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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. etal., 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 1 www.mdpi.com/journal/processes
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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 Tjunction 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~ Pa-s-1 Pa-s
increases the critical perforation angle from 70°-80°.

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

This paper studied the feasibility of enhanced gas recovery through CO, flooding in tight
sandstone gas reservoirs. The results show that the CO, 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. etal., 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].
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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].



Processes 2019, 7, 255

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 Pb?*.
The nitric acid treatment increases the contents of polar oxygen-containing functional groups, including
hydroxyl, carbonyl, and carboxyl groups on the surface of lignite.
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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 CO, 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 (e.) 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. etal, 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. etal., 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.etal., 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
ds), following polynomial functions.

(8) Xie, X. etal., 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. etal., 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 x 1077 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 CHy
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 CHy 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, Pb?*, 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 Pb%*. The adsorption amount of Pb?* increased from 14.45 mg-g~! to 30.68 mg-g~!. 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 Pb?* 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 Ni?*, Zn2*,
and Pb%*. The results showed that lignite can remove Ni?*, Zn?*, and Pb?* from an aqueous solution,
and the adsorption capacities of Ni**, Zn?*, and Pb%* were 28.18, 28.36, and 29.29 mg-g~!, 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~! 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~?, 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_z). 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 um size range were selected as the experimental samples.
Moisture (M,q), ash (A,q), volatiles (V,q4), and fixed carbon (FC,q4) 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 !, marked as NOM (the raw coal), N0.1M,

20



Processes 2019, 7, 167

NO0.3M, 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 ", 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 i5S10, 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 ™.

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 Z590, 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 Pb** by Coal Samples

In this paper, Pb>* was taken as the target pollutant to explore the adsorption efficiency of
modified lignite. The Pb(NO3), 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(NOs3), 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 um membrane to obtain a clear liquid. The Pb%*
concentration in the filtrate was measured by a plasma emission spectrometer (ICPE-9000, Shimadzu,
Kyoto, Japan) to calculate the Pb?* 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.
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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 ™! nitric acid. Furthermore, under 10 mol-L~! of nitric acid
treatment, the peak of iron dolomite nearly disappeared. The chemical formula of iron dolomite is
Ca(Mg,Fe)(CO3),, 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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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.

(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 /Py was less than 0.02, the nitrogen adsorption amount increased with
P /Py, which indicated that some micropores existed in the coal samples. When P/Pj was greater than
0.4, the nitrogen adsorption amount in the coal samples increased rapidly with the increase of P/Py,
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 !,
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 /Py 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 Average Pore ~ Most Probable ~ Microporous l\lf}/(l) I:trgf_,:;g;ie
P Volume/(cm®/g)  Diameter/(nm) Pore Size/(nm)  Volume/(cm®/g) .
Pore Size/(nm)
NOM 0.01110 17.36602 2.856 0.00089 1.07210
NO0.5M 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
N1oM 0.00882 68.80520 6.290 0.000098 1.01285
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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 ™}, 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.

(d) N5M (©) NIOM

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.

25



Processes 2019, 7, 167

2,
g &

3500 3000 2500 2000 1500 1000 500
Wave number/cm’

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~!: 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 ™! [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~': This section was mainly the stretching vibration region of aliphatic
hydrocarbons. The two characteristic absorption peaks at 2920 cm ™! and 2850 cm~! 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~!: The absorption peak in the range of 1700~1800 cm ™! was attributed to the
C=0 stretching vibration of the carboxylic acid, lactone, ester, and anthracene groups. The peak in
the range of 1500~1660 cm~! 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 ! and a weak absorption peak at 1710 cm~!. Generally
speaking, the peak at 1620 cm~! was caused by stretching vibration of the aromatic ring C=C and
conjugated stretching of the benzene ring. The peak at 1710 cm ™! 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 ™! 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™ appeared, and it had
an increasing trend with the increase of nitric acid concentration. There should be an anti-symmetric
absorption peak of -NO,, in the forms of R-NO, and Ar-NO,, indicating that a nitro group was
introduced during the nitric acid modification treatment.

(4) 1200~900 cm~!: 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~! and 1030 cm ™.
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.

250000 250000
200000 [

200000

150000 [~ 150000

s
100000 [~ J\/\N

N
50000 b/\//\tv,/‘/\‘ \‘S

0r ok

100000

Counts/s
Counts/s

50000

L L L L L L
1400 1200 1000 800 600 400 200 0
Binding Energy/ev

L L L L L L
1400 1200 1000 800 600 400 200 0
Binding Energy/ev

(a) NOM (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.

Samples NoM N5M
Parameter C1S N1S 018 C1S N1s 018
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.
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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
NOM 1 284.74 20,080.00 68.98 C-C,C-H
NOM 2 286.26 6701.38 23.02 C-O, C-OH, C-0-C
NOM 3 288.42 2327.59 8.00 C=0, 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-O0-C
N5M 3 288.41 4490.42 12.66 C=0, 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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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
NOM 1 532.25 49,140.00 88.06 Cc=0
NOM 2 533.67 6661.53 11.94 COO~
N5M 1 531.90 49,270.00 76.29 Cc=0
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=0O 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=0 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=0 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.
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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
NOM 1 398.08 114.45 11.59 pyridine
NOM 2 399.81 385.53 39.03 pyrrole
NOM 3 401.07 278.90 28.24 protonated pyridine
NOM 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 -NO,
N5M 5 407.55 348.64 8.80 NO3z ™

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

in the forms of organic nitrogen. There are four main forms of nitrogen in coal: pyridine nitrogen @
© N N,
(398.0~398.1 eV), pyrrole nitrogen @ (400.0~400.4 eV), protonated pyridine (?g (401.6 V),

0
and nitrogen oxides © (402~405 eV) [21,22].

Four peaks were obtained by peak-fitting of lignite raw coal XPS NI1S 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, -NO,, and NOg, respectively. Among them, -NO; 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 NOj3.

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, -NO, and NOj3 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 Pb** on Different Modified Coal Samples

To elucidate the effects of adsorbent surface chemistry and pore structure on the adsorption of
Pb?* 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 Pb?* on different concentrations of nitric acid-modified lignite are shown in Figure 12.
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Figure 12. The change in Pb%" 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 Pb?* on lignite samples tended to decrease first and then increase to the
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minimum value of 0.5 mol-L~!. 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 ™!, the adsorption amount of Pb?* 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~!, the adsorption amount of Pb>* 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~!. 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 Pb>* was enhanced. When the concentration of modified nitric acid
was in the range of 5.0-10 mol-L. 7!, the surface chemistry functional group of lignite was close to
oxidized saturation, and the growth rate of the Pb?>* adsorption amount slowed down. Before and
after the modification, the adsorption amount of Pb?* increased from 14.45 mg-g~! to 30.68 mg-g~!.
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 Pb>* 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 Pb?* decreased with
the decrease in lignite-specific surface area. Next, the adsorption amount of Pb?* 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 Pb?* 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 Pb?* 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 Pb?* increased from
14.45 mg-g~! t0 30.68 mg-g~! 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 Pb?*, the types
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of functional groups on the surface of adsorbent, and the quantity plays key roles in the adsorption
of Pb?* by lignite, which are determined between the adsorption capacity of Pb%* 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 R?> > 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.

Processes 2019, 7, 162; doi:10.3390/pr7030162 35 www.mdpi.com/journal/processes
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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
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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.

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.

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 x 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

38



Processes 2019, 7, 162

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 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

(b) (c)
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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; (¢) 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 C42 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.

Mineral
radius
C1:2.5mm

C3:10mm

C7:30mm
C8:35mm

[ | Co:40mm

Figure 8. Mineral radii.
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Figure 10. Two mineral circle (C42) distribution diagram.

(a) (b)
(c)

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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(a) (b)
(c)

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 R? > 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 13al-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 13¢; 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.
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Figure 13. Mechanical characteristics of circular dimensions of different minerals: (a) stress—strain
curve, (b) elastic modulus, (c) axial stress. al, 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 (Cé6, 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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C8 9
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 L1-14 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.

13.92MPa 10.03MPa 13.41MPa 9.594MPa

4. 16MPa

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.
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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-Té).
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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.
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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 L. 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.
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Figure 20. Crack patterns of different mineral ratios after sample is broken: (a) S1-S3: 2.45%; (b) S4-56:
4.9%; (c) S7-59: 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.
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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.
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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 x 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—m/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.

() (b)

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 x 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

53



Processes 2019, 7, 162

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.
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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 RZ > 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 CO, 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 CO, 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
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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 CO, [16-21]. However,
the key challenge here is the uncertain impact of CO, 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 CO, 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 CO, 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 CO, 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.

. Compaction . . .
No. Co.a | Particle Pressure Additives Moldm.g/ Air Curing References
Size (mm) Time (h)
(MPa)
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 _ 24h drying [11]
in drying basin
0.18-0.25 100 Water Molding curing 0.5 h [26]
0-1.7 4 Water - [27]
7 0.1-1 5.7 Cement, water Molding curing 24 h, [18,28]

air curing 96 h

61



Processes 2019, 7, 155

Table 1. Cont.

. Compaction . . .
No. Co.a | Particle Pressure Additives Moldm.g/ Air Curing References
Size (mm) Time (h)
(MPa)
Molding curing
8 0-0.8 2-6 Cement, water 14.6-20 h, air curing [19]
96-24 x 28 h
Phenol-Formaldehyde
Resin, potassium Molding curing 3-26 h,
9 0.063-1 5 hydroxide alkaline air curing time [21]
aqueous, distilled 144.5-598.5 h
water
10 0.18-0.25 100 Cement, water Molding curing 017 h, [29]
air curing 24 x 28 h
Cement, sand,
11 0.18-0.38/0.38-0.83 25 activated carbon, Aircured 7 x 24 h [6,10,13]
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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 x 100 mm x 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 x 50 mm x 100 mm for uniaxial compression test and 50 mm x 50 mm x 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/cm?, 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 Ap = 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.

2
(1.73%, 1.72)
15 | —— Natural coal
=
¥
=
FR
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Figure 2. The stress-strain curve of target natural coal.

63



Processes 2019, 7, 155
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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 (C; 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]:

1
Co=Cp=Cc=CC, @

{ Cy=Ci=Cp=Cp=1
where v, 1, ¢, p, 0, E, c and ], 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 (Ap) 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/cm?) 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
Gypsum Particle size 0.048 mm, density 2.3 g/cm?,

(The Group of TZU She Tang Gypsum,

Taiwan, China) fast-hardening for 15-45 min

Binder
Petrolatum
(Dezhouchengze Co., LTD, Dezhou, Medical grade, density 0.83 g/ cm’
in Shandong Province, China)
Light Calcium carbonate Ultra-fine, ultra-white, light calcium
Auxiliary material (Darui Chemical Co., LTD, Gaoan, carbonate, 0.1 pm < particle size < 1 um,
in Jiangxi Province, China) stable performance, density 0.54 g/cm?

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.

Factor ~ A-Aggregate/  B-Coarse/Fine C-Gypsum/ D-Calcium
Level Binder Aggregate Petrolatum 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 CA/:ga;:gFaltI; € Gypsum/Petrolatum Caeraolfllal;:(%)
1 6:1 1:9 5:5 2
2 6:1 2:8 6:4 3
3 6:1 37 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 37 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 81 37 9:1 3
14 8:1 4:6 5:5 4
15 8:1 5:5 6:4 5
16 9:1 1:9 82 3
17 9:1 2:8 9:1 4
18 9:1 37 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 37 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.

L6x10° L.6x10*
1.2x10% - 1.2x10% -
z z
g 8.0x10° | 2 8.0x10°f
g 2
a (=)
4.0x10° F 4.0x10°
0.0 A 00 L
0 4 8 12 16 20 0 200 400 600 800
Time (s) Time (s)

(a) (b)

SANS servo press machine

x|

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 ® 50 mm x 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
@ 50 mm x 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.

(b)

Figure 6. Prepared coal-like samples of two sizes: (a) ® 50 mm x 102 mm; (b) ® 50 mm x 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/cm?, 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/cm®) 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 1.228 091 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/cm?®) 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 0.191 224
22 1.181 0.77 49.24 0.061 16.8
23 1.218 123 74.83 0.078 222
24 1.211 1.38 93.58 0.108 27.4
25 1.209 127 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.

69



Processes 2019, 7, 155

VAT (3) “uorsayoo (p) ‘N (2) ‘SN (q) ‘Lytsuop (&) :saxopul [esrueypaur pue [esrsAyd oy uo s1o3oey Suduanyur o3 JO S[OAI] JUSIJIP JO 309JJ0 oY, 4 dInSL]

®) ®)
wmejonadunsdAn 9edaid3e aurj/as180) Jopuig/e3a13sy wnjejonadmunsdin I10purg/e52133y
1:6 T8 €L ¥9 &¢ SIS 9 L€ 8T 6°1 01 1:6 138 1L 19 1:6 T8 €L %9 S¢ 101 16 1:8 1L
0T 81 w 800 0ro
« [44 0 o <o -
¥ 5 = " wqe Y10 m
= = ezl a 2.
z 9z Z z 910 & g
sz 0€ 0T0— sr0
D loeg g Iopeg V loeq D lopeq V1008
0€ Y€ 8T ¥T0 0T0
©) (@ (®)
wnje[ondJunsdLn 91e3a133e oul1/as180)) Topurg/a1e3ai8sy wnyeonagumsdin o)egoIS3e oul{/as180) (94) aMeuoqIE> WNIdIE) wnyejonag wunsdin
1:6 T8 €L ¥9 &€ S 9% L'e 8T 6°1 101 1:6 138 1L 19 1:6 T8 €L +9 Si¢ S 9% L't 8T 6°1 9 ¢ b ¢ ¢ 16 T8 €L b9 SiS
or 0s 09 050 00'1 oo Q11
oL oL 0L 0zl 1z - 0Tl
- o - 00T o g wl § -
z < 08 < a 2 Z. wi g
001 2 06 2 2 @ o'l = 1S =
) s 06 F 5 g B vlg
g £ £ 051 £ s vl g 2
o€l o1t 001 09T . = ozl
D 1ojpeg 091 € 10108, ocl v lojoe] ol D 10084 00z g 10108 081 a 10108 ozt D looeg sz
9¢'L 80'Z 9601 0F¢ 100 €0 200 Z00  6€TIL  6£60L  €€4S  TLST 100 FLT €50 8I'0 0F00 9200 GE00 SE00 d8uey
067C 868C <¢90c 88¢Cc VIO T1IT0 9€1'0 €110 94701 9€89l  €TEL 9%'8L ST 161 80T GCT O0ICTT /49T <S0CTT TICT S
099 049C 8¢8C 88%Cc FPI'0 010 G€10 1€10 9¢T6  CLTIT  ¥8CIT 0998 ¥E€1 <¢91 SF1 0€T GITT 8¥Cl ¥edl €Il 14
vLYC 0L%C ¥19C 09¥%C 8P10 LPI0 SPI'0 6€1°0 6198 €9C8  SY/LIT 1896 ¥E€T S€1 191 Gl 9¢C1 STl  GeCl  8eTl €
¢C9c  wLec Ccle 8¥ac €vl'0 6010 €510 SS10  6¥'Co 68'¢9  C8T0L 8IF0L S€T 90T €1 6¢1 6€CT 0ITT 0¥CT  CTETT 4
9%C 06'1C 9961 8C¢LC 1¥1I'0 ¥800 ¥SI'0 S8T'0  99°C6 L6'8Y cro9  Ivoor ¥l L0 STT €F1 09CT 0611  9¢Tl  9¥C'1 1
a 2 a v a J 4q v a J q v a o) q v a J 4 v
P91
(o) VAI 38exany (eJIN) uorsayo)) a8eraay (edIN) INH dSeraay (edIN) SO dSeraay (gun/3) Ayisuaq 23erany

*SaXapUT [edTuEYDaW pue [edrsAyd oy jo sisATeue aguey ‘9 arqeL,

70



Processes 2019, 7, 155

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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— Gypsum/petrolatum=5:5
— Gypsum/petrolatum=6:4
—— Gypsum/petrolatum=7:3
—— Gypsum/petrolatum=8:2
— Gypsum/petrolatum=9:1
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Figure 8. Stress-strain curves of coal-like material specimens with different gypsum /petrolatum ratios.
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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 p, and true density p; of material according to the following equation:

L @

P P
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.

Apparent True Densit Mass Ratio of © o
Sample Density (g/cm®) (g/cm®) Y 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 87.11 174
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 Ap 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 (em®/g) b (1/MPa) Ap (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 4, as presented in Equation (3) and Figure 10 (with R? = 0.9967).

Y, = 0.4841X — 4.25 3)

where Y, is the value of gas adsorption constant # and X is the content of coal powder.
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Figure 10. The quantitative relation between coal powder content and the gas absorption constant,
a and the desorption index, Ap.

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):

Yo =C1+m X1+ 01 Xo + 01 X3 +d1 Xy

YE = Co+axXy + Xy + 2 X3+ daXy

YC = C3 + a3X1 + b3X2 + C3X3 + d3X4 (0 < Xl, Xz, X3, X4, X5 < 100) (4)
Yp=Cs+asXy +bsXo +caXs+dsXy

Yp = Cs5+as5Xy + b5 Xy + c5X3 +ds Xy + 1 X5

where C;, a;, bj, ¢, diand e; (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 X;(%), X2(%), X3(%), X4(%)
and X5(%); and the indexes of compressive strength, elastic modulus, cohesion, internal friction angle
and density were Y, Yg, Y¢, Yr and Yp, respectively.
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It should be noted that in Figure 11, the elastic modulus of the material increased exponentially
(with an excellent correlation of R? = 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),

Yo, =Cr+mXq + 01 Xo+ 01Xz +d1 Xy

Yo =Co4ap X1 + b Xo + X3 +dr Xy (0 < X1, Xp, X3, Xy, X5 < 100)

Yr = Cs+a3Xy +b3Xp + c3X3 + d3 Xy (5)
Yp = Cq+ a4 Xq + by Xy + ey Xz +dy Xy + €1 X5

100 =X1 + X0+ X3+ X4 + X5

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 R? values of Y, Y¢, Yr and Yp were
0.838, 0.965, 0.945 and 0.937, respectively.
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Figure 11. Relationship between modulus of elasticity and uniaxial compressive strength of samples.

Yy, = 0.01356X7 + 0.0171X; + 0.1305X3 — 0.13143X, — 0.58773

Ye = —0.0016X; — 0.00073X; 4 0.02122X3 — 0.00695X, + 0.08933 (0 < X7, X2, X3, X4, X5 < 100)

Yr = 0.27831X; — 0.05061X, + 1.15883X3 — 0.40811X,4 + 13.57658 6)
Yp = —0.00024X; 4 0.00083X, + 0.01278X3 — 0.00487X4 — 0.01045X5 + 1.14431

100 = X3 + Xp + X3+ Xy + X5

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.

Apparent . .
. ucs EM Cohesion oy Porosity
Sample Den51;y (MPa) (MPa) (MPa) IFA (°) (%) a Ap
(g/cm?)
Coal-like 1.286 178 13185 0.18 258 171 38343 25
material
TDC 1.280 1.72 126.35 0.17 27 153 39.789 27
Difference (%) +0.47 +3.49 +4.35 -59 —4.44 +11.76 ~ —3.63 —7.41
2
c'
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)
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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 CO, 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 CO; 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 N, 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 um 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 um 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 T, cutoff values [12]. T, cutoff values, defined
here as the decay time after the external magnetic simulation disappeared, correspond to threshold
partitioning of the T, spectrum into two subcurves, namely, the free fluid areas (corresponding to
T, higher than the threshold) and bound fluid areas (corresponding to T, lower than the threshold);
hence, rigorous calculation of T, cutoff values is vital to exactly determine the percentage of free
water [12]. The determination of T cutoff values needs to compare the T, 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 T, 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 T 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 T, spectrum
analysis before and after centrifuging at different centrifugal force, T1-T; 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 fro