interface M is O′, with the electric charge of q′.

Figure 14. The sketch map of the imaging method for solving EP based on a single boundary.
Where O′ and O refer to the true and imaging charges while U1 and U2 denote the EPs at points
P1 and P2, respectively.

Therefore, the EP at the point P1 with the same dielectric location with O is expressed as U1.
Similarly, the EP at the point P2 with the same dielectric point with O′ is calculated as U2. Thus,

U1 = q(1/r + K12/r1)/(4πε1) (3)

U2 = q(1/r2 − K12/r2)/(4πε2) (4)

where, r, r1, r2, and K12 = (ε1 − ε2)/(ε1 + ε2) refer to the distance of P1 to point O, the distance of O′
to the point P1, the distance of O to the point P2, and the reflection coefficient of the dielectric ε1 to ε2,
respectively.

The aforementioned model is popularized to the finite boundary. As shown in Figure 15, the point
charge q is bounded within a finite space by four boundaries (A, B, C, and D) and isolated from
different dielectrics of external environment. The initial imaging charges of q generated in the four
boundaries are q1, q2, q3, and q4, respectively. Similarly, existing imaging charges can generate new
imaging charges along the other boundaries. In this way, there are infinite such imaging charges.
However, the farther the new imaging charges distancing to the point charge is, the less significant
their effect on the EP of the measurement point [40].
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Figure 15. Schematic map of imaging method for solving EPs under finite boundaries. The red solid
circle and the pink box refer to actual point charge and four boundaries, respectively. Brown solid
circles denote the initial imaging charge of actual point charge at the aforementioned boundaries while
blue solid circles represent new imaging charges generated based on the initial imaging charges at the
corresponding boundaries. The solid box refers to the location of the point S.

Through simplification, the EP at the measurement point S can be expressed as follows:

US = q/(4πε1r) +
m

∑
j=0

K12
j

n

∑
i=0

K12
i[1/r1ij + 1/r2ij + 1/r3ij + 1/r4ij

]
/(4πε2) (5)

where, Kab
i and Kab

j separately denote reflection coefficients while i and j. are superscripts representing
the reflecting interfaces separately parallel to axes x and y. Moreover, n and m denote corresponding
mirror imaging reflections and r1ij, r2ij, r3ij, and r4ij refer to the distances of imaging charges to the
measurement point P.

4.3. The Influence of Gas on EP Effect

As the pore structure is well developed in coal, a large amount of gas is adsorbed on the coal mass
after the complete adsorption. Non-adsorbed gas freely moves in coal pores at a free state. A gas-solid
coupling system is formed with the adsorbed and free-state gas with coal pores. The formation of the
system changes the mechanical properties as well as the damage and fracturing process of the coal
mass to thus further influence of response characteristics of EP [6].

177



Processes 2019, 7, 72

(1) The influence of gas on mechanical properties of the coal mass
After gas is fully absorbed by the coal mass, surface free energy of pores reduces [41]. As a result,

the attractive force between coal molecules on the fracture surface decreases and the capability of
matrix for restricting coal molecules weakens, triggering the expansion-induced deformation of coal
matrixes. Microscopically, the change is reflected by the reduced cohesion between coal matrix particles,
which finally reduces the force and energy required during failure of the coal mass, and therefore
the failure strength declines while the deformation amount increases. This has been verified in the
results of Section 3.2, as shown in Figure 10a,b. Additionally, the free-state gas enters large microscopic
fractures in the coal mass under the effect of pore pressure to therefore strengthen the effective normal
stress, and the structure of fractures will be split and expanded. Additionally, the frictional resistance
of cracked surfaces will also be weakened. Moreover, the pore structure is changed, and the mechanical
strength of pore structures reduced [42].
(2) The influence of gas on the damage and fracturing process of the coal mass

The process of deformation and fracturing of the coal mass is discontinuous and non-uniform
and sometimes local zone is subjected to expansion or shrinkage. On the one hand, gas can deteriorate
the structure of the coal mass and promote the damage and fracturing of the coal mass. On the other
hand, gas provides confining pressure to change the stress state of the interior of the specimen [42,43].
Under the effect of axial compression stress, the coal mass is subjectged to transverse deformation to
induce transverse tensile stress. Under the effect of axial compression stress, transverse tensile stress,
and transverse gas stress (confining pressure), the specimens are characterized by the combination of
tensile and shear failure. Then the fracturing direction of the specimen shows a certain included angle
with the axial direction. With the increase of gas pressure, the difference between confining pressure
and peak loading stress leading to failure of the coal mass reduces, and such failure characteristic of
the specimen becomes more significant, with a larger included angle (see Figure 16).

Figure 16. Pictures of real coal mass under load under different gas pressures. (a) 0 MPa, (b) 1 MPa,
(c) 2 MPa, (d) 3 MPa.
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(3) The influence of gas on the EP response
The presence of gas promoted the evolution of damage and fracturing of the coal mass.

In particular, the expansion effect and the friction effect of cracks promoted the EP response.
Additionally, free-state gas migrated and diffused in coal pores to constantly lead to collision and
energy exchange with the edge of micro-cracks and to generate streaming EP with a certain intensity
as well.

The EP response was triggered by cracks in the coal mass under load and abnormal sudden
change of EP can reveal the failure of the coal mass. For this reason, during the fracturing of gas-bearing
coal under load, with the increase of gas pressure, cracks were likely to initiate and propagate in
the coal mass and friction effect was strengthened. As a result, the EP effect was more significant,
and EP maximum and EP variation coefficient both gradually rose, which are also varied in Section 3.2,
as shown in Figure 10c,d.

4.4. Analysis of the EP Response of Gas-Bearing Coal in Different Loading Stages

By taking 2.0 MPa of gas pressure as an example, the damage process of the gas-bearing coal
under load can be approximately divided into five stages (see Figure 17) [32].

Figure 17. Complete stress-strain curves during the damage of gas-bearing coal under load.

(1) AB stage: Under the effect of stress, the original structural plane and micro-cracks were
compacted and closed gradually. Therefore, the EP intensity in the initial stage was generally low
while greatly fluctuated. In terms of the EP effect in the stage, the friction effect generated due to the
closure of primary crack surfaces mainly appeared while new cracks hardly occurred.

(2) BC stage: In the elastic stage, the coal matrix was mainly subjected to linear-elastic deformation
while suffered from little plastic damage. With the increase of strain, stress steadily rose and therefore
new primary cracks constantly reached the critical strength, thereby causing the initiation, expansion,
and splitting of cracks and steady rise of the EP intensity. In terms of the EP response in the stage,
the friction effect between particles of coal matrix and crack surface and little crack expansion effect
were mainly found. The presence of gas aggravated the damage and deformation of the coal mass,
with a significant promotion effect on the EP response.
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(3) CD stage: In the yielding stage, after stress reached the yield point, some irreversible
deformations appeared in the specimen. Micro-cracks greatly expanded and resulting charge separation
was taken as the dominant mechanism of the EP response. Moreover, the EP response was relatively
active, and the EP intensity constantly rose.

(4) DE stage: Plastic deformation mainly happened in the stage. The damage of the specimen
constantly exacerbated and micro-cracks and secondary cracks rapidly expanded and connected,
which resulted in the occurrence of a primary crack. In the process, a great quantity of intermolecular
and even intramolecular chemical bonds in the coal was fractured to thus further generate many
charge separations. Additionally, the rapid expansion of cracks also led to the generation of friction
effect and a great number of charges were accumulated under the two effects. Owing to the local
zone was seriously damaged, the electron-escaping effect caused by stress concentration was also
enhanced. The combined effect of multiple factors caused many charges to instantaneously accumulate.
As a result, dramatic fluctuation appeared, and EP signals rapidly rose to a maximum. The promotion
effect of gas was extremely significant (as shown in Figures 10 and 11).

(5) EF stage: Primary cracks appeared, and cracks fully connected, depriving bearing capacity of
the specimen. After the specimen was completely damaged, generated friction effect, crack expansion,
etc. of EP signals also basically ended. Therefore, the EP intensity also rapidly reduced and stabilized.

Combined with the analysis in Section 3.1., the EP response was closely related to loading state,
AE response, and crack expansion, which can express the evolution of cracks and damage during the
loading process of the gas-bearing coal. The presence of gas showed a promotion effect on the EP
response. As shown in Figure 16, during DE stage, the specimen was greatly damaged and fractured
and therefore failure happened to the coal. Moreover, the abnormal response of EP was extremely
significant. The specimen was damaged, which meant that bearing capacity of the specimen rapidly
reduced, that is, LS rapidly declined, which can be seen in G zone of Figure 17. In this case, EP rapidly
rose to a maximum, which can be taken as the abnormal characteristic for the failure of the gas-bearing
coal to monitor the failure of the coal mass.

4.5. Research Significance of the EP Effect of Gas-Bearing Coal

In the mining field of gas-bearing coal, dynamically monitoring the damage and fracturing
process of gas-bearing coal is the premise of warning the coal and gas outburst disasters. In addition,
EP monitoring can further reflect the stress level and damage state of the coal mass under different
loading stages. Therefore, if the stress state of the coal mass cannot be tested directly, monitoring the EP
response provides a favorable reference for monitoring the damage-evolution process of gas-bearing
coal. Further investigating the EP effect and the mechanism of gas-bearing coal is conducive to
further exploring the damage-evolution process of the coal mass. It is beneficial for the study on
disaster-causing mechanism of coal failure under the stress-gas coupling effect. It also provides
a new idea for monitoring the stability (nondestructive detection) of gas-bearing coal based on the EP
response. Moreover, it provides a new idea for exploring the initiation and occurrence of rock and gas
outburst disasters based on the EP response.

Compared with traditional geophysical information such as electromagnetic radiation and AE,
the EP response is more accurate. Its monitoring process shows a low requirement for the shielding of
environmental-noise and non-contact electromagnetic interference. Moreover, signal screening is not
complex. Therefore, the EP response exhibits a favorable superiority in engineering application [26].
It possesses the important significance to be used to monitor the damage evolution of gas-bearing coal
seams and provide an indication prior to forecasting dynamic disasters in mines.
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5. Conclusions

During the loading and damaging process of gas-bearing coal, multi-information was measured
and analyzed to obtain the research results as follow:

(1) Abundant EP signals are generated during the damage of gas-bearing coal under load. With the
growth of stress, the damage of the specimen was aggravated, and EP was strengthened. Moreover,
AE counts and amplitude increased, and crack expansion were exacerbated. When the specimen
was subjected to local fracturing and stress suddenly changed, EP and AE tended to vary suddenly,
and crack expansion was significant and constantly aggravated. The higher the stress level was and the
greater the sudden change of stress was, the more dramatic the damage of the coal mass and therefore
the greater the abnormal response of EP and AE. The EP response showed similar characteristics
under different gas pressures and the presence of gas promoted the EP response. The changing trend
and response characteristics of EP exhibit the stress state and reveal the damage-evolution process of
the specimen.

(2) Under the coupling effect of stress and gas, the damage of the coal mass constantly aggravated.
It caused internal cracks to constantly initiate, then propagate and finally converge, and connect,
triggering the fracturing of the coal mass. Charge separation happened under the effects of crack
expansion, friction effect between crack surface and coal matrixes, electron emission induced by stress
concentration, etc. As a result, the EP response was triggered. Furthermore, the calculation method for
EP is simplified with imaging method.

(3) After gas was fully absorbed by the coal mass, surface free energy of pores reduced,
which caused the decline of intramolecular and intermolecular attractive forces. It led to
expansion-induced deformation of coal and reduction of cohesion. This reduced the broken strength of
the coal mass and increased deformation. Additionally, free-state gas entered large fractures in the coal
mass under the effect of pore pressure. It had a splitting and expansion effect on fracture structure and
weakened the friction resistance of crack surface. Therefore, the presence of gas promoted the crack
expansion of the coal mass and friction effect to strengthen the EP effect. In addition, the electrokinetic
effect generated due to the flow of free-state gas in pores also exerted a certain influence on the
EP effect.

(4) At different loading stages, different factors dominated the EP response of gas-bearing coal.
In the early stage of loading, the friction effect played a dominant part while crack expansion mainly
appeared in the later period of loading. The electron emission was caused by stress concentration and
the electrokinetic effect induced by gas flow both exhibited a certain effect during the whole loading
stage. During the failure of the specimen, the EP rapidly rose to a maximum, so did the AE count.
Moreover, signals showed a high amplitude and cracks rapidly expanded and ran through from the
top to the bottom of the specimen. It led to the failure of gas-bearing coal finally. After the specimen
was completely damaged, EP signals rapidly reduced and then stabilized. The abnormal characteristic
of EP can be taken as an index for monitoring the stability of gas-bearing coal and warning the failure
of the coal mass.

Author Contributions: Conceptualization and methodology: Z.L., E.W. and L.L.; analysis and investigation:
Z.L. and Y.N.; original draft reparation, writing: Z.L. and Y.N.; review, editing and funding acquisition: Z.L., Y.N.,
E.W., L.L., H.W., A.M. and M. W.

Funding: This work was supported by National Natural Science Foundation of China (51674254, 51504244,
51514140), the State Key Research Development Program of China (Grant No. 2016YFC0801404, 2016YFC0801401),
State Key Laboratory of Coal Resources and Safe Mining, CUMT (SKLCRSM15X03), and the Project Funded by
the Priority Academic Program Development of Jiangsu Higher Education Institutions (PAPD).

Acknowledgments: We thank anonymous reviewers for their comments and suggestions to improve
the manuscripts.

Conflicts of Interest: The authors declare no conflict of interest.

181



Processes 2019, 7, 72

Abbreviations

a Ultimate gas adsorption r3ij
Distances of imaging charges
to the measurement point P

b Molar gas constant r4ij
Distances of imaging charges
to the measurement point P

K12 Reflection coefficient of the dielectric ε1 To ε2 T Absolute temperature

Kab
i Reflection coefficients while i represent the superscripts of

reflecting interface separately parallel to axes x and y
U1 EP at the point P1

Kab
j Reflection coefficients while j represent the superscripts of

reflecting interface separately parallel to axes x and y
U2 EP at the point P1

m Another corresponding times of mirror imaging reflection US EP at the measurement point S

n Corresponding times of mirror imaging reflection Vm Molar volume

P Gas pressure ε1 Semi-infinite dielectrics of coal

q Charge quantity of initial charge ε2 Semi-infinite dielectrics of gas

R Molar gas constant ∅ Equivalent pore coefficient

r Distance of P1 To point O ρs Apparent density

r1 Distance of O′ to the point P1 σe Effective stress

r2 Distance of O to the point P2 σe′ Relative broken strength

r1ij Distances of imaging charges to the measurement point P σL Loading stress

r2ij Distances of imaging charges to the measurement point P
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Abstract: Water–rock interactions can significantly deteriorate the physical and mechanical properties
of rocks, and it has been identified as one of the significant factors influencing the stability and
safety of structures in rock–soil engineering. In this study, the fracture mechanical properties of
sandstone under periodic water–rock interactions and long-term immersion have been studied with
central cracked Brazilian disk specimens. The degradation mechanism of water–rock interactions
was also studied using a scanning electron microscope (SEM). Finally, the generalized maximum
tangential stress and generalized maximum tangential strain criteria were adopted to evaluate the
experimental results. The results show that periodic water–rock interactions can remarkably affect
the fracture resistance of sandstone. With the increase in the number of cycles, the pure mode I, pure
mode II, and mixed mode fracture toughness decreases greatly, however, the values of KIf/KIC and
KIIf/KIC decrease slightly. Furthermore, the fracture resistance of sandstone influenced by cyclic
wetting–drying is more significant than long-term immersion. Moreover, the fracture criteria, which
considers the effect of T-stress, can reproduce the test results very well.

Keywords: water–rock interaction; degradation mechanism; mixed mode fracture resistance; fracture
criteria; T-stress

1. Introduction

In engineering practices, such as tunneling, mining, oil and gas exploration, and excavation,
the deformation and failure of rock materials is generally accompanied with water. These failures are
strongly associated with water–rock interactions, such that many geological disasters like earthquakes,
debris flow, landslides, and ground subsidence, have occurred in recent years. Water–rock interactions
can significantly deteriorate the physical and mechanical properties of rocks, and they have been
identified as one of the significant factors influencing the stability and safety of structures in rock–soil
engineering and tunnel engineering [1–3].

In recent years, several studies on water content affecting the mechanical properties of different
types of rocks, including uniaxial compressive strength, cohesion resistance, tensile strength,
and fracture resistance, have been conducted by researchers [4–12]. The results showed that even if
the water content had a small increment, it might make the strength and stiffness of the rocks reduce
remarkably, which means that the water content could significantly degrade the mechanical properties
of rock materials. Furthermore, the subcritical crack growth of sandstone and igneous rock affected by
the relative humidity was studied by Nara et al. [13,14]. Tang et al. [15] performed numerous fracture
tests with three-point bending samples so as to investigate the change of rules of the mode I fracture
resistance of different types of rocks after soaking in a hydrochemical solution. Li et al. [16] also studied
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the deformation and strength properties of rock in an acid solution, and proposed a chemical damage
model to predict the degradation of the rock strength and deformability.

In addition to the short or long term immersion, rock masses may also be subjected to
periodic drying and wetting because of rain or changes in the groundwater level. Therefore,
several experimental studies on periodic wetting–drying affecting the physical and mechanical
properties of rocks have been performed in recent decades [17–26]. In addition, Yuan and Ma [27],
and Zhou et al. [28,29] studied the dynamic mechanical behavior of selected sandstones under cyclic
wetting–drying. The cyclic wetting–drying and freezing–thawing effects on some of the mechanical
parameters of the selected rock materials were studied by Hale and Shakoor [30], Khanlari and
Abdilor [31], and Özbek [32]. Moreover, Li and Zhang [33] proposed a damage model, which
considered the wetting and drying effect, to characterize the variation in the uniaxial compressive
stress–strain for sandstone. Liu et al. [34] analyzed the strength deterioration and the variations in
the micro-structures of the shaly sandstone samples under wetting–drying cycles by using the PFC2D
(particle flow code in two-dimensions) software. More recently, Zhao et al. [35] performed Brazilian
disk splitting tests to study the influence of long-term soaking and periodic wetting and drying on the
tensile strength of a selected rock.

It was found that the deterioration effects of periodic wetting–drying on different mechanical
parameters for the same rock were significantly different. However, there was a common viewpoint
that the strength of the rock would degrade after periodic wetting–drying, and the damage to the rocks
was irreversible and progressive. The mechanical parameters in the aforementioned studies were
mainly compressive strength, cohesion resistance, tensile strength, shear strength, and so on. However,
studies on the fracture mechanical properties of the rocks affected by periodic water–rock interactions
and long-term immersion are scarce [1–3,9,15,36]. It has not yet been incompletely understood how the
mixed mode fracture behavior of rocks is influenced by periodic water–rock interactions and long-term
immersion. In particular, the differences between the degradation effects of these two occurrences
have not been entirely clarified.

The purpose of this study is to examine how the mixed mode fracture resistance of sandstone
is influenced by periodic water–rock interactions and long-term immersion using central cracked
Brazilian disk (CCBD) specimens. The degradation mechanism of water–rock interactions was also
studied using a scanning electron microscope (SEM) in this research. Furthermore, the generalized
maximum tangential stress (GMTS) and generalized maximum tangential strain (GMTSN) criteria
were adopted to evaluate the experimental results.

2. Materials and Methods

There are many experimental methods and test configurations to determine the fracture resistance
of brittle or quasi-brittle materials. Some well-known test configurations are the CCBD specimen,
semi-circular bend specimen, compact tension shear specimen, edge cracked four-point bend beam
specimen, notched three-point bend specimen, inclined center crack plate, and so on. Among
these specimens, the CCBD specimen is frequently used to conduct mixed mode fracture tests
on rock materials, owing to the existence of analytical expressions for stress intensity factors and
the easy realization of complete mode combinations of mode I and mode II [37–39]. In addition,
the cracked chevron notched Brazilian disc specimen, which is one of the CCBD specimens, has
been suggested by the International Society for Rock Mechanics (ISRM) for determining the pure
mode I fracture toughness of rocks [40]. In this research, the CCBD specimen is employed for
measuring the mixed mode fracture resistance of sandstone under cyclic wetting–drying and long-term
immersion conditions.

2.1. Stress Intensity Factors for the CCBD Specimens

Figure 1 represents a diagram of the CCBD specimen with thickness t and diameter D subjected
to radial load P. The initial crack length in the Brazilian disk is represented by 2a, and the loading
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angle is β. The analytical expressions of the mode I and mode II stress intensity factors KI and KII were
deduced by Dong et al. [41], as follows:

KI = σ
√

πa · YI = σ
√

πa

[
f11 + 2

n

∑
i=1

A1i f1iα
2(i−1)

]
(1)

KII = σ
√

πa · YII = σ
√

πa ·
[

2
n

∑
i=1

A2i f2iα
2(i−1)

]
(2)

where α = a/R; σ = P/(πtR); and YI, YII are the normalized forms of KI and KII, respectively.
The coefficients fji and Aji (i = 1, 2, 3, · · · n; j = 1, 2) in the above expressions can be found in the
paper by Dong et al. [41]. According to the authors of [1,41], the sum coefficient n = 100 is adopted to
ensure the calculating precision of stress intensity factors in this paper.

Figure 1. Diagram of a central cracked Brazilian disk (CCBD) specimen under compression.

2.2. Sample Preparation and Testing Procedure

In this study, all of the sandstone specimens were extracted from the same rock mass with fine
particles and good homogeneity, which came from Ziyang City, Sichuan Province, China. The main
mineralogical compositions of the selected sandstone were quartz, clinochlore, albite, and gordonite,
according to the X-ray diffraction (XRD, PANalytical B.V., Almelo, The Netherlands) analyses.
The sandstone had a moisture content of 1.20%, dry density of 2.24 g/cm3, water absorption of
6.18%, Poisson’s ratio of 0.21, and tensile strength of 2.68 MPa. In addition, the microstructure of
the intact sandstone was observed using SEM (JEOL, Tokyo, Japan). It showed many pores, faults,
and micro-cracks in the intact sandstone (Figure 2), which enabled the occurrence of water–rock
interactions [3].
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Figure 2. The typical microstructure photograph of the intact sandstone sample.

The CCBD specimen was employed for measuring the mixed mode fracture resistance of
sandstone under water–rock interactions. The nominal diameter and thickness of the CCBD specimen
were 75 mm and 25 mm, respectively. According to the analysis of Dong [42], a relative crack length a/R
ranging from 0.4 to 0.6, is recommended to conduct a fracture test with a CCBD specimen. Therefore, a
relative crack length of 0.5 for all the CCBD specimens was considered. According to Dong et al. [41],
the pure mode I crack could be achieved when the loading angle was 0◦. Moreover, the loading angle
was 23◦ for a pure mode II crack when a/R = 0.5. Hence, when adjusting the loading angle from
0◦ to 23◦, the complete mode combinations of mode I and mode II can be conveniently obtained.
In this study, four different scenarios with the CCBD specimens loaded by 0◦, 10◦, 15◦, and 23◦ were
considered for the fracture tests.

Water–rock interactions were performed under the following two different treatment conditions:
cyclic wetting–drying and long-term immersion. In each wetting–drying cycle, the sandstone samples
were completely submerged in water for two days in order to reach the saturated state at atmospheric
conditions. The specimens were then removed and heated in an oven at 105 ◦C for one day,
and subsequently, the samples were cooled to an atmospheric temperature [3,22,30]. However, for the
long-term immersion, it was considered as a single cycle when the sandstone samples were completely
soaked in water for three days. The sandstone specimens were subjected to three and seven cycles with
these two treatment approaches, respectively. After the samples underwent the required number of
cycles, they were once again completely submerged in water for two days for fracture tests. It should
be noted that the intact sandstone specimens soaked in water for only two days were considered to
have undergone no cycle. In addition, the intact sandstone samples that did not undergo any treatment
were also measured in this study.

The fracture experiments were performed with an electronic universal material testing machine
(Shenzhen Reger Instrument, Shenzhen, China) for loading at a rate of 0.05 mm/min for all of the
samples [43–46]. At least four CCBD specimens of sandstone in each group were successfully measured.
During each test, the load–deformation behavior of the sandstone specimen from initial loading to
final failure were completely recorded by the testing system. Figure 3 represents the failure modes
of some of the sandstone specimens after undergoing water–rock interactions. It is observed that the
crack propagation path is always along the initial crack line when the loading angle is 0◦ (pure mode
I). However, when the CCBD specimens are under pure mode II or mixed mode loading, the crack
extends in the direction deviating from the initial crack.
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Figure 3. Failure modes of some sandstone specimens.

3. Experimental Results and Discussion

3.1. Water–Rock Interactions Affecting Fracture Resistance of Sandstone

Many fracture tests have been performed on sandstone under periodic water–rock interactions
and long-term immersion with CCBD specimens. The fracture toughness of the sandstone samples
determined from Equations (1) and (2) are listed in Table 1. Moreover, the averaged values of the pure
mode I, pure mode II, and mixed mode fracture toughness of this sandstone are shown in Figure 4. It is
observed that the mean values of the pure mode II fracture toughness are always greater than those
of pure mode I for the sandstone samples under the same treatment conditions. This is very similar
to the experimental results obtained with the CCBD specimens reported in the literature [43,47–49].
In addition, the pure mode I, pure mode II, and mixed mode fracture toughness of the intact sandstone
are always larger than those of the sandstone after undergoing water–rock interactions. This is mainly
because the sandstone samples are in a water-saturated state after undergoing water–rock interactions,
and the water content within the sandstone is very high, which has been identified as an important
factor for lowering the strength of rocks [8–10].

As observed in Figure 4, the pure mode I, pure mode II, and mixed mode fracture toughness of the
sandstone samples decrease with the increase in the number of cycles under both cyclic wetting–drying
and long-term immersion conditions. For the sandstone samples under cyclic wetting–drying, when
the samples undergo none, three, and seven cycles, the mean values of the pure mode I and pure
mode II fracture toughness are 0.232, 0.174, and 0.148 MPa m0.5; and 0.341, 0.246, and 0.204 MPa m0.5,
respectively. The pure mode I fracture toughness decreases by 25.0% for the three-cycle case and 36.2%
for the seven-cycle case compared with those of the saturated sandstone (no cycle). The pure mode II
fracture toughness decreases by 27.9% and 40.2% after cyclic wetting–drying for the three-cycle and
seven-cycle cases, respectively. This indicates that the pure mode II fracture toughness influenced by
cyclic wetting–drying is more significant than the pure mode I fracture toughness.

For the sandstone samples under long-term immersion conditions, when the samples undergo
three and seven cycles, the pure mode I fracture toughness is 0.187 and 0.173 MPa m0.5, respectively,
which decrease by 19.4% and 25.4%, respectively, after water–rock interactions. However, the pure
mode II fracture toughness corresponding to three and seven cycles are 0.267 and 0.247 MPa m0.5,
respectively, which decrease by 21.7% and 27.6%, respectively. These values show that the effect
on the pure mode II fracture toughness under long-term immersion is more significant, which is
similar to the treatment condition of cyclic wetting–drying. After three cycles, the pure mode I and
pure mode II fracture toughness of sandstone under long-term immersion decrease by 19.4% and
21.7%, respectively, which are smaller than the corresponding values of 25.0% and 27.9%, respectively,
under cyclic wetting–drying. A similar phenomena is also observed when the number of cycles
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is seven. In conclusion, the fracture resistance of sandstone is more significantly affected by cyclic
wetting–drying than long-term immersion.

Table 1. Test values of fracture toughness for sandstone under different water–rock interaction conditions.

Treatment
Conditions

Number
of Cycles

Fracture Toughness K/MPa m0.5

KIC

(β = 0◦)
KIf

(β = 10◦)
KIIf

(β = 10◦)
KIf

(β = 15◦)
KIIf

(β = 15◦)
KIIC

(β = 23◦)

Intact -

0.332 0.264 0.298 0.188 0.443 0.502
0.327 0.275 0.312 0.171 0.404 0.509
0.348 0.272 0.308 0.185 0.434 0.498
0.344 0.257 0.291 0.177 0.415 0.485

Saturation 0

0.224 0.181 0.206 0.119 0.285 0.337
0.231 0.174 0.199 0.127 0.304 0.372
0.245 0.199 0.228 0.122 0.291 0.327
0.229 0.191 0.218 0.113 0.268 0.326

Cyclic wetting
and drying

3

0.173 0.136 0.152 0.089 0.211 0.246
0.180 0.136 0.155 0.085 0.203 0.239
0.164 0.141 0.158 0.088 0.212 0.255
0.177 0.133 0.151 0.092 0.223 0.245

7

0.145 0.115 0.131 0.077 0.185 0.198
0.143 0.114 0.130 0.072 0.172 0.210
0.156 0.111 0.127 0.080 0.190 0.215
0.148 0.117 0.133 0.073 0.174 0.193

Long-term
immersion

3

0.180 0.148 0.168 0.091 0.215 0.250
0.183 0.144 0.162 0.097 0.232 0.290
0.195 0.134 0.151 0.094 0.221 0.258
0.188 0.144 0.162 0.099 0.236 0.268

7

0.180 0.133 0.151 0.086 0.204 0.235
0.184 0.123 0.139 0.082 0.197 0.251
0.159 0.126 0.143 0.093 0.224 0.245
0.171 0.140 0.159 0.089 0.212 0.255

 
Figure 4. Fracture toughness of sandstone under different water–rock interaction conditions.

In order to compare the mixed mode fracture toughness of sandstone conveniently, the concept
of effective fracture toughness (Keff) is introduced, and it can be calculated by the following
formula [3,50,51]:

Keff =
√

K2
I + K2

II (3)

Figure 5 shows the effective fracture toughness of the sandstone samples under long-term
immersion and cyclic wetting–drying conditions. As seen from Figure 5, the values of Keff for sandstone
under four different loading angles always decrease with the increasing number of cycles in both
cyclic wetting–drying and long-term immersion conditions. When the sandstone samples with a
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loading angle of 10◦ undergo none, three, and seven wetting–drying cycles, the effective fracture
toughness values Keff are 0.283, 0.206, and 0.173 MPa m0.5, respectively, which are reduced by 27.3%
and 38.8%, respectively, compared with the saturated sandstone. However, for the sandstone samples
loaded by 15◦, the values of Keff decrease by 26.0% and 37.3% after undergoing three and seven cycles,
respectively. Furthermore, after seven wetting–drying cycles, when the loading angle changes from
0◦ (pure mode I), 10◦, 15◦, and 23◦ (pure mode II), the effective fracture toughness Keff decreases by
36.2%, 38.8%, 37.3%, and 40.2%, respectively. It shows that the degradation effect on pure mode II and
mixed mode fracture toughness is more significant, which has also been reported by Hua et al. [3] for
another type of rock.

Figure 5. Effective fracture toughness of sandstone under water–rock interactions with a different
number of cycles.

For the sandstone samples with a loading angle of 10◦ under long-term immersion, the effective
fracture toughness Keff corresponding to three and seven cycles are 0.215 and 0.197 MPa m0.5,
respectively, which are reduced by 24.0% and 30.3%, respectively, when compared with the saturated
sandstone. For the case of 15◦, the values of Keff corresponding to three and seven cycles are reduced
by 21.2% and 27.0%, respectively, for sandstone under long-term immersion. In addition, it is observed
that the degradation effect of long-term immersion on pure mode I fracture toughness is the weakest,
which is very similar to the cyclic wetting–drying process.

Moreover, in Figure 5, the values of Keff for sandstone under long-term immersion are always
larger than that under cyclic wetting–drying for the same number of cycles (except for no cycle).
For example, when the sandstone is loaded by 10◦, the values of Keff for sandstone under long-term
immersion and cyclic wetting–drying are 0.215 and 0.206 MPa m0.5, respectively, after undergoing
three cycles each. Furthermore, for the case of 15◦, the reduction of Keff for sandstone undergoing
seven wetting–drying cycles is approximately 37.3%, which is larger than the corresponding value of
27.0% under long-term immersion. This behavior is similar for the other loading angles of 0◦ and 23◦.
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Hence, we can conclude that the fracture resistance of sandstone influenced by cyclic wetting–drying
is more significant when compared with the case of long-term immersion.

3.2. The Degradation Mechanism of Water–Rock Interactions

As we known, the mechanical properties of rocks are closely associated with the mineralogical
compositions and microstructure [3,28,34]. SEM is used to observe the changing regularity of the
microstructure of the sandstone samples under the two treatment conditions of long-term immersion
and cyclic wetting–drying. Figure 6 shows the photomicrographs at ×500 magnification for the
sandstone samples undergoing three and seven cycles under the two treatment conditions. As shown
in Figure 6a, the pores between the mineral particles increased gradually, and some particle structures
tended to be loose. The new secondary micro-cracks appeared along the boundary of the mineral
particles after three cycles. Furthermore, the exfoliated particles increased and the pore size of the
sandstone sample increased gradually after seven cycles, which is observed in Figure 6b. When the
samples were immersed in an aqueous solution, the water molecules moved gradually towards the
interior of the rock mass owing to the pores, micro-cracks, faults, and the contact surfaces between
the mineral particles. Furthermore, the aqueous solution could dissolve some soluble minerals and
cements of the sandstone, increase the porosity (or water content), and consequently reduce the
cohesive force between the mineral particles.

Figure 6. Scanning electron microscope (SEM) photomicrographs of sandstone samples after
water–rock interactions.

The treatment procedure of cyclic wetting–drying in this experiment actually included not only
wetting and drying, but also heating and cooling processes. After soaking, the sandstone samples
were heated in an oven. Heating the sandstone samples directly might induce thermal damage to the
sandstone, and this thermal damage to the rock was very large because of the higher water content
in the sandstone after the wetting procedure. The presence of water in the rocks is considered a
precondition for the occurrence of heating and cooling degradation [30]. The efficacy of heating
degradation of the moisture-laden rock stems, in part, from the ability of the heated water to mobilize
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the soluble minerals towards the rock surface, resulting in the increased porosity of the rock. In addition,
owing to the different thermal expansion coefficients of various minerals of sandstone, the mineral
particles expanded and squeezed with each other when the sandstone samples were heated, however,
the mineral particles contracted during the cooling process [3]. These processes led to the propagation
of the micro-cracks and pores between the mineral particles, or produced new secondary micro-cracks
(see Figure 6c,d).

It can be also found from Figure 6 that the size and quantity of the micro-cracks (or pores)
between the mineral particles under the treatment condition of cyclic wetting–drying increased
more significantly when compared with long-term immersion with the same number of cycles.
This indicates that the degradation effect of cyclic wetting–drying was more remarkable than the
long-term immersion, which is completely consistent with the test results. In short, the water–rock
interaction was a gradual process of physical and chemical damage accumulation, which dissolved
some soluble minerals and cements, reduced the adhesive forces between the mineral particles, made
the micro-cracks and pores between the mineral particles propagate or produce new secondary
micro-cracks, and consequently changed the microstructure of the sandstone. These changes in the
microstructure characteristics were the basic reasons for the weakening of the fracture resistance of
the sandstone.

4. Analysis According to the GMTSN Criterion

The GMTSN criterion was developed by considering the influence of T-stress on the maximum
tangential strain (MTSN) criterion [52], which was primitively put forward by Ayatollahi and
Abbasi [53]. Mirsayar [54] proposed a similar strain-based criterion and employed it to evaluate
the fracture mechanical behavior of polymethyl methacrylate. Hua et al. [50] extended the GMTSN
criterion by considering both plane strain and plane stress conditions, and made use of it to evaluate
the brittle fracture behaviors of the CCBD specimens made of graphite and rock materials. More
recently, the GMTSN criterion has been frequently employed to evaluate the onset of the fracture of
different materials [51,55–57]. Based on the GMTSN criterion [50,53,54], the crack initiation angle (θ0)
can be calculated using the following formula:

YI[(5 − 8κ) sin
θ0

2
− 3 sin

3θ0

2
] + YII[(5 − 8κ) cos

θ0

2
− 9 cos

3θ0

2
] + 8

√
2r0

a
T∗ sin 2θ0 = 0 (4)

Here, YI and YII are the normalized forms of KI and KII, respectively; T∗ = T/σ is the normalized
T-stress; a is half of the crack length; and r0 is the critical distance around the crack tip. Moreover, κ

is a coefficient for distinguishing the plane strain or plane stress condition, which is associated with
the Poisson’s ratio ν. For the plane stress problems, the value of the coefficient κ is equal to 1/(1
+ ν), whereas its value is 1 − ν for the plane strain problems [50]. Similarly, based on the GMTSN
criterion [50], the onset of brittle fracture can be determined from the following equations:

KIf
KIC

=
(2κ − 1) + TI

∗
YI0

√
2r0
a (κ − 1)

f1(θ0) +
YII
YI

f2(θ0) +
T∗
YI

√
2r0
a f3(θ0)

(5)

KIIf
KIC

=
(2κ − 1) + TI

∗
YI0

√
2r0
a (κ − 1)

YI
YII

f1(θ0) + f2(θ0) +
T∗
YII

√
2r0
a f3(θ0)

(6)

with ⎧⎪⎪⎨⎪⎪⎩
f1(θ) =

1
4 [(8κ − 5) cos θ

2 + cos 3θ
2 ]

f2(θ) = − 1
4 [(8κ − 5) sin θ

2 + 3 sin 3θ
2 ]

f3(θ) = (κ − cos2 θ)

(7)
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where YI0 and TI
∗ are the normalized stress intensity factor and T-stress for pure mode I loading,

respectively. For the CCBD specimens, the values of YI and YII can be easily calculated according
to Equations (1) and (2), and the T-stress can also be obtained by an analytical formula developed
by Hua et al. [58]. In this study, when the CCBD specimens with a/R = 0.5 are loaded by 0◦, 10◦,
15◦, and 23◦, the corresponding dimensionless T-stresses are −5.790, −4.634, −3.465, and −1.483,
respectively. If the values of YI, YII, T*, r0, and ν are known, one can obtain the crack initiation angle
(θ0) from Equation (4), and the corresponding ratios of KIf/KIC and KIIf/KIC can be also calculated
according to Equations (5) and (6). It is noteworthy that the strain-based GMTSN criterion can be
simplified to the stress-based GMTS criterion when the Poisson’s ratio is v = 0 [50].

In order to use the GMTSN criterion, it is necessary to know the value of the critical distance
around the crack tip r0. This value is associated with the tensile strength σt and pure mode I fracture
resistance KIC, and can be calculated as follows [3,48,59]:

r0 =
1

2π

(
KIC

σt

)2
(8)

For obtaining the critical distance r0, the tensile strength of this sandstone was measured by the
Brazilian splitting method. Before measurement, the treatment process of the Brazilian disk samples
was completely consistent with that of the CCBD specimens. At least four Brazilian disk samples were
successfully tested in each group, and the averaged values of the tensile strength σt are summarized
in Table 2. Furthermore, the values of the critical distance r0 determined according to Equation (8)
are also shown in Table 2, which would be used to compute the values of θ0, KIf/KIC, and KIIf/KIC

according to Equations (4)–(6).

Table 2. The values of critical distance r0 for sandstone under different water–rock interaction conditions.

Treatment Conditions
Number
of Cycles

Tensile Strength
σt/MPa

Mode I Fracture
Toughness

KIC/MPa m0.5

Critical Distance
r0/mm

Intact - 2.677 0.338 2.54
saturation 0 1.897 0.232 2.38

Cyclic wetting and drying 3 1.483 0.174 2.17
7 1.312 0.148 2.03

Long-term immersion 3 1.621 0.187 2.12
7 1.536 0.173 2.02

Figure 7 represents the comparison of the experimental values and theoretical predictions based
on the fracture criteria. As observed from Figure 7, the test values are always larger than the theoretical
predictions according to the conventional maximum tangential stress (MTS) and the MTSN criteria.
This is because the MTSN and MTS criteria only consider the stress intensity factors and neglect the
influence of T-stress. Moreover, the test results agree well with the theoretical predictions according
to the GMTSN and GMTS criteria, which consider the influence of T-stress. For example, when
the sandstone samples with a loading angle of 10◦ undergo none, three, and seven wetting-drying
cycles, the test values of KIf/KIC are 0.803, 0.784, and 0.772, and the values of KIIf/KIC are 0.917,
0.885, and 0.880, respectively. Based on the GMTSN criterion, the theoretical predictions of KIf/KIC

are 0.815, 0.807, and 0.802, and those of KIIf/KIC are 0.935, 0.926, and 0.919, corresponding to none,
three, and seven wetting–drying cycles, respectively. According to the GMTS criterion, the theoretical
predictions of KIf/KIC are 0.783, 0.776, and 0.772, and those of KIIf/KIC are 0.898, 0.890, and 0.885,
corresponding to none, three, and seven wetting–drying cycles, respectively. The relative errors
between the experimental values and the theoretical predictions based on the GMTSN and GMTS
criteria are less than 5.0%. Furthermore, for the sandstone samples subjected to long-term immersion
for three cycles, the measured values of KIf/KIC and KIIf/KIC are 0.762 and 0.860, respectively.
According to the GMTSN and GMTS criteria, the theoretical values of KIf/KIC and KIIf/KIC are
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0.806 and 0.775, and 0.924 and 0.889, respectively. These results show that both the GMTSN and GMTS
criteria can evaluate the experimental results very well. In addition, the experimental results indicate
that the values of KIf/KIC and KIIf/KIC decrease slightly with the increasing number of cycles under
the conditions of cyclic wetting–drying and long-term immersion.

Figure 7. Comparison of the experimental values and theoretical predictions based on the fracture criteria.

As shown in Figure 7, variations still exist between the experimental values and theoretical
predictions of KIIC/KIC based on the GMTS criterion when approaching the pure mode II loading
condition. To discuss the pure mode II case, the theoretical and experimental values of KIIC/KIC are
summarized in Table 3. We observed that the theoretical predictions according to the GMTSN criterion
are closer to the testing values as compared with the GMTS criterion, which indicates that the GMTSN
criterion can provide a better prediction for pure mode II. For instance, the ratio of KIIC/KIC is 1.468
for the water-saturated sandstone, and 1.395 and 1.163 according to the GMTSN and GMTS criteria,
respectively. This phenomenon can be also observed for sandstone under other treatment conditions.
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Further study shows that the maximum relative error between the experimental values and theoretical
predictions according to the GMTSN criterion is less than 7.0%. Compared with the GMTS criterion,
the GMTSN criterion considers not only the influences of multiple stress components (σr, σθ, and σz)
around the crack tip, but also the Poisson’s ratio. Nevertheless, the GMTS criterion only takes into
account the tangential stress component at the crack tip and ignores the effect of Poisson’s ratio. Aliha
and Saghafi [60] reported that the stress intensity factors and T-stress are significantly affected by
Poisson’s ratio. Moreover, Poisson’s ratio is one of the important parameters for evaluating the onset
of the fracture of brittle materials in the GMTSN criterion, and is the key factor to distinguish between
stress- or strain-based criteria [50].

Table 3. The theoretical and experimental values of KIIC/KIC for sandstone under different treatment
conditions. GMTSN—generalized maximum tangential strain; GMTS—generalized maximum
tangential stress; MTSN—maximum tangential strain; MTS—maximum tangential stress.

Treatment Conditions
Number
of Cycles

KIIC/KIC

Test Data GMTSN GMTS MTSN MTS

Intact - 1.475 1.424 1.176 0.630 0.866
saturation 0 1.468 1.395 1.163 0.630 0.866

Cyclic wetting and drying 3 1.415 1.354 1.147 0.630 0.866
7 1.378 1.327 1.136 0.630 0.866

Long-term immersion 3 1.425 1.344 1.143 0.630 0.866
7 1.424 1.324 1.135 0.630 0.866

5. Conclusions

(1) Water–rock interactions can significantly influence the mixed mode fracture resistance of
sandstone. The pure mode I, pure mode II, and mixed mode fracture toughness of sandstone
decrease with the increase in the number of cycles.

(2) The values of KIf/KIC and KIIf/KIC decrease slightly with the increasing number of cycles under
the conditions of cyclic wetting–drying and long-term immersion.

(3) The degradation effect of cyclic wetting–drying on the fracture resistance of rock materials is
more significant when compared with long-term immersion.

(4) Both the GMTSN and GMTS criteria, which consider the effect of T-stress, can evaluate the
experimental results very well. Moreover, the GMTSN criterion may be better than the GMTS
criterion for pure mode II loading.
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Abstract: Backfill mining is widely used to control strata movement and improve the stress
environment in China’s coal mines. In the present study, the effects of backfill mining on strata
movement and water inrush were studied based on a case study conducted in Caozhuang Coal Mine.
The in-situ investigation measured abutment pressure distribution (APD), roof floor displacement
(RFD), and vertical stress in the backfill area. Results are as follows: (i) The range and peak of APD,
RFD, and vertical stress in the backfill area are smaller than in traditional longwall mining with the
caving method. (ii) Backfill mining could change the movement form and amplitude of overburden
and improve the ground pressure environment. (iii) Floor failure depth (FFD) is much smaller in
backfill mining. Backfill mining can be an effective method for floor water inrush prevention.

Keywords: water inrush prevention; backfill mining; strata movement; ground pressure;
floor failure depth

1. Introduction

In past decades, there has been a growing demand for coal resources in China. Hence, the depth
at which coal deposits are extracted has increased considerably [1,2]. Deep coal mining has inherent
risks associated with it due to in-situ stress and hydraulic damage conditions produced by overburden
pressure, tectonic movements, and pressurized water in aquifers underlying the floor strata [3–5].
Historically, longwall mining with the caving method has been widely adopted in China. After removal
of the mined panel, the overburden is divided into three zones: The caving zone, the fracture zone,
and the slow subsidence zone [4,6]. These zones are demarcated according to differences in the
magnitude of strata movement. Meanwhile, abutment pressure forms around the coal panel due to the
movement of the overburden. Abutment pressure and strata movement may result in floor failure,
which can induce water inrush.

Backfilling, an effective way to control strata movement induced by underground mining activities
has been widely adopted in China [7–9]. In backfill mining, the goaf is filled with backfill materials,
thus supporting part of the overburden stress and changing its movement rule and stress distribution.
Therefore, there are great differences in strata movement and stress transfer between backfill mining
and traditional longwall mining with the caving method. The problem of strata movement and stress
transfer has been well studied in the past. Zhang et al. [10] described ground pressure behaviors in
gauge backfill panels by theoretical analysis. Liu et al. [11] studied strata movement with a similar
material experiment. Stresses in backfilled stopes were evaluated using numerical simulations [12,13].
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However, only a few previous studies have investigated the deformation and stress response in the
backfill area due to a lack of monitoring equipment.

To find out the strata movement rule and its influence on water inrush, in the present study,
the surrounding rock’s response to backfill mining was measured through an in-situ investigation
conducted in Caozhuang Coal Mine. The backfill system, materials, and process were introduced.
In field monitoring, multiple factors related with strata movement in backfill mining were considered,
including abutment pressure distribution (APD), roof-floor displacement (RFD), vertical stress,
and floor failure depth (FFD). Results indicate that backfill mining might improve the stress
environment and decrease water inrush risks.

2. Study Area

The Feicheng mining area, located in Taian, Shandong Province, China, is famous for water inrush
disasters and abundance of Ordovician limestone (Figures 1 and 2). Since the 1960s, 283 mine accidents
have occurred in the Feicheng mining area. It is thought that 65% of recoverable reserves are lying
above Ordovician water but are still seriously threatened by Ordovician water [14,15].

Figure 1. The location of Caozhuang Coal Mine.

The target coal seam is the #8 coal seam in Caozhuang Coal Mine CO., LTD of Feicheng Bureau
of Shandong Energy Group CO., LTD. The #8 coal seam, excavated by coal panel 81006, has a depth
of 550 m and belongs to the lower coal groups of the Northern China coal field. The coal seam has
a mean thickness of 1.96 m, dips at an angle of 12–29◦, and has a protodyakonov coefficient of 1.5.
The immediate roof is the No. 4 limestone with a thickness of 5.3 m, and the floor is fine sandstone with
a thickness of 4.78 m. The stratigraphic column of the mine field is shown in Figure 3. There are two
water aquifers beneath the floor. The No. 5 limestone aquifer, with a bursting coefficient of 0.18 Mpa/m
before mining, is 38 m away from the floor. The Ordovician limestone, with a bursting coefficient of
0.11 Mpa/m, is 61 m away from the floor. Additionally, faulted structures in the mine field are very
complicated. The coal panel is severely threatened by the No. 5 and Ordovician limestone aquifers.
Hence, the water-inrushing risks should not be overlooked.
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Figure 2. Geological map of Caozhuang Coal Mine.

Figure 3. Strata histogram of the mine field.

Water inrush disasters have had a great impact on coal extraction, and are not easily controlled by
conventional water prevention and control methods. To prevent water inrushing disasters, non-pillar
backfill mining is adopted in coal panel 81006 to pre-control the failure degree of the floor and prevent
fracture due to water inrush. Longwall panels and backfill mining were designed respectively in coal
panel 81006. For best performance of the grout-resistance wall and assuring successful backfill, the coal
panel was divided into 4 sections from the inner to outer sections.

3. The Backfill System and Process

3.1. Materials and Methods

Paste-like backfill material is utilized in coal panel 81006 of Caozhuang Coal Mine. The material
is comprised of cement, gangue powder, and coal ash, with a ratio of 1.8:6:6. The mass percentage of
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the backfilling slurry is 60%, and the specific gravity is 1.56. The backfill uniaxial compressive strength
with time is shown in Figure 4. The backfill material production process is shown in Figure 5.

Figure 4. Backfill mass strength with time.

Figure 5. Diagram of the backfill material production process.

While the backfill system runs, the backfill slurry flows into the goaf behind the coal panels
through feeding holes and a filling pipeline. The elevations of the feeding hole openings on the ground
surface and the tail underground are +114.4 m and −240 m, respectively. The hole depth is 354.4 m.
The elevation of the coal panel is −397.7 m to about −360 m, and the length of the backfill pipeline
is 1850 m. The altitude difference from the feeding hole head to coal panels is 512 m, and the ratio
of the pipeline length to altitude difference is 3.6. The diagram of the backfilling pipelines is shown
in Figure 6.
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Figure 6. Diagram of backfilling pipelines.

3.2. Backfill System

The system consists of surface parts and underground parts. The backfill system has the
characteristics of simple operation, real-time monitoring, tube-plugging reduction, and suitable
transportation intensity. Material feeding, stirring, and transferring are controlled automatically
in the backfill system. The surface system has 6 parts: The material production system, the material
storage system, the water, and power supply system, the automatic control and metering system,
the monitoring and communicating system, and the emergency system. The underground system
has 2 parts, including the pipeline delivery and slurry-resistance systems in the coal panel. Upward
mining was adopted in the longwall coal panel. Therefore, while the backfill system ran, the backfill
material could flow down to the goaf. The coal panel layout is shown in Figure 7.

Figure 7. Overview of mining and filling in the coal panel.
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4. Field Monitoring Equipment and Layout

4.1. Surrounding Rock Responding Monitoring Equipment in Backfill Coal Panel

4.1.1. Introduction

To evaluate the effect of backfill mining, a dynamic monitoring system consisting of several
meters was installed in the coal and backfill area. These meters were the MA15Z coal mass stress meter,
MA650 roof displacement meter, and MA60 backfill stress meter (all shown in Figure 8), manufactured
by Xian Xinyuan Company in China. Monitoring data consisted of APD beyond coal panels, the RFD
inside backfill areas, and the vertical stress inside backfill areas. The MA15Z mine-specialized coal
mass stress meters have a wide measuring range of 10 MPa and high accuracy of 0.01 MPa. They were
able to monitor APD in front of the coal wall. For best performance, the MA15Z should be installed in
a borehole ahead of the working face prior to mining.

(a) The MA15Z mine-specialized coal stress meter. 

(b) The MA650 mine-specialized roof displacement meter. 

(c) The MA60 backfill stress meter. 

Figure 8. The ground pressure monitoring sensor in backfill mining.
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The MA650 roof displacement meter was installed in the backfill area and measured RFD there.
As the roof compressed, the MA650’s internal resistance bridge circuit calculated the compression and
sent the data to a collector in real time. The MA60 backfill stress meter measured the vertical stress
inside the backfill area and then sent data to a collector through communication lines.

4.1.2. Monitoring Equipment Layout

As the working face advanced, the monitoring system received data during the whole process.
The MA15Z mine-specialized coal stress meters were installed into the coal mass before mining;
the others were installed in the backfill area. The meters’ layout is shown in Figure 9.

Figure 9. Meters’ layout.

4.2. Floor failure Depth (FFD) Detecting Equipment and Detecting Method

4.2.1. Introduction

Isolated borehole section flow testing is used in many coal mines due to its simple construction/
installation and data analysis as well as low cost. The detection system consists of a testing device,
a plugging control device, a water injection control device, and connector pipes as shown in Figure 10.
It has two separate loops, including a plugging loop and a water injection loop. The packers at the
ends of the testing device are used to isolate sections of the boreholes under the control of the plugging
control device, and the leakage rate in the isolated section can be used to learn the failure condition of
the strata.
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Figure 10. Diagram of an isolated borehole section flow testing system.

The exploring tube has two connected packers which stayed in a contracted state when not
working. It can be pushed to any depth in a drill hole by the drilling tubes. By injecting air into the
packers through a pressure regulating valve, the packers expanded into a spherical shape and formed
an embolism at both ends of the exploring tube. A borehole blockage about 1m long then formed.
Water was injected at a constant pressure through the drilling tubes, the regulating valve, and the
pressure gauge. Then, the volume of water leakage per unit time through fractures in the hole wall
was measured.

Theoretically, it can be proven that under a certain water injection pressure, the water injection flow
is determined by the permeability of the rocks and the size of the fractures. Thus, the water-injection
flow should increase with the increasing permeability coefficient and growth of the fractures. Results
from the actual measurement demonstrated that the water-injection flow value is less than 1 L/min
and even approaches 0 in unbroken rocks with a water-injection pressure of 0.1 MPa/min in every 1 m
hole segment. In highly fractured rock, the flow value can be up to 30 L/min.

4.2.2. Detecting Method

In order to probe floor failure depth (FFD) of coal panel 81006, two drilling areas (A and B) were
designed in the tail entry of section II. Drilling area A contains probing holes D1 and D2. Hole D1 had
an azimuth angle of 321◦, a dip angle of −1◦, and a depth of 91.8 m. Hole D2 had an azimuth angle of
321◦, dip angle of −8◦, and depth of 77 m. Drilling area B contains probing holes D3 and D4. Hole D3

had an azimuth angle of d 240◦, a dip angle of 3◦, and depth of 91.8 m. Hole D4 has an azimuth angle
of 240◦, a dip angle of −3◦, and a depth of 87 m.

5. Results and Discussion

5.1. Abutment Pressure Distribution Characteristics

A coal stress meter was installed in the tail entry of section 1 of panel 81006 in front of the
working face. A hole was drilled in the coal face and the meter was injected into it prior to mining.
These meters monitored APD as the working face advanced. The coal stress meters monitored the
variation of relative stress inside the coal mass which reflected the APD as the working face advanced.
The monitoring results are shown in Figure 11.
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Figure 11. Variations of coal stress in the meters.

Figure 11 shows the relative stress in the coal mass as the working face advanced. The horizontal
axis shows the distance from the installation location of the stress meter to the coal wall. As the working
face advances, the relative stress in the coal mass increased gradually until reaching a maximum when
the working face arrives at the installation location. It can be inferred that APD range, with no
plastic zone, is approximately 12 m. Abutment pressure peaks at the wall edge and declines from
there, indicating that abutment pressure concentration factor was small and the coal mass beyond the
working face is in an elastic state.

The buried depth of the 81006 coal panel is about 550 m, and the uniaxial compressive strength
of the coal is 15 MPa as provided by the mine. The abutment pressure concentration factor would
be 2–3 normally [16–18]. We selected 2. If traditional longwall mining technology were adopted,
the maximum supporting pressure would be as follows:

2γH = 2.0 × 2.5 t/m3 × 550 m = 27.5 MPa (1)

where γ is the strata’s average density, 2.5 t/m3 and H is the coal body’s buried depth, 550 m.
Through theoretical analysis, the abutment pressure’s peak in a traditional working face is higher

than the uniaxial compressive strength of the coal body, creating a plastic zone at the coal wall edge.
Monitoring data in other coal panels of this coal mine could prove this point. In backfill mining,
according to the monitoring data, there is no plastic zone in front of the working face. This is because
the backfill area supports the overburden, so less ground pressure is transferred to the coal mass in
front of the working face. The ground pressure near the working face is therefore smaller.

5.2. Roof-Floor Displacement (RFD) Monitoring in the Backfill Area

The displacement meter monitored the amount of RFD in the backfill area, which reflected the
deformation rule and the backfill compression ratio underground pressure. These two parameters
are important to evaluate the backfill effect. The graph in Figure 12 was drawn according to the data
gathered from the backfill displacement meter. From this graph, the greatest RFD of displacement
meter was 104 mm. The curve’s slope is relatively high at first, which indicates that the displacement
between the roof and the floor happens quickly; then the slope decreases gradually, and the roof-floor
displacement also tends to be stable and slow as the roof and floor reaches stable conditions.

It took about 70 days until the roof and the floor were stable, and the greatest RFD was 104 mm.
The mining height is calculated as 2 m and the compression ratio of the backfill is 5.2%. The greatest
RFDs at b and c are 93 mm and 129 mm, and the compression ratios are 4.74% and 6.45%, respectively.
The curve variation rules of b and c are basically the same as that of displacement meter a.
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Figure 12. Variation of displacement in meter a.

5.3. Variations of Vertical Stress in the Backfill Area

Inside the backfill area, several backfill stress meters were installed to monitor the vertical stress
variations with the advancement of the working face. As shown in Figure 13, the curve graph was
drawn based on the data obtained by monitoring.

Figure 13. Variation of stress meter I.

From Figure 13, initially, ground pressure transferred to the backfill area is low and increases
slowly. Then, vertical stress in the backfill area increases gradually until it reaches stability. The final
stress value is 15.06 MPa, almost equal to the initial vertical stress (γH = 13.75 MPa), indicating that
the backfill area has adequate capacity to support the overlying strata. This is also why the abutment
pressure distribution’s range is relatively narrow. It took around 70 days for vertical stress to stabilize,
consistent with the displacement monitoring result.

Backfill stress monitored by meters II and III stabilized at 13.02 MPa (data before transmission
line was destroyed) and 13.92 MPa, respectively. Their stress histories are shown in Figures 14 and 15,
which had much of the same variation rule as stress meter I.
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Figure 14. The leakage rates of drilling holes d1 and d2.

Figure 15. The leakage rates of drilling holes d3 and d4.

5.4. FFD in Backfill Mining

According to the probing data, the graph of the leakage rate of all drill holes was drawn as shown
in Figure 14. From Figure 14, drill hole D1 has a certain leakage amount from depths of 14–19 m.
The leakage rate of other segments in D1 is zero, indicating that rock fractures developed in this
segment, which is the floor failure zone. Drill hole D2 has a certain leakage amount from depths
of 12–14 m, indicating that rock fractures developed in this segment, which is the floor failure zone.
Analyzing the probing results of the two drill holes, the FFD is 4.64 m. From Figure 15, D1 has a
certain leakage amount above a depth of 25 m, while the leakage amounts of other segments are zero,
indicating that rock fractures developed in this segment. D2 has a certain amount of leakage above a
depth of 27 m, indicating that rock fractures developed in this segment. Therefore, after analyzing the
probing results of the two drill holes, the greatest FFD is 6.73 m.

5.5. Differences Between Strata Movement Rule of Backfill Mining and Traditional Longwall Mining and its
Effect on Water Inrush

According to the above-mentioned field investigations, the abutment pressure did not surpass
the strength limit of the coal, which remained in an elastic state. The range and peak of abutment
pressures are relatively small compared to traditional longwall mining. The abutment pressure caused
by strata movement was an important power resource to surrounding rock failure, and also to floor
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failure depth. Obviously, backfill mining could change the abutment pressure range and intensity.
Therefore, through backfilling mining, the stress environment can be improved, and surrounding rock
failure could be reduced to some extent.

Vertical stress in the backfill area reached the original vertical stress computed by theoretical
analysis, indicating that the weight of the overburden could be transferred to the backfill area after the
working face moved forward a certain distance. The weight of the overburden will never disappear,
but it will transfer to the surrounding rock. When vertical stress in the goaf is higher, stress in the
surrounding rock (reflected by abutment pressure) will be lower. When the stress in the backfill
approaches the original vertical stress, there will be little weight transfer to surrounding rock; therefore,
the abutment pressure will be smaller.

RFD values in the backfill area of coal panel 81006 are 104 mm, 93 mm, and 129 mm, respectively,
for sections I, II and III. The compression ratios are 5.2%, 4.74%, and 6.45%, respectively. We can infer
that in backfill mining, RFD is much smaller than with the traditional caving method. The form of roof
movement was changed in backfill mining. The roof did not cave, but rather it bent and subsided.

From the comprehensive analysis of the above characteristics, it is concluded that backfill mining
with the paste-like material is quite different from traditional longwall mining. In traditional longwall
mining, coal extraction results in the lower strata losing their original balanced state, bending, falling,
and then creating rooms for the upper strata’s motion. As the coal face advances, the overburden
moves upward from the bottom. According to the differences in the magnitude of strata movement,
the overburden is normally divided into three zones: The caved zone, fractured zone, and continuous
bending zone (abbreviated as “three zones”) [16,17,19], as shown in Figure 16. As the working face
advances, the overburden’s weight that is no longer supported by coal mass due to coal extraction
moves to the surrounding rock in which the concentrated stress, called abutment pressure, forms.
Generally, the concentrating coefficient K of the abutment pressure can reach 2–3, thus forming the
plastic zone in front of the coal face.

Figure 16. Strata movement characteristics in longwall mining.

In backfill mining, the goaf is backfilled before the immediate roof caves, leaving little room for
the overburden’s movement. The empty space that causes caving and subsidence no longer exists,
which differs from longwall mining [8–10]. Due to the supporting effect of the backfill area, the lower
strata obtain a new balanced state after the coal is replaced. The immediate roof does not cave or
break. Furthermore, most of the overburden’s weight is transferred to the backfill area. High-stress
concentrations do not form in the coal. Commonly, no plastic zone appears in front of the coal wall.
The abutment pressure peaks at the coal wall’s edge. The concentration coefficient K of the abutment
pressure in backfill mining is lower than that in traditional longwall mining, as shown in Figure 17.
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Figure 17. A structural model of strata movement in backfill mining.

In summary, the major differences between traditional longwall mining and backfill mining are
given in Table 1.

Table 1. Strata movement characteristics of longwall caving mining and backfill mining.

Serial
Number

Index Traditional Longwall Mining Filling Mining

1 Overburdens movement scope “Three zones” exist “Three zones” do not exist
2 Overburdens movement form Immediate roof caves Immediate roof does not cave
3 Roof subsidence Great Small
4 Abutment pressure High Low
5 Plastic zone Wide plastic zone Narrow or no plastic zone

Cracks in a floor disturbed by mining could provide a water inrush channel, and, therefore, FFD is
an important index by which to evaluate coal panel safety. The greater is the FFD, the more dangerous
the threat of a water inrush disaster. The FFD has a great relationship with strata movement and
ground pressure, which can be reflected by APD, RFD, and vertical stress in backfill. The monitoring
mentioned above showed that APD, RFD, and vertical stress in backfill are much smaller than in
traditional longwall mining, implying that the form and aptitude of strata movement and ground
pressure were improved significantly. It was not difficult to deduce that FFD would be relatively small,
which may have an influence on water inrush disaster to some extent.

Monitoring results showed that the greatest FFD in the 81006 coal panel was 6.7 m, which agrees
with our deduction above. According to previous monitoring data in other coal panels of the same
coal seam extracted by traditional longwall mining, the FFD is more than 20 m. Thus, FFD in backfill
mining is much smaller than in traditional longwall mining. Backfill mining can prevent water inrush
channels from forming and developing and may be useful for water inrush prevention especially in
mines with high floor pressure water.

6. Conclusions

A case study on a trial test of water inrush prevention technology with backfill mining was carried
out in Caozhuang Coal Mine. According to field observations and monitoring, the trial test showed
good control of ground pressure and floor fracture development by employing backfill mining.

(1) In-situ measurements of abutment pressure show that its range is about 10 m, and it peaks
at the edge of the coal wall. Compared to traditional longwall mining, the range and peak of the
abutment pressure with backfill technology are much smaller. Abutment pressure caused by strata
movement was an important power resource to surrounding rock failure and to floor failure depth.
Obviously, backfill mining could change the abutment pressure range and intensity, and therefore,
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the stress environment of surrounding rock was improved implying that surrounding rock failure
could be decreased to some extent, which can decrease the danger of water inrush.

(2) RFDs monitored in the backfill area of coal panel 81006 are 104 mm, 93 mm, and 129 mm,
and the compression ratios are 5.2%, 4.74%, and 6.45%. Roof displacement with backfill technology
is much smaller than with the traditional caving method. Roof displacement could reflect strata
movement intensity, and roof displacement is very small without caving in backfill mining, indicating
that backfill mining can change the form of the strata movement.

(3) Vertical stresses monitored in backfill areas I, II, and III were respectively 15.06 MPa, 13.02 Mpa,
and 13.92 Mpa. These values were roughly equal to the original vertical stress (13.75 MPa), indicating
that the weight of the overburden has been transferred to the backfill area. The weight of the
overburden will never disappear, but it will transfer to the surrounding rock. When vertical stress
in the goaf is higher, stress in surrounding rock (reflected by abutment pressure) will be lower.
When the stress in backfill approaches the original vertical stress, there will be little weight transfer to
surrounding rock, and therefore, the abutment pressure will be smaller. The results of vertical stress
and abutment pressure indicated mutual verification.

(4) The case study indicates that backfill mining could change the form and aptitude of strata
movement. Meanwhile, backfill mining could improve the stress environment, which could decrease
FFD. The “three zones” do not appear in backfill mining. Rather, the ground pressure is much smaller
with backfill technology, and FFD is much smaller in backfill mining, implying that backfill technology
can be helpful for preventing floor water inrush. This study demonstrated that through backfill mining,
FFD can be significantly decreased, and water inrush disasters may be eliminated. Backfilling mining
may be an optional method for floor water inrush prevention and control.
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Abstract: Blast furnace slag (BFS) is often used as a cement-based raw material for underground
filling and surface cemented paste discharge of tailings during mining processes. This paper studied
a new cement-based material (NCM) with BFS to replace ordinary Portland cement (OPC). A uniaxial
compressive strength (UCS) experiment was used to test the mechanical strength of samples; X-ray
diffraction and thermal gravity experiments were used to test the crystalline phases and amount of
hydration products by samples; a scanning electron microscope experiment was used to observe
the influence of the hydration products morphology by samples; mercury intrusion porosimetry
experiment was used to analyze the pore size distribution of samples. The samples with NCM had
an optimum UCS; the crystalline phases of the hydration products were similar in OPC and NCM.
However, the amount of product formed in OPC was less than that in NCM at the same curing time;
more ettringite and calcium silicate hydrate were produced in samples with NCM, which filled the
pores and enhanced the UCS of the samples. The final mercury intrusion volume of the samples with
NCM were lower than the samples with OPC at the same curing time, which showed that samples
with NCM had lower porosities. For the samples with NCM and OPC cured from 7 days to 28 days,
the mercury intrusion volume was reduced by 18% and 13%, and the most common pore size of the
samples reduced by 53% and 29%, respectively. This showed after 21 days curing time, the pores
of all the samples getting smaller; however, the samples with NCM were more compact. The main
ingredients of the NCM were clinker, lime, gypsum and BFS, and its ratio was 14:6:10:70. The content
of additives to NCM was 0.4%, and the ratio of sodium sulfate: alum: sodium fluorosilicate was 2:1:1.

Keywords: new cementitious material; cement-based paste discharge; XRD; TG/DTG; SEM; MIP;
mechanical behaviors

1. Introduction

After the ore has been recovered from underground, tailings are usually treated in two ways [1].
One method is filling the tailings in the underground goafs. This treatment can reduce the accumulation
of tailings on the ground, and ensure the safety of underground operations. This method has been
widely promoted in underground mining operations [2]. The filling method can remove about 50% of
the tailings, and the remaining part is usually discharged in the tailings pond [3–5]. However, this
method is prone to dam breaks, environmental pollution, and cause casualties [6,7]. For example,
on 8 September 2008, a major tailings dam broke in Xinta mining Co., Ltd., of Lixian county, Linfen
city, Shanxi province, causing 281 deaths [8]. According to a study by the Clarke University’s pollution
assessment team, the damage caused by tailings pond accidents ranked 18th among 93 types of
accidents and hazards worldwide [9]. In view of the disadvantage of tailings pond, some scholars
combined both methods and proposed the technology of cemented paste discharge of tailings
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(CPDT) [10,11]. The method involved adding some cement to the tailings and discharging them
to valleys or subsidence areas; the tailings need to be transported by pipes or belts. This method
guarantees the stability of the tailings for the cemented piles. In addition, mines no longer need to
build tailings pond and can also achieve safe pile-up. Because the cemented tailings pile can be built
up to a high height, the limited footprint can pile up more tailings than tailings ponds. Presently, this
technology has been applied and developed in some metal mines [11].

During the cemented paste backfill, the amount of cement was 2% to 7% of the total weight of
the tailing slurry, and it may be up to 10% to remain independent across pillar extraction process [12].
Cement costs account for more than 60–80% of the filling costs, as discussed by Li et al. [13]. The idea
of CPDT was derived from cemented paste backfill, thus, the process of CPDT was similar to this,
and the cost of cement also occupied a large proportion of CPDT costs. Therefore, the search for
cheap, cementitious industrial by-products to replace cement and reduce the cost of CPDT is of great
significance. Blast furnace slag (BFS) is one of the by-products released from blast furnace [14,15].
At present, China produces 0.3 billion tons of BFS every year [16], which causes a great waste of
resources. The major chemical compositions consist of CaO, SiO2 and Al2O3. Moreover, it has a
small amount of MgO, FeO and sulfide. The higher proportions of CaO, Al2O3 and MgO, the better
activity of the BFS [17]. It was an alternative material to replace ordinary Portland cement (OPC),
which could improve some properties and bring economic and environmental benefits [18]. Previous
works have already studied the hydration activity of BFS and its excitation mechanisms such as
alkali activation and mechanical activation [19–21]. He et al. [22] investigated the effect of BFS (both
dry-separation and wet-milling) on the properties of cement slurry indicated that as the increase of
dry-separation BFS, the initial and final setting time gradually decreased, while the wet-grinding
BFS system showed the opposite trend. Yin et al. [23] investigated the environmental perspectives of
recycling various combustion ashes in cement production and indicated that there was a range (5–10%
by weight) of ashes for mixed cement production, beyond which may cause significant changes in
cement composition. Cihangir et al. [24] studied the use of BFS in paste backfill by using scanning
electron microscope (SEM) and X-ray diffraction (XRD) analysis, and drew the conclusion that the BFS
has great potential for use as an alternative binder in cement paste backfill.

However, there is limited research on the performance of tailings under the condition of adding
some additives when BFS, clinker, lime and gypsum were mixed according to a certain proportion.
Therefore, the main purpose of this paper was to study the results of a new cement material’s effect
on the strength and pore volume development for tailings. Clinker plus lime and gypsum were used
as stimulants, and a small amount of sodium sulfate, alum and sodium fluorosilicate were used as
additives to make a new type of tailings cementitious material (NCM). The effect of different amounts
of compound activator on the uniaxial compressive strength (UCS) of CPDT samples with NCM
was explored. Thermal gravity (TG) and differential thermal gravimetric (DTG) were carried out
to assess the amount of hydration products of different cementitious materials on microstructural
development [25]. The SEM was used to analyze the composition and microcosmic morphology of
the hydration products of the samples with OPC and NCM at the same curing time [26]. Finally,
the microscope pore structures of the samples were studied through the mercury intrusion porosimetry
(MIP) experiment [27].

2. Materials and Methods

2.1. Materials

The materials consisted of water, OPC 42.5# (Jilong Cement Co., Ltd., Tangshan, China), BFS
(Tangshan Iron and Steel Group Co., Ltd., Tangshan, China), lime (Yuanfeng Calcium Industry Co.,
Ltd., Xinxiang, China), gypsum (Longsheng Hengtong Gypsum Co., Ltd., Xingtai, China), clinker
(Longfeng Cement Co., Ltd., Tangshan, China), sodium sulfate (Sinopharm Chemical Reagent Co., Ltd.,
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Beijing, China), alums (Sinopharm Chemical Reagent Co., Ltd., Beijing, China), sodium fluosilicate
(Sinopharm Chemical Reagent Co., Ltd., Beijing, China) and tailings (Lilou Iron Mine, Huoqiu, China).

2.1.1. Water and Binders

The water used for the experiment was tap water. OPC was the most familiar binder used in the
disposing of the tailings [28]. NCM was made up of BFS, lime, gypsum, clinker, sodium sulfate, alums
and sodium fluosilicate. The performance results of the NCM to CPDT were compared with OPC.

2.1.2. Tailings

The tailings taken back from the site were precipitated, dehydrated and dried, then, the particle
size characteristics were analyzed. The results are shown in Table 1. The d10, d30, d50, d60 and d90

represent the cumulative content of the particle composition curve, with corresponding particle size
of (volume fraction) 10%, 30%, 50%, 60% and 90%, respectively. The main chemical composition of
the tailings was shown in Table 2. According to non-uniform coefficient and curvature coefficient, the
tailings belong to the graded bad material category. The median particle size was 38.3 μm, which is
characteristic of fine tailings.

Table 1. Physical properties of the materials.

Element Unit d10/μm d30/μm d50/μm d60/μm d90/μm Cu Cc

Tailings 14.55 26.61 38.32 54.27 82.33 3.73 0.89

Table 2. Main chemical properties of the materials (OPC: ordinary Portland cement).

Element Unit
MgO

(wt.%)
Al2O3

(wt.%)
SiO2

(wt.%)
CaO

(wt.%)
SO3

(wt.%)
Fe2O3

(wt.%)
Total

Tailings 2.41 3.85 82.05 2.46 0.18 8.01 98.96
Slag 8.38 14.79 33.81 36.95 0.28 0.89 95.09

Clinker 2.45 4.47 22.01 64.31 2.45 3.45 99.14
Gypsum 2.14 0.12 0.98 45.85 42.45 0.11 91.66

Lime 0.56 0.23 0.38 72.29 0.13 0.26 73.84
OPC 2.19 15.49 21.86 63.59 2.42 2.66 96.97

2.1.3. NCM Ingredients

The specific surface area of the BFS was 475 m2/kg and the OPC was 312 m2/kg. The chemical
composition of the materials used in this test is shown in Table 2.

2.1.4. Preparation of CPDT samples

In this study, the concentration of the CPDT samples was 78%, and the mix proportion adopted
included a water-to-cement (w/c) ratio of 5.6 and a binder (NCM) content of 4.5 wt.% of the tailings.
The w/c ratio and cement ratio in all mixtures remained constant. The basic principle of using this
binder content was to balance cost and strength. According to the ratio of the tests, BFS, lime, gypsum
and clinker were mixed to produce the new cement-based material [29–31]. The weighed tailings and
dry materials were mixed in a container until a uniform color was obtained. Then, the weighed water
was added to the container and mixed until a uniform paste was obtained. They were then stirred with
a mixer for 7 min. The prepared CPDT samples were poured into plastic containers with a diameter of
5 cm and a height of 10 cm. They were cured with a controlled temperature of 20 ± 2 ◦C and more
than 95% relative humidity for different curing time (3 days, 7 days and 28 days). Nearly 124 CPDT
samples were prepared for the UCS, SEM MIP experiments.
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Furthermore, samples for XRD and TG/DTG analysis were prepared according to the procedure
above. The w/c ratio of all the samples was 2 (to represents the high volume of water in CPDT).
Various tests were subjected to the NCM and the OPC samples after the required curing time. Nearly
eight CPDT samples were prepared in this study.

2.2. Experimental Methods

2.2.1. The UCS Experiment

The mechanical strength or the stability of the CPDT samples was usually evaluated using
UCS [12,32] in accordance with TYE-300D (Wuxi Jianyi Instrument Machinery Co., Ltd., Wuxi, China),
as illustrated in Figure 1. UCS tests were carried out on the CPDT samples with different amount of
NCM and OPC and curing 3, 7 and 28 days. The load was executed at a relatively slow rate (0.1 kN/s).

 

Figure 1. The TYE-300D and sample. (a) The TYE-300D test instrument; (b) the experiment bench;
(c) the sample.

2.2.2. The XRD Experiment

XRD was a common measurement for crystal phases structure identification in cement-based
materials slurry [21]. By using Empyrean Diffractometer, the analyses were carried out under the 2-θ
range of 5–60◦ and 0.02◦ step to study the crystalline phases of the samples, as illustrated in Figure 2.
XRD (PANalytical B.V., Almelo, The Netherlands) analyses were performed on dried and powdered
cement-based slurry.

 
Figure 2. The Empyrean Diffractometer and sample. (a) The experiment bench; (b) the sample; (c) the
X-ray diffraction (XRD) analyzer.
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2.2.3. The TG/DTG Experiment

TG and DTG tests were performed to assess the amount of hydration products of the different
cement-based materials on the microstructural development of the sample. This was done using a
STA449F3 TG analyzer (NET Scientific Instruments Trading (Shanghai) Co., Ltd., Shanghai, China) that
can raise temperatures up to 1200 ◦C, as illustrated in Figure 3. The temperature was increased from
room temperature to 900 ◦C at a rate of 10 ◦C/min N2 purge. The reason why the temperature was not
raised to 1200 ◦C was that the mass quality does not change when the temperature was higher than
900 ◦C. The weight change sensitivity 1 μg/min, the test standard has been followed GB/T 27761-2011.
The samples used for TG and DTG experiment were the same that with XRD experiment.

 
Figure 3. STA449F3 and samples. (a) The experiment bench; (b) the thermal gravity (TG) analyzer;
(c) the samples.

2.2.4. The SEM Experiment

SEM analysis was used to observe the influence of the hydration products morphology on the
samples with NCM and OPC [33]. The SEM observations were carried out under a 7001F analyzer
(Japan Electronics Corporation, Shanghai, China), as illustrated in Figure 4. The magnification levels
were in the range of 10–500 k.

Figure 4. The JSM-7001F and samples. (a) The scanning electron microscope (SEM); (b) the experiment
bench; (c) the samples.

2.2.5. The MIP Experiment

MIP is a high precision method for analyzing the micropore structure of materials [34]. Under
continuous pressure, the volume of mercury invading the sample could be determined according
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to the external pressure, and the pore size distribution of the sample could be obtained. It was
measured using a Micromeritics Auto Pore IV-9500 analyzer (Micromeritics Instrument (Shanghai)
Ltd., Shanghai, China) with a range of 33,000 psia (228 MPa), as shown in Figure 5. The instrument can
detect diameters ranging from 0.005 μm to 360 μm, while mercury injection volumes can be as accurate
as 0.1 μL. The center samples were obtained from cylindrical specimens, weighing approximately 1.3 g.
All of the samples were dried in a 50 ◦C oven until the quality was no longer reduced, the pore volume
will not change at this drying temperature [35]. The samples were then immersed in mercury under
gradually increasing pressure. The relationship between the test pressure and the diameter applies to
Washburn–Laplace’s law, as the following equation [36]:

d =
−4σ cos θ

P
(1)

where, P was the applied pressure; d was the pore diameter of the sample, σ was the surface tension
(N/m) and θ was the contact angle between the pore wall and the mercury. The contact angle was
assumed 140◦ in this study [37,38].

 
Figure 5. The AutoPore IV and sample. (a) Mercury intrusion porosimetry; (b) the high-pressure test
pipeline; (c) the low-pressure test pipeline; (d) the sample.

3. Results and Discussion

3.1. Compound Activator Dosage Optimization

The hydration activity of BFS can only be stimulated under certain conditions. Common excitation
methods included mechanical excitation, acid excitation and alkali excitation. In this test, the specific
surface area of the BFS was controlled by 475 m2/kg. Lime and gypsum combined with clinker were
used to carry out compound excitation. The influence of different activators on the UCS of the samples
with NCM was studied to optimize the compound activator dosage.

According to the test analysis, the three levels of clinker were 12%, 14% and 16%; the three levels
of lime were 4%, 6% and 8% and the three levels of gypsum were 8%, 10% and 12%. A three-level,
four-factor orthogonal design test L9(34) was conducted in this study. The orthogonal test plan and
test results were shown in Table 3. All proportions in this paper were mass percentages.
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Table 3. Orthogonal test table and uniaxial compressive strength (UCS) results.

Numbering
Concentration

(%)
w/c

Cementitious Material
Mass Fraction (%)

Compressive Strength (Mpa)

X1 X2 X3 X4 3 Day 7 Day 28 Day

H-1 78 5.6:1 12 4 8 76 0.607 1.384 2.536
H-2 78 5.6:1 12 6 10 72 0.861 1.879 2.623
H-3 78 5.6:1 12 8 12 68 0.811 1.835 2.466
H-4 78 5.6:1 14 4 10 72 0.863 1.626 2.502
H-5 78 5.6:1 14 6 12 68 0.896 1.941 2.673
H-6 78 5.6:1 14 8 8 70 0.707 1.826 2.549
H-7 78 5.6:1 16 4 12 68 0.724 1.273 1.774
H-8 78 5.6:1 16 6 8 70 0.726 1.611 2.333
H-9 78 5.6:1 16 8 10 66 0.782 1.766 2.303

Where X1 denotes clinker, X2 deontes lime, X3 denotes gypsum and X4 denotes blast furnace slag (BFS).

Range analysis is often used to analyze the most influential factors in experimental data. In this
test, the UCS data were treated with this method; the results are shown in Table 4.

Table 4. Range analysis results for the UCS data.

Ages/Day Factor Clinker Lime Gypsum
Influence
Sequence

Optimum
Combination

3
Average of
UCS/MPa

Level 1 0.760 0.731 0.680

X3 > X2 > X1

X1(Level 2)
X2(Level 2)
X3(Level 2)

Level 2 0.869 0.875 0.835

Level 3 0.744 0.767 0.810

R 1/MPa 0.125 0.144 0.178

7
Average of
UCS/MPa

Level 1 1.699 1.428 1.607

X2 > X1 > X3

X1(Level 2)
X2(Level 2)
X3(Level 2)

Level 2 1.798 1.810 1.757

Level 3 1.550 1.809 1.683

R/MPa 0.248 0.382 0.150

28
Average of
UCS/MPa

Level 1 2.542 2.271 2.473

X1 > X2 > X3

X1(Level 2)
X2(Level 2)
X3(Level 2)

Level 2 2.575 2.543 2.476

Level 3 2.137 2.439 2.304

R/MPa 0.438 0.272 0.172
1 R = the difference between maximum value and minimum value.

It can be seen from Table 4 that the UCS measures of 3 days, 7 days and 28 days for the activator
optimum formula represented 14% of clinker, 6% of lime and 10% of gypsum. At these ratio conditions,
the UCS of the samples with the NCM was the biggest. The reason for this was that under this ratio,
BFS was hydrated to the fullest extent, and the remaining of lime and gypsum were hydrated the least,
while the structure of the samples was more compact.

The range analysis cannot meticulously reflect the degree which the measured values agree with
each other and data fluctuations caused by test errors during the experiment. It is also impossible to
give an accurate quantitative estimate of the importance of the influence of the factors. To compensate
for the lack of intuitive analysis, the variance was analyzed for the data above; the results are shown in
Table 5.
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Table 5. Variance analysis results.

Ages/Day
Source of
Variance

Deviation
Degrees of
Freedom

Mean
Square

Deviation
F Significance

Closure
Probability

3

X1 0.028 2 0.014 8.225
X3 > X2 > X1

0.108
X2 0.034 2 0.017 9.884 0.092
X3 0.056 2 0.028 16.518 0.057

Error 0.003 2 0.002

7

X1 0.093 2 0.047 38.231
X2 >X1 > X3

0.025
X2 0.292 2 0.146 119.578 0.008
X3 0.034 2 0.017 13.829 0.067

Error 0.002 2 0.001

28

X1 0.357 2 0.178 6.544
X1 > X2 >X3

0.133
X2 0.113 2 0.057 2.078 0.325
X3 0.058 2 0.029 1.060 0.485

Error 0.055 2 0.027

In Table 5, we find that the results of the variance and range analyses were consistent. For the
UCS of 3 days, X3(gypsum) had the greatest impact, X2(lime) was second and X1(Clinker) had minimal
impact. For the UCS of 7 days, X2 had the greatest impact, X1 was second and X3 had minimal impact.
For the strength of 28 days, X1 had the greatest impact, X2 was second and X3 had minimal impact.
This showed that for the CPDT samples at the time of 3 days, gypsum had the greatest effect on the
hydration reaction, while the role of gypsum was gradually reduced from 7 to 28 days. The reason
for this phenomenon was that a large amount of SO2−

4 in gypsum can promote the hydration reaction
of cementitious materials in the early stage. The absorption of SO2−

4 due to the hydration products
of the C-S-H gels resulted in the decrease of SO2−

4 in the solution, which has a negative effect on
the development of the UCS. Lime contained a large amount of OH−, and excitation agents need
to work in alkaline solution; thus, from 3 to 7 days, the effect of lime on the UCS of the samples
gradually increased. From 7 to 28 days, due to the progress of the hydration reaction and self-drying,
the moisture in the samples gradually decreased. Additionally, the effect of OH− on the hydration
reaction gradually decreased, which was consistent with the findings of Cui and Fall [39]. The influence
of BFS on the UCS increased from 3 to 28 days. This showed that with the progress of the hydration
reaction, BFS was the main component of the cementitious materials.

Based on the analysis above, the optimal ratio was 14% for clinker, 6% for lime, 10% for gypsum
and 70% for BFS. The UCS of the test samples gathered by adding this ratio of materials was compared
with that adding OPC; the results were shown in Table 6. The UCS of the samples with NCM was
higher than that with OPC across all aging time.

Table 6. The results of UCS with OPC and new cement-based material (NCM).

Cementitious Materials
The UCS

3 Day 7 Day 28 Day

Samples with NCM 0.545 1.453 2.181
Samples with OPC 0.344 0.853 1.943

The same method was used to optimize the addition of sodium sulfate, alum and sodium
fluorosilicate. The results were obtained when the materials ratio of clinker: lime: gypsum: BFS was
14:6:10:70, and the amount of admixture added was 0.4% of NCM. The ratio of sodium sulfate: alum:
sodium fluorosilicate was 2:1:1, and the samples had the highest UCS across all ages. 0.831 MPa at
3 days, 2.019 MPa at 7 days, 3.307 MPa at 28 days with NCM were 2.4, 2.4 and 1.7 times higher as
compared with OPC. The reason for this was that the fineness of the slag was larger than with OPC,
and the finer of the slag, the larger the specific surface area and surface energy, significantly improving
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the activity of the slag. The fine particles of the slag filled in smaller pores to lower the porosity of
the samples, which could also increase the strength of the samples (the conclusion will be confirmed
in part 3.4). In addition, the slag had been stimulated at the beginning because of the addition of
admixtures and more hydration products were produced in the earlier time. From the discussion
above, it seems the NCM can replace OPC with regards to strength.

3.2. The Crystalline Phases and Amount of Hydration Products of NCM and OPC

The samples of NCM and OPC were prepared and cured at 20 ± 2 ◦C with relativity humidity
greater than 95% for 7 and 28 days. The hydration reaction was then dried in a 50 ◦C oven until the
quality was no longer reduced. The coupling excitation of the alkaline environment and mechanical
grinding promotes the pozzolanic reaction of BFS, thus contributing to the development of the UCS
for the samples. The crystalline phases of cement-based materials hydration products of NCM and
OPC was demonstrated by the experimental evidence presented in Figures 6 and 7 for curing time
of 7 and 28 days. The increasing amount of them were presented in Figures 8 and 9. These figures
present the results of XRD, TG and DTG analyses of the powdered cemented materials. It can be
seen from Figures 6 and 7 that the crystalline phases of the cement materials hydration products and
the materials that do not participate in reaction like SiO2 were almost the same. However, from 7
to 28 days, the diffraction peaks of CaCO3 and C-S-H were stronger than those at 7 days, and the
diffraction peaks of Et and calcium hydroxide (CH) became weak, whether it was OPC or NCM. It
indicated that the phases produced by NCM was similar to that produced by OPC, however, the
amount of each product changed.

Figure 6. XRD images of NCM and OPC for 7 days of curing time (NCM: new cement-based material;
OPC: ordinary Portland cement).

From Figures 8 and 9, the valleys at these different temperatures range (50 ◦C to 800 ◦C) showed
the existence of C-S-H, ettringite, calcium hydroxide (CH) and calcite as demonstrated in several
studies [40–42]. The weight loss between 50 ◦C and 105 ◦C was due to the disappearance of free
water and bound water. The weight loss between 110 ◦C and 200 ◦C was due to the dehydration
of ettringite, gypsum and C-S-H. The weight loss between 450 ◦C and 500 ◦C was attributed to the
decomposition of CH, and the significant weight loss at 650–750 ◦C results from the decomposition of
calcite. The comparison of the TG curves of the samples with OPC and NCM showed that the weight

223



Processes 2019, 7, 47

loss of water evaporation was almost the same, however, the weight loss caused by the dehydration of
the cement-based hydration products (110 ◦C–200 ◦C) of NCM was greater than OPC. This indicated
that more cement-based hydration products were generated in NCM. It can also be seen from Figures 8
and 9 that the amount of CH decreased, indicating that more CH participated in the hydration reaction,
generating stronger hydration products and enhancing the strength of the CPDT samples. Both figures
showed that the amount of bound water and the residual quality of OPC were greater than in NCM,
indicating that there were more unstable hydration products in OPC; NCM produces more stable
hydration products.

 
Figure 7. XRD images of NCM and OPC for 28 days of curing time.

 
Figure 8. TG/ differential thermal gravimetric (DTG) images of NCM and OPC for 7 days of curing time.
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Figure 9. TG/DTG images of NCM and OPC for 28 days of curing time.

3.3. The Hydration Mechanism of NCM and OPC

The CPDT samples made of the optimum ratio of the NCM were cured at 20 ± 2 ◦C with relative
humidity greater than 95% for 3, 7, and 28 days. The hydration reaction was then terminated with
anhydrous ethanol and dried in a 50 ◦C oven until the quality no longer reduced. The samples were
sprayed with gold and placed in an SEM experimental setup for microanalysis. The hydration products
composition and microstructure of the samples with NCM determined the macroscopic strength of the
CPDT samples. Figures 10–12 show the SEM images of the hydration products morphologies at 3, 7
and 28 days, respectively.

  
(a) Sample with NCM for 3 days (b) Sample with OPC for 3 days 

Figure 10. SEM images of samples with NCM and OPC for 3 days of curing time.

In Figure 10a, the CPDT samples with NCM which had been hydrated for 3 days generated a large
amount of ettringite and a small amount of C-S-H gels. While Figure 10b showed the sample with OPC
hydrated for 3 days, the hydration product was only ettringite. In Figure 11a, the hydration reaction of
the sample with NCM was observed for 7 days. The ettringite was reduced, which a large amount of
C-S-H gels encapsulated the ettringite and the porosity decreased. The UCS of the sample with NCM
showed great improvement, as seen in Table 6. On the other hand, in Figure 11b, the amount of C-S-H
produced in the sample with OPC was less than that with NCM at 7 days, a large amount of ettringite
was exposed on the surface, and the degree of envelopment for the ettringite was not as high as that

225



Processes 2019, 7, 47

with the NCM. In Figure 12a, the sample with NCM at 28 days produced a large amount of C-S-H gels
and the ettringite was completely encapsulated and existed in entirety, which greatly increased the
UCS of the CPDT sample. At the same time, in Figure 12b, the external surface of the sample with
OPC was uneven. A large amount of C-S-H gels were generated too, however, some of the ettringite
was still exposed on the surface, which showed that the amount of C-S-H generated was relatively less.
This affects the UCS of the CPDT sample.

  
(a) Sample with NCM for 7 days (b) Sample with OPC for 7 days 

Figure 11. SEM images of samples with NCM and OPC for 7 days of curing time.

  
(a) Sample with NCM for 28 days (b) Sample with OPC for 28 days 

Figure 12. SEM images of NCM and OPC samples for 28 days of curing time.

The reason why the microscopic structure images of the sample with NCM at the same ages were
more compact than that with OPC can be explained as follows: when gypsum and lime are added
to NCM, the lime provides Ca2+ (a raw material for hydration reactions) and OH−. In the alkaline
environment of the reaction, calcium sulfate provides Ca2+ and SO2−

4 , and SO2−
4 reacts with C3A to

produce secondary ettringite. The resulting ettringite was filled in the pores, and the strength of the
samples was enhanced. The SO2−

4 was absorbed by the C-S-H so that the amount of ettringite was
produced and thus the pore structure was coarsened. This was not only related to OH− concentration,
but also related to SO2−

4 concentration. A high concentration of SO2−
4 can increase the amount of

secondary C-S-H and ettringite.
The BFS itself was not active, however, in the calcium hydroxide solution, a significant hydration

reaction occurred, thereby inspiring its pozzolanic effect. Hydration was faster in the saturated calcium
hydroxide solution. The hydration reaction was generally considered to be the following:

xCa(OH)2 + SiO2 + mH2O → xCaO·SiO2 · nH2O (2)

xCa(OH)2 + Al2O3 + mH2O → xCaO · Al2O3 · n H2O (3)
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where the value of x depends on the type of mixture, the ratio of lime and active silica, the ambient
temperature and the duration of the action. The value was generally equal to 1 or was slightly larger,
and the value of n generally between 1 and 2.5.

The process of the CH interacting with SiO2 was such that the amorphous silicic acid absorbs
Ca2+ to form an indefinite component of the adsorption system, and an amorphous hydrated
calcium silicate was then formed. This transformed into microcrystalline or crystalline calcium
silicate gels after a long time period. CH interacts with Al2O3 to form calcium aluminate hydrate
(3CaO·Al2O3·6H2O). Hydrated calcium sulfoaluminate is a water-insoluble needle crystal that
precipitated around the clinker particles and impeded moisture. Therefore, entry has played an
important role in delaying the coagulation of cement-based materials. When gypsum was present in
the liquid phase, it reacted with the calcium hydrated aluminate to form high-sulfur hydration calcium
sulfoaluminate (3CaO·Al2O3·3CaSO4·31H2O, ettringite). When the gypsum was completely consumed,
part of it became monosulfur-type hydrated calcium sulfo-aluminate (3CaO·Al2O3·3CaSO4·12H2O),
which has a relatively high strength.

3CaO · Al2O3 · 6H2O + 3(CaSO4 · 2H2O) → 3CaO · Al2O3 · 3CaSO4 · 31H2O (4)

3CaO · Al2O3 · 3CaSO4 · 31H2O + 2(3CaO · Al2O3 · 6H2O) → 3(3CaO · Al2O3 · 3CaSO4 · 12H2O) (5)

3.4. The Pore Size Distribution of CPDT Samples with NCM and OPC

For research the effects of the new cement-based material on the pore size distribution of the
tailings, the MIP tests on CPDT samples were carried out after curing 7 and 28 days. The volumes
of invading mercury obtained by the MIP tests were compared with the pore diameters of the CPDT
samples, which was plotted in Figure 13. According to the functional relationship of Equation (1),
the pressure applied by the device was inversely proportional to the pore size. The intrusion volume
of mercury increases as the intrusive pressure increases.

μ  μ  
(a) Samples for 7 days (b) Samples for 28 days 

Figure 13. The intrusion and extrusion curves for samples with different cement materials and
curing time.

In Figure 13, the normalized volume increased slowly at the beginning of the lower pressure,
where, primarily, pores larger than 7.2 μm were intruded. It increased rapidly at pore sizes of 4.9–6 μm.
When the pressure caused the tailings particles rearrange, the normalized volume will rise to a larger
value under smaller pressure. Thereafter, pores of less than 0.01 μm would be filled with mercury.
However, even under nearly the highest pressure condition, it was difficult for mercury to enter the
smallest and closed pores in the sample. Therefore, the mercury intrusion curve eventually tended
to flatten.
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In Figure 13a, for the normalized volume of the samples after curing for 7 days, the final
normalized volume of the sample with NCM was about 8.0% larger than that with OPC. In Figure 13b,
for the final normalized volume of the sample after curing for 28 days, the sample with NCM was
about 11% larger than that with OPC. It can be seen from Figures 13a and 13b that after curing for
28 days, the porosity of the sample with OPC was reduced by 13%, and with NCM it was reduced
by 18% compared with samples cured for 7 days. This showed that as the curing time increased, the
porosity of samples with OPC and NCM decreased; however, the porosity of the sample with NCM
decreased more, and the sample with OPC had a higher porosity than that with NCM, whether it
was 7 days or 28 days. The low porosity indicated that the hydration reaction of the sample with
NCM was quicker and more complete than that with OPC at 7 days and 28 days. More hydration
products were generated and filled in the interparticle pores; the results made the samples more
compact and stronger.

Figure 14 showed the Log-derivative mercury volume curves of the samples after curing for 7
and 28 days. For the 7 days sample, in Figure 14a, the most common pore diameters of the samples
with OPC and NCM were 2.49 μm and 2.48 μm, respectively, representing a decrease of 0.4%. For the
28 days samples, in Figure 14b, the most common pore sizes of the samples with OPC and NCM
were 1.93 μm and 1.62 μm, respectively, representing a decrease of 19%. From 7 days to 28 days, the
most common pore size of the sample was reduced. The sample with OPC reduced by 29%, and with
NCM reduced by 53%. This showed that during this time, the hydration reaction was kept on going,
however, the hydration reaction of the sample with NCM was more complete, which was consistent
with the analysis in Figure 13. In addition, for either the 7 days or the 28 days log-derivative mercury
volume curves, the samples with NCM had a left shift relative to that with OPC, which indicated that
the most probable pore size decreased.

μ  μ  
(a) Samples for 7 days (b) Samples for 28 days 

Figure 14. The log-derivative pore volume curves for samples with different cement materials and
curing time.

When the mercury intrusion of the sample with OPC occurred at 7 days and the pore size ranged
from 0.6 μm to 1.9 μm, the value was larger than that with NCM, which means that in this range,
the pore volume of the sample with OPC was relatively larger. From 0.09 to 1.9μm, the curves of
the sample with NCM were higher than that with OPC, and from 0.008 to 0.09 μm, the curve of the
sample with OPC was higher than that with NCM. This showed that the sample with NCM had more
macropores transformed into mesopores relative to that with OPC, and some small pores turned into
dense parts. When the mercury intrusion of the samples occurred at 28 days, and the pore size ranged
from 0.5 to 1.5 μm, the curves of the sample with NCM were higher than that with OPC, and from
0.2 to 0.5 μm, the sample with OPC were higher than that with NCM. When it was less than 0.2 μm,
the curves of the sample with NCM were higher than that with OPC. The reason for this was that the
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curve of the sample with NCM shifted to the left too much after 28 days; additionally, there were more
macropores converted to small and medium pores.

4. Conclusions and Future Work

In this paper, a new type of cementitious material was produced and compared with OPC 42.5#

with the hydration reaction characteristics after curing for 3, 7 and 28 days. The analyses of crystalline
phases and amount of hydration products were carried out with XRD and TG/DTG. The SEM was
used to analyze the formation of hydration products at different curing time. The MIP method was
used to analyze the changes in pore size distribution after 7 days and 28 days. The major findings of
this study included the following:

(1) The compound activator composed of gypsum, lime and clinker, together with some additives,
had a good hydration activation effect on BFS. The ratio of the NCM was clinker: lime: gypsum:
BFS equal to 14:6:10:70, the amount of admixture added was 0.4% of NCM and the ratio of sodium
sulfate: alum: sodium fluorosilicate was 2:1:1. The UCS of the CPDT samples was 0.831 MPa at
3 days, 2.019 MPa at 7 days and 3.307 MPa at 28 days, which were 2.4, 2.4 and 1.7 times higher than
those found with OPC. This indicates that the samples with NCM had the optimum UCS across all
aging time.

(2) The hydration products crystalline phases of NCM and OPC were similar, however, a greater
amount of hydration products formed in NCM at the same curing time, which resulted in a higher
strength of CPDT samples with NCM. This showed NCM had a higher hydration reactivity.

(3) The NCM produced a large amount of ettringite and some C-S-H gels after 3 days. A large
amount of C-S-H gels formed after 7 days. The ettringite was gradually wrapped and pores were filled.
More C-S-H gels were formed after 28 days. The complete wrapping of ettringite greatly enhanced the
UCS of the CPDT samples.

(4) Comparing the pore size distribution of the samples after curing for 7 and 28 days, the pore
volume of the sample with OPC reduced by 13% and with NCM was reduced by 18%. The most
probable pore size of the sample with OPC was reduced by 29%, and with NCM reduced by 53%. This
means the porosity of all the samples reduced, however, the samples with NCM reduced more.

The study of the NCM in this paper was focused on CPDT, however, the NCM also applicable
to cemented paste backfill. However, the experiments used in this paper were iron tailings, thus,
the NCM may not necessarily be suitable for other metal or coal mines. In other mines, the ratio of
cementitious materials needs to be re-tested. This paper provides ideas and methods for the study of
cement-based materials, which was applicable to all mines.
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Abstract: In grouting process, filtration is the retention and adsorption of cement-grout particles in
a porous/fractured medium. Filtration partly/even completely blocks the transportation channels
in the medium, greatly decreasing its permeability. Taking into account filtration effects is essential
for accurately estimating the grout penetration region. In this paper, the 3D unified pipe-network
method (UPM) is adopted for simulating 3D grout penetration process in a fractured porous medium,
considering filtration effects. The grout is assumed to exhibit two-phase flow, and the filtration effects
depend on not only the concentration and rheology of the grout but also the porosity and permeability
of the fractured porous medium. By comparing the model with the experimental results, we firstly
verify the proposed numerical model. Then sensitivity analysis is conducted, showing the influences
of grout injection pressures, the water–cement ratios of grout (W/C) and the grout injection rates on
filtration effect. Finally, the grout filtration process in a complex 3D fractured network is simulated,
indicating that the size of the grout penetration region is limited due to filtration.

Keywords: filtration effects; grout penetration; unified pipe-network method; two-phase flow;
fractured porous medium

1. Introduction

Cement grouting is a widely used method for sealing underground water and improving the
mechanical characteristics of surrounding media, such as fractured rocks, in geotechnical engineering.
Over the past few decades, many on-site experiments have been conducted to assess the grouting
quality [1–6] and to improve the strength and penetration distance. Some researchers remarked that
cement particles can accumulate and deposit on the surfaces of pores/fractures [7–9], thereby blocking
transport channels within the porous/fractured medium and terminating any further penetration of
the grout. This phenomenon is called filtration, an irreversible process that significantly reduces the
permeability of the porous/fractured medium [10–12]. Hence, assessments of the distance over which
grout has penetrated will be greatly overestimated if the effects of filtration are ignored.

Researchers have experimentally investigated the influences of filtration on grouting with
one-dimensional column injection tests considering constant grout injection pressures, injection
rates, or cement grout particle concentrations. These researchers found that the cessation of cement
grout penetration depends not only on the physical characteristics of the grout [13–15], such as the
concentration of the cement grout particles and rheology of the grout, but also on the properties of
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the porous/fractured medium [16,17], such as the pore shape and fracture distribution. Furthermore,
the permeability of the grouted medium decreases substantially in penetration zones [18–20].
Nevertheless, while the results of experimental investigations make it possible to verify proposed
analytical and numerical models, their main disadvantage is that the influencing factors are very
difficult to control as planned [21].

Many numerical and analytical methods, including phenomenological models [22], continuum
models [23], trajectory analysis models [24], stochastic models [25], and network models [26–30], have
been proposed to analyse the effects of filtration in porous but not fractured media. With these methods,
some important conclusions have been drawn; for example, Saada et al. [19] and Maghous et al. [31]
found that small variations in the porosity can lead to high variations in the permeability, as the
injection of grout towards a void can be stopped by cement particle filtration, after which no significant
reduction in the porosity will occur. Researchers have also proposed single [32] and multi-phase [19]
models that are all applicable, but they have shown different precisions.

Moreover, research has been presented on the simulation of grout flow considering filtration effects
in a fractured, porous medium [13,33]. Generally, fractures exist naturally within rock-like materials;
thus, the initiation and propagation of such fracture need to be modelled by sophisticated numerical
tools, such as the eXtended Finite Element Method (XFEM) [34–36], the strong discontinuity embedded
approach [37–42], the mixed-mode FEM [43–46], and the phase-field model [47–49]. However, when
focusing only on mass/energy transport within existing fractures and not their mechanical evolution,
much simpler models can be used instead of these sophisticated techniques. The unified pipe-network
method (UPM) is one of these simplified methods; it uses equivalent pipe networks to simulate the
mass/energy transport processes within a porous/fractured medium. With the UPM, 2D and 3D
mass/energy transport problems can be transformed into equivalent 1D problems, similar to the lattice
element method (LEM) [50–52]. The fractures and porous medium can then be discretized using the
same pipe-network system [53,54], which represents a significant advantage that provides a higher
computing efficiency and greater numerical stability than other methods.

In this work, the grout filtration process within a 3D porous and fractured rock mass is simulated
with a 3D UPM model. The grout flow is assumed to be an incompressible liquid [13,15,27]. In comparison
with our former work [55], which focused on grout flow with a considerable time-dependent viscosity,
we focus on the blocking effects of cement particles correlated with the microscopic structures of
fractured, porous media. The remainder of this paper is organized as follows. In Section 2, the 3D
two-phase filtration model is clearly introduced, and both the fluid flow and the mass transportation
equations are given. In Section 3, the discretized equations of the filtration model based on the 3D
UPM are established, thereby covering the interactions between the grout flow and the rock matrix
and fractures. In Section 4, the developed numerical model is verified through a comparison with
the experimental results given in [56] in tandem with a sensitivity analysis of the filtration process,
including the grout injection pressure, grout injection rate and grout water–cement ratio. In Section 5,
grout penetration in a porous and fractured rock is simulated considering different fracture inclination
angles and random fracture networks. In Section 6, concluding remarks are provided.

2. Mathematical Model

We consider two-phase (fluid and solid particles) flow to study the filtration processes in
a fractured and porous rock. This model is based on the interaction of Darcy’s flow and mass
transportation. The cement-based grout is considered to be a Newtonian fluid. The saturated
single-phase grout flow in both the fractures and rock matrix obeys Darcy’s law and can be calculated
based on a mass conservation equation:

∂

∂t
(φτρ) +∇ · (ρ · �u) = ρq, (1)

233



Processes 2019, 7, 46

where τ is a sign expressing the different media in the model domain, for example, τ = m expressing
a matrix and τ = f expressing a fracture, where φm is the porosity of the rock matrix and φ f is the
porosity of a fracture; ρ is the grout density; q is the source term; and �u is the flow velocity vector,
which can be expressed as

�u =
kτ

μ
(∇P − ρ�g), (2)

in which μ is the grout fluid viscosity, P is the grout pressure, �g is the gravitational acceleration and
kτ is the rock matrix and intrinsic fracture permeability tensor. The aperture of the fractures in the
current simulation is assumed to be smooth, and the laminar flows of the grout in the fractures can
be described by a cubic law; thus, the intrinsic fracture permeability can be calculated as k f = a2/12,
where a is the fracture aperture.

For analyzing the transport of cement grout particles through a porous medium, the
advection–dispersion equation is used with an additional term (∂σ/∂t), which is defined as the
rate of suspended particle mass transfer between the grout and the pore skeleton. Although the
hydrodynamic dispersion coefficient is typically non-zero for multiphase flows in porous media [57],
researchers have noted that the hydrodynamic dispersion tensors of porous media and fractures
can be ignored since the effect of hydrodynamic dispersion on the dilution of grout is generally
small [10,19,58–60]. Hence, the following relation is obtained for a porous medium:

∂

∂t
(φmC) + �u · ∇C = −∂σ

∂t
= λC, (3)

where C is the concentration of transported particles, Dm is the hydrodynamic dispersion tensor of
the porous medium, λ is the constant deposition coefficient and σ is the mass of grout particles being
deposited per initial unit pore volume. In the above equation, the inhibition of particle deposition by
inter-particle forces is assumed to be minimal [61], and the filtration process is modeled through a
kinetic equation for mass transfer and represented by a first-order relationship [10,18,56].

Similarly, when assuming that filtration cannot proceed after cement grout particles have migrated
into the fractures, the following relation is obtained for fractures:

∂

∂t
(φ f C) + �u · ∇C = 0. (4)

The filtration of cement grout particles is enhanced by a decrease in the volume of the void space.
When the grout is injected into the porous medium, the porous medium becomes plugged, and the
porosity decreases with space and time. The porosity is thus assumed to decrease in proportion to the
mass of filtered particles as follows:

φm = φm
0 − σ

ρs
, (5)

where φm
0 is the initial porosity and ρs is the rock density.

The intrinsic permeability of the porous rock decreases with the clogging of the pore space.
The experimental work performed by [19] proved that the permeability is dramatically influenced
by the porosity, which means that very low variations in the porosity may induce large variations
in the permeability. However, the well-known Kozeny–Carman equation expresses that the change
in the permeability is consistent with the change in the porosity. Thus, a hyperbolic function of the
(filtration-induced) porosity change is adopted in this paper to express the relationship between the
porosity and permeability:

km =
km

0
1 + b(φm − φm

0 )
, (6)

where km
0 is the initial intrinsic permeability and b is a negative scalar.

The concentration of cement grout particles has a considerable effect on its rheological
properties [62]. Except for the porosity φτ and intrinsic permeability kτ , the viscosity μ and the
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grout density ρ vary with time because of the cement solid filtration. The effective viscosity and
density of the grout can be expressed as

μ = μw(1 + 2.5δ), (7)

ρ = ρw + (ρc − ρw)δ, (8)

where μw is the viscosity of water, ρw is the density of water, δ is the volume fraction of cement particles,
which can be calculated as δ = C/ρs, and ρc is the density of the cement particles, where ρc = ρs.

3. The Discretization Model for the 3D Unified Pipe-Network Method

In the framework of the 3D UPM, the equivalent hydraulic parameters and diffusion parameters
of the fracture and matrix pipes are derived based on discrete unstructured elements.

Matrix Pipe-Network Model

The 3D porous medium is discretized using tetrahedral elements in this model, where each
tetrahedron has six edges, and these elements are regarded as the flow pipes of the matrix, as shown
in Figure 1a. When assuming that the edges of the tetrahedral elements are equivalent pipes,
the mass/energy transport problem in a fractured and porous medium is transformed into an
equivalent transport problem in the pipe network system. To obtain the equivalent parameters
of the flow matrix pipes, the center of the sphere circumscribed around the tetrahedron (point o) and
the circumcenters of the four faces of the tetrahedron (points cn, (n = 1, 2, 3, 4)) are determined as
division points (see Figure 1b). Linking the point o to the points cn and to the midpoint of their joint
edge in sequence encloses a partition face of the tetrahedron. The tetrahedron will form six partition
faces in total, each of which is perpendicular to its respective intersecting edges. The tetrahedron
is thus divided into four parts by these six partition faces, and the total pore volume of each part is
assigned to its corresponding node, see Figure 1a.

Figure 1. Discrete elements within fractured and porous media.

The equations for grout flow and cement grout particle transport through the control volume of a
node are derived by formal integration methods, such as the finite volume method (FVM), expressed
as follows: ∫

V

∂

∂t
(φτρ)dV +

∫
A
�n · (ρ · �u)dA =

∫
V

ρqdV, (9)

∫
V

φm ∂C
∂t

dV +
∫

A
�n · (�u · ∇C)dA = −

∫
V

∂σ

∂t
dV, (10)
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∫
V

φ f ∂C
∂t

dV +
∫

A
�n · (�u · ∇C)dA = 0, (11)

where V is the nodal control volume and A is the nodal control area generating the 3D Voronoi element.
The pressures and concentrations within a tetrahedral element can be written using the following

interpolations:
P(x, y, z) = ∑ Nk pk (k = i, j, m, n), (12)

C(x, y, z) = ∑ NkCk (k = i, j, m, n), (13)

where Nk is the linear shape function as in the FEM and Pk and Ck denote the pressures and grout
concentrations, respectively. Here, we would like to emphasize that hydro-mechanical effects are
ignored in the UPM; these effects require higher-order shape functions for the displacement field and
lower-order shape functions for the pressure/concentration fields, such as the hybrid formulations
used in [63–65], to avoid numerical instabilities [66,67]. When using the same shape functions for the
pressure/concentration fields in our examples, we do not encounter any numerical problems.

The grout fluid flow Qm
ij in pipe ij is equal to the flow through the area oc1 f c2, see Figure 1a, and

can be calculated as
Qm

ij = Qm
oc1 f c2 =

∫
Aoc1 f c2

�noc1 f c2 · �u = Km
ij (Pi − Pj), (14)

where�noc1 f c2 is the unit normal vector, Aoc1 f c2 is the area of the face oc1 f c2, Pi and Pj are the pressures
at nodes i and j, respectively, and Km

ij is the equivalent conductance coefficient of pipe ij, which can be
written as [68–70]

Km
ij =

Aoc1 f c2km

lijμ
, (15)

where lij is the length of pipe ij. Furthermore, fractures in the 3D domain are represented as 2D disks.
The equivalent hydraulic parameters of the pipes are derived from unstructured triangular elements,
as shown in Figure 1b. The conductance coefficient K f

ij for fracture pipe ij in the 3D domain is derived
as [55]

K f
ij =

Ao f k f

lijμ
=

lo f a3

lijμ
. (16)

The grout flow in each node obeys Darcy’s law. Thus, within the framework of the UPM, for each
node i, the governing equation for single-phase saturated flow is

∂(φm
i Vm

i )

∂t
+

ni

∑
j=1

Qm
ij = Qsi , (17)

where φm
i is the porosity of node i, Vi is the control volume of node i, the subscript ni denotes the total

number of connected pipes, and Qsi is the source term of node i.
The effective diffusion coefficient in a 3D porous medium can be derived using the same

discretization method used for the aforementioned equivalent conductance coefficient. The mass
of the grout particles ṁm

ij transported in pipe ij is also equal to the mass being transported through the
area oc1 f c2 and can be calculated as

ṁm
ij = ṁm

oc1 f c2 =
∫

Aoc1 f c2
�noc1 f c2 · �u · ∇C = Qm

ij

(Ci + Cj

2

)
, (18)

where Ci and Cj are the concentrations at nodes i and j, respectively. The grout particles being
transported through each node obey the nodal laws. For each node i, the governing equation for mass
transport is

∂(φm
i Vm

i Ci)

∂t
+

ni

∑
j=1

ṁm
ij + λViCi = 0. (19)
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In the 3D fractured and porous rock, the fractures and rock matrix are reconstructed using 1D
pipes. The pipes with the start and end nodes belonging to both the matrix and fracture pipes are
defined as interface pipes, which means that both the fracture and matrix pipes will possess the same
nodes at the interface. The nodal control volumes and the equivalent conductance coefficient and
diffusion coefficients of the interface pipes are calculated by the superposition of the respective values
of the fracture pipes and matrix pipes. In addition, the pore pressures and particle concentrations
are assumed to be continuous at the interface without interaction between fractures and the matrix.
Finally, the governing equations for each node are written as

∂(φτ
i Vτ

i )

∂t
+

ni

∑
j=1

Qτ
ij = Qsi , (20)

∂Mτ
i

∂t
+

ni

∑
j=1

ṁτ
ij + λVm

i Ci = 0. (21)

4. Model Verification

4.1. Experimental Verification

Bouchelaghem [56] conducted a series of experiments on the flow and transport of microscopic
to fine cement in sand using 1D column tests. These experiments use a well-graded and medium
to coarse sand; thus, the porous medium can be considered to be homogeneous. A diagram of the
grout injection experiment is given in Figure 2a. Following Bouchelaghem’s experiments, the current
numerical simulation uses a column with dimensions of 35 × 35 × 820 mm for a comparison with
Bouchelaghem’s results.

(a) (b)

Figure 2. A schematic of grouting in sand. (a) 1D column injection test [56]; (b) the numerical
verification model.

The coupled model of fluid flow and mass transport is used to simulate the grout filtration process.
The parameters are listed in Table 1. In this model, the grout injection rate and grout concentration are
constant at the inlet boundary, while the pressure is a constant at the outlet boundary and is defined
as zero. The initial conditions at the four other transverse boundaries are such that �n · ∇P = 0 and
�n · ∇C = 0.
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Table 1. Parameters for the experimental verification simulation.

Parameter Symbol Unit Value

Injection grout velocity u m/s 0.00117
Injection grout concentration C kg/m3 1150
Water viscosity μw Pa · s 0.001
Water density ρw kg/m3 1000
Rock density ρs kg/m3 3000
Initial matrix porosity φm

0 – 0.34
Intrinsic matrix permeability km

0 m2 2 × 10−11

Hydrodynamic dispersion tensor of Dm m2/s 0
Constant deposition coefficient λ 1/s 6 × 10−5

Constant negative scalar b – −120
Gravitational acceleration constant g m/s2 9.8

Figure 3 shows the pore pressures at four elevations at different times under a constant injection
velocity from both the experimental and the simulation results. The pore pressure evidently increases
with time, and the pore pressures closer to the injection point are larger than those farther from
the injection point. The pressure changes slowly far away from the injection point. The numerical
results are in good agreement with the experimental results for the four elevations and are consistent
with the numerical results obtained by Kim et al. [59] in comparison with the same experimental
results. In summary, the key parameter causing the differences between the numerical simulations
and experiments is the filtration rate, λ.

Figure 3. Comparison between the UPM model and the results obtained by Bouchelaghem [56].

4.2. Sensitivity Analysis of Grout Filtration

The grout injection pressure, injection rate and water–cement ratio of grout are three significant
engineering parameters influencing the grouting effect, and all three are usually considered before
engineering projects are initiated. In this sensitivity study, the grout filtration process with different
grouting operations is modeled. The model is a column with dimensions of 5 × 2 × 2 m, as shown
in Figure 4. The meshes are generated by self-developed mesh techniques [71], and the total number
of grids in this model is 103,792. The transient flow pressure, mass concentration, porosity and
permeability of rock are obtained and compared in time and space. The results are compared by
analyzing the points’ values along line AB, as shown in Figure 4, which is defined as the central line of
the simulation model.
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Figure 4. 3D porous rock medium.

In the current simulation, grout is injected into a cuboid domain under a constant pressure
and constant concentration at the inlet boundary, while the pressure at the outlet boundary is zero.
The parameters used in this case study are listed in Table 2. Figure 5 compares the variations in the
pore pressure, particle concentration, rock porosity and permeability under two conditions, namely,
(i) filtration and (ii) non-filtration, for the purpose of studying the influence of filtration on the grout
penetration process. Under the first condition, the grout penetration parameters and rock characteristic
parameters are extracted at time steps of t = 800 s, t = 1600 s, t = 2400 s, t = 3200 s and t = 4000 s,
whereas, under the second condition, they are extracted at a time step of t = 4000 s.

Table 2. Parameters for the sensitivity analysis.

Parameter Symbol Unit Value

Injection grout pressure P kPa 200
Injection grout concentration C kg/m3 1000
Water viscosity μw Pa · s 0.001
Water density ρw kg/m3 1000
Rock density ρs kg/m3 2940
Initial matrix porosity φm

0 – 0.24
Intrinsic matrix permeability km

0 m2 1.25 × 10−11

Hydrodynamic dispersion tensor of Dm m2/s 0
Constant deposition coefficient λ 1/s 6 × 10−5

Constant negative scalar b – −120
Gravitational acceleration constant g m/s2 9.8

When ignoring the filtration effects, the porosity and permeability of the rock matrix are constant,
and the pore pressure and particle concentration decrease linearly. However, in reality, the filtration
makes these parameters vary nonlinearly. When considering the filtration effects, Figure 5a shows
that the pore pressure decreases quickly with increases in the penetration length and injection time,
indicating that it is necessary to increase the injection pressure with time to ensure the designed
grout penetration size. A remarkable decrease in the cement concentration is observed, and the
position at which this decrease occurs moves away from the injection position with time, as shown
in Figure 5b. Furthermore, the concentration of cement particles also decreases quickly with time,
which means that, under the same injection concentration, the grout particles move more slowly with
time. Figure 5c,d show that the porosity and permeability decrease with time and increase with the
distance from the injection position, indicating that the variation rate of the permeability is larger than
that of the porosity.
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Figure 5. Variations in the pore pressure, concentration, porosity and permeability with the
penetration length.

4.2.1. Effects of the Grout Injection Pressure

To analyze the influence of the grout injection pressure on the filtration, the injection pressure
is varied from 30 kPa to 60 kPa, 100 kPa, 150 kPa and 200 kPa with a total injection time of 4000 s.
As shown in Figure 6a, the pore pressure decreases quickly with increasing injection pressure. Figure 6b
shows that the concentration decreases with the injection pressure. Although the injection pressures
are different, the porosity and permeability of the rock matrix at the inlet boundary are the same,
as shown in Figure 6c,d. This indicates that the injection pressure cannot influence the minimum
porosity. The porosity and permeability decrease with increasing injection pressure at the same
position, which explains the fact that the increase in injection pressure will increase the effect of pore
sealing. Thus, in the same position, it is more difficult to inject the grout into the rock under the same
constant pressure.
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Figure 6. Influences of the injection pressure on the pore pressure, concentration, porosity
and permeability.

4.2.2. Effects of the Water–Cement Ratio

Figure 7 shows the influence of the water–cement ratio on the filtration. In the simulation,
the water–cement ratio is varied from 0.5 to 0.8, 1.0, 2.0 and 4.0. The simulation time is 4000 s.
The change in the water–cement ratio is defined as the variation in the initial concentration of injected
cement grout particles in the current model. As shown in Figure 7a, the pore pressure decreases with
decreasing water–cement ratio. The variation in the pore pressure is almost linear when the grout is
relatively dilute. There is a notable breaking point in Figure 7b when the water–cement ratio is lower,
expressing that the penetration length of the grout will decrease with decreasing water–cement ratio.
The grout with lower water–cement ratio shows more severe filtration effects, which are also indicated
by the results of porosities and permeabilities (see Figure 7c,d)
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Figure 7. Influences of the water–cement ratio on the pore pressure, concentration, porosity
and permeability.

4.2.3. Effects of the Grout Injection Rate

In this simulation model, the grout is injected into the rock at a constant rate. The injection
rate is chosen as 0.0001, 0.0005, 0.001 , 0.005 and 0.01 m/s. When the injection rate is constant,
although filtration has occurred, the pore pressure decreases almost linearly with the penetration
length (Figure 8a). In addition, the pressure drops quickly with increasing injection rate. Furthermore,
a small variation in the rate produces a significantly large variation in the pressure. Figure 8b shows
that the concentration decreases with decreasing injection velocity, and Figure 8c,d show that the
porosity and permeability increases with decreasing injection velocity. These observations show that
the cement particles can move a longer distance and form a plug over a larger region when the grout
velocity is higher. In addition, when the injection rate is low, the filtration needs substantially more
time to occur. Thus, increasing the injection velocity can increase the influence of the filtration.
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Figure 8. Influences of the injection velocity on the pore pressure, concentration, porosity
and permeability.

5. Filtration in 3D Fractured Rock

The physical and mechanical properties of the fractures are important geologic features, therein
influencing the penetration and filtration of the grout. In this section, the physical parameters of
the fracture are varied by changing the inclination angle (α), the dip direction (β) and the aperture.
The effects of the physical properties of a fracture on the grout penetration considering filtration are
tested and analyzed. Furthermore, the fracture network is generated, and the grout filtration process
in a porous medium with a random distribution of fractures is simulated. When the cement particle
concentration of grout is lower, the grout becomes relatively dilute and can be regarded as water. Thus,
in the current model, the grout penetration range is described as the zone in which the concentration is
greater than 450 kg/m3.

5.1. Effects of the Physical Properties of Fractures

In this simulation, the grout is injected into the rock with a constant injection pressure, and the
parameters are as listed in Table 2. The simulation time is set as 4000 s.

The results of grout flow in a single fracture with different inclination angles are given in Figure 9.
The fracture extends through the rock. The fracture inclination angle (α) varies from 0◦ to 15◦, 30◦, 45◦,
60◦ and 90◦. The dip direction of the fracture is 0◦, and the aperture is 1 mm. As shown in Figure 9,
the existence of a fracture has considerable influences on the filtration process. The grout flows mainly
along the fracture, and it flows quickly when approaching the fracture because the conductance of
the fracture is much larger than that of the matrix. The inclination angle of the fracture changes the
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region of grout penetration in the domain, and the distribution of cement particles in the voids changes.
In contrast, the filtration effect is inconspicuous in the fracture, as the porosity and permeability of the
fracture do not change with the cement concentration or time.

Figure 10 shows the grout penetration distance in the porous medium under two scenarios:
(i) considering the filtration effects and (ii) ignoring the filtration effects. Comparing Figure 10a
with Figure 10b, the filtration has an obvious and remarkable influence on the grout penetration
length. Filtration will stop the grout from flowing, resulting in a maximum grout penetration distance.
Figure 11 shows the grout penetration in a porous medium with a single fracture in different dip
directions. The dip direction of the fracture is defined to be 30◦, 45◦, 60◦ and 75◦. The inclination angle
is 90◦, and the aperture of the fracture is 1 mm. The trend characterizing the grout flow is similar to
that in the fractures at different inclination angles. A fracture with a different dip direction will redirect
the flow of grout.

Figure 9. Grout penetration with a single fracture at different inclination angles in the porous medium
considering the filtration process.
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Figure 10. Grout penetration in a porous medium.

Figure 11. Grout penetration with a single fracture with different dip directions in the porous medium
considering the filtration process.

The permeability of the fracture is related to the aperture of the fracture. Figure 12 shows the
influence of the fracture aperture on the grout penetration. In this simulation, the inclination angle
and dip direction of the fracture are 90◦ and 60◦, respectively. The aperture of the fracture is varied
from 0.01 mm to 0.1 mm, 1 mm and 10 mm. In the cases where the permeability of the fracture
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is substantially larger than that of the rock matrix, the grout flows quickly along the fracture and
completely fills the fracture. The matrix pores along the fracture wall become completely clogged
by the cement particles. The fracture with a large aperture acts as a path for grout flow, whereas the
larger aperture cannot influence the final grout penetration region, as shown in Figure 12a,b because,
although the grout penetration into a fracture with a larger aperture can spread quickly, the filtration
process in the matrix porosity stops the grout from further penetrating. When the aperture of the
fracture is small, the permeability of the fracture is almost the same or less than that of the rock matrix.
The velocity of the grout penetration into the fracture is equal to that into the rock matrix; therefore,
the fracture cannot redirect the flow of the grout (see Figure 12c,d). Hence, a fracture with a smaller
aperture has a minimal effect on the grout filtration process.

Figure 12. Grout penetration with a single fracture under different apertures in the porous medium
considering the filtration process.

5.2. Effects of the Fracture Network

The size, dip angle, shape and distribution of fractures in a rock mass are very complicated
and diverse. In the current simulation model, a fracture network using a cube model with a size of
5 × 5× 5 m is generated for exploring the grout penetration in a complicated fractured andporous
rock. The aperture of the fracture is set as 0.1 mm. As shown in Figure 13a, two sets of fractures (with
ten in each group) are generated randomly. The center coordinate of the fractures follows a normal
distribution, and the widths and lengths of the rectangular fractures follow logarithmic distributions.
The Fisher coefficient is 22. The randomly distributed parameters for the fracture geometries in this
numerical model are listed in Table 3. All fractures are meshed with triangles (shown in Figure 13b),
and the rock matrix is meshed with a tetrahedron (shown in Figure 13c) based on the conforming mesh
techniques proposed by Wang [71].
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Table 3. Parameters adopted for the generation of the fracture models.

Group Fracture Number Mean Length (m) St dev Dip Angle (Degree) Dip Direction (Degree)

1 10 x-axis 1.2 0.5 16 40
y-axis 1 0.5

2 10 x-axis 1.2 0.5 40 250
y-axis 1 0.5

Note: St dev denotes the standard deviation.

Figure 13. Distribution of fractures in the porous, fractured rock mass.

The grout is injected into the rock mass with an injection borehole located in the center of the
model. The grout flow is modeled and analyzed under conditions with and without fracture networks
at a constant injection pressure. The boundary conditions for the top and bottom faces are�n · ∇P = 0
and�n · ∇C = 0. The outlet boundaries are considered open boundaries. The pressure is defined as zero,
and the concentration gradients are also defined as zero in the normal directions of these boundaries.
The constant injection pressure (50 kPa) and the constant cement concentration (1000 kg/m3) are set
in the injection borehole.

Figures 14 and 15 show the grout flow processes influenced by filtration at four time steps.
As shown in Figure 14, in the case without fractures, the grout penetration into the matrix is uniform
near the injection borehole and forms a spherical grout area because the distribution of the porosity is
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homogeneous. The grout flow spreads outward from the borehole with time. However, the grout flow
almost stops after 2000 s, as it is affected by filtration. When fractures exist in the domain, the range
of the grout penetration and the grout direction change significantly, as shown in Figure 15. In the
case with fractures, the grout initially penetrates along the fractures upon reaching them, and the
grout spread speed is higher in the fractures than in the rock matrix. The grout fills the entire fracture
and then flows along the direction of the fracture walls. The grout flow in the matrix stops when the
calculation time exceeds 2000 s, while it continues to penetrate into nearby fractures (see Figure 15c,d).
The fracture is less influenced by filtration. Thus, a larger pressure or more injection boreholes are
needed for the grout to reach the expected point in such a domain.

Figure 14. Grout penetration processes at different time steps with a constant injection pressure
(P = 50 kPa) in a homogeneous, porous rock considering filtration.
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Figure 15. Grout penetration processes at different time steps with a constant injection pressure
(P = 50 kPa) in a fractured and porous rock considering filtration.

6. Conclusions

In this study, we propose a numerical 3D UPM to simulate grout flow in fractured and porous
rocks considering the effects of filtration. A two-phase model is used for the grout flow. A hyperbolic
function is used to determine the relationship between the porosity and permeability that is consistent
with experimental results [19]. The proposed model is validated by comparing the numerically
obtained results with the experimental results. Then, sensitivity analyses in consideration of the
injection pressure, the water–cement ratio of the grout and the injection rate are conducted, thereby
demonstrating the reliability of the proposed numerical method. Finally, the influences of the
inclination angle, the dip direction, the aperture of the fracture and the complex fracture network on
the filtration process are analyzed.

The simulation results indicate that filtration will stop the grout from penetrating farther into the
porous and fractured medium. A high grouting pressure, a high water–cement ratio and a high grout
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injection rate can each increase the retention of cement particles while prolonging the penetration
process. Furthermore, the existence of fractures in the domain has considerable influences on the grout
flow. The inclination angle and dip direction of the fracture can redirect the flow of the grout and the
grout penetration region can change because the permeability of the fracture is much larger than that
of the rock matrix; thus, the grout flows quickly along the fracture and completely fills the fracture.
When the grout flows into a randomly distributed fracture network, the fractures play a prominent role
and influence the flow path of the grout. Although the grout stops penetrating into the rock matrix,
it continues spreading into the fractures near it and extends along the fracture edges.
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Abstract: Complex propagation patterns of hydraulic fractures often play important roles in
naturally fractured formations due to complex mechanisms. Therefore, understanding propagation
patterns and the geometry of fractures is essential for hydraulic fracturing design. In this work,
a seepage–stress–damage coupled model based on the finite pore pressure cohesive zone (PPCZ)
method was developed to investigate hydraulic fracture propagation behavior in a naturally fractured
reservoir. Compared with the traditional finite element method, the coupled model with global
insertion cohesive elements realizes arbitrary propagation of fluid-driven fractures. Numerical
simulations of multiple-cluster hydraulic fracturing were carried out to investigate the sensitivities
of a multitude of parameters. The results reveal that stress interference from multiple-clusters is
responsible for serious suppression and diversion of the fracture network. A lower stress difference
benefits the fracture network and helps open natural fractures. By comparing the mechanism of fluid
injection, the maximal fracture network can be achieved with various injection rates and viscosities at
different fracturing stages. Cluster parameters, including the number of clusters and their spacing,
were optimal, satisfying the requirement of creating a large fracture network. These results offer
new insights into the propagation pattern of fluid driven fractures and should act as a guide for
multiple-cluster hydraulic fracturing, which can help increase the hydraulic fracture volume in
naturally fractured reservoirs.

Keywords: hydraulic fractures; PPCZ; multitude parameters; propagation pattern; stress interference;
naturally fracture

1. Introduction

Hydraulic fracturing is an evolving technology that has been used to increase oil recovery in
naturally fractured reservoirs [1]. The widely held assumption that hydraulic fractures in these
reservoirs are ideal, simple, straight, bi-wing, planar features is not accurate because of stress shadows
and the existence of pre-existing natural fractures (NFs) [2]. Multiple-cluster hydraulic fracturing of
horizontal wells is a commonly used method in ultra-low permeability and massive natural fracture
reservoirs. This technique aims to widen hydraulic fractures (HFs) and generate a large amount
of non-planar hydraulic fracture networks (HFNs) [3]. Thus, an accurate mechanism of NF–HF
interaction needs to be provided, which ultimately determines the stimulated reservoir volume (SRV)
and production.
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Various complex fracturing models of naturally fractured formations have been developed to
describe the complex interaction mechanism between NFs and HFs, such as the boundary element
method (BEM) [1–3], discrete element method (DEM) [4–8], and the finite element method (FEM) based
on the cohesive zone method (CZM). Such models intend to overcome the limitations of conventional
hydraulic fracturing models, in which HFs are simulated to be planar and bi-wings.

Olson et al. [3,9] proposed a numerical code based on a pseudo-3D displacement discontinuity
solution, which provided a preliminary analysis of a complex fracture network with a constant
pressure boundary condition. This method, however, could not offer a solution for flow patterns
within the fracture network. Zhang et al. [1] developed a BEM program coupling rock deformation
and a fluid flow hydraulic fracturing model for a fracture network, which considered multi-fracture
propagation and interactions between HFs and NFs. Kan et al. [10] made an improvement to describe
the complexities of a HFN, in which the natural fracture could be modeled with many connected linear
elements with uniform openings and shearing displacement discontinuities. The disadvantages of
the three aforementioned models, including BEM or the displacement discontinuity method, are as
follows: they do not achieve an efficient and accurate fracture propagation and do not address the
limitations in the mesh shape. Further, discretization for the body boundaries only may lead to serious
computation problems and make it challenging to find an iteration solution for unknown boundaries.

The discrete element method (DEM) has been used in modeling hydraulic fracturing networks,
in which the generation of HFs can be achieved by a flow network consisting of bond particles or
deformable blocks. Hamidi et al. [4] presented a three-dimensional distinct element code (3DEC)
to simulate the initiation and propagation of hydraulic fractures induced by hydro-mechanics in a
typical fractured formation. Nevertheless, the discrete element method could not be used to model
fracture initiation in an intact rock matrix. Therefore, a set of joints were introduced in this method
for simulating this process. Zhang et al. [11] used a mixed finite element and discrete element
method to develop a model for predicting the initiation and propagation of hydraulic fractures in
tight gas reservoirs. As a consequence, a newly complex fracturing model based on a 3D discrete
element method was introduced into the naturally fractured formation with multi-layers to simulate
the propagation and interaction between hydraulic fracture networks [6,8]. However, the complex
fracture network model based on DEM needs a small time increment, which makes it difficult for
computation [12].

A representative numerical method for modeling hydraulic fractures is the finite element method
based on the CZM, which considers the effects of the fracture tip process zone and softening. Owing
to the advantages of the CZM, a finite model based on the CZM was used to simulate full coupling
between the incompressible viscous fluid and rock matrix, which was demonstrated to be relatively
accurate in hydraulic fracturing under plain strain conditions [13–16]. For the strong non-linear
coupling in the hydraulic fracturing process, empirical methods and the linear elastic method, which
ignore the effects of the plastic zone and softening, still occupy an important position for design
and optimization of hydraulic fracture schemes. However, the CZM model, in the framework of
non- linear elastic fracture mechanics provided by Haddad et al. [17], can easily solve this problem.
Guo et al. [18,19] used a new model based on the CZM coupled with the seepage-damage field for
simulating the interaction between HFs and NFs; multi-layers in the formation were also investigated
using this model. The results revealed that the model is highly accurate in predicting fracture initiation
and propagation. Moreover, the intersections between HFs and NFs were also in strong agreement
with the experimental exercise and analytical solution. Li et al. [12] presented a new pore pressure
cohesive element that applied Coulomb’s frictional contact model to detail the fracture contact behavior
for modeling HFN. In general, the finite element method based on the CZM has significant advantages
that make it suitable for modeling the hydraulic fracture process, including fracture tip evolution and
a softening effect. Further, the numerical model developed by the CZM is computed using an implicit
integration with fewer calculation problems than the dis-continuum method, which uses an explicit
integration scheme with a small time increment.
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In this study, a fully coupled seepage–stress model based on ABAQUS is developed to simulate
the propagation of HFs in naturally fractured reservoirs. Two types of elements—the plain strain
element coupling pore fluid stress, and pore pressure cohesive element—are applied to model the rock
matrix and fractures, respectively. The zero-thickness pore pressure cohesive zone (PPCZ) elements
are incorporated into the finite element model using a python code written by the authors, in which
two neighboring quadrangle elements are inserted into one PPCZ element. Different constructions
of multiple-cluster hydraulic fracturing are developed to investigate complex propagation pattern
between HFs and NFs. Furthermore, various parameters including stress difference, cluster spacing,
injection fluid viscosity, and numbers of clusters are investigated for a typical field case. The effect
of different parameters on the fracture network are captured with different stress states. The optimal
parameters of the fracturing process are determined, and the propagation pattern including NFs and
HFs is predicted.

2. Governing Equations

Owing to a modification of the CZM, the latest efforts to model hydraulic fracturing based on
ABAQUS have introduced the pore pressure node in cohesive elements since ABAQUS 6.12 [14–17,20,21].
Further, the presence of joint pore pressure nodes among intersection pore pressure cohesive elements
makes it possible to model the intersection of fractures. In this model, gradual damage occurs at
the intersection of pore pressure nodes, which leads to arbitrary propagation during the fracturing
process. Moreover, hydraulic fracturing coupling in situ stress and pore pressure can be solved by the
geo-mechanics model with geostatic and soil analyses in standard analysis. Therefore, the results of
fully-coupled pore pressure stress can be achieved easily by including the linear and nonlinear material
effects and fluid leak-off between cohesive layers and bulk rocks.

2.1. Fluid Flow within the CZM

The fracturing fluid within the CZM model is hypothesized to be an incompressible Newtown
fluid governed by the lubrication equation [22]. As shown in Figure 1, both normal and tangential flow
can be simulated with the cohesive elements. The shale matrix is considered to be comprised of pore
pressure materials, in which fluid loss into the matrix is also taken into account to approximate the field
application. Therefore, the global volume balance equation for tangential flow that was formulated by
Poiseuille was applied:

q = − w3

12μ
∇p f (1)

where q is the fluid volume crossing though the cohesive gap, w is the fracture width, μ is the viscosity
of the fracturing fluid, and ∇p f is the gradient of pressure along the cohesive zone. This equation
assumes that the injection rate is proportional to both the pressure gradient and the cube of the fracture
width and inversely proportional to the fracturing fluid viscosity.

 
Figure 1. Fracturing flow pattern within the cohesive element.
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The normal flow represents the permeation of fracturing fluid by proposing two permeable
cohesive layers, in which leak-off coefficients for the two cohesive layers are taken into consideration,
as shown in Figure 2. The normal flow is formulated as

qt = ct(pi − pt)

qb = cb(pi − pb)
(2)

where qt and qb are the volumes of permeation for the up and side surfaces, respectively; ct and cb are
the leak-off coefficients for the top and bottom cohesive layers, respectively; pt and pb are the pore
pressures on the top and bottom surfaces, respectively; and pi is the pore pressure in the middle of the
cohesive element gap.

Figure 2. Normal fracturing flow for permeable cohesive surfaces.

For a specific time, the injection fluid flows into the fracture when the cohesive layer fails
completely. Injection fluid flows into the fracture, with the tangential flow along the fracture direction
and normal flow leak-off into the surrounding formations. The continuity equation of the fracture
fluid can be expressed as

∂w
∂t

+∇q + (qt + qb) = Q(t)δ(x, y) (3)

where q is the tangential flow mass and Q is the total volume of injection fluid.

2.2. Damage Initiation and Evolution of Cohesive Elements

In this study fluid flow in the fracture network, seepage in a porous media, and the elastic
deformation of a rock matrix are fully coupled in the cohesive zone model, unlike the bulk-continuum
materials which describe continuum behaviors with stress and strain. The cohesive method uses
the traction and separation law for the interface. In the fully coupled model, Biot’s [23] effective
stress principle is adopted to describe the effective stress due to the rock skeleton and pore pressure.
The principle of effective stress is formulated below:

σij = σ′
ij + αpδij (4)

where σij is the total stress, σ′
ij is the effective stress, α is the Biot constant, p is the pore pressure, and δij

is the tensor of Kronecker.
The traction–separation damage can be divided into three stages: Initial loading before damage,

damage initiation, and damage evolution. The corresponding traction–separation stress vector and
stiffness matrix are introduced to find a solution, which can be expressed as:

→
t =

⎧⎪⎨⎪⎩
ts

tn

tt

⎫⎪⎬⎪⎭ =

⎡⎢⎣ Knn Kns Knt

Kns Kss Kst

Knt Kst Ktt

⎤⎥⎦
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εn

εs

εt

⎫⎪⎬⎪⎭ =

(
1

Tcoh

)→
K
→
δ (5)
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where
→
t is the traction stress vector on the cohesive element layer,

→
δ represents the interface separation,

Tcoh is the cohesive element initial gap that is used to calculate the element stiffness, K is the element
stiffness, and ε is the strain vector.

In this model, typical zero thickness cohesive elements are embedded in the pore pressure
element for modeling an arbitrary propagation of fractures. For the fracture initiation, we used the
quadratic nominal stress law to combine the mixed model failure. Damage initiates when the quadratic
interaction function reaches a value of one, which involves one normal and two shear nominal stresses.
The initiating behavior is shown in Figure 3 and summarized in the function( 〈tn〉

t0
n

)2
+

(
ts

t0
s

)2
+

(
tt

t0
t

)2
= 1 (6)

The metric for damage is a stiffness degradation index, D, which represents the entire damage
caused by all stress components. In particular, no damage occurs (D = 0) at the beginning of the
simulation, and the cohesive element also satisfies the condition under pure compressive stress.
In addition, full degradation of the cohesive element occurs at all integration points when D = 1, which
means a zero load carrying capacity for these elements.

tn =

{
(1 − D)Tn, Tn ≥ 0

Tn, Tn < 0
(7)

ts = (1 − D)Ts, (8)

tt = (1 − D)Tt, (9)

where Tn, Ts and Tt are the normal and shear stress components predicted by the elastic
traction–separation behavior for current separation without damage.

Nevertheless, the behavior of D depends on the nature of material softening, which could be
linear and exponential. The index is a function of the effective relative displacement, δm, that accounts
for combining the effects of δn, δs and δt:

δm =

√
〈δn〉2 + δs2 + δt2 (10)

For this particular model, linear softening behavior is represented as

D =
δ

f
m(δ

max
m − δ0

m)

δmax
m (δ

f
m − δ0

m)
(11)

where δm is the relative effective displacement attained over the course of loading. The superscripts
max, f and 0 represent the max relative displacement, displacement when fractures are completely
damaged, and the displacement at damage initiation, respectively.

Once fracture initiation occurs, damage can be evaluated using fracture energy theory.
The Benzeggagh–Kenane criterion is introduced to model the fracture process. Figure 4 shows the
schematic of the mix-mode Benzeggagh–Kenane (BK) criterion during fracture evolution. Moreover,
the corresponding formulas of the mechanic criteria can be expressed as

Gc
n + (Gc

s − Gc
n)

(
Gs + Gt

Gn + Gs + Gt

)η

= Gc (12)

where G represents the energy release rate. Superscript c is the critical energy release rate.
The subscripts n, s, and t denote the directions of the normal stress and the two shear stresses,
and η is a constant for a corresponding material property. The symbol 〈 〉 is the Macaulay bracket.

258



Processes 2019, 7, 28

For a negative t, the value in the Macaulay bracket would be zero, which means that the cohesive
element has an incompressible property.

Figure 3. Quadratic nominal stress traction and separation law.

Figure 4. Cohesive linear-softening for the Benzeggagh–Kenane (BK) criterion.

2.3. Equilibrium Equation

In the simulation, the formation is assumed to be a porous medium corresponding to the field
rock matrix. Only a single phase of fluid is saturated into the solid skeleton and pores. The total stress
within the formation consists of two parts: The total effective stress σ is determined by the skeleton and
the pore pressure pw. According to the principle of virtual work, the finite element method equilibrium
equation can be formulated as∫

(σ − pw I)δεdV =
∫

S
t · δvdS +

∫
V

f · δvdV (13)

where σ and pw are the Boit effective stress and pore pressure, respectively; δε and δv are the virtual
strain rate and virtual velocity, respectively; t and f are the surface displacement per unit area and
body force per unit volume, repectively; and I is the unit matrix.

Fluid flow is required in a porous media according to the continuum equation. The change in total
fluid mass is equal to the fluid mass crossing the cohesive surface per unit time. Moreover, fluid flow
in a porous medium follows Darcy’s law. The continuum equation for fluid leak-off can be derived
as follows:

1
J

∂

∂t
(Jρwnw) +

∂

∂x
· (ρwnwvw) = 0 (14)

where J is the volume change ration; ρw, nw and vw are the mass density of liquid, porosity of medium
and average velocity of liquid relative to the solid phase, respectively; and x is the space vector.
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3. Results and Discussion

The two-dimensional symmetrical models were used to model the stratum for multiple-cluster
hydraulic fracturing, which extended for 200 m in the direction of horizontal minimal stress
(X direction), and for 100 m in the direction of maximal stress (Y direction). There were three types of
perforations (two, three and four clusters) with single stage perforations. Each configuration had a
distance spacing of 30 m, 40 m, 50 m and 60 m. The natural fractures were designed for an approaching
angle of 60◦ with random lengths of 4–6 m, as shown in Figure 5. However, hydraulic fracturing is a
complex nonlinear problem that is coupled with several factors; thus, the viscosity control parameter
of a cohesive element was introduced to guarantee convergence. In this work, the viscosity parameter
was restricted to 0.01, and its value was verified by the 2016 ABAQUS user′s manual. To prevent
the mesh size from having an effect, the normal global mesh size was set as 1 m, which can result in
fine propagation of fluid driven fracture in the FEM model. Therefore, the optimum numbers of this
model are 51,005 elements, containing 17,085 pore pressure plain strain elements (CPE4P) and 33,920
pore pressure cohesive elements (COH2D4P) in this simulation. The CPE4P and COH2D4P elements
both contained the pore pressure nodes, which can simulate the pore pressure diffusion in hydraulic
fracturing problem. In this model, the typical FEM meshes of CPE4P and COH2D4P were adopted to
simulate rock matrix and fluid driven fractures, respectively. Furthermore, parts of the symmetrical
models with different approaching angles were set to simulate the interaction for a single HF and NF
individually, which extend for 20 × 30 m. The input data used in this simulation are summarized
in Table 1, which comes from the shale rock performed by Guo et al. [24]. All models were solved
by the ABAQUS standard solver, which can precisely solve the multi-factors coupling problems in
hydraulic fracturing. The stress components of the numerical results were described by effective stress;
meanwhile, the pore pressure boundaries and initial pore pressure, which adopt hydrostatic pressure,
had a value of zero. For that, a wide range of relative stress difference can be attained.

Table 1. Input variations of the numerical simulations.

Categories Variables Values

Rock properties Young’s modulus E (GPa) 17.2
Poisson’s ratio v 0.175

Permeability k (mD) 1
Porosity (%) 3.65

Cohesive zone properties Normal nominal stress 1.4 (natural fracture)
tn (MPa) 6 (hydraulic fracture)

First shear nominal stress 8 (natural fracture)
ts (MPa) 12 (hydraulic fracture)

Second shear nominal stress 8 (natural fracture)
tt (MPa) 12 (hydraulic fracture)

Normal fracture energy 300 (natural fracture)
Gn (J/m2) 2000 (hydraulic fracture)

First shear fracture energy 1500 (natural fracture)
Gs (J/m2) 3000 (hydraulic fracture)

Second shear fracture energy 1500 (natural fracture)
Gt (J/m2) 3000 (hydraulic fracture)

Pumping parameters Fluid viscosity μ (mPa·s) 1/50/100
Injection rate (m3/s) 0.0001/0.0005/0.001

Initial conditions Pore pressure (MPa) 51.2
In situ stress Horizontal stress (MPa) 51.2–66.2

260



Processes 2019, 7, 28

Figure 5. Multiple-cluster model with a 60◦ approach angle for natural fractures (NFs).

3.1. Interference between a Single Natural Fracture and Hydraulic Fractures

We investigated the influences of the NF, horizontal stress difference, and the approaching angle
on fracture propagation under single-cluster hydraulic fracturing. To show compatibility between the
numerical and experimental results, various parameters similar to those used in previous experiments
were chosen for the numerical simulations, such as the stress difference, NF mechanic properties
and intersection angle [25–27]. Even though the scales of the parameter values in the numerical
models were different from those of the laboratory fracturing experiments, considering the model
dimensions, the numerical simulation results demonstrated in Figure 6 show strong agreement with
the experimental results detailed in the literature. The results reveal that the approaching angle
of a natural fracture and the stress difference have a strong effect on the morphology of fracture
propagation. As shown in Figure 6, when ∇σ < 2 MPa and Q = 0.0005 m3/s, all the HFs propagate
along the NF with two fracture directions. However, as ∇σ increases, the HF can open the NF, but only
in the direction of the large intersection angle. When the stress difference is large enough, all the HFs
will cross the NF to form a long planar fracture, which demonstrates that stress difference is the key
factor when HFs intersect with the NF. The HFs tend to cross the NF at any approaching angle when
the stress difference is high. Furthermore, a HF is more likely to open and propagate along the NF
when the stress difference is low. The smaller the approaching angle of the NF, the higher the critical
difference stress for HF crossing will be. The lower the approaching angle of the NF, the easier it is to
open two sides of the NF. The numerical simulation results are consistent with experimental results
that have been published [25,28,29], as shown in Figure 7. For better visualization, we connected the
critical opening pressure at different approaching angles, which is presented as a red line and acts as a
comparison standard of our numerical model. It can be seen that HF is more likely to cross the NF
above the red critical line; however, the HF is inclined to open the NF below the critical line.

 

Figure 6. Cont.
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Figure 6. Effect of approaching angle and stress difference on hydraulic fracture propagation.
(a1–a3) Approaching angle = 45◦: stress difference = 2, 8, and 12 MPa, respectively; (b1–b3) approaching
angle = 60◦: stress difference = 2, 6, and 8 MPa, respectively; (c1–c3) approaching angle = 90◦: stress
difference = 2, 2.5, and 3 MPa, respectively.

Figure 7. Comparison between numerical simulation and experimental results with different angles of
approach and horizontal differential stresses.

3.2. Horizontal Stress Difference

Figure 6 shows that an increase in horizontal stress difference tends to increase the probability
of NFs crossing under lower values of the approaching angle. However, the stress shadow resulting
from multi-fractures can change this phenomenon in multiple-cluster hydraulic fracturing. Figure 8
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shows HF geometries under different stress anisotropies ∇σ in a pre-existing NF system. We assigned
the variables as θ = 60◦, Q = 0.0005 m3/s, and μ = 1 mPa·s. All models in this section adopted a
two-clusters configuration with a spacing of 40 m. The results show that HFs tend to cross the NFs
and form a less complex fracture network as the horizontal stress difference increases, which agrees
well with the findings of Zou et al. [7]. In the isotropic case of ∇σ = 2 MPa, the HFs that initiate
from the two perforation clusters mainly open and propagate along the NFs, resulting in a highly
complex fracture network near the horizontal wellbore. However, the geometry of HFs change with
the propagation process owing to stress interference. As shown in Figure 8a, two HFs propagate in
opposite directions, deviating from each other, which leads to more opportunities for the right HFs to
open NFs and for the left HFs to cross the NFs. When the stress difference increases, the complexity
of the fracture network reduces, and fractures propagate in a more straight manner within the same
injection process [11]. In addition, during a propagation process, HF growth can be suppressed
because of back stress induced by other propagating HFs (Figure 8b,c). Under a horizontal stress
difference of 8 MPa (Figure 8d), almost all NFs are crossed by HFs instead of deflecting, which causes
less complex fracture networks.

With stronger stress anisotropy, HFs tend to pass through NFs and form smaller curvatures in
the propagation path [30], which results in narrower, longer, and less complex fracture networks.
Furthermore, the influence of back stress will be more significant, which aggravates the diversion
behavior of HFs and changes the crossing phenomenon between HFs and NFs. Therefore, it is beneficial
to form more complex fracture networks at lower fracture differences (∇σ < 8 MPa). As shown in
Figure 9, the total fracture network length decreases as the stress difference increases. The total fracture
length reduced by 38.26 m when stress difference increased from 2 to 8 MPa, but only reduced by
0.8 m as the stress difference increased from 6 to 8 MPa. This demonstrates that fluid driven fractures
can propagate widely and are connected to more natural fractures at lower stress differences, which is
useful for connecting the flow channel.

 

Figure 8. Effect of stress difference on hydraulic fracture propagation. (a) Stress difference = 2 MPa;
(b) stress difference = 4 MPa; (c) stress difference = 6 MPa; (d) stress difference = 8 MPa.
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Figure 9. Fracture network lengths at different horizontal stress differences.

3.3. Spacing of Perforation Clusters

When the cluster spacing is small, the mechanical interaction between adjacent fractures is
obvious, and a less complex fracture network can be formed [30]. Figure 10 shows the propagation
path of multiple fractures in a natural fracture system with a cluster spacing of 30, 40, 50 and 60 m.
The parameters Q = 0.0005 m3/s, μ = 1 mPa·s, ∇σ = 3 MPa were set for the simulation. It can be seen
that different cluster spacing has a significant effect on fracture morphology. As the cluster spacing
increases, the influence of the stress shadow among adjacent fractures is alleviated, which results
in more opening phenomena among HFs and NFs. Given S = 30 m in Figure 10a, the multiple HFs
initiate from the wellbore and then intersect with the NFs. With the fracturing process, the stress
shadow becomes more severe and obvious suppression can be observed in one of the NFs. Further,
the suppressed fractures propagate, becoming wider and shorter. However, unsuppressed fractures
extended rapidly, resulting in a longer and narrower fracture network. When the cluster spacing
increases (Figure 10b–d), the HFs propagate quickly from the wellbore and experience less suppression
compared with the case of S = 30 m. The interference of each cluster decreases as cluster spacing
increases. Meanwhile, the orientation of the crack tip is also alleviated under this condition, especially
when S is larger than 60 m. For the purpose of maximizing the fracture network, deeper propagation
should be provided to connect more NFs. Therefore, production can be improved by increasing the
perforation cluster spacing within a relative range.

Figure 10. Effect of cluster spacing on hydraulic fracture propagation. (a) Cluster spacing = 30 m;
(b) cluster spacing = 40 m; (c) cluster spacing = 50 m; (d) cluster spacing = 60 m.
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Reducing the cluster spacing is beneficial to improving the complexity of the fracture network
under the low stress difference condition [31]. However, numerical simulation in this work gave
contrary results: Propagation suppression of multiple fractures occurred with a low stress difference,
which caused shorter fracture propagation. Moreover, owing to serious stress interference at lower
cluster spacing, a greater amount of crossing can be observed between HFs and NFs, which can reduce
the simulated reservoir volume [32]. As shown in Figure 11, the total fracture network length increases
when the cluster spacing changes from 30 to 40 m; however, when the spacing is greater than 40 m,
the total length does not change significantly. As a result, short perforation cluster spacing should
be avoided to increase the complexity of the fracture network. In this case, the optimization of the
cluster spacing is recommended to vary from 40 to 60 m, which is suggested by considering not only
the influence of stress shadowing but also the controlling area for improving production.

 
Figure 11. Fracture network lengths at different cluster spacing distances.

3.4. Injection Rate of Fracturing Fluid

The influence of the fracturing fluid on the geometric shape of HFs can be expressed by the
injection rate and fluid viscosity. In this section, the influence of the injection rate is discussed. It is
concluded that by increasing the injection rate, the fluid injection pressure increases [4]. Owing
to a high propagation pressure, HFs have more chance to pass through NFs and tend to form
lager planar hydraulic fractures [33]. A pre-existing fracture system with random lengths and an
approaching angle of 60◦ was introduced to investigate the influence of injection rate on the fracture
network. The stress difference, fluid viscosity and cluster spacing remained constant at 3 MPa, 1 mPa·s,
and 40 m, respectively. As shown in Figure 12, three types of flow rates were used: Q = 0.0001 m3/s,
Q = 0.0005 m3/s and Q = 0.001 m3/s. It can be seen that the fracturing of two clusters initiated
at the wellbore and reactive NFs at an earlier stage of injection. With the fracturing procedure,
the fractures divert in opposite directions at lower injection rates, as shown in Figure 12a,b. However,
the morphologies of the two-cluster HFs change less when the fluid rate increases from 0.0001 to
0.0005 m3/s. When the injection rate reaches 0.001 m3/s, it has a significant influence on the complexity
of the fracture network. As shown in Figure 12c, HFs propagate in a straighter manner perpendicular
to the horizontal minimum principle stress, which results in more crossing phenomena and a less
complex fracture network.

A high injection rate during the entire process may reduce the complexity of the fracture network
due to the high net pressure that will be formed; as a result, the probability of fracture crossing
would increase. The total length of the fracture network reduced considerably when the injection
rate increased from 0.0005 to 0.001 m3/s, which resulted in a reduction of flow channel and make
the release of gas and oil difficult, as shown in Figure 13. However, a high injection rate can create
larger far-field propagation of the fracture network [34], which is mainly due to reduced connection in
the near wellbore and deeper propagation of the fracture network. Therefore, various injection rates
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should be adopted to maximize the complexity of the fracture network. The large fluid pressure within
a fracture due to high injection rates can be used to form straighter fracture networks, and deeper
propagation at the early stage of fracturing. A low injection rate can open more NFs and creates more
diversions in the wider control area in the later period of fracturing. By controlling the injection rates,
a large filed of fracture network can be realized.

 

Figure 12. Effect of fluid rate on hydraulic fracture propagation. (a) Injection rate = 0.0001 m3/s;
(b) injection rate = 0.0005 m3/s; (c) injection rate = 0.001 m3/s.

Figure 13. Fracture network lengths at different injection rates.

3.5. Viscosity of the Pumping Fluid

During the fracturing of naturally fractured reservoirs, it was found that the morphology and
complexity of the fracture are closely related to the fracture net pressure, which is mainly determined
by the fracturing fluid viscosity and injection rate. In this section, three types of numerical models with
different viscosities were simulated to investigate the influence of the fracturing viscosity. The results
in Figure 14 reveal that fracturing viscosity can affect the morphology and complexity of fractures,
especially if it has a high value. In this simulation the stress difference, flow rate, and cluster spacing
remained constant at 3 MPa, 0.0005 m3/s and 40 m, respectively. Figure 14a shows that HFs tend to
open more NFs and propagate along the NFs at a low viscosity condition of μ = 1 mPa·s. Meanwhile,
the preference for diverting to the opposite direction for each cluster fracture is enhanced with low
viscosity fracturing fluid. However, Beguelsdijk et al. [35] found that a fracturing fluid with a high
viscosity could induce separate propagation on an optimal fracture surface. For this reason, more
opening of NFs may increase the complexity of the fracture network, which will increase the possibility
of separate propagation. In addition, more straight fractures will be formed along the direction of
maximum horizontal stress, which will result in the formation of a simple fracture network, as shown
in Figure 14b,c. The morphology and complexity of fractures will change obviously when the viscosity
increases from 1 to 50 mPa·s; however, few transformations can be obtained when the viscosity varies
from 50 to 100 mPa·s. Hence, it can be concluded that lower range viscosities have a greater effect on
fracture morphology than higher range viscosities.
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For the purpose of maximizing the stimulated reservoir volume (SRV), deeper propagation in
the far-field region and less tortuosity near the wellbore should be generated for a complex fracture
network. A high viscosity during the early stage of fracturing can promote deeper propagation of HFs
and reduce the tortuosity near the wellbore. Later, a lower viscosity can activate more NFs and enhance
the propagation with the approaching angle, thus forming a more complex fracture network. Figure 15
shows that a lower injection viscosity can lead to the formation of a large fracture network: when
the viscosity is 1 mPa·s, the total fracture network length is 254.4 m. Therefore, higher production of
oil and gas can be achieved by a lower injection fracturing treatment. More simulations should be
conducted to further investigate whether viscosity induce can separate propagation with a random
pre-existing NF system.

 

Figure 14. Effect of viscosity on hydraulic fracture propagation. (a) Fluid viscosity = 1 mPa·s; (b) fluid
viscosity = 50 mPa·s; (c) fluid viscosity = 100 mPa·s.

Figure 15. Fracture network lengths achieved with different injection fluid viscosities.

3.6. Number of Perforation Clusters

Different hydraulic fracturing can result in different HF morphologies because of stress
interference. For multiple-cluster hydraulic fracturing, the number of perforation clusters has a
significant influence on fracture propagation; this can be seen from the six pictures in Figure 16.
A fracture’s geometric shape is significantly affected by the numbers of clusters at different fracturing
times. When the stress difference, fluid rate, cluster spacing and viscosity are fixed at Q = 0.0005 m3/s,
μ = 1 mPa·s, S = 40 m and ∇σ = 3 MPa, the fracture propagation morphologies are comparable in
these cases. In this section, three types of perforation configurations (two, three and four clusters) were
modeled to investigate the effect of perforation application. The results reveal that the interference
of the stress shadow plays a major role in fracture propagation, as it may make the propagation
undesirable for production. The resulting mechanical action alters the value and direction of in
situ stress, which results in unexpected suppression of the fracture’s propagation. As shown in the
two-clusters perforation configuration (Figure 16(a1,a2)), back stress causes the left fracture to be
suppressed, exhibiting shorter and wider networks compared with the right fracture. The middle
fracture seems to be significantly influenced, forming shorter and wider HFs in Figure 16(b1,b2),
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compared with the fractures at either side. For the four-cluster configuration (Figure 16(c1,c2)), one
fracture can break though and propagate into the deep reservoirs rapidly, while the residuary fractures
tend to be suppressed more or less. Further, it can be observed from Figure 16 that the fracturing time
will affect the morphology of the HFs to differing degrees. All of the configurations show that there
is less influence on the morphology of HFs in the early stage of fracturing (i.e., T = 500 s), which is
probably due to less spreading of net pressure in the fracture network.

An increase in the perforation number will increase the interaction between HFs and NFs, and
the propagation path will be easier to be maintain. Meanwhile, the interference area of the stress
shadow will increase with an increase in fracturing time, and the propagation path will be easily altered.
As shown in Figure 17, the volume of the fracture network increases rapidly as the number of clusters
increases. For instance, the total fracture length increases to 315 m when the number of clusters is set
to four. Although larger numbers of cluster can increase the volume of the fracture network, strong
interference from multiple clusters can result in considerable suppression of the lateral clusters. In that
situation, a shorter and wider facture network will be generated, which goes against fluid release from
the formation to the fracture channel. Therefore, lower cluster spacing with multiple clusters should be
avoided, as it will increase the serious interference due to stress shadow, which results in a suppressed
fracture network.

 
Figure 16. Effect of cluster numbers on hydraulic fracture propagation. (a1,a2) Two clusters fracturing
scenario at fracturing time T = 500, 1200 s; (b1,b2) three clusters fracturing scenario at fracturing time
T = 500, 1200 s; (c1,c2) four clusters fracturing scenario at fracturing time T = 500, 1200 s.

 

Figure 17. Fracture network lengths corresponding to different numbers of clusters.

268



Processes 2019, 7, 28

4. Conclusions

Using a 2D FEM model based on the PPCZ method, we performed a series of simulation models
coupling seepage and stress to investigate the mechanism of fracture network propagation in naturally
fractured reservoirs. At the same time, a python code written by the authors was used to incorporate
pore pressure elements for modeling the fractures and the joints of the crossed fractures. Several
geological and engineering factors influencing the fracture propagation pattern were applied to conduct
sensitive analyses. The main propagation rules can be concluded as:

(1) The horizontal differential stress dominates main propagation patterns of the hydraulic fracture
network. The morphology of a hydraulic fracture may change from being randomly diverted
to more straight as the horizontal differential stress increases. The fluid driven fracture nearly
crosses NFs to extend simple transverse fractures when the differential stress exceeds 8 MPa at
an approaching angle of 60◦, according to our FEM models.

(2) The viscosity and injection rate of the fracturing fluid affect the development of the fracture
network at different fracturing times. The fracture network area can reach its maximum with
various injection rates and viscosities during different fracturing stages. Using a higher injection
rate and fluid viscosity appears to raise the net pressure, which will increase the capacity of a HF
to cross the NFs near the wellbore and facilitate a deeper propagation into the formations.

(3) Using a short cluster spacing at 30 m will result in unexpected consequences where one or more
fractures will be suppressed to form short and simple transverse fractures. Nevertheless, the
phenomenon of suppression could weaken when the cluster spacing distance increases from 40
to 60 m.

(4) Cluster spacing should be taken into consideration as the increase of cluster numbers causes
enhanced stress interference. Due to tremendous suppression and merging of fractures
under multiple stress interference, increasing the cluster number is meaningless with lower
cluster spacing.
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Abstract: The characteristics of the pore structure and gas migration in soft coalbeds are the premise
of evaluating gas discharge in soft coalbeds. To explore the pore structure characteristics of soft
coal masses, the No. 5 soft coalbed in the eastern zone of Chenghe Mining Area, was investigated
and compared with the No. 5 hard coalbed in the western zone. By using a mercury intrusion
method, low-temperature liquid nitrogen adsorption, and scanning electron microscopy (SEM),
the pore structure characteristics of the No. 5 coalbed were explored. Moreover, based on fractal
theory, the pore structure of coal was characterized. The results showed the pores in soft coal
mainly appeared as small pores and micropores in which the small pores accounted for nearly half
of the total pore volume. Mesopores and macropores were also distributed throughout the soft
coal. The mercury-injection and mercury-ejection curves of soft coal showed significant hysteresis
loops, implying that pores in coal samples were mainly open while the mercury-injection curve of
hard coal was consistent with its mercury-ejection curve, showing no hysteresis loop while having
an even segment, which indicated that closed pores occupied the majority of the pore volume in
the coal samples. The curves of low-temperature nitrogen adsorption of soft coal all follow an
IV-class isotherm. Moreover, the fractal dimensions of soft coal are respectively larger than the fractal
dimensions of hard coal. It can be seen that the characterization of pores and fractures of the soft coal
was different from the hard coal in the western distinct of the old mining area. The gas prevention
and control measures of soft coal should be formulated according to local conditions.

Keywords: coalbed methane (CBM); soft coal masses; pore structure; fractal pore characteristics

1. Introduction

With increasing industrial development, the demand for fossil-fuel energy has constantly
increased, and especially that for oil and coal [1]. Since the implementation of reform and opening-up
policies, China’s economy has grown rapidly, causing China’s demand for energy to rise; however,
China’s coal resource reserve ranks third in the world at a proportion of 11.6%, so the coal-based energy
consumption structure of China will not change within the short-term. Therefore, coal resources show
a significant promotional effect on the development of China’s economy, exerting strategic influences
thereon [2,3].
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To satisfy the demand for coal and realize high-yield, rapid coal mining, many coal mine
accidents occur in China [4,5]. Coal mine accidents which result in more than 10 deaths are generally
gas accidents, which occur at the highest frequency and cause the largest damage [6,7]. Besides,
coal generates a large amount of greenhouse gas (CO2) during its near-constant consumption,
consequently leading to increasingly severe climate warming. It also causes problems such as the
re-distribution of global precipitation, the melting of glaciers and frozen soil, and sea-level rise.
Moreover, airborne haze not only threatens the natural ecological balance but also threatens human
survival [8–10]. Currently, cities, towns, and villages in China have begun burning gas instead of coal
and dismantling numerous coal-burning boilers. The reasons are attributed to two aspects: on the one
hand, coal combustion generates greenhouse gases; on the other, gas problem appears in coalbeds
during mining [11]. Gas in coalbed is both a source of disasters and energy (as coalbed methane
(CBM)). CBM is an associated resource of coal, and as a non-conventional natural gas, is an efficient
clean energy source [12,13].

The greenhouse effect of methane is more than 20 times that of CO2 [14]. For gas prevention
in coalbed, gas extraction plays an important role, however, the permeability of coalbed in China is
poor and gas extraction efficiency in coalbed is low. Moreover, the gas concentration in the pipeline
for gas extraction is low and the technology and equipment available for efficiently utilizing this
low-concentration gas remain immature, which results in a low utilization ratio of gas. Additionally,
existing equipment and operating costs are high. Therefore, in many mines, the measures necessary for
gas utilization are not taken and also the extracted gas is directly emitted to atmosphere, so gas drainage
rather than gas extraction and coal mining is implemented [15]. As an efficient clean energy source,
CBM has good prospects in terms of being developed to a large-scale and utilized [12]. The efficient
extraction of gas in coalbed can reduce the occurrence of gas disasters in mines to ensure safety.
To extract gas at a high concentration exerts a positive influence on changes to China’s energy structure
and reduced greenhouse effect contribution [15].

Coalbed is also called a double-porosity medium owing to its containing tiny pore structures with
multiple morphologies [16]. The pore and fracture network in a coal mass becomes the main channel
for gas migration in coalbed, therefore, the higher the degree of development of the pore and fracture
network in a coal mass is, the higher the gas permeability is, and the higher the gas extraction effect
is [17–19]. However, the permeability of coalbed in China is generally poor. Therefore, to improve the
connection of pores and fractures in coalbed, it is necessary to increase the permeability of coalbed by
utilizing hydraulic fracturing, hydraulic slotting, directional drilling, or deep-hole blasting [20–23].
In particular, the majority of soft coal shows dynamic phenomena or outburst risk owing to it exhibiting
various characteristics such as poor permeability, low strength, rapid gas desorption velocity, and high
gas content. The thickness of soft coalbed changes and the majority thereof is unstable. The thickness
of soft coalbed varies from several centimeters to the height of the whole coalbed and soft coalbed in
different areas show a great discrepancy. Thus, investigating the characteristics of pore and fracture
structure is important [11].

Pore structure in coal refers to the size, shape, development, and interactive relationship
in coalbed. The basic parameters for characterizing pore structure in coal include: pore size,
specific pore volume, specific surface area (SSA), porosity, and median pore size [24–27]. Numerous
scholars have explored the porosity characteristics of coalbed by utilizing different methods [28–49].
The methods for quantitatively characterizing the porosity characteristics of coalbed mainly include
liquid injection methods, non-fluid injection methods, and image analysis methods. The fluid injection
methods mainly involve mercury intrusion porosimetry, CO2 adsorption, liquid nitrogen adsorption,
and nuclear magnetic resonance (NMR) [28,31]. Non-fluid injection methods mainly include: small
angle X-ray scattering (SAXS), small angle neutron scattering (SANS), focused ion beam-scanning
electron microscope (FIB-SEM), and micron-resolution computed tomography (μ-CT) [34,41–43].
The image analysis methods mainly use scanning electron microscopy (SEM), atomic force microscope
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(AFM), transmission electron microscope (TEM), and field emission scanning electron microscopy
(FESEM) [46–49].

Due to being restricted by experimental method limitations, fluid injection methods are only able
to test open pores in coal masses while failing to characterize closed pores: however, fluid injection
methods are widely used in coal masses. Generally, when investigating the characteristics of pores
and fractures in a coalbed, the pore and fracture structures thereof are quantitatively characterized by
combining CO2 (or low-temperature N2) adsorption methods with mercury intrusion porosimetry.
On this basis, the specific area of pores, pore volume, and pore size distribution characteristics are
discussed. Additionally, the fractal characteristics of pores and fractures with different sizes are
investigated based on different mathematical models [28–32]. The mercury intrusion experiment
is also widely applied, based on which the relationship between pore volume and pressure can be
established [33].

In recent years, multiple non-destructive and efficient non-fluid injection technologies have been
applied to characterize pores and fractures in coalbed. SAXS/SANS technology is applicable to
fragile samples whose core is hard to drill. By using this method, coal samples are not damaged
during measurement. Compared with CO2/N2 adsorption methods, SAXS/SANS technology can
be used for testing under different temperatures and pressures and the acquired pore information
is not restricted by the interactive effect between fluids and surfaces, shielding effects, and pore
connectivity. It is feasible to analyze information about closed pores in coalbed and various parameters
including porosity, pore size distribution, and SSA [34–36]. FIB-SEM and μ-CT technologies can
reveal the three-dimensional (3D) continuous change and anisotropic characteristics of pores and
fractures [37–41]. FIB-SEM technology is widely used to quantify nano-sized pores in coal of different
ranks [42–45].

Image analysis technology can be adopted to observe the pores in coalbed by using
micro-observation technology under a microscope to further acquire images and qualify various
characteristics such as size, shape, connectivity, and surface morphology of pores. The results are
intuitively visible and qualitative and quantitative analyses can be combined with statistical analysis:
data on pores obtained by using SEM image analysis technology has become a research hot-spot [46–49].
By using TEM and AFM technologies, one not only can explore the molecular structure and surface
characteristics of coal but also can characterize the pore structure [47].

As we can see, different methods for characterizing pore and fracture structures have their own
advantages and disadvantages as well as the pore diameter measurement ranges. Investigating the
basic characteristics of pore and fracture structures in soft coal from different regions is important
when efficiently developing CBM, improving the gas extraction efficiency in coalbed, controlling gas
accidents in mines, and reducing the greenhouse effect caused by coalbed gas. The No. 5 coalbed
in the western zone of Chenghe Mining Area, Shaanxi Province, China contains hard coal. Heyang,
Shanyang, and Xizhuo Coal Mines are located in the new district in the eastern part of the mining
area. During the construction of the three new mines, the property of No. 5 coalbed exposed was quite
different from that of No. 5 coalbed in the west area. The No. 5 coalbed in the east area is softer and
higher gas content than No. 5 coalbed in the west area. On this basis, the characterization of pores and
fractures of the No. 5 soft coal newly exposed in the east area were investigated by applying mercury
intrusion porosimetry, low-temperature liquid nitrogen adsorption, and SEM: the pore structure of
coal was also characterized by use of fractal theory, which can be used for the future gas prevention
and control foundation of the new mining area, as well as studying the No. 5 hard coal in the west area.
In this way, the pore structure of soft coal in Chenghe Mining Area was investigated and compared
with that of the No. 5 hard coalbed of Dongjiahe Coal Mine in the western part of the mining area
which are same coalbed and belonged to the same mining area. This provides a theoretical basis for
investigating the gas adsorption, desorption, and gas extraction of the No. 5 coalbed in the eastern
zone of the new mining area.
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2. Materials and methods

2.1. Selection of Coal Samples

The No. 5 main mineable coalbed in Shanyang (SY), Heyang (HY), and Xizhuo (XZ) Coal Mines
and the No. 5 main mineable coalbed of Dongjiahe (DJH) Coal Mine were used for the experiments.
Moreover, the coal samples were all taken from the newly exposed surface of coalbed. Tables 1 and 2
list the parameters pertaining to the gas in coal samples and the coal-rock analysis result of coal
samples, respectively.

HY, SY, and XZ show a low Protodyakonov coefficient and a large initial diffusion velocity
(Table 1). Additionally, HY, SY, and XZ are softer, more friable, and cohesive, compared with DJH,
and showing unclear macroscopic bedding, and their surfaces appear as clastic, flake-shaped structures,
exhibiting typical characteristics of soft coal.

Table 1. Coal sample basic parameters.

Sample Protodyakonov
Coefficient

Initial Speed of
Methane Diffusion

(mL/s)

Porosity
(%)

Adsorption Constant Industrial Analysis

a (cm3/g) b (Mpa−1) Aad (%) Mad (%) Vdaf (%)

HY 0.93 22.27 11.19 22.66 1.34 33.28 0.54 18.35
SY 0.87 20.15 11.63 17.37 1.51 34.58 0.66 23.17
XZ 0.73 26.87 10.86 18.76 1.27 30.98 1.71 21.10

DJH 2.21 5.05 8.91 14.12 1.31 11.25 0.57 15.85

Note: HY, SY, XZ, and DJH refer to the coal samples taken from Heyang, Shanyang, Xizhuo, and Dongjiahe Coal
Mines, respectively. Soft coal includes HY, SY, and XZ while DJH represents a hard coal sample.

Table 2. Coal components.

Sample
Vitrinite

Reflectance (%)

Macerals
Mineral

Content (%)Vitrinite
Content (%)

Inertinite
Content (%)

Chitinous
Content (%)

HY 1.57 69.2 30.0 0 0.8
SY 1.76 73.8 18.7 0 7.5
XZ 1.86 65.1 33.6 0.1 1.2

DJH 1.78 40.4 46.6 0 12.8

It can be seen from Table 2 that SY coal samples showed 73.8% vitrinite content while DJH
exhibited the lowest vitrinite content, implying that the higher the gelatinization, the higher the
vitrinite content. The inertinite content was from 18.7% to 46.6%, which was proportional to the
fusinization in the later period of coal formation, and there was little-to-no exinite present.

2.2. Experimental Equipment and Test Methods

2.2.1. Mercury Intrusion Porosimetry

The MK-AutoPore IV9510 mercury injection apparatus (Micromeritics Instrument Corp, Norcross,
GA, USA) (Figure 1) was used, with a measurable pore size range of 0.003 to 1000 μm, which can be
used with two low-pressure (LP) pump stations and a high-pressure (HP) pump station or four LP
pump stations and two HP pump stations. The apparatus, at a pressure of 33,000 or 60,000 psi, allowed
volume precision for mercury injection or ejection of better than ±0.1 μL. To eliminate the influences
of mineral impurities in coal samples and fractures caused by human factors on the measurement
result as far as possible, four types of experimental coal samples were crushed into particles at about 2
mm diameter.
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Figure 1. MK-AutoPore IV9510 mercury injection apparatus.

2.2.2. Low-Temperature Nitrogen Adsorption Method

The ASAP2020M (Micromeritics Instrument Corp, Norcross, GA, USA) automatic analyzer for SSA
and micropores (Figure 2) was employed. It can be used to analyze various parameters including single-
and multi-point BET (Brunauer, Emmett, and Teller) SSA, Langmuir SSA, pore size distribution, and
pore volume according to a static gauging method for isothermal physical adsorption. It is a classical
method for measuring the samples whose SSA is greater than 1 m2/g. Before preparing samples, it
is necessary to clean the sample cell using ethyl alcohol or acetone and then dry it. Three grams of
experimental coal samples (four types of each) were separately weighed and stored. Moreover, the
sample cells and tube plugs were labeled.

 

Figure 2. ASAP 2020M automatic analyzer for SSA (specific surface area) and micropores.

2.2.3. SEM Observation

The applied ΣIGMA SEM (Carl Zeiss AG, Oberkochen, Baden-Württemberg, Germany) (Figure 3)
was characterized by a digital control system whose acceleration voltage was in the range 0.1 to 30 kV,
and it can be magnified by 12,000 to 500,000 times. Equipped with a zoom focusing system with
high resolution and high precision, it can be used to analyze microstructures of powdery, blocky,
and thin-film samples.
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Figure 3. The ΣIGMA SEM.

In the experiment, 1 to 2 cm3 small-blocky coal samples were taken from coal blocks. Moreover,
relatively even natural fracture surfaces were chosen for observation, which were cleaned by gas
absorption. Afterwards, the observed surface was plated to form a conducting layer. The loosened
fragile soft coal should be treated gently at all times.

3. Results and Discussion

3.1. Characteristics of Pore Structure

3.1.1. Measuring Pore Structure by Mercury Intrusion Porosimetry

The results of mercury intrusion experiments are listed in Table 3: the displacement pressures of
soft coal were all larger than those of hard coal. The displacement pressure can be used to measure
the permeability of coalbed: the lower the displacement pressure, the better the permeability of a
coalbed. The permeability of soft coal was lower than that of hard coal. The mean radius of throat
of soft coal was 201.85 nm while the DJH hard rock showed the largest mean radius of throat of
341.29 nm. The mean mercury saturation of soft coal was 78.33% while DJH hard coal exhibited the
largest mercury saturation (92.97%). The mean mercury-ejection ratio of soft coal was 57.78% while
the mercury-ejection ratio of DJH hard rock was the largest, reaching 97.73%.

Table 3. Results of mercury intrusion experiments.

Sample
Displacement

Pressures
(MPa)

Mean Radius of
Throat
(nm)

Mercury
Saturation

(%)

Mercury
Ejection Ratio

(%)

Proportions of Pore Volume (%)

Macropore Mesopore
Small
Pore

Micropore

HY 0.04 215.51 84.52 65.37 4.53 10.77 44.98 39.72
SY 0.06 176.73 70.48 48.76 6.16 26.48 45.44 21.92
XZ 0.05 213.30 79.99 59.22 7.89 13.03 43.59 35.49

DJH 0.03 341.29 92.97 97.73 1.85 41.74 22.55 33.86

The mean proportions of macropores, mesopores, small pores, and micropores in soft coal
were 6.19%, 16.67%, 44.67%, and 32.38%, while those in DJH hard coal were 1.85%, 41.74%, 22.55%,
and 33.86%, respectively. It can be seen that small pores and micropores are dominant in soft coal in
which small pores accounted for nearly half of the total pore volume, and mesopores and macropores
were also evenly distributed. The pores in hard coal mainly appeared as mesopores, followed by
micropores, while small pores and macropores accounted for a minor proportion overall. Under the

277



Processes 2019, 7, 13

effect of geostress, the gas in the coal mass was mainly adsorbed in micropores and small pores and
flowed through mesopores and macropores: however, under the effect of geostress, the pore volume
of the coal mass decreased and therefore the porosity of the coal was reduced, thus resulting in a
reduction in permeability, which impaired the seepage and migration of gas in coalbed. After the
pressure-relief process, the desorbed gas can be more constantly diffused in soft coal than in hard coal.

According to the initial data of mercury intrusion experiment, the mercury-injection and
mercury-ejection curves of the four types of coal samples were plotted (Figure 4). The curves were
divided into two types: Figure 4a–c are classified as the first type while Figure 4d is belonged to
the other.

⋅ ⋅

 
(a) (b) 

⋅

 

⋅

 
(c) (d) 

Figure 4. Mercury intrusion curve. (a) HY (Heyang); (b) SY (Shanyang); (c) XZ (Xizhuo);
(d) DJH (Dongjiahe).

The mercury-intrusion loops shown in Figure 4a–c showed significant hysteresis loops and there
was no platform segment in the curves. The injected and ejected amounts of mercury differed, implying
that pores in coal samples mainly appeared as open pores. The mercury-injection curves were similar
to the mercury-ejection curves, which indicated that certain amounts of semi-closed pores were present
in the coal. The absence of a platform segment in the curves implied that the matrix pores in coal
exhibited large differences, with non-uniform structures therein. The tectonic stress augmented the
connectivity between mesopores and macropores in soft coal, thus improving the capability of pores
for storing gas. However, the pores in soft coal were mainly semi-closed and therefore much gas was
likely to be released once the pressure on the coalbed was relieved. The curve in Figure 4d showed an
even segment and the mercury-injection curve was consistent with the mercury-ejection curve, without
a hysteresis loop, which implied that pores in coal masses were mostly closed. The presence of the
platform segment in the curve indicated that the matrix pores in coal masses exhibited little difference,
with a uniform structure therein. The primary pores in coal masses were compressed or appeared
as long, thin gaps. The deformation led to the reduction in volume of coal masses and therefore gas
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pressures increased. The non-connected microfractures, abundant with gas, comprised a closed system,
and once surrounding stress decreased, particularly during mining, a stress concentration zone was
formed at the front of working face. In this case, the accumulated gas in coal masses flowed to the
working face space.

3.1.2. Measuring Pore Structure by Low-Temperature Nitrogen Adsorption

After analyzing the trend in the adsorption isotherm, the characteristic parameters of pore surfaces
in coal masses can be qualified. Moreover, the interaction between the surface of coal masses and gas
was analyzed. The low-temperature nitrogen adsorption and desorption curves of coal samples are
shown in Figure 5.

⋅

⋅  

⋅

⋅

(a) (b) 

⋅

⋅  

⋅

⋅  
(c) (d) 

Figure 5. Low-temperature nitrogen adsorption and desorption isotherms. (a) HY; (b) SY; (c) XZ;
(d) DJH.

The low-temperature nitrogen adsorption and desorption isotherms of soft coal in Figure 5a–c all
belong to IV-type isotherms (based on International Union of Pure and Applied Chemistry (IUPAC)),
showing different sizes of adsorption hysteresis loops. Shapes of the hysteresis loops can reflect
the characteristic of the pore structure. As shown in Figure 5b,c, the adsorption hysteresis loops in
the curves of the coal samples were small, indicating that impermeable pores were found in coal
samples, and the adsorption curves were bulged, which indicated that there was significant interaction
between coal masses and nitrogen and therefore many micropores could be found in the coal. When
the relative pressure exceeded 0.8, the adsorption–desorption curves suddenly increased, reflecting
the poor permeability of the coal.

The curves in Figure 5a showed a large adsorption hysteresis loop and a significant inflection
point, reflecting the presence of flask-shaped pores. It can be seen from the Kelvin formula [50,51]

279



Processes 2019, 7, 13

that the corresponding pore size was about 4 nm under a relative pressure of 0.5, which was larger
than the diameter of the gas molecules. The presence of flask-shaped pores caused the adsorbed
gas to be difficult to desorb. The adsorption curves were not significantly convex, which meant that
the interaction between coal masses and nitrogen was weak. When the relative pressure exceeded
0.8, the adsorption–desorption curves suddenly increased. The curves in Figure 5d showed a small
adsorption hysteresis loop, and a significant inflection point, reflecting the presence of flask-shaped
pores. However, the relative pressure region corresponding to the hysteresis loop was large. After the
inflection point of the hysteresis loop, the condensed liquid in the open hole evaporated completely,
and then transited to a closed pore at one end. That is why the adsorption curve coincided with
the desorption curve in the low relative pressure region. For curves in Figure 5a–d, under a relative
pressure of zero, the adsorption capacities of soft and hard coal for nitrogen were both positive because
nitrogen was preferentially adsorbed in the micropores in coal masses while soft coal contained
more micropores. The superposed effect of adsorption force fields in micropores led to an increased
adsorption potential of soft coal. As the relative pressure changed from 0.4 to 1, both soft and hard
coal showed different sizes of hysteresis loop.

When adsorption tests were carried out on solid with capillary pores, the pore with corresponding
Kelvin radius would be capillary condensation with the increase of relative pressure on the basis of the
theory of adsorption and condensation [52,53]. If the pressure was increased and then decompressed,
the adsorbent would gradually desorb and evaporate. The relative pressure of condensation and
evaporation of the same pore may be same or different due to the different specific shape of the
capillary. If the relative pressure of condensation and evaporation was the same, the adsorption
curve overlapped the desorption curve. On the contrary, if the two relative pressures were different,
the two branches of the adsorption isotherm would separate to form a loop that we called it hysteresis
loop [53].

In the desorption process, the relative pressure gradually decreased at the beginning, and the
hysteresis loop was generated at the neck of flask-shaped pores due to the difference in shape of the
gas-liquid interface during the condensation of the open pores and evaporation. However, due to
the existence of pores with different diameters, when the relative pressure drops to a certain value,
the corresponding larger pores begin to evaporate, resulting in a decrease in the adsorption amount
and a gradual decrease in the desorption line. When the relative pressure dropped to the value
corresponding to the inflection point, it meant that the condensed liquid of the smallest open pore was
about to evaporate, and while the pressure continued to drop slightly, the liquid in it would gush out
immediately. Therefore, there was a sharp drop in the inflection point on the hysteresis loop.

By using a low-temperature nitrogen adsorption method, the experimental data on SSA and pore
volume of coal samples can be acquired (Table 4). The value of BET SSA was different from that of
Langmuir SSA (Table 4). The reason for this was that the Langmuir model assumes that the adsorption
of coal for gas is single-layer adsorption-based while the BET model supposes that the adsorption of
coal for gas is multi-layer adsorption-based.

Table 4. Characteristics of pore distribution in coal masses. SSA: specific surface area;
BJH: Barrett–Joyner–Halenda.

Sample
BET SSA

(m2/g)
Langmuir SSA

(m2/g)
BJH Pore Volume

(m2/g)
Mean Pore Size

(nm)

HY 10.4317 13.2485 0.006214 8.2244
SY 10.4228 12.1175 0.006117 8.9146
XZ 14.3245 16.2412 0.007415 6.2112

DJH 8.2412 10.3258 0.004157 13.5496

The BET SSA of soft coal samples ranged from 10.4228 to 14.3245 m2/g, with a mean of
11.7263 m2/g, and that of hard coal samples was 8.2412 m2/g. The Langmuir SSA of soft coal
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was between 12.1175 and 16.2412 m2/g, with a mean of 13.8691 m2/g, and that of hard coal was
10.3258 m2/g. Moreover, the Barrett–Joyner–Halenda (BJH) pore volume of soft coal ranged from
0.006117 to 0.006214 cm3/g (0.006582 cm3/g on average) while that of hard coal was 0.004157 cm3/g.
The mean pore size of soft coal ranged from 6.2112 to 8.9146 nm (with a mean of 7.7834 nm) while that
of hard coal was 13.5496 nm. It can be seen that the BET SSA, Langmuir SSA, and BJH pore volume of
soft coal were all larger than those of hard coal while only the mean pore size of the former was lower
than that of the latter. The SSA and pore volume of soft coal were larger than those of hard coal while
the mean pore size was lower than that of hard coal. This reflected the fact that soft coal is capable of
adsorbing a larger volume of gas and there were more gas adsorption sites on its internal surfaces per
unit pore volume in soft coal than in hard coal.

According to the mercury intrusion and low-temperature nitrogen adsorption experiments, it can
be seen that the lower the pore size, the larger the surface area. The number of small pores in coal was
larger than that of mesopores, which was larger than the number of macropores. Therefore, the surface
area of pores depends on micropores. It is supposed that pores were connected and therefore the
pores in coal were distributed in a form similar to a tree in which macropores represent the trunk
while mesopores and micropores refer to branches. Macropores determine the volume and branches
determine the pore area so that the tree-shaped pore distribution is more luxuriant in soft coal masses.

3.1.3. Observing Pore Structure by Using SEM

The SEM image of HY coal samples obtained is shown in Figure 6a. The coal particles of HY coal
samples generally appeared as irregular polyhedra, with sharp edges, reflecting the high brittleness
of the coal samples. The pores showed tearing and irregular zigzag fractures, with different lengths,
and pores were developed, showing different sizes, which not only led to the reduction of coal strength
but also resulted in the increase of surface area thereof, reflecting the fact that coal masses showed a
certain gas-storing capacity.

 
(a) 

Figure 6. Cont.

281



Processes 2019, 7, 13

 
(b) 

 
(c) 

 
(d) 

Figure 6. SEM images of the coal samples. (a) HY; (b) SY; (c) XZ; (d) DJH.

As shown in Figure 6b, the surface of SY coal samples showed a low roughness and a favorable
evenness: a fracture shown in the image cut lengthways through the surface of the coal mass.
Small particles were stacked on the surface of large particles and further pits were found due to
the exfoliation of small particles. Moreover, some clay substances were distributed on the surface of
coal masses and various inorganic components were mixed in coal mass, causing a certain influence
on the strength of the coal mass.

XZ presenting a rough fracture surface contained a great number of developed and staggered
fractures (Figure 6c). Coal masses were made of countless approximately spherical fine ellipsoids or
granules. Small fractures were developed around the macro-fractures and the two kinds of fractures
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were jointly developed, appearing as irregular mesh- and branch-shaped fractures. Holes were found
on the fracture surface on which a large number of stacked strip-shaped milk-white clay substances
were distributed.

DJH, with favorable surface evenness, exhibited a high mass density, on which some mineral
components were distributed. Moreover, regularly distributed cracks were found on the surface of the
coal samples (Figure 6d).

It can be seen from SEM images of coal masses that the microstructures of coal masses showed
the following characteristics: micropores were densely distributed where coal masses were fractured;
tectonism strengthened the connectivity of pores on the surface of coal masses and the compression
direction of compressed micropores was the same as the exfoliation direction of the coal-rock mass,
therefore, observing the occurrence of micropores in a coal-rock mass can also reflect the tectonic
deformation of soft coal.

3.2. Fractal Characteristics of Pore Structures

3.2.1. Mercury Intrusion Method

It is supposed that there is a cube of side-length R: the cube is divided into m small isometric
cubes. A rule is adopted to remove a part of these small cubes and the number of the remaining small
cubes is Nb1. After undergoing k such operations, the side length of the remaining cubes is ak = R/mk

and the total number is calculated using Equation (1) [54,55].

Nbk = (
R
ak
)

Db
=

RDb

aDb
k

=
C

aDb
k

= Ca−Db
k (1)

where, Db refers to fractal dimension of pore volume, and Db = log(Nb1)/log(m).
According to the aforementioned formula, the relationship between the pore volume Vk of coal

and ak can be derived as in Equation (2).

dVk
dak

∞a2−Db
k (2)

When measuring the pores in coal by mercury intrusion method, the applied pressure p(r) and
r satisfy the Washburn equation and the total pore volume under a constant pressure is equal to the
volume of mercury injected into the pores (Equation (3)).

log[dVp(r)/dp(r)]∞(4 − Db)logr∞(Db − 4)logp(r) (3)

where, p(r) and r denote the external pressure (MPa) and the diameter (nm) of pores in coal
samples, respectively.

After plotting the best-fit line log[dVp(r)/dp(r)] and logp(r), slope K can be attained and therefore
Equation (4) is acquired.

Db = K + 4 (4)

According to experimental data obtained by mercury intrusion porosimetry, the fractal dimensions
of the four types of coal samples can be obtained (Table 5).

Table 5. Calculated fractal dimensions of pores.

Sample Pore Diameter Range (nm) K Db

HY 74.16~100,000 1.0679 2.9321
SY 89.21~100,000 1.1083 2.8917
XZ 77.69~100,000 1.0826 2.9174

DJH 93.45~100,000 1.1298 2.7303
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The adsorption of coal for gas is conducted on the surface of pores. The fractal dimension is used
for measuring the irregularity and roughness of the surface of pores. The fractal dimension of coal is
highly correlated with the complex pore structures and heterogeneous surface area of coal. As shown
in Table 5, the fractal dimensions (Db) of the four types of experimental coal samples differed little:
HY coal samples exhibited the largest Db (2.9321) while Db for the DJH was the lowest, that is, Db of
soft coal is larger than that of hard coal. This reflects the fact that the surface of pores in soft coal is
more irregular and rough compared with that in hard coal.

3.2.2. Low-Temperature Nitrogen Adsorption

According to the experimental data obtained by low-temperature nitrogen adsorption, the fractal
dimension of pores on the surface of coal masses can be calculated. Based on the parameters related to
the adsorption capacity, Equation (5) is established.

ln(Q) = (D − 3)ln(ln
p0

p
) + C (5)

where, Q and p refer to the adsorption capacity (cm3/g) under equilibrium pressure P and the partial
pressure (MPa) of nitrogen, respectively. Moreover, p0, D and C denote the saturated vapor pressure of
gas adsorption, fractal dimension, and a constant, respectively.

In terms of SSA of coal masses, Equation (6) gives

ln(A) = (D − 2)ln(ln
p0

p
) + C (6)

where, A refers to the SSA (m2/g) of the surface of coal masses.
Data for ln (ln P0/P) are plotted by separately using ln Q and ln A to conduct linear fitting.

According to the slope of the fitted line, the fractal dimension D can be obtained (Table 6).

Table 6. Calculated fractal dimensions of pore surfaces.

Sample p/p0 Range
Fractal Dimensions of Pore

Surfaces Calculated by
Equation (5)

Fractal Dimensions of Pore
Surfaces Calculated by

Equation (6)

HY 0.15~0.96 2.34 2.23
SY 0.44~0.99 2.26 2.18
XZ 0.41~0.99 2.31 2.12

DJH 0.44~0.99 1.84 1.81

As shown in Table 6, the calculation result obtained using Equation (5) was slightly different from
that using Equation (6), which was mainly caused by the presence of micropores. The difference in
size of micropores caused the change in adsorption potential of micropores in coal masses for nitrogen.
By analyzing the data in Table 6, the fractal dimensions of pore surfaces in soft coal were between 2.26
and 2.34, with a mean some 1.25 times that of hard coal. The larger the fractal dimension, the larger
the surface roughness of coal masses. This indicated that there were more pores per unit volume of
soft coal and thereby more sites for adsorbing gas per unit pore space.

3.2.3. Images Taken by SEM

By utilizing the box-counting dimension method [56–58], the fractal characteristics of the pore
structure of soft coal masses were analyzed. When observing the surface characteristics of coal samples
by using SEM, the inhomogeneity of energy on the surface of coal samples and structural differences
on the pore surface led to a significant difference in intensities of secondary reflection electron beams
from the SEM. It is supposed that each disparate point corresponds to a geometrical characteristic of
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the structure. According to fractal theory, within each length of ε cm, the number Nc(L) of geometrical
characteristics within the length of L is expressed by Equation (7)

Nc(L)∞aL2−D (7)

where, a, D, and L denote the proportionality coefficient, fractal dimension, and the area (cm2) of the
fractal plot, respectively.

According to the box-counting dimension calculation principle, the relationship between the box
dimension and the total surface area can be plotted by using “Tri Prism surface area” algorithm of
fractal analysis software Fractal Fox 2.0 [56,57]. By fitting the curve, the fractal dimensions of SSA
distribution of pores in different coal samples were attained.

By conducting binarization the image, each pixel point in the image is set to be black (0) or white
(1) to acquire a series of two-dimensional matrices consisting of 0 s and 1 s, that is, the data file of a
binary image. Block division was carried out on the data file, so that the line number of the blocks was
equal to the column number (marked as k). The number of blocks was recorded as Nk (k = 1, 2, 4, . . . ,
2i). By using the size of the pixel point as the side length to conduct block division, the box counts
were recorded as N1, N2, N4, . . . , N2i. The dimension ε of the pixel point was equal to the number
of pixel points in a line of the image and each line and column of the blocks both consisted of k pixel
points, with the side length of the blocks being ε = kε. By conducting linear fitting on the datum point
(lnεk, lnNk), the negative of the slope of the fitted curve represents the box dimension D.

In a similar way, by using “Box counting dimension” algorithm in the Fractal Fox 2.0
software [57,58], the relationship between box dimension and the box number can be acquired.
By fitting the curve, the fractal dimension of the pore distribution in these coal samples could
be calculated.

According to fractal theory, a larger fractal dimension value indicates higher roughness of a pore
surface, a larger number of pores per unit volume, and more developed pores. By analyzing the data
in Table 7, the fractal dimension of the pore distribution in SY coal samples was 1.1696 and that of the
SSA of pores in HY coal samples was 2.6783, reflecting the fact that the pores in HY and SY coal masses
were well developed. Therefore, these coal samples contained more gas adsorption sites per unit pore
space, thus augmenting the adsorption capacity for gas. The resulting SEM image only approximately
showed the one-dimensional space. If 3D spatial factors were taken into account, the pore volume
would have been larger in such coal masses.

Table 7. Calculated fractal dimensions of pores.

Sample Amplification
Fractal Dimension

of Pore Distribution
Correlation
Coefficient

Fractal Dimension
of Pore SSA

Correlation
Coefficient

HY 4.00KX 1.0743 0.9558 2.6783 0.9673
SY 4.00KX 1.1696 0.9545 2.6421 0.9649
XZ 6.00KX 1.1248 0.9512 2.2646 0.9704

DJH 6.00KX 1.0054 0.9578 2.1642 0.9621

3.3. Prospect of Future Work

The eastern part of Chenghe Mining area is a new mining area. The No.5 coalbed exposed is all
soft coal, with a relatively large the gas content in the coalbed. However, the western part is the old
mining area, and the No. 5 coal seam is hard coal. Moreover, the No. 5 soft coalbed in the eastern
part and the No. 5 hard coalbed in the western part are the same coalbed. Under such a background
condition, the pore structure characteristics of No. 5 coal seam in Chenghe Mining area are studied in
this paper. Furthermore, based on fractal theory, the pore structure of coal was characterized. However,
because there was no gas emission in other mines in the west area, only gas emission occurred locally
in Dongjiahe Coal Mine, while a large amount of gas emission occurred in the No. 5 soft coal of the
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coal mines in the east area. Therefore, in order to contrast with No. 5 soft coal in the east area, only the
hard coal was sampled in Dongjiahe Coal Mine, and no other coal mines in the western area were
sampled the hard coal. Hence, we should study No. 5 hard coal of other coal mines in the western part
in the future research plan. At the same time, other methods can be used to study the pore structure
characteristics more comprehensively and systematically.

This provides a theoretical basis for investigating the gas adsorption, desorption, and gas
extraction of the No. 5 coalbed in the eastern zone of the new mining area. So, based on the study
of pore structure, we will have a further study on the adsorption and desorption rules of both soft
and hard coal in Chenghe Mining area in order to study the different adsorption and desorption rules
between them. Moreover, the layout of drainage boreholes under different drilling radius, different
negative pressure of extraction and different layout modes will be studied on the basis of the study of
adsorption and desorption law, which will lay a foundation for the prediction of gas emission and the
formulation of coalbed gas prevention and control measures in the working face, so as to achieve the
safe co-mining of coal and gas.

4. Conclusions

The structural characteristics of pores and fractures in soft coal masses were explored and
compared with those of hard coal from the same mining area. The following conclusions are drawn:

(1) The displacement pressure of soft coal was larger than that of hard coal, implying that the
permeability of soft coal masses was lower than that of hard coal, with a poor permeability. However,
the mean radii of the pore-throats of soft coal were all lower than those of hard coal. Pores in soft coal
mainly appeared as small pores and micropores in which small pores accounted for half of the total
pore volume, and mesopores and macropores were also evenly distributed. In hard coal, mesopores
were widely distributed, followed by micropores, and small pores and macropores accounted for a
minority thereof.

(2) The changing trends seen in mercury-injection and mercury-ejection curves of soft coal
were the same, showing a significant hysteresis loop, which implied that pores in soft coal samples
mainly appeared as open pores. Moreover, the matrix pores in coal showed significant differences,
with non-uniform structures appearing therein. During the formation of soft coal, the tectonic stress
strengthened the connectivity of mesopores and macropores, thus improving the capacity of pores for
storing gas: however, owing to pores in soft coal mainly appearing as semi-closed pores, it was likely to
release much gas once the pressure on the coalbed was relieved. Therefore, when mining a soft coalbed,
it is necessary to take suitable gas-control measures. The mercury-injection and mercury-ejection
curves of hard coal showed no hysteresis loop while having an even segment, which indicated that
closed pores accounted for the majority of the pores in these hard coal samples.

(3) The low-temperature nitrogen adsorption curves of soft coal all followed a IV-type isotherm,
which showed adsorption hysteresis loops with different sizes under relative pressures of 0.4 to 1.
This indicated that soft coal contained more micropores while the superimposed effect of adsorption
force fields in micropores strengthened the adsorption potential of soft coal. The BET SSA, Langmuir
SSA, and BJH pore volume of soft coal obtained through use of the nitrogen adsorption method were
all larger than those of hard coal while only the mean pore size was lower than that of hard coal.
This reflected the fact that the soft coal presented a larger gas adsorption capacity and there were more
gas adsorption sites on internal surfaces per unit pore space therein.

(4) The fractal dimensions of soft coal calculated by mercury intrusion porosimetry showed subtle
differences to those in hard coal while all were larger than those in the latter. The fractal dimensions of
the surface area of pores in soft coal, calculated using a low-temperature nitrogen adsorption method,
were all larger than those in hard coal. The fractal dimensions of pore distribution and SSA of soft
coal attained through SEM were also all larger than those of hard coal. A large fractal dimension
of the pore surface of a coal mass meant that the surface of coal masses was rough. In addition,
the pores and fractures per unit pore space were better developed and therefore there was favorable
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connectivity between pores and fractures, thus providing many adsorption sites for gas to enhance the
adsorption capacity.
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Abstract: The consolidation process of soil stratum is a common issue in geotechnical engineering.
In this paper, the two-dimensional (2D) plane strain consolidation process of unsaturated soil was
studied by incorporating vertical impeded drainage boundaries. The eigenfunction expansion
and Laplace transform techniques were adopted to transform the partial differential equations
for both the air and water phases into two ordinary equations, which can be easily solved. Then,
the semi-analytical solutions for the excess pore-pressures and the soil layer settlement were derived
in the Laplace domain. The final results in the time domain could be computed by performing
the numerical inversion of Laplace transform. Furthermore, two comparisons were presented to
verify the accuracy of the proposed semi-analytical solutions. It was found that the semi-analytical
solution agreed well with the finite difference solution and the previous analytical solution from
the literature. Finally, the 2D plane strain consolidation process of unsaturated soil under different
drainage efficiencies of the vertical boundaries was illustrated, and the influences of the air-water
permeability ratio, the anisotropic permeability ratio and the spacing-depth ratio were investigated.

Keywords: consolidation process; unsaturated soil; semi-analytical solution; impeded drainage
boundary; excess pore-pressures

1. Introduction

The consolidation process of soil stratum is a common issue in geotechnical engineering and it has
captured a great deal of attention in the geotechnical community. In the mid-1920s, Terzaghi [1] put
forward the classical one-dimensional (1D) consolidation process for saturated soil, after which some
researchers derived the solutions to 1D consolidation process for saturated soil subjected to different
loading and boundary conditions [2–5]. With the problem raised in practical engineering, much
attention has been attracted to the consolidation process of unsaturated soil since the 1960s. Scott [6]
discussed the consolidation process of unsaturated soil with occluded air bubbles, and Barden [7,8]
presented a study of the compacted unsaturated soil. Furthermore, Fredlund and Hasan [9] proposed a
1D consolidation theory by driving two partial differential equations (PDEs) to describe the dissipation
processes of excess pore-air and -water pressures. Dakshanamurthy and Fredlund [10] extended this
theory to two-dimensional (2D) plane strain consolidation process by referring the concept of 2D heat
diffusion. These theories have been widely accepted in geotechnical engineering and have inspired
numerous research projects on the consolidation process of unsaturated soil [11–15].

In order to ensure that analytical solutions were available, most of the previous studies treated
the top and bottom drainage boundaries of the soil layer as fully drained or undrained [16]. However,
these boundaries are generally partially drained (i.e., impeded drainage) in most practical consolidation
processes. For example, a sand cushion covered on the top surface of the soil layer, which is commonly
used to facilitate the drainage, will become partially drained when its drainage capacity is not effective.
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The underlying layer will exhibit impeded drainage characteristic when its void ratio is relatively small.
In order to describe the partially drained effect, Gray [17] defined an impeded drainage boundary
using the third type boundary, which can also realize the fully drained and undrained boundaries (i.e.,
the first and second type boundaries) by changing the values of the boundary parameters. Base on
this boundary, a number of solutions have been proposed to solve the 1D consolidation process of
saturated soil [16–20] and that of unsaturated soil [21–23]. These solutions help to understand the
impeding effect (i.e., drainage efficiency) of the covered sand cushion and underlying layer on the
1D consolidation process. However, in the study of the 2D plane strain consolidation processes,
particularly for unsaturated soil, there appears no solution incorporating the impeded drainage
boundaries. The objective of this paper was to develop a general solution to the 2D plane strain
consolidation process of unsaturated soil under such impeded drainage boundaries, that is, the top
surface and bottom base of the soil layer were considered to be partially drained.

Based on the consolidation equations proposed by Dakshanamurthy and Fredlund [10], this paper
attempted to derive semi-analytical solutions to the 2D plane strain consolidation process of
unsaturated soil by incorporating the vertical impeded drainage boundaries. To obtain the final
solutions, the eigenfunction expansion and Laplace transform techniques were used to transform
PDEs of both air and water phases into two ordinary equations. Then, the solutions for the excess
pore-pressures and the soil layer settlement were derived in the Laplace domain, and the final
results can be computed by performing the numerical inversion of Laplace transform. Furthermore,
two comparisons against the finite difference solution and the previous analytical solution were
made to verify the accuracy of the proposed solution. Finally, some computations were conducted to
study the 2D plane strain consolidation process of unsaturated soil incorporating vertical impeded
drainage boundaries.

2. Mathematical Model

2.1. Governing Equations

In geotechnical practice, vertical drain assisted with preloading is one of the most commonly
used techniques to improve the soft soil. The vertical drain can facilitate the consolidation process
by providing a shorter drainage path in the horizontal direction. Figure 1 illustrates a referential
consolidation system of a homogeneous unsaturated soil layer with two installed vertical drains,
in which the vertical boundaries are presumed to be impeded drainage to the air and water phases.
This system extends the problem considered by Ho et al. [14,15].

k , k , k , k

O

k , k

k , k

H

H

L

z
H

q

x

Figure 1. Two-dimensional (2D) consolidation system of unsaturated soil with vertical impeded
drainage boundaries.

The thickness of the soil layer was H, and the internal spacing of vertical drains was L. In the
soil layer, the coefficients of permeability with respect to the air and water in the x-direction were kax
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and kwx, and those in z-direction were kaz and kwz, respectively. On and under the soil layer were two
impedance layers, and their thicknesses were H0 and H1, respectively. These two impedance layers
were considered to be permeable in z-direction only. In the upper impedance layer, the coefficients
of permeability with respect to the air and water were ka0 and kw0, respectively; those in the down
impedance layer were ka1 and kw1, respectively. The external load q0 was assumed to be constant and
uniformly distributed on the top of the upper impedance layer.

For a constant external load instantaneously applied, the governing equations for 2D plane strain
consolidation process of unsaturated soil can be expressed as follows [10,14,15]:

∂ua

∂t
+ Ca

∂uw

∂t
+ ca

vx
∂2ua

∂x2 + ca
vz

∂2ua

∂z2 = 0 (1a)

∂uw

∂t
+ Cw

∂ua

∂t
+ cw

vx
∂2uw

∂x2 + cw
vz

∂2uw

∂z2 = 0 (1b)

where ua and uw are the excess pore-air and -water pressures, respectively (kPa); Ca and Cw are
the interactive constants associated with the air and water phases, respectively; ca

vx and cw
vx are the

consolidation coefficients with respect to the air and water phases in x-direction, respectively (m2/s);
and ca

vz and cw
vz are the consolidation coefficients with respect to the air and water phases in z-direction,

respectively (m2/s). These consolidation parameters can be expressed as follows:

Ca =

[(
2ma

1
ma

2
− 1

)
− n(1 − Sr)

ma
2
(
u0

a + uatm
)]−1

(2a)

ca
vx =

kaxRΘ
gM

[
ma

2

(
u0

a + uatm

)(2ma
1

ma
2
− 1

)
− n(1 − Sr)

]−1
(2b)

ca
vz =

kazRΘ
gM

[
ma

2

(
u0

a + uatm

)(2ma
1

ma
2
− 1

)
− n(1 − Sr)

]−1
(2c)

Cw =
2mw

1
mw

2
− 1 (2d)

cw
vx =

kwx

mw
2 γw

(2e)

cw
vz =

kwz

mw
2 γw

(2f)

where ma
1 and mw

1 are the coefficients of air and water volume change with respect to the change of the
net normal stress, respectively (kPa−1); ma

2 and mw
2 are the coefficients of air and water volume change

with respect to the change of suction, respectively (kPa−1); n is the soil porosity; Sr is the degree of
saturation; uatm is the atmospheric pressure (kPa); Θ is the absolute temperature (K); R is the universal
air constant (8.314 J·mol−1·K−1); g is the gravitational acceleration (9.8 m/s2); M is the molecular mass
of air phase (0.029 kg/mol); and γw is the unite weight of water (9.8 kN/m3).

2.2. Initial and Boundary Conditions

It was assumed that immediately after the application of the external load, the initial excess
pore-air and -water pressures were distributed uniformly throughout the entire stratum. That is:

ua(x, z, 0) = u0
a, uw(x, z, 0) = u0

w (3)

where u0
a and u0

w are the values of the initial excess pore-air and -water pressures, respectively.
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The horizontal (i.e., left and right) boundaries, which were defined by two vertical drains, were all
considered to permeable to the air and water phases. That is:

ua(0, z, t) = ua(L, z, t) = uw(0, z, t) = uw(L, z, t) = 0 (4)

The vertical (i.e., top and bottom) boundaries, which were separately defined by sand cushion
and underlying layer, were considered to be partially permeable to the air and water phases. That is:

∂ua(x,0,t)
∂z − Rta

H ua(x, 0, t) = 0, ∂uw(x,0,t)
∂z − Rtw

H uw(x, 0, t) = 0 (5a)

∂ua(x,H,t)
∂z + Rba

H ua(x, H, t) = 0, ∂uw(x,H,t)
∂z + Rbw

H uw(x, H, t) = 0 (5b)

where Rta = kaz0H/kazH0 and Rtw = kwz0H/kwzH0, and they are two dimensionless characteristic
factors describing the drainage efficiency of the top surface to the air and water phases, respectively;
Rba = kaz1H/kazH1 and Rbw = kwz1H/kwzH1, and they are two dimensionless characteristic factors
describing the drainage efficiency of the bottom base to the air and water phases, respectively. When it
is assumed that Rta = Rtw = ∞ and Rba = Rbw = ∞, the vertical boundaries are double drainage
(i.e., top-base drainage [14,15]). For this scenario, both the top and bottom surfaces were permeable to
the air and water phases. When it is assumed that Rta = Rtw = ∞ and Rba = Rbw = 0, the vertical
boundaries are single drainage (i.e., top drainage [14,15]). For this scenario, the top surface was
permeable to the air and water phase, whereas the bottom base was impermeable to the air and
water phases.

3. Solution Formulation and Verification

In general, unsaturated soil is complex in natural property and engineering behavior due to the
lack of homogeneity, the complicate texture, the interaction of multiphase and the nonlinear feature.
In order to handle the mathematical derivation easily, some essential assumptions were made along
with those used in the 2D plane strain consolidation theory of unsaturated soil [10,14,15].

The prominent assumptions are listed as follows:

(1) The soil stratum was considered to be homogeneous;
(2) The soil particle and pore water were incompressible;
(3) The flows of the air and water phases were continuous and independent, and simultaneously,

they only took place in two directions (i.e., the x- and z-directions);
(4) During the consolidation process, the deformation occurring was small and the coefficients of the

volume change for the soil stratum remained constant;
(5) The consolidation parameters with respect to the air phase (i.e., Ca, ca

vx and ca
vz) and those with

respect to the water phase (i.e., Cw, cw
vx and cw

vz) remained constant during the consolidation
process; and

(6) The effect of air diffusing through water, air dissolving in water, the movement of water vapor
and temperature change were ignored.

The above assumptions were not completely accurate for all cases. The consolidation parameters
may change because of the variations in the soil properties, such as the permeability coefficients,
degree of saturation and porosity, and moreover, the modulus for the soil and the water phase were
nonlinear. However, in order to obtain the solution to the consolidation equations of unsaturated
soil more easily, it may be acceptable to assume that these soil properties remain constant during
the transient process for a small stress increment. Moreover, these constant properties have been
commonly adopted to study the consolidation process of unsaturated soil in some existing analytical
and semi-analytical methods proposed by Lo et al. [11,14,15], Zhou et al. [12], Shan et al. [13] and
Wang et al. [21–23].

294



Processes 2019, 7, 5

3.1. Solution Formulation

Equations (1a) and (1b) can be rewritten as follows:

∂ua

∂t
=

1
1 − CaCw

[
Cacw

vz

(
κw

∂2uw

∂x2 +
∂2uw

∂z2

)
− ca

vz

(
κa

∂2ua

∂x2 +
∂2ua

∂z2

)]
(6a)

∂uw

∂t
=

1
1 − CaCw

[
Cwca

vz

(
κa

∂2ua

∂x2 +
∂2ua

∂z2

)
− cw

vz

(
κw

∂2uw

∂x2 +
∂2uw

∂z2

)]
(6b)

where κa = kax/kaz and κw = kwx/kwz, and they are two anisotropic permeability ratios of the air and
water phases, respectively. Through defining two alternative variables φ1 and φ2, Equations (6a) and
(6b) can be transformed into:

∂φ1

∂t
= Q1

(
∂2φ1

∂z2 + ρ11
∂2φ1

∂x2 + ρ21
∂2φ2

∂x2

)
(7a)

∂φ2

∂t
= Q2

(
∂2φ2

∂z2 + ρ12
∂2φ1

∂x2 + ρ22
∂2φ2

∂x2

)
(7b)

where:
φ1 = ua + c21uw, φ2 = c12ua + uw (8)

ρ11 =
κwc12c21 − κa

c12c21 − 1
, ρ21 =

κac21 − κwc21

c12c21 − 1
, ρ12 =

κwc12 − κac12

c12c21 − 1
, ρ22 =

κac12c21 − κw

c12c21 − 1
(9)

The details of derivation process and meanings of c21 and c12 can be found in Appendix A. It is
noteworthy that Equations (7a) and (7b) will become two uncoupled PDEs when κa = κw, and their
solutions can be obtained more easily than coupled ones. However, for the sake of generality the
solutions are derived below for the coupled case of Equations (7a) and (7b).

Substituting Equation (4) into Equation (8) gives:

φ1(0, z, t) = φ1(L, z, t) = φ2(0, z, t) = φ2(L, z, t) = 0 (10)

These boundary conditions above are homogeneous; thus, the general solutions of Equations (7a)
and (7b) can be expressed as follows:

φ1(x, z, t) =
∞

∑
i=1

ϕi
1(z, t) · sin(μix) (11a)

φ2(x, z, t) =
∞

∑
i=1

ϕi
2(z, t) · sin(μix) (11b)

where ϕi
1 and ϕi

2 are the generalized Fourier coefficients of φ1 and φ2 with respect to x, respectively;
and μi = iπ/L.

Substituting Equations (11a) and (11a) into Equations (7a) and (7b) result in:

∂ϕi
1

∂t
= Q1

(
∂2 ϕi

1
∂z2 − ρ11μ2

i ϕi
1 − ρ21μ2

i ϕi
2

)
(12a)

∂ϕi
2

∂t
= Q2

(
∂2 ϕi

2
∂z2 − ρ12μ2

i ϕi
1 − ρ22μ2

i ϕi
2

)
(12b)

Implementing the Laplace transforms on Equations (12a) and (12b), and rearranging gives:

Q1
d2 ϕ̃i

1
dz2 =

(
s + Q1ρ11μ2

i

)
ϕ̃i

1 + Q1ρ21μ2
i ϕ̃i

2 − ϕi0
1 (13a)
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Q2
∂2 ϕ̃i

2
∂z2 = Q2ρ12μ2

i ϕ̃i
1 +

(
s + Q2ρ22μ2

i

)
ϕ̃i

2 − ϕi0
2 (13b)

where:
ϕi0

1 = ϑi

(
u0

a + c21u0
w

)
, ϕi0

2 = ϑi

(
c12u0

a + u0
w

)
(14)

and ϑi = 2
[
1 − (−1)i

]
/(μiL).

The solutions of Equations (13a) and (13b) subjected to the impeded drainage boundaries are:

ϕ̃i
1 = χ1eλ1z + χ2e−λ1z + ψ2

(
χ3eλ2z + χ4e−λ2z

)
+ χ5 (15a)

ϕ̃i
2 = ψ1

(
χ1eλ1z + χ2e−λ1z

)
+ χ3eλ2z + χ4e−λ2z + χ6 (15b)

The derivation details and meanings of χ1~χ6, λ1, λ2, ψ1 and ψ2 can be found in Appendix B.
Implementing the Laplace transform on Equation (A22) gives:

ũa =
∞

∑
i=1

(
ϕ̃i

1 − c21 ϕ̃i
2

1 − c12c21

)
sin(μix), ũw =

∞

∑
i=1

(
ϕ̃i

2 − c12 ϕ̃i
1

1 − c12c21

)
sin(μix) (16)

By substituting Equations (15a) and (15b) into Equation (16), the solutions for the excess pore-air
and -water pressures can be obtained in the Laplace domain. The results are:

ũa =
∞

∑
i=1

sin(μix)
1 − c12c21

[
α1

(
χ1eλ1z + χ2e−λ1z

)
+ α2

(
χ3eλ2z + χ4e−λ2z

)
+ α5

]
(17a)

ũw =
∞

∑
i=1

sin(μix)
1 − c12c21

[
α3

(
χ1eλ1z + χ2e−λ1z

)
+ α4

(
χ3eλ2z + χ4e−λ2z

)
+ α6

]
(17b)

where α1~α6 are presented in Equation (A26).
According to the method of two stress-state variables, the volumetric strain of unsaturated soil

induced by a constant external load instantaneously applied during the 2D plane strain consolidation
process is [14]:

εv(x, z, t) = (ms
2 − 2ms

1)
[
ua(x, z, t)− u0

a

]
− ms

2

[
uw(x, z, t)− u0

w

]
(18)

where εv is the volumetric strain; ms
1 = mw

1 + ma
1, is the coefficient of the soil volume change with

respect to the change in net normal stress; ms
2 = mw

2 + ma
2 is the coefficient of the soil volume change

with respect to the change in suction.
Applying the Laplace transform to Equation (18) gives:

ε̃v(x, z, s) = (ms
2 − 2ms

1)
[
ũa(x, z, s)− u0

a/s
]
− ms

2

[
ũw(x, z, s)− u0

w/s
]

(19)

Integrating Equation (19) along both the x- and z-directions, we can obtain the average settlement
of the soil layer in the Laplace domain (denoted as W̃) as follows:

W̃ =
∫ H

0

∫ L
0 ε̃v(x, z, s)dxdz

=
∞
∑

i=1

1−(−1)i

(1−c12c21)μi

{[
(α1 − α3)ms

2 − 2α1ms
1
](

χ1eλ1 H − χ2e−λ1 H − χ1 + χ2
)
/λ1

+
[
(α2 − α4)ms

2 − 2α2ms
1
](

χ3eλ2 H − χ4e−λ2 H − χ3 + χ4
)
/λ2 − 2α5ms

1H
+(α5 − α6)ms

2H
}− [(

ms
2 − 2ms

1
)
u0

a − ms
2u0

w
]
HL/s

(20)
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3.2. Solution Verification

Using Crump’s method (see Appendix C) [24] to implement the numerical inversion of Laplace
transform (NILT) on Equations (17a), (17b) and (20), the semi-analytical solutions for the excess pore-air
and -water pressures and the soil layer settlement were obtained in the time domain. In this part,
two comparisons against the previous analytical solution [14] and the finite difference solution were
performed to verify the accuracy of the semi-analytical solution. The details of finite difference solution
to Equations (1a) and (1b) with vertical impeded drainage boundaries are presented in Appendix D.
The soil properties adopted in these comparisons were assumed as follows [14]: L = 2 m, H = 4 m,
n = 0.50, Sr = 80%, kwz = 10−10 m/s, kaz = 10−7~10−12 m/s, ms

1 = −2.5 × 10−4 kPa−1, ms
2 = 0.4 ms

1,
mw

1 = −0.5 × 10−4 kPa−1, mw
2 = 4 mw

1 , u0
a = 20 kPa, u0

w = 40 kPa, uatm = 100 kPa and Θ = 293 K.
As stated, when the values of Rta = Rtw = Rt and Rba = Rbw = Rb approach infinity,

the vertical impeded drainage boundaries can be degenerated into those of the top-base drainage
system; when Rt = ∞ and Rt = 0, the vertical impeded drainage boundaries can be simplified into
those of the top drainage system. Compared with the results from Ho et al. [14], the variations of the
excess pore-air and -water pressures were computed using the semi-analytical solution. Because of
limited space, only the isotropic permeability condition for the air and water phases (i.e., κa = κw = 1)
was considered. For the graphic presentation, the point of investigation was located at x = 1 m and z
= 4 m. Figure 2 shows the variations of the excess pore-air and -water pressures under the top-base
drainage system, and those under the top drainage system are illustrated in Figure 3. In these two
figures, the semi-analytical solution and the previous analytical solution were individually abbreviated
to SAS and PAS, respectively. It can be observed that the results of the semi-analytical solution with
Rb = Rt = ∞ were the same as those of previous analytical solution for the top-base drainage system,
while the results of the semi-analytical solution with Rb = 0 and Rt = ∞ were identical to those of the
previous analytical solution for the top drainage system.

 
(a) (b) 

Figure 2. Excess pore-pressures under top-base drainage boundary calculated from semi-analytical
solution (SAS) and previous analytical solution (PAS): (a) air phase and (b) water phase.

 
(a) (b) 

Figure 3. Excess pore-pressures under top drainage boundary calculated from semi-analytical solution
(SAS) and previous analytical solution (PAS): (a) air phase and (b) water phase.
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In order to verify the accuracy of the semi-analytical solution under vertical impeded drainage
boundary, another comparison against the finite difference solution was performed. The excess pore-air
and -water pressures under the vertical boundaries with Rb = Rt = 10 were computed using both
the semi-analytical solution and the finite difference solution. For the graphic presentation, the point
of investigation also was located at x = 1 m and z = 4 m. Figure 4 illustrates the variations of the
excess pore-air and -water pressures, where finite difference solution is abbreviated to finite difference
solution (FDS). It can be found that the excess pore-air and -water pressures calculated from the
semi-analytical solution were in line with those of the finite difference solution.

 
(a) (b) 

Figure 4. Excess pore-pressures under impeded drainage boundary calculated from semi-analytical
solution (SAS) and finite difference solution (FDS): (a) air phase and (b) water phase.

Therefore, these comparisons showed that the proposed semi-analytical solution incorporating
the vertical impeded drainage boundaries was correct and it is also feasible for the 2D plane strain
consolidation processes of unsaturated soil with top-base drainage and top drainage boundaries.

4. 2D Consolidation Process of Unsaturated Soil with Vertical Impeded Drainage Boundaries

Based on the proposed semi-analytical solution above, some computations were performed to
illustrate the 2D plane strain consolidation process of unsaturated soil with the vertical impeded
drainage boundaries. The variations of the excess pore-air and -water pressures and the average
settlement of the soil layer were presented, and the influences of the drainage efficiency of vertical
boundary, the air-water permeability ratio, the anisotropic permeability ratio and the spacing-depth
ratio were investigated. Because of limited space, the drainage efficiencies of top surface and bottom
base for air phase were only considered to be the same as those for water phases, that is, Rta = Rtw = Rt

and Rba = Rbw = Rb. The parameters of the soil property were assumed to be the same as those used
in the previous section.

4.1. Consolidation Process with Different Drainage Efficiencies

The vertical drainage boundaries can be classified into symmetrical and asymmetrical ones
according to the drainage efficiencies of top and bottom boundaries (i.e., Rt and Rb). When Rt = Rb,
the vertical drainage boundaries are symmetrical; they are asymmetrical when Rt �= Rb. For these two
types of vertical boundaries, the excess-pore pressures and the soil layer settlement were computed
using the proposed semi-analytical solutions considering different drainage efficiencies. For the
graphic presentation, the point of investigation on the excess-pore pressures was located at x = 1 m
and z = 2.5 m. Figures 5 and 6, respectively, show the variations of the excess pore-pressures and the
soil layer settlement under the symmetrical impeded drainage boundary, in which Rt = Rb vary from
0.2 to 100.
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Figure 5. Variations of excess pore-pressures under symmetrical vertical impeded drainage boundary
with different drainage efficiencies: (a) air phase and (b) water phase.
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Figure 6. Variations of soil layer settlement under symmetrical vertical impeded drainage boundary
with different drainage efficiencies.

It can be observed that the drainage efficiency has a significant influence on the dissipation
processes of the excess pore-pressures and the development of the soil layer settlement. Larger Rt = Rb
generally resulted in a greater dissipation rate of the excess pore-pressures and a larger settlement
rate of the soil layer. Figure 5a graphically indicates that the normalized curves of the excess pore-air
pressures gradually shifted to the left with the increase of Rt = Rb. Figure 5b illustrates the dissipation
pattern of water phase and it exhibits the typical double inverse S curves, in which the influence of
the drainage efficiency can be separated into two stages: the first one emerged during the dissipation
process of the excess pore-air water, and the second one was caused by the dissipation process of
the excess pore-air water. Between these two stages, the plateau period emerged on the dissipation
curve of the excess pore-air water. Similarly, the influence of the drainage efficiency on the soil layer
settlement can also be divided into two stages based on the typical double inverse S curves, as shown
in Figure 6. In addition, it can be also found that the differences of the excess pore-pressures and
the soil layer settlement induced by different drainage efficiencies decreased with the increase of
Rt = Rb. When Rt = Rb were close to 100, the differences of the excess pore-pressures and the soil layer
settlement were negligible. This indicates that the corresponding boundary can be considered to be
permeable to air and water phases.

Figures 7 and 8, respectively, illustrate the variations of the excess pore-pressures and the soil layer
settlement under the asymmetrical vertical impeded drainage boundary, in which Rb = 0 or ∞ and Rt

= 1 or 25. Being the same as those in Figures 5 and 6, a bigger Rt delivered a larger dissipation rate
of the excess pore-pressure, and further resulted in a larger settlement rate. The dissipation patterns
of the excess pore-air pressure are typical inverse S curves, whereas those of the excess pore-water
pressure and the soil layer settlement are typical double inverse S ones with two obvious affected stages.
Compared with the results under the symmetrical vertical impeded drainage boundary, Figure 7a,b
indicate that the excess pore-pressures under the vertical boundaries of Rb = 0 dissipated more slowly
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and consequently resulted in a smaller settlement rate (see Figure 8a). In contrast, Figure 7c,d show that
the excess pore-pressures under the vertical boundaries of Rb =∞ dissipated faster and consequently
induced a larger settlement rate (see Figure 8b). This phenomenon happened because of the different
bottom boundaries. The bottom boundary with Rb = 0 was impermeable and it might impede the
drainage of the air and water phases; the bottom boundary with Rb = ∞ was permeable and could
accelerate the drainage process of the air and water phases.
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Figure 7. Variations of excess pore-pressures under asymmetrical vertical impeded drainage boundary
with different drainage efficiencies: (a,b) Rb = 0 and (c,d) Rb = ∞.
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Figure 8. Variations of soil layer settlement under asymmetrical vertical impeded drainage boundary
with different drainage efficiencies: (a) Rb = 0 and (b) Rb = ∞.

4.2. Consolidation Process with Different Air-Water Permeability Ratios

The air-water permeability ratio was defined as the ratio between the vertical permeability
coefficient of air phase and that of water phase, i.e., kaz/kwz. Moreover, the anisotropic permeability
conditions of these phases were assumed to be the same, i.e., κa =κw. Figure 9 shows the changes of
the excess pore-pressures under different values of kaz/kwz, in which the vertical impeded drainage
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boundaries are given by Rb = Rt = 5 and Rb = Rt = ∞, respectively. The corresponding variations of
the soil layer settlement are shown in Figure 10. It can be observed that the air-water permeability ratio
had a great influence on the dissipation processes of the excess pore-pressures and the development of
the soil layer settlement. Larger kaz/kwz delivered faster dissipation of the excess pore-air pressure at
the later stage, and resulted in faster dissipation of the excess pore-water pressure at the intermediate
stage. After that, the excess pore-air pressure was fully dissipated, the plateau period emerged on the
normalized curve of the excess pore-water pressure, and then, different curves tended to gradually
convergence into a single one (see Figure 9b). A similar characteristic can be found in the normalized
curves of the soil layer settlement (see Figure 10). Moreover, the bigger kaz/kwz can obviously prolong
the plateau periods above. In comparison with the results obtained when Rb = Rt = ∞, the excess
pore-pressures and soil layer settlement obtained when Rb = Rt= 5 were smaller; that is, it needed
more time to complete the consolidation process. This phenomenon happened as a result of the
impeding effects of the top and bottom drainage boundaries given by Rb = Rt= 5, and it was identical
to the results under 1D consolidation with the impeded drainage boundaries [21].
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Figure 9. Variations of excess pore-pressures under vertical impeded drainage boundary with different
air-water permeability ratios: (a) air phase and (b) water phase.
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Figure 10. Variations of soil layer settlement under vertical impeded drainage boundary with different
air-water permeability ratios.

4.3. Consolidation Process with Different Anisotropic Permeability Ratios

In this part, for simplicity, the anisotropic permeability ratio of air phase was only considered
to be the same as that of water phase, i.e., κa = κw. The vertical impeded drainage boundaries are
given by Rb = Rt = 5 and Rb = Rt = ∞. Figures 11 and 12 illustrate the variations of the excess
pore-pressures and the soil layer settlement under different values of κa = κw, respectively. It was
obvious that the anisotropic permeability ratio had a great effect on the dissipation processes of the
excess pore-pressures and the development of the soil layer settlement. The dissipation with a larger
κa = κw tended to progress relatively faster than that with a smaller one. The reason is that the vertical
drains installed in the soil layer provide a shorter drainage path in the horizontal direction, and they

301



Processes 2019, 7, 5

allow the excess pore-pressures dissipate faster when κa = κw is larger. Being the same as the results in
Figures 5 and 6, the normalized curves of the excess pore-air pressures were a group of typical inverse
S ones with single influence stage while those of the excess pore-water pressures and the soil layer
settlements were typical double inverse S curves with two obvious influence stages (see Figures 11
and 12). These curves shifted to the left with an increase of κa = κw. Being the same as those observed
in Figures 9 and 10, under a given value of κa = κw, the vertical boundary condition of Rb = Rt = 5
induced slower dissipations of the excess pore-pressures and slower development of the soil layer
settlement than the condition of Rb = Rt = ∞. For these two boundary conditions, it can be observed
that the larger κa = κw was, the smaller the difference between these results was. That is, the drainage
efficiencies of the vertical impeded boundaries affected the 2D consolidation behavior more slightly
when κa = κw was larger (e.g., 4). The reason is that for the scenario of larger κa = κw, most of the
excess pore-pressures were dissipated horizontally, and the vertical drainage effect was small and
could even be neglected.
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Figure 11. Variations of excess pore-pressures under vertical impeded drainage boundary with different
anisotropic permeability ratios: (a) air phase and (b) water phase.
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Figure 12. Variations of soil layer settlement under vertical impeded drainage boundary with different
anisotropic permeability ratios.

4.4. Consolidation Process with Different Spacing-Depth Ratios

For simplicity, only the isotropic permeability condition for air and water phases was considered
in this part, and the vertical impeded drainage boundaries were assumed to be symmetrical. Figures 13
and 14, respectively, illustrate the changes in the excess pore-pressures and soil layer settlement under
different spacing-depth ratios (i.e., L/H), in which the vertical impeded drainage boundaries are given
by Rb = Rt = 5 and Rb = Rt = ∞. It can be observed that a smaller L/H delivered a faster dissipation
of the excess-pore pressures due to a shorter horizontal drainage path. As a result, the soil layer
settlement develops more quickly. Being the same as the results in Figures 5 and 6, there was a single
influence stage on the dissipation pattern of the excess pore-air pressure while there were two obvious
influence stages on the dissipation of the excess pore-water pressure and on the development curve of

302



Processes 2019, 7, 5

the soil layer settlement (see Figures 13 and 14). Under a given L/H, the excess pore-pressures under
the vertical boundary condition of Rb = Rt = 5 dissipated more slowly that those under the vertical
boundary condition of Rb = Rt = ∞. The phenomenon was similar to that observed in Figures 9
and 10. For these two boundary conditions, it was obvious that the difference between their results
decreased with the increase of L/H. That is, the drainage efficiencies of vertical impeded boundaries
had fewer effects on the 2D consolidation behavior when the horizontal drainage path was shorter
(e.g., L/H = 0.5). The reason is that most of the excess pore-pressures were dissipated horizontally for
the scenario of shorter horizontal drainage path.
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Figure 13. Variations of excess pore-pressures under vertical impeded drainage boundary with different
spacing-depth ratios: (a) air phase and (b) water phase.
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Figure 14. Variations of soil layer settlement under vertical impeded drainage boundary with different
spacing-depth ratios.

5. Conclusions

In this paper, a semi-analytical solution to 2D plane strain consolidation process of unsaturated soil
incorporating vertical impeded drainage boundaries was obtained using eigenfunction expansion and
Laplace transform techniques. By performing the inversion of Laplace transform, some computations
were performed to study the consolidation processes under different drainage efficiencies of the
vertical boundaries, air-water permeability ratios, anisotropic permeability ratios and spacing-depth
ratios. As a result of the analysis the following conclusions can be drawn.

(a) The present semi-analytical solution was validated to be consistent with the finite difference
solution and the previous analytical solution in the literature, and it is more general in the
drainage boundary compared with the existing analytical solution.

(b) The drainage efficiency of the vertical boundary had a great influence on the dissipation processes
of the excess pore-pressures and the development of the soil layer settlement. The larger drainage
efficiency delivered the faster dissipation of the excess pore-pressures and the faster development
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of the soil layer settlement. When the drainage efficiency was large enough (i.e., Rt ≥ 100 or
Rb ≥ 100), the corresponding boundary can be considered to be fully drained.

(c) The consolidation process with a larger air-water permeability ratio tended to progress more
quickly than that with a smaller one. Either a larger anisotropic permeability ratio (i.e., larger
horizontal permeability coefficient) or a smaller spacing-depth ratio delivered faster dissipation
of the excess pore pressures and faster development of the soil layer settlement. In comparison
with the results under top-base drainage boundary, the impeded drainage boundary with limited
drainage efficiency slowed down the consolidation process significantly.
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Appendix A : Transformation of Equations (6a) and (6b)

There has been a common alternative variable method that has been used to rewrite the 1D
consolidation equations of unsaturated soil [12,21–23]. In this appendix, it was adopted to transform
the governing equations of 2D plane strain consolidation process. Multiplying Equations (6a) and (6b)
by the arbitrary constants c1 and c2, respectively, and then adding them together results in:

∂(c1ua + c2uw)

∂t
= (c2Wa + c1 Aa)

(
κa

∂2ua

∂x2 +
∂2ua

∂z2

)
+ (c1 Aw + c2Ww)

(
κw

∂2uw

∂x2 +
∂2uw

∂z2

)
(A1)

where:
Aa = − ca

vz
1 − CaCw

, Aw =
Cacw

vz
1 − CaCw

, Wa =
Cwca

vz
1 − CaCw

, Ww = − cw
vz

1 − CaCw
(A2)

Introducing a constant Q that satisfies the following relationships:

Qc1 = c2Wa + c1 Aa (A3)

Qc2 = c1 Aw + c2Ww (A4)

In order to make these relationships above hold true, the constant Q must satisfy:

(Q − Aa)(Q − Ww) = AwWa (A5)

Equation (A5) is a quadratic equation of Q, and its two roots Q1 and Q2 are obtained as follows:

Q1,2 =
1
2

[
Aa + Ww ±

√
(Aa − Ww)

2 + 4AwWa

]
(A6)

When Q = Q1, the solutions of Equations (A3) and (A4) are denoted as c11 and c21; when Q = Q2,
the solutions are denoted as c12 and c22. Moreover, without loss of generality, it is possible to assume
that c11 = c22 = 1, and consequently c21 and c12, can be obtained as follows:

c21 =
Aw

Q1 − Ww
, c12 =

Wa

Q2 − Aa
(A7)

Then, by defining two alternative variables φ1 and φ2 as presented in Equation (8), Equation (A1) can
be transformed into Equations (7a) and (7b), respectively.
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Appendix B : Derivation of Solution to Equations (13a) and (13b)

Equations (13a) and (13b) can be rewritten as the following linear second-order system:

Q
d2ϕ̃

dz2 = Aϕ̃−ϕ0 (A8)

where:

Q =

[
Q1 0
0 Q2

]
, A =

[
s + ρ11Q1μ2

i ρ21Q1μ2
i

ρ12Q2μ2
i s + ρ22Q2μ2

i

]
, ϕ̃ =

{
ϕ̃i

1
ϕ̃i

2

}
, ϕ0 =

{
ϕi0

1
ϕi0

2

}
(A9)

Let ϕ̃∗ = ϕ̃− A−1ϕ0, then, Equation (A8) can be simplified into a homogeneous system:

d2ϕ̃∗

dz2 = Q−1Aϕ̃∗ (A10)

Based on the eigenvalue method for the homogeneous system [25,26], the general non-constant
solutions of Equation (A10) can be constructed using the following vector functions:

ϕ̃∗ = ψeλz (A11)

where λ is a scalar and ψ is a constant vector.
Substituting Equation (A11) into Equation (A10) results in the following eigenvalue problem:(

Q−1A − λ2I
)
ψ = 0 (A12)

where I is a unit matrix, and λ2 is an eigenvalue of Q−1A with corresponding eigenvector ψ.
The characteristic equation with respect to Q−1A is:

det
(

Q−1A − λ2I
)
=

∣∣∣∣∣ s/Q1 + ρ11μ2
i − λ2 ρ21μ2

i
ρ12μ2

i s/Q2 + ρ22μ2
i − λ2

∣∣∣∣∣ = 0 (A13)

where det(·) denotes the determinant of a matrix.
Solving Equation (A13) for the eigenvalue λ2, results in:

λ2
1

λ2
2

=
(Q1 + Q2)s + (ρ11 + ρ22)Q1Q2μ2

i ±
√

η

2Q1Q2
(A14)

where η =
[
(Q2 − Q1)s + (ρ11 − ρ22)Q1Q2μ2

i
]2

+ 4ρ21ρ12Q2
1Q2

2μ4
i .

It should be noted that, using Crump’s method to implement inverse Laplace transform on a
given function, the value of s can be freely chosen according to the poles of the given function and
the requirement of the relative errors. Therefore, the value of s can be reasonably chosen to hold that
η �= 0 (i.e., λ2

1 �= λ2
2). Thus, the eigenvectors of Equation (A12) can be obtained as follows:

ψ1 =
{

1 ψ1

}T
, ψ2 =

{
ψ2 1

}T
(A15)

where ψ1 and ψ2 two linear-independent vectors; the superscript T represents the transposition of
vector; the parameters ψ1 and ψ2 are:

ψ1 = − ρ12Q2μ2
i

s + ρ22Q2μ2
i − λ2

1Q2
, ψ2 = − ρ21Q1μ2

i
s + ρ11Q1μ2

i − λ2
2Q1

(A16)
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Using Equations (A14) and (A15), the general solution of the homogenous system (A10) can be
expressed as:

ϕ̃∗ =
{

χ1eλ1z + χ2e−λ1z + ψ2
(
χ3eλ2z + χ4e−λ2z)

ψ1
(
χ1eλ1z + χ2e−λ1z)+ χ3eλ2z + χ4e−λ2z

}
(A17)

where χ1, χ2, χ3 and χ4 are arbitrary functions of s, and can be determined from the top and bottom
boundary conditions.

Then, the general solution of the original system (A8) (i.e., Equations (13a) and (13b)) can be
obtained as follows:

ϕ̃ =

{
χ1eλ1z + χ2e−λ1z + ψ2

(
χ3eλ2z + χ4e−λ2z)+ χ5

ψ1
(
χ1eλ1z + χ2e−λ1z)+ χ3eλ2z + χ4e−λ2z + χ6

}
(A18)

where:

χ5 =

(
s + Q2ρ22μ2

i
)

ϕi0
1 − Q1ρ21μ2

i ϕi0
2(

s + Q1ρ11μ2
i
)(

s + Q2ρ22μ2
i
)− Q1Q2ρ12ρ21μ4

i
(A19)

χ6 =

(
s + Q1ρ11μ2

i
)

ϕi0
2 − Q2ρ12μ2

i ϕi0
1(

s + Q1ρ11μ2
i
)(

s + Q2ρ22μ2
i
)− Q1Q2ρ12ρ21μ4

i
(A20)

Taking the derivation with respect to Equation (A18) gives:

dϕ̃
dz

=

{
λ1

(
χ1eλ1z − χ2e−λ1z)+ ψ2λ2

(
χ3eλ2z − χ4e−λ2z)

ψ1λ1
(
χ1eλ1z − χ2e−λ1z)+ λ2

(
χ3eλ2z − χ4e−λ2z)

}
(A21)

Substituting Equations (11a) and (11b) into Equation (8), and solving it for ua and uw gives:

ua =
∞

∑
i=1

(
ϕi

1 − c21 ϕi
2

1 − c12c21

)
sin(μix), uw =

∞

∑
i=1

(
ϕi

2 − c12 ϕi
1

1 − c12c21

)
sin(μix) (A22)

By substituting Equation (A22) into Equations (5a) and (5b), the top and bottom boundary
conditions can be expressed as follows:(

∂

∂z
− Rta

H

)[
ϕi

1(0, t)− c21 ϕi
2(0, t)

]
= 0,

(
∂

∂z
− Rtw

H

)[
ϕi

2(0, t)− c12 ϕi
1(0, t)

]
= 0 (A23)

(
∂

∂z
+

Rba
H

)[
ϕi

1(H, t)− c21 ϕi
2(H, t)

]
= 0,

(
∂

∂z
+

Rbw
H

)[
ϕi

2(H, t)− c12 ϕi
1(H, t)

]
= 0 (A24)

Implementing a Laplace transform on Equations (A23) and (A24), and further substituting these
transform results into Equations (A18) and (A21) leads to:

Dχ = R (A25)

where:

D =

⎡⎢⎢⎢⎣
α1(λ1H − Rta) −α1(λ1H + Rta) α2(λ2H − Rta) −α2(λ2H + Rta)

α3(λ1H − Rtw) −α3(λ1H + Rtw) α4(λ2H − Rtw) −α4(λ2H + Rtw)

α1(λ1H + Rba)eλ1 H −α1(λ1H − Rba)e−λ1 H α2(λ2H + Rba)eλ2 H −α2(λ2H − Rba)e−λ2 H

α3(λ2H + Rbw)eλ1 H −α3(λ1H − Rbw)e−λ1 H α4(λ2H + Rbw)eλ2 H −α4(λ2H − Rbw)e−λ2 H

⎤⎥⎥⎥⎦
R =

{
α5Rta α6Rtw −α5Rba −α6Rbw

}T
, χ =

{
χ1, χ2 χ3 χ4

}T
, α1 = 1 − c21ψ1,

α2 = ψ2 − c21, α3 = ψ1 − c12, α4 = 1 − c12ψ2, α5 = χ5 − c21χ6 and α6 = χ6 − c12χ5

(A26)

Solving Equation (A25) for χ gives:
χ = D−1R (A27)
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For the case of Rta = Rtw = Rt and Rba = Rbw = Rb, i.e., the effects of impeded drainage on air
and water phases at top and bottom boundaries can be considered to be the same, χ�(� = 1~4) can be
obtained as follows:

χ1 = (χ5 − χ6ψ2)
[
(λ1H − Rb)Rte−λ1 H + (λ1H + Rt)Rb

]
/χ7

χ2 = (χ5 − χ6ψ2)
[
(λ1H + Rb)Rteλ1 H + (λ1H − Rt)Rb

]
/χ7

χ3 = (χ6 − χ5ψ1)
[
(λ2H − Rb)Rte−λ2 H + (λ2H + Rt)Rb

]
/χ8

χ4 = (χ6 − χ5ψ1)
[
(λ2H + Rb)Rteλ2 H + (λ2H − Rt)Rb

]
/χ8

χ7 = 2(ψ1ψ2 − 1)
[(

λ2
1H2 + RbRt

)
sinh(λ1H) + λ1H(Rb + Rt) cosh(λ1H)

]
χ8 = 2(ψ1ψ2 − 1)

[(
λ2

2H2 + RbRt
)
sinh(λ2H) + λ2H(Rb + Rt) cosh(λ2H)

]
(A28)

Appendix C : Inverse Laplace Transform by Crump’s Method

The Laplace transform of a real function f (t), t ≥ 0, is defined as:

F(s) =
∫ ∞

0
e−st f (t)dt (A29)

Throughout, it should be assumed that f (t) is piecewise continuous and of exponential order β

(i.e., | f (t)| ≤ Meβt). In this case, the transform function F(s) is defined for Re(s) > β.
Starting with F(s), Crump’s method estimates the values of the inverse transform f (t) based on

the summation in Durbin’s Fourier series approximation [27]:

f (t) ≈ ebt

T

{
1
2

F(b) +
∞

∑
k=1

Re
[

F
(

b +
jkπ

T

)
e

jkπ
T t

]}
(A30)

where j =
√−1; b and T are two real parameters. The series in Equation (A29) generally converges

very slowly. In order to evaluate this series efficiently, Crump used the epsilon-algorithm to speed the
convergence. The epsilon-algorithm is given as [24]:

ε
(m)
�+1 = ε

(m+1)
�−1 +

1

ε
(m+1)
� − ε

(m)
�

, for �, m = 1, 2, · · · , 2N + 1 (A31)

where ε
(m)
0 = 0 and ε

(m)
1 is the mth partial sum of the series in Equation (A30). Then, the sequence of

ε
(1)
1 , ε

(1)
3 , ε

(1)
5 , . . . , ε

(1)
2N+1 is a sequence of successive approximations to the sum of the series that will

often better approximate the sum than the untransformed one.
The values of the parameters are chosen as [24,28]: (1) T = 0.8 × max(0.01, tmax), where tmax is

the largest t-value that desires the inverse transform; (2) b = βb − ln(0.1 × Er)/(2T), where βb should
be specified equal to, or slightly larger than β; Er is the required relative error in the values of the
inverse transform; thus, it must be in the range [0, 1).

Appendix D : Finite difference solution to Equations (1a) and (1b)

The Forward time and central space (FTCS) difference scheme [29,30], as shown in Figure A1,
was adopted to develop the finite difference solution to Equations (1a) and (1b). Using this scheme,
Equations (1a) and (1b) can be expressed as follows:

ui,j,�+1
a − ui,j,�

a

Δt
+ Ca

ui,j,�+1
w − ui,j,�

w

Δt
+

ca
vx

Δx2 f a
x +

ca
vz

Δz2 f a
z = 0 (A32)
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w − ui,j,�

w

Δt
+ Cw

ui,j,�+1
a − ui,j,�

a

Δt
+
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vx

Δx2 f w
x +

cw
vz

Δz2 f w
z = 0 (A33)
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where:
f a
x = ui−1,j,�

a − 2ui,j,�
a + ui+1,j,�

a , f a
z = ui,j−1,�

a − 2ui,j,�
a + ui,j+1,�

a ,

f w
x = ui−1,j,�

w − 2ui,j,�
w + ui+1,j,�

w , f w
z = ui,j−1,�

w − 2ui,j,�
w + ui,j+1,�

w . (A34)

Equations (A32) and (A33) can be rearranged as follows:

ui,j,�+1
a = ui,j,�

a +
1

1 − CaCw
(Caβw

x f w
x + Caβw

z f w
z − βa

x f a
x − βa

z f a
z ) (A35)
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w +
1

1 − CaCw
(Cwβa

x f a
x + Cwβa

z f a
z − βw

x f w
x − βw

z f w
z ) (A36)

where:
βa

x = ca
vxΔt/(Δx)2, βa

z = ca
vzΔt/(Δz)2, βw

x = cw
vxΔt/(Δx)2, βw

z = cw
vzΔt/(Δz)2 (A37)
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Figure A1. Forward time and central space (FTCS) difference scheme for the governing equations: (a)
air phase and (b) water phase.

The initial and boundary conditions can be obtained as follows:

(i) The initial excess pore-air and pore-water pressures ( i = 1 ∼ Nx + 1, j = 1 ∼ Nz + 1):

ui,j,1
a = u0

a, ui,j,1
w = u0

w (A38)

(ii) The permeable drainage boundaries (PB) at both side surfaces ( j = 1 ∼ Nz + 1):

u1,j,�
a = uNx+1,j,�

a = u1,j,�
w = uNx+1,j,�

w = 0 (A39)

(iii) The impeded drainage boundary (IB) at the top surface ( i = 2 ∼ Nx):

ui,1,�+1
a = ui,1,�
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1

1 − CaCw

(
Caβw

x f w
x, j=1 + Caβw

z f w
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(A41)

where f a
zt = 2ui,2,�

a + 2(ΔzRta/H − 1)ui,1,�
a , f w

zt = 2ui,2,�
w + 2(ΔzRtw/H − 1)ui,1,�

w .
(iv) The impeded drainage boundary (IB) at the bottom base ( i = 2 ∼ Nx):
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(A42)
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ui,Nz+1,�+1
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where f a
zb = 2ui,Nz,�

a + 2(ΔzRba/H − 1)ui,Nz+1,�
a , f w

zb = 2ui,Nz,�
w + 2(ΔzRbw/H − 1)ui,Nz+1,�
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Based on Equations (A32)–(A43), a computer program can be developed to provide the numerical
results of the excess pore-air and pore-water pressures under vertical impeded drainage boundaries.
In order to make the computer scheme converge, the time interval and space internal should be
reasonably chosen and controlled. For the domain as shown in Figure A1, the mesh sizes should satisfy
the following stability conditions [29,30]:

βa
x + βa

z ≤ 0.5, βw
x + βw

z ≤ 0.5 (A44)
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Abstract: The problem of shaft instability has always been a major difficulty in deep mining practices.
The shaft fracture has a high probability of being located near the aquifers and the soft–hard rock
contact zone. This paper describes the deformation and stress characteristics of surrounding rock and
the shaft lining under the interactive geological conditions under soft and hard rock strata in Anju
coal mine, Shandong Province, China. Using the Method of Geological Strength Index (GSI ) and
considering the rock-softening characteristics of water, the parameters of rock mass are calibrated.
By means of the 3DEC-trigon method, the variation characteristics of surrounding rock and the shaft
lining are simulated. After shaft excavation, under the condition of no support, shear failure and
tensile failure occur in shallow surrounding rock shafts, and a pressure relief zone is formed. Shear
failure is the main destruction mode in deep surrounding rock. Because of the different strengths of
the surrounding rock, the deformation of the surrounding rock is significantly different. After the
surrounding rock is softened by water absorption, the difference is magnified. The maximum shear
stress and plastic zone appear near the interface between soft and hard rock. Under the condition of
shaft lining support, uneven deformation of surrounding rock surely leads to nonlinear variation
of pressure on the shaft lining. Under the action of an inhomogeneous pressure field, partial shear
failure occurs in the shaft lining, and the shear failure area increases after the surrounding rock is
softened by water. Because of the nonlinear deformation of the shaft lining, it is easy to produce
stress concentration and bending moment near the interface between hard and soft strata. The control
methods of advance grouting and pressure relief excavation are proposed to improve the stability of
the shaft, and a good effect is gained.

Keywords: mine shaft; alternate strata; surrounding rock; shaft lining; relief excavation

1. Introduction

As the coal resource has been exhausted in shallow mining areas, deep mining has become
increasingly common, and the depth of the mine shaft has also increased greatly. Deep geotechnical
engineering needs to face special geological conditions such as high geostress, high geotemperature
and high karst water pressure, which make the engineering more difficult and dangerous [1]. The shaft
is an important passageway connecting ground and underground space, as a guttural project of
roadway engineering.

However, the phenomenon of shaft fracture has occurred frequently and caused serious damage
and great loss to coal mine enterprises, and it has restricted deep mine mining. Through a large number
of investigations on shaft rupture in the Huang Huai area, Wang J et al. [2] opined that the location
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of shaft fractures is mostly located near the aquifers and the contact zone of soft rock interlaced with
hard rock. There are mainly five hypotheses on the mechanism of shaft failure of coal mines [3–5]:
shaft failure by new tectonic movement, the construction of the shaft, groundwater seepage and land
subsidence, temperature stress induced under variable temperature, and the vertical additional stress
induced by mining and dewatering. However, the mechanism of the failure of a deep shaft in the
soft–hard rock interface is still unclear and less studied.

Some experts have studied the physical and mechanical properties of alternate rock stratum.
A. Yassaghi et al. [6] pointed out that the contact zone rock mass properties were significantly reduced,
especially when wet. Through long-term detailed observations of the contact zone in the tunnel,
it was proved that the tunnel-wall convergence in the contact zone was 3% higher than that in the
normalized tunnel. Wenkai Feng et al. [7] found that deformation failure occurred many times during
the Mounigou tunnel construction, and in the soft–hard rock contact zone the deformation failure
was most obvious. The numerical simulation research (FLAC-3D) shows that there are obvious stress
concentrations and differentiations near the interface of the soft-and-hard rock stratum, and that the
surrounding rock deformation failure belongs to the type of soft rock plastic-squeezing failure.

The main and auxiliary shaft linings of the Baodian coal mine and Donghuantuo coal mine were
destroyed during construction, and the destroyed location was near the interface between quaternary
stratum and bedrock. The location of shaft lining failure in the Qianjiaying coal mine is near the
stratum interface between sandstone and clay layers. The Chen Silou main shaft, Xinglong main
shaft, Yangcun main/auxiliary shaft, Taiping main/ventilation shaft, Tongting main shaft and Pan
Yidong main shaft failures occurred near the interface of strata. As shown in Figure 1, we think that
because of the different mechanical parameters of the soft and hard rock, the deformation and failure
characteristics of the rock are different under the effects of the ground stress and water. As a result,
the pressure on the shaft lining is also different, which may cause a stress concentration phenomenon,
thus causing the damage of the shaft lining.

 

Figure 1. Schematic image of stress in shaft.

It is hard to determine the stress and deformation failure characteristics of shaft in the soft–hard
rock contact zone, depending on theoretical analysis only. Therefore, the mainly used method in
our study is numerical simulation. At present, in shaft research, the applied methods on numerical
analysis include the distinct element method and the finite element method [8,9]. Comparing with
the results of the finite element method, the accuracy of displacement and stress given by the discrete
element method of the paper is more precise and can explicitly simulate the fracture and failure
process of an underground excavation [10,11]. The 3 Dimension Distinct Element Code (3DEC) is
one of the most commonly used DEM software programs, and precisely reflects the stress and strain
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characteristics in 3D space. In the 3DEC simulation, to overcome the defects of only allowing fracture
development along predefined discontinuities, the 3DEC-trigon method approach is used to research
shaft stability [12–14].

In this thesis, 3DEC-trigon method is applied to simulate the mine shaft stability in soft–hard
rock based on a case study at AN JU mine shaft. In the process of reasonable parameter selection,
X-ray diffraction can be used to detect mineral content in rock samples. With the uniaxial compression
testing system, the rock strength parameters can be obtained with different moisture content levels.
According to the geologic description (appearance and structure of a rock mass), the method of
Geological Strength Index (GSI) is adopted to evaluate the rock mass integrity and strength. In the
numerical scheme, the trigon blocks are generated and bonded through contacts with predefined
dimensions. The parameters of polygons and contacts in the trigon program are calibrated by the rock
mass properties obtained through GSI. Based upon laboratory tests and previous research findings,
a 3D calculated model of a shaft is established with the 3DEC-trigon method. The aim of this study
is to understand the progressive failure mechanism of the mine shaft in the soft–hard rock stratum.
The property of rock wetting that affects the shaft stability is also considered.

2. Engineering Properties of Deep Shaft-Surrounding Rock

2.1. The Engineering Status

The AN JU mine is in Jining City in China’s Shandong Province (Figure 2a). The depth of
the auxiliary shaft is 1008 m and its diameter is 6 m. The surrounding rock of the shaft is mainly
composed of mudstone and sandstone ranging from 900–950 m deep, and the detailed strata histogram
is illustrated in Figure 3. The strata in the area can be divided into Quaternary strata, Jurassic
stratum, Permian Shanxi Formation, Lower Shihezi Formation, Carboniferous–Permian Taiyuan
Formation, Carboniferous Benxi Formation and Ordovician. Coal-bearing strata are Shanxi and
Taiyuan Formations. There are many faults and structural fissures in this area. The larger faults include
five north–south faults, 28 NE–NE faults and seven NW faults. Aquifers in this area mainly include a
Quaternary aquifer, Jurassic sandstone aquifer, and deep Ordovician aquifer. In this paper, the target
location is located in the Jurassic aquifer. The average thickness of the aquifer is about 690.5 m. It is
mainly medium-fine sandstone and belongs to the fractured confined aquifers. According to borehole
data, four parts in the Jurassic aquifer are divided, as shown in the Table 1. The C40 cast-in-situ
concrete construction technique is applied in this region and the thickness of concrete is 600 mm
(Figure 2b).

Figure 2. (a) The location of the An JU coal mine. (b) Plan view of the shaft.
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Figure 3. Lithological descriptions of the shaft.

Table 1. Hydrogeologic nature of rock mass.

Aquifers Shaft Depth Lithology Joint Distribution

I 355–505 m Jurassic sandstone Fracture density and openness lower
II 639–759 m Sandstone Dense vertical joints
III 736–871 m Sandstone High degree of openness, more filler
IV 850–1005 m Sandstone/mudstone High degree of openness, strong connectivity

2.2. Rock Mass Properties

The shaft stability shows a rather pronounced variation with rock mechanical properties. Mineral
component and moisture content of rocks have a dominant influence on rock mechanical properties [14].
Water is one of the important factors affecting rock strength. The interaction between water and rock
includes mechanical action, physical action and chemical action. The mechanical action includes
the influence of hydrostatic pressure and hydrodynamic pressure. Physical action mainly refers to
the process of water softening, mudding, lubrication, drying and wetting, and freezing and thawing
of rock, which change the physical and mechanical properties of rock and degrade the inherent
mechanical properties of rock. Chemical actions mainly include dissolution, ion exchange, hydration
and hydrolysis. The influence factors of water absorption characteristics of rocks include the influence
of clay minerals, and the void structure and microstructure of clay minerals. In order to provide
the parameter basis for the numerical simulation, X-ray diffraction and uniaxial compression tests
are carried out for onsite rock specimens to understand the mineral components and mechanical
properties of surrounding rock in the AN JU deep shaft. The X-ray diffraction (TTR III Multifunctional
X-ray Diffraction Instrument, Rigaku, Tokyo City of Zhaodao, Japan) of rock samples is analyzed.
The diffraction spectrums are shown in Figure 4. The analysis results are as follows: The clay mineral
content of the mudstone is 50.3%, the largest proportion of clay minerals is montmorillonite; the clay
mineral content of the sandstone is 10.8%, the largest proportion of clay minerals is kaolinite. In order
to understand the effect of water on the mechanical properties of rock, the EHF-EG200KN-type full
digital hydraulic servo test system (2000 kN Rock Uniaxial and Triaxial Test System, Changchun
Testing Machine Co., Ltd, Beijing, China) is used for uniaxial test of natural-saturated-state rock
samples (Figure 5).

314



Processes 2019, 7, 2

 

 

Figure 4. X-ray diffraction analysis of mudstone and sandstone specimens.
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Figure 5. The whole stress–strain curve of rock.

The rock specimen properties are listed in Table 2. The average uniaxial compressive strength of
mudstone under natural conditions is 12.12 MPa, and that of sandstone is 61.13 MPa. After saturated
water absorption, sandstone strength is 28.52 MPa, and mudstone strength is 3.25 MPa when water
absorption is 8%.

Table 2. The table of uniaxial compression experiment calculation.

Lithology σc/MPa
σc/MPa

(Average)
E/GPa

E/GPa
(Average)

u

Mudstone
(8%)

2.25
3.25

0.8
0.84 0.343.96 0.86

3.47 0.86

Mudstone
(natural)

12.38
12.12

2.99
2.94 0.2912.19 2.94

11.80 2.89

Sandstone
(saturated)

28.720
28.51

7.72
7.5 0.2726.734 7.91

30.101 7.10

Sandstone
(natural)

64.149
61.33

12.22
12.59 0.2160.505 12.74

59.350 12.82

During the stability of jointed rock mass evaluation, the joint characteristics, weathering degree
and roughness of rock mass should be considered. Generally speaking, the strength of jointed rock mass
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is less than that of intact rock mass [15]. At present, the commonly used methods for the engineering
classification of rock mass include RMR (Rock Mass Rating), RQD (Rock Quality Designation), RMI
(Rock Mass Index) and GSI [14]. The deformation modulus of rock mass is calculated by using the GSI
(Geological Strength Index) on the basis of the study of the rock mass strength criteria for many years,
such as from E. Hoek and so on. E. Hoek built the correlation model between rock mass modulus
and the deformation modulus of the intact rock, and proved the rationality of the complex stability
index [16]. The strength of the rock mass is calculated with the E. Hoek (2002) method [17].

Erm

Ei
=

(
0.02 +

1 − D/2
1 + e(60 + 15D − GSI)/11

)
(1)

σcmass = σci
(mb + 4s − a(mb − 8s))

2(1 + a)(2 + a)

(
mb

4 + s

)as − 1
(2)

mb = mi exp
(

GSI − 100
28 − 14D

)
(3)

s = exp
(

GSI − 100
9 − 3D

)
(4)

a =
1
2

+
1
6
(e−

GSI
15 − e−

20
3 ) (5)

The calculation methods of rock mass properties (Erm: rock mass modulus; σcmass: uniaxial
compressive strength of rock mass) are based on the Geological Strength Index (GSI), the deformation
modulus of the intact rock (Ei), the uniaxial compressive strength of the intact rock (σci) and the rock
mass damage factor (D = 0.5). Rock mass properties are listed and described in Table 3.

Table 3. Intact rock properties and rock mass properties.

Lithology Intact Rock GSI Constant Rock Mass

σci (MPa) Ei (GPa) mi mb s a σcmass (MPa) Erm (GPa)

Mudstone
(8%) 3.25 0.84 37 5 0.249 0.000225 0.514 0.84 0.055

Mudstone
(natural) 12.12 2.94 37 5 0.249 0.000225 0.514 3.14 0.189

Sandstone
(saturated) 28.51 7.59 40 19 1.091 0.000335 0.511 7.39 0.58

Sandstone
(natural) 61.33 12.59 40 19 1.091 0.000335 0.511 15.89 0.96

2.3. Mechanics Model of Shaft Lining Stability through Soft–Hard Rock Contact Zone

As shown in Figure 6, a simplified structural mechanics model for shaft lining forces is established.
P1 represents the vertical stress of rock strata, and increases with the increase of burial depth, while P2
represents the vertical stress of the shaft lining, including the vertical component of self-weight stress
and additional stress of the shaft lining. Due to the different mechanical properties of rock strata, lateral
deformation produced by vertical loads is different. Under the action of vertical stress, the surrounding
soft rock of the shaft would produce large lateral deformation, and the shaft lining would endure
heavy load (q1). However, the lateral deformation of hard rock under vertical stress is smaller, and the
lateral load on the shaft lining is also smaller (q2). As shown in Figure 6, the shaft lining produces
irregular deformation near the soft–hard rock contact zone, and the stress concentration is produced
under the pressure P2, which could lead to damage of the shaft lining.
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Figure 6. Simplified structural mechanics model for shaft lining forces.

3. Numerical Model Establishment

3.1. The Determination of Parameters in 3DEC-Trigon

The behavior of the rock mass is controlled by parameters that can be divided into the following
two groups: (1) block model parameters—density, bulk modulus (K), shear modulus (G), cohesion (C),
internal friction angle (ϕ), tensile strength (σt); and (2) contact model parameters—normal stiffness
(Kn), shear stiffness (Ks), cohesion (Cj), internal friction angle (ϕj), and tensile strength (σt

j). The edge
length of the irregular blocks (Δzmin) is set to 0.1 m in the surrounding rock area of the shaft. According
to the rock mechanics parameters obtained from laboratory and calculation (Tables 1 and 2), K, G, Kn

and Ks can be calculated as follows [18]:

K =
E

3(1 − 2μ)
(6)

G =
E

2(1 + μ)
(7)

Kn = 10

[
K + 3

4 G
Δzmin

]
(8)

Ks = 0.4Kn (9)

Other parameters required in 3DEC were obtained from a series of simulated rock mass
compression tests. If the rock mass is small—for example, it contains only one structural plane—then
the mechanical properties of the rock mass in a certain direction will be significantly controlled by
this structural plane. If the rock mass size continues to increase, including more structural planes,
the mechanical properties of rock mass in this direction will depend on the combination of structural
planes. When the rock mass size increases to a certain extent, the combination of structural planes in
this direction tends to be fixed, and the influence on the mechanical properties of rock mass tends to
be stable. The smallest rock mass size with a combination of structural planes that is stable is called
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the REV (Representative Elementary Volume) [19]. According to numerical experiments, we select
REV = 4 × 4 × 8 m, when Δzmin = 0.4. According to a series of numerical simulation experiments,
the numerical simulation parameters are determined as shown in Table 4. The uniaxial experimental
curve of rock mass is shown in Figure 7.

Table 4. Parameters for the rock mass.

Lithology
Block Properties Contact Properties

Density
(kg/m3)

K
(GPa)

G
(GPa)

Cb

(MPa)
ϕb σb

t
(MPa)

Kn

(GPa)
Ks

(GPa)
Cj

(MPa)
ϕj σj

t
(MPa)

Mudstone
(8%) 2320 0.08 0.02 0.6 15 0.16 8.38 3.28 0.5 15 0.09

Mudstone
(natural) 1900 0.15 0.073 0.9 21 0.4 20.50 8.21 2.94 21 0.69

Sandstone
(saturated) 2730 0.42 0.230 1.6 21 0.5 59.17 23.67 3.15 25 3.07

Sandstone
(natural) 2550 0.55 0.400 2.2 32 1.0 85.21 34 6.63 32 6.32

Concrete
(C40) 2500 0.53 0.42 2.1 31 1.2 87.23 33 6.75 31 6.43

  
(a) Mudstone (natural) (b) Mudstone (8%) 

 
(c) Sandstone (natural) (d) Sandstone (saturated) 

Figure 7. Simulated uniaxial compressive test for the rock mass.
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3.2. Numerical Mode and Simulation Schemes of Shaft

As shown in the Figure 8, a numerical model based on 3DEC numerical simulation software
is established. The size of the model is 50 (x width) × 50 (y width) × 15 (z height) m, containing
135,210 blocks. The mudstone (7 m) and sandstone (7 m) strata traversed by the shaft in the mine
were chosen to be research objects. The shaft is about 6 m in diameter, and the shaft lining thickness
is about 0.6 m. According to the results of the relative crustal stress test, vertical stress mainly is
compression stress in depth, the vertical stress is measured to 26 MPa, the maximum horizontal stress
is 23 MPa along the x-axis, the minimum horizontal stress is 18 MPa, and the simulated depth is 905 m.
The upper boundary and horizontal boundary adopt the stress boundary condition, and the bottom
boundary condition is fixed z-direction displacement. The surrounding rock is divided by joints with a
maximum length of 0.4 m near the shaft, and joints with a length of about 1 m are used in other parts.

Figure 8. Numerical model for the surrounding rock of the shaft.

Through the removal of blocks in the shaft, excavation is simulated, and the water softening
of rock mass is simulated by the weakening of joints and block parameters within the range of
1.5 m surrounding the shaft lining. In order to understand the deformation and stress characteristics
of surrounding rock and shaft lining at the soft–hard rock contact zone, the following numerical
simulation schemes are adopted in the mining area: (1) deformation and stress characteristics of
surrounding rock in the natural state of surrounding rock, without shaft lining support; (2) deformation
and stress characteristics of surrounding rock and shaft lining in the natural state of surrounding rock
with shaft lining support; (3) deformation and stress characteristics of surrounding rock with rock
water absorption softening.

4. Simulation Result Analysis

4.1. Displacement Analysis

Figure 9 shows the displacement curves of the monitoring points after shaft excavation. The results
showed that all monitoring curves increased at the beginning of a period of time, then they showed
a steady trend gradually. The deformation of surrounding rock under natural conditions is shown
in Figures 9b and 10a. Maximum deformation of mudstone is 1.2 m, and that of sandstone is 0.2 m.
Figures 9c and 10b show the deformation characteristics of surrounding rock after water absorption
and softening. Compared with rock in natural conditions, the deformation of mudstone increased
by 0.4 m and sandstone by 0.2 m after softening. Figures 9d and 10c,d respectively indicate the
displacement characteristics of concrete shaft lining under natural conditions and water softening.
The maximum displacement of the shaft lining is parallel to the direction of maximum principal stress.
The displacement of the shaft lining in the mudstone formation (33 mm) is larger than that in sandstone
stratum (28 mm). This feature is more obvious after water absorption and softening of rock, where the
deformation is 34 mm and 58 mm, respectively. Because of the nonuniform deformation of the shaft
lining, there will be larger bending moments at the junction between the hard rock and the weak rock.
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Figure 9. Displacement curves of the monitoring points after shaft excavation.

(a) natural (b) water–rock interaction 

(c) natural (d) water–rock interaction 

Figure 10. Simulated displacement map of the surrounding rock under unsupported conditions and
under concrete supporting (C40) conditions.
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4.2. Stress Analysis

Simulated distribution characteristics of max shear stress under unsupported and concrete
supporting conditions are presented in Figure 11a–d, and water softening of surrounding rock is
also considered. It can be seen in Figure 11a,b that under unsupported conditions, the pressure relief
zone appears obviously in the surrounding rock of the shaft, and the maximum shear stress appears
near the interface between the hard and soft rock strata. The formation of a pressure relief zone is
mainly caused by plastic failure of surrounding rock. Figure 11b demonstrates that the maximum
shear stress distribution of surrounding rock after water absorption softening is obviously higher
than that of the natural state, and the influence of upper soft rock on hard rock is greater. The scope
of the pressure relief zone also expanded obviously after water absorption softening. Figure 11c,d
illustrates the max shear stress characteristics of the concrete shaft lining, which is in the natural
state, and water-absorbing soft rock condition of surrounding rock, respectively. The result indicated
that the shear stress of the shaft lining in the soft rock section is much greater than that in the hard
rock stratum. This kind of imbalance is more prominent after water absorption and softening of the
surrounding rock.

Figure 11. Simulated distribution characteristics of max shear stress under unsupported and concrete
supporting conditions.

4.3. Plastic Zone Analysis

This paper assumes that the surrounding rock of the shaft is a homogeneous isotropic medium.
Firstly, the stress distribution characteristics of surrounding rock before and after excavation are
determined by elasticity theory. Then, according to the H-B strength criterion, the yield failure of
the surrounding rock under this stress field can be judged. The H-B strength criterion is shown in
Formula (10) [20],

σ1 = σ3 + σc

(
mb

σ3

σc
+ s

)a
(10)

where σ1—maximum principal stress, σ3—minimum principal stress, σc—uniaxial compressive strength,

ma, s, a—the parameters reflecting the characteristics of rock mass. At σ3 + σc

(
mb

σ3
σc

+ s
)a − σ1 = 0,

the surrounding rock is at the critical point of elasticity and plasticity.
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According to the theory of elasticity, the stress value of a point in the surrounding rock of the
shaft is obtained by the polar coordinate method. The analysis diagram of the surrounding rock of the
shaft is shown in Figure 12.

Figure 12. The analysis diagram of the surrounding rock of the shaft.

⎡⎣ σ1 = σr + σθ
2 +

√
( σr − σθ

2 )
2
+ (τrθ)

2

σ3 = σr + σθ
2 −

√
( σr − σθ

2 )
2
+ (τrθ)

2
(11)
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2

[
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0
r2 ) + (1 − λ)(1 − 4 R2

0
r2 + 3 R4

0
r4 ) cos 2θ

]
σθ =

σy
2

[
(1 + λ)(1 +

R2
0

r2 ) − (1 − λ)(1 + 3 R4
0

r4 ) cos 2θ

]
τrθ =

σy
2

[
(1 − λ)(1 + 2 R2

0
r2 − 3 R4

0
r4 ) sin 2θ

] (12)

According to Formulas (10)–(12), where σy, σx is the horizontal in-situ stress, λ is the ratio of
horizontal in-situ stress which is <1, and R0 is the radius of roadway, the range of the plastic zone is
related to the uniaxial compressive strength and rock integrity of rocks when the size of the shaft and
in-situ stress are determined.

The damage modes of the shaft-surrounding rock and concrete shaft lining are mainly composed
of tensile failure and shear failure. Figure 13a,b shows the failure mode of the surrounding rock of the
shaft without support. The shear failure and tensile failure coexist in the 5 m range of surrounding
rock. The deep surrounding rock parts are mainly shear failure. It is especially pointed out that
Figure 12b takes into account the water absorption softening of surrounding rock. In the horizontal
direction, the plastic zone of the surrounding rock is elliptical, and the long axis is perpendicular to the
maximum principal stress direction. Under the influence of incompatible deformation of surrounding
rock, the soft rock stratum produces lateral additional stress on the hard rock stratum, which makes
the plastic zone expand nonlinearly at the interface between the soft and hard rock strata. After the
water softening of the surrounding rock, the plastic area of the surrounding rock increases due to
tensile failure. Figure 12c,d shows that the failure of the concrete shaft lining is mainly shear failure.
After water absorption softening, the plastic zone of the shaft lining increases obviously.
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Figure 13. Distribution of plastic zone.

4.4. Mechanism Analysis of the Shaft Deformation in Soft–Hard Rock Strata

The deformation and failure mechanisms of the shaft and shaft lining in alternate hard and soft
rock strata are as follows:

(1) Under high stress, rock masses with different strengths have different deformation ratios.
The target location of this study is deep at 900 m, and the vertical stress and horizontal stress are
relatively high. After the shaft is excavated, the shallow rock mass around the shaft is destroyed under
the action of shear stress and tensile stress. With the failure of rock mass, a certain range of loosened
zones occur, and the stress is propagated from the surface to the interior, eventually forming a plastic
zone dominated by shear failure. The destruction of rock is accompanied by the large deformation
of surrounding rock, and the smaller the rock strength, the greater the deformation of surrounding
rock. In addition, the surrounding rock contains a large number of clay minerals, so it will soften and
expand when exposed to water.

(2) Additional stress in soft rock stratum. The soft rock stratum will produce larger shear stress
than the hard rock stratum near the interface, leading to a large plastic zone near the rock interface.
The numerical simulation shows that the water–rock interaction aggravates the damaging process of
the rock mass.

(3) Stress concentrations due to squeezing action of surrounding rock. The uncoordinated deformation
of strata will inevitably lead to asymmetric deformation of the shaft lining. The deformation of the
shaft lining in the hard rock stratum decreases suddenly, which will cause the bending moment to
increase and the stress concentration to increase abruptly. The deformation of the shaft lining parallel
to the maximum principal stress is obviously higher than that in other directions.

5. Case Study

5.1. Control Principle of the Surrounding Rock

Numerical results show that the uncoordinated deformation of surrounding rock and the
water absorption softening of rock have a significant effect on shaft stability. Therefore, advance
grouting should be adopted in the water-bearing section of the shaft. On the one hand, an artificial
water-isolating layer is established between the fractured rock mass and the aquifer to reduce the water
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absorption and softening phenomenon of surrounding rock, while on the other hand, the strength
of the rock mass is enhanced. In order to reduce the pressure of the mine shaft lining, the stress of
the surrounding rock should be released to utilize the utmost self-bearing capacity of the rock mass.
Under these control measures of surrounding rock, the deformation of the Anju coal mine shaft is in
the safe range.

5.2. Construction Technique of Deep Shaft Advance Grouting

Urea–formaldehyde resin and oxalic acid are used as grouting materials. The grouting material
manufacturer is Wenchang Petrochemical Co. Ltd. of Zibo City, Shandong Province, China.
The product model is U20 urea–formaldehyde resin. The grouting parameters are as follows: the range
of grouting concentration is 10–50%; initial viscosity: 1.7–15 cP (20◦); bond strength: 1.7–3.7 MPa; sand
consolidation strength: 1.2–9.5 MPa; setting time: 1.08–35.33 min; gelling properties: 3.17–47.5 min.
As shown in Figure 14, pre-grouting pipes are uniformly arranged around the shaft and the center,
the inclination of grouting pipes is 80◦, and the number of grouting pipes is determined according
to the water gushing. In order to achieve an ideal grouting effect, technical parameters should be
adjusted according to borehole detection, stability of surrounding rock, shaft water gushing and
grouting observations in the actual construction.

  

Figure 14. Layout of shaft pre-grouting construction.

5.3. Pressure Unloading of Surrounding Rock

The shaft passing through the deep soft rock stratum is divided into three steps, which can fully
release the surrounding rock pressure and deformation of the shaft. Firstly, a small section with radius
3000 mm is used to drive 1.4 m. The process is controlled at about 16 h. The second step is to use a full
section heading of 1.4 m. Finally, the construction of the concrete shaft lining is conducted by use of
concrete (C40), and the thickness is 0.6 m.

6. Conclusions

This paper presents a numerical simulation study on the deformation mechanism of surrounding
rock, and the stress characteristics of the shaft lining, in alternating hard and soft rock strata. With the
project background of the Anju coal mine auxiliary shaft (900 m section) in Shandong Province,
the research mainly focuses on the surrounding rock strength, water’s rock-softening characteristics,
deformation and failure rules of the shaft-surrounding rock, and stress characteristics of the shaft lining.

The test results show that the uniaxial compressive strength of mudstone decreases by 3.72 times
at 8% water content, and that of sandstone decreases by 2.15 times at the saturation state. Using the GSI
evaluation index, the parameters of numerical simulation under different rock mechanics conditions
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were determined. Deformation and failure characteristics of surrounding rock under the natural state
and water absorption softening state were studied by using the 3DEC-trigon method.

It is considered that after the excavation, the shallow surrounding rock will be destroyed and
the stress relaxation zone will be formed under the condition of no support. The failure mode of
shallow surrounding rock comprises the coexistence of shear failure and tensile failure. The failure
mode of deep surrounding rock is mainly shear failure. The deformation of surrounding rock is closely
related to the strength of rock strata, and there is obvious nonlinear change in the vertical direction.
This phenomenon is more obvious after water absorption softening of rock strata. Soft rock strata
will produce larger lateral additional stress on hard rock strata near the interface of strata. It shows
that the surrounding rock pressure will cause the shearing failure of the shaft lining. After the water
softening effect on the surrounding rock, the plastic area increases obviously in the shaft lining. In the
area where the shaft lining displacement changes abruptly, significant bending moments and stress
concentration will be generated. In addition, the swelling of clay minerals in the surrounding rock will
be a threat to the shaft.

In order to reduce the threat of water–rock coupling to the shaft lining and improve rock
mass strength, a pre-grouting control system was adopted near the aquifer section. The method
of surrounding rock pressure relief is adopted to improve the bearing capability of surrounding rocks,
reduce the uneven deformation of the shaft lining and improve the stability of the shaft. The case
study can provide reference for the failure process and control technology of the shaft under deep
alternating hard and soft rock strata.
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Abstract: As the important raw material for backfill mining, broken gangue’s deformation and
permeability characteristics directly affect the deformation of the overlying strata above the filling
space. In this paper, through lateral compression and pressed seepage tests, the deformation and
permeability characteristics of broken gangue as a function of the stress level and grading features
were studied. This research indicates that the stress of broken gangue increases exponentially with an
increase in strain, and the compression modulus and compression rate present a positive correlation.
The samples with discontinuous grading are more difficult to compress than the continuous grading
samples, and the discontinuous grading samples are tighter in accordance with the increase in
compression rate. At the same time, the change range of the seepage velocity and permeability of the
broken gangue decreases. Positive correction between the grading index of the broken gangue and
the effect of reducing the permeability of samples is more obvious under axial compression, and less
axial stress is needed to achieve the same permeability level for discontinuous grading. This paper
can provide an important test basis for the design of grading parameters and the prediction of filling
effects of broken gangue on backfill mining.

Keywords: permeability characteristics; grading broken gangue; compressive stress; compression
deformation

1. Introduction

Many high fragmentation and porous particle structures from broken rock mass are produced
during geological movement, such as fault fractured zones [1–3] and the fillings of collapse columns [4–6].
In mine construction, large amounts of broken rock mass are required, such as for gangue filling mining
backfill [7,8], tailing dam construction [9], and reinforcement technology for rock roadways [10,11].
Broken rock mass still has a certain residual bearing capacity, and its deformation and seepage
behaviours have a great influence on the internal fluid and gas migration. Therefore, it is of significant
importance to study the deformation and permeability of broken rock mass for safety and green mining.

The deformation characteristics of broken rock mass are basic mechanical properties that greatly
impact the research of controlling surface subsidence by filling mining [12,13], building tunnels and
roadways passing through a fault fracture zone [14], and fixing foundations and subgrades [15].
Dong et al. (2015) studied the influence of mass density, moisture content and confining pressure on
the deformation of broken rock mass [16]. The results of this research not only gave the characteristics
of stress-strain relationship that show hardening at first and then softening, but also indicated that the
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properties of broken sandstone under low confining pressure are characterized by shear contraction
and that the high confining pressure will result in shear dilation. In addition, broken gangue has a
high sensitivity to the rate of water content. Yin et al. (2012) analysed the plastic deformation and
stability of rock mass under dynamic loads, and studied the reasonable critical failure strain which
showed that the critical stress increased in proportion to confining pressure [17]. In other words, the
critical stress and confining pressure have a positive correlation.

The permeability of broken rock mass has great significance to the safe and efficient production of
mines, especially to water-conductive fault zone [18], water prevention and control of the surrounding
rock of collapse columns [19,20], and in situ solution mining and migration of mining pollutants [21].
Many scholars have made great achievements in studying the penetrating characteristics of broken rock
mass by testing. Chai et al. (2002) provided the mechanism of water bursting caused by deformation
and failure according to the nonlinear seepage characteristics of broken rock mass [22]. Using a
pressure permeability test, Min et al. (2004) found that the permeating properties of broken rock mass
change greatly with the displacement of the load [23]. Through these experiments, the relations of the
pore pressure gradient and the seepage velocity of the broken rock mass were obtained. Finally, the
results indicated the existence of nonlinear seepage characteristics. However, due to the limitation of
experimental equipment and technology, there have been few studies on the relationship between the
deformation under loads and permeability of broken rock mass. Some scholars regarded the change in
porosity as a deformable characteristic of broken rock mass and established the relationship between
the porosity and permeability [24–26]. The basic reason for the deformation of broken rock mass is
the change in the stress state, but the relationship between permeability and bearing stress changes
is unclear. In addition, the particle size is the basic property of broken rock mass, this property has
a great impact on stocking states, pore structure, and deformation under loads. The above broken
rock mass are the ideal single particle size or a simple proportion of mixed sample. However, some
relevant studies had shown that the mixed particles with a certain size grading characteristic can be
piled up into a tight state. Therefore, the grading features have a certain effect on the deformation and
permeability [27,28].

The research object selected in this paper is broken gangue, a by-product of coal mining.
The deformation and permeability characteristics of broken gangue were analysed through
experimental results by confined compression and pressure seepage tests, and evaluate the influence
of stress and grading on compressibility and permeability of broken rock mass. The results can provide
an important basis for the technology of gangue filling mining.

2. Test System and Sample Preparation

2.1. Test Samples

In this experiment, coal gangue (Zhangji Colliery, Huainan, China) is used as the test target. Coal
gangue is the waste produced by coal mining and processing, which is the raw material for backfill
mining. The bulk gangue is initially broken into small pieces in the crusher (Zhengzhou Hengxing
Heavy Equipment Co., Ltd., Zhengzhou, China); then, the broken gangue particles with different
particle sizes are obtained by using a crusher and grading sifter (Gaofu Machinery Co., Ltd., Xinxiang,
China). The apertures of the sifter are 5, 10, 15, 20, and 25 mm, and by using the sifter, a single particle
size between the ranges of 0–5, 5–10, 10–15, 15–20, and 20–25 mm were obtained, respectively, as shown
in Figure 1.
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Figure 1. Different particle sizes of gangue and a grading sifter.

The samples used in the experiment were obtained by mixing the single-grain gangue particles in
certain proportions. According to the particle interference theory of G. A. Wegmouth [29], in order
to achieve the densest state after mixing particles of different sizes, the pores between large-sized
particles should be filled by smaller-sized particles, and the particle size of the filler particles cannot be
larger than the gap between the large particles. The present grading method designs are the continuous
grading method and the discontinuous grading method; the difference between the methods is that the
particle sizes determined by the continuous grading method are consecutive, whereas some particles
would be lost by the other method.

According to the theory of Talbot Grading [30], the proportion of particle diameter gangue in
continuous grading samples could be described by Equation (1):

Pi =

(
di

dmax

)n
(1)

where Pi is the proportion of the particle size of di, dmax is the largest diameter particle in the mixed
sample (mm), and n is the power exponent of Talbot.

The n of the Talbot power exponent can be equal to 0.1, 0.3, 0.5, 0.7, and 0.9, and the maximum
particle size dmax is 25 mm. According to Equation (1), the proportion of particles di can be calculated for
different continuous grading samples. Since some particle sizes are lost in the samples by discontinuous
grading, discontinuous grading samples can be obtained by rejecting the first-order particle size by
continuous grading. The maximum and minimum sizes are required to retain in mixed-grade samples,
which are framework grain and pore-filled particles, respectively. Samples with the sizes of 5–10,
10–15, and 15–20 mm are removed in the continuous grading, which correspond to the index m with
0.3, 0.5 and 0.7 mm, respectively. The removed particles will be supplemented by smaller samples
with original proportions. The particle sizes of continuous-grade and discontinuous-grade samples is
shown in Table 1. Where n is continuous grading index, m is discontinuous grading index, di is the
particle size, and Pi is the proportion of the particle size of di.

Table 1. Proportion of particles in different grading index samples.

Grading Index
Pi(%)

d1 (0–5 mm) d2 (5–10 mm) d3 (10–15 mm) d4 (15–20 mm) d5 (20–25 mm)

n

0.1 85.13 6.11 3.78 2.77 2.21
0.3 61.70 14.26 9.83 7.73 6.48
0.5 44.72 18.52 14.21 11.98 10.56
0.7 32.41 20.24 17.28 15.60 14.46
0.9 23.49 20.35 19.31 18.66 18.19

m
0.3 75.97 0 9.83 7.73 6.48
0.5 54.77 22.69 0 11.98 10.56
0.7 39.64 24.76 21.14 0 14.46
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From Table 1, it can be found that the distribution of the particle size of the broken gangue samples
with different Talbot grading indices has great differences. The small particle proportion decreases
gradually with the increase in m and n, while that for the large particles is opposite. The particle
proportion less than 5 mm decreases with the increase in m and n; however, the size larger than 5 mm
exhibits an opposite variation trend. For example, when n increases from 0.1 to 0.9, the proportion of
particle size 0–5 mm is reduced by 61.64%, while the proportion for the particle sizes of 5–10, 10–15,
15–20, and 20–25 mm are increased by 14.24, 15.53, 15.89, and 15.98%, respectively. At the same time, it
can be found that the proportion of small particles with discontinuous grading is much larger than that
of continuous grading, but both have the same proportion of large particles in the test. For example,
when the values of m and n are equal and are taken as 0.3, 0.5, and 0.7 mm, the particles of 0–5 mm
in discontinuous grading are higher than that of continuous grading by 14.27%, 10.05% and 16.15%,
respectively. The particle proportion of different grading samples directly reflects the size of the broken
gangue and determines the differences of pore structure. According to the particle size grading in
Table 1, five groups of continuous grading samples and three groups of discontinuous grading ones
were obtained after combining the filtered gangue particles of different sizes.

2.2. Experimental Setup

The test system consists of a DDL600 electronic universal testing machine (Changchun Mechanical
Science Research Institute Co., Ltd., Changchun, China), osmosis device, seepage circuit, hydraulic
pump, and hydraulic accessories, as shown in Figure 2. Among them, the seepage circuit consists of
a hydraulic pump, pressure sensor, reversing valve, globe valve, flow sensor. The osmotic device is
composed of a cylinder, piston, bottom plate, rims, permeable plate. Additionally, the axial force of the
DDL600 electronic universal testing machine ranges from 0 to 600 kN, with the measurement accuracy
of ±0.5%. The axial displacement measurement ranges from 0 to 80 mm with the accuracy of ±0.5%;
the inner diameter of permeation cylinder is 100 mm, with the capacity of 1.57 × 106 mm3.

Figure 2. Osmosis system: (1) check valve; (2) flow meter; (3) hydraulic pump; (4) penetrant box;
(5) pressure gauge; (6) relief valve; (7) osmosis device; and (8) computer.

Before the experiment, the stability, reliability, and sealing of the entire test system were tested.
The osmosis device in the test system is shown in Figure 3. Samples are filled into the osmosis device,
and then they are placed on the DDL600 electronic universal testing machine with the upper end
contact to the check valve set to 1, and the lower exposure connected to the collecting pail. Before
the test, the sample must be saturated in order to fill the piping of the system with osmotic fluid.
During the test, the permeate flow rate was obtained by weighing the amount of water infiltrated
in the collection tank, and the axial deformation was directly obtained by the test machine data
acquisition system.
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Figure 3. Filling method of the sample in the osmosis device.

3. Parameter Calculation

3.1. Characteristic Parameters of Compression Deformation

The compression modulus is often used to measure the constrictive strength of broken rock under
the condition of lateral restraint, and it describes the change rate of stress relative to the strain, which
can be expressed as follows [2]:

Et =
dσ1

dε1
(2)

The differential approximate form of Equation (2) [2] is as follows:

Et =
Δσ1

Δε1
(3)

The compression of broken rock described by the compression ratio is [2]:

γ =
Δh
H

(4)

where Δh represents the height change of samples at a certain stress level, and H is the initial height of
the sample. The compressive rate of broken rock is equal to the value of strain ε in the condition of
lateral restraint.

3.2. Permeability Parameter

The porosity of the samples can be calculated by the following Equation (5) [31]:

φ = 1 − m
ρ0 A(h0 − hi)

(5)

where m is the quality of broken rock, (kg); ρ0 is the density of sandstone, (kg/m3); A is the
cross-sectional area of broken rock, (m2); h0 is the initial height of broken sandstone, (m); and hi
is the height of the sample at the loaded time of ti for test machine, (m).

The seepage of porous media of broken rock particles is consistent with the relation of
Forchheimer [32]:

− ∂p
∂h

=
μv
k

+ ρβv2 (6)

where p is the osmotic pressure, (MPa); h is the height of the porous medium, (m); ρ is the water
density, 1000 kg/m3; μ is the water viscosity, (Pa·s); v represents the seepage velocity, (m/s); k is the
permeability, (m2); and β is the non-Darcy flow factor, (m−1).
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By testing, the time series Vi of cumulative volume of exudate can be obtained, in (ti,ti+1) time
period, the average flow is Qi, and vi is the average seepage velocity in (ti,ti+1) time period:

vi =
Qi
A

=
4Qi
πd2 (7)

where d is the diameter of outlet pipe section.
Since the outlet of penetration connects to the atmosphere, the pressure gradient J at the moment

of i is [33]:

J =
ΔP
hi

=
P1 − P2

hi
=

P1

hi
(8)

where ΔP = P1 − P2 represents the osmotic pressure difference among the samples, and P1 and P2 are
the pressure in the osmotic inlet and outlet, i.e., P2 = 0. hi is the height of the sample at the moment of i.

According to Equation (6), the seepage velocity at the moment of i and i + 1 is vi and vi+1
respectively, and J is regarded as the pressure gradient. According to the relationship of v − J in i and
i + 1, the permeability ki and non-Darcy flow β-factor at time i would be obtained [33]:{

J = μvi
k + ρβvi

2

J = μvi+1
k + ρβvi+1

2
(9)

⎧⎨⎩ ki =
μvivi+1

J(vi+vi+1)

βi = − J
ρvivi+1

(10)

4. The Evolution Laws of Deformation and Permeability of Broken Gangue

4.1. The Characteristics of Compression Deformation of Broken Gangue

The samples are given index n values of 0.1, 0.3, 0.5, 0.7, and 0.9 by continuous grading and index
m values of 0.3, 0.5 and 0.7 by discontinuous grading with confined compression. The displacement
loading method with a loading rate of 0.05 mm/s is applied to all the samples. The relations between
stress and strain (σ − ε), as well as the relations between the compression modulus and compression
ratio (Et − γ), of continuous and discontinuous grading samples, are shown in Figure 4. From Figure 4,
it can be concluded that the relationships of stress-strain and compression ratio-modulus can all be
well fitted by exponential functions under the two different conditions.

As seen from Figure 4a,b, the stress-strain relationship of different continuous-grade samples is
approximately the same. With the increase in axial strain, the stress increases exponentially, and the
compression modulus is compatible with the increase in the compression ratio. This result means that
the greater the compression rate is, the harder it is for the gangue to be compressed. Compared to
the stress-strain relationship, it can be observed that, with the decrease in the Talbot exponent, the
stress and compressive modulus increase quickly. The smaller the sample’s Talbot index is, the more
difficult it is to compress. As seen from Figure 4a, with the smaller Talbot index, smaller particles
with higher content are filled closely, so the sample is more difficult to compress. Similarly, the
relationships of stress-strain and compressive modulus-ratio of the discontinuous grading samples
shown in Figure 4c,d are similar to those of the continuous-grade samples, with an increase in stress
and strain according to the exponential function. The smaller the discontinuous grading index is,
the faster the compression modulus increases with increasing compression rate, i.e., the samples are
harder to compress. In addition, there is a great difference in the compression deformation of samples
by continuous and discontinuous grading. Taking the samples with index of 0.5 by discontinuous and
continuous grading as the examples, when the strain is 0.1, the stress of these samples are 3.35 and
2.76 MPa, respectively, and the compressive modulus are 1.12 and 0.96 MPa; when the strain is 0.25,
the stress of the samples is 43.6 and 35.9 MPa, and the compression modulus are 11.8 and 9.6 MPa.
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It is indicated that samples with discontinuous grading are more difficult to compress than those with
continuous grading, and with an increasing compression rate, the discontinuous grading samples are
denser, because the particles are also denser in arrangement.
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Figure 4. The compression properties of broken gangue: (a) relationship of stress-strain by continuous
grading; (b) relationship of compression modulus-ratio by continuous grading; (c) relationship of
stress-strain by discontinuous grading; and (d) the relationship of the compression modulus-ratio by
discontinuous grading.

4.2. The Evolution Characteristics of Permeability of Grading Broken Gangue

To study the permeability of broken rock in the whole process of compression, the permeability
parameters of grading broken gangue were tested. At the same time, the change law of exudate is
recorded with the change in the compression rate. To reduce the influence of osmotic pressure on
the compression process, the osmotic pressure was fixed at 2 MPa. The change law of the total flow
rate and seepage velocity of exudate with the compression rate under different grading conditions
are shown in Figure 5a,b. In addition, the permeability and non-Darcy flow β-factor variation trends
with the compression rate are shown in Figure 5c,d, respectively (note: Figure 5b can be obtained by
Equation (7), and Figure 5c,d can be obtained by Equation (10)).
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Figure 5. Evolution law of seepage characteristic of broken gangue under compression condition:
(a) evolution law of cumulative flow; (b) evolution law of seepage velocity; (c) evolution law of
permeability; and (d) evolution law of β-factor for non-Darcy flow.

As seen from Figure 5, the evolution law of permeability of broken gangue by discontinuous
and continuous grading under axial loading conditions is basically the same. The cumulative flow
and non-Darcy flow β-factor show a nonlinear increasing trend with increasing compression rate,
but with an increasing rate contrary to the above situation. With increasing compression rate,
the seepage velocity and permeability are characterized by decreasing nonlinearly. In addition,
there are obvious differences in the evolution law of permeability for discontinuous and continuous
grading. Compared with continuous-grade broken gangue, the increased rate of cumulative flow of
the discontinuous-grade samples is smaller under the same compression rate, and the cumulative
flow is also smaller. With an increasing compression rate, the seepage velocity and permeability
of discontinuous and continuous grading of broken gangue gradually decrease, with a nonlinear
decreasing trend for the decreasing rate; and the seepage velocity and permeability of the discontinuous
grading sample are smaller at initial values, that the decrease rate is faster and that the final value is
smaller. With the increasing compression rate, the non-Darcy flow β-factor shows a linear increasing
trend by continuous grading, which is the opposite of the discontinuous grading samples. However,
the final non-Darcy flow β-factor of these samples was similar.

From Figure 4, broken gangue was denser and less compressible with a high compression rate.
Therefore, the variation range of cumulative flow, seepage velocity, and permeability all decrease with
the increasing compression rate while, for a higher compression rate of broken gangue, the pore is
smaller and fluid resistance is greater, which contributes heavily to nonlinear seepage; as a result, the
non-Darcy flow β-factor is larger.

As seen from Figure 5, the smaller particle size of broken gangue under discontinuous grading
occupies a higher proportion of space; the pores between large particles are easily filled; and mixed
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samples are denser, so the seepage velocity and permeability are small in the initial state. The pores are
filled densely with small particles. Thus, the samples are more difficult to compress, and the decreasing
speed of permeability becomes steadily smaller under a high compression rate.

4.3. Influence of Stress on the Permeability of Grading Broken Rock

The above study shows that compressibility and permeability of broken gangue depends on the
compression state, while the compressive state of the broken gangue is related to axial stress. To study
the relationship between axial stress and permeability of broken rock, the axial stress of 5 MPa is
used to compress grading broken gangue first. Then, after fixing the load displacement and testing
permeability parameter of broken gangue under the present conditions by a steady-state method, the
permeability tests under 10, 15, 20, 25, and 30 MPa are completed. Finally, the permeability tests of
broken gangue samples were completed in the same way with continuous and discontinuous grading.

In Figure 6, the permeability of broken gangue under different compressive stress is displayed.
It can be seen from the graph that the permeability of broken gangue shows a negative exponential
function, decreasing with the increase in axial compressive stress. The permeability decreases rapidly
when the compressive stress is less than 15 MPa; when the compressive stress is more than 15 MPa, the
permeability decreases gently. This result shows that axial compression has significance in reducing
the permeability of broken gangue when the compressive stress is less than 15 MPa; however, when
the compressive stress is greater than 15 MPa, the effect is not obvious.
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Figure 6. Permeability of broken gangue with different compressive stress: (a) continuous grading;
and (b) discontinuous grading.

Second, under the same stress, the larger the grading index, the higher the permeability of broken
gangue is, and the more significant the axial compression is to reduce the permeability of the sample.
For example, for continuous grading samples, when the stress increases from 5 MPa to 40 MPa, the
permeability of n = 0.9 decreases from 76 to 7 μm2; for n = 0.1, the permeability decreases from 39 to
4 μm2; and the change amplitudes is 69 and 35 μm2, respectively.

In addition, the axial stress of discontinuous grading gangue must be smaller in order to achieve
the same permeability level. For n = 0.5, axial stress of continuous grading should be set to 10 MPa,
and that for discontinuous grading should be set at 8 MPa to make the permeability of samples reduce
to 20 μm2; in continuous grading, the data should be 15 MPa, while with discontinuous grading
requiring 12 MPa to make the permeability of samples reduce to 10 μm2.

It can be found that, for grading broken gangue, with a higher proportion of small particles, the
particles are easier to adjust by sliding and rolling due to axial stress in order to achieve a tighter state.
However, in the process of compression, samples with many large particle sizes must overcome the
dislocation of large particles. Therefore, it is more difficult to compress them.
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These conclusions are quite consistent with previous research by Harianto Rahardjo [34]. In the
mixed gangue particle samples, the pores generated by accumulation of large particles are usually
occupied by small particles, which result in the higher compressibility of discontinuous grading
samples. Therefore, considering the permeability-mechanical response, appropriate backfill material
properties need to be considered in the application of gangue filling mining project. After the coal has
been mined, the backfill material plays the supporting role of the roof rock mass, which is a critical
concern for controlling surface subsidence [12].

5. Conclusions

The broken rock mass is widely distributed in underground engineering, and it is very important
to the stability of these engineering, especially, the deformation characteristic and permeability could
be the pivotal factor in the migration of underground water. The deformation and permeability of
broken gangue as a function of the stress level and grading features were studied through confined
compression and pressed seepage tests. This research indicates that with the increase in axial strain,
the stress of broken gangue increases with an exponential function, and the compression modulus
is increased with increasing compression ratio, which indicates that the greater compression rate of
broken gangue is, the harder it is to be compressed. Samples by discontinuous grading are harder to
compress than those of continuous grading, and the former is denser with the increase in compression
rate. Discontinuous grading has a larger number of small particle components and a denser grain
arrangement based on both tests. Therefore, samples by discontinuous grading are more difficult to
compress. With increasing compression rate, the change range of seepage velocity and permeability
of broken gangue decreases, with a higher compression rate of broken gangue and smaller pores,
the fluid has higher resistance. All these factors lead to stronger nonlinear characteristics of seepage,
the larger the grading index of broken gangue is, the more remarkable effect of axial compression on
reducing the permeability of the samples. To achieve the same permeability level, compared to that of
continuous grading, the axial stress by the discontinuous grading sample is smaller. Finally, through
the research and discussion in this paper, the mixed gangue particle samples with smaller grading
index are more suitable for backfill material, and the performance of discontinuous grading samples is
better in resistance of compression and penetration. Therefore, the broken gangue with discontinuous
grading and small grading index is more suitable as filling material, meanwhile fault fractured zones
and the collapse columns with the same characteristics are less prone to water inrush accidents.
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Abstract: The influence of water on the mechanical properties of rock is vital for determining the rock
stability when subjected to changes of water conditions. In this paper, a series of uniaxial compression
tests were conducted to investigate effects of cyclic wetting and drying on the mechanical properties
of sandstone and mudstone collected from Chongqing city, China. The results showed that both
elastic modulus and uniaxial compressive strength of sandstone and mudstone were reduced by
wetting and drying cycles, and that the degradation rate of the two mechanic parameters of mudstone
was always larger than sandstone. The parameters, including water adsorption, degradation degree
of elastic modulus, degradation degree of uniaxial compressive strength, increase with the increase of
the wetting-drying cycles (N). The relationship between these three parameters and the value of N + 1
could be well fitted by logarithmic curves. The average degradation degree was also used to describe
the degradation of per time wetting-drying cycles. It is found that the average degradation degree
of elastic modulus and uniaxial compressive strength decrease with the increase of wetting-drying
cycles. Moreover, the relationships between the mechanical properties and the porosity are presented,
which can be fitted by linear curves. In the cyclic wetting-drying process, the elastic modulus and the
uniaxial compressive strength decreased with the porosity increasing, and the degradation rates of
sandstone mechanic parameters were higher than those of mudstone.

Keywords: cyclic wetting-drying; deterioration; sandstone; mudstone; elastic modulus; uniaxial
compressive strength

1. Introduction

Sandstone and mudstone are two common sedimentary rocks. It is well known that sandstone
has been the most common construction material through human history all over the world due to
its high strength, while mudstone is characterized by low permeability and high hydrophily, as well
as easy softening and decay [1]. In Chongqing city of China, the strata composed of interbedded red
sandstone and mudstone are widely distributed. Because they are difficult to divide [2], the mixture of
sandstone and mudstone particles is often used as a main fill material in many hydraulic and civil
engineering works in Chongqing city [3]. While this material is filled in or along a large reservoir
bank, it could be subjected to cyclic wetting and drying caused by cyclic lowering and rising of water
level, which may affect the mechanical behavior of the mixture, and then reduces stability of filled
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structures [4–6]. The mechanical properties of the sandstone and mudstone particles mixture mainly
depend on its parent rocks (sandstone and mudstone). In order to use the mixture of sandstone and
mudstone particles reasonably in the civil engineering, the effect of cyclic wetting and drying on the
mechanic properties of the parent rocks need to be studied first.

In recent years, the water-interaction has been viewed as a crucial factor which influences the
stability of geotechnical engineering constructions and it’s becoming an important research hotspot.
The effect of cyclic wetting and drying on the physical and mechanical properties of geotechnical
materials such as rock and soil have been studied by many researchers, including bulk density, porosity,
weight loss [7], water absorption [7], wave velocity [8], elastic modulus [9–11], fracture toughness [12],
tensile strength [13,14], static uniaxial or triaxial compressive strength [15–17], dynamic uniaxial
compressive strength [18], shear strength [9,10,19], granulometric change [20–23], etc. The results
indicated that the degradation with different degrees of the physical and mechanic properties of rock
materials occurred after cyclic wetting and drying.

Table 1 shows the recent experimental research by different scholars of the effects of cyclic
wetting-drying on the mechanical parameters of various rocks. The mechanical parameters deteriorate
to different degrees under the cyclic wetting-drying conditions. Hua et al. [12] found an obvious
reduction in static tensile strength after cyclic wetting-drying treatment. Zhou et al. [18] found an
obvious decrease in dynamic tensile strength of sandstone under cyclic wetting-drying treatment.
Yao et al. and Deng et al. [9–11] found an evident reduction in the elastic modulus (EM) and the
uniaxial compressive strength (UCS) of sandstone after cyclic wetting-drying treatment. However,
some scholars [15,17] did not find an obvious decrease in the mechanical parameters of different
sandstones due to cyclic wetting-drying treatment, but they indicated that the possible small strength
reduction could be covered up by the inter-sample variability inherent in the strength measurements.
Moreover, Lin et al. [13] observed that the UCS of sandstone with 11% chlorite reduced by 20%
after 60 wetting-drying cycles, while for sandstone with 1% chlorite, the reduction was not obvious.
Their study found that chlorite is dissolved and leached out more easily and that the porosity of
sandstone increases, which leads to a strength reduction, with the chlorite content of the sandstone as
the critical factor.

Table 1. Effects of cyclic wetting-drying on the mechanical properties of various sandstone by
different researchers.

Researches Specimen Type
Specimen
Size (mm)

Wetting and Drying Methods Nmax
Test Method and

Testing Condition
Mechanical
Properties

Hale et al. (2003) [15]

Six kinds of
sandstones from

northeastern
Ohio and
western

Pennsylvania

Φ54 × 108

Wetting method: submerged in
water for 24 h

Drying method: oven-dried at
110 ◦C for 24 h

50
Uniaxial

compression tests
under dry condition

UCS: no obvious
decreasing trend

Lin et al. (2005) [13]
Tertiary

sandstones from
northern Taiwan

Φ55 × 125
Wetting method: submerged in

water for 24 h
Drying method: not specified

60
Uniaxial

compression tests
under dry condition

UCS (sandstone
with 11% chlorite):
decrease obviously,

UCS (sandstone
with 1% chlorite):

no obvious
decreasing trend

Yao et al. (2010) [9] Red sandstone
from China Φ50 × 100

Wetting method: forced
saturation for 8 h, then

immersed in water for 24 h
Drying method: oven-dried at
105 ◦C for 24 h, then cooled to

room temperature

8
Uniaxial

compression tests
under wet condition

UCS: decrease
obviously,

EM: decrease
obviously

Deng et al. (2012) [10,11]

Sandstone from
Three Gorges

Reservoir
Region of China

Φ50 × 100

Wetting method: submerged in
water from Yangtze river for

30 days
Drying method: air-dried at
room temperature for 5 days

6
Uniaxial

compression tests
under wet condition

UCS: decrease
obviously,

EM: decrease
obviously
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Table 1. Cont.

Researches Specimen Type
Specimen
Size (mm)

Wetting and Drying Methods Nmax
Test Method and

Testing Condition
Mechanical
Properties

Hua et al. (2015) [12] Sandstone from
Ziyang of China Φ75 × 25

Wetting method: submerged in
water for 48 h

Drying method: oven-dried at
105 ◦C for 24 h

7
Cracked Brazilian
disk splitting tests

under wet condition

TS: decrease
obviously,

FT: decrease
obviously,

Khanlari et al. (2015) [17] Red sandstones
from central Iran Φ54 × 108

Wetting method: submerged in
water for 24 h

Drying method: oven-dried at
110 ◦C for 24 h

40
Uniaxial

compression tests
under dry condition

UCS: no obvious
decreasing trend

Zhao et al. (2016) [14]

Sandstone with
a low clay

mineral content
from Chongqing

of China

Φ50 × 25

Wetting method: submerged in
water for 18 h

Drying method: air-dried at
room temperature for 72 h

15
Brazilian tensile
tests under dry

condition

TS: no obvious
decreasing trend

Zhou et al. (2017) [18]

Fine-grained
sandstone from

Kunming of
China

Φ50 × 25

Wetting method: submerged
purified water for 48 h at 25 ◦C
Drying method: air-dried at 25

◦C for more than 100 h

50
Dynamic

compression tests
under dry condition

DEM: decrease
obviously

DUCS: decrease
obviously

UCS represents uniaxial compressive strength, EM represents elastic modulus, TS represents tensile strength, FT
represents fracture toughness, DUCS represents dynamic uniaxial compressive strength, DEM represents dynamic
tensile strength.

These differences mentioned above indicate that sandstone mineralogy may decide its sensitivity
to cyclic wetting-drying treatments. However, the investigations have been mainly concentrated on
sandstone, and the report on the effect of cyclic wetting and drying on the mechanic properties of
mudstone is scarce. In this present study, the effect of cyclic wetting-drying conditions on the physical
and mechanic properties of sandstone and mudstone were investigated by uniaxial compression tests.

2. Test Material and Specimen Preparation

The test materials in this study came from Chongqing Jiaotong University, Chongqing city, China.
The selected sandstone and mudstone were formed in Mesozoic, and the colors were fresh gray and
aubergine, respectively. According to ISRM [24], specimen processing was conducted as follows:
Initially, the sandstone and mudstone cylinders were obtained from the rock mass by drilling cores;
later, the cylinders were made into pieces of size 50 mm in diameter and 100 mm in thickness (Figure 1).
The initial water content (w), natural density (ρn) and dry density (ρd) of the sandstone specimens
are 1.41%, 2.46 g/cm3, and 2.43 g/cm3, respectively. The w, ρn and ρd of the mudstone specimens
are 1.75%, 2.42 g/cm3, and 2.37 g/cm3, respectively. Before testing, the specimens were stored in dry
conditions with a temperature of 20 ◦C.

 

Figure 1. Typical sandstone and mudstone specimens.
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3. Testing Scheme and Testing Procedure

Wetting-drying cycle process, as an important factor affecting the mechanical properties of rocks,
is focused on in this study. A uniaxial compression test in the laboratory was carried out, it is used
to observe the effects of cyclic wetting-drying on rocks, which is called as wetting-drying uniaxial
compression test (WDUCT).

In the WDUCT, the selected specimens were submerged in water for 24 h firstly, then these
specimens were then dried in an electro-thermostatic blast oven at 110 ◦C for 12 h. Later, they were
cooled to temperature of 20 ◦C for 12 h. The whole process is regarded as a single wetting-drying cycle
(see Figure 2).

 

A B

A

B

Figure 2. Schematic experimental process of the cyclic wetting-drying treatment.

Before the test, both sandstone and mudstone specimens were subjected to 1, 5, 10, 15, 20 and 40
wetting and drying cycles, and 3 specimens were subjected to each of the above treatments. Meanwhile,
3 untreated sandstone specimens and 3 untreated mudstone specimens were also tested to determine
the initial mechanical properties of the specimens without wetting-drying cycles.

In addition, because of the material composition, mudstone is sensitive to moisture [25,26].
When a mudstone specimen immerged into water, it will be swelled, and as time goes on, it will be
disintegrated. In the process of the wetting and drying, mudstone specimens will be disturbanced
unavoidably, which will fail to complete a whole uniaxial compression test. Therefore, a protection
device for mudstone was designed (shown in Figure 3), it was made up of a fixation frame, two porous
stones and a rubber spring. This device could ensure the specimen was completely immersed in water
without particles flaking, and the garter spring will not limit the deformation of the specimen in the
wetting and drying process.

Figure 3. A protection device for mudstone specimen.
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However, as the tests went on, it was found that after 13 wetting and drying cycles, the selected
mudstone specimens were crumbed seriously which can not be tested further, so the values of wetting
and drying cycles (N) of mudstone specimens were corrected as 1, 5, 10, 12. The testing schemes are
summarized in Table 2. In total, 21 sandstone specimens and 15 mudstone specimens were tested in
wetting and drying cycles. Then, uniaxial compressive tests were performed under drying condition for
the wetting-drying specimens. These tests were conducted in the Fundamental Mechanical Laboratory
of Chongqing Jiaotong University, where the RMT-150C rock mechanic uniaxial compression testing
system(Institute of Rock and Soil Mechanics, Chinses Academy of Sciences, Wuhan, China.) was used
for loading (Figure 4).

Table 2. Testing scheme.

Test Material Number of Wetting-Drying Cycles (N)

Sandstone 1, 5, 10, 15, 20, 40
Mudstone 1, 5, 10, 12

 

Figure 4. RMT-150C Rock mechanics testing system.

4. Results and Analyses

4.1. Effects of Cyclic Wetting-Drying on Water Adsorption

Before uniaxial compressive tests, the water absorption of each specimen could be calculated
according to the weight variation at different wetting-drying cycles:

w =
mw − md

md
× 100% (1)

where w (%) is the water adsorption of the specimen, mw is the mass of the saturated specimen, md is
the mass of the dried specimen, respectively.

Through Equation (1), the water adsorption of sandstone and mudstone could be obtained. The
water adsorption of sandstone was respectively 2.21%, 2.75%, 2.63%, 3.02%, 3.02%, 3.32% and 3.37%,
corresponding to the value of N is 0, 1, 5, 10, 15, 20 and 40. And the water adsorption of sandstone was
respectively 1.98%, 2.63%, 3.39%, 3.67% and 3.87%, corresponding to the value of N is 0, 1, 5, 10 and 12.
With the value of N increasing, the water adsorption of sandstone and mudstone increased gradually.

Figure 5 shows the effects of the cyclic wetting and drying on the water absorption of sandstone
and mudstone. The water adsorption increased along a logarithmic curve with the increment of the
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value of N + 1. The variation of water adsorption with the increment of the value of N + 1 could be
fitted by a logarithmic curve as follows:

Sandstone ws(N) = 0.287ln(N + 1) + 2.312 R2 = 0.87 (2)

Mudstone wm(N) = 0.706ln(N + 1) + 2.057 R2 = 0.99 (3)

where ws(N), wm(N) is the water adsorption of sandstone and mudstone after N times wetting and
drying, %; N is the number of cyclic wetting and drying, and the range of N for sandstone is from 0 to
40, for mudstone is from 0 to 12; R2 is a coefficient of determination, which indicates the mudstone is
more sensitive to the water.

N+1

Figure 5. Relationship between the water adsorption and the value of N + 1.

Meanwhile, the porosity of the specimens after different wetting-drying cycles were measured
by water saturation method [27]. According to the weight and volume of the specimens which were
measured in the wetting-drying process, the porosity was calculated from the equation as follows:

n =
Vv

V
× 100% =

mw − md
mw − msub

× 100% (4)

where n is the porosity of the rock specimen, V is the volume of the rock specimen, Vv is the volume of
pores, mw is the mass of the saturated specimen, md is the mass of the dried specimen and msub is the
mass of the saturated specimen submerged in water.

Figure 6 shows the relationship between porosity and water absorption of these specimens after
different wetting-drying cycles, which indicates that the water absorption and the porosity have a
good linear relationship (Equations (5) and (6)) in both sandstone and mudstone specimens.

Sandstone ws = 0.4034n − 0.0012 R2 = 0.99 (5)

Mudstone wm = 0.6052n − 2.0041 R2 = 0.93 (6)

where w is the water adsorption of the rock specimen, %; n is the porosity of the rock specimen.
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n

Figure 6. Relationship between the water adsorption and porosity of specimens.

As is known, the water storage capacity depends on the porosity of the rock specimens, and water
absorption is the external manifestation of the size and distribution of cracks in the rock. The increase
of water absorption indicates that the cracks in the rock samples increase and extend.

During the wetting and drying processes, both the water adsorption and porosity of these
specimens increased, in which that of mudstone changed greater. FU [28] investigated the relationship
between the water adsorption of moderate weathered sandstone specimens and the value of N + 1,
shown in Equation (7).

ws(N) = 0.3226ln(N + 1) + 3.2344 R2 = 0.99 (7)

It is found that the change rate of water adsorption of moderate weathered sandstone is lower
than the slightly weathered sandstone in this work, which indicated that the water adsorption and the
porosity were related to the weathering degree of rock materials.

4.2. Stress-Strain Curves

The deformation and failure process of a rock generally undergoes five stages: (1) The micro-cracks
compaction stage: The rock is compacted in the initial loading and the stress-strain curve is supposed
to be concave, this can be due to the micro-cracks inside the rock closing under the external force;
(2) The elastic deformation stage: The stress-strain curve shows an approximate linear relationship up
to the yield strength; (3) The yield stage: The micro crack developed and accumulated until the rock
specimen is completely failed, while the strength reaches the peak strength. (4) The strain softening
stage: after the rock reaches the peak strength, the stress decreases with the strain increasing rapidly,
the macroscopic fracture surface is formed with the development of the cracks. (5) The plastic flow
stage: After the rock fractures, it still has bearing capacity, which is named residual strength.

The stress-strain curves of the selected specimens after cyclic wetting and drying from WDUCT
are shown in Figures 7 and 8. The letter N represents the number of cyclic wetting and drying.

Due to the limitation of the test apparatus, these curves here did not always follow the above
5 stages, and it was difficult to obtain a complete plastic flow stage. For the sandstone specimens,
with increment of N value, the micro-cracks compaction stage (stage 1) becomes wider and the slope
of the stress-strain curve in the elastic deformation stage (stage 2) was reduced significantly. This is
mainly because of the internal micro-crack growth and expansion during wetting-drying cycles. When
the number of wetting and drying cycles reaches 15, it’s clear that the plastic property of sandstone
was obviously enhanced, the yield platform was obvious and the yield stage (stage 3) became longer.
For the mudstone specimens, the effect of wetting-drying cycles on the stress-strain curves was not
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obvious. However, it could be found that the peak strength of both sandstone and mudstone after
cyclic wetting and drying was less than that of intact specimens, the peak strength of both sandstone
and mudstone decreased with the increase of the value of N.

 

N 

N N 

N N 

N 

N 

Figure 7. Stress-strain curves of sandstone specimens after wetting-drying cycles.

 

N 

N 

N 
N 

N 

Figure 8. Stress-strain curves of mudstone specimens after wetting-drying cycles.

Based on the results presented in Figure 9, the fracture patterns of these specimens showed obvious
brittle fractures for specimens under less wetting-drying cycles, the fracture surfaces distributed
vertically. However, with the increase of N value, the sandstone specimens and mudstone specimens
became more softened respectively, the angles of the fracture surfaces changed, with obvious sloping
fractures, showing shear failure mode. Thus, the cyclic wetting and drying process had a significant
influence on the failure features of sandstone that change from brittle pattern to ductile pattern.
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Figure 9. Failure forms of the specimens.

4.3. Effects of Cyclic Wetting-Drying on Uniaxial Compressive Strength

From Figures 7 and 8, it is found that the UCS decreases with the increase of the value of N,
especially for the first cycle.

The damage of any material due to cyclic wetting and drying could be expressed as a value of
“Degradation Degree (D)”, D indicates the change in the material strength. The mechanical properties
based on D have been used in the past to measure the changes in rock strength due to cyclic wetting
and drying conditions, freeze-thaw conditions, and thermal treatment [29]. Here this method was
used, in which Degradation Degree was calculated as:

DUCS = (1 − UCSN/UCS0) × 100% (8)

where DUCS is the total degradation degree of UCS, UCSN is the compressive strength of specimens
after N wetting and drying cycles, and UCS0 is the uniaxial compressive strength without wetting and
drying. According to the test results, the UCS decreased with the increase in the value of N. When the
value of N was respectively 1, 5, 10, 15, 20 and 40, the UCS of sandstone was reduced by 50.00%, 23.75%,
34.53%, 43.88%, 48.43% and 56.45%, 60.46%. When the value of N was respectively 1, 5, 10 and 12, the
UCS of mudstone was reduced by 30.63%, 36.87%, 52.55% and 61.29%. At the beginning of testing, the
UCS degenerated significantly, with the increase in the number of wetting-drying cycles, the water-rock
interaction weakened gradually, and the decrease rates of UCS of sandstone and mudstone tended to
slow down.

Figure 10 shows the degradation degree of UCS of sandstone and mudstone calculated by
Equation (7). The evolution of the DUCS indicated that sandstone and mudstone had undergone
continuous but different amount of degradation after cyclic wetting and drying. The DUCS of mudstone
is larger than that of sandstone. For example, when the value of N reached 10, the DUCS of sandstone
and mudstone were 43.88%, 52.55%, respectively. In addition, the relationship between the DUCS of
sandstone and mudstone and the value of N + 1 could be fitted by a logarithmic curve as follows:

Sandstone DUCS = 15.548 ln(N + 1) + 6.198 R2 = 0.96 (9)
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Mudstone DUCS = 20.381 ln(N + 1) + 5.909 R2 = 0.91 (10)

The differential coefficients of the above equations can describe the degradation rates of the UCS,
which can be expressed as follows:

D′ = r/(N + 1) (11)

where the coefficient r represents the degradation rate. It was clear that the degradation rate of
mudstone (r = 20.381) was higher than that of sandstone (r = 15.548).

U
C

S

N+1

Figure 10. Relationship between the degradation degree of the UCS and the value of N + 1.

4.4. Effects of Cyclic Wetting-Drying on the Elastic Modulus

From Figures 7 and 8, it can be seen that with the value of N increasing, the EM (elastic modulus)
decreased gradually. At the first wetting and drying cycle, the EM of sandstone and mudstone
degenerated rapidly. With the increase in the value of N, the rate of EM decrease tended to slow down.
The degradation degree of EM is defined by the following formula:

DEM = (1 − EMN/EM0) × 100% (12)

where DEM is the total degradation degree of EM, EMN is the elastic modulus after N wetting and
drying cycles, and EM0 is the elastic modulus of the intact specimen without wetting and drying action.

According to the test results, the EM decreased with the increase of the value of N. When the
value of N was respectively 1, 5, 10, 15, 20 and 40, the EM of sandstone was reduced by 14.55%, 15.68%,
45.92%, 35.38%, 48.92% and 55.22%. When the value of N was respectively 1, 5, 10 and 12, the EM of
mudstone was reduced by 44.74%, 44.74%, 51.13% and 51.13%.

Figure 11 shows the degradation degree of EM of sandstone and mudstone calculated by
Equation (13). The change of the DEM indicated that sandstone and mudstone had undergone
continuous but different amount of degradation after cyclic wetting and drying. The relationship of
the DUCS of sandstone and mudstone and “N + 1” could be fitted by a logarithmic curve as follows:

Sandstone DEM = 14.872 ln(N + 1) + 6.198 R2 = 0.89 (13)

Mudstone DEM = 16.102 ln(N + 1) + 14.362 R2 = 0.68 (14)

It was clear that the degradation rate of mudstone (r = 16.102) was larger than that of sandstone
(r = 14.548). Obviously, the effects of cyclic wetting and drying on the UCS and EM of mudstone were
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more intense than that of sandstone. Gautam et al. [30] indicated that rocks with higher clay contents
slake more rapidly and extensively than those with lower clay contents. As is known, mudstone is a
fine-grained sedimentary rock, and its original constituents were clays or muds, while most sandstone
is composed of quartz or feldspar.

 

EM

N+1

Figure 11. Relationship between the degradation degree of the EM and the value of N + 1.

4.5. Average Degradation Degree

From Figures 10 and 11, the average degradation degree (AD), which represents the degradation
degree of per wetting and drying cycle, can be easily calculated, shown in Figures 12 and 13. While
N value increased from 1 to 40, the DUCS value of sandstone reduced from 23.75% to 1.51%, the DEM
value of sandstone reduced from 14.55% to 1.38%. While the N value increased from 1 to 12, the DUCS
value of mudstone reduced from 30.63% to 5.11%, the DEM value of mudstone reduced from 44.74% to
4.26%. The relationships between the average degradation degree (degree/time) of the two properties
and the N value can be expressed by a power function as shown in Equation (15) to Equation (18).

Sandstone ADUCS = 23.512 N − 0.732 R2 = 0.99 (15)

Sandstone ADEM = 12.779 N − 0.591 R2 = 0.89 (16)

Mudstone ADUCS =43.778 N − 0.945 R2 = 0.99 (17)

Mudstone ADEM = 28.833 N − 0.740 R2 = 0.98 (18)

For the mudstone specimens, the maximum value of N is 12 in WDUCT, which is much less
than that of sandstone specimens. In order to make an overall comparison of ADUCS and ADEM in
sandstone and mudstone, several curves are plotted by Equation (15) to Equation (18), which are
shown in Figures 14 and 15. From these figures, the range of N value is the same, and it is clear that
ADUCS and ADEM of sandstone and mudstone all decrease with the increment of N value. As shown
in Figure 14, it can be seen that at the beginning of wetting and drying cycles, the difference between
the ADUCS value of sandstone and the ADUCS value of mudstone was large, which showed the ADUCS
value of mudstone was larger than the ADUCS value of mudstone, with the value of N increasing,
the two values tended to converge. While from Figure 15, the difference between the ADEM value of
sandstone and ADEM value of mudstone is basically the same with the value of N increasing, which
shows that the ADEM value of sandstone is always larger than that of mudstone.

350



Processes 2018, 6, 234

N

Figure 12. Average degradation degree of UCS and EM of sandstone after wetting-drying cycles (UCS
represents uniaxial compressive strength, EM represents elastic modulus).

N

Figure 13. Average degradation degree of UCS and EM of mudstone after wetting-drying cycles.

U
C

S

N

Figure 14. Fitted curves of average degradation degree of UCS and wetting and drying cycles.
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EM

N

Figure 15. Fitted curves of average degradation degree of EM and wetting and drying cycles.

5. Discussion

As mentioned above, the UCS and the EM of the selected specimens could be calculated by the
value of N, but it was hard to know the specific value of N in the practical engineering. As is known,
the water absorption and porosity represent the volume of void and cracks in rock specimens, therefore
they can be used to define the damage induced by wetting and drying cycles. Also, because of the
good linear relationship between the two parameters as mentioned above, the water absorption and
the porosity could be considered equivalent. Figure 16 further shows the relationship between the
UCS and the porosity of selected specimens, and Figure 17 shows the relationship between the EM
and the porosity of selected specimens, both of them can be fitted by linear curves as follows:

UCS = an + b (19)

EM = cn + d (20)

where n is the porosity of the specimen measured after N times wetting and drying cycles, a, b, c and d
are the coefficients of these equations.

UCS n

UCS n 

U
C

S 

n

Figure 16. Relationship between the UCS and the porosity.
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EM n

EM n

n 

Figure 17. Relationship between the EM and the porosity.

From Figures 16 and 17, it is clear that both of the EM and the UCS of sandstone and mudstone
were decreasing along linear curves with the porosity increasing. With the porosity value increasing,
the EM and the UCS of sandstone decreased more rapidly than those of mudstone, which indicated
that the deterioration in the mechanical properties of mudstone does not depend on the difference of
water content during wetting and drying processes.

As is known, sandstone is a kind of sedimentary rock, composed of quartz and/or feldspar. While
mudstone is a fine-grained sedimentary rock of which original constituents is clay. Therefore, it can be
assumed that as the porosity value increases, the mechanical properties of a rock which has more clay
decrease more rapidly.

6. Conclusions

In order to investigate the effects of cyclic wetting-drying conditions on elastic modulus and
compressive strength of sandstone and mudstone, a series of uniaxial compression tests in laboratory
were carried out. Based on analyses of experimental data, the following conclusions can be drawn:

(1) Wetting-drying cycles have a remarkable influence on physical and mechanical properties of
sandstone and mudstone. The elastic modulus (EM) and uniaxial compressive strength (UCS) of
sandstone and mudstone are reduced by wetting and drying cycles, while the water adsorption
and porosity increase.

(2) With the increment of the number of wetting-drying cycles (N), the water adsorption, the
degradation degree of EM and the degradation degree of UCS increase, and the relationship
between these three parameters and the value of N + 1 could be fitted by logarithmic curves.

(3) While using the average degradation degree (AD) to describe the degradation degree of
every wetting-drying cycle, it is found that as the value of N increased, the AD of EM and
UCS decreased.

(4) The relationships between the mechanical properties and the porosity can be fitted by linear
curves. In the cyclic wetting-drying process, the EM and the UCS decrease with the porosity
increasing, and the decay rates of sandstone are rapider than those of mudstone.
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Abstract: When used as filling aggregates, the physical and mechanical properties of gangue and
fly ash are crucial for the design of filling and transportation systems. The mineral composition
of gangue and fly ash affects the filling body’s strength, and the fluidity of the slurry affects the
mining engineering process. In this study, gangue and fly ash samples were characterized by X-ray
diffraction to ensure their suitability as filling materials. Tests were carried out with an Intelligent
Torque Rheometer, and the optimal ratio of the slurry’s components was determined. After fitting the
data using ORIGIN software, the following curves were obtained: (1) rheological parameters versus
slurry mass fraction; (2) rheological parameters versus component ratio. On the basis of the curves,
the recommended ratio of the components in the paste-like slurry was determined. We found that the
mass concentration of the slurry must be kept strictly below 78%, and the optimal slurry composition
includes coal gangue, fly ash, and a gelling agent at a weight ratio of 8:3:1. In order to illustrate
the effectiveness of the filling technology, surface sink curves from different filling techniques in
two closely situated positions of the Xinyang Coal Mine were compared. The results showed that
the use of a paste-like slurry can effectively reduce surface subsidence. Furthermore, it will lead to
cost-effective engineering designs for the sustainable development of coal mines.

Keywords: green mining; paste-like slurry; XRD; intelligent torque rheometer; on-site monitoring

1. Introduction

Gangue and fly ash are common industrial waste products, which are occupying an increasingly
large area of land and polluting the environment. The coal mining method of paste-like slurry filling
exemplifies the application and characteristics of green mining from the perspective of both resource
recycling and waste reuse. In 2017, China’s coal production was about 3.5 × 109 tons, of which 2.5 × 109

tons came from underground mining [1]. Coal gangue is a kind of waste rock generated during coal
mining and processing. It is collected from roofs, floors, mezzanines, and meteorites during roadway
tunneling, and washed gangue is generated during coal washing. According to incomplete statistics,
about 5 × 109 tons of waste gangue has been deposited on the surface, and over 1600 large-scale waste
dumps occupy a landmass of approximately 1.5 × 107 hm2 [2,3]. The annual increase in the mining
subsidence area is about 5 × 104 hm2; the area related to coal resource exploitation is about 0.2 hm2

of subsidence per 104 tons of coal yield. Sulfur, phosphorus, carbon, and dozens of components
in waste coal (wasted coal refers to the coal mixed in the gangue or attached to the surface of the
gangue) combined with spontaneous combustion cause various degrees of pollution in the atmosphere,
water, soil, and so forth. In addition, if rainwater infiltrates a spontaneously combusting waste dump,
the rapid expansion of heated air will cause an explosion [4]. Increased fuel consumption has led to an
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increasingly prominent contradiction between the concern for resource exhaustion and environmental
destruction and the interest in economic development [5,6].

There are several methods for filling a goaf: solid or direct backfilling, hydraulic filling,
cemented filling, and so on [7–9]. Every filling method has its disadvantages. As for the gangue
filling method, it is difficult to monitor the filling body’s strength and stability, while, for the cement
filling process, the performance of the cementing material is strict [10]; in addition, with the paste
filling method it is easy to block the pipe because of the high concentration of the filling material [11],
whereas the high water filling technology is uneconomical [12]. In the 2000s, paste-like backfilling
methods were developed in coal mines. The slurry was made of gangue and fly ash at concentrations
that could be higher than 75%, and a gelling agent was added at a concentration of about 3–5% in
order to rapidly consolidate the body and achieve high strength. The high mass concentration of the
slurry resulted in an appearance similar to toothpaste. The paste-like filling technology has many
remarkable advantages, such as extensive resource recovery, low cost, minimum environmental
pollution, simple preparation technology, efficient transportation, and a filling body with high
strength [13,14]. Applied to coal mining under buildings, railways, and water bodies, the technology
effectively controls the surrounding rock reformation and subsidence, raises the resource recovery ratio,
and realizes its goal without waste and harm [15].

A paste-like slurry is a mixture of gangue particles, fly ash, cement, and water. Gangue particles
and fly ash are aggregates in the paste-like slurry. The widely present floc structures in water at
a certain mass concentration maintain fluid homogeneity [16], and the coarse gangue particles are
deposited slowly and freely in the homogeneous slurry. With the increase in mass concentration,
the coarse particles are increasingly enveloped and become components of the slurry. When the slurry
mass concentration exceeds a certain critical threshold, the entire fluid is converted into a homogeneous
slurry [17]. The fluid is termed a heterogeneous–homogeneous composite fluid, which is a typical
kind of Bingham fluid with good fluidity. The resistance of the composite flow is much lower than the
resistance of a non-homogeneous flow in the same conditions [14]. Generally speaking, the effective
and successful filling of the goaf with the slurry should guarantee a strength of the filling body that is
sufficient to support roofs and to effectively transport material [16–18]. The physical composition and
form of the material have a significant effect on the strength of the filling body [15,19]. X-ray diffraction
(XRD) is usually used to identify the mineralogical phases of natural and anthropogenic materials.
In this study, gangue and fly ash sample characterizations were performed by XRD first, and then a
torque rheometer was used to determine the ratio of the slurry components. On the basis of a large
number of experiments, the following curves were obtained: (1) rheological parameters versus slurry
mass concentration and (2) rheological parameters versus composition ratio. On the basis of the trends
of the curves, the optimum concentration of the slurry components and the optimum group distribution
ratio were determined. An ill-proportioned ratio will inevitably affect the rheological properties of
the slurry, thereby causing filling accidents, and the filling cost will rise. Limited by experimental
equipment, the ratio of the paste-like slurry components has always been based on experience or a
large number of similar tests [20–22]. This is a waste of materials and work. The new equipment
described here not only avoids these drawbacks but also improves the accuracy of the results.

There have been many studies on surface sink caused by mining [23–26]. Previous research has
shown that filling materials could meet the requirements to support the roof. Research has further
shown the feasibility of using gangue and fly ash as filling materials and the resulting fluidity of
the slurry, as well as the high efficiency of coal production and its environmental sustainability.

2. X-Ray Diffraction Experiment

2.1. Sample Preparation

As the main parts of the filling slurry, the basic physical and mechanical properties of gangue
and fly ash are crucial for the design of filling and transportation systems. The mineral composition of

357



Processes 2018, 6, 232

washed gangue and fly ash affects the filling body’s strength, and the fluidity of the slurry affects the
planning process.

Gangue samples were collected from the Xinyang Coal Mine in Gaoyang Town, Xiaoyi City,
Shanxi Province, and fly ash was collected from a thermal power station in Wutong Town, which is 20
miles away from Gaoyang Town.

2.2. X-Ray Diffraction of Samples

The equipment used was a D/Max-3B X-ray diffractometer manufactured by Rigaku Corporation,
Tokyo, Japan. Powder X-ray diffraction profiles were measured using the diffractometer (with Cu-Kα

radiation) equipped with a curved graphite monochromator. The slit system was set as follows: DS: 1◦;
RS: 1◦; SS: 0.15 mm; RSM: 0.6◦. The voltage and electric current of the X-ray generator were 35 kV and
30 mA. The speed of continuous scanning in the qualitative analysis was 3◦/min, and the sampling
interval was 0.02◦. The speed of continuous scanning in the quantitative analysis was 0.25◦/min,
and the sampling interval was 0.01◦.

On the basis of the K-value method of the Chinese standard (GB5225-86), the composition of
washed gangue was determined and is shown in Table 1, while the X-ray diffraction spectrum is
shown in Figure 1. The composition of fly ash is shown in Table 2, and the X-ray diffraction spectrum
is shown in Figure 2.

Table 1. Chemical composition of washed gangue.

Sample Na2O MgO Al2O3 SiO2 K2O CaO Fe2O3 P S

Washed Gangue (%) 1.2 1.2 24.3 53.1 1.3 5.4 1.9 0.03 0.8

 
Figure 1. X-ray diffraction spectrum of washed gangue.

Table 2. Chemical composition of fly ash.

Sample Na2O MgO Al2O3 SiO2 K2O CaO Fe2O3 P S

Fly Ash (%) 1.5 1.2 25.5 48.8 0.6 4.2 4.7 0.07 1.0
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Figure 2. X-ray diffraction spectrum of fly ash.

Comparative analyses with the standard powder diffraction data of various substances, provided
by the Powder Diffraction Federation International Data Center (JCPDS-ICDD), were performed.
The analyses show that the main components of the washed gangue were quartz, kaolinite, some illite,
mixed-layer illite–smectite, non-crystalline materials, and a small quantity of other minerals, some of
which may be considered coal or another substance. The main components of fly ash were
non-crystalline; it contained slightly more quartz than gangue, some minerals, such as mixed-layer
illite–smectite, and illite, and small amounts of calcite, CaSO4, and feldspar. The non-crystalline
material in the sample can be produced by heating the clay at a moderate temperature. The results
showed that SiO2 was the main component of gangue and fly ash, an attribute that would impart high
strength to the filling body.

3. Development of the Intelligent Torque Rheometer and Rheological Experiments of the
Paste-like Slurry

3.1. Development of the Intelligent Torque Rheometer

The paste-like slurry was made of coarse particles, fine particles, and water. The coarse particle
was coal gangue, crushed to a size smaller than 20 mm in situ. The fine particle was fly ash, and the
gelling agent was Portland cement.

Because the maximum size of the coarse particles in the paste-like slurry was about 20 mm,
the slurry could not be measured by normal rheometers. On the basis of rheometer principles and a
torque sensor, an intelligent torque rheometer was developed. Figure 3 presents the intelligent torque
rheometer, and Figure 4 shows a schematic of the Intelligent Torque Rheometer.

The most important part of the intelligent torque rheometer is a high-sensitivity iron piece leaf
which can measure small deformations. When the iron piece leaf rotates at a speed of ω, the slurry
will be driven to rotate in different layers. The slurry’s initial resistance causes the iron leaf to deform.
The shape variables (γ) occurring at different radii (r) are different. The angular velocity of the position
at r + dr is ω + dω.

dγ =
(r + dr)(ω + dω)dt − (r + dr)ωdt

dr
=

rdω − drdω

dr
≈ r

dω

dr
dt (1)

dγ

dt
= r

dω

dr
(2)
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With the initial shear stress of the slurry expressed as τ0, Equation (3) can be established:

τ = τ0 + η
dγ

dt
= τ0 + ηr

dω

dr
(3)

 
Figure 3. Intelligent Torque Rheometer.

Figure 4. Schematic of the Intelligent Torque Rheometer.

The moment M is:
M = τ·2πrhr = 2πr2h(τ0 + ηr

dω

dr
) (4)

dω = (
M

2πhηr3 − τ0

ηr
)dr (5)

Then, the formula’s integral is obtained:

∫ α

0
dω =

∫ R2

R1

(
M

2πhηr3 − τ0

ηr
)dr (6)
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Finally, the rheological parameters of the slurry can be calculated by Equation (7),

ω =
M

4πhη

(
1

R2
1
− 1

R2
2

)
− τ0

η
ln

R2

R1
(7)

M =
4πhη

1
R2

1
− 1

R2
2

·ω + τ0· 4πh
1

R2
1
− 1

R2
2

·ln R2

R1
(8)

where R1 is the radius of the high-sensitivity iron piece leaf; R2 is the radius of the mixing container;
h is the height of the high-sensitivity iron piece leaf; M is the torque; η is the viscosity coefficient; τ0 is
the initial shear stress; ω is the rotating speed.

3.2. Calibration for the Intelligent Torque Rheometer

In order to obtain the true torque, the Anton Paar RheolabQC rheometer (Anton Paar RheolabQC
rheometer, Graz, Austria) was used as a calibration instrument for accurately testing the rheological
properties of Newtonian and non-Newtonian fluids and calibrate the intelligent torque rheometer.
Figure 5 shows the Anton Paar RheolabQC rheometer.

 
Figure 5. Anton Paar RheolabQC Rheometer.

The measured torque, named M1, and the actual torque, named M, can be represented by Equation (9):

M = kM1 + a (9)

where M is the actual torque; M1 is the measured torque.
The torques and rotation speeds of slurries with different concentrations were measured using the

RheolabQC rheometer and the intelligent torque rheometer and were then compared. Equation (9) was
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used in the process. Finally, the values of k and a were obtained. The test indicators of the RheolabQC
rheometer are shown in Table 3.

Table 3. Viscometer test indicators.

Power Measuring Range (η) Shear Stress (τ) Shear Rate (Ds) Rotating Speed (n)

220 ± 22 V
50 ± 0.5 Hz 1 to 109 mPa·s 0.5 to 104 Pa 10−2 to 6500 0.01~1200 r/min

Since the calibration instrument is mainly suitable for measuring a non-Newtonian fluid slurry,
the experimental material was a mixture of tailings and fly ash. The slurry parametric test results are
shown in Table 4.

Table 4. Slurry parametric test.

Mass
Concentration

Viscosity
Coefficient/Pa·s

Initial Shear
Stress/Pa

The Relation of M–ω

54% 0.040 1.626 M = 1.76 × 10−5ω + 1.66 × 10−4

56% 0.042 3.179 M = 1.89 × 10−5ω + 3.21 × 10−4

58% 0.045 5.961 M = 2.09 × 10−5ω + 5.88 × 10−4

60% 0.074 8.847 M = 3.31 × 10−5ω + 8.74 × 10−4

The rheological properties corresponding to different concentrations showed that the initial shear
stress increased as the slurry concentration increased. When the slurry concentration was 54–58%,
the plastic viscosity of the slurry changed gently. When the concentration was higher than 60%,
the plastic viscosity of the slurry increased drastically. The rheological properties curve of the slurry
was fitted by ORIGIN software (Northampton, MA, USA) and showed obvious characteristics of a
Bingham fluid. Using ORIGIN, the measured torques were fitted with the actual torque, and the fitted
regression line is shown in Figure 6.

 
Figure 6. Torque comprehensive regression curve.

The formula relating the measured torque to the actual torque is shown in Equation (10):

M = 1.107M1 + 4.825 × 10−4 (10)
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According to Equation (8), the parameters of the Intelligent Torque Rheometer are: R1 = 2 cm,
R2 = 5 cm, h = 3 cm. The relation between torque and rotating speed can be determined by Equation (11):

M = 1.787 × 10−4η·ω + 1.638 × 10−4τ0 (11)

Table 5 shows the test values under different concentrations.

Table 5. Test values under different concentrations.

Mass Concentration Rotating Speed r/min Measured Torque N·m Actual Torque N·m

54%

220 0.00015 0.00065
260 0.00021 0.00072
330 0.00035 0.00087
370 0.00037 0.00089
400 0.00042 0.00095

56%

240 0.0001 0.0006
270 0.0002 0.00071
340 0.00028 0.00079
380 0.00036 0.00088
420 0.00039 0.00092

58%

260 0.00087 0.0014
300 0.00096 0.0015
330 0.001 0.0016
410 0.0012 0.0018
460 0.0012 0.0019

60%

220 0.00068 0.0012
260 0.00079 0.0014
320 0.001 0.0016
340 0.0012 0.0018
380 0.0013 0.0019

In order to reduce measurement errors with the intelligent torque rheometer, the following
requirements should be met:

(1) Avoiding high-speed rotations during the process;
(2) Basing the weight of the slurry on the width of the mixing head leaf, the immersion depth, and the

outer cylinder;
(3) Using the average of multiple torque measurements to reduce the experimental error.

3.3. Rheological Properties of the Paste-Like Slurry

The rheological parameters of the filling slurry can be used to evaluate the pipe resistance of
the slurry, that is, the head loss. There are many filling processes for coal mines, and the materials
used are also different. They directly affect the solidification performance of the filling body. Therefore,
the content of each material needs to be within a specific interval.

The experiments were carried out as described below, and the experimental data were fitted
by ORIGIN.

(1) Five different mass concentrations were chosen: 74%, 75%, 76%, 78%, and 79%. Table 6 presents
the ratios of the slurry composition at different mass concentrations.
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Table 6. Ratios of the slurry composition at different mass concentrations.

Mass Concentration Gangue (g) Fly Ash (g) Portland Cement (g) Water (g)

74% 296 113.8 34.2 156
75% 300 115.4 34.6 150
76% 304 116.9 35.1 144
78% 312 120 36 132
79% 316 121.5 36.5 126

(2) With a mass concentration of 76% and a ratio of cement to fly ash of 1:3, the ratios of fine
particles to coarse particles were varied: 1:1, 1:1.5, 1:2, 1:2.5, 1:3. Table 7 presents the ratio of the slurry
composition at different ratios of fine particles to coarse particles.

Table 7. Ratio of the slurry composition at different ratios of fine particles to coarse particles.

Ratio of Fine Particles to Coarse Particles Gangue (g) Fly Ash (g) Portland Cement (g) Water (g)

1:1 228 171 57 144
1:1.5 273.6 136.8 45.6 144
1:2 304 114 38 144

1:2.5 326 97.5 32.5 144
1:3 342 85.5 28.5 144

(3) With a mass concentration of 76% and the content of the coarse particles constant, the ratios of
cement to fly ash content were varied: 1:3, 1:3.5, 1:4, 1:4.5, 1:5. Table 8 presents the ratio of the slurry
composition at different ratios of fly ash to cement in the slurry.

Table 8. Ratio of the slurry composition at different ratios of fly ash to cement in the slurry.

Ratio of Fine Particles Versus Coarse Particles Gangue (g) Fly Ash (g) Portland Cement (g) Water (g)

1:3 296 114.2 45.8 144
1:3.5 296 120 40 144
1:4 296 124.4 35.6 144

1:4.5 296 128 32 144
1:5 296 131 29 144

Figure 7 shows that higher mass concentrations increased the torque at the same rotating speed.
The relationship between torque and rotating speed could be determined from the fitted curve in
Figure 7. According to formula (11), the rheological parameters could also be obtained. The results are
in Table 9.

Figure 7. Relation between rotating speed and torque at different concentrations.
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Table 9. Relation between rotating speed and torque and the rheological parameters at different
concentrations of the slurry.

Concentrations
Relation Between Rotating

Speed and Torque
Viscosity

Coefficient (Pa·s)
Initial Shear
Stress (Pa)

74% M = 4.33 × 10−4 ω + 8.51 × 10−3 2.42 51.89
75% M = 4.67 × 10−4 ω + 9.19 × 10−3 2.61 56.06
76% M = 4.85 × 10−4 ω + 1.25 × 10−2 2.71 76.12
78% M = 5.07 × 10−4 ω + 1.66 × 10−2 2.83 101
79% M = 5.33 × 10−4 ω + 2.17 × 10−2 2.98 132.55

Figure 7 shows the relation between rotating speed and torque at different mass concentrations.
Table 9 shows the relations between rotating speed and torque that arose from different mass

concentrations of the slurry, along with the resulting rheological parameters.
Figure 8 shows the relation between the viscosity coefficient and the slurry mass concentration;

Figure 9 shows the relation between the initial shear stress and the slurry mass concentration.

Figure 8. Relation between viscosity coefficient and slurry mass concentrations.

Figure 9. Relation between initial shear stress and slurry mass concentrations.

The viscosity coefficient increased with the increase in the mass concentration, but the changing
trend was different at different segments of the concentration curve. The viscosity coefficient increased
sharply in the 74–75% segment, while it increased gently in the 75–78% segment. The viscosity

365



Processes 2018, 6, 232

coefficient growth trend in the 78–79% segment was the most obvious. Considering the safety of the
filling system and the transmission efficiency, the mass concentration should be controlled below 78%.

The initial yield stress increased with the increase of the slurry mass concentration in the
74–79% segment, and the change trend varied with the concentration. The increase in the 74–75%
segment was not obvious. Then, the increase rate was more obvious in the 75–76% segment than in
the adjacent intervals. The most obvious increase trend was in the 78–79% segment. Considering the
safety of the filling system and the transmission efficiency, the mass concentration should be controlled
below 78%.

Figure 10 shows the relation between rotating speed and torque at different ratios of fine particles
to coarse particles. It shows that the torque increased with the increasing ratio of fine particles to coarse
particles at the same rotating speed. The slope of the fitted curves is significantly larger than the slope
of the curves in Figure 7.

Figure 10. Relation between rotating speed and torque at different ratios of fine particles to
coarse particles.

On the basis of Figure 10, Table 10 shows the relations between rotating speed and torque that
arose from different ratios of fine particles to coarse particles, along with the resulting rheological
parameters of the slurry.

Table 10. Relation between rotating speed and torque at different ratios of fine particles to coarse
particles of the slurry and the resulting rheological parameters.

Ratio of Fine Particles
to Coarse Particles

Relation Between Rotating
Speed and Torque

Viscosity Coefficient
(Pa·s)

Initial Shear
Stress (Pa)

1:1 M = 6.60 × 10−4 ω + 2.08 × 10−3 3.67 126.9
1:1.5 M = 5.66 × 10−4 ω + 1.80 × 10−3 3.16 109.5
1:2 M = 5.02 × 10−4 ω + 1.12 × 10−2 2.96 68.53

1:2.5 M = 5.16 × 10−4 ω + 1.23 × 10−2 2.88 74.68
1:3 M = 4.82 × 10−4 ω + 1.12 × 10−2 2.69 68.52

Figure 11 shows the relation between the viscosity coefficient and different ratios of fine particles
to coarse particles; Figure 12 shows the relation between the initial shear stress and different ratios of
fine particles to coarse particles.
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Figure 11. Relation between viscosity coefficient and different ratios of fine particles to coarse particles.

Figure 12. Relation between initial shear stress and different ratios of fine particles to coarse particles.

The curve shows that the viscosity coefficient decreased with the increase in the ratio of fine
particles to coarse particles. In particular, when the ratio increased from 1:1 to 1:1.5, the viscosity
coefficient decreased significantly. The decreasing trend eased slightly when the ratio increased from
1:1.5 to 1:2, but the slope was still steeper than in the 1:2 to 1:2.5 segment. The decreasing trend from
1:2.5 to 1:3 was more obvious than in the 1:2 to 1:2.5 segment. The curve shows that the fine particle
concentration was the key factor driving the viscosity coefficient change. Small changes in fine particle
content will cause the viscosity coefficient to change remarkably.

The curve shows that the initial yield stress tended to decrease first and then fluctuated with the
increase in the ratio of fine particles to coarse particles. When the content ratio changed from 1:1 to 1:2,
the initial yield stress decreased notably; however, when the content ratio increased from 1:2 to 1:2.5,
the yield stress became larger. Then, the initial yield stress decreased again when the ratio changed
from 1:2.5 to 1:3. It can be seen from the trend of the rheological parameters that the best ratio of fine
particles to coarse particles is 1:2.

Figure 13 shows the relation between rotating speed and torque at different ratios of cement to fly
ash in the slurry. It shows that the torque increased with the ratio of cement to fly ash in the slurry at
the same rotating speed. The slopes of the fitted curves are roughly equal to the slopes of the curves in
Figure 7.
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Figure 13. Relation between rotating speed and torque at different ratios of cement to fly ash in
the slurry.

Table 11 shows the relations between rotating speed and torque at different ratios of fine particles
to coarse particles and the resulting rheological parameters of the slurry, based on Figure 13.

Table 11. Relation between rotating speed and torque at different ratios of cement to fly ash and the
resulting rheological parameters of the slurry.

Ratio of Cement
versus Fly Ash

Relation Between Rotating and
Torque

Viscosity
Coefficient (Pa·s)

Initial Shear
Stress (Pa)

1:3 M = 4.99 × 10−4 ω + 9.00 × 10−3 2.79 54.88
1:3.5 M = 4.67 × 10−4 ω + 9.99 × 10−3 2.61 60.9
1:4 M = 5.02 × 10−4 ω + 1.11× 10−2 2.81 67.56

1:4.5 M = 5.08 × 10−4 ω + 1.21 × 10−2 2.84 72.98
1:5 M = 5.39 × 10−4 ω + 1.59 × 10−2 2.99 109.75

Figure 14 shows the relation between the viscosity coefficient and different ratios of cement to
fly ash; Figure 15 shows the relation between the initial shear stress and different ratios of cement to
fly ash.

Figure 14. Relation between viscosity coefficient and different ratios of cement to fly ash.
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Figure 15. Relation between initial shear stress and different ratios of cement to fly ash.

The curve shows that the viscosity coefficient tended to decrease first and then increased with
the ratio of cement to fly ash. When the content ratio changed from 1:1.5 to 1:2, the initial yield
stress decreased; however, when the content ratio increased from 1:2 to 1:3.5, the viscosity coefficient
became large. The change in the segment from 1:2 to 1:2.5 was the most obvious of all. The segment
from 1:2.5 to 1:3 changed more moderately than the segment from 1:3 to 1:3.5.

The initial yield stress increased with the cement and fly ash content ratio. However, the increasing
tendency for the ratio change from 1:3 to 1:3.5 was more obvious than for the change in ratio from 1:1.5
to 1:3. Considering that the cost of cement is higher than that of fly ash, the cement content should
be reduced as much as possible, i.e., with minimal sacrifice of the filling body’s strength. Taking into
account the slurry’s flowability and the filling cost, the best ratio of cement to fly ash content is 1:3.
In summary, the optimum ratio of Portland cement to fly ash to gangue is 1:3:8.

4. Evaluation of the Effectiveness of Slurry Filling

The paste-like slurry described in this paper was utilized in the Xinyang Coal Mine. The single-strike
longwall mining method was used in this mine, with a mining height of 2.2 m. The average dip angle
of the coal seam was 6◦, and the average strike length of the working face was 569.7 m. The production
capacity was 4.7 million t/a. The mining process alternated with the filling process. The mining face
layout and filling face layout are shown in Figure 16.

Figure 16. Layout diagram of the filling face.

According to the “Safety Regulations for Coal Mines (2016)” [27], coal pillars are left under the
coal mine industrial square facilities to protect these constructions from subsidence and damage.
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The filling process of Xinyang Coal Mine was divided into two stages: The first stage consisted of
filling by using high-concentration cementation filling at the front of the industrial square facilities.
The use of a water-reducing admixture can retain the fluidity of the slurry with less water content,
which is a unique feature of this filling method. This slurry was made of cement, fly ash, gangue,
and a water-reducing admixture. The ratio of cement/fly ash/gangue/water-reducing admixture
was 1:2:5:0.1. The mass concentration of the slurry was 74%. During the second stage, because of the
presence of a large number of buildings and agricultural facilities on the surface, a smaller surface sink
was allowed. The paste-like slurry filling method was used at this stage. The surface sink data was
obtained by a monitoring station on the surface. The layout of the surface monitoring points is shown
in Figure 17.

Figure 17. Layout diagram of the monitoring stations.

Table 12 presents the brick–concrete structure damage grades from the standard of the China
Coal Association. Table 13 presents the surface deformation after using the high-concentration
filling slurry. Table 14 presents the surface deformation after filling with the paste-like slurry.
According to the “Building, Water Body, Railway and Main Mine Road Coal Pillar Retention and
Coal Mining Regulations” [28] enacted by the China Coal Association, the surface deformation of
the high-concentration cement filling process is graded as Class II, and the surface deformation
of the paste-like slurry filling process is graded as Class I, meeting the requirements for surface
building protection.

Table 12. China Coal Association’s brick–concrete structure damage grade system.

Damage
Level

Surface Deformation
Damage Level

Horizontal
Deformation ε (mm/m)

Curvature k
(10−3/m)

Tilt Angle i
(mm/m)

I ≤2.0 ≤0.2 ≤3.0 Negligible Damage or Slight Damage
II ≤4.0 ≤0.4 ≤6.0 Mild Damage
III ≤6.0 ≤0.6 ≤10.0 Moderate Damage
IV >6.0 >0.6 >10.0 Severe Damage

Table 13. Surface deformation after filling with the high-concentration filling slurry.

Surface
Deformation

Vertical
Displacement

(mm)

Horizontal
Displacement

(mm)

Tilt Angle
(mm/m)

Curvature
(mm/m2)

Horizontal
Deformation

(mm/m)

Maximum
Deformation 189 87/−87 3.60/−3.60 0.06/−0.10 2.03/−2.95
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Table 14. Surface deformation after filling with the paste-like slurry.

Surface
Deformation

Vertical
Displacement

(mm)

Horizontal
Displacement

(mm)

Tilt Angle
(mm/m)

Curvature
(mm/m2)

Horizontal
Deformation

(mm/m)

Maximum
Deformation 82 34/−34 1.13/−1.13 0.02/−0.04 0.57/−1.26

The surface sink curves of the two methods are shown in Figure 18.

 
Figure 18. Surface sink curves of two filling slurries at the same filling rate.

Both surface sink-fitted curves were drawn using data collected from monitoring after six months.
Figure 18 shows that: (1) the two curves are similar to a parabola and both high-concentration
cementation filling and paste-like filling could effectively control surface sinking; (2) the area near the
center of the goaf had the maximum surface sink; in the first stage, the variation of the radius, within a
radius of 25 m, is not very obvious, then, when the radius changed from 25 m to 75 m, the sinking
amount is sharply reduced from 180 mm to 30 mm; in the second stage, the sedimentation amount
reduced from 75 mm to 25 mm; both curves have obvious changes; (3) when the radius is larger
than 75 m, the two curves tend to be gentle again, up the boundary of the goaf; (4) the amount of
surface sink when filling with the paste-like slurry was about 45% of the maximum amount of the
surface sink when filling with the high-concentration cement slurry, indicating that the paste-like
filling can better control surface subsidence.

5. Conclusions

The use of coal gangue and fly ash as filling materials is of significance to the sustainable
development of mining. Our experimental results show that gangue and fly ash are suitable as
filling materials. For practical use, the mass concentration of the slurry and the ratio of the components
need to be controlled strictly.

XRD was used to analyze the gangue and fly ash. Their composition indicates that both have high
strength characteristics and can be used as filling materials to support roof stability. The intelligent
torque rheometer provides a new way to obtain the rheological parameters of a slurry that contains
coarse particles. The equipment can also be used for other slurries containing large particles, such as a
coarse coal slurry transported by pipeline. The optimized slurry ratio is determined from the viewpoint
of rheology. Determining the rheological parameters according to the curves obtained from the
measurements is a convenient method that produces accurate results.
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The technology discussed in this paper is suitable for mines that employ paste-like backfilling.
It may be useful to consider the strength of the optimized slurry after its consolidation with different
component ratios, but that requires another research method. It may be that a lower filling rate can
also control the sinking of the land surface, but this needs to be addressed by future studies.
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Abstract: The collision and adhesion behavior of particles and bubbles is the key to flotation.
Many scholars have investigated the collision and adhesion law of regularly shaped and
homogeneous particles (glass beads, glass fiber), but the particles in flotation cells are irregular
and heterogeneous. Therefore, it is necessary to take actual coal samples as the research object.
First, based on previous research, a particle–bubble collision and adhesion behavior measurement
device was set up to study free falling coal particles with different surface properties colliding and
adhering to a bubble (db = 1.0 mm). Then bituminous coal from Inner Mongolia was taken as the
test object, and the collision and adhesion process of a large amount of coal particles was traced.
The entire process is photographically recorded by a camera and analyzed frame by frame through
a self-designed software. Finally, the relationship between collision angle and initial settlement
position (initial), particle velocity (process), and adhesion efficiency (result) was studied by taking
the collision angle as the cut-in point. It was found that both the distribution range of the initial
settlement position and the particle central distribution interval are expanding outward with the
increase of collision angle. The resistance layer has an important influence on the velocity of particles.
The collision angle had an effect on adhesion efficiency and the adhesion efficiency of low-density
particles was higher than that of high-density particles.

Keywords: flotation; coal particle; collision angle; initial settlement position; particle velocity;
adhesion efficiency

1. Introduction

Flotation is a kind of technology that takes bubbles as the carrier to recover useful minerals
according to the difference between particle surface properties. It has the advantages of large
throughput, highly precise separation, and simple operation, so it has been widely used in the
separation of fine minerals such as coal, copper, and zinc ore [1–3]. The interaction between particles
and bubbles will affect the flotation results. At present, it is generally believed that the process of
particle–bubble interaction can be divided into three sub processes [4]: (1) particles collide with bubbles,
(2) particles adhere to bubbles and form a stable combination, and (3) unstable adhesion particles
detach from bubbles.

When a particle collides with a bubble and squeezes the free water between them, there is a
thin liquid film between them [5]. As the particle keeps approaching the bubble, the thin liquid film
gradually thins until it reaches the critical liquid film thickness. With the rupture of the thin liquid
film, the particle adheres to the bubble and the extension of three-phase contact makes the adhesion
more firm. Adhesion is influenced by the particle’s surface properties, the state of the fluid, and the
chemical environment of the solution.
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In recent years, many scholars have done experiments on the movement of particles on the surface
of bubbles. The research method used is mainly particle sedimentation, that is, an injector is used to
create a bubble on top of the needle in the water tank. The particles settle under the action of gravity.
The collision and adhesion process of particles is observed by a high-speed camera [6–8].

At present, materials with homogeneous surface properties (glass beads, glass fiber) are usually
used as test objects. It is found that the adhesion behavior is affected by the hydrophobicity of the
particles [9–11]. Hydrophobic glass beads will jump in the bubbles, while this phenomenon is not
observed if the test material is hydrophilic glass beads. Hydrophilic glass beads only slide along the
upper hemisphere of the bubble and will detach if they cross the bubble equator, but hydrophobic
glass beads will continue to slide along the bubble surface and eventually adhere to the bottom of
the bubble after crossing the equator [12,13]. In addition to hydrophobicity, the shape of the particle
also has a great influence on adhesion [14]. The irregular convex surface of particles can speed up the
liquid film drainage and puncture the liquid film. The induction time of polygonal particles is much
lower than that of spherical particles [15]. It was found that the collision angle also affects adhesion
through studying the motion of hydrophobic glass fiber. Studies have shown that when the collision
angle was less than 30◦, the glass fiber adhered to the bubble along the long axis and adhered stably.
When the collision angle was greater than 30◦, the glass fiber adhered to the bubble along the short
axis and was susceptible to the fluid environment [16].

In summary, most of the tested objects have been materials with regular shape and homogeneous
surface properties (glass beads, glass fiber). Actual minerals have not been studied in depth because of
their complex surface properties and irregular shape. Research work in other fields have shown that
material heterogeneity has an important influence on many processes of particles, such as the strength
and deformation behavior and micro-cracking process of minerals. Therefore, the influence of particle
heterogeneity should be considered in the research of flotation [17–19]. In this paper, actual coal
samples are taken as the research object and the relationship between collision angle and initial settling
position, particle velocity, and adhesion efficiency is studied from the point of view of particle group.

2. Materials and Methods

2.1. Experimental Device

A three-dimensional (3D) diagram of the test device is shown in Figure 1. The main part of the
device is composed of a funnel micromoving device, a bubble micromoving device, a bubble-generating
device, a feeding funnel, a water tank, a camera, and a light-emitting diode (LED) array light source.

 
Figure 1. Three-dimensional (3D) diagram of experimental apparatus: 1: funnel micromoving device;
2: light-emitting diode (LED) array light source; 3: feeding funnel; 4: water tank; 5: bubble micromoving
device; 6: camera; 7: bubble-generating device.

375



Processes 2018, 6, 218

The characteristics of the device are as follows: (1) The funnel position is adjusted by the funnel
micromoving device to ensure that the particles settle in the depth of focus, and the adjustment
accuracy is 0.01 mm. (2) The bubble micromoving device can move bubbles in the direction of
XYZ, and the moving precision is 0.01 mm. (3) The bubble diameter can be adjusted to 0.5–2.0 mm.
(4) The material of the water tank is PMMA (Polymethyl methacrylate) and the light transmittance
rate is 92%. The water tank size is 80 mm × 90 mm × 150 mm. (5) The LED array light source,
used to provide illumination, consists of 8 × 12 LED beads. The luminous flux is 1250 lm and the
color-rendering index is 95.

2.2. Experimental Methods

The conversion relationship between the pixel and the actual distance is first established in the
experiment. The method is as follows: (1) Generate a bubble with the bubble-generation device.
(2) Move the bubble through the bubble micromoving device. Take 1 photo per 0.50 mm and move
5 times. (3) Calculate the actual distance of 1 pixel according to the actual moving distance of the
bubble and the pixel movement of the bubbles in the image. The bubble size can be adjusted according
to the conversion relationship, and the bubble diameter is adjusted to 1 mm in this experiment.

The relative position of the feeding funnel and the bubble is shown in Figure 2. The outlet of the
funnel is 4 mm from the top of the bubble and the particle enters the water tank through the feeding
funnel. No external force is applied in the feeding process, and particles only settle under gravity.
Each experimental video was about 5 h, and the final count of effective particles was about 1200.

 
Figure 2. Diagram of relative position between feeding funnel and bubble.

2.3. Video Processing Software.

The method of video processing is to combine artificial watching video and image processing
software (Image-Pro-Plus 6.0) in the early stage. This method will consume a lot of manpower and
cannot get enough parameters of particles. Besides, there are differences between different people’s
results for the same video. To solve this problem, video processing software was programmed on the
MATLAB platform to realize fully automated processing for the experimental video.
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The software contains two modules. The first module is the ruler processing module, which is
to get the actual distance corresponding to the pixels in the video by precisely moving the bubbles.
The second module is the video processing module, which is to track all particles in the video. Then the
parameters of particles and bubbles are analyzed. These parameters include the particles trajectories,
the particles velocity, the collision point between particles and bubbles, the collision angle, the particles
area, the particles circumference, the particles equivalent diameter and the particles clarity [20].

2.3.1. Principle of Software

The principle of video processing software is to extract each frame of the experimental video for
processing. Each frame is processed by image interception and grayscale transformation. The grayscale
image is transformed into a binary image by the OTSU algorithm. The OTSU algorithm is an efficient
adaptive threshold algorithm. Although the gray-scale average algorithm is simple in calculation, the
segmentation precision is lower for low-contrast images. The maximum entropy algorithm involves
logarithmic operation and the operation speed is low. Because the object in this experiment is the
experiment video which involves a large number of images and the computation is huge so it is not
suitable for the maximum entropy algorithm. After the binarization process finished, the target area
is processed by filling, denoising, and segmentation, and the locations of particles are obtained by
background subtraction. Particle tracking was determined by comparing the shape, characteristic
length, equivalent circle diameter, and position before and after the two frames to determine whether
the particles in the two frames belonged to the same particle. In the process of video processing,
the particle position is represented by centroid coordinates and the particle velocity is calculated
by dividing the moving distance of the particles in the two frames by the time. The particle size is
expressed in equivalent circle diameter, which is equal to the diameter of the projection area of the
particle. Figure 3 shows a diagram of the software.

 

Figure 3. Diagram of software.
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2.3.2. Collision Angle

The collision angle is the angle between the connection of the collision point to the bubble center
and the vertical direction. Because the actual shape of coal particles is irregular, it is difficult to get the
collision angle by using the particle centroid coordinate. To accurately represent the relative position of
particle and bubble, the center of the bubble is defined as the coordinate origin, the horizontal direction
is the x-axis, and the vertical direction is the z-axis.

A schematic of the collision angle solving method is shown in Figure 4. The first step is to find
the edge pixel coordinates of particle and bubble to calculate the distance between the particle’s edge
pixels (the solid point in Figure 4) to the bubble’s edge pixels and find the minimum value. Then the
coordinates corresponding to the minimum distance values of the first time less than 1 pixel are
obtained, which is the collision point. This method is verified by the velocity of the particle. When the
particle collides with the bubble, the velocity will drop to the minimum. The angle between the
centroid point of the particle velocity minimum to the central point of the bubble and the z-axis is
compared with the collision angle. It was found that the difference between the two angles was ±3◦.

Figure 4. Schematic of collision angle solving method.

2.4. Materials

The test coal samples were bituminous coal from Gongwusu ore district, which is located in
the northwest edge of Ordos basin and belong to Zhuozishan coalfield. The coal-bearing stratum
in Zhuozishan coalfields are mainly composed of delta facies, tidal-flat facies and meandering river
facies. The main coal-bearing stratum in the coalfield are located in the Permo-Carboniferous Taiyuan
formation and Shanxi formation. The coalfield contains 18 coal seams which are sequentially numbered
No. 1–No. 18 from top to bottom. The main coal seam is No. 9 coal seam of Shanxi formation and
No. 16 coal seam of Taiyuan formation and the coal-bearing sedimentary sequence from Gongwusu
mine is shown in Figure 5 [21,22].

In this experiment, the coal sample was taken from No. 16 coal seam and the coal sample was
pre-treated before the experiment. First, the coal samples were wet-screened to obtain samples of
particle size 0.15–0.10 mm. Subsequently, float-and-sink tests were carried out to obtain coal samples
with density of −1.3 g/cm3, 1.4–1.5 g/cm3, and +1.7 g/cm3. The air dry basis ash (Aad) of the 3 samples
was 3.62%, 18.12%, and 42.96% and the static contact angles were 100.5◦, 87.1◦, and 65.6◦, respectively.
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Figure 5. The coal-bearing sedimentary sequence from Gongwusu mine.

The experimental liquid environment was deionized water with conductivity of 0.25 μs/cm.
We added 600 mL deionized water to the water tank, ensuring that the liquid surface completely
submerged the funnel inlet. In each test, 5 mg coal particles and 200 mL deionized water were mixed
evenly with a magnetic stirrer. The video resolution was 1280 × 720, the ISO was 100, the FPS was 50,
the value of the aperture was 5.6, the shutter speed was 1/500, and the test environment temperature
was 25 ± 1 ◦C.
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3. Results and Discussion

3.1. Collision Angle versus Initial Settlement Position

Due to the influence of water flow disturbance, fine particles coming out from the funnel outlet
will have a radial oscillation. To ensure the verticality of particle trajectory, the initial settlement
position was set at 2 mm from the origin of the coordinates.

During the statistical process, it was found that the particle number distributions in different
collision angle ranges were quite different. Taking the coal samples with density 1.4–1.5 g/cm3 as
an example, Figure 6 shows the ratio of number of particles in each collision angle to total number
of particles.
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Figure 6. Ratio of particles in each collision angle.

As shown in Figure 6, the number of particles in the middle collision angle range had more than
two sides. At a collision angle of 20–50◦, the number of particles accounted for 73.10% of the total
particles. When the collision angle was less than 10◦ or greater than 60◦, the number of particles was
very small; when the collision angle was greater than 60◦, the ratio was only 3.88%.

Particle flow around the bubble in the process of approaching was analyzed, resulting in the
trajectory of particles deviating from the z-axis. If the initial settlement position was far from the z-axis,
it was difficult for particles to collide with the bubble due to the influence of the flow around the
bubble, resulting in a smaller number of particles at a collision angle greater than 60◦.

To study the relationship between the initial settlement position and the collision angle, first,
the distance between the initial settlement position and the z-axis of the particles in the range of the
collision angles was calculated with an interval of 10◦. Then the particle ratio in each interval was
calculated with an interval of 0.05 mm.

Figure 7 shows the distribution of the initial settlement position corresponding to each collision
angle. To visually reflect the ratio of particles in the initial settlement position, a change in color is used
to indicate a change in the ratio of particle numbers. When the collision angle was greater than 60◦,
there were few particles that could collide with bubbles, and they had no statistical meaning.

It can be seen from Figure 7 that the initial settlement position of the particles shows two change
rules as collision angle increased. First, the initial settlement position range continued to expand
outward. Second, the central distribution interval of the particles in the initial settlement position also
expanded outward.
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Figure 7. Distribution of initial settlement position of each collision angle.

When the collision angle increased from 0–10◦ to 20–30◦, the initial settlement position extended
from 0.15 mm to 0.30 mm from the z-axis. When the collision angle increased to 30–40◦, a hollow
interval appeared. That means that no particle collided with the bubble in the interval near the z-axis.
As the collision angle increased, the area of the hollow interval expanded continuously. When the
collision angle increased to 50–60◦, the interval between 0–0.20 mm was hollow. At collision angles
of 0–20◦, the particle central distribution interval was 0–0.10 mm, and the ratio of particles in this
interval was over 70%. With the increase of collision angle, the central distribution interval of particles
expanded outward. When the collision angle increased to 20–30◦ and 30–40◦, the main distribution
intervals of particles were 0.05–0.25 mm and 0.10–0.30 mm, respectively. The ratio of particles in these
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two intervals was 79.95% and 70.78%. When the collision angle increased to 40–50◦, the particles were
mainly distributed in the interval of 0.20–0.40 mm. The ratio of particles in the interval reached 78.07%.

3.2. Collision Angle versus Particle Velocity

During the sedimentation process, the velocity of particles is affected by the relative position of
particles and bubbles. Figure 8 shows the actual trajectory of six particles; the density of these particles
was between 1.4 and 1.5 g/cm3, and these particles were obtained by float-and-sink experiment.
The collision angles were 5.86◦, 15.03◦, 21.33◦, 36.99◦, 41.95◦, and 50.91◦, in ascending order.

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0  5.86°
 15.03°
 21.33°
 36.99°
 41.95°
 50.91°

Bubble

X position (mm)

Z 
po

si
tio

n 
(m

m
)

 
Figure 8. Trajectory of coal particles.

Figure 9 shows a diagram of particle velocity corresponding to the particles in Figure 8.
The particle velocity was very stable when the particle was far from the bubble, and the velocity
was the terminal velocity. When the distance between particles and bubbles decreased to a certain
distance, the velocity of particles decreased sharply and achieved the minimum at the collision point.

As the particles began to slide on the surface of the bubble, the particle velocity gradually
increased. When the particles slid to the equator of the bubble, the particle velocity increased to the
maximum. At this time, the particle velocity was similar to the terminal velocity. As the particles
crossed the bubble equator, the particle velocity began to decrease, eventually reducing to 0, and finally
the particle adhered to the bottom of the bubble.
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Figure 9. Diagram of particle velocity.

As shown in Figure 9, the particle velocity began to decrease before collision, and this process is
related to the collision angle. The idea of resistance layer was introduced when exploring the effect of
bubbles on particle velocity. Once the particle enters the resistance layer, the velocity decreases until
it collides with the bubble. To quantify the range of resistance layer, the position where the particle
velocity decreases by 10% is defined as the boundary of the resistance layer. Figure 10 shows the
resistance layer boundary of the three coal samples. Figure 11 shows the distance from the resistance
layer boundary to the bubble center at different collision angles.
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Figure 10. Boundary of coal sample resistance layer.

It is known from Figure 11 that the thickness of the resistance layer around the bubble is not
constant, but is related to the collision angle and the properties of particles. The thickness of the
resistance layer gradually thins as the collision angle increases. When the collision angle increases to
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50–60◦, the thickness of the resistance layer is reduced to 0.24 mm. As the particle density increases, the
thickness of the resistance layer is compressed. When the particle density increases from −1.3 g/cm3 to
+1.7 g/cm3, the resistance layer thickness of the three coal samples is 0.39 mm, 0.36 mm, and 0.29 mm
at a collision angle of 0–20◦, and the resistance layer thickness of low-density particles at each collision
angle is larger than that of high-density particles.
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Figure 11. Boundary of coal sample resistance layer to center of bubble.

In addition, when the particle collides with the bubble at different collision angles, the particle
velocity changes with the collision angle. The terminal velocity of the six particles in Figure 8 is around
3 ± 0.5 mm/s. The particle velocity at the collision point increases with the increase of collision angle.
Figure 12 shows the relationship between particle velocity at the collision point and collision angle.
The relationship between the decreased ratio of particle velocity at the collision point and the collision
angle is shown in Figure 13.
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Figure 12. Particle velocity at collision point.
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Figure 13. Reduction ratio of particle velocity at collision point.

When the collision angle is less than 50◦, the particle velocity at the collision point increases
approximately linearly with the increase of collision angle. When the collision angle is greater than
50◦, the particle velocity at the collision point tends to be stable and the decreased particle velocity
ratio accounts for about 20% of the terminal velocity. The reduction of particle velocity at the collision
point is related to the particle density, and the velocity reduction of low-density particles is larger than
that of high-density particles, but the difference is not obvious. When the collision angle is 0–10◦, the
decreased velocity ratio of three coal samples is 89.78%, 87.39%, and 83.84%, respectively. When the
collision angle increases to 50–60◦, the decreased velocity ratio is 20.54%, 19.20%, and 17.20%.

3.3. Collision Angle versus Adhesion Efficiency

The particle will slide along the surface of the bubble after colliding with the bubble. If the
particle–bubble interaction force can puncture the thin liquid film during the sliding period, a
three-phase contact will be formed, and the particle will adhere to the bubble. Conversely, the
particle will slide from the surface of the bubble.

Adhesion efficiency is the ratio of the number of particles adhering to the bubble at a certain
position to the total number of particles at that position. The adhesion efficiency of the three coal
samples was fitted by logistic model, and the adjusted R-square is above 0.95. This means that the
fitting equation can reflect the change of adhesion efficiency with the collision angle (Figure 14).
Taking the 1.4–1.5 g/cm3 coal samples as an example to analyze, when the collision angle is less
than 20◦, the adhesion efficiency is over 90%; as the collision angle increases, the adhesion efficiency
decreases rapidly. When the collision angle increases to 40–50◦, the adhesion efficiency drops to 37.82%.
At this collision angle, it is hard for the particle to adhere to the bubble. When the collision angle is
greater than 60◦, the adhesion efficiency is almost 0.
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Figure 14. Adhesion efficiency of coal samples.

Analysis shows that the differences of the particles in the same coal sample are not huge.
According to the experimental results of Section 3.2, if the particle collides with the bubble at a
small collision angle, the particle velocity at the collision point is very small, which means there is a
big loss of the particle’s kinetic energy. This kinetic energy is used to drain the thin liquid film. As the
collision angle increases, the particle velocity at the collision point increases gradually, which means
the particle’s ability to puncture the thin liquid film decreases, so the adhesion efficiency decreases
with the increase of collision angle. The adhesion efficiency of the three coal samples decreases with
the increase of coal sample density under the same collision angle.

To quantify adhesion efficiency, the area enclosed by the adhesion efficiency curve is calculated
by the Gauss–Legendre numerical integration method, which is used to indicate the level of the coal
sample’s adhesion efficiency. This value is defined as the static water adhesion angle. The static water
adhesion angles of the three coal samples were 38.35◦, 33.62◦, and 22.70◦. This means that the static
water adhesion angle decreases with the increase of coal sample density.

Analysis shows that adhesion behavior is affected by the hydrophobicity of the particle.
Nguyen used AFM (Atomic Force Microscope, Veeco, Santa Barbara, CA, USA) to determine the
interaction force between hydrophobic glass beads and bubbles, and found that there was a strong
attraction force between them. This force will break the thin liquid film and make the glass beads
adhere to the bubbles, but the interaction force between hydrophilic glass beads and bubbles is
expressed as repulsion [23]. Xie [24] confirmed the results by measuring the interaction force between
sphalerite and bubbles.

The static contact angles of the three coal samples were 100.5◦, 87.1◦, and 65.6◦. This means that
the hydrophobicity of particles decreased with the increase of particle density. As the particle density
increases, the proportion of hydrophilic part in the coal increases. The probability of contacting the
bubble increases, thereby causing the adhesion efficiency of the coal sample to decrease.

4. Conclusions

The study of the relative motion between particles and bubbles is very important for the
understanding of flotation mechanism. A device was used to study the collision and attachment
processes between particles and bubbles. A large number of coal particles were tracked and the
relationship between the collision angle and the particle initial settling position, the particle velocity
and the adhesion efficiency was studied.

1. The number of particles in different collision angles varies greatly. The particles are mainly
distributed in the range of 20–50◦. With the increase of collision angle, both the initial settlement range
and the central distribution interval of the particles expand outward gradually.
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2. Particle velocity is affected by the distance between the particles and the bubbles. After the
particles enter the resistance layer, the velocity decreases immediately. The thickness of the resistance
layer keeps constant and then slowly thins as the collision angle increases. The thickness of the
resistance layer of low-density particles is larger than that of high-density particles at all positions.
With the increase of collision angle, the particle velocity at the collision point decreases. The proportion
is reduced.

3. Adhesion efficiency decreases with the increase of collision angle, and the adhesion efficiency
of low-density particles is higher than that of high-density particles.
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Abstract: The development of natural gas in tight sandstone gas reservoirs via CH4-CO2 replacement
is promising for its advantages in enhanced gas recovery (EGR) and CO2 geologic sequestration.
However, the degree of recovery and the influencing factors of CO2 flooding for enhanced gas
recovery as well as the CO2 geological rate are not yet clear. In this study, the tight sandstone gas
reservoir characteristics and the fluid properties of the Sulige Gasfield were chosen as the research
platform. Tight sandstone gas long-core displacement experiments were performed to investigate
(1) the extent to which CO2 injection enhanced gas recovery (CO2-EGR) and (2) the ability to achieve
CO2 geological storage. Through modification of the injection rate, the water content of the core,
and the formation dip angle, comparative studies were also carried out. The experimental results
demonstrated that the gas recovery from CO2 flooding increased by 18.36% when compared to the
depletion development method. At a lower injection rate, the diffusion of CO2 was dominant and
the main seepage resistance was the viscous force, which resulted in an earlier CO2 breakthrough.
The dissolution of CO2 in water postponed the breakthrough of CO2 while it was also favorable
for improving the gas recovery and CO2 geological storage. However, the effects of these two
factors were insignificant. A greater influence was observed from the presence of a dip angle in tight
sandstone gas reservoirs. The effect of CO2 gravity separation and its higher viscosity were more
conducive to stable displacement. Therefore, an additional gas recovery of 5% to 8% was obtained.
Furthermore, the CO2 geological storage exceeded 60%. As a consequence, CO2-EGR was found
to be feasible for a tight sandstone gas reservoir while also achieving the purpose of effective CO2

geological storage especially for a reservoir with a dip angle.

Keywords: CO2 flooding; supercritical CO2; CO2 geological storage; tight sandstone gas reservoirs;
enhanced gas recovery

1. Introduction

“Gas flooding” typically using CO2, N2, or air has become one of the leading enhanced oil recovery
(EOR) technologies for residual oil development in conventional reservoirs [1–4]. Unfortunately,
“gas flooding” for natural gas reservoirs is currently only in the research and development stage.
Tight gas reservoirs are one of the most important areas of unconventional natural gas exploration
and development in the world and they have rich resource reserves [5]. However, a tight gas reservoir
is characterized by poor reservoir properties, strong heterogeneity, and complicated pore-throat
structures. The main traditional method for gas recovery is depletion development, but the recovery is
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only approximately 35% [6,7]. In order to increase recovery from tight gas reservoirs, a new method of
enhanced gas recovery (EGR) is urgently required. The phase state of CO2 is easily transformed into
the supercritical state [8–10] when the temperature exceeds the critical temperature (31.26 ◦C) and the
pressure exceeds the critical pressure (7.29 MPa). Due to tight/shale gas reservoirs generally having
great depths, it is easy for CO2 to reach the supercritical state if it is injected into these reservoirs.
Theoretically, supercritical CO2 effectively displaces the natural gas and improves gas recovery in
tight/shale gas reservoirs due to its higher density, higher viscosity, and lower diffusion rate.

There have been a substantial number of detailed investigations on gas adsorption characteristics
in recent years, which aim to understand the mechanism of CH4 displacement by CO2 in coal
reservoirs. Littke [11] studied the adsorption and desorption abilities of CO2 and CH4 under various
temperature and pressure conditions. The adsorption capacity of CO2 was higher when compared to
CH4. Liang [12] experimentally investigated the displacement mechanism underlying the driving out
of coal-bed methane by gaseous CO2 and discovered that the permeability of CO2 was beyond two
orders of magnitude higher when compared to CH4. This result was explained by the differences in
the physical properties of the two gases, which are combined with the competitive adsorption effect.
Zeng [13] theoretically established an internally consistent adsorption-strain-permeability model to
describe the adsorption capacity of coal reservoirs to CH4 and CO2 and the displacement process of
CH4 by CO2. The results indicated that the adsorption capacity of CO2 was two to five times that
of CH4. In general, CO2 is chosen for injection into tight sandstone gas reservoirs to achieve EGR
based on the following aspects. First, CH4 in tight gas reservoirs primarily exists in an adsorbed state
and CO2 has a stronger adsorption capacity than CH4 under the same conditions [14,15]. Second,
since the mixing speed of CO2 and CH4 is slower when compared to pressure recovery, the injection
of CO2 can increase the formation pressure and displacement pressure gradient. Consequently,
the flow velocity increases, which effectively gathers and drives the flow of CH4 in the reservoirs [16].
Moreover, the maintenance of pressure can also provide pressure support to prevent the formation
of subsidence and water invasion [17]. In addition, injecting CO2 into tight sandstone gas reservoirs
not only can achieve the purpose of EGR but also realize CO2 geological storage, which is of great
significance for mitigating the global greenhouse effect [18,19]. For the previously mentioned reasons
and the fact that CO2 flooding can increase coal seam recovery, CO2 flooding is feasible for EGR
from tight sandstone gas reservoirs, theoretically. According to reports, only three pilot projects
have existed globally [20,21]. CO2 storage pilot experiments were carried out in three gas fields
including Beihai K12-B in Holland [22], Budafa in Hungary [23], and Algeria [10], but all were mainly
concerned with achieving CO2 geological storage. CO2-EGR is widely utilized in medium-permeability
and high-permeability gas reservoirs both domestically and overseas while experimental studies on
CO2-EGR in tight sandstone gas reservoirs have rarely been reported.

In this work, the reservoir characteristics and fluid properties of the Sulige Gasfield were chosen
as the research platform while displacement experiments using combined natural long-cores were
performed to investigate the variables affecting CO2-EGR. The extent of CO2-EGR and CO2 geological
storage was measured by using various injection rates, dry and aqueous cores, and formation
dip angles. In this scenario, the feasibility of CO2-EGR in tight sandstone gas reservoirs using
the displacement mechanism is examined and the geological storage of CO2 is also discussed
and explained.

2. Experimental Section

2.1. Cores

During experimentation, natural tight cores were obtained from the Sulige Gasfield of Ordos
Basin. In order to simulate the actual geological conditions of tight gas sandstone reservoirs, long-core
displacement experiments were carried out. Since a natural tight long-core with a length of 1 m was
obviously unrealistic for the experiments, a series of natural small-sized cores were combined to
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form a long-core, which was used to perform the displacement experiments of natural gas with
CO2. The long-core consisted of 32 natural tight short-cores that were 3.0 × 10−4 m in length
and 2.5 × 10−4 m in diameter. The total long-core was approximately 1 m in length. Even though
this combination of natural short-cores might result in the end effect, the placement of a piece of
filter paper between every two short-cores could effectively ameliorate it [24]. Using weighted
averages, the average permeability and porosity of the long-core were 0.325 × 10−3 μm2 and 9.36%,
respectively. In addition, a piece of tight sandstone core was used to perform the capillary pressure
tests. The diameter of the core was 2.54 × 10−2 m and the length was 5 × 10−2 m. The core permeability
and porosity were 0.307 × 10−3 μm2 and 9.41%, respectively.

2.2. Fluid

The gas for the experiments was CH4 of high purity with the purity exceeding 99.95%. The CO2

purity for the experiments exceeded 99.9%. The simulated formation water for the experiments was
prepared according to the ion content and salinity of the actual formation water in the Sulige Gasfield,
which is presented in Table 1.

Table 1. Mineral composition of the water sample in experiments.

K+ Na+ Ca2+ Mg2+ Sr2+ Cl− SO4
2− CO3

2− HCO3
− OH− Total Salinity

(mg/L)

1541 15,221 12,344 2539 650 59,774 744 none 257 none 102,000

2.3. Experimental Setup

The experimental setup for the long-core displacement experiments was produced in France and it
was mainly composed of an injection system, a displacement system, and a production system. A total
of six pressure measurement points were set up from the injection end to the outlet end and the pressure
variation throughout the entire process was observed by a monitoring system. The experimental
installation is presented in Figure 1.

Figure 1. Schematic diagram of the experimental setup (1. Intermediate container (high purity
CH4), 2. Intermediate container (simulated water), 3. Intermediate container (high purity CO2),
4. Pump, 5. Sluice with five gates, 6. Vacuum pump, 7. Pressure gage, 8. Electronic pressure
gauge, 9. The long-core, 10. Confining pressure pump, 11. Back pressure pump, 12. Conical flask,
13. Electronic pressure gauge, 14. Chromatographic analyzer, 15. Angle regulator of core, 16. Beaker,
17. Thermostat box).

In addition, a high-pressure semipermeable plate instrument was utilized for capillary
pressure testing.
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2.4. Experimental Method

The experiments were conducted under the conditions of 110 ◦C and 30 MPa, which match the
conditions in the actual tight gas reservoir of the Sulige Gasfield.

2.4.1. Measurement of Capillary Pressure

The effect of the injection rate on the results of CO2 flooding CH4 can be interpreted by comparing
the viscous pressure drop generated by the flow and the capillary pressure. Therefore, we conducted
an experiment using the semipermeable plate method to measure the capillary force [25] and then we
measured the correlation of the capillary force with water saturation. First, the core was saturated
with water. Then the displacement pressure difference between the two ends was established by using
vacuum extraction. This pressure difference is balanced with a certain capillary force and different
displacement pressure differences correspond to different capillary forces. Under a displacement
pressure difference, the non-wet phase fluid (gas) displaces the wet phase fluid (the formation water)
in the core. Therefore, the saturation of the wet phase (water) decreases as the displacement pressure
difference increases. According to the displacement pressure balanced with the capillary pressure
and the corresponding wet phase (water) saturation in the core during the displacement process,
the correlation of the capillary force with the wet phase (water) saturation can be obtained. According
to the research of Zou et al. [26,27], for a tight sandstone gas core, a hydrophilic semipermeable plate
with a threshold pressure of 3 MPa should be selected. Thus, after the wet phase fluid saturates the
semipermeable plate, the wet phase fluid can only pass through the semipermeable plate as a result
of the capillary pressure until the displacement pressure is not less than the threshold pressure of
the semipermeable plate. It is worth noting that the equilibration time should exceed 72 h for each
pressure point.

2.4.2. Measurement of CH4 Recovery and CO2 Storage Efficiency through CO2 Flooding

Generally, higher water saturation always exists in tight sandstone gas reservoirs in China. As a
consequence, irreducible water saturation under conditions of confining pressure and a displacement
pressure drop should be established in the experiment first. The simulated formation water was
injected into the long-core and CH4 was used to displace the water until the simulated formation water
did not flow out of the long-core outlet.

The experiments were performed according to the following procedures.

(1) The short tight sandstone cores were added to the long-core holder in order, which was placed into
the thermostat box. The displacement flow path was connected, according to the experimental
device diagram presented in Figure 1.

(2) The long-core was vacuum-pumped. The thermostat box was set to 110 ◦C and the long-core
confining pressure was set to 30 MPa.

(3) The irreducible water saturation status of the combined tight long-core was obtained under
conditions of confining pressure and a displacement pressure drop. The simulated formation
water was injected into the closed long-core holding system from intermediate container 2.
Consequently, high-purity CH4 gas was injected into the system from intermediate container 1.
In this process, the simulated formation water was displaced by CH4 until it did not flow out of
the long-core outlet, which indicated that this procedure was over.

(4) Pure CH4 was continuously injected into the closed long-core holding system with a constant
pressure of 8 MPa. The tight sandstone long-core was fully saturated with CH4 and the outlet
valve was closed during the entire saturation process. The CH4 saturation process was considered
to be completed when the inlet pressure was stable for more than 12 h.

(5) The intermediate container 3, which was filled with high-purity CO2, was connected to the
displacement device system. The pressures of the long-core inlet and outlet were 12 MPa and
8 MPa, respectively. This meant that the displacement differential pressure was 4 MPa. Each time
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that a 0.1 pore volume (PV) of CO2 was injected into the long-core, the pressure at each pressure
point was recorded. Furthermore, the gas production at the outlet was also recorded and the gas
contents of CH4 and CO2 were analyzed with the chromatography analyzer. The characteristics
of CO2 migration and breakthrough of the front edge were monitored in real time. Additionally,
the displacement efficiency of CO2 flooding CH4 was calculated. When the gas content of CO2 at
the outlet exceeded 98%, the experiments were over.

(6) Subsequent to each group of experiments, the tight sandstone long-core was vacuum-pumped
and steps (2)–(5) were repeated.

3. Results and Discussion

3.1. CH4 Recovery through CO2 Flooding and CO2 Storage Efficiency under Constant Pressure Displacement

Under a confining pressure of 30 MPa, the irreducible water saturation of the combined tight
long-core was 41.05% in this experiment. According to the previously mentioned experimental
procedures, CO2 was injected to displace CH4 at a constant pressure of 4 MPa until the gas content of
CO2 at the outlet exceeded 98%. The CO2 mole fraction collected at the outlet and the CO2 recovery
calculated are shown in Figure 2a,b. Under the experimental temperature and pressure conditions,
CO2 was in the supercritical state. The results demonstrated that the displacement front of supercritical
CO2 would be miscible with CH4, which requires an extended duration of this process.

Figure 2. Experimental results under constant differential pressure displacement. (a) CO2 mole fraction
at the outlet versus the injected CO2 pore volume. (b) CH4 recovery by CO2 flooding. (c) Pressure drop
over a tight long-core versus the pore volume during CO2 flooding (Note: the colored lines represent
the various injected CO2 pore volumes).
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According to Figure 2a, as the pore volume (PV) of the injected CO2 increased to 0.4 PV, a current
of CO2 was detected at the outlet, which indicated that displacement front breakthrough had occurred.
Following this, the CO2 mole fraction collected at the outlet increased almost linearly with the pore
volume of the injected CO2 until it reached 0.7 PV. When it reached approximately 0.8 PV, almost no
CH4 was detected at the outlet, which indicates that the CH4 recovery had reached its maximum. It can
be clearly observed from Figure 2c that the pressure drop was mainly diminished at the displacement
leading edge. Before breakthrough of the leading edge, the higher the pore volume of the injected
CO2, the further the pressure propagation, and, for the same pressure test point, the pressure drop
decreased. As the injected CO2 reached 0.4 PV, breakthrough occurred at the displacement leading
edge. Subsequently, with the increase in the pore volume of injected CO2, the distribution of the
pressure drop was more uniform over the whole long-core. With the formation of continuous flow
channels, the pressure drop tended to be stable. When the injected CO2 pore volume was 1.0 PV,
the pressure drop curve was close to linear.

As seen in Figure 2b, the CH4 recovery from CO2 flooding was approximately 53.36%, which is
an 18.36% increase when compared to the depletion development method for tight sandstone gas
reservoirs. Therefore, it can be concluded that it is feasible to achieve EGR in tight sandstone gas
reservoirs through CO2 flooding.

3.2. CH4 Recovery through CO2 Flooding and CO2 Storage Efficiency under Various Injection Rates

In order to determine the effect of the injection rate on EGR and CO2 storage efficiency, four groups
of experiments were conducted using injection rates of 0.2, 0.4, 0.6, and 0.8 mL/min, respectively.
The experimental results are presented in Figure 3.

The results demonstrated that, with the injection rate conditions of 0.2, 0.4, 0.6, and 0.8 mL/min,
displacement front breakthrough occurred when the injected CO2 pore volume was 0.34, 0.42, 0.47,
and 0.60 PV, respectively (Figure 3a). The lower the displacement velocity is, the earlier the occurrence
of displacement front breakthrough is. This result occurred because the diffusion of CO2 dominated
under a lower injection rate. Moreover, the viscous pressure drop, which was generated by the flow
and the capillary pressure between the gas and the water, constituted the percolation resistance. At a
lower injection rate, because the water in the tiny capillaries could barely be driven and the long-core
was already in a state of near-irreducible water saturation, the capillary pressure had little effect on
the gas flow. CO2 mainly flowed in the channels formed by larger-sized pores and throats. The main
seepage resistance was the viscous force between the gas and the water attached to the pore surface
while the viscous force was relatively lower at a lower injection rate. This was also a reason for gas
breakthrough occurring sooner. Under a higher injection rate, in order to overcome higher seepage
resistance, the injection pressure was apparently higher, which caused displacement of the additional
water in the tiny capillaries. Consequently, the water saturation further decreased and the capillary
pressure increased (Figure 4). When the water saturation decreased from 41.5% to 40.75%, the capillary
force rapidly increased from 2.09 to 3.52 MPa. That means that the water saturation only decreased
by less than 1.8% but caused an increase in a capillary force up to 168%. In this case, the capillary
pressure and the viscous force increased simultaneously, but the seepage resistance was too high,
which requires more time for the breakthrough to occur.

Figure 3b shows the changing degrees of CH4 recovery with varying injection rates. There were
large differences in the degree of CH4 recovery for different time frames of CO2 breakthrough.
At CO2 leading edge breakthrough, the CH4 recovery was 43.24%, 46.10%, 50.46%, and 56.25%,
which corresponds to the CO2 injection rates of 0.2, 0.4, 0.6, and 0.8 mL/min. The difference between
the maximum and the minimum degree of recovery was 13.01%. However, at the end of displacement,
CH4 recovery corresponding to the four injection rates above was 56.39%, 57.32%, 58.00%, and 59.80%.
The CH4 recovery difference was only 3.4% over the entire displacement range. This phenomenon
demonstrated that the miscible behavior between supercritical CO2 and CH4 mainly occurred at the
leading edge of the displacement and it required more time to occur under lower displacement velocity

394



Processes 2018, 6, 214

conditions. Therefore, the miscible band range was also relatively higher. In addition, a continuous flow
channel gradually formed following breakthrough of the leading edge and, subsequently, no additional
water outflow occurred at the outlet. This meant that the capillary pressure was essentially constant
and the viscous force was slightly decreased. In general, slight changes existed in the swept volume of
CO2 flooding at various injection rates. Consequently, the injection rates had slight differences during
EGR by CO2 flooding.

Figure 3. Experimental results under various injection rates. (a) CO2 mole fraction at the outlet versus
injected CO2 pore volume. (b) CH4 recovery by CO2 flooding. (c) Pressure drop over tight long-core
versus the pore volume during CO2 flooding. (d) The proportion of injected CO2 being stored versus
an injected CO2 pore volume.

Figure 4. Curve of capillary pressure versus water saturation.
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During CO2 flooding, the increase in the pressure drop accelerated with the injected CO2 pore
volume prior to the displacement front breakthrough (Figure 3c). The pressure drop over the long-core
attained its maximum value prior to the moment of the breakthrough. At the different breakthrough
points, the pressure drop over the long-core was 2.12, 4.07, 5.89, and 8.16 MPa. Subsequently,
the pressure drop decreased gradually and the speed decreased more quickly for higher injection
rates of displacement under the same injected CO2 pore volume conditions. At a lower injection rate,
breakthrough of the leading edge mainly depended on the diffusion of CO2 molecules. Consequently,
the pressure drop became slower after breakthrough. As a flowing single gas gradually becomes
a mixture of gases, the pressure drop was mainly concentrated in the latter half of the long-core.
The closer to the outlet the pressure drop concentration is, the higher the resistance to seepage is.

The proportion of CO2 being stored is defined as the ratio of the amount of CO2 storage to the total
amount of CO2 injected. In the initial stage, most of the injected CO2 remained in the long-core and
the proportion of CO2 being stored was higher (Figure 3d). From the injection of CO2 to breakthrough
of the leading edge, the proportion of the stored CO2 decreased from 100% to 84.85%, 85.07%, 86.76%,
and 87.64%, which corresponds to CO2 injection rates of 0.2, 0.4, 0.6, and 0.8 mL/min, respectively.
Following CO2 breakthrough, the proportion of stored CO2 decreased rapidly and it was almost
unaffected by the injection rate. The final proportion of CO2 being stored was 32.50%. This occurred
due to the fact that both CO2 and CH4 had sufficient time to achieve sufficient miscibility with a lower
injection rate. Therefore, additional CO2 was stored subsequently to the leading edge breakthrough.
To a certain extent, a higher CO2 injection rate could improve gas recovery. However, it would also
lead to larger pressure loss in a short time, which is not conducive to sustainable, stable production.
As a consequence, the actual production system for developing tight sandstone gas reservoirs should
take into account the joint determination of EGR and the economic payback period.

3.3. CH4 Recovery through CO2 Flooding and CO2 Storage Efficiency under Dry and Aqueous Cores

In general, higher water saturation is common in the tight sandstone gas reservoirs of China [5].
In one group of experiments, the tight long-core was saturated with high-purity and dry CH4. In the
other group, an aqueous long-core with an irreducible water saturation of 41.5% existed under the
confining pressure of 30 MPa. The injection rate was 0.2 mL/min.

The results demonstrated that the displacement front broke through when the injected CO2 pore
volume was 0.4 PV for the dry long-core while it was up to 0.5 PV for the aqueous core (Figure 5a).
For the former, when the injected CO2 was 0.76 PV, the CO2 mole fraction collected at the outlet was
100% and no more CH4 was displaced. For the latter, this situation did not occur until the injected CO2

was 0.95 PV. Due to the presence of water, a portion of injected CO2 initially dissolved and formed
unstable carbonic acid in the water. In the same area, when the carbonic acid was saturated in the
aqueous solution, CO2 began to displace CH4. Consequently, leading edge breakthrough occurred
slightly later in time for the aqueous long-core with CO2 flooding. When the CO2 leading edge broke
through, the CH4 recovery was 48.78% and 52.48%, which corresponds to the dry long-core and the
aqueous core. However, at the end of displacement, the corresponding CH4 recovery was 54.68%
and 56.23%, respectively (Figure 5b). In previous studies [28], it was shown that, due to the strong
adsorption capacity of the tight sandstone rock surface, a tiny fraction of pores and throats might
be blocked by water. Consequently, CH4 exists in relatively larger-sized pores and throats, so it is
more easily displaced. The amount of gas in this part was quite limited. Therefore, CO2-EGR for the
aqueous long-core was slightly enhanced when compared to the dry long-core.

As shown in Figure 5c, there was less variation in the range of pressure drop values for the aqueous
long-core when compared to the dry long-core. Due to a portion of injected CO2 being dissolved in the
formation water, under the same injected CO2 pore volume, the pressure drop was relatively lower
when compared to the dry long-core. The higher the pressure, the higher the proportion of dissolved
CO2 in the formation water. At the point of CO2 leading edge breakthrough, the pressure drop over
the dry long-core and the aqueous long-core was 2.85 and 2.32 MPa. Following breakthrough of the
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leading edge, for the aqueous long-core, the seepage resistance was lower when compared to the dry
long-core. Therefore, the pressure drop decreased more slowly.

Figure 5. Experimental results under tight dry and aqueous cores. (a) CO2 mole fraction at the outlet
versus injected CO2 pore volume. (b) CH4 recovery by CO2 flooding. (c) Pressure drop over tight
long-core versus the pore volume during CO2 flooding. (d) The proportion of injected CO2 being
stored versus an injected CO2 pore volume.

From the injection of CO2 to the breakthrough of the leading edge, the proportion of the stored
CO2 decreased from 100% to 84.03% and 84.80%, which corresponds to the dry long-core and the
aqueous core, respectively (Figure 5d). Following breakthrough of CO2, the proportion of CO2

being stored decreased rapidly for the two situations mentioned above. At the end of displacement,
the proportion of CO2 being stored was 33.07% and 34.92%. In summary, due to the dissolution of CO2

in the formation water, the total CO2 being stored in the aqueous tight long-core was about 5% higher
than that of the dry long-core during the whole displacement process. For the aqueous long-core,
CO2 was mainly stored by two mechanisms. One was to displace CH4 and occupy its former position
and the other way was to dissolve in the formation water. Accordingly, a slightly improved geological
storage effect existed for CO2 in tight sandstone reservoirs with formation water. This indicates that
CO2 flooding is more suitable for an aqueous tight sandstone gas reservoir (such as in China) since it
results in a higher degree of enhanced gas recovery and improved CO2 storage. In addition, with a
stable injection rate, since the CO2-EGR method can more or less mitigate the hindrance of water
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relative to the gas flow, controlling the water saturation could be regarded as a major factor rather than
a primary factor in the development process of actual tight sandstone gas reservoirs.

3.4. CH4 Recovery through CO2 Flooding and CO2 Storage Efficiency under Various Formation Dip
Angle Conditions

Since the density of supercritical CO2 was higher when compared to CH4, the injected CO2

tended to deposit at the reservoir bottom. Therefore, three groups of experiments were carried out
to study the formation angle effect on EGR through CO2 flooding. In the displacement experiments,
the injection end of the long-core was at a lower position and the corresponding outlet was at a
higher position with formation dip angles of 3◦ and 5◦, respectively, relative to the actual formation
conditions. In addition, a group of experiments was designed for comparison with the long-core
placed horizontally. The injection rate was 0.2 mL/min.

The results demonstrated that the displacement front breakthrough occurred when the injected
CO2 pore volume was 0.37, 0.51, and 0.60 PV, which corresponds to the horizontally placed long-core
and dip angles of 3◦ and 5◦, respectively (Figure 6a). The higher the dip angle, the longer the miscible
band and the later CO2 breakthrough occurred. Since the stage before CH4 breakthrough is an
important period for CO2 storage, such experimental results indicated that the CO2 storage rate could
be increased by at least around 1.5 times at this stage for a tight sandstone gas reservoir even with a
small dip angle. When the CO2 leading edge broke through, the CO2 recovery was 40.49%, 53.03%,
and 59.06%, which corresponds to the horizontally placed long-core and dip angles of 3◦ and 5◦,
respectively (Figure 6b). In addition, at the end of displacement, the corresponding CH4 recovery
was 54.49%, 59.65%, and 62.95%, respectively. Due to the higher density of supercritical CO2, it was
easier for CH4 to move from the bottom to the higher part. Moreover, the gravitational differentiation
between CO2 and CH4 limited the mixing of gases in the vertical direction, which was beneficial to the
displacement. Furthermore, as the viscosity of supercritical CO2 was higher when compared to CH4,
a favorable mobility ratio could improve the displacement stability. An additional 5% to 8% recovery
of CH4 could be achieved when compared to the horizontally placed long-core due to the dip angles
(Figure 6b).

In terms of a pressure drop over the long-core, a relatively higher seepage resistance existed in the
long-core with a dip angle at the early stage, which leads to a higher pressure drop for the same injected
CO2 pore volume (Figure 6c). At the point of CO2 leading edge breakthrough, the pressure drop over
the long-core was 2.40, 5.15, and 7.9 MPa, which corresponds to the horizontally placed long-core and
dip angles of 3◦ and 5◦, respectively. Subsequent to leading edge breakthrough, the pressure difference
decreased faster in the slanted long-core. For the long-cores with a dip angle, the gravity increased
the flow pressure at the injection end while the CH4 at the bottom was displaced to a higher position
by CO2. The higher the dip angle, the higher the pressure drop over the long-core and the larger the
stored volume of CO2. The geological rate of CO2 refers to the ratio of the amount of CO2 storage to
the pore volume of the core. Consequently, CO2 could occupy the additional space that previously
belonged to CH4. Furthermore, the storage rate of injected CO2 would be higher under the same
conditions (Figure 6d). From the injection of CO2 to breakthrough of the leading edge, the stored rate
of CO2 gradually reached 40.49%, 52.68%, and 56.29%, which corresponds to the horizontally placed
long-core and dip angles of 3◦ and 5◦, respectively. At the end of the displacement, the corresponding
storage rate of CO2 was eventually 54.88%, 59.65%, and 62.90%. Thus, the geological rate of CO2

increased by 4.77% and 8.02% for the long-cores with dip angles of 3◦ and 5◦. Therefore, the CH4

recovery and CO2 storage could be improved CO2 flooding in tight gas sandstone reservoirs with a
dip angle.

In addition, before CO2 breakthrough, the pressure drop over the long-core with a dip angle of 5◦

was approximately four times that without a dip angle under the same injection rate and it stored a
large amount of displacement energy. This suggested that the initial bottom-hole pressure should be
appropriately higher in tight sandstone gas reservoirs with a dip angle. The purpose is to reduce the
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rapid coning entry of CH4 and CO2 after the gas leading edge breakthrough. Then the bottom-hole
pressure should be slowed as the development progresses in order to effectively extend the effective
period of CO2-EGR and improve the storage rate of CO2.

Figure 6. Experimental results under various formation dip angle conditions. (a) CO2 mole fraction
at the outlet versus injected CO2 pore-volume. (b) CH4 recovery by CO2 flooding. (c) Pressure drop
over tight long-core versus the pore-volume during CO2 flooding. (d) The storage rate of CO2 versus
injected CO2 pore-volume.

4. Conclusions

In this work, the extent of CO2-EGR and CO2 geological storage in a tight sandstone gas reservoir
were investigated by carrying out a series of long-core displacement experiments with the purpose of
analyzing the feasibility of CO2-EGR. The effects of the injection rate, the water content of the core,
and the ability to achieve CO2 geological storage are discussed in detail and their implications for
CO2-EGR are summarized. It is found that the CH4 recovery through CO2 flooding is approximately
53.36%, which is an 18.36% increase when compared to the depletion development method for tight
sandstone gas reservoirs. Additionally, the CO2 geological rate is around 60%. The CH4 recovery and
CO2 geological rate are related to the time of CO2 leading edge breakthrough and the pressure drop
distribution along the long-core. First, a higher injection rate improves the CH4 recovery and CO2

geological rate to some extent. However, a higher CO2 injection rate leads to greater pressure loss.
Therefore, a reasonable developing strategy for tight sandstone gas reservoirs should consider the
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combined effect of EGR and economic payback period. Second, for the aqueous tight long-core due
to the dissolution of CO2 in the formation water, the CH4 recovery and the CO2 geological rate are
increased by 1.5% and 5%, respectively. The water phase reduces the pressure loss and extends the
time to the gas leading edge breakthrough. Therefore, when a CO2-EGR method is utilized to develop
a tight sandstone gas reservoir, controlling water saturation could be regarded as a major factor rather
than a primary factor. Third, compared with the horizontally placed long-core, the CH4 recovery
increases by an additional 5% to 8% for an inclined long-core with dip angles of 3◦ and 5◦. In addition,
the geological rate of CO2 increases by 4.77% and 8.02%. Additionally, based on the pressure drop
over the long-core before CO2 breakthrough, the initial bottom-hole pressure should be appropriately
higher in tight sandstone gas reservoirs with a dip angle. Then the bottom-hole pressure should be
slowed as the development progresses in order to extend the effective period of CO2-EGR and improve
the geological rate of CO2. This research is of great significance for guiding a successful CO2-EGR
process for the actual development of tight sandstone gas reservoirs.
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Abstract: To better understand the interaction between hydraulic fracture and oriented perforation,
a fully coupled finite element method (FEM)-based hydraulic-geomechanical fracture model
accommodating gas sorption and damage has been developed. Damage conforms to a maximum
stress criterion in tension and to Mohr–Coulomb limits in shear with heterogeneity represented
by a Weibull distribution. Fracturing fluid flow, rock deformation and damage, and fracture
propagation are collectively represented to study the complexity of hydraulic fracture initiation
with perforations present in the near-wellbore region. The model is rigorously validated against
experimental observations replicating failure stresses and styles during uniaxial compression and
then hydraulic fracturing. The influences of perforation angle, in situ stress state, initial pore
pressure, and properties of the fracturing fluid are fully explored. The numerical results show
good agreement with experimental observations and the main features of the hydraulic fracturing
process in heterogeneous rock are successfully captured. A larger perforation azimuth (angle) from
the direction of the maximum principal stress induces a relatively larger curvature of the fracture
during hydraulic fracture reorientation. Hydraulic fractures do not always initiate at the oriented
perforations and the fractures induced in hydraulic fracturing are not always even and regular.
Hydraulic fractures would initiate both around the wellbore and the oriented perforations when the
perforation angle is >75◦. For the liquid-based hydraulic fracturing, the critical perforation angle
increases from 70◦ to 80◦, with an increase in liquid viscosity from 10−3 Pa·s to 1 Pa·s. While for the
gas fracturing, the critical perforation angle remains 62◦ to 63◦. This study is of great significance in
further understanding the near-wellbore impacts on hydraulic fracture propagation and complexity.

Keywords: hydraulic fracturing; gas fracturing; oriented perforation; fracture propagation; damage
mechanics; fluid viscosity

1. Introduction

Hydraulic fracturing is commonly used to improve productivity from hydrocarbon reservoirs and
has been a key technique in accessing unconventional shale reservoirs. As such, it is recognized
as one of the most effective stimulation techniques for enhanced recovery from reservoirs [1,2].
Hydraulic fracturing is used not only to create macro-scale fractures but is also complicit in connecting
and reactivating pre-existing fractures at all scales to create transport pathways within reservoirs.
The transport linkage between preexisting flaws (i.e., perforations, joints, and natural fractures) are
often critical to hydrocarbon production from reservoirs. These natural fractures or other flaws
can induce complex fracture geometries and flow pathways resulting from both tensile and shear
failure [3–5]. Implicit in this is understanding fracture initiation and propagation in the near-wellbore
region as of great significance for hydraulic fracture treatment and injectivity test interpretation [6–8].
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Since most wells are cased and require to be perforated to access the reservoir, the majority of
hydraulic fracturing treatments are conducted through perforations. Perforations play a vital role in the
origin of complex fracture geometries [6,9–12]. In fractured reservoirs, perforations are often the sole
hydraulic connection between the fractured reservoir and the wellbore. Hydraulic fractures initiated
from preexisting perforations will reorient themselves normal to the direction of the minimum far-field
stress as they propagate out from the wellbore [2,4,13–16]. Near the wellbore, multiple sub-parallel
fractures may be generated due to fracture initiation processes such as perforations and natural
flaws located at the open-hole wellbore wall. Hydraulic fractures commonly initiate either from
perforations located at the cased wellbore or from preexisting natural fractures intersecting an uncased
wellbore [17]. However, when the perforation angle and the horizontal stress difference are large,
dual fractures may be induced along perforations and the maximum stress direction. This means
that the fractures formed by hydraulic fracturing from orientated perforations may be very complex.
With regard to moving boundary problems in hydraulic fracturing, many model reduction techniques
have been proposed to achieve the desired accuracy and computational efficiency [18–20]. Recently,
several efforts have been made to determine an optimal perforation condition utilizing the integrated
reduced-order model [21] and 3D fracture-propagation model [22]. Near-wellbore effects contain the
fracture curvature, pressure enhancement in perforation hole and fracture branching, which are crucial
issues regarding stimulated reservoir volume thus production. Therefore, in this paper, phenomena on
the hydraulic fracture curving and branching near wellbore are focused. Furthermore, a finite element
method (FEM)-based damage model is proposed to simulate the complete evolution of hydraulic
fractures initiation and propagation. The impacts of oriented perforations on the near-wellbore fracture
complexity are examined in terms of fracture trajectory, horizontal differential stress, fracturing fluid
viscosity, and wellbore pressure.

Mechanical and transport properties of the reservoir may be significantly altered during
stimulation [23–28]. In consideration of mentioned above, the impact of perforations and pre-existing
features in reservoirs on the evolution of fluid-driven fractures, their interaction with pre-existing
features and the resulting complexity of the evolving fracture network are investigated. This response
is explored through a novel fully coupled model of rock damage and fluid flow for both slightly
compressible and compressible fluids. Damage conforms to a maximum stress criterion in tension and
to Mohr–Coulomb limits in shear with heterogeneity represented by a Weibull distribution. Fracturing
fluid flow, rock deformation and damage, and fracture propagation are collectively represented to
study the complexity of hydraulic fracture initiation with perforations present in the near-wellbore
region. Specifically, the main objective of this study is thus to investigate the effects of preexisting
perforation angle, horizontal differential stress, fracturing fluid, and initial pore pressure on fracture
propagation and complexity. Research findings are applied to optimize perforation design in order to
minimize high treatment pressures and to control complexity in the near-wellbore fracture region.

2. Conceptual Model

The near-wellbore fractures initiated from two symmetrically oriented perforations considered
in this study are shown in Figure 1. The 2D hydraulic fracture model considers a cross-section
through a vertical well with its axis aligned in the direction of maximum or intermediate principal
stress. These two perforations are represented by two preexisting fractures (2D perforations rather
than tunnels), which serve as initiation sites for the propagation of longitudinal hydraulic fractures.
On the condition that the perforated interval is long, or the well is not cemented and cased,
these hydraulic fractures and their propagation within the transverse plane are assumed to propagate
under plane-strain conditions [17,29]. After initiation, and beyond the influence of the wellbore,
the hydraulic fractures will reorient themselves from the perforation to the orientation of the minimum
principal stress. However, when the perforation angles are large, more than two hydraulic fractures
may initiate in a homogeneous rock instead of just a single zigzag shape fracture, as described in
Figure 1.
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Figure 1. Hydraulic fractures initiate from two symmetrically disposed preexisting perforations.

The in situ stress field is defined in terms of the in-plane maximum horizontal stress σH and
minimum horizontal stress σh. The preexisting perforation length L is assumed to be very small relative
to the wellbore radius r—therefore the impact of preexisting perforation length on hydraulic fracture
path can be neglected. The perforation is defined by its azimuth θ with respect to the orientation of
maximum horizontal stress σH (x-axis). If the perforation tunnel is oriented in the direction of the
maximum principal stress (θ = 0), the hydraulic fractures would propagate directly in this (x-axis)
direction. When the tunnels are oblique to this direction (θ �= 0) the hydraulic fractures must ultimately
reorient themselves parallel to the direction of the maximum horizontal stress when they exit the
stress shadows of the near-wellbore region and of the perforation. Beyond such stress-shadows,
the hydraulic fractures tend to propagate in the plane of least resistance perpendicular to the minimum
horizontal stress.

3. Formulation of the Conceptual Model

During hydraulic fracturing, fluids will penetrate into the porous medium surrounding both
the borehole and the perforation tunnel. Thus, the evolution of the fracture(s) then results from this
coupled phenomenon of fluid flow, solid deformation, and damage. The governing equations for this
fully coupled hydrological-mechanical damage behavior were developed based on conservation of
mass, momentum, and energy. The effects of rock damage on the evolving mechanical and transport
parameters are also considered.

3.1. Governing Equations for Mechanical Response

The poroelastic constitutive relation for rock deformation is given by Reference [30]:

εij =
1

2G
σij −

(
1

6G
− 1

9K

)
σkkδij +

α

3K
pδij +

1
3

εsδij (1)

where G is the equivalent shear modulus (Pa), K is the bulk modulus (Pa), p is the fluid pressure (Pa),
δij is the Kronecker delta, α is the Biot coefficient, and εs is the adsorption strain (m/m).

The gas adsorption strain may be represented by the Langmuir isotherm, as follows [31]:

εs =
εL p

p + PL
(2)

where εL is the Langmuir strain constant (m/m) and PL is the Langmuir pressure constant (Pa).
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From this, a modified Navier-type constitutive deformation [32], in terms of displacement ui (m)
and fluid pressure p (Pa), can be expressed as:

Gui,kk +
G

1 − 2v
uk,ki − αp,i − Kεs,i + f,i = ρs

∂2ui
∂t2 (3)

where the effects of fluid pressure and injection rate on the rock deformation are defined as Equation (3).

3.2. Governing Equations for Fluid Flow

For the purpose to study the effect of different fracturing fluids on fracture complexity, fluid flow
for both slightly compressible (liquids) and compressible (gases) fluids are presented, respectively.

3.2.1. Slightly Compressible Fluids

In general, the equation of state is defined with regard to the fluid compressibility, cf (Pa−1), as:

c f =
1
ρ

∂ρ

∂p
(4)

Assuming that the fluid compressibility cf is constant over a prescribed range of pressure, after
integration, Equation (4) can be written as:

ρ = ρ0ec f (p−p0) (5)

where ρ0 is the density (kg·m−3) at the reference pressure p0 (Pa). According to Taylor series expansion,
this may be expressed as:

ρ = ρ0

[
1 + c f (p − p0) +

1
2

c2
f (p − p0)

2 + · · ·
]

(6)

with an approximate result given by:

ρ ≈ ρ0

[
1 + c f (p − p0)

]
(7)

Similarly, the rock compressibility may be defined as:

cr =
1
φ

∂φ

∂p
(8)

and again, after integration, this may be written as:

φ = φ0ecr(p−p0) (9)

where φ0 is the porosity at p0. Similarly, this may be approximated as:

φ ≈ φ0[1 + cr(p − p0)]. (10)

Neglecting the effect of gravity, which will be small in relation to fluid pressure gradients, fluid
flow may be defined in terms of Darcy’s law as:

q = − k
μ f

∇p (11)

where k is the equivalent permeability of the rock (m2) and μ f is the fluid viscosity (Pa·s).
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According to the mass conservation equation, the governing equation for fluid transport in a
porous medium is defined as:

∂m
∂t

+∇ · (ρq) = Qs (12)

where m is fluid mass, ρ is fluid density (kg·m−3), q is the Darcy velocity vector and Qs is the source
or sink of the compressible fluid defined in terms of mass rate (kg·m−3·s−1).

Supposing that the rock is fluid-saturated, the fluid content per unit volume can be expressed
as m = ρφ, where φ is the porosity. For slightly compressible fluids the partial derivative of m with
respect to time can be written as:

∂m
∂t

= φ
∂ρ

∂t
+ ρ

∂φ

∂t
(13)

The total compressibility may be defined as:

ct = c f +
φ0

φ
cr (14)

Combining Equations (4)–(14) yields the governing equation for slightly compressible fluid flow
in the fracture network as:

φρct
∂p
∂t

+∇ ·
(
− ρk

μ f
∇p

)
= Qs (15)

enabling solution for evolving flux or pressure boundary conditions and the evolution of permeability
with damage.

3.2.2. Compressible Fluids

For compressible fluid (gas) the compressibility cg is both much larger than for a slightly
compressible fluid (liquid) and variable with pressure. In such a case, the pressure-volume-temperature
(PVT) relation for a non-ideal or real gas can be written as:

ρ =
pM

ZRT
(16)

where M is the molecular weight (kg/mol), Z is the gas compressibility factor (Pa−1), R is the universal
gas constant (J·mol−1·K−1), and T is the temperature (K). Assuming that the gas compressibility and
viscosity are constant, then the governing relation is defined as:

φ
M

ZRT
∂p
∂t

+∇ ·
(
− ρk

μg
∇p

)
= Qs (17)

accommodating the pressure dependent compressibility of the fluid.

3.3. Governing Equations Accommodating Rock Heterogeneity and Damage Evolution

To characterize heterogeneity at the mesoscopic-level, mechanical parameters such as strength,
Young’s modulus, and Poisson’s ratio may be assigned according to the Weibull distribution. This
distribution defines the parameter according to a probability density function as [33]:

f (u) =
m
u0

(
u
u0

)m−1
e−( u

u0
)m

(18)

where u is the parameter of interest (such as strength, Young’s modulus, or Poisson’s ratio); the scale
parameter u0 is related to the average of the element parameter, and m is the shape parameter of
the Weibull distribution function. m is defined as the degree of rock homogeneity and called the
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homogeneity index. The variations of f (u) with respect to m are shown in Figure 2. Obviously, a
higher m value represents a more homogeneous rock.

fu

u

m=1.5

m=2

m=4

m=6

m=8

m=10

m=20

Figure 2. Distributions of rock properties for different homogeneous indices (Mechanical parameter
u0 is 1).

As illustrated in Figure 3, rock damage in tension or shear is initiated when its state of stress
(positive for compression) satisfies the maximum tensile stress criterion or the Mohr–Coulomb criterion,
respectively as [27,33]:

F1 = −σ3 − ft0 = 0, F2 = σ1 − σ3
1 + sin θ

1 − sin θ
− fc0 = 0 (19)

where ft0 and fc0 are uniaxial tensile and compressive strength (Pa), respectively, σ1 and σ3 are first and
third principal stresses (Pa), respectively, θ is the internal frictional angle (◦), and F1 and F2 are two
damage threshold functions (Pa).

Based on the theory of elastic damage, the elastic modulus of the damaged rock is expressed
as [33]:

E = (1 − D)E0 (20)

where D represents the damage variable, and E and E0 are the Young’s modulus (Pa) of the
damaged and the undamaged element, respectively. In the present study, the element, as well
as its damage, is assumed isotropic, so the E, E0 and D parameters are all scalars. Under any
stress and initial conditions, the tensile stress criterion is applied preferentially. In other words,
the maximum tensile stress criterion is first applied to judge whether the elements are first damaged
in tension or not. Only elements that survive this test will be checked for damage in shear using the
Mohr–Coulomb criterion.
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Figure 3. The damage constitutive law for rock under uniaxial stress condition.

In terms of the damage constitutive law shown in Figure 3, the damage variable for the rock can
be calculated as [33]:

D =

⎧⎪⎪⎨⎪⎪⎩
0 F1 < 0 and F2 < 0

1 −
∣∣∣ εt0

ε3

∣∣∣n
F1 = 0 and dF1 > 0

1 −
∣∣∣ εc0

ε1

∣∣∣n
F2 = 0 and dF2 > 0

(21)

where ε1 and ε3 are the major and minor principal strains (m/m), respectively. εt0 and εc0 are the
maximum tensile and maximum compressive principal strains (m/m) when tensile and shear damage
occurs, respectively, and n is a constitutive coefficient specified as 2.0. In Equation (19), when F1 <
0 and F2 < 0 the applied stress is insufficient to satisfy the maximum tensile stress criterion and the
Mohr–Coulomb failure criterion, respectively. F1 = 0 and dF1 > 0 implies rock damage in the tensile
mode when the stress state satisfies the maximum tensile stress criterion and the rock is still under
load. F2 = 0 and dF2 > 0 implies rock damage in the shear mode when the stress state satisfies the
Mohr–Coulomb failure criterion and the rock remains loaded.

The damage variables of Equation (21) remain in the range from 0 to 1.0 regardless of the form
or magnitude of damage. However, negative and positive damage magnitudes are respectively
adapted for damage in tension and in shear, merely to allow visualization of the two damage modes in
post-processed figures. In this regard, tensile damage is represented as negative numbers (−1 ≤ D < 0),
while shear damage is represented as positive numbers (0 < D ≤ 1). In the respect of the irreversibility
of damage, the damage variable may only increment monotonically from zero during loading (dF1 > 0
or dF2 > 0) and remain unchanged during unloading (dF1 < 0 or dF2 < 0). In this respect, the damage,
defined by Equation (20), reduces the elastic modulus E and the shear modulus G of the rock, via to
Equations (20) and (21).

4. Model Validation against Experimental Observations

In this section, the hydraulic fracturing geomechanical model proposed in this study is validated
against observed mechanisms of uniaxial compression and hydraulic fracturing [11].

408



Processes 2018, 6, 213

4.1. Comparisons of Breakdown Pressure and Fracture Geometry

The relationship between axial stress and axial strain during modeled rupture of a uniaxial
specimen is shown in Figure 4 relative to the mechanical parameters recovered from experiment [11].
Apparent from Table 1 and Figure 4 is that the experimental data adequately replicate the anticipated
stress-strain behavior. Additionally, it should be noted that the simulation of uniaxial compression is
conducted to provide basic mechanical properties to inform the numerical simulation of hydraulic
fracturing conducted in the same material. A visual comparison between experimental results [11]
and the numerical simulations is shown in Figure 5. As can be seen from Figure 5, the fracture
pattern recovered from the numerical model is consistent with experimental observations. Hydraulic
fractures initiate outward along the perforation and as they propagate away from the near-wellbore
towards the region of unaltered in-situ stress they reorient themselves perpendicular to the minimum
horizontal stress.

Figure 4. Simulation of uniaxial compression of a sample compared with experimental observations by
Chen et al. [11].

Table 1. Comparison of experimental data and numerical data.

Symbol Experimental Data Numerical Data ΔE/E Δσc/σc Δσt/σt

Young’s modulus, E (GPa) 8.402 8.51 1.29% - -
Uniaxial compressive strength, σc (MPa) 28.34 28.57 - 0.81% -

Tensile strength, σt (MPa) 2.59 2.56 - - −1.16%
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Figure 5. Comparison of model simulation results with experimental results. (a) Experimental fracture
pattern from Chen et al. [11]. (b) Fracture pattern obtained from numerical simulation.

4.2. Geometric Model and Boundary Conditions

The geometry and boundary conditions of the specimen are simplified as shown in Figure 6.
The numerical specimen, 300 mm on edge with a 10 mm diameter borehole at the center is subjected to
a biaxial horizontal stress. The boundary conditions correspond to a confining pressure σH applied on
the top boundary and σh applied on the right boundary with rollers applied along both the left side
and the base. There are no-flux conditions on all boundaries except for the borehole wall into which a
constant fluid injection rate is applied. The fluid injection rate in the experiments is 2.1 × 10−9 m3·s−1.
The numerical mechanical properties for the simulation are listed in Table 2.

Figure 6. Geometry of the numerical model used to investigate near-wellbore hydraulic
fracturing processes.
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Table 2. Input parameters for the near-wellbore hydraulic fracturing model.

Symbol Value Unit

Homogeneity index, m 10 -
Mean value of the elasticity modulus, E 8.737 GPa

Mean value of uniaxial compressive strength, f c 45.53 MPa
Mean value of uniaxial tensile strength, f t 5.69 MPa

Poisson ratio, ν 0.23 -
Initial porosity, φ0 1.85 %

Initial permeability, k0 1.0 × 10−16 m2

Initial pore pressure, p0 0.1 MPa
Viscosity, μ 133 mPa·s

4.3. Effects of Preexisting Perforation Orientation

Perforation orientation has a significant effect on the geometry of the hydraulic fracture initiated
from the wellbore. The azimuth and length of the preexisting perforation are two important factors that
affect hydraulic fracture propagation and pattern. An optimal preexisting perforation should initiate
only a single wing fracture with minimum tortuosity at an achievable breakdown pressure [9,34].
Numerical simulations for cases with preexisting perforation angles of 0◦, 15◦, 30◦, 45◦, 60◦, and 75◦

are conducted to examine the response. As shown in Figures 7 and 8, a larger perforation angle
induces a relatively larger curvature during the reorientation of the hydraulic fractures and takes
a long distance for the hydraulic fracture to rotate to the direction completely aligned with the
direction of the maximum horizontal stress. A larger perforation angle requires a higher breakdown
pressure to initiate the hydraulic fracture. In addition, another observation is that hydraulic fractures
are initiated both around the wellbore and preexisting fractures when the perforation angle is 75◦.
Additionally, hydraulic fractures do not always initiate from preexisting perforations. The fractures
formed by hydraulic fracturing with oriented perforations have a complex morphology. Therefore,
for perforations in field operations, perforations with a high angle are generally not recommended and
should be avoided as much as possible [14]. Specifically, there is a significant difference in breakdown
pressure between numerical and experimental results, when the perforation angle is 75◦. This may be
due to experimental inconsistencies or due to heterogeneity in the sample, since it is expected that the
breakdown pressure would increase with an increase of the perforation angle [9,14,17].

Figure 7. Numerical results of near-wellbore fracture patterns for different preexisting perforation angles.
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Figure 8. Comparison of experimental results and numerical results for breakdown pressures.

5. Analysis of Near-Wellbore Hydraulic Fracture Complexity

In situ stress, initial pore pressure, and fluid viscosity are important factors that affect the tortuosity
and extension pressure of near-wellbore hydraulic fractures. In order to fully understand hydraulic
fracture behavior in the field, sensitivity studies are conducted to investigate the effects of in situ
horizontal differential stress, initial pore pressure, and fracturing fluid viscosity.

5.1. Effects of Horizontal Differential Stress

In order to investigate the effects of different in situ stresses on hydraulic fracture behavior,
stress ratios λ of 1, 1.2, 1.4, 1.6, 1.8, and 2 are selected (stress ratios define the ratio between maximum
horizontal stress and minimum horizontal stress). The magnitude of σh is held constant at 20 MPa.
Stress ratio has a significant effect on both hydraulic facture propagation and reorientation, as shown
in Figure 9, where different stress ratios correspond to different fracture morphologies. When the
stress ratio is equal to unity (hydrostatic) the hydraulic fractures initiate and propagate along the
direction of the oriented perforation. As the stress ratio λ is proportional to the difference between
σH and σh, the larger this difference, the larger the propensity for the hydraulic fractures to reorient
themselves to the maximum horizontal stress direction [35]. A larger stress ratio results in both a
smaller curvature during reorientation and occurs at a shorter distance for the fractures to reorient
their direction to align with the direction of the maximum horizontal stress. Moreover, based on the
results presented in Figure 10 and Table 3, it appears that the stress ratio also has a significant influence
on the initiation pressure and breakdown pressure during hydraulic fracturing. It is apparent that
there are clear reductions both in the initiation pressure and the breakdown pressure with increasing
stress ratio.

Table 3. Initiation pressure and breakdown pressure for different stress ratios.

Stress Ratio Perforation Angle (o) Initiation Pressure (MPa) Breakdown Pressure (MPa)

1.0 45 30.3 54.5
1.2 45 29.4 53.7
1.4 45 28.3 52.3
1.6 45 27.9 51.6
1.8 45 26.5 49.5
2.0 45 25.2 46.8
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Figure 9. Simulation results of fracture tortuosity/complexity of hydraulic fracturing produced at
various stress ratios.

Figure 10. Initiation and breakdown pressures with different stress ratios.

As mentioned above, a larger perforation angle results in a complicated fracture morphology,
which hydraulic fractures are initiated both from perforations and wellbore, as shown in Figure 7
(perforation angle equals 75◦). In order to avoid to forming such complicated fracture morphology,
the critical perforation angle is defined, which is used as the minimum perforation angle to form
complex fracture morphology. A series of numerical simulations have been conducted to identify
the changes of critical perforation angle with stress ratios and fracturing fluids. The results of critical
perforation angle against stress ratio are shown in Figure 11. Under the condition of hydrostatic
pressure, the hydraulic fractures initiate and propagate along the direction of the oriented perforation,
and thus will not form complex fracture morphology. The larger the stress ratio is, the less the critical
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perforation angle is, and more easily to form complicated fracture morphology. Such complex fracture
morphology can result in difficult transportation of proppants and a significant increase in the required
injection pressure for propagating hydraulic fractures, which are an undesirable phenomenon that
should be avoided as much as possible in field operations [10,14].

Figure 11. The relationship between critical perforation angle and stress ratio.

5.2. Effects of Initial Pore Pressure

With constant total stresses of σh (20 MPa) and σH (32 MPa), the initial pore pressure is varied
from 2 MPa to 16 MPa. The purpose of these numerical simulations is to examine the effects of initial
pore pressure on initiation pressure and breakdown pressure. An increase of fluid pore pressure can
decrease static friction and thereby facilitate fracture propagation on favorably oriented planes in a
deviatoric stress field. As shown in Figures 12 and 13, the resulting differential initiation pressure
(Pc-P0) and breakdown pressure (Pb-P0) decrease with an increase in the initial pore pressure. This is
consistent with the D–C (Detournay–Cheng) criterion [36]. To incorporate an effective stress law into
the D–C criterion, the geomechanical model proposed in this study correctly describes the relationship
between breakdown pressure and the far-field stress in hydraulic fracturing [37]. The effects of pore
pressure on the initiation pressure are illustrated by the initiation equation based on poroelastic
theory [38]. The initiation pressure decreases with an increase in the initial pore pressure [39]. There
are two classical approaches to define initiation pressure in terms of far-field stresses [38,40]. These
represent behavior for both nonpenetrating injection fluids [40], and for penetrating fluids [38], with
initiation pressures given by:{

PH−W − P0 = T + 3(σh − αP0)− (σH − αP0)

PH−F − P0 = T+3(σh−αP0)−(σH−αP0)

2−α 1−2ν
1−ν

(22)

where PH-W and PH-F are the initiation pressures related to Hubbert–Willis [40] and
Haimson–Fairhurst [38] equations, respectively, T is the tensile strength of the rock, and σh and
σH are the far-field principal stresses. As 0 ≤ φ ≤ α ≤ 1 (φ is rock porosity) and 0 ≤ ν ≤ 0.5 (ν is
Poisson’ ratio of rock) for rock, then obtain 0 ≤ α(1 − 2ν)/(1 − ν) ≤ 1. Therefore, the initiation
pressure for a penetrating fluid is always smaller than (or equal to) that for a nonpenetrating fluid.
It can be seen from Figure 12 that the resulting differential initiation pressure (Pc-P0) during gas
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fracturing is significantly different from that for liquid fracturing. The obvious effect of gas fracturing
is in the reduction of the initiation pressure. This is in good agreement with Equation (22). In addition,
as shown in Figures 12 and 13, for water-based fracturing, the resulting Pc-P0 and Pb-P0 decrease
linearly with an increase in the initial pore pressure. However, for gas fracturing, the resulting Pc-P0

and Pb-P0 indicate a nonlinear decrease with an increase in initial pore pressure. The influences of
gas penetration complicate the mechanism of the fracturing process. The gas penetration not only
alters the pore pressure in the reservoir, but also the gas adsorption-induced damage modifies the
mechanical properties of the reservoir rock [27,41,42]. According to the Langmuir adsorption isotherm,
as shown in Equation (2), with an increase in pore pressure, the sorption capacity and volumetric
strain simultaneously increase with the adsorptive strain potentially resulting in additional rock
damage. This adsorption-induced damage is fully coupled to the gas fracturing model proposed in
this paper. As a consequence, both the initiation pressure and breakdown pressure of gas fracturing
show nonlinear decreases with increasing pore pressure.

Figure 12. Relationship between initiation pressure and initial pore pressure.

5.3. Effects of Fracturing Fluids

The impacts of both slightly compressible (liquid) and compressible (gas) fluids in fracturing
performance were examined to better understand fracture behavior during hydraulic fracturing with
liquids or gases. Fluid viscosity is an important variable that influences fracture propagation - the
higher the fluid viscosity the slower the local flow rate in the fracture and the higher the fluid pressure
under the same injection rate [43,44]. As shown in Figure 14, when the viscosity of the liquid is high the
breakdown pressure is large. Conversely, as the gas has a lower viscosity, the breakdown pressure is
also smaller. This fact is illustrated in Figure 14, which shows that the relationship between breakdown
pressure and fluid viscosity follows a power-law function. In addition, the higher the fracturing fluid
viscosity, the more complex the fracture geometry local to the wellbore. This is because a fluid with
relatively higher viscosity has a relatively slower flow rate in the near-wellbore region [45]. Figure 15
shows the variations of critical perforation angle with different viscosities of fracturing fluids. For the

415



Processes 2018, 6, 213

liquid-based hydraulic fracturing, the critical perforation increases with an increase in liquid viscosity.
While for the gas fracturing, the critical perforation angle does not change a lot with the changes of gas
viscosity. Although it is essential to create a dominant hydraulic fracture for hydrocarbons recovery,
one should carefully design the fracturing fluid to avoid damage to the near-wellbore fracture system.

P P P
R

P -P P P
R

Figure 13. Breakdown pressure as a function of initial pore pressure.

Pb

Pb

Figure 14. Relationship between breakdown pressure and fracturing fluid viscosity.
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Figure 15. The relationship between critical perforation angle and stress ratio.

6. Conclusions

In this study, a fully-coupled geomechanical hydraulic fracture model is proposed under the
rubric of FEM-based damage mechanics. This approach accommodates maximum tensile stress theory
with shear failure according to Mohr–Coulomb theory and is applied to predict fracture propagation
and complexity in heterogeneous rocks. The physical process involves fully coupling fluid flow in the
fracture and pressure diffusion into the surrounding porous rock while simultaneously accommodating
rock damage, deformation, and fracture propagation. The form of the near-wellbore fractures initiating
from two symmetrically-disposed radial perforations are analyzed. The effects of perforation angle,
horizontal differential stress, fracturing fluid, and initial pore pressure on hydraulic fracturing are
investigated. The following conclusions are derived from the numerical simulations.

A larger perforation angle induces a relatively larger curvature of the fracture during hydraulic
fracture reorientation and requires a longer distance for the hydraulic fracture to rotate to the direction
that is completely aligned with the direction of the maximum horizontal stress. Hydraulic fractures do
not always initiate at the oriented perforations and the fractures induced during hydraulic fracturing
are not always even and regular. Hydraulic fractures are initiated both around the wellbore and the
oriented perforations when the perforation angle is >75◦. A larger perforation angle may cause a more
complex fracture morphology. Therefore, perforations at a high angle with respect to the maximum
principal stress are generally not recommended.

Stress ratio has a significant influence on fracture initiation pressure, breakdown pressure,
and fracture propagation. Under the condition of hydrostatic pressure (λ = 1), the hydraulic fractures
initiate and propagate along the direction of the oriented perforation, and thus will not form complex
fracture morphology. The resulting fracture propagation does not always follow the directions
provided by the perforations but rather reorients to the direction of the maximum horizontal stress.
A larger stress ratio results in reduced fracture initiation and breakdown pressures. A larger stress
ratio has a smaller critical perforation angle, thus, more easily to form complex fracture morphology.
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The resulting differential initiation pressure and breakdown pressure decrease with an increase
in the initial pore pressure. Particularly, the initiation pressures of the numerical simulations
are in good agreement with the solutions of the Hubbert–Willis [40] and Haimson–Fairhurst [38]
equations. In addition, since the adsorption-induced strain is fully coupled to the gas fracturing model,
the behavior during gas fracturing is significantly different to that during water-based fracturing.
The gas penetration not only alters the pore pressure in the reservoir but the gas adsorption-induced
damage also modifies the mechanical properties of the reservoir rock.

The fracturing fluid viscosity influences the initiation pressure, breakdown pressure, and critical
perforation angle by affecting the fluid flow behavior and the evolution of the poroelastic stress around
the wellbore. The fracture initiation pressure and breakdown pressure increase with an increase in
the viscosity. For the liquid-based hydraulic fracturing, breakdown pressure increases 55.6%, and the
critical perforation angle increases from 70◦ to 80◦, when the viscosity is increased to 1 Pa·s. While for
the gas fracturing, breakdown pressure increases 26.8% when the viscosity is increased to 10−4 Pa·s.
Notably, the critical perforation angle, remaining 62◦ to 63◦, and does not change a lot with the varies
of gas viscosity. The critical perforation angle is sensitive to the viscosity of liquid and is insensitive to
the viscosity of gas.

The proposed model can be used to determine an optimal perforation condition in various
hydraulic fracturing. Research findings are applied to optimize perforation design in order to minimize
high treatment pressures and to control complexity in the near-wellbore fracture region. This study
is of great significance in further understanding the near-wellbore impacts on hydraulic fracture
propagation and complexity.
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Abstract: Similar-material, composed of different raw materials with different properties, is similar to
the physical and mechanical properties of geotechnical media, in which raw material proportioning
is an important means to control the performance of similar-material in physical simulation. On this
basis, a new fluid–solid coupling similar-material was developed through proportioning tests,
in which similar-material is mixed with river sand, calcium carbonate, talc powder, white cement,
vaseline, antiwear hydraulic oil. The optimum proportioning test development process was
established. First, the proportioning test scheme was designed based on the orthogonal test.
Subsequently, test specimens were produced to obtain parameters such as density, compressive
strength, tensile strength, and permeability coefficient. Then, by increasing the ingredients of the
proportioning, the evolution law of parameters was obtained by range and variance analysis. Finally,
four multiple linear regression equations between the parameters and similar-material ingredients
were obtained, and the optimum proportioning of ingredients was further determined for different
requirements. The results indicate that the selected raw materials and their proportioning method are
feasible, and the results were also verified in a coal mine floor water inrush by physical simulation
test. The experimental development process of a fluid–solid coupling similar-material can provide a
reference for similar-material under different demand conditions.

Keywords: orthogonal test; fluid–solid coupling theory; similar-material; regression equation;
optimum proportioning

1. Introduction

Theoretical derivation, numerical simulation and similar simulation tests are three main research
methods in complex geotechnical engineering [1,2]. Similar simulation test, a reproduction of the real
physical entities, can reflect the basic physical and mechanical properties of rock and soil medium
based on the similarity principle [3–6]. Similar simulation test is characterized by a short cycle, low cost,
and results of visual image [7,8]. To carry out similar simulation tests, the similar-material must have
properties similar to those of the physical and mechanical properties of the geotechnical medium.
Similar-material is composed of different raw materials with different properties, the proportioning of
which is an important means to control the performance of similar-material in physical simulation
for different requirements. Therefore, selection of raw materials and their proportioning is of great
significance for similar simulation experiments in geotechnical engineering.

At present, selection of raw materials and their proportioning has been widely studied, but the
focus of the research has been concentrated on single-phase similar-material with general solid
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phase [9–18], which does not mention hydration characteristics of similar-material. In addition,
the effect of temperature and humidity on similar-material and its control measures have been
investigated, providing evidence for the reliability of simulation results [19,20]. For the investigation
on fluid–solid coupling similar-material, some progress has been achieved [21–27]. For example,
Wang et al. [28] adopted sand and gypsum as the aggregate, vaseline and silicone oil as the
cementing agent, and selected the reasonable non-hydrophilic material proportioning, configuring
the fluid–solid coupling similar-material for water-protection mining. Wang et al. [29] developed
new types of similar-material of fault and surrounding rock, i.e., similar-material of fault consists
of sand, talc powder, gypsum, bentonite and paraffin liquid, and similar-material of surrounding
rock is composed of sand, barite powder, talc powder, white cement and latex, which were
applied to simulate the water inrush occurring in the Yonglian tunnel of Jiangxi Province, China.
Although the abovementioned fluid–solid coupling similar-materials were applied to the geotechnical
engineering, there are still some problems. (1) Similar-material containing gypsum have water
absorption, water softening and disintegration problems, and it is difficult to meet the requirements
of similar-material deformation and permeability; (2) Similar-material with paraffin can solve the
problem of similar-material disintegration in water, but it is characterized with complexity of the
configuration process, strict requirements for temperature conditions, and long preparation period.
(3) Most of the effects of material ingredients proportioning on similar-material properties have been
qualitatively analyzed, but there is a lack of quantitative research and a definite set of methods for
determining the proportioning of similar-material for different needs in similar simulation test.

On this basis, according to the characteristics of fluid–solid coupling similar-material, the raw
materials of similar-material were first selected, i.e., river sand, calcium carbonate, talc powder,
white cement, vaseline, and antiwear hydraulic oil. Second, specimen parameters, such as density,
compressive strength, tensile strength, and permeability coefficient were tested. Third, the analysis
of similar-material properties was quantitatively carried out by range analysis, variance analysis,
and regression method. Eventually, the research results were applied to the physical simulation test of
the water inrush from mining coal floor.

2. Materials and Method

2.1. Materials

The fluid–solid coupling similarity theory and the raw materials of similar-material are the
foundation of the optimum proportioning of ingredients.

2.1.1. Fluid–Solid Coupling Similarity Theory

The fluid–solid coupling similarity theory is mainly used to determine the similarity between
the solid and fluid in the same system. The fluid–solid coupling mathematical model of continuum is
used to derive the similar equation between the model and the prototype parameters [30].

Seepage equation:

Kx
∂2 p
∂2x

+ Ky
∂2 p
∂2y

+ Kz
∂2 p
∂2z

= S
∂p
∂t

+
∂e
∂t

+ W (1)

where Kx, Ky, Kz are the permeability coefficients in x, y, and z directions (cm/s), Kx = Ky = Kz; p is the
water pressure (MPa); S is the storage coefficient; e is the volume strain; W is the source sink term.

Equilibrium equation:

σij,i + Xj = ρ
∂2ui
∂t2 (2)

where σij,i is the stress tensor; Xj is the volume force (N/m3); ρ is the density (g/cm3); ui is the
displacement (cm).

Effective stress equation:
σij = σij + αδp (3)
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where σij is the total stress tensor; σij is the effective stress tensor; α is the effective stress coefficient of
Biolt; δ is the Kronker mark; ρ is the density (g/cm3).

Based on Equations (1)–(3), the similar equations between the model and the prototype parameters
are as follows [31].

CG
Cu

C2
l
= Cλ

Ce

Cl
= CG

Ce

Cl
= Cγ = Cρ

Cu

C2
t

(4)

where CG, Cu, Cl, Cλ, Cγ, Ce, Cρ, and Ct are the similarity ratios of the shear modulus, displacement,
model size, Lame constant, bulk density, volumetric strain, density, and time, respectively.

Ck =

√
Cl

Cγ
(5)

where Cl, C λ, and Ck are the similarity ratios of the model size, Lame constant, and permeability
coefficient, respectively.

2.1.2. Similar-Material Components

The fluid–solid coupling similar-material not only meets the requirements of solid deformation
and permeability, but also conforms to the characteristics that the material is non-hydrophilic and has
no obvious water softening. On this basis, river sand (Xishanlou Company, Qingdao, China), calcium
carbonate (Xishanlou Company, Qingdao, China) and talc powder (Xishanlou Company, Qingdao,
China)were selected as the aggregate, white cement (Xishanlou Company, Qingdao, China) and
vaseline (Xishanlou Company, Qingdao, China)were selected as the cementing agent, and antiwear
hydraulic oil (Xishanlou Company, Qingdao, China) was selected as the regulator based on the
fluid–solid coupling theory. The raw materials of similar-material are shown in Figure 1.

 
(a) (b) (c) (d) (e) (f) 

 

Figure 1. The raw materials of similar-material: (a) River sand; (b) Calcium carbonate; (c) Talc powder;
(d) White cement; (e) Vaseline; (f) Antiwear hydraulic oil.

(1) Aggregate: river sand, calcium carbonate, and talc powder

The grain diameter of river sand is less than 1 mm; calcium carbonate has an average particle
size in the range 1–3 μm; and talc powder is 625 orders. Calcium carbonate and talc powder were
cemented into larger aggregates with river sand, increasing the strength and cohesion of the material.

(2) Cementing agent: white cement and vaseline

The white cement with P.O32.5 quality has low price, and is a type of good water cementing
material, which can control the whole process by improving the compressive strength, elasticity,
and cohesion. Vaseline, light brown block ointment, is insoluble in water and has excellent plasticity
and cementation capacity.

(3) Regulator: antiwear hydraulic oil

Antiwear hydraulic oil can reduce material dryness and increase the non-hydrophilic characteristics.
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2.2. Methodology

The methodology consists mainly of three parts: the orthogonal test schemes of similar-material
proportion, the fabrication of specimens, and the index parameters test of specimens.

2.2.1. Orthogonal Test Schemes of Similar-Material Proportion

The orthogonal experimental design method, the main method of partial factor design,
was introduced to study the similar-material proportion. In the experiment, the result is called the
index, and the parameters which may affect the test indexes are called factors. The specific conditions
for each factor to be compared in the experiment are called levels [32,33].

The orthogonal test design method proposed in this study can be separated into three steps:
Step 1: Determine the factors. Four factors were set up, namely: A, the percentage of river sand in

aggregate; B, the mass ratio of calcium carbonate and talc powder; C, the mass ratio of cement and
vaseline; D, the percentage of hydraulic oil in the total mass of similar-material.

Step 2: Set levels for each factor. Five levels were set for each factor, as listed in Table 1.
Step 3: Design the orthogonal test design scheme by SPSS software (IBM SPSS Statistics 25.0-2017,

IBM China Company Limited, Beijing, China, 2017) [34,35]. The orthogonal test design scheme was
four factors and five levels, which can be expressed as L25 (54). The level values of each factor were set
as input in the orthogonal experimental design module of SPSS software, leading to the schemes, as
listed in Table 2.

Table 1. Orthogonal test design level.

Level
Factors

A (%) B C D (%)

1 75 3:4 3:7 2
2 80 4:4 4:6 3
3 85 5:4 5:5 4
4 90 6:4 6:4 5
5 95 7:4 7:3 6

Table 2. The orthogonal test schemes of similar-material.

Schemes A (%) B C D (%)

S1 1 (75) 1 (3:4) 1 (3:7) 1 (2)
S2 1 2 (4:4) 2 (4:6) 2 (3)
S3 1 3 (5:4) 3 (5:5) 3 (4)
S4 1 4 (6:4) 4 (6:4) 4 (5)
S5 1 5 (7:4) 5 (7:3) 5 (6)
S6 2 (80) 1 2 3
S7 2 2 3 4
S8 2 3 4 5
S9 2 4 5 1
S10 2 5 1 2
S11 3 (85) 1 3 5
S12 3 2 4 1
S13 3 3 5 2
S14 3 4 1 3
S15 3 5 2 4
S16 4 (90) 1 4 2
S17 4 2 5 3
S18 4 3 1 4
S19 4 4 2 5
S20 4 5 3 1
S21 5 (95) 1 5 4
S22 5 2 1 5
S23 5 3 2 1
S24 5 4 3 2
S25 5 5 4 3

Note: The total mass of the similar-material in each scheme is 2000 g.
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2.2.2. Fabricating Specimens

The fabrication process of similar-material specimen is as follows (Figure 2).

    
(a) (b) (c) (d) 

    
(e) (f) (g) (h) 

Figure 2. The fabrication process of similar-material specimen: (a) Weighing; (b) Stirring; (c) Heating
vaseline; (d) Adding hydraulic oil; (e) Compacting; (f) Demolding; (g) Partial specimen; (h) PVC tube.

(1) Aggregate, cementing agent and regulator were weighed proportionately.
(2) The aggregate and cement were mixed evenly, followed by adding water 0.5 times of cement.
(3) Vaseline was heated to a liquid state and poured into the above mixture.
(4) Antiwear hydraulic oil was added and stirred.
(5) The well-mixed materials were loaded into a mold and compacted. The mold for testing specimen

tensile strength is a PVC tube with a height of 25 mm and an inner diameter of 45 mm (Figure 2h).
(6) Demolded and labeled, specimens were maintained for three days at room temperature.

2.2.3. Testing Index Parameters of Specimens

The fluid–solid coupling similar-material needs to meet the requirements of solid deformation,
permeability, and hydration characteristics. Therefore, the index parameters of specimen such as
hydrophilicity test, tensile strength, compressive strength, and permeability coefficient were tested.

(1) Hydrophilicity test

The water absorption rate can be used to indicate the hydrophilicity of similar-material [36,37].
The greater the water absorption rates of the specimens, the stronger the hydrophilicity. The water
absorption rate can be represented by Equation (6).

a =
mwater

mdry
× 100% (6)

where a is the water absorption rate (%); mwater is the specimen weight after immersion (g); mdry is the
specimen weight before immersion (g).

The weight, height, and diameter of the specimen before immersion were measured, and then
density (ρ) was calculated, as listed in Table 3. In addition, the degree of disintegration of specimens
in water was observed after the specimens were immersed for 1 day, 2 days, and 3 days respectively
(Figure 3) [38,39]. With increased immersion time, the water absorption rate increased gradually,
and no disintegration phenomenon was observed. The change trend of water absorption rate is shown
in Figure 4, indicating that the water absorption rate increased significantly from 1 day to 2 days of
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immersion time, while water absorption increased slightly from 2 days to 3 days of immersion time,
during which the specimen was saturated and the water absorption rate reached a plateau.

Table 3. The index parameters of specimens (PrePEM: pre-peak elastic modulus; PostPEM: post peak
elastic modulus; BB: brittle behavior; RTC: the ratio of uniaxial tensile strength and uniaxial compressive
strength).

Schemes σc (MPa) PrePEM (MPa) PostPEM (MPa) BB σt (MPa) RTC ρ (g/cm3) K (cm/s)

S1 0.268 24.15 9.05 2.67 0.028 1/9.6 1.766 3.15 × 10−5

S2 0.228 22.39 10.38 2.16 0.021 1/10.9 1.761 2.08 × 10−5

S3 0.250 23.06 9.00 2.56 0.025 1/10.0 1.884 2.95 × 10−4

S4 0.278 24.55 9.15 2.68 0.026 1/10.7 1.879 2.85 × 10−6

S5 0.461 40.31 14.21 2.84 0.048 1/9.6 1.832 1.23 × 10−6

S6 0.272 24.38 9.33 2.61 0.024 1/11.3 1.778 1.09 × 10−4

S7 0.400 43.92 15.17 2.90 0.033 1/12.1 1.851 2.58 × 10−6

S8 0.435 51.20 19.89 2.57 0.042 1/10.4 1.886 8.79 × 10−5

S9 0.859 103.13 43.00 2.40 0.095 1/9.1 1.892 3.25 × 10−6

S10 0.472 45.18 16.09 2.81 0.050 1/9.4 1.939 2.06 × 10−6

S11 0.500 55.23 18.79 2.94 0.045 1/11.1 1.731 8.13 × 10−5

S12 1.005 98.76 34.58 2.86 0.101 1/10.0 1.837 8.45 × 10−6

S13 1.103 112.40 42.00 2.68 0.099 1/11.1 1.843 1.25 × 10−7

S14 0.521 39.87 15.05 2.65 0.046 1/11.3 1.809 5.17 × 10−5

S15 0.365 40.26 16.35 2.46 0.040 1/9.1 1.792 3.09 × 10−5

S16 0.910 106.90 40.61 2.63 0.080 1/11.4 1.895 2.00 × 10−7

S17 1.223 121.20 49.88 2.43 0.102 1/12.0 1.894 1.56 × 10−7

S18 0.538 40.26 16.35 2.46 0.053 1/10.2 1.728 4.25 × 10−5

S19 0.502 42.29 17.23 2.45 0.053 1/9.5 1.755 8.09 × 10−6

S20 0.786 55.23 18.79 2.94 0.070 1/11.2 1.786 1.02 × 10−6

S21 1.311 135.60 52.40 2.59 0.111 1/11.8 1.736 8.79 × 10−8

S22 0.531 39.83 15.05 2.65 0.057 1/9.3 1.798 7.59 × 10−6

S23 0.656 45.92 17.17 2.67 0.058 1/11.3 1.722 9.93 × 10−5

S24 0.715 66.20 29.20 2.23 0.079 1/9.1 1.725 1.21 × 10−6

S25 1.116 108.69 43.60 2.49 0.101 1/11.1 1.722 2.29 × 10−7

 
Figure 3. Testing water absorption rate.

(2) Testing compressive strength σc and brittle behavior (BB)

The compressive strength was tested using a SHIMADZU electronic universal testing machine
(AG-X250, SHIMADZU China Company Limited, Beijing, China). In order to simulate permeability
evolution caused by the fluid–solid coupling material rupture and its effect on the mechanical
properties, the BB of similar-material was considered, reflecting the ratio of the pre-peak elastic
modulus (PrePEM) and post peak elastic modulus (PostPEM) in the uniaxial compressive strength test.
When PrePEM/PostPEM < 3, the material belongs to brittle failure material [40]. The test results of
compressive strength and brittle behavior of the specimens are shown in Table 3, indicating that the
compressive strength variation was in the range 0.228–1.311 MPa, indicating that the test specimens
met the requirements of brittle materials.
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Figure 4. The trend of water absorption rate.

(3) Testing tensile strength σt

The tensile strength of the specimen was measured by the Brazil splitting method [41].
Similar-material tensile strength was obtained by Equation (7), as listed in Table 3.

σt =
2Pv

πDLh
(7)

where D is the diameter of the specimen (mm); Pv is the failure load value of the specimen (N); and Lh
is the thickness of the specimen (mm).

In Table 3, the tensile strength variation was in the range 0.021–0.111 MPa. The ratio of uniaxial
tensile strength and uniaxial compressive strength (RTC) of rock is nearly 0.1, which is one of the
important differences between the rock material and other materials. In Table 3, RTC is in the range
1/11.8–1/9.1, which is close to the rock average RTC of 0.1 [42]. Therefore, the mechanical properties
of similar-material and rock are similar.

(4) Testing permeability coefficient K

The permeability coefficient K is one of the indexes, reflecting the permeability of similar-material.
In the similar simulation test, because the permeability of the material and the water flow are small,
the water level is difficult to control; therefore, the variable head test is used in the laboratory [23],
which is the main test principle, as expressed by Equation (8).

K =
bL
At

ln
Δh1

Δh2
(8)

where K is the permeability coefficient (cm/s); b is the glass tube sectional area (cm2); A is the specimen
sectional area (cm2); L is the specimen height (cm); Δh1, Δh2 are initial water head difference and
water head difference after t time (cm), respectively. In Table 3, the variation range of the permeability
coefficient of similar material specimen is 8.79 × 10−8–2.95 × 10−4 cm/s.

3. Results and Discussion

Based on the measured values for specimen parameters, the qualitative and quantitative
relationships between the specimen index parameters and similar-material proportioning ingredients
were obtained. In order to obtain the optimum proportioning of ingredients, using a coal mine floor
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water inrush by similar simulation test as a case, four multiple linear regression equations were further
calculated, providing the optimum proportioning of the ingredients.

3.1. Results

The relationship between the specimen index parameters, i.e., density, compressive strength,
tensile strength, and permeability coefficient, and four factors in the orthogonal test schemes,
was analyzed quantitatively and qualitatively by the range and variance analyses. The variance
analysis is based on the Minitab software (Minitab 17, TechMax Information Technical Co., Ltd.,
Shanghai, China, 2014) [43].

3.1.1. Density Analysis

The specimen density was analyzed as follows: first, a qualitative analysis was studied by
the range analysis; furthermore, a quantitative analysis was carried out to obtain the quantitative
relationship between the specimen density and four factors by the variance analysis.

(1) Range analysis of density

Range analysis consists of two stages: calculation and judgment. Kjm is the sum of the
experimental indexes corresponding to the j factor, m level is in the range analysis. Kjm-a is the
average value of Kjm and Rj is the range of the j column factor, reflecting the variation range of the test
index. The larger the Rj, the greater the effect of the factors on the test indicators, which can determine
the primary and secondary factors.

1© Calculation

Combining Tables 2 and 3, the corresponding test index and the average value of the first level A1

of factor A are as follows: KA1 = 1.766 + 1.761 + 1.884 + 1.879 + 1.832 = 9.122, KA1-a = KA1/5 = 1.824.
Similarly, KA2 = 9.346, KA2-a = KA2/5 = 1.869; KA3 = 9.013, KA3-a = KA3/5 = 1.803; KA4 = 9.058, KA4-a =
KA4/5 = 1.812; KA5 =8.703, KA5-a = KA5/5 = 1.741.

Then, based on the range R definition, it was concluded that RA = KA2-a − KA5-a= 0.128, RB = 0.047,
RC = 0.082, RD = 0.036, as shown in Table 4.

2© Judgement

In Table 4, it was seen that RA > RC > RB > RD. Therefore, the order of the factors that affects the
specimen density is A > C > B > D.

Figure 5 shows the intuitive analysis chart of effective factors on specimen density. Specimen
density increases with increasing percentage of river sand in aggregate, because the density of the
coarse aggregate (river sand) is smaller than that of fine aggregate (calcium carbonate and talc powder).
In addition, density increases with increasing the mass ratio of cement and vaseline.

(2) Variance analysis of density

The abovementioned density values of different levels in four factors were used as the input in
the Minitab software. Then, the variance analysis of density was carried out in the variance analysis
module of the Minitab software, as shown in Table 5. Seq SS, Adj SS, and Adj MS are the sum of the
squares of deviations, adjusted squares sum of deviations, and adjusted squares sum of mean-square
error, respectively. F value is an index in variance analysis. p value is used to determine the significance
of a factor. Generally, p < 0.05 is significant, and p < 0.01 is very significant. The larger the F value,
the smaller the p value, indicating a more reliable result.
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Table 4. The range analysis of the parameters of similar-materials in the orthogonal test.

Factors A B C D Sum of Test Results

ρ

K1 9.122 8.906 9.040 9.003

∑ = 45.241

K2 9.346 9.141 8.808 9.163
K3 9.013 9.063 8.977 9.087
K4 9.058 9.060 9.219 8.986
K5 8.703 9.071 9.197 9.002
K1-a 1.824 1.781 1.808 1.801
K2-a 1.869 1.828 1.762 1.833
K3-a 1.803 1.813 1.795 1.817
K4-a 1.812 1.812 1.844 1.797
K5-a 1.741 1.814 1.839 1.800
R 0.128 0.047 0.082 0.036

σc

K1 1.485 3.261 2.330 3.574

∑ = 20.705

K2 2.438 3.387 2.023 3.428
K3 3.494 2.982 2.651 3.382
K4 3.959 2.875 3.744 2.892
K5 4.329 3.200 4.957 2.429
K1-a 0.297 0.652 0.466 0.715
K2-a 0.488 0.677 0.405 0.686
K3-a 0.699 0.596 0.530 0.676
K4-a 0.792 0.575 0.749 0.578
K5-a 0.866 0.640 1.191 0.686
R 0.378 0.102 0.586 0.229

σt

K1 0.148 0.288 0.234 0.352

∑ = 1.487

K2 0.244 0.314 0.196 0.329
K3 0.331 0.277 0.252 0.298
K4 0.358 0.299 0.350 0.263
K5 0.406 0.309 0.455 0.245
K1-a 0.0296 0.0576 0.0468 0.0704
K2-a 0.0488 0.0628 0.0392 0.0658
K3-a 0.0662 0.0554 0.0504 0.0596
K4-a 0.0716 0.0598 0.07 0.0526
K5-a 0.0812 0.0618 0.091 0.049
R 0.0516 0.0074 0.0518 0.0214

K

K1 3.51 × 10−4 2.22 × 10−4 1.35 × 10−4 1.44 × 10−4

∑ = 1.19 × 10−3

K2 2.05 × 10−4 3.96 × 10−5 2.68 × 10−4 2.44 × 10−5

K3 1.72 × 10−4 5.25 × 10−4 6.81 × 10−4 7.56 × 10−4

K4 5.20 × 10−5 6.71 × 10−5 9.96 × 10−5 7.89 × 10−5

K5 1.08 × 10−5 3.54 × 10−5 4.85 × 10−6 1.86 × 10−4

K1-a 7.02 × 10−5 4.44 × 10−5 2.70 × 10−5 2.88 × 10−5

K2-a 4.10 × 10−5 7.92 × 10−6 5.36 × 10−5 4.88 × 10−6

K3-a 3.44 × 10−5 1.05 × 10−4 1.36 × 10−4 1.51 × 10−4

K4-a 1.04 × 10−5 1.34 × 10−5 1.99 × 10−5 1.58 × 10−5

K5-a 2.16 × 10−6 7.08 × 10−6 9.70 × 10−7 3.72 × 10−5

R 7.00 × 10−5 9.79 × 10−5 1.35 × 10−4 1.46 × 10−4

Table 5. The variance analysis of similar-material density (Seq SS: the sum of the squares of deviations;
Adj SS: adjusted squares sum of deviations; Adj MS: adjusted squares sum of mean-square error).

Variance Sources Free Degree Seq SS Adj SS Adj MS F p

A 4 0.042940 0.042940 0.010735 2.69 0.109
B 4 0.005942 0.005942 0.001486 0.37 0.823
C 4 0.022829 0.022829 0.005707 1.43 0.309
D 4 0.004546 0.004546 0.001137 0.28 0.880
Error 8 0.031966 0.031966 0.003996
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(a) (b) 

 
(c) (d) 

Figure 5. Intuitive analysis chart of density influencing factor: (a) Factor A; (b) Factor B; (c) Factor C;
(d) Factor D.

In Table 5, p values are ≥5%, illustrating that the affecting factors have no significant effect on the
specimen density. The factors order affecting the specimen density is A > C > B > D based on p values,
and this result is consistent with the range analysis of density.

In the Minitab regression analysis, the indexes of the regression model include the standard
deviation of the regression model error (Se), the percentage of the regression model error in the total
error (R-Sq) and the adjusted R-Sq. R-Sq is used to show that the model is in line with the data, and the
larger the value, the better the regression model and the data. The larger the R-Sq value, the better the
fit between the regression model and the data.

Based on the regression analysis module in the Minitab software, the multiple linear regression
equation between the density and four factors were obtained [44], as shown by Equation (9).

ρ = 1.80964 − 0.06904A − 0.00456B + 0.02976C + 0.00924D (9)

where Se = 0.0632119, R-Sq = 80.46%, the adjusted R-Sq = 75.39%, verifying the reliability of the
similar-material density regression model.

3.1.2. Compressive Strength Analysis

The compressive strength analysis method was similar to that of the specimen density.

(1) Range analysis of compressive strength
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Similarly, RC > RA > RD > RB. Therefore, the order of the factors affecting the specimen density is
C > A > D > B. Figure 6 shows the intuitive analysis chart of effective factors of specimen compressive
strength. Specimen compressive strength increases when increasing the percentage of river sand in the
aggregate and the mass ratio of cement and vaseline.

 
(a) (b) 

 
(c) (d) 

Figure 6. Intuitive analysis chart of compressive strength influencing factor: (a) Factor A; (b) Factor B;
(c) Factor C; (d) Factor D.

(2) Variance analysis of compressive strength

Equation (10) was obtained based on the Minitab regression analysis.

σc = −2.04562 + 3.2768A − 0.13096B + 0.469376C − 5.75D (10)

where Se = 0.173737, R-Sq =94.31%, the adjusted R-Sq =82.94%, indicating the reliability of the
similar-material compressive strength regression model.

3.1.3. Tensile Strength Analysis

The tensile strength analysis method was similar to that of the specimen density.

(1) Range analysis of tensile strength

Similarly, RC > RA > RD > RB. Therefore, the order of the factors affecting the specimen density
is C > A > D > B. Figure 7 shows the intuitive analysis chart of factors affecting the specimen tensile
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strength. Specimen tensile strength increases with increasing the percentage of river sand in aggregate
and the mass ratio of cement and vaseline.

 
(a) (b) 

 
(c) (d) 

Figure 7. Intuitive analysis chart of tensile strength influencing factor: (a) Factor A; (b) Factor B;
(c) Factor C; (d) Factor D.

(2) Variance analysis of tensile strength

Equation (11) was obtained based on the Minitab regression analysis.

σt = −0.19218 + 0.2916A − 0.00784B + 0.0439676C − 0.424D (11)

where Se = 0.0146990, R-Sq = 95.06%, the adjusted R-Sq = 85.17%, confirming the reliability of the
similar-material tensile strength regression model.

3.1.4. Permeability Coefficient Analysis

The permeability coefficient analysis method was similar to that of the specimen density.

(1) Range analysis of permeability coefficient

The order of on permeability coefficients is as follows: RD > RC > RB > RA. Therefore, the order of
the factors affecting the specimen density is D > C > B > A. Figure 8 shows the intuitive analysis chart
of influence factors affecting the specimen permeability coefficient. With increasing the percentage of
antiwear hydraulic oil in the total mass of similar materials, the mass ratio of cement and vaseline,
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and the mass ratio of calcium carbonate and talc powder, the permeability coefficient first increases
and then decreases.

(a) (b) 

 
(c) (d) 

Figure 8. Intuitive analysis chart of permeability coefficient influencing factor: (a) Factor A; (b) Factor
B; (c) Factor C; (d) Factor D.

(2) Variance analysis of permeability coefficient

Equation (12) was obtained based on the Minitab regression analysis.

K = 0.00031441 − 0.0002555A − 0.00002766B − 0.00003062C + 0.00027941D (12)

where Se = 0.0000412355, R-Sq = 86.20%, the adjusted R-Sq = 78.60%, indicating the reliability of
similar-material permeability coefficient regression model.

3.2. Discussion

The optimum proportion of the fluid–solid coupling similar-material is the key to study
geotechnical engineering problems in similar simulation test, obtained by Equations (9)–(12).

Water inrush from the coal floor is a typical fluid–solid coupling problem in geotechnical
engineering. In order to explore the mechanism of water inrush from mining coal floor, the floor water
inrush of the 15 coal seams in a colliery was taken as an application example. Based on the fluid–solid
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coupling similarity theory and original parameters of sandstone stratum and mudstone stratum in
aquifuge, the test model parameters of aquifuge were calculated, as shown in Table 6. On this basis,
the optimum ratio of similar-material in the aquifuge strata was also obtained by Equations (9)–(12),
as listed in Table 7.

Table 6. The original rock and model parameter of aquifuge.

Stratum ρ (g/cm3) σc (MPa) σt (MPa) K (cm/s)

Mudstone
Protolith 1.815 54.25 9.65 3.55 × 10−6

Model 1.801 0.261 0.048 2.52 × 10−7

Sandstone
Protolith 1.903 92.30 16.25 1.69 × 10−5

Model 1.893 0.458 0.081 1.20 × 10−6

Table 7. The optimal ratio of similar-material in aquifuge

Stratum A (%) B C D (%)
Sand: Calcium Carbonate: Talc Powder: White
Cement: Vaseline: Antiwear Hydraulic Oil

Mudstone 87.45 1.27 1.19 4.78 12.46:1.00:0.79:0.69:0.89:0.79
Sandstone 75.32 1.43 1.74 3.65 5.19:1.00:0.70:0.51:0.29:0.29

According to the optimum ratio of mudstone and sandstone in aquifuge, six specimens were
prepared to verify the requirements of the hydrophilicity, compressive strength, tensile strength,
brittleness and permeability coefficient. Figure 9 shows the stress and strain curves of mudstone and
sandstone in aquifuge, indicating that the specimen strength immersed for three days was greater
than 85% of the specimen without immersion; these results show that this similar-material can meet
the practical requirements of aquifuge. Furthermore, similar-material model test was laid using the
optimal ratio of in aquifuge, and the results are consistent with the mining practice, verifying that
the new fluid–solid coupling similar-material is feasible and effective in solving the geotechnical
engineering problem.

(a) 

Figure 9. Cont.
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(b) 

Figure 9. The stress and strain curves of similar-material: (a) Mudstone; (b) Sandstone.

4. Conclusions

An experimental development process of a new fluid–solid coupling similar-material based
on the orthogonal test was established. First, river sand, calcium carbonate and talc powder,
white cement and vaseline, and antiwear hydraulic oil were used as the aggregate, cementing agent,
and regulator, respectively, making up the raw materials of similar-material. Second, the proportioning
test scheme was designed based on the orthogonal test. Test specimens were produced to obtain
parameters, such as density, compressive strength, tensile strength, and permeability coefficient. Third,
the qualitative and quantitative relationships between the specimen parameters and similar-material
proportioning ingredients were obtained through range and variance analysis. That is to say,
the density, compressive strength, and tensile strength increase when increasing the mass ratio of
cement and vaseline. With increasing the percentage of hydraulic oil in aggregate, the mass ratio of
cement and vaseline, and the mass ratio of calcium carbonate and talc powder, the permeability
coefficient first increases and then decreases. Fourth, four multiple linear regression equations
between the specimen parameters and similar-material ingredients were obtained, and the optimum
proportioning of ingredients was further determined for different requirements. Finally, taking a coal
mine floor water inrush by similar simulation test as a case, based on the four multiple linear regression
equations, the optimum proportioning of the sand, calcium carbonate, talc powder, white cement,
vaseline, and antiwear hydraulic oil of the mudstone and sandstone in the aquifuge was determined as
12.46:1.00:0.79:0.69:0.89:0.79, 5.19:1.00:0.70:0.51:0.29:0.29, respectively, which were successfully applied.
The newly developed fluid–solid coupling similar-material can provide a reference for similar-material
under different demand conditions.
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Abstract: Fluid mixing plays an essential role in microscale flow systems. Here, we propose an active
mixing approach which enhances the mixing of viscoelastic fluid flow in a simplified pore T-junction
structure. Mixing is actively controlled by modulating the driving pressure with a sinusoidal signal
at the two inlets of the T-junction. The mixing effect is numerically investigated for both Newtonian
and viscoelastic fluid flows under different pressure modulation conditions. The result shows that a
degree of mixing as high as 0.9 is achieved in viscoelastic fluid flows through the T-junction mixer
when the phase difference between the modulated pressures at the two inlets is 180◦. This modulation
method can also be used in other fluid mixing devices.

Keywords: mixer; viscoelastic fluid; pore structure

1. Introduction

Mixing processes aim to generate a homogenous solution of multiple components in natural and
engineering flows [1,2]. Such processes have been widely applied in chemical analysis [3,4], biological
analysis [5,6], heat and mass transfer for microfluidic devices [7,8], fluid dynamic analysis in a porous
medium [9–12], and numerous relevant small-scale research areas [13–15]. Efficient mixing is often
desired for complete interaction within multicomponent systems, microreaction platforms, and mixing
and transfers of small volumes at pore-scales [16,17]. Mixing can be accomplished through chaotic
flow or a turbulent flow [8,18,19]; however, due to the small-scales, such flows are difficult to achieve
in microfluidic systems. The realization of turbulent flow in microchannels is much more complex
and challenging than in larger tubes or in open space, where the flow rate is severely limited by the
driving pressure. At low flow rates, where flows are often in the laminar, low Reynolds number regime,
mixing must rely on molecular diffusion between the different fluid layers, the thicknesses of which
are much larger than the characteristic diffusion length. Thus, instead of relying on inertial effects,
other strategies to induce mixing, like introducing the elastic effect at microscale laminar flow, may
enhance the mixing effect [20].
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Many microfluidic designs use fluid mechanisms to overcome the absence of turbulence [8,18,21].
These mechanisms include splitting–recombining [22], twisting [23–25], transversal flows [9],
vortices [26,27], and chaotic advection [1,28–30]. These strategies can be categorized into passive
and active ways [2,31,32], which depend on the application of an external energy source. They operate
by the same inherent principle to generate transversal components of velocity, causing the flow to
become unstable, and the thickness of fluid layers to decrease.

Mixing is also a critical process in many subsurface engineering operations, such as oil
recovery [29,33]. After a secondary recovery by water flooding of a subsurface hydrocarbon reservoir,
the oil and aqueous phases coexist, and additional fluid may be injected to perform enhanced oil
recovery (EOR). Fluids injected during EOR include surfactant solutions [34], polymer solutions [35],
and aqueous nanoparticle suspensions [36,37], and the mixing of the new aqueous fluid with the
previously-injected water is an important goal of the flooding operation. In particular, polymer
solutions are always applied as the final chasing fluid following other EOR fluids [38] because the
high viscosity of polymer solutions can effectively suppress viscous fingering and thereby stabilize the
injection front [11,39,40]. Consequently, how the chasing polymer solution mixes with the preceding
EOR fluids is important in determining the overall EOR efficiency. However, in addition to being highly
viscous, polymer solutions can also be viscoelastic. Viscoelasticity has been shown to significantly
affect flow in porous media [41–44] or even bring about local instabilities [41,45,46]. The instability of
viscoelastic fluids in porous media has been widely observed, and presents a promising opportunity
for enhanced mixing [47,48], but little is understood about how to actively control these instabilities to
achieve this purpose.

In this paper, we modeled a T-junction chamber as a pore element to simulate the mixing effect
of unstable viscoelastic fluid flows [49–53]. The instability of the viscoelastic fluid was induced
by perturbing the flow through controlled driving pressures at the inlets. This mechanism can be
considered an active method for the enhancement of mixing within a microfluidic channel when the
flow state is laminar and uniaxial across the pore-like channel. The driving pressure at the two inlets of
the mixer was modulated by time-dependent sinusoidal signals. The degree of mixing was compared
under constant pressure as well as when the pressure was modulated in one or both inlets. The effects
of amplitude, frequency, and phase difference of the driving pressures were compared for viscoelastic
fluid flows and Newtonian fluid flows. Finally, the results were experimentally validated using a
microfluidic device.

2. Numerical Schemes

2.1. Computational Model of T-Junction Micromixer

The computational model used in this study to simulate the T-junction micromixer is shown in
Figure 1. Fluid components of different concentrations flow into two inlets I1 and I2 from both sides of
the junction and convergence begins at the junction point X. Then, the mixing fluid flows through a
narrow converging channel that feeds into an expanded mixing channel where the two fluids will mix
with each other. The component concentration at a cross section S in the mixing channel is monitored
to determine the mixing efficiency. The length and width of the inlet channels are L0 = 20 and W0 = 1,
respectively, while the converging channel has dimensions of L1 = 6 and W1 = 0.5 and the mixing
channel has L2 = 20 and W2 = 6. The micromixer structure has a depth of d = 1, and the outlet is set at
the end of the mixing channel.
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Figure 1. The computational model of T-junction micromixer.

2.2. Governing Equations

Flows in the T-junction micromixer were investigated using a solver based on the open-source
software OpenFoam. The velocity, pressure, and concentration fields were numerically simulated
based on the fundamental governing equations. The continuous equation and Navier–Stokes (N–S)
equation were applied to solve the incompressible Newtonian fluid flow:

∇·U = 0 (1)

∂ρU

∂t
+ ρU·∇U = −∇p + μ∇2U (2)

where U represents the velocity vector of flow; p is the pressure; ρ is the density; and μ is the dynamic
viscosity of the fluid.

The convection–diffusion equation was applied to solve the component concentrations in the flow:

∂C
∂t

+ U·∇C = D∇2C (3)

where C is the component concentration of the fluid and D is the diffusion coefficient of fluid.
For the incompressible viscoelastic fluid flow, the N–S equation is modified as:

∂ρU

∂t
+ ρU·∇U = −∇p + μ∇2U +∇·τp (4)

where τp is the elastic stress, which can be derived from the constitutive equation of viscoelastic fluid.
The constitutive equation describes the relation between molecule deformation and elastic stress in
the fluid:

τp = kBT( f (r)C − I) (5)

where kB is the Boltzmann constant; T is the absolute temperature of the fluid; f (r) is the Peterlin
function; C is the conformation tensor of polymer molecules; and I is the Kronecker symbol for the
unit tensor. The constitutive equation is further derived from Equation (5) as:

τp = ηp( f (r)C − I)/λ (6)

where ηp is the solute viscosity and λ is the relaxation time of the solution. The transport equation of
the conformation tensor is then expressed as:

∂C

∂t
+ U·∇C = C·∇U + (∇U)T ·C − [I + α(C − I)]·[ f (r)C − I]/λ (7)

where α is a parameter that relates to the anisotropy of drag encountered by flowing polymer
segments [54]. Different f (r) and α are selected in different constitutive models. Here, we assumed
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that the viscoelastic fluid is linearly extended during the flow, so that f (r) = 1 and α = 0. This satisfies
the flow situation of a Boger fluid in the Oldroyd-B constitutive model. Therefore, Equations (6) and
(7) are simplified as:

τp = ηp(C − I)/λ (8)

∂C

∂t
+ U·∇C = C·∇U + (∇U)T ·C − I·(C − I)/λ (9)

Moreover, in order to gain more universal computational results, the dimensionless governing
equations were used based on the following:

∇∗ = H·∇, U∗ = U

Ui
, t∗ = tUi

H
, p∗ = p

ρUi
2 , C∗ = C

Cmax
(10)

where H is the hydraulic diameter of the channel; Ui is the center velocity of the fluid at the inlet
channel; ρ is the fluid density; and C is the component concentration in the fluid. We defined the
dimensionless Reynolds number Re and Schmidt number Sc as:

Re =
ρUi H

μ
, Sc =

ν

D
(11)

where ν is the kinematic viscosity of the fluid. The dimensionless governing continuous equation and
the N–S equation can then be expressed as:

∇∗·U∗ = 0 (12)

∂U∗

∂t∗ + U∗·∇∗U∗ = −∇∗p∗ + 1
Re

∇2∗U∗, (13)

and the convection–diffusion equation is expressed as:

∂C∗

∂t∗ + U∗·∇∗C∗ = 1
Re·Sc

∇2∗C∗ (14)

Meanwhile, for a viscoelastic fluid, we defined the dimensionless parameter Weissenberg number
Wi and the viscosity ratio β as:

Wi =
λUi
D

,β =
ηs

ηs + ηp
(15)

where λ is the relaxation time of the viscoelastic fluid; ηp is the solute kinetic viscosity; ηs is the solvent
kinetic viscosity. Thus, the dimensionless N–S equation for viscoelastic fluid flow and the conformation
tensor transport equation are modified as:

∂U∗

∂t∗ + U∗·∇∗U∗ = −∇∗p∗ + β

Re
∇2∗U∗ + 1 − β

ReWi
∇∗C (16)

∂C

∂t∗ + U∗·∇∗C = C·∇∗U∗ + (∇∗U∗)T ·C − I·(C − I)

Wi
(17)

For both Newtonian fluid and viscoelastic fluid cases, the dimensionless density, dimensionless
viscosity, and Re were all set at 1.0, while Sc was set at 10−8. In addition, in the viscoelastic fluid case,
the dimensionless relaxation time λ was set at 5.0, the dimensionless solution viscosity was set at 0.4,
and dimensionless solvent viscosity was set at 0.6.

2.3. Numerical Methods

In this work, the fluid in the micromixer initially had a component concentration of 0. The
dimensionless component concentration C1 was 0 for the fluid entering through inlet I1, while
C2 = 1 for the fluid entering through inlet I2. The driving pressure is P1 at inlet I1 and P2 at inlet I2.
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The no-slip condition was imposed on all channel surfaces, and a fully developed flow condition was
used at the mixer outlet.

The first-order Euler implicit scheme was used for time marching in the unsteady transport
equations of Equations (14), (16), and (17), with a small dimensionless time step δt = 10−3. The
convection terms in Equations (14) and (16) were discretized by the QUICK scheme, while the bounded
MINMOD scheme was used to discretize the convection terms in Equation (17). Pressure–velocity
coupling was handled by the PISO algorithm.

2.4. The Definition of Mixing Efficiency

Given component concentrations C1 = 0 and C2 = 1, a full mixing of the two fluids will result in a
concentration of 0.5 when two averaged flow rates are the same. The degree of mixing is calculated by
taking the standard deviation of concentration at all meshed points in cross-section S, defined as:

A =

√√√√ N

∑
i=1

(xi − E)2

N
(18)

where N is the number of meshed points in the cross-section; xi is the concentration at point i; and E is
the full mixing concentration, which is 0.5. Equation (18) is valid if the fluid density at each mesh point
is the same. However, the flow rate is higher at the center of the channel and lower at the channel
sides due to the no-slip boundary condition and fluid viscosity. Therefore, the deviation needs to be
adjusted as:

B =

√√√√ N

∑
i=1

(xi − E)2

N
Vi

Vmean
(19)

where Vi is the velocity at the mesh point i and Vmean is the average velocity in cross-section S. B ranges
from 0 to 0.5, where B = 0 means full mixing while B = 0.5 indicates no mixing. We then define the
degree of mixing as:

M = 1 −

√
∑N

i=1
(xi−E)2

N
Vi

Vmean

μ
(20)

Therefore, M = 1 indicates full mixing, while M = 0 when no mixing occurs. We will use this index
to present the mixing efficiency in the following sections.

3. Results and Discussion

3.1. Mixing in Condition of Constant Pressure

We first investigated fluid mixing in the T-junction micromixer when both inlets I1 and I2 are under
the same constant pressure P0 = 3500. Figure 2a,b compare the component concentration distribution
in the Newtonian fluid and viscoelastic fluid cases after the fluid has flowed in the micromixer for a
long time (t = 120). The color map indicates the normalized component concentration (red represents
C = 1 and blue represents C = 0). It can be seen that the two injected fluids are well separated in the
converging channel. In the mixing channel, green appears at the center area along the flow direction.
The concentration gradually changed between 0 and 1 and reached 0.5 in the center, indicating a high
mixing here. Compared to the Newtonian fluid case, the mixing area is larger in the viscoelastic fluid.
Since the simulation conditions for two fluids were identical except that the viscoelastic fluid had a
nonzero elasticity, the improvement in mixing must originate from elastic stress in the viscoelastic fluid.

442



Processes 2018, 6, 210

 (a)                             (b) 

Figure 2. Concentration distribution in the Newtonian fluid case (a) and viscoelastic fluid case (b) under
constant driving pressure at both inlets.

The elastic stress effect was further confirmed by investigating the flow streamlines and fluid
angular velocity, as shown in Figure 3. In the Newtonian fluid case, the streamlines bend 90◦ downward
at the convergence point and there is no angular velocity in the flow. By contrast, the streamlines in
viscoelastic fluid in the same region first bend up slightly before bending down. A nonzero angular
velocity is observed in the narrow channel, indicating convection of two viscoelastic fluids and more
significant mixing. The degree of mixing M was analyzed at the cross-section S, which was set at a
distance of Ls = 12 below the channel expansion point. For both cases, M increases until it becomes
stable starting from t = 80, but their magnitudes differ: M plateaus at 0.15 for the Newtonian fluid case
and 0.25 for the viscoelastic fluid case, as shown in Figure 4. This quantitatively shows that mixing
was improved in viscoelastic fluid case.

 
Figure 3. Streamlines and angular velocity in the Newtonian fluid case (a) and viscoelastic fluid case
(b) under constant driving pressure at both inlets.
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Figure 4. Degree of mixing in the Newtonian fluid case (black line) and viscoelastic fluid case (red line)
under constant driving pressure at both inlets.

3.2. Mixing in Single-Side Pressure Oscillation

We modulated the driving pressure P1 at inlet I1 with a sinusoidal factor while keeping the
pressure P2 at inlet I2 constant:

P1(t) = P0[1 + A sin(2π f t)] (21a)

P2 = P0 (21b)

where A and f are the amplitude and frequency of the modulating signal, respectively. A, f, and
P are all dimensionless. A was set at 0.8 to ensure a large pressure modulation while keeping the
absolute pressure positive during the driving process. f was set at 1. P0 was the same as that in
the constant pressure case, 3500. The change in the degree of mixing in cross-section S within one
period was studied when pressures in Equation (21) were applied to the viscoelastic fluid case. Under
the above driving pressure, the concentration distributions at t = 120 in the Newtonian fluid and
viscoelastic fluid cases are shown in Figure 5, respectively. The transition region between the blue
(low concentration) and red (high concentration) fluids expanded significantly when the pressure was
modulated compared to when the pressure was constant, indicating that pressure modulation greatly
improves mixing efficiency. Meanwhile, the concentrations in the converging channel were no longer
uniformly distributed along the channel due to the pressure changes over time. At times P1 < P2,
higher concentration fluid from inlet I2 will enter the converging channel. The converse happens
when P1 > P2. In other words, the two fluids will alternatively enter the mixing channel in larger
amounts. Due to the large width of the subsequent expanded channel, the small amounts of fluids
introduced during one pressure cycle will start to expand and convect with each other. In this way,
better mixing can be realized. In addition, we can also see that the larger discontinuous portion of fluid
alternated more in the converging channel for the viscoelastic fluid case compared to the Newtonian
fluid case, which indicates a higher mixing efficiency in the viscoelastic fluid. This was confirmed by
investigating the degree of mixing at the cross-section S for both fluids. Figure 6 compares the mixing
of a viscoelastic fluid with a different relaxation time and a Newtonian fluid. Mixing increased with the
relaxation time and became stable at t = 80 for all fluids. The Newtonian fluid had the lowest degree
of mixing of 0.62. Mixing gradually increased from 0.63 to 0.70 as the relaxation time λ increased
from 1 to 10. This is because a higher relaxation time indicates a larger elastic stress, which leads to
more convection in the fluid. Compared to the condition of constant pressure, the degree of mixing
increased from 0.15 to 0.61 for the Newtonian fluid case under modulated pressure and from 0.25 to
0.68 for a viscoelastic fluid with λ of 5.
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            (a)                      (b) 

Figure 5. Concentration distribution in the Newtonian fluid case (a) and viscoelastic fluid case (b) under
modulated pressure at the inlet I1 and constant pressure at the inlet I2.

Figure 6. Degree of mixing in the Newtonian fluid case and viscoelastic fluid case with different
relaxation time under modulating driving pressure at the inlet I1 and constant pressure at the inlet I2.

The flow streamlines and flow angular velocity were also investigated within one period, shown
in Figure 7a,b for the Newtonian fluid case and Figure 7c,d for the viscoelastic fluid case. For both
fluids, the stream flowed mainly from inlet I1 at t = 119.2 (Figure 7a,c) and mainly from inlet I2 at
t = 119.7 (Figure 7b,d). The streamlines were smooth, and no angular velocity was observed in the
Newtonian fluid case. However, the viscoelastic fluid formed flow vortexes alternating between the
right and left sides of convergence points at times t = 119.2 and t = 119.7, respectively. The fluctuation in
flow vortexes indicates enhanced convection between two fluids, which in turn leads to better mixing.
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Figure 7. Streamlines and angular velocity in the Newtonian fluid case (a,c) and viscoelastic fluid case
(b,d) under modulated pressure at the inlet I1 and constant pressure at the inlet I2.

3.3. Mixing in Double-Sided Pressure Oscillation

Since a single inlet modulation improves mixing, we next investigated the effect of modulating the
driving pressure at both inlets. Here, we modulated both driving pressures P1 and P2 with sinusoidal
signals of the same amplitude A and frequency f, but with independent phase delays ϕ1 and ϕ2:

P1(t) = P0[1 + A sin(2π f t + ϕ1)] (22a)

P2(t) = P0[1 + A sin(2π f t + ϕ2)] (22b)

and we examined the dependence of mixing on A, f, and Δϕ = ϕ1 − ϕ2, the phase difference between
the two pressures.

Setting A = 3500 and f = 1, the concentration distribution of viscoelastic fluid when Δϕ varies
from 0 to π was investigated at t = 120, shown in Figure 8. The high and low concentration fluids are
symmetrically distributed on both sides of the T-junction when Δϕ = 0 (Figure 8a) because the driving
pressure at both inlets is always the same. Only very small amounts of the two fluids mix with each
other along the center of the channel. However, the distribution symmetry is broken as Δϕ starts to
increase. A small fluctuation of the fluids in the converging channel was observed when Δϕ = π/6,
and it was magnified at the expansion point when the fluids entered the expanded channel, as shown
in Figure 8b. As a consequence, the size of the mixing region starts to increase. As Δϕ is increased
to π/3, the two fluids start to alternate along the converged channel (Figure 8c) and the blue and red
flows start to become discontinuous at the expansion point. Furthermore, the green region increases,
while narrow streams of the low and high concentration fluids remain observable near the left and
right sidewalls, respectively. As Δϕ is further increased to π/2 (Figure 8d), the green region occupies
most of the expansion channel, and isolated spots of unmixed fluid appear at the expansion point,
as shown in the insert of Figure 8d. This means that the instantaneous pressure difference between
the two inlets was large enough to allow the fluids to enter the converged channel separately. For
Δϕ between 2π/3 to π (Figure 8e–g), the green region occupies almost all of the expansion channel,
indicating good mixing. The degree of mixing for different Δϕ is plotted in Figure 9. When Δϕ = 0, the
mixing degree stabilizes at 0.2 after t = 20. The stabilization time t increases to 40, 60 and 80 for Δϕ of
π/6, π/3, and π/2, respectively, and the corresponding maximum degrees of mixing increase to 0.45,
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0.63 and 0.73, respectively. The degree of mixing reaches a system-wide maximum value of 0.82 when
Δϕ = π. A phase difference of π maximizes the difference in the amount of fluid entering from each
inlet at any instant in time. The fluid volumes alternate during each period, and this alternating fluid
pattern expands in the wide mixing channel. As a result, the diffusion area is increased. By contrast,
when Δϕ = 0, the fluids from the inlets flow side by side along the channel direction and the diffusion
area is only along the length of the center line.

 
Figure 8. Concentration distribution in viscoelastic fluid case under modulated pressure at both inlets
with phase difference (a) 0, (b) π/6, (c) π/3, (d) π/2, (e) 2π/3, (f) 5π/6, and (g) π.

Figure 9. Degree of mixing in viscoelastic fluid case under modulated pressure at both inlets with
phase difference from 0 to π.

At a higher frequencies, less fluid will enter the converged channel during each period. As shown
in Figure 10a,b, the component mixing maps are compared for the viscoelastic fluid case when f = 1 and
f = 1.5, respectively, with fixed parameters A = 3500 and Δϕ = π. The green region shrinks significantly
when f increases from 1 to 1.5. In addition, larger regions of unmixed fluid occupy the left and right
sides of the expanded channel. This indicates that a higher modulating frequency undermines the
mixing effect. This can be better understood by looking at the concentration distributions in the inlets
and in the converging channel. At time t = 120, the pressure at inlet I2 is higher than that at inlet I1, and
more of the red fluid will be injected. At a lower modulating frequency, the difference in the amount of
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fluid flowing into the converging channel from each side is larger in each cycle; this can be observed in
the converging channel and results in a higher mixing efficiency overall. The final degrees of mixing,
which increase from 0.61 to 0.90 as the pressure oscillation frequency decreases from f = 2 to f = 0.5,
are shown in Figure 11.

             (a)                     (b) 

Figure 10. Concentration distribution in viscoelastic fluid case under modulated pressure at both inlets
with modulating frequency of f = 1 (a) and f = 1.5 (b).

Figure 11. Degree of mixing in viscoelastic fluid case under modulated pressure at both inlets with
different modulating frequencies.

In addition, we can also increase the degree of mixing by increasing the alternating volume
within one cycle using a higher pressure level at the inlets. To do this, P0 in Equation (22) is varied
between 3500 to 6000 while setting f = 1 and Δϕ = π. By increasing P0, the final degree of mixing in the
viscoelastic fluid case also increases from 0.82 to 0.91, as shown in Figure 12.
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Figure 12. Degree of mixing in viscoelastic fluid case under modulated pressure at both inlets with
different amplitudes.

4. Experimental Results

To validate the results of the simulations, the mixing efficiency was experimentally studied here
in a PDMS-glass bonded microfluidic chip, as shown in Figure 13a. A mold for the PDMS structure
was fabricated from SU8 photoresist on a silicon wafer using a standard photolithography process.
The PDMS is a mixture of base and crosslinker with a ratio of 10:1. It was poured on the SU8 mold
and cured at 65 ◦C for 4 h. To complete the chip, the cured PDMS was bonded to a glass slide after
oxygen plasma treatment. The size of the microchannel was scaled to 100 μm based on the model in
Figure 1. The length and width of the inlet channel were L0 = 2 mm and W0 = 100 μm, respectively.
The converging channel was L1 = 600 μm in length and W1 = 50 μm in width. The mixing channel was
L2 = 2 mm in length and W2 = 600 μm in width. The entire micromixer structure had a depth of d = 100
μm, and the outlet was directly at the end of the mixing channel.

A Newtonian glycerol solution was injected into the two inlets of the T-junction mixer. The fluid at
one inlet contained 10 μg/mL of Rhodamine B, while the other did not, so the mixing degree could be
determined by quantifying the Rhodamine B concentration. With the limit of one programmable pump
(PHD ULTRATM 4400), we fixed the flow rate at 500 μL/h on one inlet, and modulated the flow rate
on the other side under three different conditions: (i) Constant flow rate of 500 μL/h; (ii) alternating
flow rate between 0 and 1000 μL/h at a frequency f = 0.5 Hz and duty cycle of 50%; (iii) alternating
flow rate between 0 and 1000 μL/h at a frequency f = 0.1 Hz and duty cycle of 50%. The recorded
flow pattern is shown in Figure 13b. The color map represents the Rhodamine B concentration, which
is normalized from 0 to 1: Yellow denotes a concentration of 1 and blue, a concentration of 0. For
case (i), the flow rates at both inlets were the same constant value and the mixing region was narrow,
indicating a small degree of mixing. For case (ii), the mixing region was increased when the flow rate
on one side alternated at f = 0.5 Hz. The mixing region was further increased when the frequency
decreased to 0.1 Hz in case (iii). According to the normalized concentrations of Rhodamine B, the
degree of mixing at different flow distances along the channel is calculated using Equation (20) and
plotted in Figure 13c. The origin indicates the point at which the fluid enters the mixing channel. The
degree of mixing gradually increases with the flow distance, and stabilizes at 0.20 for case (i), 0.25 for
case (ii), and 0.37 for case (iii). This experimentally demonstrates the enhancement in mixing when
the flow is modulated on one side compared to having a constant driving flow at both sides, which
agrees well with the simulation results. This also confirms that mixing is increased as the alternating
frequency decreases.

449



Processes 2018, 6, 210

 
(a) 

(b) 

 
(c) 

Figure 13. (a) The fabricated microfluidic chip for the T-mixer; (b) Recorded flow pattern of the glycerol
solution with/without Rhodamine B on left/right side and the flow rate for right side (i) remains
constant at 500 μL/h; (ii) alternates with frequency f = 0.5 Hz; (iii) alternates with frequency f = 0.1 Hz.
(c) The measured degree of mixing for case (i–iii).

5. Conclusions

In conclusion: A T-junction micromixer was modeled, and mixing efficiencies were numerically
compared for both a Newtonian fluid and a viscoelastic fluid as a function of driving pressure
amplitude and modulation frequency. The degree of mixing is higher in a viscoelastic fluid than in
a Newtonian fluid due to elastic stress in the viscoelastic fluid. Different modulations of the driving
pressures at each inlet of the micromixer were explored. Under constant driving pressures, the degree
of mixing was relatively low, 0.15 for the Newtonian fluid case and 0.25 for the viscoelastic fluid case.
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When the driving pressures were modulated with a sinusoidal factor at one inlet while being held
constant at the other, the degree of mixing increased to 0.62 and 0.67 for the Newtonian fluid and
the viscoelastic fluid, respectively. When the driving pressures at both inlets of the micromixer were
modulated with a sinusoidal factor, the mixing efficiency could be increased significantly by controlling
the phase difference between the modulated pressures. The degree of mixing reached a maximum
value of 0.82 using a viscoelastic fluid with a phase difference of π. Mixing enhancement arising from
a low-frequency, single-inlet alternating modulation of the flow rate was experimentally demonstrated
for a Newtonian glycerol solution. The method of modulating the driving pressure to enhance mixing
may have potential applications in chemical engineering and in flow through porous media.
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Abstract: The unchecked and unnoticed disposal of industrial leachates is a common malpractice in
developing countries. Untreated effluents from industries drastically deteriorate the soil, altering
nearly all of its characteristics. An increase in urbanization has led to construction on these
deteriorated lands. In this study, the chemical impact of two industrial effluents, dyeing (acidic) and
tannery (basic), is studied on two cohesive soils, i.e., high plastic clay (CH) and low plastic clay (CL).
Properties such as liquid limit, plasticity index, specific gravity, maximum dry density, unconfined
compressive strength, swell potential, swell pressure, and compression indices decrease with effluent
contamination, with the exception of the basic effluent, for which the trend changes after a certain
percentage. This study also examines the time variation of properties at different effluent percentages,
finding that unconfined compressive strength of both soils increases with time upon dyeing (acidic)
contamination and decreases with tannery (basic). The stabilizing effect of two industrial by-products,
i.e., marble dust and ground granulated blast furnace slag (GGBFS) have been evaluated. Unlike
their proven positive effect on uncontaminated soils, these industrial by-products did not show any
significant stabilization effect on leachate-contaminated cohesive soils, thereby emphasizing the need
to utilize special remediation measures for effluent treated soils.

Keywords: effluents; soil properties; cohesive soils; contamination; time variation; stabilization

1. Introduction

It has long been recognized that changes in pore fluid chemistry can exert a strong effect on soil
strength characteristics [1]. In recent years, the growing rate of soil contamination has prompted a
number of studies in which the effects of chemicals on the geotechnical properties of fine-grained
soils have been studied [2]. Industrial effluents are often discharged untreated, a practice which
contaminates water channels (and ultimately the soil) through seepage.

A substantial volume of effluent waste is generated annually. These effluents consist of toxic
heavy metals and highly reactive chemical compounds which, upon disposal, alter the shape and
composition of the soil structure following certain chemical reactions. Such reactions cause changes
in the soil behavior related to various geotechnical properties. In recent years, a number of studies
have been performed to investigate the effect of pore water chemistry on the strength characteristics of
soil. Anson and Hawkins [3], Moore and Brunsden [4], and Tiwari et al. [5] have studied the effect of
calcium and sodium chloride on the residual shear strength of weathered mudstone, and reported
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that high concentrations of ions in the pore water can significantly decrease the diffuse double layer
of clay particles, a process that would lead to a greater residual shear strength. Ratnaweera and
Meegoda [6] have researched the influence of organic fluids on the stress–strain behavior of soil
and noted that changes in strength mostly depended on the dielectric constant of the organic fluids.
Gratchev et al. [7,8] performed studies on the effect of the pore fluid chemistry on the undrained cyclic
behavior of artificial soil mixtures and natural clays and reported that the cyclic shear strength can
be greatly influenced by the type of ions and their concentrations in the pore water. Gratchev and
Towhata [9] reported that a decrease in pH correlates with increases in compression indices and liquid
limit and plastic limit of soils, due to the dissolution of calcium carbonate. Sunil et al. [10,11] dealt
with an attempt to study the effect of leachate on the Atterberg limits, shear strength properties and
chemical characteristics of lateritic soil. The liquid limit and the plasticity index of the lateritic soils
increases with municipal solid waste leachate concentration. The increase in clay content of lateritic
soil after interaction with the leachate led to an increase in cohesion parameter and decreases of the
friction angle. The pH measurements of lateritic soil contaminated with municipal solid waste (MSW)
leachate indicated an increase in pH values. This is also accompanied by a slight increase in the cation
exchange capacity of the soil. The change in chemical characteristics of lateritic soil contributed due to
the addition of leachate may be detrimental to foundation concrete in real field conditions.

A geotechnical engineer’s responsibility has therefore become cumbersome as conventional
geotechnical principles and theories fail to account for the behavior of contaminated soils. It has been
necessary to modify design methodologies to consider the effects of contaminants on soil properties to
ensure accurate design of foundations and underground structures in the era of industrial evolution.

Rapid urbanization in various metropolitan areas of Pakistan has forced developers to construct in
places that were previously used as dumping sites for industrial effluents. Geotechnical investigation
reveals that the top soil layer in major part of Pakistan is mainly composed of cohesive soils [12];
thus, these soils were selected for this study in an attempt to understand the effects of industrial
effluents on the geotechnical properties of contaminated cohesive soils. Furthermore, mitigation of
such effects using industrial by-products has been discussed.

2. Materials and Methods

2.1. Soil Samples

Two samples of locally available natural cohesive soils were used in this study. The samples
were obtained close to the soil surface and were representative of natural alluvial deposits common
in major parts of Punjab province in Pakistan. One of the samples was procured from Nandipur
near Gujranwala, Punjab and the other from Defence Housing Authority (DHA), Lahore. Grain size
distribution, illustrated in Figure 1, shows the Nandipur and DHA soil samples to be classified as
CH (A-6 (10)) and CL (A-7-6 (20)) per the Unified (AASHTO) Soil Classification System. To avoid the
possible influence of vegetation, fill material and other organic matter, soil samples were procured
from around 1.0 m deep test pits rather than from the surface. X-ray diffraction (XRD) analysis of
the soil samples (see Figure 2) revealed the presence of kaolinite in CL soil and illite in CH soil as
dominant minerals. The soil samples’ physical and chemical properties are summarized in Table 1.

Table 1. Physical and chemical properties of soil samples.

Properties CH CL

Classification High plastic clay Low plastic clay
pH 7.6 7.3

Liquid limit 54.6% 31.18%
Plastic limit 26.61% 17.35%

Specific gravity 2.71 2.78
Max. dry density 18.12 kN/m3 19.57 kN/m3

Optimum moisture content 15.7% 9.5%
Swell potential 5.4% 2.2%
Swell pressure 307.92 kPa 132.58 kPa
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Figure 1. Grain size distribution of Nandipur (CH) and DHA (CL) soil samples.

 
Figure 2. XRD analysis of soil samples.

2.2. Industrial Effluents

Two industrial effluents, representing extreme ends of the pH scale, were selected to examine
their effects on the engineering characteristics of cohesive soil. An acidic effluent collected from the
outfall of a dyeing industry (see Figure 3) and a basic effluent collected from a tannery (see Figure 4)
were used in this research. Fresh samples of industrial effluents were collected from drains of a dyeing
industry located in Sheikhupura, Punjab, whereas wastes from a tannery were procured from Sialkot,
Punjab. The collected effluent samples were subjected to chemical examination, the summary of these
results are presented in Table 2.
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Figure 3. Effluent from dyeing industry (Acidic).

 
Figure 4. Effluent from tannery industry (Basic).

Table 2. Properties of industrial effluents.

Tests Performed Tannery Effluent Dyeing Effluent

Color Dark greenish Dark reddish
pH 11.5 5.1

Total solids (g/L) 25.43 1.673
Total dissolved solids (mg/L) 19.78 910
Total suspended solids (mg/L) 603 330

Suspended solids (g/L) 6 1
BOD (mg/L) 4445 1980
COD (mg/L) 5000 2100

Chlorides (mg/L) 230 175
Specific gravity 1.012 1.007

Sulphates (mg/L) 281 198
Nitrates (mg/L) 34 28
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2.3. Industrial By-Products

Industrial by-products were used to stabilize the effluent-contaminated soils obtained in phase I
of this research. Specifically, by-products from the marble industry (marble dust) and steel industry
(ground granulated blast furnace slag (GGBFS) were procured from local industries in Lahore; their
chemical composition is summarized in Table 3.

Table 3. Properties of industrial by-products.

Material Constituents Percentage (%)

Marble dust

SiO2 6.2
Fe2O3 0.8
CaO 30.1

Al2O3 4.8

Ground granulated blast
furnace slag

CaO 30–50
SiO2 28–38

Al2O3 8–24
MgO 1–18

2.4. Testing Scheme

A systematic methodology was adopted to prepare the leachate contaminated soil specimens.
The cohesive soil samples were first oven-dried and pulverized. Industrial effluents were then
thoroughly mixed with the soil samples at the indicated percentages of 0%, 5%, 10%, 15%, and 20%
by dry weight of soil. The soil-effluent blends were left for 48 h for maturation before initiating
laboratory testing. The contaminated soil samples were then air-dried and sieved through 4.75 mm
mesh to remove coarse particles as well as large lumps. The dried and sieved soil was stored in airtight
containers ready for laboratory testing. Sixteen polluted specimens, with different effluent proportions,
were prepared for each soil type. A typical flow-chart depicting the specimen preparation process is
shown in Figure 5.

Soil Sample procured 
from field

Oven drying for 24 
hours @ 105 ± 5 C

Pulverization in 
mechanical soil 

pulverisor

Required percentage of 
industrial effluent added 

to soil
Thorough mixing by 

hands
Maturation through air 

drying for 48 hours

Sieving through 4.75 
mm sieve to remove 

coarse particles

Contaminated soil 
samples ready for 

subsequent lab testing 
preserved in air-tight 

jars

Figure 5. Flow-chart presenting specimen preparation procedure.
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A systematic nomenclature was established to represent the contaminated soil samples. The initial
two letters indicate soil type, either low plastic (CL) or high plastic (CH) clay. The third letter
corresponds to the effluent source, either the dyeing industry (D) or tannery industry (T). The digits
depict the percentage of pollutant (e.g., “CH-T5” corresponds to a high plastic clay sample with 5%
contamination from the tannery industry). The contaminated soil samples as well as the two virgin soil
samples were then subjected to different tests to ascertain the corresponding effects on geotechnical
characteristics. Soil properties assessed as a component of this investigation included Atterberg limits,
specific gravity, modified compaction, one-dimensional consolidation, unconfined compression, and
pH. Chemical analyses on the contaminated soils including total solids, dissolved solids, suspended
solids, settleable solids, nitrates, sulfates, chlorides, oxygen demand (OD), biochemical oxygen demand
(BOD), and chemical oxygen demand (COD) were also conducted. All tests were performed using the
applicable American Society for Testing and Materials (ASTM) standard.

Further, two industrial by-products, marble dust and GGBFS, were added to each soil sample
at percentages of 5%, 10%, 15%, and 20% by weight of the dry contaminated soil samples in order to
improve soil properties. The effects of different percentages of effluent contamination on soils with the
passage of time (i.e., 2 days, 7 days, 15 days, 21 days, 28 days and 2 months) were also investigated.

3. Results and Discussion

3.1. Effects of Contamination on Atterberg Limits

Atterberg limits are considered as index properties of soil and are used to predict their nature,
as well as mechanical behavior. Many important characteristics of cohesive soils including shear
strength, permeability, consolidation and deformation behavior, etc. are a function of Atterberg limits.
A variation in Atterberg limits upon effluent contamination can be used as a precursor to predict
change in other soil characteristics.

Increases in the liquid limit and plasticity indices of the soils with the addition of acidic and basic
effluents are illustrated in Figure 6. The liquid limit of CH soil was found to increase from 44.58% to
52.77% upon contamination from the acidic effluent. With the basic effluent, CH soil’s liquid limit
increased to 58.63% at a 20% addition of the contaminant. CL soil showed an increase in liquid limit
from 31.18% to 33.82% and 33.86% upon addition of acidic and basic contamination, respectively.

The plasticity index of CH soil also showed a similar trend. That is, the plasticity index increased
from 17.97% to 27.03% at 20% contamination of acidic effluent, and 22.28% at 20% contamination of
basic effluent.

The increase in Atterberg limits of soil is mainly because of the chemical action between soil
particles and effluent. The increase in liquid limit indicates an increase in consolidation potential of
contaminated soils. High plasticity of contaminated soils also causes problems related to increased
swell potential and high collapsibility. These observations are in-line with the previous findings
by [13,14]. Contamination by industrial effluents would therefore deteriorate the quality of soil as an
engineering material.

3.2. Effects of Contamination on Specific Gravity

Specific gravity of soil solids indicates how much heavier or lighter the soil particles are compared
to water at 25 ◦C. This characteristic is important, specifically with regards to settlement evaluations in
soils. The effects of contaminants on specific gravity are illustrated in Figure 7. The specific gravity
of both the soil samples decreased with the addition of contaminants. CH soil showed a decrease in
specific gravity by 12.5% and 15.5% for the acidic and basic effluents, respectively. CL-specific gravities
decreased by 22.83 and 22.94 for the acidic and basic effluents, respectively.
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Figure 6. Effects of industrial effluents on (a) liquid limit and (b) plasticity index of cohesive soils.
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Figure 7. Effects of industrial effluents on specific gravity of cohesive soils.
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3.3. pH Value of Contaminated Soils

The two effluents used in this study comprised of samples recovered from dyeing industry and a
tannery. Specimen from dyeing industry was acidic (pH = 5.1) in nature whereas the one from tannery
was basic (pH = 11.5) in characteristic. Changes in the pH of soil can increase its chemical aggressivity
which can cause excessive deterioration of the structural materials placed over it. The effects of
contaminants on the pH of cohesive soils appear in Figure 8. At 5% contamination, the pH of all
soils showed a sudden increase in pH value compared to unaffected soils. The basic effluent at 20%
concentration caused an increase in pH to 8.2 and 8.4 for CL and CH soils, respectively. The acidic
effluent at the same concentration caused a decrease to 6.7 and 6.8 for CL and CH soils, respectively.
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 CL-T    CL-D

 
Figure 8. Effects of industrial effluents on pH of cohesive soils.

3.4. Effects on Compaction Characteristics

Compaction characteristics of soil, i.e., optimum moisture content and maximum dry unit weight,
are important engineering characteristics with regards to subgrade preparation for roads, highways,
and building structures. An increase in optimum moisture content of soil indicates a high water
demand to achieve a certain density under same compactive effort. A higher maximum dry unit
weight, on the other hand, indicates a relatively stronger material having better engineering utility.
The effects of contaminants on the compaction characteristics of cohesive soils are shown in Figure 9.
In general, the optimum moisture content was observed to increase by around 21.9% for CL soil and
around 13.2% for CH soil with the addition of contaminants. On contrary, the effluents consistently
decreased the maximum dry density of cohesive soils with an increase in contaminant percentage for
all types of soils.

The variation in the compaction characteristics of cohesive soils with contaminant addition can be
explained on the basis of soil plasticity. Optimum moisture content of cohesive soils increases whereas
the maximum dry unit weight obtained through compaction tests decreases with plasticity index of
soil. Similar phenomenon was previously observed by Pandian et al. [15] and Sridharan et al. [16].
Increase in contamination concentration makes the soil more plastic, thereby leading to an increase in
optimum moisture content and a decrease in maximum dry unit weight. From engineering applications
perspective, this means a high water demand to attain optimum moisture in the field; which, in general,
increases the project cost and is typically undesirable. In other words, soil with high contaminant
concentration would be difficult to compact and would yield a lower unit weight compared to
uncontaminated soil under the same compactive effort and moisture conditions.
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Figure 9. Effects of industrial effluents on the compaction characteristics of the cohesive soils;
(a) Optimum moisture content, (b) Maximum dry density.

3.5. Effects of Contamination on Unconfined Compressive Strength

Unconfined compressive strength is a direct measure of strength for cohesive soils. A higher value
indicates a better soil and vice versa. The behavior of cohesive soils upon contamination of acidic and
basic effluents in terms of unconfined compressive strength is illustrated in Figure 10. CH soil showed
a decrease in unconfined compressive strength from 246.96 kPa to 98.66 kPa and 90.18 kPa for basic
and acidic effluents, respectively. Both effluents decreased the unconfined compressive strength of the
cohesive soils to almost 60%. The reduction of strength due to contamination can be attributed to the
possible breakage of internal bonds as was previously shown by Umesha et al. [17].

The reason for the decrease in unconfined compressive strength may also be due to the decrease
in cementing material. Cementing agents in soil help to bond the finer particles together, forming
aggregates. Due to leaching, however, these aggregates disintegrate along with the cementing agents.
Thus, it stands to reason that both effluents alter the cementing agents in the soil particles and hence
decrease unconfined compressive strength.
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Industry effluents contain various sulfides in the form of iron pyrites (FeS2). Oxidation of FeS2

produces H2SO4, which may produce gypsum in the presence of calcium carbonate. Therefore, gypsum
may be present in the natural soil. Reactions are shown below.

2FeS2 + 2H2O +7O2 = 2FeSO4 + 2H2SO4 (1)

CaCO3 + H2SO4 + H2O = CaSO4·2H2O + CO2 (2)

In the presence of excess water, hydrated sulfates formed in the reaction are already present in the
effluent, and attack the binding material on soil particles. This weakens the bonds thereby decreasing
soil strength.

The undrained unconfined compressive strength of soil samples contaminated with the tannery
effluent decreased with an increase in tannery percentage. These results correspond with those of
Stalin et al. [18], who studied the effect of tannery waste on the behavior of two natural soil samples
collected from Madras City, India.
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Figure 10. Effects of industrial effluents on unconfined compressive strength of cohesive soils.

3.6. Effects of Contamination on Swelling Characteristics

The swell potential of soil indicates its ability to swell upon wetting. A higher swell potential
(and the corresponding swell pressure) is highly undesirable for the structures as it can cause severe
cracks and destress in the buildings. The effects of contaminants on soils’ swell potential appear in
Figure 11. The swell potential of CL and CH soil samples increased by 44.8% and 28.7% with the
addition of 20% basic effluent. On the contrary, the swell potential of both the soil samples decreased
with the addition of effluent from dyeing industry because of its acidic nature. The observed decrease
in swell potential of CL and CH soil samples with 20% contamination of acidic effluent was 52.5% and
82.4% respectively.

The effects of contaminants on soil swell pressure are illustrated in Figure 12. Swell pressure
showed a decreasing trend with acidic contamination (i.e., dyeing). In particular, CH swell pressure
suddenly decreased with a slight addition of 5% of acidic effluent. Whereas the swell pressure increased
with basic effluent.
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Figure 11. Effects of industrial effluents on swell potential of cohesive soils.
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Figure 12. Effects of industrial effluents on swell pressure of cohesive soils.

It can be seen from Figures 11 and 12 that in case of acidic contamination, the swell potential and
pressure of both the soils were decreased; whereas the swell potential and pressure of both the soils
increased when contaminated with basic effluent. This difference can be attributed to the reactions
of the clay soil minerals with effluent contamination. The surfaces of most clay particles carry an
unbalanced negative charge, which attracts cations. These positive ions become strongly attracted to
the clay surface leading to the formation of diffuse double layer around clay particles. The interaction
of the diffuse double layers of neighboring units result in a net repulsive force between them.

An increase in the concentration of H+ in the pore fluid because of acidic contamination would
depress the thickness of the diffuse double layer, thus reducing the repulsion force between clay
particles. As a result, the net attractive van der Waal forces would increase [19], leading to the formation
of larger clay aggregates in which the clay particles would be closer to each other. Such arrangements
are expected to produce “denser” clay microfabrics with a lower void ratio, which leads to the decrease
in the swell potential and pressure.

The addition of basic contamination has the opposite effect on the swell potential and pressure
of cohesive fine-grained soils. Such changes in the soil behavior can be attributed to the further
transformation of clay microfabric. In particular, the charge on the edges of the clay particles becomes
negative, leading to the formation of more open, flocculated structures [20]. Sridharan et al. [21]
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noted that such flocculated arrangements of the clay particles would enclose large spaces for water
entrapment; thus, higher swell potential and pressure would be exhibited.

3.7. Effects of Contamination on Compression Index

Compression index (Cc) of cohesive soils is a direct indicative of its tendency to settle under the
applied load. Higher compression index indicates a higher tendency to settle which ultimately leads
to structural destress. The trends for compression indices in contaminated cohesive soils are shown in
Figure 13. In CH soil, the compression index increased from 0.226 to 0.316 and 0.282 for acidic and
basic contamination, respectively. In CL soil, the Cc value increased from 0.169 to 0.235 and 0.245 for
basic and acidic contaminants, respectively. These findings show that the consolidation potential of
contaminated soils is greater than that of affected soils. The same behavior can also be seen in soil
plasticity with an increase in effluent concentration (see Figure 6), as Cc is a direct measure of soil
plasticity [13].
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Figure 13. Effects of industrial effluents on compression index of cohesive soils.

3.8. Time-Dependent Variation of Unconfined Compressive

3.8.1. Effects of Acidic Effluent

In order to study the time dependent effects of leachate contamination on cohesive soils, specimens
prepared at different contamination percentage were preserved in controlled environment for up to
60 days. The results of unconfined compression tests performed on CL soil samples contaminated with
dyeing effluent are shown in Figure 14.

The unconfined compressive strength for 15% CL-dyeing constantly decreased from 2 days to
2 months, while the unconfined compressive strength for the other samples began to increase after
7 days. However, the final strength after 60 days was still less than the unconfined compressive
strength of the original (i.e., virgin) soil samples, suggesting that effluent effects diminished after a
certain period after which the soil began to regain its strength. As such, dyeing effluent appears to
have a temporary effect on CL soil.

The effects of dyeing effluent on unconfined compressive strength of CH soil are shown in
Figure 15. The observed behavior is quite similar to the one observed for CL soils, i.e., temporary loss
but regaining strength after around 15 days.
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Figure 14. Effects of dyeing effluent on the cohesion of CL soil samples.
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Figure 15. Effects of dyeing effluent on the cohesion of CH soil samples.

3.8.2. Effects of the Basic Effluent

The time-dependent variation of unconfined strength of CL soil samples with addition of tannery
effluent is depicted in Figure 16. The unconfined compressive strength for all samples decreased
constantly with time. The rate of decrease however, slowed down gradually and strength became
nearly constant after 60 days.

The effect of tannery effluent on undrained strength of CH soil samples is similar, but less
pronounced compared to CL soils. The summary of time dependent behavior of CH soil contaminated
with tannery effluent is shown in Figure 17.
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Figure 16. Effects of tannery effluent on the cohesion of CL soil samples.
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Figure 17. Effects of tannery effluent on the cohesion of CH soil samples.

3.9. Effect of Industrial by-Products on Leachate Contaminated Soils

Improvement of weak soil by using various industrial by-products is a well-established practice
worldwide. Several studies have successfully shown the significance of using different industrial
by-products like marble dust [22,23], glass dust, blast furnace slag [24,25], rice husk ash [26], sugar cane
waste, fly ash [27,28], coal ash [29], xanthan gum [30], etc., for soil improvement. As phase-2 of this
research, the possibility of stabilization of leachate contaminated cohesive soils (CL-dyeing, CL-tannery,
CH-dyeing and CH-tannery) using marble dust and ground granulated blast furnace slag (GGBFS)
was explored. Soil specimens (CL and CH) having 5% and 20% effluent contamination were mixed
with varying percentages of marble dust as well as GGBFS and their effect on unconfined compressive
strength was explored. The main objective was to access possible enhancement in undrained strength
of contaminated soils, as is the case with soils having no such contamination.

3.9.1. Stabilization of Acid-Affected CL Soil

Figure 18 illustrates the trends observed when different percentages of marble dust were added
to the acid-affected CL soil. An increase in marble dust concentration caused a rapid decline in
unconfined compressive strength from 282.42 kPa to 141.55 kPa at 5% acidic contamination. At 20%
acidic contamination, unconfined compressive strength decreased from 137.14 kPa to 81.49 kPa when
marble concentration reached 20%. A possible reason for this trend is that CaO, a primary and basic
component of marble dust, reacted with the acidic part of the effluent present in the soil. This would
have produced salts that were responsible for the rapid decrease in unconfined compressive strength.
Although it is a renowned soil stabilizer, marble dust was unable to improve soil strength to match
that of the original soil “i.e., 328.9 kPa”.

Figure 19 shows the trends observed when different percentages of GGBFS were added to the
basic-affected CL soil. With an increase in GGBFS, unconfined compressive strength decreased rapidly
from 282.42 kPa to 203.33 kPa at 5% acidic contamination. At 20% acidic contamination, it decreased
from 137.14 kPa to 45.51 kPa when GGBFS concentration reached 20%.

GGBFS has a pH that varies between 10 and 12. As such, there may have been a possible reaction
between acid from the contaminated soil and the basic compounds present in the GGBFS, which could
have produced salts that ultimately resulted in a decrease in unconfined compressive strength. It may
therefore be concluded that GGBFS is not an effective stabilizer in acid-contaminated soils.
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Figure 18. Improvement of dyeing effluent contaminated CL soil using marble dust.
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Figure 19. Improvement of dyeing effluent contaminated CL soil using GGBFS.

3.9.2. Stabilization of Tannery-Affected CL Soil

Figure 20 indicates trends observed when different percentages of GGBFS were added to the
alkali-affected CL soil. With an increase in the blast furnace slag, unconfined compressive strength
decreased rapidly from 246.22 kPa to 209.54 kPa at 5% basic contamination. At 20% basic contamination,
it decreased from 232.91 kPa to 109.00 kPa when GGBFS concentration reached 20%. GGBFS was
unable to increase soil strength to match that of the original soil. Thus, GGBFS appears not to be an
effective stabilizer of base-contaminated soils.

Figure 21 shows the trends observed when different percentages of marble dust were added to
alkali-affected CL soil. With an increase in GGBFS, unconfined compressive strength decreased rapidly
from 246.22 kPa to 136.45 kPa at 5% basic contamination. At 20% basic contamination, it decreased
from 232.91 kPa to 104.80 kPa when GGBFS concentration reached 20%.
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Figure 20. Improvement of tannery effluent contaminated CL soil using GGBFS.
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Figure 21. Improvement of tannery effluent contaminated CL soil using marble dust.

3.9.3. Stabilization of Dyeing-Affected CH Soil

Figure 22 displays the trends observed when different percentages of marble dust were added to
acid-affected CH soil. With an increase in marble dust concentration, unconfined compressive strength
decreased rapidly from 133.69 kPa to 62.88 kPa at 5% acid contamination. At 20% acid contamination,
it decreased from 98.81 kPa to 83.29 kPa when marble dust concentration reached 20%.

Figure 23 shows the trends observed when different percentages of GGBFS were added to
acid-affected CH soil. With an increase in GGBFS concentration, unconfined compressive strength
decreased rapidly from 133.69 kPa to 76.12 kPa at 5% acid contamination. At 20% acid contamination,
it decreased from 98.81 kPa to 83.22 kPa when GGBFS concentration reached 20%.
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Figure 22. Improvement in dyeing effluent contaminated CH soil using marble dust.
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Figure 23. Improvement in dyeing effluent contaminated CH soil using GGBFS.

3.9.4. Stabilization of Tannery-Affected CH Soil

Figure 24 shows the trends observed when different percentages of GGBFS were added to
base-affected CH soil. With an increase in GGBFS, unconfined compressive strength decreased rapidly
from 148.04 kPa to 141.83 kPa at 5% acid contamination with an optimum value of 220.78 kPa at 10%
slag concentration. At 20% acid contamination, unconfined compressive strength decreased from 98.81
kPa to 73.57% kPa when slag concentration reached 20%.

Figure 25 depicts the trends observed when 5% and 20% base-affected CH soil was treated
with marble dust. With an increase in marble dust concentration, unconfined compressive strength
decreased rapidly from 148.04 kPa to 44.54 kPa at 5% basic contamination. At 20% basic contamination,
it decreased from 98.81 kPa to 44.5% kPa when slag concentration reached 20%. Further additions
continued to decrease the unconfined compressive strength of soils.
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Figure 24. Improvement in tannery effluent contaminated CH soil using GGBFS.
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Figure 25. Improvement in tannery effluent contaminated CH soil using marble dust.

4. Conclusions

The study focussed on evaluating the effects of acidic and basic industrial effluents on geotechnical
characterisitcs of cohesive soils. In general, the geotechnical characterisitics of cohesive soils were
observed to deteriorate upon effluent contamination thereby causing potential risks to future, as well
as existing, construction at such sites. A summary of these effects on individual soil characteristics is
presented in the following points.

• Effluents drastically reduce mechanical properties of soil, specifically cohesion. The unconfined
compressive strength of effluent contaminate soils was observed to decrease by as much as 60%
with 20% addition of industrial effluents. Possible disintegration of mineral particles such as
Fe2O3, causing a decrease in soil density, can be attributed as the primary reason leading to such
a reduction in soil strength.
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• Both the liquid limit and the plasticity index of contaminated soils showed an increasing trend
with contamination. This effect was however more pronounced for CH soils whose liquid limit
and plasticity index increased by about 30% compared to around 8% increase for CL soils.

• Owing to the lower specific gravity of industrial effluents, the specific gravity of effluent
contaminated soils decreaesed by 12% to 15% with 20% effluent contamination. The contaminated
soils were thus found to have lower specific gravity, contained more fine particles, had a lower
maximum dry density, and had a lower cohesion and friction angle.

• The behavior of basic effluent (tannery) is unique; it exhibits two distinct behaviors before and
after optimum concentration. Prior to optimum concentration, changes in maximum dry density
of soil may hypothetically occur because a reaction of the basic effluent’s constituents forms oxides
of Fe present in the soil. This reaction forms FeO, which is lighter in weight and takes greater
volume, thus leading to decreased density. Further increase in the basic effluent concentration
post optimum concentration, trigger the remaining constituents to react to certain active masses
of soils (likely not FeO), which fill the particle interspaces and increase the soil density.

• Contamination with industrial effluents was observed to cause around 30%–40% increase in
compression index Cc of soil. An increase in Cc value suggests that the tendency of the soil
to shrink or expand upon the intrusion of moisture is enhanced, which can lead to distress in
structures constructed on such soils.

• The time dependent affect of effluents on cohesive soils was studied. The unconfined compressive
strength of both the soils when contaminated with basic (tannery) effluent, kept on decreasing
further with time. Both the soils when contaminated with acidic (dyeing) effluent however,
show an initial decrease, followed by a gradual increase in compressive strength. Although
both the soils start regaining strength with time, yet, in general, they fail to achieve unconfined
compressive strength of virgin soil.

• Considering the deterioration in soil characeristics upon effluent contamination, second phase
of this study focused on possible stabilization of effluent contaminated soils through addition
of marble dust and ground granulated blast furnace slag (GGBFS). The main focus of this phase
of research remained enhancement in the mechanical strength of soil, which remains among the
most important characteristics for engineering use. Marble dust and GGBFS, which are typically
considered as good stabilization agents for cohesive soils were found to possess negligible to low
positive effect on the mechanical characteristics of effluent contaminated soils. This key finding
of present research can hold significant practical value such that highlighting the need to devise
special remediation materials for effluent contaminated soils.

The present investigation examined the effects of textile and dyeing effluents on soil’s geotechnical
properties. Future studies can be conducted on the influence of these effluents on the California Bearing
Ratio values of cohesive soils. The work can also be extended to other contaminants, pollutants,
effluents, and/or industrial wastes, namely workshop waste, sugar mill waste, pharmaceutical plant
waste, dairy waste, paper and pulp mill waste, fertilizer plant waste, steel mill waste, oil refinery
waste, petro-chemical complex waste, soap industry waste, etc.
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Abstract: The distribution of reclaimed soil particle size under seepage conditions after the management
period will directly determine the success or failure of reclamation work. The geotechnical experimental
method was used in this paper to study the changes in the granulometric composition of soil. The results
show that the granulometric composition of the reclaimed soil varied obviously at different depths.
The granulometric composition of the soil at a depth of 10 cm was not much different from undisturbed
reclaimed soil (URS). At a depth of 30 cm, as the sharp decrease of the content of fine particles resulted
in coarser reclaimed soil, the soil became more uniform, with an increase in porosity and water
content. At a depth of 50 cm, the fine particle content was generally slightly lower than that of
URS. At a depth of 70 cm, the fine particle content of the soil greatly exceeded that of the URS, with
the finest soil particles and lowest porosity. The main reason for the above-mentioned changes of
granulometric composition in the reclaimed soil was the seepage in soil caused by irrigation during
the management period. The research results can provide a reference for management after land
reclamation at non-metallic mines in Xinjiang, China.

Keywords: Xinjiang; land reclamation; management period; soil particle size; fluid flow in
reclaimed soil

1. Introduction

There are vast non-metallic mineral resources in the northern foothills of the Tianshan Mountains
in Xinjiang, and the large-scale exploitation of mineral resources is bound to cause irreversible damage
to the fragile geological environment and ecological environment in this region. Non-metallic mines in
this region include limestone, dolomite, and granite mines. The open-pit mining method is mainly
adopted. Large and deep open pits, and a large number of massive hard waste rocks (Figures 1 and 2),
will be formed after mining. For mines whose damaged lands are grassland and woodland, the land
will be reclaimed after the pits are closed. To reclaim the land, the waste rock is backfilled into the
open pits first, and then the surface of the land is covered with soil and vegetation is planted. In order
to ensure the survival rate of the vegetation, a one-year management period is set. The quality of
the reclaimed soil after the management period will directly determine the success or failure of the
reclamation work [1], and the distribution of soil particle size will directly affect the soil fertility,
texture, and water holding capacity [2].
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Figure 1. Open-pit mining area.

 
Figure 2. Waste rock piles.

In recent years, research [3–17] on the physical properties of reclaimed soils has achieved great
success. Research on the granulometric composition of reclaimed soil mainly included the following
aspects: Using multifractal theory to analyze the granulometric composition of reclaimed soil [18–20],
granulometric composition analysis of reclaimed soils under different reclamation methods [21–24],
granulometric composition of reclaimed soil before and after reclamation in different years [25–27],
and using spectrum analytical methods to analyze the granulometric composition of reclaimed soil [28].
The previous research mainly focused on the granulometric composition of reclaimed soil in coal
mining areas, with clay soil or loam soil as the main type of reclaimed soil. Different test methods were
used to study the granulometric composition of reclaimed soil under different reclamation modes or
in different years. There has been less research directed at sandy loam, taking into account the effect of
the irrigation water during the management period, to study the changes in the particle size of the soil
at different depths or with different overlaying soil thickness under different compaction circumstance.

In view of the limitations of the past studies and the importance of soil particle size to reclamation
work, this study takes the typical sandy loam at the non-metallic mines in the northern foothills of
the Tianshan Mountains in Xinjiang as a research object. An in-situ test method was used for the first
time to simulate the compaction effect of reclamation machinery on reclaimed soils. Furthermore,
field sampling, indoor geotechnical experiments, and mathematical statistical analysis were applied to
study the changes in the granulometric composition of the reclaimed soil under seepage conditions
after a one-year management period.
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2. Materials and Methods

The reclaimed soil in-situ test was conducted at the Changji Groundwater Balance Experiment
Site in Xinjiang. The reclaimed soil was taken from a limestone ore mine in Dabancheng, which belongs
to the northern foothills of the Tianshan Mountains in Xinjiang. The soil was calcic brown soil and
belonged to sandy loam, with a bulk unit weight of 12.646 kN/m3, a porosity of 57.71%, and a water
content of 11.76%. The lower part of the reclaimed soil was backfilled with the waste rock produced by
the limestone mining.

A total of 6 test barrels were used in this test (Figures 3–6). The depth of the test barrels was 2 m.
The test was divided into 2 groups. In one group, the barrel was backfilled by overlaying soil with a
thickness of 30 cm, 50 cm, and 70 cm without compaction, while in the other group, the overlying soil
was compacted once by a track-type bulldozer. The lower part of the reclaimed soil was backfilled
with limestone waste rocks. The plate load test (Figure 7) was used to simulate the compaction of
the bulldozer based on the intensity of pressure of the bulldozer on the ground, which was different
from previous conventional drop weight tests. In the management period, watering was conducted in
accordance with the empirical value of the irrigation volume and the number of times of irrigation in
the land reclamation and management period of the mine area in the foothills of Xinjiang Tianshan
Mountains (Figures 8 and 9). The irrigation volume was related to the thickness of the soil layer.
The thicker the soil layer was, the greater the irrigation volume would be. Irrigation was carried out a
total of three times in the period of management. After one year of management, samples were taken
at depths of 10 cm, 30 cm, 50 cm, and 70 cm depending on the thickness of the overlaying soil, and the
weight of each sample was 400 g. The samples were then taken into the laboratory for particle size
analysis. Sieving analysis was adopted as the soil has a high content of sand and low content of clay
(Figure 10). At the same time, the undisturbed soil samples were taken at the corresponding depth for
laboratory tests of its density and water content.

Figure 3. Empty cylindrical test barrels.
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Figure 4. Backfilled waste rock in lower part of test barrels.

Figure 5. Uncompacted reclaimed soil test barrel.

Figure 6. Reclaimed soil after one-compaction test barrel.
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Figure 7. Illustration of the setup for plate load test.

Figure 8. Uncompacted reclaimed soil test barrel after irrigation.

Figure 9. One-compaction reclaimed soil test barrel after irrigation.
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Figure 10. Sieving method.

3. Results and Discussions

3.1. Experimental Data Processing

A total of 18 soil samples were obtained after a one-year management period for particle size
analysis. This sampling can be conducted at the depth of the interface between the reclaimed soil and
waste rock, mainly because varying degrees of subsidence (Figure 8) occurred in the overlaying soil of
the reclaimed soil due to surface irrigation during the one-year period of management, and some of
the soil particles could enter the lower part of the waste rock. In order to ensure the accuracy of the
physical properties of soil (density, porosity, water content), another three samples were taken from
each depth. Table 1 lists the experimental results.

480



Processes 2018, 6, 201

T
a

b
le

1
.

R
es

ul
ts

of
th

e
re

cl
ai

m
ed

so
il

pa
rt

ic
le

si
ze

an
al

ys
is

af
te

r
a

on
e-

ye
ar

m
an

ag
em

en
tp

er
io

d.

T
e

st
B

a
rr

e
l

N
o

.

S
a

m
p

li
n

g
D

e
p

th
(c

m
)

P
e

rc
e

n
ta

g
e

(%
)

o
f

S
o

il
w

it
h

P
a

rt
ic

le
S

iz
e

L
e

ss
th

a
n

d x
(m

m
)

b
y

M
a

ss
C

h
a

ra
ct

e
ri

st
ic

P
a

rt
ic

le
S

iz
e

(m
m

)
C

u
n

θ
(%

)
≤

1
0

.0
≤

5
.0

≤
2

.0
≤

1
.0

≤
0

.5
≤

0
.2

5
≤

0
.1

≤
0

.0
7

5
d 1

0
d 3

0
d 5

0
d 6

0

A
1

10
10

0
10

0
93

.5
4

91
.1

1
70

.5
3

40
.0

8
4.

43
0.

8
0.

12
0.

20
0.

32
0.

39
3.

20
0.

54
2

13
.7

0
A

1
30

10
0

10
0

94
.1

9
90

.4
4

71
.3

8
13

.9
6

2.
42

0.
28

0.
23

0.
32

0.
39

0.
43

1.
92

0.
52

0
23

.2
8

A
2

10
10

0
10

0
91

.4
1

83
.2

6
74

.5
8

43
.6

8
6.

33
1.

03
0.

11
0.

18
0.

29
0.

36
3.

13
0.

48
9

13
.6

0
A

2
30

10
0

10
0

94
.3

5
81

.1
5

66
.2

2
26

.3
2

0.
85

0.
32

0.
16

0.
28

0.
38

0.
45

2.
85

0.
50

3
23

.2
3

B1
10

10
0

10
0

95
.7

6
92

.3
3

73
.9

5
36

.6
0

2.
65

0.
30

0.
13

0.
22

0.
33

0.
39

2.
90

0.
53

6
13

.9
3

B1
30

10
0

10
0

98
.9

6
93

.1
6

71
.9

1
15

.4
1

4.
61

1.
13

0.
21

0.
31

0.
39

0.
43

2.
09

0.
52

3
23

.7
3

B1
50

10
0

10
0

98
.5

6
96

.1
1

71
.6

8
37

.5
8

3.
83

0.
53

0.
13

0.
22

0.
33

0.
38

2.
88

0.
51

0
21

.5
2

B2
10

10
0

10
0

97
.0

1
91

.0
6

69
.6

6
42

.7
1

7.
41

0.
98

0.
11

0.
19

0.
30

0.
39

3.
48

0.
50

4
14

.0
0

B2
30

10
0

10
0

97
.3

5
93

.5
0

61
.9

0
23

.4
0

3.
45

0.
87

0.
15

0.
29

0.
41

0.
49

3.
15

0.
52

0
23

.8
1

B2
50

10
0

10
0

89
.3

5
82

.9
0

61
.7

5
35

.1
0

2.
15

0.
35

0.
13

0.
22

0.
37

0.
48

3.
58

0.
51

3
16

.0
7

C
1

10
10

0
10

0
96

.1
0

88
.7

5
57

.9
0

31
.9

5
2.

47
0.

45
0.

14
0.

24
0.

41
0.

53
3.

88
0.

53
0

14
.0

9
C

1
30

10
0

10
0

97
.8

3
92

.3
0

45
.2

0
7.

67
0.

67
0.

32
0.

27
0.

40
0.

54
0.

62
2.

25
0.

52
5

24
.0

1
C

1
50

10
0

10
0

98
.8

3
92

.9
8

64
.6

3
26

.4
3

1.
68

0.
28

0.
15

0.
28

0.
39

0.
46

3.
04

0.
51

1
23

.5
1

C
1

70
10

0
10

0
98

.7
0

96
.7

3
80

.0
8

60
.1

8
18

.7
8.

50
0.

08
0.

14
0.

20
0.

26
3.

23
0.

47
2

20
.9

3
C

2
10

10
0

10
0

97
.0

2
95

.1
9

79
.1

4
39

.4
6

6.
33

0.
95

0.
12

0.
20

0.
31

0.
36

3.
11

0.
51

5
13

.8
5

C
2

30
10

0
10

0
96

.2
9

89
.7

4
67

.8
4

25
.6

6
5.

73
0.

50
0.

14
0.

28
0.

38
0.

44
3.

24
0.

52
0

24
.1

9
C

2
50

10
0

10
0

97
.9

0
94

.5
2

68
.3

4
30

.2
4

3.
71

0.
88

0.
14

0.
25

0.
37

0.
43

3.
13

0.
50

4
22

.2
8

C
2

70
10

0
10

0
98

.4
9

96
.8

4
80

.1
6

60
.2

3
21

.8
6.

67
0.

08
0.

09
0.

19
0.

26
3.

20
0.

49
2

22
.4

4
U

R
S

-
10

0
90

.9
7

87
.5

6
81

.8
3

63
.7

0
39

.5
8

5.
45

0.
70

0.
12

0.
19

0.
34

0.
45

3.
77

0.
57

7
13

.5
8

N
ot

e:
Te

st
ba

rr
el

A
re

p
re

se
nt

s
ov

er
la

yi
ng

so
il

th
ic

kn
es

s
of

30
cm

,B
re

p
re

se
nt

s
ov

er
la

yi
ng

so
il

th
ic

kn
es

s
of

50
cm

,a
nd

C
re

p
re

se
nt

s
ov

er
la

yi
ng

so
il

th
ic

kn
es

s
of

70
cm

;1
re

p
re

se
nt

s
u

nc
om

pa
ct

ed
,a

nd
2

re
pr

es
en

ts
co

m
pa

ct
ed

;A
1

re
pr

es
en

ts
th

at
th

e
ov

er
la

yi
ng

so
il

th
ic

kn
es

s
is

10
cm

an
d

is
u

nc
om

pa
ct

ed
.d

10
is

th
e

ef
fe

ct
iv

e
pa

rt
ic

le
.d

50
is

th
e

av
er

ag
e

pa
rt

ic
le

si
ze

.
C

u
=

d 6
0/

d 1
0

is
th

e
no

n-
u

ni
fo

rm
co

ef
fi

ci
en

to
ft

he
so

il;
C

u
≥

5
in

d
ic

at
es

no
n-

ho
m

og
en

eo
u

s
so

ils
,a

nd
C

u
<

5
in

d
ic

at
es

ho
m

og
en

eo
u

s
so

ils
.

U
R

S
re

p
re

se
nt

s
a

sa
m

p
le

of
u

nd
is

tu
rb

ed
re

cl
ai

m
ed

so
il.

n
re

pr
es

en
ts

po
ro

si
ty

.θ
re

pr
es

en
ts

vo
lu

m
et

ri
c

w
at

er
co

nt
en

t.

481



Processes 2018, 6, 201

3.2. Granulometric Composition Analysis of Reclaimed Soil after the Management Period

3.2.1. Analysis of the Factors Affecting the Changes in Granulometric Composition of Reclaimed Soil
after the Management Period

According to the Kalkiski soil classification system for soil particle sizes [29], 0.25 mm was used
as the classification standard to distinguish between fine sand and medium sand; in the international
standard for soil particle size classification, 0.2 mm is used as the classification standard to distinguish
between coarse sand and fine sand, while in soil science and soil mechanics, 0.1 mm is taken as the
classification standard to distinguish between fine and coarse particles. In order to reflect the change
in the granulometric composition of reclaimed soil after the one-year management period, 0.25 mm,
0.1 mm, and d50 were studied as the focus of analysis. For the data on the granulometric composition
of the reclaimed soil after the one-year management period (Table 1), variance analysis was done
with the use of the multivariate in the general linear model in IBM SPSS Statistics (IBM, Chicago,
IL, US); the percentage of particles with a size of ≤0.25 mm, ≤0.1 mm, and d50 were used as the
dependent variables, and soil thickness and sampling depth as fixed factors. Table 2 lists the results of
variance analysis. The results show that soil thickness has an insignificant effect on particle distribution
(p > 0.05), and sampling depth has a significant effect on particle distribution (p < 0.05). The overlying
soil of non-metallic mines in the northern foothills of the Tianshan Mountains in Xinjiang is mainly
composed of sandy soil with a large amount of sand. In order to reflect the changes in the grain
size of reclaimed soils at different depths, especially the changes of the fine particles, the percentage
of soil particles with a size of ≤0.25 mm was used in the comparison of particle sizes at different
depths. Table 3 lists the comparative analysis results. The results show that the fine particle content at
the depth of 70 cm is significantly different from those at other depths (p < 0.05), and there is also a
significant difference between the fine particle content at the depth of 10 cm and that at the depth of
30 cm (p = 0.039). The difference between the fine particle content at the depth of 70 cm and the depth
at 30 cm is the most significant (p = 0.002).

Table 2. Test results of the inter-subject effect after variance analysis.

Source
Dependent
Variables

III-Type Sum of
Square

df Mean
Square

F Sig.

Correction
Model

≤0.25 mm 2179.926 a 5 435.985 3.987 0.023
≤0.1 mm 506.317 b 5 101.263 25.118 0.000

d50 0.066 c 5 0.013 3.352 0.040

Intercept
≤0.25 mm 17,383.524 1 17,383.524 158.963 0.000
≤0.1 mm 713.252 1 713.252 176.922 0.000

d50 1.161 1 1.161 293.865 0.000

Soil
Thickness

≤0.25 mm 12.190 2 6.095 0.056 0.946
≤0.1 mm 2.179 2 1.090 0.270 0.768

d50 0.005 2 0.003 0.677 0.527

Sampling
Depth

≤0.25 mm 2017.396 3 672.465 6.149 0.009
≤0.1 mm 440.730 3 146.910 36.441 0.000

d50 0.065 3 0.022 5.492 0.013

Note: a R square = 0.624 (adjusted R square = 0.468); b R square = 0.913 (adjusted R square = 0.876); c R square = 0.583
(adjusted R square = 0.409). Sig. = significance, the values are the statistical p value, if p < 0.05, the difference
is significant.
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3.2.2. Analysis of the Granulometric Composition of Reclaimed Soil after the Management Period
under Different Overlaying Soil Thickness

The data of Table 1 is plotted into the gradation cumulative curve of the soil particles, where
the abscissa is the particle size (mm), and the ordinate is the mass (cumulative percentage) content
of the soil which is smaller than a certain particle size. The figure shows the relative content of each
particle group in the soil, and it is the basis for calculating d10, d30, and other characteristic values.
The uniformity or the gradation of the soil can be roughly judged according to the slope of the curve.
A steep curve indicates that the soil particles are relatively uniform, and the quality of corresponding
granular group is relatively centralized. The situation is the opposite when the curve is gentle.

The accumulative curve of the soil particle gradation with an overlaying soil thickness of 30 cm
is shown in Figure 11. It shows that when the overlaying soil thickness is 30 cm, regardless of if it is
compacted or not, the fine-grained soil content at the sampling depth of 30 cm is significantly smaller
than that of the undisturbed reclaimed soil (URS). This is because this depth is the interface between
soil and waste rock. The 30 cm overlaying soil is thin and the water would seep into the soil during
irrigation, and the seepage process can easily carry the fine particles of the soil down to the pores in
the large waste rocks. Fine particle content of the uncompacted reclaimed soil is even smaller than
the compacted reclaimed soil at the depth of 30 cm. This is because the surface soil is compacted, the
water seepage is slow, and less fine particles would be carried down to the waste rock layer compared
with the uncompacted reclaimed soil. In the actual irrigation process, it can also be found that the
uncompacted reclaimed soil would display a higher settlement in the process of irrigation compared
with the compacted one (Figures 8 and 9). At the depth of 10 cm, the content of fine particles of
compacted soil are slightly higher than that of the URS and uncompacted soil, which is mainly because
the compaction results in an increase in the content of fine particles [20,23].

Figure 11. Accumulative curve of particle gradation of soil with overlaying soil thickness of 30 cm (A1 and A2).

The accumulative curve of the soil particle gradation with an overlaying soil thickness of 50 cm
is shown in Figure 12. When the overlaying soil is 50 cm thick, the irrigation volume is larger than
that of the 30 cm overlaying soil, and when the thickness of the soil overlayer increases, the seepage
time in the soil would be longer. The results show that the fine particle content is significantly less
than that of the URS at the depth of 30 cm. Furthermore, the fine particle content in the uncompacted
reclaimed soil is much less. This is also the result of the seepage in the soil; that is, the water seeps
downward after irrigation, and the seepage is fast in uncompacted soil with a large downward seepage
force, resulting in a large loss of fine particles at the depth of 30 cm. At the depth of 50 cm, which is
the junction of soil and waste rock, the fine particle content is close to that of the URS. This is mainly
because the soil layer is thick and the seepage is slow at this depth, with a smaller seepage force, and
thus the loss of fine particles is insignificant.
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Figure 12. Accumulative curve of particle gradation of soil with overlaying soil thickness of 50 cm (B1 and B2).

The accumulative curve of the soil particle gradation with an overlaying soil thickness of 70 cm
is shown in Figure 13. The thickness of the overlaying soil and the irrigation volume are further
increased. The greatest change compared with overlaying soil thicknesses of 30 cm and 50 cm is that
the fine particles sharply increase at the depth of 70 cm (the junction of soil and waste rock). This is
because, as the soil layer becomes thicker, the fine particle content of the soil would increase, and the
downward seepage of the soil would get slower. The finer particles are formed into sedimentation at
the depth of 70 cm, resulting in a sharp increase in the fine particles.

Figure 13. Accumulative curve of particle gradation of soil with overlaying soil thickness of 70 cm (C1 and C2).

3.2.3. Analysis of Change in Granulometric Composition of Reclaimed Soil at Different Depths after
the Management Period

Figures 14–16 show that after the one-year management period the content of fine particles at the
depth of 10 cm is not significantly different from that of the URS, and the content of fine particles of
compacted reclaimed soil is slightly higher than that of the URS. This is because the surface compaction
results in an increase in the content of fine particles. At the depth of 30 cm, the content of fine particles
is lower than that of the URS, and the lowest value arises in the test barrel of uncompacted overlaying
soil with a thickness of 70 cm, followed by the test barrels of the uncompacted overlaying soil with
thicknesses of 50 cm and 30 cm. At the depth of 50 cm, the fine particle content is slightly lower than
that of the URS, while at the depth of 70 cm, the fine particle content is much higher than that of the
URS. The main reason for the above-mentioned phenomenon is the irrigation during the management
period. The irrigation volume varies with different overlaying soil thicknesses. The thicker the
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overlaying soil is, the greater the irrigation volume would be. After irrigation, the water starts to
flow downward along the pores of the reclaimed soil from the surface. The seepage speed is fast
in uncompacted soil and slow in compacted soil. Therefore, from the surface to the deeper part
of the reclaimed soil, the seepage speed gradually slows down, and the seepage volume becomes
smaller. The seepage speed on the surface of the reclaimed soil is large, with great seepage volume and
large downward seepage force, and it could carry the coarse and fine particles in the soil downward,
causing the subsidence of the entire surface of the soil and making it dense. Therefore, the content
of the fine-grained soil at the depth of 10 cm does not change much compared with the fine particle
content of the URS. At the depth of 30 cm, the seepage speed becomes slower and could only carry
fine-grained soil into the pores of deep soil; the uncompacted reclaimed soil was loose and the porosity
is large, causing the fine-grained soil to move downward, and resulting in a great loss of fine-grained
soil. At the overlaying soil thickness of 70 cm, the fine-grained soil content deceases the most greatly
because the irrigation volume reaches the maximum. At a depth of 50 cm, the seepage speed further
slows down, thus the fine particle content is only slightly reduced. At the depth of 70 cm, the seepage
velocity is the slowest, and most of the fine particles are gathered here.

Figure 14. Accumulative curve of particle gradation of soil at the sampling depth of 10 cm.

Figure 15. Accumulative curve of particle gradation of soil at the sampling depth of 30 cm.
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Figure 16. Accumulative curve of particle gradation of soil at the sampling depths of 50 cm and 70 cm.

3.2.4. Effects of Changes in Granulometric Composition of Reclaimed Soil to Physical Properties after
the Management Period

The bivariate correlation analysis method in SPSS was used to analyze the correlation between the
variation of soil particle size (especially the change of fine particles) and the physical properties, such
as porosity, water content, and soil homogeneity of reclaimed soil. Table 4 lists the degree of correlation
between the percentage coposition of soil with a particle size less than or equal to 0.25 mm or 0.1 mm,
d10, d50, the coefficient of inhomogeneity Cu, the porosity, and the water content of the soil after the
management period; the correlation coefficient grading used Spearman. The results show that there is
a significant correlation between the percentage coposition of soil with a particle size less than or equal
to 0.25 mm or 0.1 mm, d10, d50, Cu, and the water content of the soil after the management period, and
they are unrelated only to the porosity of the soil after the management period. The porosity of the
soil is related only to d50. The water content of the soil after the one-year management period is only
related to the percentage coposition of soil whose particle size is less than or equal to 0.25 mm, d10,
and d50.
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The data of correlations was formed into a scatter plot with straight lines (Figures 17 and 18).
Figure 17 shows that the percentage content of soil with particle size less than or equal to 0.25 mm
is basically consistent with the change trend of the Cu values and the percentage content of the soil
whose particle size is less than or equal to 0.1 mm; d10 and d50 are basically consistent with the change
trend of the soil water after the management period, and are basically contrary to the change trend
of the percentage content of soil with particle size less than or equal to 0.25 and 0.1 mm. Soils with
particle size less than or euqal to 0.25 mm and 0.1 mm are all fine-grained soils, and the changes
in their contents are mainly affected by the seepage of irrigation water in the reclaimed soil during
the period of management, and therefore their changes are positively correlated; the value of the
non-uniform coefficient Cu is less than 5, indicating that the reclaimed soil all belongs to homogeneous
soil. The non-uniform coefficient of the reclaimed soil after the management period is basically smaller
than that of the URS, indicating that the soil becomes homogeneous under the seepage of water; and
the reduction of the precentage content of soil whose particle size is less than or equal to 0.25 mm
indicates that fine particles have decreased, and the soil is basically composed of coarse particles with
a good uniformity. When the fine particle content decreases, the value of the characteristic particle
size d10 and d50 would be greater, reflecting a coarser particle size of the soil on the whole. Table 4
shows that the water content of the reclaimed soil after the one-year management period is corelated
to the precentage content of the soil with particle size less than or equivalent to 0.25 mm, as well as
to d10 and d50. Figure 17 shows that after the one-year management period, the water content of the
reclaimed soil is positively corelated to d10 and d50, and negatively corelated to precentage content of
the soil whose particle size is less than or equivalent to 0.25 mm. This indicates that the coarser the
soil is, the higher the soil water content will be. This is because the water content of the reclaimed
soil is generally higher at the depth of 30 cm. This position also happens to be the location with the
lowest content of fine particles. At the depth of 10 cm, the water content is low due to the impact of
evaporation of the ground, while at this position the particles are relatively finer.

Figure 17. Scatter plot with straight lines of percentage content of soils ≤0.25 mm and ≤0.1 mm, d10,
d50, Cu, and θ.
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Figure 18. Scatter plot with straight lines of d50 and n.

Figure 18 shows that the overall porosity is positively correlated to d50, indicating that the coarser
the particles of the reclaimed soil are, the greater the porosity will be. This is quite opposite to the
general distribution of porosity in the soil. This is because, if the particle sizes are completely uniform,
the porosity of coarse-grained and fine-grained soils will be the same. However, the porosity of
coarse-grained soils is usually smaller than that of fine-grained soils, and the pores of coarse-grained
soils will be filled with smaller fine particles, while the pores of fine-grained soils will have none or
less smaller fine particles to fill in. The porosity of the reclaimed coarse-grained soil is larger than that
of the fine-grained soil, because the fine particles in the coarse-grained soil are carried into the deeper
part of the reclaimed soil, resulting in a bigger pore volume and porosity.

This paper only includes the uncompacted and one-compaction circumstances, and there were
no tests for the situation of multiple compactions. In the future period of this study, the effect of the
number of times of compaction on the change in granulometric composition of the reclaimed soil after
the management period will be carried out. According to the results of the granulometric composition
of the soil after the one-year management period, the most important factor affecting the change in
granulometric composition is the transport of the water in the unsaturated zone of the reclaimed
soil. The future research could be conducted with a focus on the transport mechanism of the water in
reclaimed soil under different overlaying thickness and compaction circumstances.

4. Conclusions

Studying the distribution of fine particles in reclaimed soil is very important for mined land
reclamation. This paper uses geotechnical experimental methods to analyze the granulometric
composition and the index of physical properties of the reclaimed soil in seepage conditions after a
one-year management period. Through experimental results and data analysis, we can conclude that
the content of fine particles in reclaimed soil at the depth of the interface between the soil and waste
rock varies greatly under seepage after the management period; the thicker the overlaying soil is, the
higher the fine particle content at this depth. The sampling depth of reclaimed soil has a significant
effect on the granulometric composition of reclaimed soil. The most significant difference is between
the depth of 70 cm and 30 cm. The fine particle content varies at different depths of reclaimed soil.
The fine particle content at the depth of 10 cm is not much different from that of the URS. The fine
particle content of reclaimed soil which has been compacted once at the depth of 10 cm is slightly
higher than that of the URS. The fine particle content at the depth of 30 cm is generally lower than
that of the URS, and reclaimed soil generally becomes coarser, and the fine particle content of the
uncompacted reclaimed soil decreases more significantly. The fine particle content at the depth of
50 cm is slightly lower than that of the URS. Finally, the fine particle content increases sharply at the
depth of 70 cm, and is greater than that of the URS.

490



Processes 2018, 6, 201

By comparing the fine grain content of reclaimed soil with the physical properties of soil, we
can see that the fine particle content affects the physical properties such as the homogeneity, porosity,
and water content; the overall change is that the coarser the particles are, the more uniform the soil
particles, the higher the water content, and the larger the porosity will be.

The results of this paper can provide a basis for guaranteeing the survival rate of vegetation in
the reclaimed area of Xinjiang during the management period.
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Abstract: Taking Nanfen open-pit iron mine in Liaoning Province as the engineering background,
this study analyzes the effect of water-rock circulation on the mechanical properties of rock
through a combination of macro-mechanical experiments and microstructure tests in the laboratory.
Uniaxial compression experiments and acoustic wave tests are used to determine the degradation law
of the mechanical properties of chlorite under the periodic action of water. The experimental results
show that dry-wet cycles have a continuous and gradual effect on the rock sampled: Its uniaxial
compressive strength, elastic modulus, and acoustic velocity all decrease gradually with an increase in
the number of cycles. After 15 wet-dry cycles, the uniaxial compressive strength and elastic modulus
of the rock decreased by 34.21% and 44.63%, respectively. Electron microscope scans of the rock
indicate that the particle size, characteristics, and pore distribution at the rock surface had changed
significantly after water-rock interaction. Finally, a drainage system and sliding force monitoring
devices have been arranged at the mine site that can effectively reduce the impact of water-rock
interaction on the stability of the mine. This combination of macro-experiments and micro-analysis
allowed the weakening effect of dry-wet cycles on slope rock to be studied quantitatively, providing a
theoretical reference for stability evaluation in geotechnical engineering.

Keywords: water-rock interaction; dry-wet cycles; slope stability; laboratory experiment; mechanical
properties

1. Introduction

Geotechnical engineering problems have been on the increase in recent years in concert with
the continuous expansion of geotechnical projects such as water conservancy projects, deep coal
mines, and slope projects [1,2]. Along with environmental impacts, geotechnical engineering problems
commonly relate to geotechnical stability, such as foundation stability, slope stability, tunnel stability,
etc. [3,4] Therefore, it is essential to evaluate and ensure rock mass stability in order to solve
geotechnical engineering problems effectively. In addition to the basic properties of the rock mass
such as its hardness and integrity, water, rock structure, stress state, and planes of weakness in
the rock also have important effects on the stability of the rock mass. Among these, water is the
most common and important factor affecting rock mass stability due to the prevalence of rock-water
interaction and the widespread existence of water in nature [5]. According to incomplete statistics,
water plays an important role in more than 90% of cases of rock slope instability, 60% of mine accidents,
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and about 35% of water conservancy accidents [6]. From the perspective of geotechnical engineering,
the interaction between water and rock is essentially a continuous physical, chemical, and mechanical
process. This process changes the physical and mechanical parameters of the rock, thus causing a loss
of stability in geotechnical engineering contexts [7].

Water-rock interaction is an important component of geotechnical engineering stability evaluations,
and its study has been at the frontier of this field in recent years [8,9]. Rock is a porous material
mainly composing a solid skeleton and pores. The rock is made up of many kinds of minerals,
and many cracks and holes are formed in the process of diagenesis [10,11]. Rock is a non-uniform and
non-linear material with a discontinuous interior surface inside, and the pore distribution within the
rock shows randomness, diversity, and variability. An increase in the microstructural non-uniformity
and discontinuity in a rock equates to damage that will inevitably lead to changes in the rock’s
macro-mechanical properties, thus adversely affecting overall geotechnical stability. Most studies of
the influence of water on the mechanical properties of soft rock, both at home and abroad, focus on
the changes in the physical and chemical properties of the rock and the law governing strength
reduction after water absorption [12–14]. However, the interaction between rock and water occurs
not only through soaking and water absorption. Many rocks in practical projects must also face a
more complicated and changeable natural environment, such as frequent rainfall and evaporation,
rise and fall of underground water level, fluctuation of the water surface in a reservoir area, etc. [15,16].
Periodic water-rock interaction is a kind of “repeated softening” for rocks [17–19]. The consequence of
these processes is that the rock repeatedly absorbs and loses water, putting the rock through a frequent
alternation of dry and wet cycles. The weakening effect of these cycles on rock is often stronger than
that of being soaked in water for a long time and thus a serious influence on the long-term stability of
rock masses in engineering. Therefore, further study is required into the influence law of repeated dry
and wet cycles on the mechanical properties, mode of crack propagation, and failure mechanism of
rock. A systematic and in-depth study of microstructural damage, macro-deformation, and strength
deterioration of rock under dry-wet cycles will help to fundamentally establish the mechanism by
which rocks are weakened by repeated water-rock interaction.

The Nanfen open-pit iron mine is located in Nanfen District, Benxi City, Liaoning province
and is the largest single open-pit mine in Asia [20,21]. Water is an indispensable and important
component of a complex geological environment. It can interact with rock through pores, cracks and
weak structural planes in the rock mass, thus weakening the mechanical properties and damaging
the microstructure of the rock mass. This is particularly an issue for open pit mine slopes, which are
very deformable and dynamic. Thus, slope stability problems caused by rainfall and groundwater
level rise and fall have become a hot research topic in the field of geotechnical mechanics [22–24].
The mechanical experiment of rock under water-rock interaction can help us to obtain the change
law of rock’s mechanical properties affected by water at the laboratory scale. For example, uniaxial
compression test and acoustic wave test of rock under different dry-wet cycles can obtain the attenuation
law of uniaxial compression strength, elastic modulus, and acoustic wave velocity of rock with the
number of cycles. In addition, the development of scanning electron microscope makes the quantitative
research methods of rock microstructure become more and more mature. Through the macroscopic
mechanical experiment and microscopic structure analysis of rock, it is easy to find the deterioration
process of slope rock under the different numbers of dry-wet cycles, which can provide a theoretical
reference for analyzing the stability of open-pit slope rock in a periodic water environment and the
implementation of waterproof engineering.

2. Materials and Methods

2.1. Rock Sample Selection

The Nanfen open-pit iron mine exploits a sedimentary metamorphic iron ore layers [25].
The mining area has an undulating topography, and the footwall slope of the mining area is rocky,
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with weak development of layering, characteristics that make it easy for geological disasters such as
collapse and landsliding to occur. A huge amount of rock stripping and mining is carried out in this
mine every year. Due to the characteristics of the terrain and the comprehensive influence of mining,
many large-scale landslides have formed on the downdip part of the lower slope, threatening safe
production in the mining area. On 3 August 2012, Nanfen open-pit iron mine was hit by heavy rain
from typhoon “Dawei”, which resulted in large-scale cracks, collapses, and landslides on the slope,
as shown in Figure 1a,b. A large area that could potentially slide has been created, which seriously
threatens the normal safe production of the mine.

  
(a) (b) 

Figure 1. Landslides and collapses caused by rainfall. (a) local landslide; and (b) overall collapse

Rainfall and slope sliding force in the mining area were monitored in real time to study the correlation
between deformation and failure of the slope and rainfall in Nanfen open pit mine, as well as to predict
the landslide trend. Statistical analysis was carried out on rainfall and significant changes in the slope
sliding force at Nanfen open-pit mine, as shown in Table 1 and Figure 2. Changes in sliding force that are
greater than or equal to 100 kN within 24 h are considered significant, and heavy rain is defined, as per
the rainfall standard set by the Chinese meteorological department, as above 50 mm per day.

Table 1. Statistics on rainfall and sliding force changes in Nanfen open-pit iron mine (From November
2010 to November 2012).

Month 1 2 3 4 5 6 7 8 9 10 11 12

Days of rain 0 0 0 18 11 38 30 37 25 26 3 0
Days of heavy rain 0 0 0 0 2 6 8 9 9 4 0 0

Number of significant changes in sliding force 1 0 0 0 0 4 6 15 2 2 0 0

The statistical data show that rainfall often occurs before a period of significant change in sliding
force. Most such changes occur in a month when there is frequent rainfall, especially in months when
there is frequent heavy rainfall, which shows that rainfall is an important factor for slope instability.
Rainfall will induce landslides and change the physical and mechanical parameters of slope rock and
soil. Due to the softening effect of rainwater, the rock and soil will become saturated, the gravity density
will increase, and the shear strength and deformation modulus will decrease [26]. The continuous
interaction of water and rock will cause cracks in the rock mass to expand and penetrate, eventually
leading to rock destruction and slope instability. Sampling was mainly concentrated in chlorite on
478 m steps on the footwall of the slope. A portable knapsack type core drilling rig was used for
shallow sampling of complete rock samples. This device is simple and convenient to carry, flexible,
and highly efficient. After drilling and taking samples at the site, the samples were sealed in wax
and put into a portable sample collection box for storage and transportation. The processed rock
samples are cylinders with a diameter of 50 mm and a height of 100 mm (±1 mm). Rock samples with
relatively similar wave velocities were identified non-metallic ultrasonic detectors and screened out as
experimental rock samples.
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Figure 2. Frequencies of significant changes in sliding force, rain, and heavy rain during two years.

2.2. Experimental Design of Dry and Wet Cycling

Dry-wet cycles were simulated in the laboratory to study their effect on the mechanical properties
and microstructure of rock. Taking into account the operability of the dry-wet cycle experiment and
the actual situation in the field, the “water saturation-natural air drying” method was implemented for
each cycle to avoid the effect that the high temperature used in the oven drying method would have
on rock properties and microstructure. The rock samples were divided into 6 groups, 3 in each group,
and were subjected to 0 cycles (representing the natural state), 1 cycle, 3 cycles, 6 cycles, 10 cycles,
and 15 cycles, respectively. A uniaxial compression test, acoustic wave test, and scanning electron
microscope test was carried out on each rock sample. Rock samples were saturated by placing the
sample in water, controlling the water level at the 1/4 L, 1/2 L, 3/4 L, and 1 L planes of the sample
height L in sequence and soaking them for 2 h at each of these levels. The sample was then completely
immersed in water and left to absorb it for 48 h before being taken out. Finally, the surface water was
gently absorbed with tissue paper, and the sample was weighed. In order to maintain the uniformity
of the water absorption process, the height between the upper surface of the rock sample and the water
surface was controlled to be 10 cm in each complete soaking. Rock sample drying was carried out by
natural air drying, placing the rock sample in a windless room at 26 degrees Celsius for more than 7 d
until the mass became constant.

2.3. Uniaxial Compression Tests

The purpose of uniaxial compression testing of rock is to determine its uniaxial compressive
strength, elastic modulus, Poisson’s ratio and other parameters of rock [27]. The uniaxial compression
experiment was carried out on an XTR01 microcomputer servo-controlled rock compression testing
machine (Changchun, China), it is a stiff testing machine specially used for testing materials such as
rocks and concrete. This device can automatically record the applied load and the axial and radial
deformation values of the rock during the experiment prior to destruction. The stress-strain curve of
the rock can be drawn on the basis of the collected data, from which the uniaxial compressive strength
of the rock can be obtained.

2.4. Acoustic Velocity Tests

All rock masses in the natural environment contain various joints, fissures, and other structural
planes. The deformation of these structural planes in the rock mass under the action of external
forces will cause reflection, refraction, diffraction, scattering, and other phenomena during elastic
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wave penetration, which will affect the propagation path of elastic waves in the rock mass [28–30].
Acoustic wave detection technology analyzes the structural characteristics of a rock mass by using the
wave characteristics of elastic waves that pass through it [31]. The acoustic wave velocity test adopted
by this study uses an MC-6310 nonmetal ultrasonic detector (Beijing, China). The experimental process
is shown in Figure 3a,b. The device is used to excite elastic waves of a certain frequency inside the
rock. Elastic waves propagate inside the rock in the form of transverse waves and longitudinal waves,
which are transmitted and received by probes at both ends. By analyzing the recorded wave signals,
the mechanical properties of the rock and its internal defects are determined. The relationship between
the wave velocity value for the rock and the number of dry-wet cycles was analyzed by testing the
longitudinal and transverse wave velocities in the rock samples after different numbers of water
saturation cycles.

 
(a) 

(b) 

Figure 3. Acoustic wave testing. (a) experimental process of wave velocity test in rock; and
(b) schematic diagram of the acoustic wave test.

2.5. Scanning Electron Microscope Test

The instrument used for scanning electron microscope testing was the Hitachi SU8010 electron
microscope made in Tokyo, Japan. The rock sample was prepared as a test block 1 cm2 × 0.5 cm in
size. After pre-treatments such as grinding and drying, the experimental sample was bonded to the
sample pile with conductive adhesive, and a layer of gold film was plated to the surface of the sample.
It was then put into the sample room for scanning, the scanning result was observed, and a picture
was extracted [32,33].
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3. Results and Analysis

In order to conveniently illustrate changes in the mass of rock during the dry-wet cycling process,
the change in the mass of one rock sample in the first wet-dry cycle is plotted in Figure 4. The four
stages a, b, c, and d, in the figure correspond to rock been soaked in water at water levels of 1/4 L,
1/2 L, 3/4 L, and 1 L, respectively. These four stages lasted for 8 h in total, and the rock mass increased
from 564.4 g to 565.146 g. After 56 h of soaking, the final saturated rock mass was 565.28 g, the water
absorption was 0.755 g, and the ratio of absorbed water to rock was 0.134%. In the process of air-drying,
the mass of the rock was measured after 5 d (i.e., after the 176th hour) and 7 d (i.e., after the 224th
hour), and the values were found to be equal, indicating that air-drying for 7 d can guarantee the
complete drying of the rock. The mass of the dehydrated rock is 564.28 g, which is 0.12 g lower than
the initial state; the mass loss ratio is 0.024%. The mass loss ratio of rock is defined as the ratio of the
lost mass of rock to the initial mass of rock. The loss curve of rock mass up to 15 cycles is plotted in
Figure 5.

Figure 4. Mass change of one of the rock samples after the first wet-dry cycle.

Figure 5. The relationship between rock mass loss ratio and the number of dry-wet cycles.

As can be seen from Figure 5, the mass loss ratio of the rock increases with an increase in the
number of dry-wet cycles. After the first three wet-dry cycles, the mass loss ratio of rock is 0.045%,
while after 15 cycles, the mass loss ratio increased to 0.08%. This increase is more rapid in the early
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stages and decelerates in the later stages. According to fitting analysis conducted with Origin software,
the two variables are exponentially correlated with the fitting equation:

S = −0.078 exp(−n/3.667) + 0.078, R2 = 0.988 (1)

where S represents the mass loss ratio of the rock (%), that is, the ratio of the lost mass of rock to
the initial mass, n is the number of dry and wet cycles, and R2 represents the correlation coefficient
between the mass loss ratio of the rock and the number of dry-wet cycles.

Chlorite is an aluminosilicate mineral, and some of the rock debris is physically and chemically
unstable, making the rock easily mechanically eroded, transported, and altered in a water-bearing
environment. Therefore, from a microscopic point of view, the damage to the rock mass is mainly
caused by the migration and diffusion of debris and the dissolution of feldspar and other particles
under the influence of repeated wet-dry cycles. This changes the physical structure, creating secondary
pores. One of the main macroscopic manifestations of this phenomenon is the mass loss of the rock
samples after dry-wet cycling.

3.1. Analysis of Uniaxial Compression Test Results

The uniaxial compression tests allowed stress-strain curves for rock samples subjected to different
numbers of dry-wet cycles to be obtained, as well as the uniaxial compressive strength, elastic modulus
and other parameters of the rocks. In order to explore the influence of dry-wet cycles on rock strength
and deformation, strength loss percentage was defined as the degree of attenuation of uniaxial
compressive strength under dry-wet cycling, i.e., (σt0 − σti)/σt0 × 100%, and the elastic modulus loss
percentage was defined as the degree of attenuation of the elastic modulus under dry-wet cycles,
i.e., (E0 − Ei)/E0 × 100%. The statistical results for the average uniaxial compressive strength and
elastic modulus of chlorite and their degree of attenuation after different numbers of dry-wet cycles
are shown in Table 2.

Table 2. Statistics of experimental results for rock uniaxial compression.

Cycles
Uniaxial Compressive Strength σt Elastic Modulus E

Average Value (MPa) Attenuation Degree D1 (%) Average Value (GPa) Attenuation Degree D2 (%)

0 102.85 0 31.12 0
1 96.38 6.29 29.83 4.15
3 89.79 12.70 27.13 12.82
6 80.84 21.40 24.86 20.12
10 73.28 28.75 20.94 32.71
15 67.66 34.21 17.23 44.63

It can be seen from Table 2 that the average uniaxial compressive strength and average elastic
modulus of the chlorite decrease with an increase in the number of dry-wet cycles. The cumulative
degrees of attenuation of the average uniaxial compressive strength and average elastic modulus reach
34.21% and 44.63%, respectively, after 15 dry-wet cycles. After more than 10 cycles, the degree of
attenuation of the average elastic modulus of the chlorite gradually exceeds the degree of attenuation
of the uniaxial compressive strength, indicating that there is more significant degradation of the
average elastic modulus of rock than of its uniaxial compressive strength under the action of multiple
dry-wet cycles. Curves for the average uniaxial compressive strength and elastic modulus of the
rocks versus the number of dry-wet cycles, together with their degree of attenuation, are given in
Figures 6 and 7, respectively.
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Figure 6. The changes of average uniaxial compressive strength of rock and its degree of attenuation
with the number of dry-wet cycles.

Figure 7. The changes of average elastic modulus of rock and its degree of attenuation with the number
of dry-wet cycles.

As can be seen from Figure 6, the average uniaxial compressive strength of the chlorite gradually
decreases with an increase in the number of dry-wet cycles, from 102.85 MPa in the initial state to
67.66 MPa after 15 dry-wet cycles. The decrease is most quickly in the early stages and more slowly in
the later stages. Correspondingly, the degree of attenuation of average uniaxial compressive strength
gradually increases with an increase in the number of dry-wet cycles, from 0% in the dry state to
34.21% after 15 dry-wet cycles. The attenuation trend in the average elastic modulus of the rock
shows a similar variation trend, as shown in Figure 7, which is basically uniform and approximately
linear. After 15 cycles, the average elastic modulus of the rock is about 45% lower than it was initially,
from 31.12 GPa to 17.23 GPa. In order to further quantitatively analyze the softening effect of dry-wet
cycling on rock, a fit to the data in the figure was obtained using the function provided by Origin
software. The relationship between the average uniaxial compressive strength of rock and the number
of dry-wet cycles is found to be well-expressed as a good polynomial function, with the fitting equation

σt = −4.38n + 0.14n2 + 101.72, R2
1 = 0.992 (2)
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where σt is the uniaxial compressive strength of the rock (MPa), n is the number of dry-wet cycles,
and R2

1 represents the correlation coefficient between the uniaxial compressive strength of the rock and
number of dry-wet cycles.

Fitting analysis with Origin software indicates that the average elastic modulus of the rock and
the number of dry-wet cycles have a strong linear relationship, with the fitting equation

E = −0.92n + 30.54, R2
3 = 0.989 (3)

where E is the elastic modulus of the rock (GPa), and R2
3 represents the correlation coefficient between

the uniaxial compressive strength of the rock and the number of dry-wet cycles.
Thus, the uniaxial compressive strength and elastic modulus of the rock decreases with an increase

in the number of dry-wet cycles, which shows that dry-wet cycling has a substantial damaging effect
on the rock’s mechanical strength. The characteristics of the rock itself and the influence of different
environments and stress conditions lead to different rock masses showing different failure modes.
Figure 8 presents images of chlorite samples from Nanfen destroyed by uniaxial compression tests
after different numbers of dry-wet cycles. From left to right, the rock samples in the images were
subjected to 0, 1, 3, 6, 10, and 15 dry-wet cycles.

 

Figure 8. Images of failure in rock samples after different numbers of dry-wet cycles.

Rock failure characteristics are affected by numerous factors such as mineral composition,
distribution of structural planes, and the loading and stress conditions in the experimental process.
It was clearly seen during the uniaxial compression tests that the post-loading failure surfaces of rocks
in dry state and after one dry-wet cycle ran through the entire longitudinal axis of the rock sample.
The failures were accompanied by ringing noise characteristics of brittle, tensional failure. With an
increase in the number of dry-wet cycles, the characteristics of the brittle failure transitioned from
strong to weak. Fissures developed that ran through the weak surfaces of the rock, and friction-induced
pulverization appeared at the failure surface, a characteristic of weak surface shear failure. The sound
emitted by rock failure became more complex and quieter. The failure characteristics of rocks gradually
changed from brittle failure to shear failure with an increase in the number of dry-wet cycles, indicating
that dry-wet cycles have a significant impact on the failure characteristics of chlorites.

3.2. Experimental Analysis of Acoustic Wave Velocity Tests

Acoustic velocity tests, including an axial transverse wave test and longitudinal wave test,
were conducted the rock samples with an MC-6310 nonmetal ultrasonic detector (Beijing, China)
after different numbers of dry-cycles tests to determine the degree of microscopic damage in the
rocks. The experimental results are shown in Table 3, and the relationship between the acoustic wave
velocities in the rocks and the number of dry-wet cycles is shown in Figure 9.
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Table 3. Experimental results of acoustic wave velocity tests.

Cycles
Longitudinal Wave

Velocities (m/s)
Absolute

Reduction (m/s)
Relative

Reduction (%)
Transverse Wave
Velocities (m/s)

Absolute
Reduction (m/s)

Relative
Reduction (%)

0 4358 0 0 2812 0 0
1 4346 12 0.28 2768 44 1.56
3 4298 60 1.34 2706 106 3.77
6 4175 183 4.20 2623 189 6.72
10 3963 395 9.06 2524 288 10.24
15 3752 606 13.91 2446 366 13.02

Figure 9. The relationship between the average acoustic velocity in the rocks and the number of
dry-wet cycles.

Acoustic wave velocity testing is an effective method for studying the mechanical properties
and structural compactness of rock. As can be seen from Table 3, the propagation speed of acoustic
waves in solids depends on the direction of particle vibration. The propagation speed of longitudinal
waves in rocks is about 1.55 times greater than that of transverse waves. The curves of longitudinal
wave velocity and transverse wave velocity versus the number of dry-wet cycles in Figure 9 allow
it to be seen intuitively that both longitudinal wave velocity and transverse wave velocity have an
attenuation trend with an increase in the number of periodic dry-wet cycles. From the 0 to the 15th
cycle, the longitudinal wave velocity decreased by 606 m/s, a decrease of 13.91%, and the transverse
wave velocity decreased by 366 m/s, a decrease of 13.02%. The propagation speed of acoustic waves
in rock will be greatly affected by the integrity and pore density of the rocks. Chlorite is a hard rock,
with high strength and poor water absorption. Acoustic waves propagation through rocks diffract
when fissures and pores are encountered, resulting in an increase in the propagation distance and a
decrease in the wave velocity. With an increase in the number of dry-wet cycles, the cracks gradually
develop and expand inside the rock mass and many new micro-cracks will be formed. This gradual
increase in the porosity of the rock explains the decrease in wave velocity. Therefore, the axial wave
velocity of rock samples can be used as effective indicators of crack growth inside rock, and the rate of
decrease in the acoustic wave velocity can be used to characterize differences in the degree of damage
between rocks.

3.3. Analysis of Scanning Electron Microscope (SEM) Images

After obtaining scanning electron microscope images of the rocks after different numbers of
dry-wet cycles, an initial observation of the images was carried out with the naked eye. In order
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to compare the influence of different numbers of dry-wet cycles on the pore structures of the
rocks, a consistent magnification was used to generate the scanning electron microscope images.
100×-magnified SEM images of chlorite that have undergone different numbers of cycles are shown in
Figure 10. After several dry-wet cycles, there are obvious changes to the characteristics shown in the
SEM images and the structure of the rock sample.

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 10. SEM images of rocks after different numbers of dry-wet cycles. (a) zero cycles; (b) one cycle;
(c) three cycles; (d) six cycles; (e) ten cycles; and (f) fifteen cycles.

An increase in the number of dry-wet cycles leads to gradual damage accumulation in the rocks.
The pore types of chlorites are mainly mineral cleavage crevices and intergranular micropores between
clay mineral. Chlorites have a much higher degree of water absorbency than rocks such as sandstone
and mudstone. As can be seen from Figure 10, without the action of dry-wet cycles, the rock particles
are clear in outline and evenly distributed, and the microstructure is homogeneous and compact.
The particles are mainly flat and massive; the macro-mechanical properties of the rocks are also good at

503



Processes 2018, 6, 199

this time. After several dry-wet cycles, the microstructures of the rocks are no longer compact and flat,
the particles begin to become disordered, and some flaky, curling particles appear. Crystal precipitation
also occurs on the surface of the rock (in blue circles in the Figure 10) and gradually increases with an
increase in the number of dry-wet-cycle times. After fifteen cycles, fine mud particles have accumulated
at the surfaces of the rocks due to water-rock interaction, making them uniform and smooth again.
The microscopic structure and morphology of the rock have changed completely, as compared with
the chlorites in a dry state, at this time.

Based on the results of the rock mechanics experiments and analyses of microscopic SEM
images, we can conclude that water molecules penetrate into the interior of the rock it is soaked
in water, water-soluble particles are dissolved by the water, and fine cuttings are stripped off,
leaving behind pore fissures. The expansion of pores and fissures creates conditions that are more
conducive to the penetration of water molecules into the rock and reduces the cohesion and binding
force between rock particles. The microscopic damage to the rock develops continuously, which is
exhibited macroscopically in a decrease in mechanical parameters such as the compressive strength,
elastic modulus, and acoustic wave velocity. The accumulation of physical, chemical and mechanical
damage caused by rock-water interaction is the main reason that slope stability is affected and the
deformation and destruction of engineering rock mass occur. Furthermore, rainfall and evaporation
and the rise and fall of the groundwater level will subject the rock mass of a slope to dry-wet cycles for
a long time, which will accelerate the accumulation of damage.

4. Prevention Measures of Slope Instability

Rainfall is an important cause of hazardous landslides in Nanfen open-pit iron mine slopes.
The effect of rainfall can be mitigated by a variety of slope stability control measures including surface
drainage engineering, underground drainage engineering, back pressure engineering, weight reduction
engineering, and river engineering [34–36]. For landslides with relatively fixed boundaries and a small
traction range, permanent interception, and drainage to outside the landslide range can be put in place.
The type of surface drainage installed within the landslide range will depend on the specific situation.
When the landslide is already in an unstable state, the drainage system should be designed to be
temporary, with less investment made and with an emphasis on timely maintenance. Interception
ditches and drains are also very effective for intercepting and draining water at the surface. The results
of the current study confirm that if effective measures are not taken to drain fissure water on the slope,
the strength of the soil and rock mass will be reduced, a landslide will develop more quickly, and the
safety and sustainable mining of the open-pit mine will be seriously threatened. One of the ultimate
goals of the slope drainage project at Nanfen open-pit iron mine is to discharge surface water and
groundwater from the mining site to the region outside the stope. The terrain and rock structure of the
stope mean that the drainage pipe can be connected to the drainage interception ditch through a sand
basin to form a complete water defense system, as shown in Figure 11.

 
Figure 11. Pipe draining of rainwater and groundwater away from Nanfen open-pit mine slope.
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Deep drainage holes enable the effective and timely discharge of fissure water in the deep
rock mass and play a directly beneficial role in maintaining the stability of the slope. When there
is no drainage system, rainwater will penetrate into the slope along cracks and form runoff at
the surface, which will seriously affect the stability of the local slope. In addition, because the
dangerous slope at Nanfen open-pit mine is about 400 m in length, 432 m in height, and 172,800 m2

in area, joints and fissures are developed, and geological conditions are complex, rainfall and the
rise and fall of groundwater level have a major impact on the slope. On the basis of extensive
research, our organization has installed sliding force monitoring points and rainfall monitoring points
on the footwall slope of Nanfen open-pit iron mine to enable 24-h intelligent monitoring of the
hydrogeological environment. This monitoring method allows the comprehensive analysis of slope
stability and prediction of slope evolution [37,38]. The installation of drainage system, monitoring,
and an early warning system for rainfall and the sliding force of the slope are of great significance for
forecasting and analyzing rainfall-induced landslides.

5. Conclusions

Based on the engineering background of Nanfen open-pit iron mine in Liaoning province,
this study investigated the mechanical properties of rocks subjected to water-rock circulation through
macroscopic mechanical experiments, microstructure tests, and theoretical analysis. Periodic water
circulation due to rainfall, evaporation and the fluctuation of groundwater level was simulated in the
laboratory, and valuable data were obtained regarding its effect on the mechanical property parameters
of these Nanfen chlorite rocks.

Dry-wet cycling is found to accelerate the generation and expansion of cracks in the rock,
resulting in a decrease in rock strength. The uniaxial compressive strength of the rock decreases
with an increase in the number of dry-wet cycles, showing a large decrease in the early stages and a
more gradual decrease with continued cycling. This change trend follows the polynomial function
“σt = −4.38n + 0.14n2 + 101.72”. However, there is a linear relationship between the attenuation
of the elastic modulus of the rock and the number of dry-wet cycles. Brittle failure in the rock
shows a transition from exhibiting the characteristics of strong rock to those of weak rock with an
increase in the number of cycles. Acoustic wave testing shows that both longitudinal wave velocity
and transverse wave velocity are attenuated to a certain extent under the influence of water-rock
interaction. The attenuation rates of longitudinal wave velocity and transverse wave velocity are
13.91% and 13.02%, respectively. The two have a very similar attenuation trend, but the absolute
attenuation of longitudinal wave velocity is much greater than that of transverse wave velocity. In the
early stages of water absorption, the chlorite itself is hard, strong, and has poor water absorbency.
The interaction between water and rock causes cracks in the rock mass to gradually form and expand.
This increase in porosity leads to the decrease in wave velocity.

Based on the theory of rock damage mechanics, the microstructure of rock samples was examined
by SEM after different numbers of dry-wet cycles. The images show that the rock surface was initially
compact and flat, with clear particle outlines. With an increase in the number of dry-wet cycles,
crystalline minerals continuously precipitated onto the rock surface and gradually became cohesive.
Until after the 15th cycle, the microstructure and morphology of the rock had completely changed,
showing a muddy state. The surface was leveled again.

To sum up, there is cumulative physical, chemical, and mechanical damage to the rock mass in
Nanfen open-pit iron mine due to rainfall and groundwater. The stability of the rock mass will be
gradually weakened over a long period of time, inevitably leading to the deformation and destruction
of the mining area slope. Feasible drainage measures should be taken, and early warning and
monitoring of slope stability should be strengthened to ensure that mines are mined safely and that
lives and property of the workers are protected. It is hoped that further numerical simulation can be
conducted and more rock samples can be selected for comparative analysis in the future to further
quantify the influence of dry-wet cycling on the mechanical properties of slope rock.
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Abstract: A mixture of sandstone and mudstone particles is often used as the main filling material
for many agriculture-related and civil engineering projects, including rock-fill dams and foundations.
The long-term rheological deformation experienced by rock-fill dams and foundations filled with
this mixture is much bigger than that of coarse-grained and cohesive soils, due to the deterioration
and softening of the mudstone particles. This study focuses on the rheological deformation of
a sandstone-mudstone particle mixture, prepared by mixing sandstone and mudstone particles,
based on the content by weight of four mudstone particle types. Confined uniaxial compression tests
were performed to test the rheological deformation of 24 samples of the mixture, and a stress-strain
curve was obtained for each test. On the basis of compression curves, the rheological process of
the mixture was divided into four phases: linear, attenuation rheological, secondary attenuation
rheological and stable phases. The three defining features of the curve, namely the rheological
attenuation factors, attenuation rheology critical strain and limited rheological strain, were then
determined and modeled. A segmented rheological model was then proposed, based on a modified
attenuation rheological constitutive model for coarse-grained soil. The modelled results compared
well with the experimental data, and the modelled compression-curve prediction was able to describe
the two-stage attenuation rheology features (attenuation rheological and secondary attenuation
rheological phases) of the sandstone-mudstone particle mixture.

Keywords: sandstone and mudstone particles; rheological deformation; segmented rheological
model; rheological limit strain; rheological test

1. Introduction

Interbedded layers of sandstone and mudstone are widespread in Chongqing Province in the
People’s Republic of China (PRC). The interbedded deposit ranges from 2294–6440 m [1]. The sandstone
and mudstone particles become mixed, and a sandstone and mudstone particle mixture (SMPM) is
formed, during excavation of the sandstone-mudstone interbeds [2,3]. In southwest China, SMPM
is often used as the main filling material in many filling operations such as rock-fill dams, ports and
wharfs [4–6].

It is well established that mudstone particles are likely to disintegrate, soften or even become slime
when they become saturated [4,5]. Mudstone particles are easier to break than sandstone particles.
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The unique physical and mechanical properties of mudstone particles mean that the long-term
deformation of a foundation filled with SMPM will be more extensive than that of coarse-grained soil
without mudstone particles. Furthermore, this deformation can reduce the strength of SMPM filled in
water-front reservoir banks [7,8]. This increased long-term deformation and reduction in strength of
the filling material may affect the safety of structures. For example, the horizontal displacement at the
top of some piles has exceeded 10 cm in the Huangqi Container Terminal, located in the Three Gorges
Reservoir Region. In this case, the deformation seen in the SMPM has been caused by fluctuations
in the water level. Another example is Lijiang Airport (Yunnan Province, PRC), where SMPM was
used as the runway-foundation filling material. Deformation reached 45.4 cm after a certain period
of operation. In addition, the non-uniformity of the foundation settlement resulted in the pavement
cracking and serious cavities between the roadbed and pavement, which severely affected the operation
of the airport.

Researchers have investigated the rheological properties of coarse-grained soil. With the development
of meso-mechanics, granular matter theory and advanced test techniques, Jiang et al. [9] concluded from
a triaxial rheological shear test that particle movement, rotation and breakage are the main reasons
for the rheological deformation in coarse-grained soil. The particles and structure of the soil tend to
be stable when the potential energy of all of the particles and the inter-particle contract force both
reach their maximum. In addition, particle breakage during the rheological process of coarse-grained
soils may affect deformation, stress distribution, strength, permeability, wetting deformation and creep
deformation [10–15]. Some advanced techniques such as computed tomography scanning and magnetic
resonance imaging have been used to investigate the rheological mechanisms of coarse-grained soil from
a microscopic perspective [9].

Rheological compression tests can be used to investigate long-term deformation. The rheological
characteristics of many soil types have been investigated, such as clay [16,17], soft-rock particles [18,19]
and coarse-grained soils [15,20,21]. The rheological deformation of an expansive soil can be classified
as being instantaneous, linear-elastic and non-linear visco-plastic deformations. According to an
investigation by Yang et al. [22], the deformation of cement-improved expansive soil indicated that no
plastic deformation occurred before it yielded. They classified the observed yielded plastic creep as
being either linear or non-linear visco-plastic. Zhang et al. [21,23] determined that the rheological curve
of a coarse-grained material could only be classified into three phases: linear, attenuation rheological
and stable. However, the rheological properties of SMPM, coarse-grained soils, clay and other soils
differ greatly because of the softening of mudstone particles.

This study focuses on the influence of the mudstone particle content of SMPM on its rheological
properties. Rheological compression tests were performed, and on the basis of the compression curves
of each sample, the three defining features of the curve (rheological attenuation factors, attenuation
rheology critical strain and limited rheological strain) were determined and analyzed. In addition,
a segmented rheological model was developed by modifying an attenuation rheological constitutive
model for coarse-grained soil.

2. Test Materials and Testing Methods

2.1. Tested Materials

Crushed SMPM was used as the test material. The sandstone and mudstone blocks for the mixture
were both collected from the field in the Three Gorges Reservoir Region; specifically, these were lightly
weathered rocks from the Jurassic Shaximiao Formation, formed in the Middle Jurassic period [1].
The uniaxial compression strength of the blocks, as determined in the laboratory, were 60.0–72.2 MPa
for the sandstone and 8.3–25.8 MPa for the mudstone [3]. The large sandstone and mudstone blocks
were artificially crushed into small particles with sizes of less than 5 mm. The small sandstone and
mudstone particles were separated by a screen test to obtain sandstone and mudstone particle groups
with particle sizes ranges of 5–2, 2–1, 1–0.5, 0.5–0.25, 0.25–0.075 and 0.075–0 mm.
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The dry density and moisture content of the samples were 1830 kg/m3 and 8%, respectively.
The particle grading curve is shown in Figure 1; the maximum particle size was 5 mm. The mean
particle size of the particle grading curve, D50, was 0.83 mm, and the non-uniformity and curvature
coefficients were 25.56 and 1.16, respectively. The particle contents are listed in Table 1, in terms of the
various particles size fractions.
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Figure 1. Grain size distribution curves of tested materials.

Table 1. Content of particles of various particle sizes of the sample.

Particle size (mm) 5–2 2–1 1–0.5 0.5–0.25 0.25–0.075 <0.075

Content (%) 27 18 15 11 14 15

2.2. Confined Uniaxial Compression Tests

Confined uniaxial compression tests were performed to investigate the rheological deformation
of SMPM. The compression-test instrument consisted of an axial loading system, sample container,
temperature sensor, axial-deformation sensor and an automatic test data-acquisition system. The axial
deformation of the test instrument ranged between 0 and 15 mm. This test instrument is advantageous
in that it can measure deformation to a high precision while acquiring loading and deformation data
during the test. The deformation-acquisition precision was 0.001 mm. Axial pressure was introduced
using the lever and weights, with a maximum axial pressure of 2.4 MPa. The cylindrical sample was
7 mm high, with a diameter of 100 mm; it was contained in a sample cylinder. Figure 2 shows that
the test instrument was equipped with an instrument base, a cover, a loading board and a sample
cylinder. At the base, a rigid annular porous stone and a round ceramic plate for drainage were
installed. The porous stone and ceramic plate were connected to an outlet valve. O-rubber rings were
installed within the base and cover to prevent air and water leakage. The rheological compression
test was performed with drainage to investigate the effects of the mudstone particle content and axial
pressure on the rheological deformation.
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Figure 2. Test instrument.

2.3. Testing Method

A total number of 24 SMPM samples was prepared, which were then divided into four groups
(six samples in each group). The mudstone contents in the four groups were 20%, 40%, 60% and 80%.
A compressive rheological test was conducted on each group at six different axial pressure values: 100,
200, 400, 800, 1200 and 1600 kPa. The compressive rheological tests were performed according to the
Trade Standard of PRC SL237-015 [24]. Each test was carried out as the follows:

(1) The sandstone and mudstone particles were weighed and poured into a bowl according to
their density, the particle-grading curve and the mudstone particle content. These particles were
then uniformly mixed. Next, distilled water (the sample moisture content was 8%) was weighed
and evenly sprayed onto the sample at three different times, during which the particles were mixed
continuously until the moisture was thoroughly integrated into the particles, with a consistent color.
Subsequently, the materials were sealed to avoid water evaporation and were left standing for 24 h to
ensure thorough mixing of the particles and water.

(2) The prepared materials were divided into three equal parts. Each part was poured into the
compaction apparatus for compaction. Each compacted layer was roughened to ensure good contact
between the particles at the compaction interfaces. Filter papers and porous stones were orderly placed
at the top of every sample.

(3) The sample cylinder was then cleaned. Subsequently, lubricating oil was applied to the base
and inner wall of the cylinder using a banister brush. The sample was carefully pushed into the sample
cylinder. From the bottom to the top of the sample cylinder, the arrangement was as follows: base
(with porous stones), filter paper, sample, porous stone and pressure cover.

(4) The lever position was adjusted to align its axis with that of the counter weight, following
which, the lever height was fixed, and the displacement sensor was mounted. A pressure of 1 kPa was
introduced for pre-compaction for approximately 10 min, at which point, the axial deformation gauge
was reset.

(5) The predetermined axial pressure in the testing scheme was introduced in a stepwise fashion,
using six sequential vertical pressure values: 50, 100, 200, 400, 800 and 1200 kPa. Each pressure was
applied for 60 min. The sample was allowed to drain freely during the entire testing process.

(6) The sample was considered to be stable when the axial deformation rate was less than
0.005 mm/h. The compressive rheological test was then conducted for 4.5 days after the predetermined
axial pressure was applied. The axial stress and deformation during the whole test were recorded
per hour.
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3. Test Results

3.1. Results of the Rheological Tests

Compressive rheological tests were carried out under different vertical stresses and for different
samples to investigate the effects of vertical stress and mudstone particle content on the rheological
characteristic of SMPM. The resulting compressive rheological curves under different axial pressure
conditions are shown in Figure 3. The test data were recorded per hour. In the figures, the data
were selected for every 2 h in the first 10 h and every 6 h in the follows processes. The rheological
axial strain of SMPM initially increased before stabilizing. The final rheological limit axial strain
ranged from 0.027–0.290% (mudstone particle content of 20%; vertical pressure values ranging from
100–1600 kPa). The rheological limit axial strain increased with increasing vertical pressure and
increasing mudstone particle content. When the vertical pressure was 1600 kPa, the rheological limit
axial strains were 0.290%, 0.337%, 0.347% and 0.470% for mudstone particle contents of 20%, 40%, 60%
and 80%, respectively.
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Figure 3. Cont.
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(c) M = 60% 
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Figure 3. Compressive rheological curves of sandstone and mudstone particle mixture (SMPM)
samples; M = mudstone particle content.

Shortly after loading, the axial strain was found to increase in an approximately linear fashion.
This period could therefore be considered as the linear rheological phase. The slope of the increasing
line was related to both the axial pressure and the mudstone particle content. The final axial strain
of the linear rheological phase was 0.057%, 0.065%, 0.080%, 0.120%, 0.157% and 0.250% for vertical
pressure values of 100, 200, 400, 800, 1200 and 1600 kPa, respectively (mudstone particle content of 80%).
When the vertical pressure was 1600 kPa, the final axial strain values of the linear phase were 0.112%,
0.143%, 0.146% and 0.250% for mudstone particle contents of 20%, 40%, 60% and 80%, respectively.

3.2. Four-Phase Rheological Process

Most of the rheological curve variations of the axial strain and time took the form of the stylized
curve shown in Figure 4. The entire process for these tests could be divided into four phases: the
linear rheological phase, the attenuation rheological phase, the secondary attenuation rheological
phase and the stable phase. The largest difference in the rheological curves between these SMPM
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phases and those of coarse-grained rock-fill materials was that the attenuation phase for SMPM
was followed by a secondary attenuation phase. This was the result of an increase in rheological
deformation, which might have been caused by the different crushing behaviors of the sandstone and
mudstone particles.

Figure 4. Four-phase compressive rheological curve.

The SMPM samples formed a soil-skeleton-structure during the rheological tests. According
to Wang et al. [25], the skeleton mentioned in the soil mechanics is actually a relational grid that
characterizes the internal particles of the granular material in contact with each other. The soil skeleton
considers whether there is contact extrusion between the particles. The contact extrusion in SMPM
can be sandstone-sandstone (SS), sandstone-mudstone (SM) or mudstone-mudstone (MM). In the
soil-skeleton-structure, the particles may break with the increasing of the contact stress, while the
contact stress avoids the critical crushing stress of the particles. Investigated by Xiao et al. [13],
the critical particle crushing stress was directly proportional to the uniaxial compression strength.
The mudstone particles in MM and SM may be crushed firstly and no longer bear the role of the
skeleton until the complete breakage of sandstone in SS.

In the initial attenuation rheological phase, the contact extrusion include SS, SM and MM.
The mudstone particles of the MM and SM were much more heavily crushed than the sandstone
particles, leading to a gradual stabilization due to the disintegration of the soft mudstone particles.
Then, most of the MM and SS no longer played the role of the skeleton. In the secondary attenuation
rheological phase, the sandstone particles of SS were the major bearer of the soil skeleton structure [4].
The stress among the sandstone particles between SS might have caused the particles to yield. Then,
the sandstone particles might have been progressively crushed and rearranged in the presence of the
skeleton, which increased the deformation in this phase.

Finally, the process reached the stable phase, during which the rheological deformation remained
basically unchanged. In this phase, the crushing and rearrangement of the sandstone and mudstone
particles had stabilized.
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4. Segmented Rheological Model for SMPM

4.1. Segmented Rheological Model

The rheological behavior of most coarse-grained soil could be divided into three phases: the linear
rheological phase, the attenuation rheological phase and the stable phase. The whole rheological
process is called the attenuation rheological process. The attenuation rheological process of the
coarse-grained soil has been described by various rheological models, including power, exponential
and hyperbolic functions, as follows:

The exponential model [17,26,27] is

ε1 = ε1 f

(
1 − ebt

)
(1)

The hyperbolic model [21,28] is
ε1 = t/(a + bt) (2)

The power model [26] is
ε1 = a/

(
1 − tb

)
(3)

where ε1 is the axial rheological strain; a and b are the model parameters; ε1f is the rheological final
strain; t is the time of rheological test.

The rheological limit strain of these three models are −bε1 f ebt, 1/b, and −abtb−1, respectively.
According to the research of Cao [22], the rheological strain value predicted by the exponential

function was larger in the early stage than the test data and smaller in the later stage. The slope of the
linear rheological phase predicted by the power function was the largest of these three functions.

According to the analysis presented in Section 3, the rheology of the sandstone-mudstone particle
mixture was divided into four phases, which differed from the rheological behavior of coarse-grained
soils. A segmented rheological model that was appropriate for the sandstone-mudstone particle
mixture was therefore developed in this study by modifying an existing rheological model for the
coarse-grained soil.

The segmented rheological model was constructed using the following modeling steps. First,
rheological strain, ε1i, was calculated using the three coarse-grained soil rheological models
(Equations (1) to (3)), if it had not yet reached the initial critical value, ε1c, of the secondary rheology
(Figure 4). Otherwise, the rheological time and rheological strain, ε2i, were recalculated, and the
rheological parameters were re-determined. The total rheological strain of the segmented rheological
model can be obtained as follows: {

ε1 = ε1i
ε1 = ε1c + ε2i

ε1 ≤ ε1i
ε1 > ε1c

(4)

where ε1 is the total axial rheological strain and ε1i and ε2i are the attenuation rheology and secondary
attenuation rheology, respectively; they can be calculated using the coarse-grained soil rheological
models listed in Table 2. ε1c is the critical rheological strain of the secondary attenuation, which can be
calculated using the attenuation rheological factor and final rheology, as follows:

ε1c = αε f (5)

where εf is the rheological limit strain and α is the rheological attenuation factor.

4.2. Rheological Limit Strain εf

The rheological limit strain εf has been previously investigated by several researchers.
Zhang et al. (2010) suggested that εf of rock-fill materials was associated with the confining pressure
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and concluded that the relationship between the vertical stress and the limit strain could be calculated
using a hyperbola. Cao [29] argued that εf (total strain within a test period) was exponentially related
to the vertical stress. In the present study, the relationship between the vertical limit strain (total strain
within a test period) and axial pressure is shown in Figure 5; εf increased with increasing vertical stress,
which could be fitted by the following linear relationship:

ε f = m
σ1

pa
+ n (6)

where σ1 and pa are the axial and atmospheric pressures (kPa), respectively; and m and n are the fitting
parameters associated with the material properties. The fitted values of parameters m and n are listed
in Table 2.

Table 2. Fitting parameters.

Mudstone Particles Content (%) m n R2

20 0.0163 0.0164 0.96
40 0.0165 0.0571 0.96
60 0.0168 0.0798 0.96
80 0.0172 0.1711 0.99
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Figure 5. The relationship between rheological limit strain and vertical stress.

The data presented in Table 2 show that no significant relationship existed between the fitting
parameter m and the mudstone particle content of the SMPM. Instead, m remained relatively
unchanged, showing only a slight increase from 0.0163–0.0172 as the mudstone particle content
increased from 20–80% (mean value of 0.0167). Therefore, m did not vary with the mudstone particle
content in this study. The second fitting parameter n did increase with increasing mudstone particle
content, as shown in Figure 6. The relationship between fitting parameter n and the mudstone particle
content is expressed as follows:

n = m0M + n0 (7)

where n is the fitting parameter of the relationship between the rheological limit strain and vertical
stress and parameters m0 and n0 are fitting parameters whose values are 0.0024 and 0.0406, respectively.
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Figure 6. The relationship between parameter n0 and mudstone particle content M.

In summary, the relationship between the rheological limit strain and mudstone particle content
and the vertical stress can be expressed as follows:

ε f = m
σ1

pa
+ m0M + n0 (8)

where εf is the rheological limit strain, M is the mudstone particle content (%) and σ1 and pa are the
vertical and atmospheric pressures (kPa), respectively. These three fitting parameters for predicting
the rheological limit strain, m, m0 and n0, are fitting parameters whose values are 0.0163, 0.0024 and
0.0406, respectively. σ1 is the vertical stress in the present study. The vertical stress is the sum of pore
pressure and the horizontal effective stress. The pore pressure in the coarse-soil is a small force as
compared with the effective stress. Investigated by Qiu [4], the pore pressure can be ignored due to
the permeability coefficient of the SMPM being greater than 0.01 cm/s. In addition to minimizing the
pore pressure of the sample, the pore stone with its permeability coefficient greater than 0.05 cm/s was
used in the test. The drainage of the sample was free during the entire testing process.

4.3. Rheological Attenuation Factor

The strain values of the attenuation rheology and final rheology were determined from
Figures 2 and 3. The ratio between the strain value of the attenuation rheology and that of the final
rheology was defined as the attenuation factor α.

α =
ε1c
ε f

(9)

where α is the attenuation factor, ε1c is the critical strain value of the attenuation rheology, which can
be obtained using the rheological curve, and εf is the strain value of the final rheology.

The relationship between the rheological attenuation factor and vertical stress is shown in
Figure 7. A certain association appears to exist between the rheological attenuation factor and
vertical stress. Furthermore, the rheological attenuation factor increased with increasing vertical stress,
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before stabilizing towards a constant value. The relationship between the rheological attenuation
factor and vertical stress can be described by the following logarithmic function:

α = aα ln(σ1/Pa) + bα (10)

where α is the rheological attenuation factor and σ1 and pa are the axial and atmospheric pressures (kPa),
respectively. aα and bα are fitting parameters, and their relationship with the mudstone particle content
is shown in Figure 8.

= a ln( 1/Pa) + b
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Figure 7. The relationship between rheological attenuation factor and vertical stress.

Figure 8. The relationship between fitting parameters and mudstone particle content.
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Figure 8 shows that parameter aα increased with increasing mudstone particle content, whereas
bα decreased. The relationship between aα, bα and the mudstone particle content could be fitted with a
linearly relationship, as follows: {

aα = c1M + d1

bα = c2M + d2
(11)

where c1 and d1 are the fitting parameters of the linear fitting relationship between aα and the mudstone
particle content with values of 0.0003 and 0.03, respectively. c2 and d2 are the fitting parameters of the
linear fitting relationship between bα and the mudstone particle content with values of −0.002 and
0.78, respectively.

The relationships between the rheological attenuation factor, mudstone particle content and
vertical stress can be obtained by combining Equations (7) and (8) as follows:

α = (c1M + d1) ln(σ1/Pa) + c2M + d2 (12)

where α is the rheological attenuation factor, M is the mudstone particle content and σ1 and pa are
the axial and atmospheric pressures (kPa), respectively. There are four parameters for predicting the
rheological attenuation factor. c1, d1, c2 and d2 are fitting parameters whose values are 0.0003, 0.03,
−0.002 and 0.78, respectively.

5. Discussions

To model the segmented rheological behavior of SMPM, an appropriate function from Table 2
can be chosen by fitting each to the test data. Fitting analysis of four rheological curves (vertical stress
was 1600 kPa, M values of 20%, 40%, 60% and 80%) was conducted using the segmented rheological
model and the rheological model for the three types of the coarse-grained soil models listed in Table 2.
The parameter values are shown in Figure 9.

The predicted values of the exponential and hyperbolic functions (Equations (1) to (3)) are shown in
Figure 9a,b, plotted against the experimental data. These show that the secondary attenuation rheological
process can be accurately simulated by these two functions after the attenuation rheological phase.
The rheological process simulated by the power function is shown in Figure 9c. The characteristics
of the segmented rheological process were not favorably reflected by the predicted curves. Therefore,
the rheological process simulated by the power function model is not recommended for predicting the
rheological process of SMPM.

Figure 9a shows that the predicted strain value calculated by the exponential function was larger
than the experimental values in the attenuation rheological phase at a mudstone particle content of
80%. Furthermore, this curve did not conform to the characteristic of the attenuation rheology in the
attenuation phase either. In the secondary attenuation rheological phase, however, the predicted value
was much smaller than the experimental values. At mudstone particle contents between 20% and
60%, the predicted strain value calculated by the exponential function was much larger than the test
value. Engineering designs made using this exponential function would therefore result in excessive
rheology, which could lead to additional waste. Therefore, the exponential function does not appear to
be suitable to calculate the rheological strain of SMPM.
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Figure 9. Various predicted values of the three rheological models, compared to experimental data.
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Figure 9b shows that the hyperbolic rheological model fitted the test values well, and the
predicted values were close to the experimental data throughout the rheological process. Therefore,
the rheological process of SMPM can be calculated using the hyperbolic function. The segmented
rheological model of SMPM can be expressed as:{

ε1 = ε1i
ε1 = ε1c + ε2i

ε1 ≤ ε1i
ε1 > ε1c

(13)

ε f = m
σ1

pa
+ m0M + n0 (14)

ε1c = [(c1M + d1) ln(σ1/Pa) + c2M + d2]ε f (15)

ε1i = t/(a1 + b1t) (16)

ε2i = (t − T)/[a2 + b2(t − T)] (17)

where T is the time from the initial moment of rheology to the attenuation rheological phase. a1, b1,
a2 and b2 are model parameters, c1, d1, c2, d2, m, m0 and n0 are seven fitting parameters, and these
parameters can be obtained by fitting with the experimental data. There are 11 parameters for the
suggested model, which can be used to calculate the rheological deformation filled with SMPM of
different mudstone content. There are too many parameters for the suggested model. In further
study, research on a model for the rheological deformation of SMPM within fewer parameters is very
meaningful. The strength of the mudstone particles is lower than that of the sandstone particles,
which suggests that they have different critical crushing stresses. The particle-crushing critical stress
of the mudstone particles is lower than that of the sandstone particles. In the rheological compression
tests, the deformation initially resulted from the mudstone particles being crushed, with further
deformation occurring due to the crushing of sandstone particles at a later time. Mudstone particles
are usually disintegrative, and mudstone particle surfaces are often covered with fractures. Therefore,
the mudstone particle breakage appears to be more serious than that of the sandstone particles.
Compared with other materials such as rock-fill materials and coarse-grained soil, SMPM features a
unique rheological mechanism because of the mudstone particles, which are associated with various
factors, including the mudstone particle content and the particle strength. The suggested rheological
model was proven by the validation exercise. It is not an intuitive method to prove the accuracy of
the suggested model. This model can be used to calculating the rheological deformation of a dam or
foundations filled with SMPM under different mudstone content. However, it cannot be applied to
real engineering works now. In future research, the finite element approach may be used to analyze the
rheological behavior of SMPM. When the FEM procedures for the suggested constitutive relationships
are worked out, it can be applied to the analysis of a real problem, and it could be generalized while
its precision is proven.

6. Conclusions

In this study, rheological tests of a sandstone-mudstone particle mixture with different
mudstone particle contents were performed, and a modified rheological deformation model for
the sandstone-mudstone particle mixture was proposed. The modified model can be used to
calculate the deformation in engineering structures filled with a sandstone-mudstone particle mixture.
The conclusions of this study are as follows.

(1) The rheological axial strain of a sandstone-mudstone particle mixture increases with increasing
vertical stress and is associated with the mudstone particle content. The higher the mudstone particle
content, the larger the rheological limit strain. The rheological limit strain displays linear relationships
with both the vertical pressure and the mudstone particle content. The rheological critical strain of the
secondary attenuation can be calculated using the rheological attenuation factor and the rheological
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limit strain. The rheological attenuation factor increases with increasing vertical pressure, following a
logarithmic relationship.

(2) Analysis of the rheological strain reveals that the rheological process of a sandstone-mudstone
particle mixture can be divided into four phases: the linear phase, the attenuation rheological
phase, the secondary attenuation rheological phase and the stable phase. Modelled rheological
compression curves with different mudstone particle contents were fitted at a vertical pressure of
1600 kPa, calculated using different rheological functions; these were compared to the experimental
results. The hyperbolic function model used with the proposed segmented rheological model most
accurately described the four-phase attenuation rheological characteristics of a sandstone–mudstone
particle mixture.
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Abstract: Because of the limitation of mining techniques and economic conditions, large amounts
of residual coal resources have been left in underground coal mines around the world. Currently,
with mining technology gradually developing, residual coal can possibly be remined. However,
when residual coal is remined, caving areas might form, which can seriously affect the safety of
coal mining. Hence, grouting technology is put forward as one of the most effective technologies
to solve this problem. To study the grouting diffusion in fractured rock mass, this paper developed
a visualization platform of grouting diffusion and a three-dimensional grouting experimental system
that can monitor the grout diffusion range, diffusion time and grout pressure; then, a grouting
experiment is conducted based on this system. After that, the pattern of the grouting pressure
variation, grout flow and grout diffusion surface are analyzed. The relationship among some
factors, such as the grouting diffusion radius, compressive strength of the grouted gravel, porosity,
water-cement ratio, grouting pressure, grouting time, permeability coefficient and level of grout,
is quantitatively analyzed by using MATLAB. The study results show that the flow pattern of the grout
in fractured porous rock mass has a parabolic shape from the grouting hole to the bottom. The lower
the level is, the larger the diffusion range of the grout is. The grouting pressure has the greatest
influence on the grouting diffusion radius, followed by the grouting horizon and water-cement
ratio. The grouting permeability coefficient has the least influence on the grouting diffusion radius.
The grout water-cement ratio has the greatest influence on the strength of the grouted gravel, followed
by the grouting permeability. The grouting pressure coefficient has the least amount of influence
on the grouting diffusion radius. According to the results, the grouting parameters are designed,
and a layered progressive grouting method is proposed. Finally, borehole observation and a core
mechanical property test are conducted to verify the application effect. This grouting technology can
contribute to the redevelopment and efficient utilization of wasted underground coal resources.

Keywords: fractured porous rock mass; grouting experiment; visualization system; flow law; layered
progressive grouting

1. Introduction

Due to technique limitations and economic conditions, some relatively outdated coal mining
methods, such as the room pillar type and lane column type, have been widely used throughout the
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world for a considerable portion of coal mining history. Hence, large amounts coal resources (residual
coal) that were left behind in the gob to maintain stability were wasted [1]. With the development of
mining technology, the redevelopment and utilization of residual coal has become possible. Recycling
this part of coal resources can fulfill the requirements for the efficient development and utilization of
resources. It is also a requirement for coal mining companies to maintain their long-term development
and can have a significant impact on the sustainable development of old mining areas. Residual coal
repeated mining refers to the use of mechanized coal mining technology to mine residual coal left
in old mining areas [2]. However, several collapsed zones, which seriously influence the production
and safety of the coal mines, exist in residual coal repeated mining areas. There are many methods
that deal with mining faces that repeatedly cross a collapsed zone [3–6]. Grouting in the rock mass of
a collapsed zone is one of the most effective technologies for solving this problem. Through grouting,
the rock mass of a collapsed zone can be cemented into continuous and stable blocks, and the physical
and mechanical parameters of the rock mass can be significantly improved. Therefore, the shearer will
be able to pass through the caving area safely. Whether the cemented coal and rock mass can meet the
requirements after grouting is mainly affected by the diffusion radius of the grout, the strength of the
mass and the layout parameters of the grouting holes. In other words, the key to solving this problem
is to determine the law of grouting diffusion in a fractured rock mass.

Over the past few decades, extensive research has been conducted on the relationship between
grouting factors, the grout diffusion radius and the strength of the mass. In theoretical research of
grout diffusion, Marwan Ahmed et al. established a mathematical model of grout seepage based
on the partition of the fractured rock mass and analyzed the diffusion characteristic of grout in
different areas [7]. Li Shenju et al. studied the grout penetration law in the surrounding rock
containing an orthogonal fracture by the permeability tensor method [8]. Di Nucci systematically
studied the diffusion law of grout in a one-dimensional fracture via a model test and numerical
simulation [9]. Kelessidis V C et al. proposed a different and optimal methodology to determine
the three Herschel–Bulkley rheological parameters of drilling fluids [10]. Li Shucai et al. studied the
movement law of grout in porous media based on a theoretical model of the percolation threshold effect.
This revealed the influence mechanism of the diafiltration effect on grout diffusion and the effective
reinforcement range [11]. In the grout diffusion calculation, Huang Yaoguang et al. deduced the basic
equation of the unsteady diffusion of grout under a coupling effect of disturbance stress and grouting
pressure, considering the effect of the excavation disturbance and grouting pressure attenuation
on the diffusion law of grout [12]. Saada Z et al. established the one-dimensional unidirectional
grouting model based on grout seepage and deduced the analytical solution of one-dimensional grout
diffusion [13]. Rafi et al. deduced the diffusion radius of the Bingham grout in the fractured rock
mass [14]. Shimada Hideki et al. deduced the formula for calculating the effective diffusion radius of
the Bingham fluid in the soft and broken seam based on the generalized Darcy law and the spherical
diffusion theory model [15]. Funehag J et al. obtained the relationship between grouting pressure,
seepage velocity, grouting time and grout diffusion radius by simulating the grout flow process in
a single fracture [16,17]. In a grouting test, Minto James M. et al. determined the parameters of the
grouting pressure and diffusion radius by the field grouting test [18]. Ge Jialiang et al. analyzed
the influence of the grouting material, the grout water-cement ratio and its properties, the grouting
pressure and other factors on the grouting volume, the grout diffusion radius and the strength of
grouted gravel through a grouting simulation test [19].

A fractured rock consists of large, loose rock masses (Figure 1). The grout flows mainly in
a macroscopic gap (void) rather than in mesoscopic pores or fractures. However, the above research is
mainly focused on the grouting of a jointed fractured rock mass. Only a few studies have been
reported on fractured porous rock masses, especially fractured porous rock masses with large
porosities (n > 0.4). There is essentially no quantitative formula that can guide grouting construction
on-site. Hence, this paper first develops the visualization system of the grouting diffusion range
and the three-dimensional grouting experiment system. Based on this system, a grouting changing
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performance model experiment is performed. This is followed by an analysis of the variation pattern
of the grouting pressure, the grout flow pattern, and the diffusion surface pattern of grout. Then,
the research results are applied to engineering practice, and the application effect analysis is performed.
Finally, discussions and conclusions are presented at the end of this paper. This work can contribute to
the redevelopment and efficient utilization of wasted underground coal resources.

Figure 1. Fractured porous rock mass.

2. Experimental Method

2.1. Experimental System

To study the law of grouting diffusion in a fractured porous rock mass, a series of grouting
experiments were performed in the self-developed three-dimensional visualization grouting
experimental system, as shown in Figure 2. The system mainly consists of three parts: grouting
test-bed, grouting equipment and visualization platform.

Figure 2. The overall arrangement of the three-dimensional visualization grouting experiment system:
(a) Sketch Map; (b) Practicality picture.

The grouting test-bed, which has dimensions of 0.5 m × 0.5 m × 0.5 m, is a frame welded by angle
steel and surrounded by tempered glass. One piece of the tempered glass can be replaced by glass with
grouting holes at different positions to simulate different grouting heights. Additionally, the bottom
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of the test-bed is a piece of wood with five grout overflow holes. The grouting equipment includes
a cement bucket, grouting pump, pressure gauge, flowmeter, grouting pipe, stop valve, hole packer,
etc. A grouting pump is a kind of manual pressure grouting pump (MG-808, Shangqin High Pressure
Grouting Technology Co., Ltd., Shanghai, China). The pressure gauge and flowmeter, which are used
to measure the grouting pressure and grouting volume, respectively, are installed on the grouting
pipe. The visualization platform is a self-developed platform for monitoring grout diffusion under
laboratory conditions. It includes the signal system (Patent No.: ZL 2016200214895), flow sensors,
pressure sensors, wire, an industrial personal computer, etc. The visualization system can monitor
the grouting pressure, grout diffusion range, the time of grout diffusion to the sensors and the grout
diffusion pressure at the sensor during the grouting process. The visualization platform of the grouting
diffusion is shown in Figure 3.

Figure 3. The visualization platform of the grouting diffusion.

The sensors of the visualization platform are embedded in a grouting test-bed during the laying
of the similar rock material, after which the spatial position of the sensors can be displayed on the
screen of the visualization platform. When conducting the grouting test, once the grout has spread to
the position of the sensor, the corresponding signal light in the screen of the visualization platform
will light up, and then the distance between the position of the sensor and the grouting port, and the
time and pressure at which the grout flows to the sensor can, be recorded.

2.2. Experimental Plan

A similar simulation of fractured porous rock mass was achieved by controlling the proportions
of stones with different morphological characteristics and particle sizes. First, the rock mass at the
Shenghua coal mine was sampled to measure the morphological characteristics and porosity before
the experiment. Then, according to the obtained morphological characteristics and porosity, suitable
stones were selected and mixed to simulate fractured porous rock mass. The grouting material used
in the experiment was cement grout. Different groups of experiments were tested by adjusting the
porosity of the fractured porous rock mass, the water-cement ratio of grout and the grouting pressure.

Five groups of test plans (U5(53)) were designed according to the uniform experimental design
method [20], as shown in Table 1. The dynamic viscosity coefficients of grouts with different
water-cement ratios were measured by the viscometer. The permeability and permeability coefficient
of a fractured porous rock mass can be obtained by the following formulae [21].

e =
D2

p

150
n3

(1 − n)2 (1)
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k = eρg/η (2)

In Formulas (1) and (2), e is the permeability, m2; Dp is the average particle diameter, m; n is
the porosity; k is the permeability coefficient, m/s; ρ is the grout density, kg/m3; g is the gravity
acceleration, m/s2; and η is the dynamic viscosity coefficient, Pa·s.

Table 1. The parameters of different experiments.

Experiment
Number

Porosity n Water-Cement
Ratiom

Grouting
Pressure
p (MPa)

Dynamic
Viscosity

Coefficient
η (Pa·s)

Grout
Density

ρ (kg/m3)

Permeability
e (m2)

Permeability
Coefficient

k (m/s)

1 0.459 0.5:1 0.3 37 1823 2.33 × 10−6 0.001124
2 0.455 0.6:1 0.5 20 1734 1.41 × 10−6 0.001195
3 0.447 0.7:1 0.2 13 1662 5.24 × 10−7 0.000656
4 0.426 0.8:1 0.4 8 1603 1.27 × 10−7 0.000249
5 0.466 0.9:1 0.6 6 1512 4.27 × 10−6 0.010553

In this experiment, 26 sensors of the visualization platform were embedded in the grouting
test-bed. The sensors were arranged at 50 mm, 200 mm, and 300 mm vertically from the grouting hole.
The positions of the sensors in the grouting test-bed are shown in Figure 4, and their coordinates are
shown in Table 2.

Figure 4. Sensor positions in the grouting test-bed.

Table 2. Visualization system sensor coordinates in the grouting test-bed.

Signal Number 1 2 3 4 5 6 7 8 9 10 11 12 13

Sensor
coordinate

X 100 250 400 100 250 400 100 250 400 150 250 350 150
Y 100 100 100 250 250 250 400 400 400 100 100 100 250
Z 50 50 50 50 50 50 50 50 50 200 200 200 200

Signal Number 14 15 16 17 18 19 20 21 22 23 24 25 26

Sensor
coordinate

X 250 350 150 250 350 200 250 300 200 250 300 200 300
Y 250 250 400 400 400 100 175 100 250 325 250 400 400
Z 200 200 200 200 200 300 300 300 300 300 300 300 300

2.3. Experimental Procedure

(1) Stones with different particle sizes of 8–10 mm, 15–30 mm and 35–50 mm were selected and
mixed evenly to simulate the fractured porous rock mass. Different porosities were obtained by
controlling the ratios of stones with different diameters, as shown in Table 3.

(2) The mixed stone material was loaded into the grouting test-bed, and the sensors were arranged
at the corresponding position of the grouting test-bed during the loading process.

(3) The coordinates of the sensors were put into visualization platform. After inputting the
coordinates, the green dots were displayed at the corresponding positions on the screen. During
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the grouting process, the green dots became red dots when the grout reached the corresponding
sensor position.

(4) Grouts with different water-cement ratios were prepared according to the experimental
requirements. After that, the grout was stirred for 15 min in the grout bucket. The amount
of grout in each experiment was 40 kg.

(5) The grouting system was connected, the grouting pipe was inserted into the grouting hole,
and then the grouting experiment began. The grouting pressure must be controlled within the
required experimental range.

(6) After grouting, the grouting pipe was pulled out from the grouting hole, the hole packer was
stuffed into the grouting hole, then the grouting equipment was cleaned.

Table 3. The proportions of stones with different particle sizes.

Experiment
Number

The Proportions of Stones with Different Particle Sizes (%)
Porosity

8–10 mm 15–30 mm 35–50 mm

1 0 50 50 0.459
2 20 50 30 0.455
3 60 30 10 0.447
4 100 0 0 0.426
5 0 0 100 0.466

3. Result Analysis

3.1. Grouting Pressure Variation Forms

During the grouting process, the data from the pressure gauge installed on the grouting pipe
was recorded in the visualization platform. The variation forms of the grouting pressure were drawn
according to these data, as shown in Figure 5. It can be seen that the grouting pressure has four kinds
of variation forms in the grouting experiment: (a) linear growth; (b) cyclic growth; (c) fluctuation
stability and (d) slow growth. On one hand, there is a buffer for each pressure because of the manual
grouting pump used. On the other hand, the grout sometimes flows into the macropores of the broken
rock mass and sometimes flows into the narrow gap of the contact surface. As a result, the grouting
pressure presents unstable fluctuations. Moreover, unstable fluctuations are probably transition-related
due to the Herschel-Bulkley material.

Figure 5. Variation forms of grouting pressure: (a) Linear growth; (b) Cyclic growth; (c) Fluctuation
stability; and (d) Slow growth.

3.2. Grout Diffusion Pattern

After grouting, the position of the sensors corresponding to the signal lamp light in the
visualization platform is shown in Figure 6a. A rough range of grout diffusion can be seen from
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the visualization system, as shown in Figure 6b. To obtain a more accurate grout diffusion pattern,
the three-dimensional coordinate data of the sensors were exported from the visualization platform and
put into MATLAB (7.14 version, Branch office of MathWorks in China, Beijing, China, 2012). Through
these data, the grout diffusion pattern was synthesized by the interpolation method embedded
in MATLAB. There are two kinds of interpolation methods in MATLAB when the two known
arrays are used as independent variables, namely, two-dimensional interpolation (Interp2) and
two-dimensional scattered point interpolation (Griddata). The Interp2 method is characterized by
the gradient distribution of independent variables in the range, which can form a regular matrix.
The Griddata method is characterized by the scattered distribution of independent variables in the
range, which is not a uniform distribution. In this experiment, the two independent variables are the
gradient distribution and the regular matrix, which can be formed. Therefore, the Interp2 method
is used. The obtained grout diffusion pattern is as shown in Figure 7. It can be seen that the flow
pattern of the grout in fractured porous rock mass has a parabolic shape from the grouting hole to the
bottom. The lower the level is, the larger the diffusion range of the grout is. In the horizontal direction,
the grout diffusion surface around the grouting hole was an asymmetrical circular surface.

In conclusion, when the height of the grouting pipe, initial velocity of the grout, outlet angle and
pore connectivity are determined, the shape of the diffusion surface is certain. Considering that the
grout will solidify in a certain period of time, if only through a pipeline grouting, the first injected
grout will cement to a solid within a certain range of the outlet, blocking the slurry outlet and reducing
grouting efficiency. Therefore, when the spatial shape of the grouting range is determined, the grouting
parameters must be designed according to the control range of each grouting pipe.

Figure 6. Range of grout diffusion: (a) Signal lamp lighted; (b) Rough range.

Figure 7. Grout diffusion pattern: (a) Top view; (b) Side view; and (c) Three-dimensional diagram.

To obtain quantitative data of the grouting diffusion radius, plastic nets were arranged on three
different layers of grouting. After grouting, the diffusion range of the paste on different plastic layers
was measured. Considering the convenience of the measurement and later calculation, the diffusion
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surface of the different layers was circularly processed. Figure 8 shows the grout diffusion range
monitoring diagrams for different levels of experiment 1, and Table 4 shows the range of the grout
diffusion for different levels during different experiments.

Figure 8. Grout diffusion range diagram for different levels of experiment 1: (a) 50 mm; (b) 200 mm;
and (c) 300 mm.

Table 4. Range of grout diffusion for different levels during different experiments.

Experiment Number
Range of Grout Diffusion for Different Level (mm)

50 mm 200 mm 300 mm

1 145 181 206
2 157 196 224
3 123 154 175
4 149 186 212
5 173 216 246

The grouting times for experiments 1–5 were 211 s, 178 s, 192 s, 153 s and 121 s, respectively.
According to experimental data in Table 1 and the test data listed in Table 4, MATLAB is used to
perform a regression analysis between the diffusion radius of the grout and various factors, such as
the water-cement ratio, grouting pressure, grouting time, permeability coefficient, and level of grout.
From the data analysis of this test, we can see that there is a power function relationship between
the test results and the influencing factors. A linear regression is the basis for solving problems. It is
necessary to transform the power function relationship into a linear relationship. Therefore, if we
suppose its basic model is:

Y = A · XB
1 · XC

2 · XD
3 (3)

The above model is a nonlinear model, and the two sides of the above formula are logarithmically
obtained:

log Y = log A + B log X1 + C log X2 + D log X3 (4)

Assuming y = log Y, a = log A, x1 = log X1, x2 = log X2, x3 = log X3, the above model can be
transformed into a linear regression model:

y = a + B · x1 + C · x2 + D · x3 (5)

In the formula, a is a constant, and B, C, D are the partial regression coefficients of the dependent
variable y on the independent variable xi (i = 1, 2, 3). The solution is similar to a unitary equation.
According to the principle of the least squares method, the square sum of the residuals are determined,

531



Processes 2018, 6, 191

and then the solutions of a and B, C, D can be calculated. The resulting regression analysis formula are
as follows:

R = 0.58m0.195 p0.24t0.172k0.017d0.22 (6)

In Formula (6), the regression fitting exponents for grout water-cement ratio (m), grouting pressure
(p), grouting time (t), permeability coefficient (k) and level of grout (d) are 0.195, 0.24, 0.172, 0.017,
and 0.22, respectively. The larger the coefficient was, the greater the influence of this factor on the
diffusion radius of the grout was. Therefore, the factor with the most substantial effect on the diffusion
radius of the grout was the grouting pressure in the fractured porous rock mass. That is, when the
other factors were fixed, the larger the grouting pressure was, the larger the grout diffusion radius was.
The next most important factors were the level of grout and the water-cement ratio, and the factor
with the least impact on the diffusion radius of the grout was the permeability coefficient. Therefore,
in the grouting of fractured porous rock mass, the grouting pressure has the greatest influence on the
grouting diffusion radius, followed by the grouting horizon and water cement ratio, with the grouting
permeability coefficient having the least influence on the grouting diffusion radius.

3.3. Grouting Effect Testing

After one day’s worth of grouting, a sampling of the grouting stone bodies was performed,
as shown in Figure 9a. It can be determined that in the range of the grout diffusion, the grout
diffused evenly, filled densely, and cemented well with the fractured porous rock mass, which can
form a skeleton and improve the strength of the rock mass. Without the range of grout diffusion, the
fractured porous rock mass was also soaked by water, indicating that the water evolution of the cement
slurry is strong.

Figure 9. Coring of the grouting stone bodies: (a) Grouting stone bodies; (b) Coring; and (c) Cores.

After 28 days’ placement in the laboratory, the grouting stone bodies were cored to test the
uniaxial compressive strength, as shown in Figure 9b,c. Cores with a diameter of 50 mm and a height
of 100 mm were used to obtain the main mechanical properties. The stress-strain curves of the cores
of different experiments are presented in Figure 10. The uniaxial compressive strength of a different
experiment is listed in Table 5. It can be seen that the stress-strain curves of the five experiments have
the same trend, but the uniaxial compressive strength is significantly different.
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Figure 10. The stress-strain curves of the core for different experiment.

Table 5. Uniaxial compressive strength of cores of different testing programs.

Experiment Number 1 2 3 4 5

Compressive strength (MPa) 10.91 7.28 5.46 4.56 2.69

According to experiment data in Table 1 and the uniaxial compressive strength of cores listed
in Table 5, MATLAB was used to perform a regression analysis between the uniaxial compressive
strength of specimens and various factors, such as the porosity, water-cement ratio, grouting pressure,
grouting time, etc. The regression analysis formula is as follows:

P = 0.89n0.851m−0.954 p0.196t0.705 (7)

In Formula (7), the regression fitting exponents for porosity (n), grout water-cement ratio
(m), grouting pressure (p), and grouting time (t) are 0.851, −0.954, 0.196, and 0.705, respectively.
The negative exponent indicates that the factor and the compressive strength have a negative
correlation. Therefore, when grouting the porous fractured coal and rock mass, the grout water-cement
ratio has the greatest influence on the strength of the grouted gravel, followed by the grouting
permeability. The grouting pressure coefficient has the least influence on the grouting diffusion radius.

4. Field Application Effect and Analysis

In the field, grouting construction often relies only on experience. The result obtained through
these experiments can be used to predict the grouting effect and guide the selection of grouting
parameters. Therefore, it can overcome the blindness of grouting construction. An engineering practice
was performed at the 3101 repeated mining working face of the Shenghua coal mine to verify the
experimental results.

4.1. Engineering Geological Conditions

Figure 11 shows the layout of the 3101 repeated mining working face of the Shenghua coal mine.
The 3101 repeated mining working face adopts an inclined longwall tilt mining layout, the length of
the working face is 300.0 m, and the mining height is 2.5 m. However, there was a collapsed zone in
front of the repeated mining working face, which has a tendency length of approximately 25.0 m and
a height of approximately 7.0 m.
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Figure 11. 3101 repeated mining working face.

According to the influence of the grouting consolidation in different layers on safe mining,
the consolidation can be divided into a cutting layer and a bearing layer from the bottom to the top.
The function of the cut bed is to ensure the stability of the broken surrounding rock after grouting
and is easy to cut by a shearer, so the required strength is relatively low. The grouting height of the
cutting layer is equal to the mining height, which is 2.5 m. The function of the bearing layer is to form
an artificial false roof, which can provide the force surface of the hydraulic support and prevent the
influence of gangue caving on the working face. The height of the bearing layer is 4.0 m.

4.2. Grouting Parameters Selection

To ensure that the grout can fully fill the porosity of the fractured surrounding rock and form
a stable and continuous cutting layer and bearing layer, the grouting should be injected fully, and its
grouting pressure should be significantly increased. The single-hole grouting amount can be estimated
according to the following formula [22]:

Q = A · L · π · R · n · λ (8)

In Formula (8): Q is the grouting amount of a single hole, m3; A is the consumption coefficient
of the cement grout, taking a value of 1.1; L is the expected filling thickness in the drilling direction,
m; R is the diffusion radius of the cement grout, m; n is porosity of collapsed zone; and λ is filling
coefficient of the grout, taking a value of 1.2.

Because of the different roles of the upper and lower layers, the grouting parameters are also
different. According to the existing data on the mine, the strength of the grouted body of the bearing
layer needs to be above 8 MPa, and the strength of the grouted body of the cutting layer needs to
above 3 MPa. According to the parameters (R, P, Q, n) that were already known and substituting them
into Formulas (3) and (4), the grouting parameters in the collapsed zone were obtained, as shown in
Table 6.

Table 6. Single hole grouting parameters of the caving zone.

Action
Layer

Diffusion
Radius
R (m)

Bearing
Pressure
P (MPa)

Grouting
Amount
Q (m3)

Porosity
n

Water-Cement
Ratio m

Grouting
Pressure
p (MPa)

Grouting
Time t
(min)

Permeability
k (m/s)

Bearing
layer 4 8 34.48 0.52 0.7:1 3 100 0.115

Cutting
layer 2.5 3 13.48 0.52 0.9:1 1.5 30 0.226
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4.3. Arrangement of Layered Progressive Grouting

To fill the collapsed zone effectively and achieve different effects for different layers, this paper
proposed a layered progressive grouting method. The grouting sequence was “from the outside to the
inside, from the bottom to the top.” After grouting the cutting layer, the same grouting method was
used to grout the bearing layer.

The length of the collapsed zone of the 3101 repeated mining face is 25.0 m. According to the
grouting diffusion radius mentioned above, the spacing of the grouting holes in the cutting layer was
determined to be 5.0 m, the hole depth is 2.5 m, and the distance between the grouting hole and the
floor is 1.5 m. The angle between the horizontal plane and grouting hole is 22◦, and the height of the
final hole is 2.5 m. Three progressive grouting procedures were required to ensure the formation of a
continuous and stable cutting layer 2.5 m in height in the repeated mining area. After the cutting layer
was constructed, grouting was performed above the cutting layer to form a bearing layer. The spacing
of the grouting holes in the cutting layer was determined to be 8.0 m, the hole depth was 4 m, and
the distance between the grouting hole and the floor was 4.5 m. The angle between the horizontal
plane and grouting hole was 26◦, and the height of the final hole was 6.5 m. Two progressive grouting
procedures were required to ensure the formation of a continuous and stable bearing layer 4.0 m in
height in the repeated mining area. The reinforcement of the collapsed zone can be fully completed by
repeating the grouting procedure five times. Figure 12 shows the diagram of the layered progressive
grouting method.

Figure 12. Layered progressive grouting diagram.

The grouting in the collapsed zone used a model ZBSB-148~23 mining grouting pump; the grout
mixing equipment adopted a low-speed mechanical mixer; the drilling equipment selected to form
the hole was a YT-28 pneumatic drill, with a drilling diameter of φ42 mm; and the grouting pipe
was composed of a KJR32 high pressure hose and seamless steel tube. Figure 13 shows the partial
equipment used for grouting.
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Figure 13. Field grouting equipment: (a) Grouting pump; (b) Wind coal drill; and (c) Grouting pipe.

4.4. Application Effect Testing and Analysis

To ascertain the grout diffusion range and the consolidation effect of the loose fractured rock
mass, a borehole observation and core mechanical property test were performed after grouting in the
collapsed zone.

The caving area in front of the working face is essentially formed by the caving coal and rock
blocks in the early stage of small coal mine mining. After different sizes of coal and rock blocks were
stabilized, a large number of voids of different sizes were produced. It can be seen from the borehole
images (Figure 14) that the grout is vein-like and discontinuously distributed after filling the voids
between the blocks. This shows that the selected cement grout has good fluidity and that the grout
diffused into the voids and formed a network skeleton after condensation. The whole structure of
loose fractured rock mass was changed by grouting.

Figure 14. Borehole images: (a) Bearing layer; (b) Cutting layer.

To study whether the diffusion radius of grout reaches the required range, a horizontal drilling
observation was performed at different layers of the bearing layer and cutting layer to observe the
diffusion distances of the grout at different positions, as shown in Figure 15a. It can be seen that the
minimum radius of the grout diffusion in the cutting layer is 2.8 m, which is beyond the designed
radius of 2.5 m, and the minimum radius of the grout diffusion in the bearing layer is 4.4 m, which
is beyond the designed radius of 4.0 m. Therefore, the range of grout diffusion reached the design
requirements. Moreover, uniaxial compression experiments on the core specimens taken from drilling
were conducted, and the stress-strain curve were obtained, as shown in Figure 15b. It can be seen that
the uniaxial compressive strength of the core specimens of the bearing layer and the cutting layer were

536



Processes 2018, 6, 191

8.65 MPa and 3.35 MPa, respectively. The actual strengths are higher than the design strengths, and
the strength of the fractured porous rock mass significantly increased.

Figure 15. (a) Diffusion distances of the grout at different positions; (b) Stress-strain curves of the
core specimens.

During mining of the grouting area, there was no occurrence of coal wall spalling or tip-to-face
roof falling. The working face traversed the old mining caving zone safely and smoothly. The rock
mass exposed during the mining is shown in Figure 16. It can be seen that the coal wall and the
tip-to-face roof in front of the working face have good integrity. The coal wall is neat after cutting.
Thus, a good grouting effect has been achieved.

Figure 16. The rock mass exposed in the grouting area: (a) Coal wall; (b) Tip-to-face roof.

5. Discussion

(1) When grouting in a fractusred porous rock mass, the main diffusion method of grouting is
infiltration. The resistance of grout diffusion is mainly caused by friction in the grout and friction
between the grout and rock mass medium. The diffusion resistance is small and can be maintained
at a low level for an extended period of time. The grouting volume is mainly controlled by the
volume and porosity of the fractured rock mass. In engineering practice, the distribution range
of the fractured porous rock mass can first be measured, and then the grouting quantity and
other related parameters can be calculated. In general, the grouting zone is not a standard sphere,
and the equivalent grouting diffusion radius can be used to represent the grouting range.

(2) Grouting in a fractured porous rock mass can improve the strength of the rock mass because
grouting can change the properties of the rock mass. On one hand, the grout can improve the
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surface mechanical properties of the rock mass, reduce the sliding ability of the fractured rock
mass, and enhance the tensile and shear strength parameters. On the other hand, the grout can
enter the pores of the rock mass and fill the gaps and cracks in the rock mass. Because of the
cohesion of the grout, the cohesion and internal friction angle of the rock mass are improved,
and the fractured porous rock mass becomes a strong bearing capacity consolidation body, which
is difficult to destroy.

6. Conclusions

(1) To study the law of grouting diffusion in a fractured rock mass, this paper developed
a visualization platform of the grouting diffusion range and a three-dimensional grouting
experimental system. It can monitor the grout diffusion range, diffusion time, grout pressure, etc.

(2) The grouting pressure has four kinds of variation forms in the grouting experiment: linear growth;
cyclic growth; fluctuation stability and slow growth.

(3) The flow pattern of the grout in the fractured porous rock mass has a parabolic shape from
the grouting hole to the bottom. The lower the level is, the larger the diffusion range of the
grout is. In the horizontal direction, the grout diffusion surface around the grouting hole had
an asymmetrical circular surface. When the height of the grouting pipe, initial velocity of the
grout, outlet angle and pore connectivity are determined, the shape of diffusion surface is certain.

(4) The grouting pressure has the greatest influence on the grouting diffusion radius, followed by
the grouting horizon and water-cement ratio. The grouting permeability coefficient has the least
influence on the grouting diffusion radius.

(5) The uniaxial compressive strength is significantly different in different experiments. The grout
water-cement ratio has the greatest influence on the strength of the grouted gravel, followed by
the grouting permeability. The grouting pressure coefficient has the least amount of influence on
the grouting diffusion radius.

(6) The results of the study were applied to old mining caving zone grouting reinforcement
engineering. According to the results, the grouting parameters were designed and a layered
progressive grouting method was proposed. Borehole observation and a core mechanical property
test were performed to analyze the application effect. The working face traversed the old mining
caving zone safely and smoothly. A good grouting effect was achieved.
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Abstract: Transversely isotropic rocks are commonly encountered in rock engineering practices,
and their strength and failure behavior is often governed by the property of anisotropy. The particle
flow modeling method was utilized to investigate the failure mechanism of transversely isotropic
rocks subject to uniaxial compressive loading. The details for establishing transversely isotropic
rock models were first presented, and then a parametric study was carried out to look into the effect
of interface properties on the failure mode and strength of transversely isotropic rock models by
varying the interface dip angle. The smooth joint model was incorporated to create interfaces for
the completeness of establishing transversely isotropic rock models with the particle flow modeling
method. Accordingly, three failure modes observed in transversely isotropic rock models with
varying dip angles were tensile failure across interfaces, shear failure along interfaces, and tensile
failure along interfaces. Furthermore, the interface mechanical parameters were found to differently
influence the failure behavior of transversely isotropic rock models. The bonded joint cohesion
and bonded joint friction angle that contribute to the shear strength of interfaces have considerable
influence on the uniaxial compressive strength (UCS) values, while the joint coefficient of friction and
joint tensile strength have a slight influence on the UCS values. The findings in this paper indicated
the importance of interfaces in estimating failure behavior of transversely isotropic rocks.

Keywords: transversely isotropic rocks; failure mechanism; particle flow modeling; interface

1. Introduction

The dominant anisotropy or transverse isotropy of geological materials, especially of foliated
metamorphic rocks, such as slates, gneisses, schist, and sedimentary rocks with bedding planes,
leads to complicated failure behaviors [1]. Rock anisotropy is one of the most significant characteristics
that should be taken into consideration for underground engineering. The design and stability analysis
of underground structures excavated in anisotropic rock masses, for instance, require a complete
understanding of the failure behavior of the rock materials. Thus, the failure mechanism of anisotropic
or transversely isotropic rocks has been a significant topic in rock mechanics.

Engineering practice has suggested that the rock anisotropy is of importance in the stabilization
of underground excavations in bedded rock masses [2,3]. Previous studies indicate that drilling
through bedding planes was quite dangerous. The boreholes might become unstable if the deviation
angle of drilled well applied to sub-horizontal bedding planes is very high due to rock strength
anisotropy [4–8]. Particularly, Okland et al. [4] carried out hollow cylinder tests to study the critical
bedding inclination angle of shale that can induce severe borehole damage during extended reach
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drilling. Meier et al. [6] also claimed that the lowest stress is required to induce borehole breakout
when the borehole is sub-parallel to the bedding planes. Moreover, Zhou et al. [9] reported that in the
Wudongde hydropower station on the Jinsha River in China, instability of high sidewalls, particularly
separation of bedding planes and the accompanying remarkable deformation, is likely to happen in
those sections where strata are almost parallel to the cavern axis with a thickness less than 10 cm.
For better engineering design, the mechanical properties of aforementioned anisotropic rock materials
are suggested to be determined through the field tests or through rock mass classification [10].

However, due to the inherent difficulty and inaccuracy in conducting field tests or rock mass
classification, many investigators tend to investigate the mechanical properties of anisotropic rock
materials through laboratory tests. To be specific, Gatelier et al. [11], according to laboratory tests,
stated a decrease in uniaxial compressive strength with increasing inclination angle in Adamswiller
sandstone. Kim et al. [12] through X-ray CT (Computed Tomography) study and uniaxial compression
tests found that Berea sandstone in northern Ohio is composed of cross-bedded loose layers and
relatively thin tightly packed layers, and its uniaxial compressive strength (UCS) value decreases
with increasing porosity as well as with increasing inclination of the bedding plane. Heng et al. [13]
investigated the directional shale samples obtained from the Longmaxi Formation in Shizhu County,
China, and three types of shear failure modes were identified that were dependent on the shearing
angle, which were sliding failure across the bedding plane, sliding failure along the bedding planes,
and sliding failure across the bedding planes combined with tensile splitting along the bedding planes.
Besides these real rock materials prepared from engineering sites, some rock-like materials have also
been utilized to investigate the anisotropic or transversely isotropic mechanism. Kulatilake et al. [14]
carried out uniaxial compressive tests on the jointed rock-like material blocks having existing joint sets.
Their findings show that for rock samples with dip angles of 0◦ to 15◦, the failure mechanism was the
tensile failure through the intact model material, while for rock samples with joint dip angles of 40◦ to
60◦, the main failure mechanism was the combined shear and tensile failure through the joints. A mixed
mechanism of the above two modes accounted for the failure of jointed blocks having dip angles of 20◦

to 35◦. Yang et al. [15] performed a series of physical model tests for jointed rock masses with persistent
discontinuities and indicated that the failure modes of these models with different dip angles can be
divided into split mode, sliding mode, and mixed mode. Recently, an experimental investigation was
implemented by Yang et al. [16] on jointed rock models made of rock-like materials. In accordance
with the experimental results, the failure of simulated rock models with varied orientations is classified
into one of four modes: (a) tensile failure across the joint plane, (b) shear failure along the joint
plane, (c) tensile failure along the joint plane, and (d) intact material failure. These above-mentioned
researchers explained the anisotropic or transversely isotropic mechanism of rock materials with weak
planes/layers presence. These studies broaden our understanding of weak planes/layers geometry on
the mechanical property of rock materials.

As one important research methodology in rock mechanics as well as in geotechnical engineering,
the numerical modeling method has significantly enriched the data bank of anisotropic rock behavior
besides those obtained from laboratory experiments. Particularly, the particle flow modeling method
with the basis of the discrete element theory has obtained a pronounced development from being
applied to rock and soil mechanics to greatly broader applications. This approach is capable of
deriving the rock mass response based on the relatively simple particle contact laws at joints and
in rock instead of more complex constitutive models [17,18]. Therefore, a particle flow modeling
approach could be utilized directly to extend the experimental results obtained in the laboratory.
For example, Chiu et al. [19] put forward a modified smooth-joint model utilizing the particle flow
modeling approach to mimic the anisotropic behavior of a rock mass, and the failure modes of the rock
mass obtained by Yang et al. [15] in the laboratory were perfectly reproduced. The load-deformation
curves in different joint orientations were also well mimicked. Bahaaddini et al. [18], by using particle
flow modeling, thoroughly investigated the effect of geometric parameters of joints on the rock
mass failure mechanism, deformation modulus, and uniaxial compression strength, and critically
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compared these with the physical experiments [20]. Park and Min [21] also conducted particle
flow simulations with embedded smooth joints for mimicking the strength and failure behavior
of transversely isotropic rocks with systematic verification and extensions to laboratory and field
problems. They succeeded in capturing the failure modes observed in anisotropic rock in which
weak planes significantly matter. Furthermore, the particle flow modeling has been utilized as well to
study the failure behavior of transversely isotropic rock mass through Brazilian tests [1,22]. Although
the particle flow modeling promotes the understanding of the anisotropic or transversely isotropic
rock mass mechanical behavior, the concentration is still mainly put on the geometrically structural
effect. On the other hand, the influence of bedded planes/layers’ mechanical properties on the failure
response of anisotropic or transversely isotropic rock masses is not well understood.

This study aims to better understand the influence of mechanical properties of bedded layers
(interfaces) on the failure behavior of transversely isotropic rocks through a particle flow modeling
method. Thus, this paper is organized in the following matter. First, the physical experiment on
simulated transversely isotropic rocks is briefly introduced in Section 2.1 as a benchmark for particle
flow modeling. After that, the procedure to establish particle flow models, which consists of intact
materials and interfaces, and the calibration of their mechanical parameters, are illustrated in Section 2.2.
With these numerically simulated models, the failure mechanism of transversely isotropic rocks is
analyzed at the mesoscale under uniaxial compressive loading in Section 3.1. In Section 3.2, a sensitivity
study is carried out systematically to estimate the influence of mechanical parameters of interfaces on
the failure strength of transversely isotropic rocks.

2. Materials and Methods

2.1. Physical Experiment on Simulated Transversely Isotropic Rocks

To investigate the failure mechanism of the transversely isotropic rocks through particle flow
modeling, associated experimental results are required. The present modeling study refers to artificial
transversely isotropic rocks, as implemented by Tien et al. [23], and utilized their test data for the base
of the particle flow simulations. The physical experiment program and results are described as follows.

Two model materials, referred to as material A and material B, respectively, were chosen to
combine into the transversely isotropic rock samples. Material A was composed of cement, kaolinite,
and water in a weight ratio of 4:1:1.2, while material B was composed of cement, kaolinite, and water
in a weight ratio of 1:1:0.6. According to the test results of the materials’ mechanical properties,
the uniaxial compressive strength (UCS), Young’s modulus, and Poisson’s ratio of material A are
104.2 MPa, 21.7 GPa, and 0.23, respectively, representing rocks with high strength and stiffness.
On the other hand, the uniaxial compressive strength, Young’s modulus, and Poisson’s ratio of material
B are 43.3 MPa, 11.9 GPa, and 0.21, respectively, representing rocks with relatively low strength
and stiffness.

Tien et al. [23] incorporated eight steps to develop these transversely isotropic rock samples.
After the mold assembly and model material preparation steps (steps 1 and 2), the preliminary
compaction step (step 3) was conducted by using the MTS (Mechanical Testing and Simulation)
servo-controlled loading frame to apply an axial load of 20 kN on the model materials to make them
into a preliminary square rock mass soft enough for cutting into slices. In the cutting into slices step
(step 4), the preliminarily compacted model materials (material A and material B) were put on a
cutting platform and cut with a slice cutter into slices with a thickness of 5 mm in each layer. After that,
a suction lifter was utilized to pile material A slices and material B slices up in sequence, which is
referred to as the stacking slices step (step 5). Following the repairing step (step 6), the final compaction
step (step 7) was implemented to apply a final load of 114 kN on those sliced materials, and then it was
held for one hour until a steady settlement was achieved. Finally, upon the curing and drilling step
(step 8), the transversely isotropic rock samples having different dip angles (α = 0◦, 15◦, 30◦, 45◦, 60◦,
75◦, and 90◦) were created for the subsequent compression tests. These artificial transversely isotropic
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rock samples were developed to represent the anisotropic behavior of sandstone-shale interlayered
rock masses. Figure 1 shows the physical dimension of a typical transversely isotropic rock sample.

Figure 1. A typical transversely isotropic rock sample (α = 0◦).

These artificial transversely isotropic rock samples were then subjected to compression tests.
In accordance with the test results [23], with zero confining pressure, three failure modes were
identified. When the dip angles were relatively low (α = 0◦, 15◦, and 30◦), the artificial transversely
isotropic rock samples failed in a mode of tensile fracture across discontinuities; whereas, when the dip
angles were medium (α = 45◦, 60◦, and 75◦), the artificial transversely isotropic rock samples failed in a
mode of sliding failure along discontinuities. Moreover, for artificial transversely isotropic rock sample
having a vertical dip angle, its failure mode was defined as the tensile-split along discontinuities.

2.2. Particle Flow Modeling of Material A and Material B

The particle flow code in three dimensions (PFC3D) is a commercial software package based on
the discrete element method [24,25]. In this study, PFC3D was utilized to develop the particle flow
models of transversely isotropic rocks. In PFC3D, the intact materials (material A and material B)
were mimicked through a composite of particles that interact with each other at contacts (Figure 2a).
A linear contact model provides an elastic relationship between the relative displacements and forces
of particles at the point contact (Figure 2b). This model consists of the contact normal force component,
Fn, contact overlap, Un, shear increment, ΔFs, and shear displacement increment, ΔUs, as follows:

Fn = knUn (1)

ΔFs = −ksΔUs (2)

with kn and ks being the contact normal and shear stiffness.
The frictional resistance of the contact is as follows:

Fs ≤ μFn (3)

with μ being the friction coefficient between particles.
To numerically mimic a relatively rock-like material, it is required to stick these granular particles

through a bonded model [26]. The bonded model, herein, is a parallel bond model that resists not
only the contact forces but also the moments between the particles at a cemented contact (Figure 2c).
The function mechanism of the parallel bond model is described as:

ΔFn = kn AΔUn (4)

ΔFs = −ks AΔUs (5)
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and
ΔMn = −ks JΔθn (6)

ΔMs = −kn IΔθs (7)

with Fn, Fs, Mn, and Ms being the force components and moments about the center of the
cemented-contact zone, respectively; kn and ks being the normal and shear bond stiffness per unit area,
respectively; θn and θs being the rotation angle components, respectively; and A, J, and I being the
area, polar moment of inertia, and moment of inertia of the bond contact cross-section, respectively.
The strength value of the bonded contact is given by:

σmax =
−Fn

A
+

∣∣Ms
∣∣R

I
< σc (8)

τmax =
−Fs

A
+

∣∣Mn
∣∣R

J
< τc (9)

with R being the radii of the cemented contact plane between particles (Figure 2c); and σc and τc being
the tensile and shear strength of the bond contact, respectively.

 
(a) 

 
(b) (c) 

Figure 2. The contact model and parallel bond model: (a) intact material, (b) particle contact, and (c)
parallel bond.

Tensile cracks occur when the applied normal stress exceeds the specified tensile strength of the
parallel bond, σc, while shear cracks happen as the applied shear stress surplus the shear strength,
τc, either through rotation or through sliding of particles. The tensile strength at the contact soon
falls to zero once the cracks occur, while the shear strength decreases as the residual friction strength
(Equation (3)).

For presenting the aforesaid mechanical properties of material A and material B, this numerical
modeling method requires a calibration of the microparameters to describe contact and bond deforming
and strength behavior, and the selected package of microparameters are expected to derive the macro
mechanical properties of simulated material used in physical experiments [23]. Therefore, a calibration
procedure was carried out to determine these microparameters for intact rock materials (material A
and material B). Several steps [25,27–29] are followed to reproduce certain properties of the artificial
materials. First, the particle and parallel bond moduli and the ratios of normal to shear stiffness are set
to be equal between the particles and parallel bonds, which aims to decrease the number of independent
parameters. Second, the Young’s modulus is determined through setting the material strengths to a
large value and varying Ec (particle Young’s modulus) and Ec (parallel bond Young’s modulus) to
match the Young’s modulus between the particle flow modeling and laboratory samples (with the
size of ϕ 50 mm × 100 mm). Then, through varying kn/ks (particle normal stiffness/shear stiffness)
and kn/ks (parallel bond normal stiffness/shear stiffness), the Poisson’s ratio of the intact synthetic
cylindrical sample was matched to the laboratory samples. Afterwards, the strength between the
numerical and laboratory samples were matched by decreasing the normal and shear bond strengths
of the parallel bonds. During this procedure, it is of importance to fix the ratio of normal to shear bond
strength (σc/τc) for the reason that it influences the failure pattern of the sample. The determined
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microparameters of the intact rock material were listed in Table 1. A comparison between particle
flow modeling and experiment results in Table 2 claims a good capability of this numerical modeling
method to reproduce these simulated mechanical properties under uniaxial compression loading.
The deviations for uniaxial compressive strength (UCS), Young’s modulus (E), and Poisson’s ratio (ν)
of material A and material B were all less than 5.0%.

Table 1. Microparameter values of intact rock materials (material A and material B).

Property Parameter Value1 (Material A) Value2 (Material B)

Particle ρ (kg/m3) 2150 1760
kn/ks 1.65 1.55

Ec (GPa) 18.8 10.3
μ 0.554 0.466

Rrat = Rmax/Rmin 1.66 1.66
Rmin (mm) 0.65 0.65

Parallel bond λ 1.0 1.0
kn/ks 1.65 1.55

Ec (GPa) 18.8 10.3
σc (mean ± std.dev., MPa) 76.0 ± 19.0 31.7 ± 7.9
τc (mean ± std.dev., MPa) 152.0 ± 38.0 63.4 ± 15.9

Note that ρ is the density of the synthetic rock material; λ is the radius multiplier used to set the parallel bond
radii; Rrat is the radius of the particle; Rmax and Rmin are the maximum radius and minimum radius of the
particle, respectively.

Table 2. Comparison of mechanical properties of intact material between the physical experiment and
the particle flow modeling results.

Material Macro Properties Experimental Results Numerical Results Abs. Deviation

Material A
UCS (MPa) 104.2 105.8 1.53%

E (GPa) 21.7 20.8 4.15%
ν 0.230 0.224 2.61%

Material B
UCS (MPa) 43.3 44.1 1.85%

E (GPa) 11.9 11.4 4.20%
ν 0.210 0.202 3.81%

2.3. Particle Flow Modeling of Interface between Material A and Material B

2.3.1. Smooth Joint Model

As aforementioned, the simulated transversely isotropic rock samples were prepared through
piling up the material A slices and material B slices in sequence [23]. The interfaces between material
A and material B (as shown in Figure 1) were discontinuities that behave quite differently from the
adjacent intact materials. Hence, to better describe the mechanical behavior of transversely isotropic
rocks the interfaces were intersected between material A and material B slices and represented with the
smooth joint model. The numerically developed transversely isotropic rock samples having different
interface dip angles are shown in Figure 3.
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(a)  (b)  (c)  (d)  

(e)  (f)  (g) 

material A 

material B 

interface 

Figure 3. Numerically developed transversely isotropic rock samples having different interface dip
angles: (a) α = 0◦, (b) α = 15◦, (c) α = 30◦, (d) α = 45◦, (e) α = 60◦, (f) α = 75◦, and (g) α = 90◦.

The smooth joint model is shown in Figure 4. Once a joint plane is defined, a smooth joint is
defined at contacts between the particles whose centers are lying on the opposite sides of the joint
plane. At the contacts, the existing parallel bonds will be removed first, and the smooth joints are
assigned in the direction parallel to the joint plane. These contacts will act in accordance with the
rules defined through the smooth joint model with particular parameter values assigned by the user.
The particles having such contacts may overlap or overpass through each other rather than to roll
around one another (Figure 4).

(a) (b) 

Figure 4. Smooth joint model: (a) numerical analog, and (b) physical analog.

The newly defined contacts act mechanically like a set of elastic springs uniformly distributed on
a circular cross-section disc with the center at the contact point. The area A of the smooth joint disc is
defined as:

A = πR2 (10)

546



Processes 2018, 6, 171

where R is the disc radius:
R = λmin(R1, R2) (11)

where λ is a radius multiplier (usually set as 1.0), and R1 and R2 are particle radii, as shown in Figure 4.
The smooth joint model can behave with respect to the following basic modes: (i) not bonded

and never fail mode, (ii) not bonded and fail in tension mode, (iii) not bonded and fail in shear mode,
and (iv) bonded mode. Through these modes, the smooth joint model could be used to simulate
various discontinuity conditions. In the present paper, we use the smooth joint model with the bonded
mode (mode (iv)) to mimic the interfaces between material A slices and material B slices. Besides the
stiffness provided by the aforementioned springs, the bonded smooth joint model also possesses both
the normal and shear strengths. The shear strength is given by:

τcj = σnj tan ϕj + cj (12)

In Equation (12), σnj implies the normal stress acted on the joint surface; ϕj implies the bonded
joint friction angle; while cj implies the bonded joint cohesion, given in MPa. If the normal or shear
stress exceeds the corresponding bond strength, the joint bond between the joint surfaces fails and the
bond stiffness will be removed. As long as the joint bond fails either in shear or tensile pattern, the shear
strength reduces as its residual value and the tensile strength will be set to be zero. The residual shear
strength is a function of the normal stress, σnj, as well as the joint friction coefficient, μj. Figure 5 shows
the constitutive law for the bonded smooth joint model.

Figure 5. Constitutive law for a bonded smooth joint model: (a) normal force, Fnj, versus normal
displacement, Unj; (b) shear force, Fsj, versus shear displacement, Usj; and (c) strength envelope.

2.3.2. Calibration and Validation of Smooth Joint Mechanical Parameters

The smooth joint parameters consist of the joint normal stiffness, knj; joint shear stiffness, ksj; joint
tensile strength, σcj; joint shear strength, τcj; joint coefficient of friction, μj; and joint dilation angle,
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ψj. These mechanical parameters have been determined through a calibration procedure utilizing the
data of experiments carried out by Tien et al. [23] on simulated transversely isotropic rock samples.
The calibration process is illustrated in Figure 6. During the calibration procedure, sets of trial-and-error
tests were implemented on numerically developed transversely isotropic rock samples (Figure 3) to
reproduce the uniaxial compressive strength data with those obtained by Tien et al. [23].

Start 

A. Create transversely isotropic rock models having 
different interface dip angles from 0° to 90° with an 
interval of 15° using PFC3D 

B. Initiate the smooth joint parameter 
values and assign them to the interfaces 
in numerical models 

C. Perform a series of uniaxial compressive 
tests on the created numerical models to 
estimate the USC values 

D. Are the estimated 
UCS values in 
satisfactory agreement 
with those obtained in 
physical experiments? 

E. Adjust smooth 
joint parameters 
one by one 

No 

Yes 

Determination of smooth joint 
parameters is completed. 

Figure 6. Calibration process for determination of smooth joint parameters.

Through the above calibration procedure, the mechanical parameters of the smooth joint model
for simulating interfaces are determined as listed in Table 3. Note that the value for each smooth
joint parameter is not unique. That is to say, each joint parameter in Table 3 is changeable along with
re-adjusting other joint parameters. Strong coupling effects exist between various joint parameters
such that the macro mechanical properties of the simulated transversely isotropic rock models is a
result of the complicated interaction among these joint parameters [30]. Based on the calibrated smooth
joint mechanical parameters, the UCS of transversely isotropic rock samples are matched well with
those obtained by Tien et al. [23]. Table 4 shows a comparison of unconfined strength values (UCS)
between the experiments and the particle flow simulations. The comparison given claims the capability
of the particle flow modeling method to derive the strength property of transversely isotropic rock
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models under uniaxial compressive loading. The uniaxial compressive strength values obtained
through particle flow simulations agree well with those obtained through physical experiments.
The particle flow models with the determined intact material and smooth joint mechanical parameters
are subsequently utilized to investigate the failure mechanism of transversely isotropic rocks.

Table 3. Mechanical parameter values used for the smooth joint model.

Mechanical Parameter Determined Value Mechanical Parameter Determined Value

knj (N/m3) 1.81 × 1012 σcj (MPa) 23.8
ksj (N/m3) 0.79 × 1012 cj (MPa) 13.0

μj 0.78 ϕj 22.5◦
ψ 0 - -

Table 4. Comparison of UCS values between physical experiment and numerical simulation results.

Comparison Condition UCS Value for Different Interface Dip Angle

Dip angle, α (deg.)
Physical experiment (MPa)

0
53.0

15
47.0

30
50.0

45
38.0

60
30.0

75
38.0

90
66.0

Numerical simulation (MPa) 51.6 56.8 51.5 36.7 32.0 36.2 52.4

3. Results and Discussion

3.1. Failure Mechanism of Transversely Isotropic Rocks

For better understanding of the failure mechanism of transversely isotropic rocks under uniaxial
compressive loading, the created particle flow models, of which the mechanical parameters are
determined through the above calibration procedure, were investigated under differing interface dip
angles. The interface dip angles were varied from 0◦ to 90◦ with an interval of 15◦. In this section,
failure modes of transversely isotropic rock models are analyzed in terms of newly generated cracks
which present the breakage of parallel bonds as well as the smooth joint bonds. Figure 7 plots the
failure process of transversely isotropic rock models having different interface dip angles. Note that the
breakage of parallel bonds is shown as red (tensile) or blue (shear) crack items, whereas the breakage of
smooth joint bonds is marked as magenta (tensile) or black (shear) crack items. As shown in Figure 7,
when the interface dip angles, α, are 0◦ and 15◦, under uniaxial compressive loading the cracks
initiate in the soft material (material B) rather than in the hard material (material A). With subsequent
compression, the cracks (tensile and shear) increasingly occur both in material A and material B,
and eventually coalesce into a macro failure plane penetrating the transversely isotropic rock models.
This macro failure plane comes across the simulated interfaces, the rock models fail, and resistance
capability was lost. At α = 30◦, the cracks also initiated in material B under uniaxial compressive
loading, as shown in Figure 7. With increasing compression stress, the cracks develop not only in intact
materials (material A and material B), but also in interfaces. As a result, the final failure planes were
generated along the soft intact material as well as the interfaces. At α = 45◦, although considerable
cracks developed in the soft intact material and interfaces, the failure planes that penetrated and failed
the whole rock samples only occurred along the interfaces. When the interface dip angle increased to
60◦ and 75◦, similar failure processes were observed, as shown in Figure 7, and the final failure planes
were generated along the interfaces. When the beddings were vertical (α = 90◦), numerous cracks
occurred both in material A and material B, and were mainly concentrated in the top and bottom ends
of the simulated rock sample at the final stage.
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Figure 7. Cont.
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 = 60° 

    

 = 75° 

    

 = 90° 

    

Figure 7. Failure process of transversely isotropic jointed rock models.

Figure 8 shows a comparison of the failure modes of artificial and simulated transversely isotropic
rock samples with dip angles of 0◦, 15◦, and 30◦. This figure shows that the numerically simulated
failure modes matched well with those obtained by Tien et al. in the physical experiments [23].
Therefore, the numerically simulated failure modes could be referred to as tensile fractures across
discontinuities as defined in physical experiments. To be more specific, in this study the failure
mechanism was further analyzed at the mesoscale. Figure 9 illustrates the microcrack number evolution
of transversely isotropic rock models having interface dip angles of 0◦, 15◦, and 30◦. As shown in
this figure, under uniaxial compressive loading, the crack number increased slowly at the beginning,
and increased sharply when the axial stress reached the peak. Additionally, the crack number in intact
materials was consistently larger than that in interfaces. That is to say, the intact materials rather than
the interfaces dominated the resistance capability of the whole transversely isotropic rock models.
Moreover, as shown in Figure 10, in intact materials, the tensile crack number was dramatically larger
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than that of shear cracks. Therefore, tensile failure of an intact material is thought to be the main cause
of the transversely isotropic rock models failing when the interface dip angles are relatively low, e.g.,
α = 0◦ and 15◦. Taking the effect of interfaces into consideration, this type of failure mode, herein,
was redefined as the tensile failure across interfaces. As the interface dip angle increased from 0◦ to 30◦

through 15◦, the difference of crack number in intact materials and in interfaces decreased, as shown
in Figure 9. Furthermore, at α = 30◦, the crack number in interfaces almost equaled that in interfaces.
Therefore, when the interface dip angle was 30◦ the transversely isotropic rock sample partially fails in
the mode of tensile failure across interfaces.

      
(a) (b) (c) 

Figure 8. Failure modes of transversely isotropic jointed rock models having dip angles of (a) α = 0◦,
(b) α = 15◦, and (c) α = 30◦. (Note that the failure images of physical samples were adopted from
Ref. [23]).

  
(a) (b) 

 
(c) 

Figure 9. Crack number evolution of transversely isotropic rock models with dip angles of (a) α = 0◦,
(b) α = 15◦, and (c) α = 30◦.
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(a) (b) (c) 

Figure 10. Intact material crack number evolution of transversely isotropic jointed rock models having
dip angles of (a) α = 0◦, (b) α = 15◦ and (c) α = 30◦.

Figure 11 displays the comparison of failure modes of artificial and simulated transversely
isotropic rock models having dip angles of 45◦, 60◦, and 75◦. It shows that the numerically simulated
failure modes were also in good agreement with those obtained through physical experiments [23].
The numerically simulated failure modes could be defined as a sliding failure along discontinuities in
accordance with the physical experiments. Furthermore, Figure 12 displays the crack number evolution
of transversely isotropic rock models having interface dip angles of 45◦, 60◦, and 75◦. As shown in
this figure, under compressive loading, the crack number increases slowly for a relatively long period,
and increases sharply when the axial stress arrives at peak stress. Contrary to transversely isotropic
rock samples having low dip angles (α = 0◦, 15◦, and 30◦), the transversely isotropic rock samples
having medium dip angles (α = 45◦, 60◦, and 75◦) generated more cracks in interfaces than in intact
materials. That is to say, the interfaces rather than the intact materials dominated the resistance
capability of the whole rock models. Moreover, as shown in Figure 13, in interfaces, the shear crack
number was much larger than that of the tensile crack. Therefore, the shear failure of interfaces was the
main mechanism of the transversely isotropic rock models failing when the interface dip angles were
medium, e.g., α = 45◦, 60◦, and 75◦. To emphasize the failure mechanism of the transversely isotropic
rock models, this type of failure mode, herein, is redefined as the shear failure along interfaces.

      
(a) (b) (c) 

Figure 11. Failure modes of transversely isotropic jointed rock models having dip angles of (a) α = 45◦,
(b) α = 60◦, and (c) α = 75◦. (Note that the failure images of physical samples were adopted from
Ref. [23]).
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(a) (b) 

 
(c) 

Figure 12. Crack number evolution of transversely isotropic rock models with dip angles of (a) α = 45◦,
(b) α = 60◦ and (c) α = 75◦.

(a) (b) (c) 

Figure 13. Intact material crack number evolution of transversely isotropic jointed rock models having
dip angles of (a) α = 45◦, (b) α = 60◦ and (c) α = 75◦.

Figure 14 plots the comparison of failure modes of transversely isotropic rock models with vertical
interfaces in numerical simulations and in physical experiments [23]. In the numerically simulated
rock model, there were many more cracks observed than those in the physical rock model. This might
be because the particle flow modeling method could recognize more microcracks than the eyes [18].
On the other hand, Figure 15 displays that before the peak stress, the number of interface cracks
was larger than that of intact material crack, which accounts for the failure planes mainly observed
in vertical interfaces of artificial rock models having a dip angle of 90◦. This failure mode, herein,
is referred to as tensile failure along interfaces.
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(a) (b) 

Figure 14. Failure modes of transversely isotropic jointed rock model having dip angle of 90◦:
(a) experiment sample, and (b) numerical sample. (Note that the failure images of physical samples
were adopted from Ref. [23]).

Figure 15. Evolution of crack number in transversely isotropic jointed rock models having dip angle
of 90◦.

3.2. Effect of Interfaces on Strength of Transversely Isotropic Rocks

As aforesaid, the role of interfaces played an influence on the failure behavior of transversely
isotropic rocks. The failure mode of transversely isotropic rocks were classified into three types,
which are tensile failure across interfaces, shear failure along interfaces, and tensile failure along
interfaces. The failure mode are significantly dependent on the interface dip angle. However,
in laboratory experiments, the interfaces between material A and material B were somehow ignored
without taking their mechanical properties into account [23]. This section thus focuses on the effect of
interfaces on the strength behavior of transversely isotropic rock models.

For comparison, Figure 16 displays the failure modes of transversely isotropic rock models
without interfaces. This figure shows that the rock models having only inter-beddings of material A
and material B still behaved anisotropically. The microcracks mainly concentrated in the soft material,
i.e., material B, and most of them were tensile cracks (red), which was also observed by Kim et al. [12]
through experimental tests on Berea sandstone. However, as shown in Figure 17, which illustrates the
comparison of UCS of transversely isotropic rocks with and without weak interfaces, the UCS values
of rock models without weak interfaces were highly beyond those obtained in physical experiments.
On the contrary, the UCS values of rock models with weak interfaces agreed very well with the
physical experiment results. In addition, the shape of the compressive strength interface dip angle
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curve obtained in physical experiments could be classified as a shoulder type [31], which means that the
compressive strength was relatively high with low and high dip angles, while the compressive strength
was relatively low with medium dip angles. Some typical examples of such curves are verified by
Yasar [32], Autio et al. [33], Nasseri et al. [34], Cho et al. [35], and Fjaer and Nes [36]. In these studies,
the research objects included various rocks such as sandstone, siltstone, shale, gneiss, and schist.
In most of these works, it was noted that bedding planes acted as planes of weakness. The particle
flow modeling results of transversely isotropic rocks with interfaces fit this type of the compressive
strength interface dip angle curve. That is to say, the interfaces were very necessary elements to build
transversely isotropic rock models with particle flow modeling method. To further understand the
effect of interfaces on the failure behavior of transversely isotropic rocks, the mechanical properties of
interfaces were systematically investigated as follows.

       
(a) (b) (c) (d) (e) (f) (g) 

Figure 16. Failure modes of transversely isotropic rocks without weak interfaces: (a) α = 0◦, (b) α = 15◦,
(c) α = 30◦, (d) α = 45◦, (e) α = 60◦, (f) α = 75◦, and (g) α = 90◦.

Figure 17. Comparison of UCS of transversely isotropic rocks with and without weak interfaces.

3.2.1. Joint Normal Stiffness

To look into the effect of the interface property on the failure behavior of transversely isotropic
rock models, the joint normal stiffness of interfaces, knj, was first investigated. A set of joint normal
stiffness values of 0.15 × 1013 N/m3, 0.50 × 1013 N/m3, 1.50 × 1013 N/m3, and 5.00 × 1013 N/m3 were
numerically tested, respectively, for the transversely isotropic rock samples having various interface
dip angles from 0◦ to 90◦ with an interval of 15◦ (Figure 3). Meanwhile, the joint shear stiffness, ksj,
was set to be 1/3knj for all tests. Furthermore, the other smooth joint parameters were kept constant,
i.e., σcj = 23.8 MPa, ϕj = 22.5◦, cj = 13.0 MPa, and μj = 0.40. Due to the planar surface of the
interfaces in the physical experiments, the joint dilation angle, ψj, was always set to be 0. Figure 18
shows the uniaxial compressive strength variation of transversely isotropic rock samples with different
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joint normal stiffness. It is shown that the joint normal stiffness had a dramatic effect on the uniaxial
compressive strength (UCS) of transversely isotropic rocks. Particularly, when the interface dip angle
was less than 30◦ (i.e., α = 0◦ and 15◦), the UCS basically increased with the increment of joint normal
stiffness. Whereas, when the interface dip angle was equal or more than 30◦ (α ≥ 30◦), the UCS
decreased with the increment of joint normal stiffness. Moreover, as the joint normal stiffness, knj,
was set to be 0.50 × 1013 N/m3, the numerically obtained set of UCS values of transversely isotropic
rock samples were close to those obtained in physical experiments [23].

×=njk

×=njk
×=njk
×=njk

Figure 18. UCS variation of transversely isotropic rock samples with different joint normal stiffness.

3.2.2. Joint Shear Stiffness

Keeping the joint normal stiffness constant (i.e., knj = 0.5 × 1013 N/m3), the joint shear stiffness,
ksj, is subsequently adjusted from 1/10knj to 1.0knj through 1/3knj. Furthermore, the other smooth
joint parameters were set to be constant, that is to say, σcj = 23.8 MPa, ϕj = 22.5◦, cj = 13.0 MPa,
and μj = 0.40. Figure 19 shows the UCS variation of transversely isotropic rock samples with different
joint shear stiffness. As shown in this figure, the joint shear stiffness possessed a similar influence
to the joint normal stiffness with respect to the UCS values of transversely isotropic rock samples.
When the interface dip angle was less than 30◦, the UCS basically increased with the increment of
joint shear stiffness. Meanwhile, when the interface dip angle was equal to or more than 30◦ (α ≥ 30◦),
the UCS decreased with the increment of joint shear stiffness. Specially, as the joint shear stiffness, ksj,
was set to be 1/3knj, the numerically obtained set of UCS values of transversely isotropic rock samples
agreed well with those obtained by Tien et al. in the physical experiments [23].

The joint normal stiffness and joint shear stiffness had a similar influence on the UCS variation
of transversely isotropic rock models. When the interface dip angle was low (e.g., α = 0◦ and 15◦),
the uniaxial loading compressed the inter-layered materials (material A, material B, and interfaces) to
deform normally, which was dominated by the normal stiffness, and further to deform tangentially,
which was dominated by the shear stiffness because of the Poisson’s ratio effect, which means that
the normal deformation would induce the tangential deformation. If the joint stiffness was low,
the interfaces would have a large stiffness difference compared with the adjacent intact materials
(material A and material B), which resulted in a significant deforming difference between them.
Figure 20 shows the force chains in the transversely isotropic rock models having horizontal
interfaces (α = 0◦) with different joint normal stiffness values at the peak stress. It shows that
the deforming difference caused tensile force chains in the interfaces, and the lower joint stiffness
(e.g., knj = 0.15 × 1013 N/m3) introduced more tensile force chains. These tensile force chains further
cause tensile cracks and eventually lower the UCS values of transversely isotropic rock samples.
Therefore, the UCS decreased with the reduction of joint stiffness at low dip angles (i.e., α = 0◦ and 15◦),
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as shown in Figures 18 and 19. On the other hand, when the interface dip angle was higher (α ≥ 30◦),
both the high joint stiffness and the low joint stiffness induced substantial tensile force chains in the
interfaces. However, the lower joint stiffness (e.g., knj = 0.15 × 1013 N/m3) increased the deforming
capability of these interfaces and postponed their failure. This process motivated more intact material
to contribute to the bearing capability of the whole rock samples. Therefore, the UCS increased with
the reduction of joint stiffness at higher dip angles (i.e., α ≥ 30◦).

njsj kk =
njsj kk =

njsj kk =

Figure 19. UCS variation of transversely isotropic rock samples with different joint shear stiffness.

(a) (b) 

Figure 20. Force chains in the transversely isotropic rock models having horizontal interfaces with
different joint normal stiffness at peak stress: (a) knj = 0.15× 1013 N/m3, and (b) knj = 5.0× 1013 N/m3.
Note that the black chain and red chain imply compression force and tension force, respectively, and the
force quantity is proportional to the chain thickness.

3.2.3. Bonded Joint Cohesion

Further investigation was implemented to look into the effect of interface strength parameters,
including joint shear strength, τcj, joint coefficient of friction, μj, and joint tensile strength, σcj, on the
strength behavior of transversely isotropic rock models. In accordance with Equation (9), the joint
shear strength consisted of bonded joint cohesion, cj, and bonded joint friction angle, ϕj. Herein,
the bonded joint cohesion was first adjusted to be 4.0 MPa, 8.0 MPa, 13.0 MPa, and 16.0 MPa, while the
other joint parameters were kept constant, i.e., knj = 0.5 × 1013 N/m3, ksj = 1/3knj, σcj = 23.8 MPa,
ϕj = 22.5◦, and μj = 0.40.
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Figure 21 shows the UCS variation of transversely isotropic rock samples with different bonded
joint cohesion. As shown in this figure, the bonded joint cohesion, cj, had a varying influence on
the UCS values depending on the interface dip angle. Specifically, when the interface dip angles, α,
were 0◦ and 15◦, the UCS values decreased slightly with the decrement of bonded joint cohesion.
Even though the transversely isotropic rock samples with dip angles of 0◦ and 15◦ failed in the mode of
tensile failure across interfaces (Figure 8), the shear cracks occurred in interfaces, as shown in Figure 22.
This figure displays the interface shear crack proportion at peak stress varying with bonded joint
cohesion of 13.0 MPa and 4.0 MPa. For a better understanding, the shear crack number in interfaces
was normalized by the total crack number in the whole rock model. With the decrement of bonded joint
cohesion, the shear crack number in the interfaces increased significantly. At α = 0◦, when the bonded
joint cohesion decreased from 13.0 MPa to 4.0 MPa, the interface shear crack proportion increased from
5.1% to 31.8%. The occurrence of more interface shear cracks accelerated the failure of the whole rock
model. Moreover, at α = 15◦, when the bonded joint cohesion decreased from 13.0 MPa to 4.0 MPa,
the interface shear crack proportion increased from 5.9% to 63.0%. Therefore, the shear failure, in this
case, became dominated when the bonded joint cohesion was small, and the failure mode changed
from tensile failure across interfaces to shear failure along interfaces.

=jc
=jc
=jc
=jc

Figure 21. Strength variation of transversely isotropic rock samples with different bonded joint cohesion.

When the interface dip angles were medium (α = 30◦, 45◦, 60◦, and 75◦), the UCS values decreased
heavily with the decrement of the bonded joint cohesion (Figure 21). The decrement of bonded joint
cohesion directly reduced the shear resistance capability of interfaces, and made them much easier
to fail. As shown in Figure 22, with the bonded joint cohesion decreasing from 13.0 MPa to 4.0 MPa,
the shear cracks in the interfaces having medium dip angles were the main cracks occurring in the
whole rock models. The intact materials (material A and material B) could not play their role effectively
to contribute to the resistance capability of the whole models, which accounted for the decrement
of UCS values in Figure 21. When the interfaces were vertical (α = 90◦), even though the interface
shear crack proportion increased from 57.8% to 93.8% with the bonded joint cohesion decreasing from
13.0 MPa to 4.0 MPa, the UCS value decreased less significantly, as shown in Figure 21. This was
because the intact materials (material A and material B) could still resist the top and bottom loading
platens moving towards each other, and even their connections (interfaces) were very weak.
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Figure 22. Interface shear crack proportion variation with different bonded joint cohesion.

3.2.4. Bonded Joint Friction Angle

The bonded joint friction angle, ϕj, was then adjusted to 15◦, 22.5◦, and 30◦, respectively, while the
other joint parameters were kept constant, i.e., knj = 0.5 × 1013 N/m3, ksj = 1/3knj, σcj = 23.8 MPa,
cj = 13.0 MPa, and μj = 0.40. Figure 23 shows the UCS variation of transversely isotropic rock samples
with different bonded joint friction angles. As shown in this figure, the modification of the bonded joint
fiction angle had certain influences on the UCS values of transversely isotropic rock samples when the
interface joint angles were medium. However, this influence was negligible when the interface was
horizontal (α = 0◦) or vertical (α = 90◦). Like bonded joint cohesion, the bonded joint friction angle
contributed to the shear strength of interfaces. However, the contribution of the bonded joint friction
angle depended on the normal stress component in accordance with Equation (9). Thus, the bonded
joint friction had a negligible influence on the shear resistance of the interfaces when the dip angles
were high, i.e., α = 75◦ and 90◦, due to the small normal stress component. With respect to the case of
α = 0◦, although the normal stress component was considerable, which enhanced the interface shear
strength, the shear behavior of the interfaces was not the main mechanism for the failure of the whole
rock model. This accounted for the negligible variation of the UCS values with the bonded joint friction
angle at α = 0◦ in Figure 23. Figure 24 further indicates that the change of bonded joint friction angle
mainly influenced the failure behavior of transversely isotropic rock samples when the dip angles
were medium.

°=jϕ
°=jϕ

°=jϕ

Figure 23. Strength variation of transversely isotropic rock samples with bonded joint friction angle.
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°=jϕ
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Figure 24. Interface shear crack proportion variation with different bonded joint friction angle.

3.2.5. Joint Coefficient of Friction

The joint coefficient of friction began to work only after the joint bond broke to provide the
residual shear strength. To learn about the effect of the interface residual shear strength on the failure
behavior of transversely isotropic rock models, the joint coefficient of friction, μj, was set to be 0.10,
0.25, and 0.40, whereas, the other joint parameters were kept constant, i.e., knj = 0.5 × 1013 N/m3,
ksj = 1/3knj, σcj = 23.8 MPa, cj = 13.0 MPa, and ϕj = 22.5◦. Figure 25 displays the UCS variation of
transversely isotropic rock samples with different joint coefficients of friction. As shown in this figure,
the joint coefficient of friction had a negligible influence on the resistance capability of transversely
isotropic rock samples. For rock samples having low dip angles, e.g., α = 0◦ and 15◦, the increment of
the interface shear strength was not effective enough to affect UCS values because the rock samples
tended to fail in the mode of tensile failure across interfaces. Furthermore, when the dip angle increased
to be medium, such as α = 30◦, 45◦, 60◦, and 75◦, even though the shear strength of interfaces mattered,
the joint coefficient of friction could not contribute to the peak stress of the whole rock model. This was
due to the fact that the interface shear cracks began to occur quite close to the peak stress stage,
as shown in Figure 12. Therefore, the joint coefficient of friction mainly contributed to the residual
strength rather than to the UCS of the whole rock models, which agreed very well with Ref. [25].
For α = 90◦, the transversely isotropic rock model failed according to tensile failure along interfaces,
which accounted for the negligible influence of the joint coefficient of friction on UCS values.

=jμ
=jμ
=jμ

Figure 25. Strength variation of transversely isotropic rock samples with different joint coefficient
of friction.
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3.2.6. Joint Tensile Strength

A parametric study on the influence of the joint tensile strength, σcj, on the strength behavior of
transversely isotropic rock models was carried out as well through varying this joint micro-mechanical
parameter from 15.90 MPa to 31.80 MPa through 23.80 MPa while setting the other parameters
constant. In accordance with Figure 26, the joint tensile strength had a slight influence on the UCS
values of transversely isotropic rock models. For rock samples having low dip angles (α = 0◦, 15◦,
and 30◦), although the increment of the joint tensile strength somehow affected the strength behavior
of transversely isotropic rock models, the influence was not significant. When the dip angle was
medium, because the rock models failed in the mode of shear failure along interfaces, the increment
of the interface tensile strength had a negligible influence on the strength of the whole rock models.
Furthermore, although the rock model failed in the mode of tensile failure along interfaces, the UCS of
the transversely isotropic rock sample was mainly contributed by the vertical intact materials. Thus,
the change of joint tensile strength also had a negligible influence on the UCS value.

=cjσ

=cjσ

=cjσ

Figure 26. Strength variation of transversely isotropic rock samples with different joint tensile strength.

4. Conclusions

Particle flow modeling was undertaken to investigate the failure mechanism of transversely
isotropic rocks under uniaxial compressive loading. After setting up a particle flow model with the
PFC3D software package according to the conceptual model proposed by Tien et al. [23], a parametric
study was then carried out to investigate the effect of the interface dip angle and interface mechanical
parameters on the failure mode and uniaxial compressive strength of the transversely isotropic rock
models. The following conclusions can be drawn from the obtained particle flow modeling results:

(1) The interfaces interspaced in intact materials were pivotal elements to successfully build
transversely isotropic rock models with a particle flow modeling method. With careful calibrations
of the interface mechanical parameters, these simulated transversely isotropic rock models
derived quite similar failure modes and UCS values to those obtained in physical experiments.

(2) To highlight the effect of interfaces, the failure mode of transversely isotropic rock models was
redefined according to the observed crack revolution at the meso level. Three basic failure
modes were identified in the transversely isotropic rock models under uniaxial compressive
loading: (a) tensile failure across interfaces, (b) shear failure along interfaces, and (c) tensile
failure along interfaces.

(3) The joint normal stiffness and joint shear stiffness had a dramatic influence on the failure
strength of transversely isotropic rock models. The difference of mechanical response to uniaxial
compressive loading for each layered material accounted for the UCS variation with varying
stiffness values.
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(4) The mechanical parameters for the bonded joint shear strength property had quite a different
influence on the failure behavior of transversely isotropic rock models. The bonded joint cohesion
and bonded joint friction angle, which contributed to the shear strength of interfaces, had a
considerable influence on the UCS values, while the joint coefficient of friction, which contributed
to the residual strength of interfaces, had a negligible influence on the UCS values.

(5) The shear failure of interfaces was the dominant mechanism for anisotropic behavior of layered
rock models, the change of joint tensile strength had a negligible influence on the UCS values of
transversely isotropic rock models.

The present study put the emphasis on the failure mechanism of transversely isotropic
rocks under the unconfined compression condition, whilst a further study on the anisotropic
behavior of transversely isotropic rocks under the triaxial stress condition is undergoing. Moreover,
the hydromechanical behavior of the transversely isotropic rocks is also a challenge topic that is of
our interest. The following studies would provide useful guidelines for the stabilization control of
engineering structures constructed in or on the transversely isotropic rocks.
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