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Energy is the most basic driving force for world development and economic growth
and the basis for human survival. Coal has long been a major component of global
fuel supply, accounting for 27% of global energy consumption and 38% of the world’s
total power generation [1]. Although the share of coal in global energy consumption is
gradually decreasing, for most developing countries, the dominant position of coal in
their energy field cannot be changed in the short term. As the main source of energy in
industrial development and people’s daily lives, coal is widely used in various countries
and regions [2,3].

With the gradual development of the coal industry, many scientists have found that
different types of coal, such as coking coal, lignite and anthracite, have great differences in
their mechanical properties and microstructure, and the mechanical response mechanisms
and failure forms under different environments and conditions also have great differ-
ences [4,5]. Especially with the gradual increase of coal mining depth, coal is extremely
vulnerable to damage and instability under the action of high temperature, high stress,
high gas and mining disturbance, which endangers the safety and stability of underground
production and the life safety of operators [6,7].

At present, the research related to coal structure mainly includes the macroscopic and
microscopic characteristics of coal body and its classification, description method, pore
structure, etc. [8]. The research of coal chemistry shows that the structure of coal determines
the physical and chemical properties of coal, while the structure of coal rock mass controls
the failure mechanism of coal rock mass; that is, the structural control of the catastrophic
failure of coal rock in a general sense, and its failure form and strength are related to the
shape of the structural plane and the physical properties of the materials.

Over the years, many scholars have conducted in-depth theoretical and experimental
research on the structural behavior of coal rock failure. Based on the interaction between
the shear strength of rock mass and the shear strength of the structural plane, Jaeger JC [9]
explored the failure mode and strength index of a rock mass structure. Through the uniaxial
compression test of the rock mass with penetrating joints, it was found that the rock mass
with penetrating joints had slipped along the weak plane, causing vertical splitting and
two forms of failure characteristics. The dip angle of the weak plane of the joint affected
the failure form and overall strength of the structure. Nasseri [10] conducted a triaxial
loading test on shale, and obtained the slip, shear and composite failure characteristics
of a rock mass containing structural planes. Sun [11] believed that rock mass structure
affects the mechanical properties of a rock mass and controls its deformation and failure.
The control effect of a structure is much greater than that of rock material. This theory has
been widely recognized by experts worldwide. Liu and Ma [12,13] found that the rock
properties of the roof and floor slabs also have a great impact on the mechanical properties
of coal, proposing a test method of coal mechanical properties considering the influence of
roof lithology, and building a damage-constitutive model under different load conditions.
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In addition, the high value-added utilization of tectonic coal resources can be effec-
tively improved by studying the macroscopic and microscopic characteristics, classification
and mechanical properties of coal and coal-like materials. In recent years, Paz-Ferreiro
J [14] evaluated the multifractal characteristics of soil pores based on the mercury intrusion
method and nitrogen adsorption method. Maria Mastal-erz and Sharon M Swanson [15,16]
carried out a large number of pore determination experiments of coal samples. It was found
that the pores in coal were mainly micropores and dominated the adsorption characteristics
of coal samples. Larsen and Rahman [17,18] studied the adsorption process of organic
compounds on the surface of a coal matrix and calculated the adsorption heat. Based on
the mercury intrusion method and multifractal theory, Li analyzed the pore size distri-
bution characteristics of tectonically deformed coals with different deformation degrees.
The results showed that tectonic deformation leads to narrower pore size distribution,
lower pore connectivity and more complex distribution of permeable pores in coal. These
studies have explored the development direction of new coal sample materials, which is in
line with the current trend of the global energy industry towards green, low-carbon and
efficient utilization.

In order to further explore the structural characteristics, physical and chemical proper-
ties of coal and coal-like materials with the support of many experts and scholars world-
wide, a Special Issue of Materials was launched, entitled "Microstructure, Characterization
and Mechanical Properties of Coal and Coal-Like Materials’. The aim is to show the lat-
est scientific and technological achievements and cutting-edge testing techniques in the
research of coal and coal-like materials, and to explore their microstructure characteristics,
structural change rules and mechanical properties under various influencing factors. The
Special Issue was launched on the 22 March, and 13 high-level papers have been included
so far. Among them, five papers focus on the damage evolution and failure characteris-
tics of coal and coal-like materials under different conditions. Four papers have studied
the physical and chemical properties of new rock mass materials (coal gangue, coal tar
pitch, freeze-thaw sandstone and anchored bedding rock mass). Three papers studied the
crack propagation and seepage characteristics of coal rock mass, focusing on revealing
its microstructure characteristics. In addition, some experts and scholars have used new
experimental devices (CSS-1950 Biaxial Rheological Testing machine, the Split Hopkinson
Pressure Bar system, Zeiss Xradia 510 Versa high-resolution CT system) to analyze the
structural characteristics, physical and chemical properties of coal and coal-like materials,
demonstrating great innovation. Promoting the development of cutting-edge science in
the professional field, some experts and scholars have also studied the problems encoun-
tered in the field of coal mines and rock mass engineering based on the field engineering
background, put forward a guiding field construction scheme and carried out industrial
experiments, which have great engineering reference value.

The following are the main contents of this Special Issue:

1. Simulation Research on Impact Contact Behavior between Coal Gangue Particle and
the Hydraulic Support: Contact Response Differences Induced by the Difference in
Impacted Location and Impact Material (Yang Yang, Yao Zhang, Qingliang Zeng

et al.) [19]

This paper studies the problem of coal gangue impacting hydraulic support in the
process of top coal caving. The rigid—flexible coupling impact contact dynamic model
between coal gangue and hydraulic support was established and the contact response dif-
ference in the support induced by the difference in impacted components and coal/gangue
properties was compared and studied. The results show that the number of collisions,
contact force, velocity and acceleration of impacted parts were different when the same
single coal particle impacted different parts of the support. Various contact responses
during gangue impact were more than 40% larger than that of coal, and the difference ratio
could even reach 190%.



Materials 2023, 16, 1913

2. Deformation, Failure, and Acoustic Emission Characteristics under Different
Lithological Confining Pressures (Shuo Wu, Guangpeng Qin and Jing Cao) [20]

In this paper, the influence of different surrounding rock pressure on the deformation
and rock failure characteristics of a deep well drilling roadway is studied by uniaxial and
triaxial compression testing of rocks. The results show that: the surrounding pressure has a
significant effect on the damage deformation characteristics of the rock, and the change of
the surrounding pressure directly affects the strength, damage form and elastic modulus
of the rock; the strength limit of the rock increases with the surrounding pressure, and
the damage form of the rock gradually changes to ductile damage with increase of the
surrounding pressure; and the elastic modulus of the rock increases non-linearly with the
increase of the surrounding pressure.

3. Inversion Method of the Young’s Modulus Field and Poisson’s Ratio Field for Rock
and Its Test Application (Yanchun Yin, Guangyan Liu, Tongbin Zhao et al.) [21]

As a typical heterogeneous material, the heterogeneity of microscopic parameters of
rock has an important influence on its macroscopic mechanical behavior. Based on digital
image correlation (DIC) and the finite element method (FEM), a parameter field inversion
method, namely the DF-PF inversion method, is proposed in this paper. The inversion
accuracy was verified by numerical simulation and an indoor uniaxial compression test.
The results show that compared with the traditional measurement method, the errors
of macroscopic Young’s modulus and Poisson’s ratio calculated by the DF-PF inversion
method were less than 2.8% and 9.07%, respectively. Based on the statistical analysis of
Young’s modulus field and Poisson’s ratio field, the parameter uniformity and quantitative
function relationship between microscopic parameters and principal strain can also be
obtained in laboratory experiments. The DF-PF inversion method provides a new effective
method for testing the Young’s modulus field and Poisson’s ratio field of rocks under
complex stress conditions.

4. Damage Evolution Characteristics of Back-Filling Concrete in Gob-Side Entry
Retaining Subjected to Cyclical Loading (Xicai Gao, Shuai Liu, Cheng Zhao et al.) [22]

Focusing on the influence of mining disturbances on the roadside support of gob-
side entries being retained in deep coal mines, in this paper, uniaxial and cyclical tests
of back-filling concrete samples were carried out under laboratory conditions to study
damage evolution characteristics with respect to microscopic hydration. Understanding
the characteristics of plastic strain, damage evolution and energy dissipation rate of filling
samples has important reference value for real-time monitoring and failure warning of
filling concrete in gob-side entry retaining.

5. Experimental Study of Energy Evolution at a Discontinuity in Rock under Cyclic
Loading and Unloading (Wei Zheng, Linlin Gu, Zhen Wang et al.) [23]

To study the energy evolution of rock discontinuities under cyclic loading and unload-
ing, cement mortar was used as a rock material and a CS5-1950 rock biaxial rheological
testing machine was used to conduct graded cyclic loading and unloading tests on Barton’s
standard profile line discontinuities with different joint roughness coefficients (JRCs). Ac-
cording to the deformation characteristics of the rock discontinuity sample, the change of
internal energy was calculated and analyzed.

6. Comparative Study on the Seepage Characteristics of Gas-Containing Briquette and
Raw Coal in Complete Stress—Strain Process (Ke Ding, Lianguo Wang, Zhaolin Li) [24]

Through triaxial compression and seepage experiments, the different damage forms of
the two coal samples and the effect of their deformation and damage on their permeability
were analyzed from the perspective of fine-scale damage mechanics. This is of great
significance to explore the real law of coalbed methane migration.
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7. Mechanical Properties and Failure Mechanism of Anchored Bedding Rock Material
under Impact Loading (Yunhao Wu, Xuesheng Liu, Yunliang Tan et al.) [25]

In view of the problem that anchored bedding rock material is prone to instability and
failure under impact loading in the process of deep coal mining, the instability criterion of
compression and shear failure of anchored bedding rock material was established, and the
instability criterion of compression and shear failure of anchored bedding rock material
was obtained.

8. Multi-Level Support Technology and Application of Deep Roadway Surrounding
Rock in the Suncun Coal Mine, China (Hengbin Chu, Guoqing Li, Zhijun Liu
et al.) [26]

To solve these problems of poor supporting effect, serious deformation and failure
of surrounding rock of roadways under deep mining stress, the authors analyzed the
deformation and failure law of roadways surrounding rock under multi-stage support by
numerical simulation and obtained the key parameters of multi-stage support. At the same
time, industrial test verification was carried out on site. The research can provide reference
and technical support for surrounding rock control of deep high-stress roadways.

9. The Influence of Coal Tar Pitches on Thermal Behaviour of a High-Volatile
Bituminous Polish Coal (Valentina Zubkova and Andrzej Strojwas) [27]

In this paper, the influence of three coal tar pitches (CTPs), with softening points
at 86, 94 and 103 °C, on the thermal behaviour of a defrosted high-volatile coal during
co-carbonization and co-pyrolysis was studied. It was determined that CTP additives
change the structure of the coal plastic layer, the thickness of its zones and the ordering
degree of the structure of semi-cokes to a different extent and independently from their
softening points.

10. Study on Influencing Factors of Ground Pressure Behavior in
Roadway-Concentrated Areas under Super-Thick Nappe (Ruojun Zhu, Xizhan Yue,
Xuesheng Liu et al.) [28]

In this paper, during the mining activity under the super-thick nappe formed by thrust
fault, the law of mine pressure behavior was complex, and it was difficult to control the
deformation and failure of the surrounding rock. Combined with the actual engineering
conditions, the influence of different roof lithology conditions, the thickness of nappe,
the mining height, the size of the barrier coal pillar and the creep time on mine pressure
behavior was studied by UDEC numerical simulation software.

11. Influence of Microstructure on Dynamic Mechanical Behavior and Damage
Evolution of Frozen—-Thawed Sandstone Using Computed Tomography (Junce Xu, Hai
Pu, Ziheng Sha) [29]

Frost-induced microstructure degradation of rocks is one of the main reasons for
the changes in their dynamic mechanical behavior in cold environments. Computed
tomography (CT) was performed to quantify the changes in the microstructure of yellow
sandstone after freeze-thaw (F-T) action. In addition, the influence of the microscopic
parameters on the dynamic mechanical behavior was studied. The research results can be a
reference for constructing and maintaining rock structures in cold regions.

12. Mechanical and Microcrack Evolution Characteristics of Roof Rock of Coal Seam
with Different Angle of Defects Based on Particle Flow Code (Qinghai Deng, Jiaqi Liu,
Junchao Wang et al.) [30]

The angle of the defects has a significant influence on the mechanical characteristics
and crack evolution of coal seam roof rock. In this paper, multi-scale numerical simulation
software PFC2D was adapted to realize the crack propagation and coalescence process in
the roof rock of a coal seam with different angles of defects under uniaxial compression.
The study provides a certain reference for the use of various analysis methods in practical
engineering to evaluate the safety and stability of rock samples with pre-existing defects.
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13. A New Digital Analysis Technique for the Mechanical Aperture and Contact Area
of Rock Fractures (Yong-Ki Lee, Chae-Soon Choi, Seungbeom Choi et al.) [31]

In this study, a new digital technique for the analysis of the mechanical aperture and
contact area of rock fractures under various normal stresses is proposed. The proposed
technique has the advantage of being able to analyze changes in the mechanical aperture
and contact area under various normal stresses without multiple experiments. In addition,
the change in the contact area on the fracture surface according to the normal stress can be
analyzed in detail.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: In the process of top coal caving, coal gangue particles may impact on various parts of the
hydraulic support. However, at present, the contact mechanism between coal gangue and hydraulic
support is not entirely clear. Therefore, this paper first constructed the accurate mathematical model
of the hydraulic cylinder equivalent spring stiffness forming by the equivalent series of different parts
of emulsion and hydraulic cylinder, and then built the mesh model of the coal gangue particles and
the support’s force transmission components; on this basis, the rigid—flexible coupling impact contact
dynamic model between coal gangue and hydraulic support was established. After deducing contact
parameters and setting impact mode, contact simulations were carried out for coal particles impacting
at the different parts of the support and coal/gangue particles impacting at the same component
of the support, and the contact response difference in the support induced by the difference in
impacted component and coal/gangue properties was compared and studied. The results show
that the number of collisions, contact force, velocity and acceleration of impacted part are different
when the same single coal particle impact different parts of the support. Various contact responses
during gangue impact are more than 40% larger than that of coal, and the difference ratio can even
reach 190%.

Keywords: coal and gangue; impact contact; response differences; equivalent stiffness; rigid—flexible
coupling; different parts

1. Introduction

Top coal caving mining is the important mining method for thick and extra-thick coal
seams: in the coal dropping stage of the top coal caving, the hydraulic support is parceled
in the floor rock and coal gangue granule space body [1-7]. The large amount of particles
and the continuous coal gangue dropping process will bring the impact contact of coal
gangue and the hydraulic support. Due to the presence of flexible devices such as the
hydraulic cylinder in the hydraulic support structure, the local impact contact behavior can
cause the vibration of the whole hydraulic support. Grasp the impact contact characteristics
and the contact response differences between coal gangue and the hydraulic support, is the
foundation to study the interaction law between coal gangue or the surrounding rock and
the hydraulic support and the precondition of coal gangue recognition in top coal caving.
It is significant for the improvement of the hydraulic support application performance and
advancement of top coal caving technology.

In the early stage, many studies have been carried out on the working characteristics
of the hydraulic support and coal gangue recognition. Zhang et al. [8] studied the bearing
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characteristics of the hydraulic support by carrying out internal and external loading tests
under different heel block contact conditions. Wang et al. [9] completed the stress and
stability analysis of the prop by applying the load to the prop of the hydraulic support.
Wang et al. [10] theoretically studied the coupling relationship of strength, stiffness and
stability between the hydraulic support and surrounding rock. Ma et al. [11] studied
the displacement and stress distribution of hydraulic support by stress testing and finite
element analysis. Sun et al. [12] investigated load-bearing characters of hydraulic-powered
roof support with dual telescopic legs. Xie et al. [13] studied the load-bearing characteristics
of the top beam in a full range by constructing the spatial mechanical model of the top beam
separation body of the four-column support. Wang et al. [14] established the plane mechan-
ics model of four-column supporting shield support to study its adaptation. Ren et al. [15]
designed the 1:2 reduced-scale hydraulic support to carry out the dynamic impact test
and to study the response characteristics of hydraulic support under dynamic impact load.
Gao et al. [16] added a step load to simulate the impact of the roof on the hydraulic support,
so as to simulate and study the force transfer characteristics of the hydraulic support under
the impact of roof pressure or coal lost gangue. Zhai et al. [17] used Amesim to establish
the impact model of the column hydraulic system of the hydraulic support composed of
the force principal model, safety valve model and weight model, then studied the impact
response characteristics of the column hydraulic system. Luo et al. [18] studied the relation-
ship between the impact force and the response speed of the hydraulic system by building
the simulation model of the column hydraulic system of the hydraulic support. According
to the existing research findings, one of the existing problems in the current study is that the
interaction between coal gangue or the surrounding rock and the hydraulic support, or the
working characteristics of the hydraulic support under dynamic load, are mainly studied
by applying an equal load. The load is obtained through estimation, but the contact course
between coal gangue or the surrounding rock and the support is ignored. The research
scheme has a large error. The second problem existing in the current study is that there are
few related researches on the interaction differences between coal gangue and the support.
According to the Flores contact theory and the flexible energy absorption characteristics
of the metal plate, Yang et al. [19,20] constructed the impact contact dynamics theoretical
model between the single particle and the metal plate, the influence of impact velocity,
recovery coefficient, material parameters, structure size, impact position and supporting
spring stiffness on the dynamic contact response of the system was studied. However, the
structural system is simple, and the study is not involved in the interaction between coal
gangue and the multi-body combination hydraulic device such as the hydraulic support.
Wan et al. [21,22] and Yang et al. [23] took the dynamic impact contact behavior of coal
gangue and the tail beam as the research object, constructed the rigid—flexible coupling
contact dynamic model of coal gangue impacting the tail beam structure and the dynamic
contact finite element simulation model between the coal gangue particle and the tail beam
under different constraints, respectively. The influence of impact angle, impact height,
impact position, particle radius and particle material on dynamic contact response of the
tail beam is studied. However, only the contact between the particle and the tail beam
or equivalent structure of the tail beam is constructed, and the influence of the top beam,
shield beam, front and rear connecting rod of the hydraulic support on the contact behav-
iors is not considered. Zeng et al. [24] established the numerical simulation model of the
hydraulic support, considering the whole structure of the hydraulic support, but when
studying the response of the hinge point under the condition of the single coal gangue
particle impacting the hydraulic support, the contact behavior between the particles and
the hydraulic support is imposed by the calculated contact force. At present, the contact
response and response difference when the single coal gangue particle impact the different
parts of the hydraulic support have not been studied in a reliable way. The third problem
existing in current research is that some existing research carries out research on the hy-
draulic support by replacing the hydraulic cylinder with the equivalent spring damping
module, but the spring stiffness model is not accurate. For example, Liang et al. [25,26] and
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Wan et al. [27] establish the equivalent stiffness model of the hydraulic cylinder just with
the consideration of the hydraulic oil compressibility, Liu et al. [28] and Yang et al. [29]
only consider the elasticity of the hydraulic oil and the cylinder body to establish elastic
equivalent stiffness model of the hydraulic cylinder. In fact, the elasticity of the piston rod
and other structures will also affect the equivalent stiffness of the hydraulic cylinder. The
fourth problem existing in current research is that although there are many related studies
in the field of coal gangue recognition, the selection of effective coal gangue recognition
parameters and the research of selection basis are rarely involved. Dou et al. [30] identified
coal and gangue with four kinds of working space by image analysis and Relief-SVM.
Lai et al. [31] applied the multispectral technology and two-dimensional autoencoder in
their research on coal gangue recognition. Liu et al. [32] carried on the Hilbert spectrum
analysis to the vibration signal of the tail beam so as to study the coal gangue interface
identification technology. Song et al. [33] collected the vibration signal and the sound signal,
and then proposed an effective minimum enclosing ball (MEB) algorithm plus the support
vector machine (SVM) to coal gangue rapid detection in top coal caving. Pu et al. [34]
conducted coal gangue image identification by the convolutional neural network and
transfer learning. Hou et al. [35] established coal gangue classification system based on
the difference between surface texture and gray scale characteristics, and identified coal
gangue by image feature extraction and artificial neural network. Zhang et al. [36] analyzed
the distribution characteristics of natural gamma rays in roof coal and rock, established the
relationship between radiation intensity and coal gangue content, and identified mixed
coal and gangue by radiation signal detection. Alfarzaeai et al. [37] studied coal gangue
identification by convolutional neural networks and thermal images. Zhang et al. [38]
used infrared imager with low emissivity to improve the coal gangue recognition accuracy
based on liquid intervention. Yang et al. [39] used vibration, sound, pressure and other
signals to classify and identify the mixing ratio of coal and gangue mixture. Yan et al. [40]
used multi-spectral imaging technology and YOLOVS5.1 target detection method to conduct
the intelligent recognition and classification of coal and gangue. Yuan et al. [41] used six
different classification methods to classify and identify coal and gangue by constructing the
sample library of top coal caving sound signals. Wang et al. [42] constructed the lightweight
accurate and fast recognition model of gangue rate, developed the intelligent image acqui-
sition system and enhanced dust removal algorithm, and realized the image identification
of coal gangue in the process of coal discharging. These studies directly applied the above
methods in coal gangue recognition, but did not clarify the root causes or gist of recognition
parameters or method selection, and did not analyze and discuss coal gangue identifiability
at the theoretical level.

In top coal caving, the large number of coal gangue particles and the distribution
characteristics of drawing space lead to the contact between coal gangue and various
parts of the hydraulic support. Contact behavior between coal gangue particles and the
hydraulic support involves the evolution of contact state and the real-time transmission of
force. Overall, due to the lack of research method that can accurately describe the whole
contact process between particles and hydraulic support, the precise contact characteristics
and contact difference characteristics between coal gangue and the hydraulic support are
not completely clear, in particular, the contact characteristics and contact difference between
coal gangue and the different parts of the hydraulic support have not been studied. As
a result, the selection of coal gangue recognition media lacks the theoretical basis in the
research of coal gangue recognition technology. In view of the existing problems and
deficiencies in the present studies and in order to further clarify the contact response
characteristics and the contact response differences law between coal gangue and the
hydraulic support, this paper proposed the idea of quantitative research, and the impact
contact behavior between single particle coal gangue and the hydraulic support are taken
as the research target. A rigid—flexible coupling impact contact simulation model between
coal gangue and the hydraulic support is proposed to study the system dynamic response.
For this purpose, an accurate model of the hydraulic cylinder liquid stiffness (equivalent
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spring stiffness) series by five different parts stiffness is firstly established. The rigid—
flexible coupling impact contact simulation model between the coal gangue particle and
the hydraulic support is established by combining the mesh model of the particle and the
main force transmission components of the hydraulic support as well as the multi-body
rigid dynamics simulation model of the hydraulic support. On the basis of determining the
contact parameters and impact modes, the contact dynamics simulation analysis will be
carried out when coal gangue impacts the different components of the hydraulic support
with the same height and when the same size coal/gangue impacts the same position of the
hydraulic support, respectively. Impact contact response characteristics when coal gangue
impacts the different parts of the hydraulic support will be studied. Through comparative
analysis, the difference rule of system impact contact responses caused by the difference in
the impacted component and the particle material property will be determined, so as to
explore the theoretical basis for the selection of coal gangue recognition media.
Our contributions in this paper are fourfold.

(1) Considering the compression elasticity of the emulsified liquid, piston rod, tail of
the piston rod, bottom of the cylinder and the circumferential extension stiffness of
the cylinder, a more accurate equivalent spring stiffness mathematical model of the
hydraulic cylinder is established.

(2) The traditional scheme that studied the interaction between coal rock and the hy-
draulic support by replacing the contact process between coal gangue and the hy-
draulic support with force load is cancelled. The quantitative research method is put
forward. Through the establishment of the rigid—flexible coupling impact contact
dynamics simulation model between coal gangue and the hydraulic support, the con-
tact response between particles and the hydraulic support is studied, which provides
the direct and effective research method for the interaction between coal gangue or
surrounding rock and the hydraulic support.

(3) Through the contact characteristics analysis between coal particles and the different
parts of the hydraulic support, the variation rule of the system contact response caused
by the change in the impact position is obtained.

(4) Through the contact response study of the direct contact parts, indirect related parts
and the parts connection units after coal gangue impact, the contact difference charac-
teristics between coal gangue and the hydraulic support are clarified, and the available
parameters for coal gangue recognition are determined accordingly.

2. Establishment of the Hydraulic Cylinder Equivalent Stiffness Mathematical Model

In the hydraulic system of the hydraulic support, the props and the tail beam jack
(collectively referred to as the hydraulic cylinder) are solid-liquid coupling-compressible
devices of the steel structure and high pressure emulsion, and the hydraulic oil in the
hydraulic cylinder cavity has the compressibility. According to previous studies, when
dynamic software is used to analyze the dynamic characteristics of the hydraulic support,
the equivalent spring damping module is usually used to replace the hydraulic cylinder.

In order to obtain accurate impact contact dynamic response between coal gangue and
the hydraulic support, the equivalent stiffness of the hydraulic cylinder in the working
process should be determined accurately first when using spring damping to analyze the
dynamic characteristics of the hydraulic support. The prop and the tail beam jack in this
paper are all single telescopic hydraulic cylinder. Taking the tail beam jack as the example,
as shown in Figure 1, observation shows that when bearing the external load, not only the
hydraulic oil in the hydraulic cylinder and part of the cylinder body contacted with oil are
stressed, but also the piston rod, the tail of the piston rod and the bottom of the hydraulic
cylinder are stressed. High pressure emulsion is filled between the piston rod and the prop
cylinder body; the piston rod, the internal oil liquid and the cylinder body are regarded as
the spring respectively; each part of springs are in series with each other. The equivalent
spring stiffness of the hydraulic cylinder actually consists of the equivalent compression
stiffness of the emulsified liquid, the equivalent compression stiffness of the piston rod, the
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equivalent compression stiffness of piston rod tail, the circumferential extension stiffness of
the hydraulic cylinder and the axial compressive stiffness of the hydraulic cylinder bottom.
The stiffness coefficient of each part is as follows:

7

Figure 1. Stiffness calculation model of the hydraulic cylinder.

Equivalent compression stiffness of the emulsified liquid:
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where AFy is the variation of the hydraulic oil pressure, Sy is the liquid column cross-
sectional area, Ap is the variation of the pressure intensity of the hydraulic oil, E; is the
volume elastic modulus of the emulsion liquid, ! is the height of the emulsion liquid
column, d is the inside diameter of the hydraulic cylinder and the diameter of the emulsion
liquid column.

Circumferential extension stiffness of the cylinder body:
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where D is the outside diameter of the cylinder body, o7 is the circumferential stress of the
cylinder body, e is the circumferential strain of the cylinder body, 67 is the circumferential
pressure angle, Egr is the elastic modulus of the cylinder body, Ad is the inner diameter
variation of the hydraulic cylinder body, AF7 is the variation of the circumferential pressure
in the inner wall of the cylinder body.

Axial compressive stiffness of the cylinder bottom:
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where [;p is the length of the hydraulic cylinder bottom, Egp is the elastic modulus of the
hydraulic cylinder bottom, e;pp is the axial strain of the hydraulic cylinder bottom, o¢p is
the axial stress of the hydraulic cylinder bottom, Algp is the axial elongation of Igp.
Equivalent compression stiffness of the piston rod:
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where ¢ is the length of the piston rod, Eg is the elastic modulus of the piston rod, d;
is the diameter of the piston rod, Al is the elongation of the piston rod, ¢ is the axial
stress of the piston rod, ey is the axial strain of the piston rod, S is the cross-sectional
area of the piston rod.
Equivalent compression stiffness of the piston rod tail:
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where I is the length of the piston rod tail, Egg is the elastic modulus of the piston
rod tail, egow is the axial strain of the piston rod tail, o is the axial stress of the piston
rod tail, Alggw is the axial elongation of Iggw.

After each part is connected in series, the equivalent spring stiffness of the hydraulic
cylinder can be obtained as follows:

— 1,1 , 1 , 1 4 1
Ko= 1/(KY + Kez + Kep + Kea + chw) (11)
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3. Construction of the Rigid-Flexible Coupling Impact Contact Dynamic Model
between Coal Gangue and the Hydraulic Support

The purpose of this paper is to determine the contact response differences between
coal gangue and the hydraulic support through the impact contact behavior analysis of
coal gangue and the hydraulic support, and to reveal the impact contact characteristics
and response difference law when coal gangue impacts the different parts of the support.
Due to the large number and complex shape of the underground coal gangue particles as
well as the existence of anisotropy, direct theoretical or simulation modeling is difficult to
achieve. Moreover, the contact position of irregular shaped particles will cause the change
in the equivalent contact radius and the contact responses, so it is impossible to study the
influence parameters and the changing law of the contact characteristics qualitatively by
using irregular shape. In order to conduct a qualitative study and reveal coal gangue contact
difference characteristics caused by their own attribute differences, this paper conducted
regular treatment to coal and gangue, uniformly treating coal and gangue particles as

12
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spheres, ignoring the plastic deformation and brittle damage of particles, and ignoring the
influence of rock micro-cracks [43] on contact response. For quantitative analysis, only the
impact behavior of single coal gangue particles and the hydraulic support was studied.
In order to improve the accuracy of simulation results, the rigid—flexible coupling
impact contact dynamic model between coal gangue and the hydraulic support is estab-
lished to study the impact behavior. Particles and the main impacted part of the top coal
caving hydraulic support such as top beam, the shield beam and the tail beam are mesh
first, the structure after grid division is shown in Figure 2. Due to the movement and force
transfer of the connection area of each component in the working process, so the grids of
the connection areas such as the column nest surface of the top beam and the base and the
pinhole inner surface of the other components are defined as rigid. In order to ensure the
effect of force transmission, the front and rear connecting rods are defined as rigid bodies.

Particle Top beam

Shield beam Tail beam

Figure 2. Mesh generation of sphere and the main parts of the hydraulic support.

After the 3D model of coal gangue particles and top coal caving hydraulic support
is introduced into Adams, the meshing particles, top beam, shield beam and tail beam
files are introduced, respectively, into Adams to replace the corresponding solid file. The
rigid area of the pin hole in the top beam, the shield beam, the tail beam, the front and
rear connecting rods and the base is connected by the revolute pair. The props and the
tail beam jack are equivalent replaced by spring damping modules. The rigid insert plate
and the insert plate jack are fixed on the tail beam, and the rigid base is fixed in the space
coordinate system. The impact position of coal gangue particles can be adjusted according
to requirements, so as to realize the impact of coal gangue on different parts or positions of
the support. The completed rigid—flexible impact dynamic model of coal gangue and the
hydraulic support is shown in Figure 3.
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EE R T
Figure 3. Dynamic model when coal gangue impacting the hydraulic support.

4. Simulation of the Impact Contact Characteristics between Coal Gangue and
Different Parts of the Hydraulic Support

4.1. Setting of the Contact Parameters

The radius of coal gangue particles is 2.5 x 10~2 m. The contact stiffness between coal
gangue and the hydraulic support can be calculated by the contact stiffness calculation
formula [44-49]:

R,

K
3

(12)
, . 1 _ 1w 13 , N R

Equivalent elastic modulus ¢ = Tll + 2 2, equivalent contact radius z = 7 + Ry
Eq, n1, E; and py are the elastic modulus and Poisson’s ratio of the two contact body,
respectively, R; and R; are the contact radius of the contact position on two contact bodies,
respectively. For the contact between the spherical particle and the surface of the hydraulic
support, the surface can be equivalent to a spherical particle with infinite radius, i.e.,
Ry — o0, then the equivalent contact radius is R = R;.

The props and the tail beam jacks are the single telescopic hydraulic cylinder, and
the liquid column height in each cylinder is associated with the position of the hydraulic
support. When the working height of the hydraulic support is 2.5 m and the coal dropping
angle of the tail beam is 45°, the sizes of the props and the tail beam jack are shown in
Table 1, respectively. The equivalent stiffness of the front row prop, back row prop and
the tail beam jack are calculated as 9.5 x 10’ N/m, 9.6 x 107 N/m and 1.1 x 108 N/m
according to Equation (11).

Table 1. Dimensions of the prop and the tail beam jack.

Oil Cylinder Front Row Prop (mm) Back Row Prop (mm) Tail Beam Jack (mm)

Length of the liquid column 836.2 829.7 257.1
Thickness of the cylinder bottom 32 32 50
Inside diameter of the hydraulic cylinder 230 230 140
Diameter of the liquid column 230 230 140
Outer diameter of the hydraulic cylinder 273 273 168
Diameter of the piston rod 210 210 105
Length of the piston rod 1214.5 1214.5 595
Length of the piston rod tail 131.5 131.5 110

4.2. Contact Model in the Simulation

The essence of the impact contact behavior between the coal gangue particle and
the hydraulic support is the nonlinear contact between the particle and the metal plate
plane, so the contact model based on nonlinear spring damping in Adams is applied to
its definition, the normal contact force can be combined describing by the Hertz contact

14
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theory-based elastic contact force and the system damping dissipative force, as shown in
Equation (13) [50-52]:

E, = K- 6" + STEP((S, 0,0, Amax, Cmax)'51(5 >0 (13)
0,6 <0

where 0 is the relative deformation (particle compression), Amay is the a positive real value

specifying the boundary penetration to apply the maximum damping coefficient cax, 6
is the relative velocities of two bodies in contact, # is the nonlinear exponent of Hertz
contact force.

The step function describing the system damping dissipative force in Adams can be
further described as follows:

0,6 <0
2
STEP(8,0,0, Amaxs €max) = § Cmax(325) (3= 725 ),0 < 8 < Ama (14)

Cmaxs 6 = Amax

4.3. Impact Mode of Particles and Different Parts of and Hydraulic Support

The impact position of coal gangue on the top beam was located at the axial center
line of the top beam, as shown in Figure 4a. The center of the spherical particle was aligned
with the axial midpoint of the front and rear props. In the process of coal gangue dropping,
the particles collide frequently with the hydraulic support; however, restricted by the
coal gangue dropping space, relative impact velocity between particles and the support
is limited. The falling height of the particle free falling and impacting the top beam is
defined as 0.8 m (the vertical distance between the center of the sphere and the top surface
of the top beam); in this way, the impact contact velocity between particles and the support
is limited. After the main structure is divided into grids and the jack is replaced by the
spring damping module, the support under the action of gravity will generate structural
deformation and vibration self-stability. When the particles fall from a height of 0.8 m and
impact on the top beam, the support has not been self-stabilized when the particles contact
with the top surface of the top beam, and the residual vibration cannot be ignored. We
use “deceleration + free falling” compound movements to realize coal gangue low-velocity
impact simulation with the hydraulic support, namely, to extend the fall time and weaken
the influence degree of the system vibration on the simulation results by changing the
initial relative position and applying an upward initial velocity. Here, we use the initial
speed of 2.94 m/s, which is increased by 0.3 s for self-stable equilibrium time at the support.

When coal gangue impacts the shield beam, the center of the spherical particle and
the midpoint of the axial centerline of the shield beam are located on the same vertical line,
and the distance between the center of the spherical particle and the midpoint of the axial
centerline of the shield beam is 0.8 m. The relative positions of the coal gangue and shield
beam are shown in Figure 4b. The dip angle of the shield beam will lead to the possibility
of collision contact between particles and the tail beam after the multiple collisions and
separation between the particles and the shield beam, so contact is added between the
particles and the shield beam as well as between the particles and the tail beam. When the
coal gangue impacts the tail beam, the center of the spherical particle and the midpoint of
the axial center line of the tail beam are located on the same vertical line, and the center of
the spherical particle and the midpoint of the axial center line of the tail beam is 0.8 m. The
relative positions of the coal gangue and tail beam are shown in Figure 4c.

15
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Figure 4. (a) Impact top beam; (b) Impact shield beam; (c) Impact tail beam; Impact modes of the
particles and the different parts of the hydraulic support.

4.4. Impact Contact Response Analysis between Coal Particles and the Different Parts of the
Hydraulic Support

The impact behavior of particles and the different parts of the hydraulic support will
lead to the change in the contact state and the force transfer effect, and further lead to a
change in the contact response law. When coal particles free fall from the height of 0.8 m
and impact on the designated positions of the top beam, the shield beam and the tail beam,

the impact contact response of the different parts of the hydraulic support can be obtained,
as shown in Figure 5.
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Figure 5. (a) Contact force; (b) Centroid acceleration; (c¢) Centroid velocity; Impact contact response
of the different parts of the hydraulic support.

The props and tail beam jacks are replaced by equivalent springs. In the process of
particle free falling, the hydraulic support produces vibrated self-stable equilibrium under
the combined action of gravity and the equivalent spring. According to the acceleration
and velocity curve of the center of mass of the impinged part of the hydraulic support in
Figure 5, the utmost velocity of the center of mass of the tail beam reaches the maximum
of the three in the process of self-stable equilibrium, the utmost velocity of the center of
mass of the shield beam is the minimum, while the utmost acceleration of the center of
mass of the shield beam is the maximum, and that of the center of mass of the tail beam
is the minimum. The collision and contact process between the particles and the support
is very short and the contact force generated during the process is very large. The impact
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contact force curve between coal and the different positions of the hydraulic support shows
that continuous collision between the coal particle and the top beam happened more than
10 times, and coal particles impacted with the shield beam twice and then separated,
eventually coming into contact with the tail beam with rebound impact, but the particle
just impacted with the tail beam once and then separated. The collision frequency mainly
depends on the support structure, posture and the length of the upper surface metal plate
on the various parts and the residual collision velocity of the particle.

When the particles collide with the top beam, the shield beam and the tail beam, these
three parts have reached self-stable equilibrium. After self-stabilization, the top beam only
deflected at a minimal angle, and the impact between the particles and the top beam was
approximately vertical. Therefore, the utmost contact force between coal particles and the
top beam was the largest during the initial impact contact. The deflection angle of the tail
beam is greater than that of the shield beam, which is supported by the combined “rigid”
structure of the top beam, front and rear connecting rods, while one end of the tail beam
is in the flexible state of equivalent spring support, so the utmost contact force between
particle and the shield beam is greater than that between particle and the tail beam, i.e.,
Frop veam > Fshield bea > Fiail vea- Under the contact force, the relation of the maximum velocity
and acceleration of the center of mass between the impinged parts is top beam < Ushield beam <
tail beams top beam < Atail beam < Ashield bear- DUring the collision between the particles and the
hydraulic support, the system energy is greatly consumed, leading to a small degree of
the system response in the second collision. Compared with the first collision, the contact
force and the acceleration of the center of mass of the impacted parts in the second collision
between coal particles and the top beam and the shield beam are reduced by more than 82%.

5. Study on the Impact Contact Response and Response Differences between Coal
Gangue and the Hydraulic Support

Hydraulic support is the multi-body parallel equipment, and there are interactions
between the different parts. The difference in the properties of coal and gangue determines
the difference in the impact contact response between coal gangue and the metal plate of
the hydraulic support, which will lead to the difference in the impact contact response
between coal gangue and the main parts of the hydraulic support, and lead to the difference
in the contact response between the associated parts and the parts’ joints. This section will
determine the difference rule of the impact contact response between the coal gangue and
the hydraulic support through the contact response analysis of the direct contact parts,
indirect associated parts and parts connection units after coal gangue impact.

5.1. Difference in Contact Response of the Direct Contact Parts

When coal gangue impacts on the top beam, the shield beam and the tail beam,
respectively, the contact force between coal gangue and the direct contact parts as well
as the acceleration and velocity changing curves of the direct impact parts are shown in
Figures 6-8. It can be seen that each impact contact process between coal gangue and the
different positions of the hydraulic support is completed within a very short period of
time. The contact force generated by the coal particle impacting is smaller than the gangue,
and the vibration acceleration and velocity of the center of mass acquired by the impacted
parts after coal particle impacting is also lower than the gangue. When colliding with the
shield beam at the axial midpoint of the shield beam at the same height, the coal particle
separated from the shield beam after two collisions and finally impacted on the tail beam,
while the gangue separated from the shield beam after only once collision with the shield
beam and then came into contact with the tail beam, that is, the impact frequency of coal
gangue when impacting the shield beam was different.
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Figure 8. Impact contact response difference in the tail beam.

After coal gangue impacted on the axial midpoint of the shield beam and separated
with it, the impact contact force when the particle impact on the tail beam, velocity and
acceleration curve of the tail beam are shown in Figure 9, respectively. The impact contact
time between the gangue and the tail beam lags behind that of coal, but the contact force
and the amplitude of the vibration velocity and acceleration of the tail beam centroid
produced by the impact contact action were greater than that of coal.
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Figure 9. Impact contact response difference in the tail beam when the shield beam is impact directly.
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To further clarify the difference in contact response of the direct contacted parts caused
by the impact of coal gangue, the extreme values of each contact response in the process of
initial collision contact were extracted, respectively, as shown in Table 2.

Table 2. Initial impact limit contact response.

Top Beam Shield Beam Tail Beam
Impact Position Contact Velocity Acceleration Contact Velocity Acceleration Contact Velocity Acceleration
Force (N) (m/s) (m/s?) Force (N) (m/s) (m/s?) Force (N) (m/s) (m/s?)
Coal 11,063.6 1.2 x 1074 3.0 9114.9 32 x 1074 11.3 6792.0 5.6 x 107* 9.5
Gangue 30,020.1 22 x 1074 8.1 25,999.5 6.9 x 1074 32.3 15,773.9 1.0 x 1073 22.2
Difference value 18,956.5 9.8 x 107 5.1 16,884.6 38 x10°* 21.0 8982.0 44 x 107 12.7
Difference ratio 1.7 0.8x 1.7 1.9 1.2 1.9 1.3 0.8 1.3

During the impact with the top beam, the shield beam and the tail beam, the maximum
difference in the contact force generated by the impact between coal gangue particles and
the top beam is the greatest, the maximum difference in the vibration acceleration of
the impacted parts generated by the impact of the shield beam is the greatest, and the
maximum difference in the vibration velocity of the impacted parts generated by the tail
beam is the greatest. The contact forces generated by the impact of gangue are all more
than 1.3 times higher than those generated by the impact of coal. The vibration velocity
and acceleration of the center of mass obtained by the impinged parts after gangue impact
is 0.8 times and 1.3 times higher than that of the impinged parts caused by coal impact,
respectively. It can be seen that the contact response caused by the coal gangue when
impact with the hydraulic support is obviously different, so it is feasible to identify coal
and gangue based on the impact contact response. By comparing the difference ratio of
coal gangue impact contact response, the difference ratio of the contact force, the vibration
velocity and acceleration acquired by the centroid of the shield beam when coal gangue
impacts on the shield beam are all the largest, reaching up to 1.9 times, 1.2 times and more
than 1.9 times higher, respectively. The difference in the impacted parts contact response
caused by the impact of coal gangue when impact on the tail beam is the smallest. Among
the contact force, the centroid velocity and acceleration of the impinged parts, the difference
ratio between the centroid acceleration of the impinged part and the contact force after coal
gangue impact is similar, which is much higher than that of the centroid velocity of the
impinged part.

After coal gangue impacted the shield beam and separated with it, the ultimate
responses when the coal gangue final impacts on the tail beam such as the contact force, the
vibration velocity and acceleration of the center of mass of the tail beam is shown in Table 3.
Among them, the ultimate contact force was reduced by more than 59% compared with the
contact force when impacting on the shield beam. The difference ratio of the contact force
after coal gangue impact can reach above 0.6, the maximum difference ratio of the centroid
acceleration of the tail beam can reach 0.7. Although the difference ratio of the centroid
velocity of the tail beam is minimum, it can also reach 0.4. When the coal gangue separated
from the shield beam and impacted on the tail beam, the impact contact response between
coal and gangue is still significantly different.

Table 3. Ultimate contact response when coal gangue rebound impacting the tail beam.

Contact Response Contact Force (N) Velocity (m/s) Acceleration (m/s?)
Coal 3656.9 34 x107* 5.0
Gangue 5791.9 4.7 x 1074 8.3
Difference value 2135.0 13 %1074 33
Difference ratio 0.6 0.4 0.7
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5.2. Contact Response Difference of the Indirect Contact and Associated Part

Contact action between coal gangue and the hydraulic support will also be transmitted
through the force transfer effect among various parts of the support, thus causing the
indirect response of the related parts. In the process of impact contact between coal gangue
and the different parts of the hydraulic support, three kinds of associated responses are
existed, which are the vibration response of the shield beam and the tail beam jack after the
tail beam is impacted by coal gangue, the associated vibration response of the top beam and
the tail beam after the shield beam is impacted by coal gangue, and the vibration response of
the prop and the shield beam after the top beam is impacted by coal gangue. Figures 10-12
show the centroid velocity response curve of the shield beam after the tail beam is impacted
by coal gangue, the centroid velocity response curve of the tail beam after the shield beam
is impacted by coal gangue, and the equivalent spring vibration response curve of the tail
beam jack after the tail beam is impacted by coal gangue, respectively. It can be seen from
the figures that after the impact of coal gangue, there are also significant differences in
the correlation responses of non-directly contacting parts. After the different parts of the
hydraulic support is impacted by gangue, the contact responses of the associated parts
such as the centroid velocity of the shield beam, the centroid velocity of the tail beam and
the equivalent spring force amplitude of the tail beam jack are significantly greater than
that of coal.
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The ultimate contact response of the indirect contact and associated parts of the top
beam, the shield beam and the tail beam, respectively, were extracted, as shown in Table 4.
The difference ratios of the vibration contact response of the associated parts caused by
the impact of coal and gangue are all greater than 0.8. The difference ratio of the centroid
vibration acceleration of the associated part is much greater than the difference ratio of the
centroid vibration velocity. The sensitivity of the associated parts to the contact response
when the shield beam and the tail beam are impacted are both greater than that of the
top beam.

Table 4. Ultimate contact response of the associated parts.

Part Top Beam Shield Beam Tail Beam
Shield Beam Top Beam Tail Beam Shield Beam
Associated Part Velocity Acceleration Velocity Acceleration Velocity Acceleration Velocity Acceleration
(m/s) (m/s?) (m/s) (m/s?) (m/s) (m/s?) (m/s) (m/s?)
Coal 14 x107* 04 2.3 x107° 04 9.8 x 107 05 6.1x107° 04
Gangue 25 x 107 0.9 47 x 107> 12 2.1 x107* 13 1.1 x 1074 0.9
Difference value 1.1 x 1074 0.5 24 x107° 0.8 1.1x 1074 0.9 5.0 x 107° 0.5
Difference ratio 0.8 12 1.0 2.0 1.1 1.8 0.8 1.3
The ultimate variation of the equivalent springs for the prop and the tail beam jack
when impacted by coal gangue, respectively, were extracted, as shown in Table 5. The
response force of each spring after coal impact is lower than that of gangue, and the
difference ratio is more than 0.8, that is, there is an obvious difference in the contact response
of the hydraulic system. When the top beam and the tail beam are impacted, the front and
rear props and the tail beam jacks are directly stressed, respectively. The equivalent spring
force, and its difference for the tail beam jack when the tail beam is impacted, is larger than
the equivalent spring force and the equivalent spring force difference in the front and rear
props. When three different parts were impacted, indirect contact response was observed
at the tail beam jack, among which, the difference of the spring response force for the tail
beam jack caused by the impacting of coal gangue was more significant when the tail beam
was directly impacted.
Table 5. Ultimate variation of the equivalent spring force.
Top Beam Shield Beam
Direct Impact Part FrontRow  BackRow .. N) Associated Tail ~ Impacting Tail ~ Tail Beam (N)
Prop (N) Prop (N) Beam (N) Beam (N)
Coal 61.4 62.9 154 7.5 15.0 721
Gangue 110.8 113.4 27.9 14.9 54.8 131.4
Difference value 494 50.6 12.5 7.4 39.8 59.3
Difference ratio 0.8 0.8 0.8 1.0 2.7 0.8

5.3. Contact Response Differences of the Force Transmission Hinge Points

The top beam and the shield beam as well as the shield beam and the tail beam
are connected by pin shafts. The connected positions hinge point 1 and hinge point 2,
respectively, were defined, and the force transfer between the top beam, the shield beam
and the tail beam is realized by hinge point 1 and hinge point 2. The ultimate variation
values of the force at the two hinge points are extracted, respectively, as shown in Table 6.
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Table 6. Force at the hinge points.

Top Beam Shield Beam Tail Beam
Impact Part Hinge Hinge Hinge Hinge Hinge Hinge
Point 1 (N) Point 2 (N) Point 1 (N) Point 2 (N) Point 1 (N) Point 2 (N)
Coal 109.5 43.7 631.5 190.5 422 293.8
Gangue 205.3 754 1876.3 435.6 78.1 539.0
Difference value 95.8 31.7 1244.8 245.1 359 245.2
Difference ratio 0.9 0.7 2.0 1.3 0.9 0.8

When gangue impacts on the hydraulic support, the force at the hinge point is greater
than that of coal, and the difference ratio is above 0.7. Compared with the contact force, the
variation value of the active force at the hinge point after coal gangue impact is very small,
and the active force at the hinge point 2 when coal gangue impacts on the top beam and
the active force at the hinge point 1 when coal gangue impacts on the tail beam is small.
By comparing the forces of hinge point 1 when coal gangue impacts on the top beam, the
forces of hinge point 1 and hinge point 2 when coal gangue impacts on the shield beam,
and the forces of hinge point 2 when coal gangue impacts on the tail beam, the difference
in the active force for hinge point 1 when coal gangue impacts on the shield beam is the
largest, while the difference in the active force for hinge point 1 when coal gangue impacts
on the top beam is the smallest. Additionally, the difference ratios of the active force for
two hinge points when coal gangue impacts the shield beam are both the largest.

6. Conclusions

In order to further clarify the contact action law and contact difference characteristics
between the coal or gangue particle and the hydraulic support, and then to further lay a
foundation for studying the interaction characteristics between coal gangue particles and
the hydraulic support in the drawing stage of top coal caving mining, the impact contact
behavior between the single coal/gangue particle and the different parts of hydraulic
support is taken as the research object in this paper. Based on the construction of the
accurate equivalent spring stiffness mathematical model of the hydraulic cylinder, the
rigid—flexible coupling impact contact dynamic simulation model between single coal
gangue particle and the hydraulic support was established by griding treatment to coal
gangue particles and the main force transmission parts of the hydraulic support, and the
simulation study on impact contact behavior between coal gangue and hydraulic support
is carried out. The following conclusions are drawn:

(1) When the same coal particle impact on the top beam, shield beam and tail beam,
respectively, from the same height of 0.8 m in the free-falling way, the coal particles
collide with the top beam continuously more than 10 times, collide with the shield
beam twice, then separate and eventually come into contact with the tail beam with
rebound impact, and then collide with the tail beam only once and then separate. It
follows that the change in impacted component will lead to the change in collision
times between the particle and the hydraulic support.

(2)  When the same coal particle impact on the top beam, shield beam and tail beam,
respectively, from the same height of 0.8 m, in the free-falling way, the change in
the impacted component will lead to the change in the contact responses value, and
the relationship between the contact responses between the coal particle and the
imPaCted component is F top beam = Fshield beam > Frail beam Utop beam < Ushield beam <
Utail beam/ @top beam < tail beam < @shield beam- 1t can be seen that the size relationship
between the contact responses produced by the same particle impacting different
parts of the same support is not the same.

(3) When the coal and gangue particles with the same radius impact at the same com-
ponent of the hydraulic support with the same height, all the contact responses
amplitude of the direct contact component, the indirect contact associated compo-
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nents and the force transmission hinge points when the gangue impact are larger than
that of coal.

(4) When the coal and gangue particles with the same radius impact at the top beam with
the same height, the contact response difference ratios of contact force, velocity and
acceleration are above 0.8, and the difference ratios of contact force and acceleration
are even above 1.7. When the single particle impact at the shield beam, the contact
response difference ratios of contact force, velocity and acceleration are above 1.2, and
the difference ratios of contact force and acceleration are even above 1.9. When the
particles impact at the tail beam, the contact response difference ratios of contact force,
velocity and acceleration are above 0.8, and the difference ratios of contact force and
acceleration are even above 1.3. Therefore, when coal or gangue particles with the
same size impact the same part of the hydraulic support, the contact response caused
by coal and gangue is obviously different.

(5) When the coal and gangue particles with the same radius impact at the same compo-
nent of the hydraulic support with the same height, the associated responses of the
non-directly contacting parts such as the velocity, acceleration and spring force were
also significantly different, with the difference ratios above 0.8. The active forces at the
hinge points when gangue impacts on the hydraulic support are greater than that of
the coal, which the difference ratio is above 0.7, the differences were also significant.

(6) When the impact occurs with the hydraulic support, the direct contact response, the
indirect contact associated response and the contact response of the force transmission
hinge points caused by coal or gangue are all significantly different. Therefore, it is
feasible to identify coal and gangue based on the impact contact response.

(7) When the coal and gangue particles with the same radius impact at the tail beam with
the same height, not only the contact force, velocity and acceleration of the tail beam
are obviously different, but the response force difference ratio of the tail beam jacks
supporting the tail beam and the force difference ratio of the hinge point between
the shield beam and the tail beam are both more than 0.8. Therefore, when conduct
the coal gangue recognition technology research, the vibration responses of the tail
beam with the contact responses of the tail beam jack and the connecting pin of the
tail beam can be used as coal gangue recognition parameters.

The research content of this paper reveals the difference rule of contact response
induced by the difference in impacted location and the impacting material properties
during the contact between the coal/gangue particles and the hydraulic support, thereby
providing theoretical support for coal gangue recognition in top coal caving based on the
contact response difference.
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Abstract: When a temporary support is used to control new surrounding rock in a deep mining
roadway, the new surrounding rock is supported by the working resistance of the temporary support.
In this study, the influence of deep well boring roadway deformation and rock failure characteristics
under different surrounding pressure was investigated. In this paper, for each confining pressure, we
experimentally identified the stress-strain, strength, and acoustic emission characteristics of the rocks.
The results show that: the surrounding pressure has a significant effect on the damage deformation
characteristics of the rock, and the change of the surrounding pressure directly affects the strength,
damage form and elastic modulus of the rock; the strength limit of the rock increases with the
surrounding pressure, and the damage form of the rock gradually changes to ductile damage with
increase of the surrounding pressure; the elastic modulus of the rock increases non-linearly with the
increase of the surrounding pressure. The acoustic emission signal of a rock can be divided into three
stages: calm, sudden increase, and destruction. The acoustic emission ringing count rate increases
suddenly and reaches a peak before the main fracture. Therefore, a sudden increase in the acoustic
emission value can be considered a precursor to rock destruction.

Keywords: rock mechanics; compression test; acoustic emission; ambient pressure effect; rupture pre-

cursor

1. Introduction

With the gradual depletion of shallow resources, there is an increasing need for deep
energy mining. As the most important pillar industry in China, coal mining continues
to deepen [1]. Rock underground engineering is generally buried at great depths, and
the crossing formations, ground stress, and transmission of the underground structure
are complex. Under a state of high ground stress, deep interaction relationships are
enhanced. Rock disturbances caused by excavation of the upper rock body become more
complex, and disasters are more frequent. Studies have shown that the mechanical response
mechanisms of rock change with depth [2]. Deng et al. [3,4] conducted an indoor triaxial
compression test on marble from the Jinping Grade II Hydropower Station in southwest
China, and used maximum entropy to determine the strength characteristic parameters of
the probability density function. Zhang et al. [5] studied the mechanical properties of rocks
under the dual action of freezing and melting cycles and surrounding pressure. Mukang
et al. [6] studied the relationship between sandstone acoustic emissions and compression
deformation by establishing a fine numerical model. L. Gao et al. [7] studied the energy
evolution characteristics, based on uniaxial unloading tests, of five different types of rocks,
determined their damage rupture thresholds, used energy release and dissipation rates
to describe the changes in rock volume and unit strain energy, and concluded that the
evolution characteristics of strain energy rates could be easily identified by the crack
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expansion thresholds. Cheng Hongming et al. [8] found that the energy parameters at
the closure stress had a power relationship with the enclosing pressure, while the energy
parameters at the initiation stress, damage stress and peak stress had a linear relationship
with the enclosing pressure, and the difference between the input energy and elastic
strain energy corresponding to the characteristic value points decreased gradually with
increase of the enclosing pressure, through graded cyclic loading and unloading tests on
sandstones with different enclosing pressures. Ji et al. [9] conducted conventional triaxial
compression acoustic emission tests with different circumference pressures to identify
rupture precursors for granite. Gong [10] used the acoustic emission frequency analysis
algorithm to study precursory signals of rock rupture with instantaneous frequency. Zhang
et al. [11] conducted uniaxial compression acoustic emission tests of coal gangue and
identified the main frequency and information entropy theory. Wang et al. [12] studied
the deformation and strength of three kinds of sandstone under the influence of ambient
pressure, using triaxial compression tests. Wang et al. [13] investigated the influence of
ambient pressure on shale acoustic emission characteristics through conventional triaxial
compression acoustic emission tests. With the continued development of rock engineering,
it is particularly important to study rock mechanics and acoustic emission properties
under different ambient pressures [13]. The change pattern of acoustic emission signals
during rock rupture evolution was studied to reveal its rupture evolution mechanism
and explore its rupture precursors [14-17]. Ye Wanjun et al. [18] studied the changes of
fine microstructure and macro-mechanical properties of paleosols under the action of dry
and wet cycles. Li Shu-Lin et al. [19] studied the acoustic emission properties before peak
intensity of rocks under incremental cycling with unloading. Jiang Jingdong et al. [20]
studied the mechanical properties and energy characteristics of mudstone under different
water-bearing states. Zhang Yanbo et al. [15,21] studied the acoustic emission spectral
characteristics of the rock fracture process by conducting uniaxial compression acoustic
emission experiments on water-saturated granite, and extracting the primary and secondary
frequencies of acoustic emission signals using fast Fourier transform. Fine sandstone and
mudstone are often encountered during coal mining; however, little is known about
their associated surrounding pressure effect, acoustic emission characteristics, or rupture
precursors. Therefore, in this paper, in order to avoid the fact that the acoustic emission
characteristics of single lithology rocks have a chance effect of surrounding pressure and its
main rupture precursor information, we adopted a comparative study of different lithology
rocks to investigate in depth the mechanical and acoustic emission characteristics of rocks
under different surrounding pressure.

Pressure and deformation of the support required for deep rock excavation come from
the deformation or rupture of the surrounding rock in the affected area of the excavation
roadway. After selecting the appropriate roadway rock support, the surrounding rock
is in a three-way force state. With the continuous advancement of the road machine,
the surrounding pressure of the roadway rock changes; therefore, the morphology of
the surrounding rock and its change status have an important influence on the support
characteristics.

2. Engineering Background

We used a rock sample from the Fucun coal mine, operated by the Zao Mining Group,
to analyze mechanical phenomena after the excavation of the roadway and quarry. The
downhole of the roadway is located in the southeast of the Dongshi mining area. The
roadway is surrounded by the Huancheng fault to the east, the 1009 working face to the
west, the Magizhi 1 fault to the south, and the 1008 transport lane under level 3 to the north.
Adjacent excavations include the 1009 working face of level 3 to the north of the roadway,
the east 8 mining area in the south, and the east 10 mining area in the west. The East
Sephuancheng fault is adjacent to the mine. The upper part is the 1009 working face of level
3. The coal seam excavated in this roadway is number 3 of the Shanxi Group; this seam has
a stable coal thickness of 2.3-4.5 m (average of 2.5 m) and a simple structure. Three lower
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coal seams form the original structure of coal; the coal body structure is a strip, while the
endogenous fissure is more developed. Closure of the adjacent mined working surface and
the excavated roadway did not impact the coal seam structure. The test standard used in
the single-axis test part of this paper was DZ/T 0276.18-2015, and the test standard used
in the three-axis test part was DZ/T 0276.20-2015. The surrounding rock and lithological
characteristics of the 1009 working face of the Fucun coal mine are shown in Table 1 and
the research route is shown in Figure 1.

Table 1. Comprehensive histogram of working face conditions.

Thickness (m) Depth (m) Formation

1.85 52.66 Medium sandstone
9.0 61.66 Fine sandstone
10 71.66 Medium sandstone
5 76.66 Siltstone

0.3 76.96 Mudstone

55 82.46 coal seam

0.3 82.76 Mudstone

5.12 87.88 Siltstone

0.15 88.03 Mudstone

Preparation of rock
test samples
|
Uniaxial and triaxial
compression testing of
rocks

| v

The peritectic effects of rock
damage processes and mechanical
properties
|

Acoustic emission precursors
during rock compression

Fine sandstone ring-

Medium sandstone ring | Medium sandstone ring

| |

Impact of surrounding
pressure on rock
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breaking characteristics | breaking characteristics | breaking characteristics
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|
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emission characteristics of rocks
under different surrounding

pressure in depth

Figure 1. Research Route.

3. Test Protocol
3.1. Preparation of Rock Test Samples

The rocks selected for this experiment were sampled in strict accordance with the
unified standards to avoid the influence of specimen anisotropy on the experimental
results. The rocks were cored by a rock coring machine, and then the specimens were cut
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and polished to the standard size by a smoothing machine. We used 50 mm x 100 mm
standard test coal samples [22], which were polished with error controlled at +0.02 mm [23]
(Figure 2).

Figure 2. Standard test samples.

3.2. Test Equipment

To test the rock samples, we used the axial displacement loading method with a
simultaneous acoustic emission device to collect the acoustic emission data of the triaxial
compression test. The loading equipment was automatically controlled by a full digital
computer, which could adopt various load methods (e.g., force, displacement, and axial
strain), and could conduct high-speed data collection. It had the advantages of high test
accuracy and stable performance.

Uniaxial compression tests were carried out using a microcomputer-controlled o-
hydraulic servo universal test machine. The displacement sensor measured the axial
relative displacement parameters, and the axial load parameter of the rock sample was
measured by a 100-KN load sensor. The data were automatically converted into the
corresponding strain and stress for the data acquisition system terminal, and the radial
strain of the rock test piece was used to ensure complete data.

Triaxial compression tests were conducted using a Rock600-50 rock three-axial multi-
field coupling mechanical test system (Rock600-50 Triaxial and Multi Field Coupling Rock
Mechanical Test System; Figure 3) equipped with an acoustic emission positioning test
system (Figure 4). The test surrounding pressure was selected according to the lithology
(medium sandstone 7 or 11 MPa; fine sandstone, 4, 8, or 12 MPa; mudstone, 1 or 2 MPa).
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Figure 3. Rock600-50 test system.

Figure 4. Specimen and sensor apparatus.

4. Rock Failure and Mechanical Characteristics under Different Surrounding
Pressures

4.1. Fine Sandstone Ring-Breaking Characteristics

The fine sandstone damage characteristics were closely related to the surrounding
pressure (Figure 5). When the surrounding pressure was 0 (i.e., a uniaxial compression
state), the fine sandstone surface first formed small cracks. With increasing pressure,
fracture expansion was followed by transverse crack formation. Finally, owing to loss of
carrying capacity, the rock sample failed.

When the surrounding pressure was 4 MPa, the initial crack appeared in the middle
of the sample, followed by small cracks on the rock surface. After rock failure, small
cracks remained on the rock surface, but there was no obvious transverse crack forma-
tion. Compared with 0 MPa, the sample remained relatively complete at the end of the
experiment.

At an ambient pressure of 8 MPa, the initial rock crack appeared at the top of the
sample; as the axial load increased, microcracks were constantly produced and expanded,
and eventually ran through the entire sample resulting in shear damage. Ultimately, the
rock showed only small lateral cracks, mainly because the presence of ambient pressure
limited the lateral expansion of the fine sandstone.
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(b)

Figure 5. Fine sandstone damage under different confining pressures. Confining pressures of
(a) 0 MPa, (b) 4 MPa, (c) 8 MPa, and (d) 12 MPa.

Under a circumference pressure of 12 MPa, there was an obvious limitation on trans-
verse crack formation. The development angle of rock fissures gradually reduced with
increasing surrounding pressure, and there were almost no transverse fissures. The rock
mainly suffered from shear damage, and remained mostly complete after completion of the
experiment.

In summary, the level of rock damage decreased with increasing surrounding pressure.

4.2. Medium Sandstone Ring Breaking Characteristics

The fracture surface of the damage of medium sandstone under different circumferen-
tial pressure varied greatly, as shown in Figure 6. Under low circumferential pressure of
0 MPa, the damage of medium sandstone was shown in the formation of many macroscopic
fractures, and the damage of uniaxial compression (circumferential pressure = 0 MPa) was
serious; the fracture surface was large, and the fracture extension angle was large and
close to upright in the case of no lateral constraint or the existence of smaller constraint.
In addition to the main fracture, there were also secondary macroscopic fractures and
transverse fractures developed, and the main fractures and secondary fractures showed
macroscopic cross fractures, which made the rock fragmentation very serious.

(b)

Figure 6. Medium sandstone damage under different confining pressures. Confining pressures of
(a) 0 MPa, (b) 7 MPa, and (c) 11 MPa.
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With increase of circumferential pressure = 7 MPa, the smaller fractures inside the rock
were closed, the development of small fractures reduced, the secondary fractures reduced
and were only reflected in subtle places on the rock surface. The crushing of the rock was
reduced, compared with the uniaxial state.

The fracture development macroscopically showed a single major fracture and almost
no secondary fracture. The dip angle of the fracture surface decreased, the damage angle
became smaller, and the rock crushing degree was single.

4.3. Mudstone Ring Breaking Characteristics

As shown in Figure 7.

(b)

Figure 7. Mudstone damage under different confining pressures. Confining pressures of (a) 0 MPa,
(b) 1 MPa, and (c) 2 MPa.

In the 0 MPa state, the mudstone had splitting damage, i.e., the damage surface of the
mudstone was parallel to the direction of the main compressive stress. The fracture slope
was close to vertical, there were more secondary fractures, more minor crushing, more
broken blocks, and the degree of damage was serious, mainly because the surrounding
pressure was 0, which could not limit the development of transverse fractures in the
mudstone.

In the state of 1 MPa, there were still more fractures in the mudstone, but the damage
surface was inclined to the direction of the main compressive stress, and the damage
of the mudstone changed from splitting damage to shear damage. The degree of fine
fragmentation of the mudstone was reduced, compared with that in the state of 0 MPa.
However, because of the small circumferential pressure, the development of transverse
fractures was greater, and there were still more broken pieces of the rock, although it was
reduced compared with the circumferential pressure of 0.

In the state of 2 MPa, the dip angle of the rock rupture fissure increased, under
the action of axial stress, a shear slip occurred in the mudstone, and the mudstone was
destroyed into monolithic. The enclosing pressure increased, the mudstone was compacted,
the degree of fine crushing decreased, the development of a transverse fissure was limited,
the degree of fine crushing of rock was greatly reduced, and the larger crushing was almost
absent.

4.4. Impact of Surrounding Pressure on Rock Mechanical Properties

The stress-strain curves of the rock specimens under uniaxial compression are shown
in Figure 8. Similar to that of conventional rocks, the uniaxial compression process could be
divided into three stages: elasticity, yield, and destruction. In the elastic phase, stress and
strain were basically linear, in line with Huke’s law, and had obvious elastic deformation
characteristics. In the yield phase, the strain no longer increased linearly with stress,
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the curve was concave, the rocks began to lose their ability to resist deformation, and
underwent irreversible deformation, and gradually changed from elastic to plastic.

According to the test results, it can be seen that the stress-strain results of the three
lithologies, fine sandstone, medium sandstone and mudstone, changed in the same trend
with increase of the surrounding pressure. The axial stress and axial deformation of the
rocks increased and the plastic strain and residual strain also increased significantly. In the
uniaxial compression state, the peak compressive strength of the rock was the lowest and
the brittle damage was obvious.

L — Confining pressure=12MPa
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—— Confining pressure=4MPa
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(a) Fine sandstone stress-strain curve

120 Confining pressure=11MPa
Confining pressure=7MPa
100 p—— Confining pressure=0MPa

o0
[e]

stres%‘l\/l Pa
(=]

0 0.2 04 0.6 0.8 1 1.2 1.4
strain%

(b) Medium sandstone stress-strain curve

Figure 8. Cont.
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(c) Mudstone stress-strain curve

Figure 8. Stress-strain curves of different rock types. (a) Fine sandstone, (b) medium sandstone, and
(c) mudstone.

At the same time, the peak compressive strength of the rock was closely related to
the enclosing pressure and increased with increase of the enclosing pressure, and the
compressive strength in the uniaxial state was significantly lower than that in the triaxial
state. When the enclosing pressure increased, the strain value of the rock increased by
nearly 1.5 times, and the rock needed a longer period of compressive deformation before
it was destroyed. The peak compressive strength increased significantly, and the strain
before destruction also increased, and the linear elastic phase of the rock accounted for the
proportion of the pre-peak axial stress-strain curve segment. The proportion of the rock
linear elastic phase in the pre-peak axial stress-strain curve segment gradually increased,
the elastic modulus gradually increased, and the increase of the surrounding pressure
significantly improved the strain capacity of the rock.

4.5. Summary of the Chapter

Comparing the characteristics of uniaxial and triaxial compression damage, it can
be seen that all three different lithologies of the rock were severely damaged by uniaxial
compression, and the damage of the rock was reduced by increase of the surrounding
pressure, while the mechanical properties of the rock were also enhanced with increase of
the surrounding pressure. In other words, the damage process and mechanical properties
of the rocks are less dependent on the lithology of the rocks.

In addition to the main rupture fracture, there were also many secondary fractures
in the uniaxial state of the rock, and the cross damage of the main and secondary rupture
fractures made the rock sample break to a serious degree, and the extension and expansion
angle of the rock rupture fracture was close to vertical. In the triaxial experiment, the
fracture surface of the rock was close to parallel to the main stress direction with a large
dip angle in the low circumferential pressure state. The dip angle of the fracture surface of
the rock gradually decreased as the circumferential pressure increased, which made the
smaller fractures inside the rock compress and close. Comparing the damage patterns of
rocks with different surrounding pressure states under the same lithology, with increase of
surrounding pressure, the development of transverse fracture extension gradually decreases
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and the degree of rock damage decreases, which shows that the existence of surrounding
pressure restricts the development of transverse fractures in rocks.

Comparing the mechanical characteristics of uniaxial and triaxial compression, we can
see that the uniaxial peak compressive strength is the smallest in all three lithologies. The
linear elastic stage accounts for the smallest proportion of the pre-peak axial stress—strain
curve segment, and the pre-damage strain and peak compressive strength of the rock
increases with increase of the enclosing pressure. The reason for this is that in the triaxial
compression state, the existence of the enclosing pressure limits the lateral deformation
capacity of the rock, and the damage mode of the rock is a single shear damage.

5. Acoustic Emission Precursors during Rock Compression

Rock is a natural granular material containing native cracks and pores; under stress,
there is crack expansion of internal fractures, pore closure, and plastic deformation, all
of which are acoustic emission sources [24]. Generally, the primary pore fracture com-
pression closure phase is very short. In this phase, due to the rock internal microfracture
closure, there is resulting small amplitude acoustic emission generation. In the line elastic
deformation phase, rock does not produce damaging damage, the ring count is calm. In
fracture initiation and the stable expansion phase, the load exceeds the elastic limit of the
rock, and the internal fracture begins to rupture and expand, causing the ring count to
jump and increase. Each significant increase indicates that there are fissures sprouting or
rupture in the specimen. In the non-stable extension stage of fracture, the ringing count
increases sharply and intensively, which is due to the rapid fracture expansion when the
main rupture occurs, and the original fracture penetration, thus developing into a fracture
network, leading to the formation of macro rupture [25].

Acoustic emission tests were conducted using a displacement load; that is, the data
changed with loading time. An acoustic emission device was used to analyze the re-
lationship between acoustic emission and rock deformation characteristics. The main
stress-time-bell count ratio curves for different ambient pressure levels for medium sand-
stone, fine sandstone, and mudstone are shown in Figure 9, Figure 10, and Figure 11,
respectively.

As shown in Figure 9, the development of the ringing count rate-time in the main
stress-time-bell count rate curve can be divided into three stages: destruction, surge, and
calm. When the surround pressure was 7 MPa, the end point of the calm phase was near
the peak stress of 90%. When the circumference pressure increased to 11 MPa, the end
point occurred before the peak stress, consistent with the elastic stage of the stress-strain
curve. During the internal rock crack initiation stage, acoustic emission activity was low,
with only a few cracks and small bell count rate.

During the surge phase there was a rapid expansion of internal cracks, consistent with
the yield phase of the stress-strain curve; as the stress increased, internal cracks constantly
expanded and propagated, and the acoustic emission events increased accordingly (i.e.,
bell counting rate increased to the maximum value). At a pressure of ~7 MPa, the surge
phase occurred after the peak rock stress. As the surrounding pressure increased to 11 MPa,
the surge phase occurred at 70-80% of peak stress (i.e., prior to the peak). Therefore, the
beginning of the bell counting rate also indicated the peak stress (i.e., the point at which
damage occurred). In other words, a sudden increase in the bell count rate could be used
as a precursor of rock damage.

The rock destruction stages for the different surrounding pressures corresponded to
the destruction stages of the stress-time curve. Medium sandstone destruction occurred
immediately after reaching the peak stress; compared with the other rock types, it had
fewer acoustic emission events and a smaller bell counting rate.
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Figure 9. Count rate, stress, and time relationship of medium sandstone failure under different
confining pressures. Confining pressure of (a) 7 MPa and (b) 11 MPa.

For the fine sandstone, we observed a decreasing rock bell count rate during all three
stages with increasing circumference pressure (Figure 10). The calm stages for surrounding
pressures of 4, 8, and 12 MPa all occurred before the peak stress, because the surrounding
pressure removed the small crack pressure inside the rock.

In the surge phase, the rock began to undergo irreversible deformation, consistent
with the yield phase of the stress-strain curve, and cracks began to form; rock damage
occurred after reaching peak stress. At the same time, acoustic-emission events became
active; the bell count rate increased substantially, compared with the calm phase. For a
surrounding pressure of 4 MPa, the surge phase began in the destruction phase, while for a
surrounding pressure of 8 MPa it began near the peak stress. In contrast, for a surrounding
pressure of 12 MPa, the surge phase occurred close to the peak stress. The sudden increase
in the count rate of fine sandstone acoustic emission ringing under high ambient pressure
could be used as a precursor to rock damage.

The damage stage occurred over a short period after the peak stress decreased rapidly.
Owing to the surrounding pressure, samples did not fail immediately. First, a large number
of internal cracks began to expand until they ran all through the rock; while, at the same
time, the acoustic and emission events were large.

For the mudstone, the calm phase was distributed near the peak stress (Figure 11); the
rock produced a small bell count rate before the peak. The spike phases for all surrounding
pressures occurred at 70-100% peak stress, consistent with the yield phase of the stress-
strain curve. The damage stage occurred after the peak stress, after which cracks developed
until the mudstone failed completely and the bell count rate fell.

Increased surrounding pressure significantly reduced the bell count rate of the mud-
stone; moreover, as the timings of the three stages were similar for surrounding pressures
of 1 and 2 MPa, the bell count rates were also similar. Increasing bell count rate indicated
the impending failure of the mudstone.
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Figure 10. Count rate, stress, and time relationship of fine sandstone failure under different confining
pressures. Confining pressure of (a) 4 MPa, (b) 8 MPa, and (c) 12 MPa.
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Figure 11. Count rate, stress, and time relationship of mudstone failure under different confining
pressures. Confining pressure of (a) 1 MPa and (b) 2 MPa.

6. Conclusions

In this study, we performed triaxial and uniaxial compression experiments to analyze
the deformation and damage characteristics of fine sandstone, medium sandstone and
mudstone under different surrounding pressure. The results show that:

The surrounding pressure effects of rock damage processes and mechanical properties
are less correlated with rock lithology. The presence of confining pressure leads to the clo-
sure of smaller internal cracks, limiting the lateral deformation capacity of the rock, which
has a significant impact on the deformation and damage characteristics of the rock. The
damage mode of rocks with higher confining pressure is single shear damage. Increasing
the confining pressure reduces the development of transverse cracks and increases the
compressive strength of the rock.

The acoustic emission ringing count rate reflects the development of fractures within
the rock. As the surrounding pressure increases, the acoustic emission ringing count rate
decreases as small cracks close. When the acoustic emission ring count rate is small, crack
production decreases. The increase of the surrounding pressure makes the fine fractures
in the rock destruction process tight and closed, so the acoustic emission ringing count
rate of the rock also decreases with the increase of the rock surrounding pressure, and
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it also further proves the limitation effect of the surrounding pressure on rock fracture
development.

A relationship exists between the acoustic emission pattern and the mechanical prop-
erties of the rock. A high-frequency band of acoustic emission ringing rate appears in the
yielding phase of the stress-strain curve, and in triaxial tests, the ringing rate of the rock
increases abruptly before and after the stress peak. In summary, surge in the ringing count
rate is significant and can be used as a precursor to rock damage.
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Abstract: As one typical heterogeneous material, the heterogeneity of rock micro parameters has
an important effect on its macro mechanical behavior. The study of the heterogeneity of micro
parameters is more important to reveal the root cause of deformation and failure. However, as a
typical heterogeneous material, the current testing and inversion method is not suitable for micro
parameters measurement for the rock. Aiming at obtaining the distribution of micro Young’s modulus
and micro Poisson’s ratio of the rock, based on the digital image correlation method (DIC) and finite
element method (FEM)), this paper proposed a parameter field inversion method, namely the DF-PF
inversion method. Its inversion accuracy is verified using numerical simulation and laboratory
uniaxial compression test. Considering the influences of heterogeneity, stress state and dimension
difference, the average inversion error of Young’s modulus field and Poisson’s ratio field are below
10%, and the proportion of elements with an error of less than 15% accounts for more than 86%
in the whole specimen model. Compared with the conventional measuring method, the error of
macro Young’'s modulus and macro Poisson’s ratio calculated by the DF-PF inversion method is
less than 2.8% and 9.07%, respectively. Based on the statistical analysis of Young’s modulus field
and Poisson’s ratio field, the parameter homogeneity and quantitative function relation between
the micro parameter and the principal strain can also be obtained in laboratory tests. The DF-PF
inversion method provides a new effective method of testing Young’s modulus field and Poisson’s
ratio field of the rocks under complex stress states.

Keywords: rock; Young’s modulus; Poisson’s ratio; parameters field; inversion method

1. Introduction

Rock is a typical heterogeneous material. Its microstructure and micro parameter
distribution are the main controlling factors leading to strain localization, stress concentra-
tion, nonlinear damage evolution, and so on [1-4]. The study of rock heterogeneity is very
important for revealing the mechanism of rock deformation and failure and even guiding
the stability control of rock mass engineering. Therefore, in the field of rock mechanics,
the microstructure characterization and micromechanical properties research of rocks have
always been a hot issue.

At present, rock heterogeneity is mainly studied by numerical simulation methods.
Weibull function [5,6] and digital image processing technology (DIP) [7,8] are often used
to characterize the heterogeneity of rock microparameters and microstructures. By using
the Weibull function, Chen et al. [9] and Pan et al. [10] studied the effect of rock param-
eter homogeneity on its macro mechanical behavior. Based on the micrographs of rocks,
Shah et al. [11] built a microstructure-based numerical model and evaluated the microscale
failure response of various weathering grade sandstones. These studies have a certain
significance for revealing the mechanical properties of the rock. However, in these kinds of
numerical simulation methods, the microparameters are hard to quantitatively assigned.
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Even if it is characterized by Weibull function, it is based on artificial assumptions, and is
inconsistent with the real distribution of the rock. Therefore, the accurate assignment of
micro parameters in microstructure numerical models is important to research.

The laboratory test is another commonly used method to study rock microproperties.
The commonly used test methods include computerized tomography (CT) [12], scanning
electron microscope (SEM) [13], digital image correlation method (DIC) [14-17], and others.
CT and SEM are always used to obtain the microstructures and microfractures distribution
of the rock. Using DIC, the rock’s deformation field and strain localization characteris-
tics can be analyzed. The laboratory test methods mainly focus on the research of rock
microstructures and lack effective micro parameters testing methods.

Combining numerical simulation methods and laboratory test methods, a variety
of parameter inversion methods for materials have been proposed, such as the virtual
field method [18] and finite element model updating method (FEMU) [19]. These kinds
of methods can obtain material mechanical parameters under complex stress. By using
weight FEMU and DIC, Mathieu et al. [20] estimated the parameters of the pure titanium
sample under tensile loading. Ogierman et al. [21] proposed a novel two-step optimization
procedure inversion method of the elastic properties of the composite constituents, which
improved the solution efficiency. Based on the digital speckle correlation method (DSCM)
and finite element method (FEM), Song et al. [22,23] proposed the DSCM-FEM inversion
method, which can obtain the Young’s modulus and Poisson’s ratio of rock soil materials.

The above inversion methods can obtain the macro Young’s modulus and other
material parameters under a certain stress state, which provide ideas for measuring mi-
croparameters. Liu et al. [24,25] proposed a double iterative inversion method based on
DIC and FEM. They obtained Young’s modulus field (i.e., elements micro Young’s modulus
distribution on specimen surface) and damage variable field of graphite material. In this
method, it is assumed that the damage variable of the micro Young’s modulus of the
whole model conforms to the same equation, which is suitable for the inversion of Young’s
modulus field of homogeneous materials such as graphite. However, for rock materials
affected by the diagenetic process, in-situ stress environment, engineering construction
disturbance and specimen processing, the rock before the test has certain initial damage,
and the microparameters and macroparameters have obvious discreteness [26-28]. The
parameter damage of elements of the specimen is difficult to be described by the same
quantitative equation. It is verified that this method cannot obtain the Young’s modulus
field of heterogeneous rock.

As a typical heterogeneous material, the current parameter inversion method is not
suitable for micro parameters inversion for the rock. In order to effectively obtain the
micro parameters of the rock, this paper proposed a parameter field inversion method for
rocks based on DIC and FEM, namely DF-PF inversion method. This method can perform
simultaneous inversion of Young’s modulus field and Poisson’s ratio field (elements” micro
Poisson’s ratio distribution on specimen surface). The accuracy of the inversion results is
verified by a numerical simulation test, and the inversion test of laboratory rock uniaxial
compression test was carried out. The tests reveal that the DF-PF inversion method can
obtain Young’s modulus field and Poisson’s ratio field of rocks under a complex stress state.

2. DF-PF Inversion Method

One key link in the parameter inversion process based on DIC and FEM is the matching
between experimental and simulated strain fields. The strain field of rock is not only related
to Young’s modulus, but Poisson’s ratio is also an important factor, and micro Poisson’s
ratio of elements is also heterogeneous. Therefore, to ensure the accuracy of inversion
results, Poisson’s ratio field should be carried out simultaneously during the inversion of
rock Young’s modulus field.

Based on the high-efficiency double iterative inversion method proposed by the
authors’ previous work [24], this paper optimizes its objective function and iterative
process. It puts forward the DF-PF inversion method, which can realize the synchronous
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inversion of rock Young’s modulus field and Poisson’s ratio field, as shown in Figure 1.
The specific methods are as follows:

(1) Carry out the laboratory test of rock specimen, and obtain the real strain field on the
specimen surface by DIC method.

(2) Then, FEM is used to establish the numerical model, and the geometric dimensions
and boundary conditions of the numerical model are consistent with those in the
laboratory test. Assign each element’s micro Young’s modulus E; and micro Poisson’s
ratio p; separately, and their initial value can be set as the results measured by ISRM
suggested method.

(3) Export the stress field obtained by FEM, and calculate the strain field by Hooke’s law.
Then, an objective function Q; is established as the squared difference between the
strains measured with the DIC and the strains calculated by FEM. Each element i
establishes an independent objective function Q;, in which micro Young’s modulus
E; and micro Poisson’s ratio y; are taken as the inversion variables. The idea is to
iteratively minimize the objective function with respect to Young’s modulus E; and
micro Poisson’s ratio y;. The objective function Q; is:

2 2 2
Q; = i _ Mi%i _ pic n %i _ Pi%i _ pIC n 21+ pi)t ,PIC (1)

! E; E; "’ E; E; y E; !
where 0y;, 0y;, T; is the horizontal stress, vertical stress and shear stress of element

i obtained by FEM, and e’;?il ¢ 851.1 c ’yiD IC is the horizontal strain, vertical strain and
shear strain of element i obtained by the DIC test.
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Figure 1. Flow charts of the DF-PF inversion method.

To minimize the objective function Q; by iteratively seeking for optimal parameters
value, the Nelder-Mead simplex method is used [24]. For an optimization problem with
two parameters, the Nelder-Mead simplex method is a classical and successful optimization
method for unconstrained optimization problems without requiring gradient information.
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(4) Solve the objective function Q; with the Nelder-Mead simplex method, and the
optimal micro Young’s modulus E;(,) and micro Poisson’s ratio y;(, of each element
in the current iterative step #n can be obtained.

(5) Input the new micro Young’s modulus and micro Poisson’s ratio of each element into
the FEM model and repeat steps (2), (3) and (4). When the difference in the value of
each element’s micro Young’s modulus between the two iteration steps is less than
the allowable error A, stop the iteration. Then output the micro Young’s modulus and
micro Poisson’s ratio of each element, and draw Young’s modulus field and Poisson’s
ratio field.

In the DF-PF inversion method, the damage variable D is removed, and Young’s
modulus field and Poisson’s ratio field obtained by inversion are the results considering
damage evolution. Thus, this method can be used for micromechanical parameter inversion
of the rock both in elastic and plastic deformation states.

3. Verification of the Method
3.1. Verification Thought

Due to the obvious discreteness of rocks, the distribution of micro Young’s modulus
and micro Poisson’s rock ratio cannot be determined quantitatively in laboratory tests. It is
difficult to verify the accuracy of the DF-PF inversion method by laboratory test method.
Therefore, this paper verifies the inversion method using the numerical simulation method.
Firstly, establish one heterogeneous rock specimen model through Abaqus, and take the
strain field on one surface as DIC strain field data, which surrogate the laboratory test
results. Thus, the micro parameters of the rock are known. Then, the DF-PF inversion
method is used to inverse Young’s modulus field and Poisson’s ratio field on the rock
surface. Finally, the true value of micro parameters of the specimen is compared with the
inversion results to verify the accuracy of the results. The specific method is shown in
Figure 2.

True Inversion
vaule value

E! E™
( ! J <}:I ( - J
7 i

g)?IC SZV
g‘leC C: e;}:v
7/;.DIC }/[inv E > —
Rock specimen Homogeneous Inversion FEM
FEM model model (2D)

Figure 2. Verification thought of the inversion method.

In the rock specimen model simulating the laboratory test, micro Young’s modulus
and micro Poisson’s ratio of elements of the rock model were heterogeneous, and its
homogeneity was set by the shape parameter m in the Weibull function [9,10]. The greater
the homogeneity m is, the more homogeneous the micromechanical parameters of rock
are. Meanwhile, the damage variable D was added to the model, which is related to the
strain of the element [29]. The micro Young’s modulus and micro Poisson’s ratio of each
element was changed with increasing the strain, as shown in Equation (2). Parameters’
heterogeneous distribution and damage evolution were realized by writing a user material
subroutine (UMAT).

E; = Ejp(1-D)
ui = pio(1— D) ()
D = aebé + ¢
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where E;o and y;g are the initial value of micro Young’s modulus and micro Poisson’s ratio
of element i; ¢, is the equivalent strain; 4, b, and c is the constant.

3.2. Verification Schemes

In this section, five factors influencing the inversion accuracy were studied, which
were micro Young’s modulus homogeneity ng, micro Poisson’s ratio m,,, stress level o,
stress state and model dimension difference (i.e., the laboratory test is a 3D-dimensional
model, and the inversion adopts a 2D-dimensional model). Five verification schemes were
mainly designed, as shown in Table 1.

Table 1. Verification schemes of the DF-PF inversion method.

Scheme Influence Factor Test Type m o/MPa
I mg and o 2D uniaxial compression test 2,4,6,8 5,10,15
1I Stress state 2D diametral compression test 2,4,6 10
III MOdel. dimensional 3D uniaxial compression test 2,4,6 10
difference
v mg, and "y 2D and 3D uniaxial ’ 10

compression test

(1) Inschemel, a 2D uniaxial compression test was carried out to study the influences of
micro Young’s modulus homogeneity and stress level. The size of the rock specimen
model was 50 mm x 100 mm and was divided into 800 quadrilateral elements. The
initial macro Young’s modulus and macro Poisson’s ratio were set to 10 GPa and 0.25.
Micro Young’s modulus was set as heterogeneity, while micro Poisson’s ratio was
homogeneous.

(2) Inschemell, the 2D diametral compression test of the ring specimen was carried out
to study the influence of the stress state. Compared with the uniaxial compression
test, the element is in a complex stress state in the diametral compression test. The
ring’s outer and inner diameters were 100 mm and 60 mm, respectively, divided into
608 quadrilateral elements.

(8) Scheme III mainly studied the influence of the dimensional difference between the
test and inversion models on the inversion results. The test model was a 3D uniaxial
compression specimen, a cuboid of 50 mm x 50 mm x 100 mm and divided into 16,000
hexahedral elements. The inversion model was still the 2D uniaxial compression
specimen, the same as in scheme I.

(4) Scheme IV mainly studied the inversion accuracy when micro Poisson’s ratio and
micro Young's modulus were both heterogeneous, and it was researched by 2D
uniaxial compression test and 3D uniaxial compression test.

In the verification process, the following indexes were mainly used to evaluate the
accuracy of the results:

(1) eex, ey, and e,: the mean value of the relative error of horizontal strain, vertical strain
and shear strain between the DIC strain field and inversion strain field.

(2)  Rex, Rey, and R,: the correlation coefficient of horizontal, vertical, and shear strain
between DIC strain field and inversion strain field. The more the correlation coefficient
tends to 1, the better the correlation.

(3) eg, and Sg: the relative error and its standard deviation between the true value and
the inversion value of Young’s modulus field.

(4) ey, and Sy: the relative error and its standard deviation between the true value and
the inversion value of Poisson’s ratio field.

(5) R;: the proportion of the elements in the whole specimen.
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3.3. Results and Analysis

The results of the four schemes show that the correlation coefficient between the
DIC strain field and the inversion strain field of all tests was greater than 0.93, and the
relative error was less than 2%. The strain data almost completely coincide, which shows
high inversion accuracy of the strain field. The inversion results of the specimen with
homogeneity mf = 2 and an axial stress o = 15 MPa in scheme I were taken as an example.
Micro Young’s modulus inversion results are shown in Figure 3. The maximum relative
error er of elements” micro Young’s modulus between the true value and the inversion
value is less than 10%, the mean value is 1.89%, and the standard deviation S, is 1.68%.

18 10+
15 84
< 12 6-
A
& S
LQN th 4-
2
0 200 400 600 800 0 100 200 300 400 500 600 700 800
Element ID Element ID

() (b)

Figure 3. (a) Inversion value and (b) relative error of micro Young’s modulus of the specimen with
homogeneity mg = 2.

The inversion error of Young’s modulus field of scheme I is shown in Figure 4. The
stress level only significantly impacts the inversion results of rocks with small homogeneity
(such as 2 and 4). With the decrease in homogeneity, the mean value and standard deviation
of the relative error of the inversion results gradually increase. However, the mean value is
still less than 2.5%, which shows that the inversion accuracy meets the requirements.

2.6 2.61
2.4 =— 5 MPa 2.4 = 5 MPa
—e— 10 MPa —e— 10 MPa
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Figure 4. (a) The mean value and (b) standard deviation of relative error of Young’s modulus field of
Scheme I.

Young’s modulus field inversion results of schemes II and III were listed in Table 2.
The mean value and standard deviation of the relative error of scheme II are relatively
small, indicating that the complexity of the specimen stress state has little impact on the
inversion accuracy of micro Young’s modulus. The relative error of scheme III is larger
than that of scheme II. For example, when the homogeneity mr = 2, the average relative
error is 6.61%, but the micro Young’s modulus error of most elements is still small, and
the proportion R; of elements with an error less than 15% is 91.75%, as shown in Figure 5.
Considering the dimensional difference between the laboratory test and the inversion
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model, the deformation field of the outer surface of the rock specimen is not only related to
the elements on the surface. It is also affected by the associated internal elements, resulting
in a larger inversion error of micro Young’s modulus of some elements. However, this part
accounts for a small proportion, and the inversion accuracy of Young’s modulus field of
the specimen can still meet the test requirements.

Table 2. Inversion error of Young’s modulus field of schemes II and IIL

Influence Factor eg Sg
Mg 2 4 6 2 4 6
Scheme II 1.87% 0.88% 0.82% 1.80% 1.23% 0.92%
Scheme III 6.61% 3.47% 2.60% 5.25% 2.97% 2.21%

30+

0 6 12 18 24 30
6596

Figure 5. Statistics of the inversion error of Young’s modulus field of scheme III.

When considering Poisson’s ratio heterogeneity m,,, the inversion results of Young’s
modulus field and Poisson’s ratio field are listed in Table 3. Compared with the homoge-
neous Poisson’s ratio, its heterogeneous distribution has a certain impact on the inversion
result. The maximum value of the relative error of Young’s modulus field is 9.89%, while
the error of most elements is still small. The proportion of elements with an error of less
than 10% accounts for more than 72%, and the proportion of elements with an error of
less than 15% accounts for more than 86%, as shown in Figure 6a. For Poisson’s ratio field,
the average relative error of the 2D uniaxial compression test is 6.18%, the proportion of
elements with error less than 10% is more than 87%, and the proportion of elements with
error less than 15% is more than 94%, as shown in Figure 6b.

Table 3. Inversion error of Young’s modulus field and Poisson ratio field of Scheme IV.

Test Model eg ey
2D uniaxial compression test 8.67% 6.18%
3D uniaxial compression test 9.89% 5.83%
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Figure 6. Statistics of the inversion error of (a) Young’s modulus field and (b) Poisson’s ratio field
when Poisson’s ratio is heterogeneous.

4. Application in Laboratory Test
4.1. Test Scheme

In order to verify the effectiveness of the DF-PF inversion method in a laboratory
test, aluminum and sandstone specimens were selected for the uniaxial compression test,
and the specimen was cuboids of 50 mm x 50 mm x 100 mm. The loading device was
RLJW-2000 rock mechanics testing machine, developed by Shandong University of Science
and Technology (Qingdao, China). The loading speed was 0.1 mm/min. During the test,
the axial deformation of the specimen was monitored by using LVDT displacement sensor,
produced by Changchun Testing Machine Co. Ltd (Changchun, China). DIC test was
carried out simultaneously, and four groups of optical extensometers were arranged [17].
The sampling frequency of the speckle image was 10 frames/s. The specific test system is
shown in Figure 7.

Figure 7. Testing system.

4.2. Inversion Results

Since the inversion results of the strain field, Young’s modulus field and Poisson’s
ratio field of aluminum and sandstone are similar, the sandstone with low homogeneity
was analyzed as an example. The inversion results of the sandstone parameter field under
axial stress of 26 MPa (99%o ) are shown in Figure 8.

For axial strain ¢, field and transverse strain ¢, field, the average relative error between
the test results and the inversion results is less than 2%, and the correlation coefficient
is greater than 0.99. However, the inversion error of the shear strain -y field is large. Its
correlation coefficient is 0.537, and the mean value of the relative error is 49.37%. However,
its absolute error is small, and the mean value is only 1.47 x 10~°. Since the mean value of
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al

shear strain field vy is 2.97 x 1079, its relative error is relatively larger. Overall, the average
inversion error of the three strain fields is 17.13%, and the correlation coefficient is 0.842.
The strain localization region in the DIC results and the inversion results are similar, as
shown in Figure 8a. DIC strain field matches well with inversion strain field for rocks with
large discreteness.

—

&y
-

DIC
strain
field

Inversion
strain
field

(@) (b)

Figure 8. (a) Strain field; (b) Young’s modulus field and (c) Poisson field of the sandstone under axial
stress of 26 MPa.

Young’s modulus and Poisson’s ratio fields show obvious localization characteristics.
In the uniaxial compression test, the axial strain is related to Young’s modulus, and the
transverse strain is related to Poisson’s ratio. The inversion results show that the distribu-
tion patterns of Young’s modulus field and axial strain ¢, field, Poisson’s ratio field and
transverse strain ¢, field are similar, as shown in Figure 8b,c. But they are not exactly the
same due to rock heterogeneity. At the same time, affected by the loading end effect, the
Poisson’s ratio in the middle of the specimen is significantly greater than that in the upper
and lower ends.

The statistical distribution of micro Young’s modulus of sandstone and aluminum is
shown in Figure 9. The distribution form of micro Young’s modulus is well fitted with the
Weibull function [10], and the homogeneity of aluminum (mf = 12.86) is greater than that
of sandstone (mg = 10.32). The Poisson’s ratio also presents a similar law.

g 9.32 _[ £ ]W 101 g 11.86 _[ £ )’m
f — 0264 e 5.524¢9 _ f — 0223 . .e 74.6e9
5.524¢9 - ‘}669
M m=10.32 81 Mo/ \ m=12.86

\ R*=0.7882

R*=0.8588 ]
A 6+ _
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=

I

4.5

5.0
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E.SQD:'.O ' ° HHH H
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Figure 9. Statistical distribution of micro Young’s modulus of (a) sandstone and (b) aluminum.
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The above analysis shows that the inversion results of Young’s modulus field and
Poisson’s ratio field obtained by the DF-PF inversion method are reasonable and reliable in
the laboratory.

4.3. Comparison with Conventional Test

Based on Young’s modulus field and Poisson’s ratio field obtained by the DF-PF
inversion method, the mean value of the whole field or local field data can be used to
calculate the macro Young’s modulus and Poisson’s ratio of the specimen. Therefore,
the accuracy of the inversion method can be further verified by comparing the macro
parameters calculated by the DF-PF inversion method with the conventional test results. In
the laboratory test, the macro Poisson’s ratio was measured and calculated by DIC optical
extensometer [17], and the macro Young’s modulus was measured by a displacement sensor
and DIC optical extensometer. In the DF-PF inversion method, the mean value of the whole
field data of Young’s modulus field was taken as the macro Young’s modulus. The mean
value of the Poisson’s ratio field data in the area surrounded by the two groups of transverse
DIC optical extensometers (as shown in Figure 7) was taken as the macro Poisson’s ratio.
The comparison and relative error of macro mechanical parameters obtained by the three
methods are listed in Table 4. For Poisson’s ratio, with the increase in stress level, the
Poisson ratio increases gradually. The Poisson’s ratio of sandstone under axial stress of
99%0 . exceeds 0.5, indicating that the sandstone has already entered the plastic deformation
stage, which is consistent with the research conclusions of the literature [30,31].

Table 4. Comparison of the inversion results and the conventional testing results.

Macro Young’s Modulus/GPa Macro Poisson’s Ratio

Specimen Stress/MPa
DEF-PF LVDT (Error) DIC (Error) DF-PF DIC (Error)
18(69%07) 6.16 5.89 (4.58%) 5.93 (3.88%) 0.314 0.344 (8.72%)
22(84%07.) 5.85 6.09 (3.94%) 5.88 (0.51%) 0.436 0.463 (5.83%)
Sandstone 26(99%0) 5.52 6.00 (8.00%) 5.45 (1.28%) 0.604 0.681 (11.3%)
Mean value 5.84 5.99 (2.50%) 5.75 (1.57%) 0.451 0.496 (9.07%)
160 71.74 71.54 (0.28%) 70.59 (1.63%) 0.139 0.152 (8.55%)
, 180 71.49 72.55 (1.46%) 70.00 (2.12%) 0.154 0.167 (7.78%)
Aluminum 200 74.60 73.53 (1.46%) 72.73 (2.57%) 0.193 0.210 (8.10%)
Mean value 72.61 72.54 (0.10%) 71.11 (2.11%) 0.162 0.176 (7.96%)

Compared with the results of the laboratory sensor method and DIC optical exten-
someter method, the average error of macro Young’s modulus obtained by the DF-PF
inversion method is less than 2.5%. The average error of macro Poisson’s ratio is less than
9.07%, which can meet the accuracy requirements of rock mechanical parameters with large
discreteness. At the same time, the error of mechanical parameters of aluminum is less
than that of sandstone, which is the same as the simulation test conclusion. That is, the
more homogeneous the specimen material is, the smaller the inversion error is.

4.4. Micro Parameter Evolution Analysis

In the construction of a rock constitutive model, the evolution equation of Young’s
modulus is the key to the consistency between the constitutive model and test. It is often
determined by function fitting with a stress-strain curve combined with a theoretical model.
In the DF-PF inversion method, the values of micro Young’s modulus and micro Poisson’s
ratio under different DIC strains of the elements were obtained, and the function fitting of
the evolution equations of Young’s modulus and Poisson’s ratio were also carried out. It is
verified that the micro Young’s modulus and the maximum principal strain |£%§‘ fit well,
and the relationship between them is an exponential function, which is consistent with the
heterogeneous damage constitutive model of rock [32]. The fitting between micro Poisson’s
ratio and principal strain ratio |s%§ / e%ﬂ is good, and they have a linear relationship, as
shown in Figure 10.
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Figure 10. Evolution curves of (a) micro Young’'s modulus and (b) Poisson ratio.

5. Discussion

For typical heterogeneous materials like rocks, the mechanical parameters are very
discrete. Previous works showed that the 95% confidence interval for rock mechanical
parameters is (1 & 20%) or higher [33,34]. For the DF-PF inversion method, the average
error of Young’s modulus field and Poisson’s ratio field is below 10% in the numerical
simulation test. The error of macro parameters is less than 9.07% in a laboratory test. It is
verified that the DF-PF inversion method can meet the application requirements of rock
parameter field inversion.

Double iterative inversion method [24] is a high-efficiency Young’s modulus field and
damage field inversion method. But this method is only suitable for homogeneous materials,
not for rocks. Compared with the double iterative inversion method, the DE-PF inversion
method is an effective inversion method for rocks while retaining high computational
efficiency. Since this method is proposed based on DIC and FEM, the DF-PF inversion
method is suitable for rocks in elastic and plastic deformation stages. This method will not
be applicable when the rock generates obvious macro fractures.

Further, the DF-PF method can be used with the microstructure simulation method.
In the microstructure simulation model, the size and distribution of mineral structures can
be consistent with real rocks based on DIP [1,7,8]. But the micro parameters of different
minerals are hard to assign accurately, and a trial and error method is generally used to
determine the appropriate parameter values. For this problem, the DF-PF inversion method
can provide accurate micro parameters for the microstructure simulation model.

6. Conclusions

In order to obtain the distribution of micro Young’s modulus and micro Poisson’s ratio
of the rock, based on DIC and FEM, a parameters field inversion method named DF-PF
inversion method is proposed, and its inversion accuracy is verified. The main outcome of
the study can be summarized as follows:

(1) DE-PF inversion method provides a new effective method for the inversion of Young’s
modulus field and Poisson’s ratio field for rocks in elastic and plastic deformation
stages without obvious macro fractures. The average relative error is less than 10%.

(2) The Young’s modulus field and Poisson’s ratio field are obtained in the laboratory
test. The parameters field shows obvious localization characteristics, which provides
abundant data for the research of the nonlinear damage evolution of rocks under
different stress states.

(8) Compared with the conventional measuring method, the error of macro Young's
modulus and macro Poisson’s ratio calculated by the DF-PF inversion method is
less than 2.8% and 9.07%, respectively. The DF-PF inversion method can be used to
measure rock macro mechanical parameters.
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(4) The relationship between micro Young’s modulus and maximum principal strain
is an exponential function, and the relationship between micro Poisson’s ratio and
principal strain ratio is linear. It provides a new method for the determination of
damage equation in the rock heterogeneous damage constitutive model.

Author Contributions: Conceptualization, Y.Y. and T.Z.; Formal analysis, Q.M. and LW. and Y.Z,;
Methodology, Y.Y., G.L. and L.W,; Software, G.L. and Q.M.; Writing—original draft, Q.M.; Writing—
review & editing, Y.Y., T.Z. and Y.Z. All authors have read and agreed to the published version of
the manuscript.

Funding: The study was financially supported by the Major Program of Shandong Provincial Natural
Science Foundation (No. ZR2019ZD13), National Science Foundation of China (No. 52074167), and
China Postdoctoral Foundation (No. 2019M660024).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data used to support the findings of this study are available from
the corresponding authors upon request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Zhang, Y.B.; Zhao, T.B,; Yin, Y.C; Qiu, Y. Numerical Research on Energy Evolution in Granite under Different Confining Pressures
Using Otsu’s Digital Image Processing and PFC2D. Symmetry 2019, 11, 131. [CrossRef]

2. Carpinteri, A.; Corrado, M.; Lacidogna, G. Heterogeneous materials in compression: Correlations between absorbed, released
and acoustic emission energies. Eng. Fail. Anal. 2013, 33, 236-250. [CrossRef]

3. Birck, G; Iturrioz, I.; Lacidogna, G.; Carpinteri, A. Damage process in heterogeneous materials analyzed by a lattice model
simulation. Eng. Fail. Anal. 2016, 70, 157-176. [CrossRef]

4. Tan, X.; Konietzky, H.; Chen, W. Numerical Simulation of Heterogeneous Rock Using Discrete Element Model Based on Digital
Image Processing. Rock Mech. Rock Eng. 2016, 49, 4957-4964. [CrossRef]

5. Lin, P; Ma, TH.; Liang, Z.Z.; Tang, C.A.; Wang, R. Failure and overall stability analysis on high arch dam based on DFPA code.
Eng. Fail. Anal. 2014, 45, 164-184. [CrossRef]

6.  Sanchidrian, J.A.; Ouchterlony, F; Segarra, P.; Moser, P. Size distribution functions for rock fragments. Int. J. Rock Mech. Min. Sci.
2014, 71, 381-394. [CrossRef]

7. Chen, S, Yue, Z.Q.; Kwan, A.K.H. Actual microstructure-based numerical method for mesomechanics of concrete. Comput. Concr.
2014, 12, 1-18. [CrossRef]

8.  Chen,S,; Yue, Z.Q.; Tham, L.G. Digital image-based numerical modeling method for prediction of inhomogeneous rock failure.
Int. ]. Rock Mech. Min. Sci. 2004, 41, 939-957. [CrossRef]

9.  Chen, S,; Qiao, C.S.; Ye, Q.; Khan, M.U. Comparative study on three-dimensional statistical damage constitutive modified model
of rock based on power function and Weibull distribution. Environ. Earth Sci. 2018, 77, 108. [CrossRef]

10. Pan, X.H.; Guo, W.; Wu, S.E; Chu, J. An experimental approach for determination of the Weibull homogeneity index of rock or
rock-like materials. Acta Geotech. 2020, 15, 375-391. [CrossRef]

11.  Shah, K.S.; Hashim, M.H.B.M.; Rehman, H.; Ariffin, K.S.B. Evaluating microscale failure response of various weathering grade
sandstones based on micro-scale observation and micro-structural modelling subjected to wet and dry cycles. J. Min. Environ.
2022, 13, 341-355.

12. Yin, D.H,; Xu, Q.J. Comparison of sandstone damage measurements based on non-destructive testing. Materials 2020, 13, 5154.
[CrossRef]

13. Tian, G.L.; Deng, HW.,; Xiao, Y.G.; Yu, S.T. Experimental study of multi-angle effects of micron-silica fume on micro-pore structure
and macroscopic mechanical properties of rock-like material based on NMR and SEM. Materials 2022, 15, 3388. [CrossRef]
[PubMed]

14. Ma, Q.W,; Sandali, Y.; Zhang, R.N.; Ma, EY.; Wang, H.T.; Ma, S.P;; Shi, Q.F. Characterization of elastic modulus of granular
materials in a new designed uniaxial oedometric system. Chin. Phys. Lett. 2016, 33, 038101. [CrossRef]

15.  Zhao, T.B,; Yin, Y.C.; Tan, Y.L.; Song, Y.M. Deformation tests and failure process analysis of anchorage structure. Int. ]. Min. Sci.
Technol. 2015, 25, 237-242. [CrossRef]

16. Pan, B. Digital image correlation for surface deformation measurement: Historical developments, recent advances and future
goals. Meas. Sci. Technol. 2018, 29, 082001. [CrossRef]

17. Munoz, H.; Taheri, A.; Chanda, E.K. Pre-peak and post-peak rock strain characteristics during uniaxial compression by 3D digital

image correlation. Rock Mech. Rock Eng. 2016, 49, 2541-2554. [CrossRef]

54



Materials 2022, 15, 5463

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

Pierron, E,; Sutton, M.A.; Tiwari, V. Ultra high speed DIC and virtual fields method analysis of a three point bending impact test
on an aluminium bar. Exp. Mech. 2011, 51, 537-563. [CrossRef]

Wan, H.P,; Ren, W.X. Parameter selection in finite-element-model updating by global sensitivity analysis using Gaussian process
metamodel. J. Struct. Eng. 2015, 141, 04014164. [CrossRef]

Mathieu, E; Leclerc, H.; Hild, E; Roux, S. Estimation of elastoplastic parameters via weighted FEMU and integrated-DIC. Exp.
Mech. 2015, 55, 105-119. [CrossRef]

Ogierman, W.; Kokot, G. Analysis of strain field heterogeneity at microstructure level and inverse identification of composite
constituents by means of digital image correlation. Materials 2020, 13, 287. [CrossRef] [PubMed]

Song, Y.M,; Ling, X.K.; Zhang, ].Z.; Zhu, C.L.; Ren, H.; Yuan, D.S. Experimental study of DSCM-FEM inversion of mechanical
parameters of rock and soil materials. Rock Soil Mech. 2021, 42, 2855-2864. (In Chinese) [CrossRef]

Wu, ].N,; Xing, T.Z.; Song, Y.M. Rock mechanical parameter inversion based on DSCM-FEMU. Chin. |. Undergr. Space Eng. 2021,
17, 350-355, 364. (In Chinese)

Liu, G.Y,; Wang, L.; Yi, YN.; Sun, L.B.; Shi, L.; Jiang, H.; Ma, S.P. Inverse identification of tensile and compressive damage
properties of graphite material based on a single four-point bending test. J. Nucl. Mater. 2018, 509, 445-453. [CrossRef]

Liu, G.Y.,; Wang, L.; Yi, YN.; Sun, L.B,; Shi, L.; Ma, S.P. Inverse identification of graphite damage properties under complex stress
states. Mater. Des. 2019, 183, 108135. [CrossRef]

Xie, H.P; Li, C; He, Z.Q.; Li, C.B.; Lu, Y.Q.; Zhang, R.; Gao, M.Z.; Gao, F. Experimental study on rock mechanical behavior
retaining the in situ geological conditions at different depths. Int. . Rock Mech. Min. Sci. 2021, 138, 104548. [CrossRef]

Zhou, X.P,; Cheng, H.; Feng, Y.F. An experimental study of crack coalescence behavior in rock-like materials containing multiple
flaws under uniaxial compression. Rock Mech. Rock Eng. 2014, 47, 1961-1986. [CrossRef]

Zhao, T.B.; Fang, K.; Wang, L.; Zou, J.; Wei, M. Estimation of elastic modulus of rock using modified point-load test. Geotech. Test.
J. 2017, 40, 329-334. [CrossRef]

Liu, X.S.; Ning, J.G.; Tan, Y.L.; Gu, Q.H. Damage constitutive model based on energy dissipation for intact rock subjected to cyclic
loading. Int. |. Rock Mech. Min. Sci. 2016, 85, 27-32. [CrossRef]

Ji, M.; Guo, H.J. Elastic-plastic threshold and rational unloading level of rocks. Appl. Sci. 2019, 9, 3164. [CrossRef]

Yang, S.Q.; Yang, J.; Xu, P. Analysis on pre-peak deformation and energy dissipation characteristics of sandstone under triaxial
cyclic loading. Geomech. Geophys. Geo-Energy Geo-Resour. 2020, 6, 24. [CrossRef]

Wen, Z.].; Tian, L.; Jiang, Y.J.; Zuo, Y.J.; Meng, EB.; Dong, Y.; Lin, G.; Yang, T.; Lv, D.W. Research on damage constitutive model of
inhomogeneous rocks based on strain energy density. Chin. J. Rock Mech. Eng. 2019, 38, 1332-1343. (In Chinese) [CrossRef]
Jiang, Q.; Zhong, S.; Cui, J.; Feng, X.T.; Song, L.B. Statistical characterization of the mechanical parameters of intact rock under
triaxial compression: An experimental proof of the Jinping marble. Rock Mech. Rock Eng. 2016, 49, 4631-4646. [CrossRef]

Pepe, G.; Cevasco, A.; Gaggero, L.; Berardi, R. Variability of intact rock mechanical properties for some metamorphic rock types
and its implications on the number of test specimens. Bull. Eng. Geol. Environ. 2017, 76, 629-644. [CrossRef]

55






o’ .
veg| materials
e w

Article

Damage Evolution Characteristics of Back-Filling Concrete in
Gob-Side Entry Retaining Subjected to Cyclical Loading

Xicai Gao 1'2*(, Shuai Liu 2, Cheng Zhao 2, Jianhui Yin 3 and Kai Fan *

Citation: Gao, X.; Liu, S.; Zhao, C.;
Yin, J.; Fan, K. Damage Evolution
Characteristics of Back-Filling
Concrete in Gob-Side Entry Retaining
Subjected to Cyclical Loading.
Materials 2022, 15, 5772. https://
doi.org/10.3390/ma15165772

Academic Editors: Xuesheng Liu,
Yunliang Tan, Xuebin Li and
Yunhao Wu

Received: 14 July 2022
Accepted: 17 August 2022
Published: 21 August 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

State Key Laboratory of Coal Resources in Western, Xi’an University of Science and Technology,

Xi’an 710054, China

Key Laboratory of Western Mine Exploitation and Hazard Prevention, Ministry of Education, Xi’an University
of Science and Technology, Xi'an 710054, China

3 Shaanxi Coal and Chemical Technology Institute Co., Ltd., Xi’an 710065, China

4 Sichuan Chuanmei Huarong Energy Co., Ltd., Panzhihua 617000, China

*  Correspondence: gxcai07@163.com

Abstract: The back-filling body in the gob-side entry retaining is subject to continuous disturbance
due to repeated mining. In this study, uniaxial and cyclical loading tests of back-filling concrete
samples were carried out under laboratory conditions to study damage evolution characteristics with
respect to microscopic hydration, deformation properties, and energy evolution. The results showed
that, due to the difference in the gradation of coarse and fine aggregates, the cemented structure
was relatively loose, and the primary failure modes under cyclical loading were tensile and shearing
failure, which significantly decreased its strength. With an increasing number of loadings, a hysteresis
loop appeared for the axial strain, and the area showed a pattern of decrease-stabilization—increase.
This trend, to a certain extent, reflected the evolution of the cracks in the back-filling concrete samples.
The axial, radial, and volumetric plastic strain curves of the back-filling concrete samples showed
a “U” shape. The plastic strain changed in three stages, i.e., a rapid decrease, stabilization, and
a rapid increase. A damage parameter was defined according to the plastic strain increment to
accurately characterize the staged failure of the samples. The plastic strain and energy dissipation of
the samples were precursors to sample failure. Prior to the failure of the back-filling samples, the
amount and speed of change of both the plastic strain and energy parameters increased significantly.
Understanding the characteristics of plastic strain, damage evolution, and energy dissipation rate of
the back-filling samples are of great reference value for realizing real-time monitoring of back-filling
concrete in the gob-side entry retaining and providing early warning of failure.

Keywords: gob-side entry retaining; cyclical loading; back-filling concrete; damage evolution;
energy dissipation

1. Introduction

Gob-side entry retaining technology is one of the key directions of development in
pillar-free coal mining. Concrete is the most common roadside back-filling material due
to its characteristics of fast curing, high load-bearing capacity, and simple process [1].
The back-filling body in the gob-side entry retaining is subject to repeated loads such as
mining disturbance and roof breakage; thus, it undergoes a cyclical loading and unloading
process. Due to damage accumulation and energy dissipation, stiffness is degraded and
stress redistributes, reducing the load-bearing performance of the concrete material and
bringing great difficulty to the stability control of the surrounding rock in the gob-side
entry retaining [2-5].

Many studies have been carried out on the stress state and deformation mechanism of
the back-filling body in the gob-side entry retaining under the influence of mining activities.
Huang et al. [6] monitored the pressure of the roadside back-filling body in the gob-side
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entry retaining and analyzed the deformation and stress characteristics of the roadside back-
filling body. Kan et al. [7] established the continuous laminate model under different roof
conditions and proposed an equation to calculate the supporting resistance of the roadside
back-filling body in the gob-side entry retaining. Feng et al. [8] reported that the stress and
deformation of the roadside backfill body for gob-side entry of fully mechanized caving in
thick coal seams were directly related to the breaking of the working face roof. The stress
first increased and then stabilized with the advancement of the working face. Meng et al. [9]
analyzed the roadside backfill body in gob-side entry retaining under combined static and
dynamic loading and discussed the influence of the roof cutting angles on the behavior
of the roadside backfill body using discrete element methods. Fan et al. [10] proposed
an innovative BCR-GER approach for the complex geostress environment of deep coal
seams based on the mechanical analysis of the roadside backfill body and the surrounding
rock. The results from the above studies regarding the stress distribution and deformation
of the back-filling body provide reference points for the design of roadway support in
the gob-side entry retaining. However, implementing supporting protection in the deep
gob-side entry retaining in recent years has shown that the back-filling body is often subject
to repeated disturbance of roof subsidence in the current section and advancement of the
working face in the lower section, causing nonlinear deformation, severe rock pressure, and
failure of the back-filling body. Yet, few studies have focused on the damage or instability
mechanism of the back-filling body in the gob-side entry retaining under cyclical loading
conditions.

A large number of studies test different rock materials under cyclical loading condi-
tions. For instance, Deng et al. [11] carried out a uniaxial cyclical loading test for sandstone.
Considering the influence of residual deformation and the hysteresis effect, the authors
modified the calculation method of energy parameters during the cyclical loading process.
The results showed that rapid changes in energy parameters and residual strain were able
to predict failure in the sandstone samples. Using digital image correlation technology,
Yang et al. [12] defined a non-uniform deformation index and analyzed the evolution of
non-uniform deformation and localized characteristic parameters during cyclical loading.
Li et al. [13] carried out uniaxial cyclical loading testing of red sandstone and obtained the
staged evolution characteristics of axial deformation, elastic energy, and dissipated energy.
Wu et al. [14] analyzed the evolution of rock energy under different graded cyclical loading
and unloading modes and established an evolution equation between dissipated energy,
the cyclic stress level, and the number of loading cycles. This study laid a solid foundation
for analyzing rock damage under cyclical loading based on energy dissipation. Yu et al. [15]
analyzed the volumetric strain and volume expansion characteristics of marble fractures
using variable amplitude cyclical loading tests under different confining pressures. These
authors found that with increased loading times, the initial volumetric strain of marble
fractures increased, and there was an exponential relationship between the increment of
volumetric strain in a single loading cycle and stress amplitude. Tang et al. [16] studied
local micro-cracks and nonlinear energy evolution of limestone under variable amplitude
cyclical loading. The results indicated that both the ratio of elastic energy to total energy
and the ratio of dissipated energy to total energy show staged characteristics. Variation in
dissipated energy was related to the distribution of prefabricated cracks, the spatial location
of micro-cracks, and the expansion rate. In addition, through triaxial cyclical loading tests
of granite, Miao et al. [17] studied the evolution characteristics of dissipation energy, fric-
tion energy dissipation, and crushing energy dissipation under cyclical loading conditions.
These authors found that the rock damage variable based on crushing energy dissipation
could reasonably describe the damage evolution process of granite under cyclical loading.

In terms of the mechanical properties of concrete, Breccolotti et al. [18] proposed a
constitutive model capable of accurately describing the damage accumulation of plain
concrete subjected to cyclic uniaxial compressive loading. Park et al. [19] analyzed the
microstructure and elastic—plastic characteristics of concrete subjected to cyclical loading
using a nonlinear resonant ultrasonic method and quantitatively characterized the nonlin-
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earity variation and load damage of concrete. Song et al. [20] studied the energy dissipation
characteristics of concrete subjected to uniaxial cyclical loading based on dissipated energy
and found that energy dissipation and damage evolution were stress-path-dependent. Hu
et al. [21] analyzed the structural performance of recycled aggregate concrete subjected to
cyclical loading, identified the characteristic points pertaining to the hysteresis loop, and
proposed a simplified constitutive equation. Hutagi et al. [22] studied the stress—strain
characteristics of geopolymer concrete (GPC) under cyclical loading; the analytical equa-
tions of the envelope curve, the common point curve, and the stable point were proposed.
From the above studies, it is notable that there is little published work on the prediction of
damage accumulation, progressive failure, and instability of back-filling concrete subjected
to cyclical loading.

There are significant differences in rock deformation and energy evolution under
cyclical loading compared to conventional uniaxial loading. Therefore, this article selects
the back-filling concrete material as the research object, considering the repeated mining
action, designs a continuous cyclic loading test, explores and characterizes the back-filling
concrete material fracture extension, damage accumulation effect, and energy dissipation
mechanism of back-filling concrete subjected to cyclical loading, and reveals the deep
gob-side entry retaining deformation failure mechanism. It provides a basis for the moni-
toring and stability analysis of back-filling body in the gob-side entry retaining, which has
important practical engineering value.

2. Materials and Methods
2.1. Sample Preparation

The back-filling concrete was composed of Portland cement, river sand, crushed
stone, and a high-efficiency water-reducing agent. The cementing material was Jidong
42.5 ordinary Portland cement, and the coarse aggregate was crushed stone with a particle
size of 5-16 mm and a density of 2.72 kg/m3. The fine aggregate was medium sand with a
fineness modulus of 2.6-3.0 and a density of 2.6 g/cm?. The high-efficiency water-reducing
agent was a polycarboxylic acid-type water-reducing agent, with a surface density of
550-650 G/L, an active ingredient of greater than 99%, and a pH value (10% aqueous
solution) between 7.0 and 8.0.

According to the formula for concrete in the gob-side entry retaining (cement: river
sand (0-5 mm): crushed stone (5-15 mm): water = 1:0.82:1:0.38), the materials were mixed
and stirred well before being poured into a mold. The mixture was vibrated sufficiently
to reduce air bubbles, and then the surface was covered with fresh film to prevent the
surface from drying and cracking, curing it with a mold. The concrete sample mold was
placed in the standard curing box and the temperature was set to 20 = 2 °C; while the
relative humidity was 90% after curing for 28 days. According to the recommendations of
the International Association of Rock Mechanics, the concrete samples were formed into a
cylindrical shape with a diameter of 50 mm and a height of 100 mm, and the diameter error
was controlled to within 0.3 mm (Samples No. J1-J20). Moreover, both ends of the samples
were ground such that surface flatness was within 0.02 mm. In addition, an ultrasonic test
device was used to test the wave velocity of the samples, and those with comparable wave
velocities were chosen for testing. At a normal temperature, the average longitudinal wave
velocity of the samples was 2147 m/s, and the average density was 2.17 g/cm3.

2.2. Test Scheme

Based on the mechanical conditions of the back-filling body in the gob-side entry
retaining, a cyclical loading test was set up in an indoor laboratory. The linear correlation
between the compressive strength and the ultrasonic wave velocity was established based
on the results of uniaxial loading (Figure 1). The loading path is shown in Figure 2. First, the
compressive strength o, of the samples was first predicted based on the linear correlation
(0 = 0.9358v — 1982.6) and the initial wave velocity, then the upper and lower limit of
the cyclical load was determined (0 in = 0.40¢, Omax = 0.80¢), as shown in Table 1. The
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load was applied under force control and the loading process was as follows: (1) In the
first stage, the sample was linearly loaded at a speed of 0.2 kN/s to og = 0.60¢; (2) in the
second stage, sine wave cyclical loads were applied to the sample (amplitude: 0.4-0.8c,
frequency: 0.4 Hz) until sample failure. Ultrasonic testing was carried out continuously
throughout the entire loading cycle. After data processing, the parameters related to the
strength, deformation, and failure of the sample and the energy evolution under cyclical
loading were obtained.

0,=0.9358v-1982.6

R*=0.9966

2142 2143 2144 2145

P-wave/(m/s)

Figure 1. Relationship between uni-axial compressive strength and p-wave velocity.

100 |
V] <o

60 |-

cilo %

PV B R ! |

Cyclic loading and unloading stage

20

Linear loading stage

t/s

Figure 2. Cyclic loading method.

Table 1. Cyclic loading and unloading test parameters.

Prediction of

Uniaxial Cycle Loading Failure Stress Intensity Decay
Sample
Compressive Times (MPa) Ratio (%)
Strength (MPa)

J-4 24.83 55 17.01 31.49
J-13 23.83 64 17.00 28.66
J-14 24.83 48 17.57 29.24
J-20 23.82 50 18.82 20.99
J-11 24.82 90 18.81 24.21
J-17 24.83 108 18.52 25.41
J-18 26.82 90 19.98 25.50
J-19 25.69 95 19.97 22.27

2.3. Equipment

The MTS815 material testing machine was used via electro-hydraulic driven operation
(Figure 3). The axial load capacity was 2300 kN, the upper limit of confining pressure was
140 MPa, and the accuracy of the pressure transducer was 0.001 kN. Deformation was
measured with an axial extensometer and a circumferential extensometer. The measuring
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range of the extensometers was between 5 mm and 8 mm, respectively, and the resolutions
were both 10~# mm. Through the Flex Test GT digital controller, the MTS machine was
able to realize load and displacement control modes.

Lateral Strain Pressure
gauge i transducer

Figure 3. Sample loading device and ultrasonic pressure transducer layout.

An ultrasonic system was used for damage accumulation monitoring (Figure 3). The
transmitting and receiving transducers were arranged on the upper and lower ends of the
samples, and a coupler was applied to ensure good contact between the sample and the
transducer. The resonance frequency (HYN, 55 KHz) and damping meet the requirements
for mechanical testing of concrete materials. A waveform generator actively transmitted a
pulse signal (main frequency: 90 kHz; amplitude: 10 Vpp). After receiving the pulse signal,
one end of the transducer generated instantaneous vibration. The vibration propagated in
the sample and was then received by the transducer on the other end. The data acquisition
frequency was 10 Mpoints/s, and the duration was 5 ms.

The Quanta450& IE250X-MAX50 scanning electron microscope was used to scan the
microstructure of back-filling concrete samples. Block samples were taken from back-filling
concrete samples of different ages and fixed with conductive adhesive. In order to enhance
the electrical conductivity of back-filling concrete, gold was sprayed on its surface.

3. Results and Discussion
3.1. Deterioration of Load-Bearing Performance of Concrete Samples Subjected to Cyclical Loading

(1) Sample microstructures

The microscopic morphology of the back-filling concrete samples with different curing
periods is shown in Figure 4 (magnification 5000x). At 7 days of curing, a small amount of
hydration product calcium-silicate-hydrate (C-S-H) particles was seen around the aggregate,
as shown in Figure 4a. Note that the longer the curing period of the back-filling concrete,
the better the crystallinity of the hydration product. Figure 4b shows that the surface was
rough, containing particles bound by C-S-H, and the structure of the concrete samples was
relatively loose at 14 days. Increasing the curing period gradually increases the amount of
hydration product, and a large number of links formed between C-S-H and the aggregates,
while the internal pores were continuously filled, which enhanced the strength of the
aggregate—cement interface, as shown in Figure 4c,d. Overall, a large number of micropores
and cracks were formed in the concrete samples, which had strong heterogeneity.

61



Materials 2022, 15,5772

- (Aggregate - #
. e s :~<’

Figure 4. Scanning electron microscope of back-filling concrete at different ages. (a) 7 days; (b) 14 days;
(c) 21 days; (d) 28 days.

(2) Macroscopic fracture characteristics

The fracture patterns of the samples under different loading paths are shown in
Figure 5a,b. In Figure 5a, the red lines represent the main cracks and the thin black
line represents the secondary cracks. When the loading path was changed from uniaxial
loading to constant-amplitude cyclical loading, the main cracks were connected upon
sample failure, accompanied by a large number of secondary cracks. The number and
density of macroscopic cracks increased significantly in Figure 5b. Specifically, a large
number of cracks appeared parallel to the principal stress direction. The shear failure zone
showed a large number of fragments and localized exfoliation.

(a) (b)

Figure 5. Fracture characteristics of back-filling concrete samples under different loading paths. (a) J-1
sample uniaxial loading path; (b) J-11 sample under cyclic loading path.

During the loading process, lateral deformation of the sample was large, and there
was clear volumetric expansion. This was mainly because the load did not decrease to 0 kN
during the unloading phase, and damage accumulated under cyclical loading. When the
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o/MPa
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samples were damaged, a macroscopic crack penetrating the whole sample appeared, and
the failure modes were mainly tensile and shearing failure. In addition, the peak ultimate
failure load of the samples decreased significantly under cyclical loading. The intensity
reduction ratio was 20.99-31.49% of that obtained during uniaxial compressive loading
(Table 1), i.e., the load-bearing performance of the concrete sample declined significantly.

3.2. Deformation Characteristics of Concrete Samples Subjected to Cyclical Loading

(1) Stress—strain curve

As Table 1 shows, the total number of loading cycles of the J-4 sample was 55 times
and the J-19 sample was 95 times in the two groups’ samples, and J-4 and J-19 are selected
as the representatives of both groups of samples. The stress—strain curve of the concrete
samples subjected to cyclical loading is shown in Figure 6a,b, The failure stress of the
concrete samples was relatively close, and the stress—strain curves showed hysteresis loops.
With the increase in the loading cycle, the area of the hysteresis loop gradually increased.
The reason for this was that each loading cycle led to new damage to the internal samples,
and the damage continued to accumulate, resulting in a continuous increase in the axial
strain on the sample. The lower load limit was above 0 kN, thus, the micro-cracks generated
during cyclical loading were always in a compressive state, and the cumulative plastic
strain gradually increased. Compared with J19 in Figure 6b, sample J4 exhibited more
obvious ductility during fatigue failure as shown in Figure 6a.

25

20
(£=0.47, 0=19.97)

15

o/MPa

10

0.8 1.0 1.2 14 16 1.8 0.0 0.2 0.4 0.6 0.8 1.0
£/1072 £1102

(a) (b)

Figure 6. Stress—strain curves of cyclic loading and unloading concrete samples. (a) J-4; (b) J-19.

With the increased loading cycle, irreversible deformation of the concrete samples
increased and showed a nonlinear increasing trend. Macroscopically, the sample showed
clear volumetric expansion and fatigue failure.

(2) Plastic hysteresis loop

Based on the maximum hysteresis loop area before failure, the area of the plastic
hysteresis loop in each loading cycle was normalized. Taking the ratio of the total number
of loading cycles to the number of cycles at fatigue failure as the x-axis, n;/n represents the
total number of loading cycles to the number of cycles at fatigue failure, and the variation
of the area of the plastic hysteresis loop with the number of loading cycles is obtained
(Figure 7). Figure 7a notes that as the number of loading cycles increased, the area of the
plastic hysteresis loop at each time showed a staged pattern of decrease-stabilization-rapid
increase and showed a “U” shape. The loading stress in the first loading cycle (0max = 0.80¢)
exceeded the yield strength of the concrete material, and the sample entered the plastic
deformation stage. There was a large amount of plastic deformation, indicated by the large
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area of the plastic hysteresis loop. After unloading, the elastic deformation recovered, and
the area of the plastic hysteresis loop decreased significantly.
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Figure 7. Variation rule of hysteresis loop area of cyclic loading and unloading. (a) Hysteresis loop
area each cycle. (b) Normalized cumulative hysteresis loop area.

With the progression of cyclical loading, the cracks in the samples were in a constant
compressive state, and the plastic strain continuously accumulated, although the sample
was still in a stable condition. In the later stage of cyclical loading, the area of the plastic
hysteresis loop in a single cycle gradually increased with increasing amplitude, indicating
an increasing degree of fatigue damage. Once macroscopic cracks penetrated the sample,
the load-bearing performance greatly declined.

Figure 7b shows that the area of each hysteresis curve was normalized, and the
normalized cumulative hysteresis loop area showed a nonlinear increase with the increase
in the number of cycles, and its growth rate showed a trend of “decrease—stable—increase”.

®)

Variation of plastic strain

The elastic strain ¢,, plastic strain ¢;, and volumetric strain ¢, of the concrete samples
subjected to cyclical loading were calculated to quantify the evolution of the plastic strain.
The physical implications of elastic and plastic strains are shown in Figure 8, and the elastic
and plastic strains are calculated as [23]:

—¢ )

€e = €max min

Omin
: @
where ¢, and ¢, are the elastic strain and plastic strain, respectively; emax is the strain
corresponding to the upper load limit, E is the elasticity modulus, ey represents the strain
corresponding to the lower load limit, and € .. represents the elastic strain corresponding
to the lower load limit.
Under uniaxial cyclical loading, assuming the axial strain is £; and the radial strain is
g3, the volumetric strain is calculated as [24]:

/

€min

€p = €min — = €min —

®)

&y = €1 + 2¢3

where ¢, is the volumetric strain, ¢; is the axial strain, and €3 is the radial strain.

Figure 9a—f show the relationship between the axial strain, radial strain, and volumetric
plastic strain of some samples (J-4, J-11, J-13, ]-14, J-17, ]-18, J-19, and ]-20) and the number
of loading cycles.
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Figure 9. Variation curve of plastic strain with cyclic loading and unloading times. (a) Axial plastic
strain; (b) normalized accumulative axial plastic strain; (c) radial plastic strain; (d) normalized accu-
mulative radial plastic strain; (e) volumetric plastic strain; (f) normalized accumulative volumetric
plastic strain.
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Note from Figure 9 that the variation of the axial, radial, and volumetric strains with
the number of loading cycles was essentially consistent, showing a “U” shape. The plastic
strain presented a staged pattern of a rapid decrease-stabilization—a rapid increase. Thus,
the variation of plastic strain showed clear stage characteristics. 7 is the total cycle number
of each sample, the cycle number of the demarcation point between the rapid decrease and
stabilization stages was set as n1, and the cycle number of the demarcation point between
the stabilization stage and the rapid increase stage was set as n1p. The n; and n, values of
each sample are shown in Table 2.

Table 2. Node classification of plastic strain stage.

Samples n n ni/n 1o ny/n
J-4 55 6 10.91% 45 81.82%
J-11 90 11 12.22% 76 84.44%
J-13 64 9 14.06% 53 82.81%
J-14 48 6 12.50% 39 81.25%
J-17 108 11 10.19% 92 85.19%
J-18 90 10 11.11% 72 80.00%
J-19 95 10 10.53% 80 84.21%
J-20 50 6 12.00% 41 82.00%

average / / 11.69% / 82.72%

As one can see from Figure 9a,c, in the early stage, the loading stress was above the
yield stress, which led to a large amount of plastic deformation. After unloading, the elastic
deformation was recovered, and the axial and radial deformations decreased significantly.
In the late stage, the internal cracks propagated due to repeated compression and the
degree of fatigue damage increased, as indicated by the increasing axial and radial plastic
deformation. Then, cracks penetrated the sample, and the plastic deformation increased
dramatically to the maximum value, and the sample underwent shearing-tensile failure,
and significant radial cracks developed.

With increasing loading cycles, the plastic strain gradually accumulated, yet the sample
was still in a stable state. The accumulative velocity of axial plastic strain first increases and
then decreases with the increase in the loading cycles as shown in Figure 9b,d. During the
cyclical loading process, the volumetric strain showed a significant nonlinear increasing
trend as shown in Figure 9e. In the initial stage, the volumetric plastic strain of the ]-4, J-13,
and J-14 samples had a positive increment, indicating that axial compressive deformation
was much larger than radial expansion deformation. However, the positive increment
was small and rapidly became negative, indicating that there were few initial cracks in
the concrete sample and micro-cracks were initiated. Furthermore, the volumetric strain
gradually changed from axial compression deformation to radial expansion deformation.
For the J-11, J-17, J-18, J-19, and J-20 samples, the initial volumetric strain had negative
increments, showing clear radial volumetric expansion as shown in Figure 9f. As cyclical
loading continued, the internal micro-cracks were repeatedly squeezed and propagated,
and the proportions of axial, radial, and volumetric plastic strains all gradually increased.
In addition, the growth rate of the plastic strain increased sharply before sample failure
(80.00-85.19% of the total number of cycles) as shown in Table 2. As a result, primary and
secondary cracks were connected, and the concrete sample was damaged.

3.3. Energy Dissipation of Concrete Samples Subjected to Cyclical Loading
(1) Strain energy density

During the cyclical loading process, the samples exchanged energy with the environ-
ment. As the loading increased on the concrete samples, the accumulated strain energy was
continuously transformed and dissipated, accompanied by the deformation and failure of
the samples. In the stage before peak stress, energy conversion involved only elastic energy
storage and energy dissipation. The total strain energy density, W, is the sum of the elastic
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strain energy density, W,, and the energy dissipation density, W;, which can be expressed
as [25,26]:

W =W, + W, (4)
g
WI/ O'Z'del' (5)
J0
3
W, = / olde, ©)
£

p

where 0; and ¢/ are the loading and unloading stress of the i-th cycle, respectively; ¢; and €/
are the axial strain in the loaded and unloaded state in the i-th cycle, respectively.

(2) Energy evolution characteristics

Figure 10 shows that elastic strain energy first increased with the increasing loading
cycles, then stabilized with small fluctuations, then decreased rapidly before sample failure.
Furthermore, the total strain energy and dissipated energy of the concrete samples had
similar trends with obvious stage characteristics under cyclical loading. The total strain
energy and dissipated energy were high in the early stage due to the first cycle having
higher loading and deformation; with increasing loading cycles, they decreased first and
then stabilized and increased rapidly in the late stage. The slope change of curve was taken
as the basis for stage. The turning point of dissipated energy rapidly decreases to stability
with small fluctuations was taken as the stage segmentation point from stage I to II, such
as Figure 10a (6,0.80) and 10b (5,0.36). The turning point of dissipated energy steadily
develops to a rapid increase was taken as the stage segmentation point from stage II to III,
such as Figure 10a (41,0.75) and 10b (81,0.38). And Failure of the concrete samples was
accompanied by a large increase in dissipated energy.
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Figure 10. Energy evolution curve of back-filling concrete sample. (a) J-4; (b) J-19.

To accurately describe the damage evolution process of the concrete samples subjected
to cyclical loading and to characterize the energy dissipation, the variation in the energy
dissipation rate with the number of cycles for different samples is shown in Figure 11. The
x-axis is the total number of loading cycles in Figure 11a, the x-axis is the ratio of the total
number of loading cycles to the number of cycles at fatigue failure in Figure 11b, and the
y-axis is the energy dissipation rate. The ratio of energy dissipation density (W) to total
strain energy (W) was defined as the energy dissipation rate [26].

_ Wa

Wi = W (7)

where Wi is the energy dissipation rate.
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Figure 11. Variation of dissipation energy rate with the number of cycles. (a) Dissipation energy rate
change curve of J-4 sample. (b) Stage division of dissipation energy rate of samples.

Note from Figure 11 that the energy dissipation rate shows a pattern of sharp decrease—
steady fluctuation-rapid increase with increased loading cycles. Take J-4 sample for ex-
ample, the slope change of energy dissipation rate curve was taken as the basis for three
stages. The turning point of energy dissipation rate sharp decrease to steady fluctuation
was taken as the point from stage I to II, such as Figure 11a (6,0.07). The turning point of
energy dissipation rate steadily develops to a rapid increase was taken as the point from
stage II to III, such as Figure 11a (42,0.07).

According to the slope of the energy dissipation rate curve, the energy dissipation
process can be divided into three stages (I, II and III):

Initial dissipation stage I (0-10% of the cycle): In the early stage of cyclical loading,
the loading stress in the first cycle exceeded the yield stress, resulting in large plastic defor-
mation and crack development. Thus, energy dissipation was large, and the plastic strain
energy rate accounted for 30% of the total strain energy. After the first cycle, the number
of new micro-cracks gradually decreased, the plastic deformation increment decreased
sharply, and the plastic strain energy decreased gradually. The energy dissipation rate
decreased sharply, while the accumulated elastic strain energy increased gradually.

Stable dissipation stage II (10-80% of the cycle): As cyclical loading continued, the
lower stress limit in the unloaded state did not return to zero, there was compaction
of internal pores and cracks and propagation of micro-cracks, and plastic deformation
continued increasing with a small increment. The energy dissipation rate was maintained at
0.02-0.08 at this stage, and there was a small fluctuation. Most of the energy was converted
into elastic strain energy, and energy dissipation was small.

Rapid dissipation stage III (80-100% of the cycle): With increased loading cycles, the
micro-cracks gradually propagated to form large cracks, and the large cracks gradually
penetrated to form macro-cracks. Plastic deformation increased rapidly at this stage, plastic
strain energy density increased, and the energy dissipation rate increased significantly until
the sample failed.

As shown in Figure 11a, before the failure of the J-4 sample, the amount of change and
the change in speed of both the plastic strain and energy parameters increased significantly,
indicating that the plastic strain and energy dissipation rates could predict the failure of
the concrete samples.

4. Conclusions

(1) Back-filling concrete samples were prepared using Portland cement, river sand,
crushed stone, and a high-efficiency water-reducing agent. With an increased curing
period, hydration products increased, pores and fractures decreased, and the strength
of the aggregate cement interface increased continuously, which has the characteristics
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of the fast lifting of the bearing strength and strong ductility. Due to the heterogeneity
of the mesostructure, the failure modes were mainly tensile and shear failure, and the
load-bearing performance decreased significantly after failure.

(2) Under cyclical loading, the stress and strain curves of the concrete samples show
obviously staged characteristics. With increased loading cycles, the evolution of
plastic hysteresis loops shows the characteristic of “sparse-dense—sparse”, the area of
the hysteresis loops showed a pattern of decrease—stabilization-rapid increase, and the
larger the hysteresis loop area, the more obvious the volume expansion and the more
obvious the bearing capacity reduction. Furthermore, the axial, radial, and volumetric
plastic strain showed a “U” shape, and the plastic strain presented a staged pattern of
a rapid decrease—stabilization-rapid increase, which directly reflects the regularity of
fracture development and damage accumulation evolution in back-filling concrete
samples under the influence of repeated mining.

(38) Variation in the dissipated energy of the concrete sample subjected to cyclical loading
was closely related to micro-crack propagation and damage evolution. The elastic
energy increases with the increase in cyclic loading and unloading times, and the
energy dissipation process could be divided into three stages: The initial dissipation
stage, the stable dissipation stage, and the rapid dissipation stage. Furthermore, the
dissipated energy first decreased, then stabilized with small fluctuations, and then
increased rapidly. The calculation method of the dissipative energy rate is introduced
to accurately describe the phase-change law of dissipative energy accumulation,
which provides a basis for predicting the failure precursor of back-filling concrete
samples.
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Abstract: Energy is often dissipated and released in the process of rock deformation and failure.
To study the energy evolution of rock discontinuities under cyclic loading and unloading, cement
mortar was used as rock material and a CSS-1950 rock biaxial rheological testing machine was used
to conduct graded cyclic loading and unloading tests on Barton’s standard profile line discontinuities
with different joint roughness coefficients (JRCs). According to the deformation characteristics of the
rock discontinuity sample, the change of internal energy is calculated and analyzed. The experimental
results show that under the same cyclic stress, the samples harden with the increase in the number
of cycles. With the increase of cyclic stress, the dissipated energy density of each stage gradually
exceeds the elastic energy density and occupies a dominant position and increases rapidly as failure
becomes imminent. In the process of increasing the shear stress step-by-step, the elastic energy ratio
shows a downward trend, but the dissipated energy is contrary to it. The energy dissipation ratio can
be used to characterize the internal damage of the sample under load. In the initial stage of fractional
loading, the sample is in the extrusion compaction stage, and the energy dissipation ratio remains
quasi-constant; then the fracture develops steadily, the damage inside the sample intensifies, and
the energy dissipation ratio increases linearly (albeit at a low rate). When the energy storage limit
is reached, the growth rate of energy dissipation ratio increases and changes when the stress level
reaches a certain threshold. The increase of the roughness of rock discontinuity samples will improve
their energy storage capacity to a certain extent.

Keywords: rock mechanics; rock discontinuity; energy evolution; energy dissipation ratio

1. Introduction

There are many different types of rock discontinuities in natural rock mass, such as
joints, folds, and faults. The existence of these rock discontinuities causes discontinuity and
anisotropy in mechanical properties of rock mass, which directly affects the stability of rock
mass [1-3]. In underground caverns, dams, abutments, and other rock mass projects, cyclic
loads are common such as those induced by blasting, earthquakes, and changes in water
level. Under the long-term action of these cyclic loads, rock mass discontinuities may slip
and deform, resulting in failure of the rock mass structure [4,5]. Invoking the second law of
thermodynamics, energy conversion is a basic feature of material physical processes, the
essence of material damage is energy to drive the state of instability [6], and the failure of
rock is an irreversible process of energy dissipation [7,8]. Therefore, studying the damage
and failure of rock discontinuity from an energy perspective can provide a new idea for
preventing and treating rock engineering disasters.

In recent years, scholars have conducted a series of studies on the mechanisms under-
pinning the evolution of the internal energy of a rock mass. For example, Xie et al. [9,10]
proposed that failure is due to the abrupt change of energy dissipation under certain condi-
tions and defined a rock strength failure criterion. In combination with damage mechanics
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and energy conservation theory, Tu et al. [11] established a slope instability criterion using
a strength-reduction method based on energy conversion. Peng et al. [12] studied the
relationship between crack angle and energy inside the loaded rock, and the results showed
that angle was positively correlated with energy storage capacity. Wang et al. [13] used nu-
merical simulation software to calculate the energy storage of surrounding rock, expounded
the relationship between rock failure and elastic energy, and confirmed that the simulated
strain energy analysis method could be used for rockburst prediction. Wu et al. [14] studied
the energy evolution of rock under different loading modes. Wang et al. [15] conducted
a uniaxial cyclic charge test on the lower dry and saturated sandstone, and analyzed the
strength and deformation characteristics of the rock, as well as the change and distribution
of energy under the dry and saturated state. Jia et al. [16] studied the energy variation law
of rock mass at different depths during mining, and the results showed that the increase
of the depth of rock mass would lead to the increase of all types of energy inside it. Deng
et al. [17] carried out dynamic uniaxial compression tests on rock samples under impact
velocity and analyzed the energy dissipation law in the dynamic failure process of rock.
Zhang et al. [18] studied the influence of confining pressure on the change of energy inside
the rock in the triaxial test, and the results showed that the increase of confining pressure
could improve the efficiency of energy accumulation to a certain extent. Munoz et al. [19,20]
defined a new rock brittleness index to elucidate the energy accumulation and release of
rock failure. Song et al. [21] performed uniaxial cyclic loading and unloading tests on
coal and rock, collected electromagnetic radiation signals released in the test process, and
established the correlation between electromagnetic radiation and dissipated energy.

The above research has greatly enriched the application of energy theory in rocks, but
most scholars focus on intact rocks and have little research on rock discontinuity, and in
the cyclic loading and unloading test, often with unloading in the next cycle to 0 MPa,
by changing the upper limit of cyclic loading for different stress amplitudes. The lower
limit of cyclic load is often not zero, and therefore in the present work cement mortar was
used to represent the rock, and a CS5-1950 biaxial rheological testing machine was adopted
to conduct graded cyclic loading and unloading tests on Barton’s standard profile line
discontinuities of different joint roughness coefficients (JRCs). The energy evolution of
samples in the process of failure was revealed, which can provide a theoretical basis for
studying rock damage and failure mechanisms from the perspective of energy.

2. Test Equipment and Specimens
2.1. Test Equipment

The CSS-1950 (Model of testing machine, CSS is creep shear strength) rock biaxial
rheological testing machine was used in this test (Figure 1a), which is manufactured by
the Changchun Institute of Testing Machines in Changchun, China. The test machine
includes vertical and horizontal loading systems with maximum vertical and horizontal
compression loads of 500 and 300 kN, respectively. Two linear variable displacement
transducers (LVDT) were used with a measurement range of 0-10 mm and accuracy of
0.0001 mm to monitor vertical and horizontal deformation, as shown in Figure 1b. The
test machine adopts servo-motor control, a pressure system for screw pressure, load-rate
control, and a continuous working time of more than 1000 h.
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Specimen

Figure 1. (a) CSS-1950 rock biaxial rheological testing machine; (b) specimen and monitoring system.

2.2. Sample Preparation

Due to the random composition and surface morphology of natural rock mass, it is
difficult to prepare relatively uniform samples using natural rock mass, and it is impossible
to quantify the roughness of the rock discontinuity, which results in difficulty when com-
paring test results; therefore, because cement mortar has good uniformity, it is often used
as a kind of rock material to simulate rock discontinuities [22,23]. Therefore, in the present
work, cement mortar was used as a similar material to prepare Barton’s standard profile
line discontinuities with different JRCs for testing.

In this test, the cement mortar samples named 1, 4%, 8%, and 10* were respectively
adopted to represent the features of structural planes with different roughness. Their
Barton’s standard profile line features are shown in Figure 2b. For the convenience of
analysis, the JRC of the sample was taken as the intermediate value, that is, the cement
mortar samples named 1#, 4% 8% and 10* were, respectively, 1, 7, 15, and 19 herein.

1" JRC=0~2 _ :
4" JRC=6 ~ 8 i Rock'diScontim‘lity : ;
8" JRC=14~16
W
10" JRC=18~20

Figure 2. (a) Steel mold; (b) Barton’s standard profile lines; (c) sample.

The steel mold used in this test was made by referring to Barton’s standard profiles
and using high precision (0.1 pm) computer control [24], as shown in Figure 2a. According
to need, the upper and lower parts of the sample were prepared, and the two parts
were combined to form a complete rock discontinuity sample (Figure 2c). Each specimen
measured 100 x 100 x 100 mm.

The sample material was Portland cement with a compressive strength of 32.5 MPa,
standard sand and water, and the mixing ratio was sand/cement/water of 4:2:1. After
mixing evenly, the mold was filled. After filling, the sample was removed after the cement
mortar was formed. After removal, the samples were placed in the curing chamber and
stored in the standard curing chamber at the temperature and humidity of (20 & 1) °C and
95%, respectively, for 28 days before testing.

According to the test requirements, a total of 29 specimens were prepared, including
5 intact samples and 24 rock discontinuity samples (the cement mortar samples named 1%,
4%, 8%, and 10* were prepared in 6 pieces each). In total, the intact samples were used for
the uniaxial compression test, and the rock discontinuity samples were used for the direct
shear test and graded cyclic shear test.
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3. Test Procedure
3.1. Uniaxial Compression Test

To determine the normal stress value of shear test, uniaxial compression tests were
conducted on five complete cement mortar specimens at a loading rate of 0.4 kN/s. The
test results are shown in Table 1. Here, 10%, 20%, and 30% of the average compressive
strengths were taken as the normal stresses of subsequent shear tests, which were 2.17, 4.35,
and 6.52 MPa, respectively.

Table 1. Uniaxial compressive strength of each sample (¢ is compressive strength).

Sample Peak Stress/kN o./MPa
1 228.47 22.85
2 233.44 23.34
3 177.69 17.77
4 248.37 24.84
5 198.55 19.86
Average value 217.30 21.73

3.2. Direct Shear Test

To obtain the shear strength of rock discontinuities, the cement mortar samples named
1#, 4% 8% and 10* (JRC =1, 7, 15, 19) were selected and shear tests were conducted at a
rate of 0.2 kN/s under the normal stress of 2.17, 4.35, and 6.52 MPa, respectively, until
failure. The shear strength obtained was used as the basis for the classification of shear
load grades in subsequent cyclic shear tests, and Barton’s standard profile line number and
normal stress were used to number the test results. For example, the test results of rock
discontinuity No. 1 under the normal stress of 2.17 MPa were denoted “1-2.17”, and the
test data are listed in Table 2.

Table 2. Shear strength of each sample (7. is shear strength).

Sample Peak Stress/kN 7./MPa
1-2.17 7.5 1.5
1-4.35 15.2 3.0
1-6.52 18.5 37
4-2.17 10.1 2.0
4-4.35 15.2 3.0
4-6.52 22.5 4.5
8-2.17 12.2 24
84.35 20.0 4.0
8-6.52 25.0 5.0
10-2.17 12.5 2.5
10-4.35 221 44
10-6.52 27.5 55

3.3. Graded Cyclic Shear Tests

The cement mortar samples named 1#, 4% 8* and 10* (JRC =1, 7,15, 19) were selected
to conduct cyclic shear tests under normal stresses of 2.17, 4.35, and 6.52 MPa, respectively.
The loading of samples is shown in Figure 3a. The normal stress was first added to a
predetermined value, and the shear stress was applied after the normal deformation was
stabilized. The shear stress was divided into multiple stages. The upper limit of the shear
stress at the first stage was 30% of the shear strength, and each stage increased the stress
by 10% of the shear strength. Under the same level of loading, the cyclic amplitude of
shear stress was 10% of the shear strength. Under the same level of loading, 10 cycles
were carried out with a loading rate of 0.2 kN/s. Continuous loading was conducted until
failure. The actual loading stress is listed in Table 3.
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Figure 3. (a) Sample loading diagram; (b) schematic diagram of test loading path (¢ is the normal

stress and T is the shear stress).

Table 3. Loading stress table.

Sample Upper Limit of Loading Stress at First Stage/MPa Amplitude/MPa
1-2.17 0.45 0.15
1-4.35 0.90 0.30
1-6.52 1.10 0.37
4-2.17 0.60 0.20
4-4.35 0.90 0.30
4-6.52 1.35 0.45
8-2.17 0.72 0.24
8-4.35 1.20 0.40
8-6.52 1.50 0.50
10-2.17 0.75 0.25
10-4.35 1.32 0.44
10-6.52 1.65 0.55

4. Results and Discussion
4.1. Deformation Characteristics of Specimen during Failure

The purpose of this research was to reveal the energy evolution of rock discontinuity
under cyclic loading. Due to the limitation of word count, only one group of test data
was studied, and the stress—strain relationship of other samples is similar, so it will be
repeated here.

Figure 4 displays the whole process of the stress and displacement curve for sample
4-6.52. As shown in the figure, during each cycle, the unloading curve does not coincide
with the original loading curve, and the unloading curve can form a completely closed
annular area with the reloading curve, namely, the hysteresis loop [25]. The reason is that
rock materials are not ideal elastomers, and there are a large number of internal defects
such as pores and micro-cracks, which lead to the closure of the original cracks and the
initiation of new cracks in the test process [26], resulting in some irreversible damage to the
sample. The appearance of the hysteresis loop is not only an experimental phenomenon,
but also a manifestation of energy dissipation, and the area of the hysteresis loop can be
characterized as the energy dissipated by crack closure, expansion, and through-cracking
failure of the loaded sample; the larger the area of the hysteresis loop, the more energy
consumed and the more severe the damage to the sample.

The rock discontinuity sample is different from the intact rock sample, and in the first
loading process of each grading cycle stage, the upper and lower parts of the rock discon-
tinuity sample usually slip, resulting in large residual deformation. With the continuous
increase of stress, this sliding deformation gradually increases, and the deformation curve
of the sample is gradually sparse, indicating that the internal damage of the sample is
increasingly aggravated with the increase of stress, and its ability to resist shear is gradually
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decreased, resulting in the gradual increase of irreversible deformation. However, under
the same cyclic stress, the stress—strain curve changes from thinning to dense, and the
hysteresis loop area decreases gradually, indicating that the specimen gradually compacts
with the increase of cyclic number and the hardening degree increases.

6
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Figure 4. Stress—strain curves of specimen 4-6.52.

4.2. Energy Density Calculation Method

For the loaded sample, it often goes through the extrusion compaction stage, the stable
development stage, and the unstable development stage of the crack before the final failure,
and these processes are often accompanied by energy input, accumulation, dissipation, and
release. The energy transformation of samples from deformation to failure is a dynamic
process, which is represented by the transformation and balance among input energy, elastic
energy, and dissipated energy. According to the first law of thermodynamics, the energy of
substances in a thermodynamic system can be transformed and transferred, and the total
amount of energy remains unchanged in the process of transformation and transfer [6]. The
work performed by the surrounding to the rock mass can produce energy input into the rock
mass, causing reversible deformation and irreversible deformation of the rock mass. The
reversible deformation accumulates in the form of elastic energy. Irreversible deformation
dissipates energy in the form of plastic deformation energy, internal friction of rock mass,
and thermal radiation [27]. The sample in the test is deformed by external force loading and
is a closed system. Therefore, the energy exchange between the specimen and the outside
world is not considered [28,29]. According to the law of the conservation of energy,

u=u,+uy 1)

where U is the total energy input from the outside; U, denotes the elastic energy; and Uy is
the dissipated energy, that is, the sum of the damage energy and plastic strain energy in
rock mass.

At any time in the deformation process of the sample, there is a specific energy state
corresponding to it [30], which is a function of stress, strain, and time. According to the
stress—strain curve characteristics of samples, the elastic energy density and dissipation
energy density of rock mass under cyclic loading were calculated. The relationship between
the elastic energy density ue and dissipation energy density 14 per unit of volume in the
loading and unloading curve of samples under certain stress levels is shown in Figure 5.
The total energy density u input by the outside world is the area formed by OBAE. The
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elastic energy density e denotes the area formed by ACDE. The dissipative energy density
ugq is the total energy density u minus the elastic energy density ue, which is the area formed
by OBACD. The u,. and uq4 are calculated as follows:

-
Ue :/ ode )
€

€ €2
Uy :/ ode —/ ode 3)
i) €1

where 0 is the stress at any point in the stress—strain curve; ¢ denotes the strain correspond-
ing to o; gy refers to the strain corresponding to the initial stress oy of the loading curve;
€1 is the strain corresponding to the lower limit stress o of the unloading curve; and the
strain corresponding to the loading of the upper limit stress ¢ is represented by &.

ok
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N

Load'\@‘ curve

Reloading curve

Unloading curve
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=) &1 &2

>
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Figure 5. Schematic diagram of energy density calculation.

4.3. Energy Evolution Process in Samples

According to the above, during the first loading of each stage of the graded cycle, rock
discontinuities usually produce large residual deformation, which makes it difficult for the
unloading curve to form a hysteresis loop with the reloading curve, and the error in the
calculation of the energy density is large; therefore, the second cycle was explored as if it
were the first cycle. According to Equations (2) and (3), the energy density of the sample
in each cycle of loading and unloading can be calculated. Taking specimen 4-6.52 as an
example, the relationship between the energy density and cycle times under various cyclic
stresses is shown in Figure 6.

As illustrated in Figure 6, the external input energy shows an overall downward
trend with the increase in the number of cycles, but its change process is different under
different cyclic stresses. When the stress is small (1.35 to 2.25 MPa), the external input
energy decreases gradually with increasing number of cycles, and the decrease is significant
in the first few cycles, small in the later stage, then tends to be stable. When the stress is
large (2.70 to 4.95 MPa), the external input energy decreases rapidly with the increase in
the number of cycles, and then decreases again after a small increase.

With the increase in the number of cycles, the elastic energy density shows an overall
upward trend, and increases significantly in the early stage, and gradually stabilizes in the
later stage, while the dissipated energy density gradually decreases, which is consistent
with the phenomenon that the area of the hysteresis loop in the stress—strain curve decreases
with increasing number of cycles. The results show that in the cyclic loading and unloading
process associated with the same stress level, the micro-cracks inside the sample gradually
close, the hardening of the sample increases, and the energy consumed by the friction
inside the sample decreases.
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Figure 6. Variations in energy density of specimen 4-6.52 with the number of cycles N under various
cyclic stresses: (a) 1.35 MPa; (b) 1.80 MPa; (c) 2.25 MPa; (d) 2.70 MPa; (e) 3.15 MPa; (f) 3.60 MPa;
(g) 4.05 MPa; (h) 4.50 MPa; (i) 4.95 MPa.

With the continuous increase of cyclic stress, the dissipated energy density of each
stage gradually exceeds the elastic energy density and gradually occupies a dominant
position, indicating that the internal damage to the sample is gradually intensified.

The energy evolution of the other samples at each stress is akin to that of specimen
4-6.52, which is not repeated in this paper due to limited space.

According to the actual failure strength of the sample, the cyclic stress is normalized,
and the energy density of the last nine cycles under all levels of cyclic stress is averaged to
obtain the relationship between the average energy density and the stress level (the ratio of
the upper limit of cyclic stress at all levels to the actual failure strength of the sample, as
shown in Table 4), as shown in Figure 7. With the increase in stress, the energy absorbed
by the sample from the outside firstly decreases greatly, and then decreases significantly.
When the stress reaches a certain value, it shows a significant upward trend. The elastic
energy density presents a non-linear decreasing trend with the increase of stress, and the
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Average energy density (J-mm™)

rate of change decreases gradually thereafter. With the increase in stress, the dissipated
energy density decreases slightly at first, then increases slowly at a low rate, and increases
significantly as the specimen approaches failure.

Table 4. Stress level.

Sample Stress Level

1-2.17 0.28,0.37,0.46, 0.55, 0.64, 0.74, 0.83, 0.92
1-4.35 0.27,0.36, 0.46, 0.55, 0.64, 0.73, 0.82, 0.91
1-6.52 0.20,0.27,0.34, 0.41, 0.48, 0.55, 0.62, 0.69, 0.75, 0.82, 0.89
4-2.17 0.39, 0.52, 0.65, 0.79, 0.92

4-4.35 0.31,0.41, 0.52, 0.62, 0.72, 0.83, 0.93
4-6.52 0.26, 0.35, 0.44, 0.53, 0.62, 0.71, 0.79, 0.88, 0.97
8-2.17 0.29,0.39, 0.48, 0.58, 0.68, 0.78, 0.87, 0.97
8-4.35 0.31,0.41, 0.51, 0.61, 0.71, 0.82, 0.92
8-6.52 0.26, 0.34, 0.43, 0.52, 0.60, 0.69, 0.77, 0.86, 0.95
10-2.17 0.28,0.37, 0.46, 0.56, 0.65, 0.74, 0.84, 0.93
10-4.35 0.26, 0.35, 0.44, 0.52, 0.61, 0.70, 0.79, 0.87, 0.96
10-6.52 0.32,0.43, 0.54, 0.64, 0.75, 0.86, 0.97
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Figure 7. Relationship between energy density and stress level of samples under different working

conditions: (a) u; (b) ue; (c) ug.

At the initial stage of fractional loading, the three energies all decreased. This phe-
nomenon is due to the existence of many pores and cracks in the sample itself. In the
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process of first-stage cyclic loading and unloading, the closure and friction between these
pores and cracks need to absorb more energy, and the absorbed energy is mainly stored in
the sample in the form of elastic energy. Thus, the energy of each part of the sample is high
in the first stage, and after entering the next stage of the cycle, most of the pores inside the
sample have closed, and the degree of compaction is significantly improved, resulting in a
decrease in the energy of all parts. With the further increase in stress, the primary cracks in
the sample begin to expand, and new cracks are constantly initiated, leading to the decline
of the ability of the sample to accumulate elastic energy. The energy consumed by internal
friction and plastic failure increases gradually, which implies that the elastic energy density
decreases continuously, while the dissipated energy density increases gradually.

4.4. Energy Distribution in Samples

In the closed test system, the energy input to rock samples by the testing machine
is mainly transformed into elastic energy and dissipated energy, which will affect the
deformation and failure of rock samples. The relationship between the proportion division
of types of energy in samples and stress level is shown in Figure 8. With the constant
increase in stress, the proportion of elastic energy and the proportion of dissipated energy
in the sample show a non-linear trend, and the elastic energy presents a downward trend
as a whole, while the dissipated energy shows the opposite trend, and the rates of change
of both gradually increase.
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Elastic energy ratio
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=
w
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Figure 8. Relationship between energy ratio and stress level under different working conditions:
(@) ue; (b) ug.

At the initial stage of fractional loading, the internal pores of the sample are compressed
and compacted, and the proportion of elastic energy is much higher than that of dissipated
energy, indicating that most of the energy input from the outside is converted into elastic
energy and stored in the sample. The energy consumed by internal crack closure and friction
slip is small. With the increase in stress, the elastic energy ratio decreases step-by-step at
a low rate, while the dissipated energy ratio changes in the opposite way. At this stage,
although most of the pores inside the sample are closed, the stress concentration leads to the
expansion and initiation of micro-cracks, increasing the dissipated energy ratio, but most
of the energy from the external input is still accumulated in the sample. When the ratio of
dissipated energy and elastic energy approach each other, the connection of micro-cracks in
the sample and the formation and unstable expansion of macro-cracks lead to the dissipation
of most of the external input energy. The elastic energy accumulated in the sample begins to
release, showing that the proportion of dissipated energy decreases rapidly.

80



Materials 2022, 15,5784

4.5. Energy Criterion for Rock Discontinuity Failure

For an ideal material, any form of energy applied to it can all be converted into
releasable elastic strain energy within the material, and during the deformation process, its
internal structure does not suffer damage, and the absorption and storage of elastic energy
will not dissipate. However, for rock materials, the friction of pores or micro-cracks inside
the specimen in the compaction stage, and the expansion of micro-cracks and connection in
the elastic and plastic stages are all accompanied by energy dissipation. The occurrence
and accumulation of irreversible deformation are the direct causes of specimen failure [31],
and the dissipative energy can indirectly reflect the irreversible deformation generated
in the specimen. The accumulation of dissipative energy will facilitate the sample in its
gradual transformation from the initial stable state to an unstable state, and then to another
stable state (the strength therein being the residual strength after the main fractures have
inter-connected and split into multiple rock blocks) through the reorganization of the
internal structure of the sample. The change from a stable state to an unstable state entails
the process of internal damage accumulation to unstable failure, as well as the process of
internal energy transformation. Therefore, the energy dissipation ratio K (the ratio of the
dissipated energy density to the elastic energy density of the loaded rock sample) is used
to characterize the deterioration of the sample, and also indirectly reflect the state of the
sample. K is given by

= @

When K < 1, it can be considered that the internal structure of the sample is in a
relatively stable state, and the damage to it is small; when K =1, it can be considered that
the loaded rock sample reaches its energy storage limit, is in a critical state, and is about
to enter the unstable development stage; when K > 1, it can be considered that the rock
sample is in an unstable state.

Figure 9 shows the stress level-energy dissipation ratio deformation of samples under
different working conditions and Figure 10 demonstrates the energy consumption ratio of
each sample that varies with the stress level.

According to the sample energy dissipation ratio and shear deformation seen in Figure 9,
the failure process of the sample can be roughly divided into three stages. In the early stage
of fractional loading, the sample is in the extrusion compaction stage (the first stage), and the
internal pores and cracks of the sample are closed in this stage. The hardening of the sample
is significantly improved, resulting in the irreversible deformation of the rock discontinuity
which decreases significantly, and the energy dissipation ratio remains quasi-constant. Then
the sample enters the stage of steady crack propagation (the second stage), and the internal
damage intensifies, and the dissipated energy increases continuously due to the increase of
internal friction and plastic deformation. The sample gradually reaches its energy storage
limit (K = 1), which shows that the deformation of the structural plane and energy dissipation
ratio increase linearly with the increasing stress. With the further increase of the stress level,
the sample enters the unstable crack development stage (the third stage). The connection
and penetration of cracks results in the worsening of the plastic failure of the sample, the
rapid increase of dissipative energy, and the energy accumulated in the sample begins to
release. When the failure is near, both the deformation and energy consumption ratio of
the rock discontinuity change dramatically, indicating that a large amount of plastic failure
occurs in the sample. The stored energy in the sample is released instantly, leading to the
rapid loss of bearing capacity and instability failure.

Figure 10 illustrates that the energy dissipation ratio of all samples has roughly the same
variation with stress, showing slow growth in the early stage, and a significant increase in
the growth rate after reaching the energy storage limit (K = 1). However, there are significant
differences in the stress on all samples when reaching the energy storage limit.

Instability and failure of specimens occurred after reaching the energy storage limit
and are the root cause of a rapid release of elastic energy. Energy storage limits of the
samples at the corresponding stress level can describe the samples” accumulated elastic
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energy capacity: the higher the stress level, the more the sample storage limits the strength
or stiffness, and instability and failure are less likely.
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Figure 9. Stress level-energy dissipation ratio deformation of samples under different working
conditions (AD is the total deformation of 10 cycles under different stress levels): (a) 1-2.17; (b) 1-4.35;
(c) 1-6.52; (d) 4-2.17; (e) 4-4.35; (f) 4-6.52; (g) 8-2.17; (h) 8-4.35; (i) 8-6.52; (j) 10-2.17; (k) 10-4.35;
(1) 10-6.52.

To explore the influence of roughness on the energy storage capacity of a specimen,
the stress corresponding to each sample at K = 1 in Figure 10 was taken as the ultimate
stress associated with its energy storage, and the results under the action of three different
normal stresses under the same roughness were averaged to determine the variations in
the ultimate stress of the energy storage of the sample with the roughness (Figure 11).
The energy storage limiting stress for the specimen shows a positive correlation with the
increase of JRC; that is, the rougher the rock discontinuity, the greater its energy storage
limit and stiffness. According to the linear fitting results in the figure, the energy storage

82



Materials 2022, 15,5784

capacity of the rock discontinuity sample increases by about 0.75% when the value of JRC
increases by 1.
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Figure 10. The energy consumption ratio of each sample varies with the stress level.
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Figure 11. Variations in stress at the energy storage limit of samples with JRC.

5. Conclusions

The following conclusions can be drawn following hierarchical cyclic loading and

unloading tests and energy calculation and analysis of specimens containing discontinuities:

@

@)

®)

4)

Compared with the stress—strain curve, the energy density can clearly reflect the
internal deterioration of the rock discontinuity, so as to predict the failure of the rock
discontinuity more accurately.

Under the same cyclic stress, the specimen gradually hardens with the increase in
the number of cycles. With the increase of cyclic stress, the dissipated energy density
of each stage gradually exceeds the elastic energy density and occupies a dominant
position and increases rapidly as failure becomes imminent.

With the increase of stress level, the elastic energy proportion of the sample presents a
downward trend, with a slow rate in the early stage, but decreases significantly as the
sample approaches failure; the variation in the proportion of energy dissipated shows
the opposite trend.

The energy dissipation ratio can be used to characterize internal damage to the
sample under load. In the initial stage of loading, the sample is in the extrusion
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and compaction stage, and the energy dissipation ratio remains unchanged. Then,
the fracture develops steadily, the damage in the sample intensifies, and the energy
dissipation ratio increases linearly (albeit at a low rate). Before the specimen is about
to fail, the change rate is accelerated, and then a sudden change occurs, indicating
that the rapid release of energy is the fundamental reason for the failure of the rock
discontinuity.

(5) The increase of the roughness of rock discontinuity samples will improve their energy
storage capacity to a certain extent: the higher the JRC of the rock discontinuity, the
greater the energy storage limit and stiffness of the specimen.
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Abstract: In this study, triaxial compression and seepage tests were conducted on briquette and
raw coal samples using a coal rock mechanics-seepage triaxial test system (TAWD-2000) to obtain
the complete stress—strain curves of the two samples under certain conditions. On this basis, the
different damage forms of the two coal samples and the effect of their deformation and damage on
their permeability were analyzed from the perspective of fine-scale damage mechanics. Moreover,
the sensitivity of permeability to external variables and the suddenness of coal and gas outbursts
were discussed. The results show that the compressive strength of raw coal is 27.1 MPa and the
compressive strength of briquette is 17.3 MPa, the complete stress—strain curves of the two coal
samples can be divided into four stages and show a good correspondence to the permeability—axial
strain curves. Since briquette and raw coal have different structural properties, they present different
damage mechanisms under load, thus showing great diversity in the permeability-axial strain curve,
especially in the damage stage. The deformation affects the seepage characteristics of briquette mainly
in the latter two stages, while it affects raw coal throughout the test. The four stages of the complete
stress—strain seepage test of raw coal can well explain the four stages of coal and gas outburst process,
i.e., preparation, initiation, development, and termination. Hence, the law of coal permeability to gas
variation can be utilized for the coal and gas outburst prediction and forecast. The research results
are valuable for exploring the real law of gas migration in coal seams.

Keywords: coal and gas outburst; gas-containing coal; complete stress—strain process; permeability;
solid-gas coupling

1. Introduction

Energy, a main driver of the economy, plays a pivotal role in national economic develop-
ment [1]. Along with the increasing amount and depth of coal mining, problems such as high
ground stress and high gas pressure emerge one after another. In the underground mining
process in coal mines, the coal body is deformed and damaged by the mining, accompanied by
changes in gas permeability characteristics, which is a major cause of gas dynamic damages
such as gas gushing from the working face and coal and gas outbursts [2-6]. Therefore, for an
effective reduction of the gas-induced adverse effects in underground coal mining, it is of
great theoretical significance and practical value to study the law of gas seepage during
coal deformation and understand the coal and gas outburst mechanism.

Many scholars believe that briquette shares a similar variation law with raw coal,
despite their significant difference in true relative density and apparent relative density
(their porosities differ about 4 times and their pore volumes differ 4-10 times). Besides,
briquette is easy and efficient to be processed into coal samples. Therefore, briquette can be
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used as a research object on the general law of gas-containing coal, and the yielded law is
applicable to coal seams [7]. At present, researches have been conducted on both briquette
and raw coal. By performing comparative tests on the permeabilities of gas-containing
briquette and raw coal, Ge et al. [8] found that using briquette samples in place of raw coal
samples in the laboratory can only obtain a rough variation law. Pang et al. [9] studied the
deformation of coal after gas adsorption during gas pressure change using a self-developed
experimental device and discussed the effect of gas on coal based on the existing studies.
They concluded that the adsorbed gas would cause expansion and deformation of coal,
which weakens its strength and increase its brittleness, so that it becomes more prone to
sudden instability damage. Gan et al. [10] investigated the effect of gas pressure on the
coal permeability to gas characteristics of coal rock materials in the complete stress—strain
process. The results show that at a constant confining pressure, the complete stress—strain
curve corresponds well to the seepage rate-axial strain curve, and raising the gas pressure
within a certain range can enhance the permeability of coal. Sun et al. [11] conducted
triaxial compression and seepage tests on briquette and raw coal using a self-developed
gravitational device and found a good correspondence between their complete stress—strain
curves and seepage rate-axial strain curves. Zhang et al. [12] explored the deformation
characteristics and compressive strengths of briquette and raw coal under triaxial stress
conditions based on the results of gas-containing triaxial tests, and concluded that although
the two coal samples are similar in the above two properties, they differ significantly in the
permeability characteristics. Katarzyna et al. [13] used Brazilian tests to evaluate the work
of disintegration of rock resulting from the stresses produced by gas present in its porous
structure. However, these research results did not provide a comprehensive comparative
analysis on the permeability characteristics of briquette and raw coal. In fact, it is still
necessary to further explore the differences in the permeability characteristics between the
two during the complete stress—strain process and determine which one is more in line
with the actual situation [14-27].

In this paper, gas-containing complete stress—strain tests were conducted on raw coal
and briquette by using a coal rock mechanics-seepage triaxial test system (TAWD-2000)
to study the similarity and difference in seepage characteristics of the two coal samples
during the deformation process. The research results are expected to provide reference for
the experimental study using briquette in place of raw coal and serve as an experimental
basis for further exploration on the real law of gas migration and the mechanism of coal
and gas outbursts in coal seams.

2. Test Process
2.1. Test Materials

The test coal samples were taken from the No. 8, coal seam of Zouzhuang Coal Mine
of Huabei Mining Stock Corporation, China. The average buried depth of the coal seam
is 853.7 m, as shown in Figure 1. This coal mine is bounded by the F22 fault and the
Dual-Stack fault in the east, the first limestone cropline at the top of the Carboniferous
Taiyuan Formation in the south, the Nanping fault in the west, and the #27 exploration line
in the north. The No. 8, coal seam is 2.48 m thick on average. The coal body, which belongs
to semi-bright coal due to its weak glassy luster, is black, pulverized-fragmented, and has
developed endogenous fractures. Soft and fragile, this coal seam is typically prone to coal
and gas outbursts.
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Figure 1. Diagram of the sampling site.

The preparation of raw coal samples is a difficult task: The raw coal blocks taken from
the site were sealed with plastic film and transported directly to the mechanics experiment
center of the China University of Mining and Technology where they were cored and
processed under the condition that the stratification was perpendicular to the processing
axis. According to the test platform and test specifications, the prepared raw coal samples
were cylindrical with a height of 95-102 mm, a diameter of about 50 mm, and a parallelism
below £0.05 mm between the upper and lower end surfaces, and they were sealed and
stored before the test.

In contrast, the preparation of briquette samples is easier: The raw coal blocks were
polished into 40-60 mesh pulverized coal and mixed well with a little water and binder.
Then, a certain amount of the mixture was weighed with a balance by experience and put
into the mold. After being shaped by a pressure of 200 kN for 20 min, they were made
into cylinders with a height of 100 mm, a diameter of 50 mm, and a parallelism of 0.02 mm
between the upper and lower end surfaces.

Comparing the two samples, it is clear that the briquette sample had a standard size, a
smooth surface and uniform texture, while the raw coal sample had primary damages such
as vertical and horizontal fractures, cracks, and holes. Therefore, the raw coal samples with
similar density, cracks, and longitudinal wave velocities were selected for the test.

2.2. Test Device and Principle

The coal rock mechanics-seepage triaxial test system (TAWD-2000) of the China Uni-
versity of Mining and Technology was used for the test (Figure 2). The system, which
mainly consists of a pressure host system, a pressure and temperature control system, and
a microcomputer operating system, can determine the permeabilities of coal rock under
different pressure conditions. The maximum working pressures of confining pressure,
injection pressure, and axial pressure are 70 MPa, 70 MPa, and 800 MPa, respectively,
with the pressures fluctuating within 0.5% in 48 h. The test was conducted at a constant
temperature of 25 °C with CHj as the seepage medium.

89



Materials 2022, 15, 6205

Figure 2. TAWD-2000 coal rock mechanics-seepage triaxial test system.

Coal is a porous medium in which the seepage characteristics of gas depend on the
number, size, and connectivity of pores and the pressure at both ends of pores in the flow
direction. Hence, the permeability characteristics of the sample can be reflected by the
relation curve between permeability and other related physical quantities. The principle of
the coal permeability measurement test is shown in Figure 3. According to the principle,
the steady-state method was adopted in the permeability test: First, different gas pressures
were applied to the two ends of a coal sample with a constant pressure difference, so that a
certain pressure gradient was formed in the coal sample to promote the flow of gas through
the fractures. Meanwhile, the gas flow was measured. When the flow within the coal
sample developed into a steady-state flow, the amount of gas flowing through the sample
over a while was recorded. The recorded amount can be substituted into the governing
Equation (1) to calculate the permeability of the coal sample [19].

_ ZPOQLCOall/lCHAL
K= 2 2 ’
A(pi —p3)

where K is the permeability, 10715 m?; py is the atmospheric pressure, 0.1 MPa; Q is the gas
flow through the coal sample, cm3/s; L.y, is the standard length of the coal sample, mm;
tcH, is the gas dynamic viscosity coefficient, MPa-s; A is the cross sectional area of the coal
sample, mm?; p; is the inlet pressure, MPa; and p; is the outlet pressure, MPa.

)
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Figure 3. Schematic diagram of the principle of the permeability determination test.

2.3.

Test Procedure

In this test, to investigate the changes in gas seepage velocities of briquette and raw

coal samples in the complete stress—strain process, a comparative test was carried out
according to the geological situation of the No. 8, coal seam in Zouzhuang Coal Mine at
a gas pressure of 1.2 MPa and a confining pressure of 4 MPa. The specific procedure and
precautions are as follows:

)

@)

®G)

The sample, whose cling film was unwrapped before the test, was fixed with the
upper and lower ventilative plates by a thin heat shrinkable film. Then, the fixed
sample was wrapped with insulating tape against the hydraulic oil in the pressure
chamber during the test. Finally, the sample was wrapped with a thick heat shrinkable
film to ensure its air tightness (Figure 4);

Test instruments including the gas pipe, the flow meter, etc., were connected. Axial
pressure, confining pressure, and gas pressure were applied to the coal sample in
turn, where the amounts of three pressures followed the order: axial pressure of
4 MPa = confining pressure of 4 MPa > gas pressure of 1.2 MPa. Afterwards, the air
tightness of the equipment was checked again. After each equipment in the system
operated normally, the sample was allowed to fully adsorb gas for 24 h;

The outlet valve was opened to release gas for 30 min until the gas flow stabilized,
and then the test started. The loading, controlled by the displacement, proceeded at a
rate of 0.002 mm/s until the coal sample finally failed.

Raw coal sample Briquette sample Pressure chamber

Figure 4. Sealed samples.
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3. Test Results and Analysis
3.1. Comparative Analysis on the Complete Stress—Strain Curves

In the triaxial compression test, the complete stress—strain curves of briquette and
raw coal show similar variation trends (Figure 5). Both of them can be divided into four
development stages: initial compaction stage, elastic deformation stage, plastic deformation
stage, and instability damage stage. In the initial compaction stage, the elastic modulus
increases with the increase of axial stress and strain, and the stress—strain curve shows a
slight upsweep, which results from the compaction of pores and fractures inside the coal
sample. In the elastic deformation stage, the stress and strain are linearly correlated with
each other, and the elastic modulus becomes constant, following the Hoek-Brown criterion.
In the plastic deformation stage, when the axial stress reaches the yield strength, internal
damage occurs inside the coal sample, leading to a reduction in the sample’s load-carrying
capacity. At this time, the elastic modulus decreases, and the stress—strain curve is no longer
linear and curves downward, which is caused by the continuously developing internal
damage and new fractures in the sample. In the instability damage stage, after reaching the
strength limit, the axial stress begins to decrease with the increase of the strain, which is
attributed to the macroscopic cracks penetrating the sample.

30
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Figure 5. Complete stress—strain curves of briquette and raw coal.

The comparative analysis suggests many differences between the test results of the
two samples. First, briquette experiences more severe transverse deformation and axial
deformation than raw coal, its transverse deformation being twice that of raw coal and
its axial deformation being three times that of raw coal. Second, briquette has a lower
compressive strength than raw coal, as the compressive strength of raw coal is 27.1 MPa
and the compressive strength of briquette is 17.3 MPa, the former being 63.7% of the latter.
The elastic modulus of briquette obtained from the test is 0.517 GPa, the elastic modulus
of raw coal is 2.306 GPa, the Poisson’s ratio of briquette is 0.22, and the Poisson’s ratio of
raw coal is 0.16. Third, the two coal samples exhibit obvious differences in the post-peak
deformation and damage stage. Specifically, after the peak, briquette presents a strain
softening phenomenon and a gentle decrease in axial pressure, while raw coal shows a
stress drop and significant and sharp change in axial pressure, just like the instantaneously
and rapidly occurring coal and gas outburst on-site.

The factor that most directly determines coal permeability to gas in coal seams is the
development degree of pores and fractures. In the laboratory, both briquette and raw coal
have certain primary micropores and microfractures, which are referred to as primary
damages [20]. The lower initial permeability of raw coal indicates its much slighter primary
damages than briquette. However, as the applied load continues to grow, these primary
damages will further develop, extend, and finally connect with each other, leading to a
change in permeability of the coal sample.
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Based on the changes in strains and permeabilities of briquette and raw coal during the
loading stage, the complete stress—strain curves and permeability-strain curves of the two
samples were obtained (Figure 6). A correspondence can be found between the complete
stress—strain curves and the permeability-strain curves of briquette and raw coal, but the
two coal samples have different gas permeability variation laws due to their different
damage forms:

(1) Initial compaction stage (OA section): With the rise of axial pressure, the stiffnesses of
the two coal samples are enhanced gradually, and the primary fractures are gradually
compacted and closed, leading to the shrink of seepage channels. As a result, the
permeabilities of both briquette and raw coal decline to some extent;

(2) Elastic deformation stage (AB section): The stress—strain curves of the two coal
samples show approximately linear variations. Raw coal is barely damaged internally,
so all its primary damages only deform elastically. As its primary micropores and
microfractures further close, the coal permeability to gas continues to decline, but such
a decline is insignificant owing to its low initial permeability. In contrast, under the
action of the external load, the cohesive force of briquette is reduced by the extrusion
and dislocation of its particles. Resultantly, the primary fractures between the particles
are filled, leading to a rapid decline in its permeability. Besides, its permeability is the
most sensitive to stress in this stage;

(3) Plastic deformation stage (BC section): The permeabilities of the two coal samples
begin to grow. With the rise of axial pressure, the continuous distributed damages
that occurred inside the raw coal create a condition for the stable extension of more
and more microfractures, causing plastic deformation. At this time, the permeability
of raw coal grows rapidly due to the further development of primary fractures and
the formation of new fractures, and the permeability is the most sensitive to stress
in the plastic deformation stage. For briquette, the shear movement of its particles
facilitates the stable extension of fractures. However, the newly generated fractures
are blocked by the detached particles (as they squeeze and displace each other), and
thus the permeability grows slowly;

(4) Instability damage stage (CD section): As raw coal experiences a stress drop, where its
damage develops from continuous damage to local damage, its fractures with elastic
deformation undergo elastic unloading deformation. Consequently, the inelastic
strain borne by primary fractures gradually focuses on few fractures generated by
the local damage. These large instability-induced fractures enable the gas to pass
through smoothly and promote the permeability of raw coal rapidly. However, as
briquette only develops based on shear damage, its bearing capacity begins to decline,
and its internal structure disenables a sudden stress drop, so its permeability grows
only gently.

3.2. Relation between Permeability and Axial Stress

Based on the data of strains and permeabilities of briquette and raw coal in the loading
stage, the permeability-axial stress curves of the two samples were obtained (Figure 7).
When the axial stress is below the yield stress, the permeabilities of raw coal and briquette
show essentially the same variation trend, that is, they decline with the increase of axial
pressure and reach the minimum at the yield stress point. The difference is that the
permeability of raw coal diminishes more gently than that of briquette. This shows that
briquette is loose and soft, with a large number of voids and a large compressible space;
although raw coal has primary fractures, its initial permeability is low and cannot be
enhanced obviously by compression.
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Figure 6. Axial pressure-permeability-strain curves of briquette and raw coal. (a) Briquette; (b) raw coal.
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Figure 7. Axial pressure-permeability curves of briquette and raw coal. (a) Briquette; (b) raw coal.

When the axial pressure exceeds the yield stress, the permeabilities of both coal sam-
ples begin to grow, but in obviously different variation trends. In the plastic deformation
stage (BC section), briquette exhibits only a smooth rise in permeability, while raw coal
shows a steep rise due to the fracture seepage caused by the development of primary
fractures and the generation of new fractures.

The peak stress point indicates that the sample reaches its maximum bearing capacity.
At this time, the fractures accumulated before the peak reach a critical number, and the
sample is on the verge of complete damage, which is a turning point for permeability. The
instability damage stage (CD section) reflects the post-peak permeability variation trend.
From Figure 7a, it is observed that after the peak stress, raw coal exhibits a rapid stress drop
and a steep permeability rise, and this phenomenon indicates that its main fracture emerges
and extends suddenly, so the damage is sudden. After raw coal is damaged, its gas pressure
gradient soars, thus raising the risk of coal and gas outbursts. From Figure 7b, it can be
seen that, unlike raw coal, briquette does not feature suddenness in its parameters, that is,
the two samples differ essentially in terms of damage modes and seepage characteristics.
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4. Discussion
4.1. Sensitivity Analysis on Gas Permeabilities of Briquette and Raw Coal

In this test, the change in axial pressure affects the permeability of the coal sample at
all stages. The entire variation of axial pressure was normalized to analyze the sensitivity
of coal permeability to axial pressure in each stage. The axial pressure and permeability
exhibit different trends throughout the process and the absolute values of their variations
in all stages were summed as 1 for normalization. The axial pressure and permeability
gradient curves of the two coal samples are given in Figure 8.

—@— The axial pressure of briquette —®— The axial pressure of raw coal

—®— The permeability of briquette —®— The permeability of raw coal

A B C D
Stage

Figure 8. Axial pressure-permeability gradient curves of briquette and raw coal.

For briquette, its permeability and axial pressure gradients have the same variation
trend, both being the largest (55% and 63% respectively) in the elastic deformation stage
(AB section) and relatively small in the other stages. This shows that, under triaxial com-
pression, the permeability of briquette is significantly affected by the axial stress and is the
most sensitive to axial pressure in the elastic deformation stage.

In contrast, for raw coal, the variation laws of permeability and axial pressure are
relatively inconsistent. Nevertheless, in the plastic deformation stage (BC section) and
instability damage stage (CD section), the variation laws of the two parameters are roughly
consistent, which indicates a relatively high sensitivity of its permeability to axial pressure
in these two stages.

4.2. Analysis of the Suddenness of Coal and Gas Outbursts

Generally, the occurrence of coal and gas outbursts can be divided into four stages:
preparation, initiation, development, and termination. However, some scholars believe
that initiation and termination are only two mutation points, while only preparation and
development are continuous processes [21]. The seepage tests on briquette and raw coal
under triaxial compression can provide new insights into the mechanism of coal and
gas outbursts.

Based on the complete stress—strain test and seepage test on raw coal, it is found
that the initial compaction stage and elastic deformation stage of the stress—strain-seepage
velocity variation belong to the preparation stage of coal and gas outbursts. In this stage,
with the rise of axial pressure, the increasing elastic energy from the elastic deformation
blocks the gas flow channel, and thus the gas internal energy mounts up obviously. These
changes create conditions for the initiation of an outburst. In the plastic deformation
stage, plastic deformation occurs because of stable extension of continuously distributed
microfractures. At this time, the stress of the sample reaches a limited equilibrium state.
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In the instability damage stage, the stress drop is a mutation point of outburst initiation.
Under the action of axial pressure, the limited equilibrium state of stress is damaged into an
instability state. At this time, the sudden release of elastic energy and gas internal energy
accumulated in the solid medium of the coal body leads to sudden coal damage, which
enables a continuous outburst until the coal body completely loses its bearing capacity.
When the subsequent elastic energy and gas internal energy are below the surrounding
constraining force, the outburst terminates.

Coal and gas outburst is a kind of dynamic disaster that can be intensely completed
within a short time. The difficulty in predicting it lies in its suddenness. As can be concluded
from the test, after reaching the peak, the stress of raw coal drops sharply within a short
time, accompanied by an increase in gas pressure gradient and a surge of seepage velocity,
which is quite close to the occurrence of coal and gas outbursts on site, while the changes in
briquette are quite different from the real outburst. Such a result shows that the suddenness
of coal and gas outburst is determined by the sudden coal damage under the joint action
of in situ stress (axial pressure and confining pressure) and gas pressure, which cannot be
accurately reflected by briquette.

5. Conclusions

(1) The complete stress—strain curves of briquette and raw coal have similar trends
and can be divided into four developing stages: initial compaction stage, elastic
deformation stage, plastic deformation stage, and instability damage stage. However,
due to the difference between the two samples in structural property, their deformation
and damage mechanisms are different. Briquette has a lower compressive strength
and experiences a much more severe deformation than raw coal. Therefore, the
applicability of briquette in place of raw coal for the simulation study on mechanical
behavior needs to be investigated further;

(2) Permeability changes with the deformation and damage of coal, and the variation
trend corresponds to the deformation and damage developing stage under load. As
the axial pressure rises in the loading process, the permeability of raw coal declines or
remains almost unchanged in the initial compaction stage and the elastic deformation
stage, and then surges in the plastic deformation stage and the instability damage
stage. In contrast, that of briquette plunges in the initial compaction stage and the
elastic deformation stage, remains almost unchanged in the plastic deformation stage,
and grows steadily in the instability damage stage, but its final permeability is lower
than the initial value;

(3) Under triaxial compression, the permeability of briquette is the most sensitive to axial
pressure in the elastic deformation stage, while that of raw coal is the most sensitive
in the plastic deformation stage. In the test process, compared with the stable damage
of briquette, the sudden damage of raw coal is closer to the suddenness of on-site coal
and gas outbursts;

(4) The variation law of coal permeability is related to the law of coal deformation,
and the four stages of the complete stress—strain-seepage test of raw coal can well
explain the four stages of the coal and gas outburst process, i.e., preparation, initiation,
development, and termination. Therefore, coal and gas outbursts can be predicted
by utilizing the variation laws of coal deformation and damage and permeability in
the field.
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Abstract: In view of the problem that anchored bedding rock material is prone to instability and
failure under impact loading in the process of deep coal mining, and taking the lower roadway of a
deep 2424 coal working face in the Suncun coal mine as the engineering background, a mechanical
model of anchored bedding rock material was established, and the instability criterion of compression
and shear failure of anchored bedding rock material was obtained. Then, the separated Hopkinson
pressure bar was used to carry out an impact-loading test on the anchored bedding rock material,
and the dynamic mechanical properties of the rock with different anchoring modes and bolt bedding
angles were studied; the evolution law of the strain field of the anchored bedding rock material was
also obtained. The results show the following: (1) The bolt support could effectively improve the
dynamic load strength and dynamic elastic modulus of the rock material with anchorage bedding,
the degree of improvement increased with the increase in the angle of the bolt bedding, and the full
anchorage effect was much higher than the end anchorage effect was. (2) The bolt bedding angle and
anchorage mode greatly influenced crack development and displacement characteristics. After an
impact, the bedding rock material had obvious shear displacement along the bedding direction, and
obvious macroscopic cracks were produced in the bedding plane. The research results offer theoretical
guidance to and have reference significance for deep roadway anchorage support engineering.

Keywords: anchored bedding rock material; impact loading; instability mechanism; complex stress

environment; shear failure

1. Introduction

Deep coal resources are an important guarantee as China’s main energy sources [1-3].
Statistics show that coal resources with a depth of more than 600 m account for about 73% of
the total coal, while coal resources with a depth of more than 1000 m account for about 53%.
Deep mining is becoming the new normal in coal-resource development [4,5].

In the process of deep coal mining, the surrounding rocks of deep roadways bear
large initial ground stress, and the superposition of supporting pressure leads to stress
concentration, which places the surrounding rock in a state of high strength compression
for a long time [6-8]. In addition, the mining process is often accompanied by the periodic
fracturing and the lateral collapse of the overlying strata, fault slips, blasting, and other
activities [9,10]. The impact loading generated by these activities causes strong disturbance
to the surrounding rock of the roadway [11-14]. When the static load and impact loading
of the surrounding rock in the mining space exceed the critical load of the impact fail-
ure of coal and rock material, the surrounding rock becomes unstable, resulting in roof
collapses, hydraulic support compression frames, partial sidewalls, and other rock burst
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accidents [15-18]. The complex geological environment of the surrounding rock is also an
important factor that threatens the stability of the surrounding rock of roadways [19,20].
As layered composite rock material is widely distributed in underground roadways, and
the bedding plane of the rock stratum is its natural weak surface, the existence of bedding
weakens the antideformation ability of the rock material and reduces the stability of the
surrounding rock [21-25]. Therefore, the layered surrounding rock of deep coal mining
roadways is prone to instability and failure under impact loading, and supporting it is very
difficult [26,27], which has become one of the main bottlenecks restricting the safety of deep
coal mining.

Aiming at the failure problem of anchorage structures under impact loading, Wu
Yongzheng [28,29] analyzed the dynamic load response characteristics of surrounding
anchorage rock under impact loading, and studied the dynamic response law of anchorage
rock under lateral impact load, and the influence of impact energy and bolt mechanical
properties on rock material mechanical behavior. Mu Zonglong [30] analyzed the failure
conditions of roadway surrounding rock under static load, and dynamic and static loads,
and experimentally studied the failure conditions of dynamic load on surrounding roadway
rock. Wang Zhengyi [31] analyzed the dynamic effect of longitudinal waves, established
the criterion of rock burst of anchoring roadway support structures, and formulated the
corresponding preventive measures. Wang Aiwen et al. [32] found that there is an obvious
time difference effect between the vibration of the bolt and the surrounding rock under
impact loads, which leads to the asynchronous vibration of the bolt and the surrounding
rock, resulting in the dynamic shear of the anchorage agent. Qiu Pengggqi [33] believed that
improving the antisliding characteristics and coordinated deformation ability of a rock, the
anchoring agent and bolt can effectively prolong the anti-impact aging time of anchoring
rock and reduce the impact of dynamic load on the supporting structure of surrounding
anchoring rock. Skrzypkowski K [34,35] believed that the places of particular exposure
to shear stresses are faults and layered roof layers; between them, there are surfaces of
reduced cohesion. Jiao Jiankang [36] analyzed the dynamic load response characteristics
and impact failure evolution process of roadway anchorage bearing structures under
dynamic load disturbances, and put forward the impact-failure criterion, and the criterion
of anchorage bearing structures under dynamic load disturbance and the control technology
of surrounding roadway anchorage rock under dynamic load disturbance.

These studies revealed the failure mechanism of anchorage structures under impact
loading to a certain extent, and put forward the corresponding control technology of
anchorage rocks of rock burst roadways, but failed to fully reveal the overall instability
mechanism of anchorage bodies. There is little research on dynamic instability of anchorage
bodies under complex stratum conditions, which fails to solve the problem of the instability
and failure of anchored bedding rock material that widely exists in engineering geology.

Therefore, the lower roadway of 2424 coal working face in Suncun Coal Mine was
taken as the engineering background, the mechanical model of the anchored bedding rock
material is established, the compression and shear instability criterion of the anchored
bedding rock material is put forward, and the split Hopkinson pressure bar test device
was used to carry out an impact loading test on the anchored bedding rock material and
reveal the influence law and instability mechanism of the angle between different bolts and
bedding and the anchoring mode on the mechanical properties of the bedding rock material.

2. Stress Analysis and Instability Mechanism of Anchored Bedding Rock Material
2.1. Engineering Background

Taking the lower roadway of 2424 coal working face in the Suncun coal mine as an
example, the coal seam of the —800 m level 2424 coal working face was four coals, and the
rock column diagram is shown in Figure 1.
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Thickness

Lithology Histogram / Lithological description
'm
; Gray - white, gray, medium - fine, hard, middle
Sandstone 31.8 L .
: z containing 2 ~ 4 layers of coal line.
Coal 1 : 0.4 Bad coal.
Sandstone : 7.0 Gray white, quartz-based, (.:ontammg fossil
; 2 ; plants, unstable thickness.
Coal 2 2.2 Complex structure unstable, containing gangue.
Sandstone 3.0 [Light grayish white, hard, layers non-development,|
Siltstone 2.0 Gray siltstone, brittle easy no layer strong.
Coal 3 1.0 The top contains gangue.
Siltstone 3.0 Gray, containing mud.
Sandstone . : 9.8 Sandstone, grayish white, hard, thick bedding.
Mudstone 14 Black, fragile, layered.
Sandstone 472 Sandstone, grayish white, hard.
Siltstone 1.6 Gray siltstone, bedding development.
Coal 4 24 Coal seam structure Simplicity.
Siltstone 7.2 Gray, containing fossil plants, containing a
small amount of mudstone.
Sandstone : 10.7 Sandstone, grayish white, hard, thick bedding.
Mudstone 8.0 Black, fragile, stratiform, containing fossil
plants.
Sandstone 43 Sandstone, grayish white, medium, hard.

Figure 1. 2424 Coal working face rock histogram.

The average thickness of the coal seam was 2.4 m, and the dip angle was 26.5°. The
direct top was siltstone and sandstone, thickness was about 5.8 m, bedding development
was relatively hard, and compressive strength was 21.2 MPa. The basic roof was mainly
sandstone with about 11.2 m thick and hard bedding. The buried depth of the lower
roadway in the 2424 coal working face was 1254 m, and the total length was 1132 m. The
section was trapezoidal, and the net width was 4 m. The height of the left side was 3 m,
and the height of the right side was 4 m. The roof was an arc section, as shown in Figure 2.
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Figure 2. Schematic diagram of roadway support.

The mining process of the coal working face uses a $22 x 2400 mm HRB 600 resin
anchored anchor bolt + diamond mesh + W steel belt + tray support. The anchor bolt
anchorage length was 1.2 m. The three middle rows of anchor bolts were installed on the
vertical roof (at an angle of 14° with the vertical line), and the outermost anchor bolts were
installed at an angle of 20° with the vertical line.
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This was adopted by two gangs, namely, $22-2200 mm MSGLD-600(x) equal strength
threaded steel bolt + diamond mesh + W steel strip + high-strength tray support. The
lowest row of bolts on the two sides of the roadway was 500 mm from the roadway floor
and inclined downward at an angle of 30° with the horizontal line. The lowest row of bolts
on the two sides of the roadway was 500 mm from the roadway roof and inclined upward
at an angle of 30° with the horizontal line.

A half-length anchor was adopted for the two sides and the roof. The anchoring length
was 1.4 m. Fast-setting resin was selected as the anchoring agent, composed of two kinds
of materials, namely, resin cement (cement containing resin, dolomite powder, silica, and
accelerator) and a curing agent (containing benzoyl peroxide, light calcium, and water).

2.2. Stress Analysis of the Anchored Rock Material

The dynamic action in the mining process mainly comes from mining activity and
the stress response of surrounding rock to the mining activity. The mining process of a
coal seam is always accompanied by the movement of the overlying strata. The high stress
waves generated by the roof breaking in the movement of the overlying strata form mutual
interference and superposition in the coal and rock, and have a strong disturbance effect on
the surrounding rock of a roadway.

Taking the lower drift of coal working face 2424 of the Suncun coal mine as an
example, when the layered composite surrounding rock roof and two sides of the deep
mining roadway were supported by bolts, the anchored surrounding rock was subject to
high ground stress and impact loading, which led to the surrounding anchored layered
rock very easily losing stability and breaking the ring, as shown in Figure 3a.

Dynamic [
load source

Op
Siltstone

(a) (b)

Figure 3. Stress environment of the surrounding rock and mechanical model of anchored bedding
rock material. (a) Anchorage structure and stress environment of layered composite surrounding
rock in Inclined Mining Roadway; (b) Mechanical model of anchorage bedding rock mass.

In order to study the stress condition and instability mechanism of the anchored
surrounding rock at the bedding development under impact loading, the mechanical model
of the anchor under impact loading was established with the roof anchor as the research
object, as shown in Figure 3b. The inclination angle of the anchor rod was 61, and bedding
dip angle was a. The anchor body was subjected to vertical stress of surrounding rock o,
and horizontal stress 0}, was also affected by the dynamic load disturbance caused by roof
fracture instability. The dynamic load was 04, which included angle with anchor rod 65.

A dynamic load generated by roof fracture instability mainly propagates in the form
of stress waves in the rock structure. As the surrounding rock in the actual project is
heterogeneous and anisotropic material, it is difficult to accurately analyze it. Therefore, the
following were assumed: (D The surrounding rock of the roadway is an ideal homogeneous
elastic—plastic body; (@ at a certain distance from the source, the stress waves propagating
in the rock can be regarded as plane waves [37]. The shear wave effect of the stress waves
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was not considered, and the dynamic load (0p) generated by longitudinal waves (P) P can
be expressed as follows:
0p = pCpvp @D
where C,, is the propagation velocity of P waves, m/s; vp, is the peak vibration velocity of
the particle at the boundary of the dynamic load source, m/s; and p is the density of rock
mass, kg/ mS.
The research shows that the propagation of stress waves in a coal rock medium presents
a power function attenuation law [38], and the attenuation law of particle vibration velocity
can be expressed as follows:
v=0v,L7" )

where v is the peak vibration velocity of the particle at the propagation of the stress
wave, m/s; L is the distance from the boundary of a moving source, m;  is the peak
velocity attenuation coefficient related to the propagation medium; attenuation coefficients
1 of the intact rock mass, intact coal body, and fractured coal body are [38] 0.5755, 0.867,
1.0655, respectively.

Combining Formulas (1) and (2), the dynamic load caused by stress-wave propagation
to the surface of the anchorage structure is:

og = pCpvp L™ (3)

At this time, stress at any point O on the anchorage body can be characterized along

the inclined direction (x axis) and the vertical direction (y axis) of the bolt as follows:
01 = 0x = 0y - sin0y + pCpop L7 - cos 6

07 = = . 0 N .si (4)

3 = 0y = 0y - costh + pCpupL sin 6

According to the Mohr-Coulomb criterion, because of 03 > 0, when 07 = 0 - sin 6y +
pCpupL™" - costh > o¢ (0. is uniaxial compressive strength of anchorage), compression
fracture occurs in the surrounding rock of an anchor solid.

2.3. Shear Failure Mechanism of Anchorage Rock Material

Since the dynamic load propagation process is transferred from sandstone to siltstone,
and the propagation velocity of stress waves in different strata is different, shear dislocation
occurs on the joint surface, and shear failure occurs on the anchorage body. In order
to analyze this problem, the instantaneous shear model of anchor solid bedding surface
under dynamic load was established, as shown in Figure 4. Assuming that the transverse
displacement of the structural plane was U, the longitudinal displacement was U, and
U, = U; tany, ¢ is the shear angle of the structural plane.

Then, the lateral deformation of the bolt is 17, and the axial deformation is 1. Accord-
ing to the geometric relationship:

uy = Uy sin(a + 61)/cos « 5)

u, = U,/ sin(oc + 91)

The shear strength of the anchored bedding rock material is generally composed of

four parts: the shear strength of the bedding plane itself 7;, the shear strength contributed

by the ‘pin” action of the bolt body Tp;, and the shear strength contributed by the normal

and tangential components of the axial load of the bolt along the joint surface T3, Tps

[39]. Therefore, shear strength T;; of the anchored bedding rock material can be expressed
as follows:

Tpj = Tj + Tod + Tor + Tos (6)
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Figure 4. Instantaneous shear model of anchor solid bedding plane.

According to the Coulomb-Mohr criterion, the shear strength 7; of the bedding plane
itself is:
T = ojtan(yp+¢') +¢ )

where o is the normal stress of the structural plane, ¢ is the structural surface adhesion,
and ¢’ is the structural surface friction angle.
Tpd, Trd, and Tpg can be calculated with the following formula:

Ty = 0p - sin(a + 67) - 17 - tan ¢/ (8)

Tpg = Tp - 1[sin(a + 67) /cos a]
Tps = 0p - cos(a+01) - 1

where 0y, is axial stress of the bolt, Tj, is the average shear stress on the cross-section of the
bolt, and # is the ratio of the cross-sectional area of the bolt to the area of the bedding plane
containing a single bolt.

In order to obtain the axial stress of the bolt, a bolt element was taken for stress
analysis, as shown in Figure 5.

-« W

oSS S S S
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LSS ST ST S
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Figure 5. Mechanical model of a bolt element.
According to the unit force balance, the differential equation is established:
N(x) — mDt(x)dx = N(x) + dN(x) 9)

where N(x) is the axial force of the bolt at position x from the bedding plane, D is the bolt

diameter, and T(x) is the interfacial shear stress at x position from the bedding plane.
Through the linear relationship between load and displacement, and the stress equi-

librium state of bolt, the equation of interfacial shear stress with displacement is obtained:

T(x) = Ku(x) (10)
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where u(x) is the axial normal strain of the bolt; and K is the comprehensive shear stiffness,
K = Klflfﬁz (K7 and Kj are shear stiffness of slurry and shear stiffness of rock material,
respectively).

Combining Formulas (9) and (10), we can obtain the following:

dN(x)
dx

= nDKu(x) (11)

Then, the axial strain &(x) of the bolt at a distance from the bedding plane x can be
expressed as follows:
_du(x) ox  N(x)
=" TET EA
where E is the elastic modulus of the anchor, and A is the cross-sectional area of the anchor.
From the above analysis:

(12)

d?N(x) K-N(x)
dx2 EA =0 (13)

When the bedding plane is damaged, it is assumed that the axial force of the bolt at
the bedding plane is pretightening force Ny, and the axial force at the distance from the
joint plane u; (axial deformation of the bolt) is 0. Therefore, the boundary conditions are
N (x =0) = Ng, N (x =1) =0, and the solution is:

sinh {\/g(uz - x)]

sin (uz Eﬁ)
Then the axial stress o, of bolt is:

Nosinh{, / %(wz - x)} 5)

nD? . 4K
T i 12 255

N(x) = Ny (14)

oy =

Before the failure of the bedding anchor solid, the anchor and rock near the bedding
plane are in an elastic state. According to the principle of elastic mechanics, the lateral
deformation of the anchor satisfies:

d4u1 Dk
“Zui =0 16
it TEM (16)
where k = 300 ¢./D, the rock reaction coefficient; and EI is the anchor bending stiffness.

Analysis shows that, when y = 0, the bending moment is 0; when y— oo, the bending

moment is 0, and the shear force is 0:

Mo = —EI"% =0

My o0 = —El% =0 (17)
d3

From these boundary conditions, the relationship between the lateral displacement of
the bolt and shear stress T}, in the shear-slip process of the bedding plane can be obtained:

8EIuy (y)

3 (18)
pD? (1)

Ty =
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The reaction force provided by the rock in the elastic state is p = ku;. When the
compressive stress is too large, the rock produces plastic failure and reaches the ultimate
reaction, p = no.. At this time, the lateral elastic displacement limit of the bolt end is
u1 =nD/300. nis a coefficient dependent on the internal friction angle of rock, and its value
is 2-5 according to the degree of rock hardness.

Comprehensive Formulas (6)—(8), (15) and (18) can be substituted into numerical values
to obtain the shear strength at any point (x, y) of the rock material with anchor bedding:

Nosinh[ i(142—36)]

i (x,y) = ojtan(yp + ¢') + —; S_n(iwz ) -17[sin(a + 67) / cos a]+
2= sin (12 ap (19)
M - [sin(a + 61) - tan ¢’ + cos(a + 61)]

pD?(55)*

When g4 sin(6; + &) + 0psina = pCpvp L™ sin(01 + ) + 0y Sina > Tyjmay, the bed-
ding plane shear failure occurs in the anchored bedding rock material under dynamic load
disturbance, resulting in anchoring failure.

On the basis of the stress analysis of anchored bedding rock material, the instabil-
ity criterion of anchored bedding rock material in a complex stress environment can
be obtained:

{ 0y - sinfy + pCpvp L™ - cos 6 > 0., Compression Failure (20)

pCpopL~"sin(01 + &) + 0p Sina > Tyjmayx, Shear Failure

where o is the uniaxial compressive strength of rock mass.

According to this formula, the parameters of the bedding anchor solid can be obtained
with field measurements, and physical and mechanical tests, and the instability of the
anchored bedding rock material can be judged:

@® When oysin6; + pCpvpL™" - cosby > o¢, pCpvpL™"sin(0; + &) + oy sina > Thjmaxs
shear compression failure occurred in the anchored bedding rock material.

@ When oysin6; + pCpop L7 - costy < ¢, pCpvpL~"sin(0; +a) + oy sina > Thjmaxs
shear failure occurred in the anchored bedding rock material.

® When oy sin; + pCpopL™" - costy > o, pCpvpL~"sin(0; + &) + v sine < Tyjmax,
compression failure of the anchored bedding rock material.

@  When oy siny; + pCpopL™" - cos 0y < 0, pCpvpL~"sin(6] + ) + 0psina < Tyjmax,
the anchored bedding rock material is not damaged.

3. Anchored Bedding Rock Material Impact Loading Test
3.1. Sample Preparation

According to the instability criterion of anchored bedding rock material, under the
condition of a constant surrounding rock stress environment, the angle between bolt and
bedding, and the physical and mechanical properties of anchorage body are important
factors affecting the instability of anchored bedding rock material. In order to further study
the mechanical properties and instability mechanism of anchored bedding rock material,
the impact loading test of anchored bedding rock material was carried out.

According to the stress conditions of the anchor solid, as shown in Figure 3b, assuming
that the dynamic load of the rock fracture acted vertically on the anchor, the anchorage
bedding rock specimen was produced as shown in Figure 6, where the angle between the
anchor and the bedding plane was 6, 6 = & + 6.
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Figure 6. Schematic diagram of inclined bedding surrounding rock anchorage specimen.

Taking the surrounding rock of the lower roadway in the 2424 working face of the
Suncun coal mine as the research object, the siltstone and sandstone of the roof were selected.
After drilling, cutting, and grinding, columnar specimens with different inclination angles
were produced. The siltstone and sandstone specimens were bonded with epoxy resin,
and specimens of ®50 x / 50 mm were produced. In order to study the influence of the
bolt bedding angle and anchorage method on the mechanical properties of anchorage rock
material, three groups of specimens were designed. As shown in Table 1, Group A was
the control group and the full-length anchorage. The bolt bedding angle was 15°. Test
Group 1 was anchorage specimens with different bolt bedding angles, and the bolt bedding
angles were 30° and 45°, which were all full-length anchorage specimens. Test Group 2
was the anchorage specimens with different anchorage modes, and the angle between the
bolt beddings was 15°. The anchorage modes were nonanchor and end anchor.

Table 1. Anchored bedding rock material impact loading test design table.

Group Schematic Diagram 1 Schematic Diagram 2 Schematic Diagram 3
A:15° B: 30° C: 45°
Agglomerant Agglomerant _Agglomerant
siltstone|§[ / ™\, siltstone ’
Test 1: \
bedding angle.
Sandston
Bolt
A: full-length anchor. D: end anchor. E: nonanchor.
Aggl t
. g omeran ) Agyglomerant - :
\, Siltstone Siltstone| [ / \\Slltstone 3
Test 2:

anchored form.

| i
——

Sandston

Bolt

The anchoring process of the full-anchor specimen was as follows. First, a 5 mm
drilling rig was used to drill axially into the middle of the side of the composite specimen.
A 4 mm high-strength rebar was used as the indoor experimental anchor, and a flat cushion
was used to simulate the tray. A mechanical torque wrench was used to impose preload
torque on the anchor. Then, an epoxy resin adhesive was selected as the anchoring agent
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and was injected into the pores with a needle pipe. After a period of time, it solidified. The
end-anchored specimen only used high-strength rebar as the anchor rod, and the flat pad
simulated the tray. After applying the preload torque, no anchoring agent was added. The
size parameters and preload torque are shown in Table 2.

Table 2. Test specimen parameters.

Number Anchored Form  Bedding Angle/° Tightening Diameter/mm Height/mm  Dynamic Speed/m/s
Torque/N-m
A-1 Full-length 15 19.9 499 499 9.24
A-2 anchor 20.1 50.0 50.0 9.21
B-1 Full-length 30 20.0 50.0 499 9.27
B-2 anchor 20.0 50.0 50.0 9.22
C-1 Full-length 45 19.9 50.0 50.0 9.23
C-2 anchor 20.0 50.1 50.0 9.20
D-1 20.1 499 50.0 9.19
D-2 End anchor 15 20.0 50.0 50.0 9.22
E-1 0 50.0 49.9 9.25
E-2 Nonanchor b 0 49.9 50.0 9.28

After the preparation of each type of specimen had been completed, the strain
gauge (SG1) was pasted perpendicular to the loading direction at the center of the specimen
disk surface to monitor the strain of the anchor solid matrix during the test. The strain
gauge (5G2) was pasted onto the middle surface of the bolt to monitor the tensile strain of
the bolt during the test.

3.2. Testing Equipment

The test equipment comprised the 50 mm split Hopkinson pressure bar (SHPB)
system, as shown in Figure 7. The incident rod, transmission rod, and absorption rod
are produced with a $50 mm steel rod with an elastic modulus of 206 GPa, and the
compression rod material was 48CrMoA. The length of the man-shot and transmission
rods was 1500 mm, and the length of the absorption rod was 1000 mm. In order to produce
sine waves with a slow loading section, we adopted a spindle-shaped bullet of the same
material for the punch with a maximal diameter of 50 mm and length of 365 mm, and
the strain signal transmission frequency and maximal sampling frequency of the dynamic
strain gauge were 1 MHz.

Static pressure  Axial static pressure
loading pump loading system

Nitrogen power
plant

Ultrahigh-
speed camera

Nitrogen
cylinder

Dynamic Impact

velocimeter —=| ® - i
| Control System

...... ; ﬂ
High speed I-T'
dynamic acquisition
e Y |

Figure 7. Separation Hopkinson pressure bar test system.

"= Dynamic Signal
- Acquisition and
Analysis System
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3.3. Test Scheme

Before the test, the front and rear faces of the specimen were ground, polished, and
smeared with lubricant to ensure good contact between the specimen, and the input and
output rods. Speckles were produced on the surface of the specimen in advance. During
the test, a VisionResearch/V410L high-speed camera was used to capture the whole process
of the impact failure of the specimen, and the digital image correlation method was used to
obtain the crack and displacement changes during the failure of the specimen.

During the impact loading process of the rock material with anchorage bedding, the
designed stress wave was incident from the vertical bolt on the side of sandstone, and the
composite specimen without anchorage bedding was tested several times to determine the
appropriate impact velocity and ensure the complete fracture of the specimen; the impact
speed of each group of test pieces is shown in Table 2. After the preparation work had been
completed, the impact loading test of the anchored bedding rock material was carried out
successively. The incident and reflected waves, and transmission pulse in the transmission
rod were measured and recorded with the strain gauge. According to [36], the dynamic
strain &(t), strain rate ¢, and stress ¢ of the sample are indirectly obtained by using the
three-wave method. The calculation formula is as follows:

t
e(t) = co/lo/O g — & — &4dT (21)
e=co/lo(e; — &r — €t) (22)
o= AE/2Ap(e; + & +€1) (23)

where g is the elastic wave velocity of the bar, m/s; Ay is the original cross-sectional area,
mZ; g, &, and ¢ are the time-history strains of the incident wave, reflected wave, and
transmitted wave when they propagated independently; A is the cross-sectional area of the
rod, mZ; and E is the elastic modulus of the rod, Gpa.

4. Test Result Analysis
4.1. Characteristics of Stress—Strain Curve

In order to obtain the influence law of bolt bedding angle and anchorage mode on
the mechanical properties of the anchored bedding rock material, the stress—strain curve
characteristics of the specimen were first analyzed. In the test, all specimens were subjected
to compressive shear failure under impact loading, and the fracture was relatively complete.
The dynamic stress—strain curves of the specimens are shown in Figure 8. The experimental
results are shown in Table 3.

100
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Figure 8. Stress—strain curve. (a) Angle between bolt and bedding; (b) Anchoring method.

109



Materials 2022, 15, 6560

Table 3. Dynamic strength and peak strain of anchorage rock specimens.

Groups Number and Cateeo Peak Mean Peak Peak Mean Peak
P gory Stress/MPa Stress/MPa Strain/10—3 Strain/10—3
A-1 o 80.28 7.06 80.28
Control group A2 15°, full anchorage 79.75 80.02 708 79.75
B-1 5 88.31 7.14
B2 30 87.71 88.01 710 7.12
Stratification angle 1 102.23 707
Co 45 10471 103.47 730 7.20
D-1 67.60 6.75
D-2 End anchorage 68.69 68.15 6.55 6.65
Anchoring method ) 6103 .39
E2 No anchorage 60.07 60.55 631 6.35

Figure 8 and Table 3 show that all specimens had slight crack compaction signs at
the initial loading stage and then quickly entered the elastic state; stress and strain were
basically linearly increased, and then the stress increase tended to be flat. When the stress
reached the peak, the rock was destroyed, and the stress dropped to the plastic state. The
angle between bolt and bedding, and anchorage mode affected the dynamic stress—strain
characteristics of the anchor solid.

The analysis of Experimental Group 1 shows that the average peak stress of the
specimens (C-1, C-2) with an angle of 45° was 103.47 MPa, 17.57% higher than that of the
specimen with 30° (B-1, B-2), and 29.31% higher than that of the specimen with 15° (A-1,
A-2). The dynamic load strength of anchorage body increased with the increase in the angle
between anchor and bedding, but the influence is limited. The analysis of Experimental
Group 2 shows that the average peak stress of the fully anchored specimen (A-1, A-2) was
80.02 MPa, which is 17.42% higher than that of the end-anchored specimen (D-1, D-2), and
32.16% higher than that of the nonanchored specimen. The bolt support could effectively
improve the dynamic load strength of the inclined bedding rock material, and the fully
anchored effect was much higher than that of the end-anchored effect.

4.2. Dynamic Elastic Modulus of the Specimen

In order to investigate the influence of different bedding angles and anchorage modes
on the dynamic deformation capacity of anchorage body, the dynamic elastic modulus E;
of the specimen was calculated according to Formula (24).

£ _ 2P(t) 2D[1 — 0.7854(1 — )]
47 DL Aoy

(24)

where P(t) is the failure load, y is Poisson’s ratio of the rock mass before peak stress, doy is
the total displacement of the specimen center along the diameter direction in the vertical
loading direction when the specimen is damaged, D is the specimen diameter, and L is the
length of specimen.

Dynamic elastic modulus E; under different conditions was obtained with numerical
calculation, as shown in Figure 9.
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Figure 9. Dynamic elastic modulus (E;).

Figure 9 shows that the angle between the bolt and bedding, and the anchoring mode
impacted the dynamic elastic modulus of the specimen. The E; of the specimen increased
with the increase in the angle between the bolt and bedding, and the increase was obvious.
When the angle was 15°, the E; of the specimen was 9.45 GPa. When the angle was 30°
and 45°, the E; of the anchorage body increased by 9.52% and 27.41%, reaching 10.35 and
12.04 GPa, respectively, and the tensile elastic modulus was effectively improved. Analysis
shows that, with the increase in the angle between the bolt and the bedding, when it was
subjected to dynamic load impact, macroscopic crack propagation is difficult, and it is more
difficult to damage the rock material, so that the dynamic elastic modulus of the anchorage
bedding specimen is improved.

In the nonanchor, the dynamic elastic modulus E; was 7.98 GPa. After the end
anchorage, the E; of the specimen was improved to a certain extent, about 7.64%, reaching
8.59 GPa. When the full anchor was used, the E; of the specimen was increased by 18.42%
t0 9.45 GPa, and the tensile elastic modulus of the specimen was significantly improved.
Analysis shows that, under dynamic load impact, the bolt of the end-anchored specimen
had an axial anchoring effect that changed the tensile properties of the anchorage body.
For the fully anchored specimen, the bolt also had an axial and tangential anchoring effect,
thus effectively improving its dynamic elastic modulus.

4.3. Evolution Law of Strain Field

In order to explore the strain field evolution law of an anchored bedding rock mass
under impact dynamic load, and to study the shear displacement process of a rock mass
along the bedding direction, an ultrahigh-speed camera and digital speckle measurement
technology were used during the test [33,39]. By capturing the y-direction strain cloud map
of the dynamic load response of the anchored bedding rock mass from prepeak to postpeak
under dynamic load, the strain field evolution law of anchored bedding rock mass was
obtained. The results are shown in Figure 10.
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Figure 10. y-direction nephogram of the dynamic load response of an anchorage body.

Figure 10 shows that, after the full-anchor specimen with an angle of 15° between the
bolt and the bedding had been subjected to impact, the central position of the impact side
first formed the maximal y-direction strain concentration zone and gradually extended
inward. When it extended to the vicinity of the bedding plane, the strain began to expand
along the bedding face to both sides of the tip, producing macroscopic cracks and gradually
extending to the end of the specimen. At that time, when the specimen was in the peak
state, the failure of the specimen entered the plastic state, and the crack propagation of the
bedding plane gradually stopped. The anchorage rock material formed a more obvious
shear movement along the vicinity of the bedding plane, and the coarse sandstone of the
impact side moved upward, while the strain of the fine sandstone side was smaller and
more stable. After the full-anchor specimen with an angle of 30° had been impacted, the
maximal y-direction strain concentration zone first formed near the central position of the
impact side and the upper tip of the bedding plane, and gradually extended inward; then,
the maximal strain zone began to expand along the bedding plane towards the central area,
resulting in macroscopic cracks. The specimen broke into the postpeak plastic stage, and
the crack propagation of the bedding plane gradually stopped. The anchorage rock material
formed a more obvious shear movement near the bedding plane, and the coarse sandstone
moved upward on the impact side, while the strain of the fine sandstone side was small
and stable. After the full-anchor specimen with an angle of 45° had been impacted, the
maximal y-direction strain concentration zone was first formed near the bottom bedding
plane of the specimen, and the maximal strain zone began to expand along the bedding
plane to the upper region. The strain near the bedding plane was much larger than that on
both sides. The macroscopic cracks of the through specimen were generated at the bedding
plane. Subsequently, the specimen broke into the postpeak plastic stage, and the fracture
expansion of the bedding plane gradually stopped. The anchoring rock material formed a
relatively obvious shear movement near the bedding plane. The coarse sandstone on the
impact side moved upward at an angle of 45°, while the strain on the fine sandstone side
was small and stable.
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At the same time, Figure 9 also shows that, after the end-anchored specimen had
been impacted, the maximal y-direction strain area formed by the impact side gradually
expanded inward, and the strain near the joint surface was slightly higher than that in other
areas. After entering the postpeak stage, the upper part of the specimen was affected by
the end-anchored anchorage, and its strain was small, which is in sharp contrast to the free
section of the lower part. In addition, the overall strain of the specimen was higher than
that of the fully anchored specimen, and the fracture characteristics were more obvious.

At the same time, Figure 9 also shows that, after the end-anchored specimen had
been impacted, the maximal y-direction strain area formed by the impact side gradually
expanded inward, and the strain near the joint surface was slightly higher than that in other
areas. After entering the postpeak stage, the upper part of the specimen was affected by
the end-anchored anchorage, and its strain was small, which is in sharp contrast to the free
section of the lower part. In addition, the overall strain of the specimen was higher than
that of the fully anchored specimen, and the fracture characteristics were more obvious.
After the impact on the nonanchor specimen, the maximal y-direction strain region of the
impact side gradually extended inward. When it extended to the vicinity of the joint surface,
the right surrounding rock showed obvious upward displacement compared with the left
surrounding rock. With the further evolution of the strain field, the overall displacement of
the unanchored specimen appeared to be larger, the strain near the joint was larger, and an
obvious shear motion was formed along the joint surface. When it entered the postpeak
stage, the shear motion gradually stopped, but the overall displacement of the specimen
was still much larger than that of the end- and full-anchor specimens.

In summary, under impact loading, there were obvious differences in the crack de-
velopment and displacement characteristics of the rock material with different angles and
anchorage modes of bolt and bedding. After the impact, the bedding rock material had
obvious shear displacement along the bedding direction, obvious macroscopic cracks ap-
peared on the bedding surface, and failure and instability occurred; with end-anchored and
nonanchor support, the overall displacement of the specimen was significantly increased,
and the fracture characteristics were also more obvious.

Therefore, the anchored bedding rock material was prone to shear failure due to the
impact loading. In field engineering practice, it is still necessary to be vigilant about the
shear failure of anchored bedding rock material and compression failure. In practice, we
could determine the comprehensive shear strength and uniaxial compression strength of
the anchored bedding rock material through the impact loading test. After obtaining the
stress environment of the surrounding rock and analyzing the stress state of the anchorage
body, the strength of the anchored bedding rock material was checked, and the corre-
sponding measures were adopted to ensure that the failure and instability of the anchoring
surrounding rock did not occur.

5. Conclusions

(1) On the basis of the Coulomb—Mohr criterion and stress propagation theory, the
mechanical model of the anchored bedding rock material was established, and
the instability criterion of anchored bedding rock material under impact loading
was obtained:

0y - sinfy + pCpvp L™ - cos 0 > 0., Compression Failure
pCpvp L™ sin(0; + &) + oy sina > Tpjmax, Shear Failure
On the basis of this criterion, the stress environment of the surrounding rock, and the

mechanical parameters of the rock material obtained from field and test could be used to
determine whether the anchored bedding rock material would fail and the failure type.

(2)  All specimens were subjected to compression shear failure under impact loading, and
the dynamic load strength of the anchored bedding rock material increased with the
increase in the angle between the bolt and the bedding. When the angle increased
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from 15° to 45°, the dynamic load strength of the anchoring solid increased by 29.31%.
In addition, bolt support could effectively improve the dynamic load strength of the
rock material with anchorage bedding, and the full-length anchor effect was much
higher than the end-anchor effect.

(3) With the increase in the angle between the bolt and the bedding, when it was impacted
by dynamic load, the macroscopic crack propagation was more difficult, and the rock
material was more difficult to damage. The dynamic elastic modulus of the anchoring
bedding specimen was improved. When the angle increased from 15° to 45°, the
elastic modulus of the anchoring solid increased by 27.41%. Under impact loading, the
axial anchoring effect of the end-anchored specimen changed the tensile properties of
the anchorage body. For the full-length anchor specimen, the bolt also had an axial and
tangential anchoring effect, thus effectively improving its dynamic elastic modulus.

(4) Under impact loading, there were obvious differences in the crack development
and displacement characteristics of rock material with different anchoring methods
and angles between bolt and bedding. After impact, the bedding rock material had
obvious shear displacement along the bedding direction, obvious macroscopic cracks
were produced on the bedding plane, and failure and instability occurred. With
end-anchored and nonanchored support, the overall displacement of the specimen
was significantly increased, and the fracture characteristics were also more obvious.
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Abstract: To solve these problems of poor supporting effect and serious deformation and failure of
surrounding rock of mining roadway under deep mining stress, a FLAC-3D numerical calculation
model is established with —800 m level no. 2424 upper roadway in the Suncun Coal Mine as the
background to compare the stress, deformation, and failure law of surrounding rock of mining
roadway under once support and multi-level support with the same support strength. It is found
that the multi-level support technology has obvious advantages in the surrounding rock of the
horizontal roadway on the 2424 working face. From this, the key parameters of multi-level support are
determined, and the field industrial test is carried out. The results show that the overall deformation
of the surrounding rock is obviously reduced after multi-level support. The displacement of the two
sides is reduced by about 40%, the displacement of the roof and floor is reduced by about 30%, and the
plastic zone of the roadway is reduced by about 75%. The peak value of concentrated stress decreases
from 98.7 MPa to 95.8 MPa, which decreases slightly. The integrity and stability of the surrounding
rock are excellent, and the support effect is satisfactory. The research can provide reference and
technical support for surrounding rock control of deep high-stress mining roadways.

Keywords: deep mining; mining roadway; surrounding rock; numerical analysis; multi-level support

1. Introduction

With the continuous mining of coal resources, shallow coal reserves begin to decline
sharply, gradually transfer of underground mining to deep [1-4]. According to statistics,
coal resources with a buried depth of more than 1000 m account for about 53% of China’s
total coal reserves [5-9]. After coal mining into kilometer depth, due to large rock pressure,
high temperature, complex stress environment, and other factors [10-13], the stress concen-
tration of the roadway surrounding rock intensifies after rock excavation [14,15]. Under
the action of deep high stress, the problems of surrounding rock failure, large deformation,
difficult support, and obvious dynamic pressure are prominent [16-19]. The stability of
surrounding rock becomes a problem restricting safe and efficient deep mining of coal
resources [20-23].

Around the surrounding rock control of deep roadway, domestic and foreign experts
have carried out a lot of theoretical and experimental research and put forward a variety
of new support concepts and technologies. Kang et al. [24] put forward the collaborative
control technology of support-modification-pressure relief for strong mining roadways in
the soft rock of a kilometer deep well. Malan D.F et al. [25] considered that the support
structure could better control the strain of the surrounding rock within the allowable range,
and the deformation of the surrounding rock of the roadway can be reduced by adding more
support structures. Wang et al. [26] put forward the high resistance yield pressure and high
strength supporting technology of high strength bolt, strong anchor cable, and grouting
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reinforcement roadway and determined the supporting time of each supporting stage. Li
et al. [27] put forward the support strategy of “bottom coal grouting reinforcement + high
prestressed strong bolt anchor cable timely support”, which improved the strength of
surrounding rock and support resistance of the mining roadway.

The current study provides strong technical support for the stability of surrounding
rock in deep mining roadways. However, due to the characteristics of high stress, frequent
dynamic load disturbance, and complex geological structure, it is often difficult to ensure
the safety of surrounding rock with one support. Sometimes strong support can effectively
control the deformation of surrounding rock, but the cost is very high. Therefore, multi-level
support has been recognized by some scholars and field engineers. Liu et al. [28] adopted
stepped combined support, advanced support, once support, and secondary support of the
top of the heading face cooperated with each other, spray anchor grouting, and other means
to realize the control of excavation construction safety and surrounding rock stability. Li
et al. [29] analyzed the stress and strength adjustment process of surrounding rock in the
support process of soft rock roadway and combined with the rheological mechanics model
of soft rock roadway, deduced the theoretical formula of the optimal time of secondary
support, and used it in engineering practice to better control the stability of roadway
surrounding rock. Through practice, Li et al. [30] found that bolt length, initial anchoring
force, stiffness, and other multi-level support parameters play a vital role in controlling
roadway deformation and roadway safety.

However, at present, there is no better solution for how determining the support
parameters in multi-level support technology. Based on the engineering background of the
upper roadway of 2424 working faces at —800 m level in the Suncun Coal Mine, this paper
proposes a graded support scheme through field measurement and numerical calculation.
According to the deformation law of roadway surrounding rock and the design principle
of roadway support, the support design is improved to ensure the safety and stability of
the mining roadway in the working face.

2. Project Profile

The Suncun Coal Mine —800 m level 2424 working face roadway has a buried depth
of about 1300 m, a length of about 1200 m, a trapezoidal section, a net width of 4.5 m, a
left high of 2.3 m, a right high of 3.6 m. The right side of the roadway is the entity coal
side. The thickness of the coal seam in the working face is 2.1~2.4 m, the average coal
thickness is 2.3 m, and the average dip angle is 28°. The coal seam roof is silty sandstone,
grayish black, stratified development, containing plant debris fossils, compressive strength
of 21.4 MPa, and average thickness of 2.0 m; the coal seam floor is gray sandstone, stratified
development, compressive strength is about 66.7 MPa, thickness 6~10 m. The mechanical
parameters of the roof and floor footwall, and hanging wall are shown in Table 1.

Table 1. Mechanical parameters of the roof and floor footwall and hanging wall.

Volumetric Bulk Shear Internal Tensile
Rock Name Thickness/m Weight/(kN/m®) Modulus/GPa  Modulus/GPa ir:lcgtll;? Strength/MPa Cohesion/MPa
Sandstone 6.0~10.0 25 11.5 7.3 28 8.4 2.6
Siltstone 0~4.0 23 2.1 1.8 32 43 0.8
4itcoal 2.1~24 14 2.1 0.93 24 0.7 0.5
Sandstone 5.0~6.0 25 11.5 7.3 28 8.4 2.6

3. Design of Support Parameters of Mining Roadway
3.1. Model Establishment

Based on actual conditions of no. 2424 upper roadway, considering the hosting of coal
seam and mining mode, and considering the influence of boundary effect and advanced
support pressure, make the model meet the full extraction [31]. The FLAC3D calculation
model is established to simulate the stress distribution and deformation of surrounding

118



Materials 2022, 15, 8665

Sandstone

Coal
Sand

Sandy mudstone 180

rock after primary and tertiary support. The model size is 250 m x 300 m x 180 m and is
divided into 2,358,781 elements, as shown in Figure 1. Using the Mohr—Coulomb model,
the floor is fixed, the sides are horizontally simply supported, and the top is a free border.
Owing to the roadway depth of 1300 m, the vertical stress of 29.05 MPa is applied to the
upper surface of the model, and the horizontal displacement constraint is applied to the
rest of the model.

Figure 1. Diagram of the numerical model.

3.2. Numerical Calculation Scheme and Results

To compare the surrounding rock control effect of different support methods, two
simulation schemes of once support and tertiary support are set up under the same sup-
port strength, and the experimental results are analyzed and compared as follows. The
supporting materials used are shown in Table 2.

Table 2. Properties of supporting materials.

Support Size Yield Rod Elastic Mod- Poisson
Material Strength/MPa  Elongation ulus/MPa Ratio

mining steel
strand D22 x 4100
grouting mm
anchor cable
MSGLD-600
equal
strength CI>22H>1< mzzoo >600 >15% 206 x 103 0.3
thread rigid
resin bolt
MSGLD-335
equal
strength qmﬁf mzooo >350 >15% 200 x 10 0.3
thread rigid
resin bolt

>1860 >29% 195 x 103 0.3

3.2.1. Scheme 1: Once Support

Immediately after the excavation of the roadway, no. 2424 upper roadway is supported,
and bolt, anchor cable, and diamond mesh combined support are carried out in the whole
roadway. Roof centered on the central axis of roadway, installation of $22-4100 mm mining
steel strand grouting anchor on both sides, each anchor cable lengthens anchorage, anchor
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cable spacing 1050 x 1000 mm; MSGLD-600 equal strength thread rigid resin bolt is used
in the middle of the two sides; MSGLD-335 equal strength thread rigid resin bolt is used in
the top and seat angles, and the row spacing is 1000 x 1000 mm. The roadway support is
shown in Figure 2, and the numerical calculation results are shown in Figure 3.

|
|
i
|
| 5
MSGLD-600 equal ! S
strength thread rigid g i
resin bolt - !
| 5
i IS
o i ©
=3 |
S
— |
|

Figure 2. Roadway once support section diagram.

It can be seen from Figure 3 that the vertical stress concentration in entity coal side on
the right side of the roadway and its vertical downward peak reaches 98.7 MPa. The peak
stress is about 3.5 m from the right side of the roadway, which is easy to crush part of the
coal body in the roadway; with once support, there is a certain degree of deformation in
the roadway, and the maximum displacement of the roof is about 125 mm, the maximum
deformation of the floor is about 50 mm, the maximum displacement of the two sides is
100 mm; compression-shear failure mainly occurs around the adjacent roadway of working
face, but tension-compression failure occurs above the roof cutting line. The roof failure
range of the plastic zone of the roadway surrounding rock is 0~20 m, and the plastic zone
of the main roof of the roadway is basically bounded by the roof cutting line; the plastic
yield zone is along the empty side, and the rest is the elastic zone.

Analysis shows maximum roof displacement near and above the central axis of the
roadway, and the maximum displacement of surrounding rock appears in the middle of
two sides. Therefore, the surrounding rock in the middle and upper part of the roof and the
middle of the two sides is the key part of the support, and the bolt anchor should be used
in time for support. Second, supporting should improve the support of the top angle and
bottom angle on the basis of once support. The third advance support should be supported
in the area with large deformation.
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Figure 3. Simulation results of once support, (a) vertical stress distribution diagram, (b) vertical
displacement distribution map, (c) distribution diagram of the plastic zone.
3.2.2. Scheme 2: Tertiary Support

Support no. 2424 upper roadway immediately after excavation, application of mine
steel strand grouting anchor support in roof central axis and it is upper position, length of
anchor cable 4.1 m, anchor cable column interval 1050 mm x 1000 mm; The middle of the
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two sides adopts MSGLD-600 rigid resin bolt with equal strength thread. The row spacing
between the bolts is 1000 mm x 1000 mm, and the length is 2.2 m.

After once support of the roadway reaches a new balance, secondary support for no.
2424 upper roadway, installation of mine grouting anchor at top angle of roof; the top and
bottom angles of the two sides are reinforced by MSGLD-335 equal strength thread rigid
resin bolting, and the spacing between the equal strength thread rigid resin bolt used in the
once support is 1000 mm.

When the excavation working face is 50 m, the advance support is 200 m. Install
grouting anchor cable in the area with large roof deformation to complete advanced
grouting reinforcement.

According to the principle of graded support, the specific multi-level support method
is shown in Figure 4. The numerical calculation results are shown in Figure 5.

It can be seen from Figure 5 that the vertical stress concentration occurs on the entity
coal side of the right side of the roadway. The vertical stress peak is about 3.5 m from
the right side of the roadway, and the size is 95.8 MPa. In the multi-level support, there
is a certain degree of deformation in the roadway surrounding rock; the roadway roof
subsidence is 75~100 mm, the maximum deformation of the floor is 25 mm, the maximum
deformation of the two sides is 50 mm; The adjacent roadway around the working face
is mainly a compression-shear failure, but there is tension-compression failure above the
cutting line. The plastic zone of the main roof of the roadway is basically bounded by the
top-cut line, and the failure range of the plastic zone of the roof is between 0~5 m. The
plastic yield zone is along the goaf side, and the rest is the elastic zone.

3.3. Supporting Effect Comparison

Comparison of numerical simulation results of once support and tertiary support.
From Figures 3a and 5a, the peak stress concentration on the right side of the coal side is
reduced from 98.7 MPa to 95.8 MPa, with a decrease of about 3%. From Figures 3b and 5b,
the maximum subsidence of the roof is reduced from 125 mm to 100 mm by 20%. The
displacement of the two sides is greatly reduced from the maximum displacement of the
once support 100 mm to 50 mm. Although the floor is not supported, the floor deformation
is almost the same, with most of the location of the maximum deformation of 25 mm; From
Figures 3c and 5c, the failure range of the roof plastic zone is reduced from 0~20 m to
0~5 m with a reduction of about 75%. At the same time, the range of the plastic zone of
the floor surrounding the rock of the multi-level support roadway reduces by about 20%,
and the range of the plastic zone of two sides surrounding the rock is similar. The specific
comparison effect is shown in Table 3.

Table 3. Comparison of relevant parameters of different schemes.

Maximum Two Sides

Stress of Roof Subsi- Displace- Roof Plastic Floor Defor-
Scheme Zone .
Coal dence/mm ment/ Range/m mation/m
Side/MPa mm 8
Once support 98.7 75~125 50~100 0~20 25~50
Tertiary 95.8 50~75 25~50 0~5 25
support

In summary, after multi-level support, the stress environment of the roadway sur-
rounding rock has been greatly improved. The roof subsidence and two sides are relatively
stable, but there is still a certain degree of deformation. Through the comparison of the
support effect, it is determined that the three-levels support scheme is adopted in the no.
2424 upper roadway of —800 m level in the Suncun Coal Mine.
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Figure 5. Tertiary support simulation results, (a) vertical stress distribution diagram, (b) vertical
displacement distribution map, (c) distribution diagram of the plastic zone.

124



Materials 2022, 15, 8665

4. Engineering Applications
4.1. Support Scheme Design

Based on the above research, the combined support of ‘grouting anchor cable + equal
strength thread steel resin bolt + U-shaped steel connecting beam” was used in no. 2424
upper roadway and the tertiary support scheme were adopted, construction scheme was
consistent with the tertiary support simulation scheme. Once support is the basic support,
that is, the immediate support after roadway excavation, secondary support is the rein-
forcement support of the top and bottom angle of the roadway when once support reaches
a new balance. When the secondary support was completed, the working face pushed 50
m, and the advanced support was 200 m. According to the principle of graded support, the
specific multi-level support method is shown in Figure 4.

4.2. Support Effect Monitoring

To verify the effect of the control technology proposed above in field application. Dur-
ing the tunneling period of the working face, a surrounding rock deformation monitoring
station is set up every 40 m; the station follows a head-on setting. A total of 32 deformation
monitoring stations were set up at different positions of no. 2424 upper roadway roof and
floor. Using a laser range finder to monitor the displacement of the roadway roof and floor
and two sides to obtain the total deformation of surrounding rock at each measuring point
of the upper roadway. The monitoring results are shown in Figure 6.
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Figure 6. Total deformation of surrounding rock.

It can be seen from Figure 6, after the no. 2424 upper roadway adopts three level
supports, the maximum total deformation of each measuring point on the upper side was
50 mm; maximum deformation of the underlier was 40 mm; the maximum roof subsidence
was 70 mm; floor because of no support, displacement was large, many positions of more
than 100 mm. After on-site detection of the roadway roof and floor and two sides of the
deformation within the allowable range, it can be seen that after the three-level support, the
overall deformation of the roadway surrounding rock was small, and roadway deformation
was more stable.

The deformation value of the roadway surrounding rock is analyzed by monitoring,
and the error of numerical simulation results is calculated based on the monitoring results.
The comparison results are shown in Table 4. It is found that the error of deformation value
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on both sides is less than 10%, which shows that the simulation effect is good. Because the
floor is not supported, it is affected by other roadways during the construction, and the
error is large. The roof subsidence error is about 30%, and the deformation value is less than
the numerical simulation results. In summary, the deformation of the roadway surrounding
rock is well controlled when multi-stage support is adopted. Numerical simulation results
can provide some theoretical support for field application.

Table 4. Comparison of numerical and analytical results.

. Average Roof Average Floor A\'zeragg Upper Average
Project . Side Displace- Underside
Subsidence/mm Heave/mm .
ment/mm Displacement/mm

Numerical 65 30 30 30
simulation
Analytical 50.2 81.3 33.1 27.6

results

Error 29.5% 63.1% 9.4% 8.7%

2424 roadway mining process, advance 200 m surrounding rock site photos are shown

in Figure 7. The roof subsidence of the roadway was small, there was no large area of coal
wall falling on both sides, the floor heave was small, and the surrounding rock integrity was
good. Therefore, after the three-level support, the overall deformation of the surrounding
rock of the roadway was well controlled.

(b)

Figure 7. Surrounding rock control effect diagram: (a) roof, (b) upper side.

5. Conclusions

)

@)

®)

The numerical calculation models of once support and three-levels support of no.
2424 upper roadway in Suncun Coal Mine are established. Simulation results show
that compared with once support, the deformation of surrounding rocks is obviously
reduced in three-level support, in which the convergence of two sides reduces by
about 40%, and the roof subsidence reduces by about 30%. The stress concentration
of surrounding rocks also reduces, in which the concentrated stress of the coal side
reduces by about 3%. The maximum plastic zone height in the roof strata decreases
by about 75%.

The three-level support technology of ‘grouting anchor cable + equal strength thread
rigid resin bolt + U-shaped steel connecting beam” is determined to support no.
2424 upper roadway, which includes primary base support, secondary reinforcement
support, and advanced tertiary support. Field monitoring shows that the maximum
roof subsidence is about 70 mm, the side-to-side convergence is less than 50 mm, and
the floor heave deformation is less than 25 mm.

Compared with once support technology, the multi-level support technology on the
condition with the same total support strength can reduce the roadway deformation
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and stress concentration of two sides to a certain extent to improve the roadway
integrity and stability.
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Abstract: The influence of three coal tar pitches (CTPs), having softening points at 86, 94, and 103 °C,
on the thermal behaviour of a defrosted high-volatile coal during co-carbonization and co-pyrolysis
was studied. The following research techniques were used: X-raying of the coked charge, TG/FT-IR,
ATR and UV spectroscopies, extraction, SEM, STEM, and XRD. It was determined that CTP additives
change the structure of the coal plastic layer, the thickness of its zones, and the ordering degree of
the structure of semi-cokes to a different extent and independently from their softening points. The
softening points of CTPs do not influence the composition and yield of volatile products emitted
from blends with pitch as well as the composition, structural-chemical parameters, and topological
structure of material extracted from coal blends. It is suggested that such a lack of existence of any
correlation between the softening points of CTPs and the degree of their influence on the thermal
behaviour of coal was caused by the presence of the atoms of metals (Fe and Zn) in the CTPs. These
atoms change the course of the carbonization of the CTPs themselves and their influence on organic
substance of coal in blends with CTPs.

Keywords: coal tar pitch; additives; co-carbonization; co-pyrolysis; interaction

1. Introduction

The changes in the situation on the global coal market and the diversification of
importers of coking coals set a task for the national industry to ensure the work continuity
of Polish coking plants. The research conducted by Miroshnichenko et al. [1], in different
seasons, suggests that in winter the same coal blends improve their thermoplastic and
coke-making properties. Our previous research, conducted on a frozen high-volatile coal,
showed that after defrosting this coal significantly improves its thermoplastic properties
and, during carbonization, forms the gas-saturated zone in the plastic layer [2]. However,
compared to a fresh one, a defrosted coal emits more volatile products during heating. This
fact lowers the profitability of the coke-making process of such coal.

The research conducted by Nomura and Arima [3] proved that the addition of a coal-
derived binder can reduce the yield of volatile products from the blend during pyrolysis at
the temperature below 450 °C. Coal tar and coal tar pitch (CTP) have been known for a long
time as additives that improve the fluidity of coals [4-8] and their caking properties [34].
The authors of the works [9,10] suggest that pitch additives can be used as additives that
bring back the lost thermoplastic abilities to low-oxidized coals. These additives can be
used as binders for briquettes with coals having worse caking properties [11-14]. CTPs
extend the plasticity range and lower the softening temperature of coals [15,16].

Despite a large amount of research on the influence of CTPs on the course of the coking
process, Nomura [17] suggests that the mechanism of their influence on coal substance
has not been fully explained so far. According to the authors of the works [18,19], CTPs in
blends with coals participate in the processes of “hydrogen shuttling” being either hydrogen
donors or acceptors. It is believed that the decomposition products of CTP interact with
coal and increase its thermoplasticity this way [3,20]. As a result of such interaction, an
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increase in the coking pressure of coal blends with pitch can take place [10,21-23]. Duffy
et al. [15] determined an increase in the coking pressure as a result of the addition of pitch
to a coal of higher fluidity. However, in Nomura’s opinion [17], CTP additives can reduce
coking pressure. Previous research [16] showed that the addition of CTP to coals, having
a distinct content of volatiles, changes the composition of the material extracted from them
in different way. In this research, attention was attracted to the fact that the addition of CTP
to coals as a material containing polycyclic aromatic hydrocarbons (PAHs) led to a decrease
in content of these PAHs in the extracts of plasticized coal blends.

The aforementioned shows that, despite numerous investigations connected with
the use of CTPs as additives to coked coals, the phenomenon of their interaction with
coal substances has not been explained fully. In order to extend the knowledge about the
interaction of CTPs with coals and to specify the effect of their influence on the mechanism
of changes taking place in coked coal, the research had to be conducted with the use of three
CTPs having the softening points distinct but close. It was expected that the continuity of
specific changes in the thermal behaviour of coal would correspond to the changes in the
softening points of CTPs. Due to this, the impact effect of CTPs and their softening points
on thermochemical changes in organic substance of coal would be easily determined.

The specific aims of the research were to study the influence of CTPs on:

— the changes in thickness of plastic layer and its zones and the changes in structure and
texture of the material of carbonized charge;

— the changes in volume of heated charge;

— the course of coal pyrolysis and the composition of volatile products of pyrolysis;

— the yield of material extracted from the zones of plastic layer and structural chemical
parameters of this material.

2. Materials and Methods
2.1. Characteristics of Studied Samples

The subjects of the investigation were blends of a commercial sample of defrosted
high-volatile bituminous coal with coal pitches. The characteristics of studied coal are
presented in Table 1.

Table 1. The characteristics of studied coal.

Proximate Analysis Ultimate Analysis, %
W2, % 8.5 ca 82.2
Vdaf, % 33.0 H? 4.82
A, % 7.0 N? 1.36
FSI 7.0 s? 0.47
RI 77 Odiff + 415

W?a—moisture content in analytical sample (air-dry basis); vdaf__yolatiles content in analytical sample (dry, ash-free
basis); Ad—ash content (dry basis); C*—carbon atoms content in analytical sample; H*—hydrogen atoms content in
analytical sample; N®*—nitrogen atoms content in analytical sample; S*—sulphur atoms content in analytical sample;
FSI-Free Swelling Index; RI-Roga Index. * calculated by difference O4ff = 100—C2-H*-N2-52-Ad,

A fresh sample of commercial coal was frozen and stored at a temperature of —15 °C
for 15 months. The coal was defrosted at room temperature. After drying to the air-dry state,
the coal was ground to the grain size of <3 mm. The commercial samples of hard CTPs—
CTP86BL (CTP86 in the text) and CTP103BL (CTP103 in the text) along with experimental
pitch CTP94 were used for the investigation. The characteristics of CTPs are presented
in Table 2.
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Table 2. The main characteristics of coal tar pitch.

CTP86 CTPY%4 CTP103
Ts, °C TI QI Ts, °C TI QI Ts, °C TI QI
86 >38 <18 94 >25 <9 103 >18 <5

Ts—softening point, TI—toluene insoluble, Ql—quinoline insoluble.

The softening point of coal tar pitch was determined according to the ISO 5940-2:2007
standard using the Standard Test Method for Softening Point of Pitches (Mettler Softening
Point Method, ASTM D3104).

The CTP samples were ground to the grain size of <0.2 mm in diameter. The samples
of 2 wt.% of CTP were prepared from the samples of coal and CTPs using the standard
procedure of the manual mixing of powder ingredients previously described in [16].

2.2. Carbonization Test

The carbonization of coal and its blends with CTPs was carried out in a laboratory
unit in order to study the coking process using X-raying according to the methodology
described previously [24]. Figure 1 presents a scheme of the laboratory unit used to study
the course of the coking process with X-raying.

(b)

Al =1, -1,

) i ,| I marker

tube for gas removal

platinum wire
(to reference line)

/X ray film cassette

measurer

computer control power controller

thermoelements reference line gas-saturated zone

Figure 1. A scheme of the laboratory unit to study the carbonization process with X-raying (a) with
X-ray pictures of heated charge of coals (b).

The unit consists of an oven with one-sided vertical heating and a coking chamber.
There are some windows in the side walls of the chamber and oven through which the
coked charge is X-rayed. For this purpose, an ORANGE 1040 HF X-ray apparatus was used
that worked in the mode of U = 85 kV, 25 mAs. The mass of coal charge was 480 g., and the
sizes of the coal grains were below 3 mm. The changes in temperature of the charge and the
course of the coking process were controlled by a computer (Figure 1a). The markers, the
positions of which were registered in the X-ray images taken during carbonization, were
placed in the carbonized charge. The changes in position of Al markers were calculated
on the basis of elaboration of these images by a CorelDRAW version X4 software. The
values of changes in position of markers were calculated by the formula: Al =1, — I;. The
measurements were made with respect to the vertical reference line (Figure 1b) at the
designated height of charge. The marker was placed in the charge in the distance of 36 mm
from the heating wall of the coking chamber. The changes in the position of the markers,
depending on the temperature, reflected the changes in the volume of the charge layer
between the heating wall and the markers at different temperatures of carbonization. The
carbonization was carried out to reach a temperature of 950 °C on heaters with the heating
rate of 4 °C min~!. After this temperature was reached, the coking chamber with charge
was cooled rapidly. After cooling, the charge was prepared in order to separate the zones

131



Materials 2022, 15,9027

in the composition of the plastic layer of coal. The thickness of this layer and the thickness
of its zones were measured in the X-ray images taken during the penetration of the charge
by a needle thermoelement according to the methodology described previously [24].

2.3. Pyrolysis in a TG/FT-IR Unit

The samples of the defrosted coal, CTPs, and blends of coal with CTPs, with a grain
size of <0.2 mm, were pyrolyzed under the nitrogen atmosphere of high purity to the
temperature of 750 °C according to the methodology described in the work [25]. The
samples, having approximately 25 mg in weight, were heated in a platinum crucible of
a Q50 thermobalance with the heating rate of 4 °C-min~!. The formed volatile products
were directed to the interface via a transfer line and next to a Nicolet iS10 spectrometer
Madison, WI, USA). This way, the FT-IR spectra of the volatile products were registered in
the wavenumber range of 4000-600 cm~!. The elaboration of the FT-IR spectra was made
by an OMNIC 9 software.

2.4. Extraction of Plasticized Samples

The extraction of plasticized samples of coal and its blends with CTPs was conducted
using a mixture of chloroform and methanol (50:50) in an ultrasonic bath for 10 h at
room temperature. After the extraction was completed, the extractant was distilled under
a vacuum. The residue after distillation was kept in a vacuum dryer at a temperature of
25 °C until the constant weight was reached. The yield of extraction was calculated on
the basis of mass of the obtained extract. The swollen grains, maximally swollen grains,
and the material from the gas-saturated and compacted zones were treated according to
the same procedure [25]. The material condensed on the surface of the swollen grains of
the carbonized charge [26] was rinsed from that surface. The material extracted from the
gas-saturated and compacted zones of the plastic layer was also obtained.

2.5. Spectroscopic Investigation

The samples of material that are soluble in the chloroform-methanol mixture were
studied by a Nicolet iS10 spectrometer using a Smart MIRacle module (the ATR technique).
In this investigation, a diamond monocrystal was used. The spectra were registered
in 64 scans in the wavenumber range of 4000-600 cm~!. The registered spectra were
normalized with regard to the band near 1640 cm ™!, which was present in the spectra of
all samples. The ATR spectra were elaborated by an OMNIC 9 software. The baseline was
corrected in order to eliminate the non-specific background.

The same samples of extracted material, weighing 0.0001 g, were dissolved in 50 mL
of acetonitrile. The UV spectra were obtained using a JASCO V630 spectrometer (Tokyo,
Japan) and normalized at the wavelength of 195 nm, and next, the deconvolution option
was applied using a Spectra Manager software (version 2.08.04).

2.6. Microscopic Investigation of Obtained Samples

The samples separated from the gas-saturated zone and the zone of maximally swollen
grains of coal were studied using a Quanta 3D FEG scanning electron microscope (SEM,
Boynton Beach, FL, USA) with an accelerating voltage of 5 keV. The samples of the material
extracted from the gas-saturated zone were studied with the use of a FEI Tecnai Osiris
transmission electron microscope (Lincoln, NE, USA) with an X-FEG Schottky field emitter.
The accelerating voltage was 200 kV [25].

2.7. X-ray Diffraction Investigation

The X-ray phase analysis of solid residues was carried out using an internal standard.
As a standard, a powdered NaF (ACS reagent, >99% produced by Sigma-Aldrich, St. Louis,
MO, USA) was applied, the (002) line of which is near the (002) line of the studied residues
by its angular position. A pyrolytic graphite powder GPR™ (produced by BDH Laboratory
Supplies,) Poole, UK, having a turbostratic lamellar structure, was a model substance.
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The semi-coke samples from coal and its blends with CTPs heated to a temperature
of 650 °C were mixed with 10% of NaF. After the obtained blends were ground in an
agate mortar, some rods, of 0.58 mm in diameter and approximately 13 mm in height,
were formed from them. The samples prepared this way were studied using a polycrystal
diffractometer in the mode U = 25 kV and I = 40 mA. The period of counting impulses was
10 s. The diffractograms were registered in the range of angles of 2@ 15-42. The interplanar
distances dgp, and the amount of crystalline phase Ccyst were calculated according to the
methodology presented in work [26].

The Ccryst parameter was calculated according to the formula:

c._ __ P00
Yt fex-(100 — P)

where P is the amount of internal standard (NaF) in the test sample, x is the ratio of
the integral intensity of the (002) line of the internal standard (NaF) to that of the test
sample, and k is an experimentally obtained coefficient from the calibration curve. The
experimentally determined coefficient k is equal to 0.88.

The interplanar distances (dggp) were determined according to Wulff-Bragg formula:

n-A

dopp = ———
002 = 25in 0

where 1 is the diffraction order (1 = 1), A is the wavelength of radiation (A = 1.5406 nm),
and 0 is the angle of scattering.

3. Results and Discussion
3.1. Influence of CTP Additives Having Different Softening Points on the Course of
Co-Carbonization Process of Defrosted Coal

Figure 2 presents the results obtained during the carbonization of coal and its blends
with CTPs. There is a dark band visible in the X-ray images that is a projection of the
gas-saturated zone on the X-ray film (Figure 2a). The X-ray images imply that the addition
of every CTP to defrosted coal causes an increase in the thickness of the gas-saturated
zone in the plastic layer of blends. The greatest thickness of these zones was observed for
the blend of coal with CTP103. The SEM images of material from this zone (Figure 2b)
prove that the zone is filled with some foam-like plastic mass. The SEM images (taken at
a magnification of M300) imply that the cells of the plastic mass in the charges of coal and
its blends with CTPs have different dimensions. The thickness of the cell walls also differs.
The cells in the blend with CTP 103 have the largest sizes. The thickness of the plastic layer
of coal (y) and its blends with CTPs is also different (Figure 2c). The thickness of the zones
of the plastic layer (swollen grains, gas-saturated, and compacted ones) also differs. The
addition of CTP86 causes a decrease in the thickness of the plastic layer but the addition of
CTP103 causes an increase. Figure 2d presents the changes in position of the marker in the
charge of carbonized coal and its blends with CTPs.
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Figure 2. Results obtained during carbonization of coal and its blends with CTPs: (a) X-ray films of
carbonized charge; (b) SEM images of gas-saturated zones in carbonized charge; (c) composition of
plastic layers in carbonized charge; (d) changes in position of the marker in the charge of carbonized
coal and its blends with CTPs.

These changes point out to changes in the volume of the layer of the heated charge
between the marker and heating wall. The shape of the curve Al = f(T) in Figure 2d does
not indicate any existence of a correlation between the changes in volume and softening
points of CTPs. A greater shift in position of the marker, towards the negative values of
Al at the temperature of 550 °C, is observed in case of blends with commercial pitches,
mainly with CTP86. This implies a greater volume reduction of the heated charge at the
stage of its re-solidification and, hence, a greater density and compactness of the obtained
semi-coke. The addition of CTP94 does not influence changes in the position of the marker
towards the negative values of Al at a temperature of 550 °C in contrast to coal without
additives (Figure 2d).

3.2. Influence of CTP Additives Having Different Softening Points on the Course of Their
Co-Pyrolysis with Defrosted Coal

Figure 3a presents the ATR spectra of the studied CTPs and the fragments of the
normalized FT-IR spectra of their volatile products of pyrolysis emitted at a temperature
of 300 °C.

@) )

CIP86 —
CTP86 —— CTP94 —

CTP94 — CTP103 —
CTP103 —

T T T T T T
3500 1000 2500 2000 1500 1000 3100 3000
Warenumber (cm™) Wavenumber (cm™!)

Figure 3. ATR spectra of CTPs (a) and fragments of FI-IR spectra of their volatile products of
pyrolysis emitted at a temperature of 300 °C (b).
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Analyzing the composition of CTPs, Diez et al. [27] stated that there are approximately
10,000 various chemical compounds having a distinct molecular mass present in them. It
follows from the ATR spectra in Figure 3a that the presence of identical functional groups
and groups of atoms is characteristic of the CTPs used in this research. Therefore, it was
expected that these CTPs would interact with the organic substance of coal in the same
way. Taking into account the differences in softening points of CTPs, it was assumed that
the compounds of greater molecular mass present in CTPs having higher softening points
would be included in the composition of volatiles at higher temperatures of pyrolysis. This
assumption is confirmed by a fragment of the FT-IR spectra of volatile products emitted
at a temperature of approximately 300 °C: more hydrocarbons are emitted from CTP86
than from CTPs having higher softening points. This implies that, under the influence
of products emitted from CTP86, coal grains would soften at lower temperatures. This
softening should cause an increase in the thickness of the zone of swollen grains in the
plastic layer of the blend of coal with CTP86. However, it did not. It follows from Figure 2c
that the zone of swollen grains in the plastic layer of the blend with CTP103 has the
greatest thickness.

According to the conclusions made by the authors of works [3,20], the decomposition
products of CTPs should interact with the surface of coal grains that have not yet softened.
In order to prove these statements, Figure 4 presents the TGA curves of coal, CTPs, and
their blends. In this figure, the course of TGA curves of blends clearly suggests that CTPs
interact with coal substance in different way. This figure also gives the mass loss curves
of coal blends with CTPs calculated at different temperatures based on the additivity rule
according to the formula:

CBW (%) = CW(%)-0.98 + CTPsW (%)-0.02

where CBW (%) is the calculated weight of blend of coal with CTPs, CW (%) is the experi-
mentally measured weight of coal, CTPsW (%) is the experimentally measured weight of
coal tar pitch, and 0.98 and 0.02 are the relative proportions of coal and CTPs in the mixtures.
The results of the calculations are shown in Table S1 in the Supplementary Materials.
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Figure 4. Cont.
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Figure 4. TGA curves of coal, its blends with CTPs and the CTPs: CTP86 (a), CTP94 (b), and CTP103 (c).

The values of the difference in the mass loss of experimental curves and those calcu-
lated taking into account the additivity rule are presented in the TGA curves. The values
of deviations from the additivity rule were given for the temperatures of 500 and 600 °C.
The experimental decrease of the mass loss for the blend of coal with CTP86 at these
temperatures is 8.5 and 7.7% appropriately, for the blend of coal with CTP94-2.1 and 1.5%,
and for the blend of coal with CTP103-6.6 and 6.0%.

It follows from the shape of the curves in Figure 4a,c that at temperatures above 400 °C,
the CTP86 and CTP103 additives cause a decrease in the mass loss of blends compared to
the mass loss of coal without additives. However, the experimental curve of blend with
CTP94 almost coincides with the TGA curve of coal without additives (Figure 4b). CTP86
additive has a greater influence on the decrease in the mass loss of the blend.

Figure 5 presents the normalized FI-IR spectra of volatile products emitted from the
blends of coal with CTPs at pyrolysis temperatures of 410 °C, 460 °C, and 500 °C.
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Figure 5. FT-IR spectra of volatile products emitted from coal and its blends with CTPs at pyrolysis
temperatures of 410 °C, 460 °C, and 500 °C.

There are some differences in the composition of volatile products emitted from the
blends at a temperature of 410 °C visible in these FI-IR spectra. This temperature corre-
sponds to the occurrence of the zone of maximally swollen grains in the plastic layers of
blends. In the FT-IR spectra of the volatile products from the blends in the wavenumber
range of 32002800 cm !, the heights of the bands of saturated and unsaturated hydro-
carbons are different. However, the heights of these bands do not show any dependence
from softening points of CTPs. The greatest contribution ratio of hydrocarbons is observed
in the composition of the volatiles of defrosted coal. Among the volatile products from
blends of coal with CTPs, the blend of coal with CTP9%4 has a greater contribution ratio
of hydrocarbons.

Nomura and Arima [3] stressed that the products of decomposition of coal-derived
binder cause the plasticization of coal grains. Koch et al. [28] also suggested that volatile
products of decomposition can migrate to the cold side of the oven and impregnate coal
grains. The plasticizing influence of CTPs and the impregnation of grains should have
found their reflection in the changes of relief of plasticized grains. Taking the aforemen-
tioned into account, it was reasonable to analyse the effects of this interaction with the coal
grains in the zone of swollen grains of plastic layer and to present the characteristics of the
material condensed on grains.

Figure 6 presents the SEM images of the fragments of the surface of swollen grains
from the charge of coal and its blends with pitches. In contrast to the swollen grains
of defrosted coal, there wasn’t any presence of fluid drops detected on the surface of
grains from the charge of blends with CTPs [2], i.e., there were no traces of leakage of
thermobitumen from the swollen grains found in the charges of blends with CTPs.
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Figure 6. The SEM images of fragments of surface of swollen grains from the charge of coal and its
blends with pitches. (a) surface of swollen grain in the charge of coal without CTPs, (b) surface of
swollen grain in the charge of coal blend with CTP86, (c) surface of swollen grain in the charge of
coal blend with CTP9%4, (d) surface of swollen grain in the charge of coal blend with CTP103, (e) crust
on the surface of swollen grain in the blend with CTP103, (f-h) nano-objects on the surface of swollen
grains in the charge of coal blend with CTP103.

It follows from Figure 6b,d that CTP additives, having distinct softening points, change
the relief of the surface of swollen grains in different ways. This indicates that the volatile
products formed during the carbonization of coal and blends interact with the surface
of coal-swollen grains differently. This interaction results in the appearance of ‘erosion’
areas on the surface of the swollen grains in the charges of blends with CTP86 and CTP9%4
(Figure 6b,c) and the formation of a crust with nano-objects on the surface of swollen grains
in the blend with CTP103 (Figure 6d-h). On the surface crust of the swollen grains from
the blend with CTP 103 (Figure 6e), there are some nano-objects visible in the form of
a bunch of tubes. The surface of grains from the blend with CTP94 (Figure 6¢c) and the
tubes in Figure 6e look like clusters of connected globules approximately 100-200 nm in
size (Figure 6g).

In the FT-IR spectra at a temperature of 460 °C (Figure 5), which corresponds to the
occurrence of the gas-saturated zone in the plastic layer, the differences in height between
the bands of hydrocarbons in the wavenumber range of 3200-2800 cm ! and the bands
in the range of 1300~-1100 cm ! become more explicit. A greater contribution ratio of
saturated and unsaturated hydrocarbons is characteristic of volatile products of pyrolysis
of coal without CTP additives. Wide bands that point out to the presence of hydrocarbons
in the composition of volatiles from the blends of coal with CTP86 and CTP103 coincide.
However, the bands of hydrocarbons, which originate from volatile products of the blend
with CTP9%4, take the middle position. The FI-IR spectra of the volatile products imply that
there is no dependence between the shape of the spectra and the softening points of the
CTPs observed.

Volatile products that are formed and cumulated in the cells of the plastic mass can
interact with each other and the material of the cell walls. Figure 7 presents the SEM images
of the interior of cells of the material from the gas-saturated zone.
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Figure 7. The SEM images of the material from the gas-saturated zone of coal and its blends with
pitches. (a,b) insides of cells in gas-saturated zone of coal without CTPs, (c,d) cell wall textures
in gas-saturated zone of coal without CTPs, (e) inside of cell in gas-saturated zone of coal with
CTP86, (f) inside of cell in gas-saturated zone of coal with CTP86 with nano-objects, (g,h) cell wall
textures in gas-saturated zone of coal with CTP86, (i,j) insides of cell in gas-saturated zone of coal
with CTP94, (k1) cell wall textures in gas-saturated zone of coal with CTP9%4, (m) inside of cell in
gas-saturated zone of coal with CTP103, (n) inside of cell in gas-saturated zone of coal with CTP86
with nano-objects, (o,p) cell wall textures in gas-saturated zone of coal with CTP103.

At a magnification of M10k, on the surface of the interior of a cell of the plastic mass of
coal without CTP (Figure 7a), there are some round concavities that were not found inside
the cells of blends with CTPs. The interior of a cell of the gas-saturated zone from the blend
with CTP 94 shows the signs of the gasification of the material, even at a magnification
of M3k (Figure 7i). The interior of the cells in the gas-saturated zone from blends with
commercial CTPs looks more compact but there are some flat nano-objects resembling
yarn hanks present on the surface of a cell from the blend with CTP86. This may be the
pleated balloons, the folds of which are regularly arranged. The change in direction of the
arrangement of folds takes place at an angle of 120 degrees (Figure 7f). On the surface of
a cell of plastic mass in the blend with CTP103, there also were some balloons that were
partly deformed and partly round and empty inside (Figure 7n).

The texture of the material of the cell walls of the plastic mass of coal with CTPs
(Figure 7g,k,0) has a more compact appearance than that without CTP additives. It is
characteristic that in the material of the cell walls, there are some objects that resemble
deformed balloons of various shapes and sizes. The fact that the balloons remained non-
crushed on the surface of a broken sample points to a greater mechanical resistance of
their material. It is suggested that the films making balloons were formed as a result of the
condensation of the hydrocarbons from volatile products created in the gas-saturated zone
of coal and its blends with CTPs. The formation of these films, as a result of polymerization
of compounds present in the composition of volatile products, could have been one of the
reasons for a decrease in contribution of saturated and unsaturated hydrocarbons in the
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composition of volatile products of pyrolysis of coal with CTPs. The permanent formation
and the closing of cells in the plastic mass of coal and its blends with CTPs could have
caused the presence of balloons in the cell walls of the plastic mass.

At the temperatures of occurrence of the compacted zone (T = 500 °C), the bands
originating from the blends of coal with CTP86 and CTP103 coincide with the FT-IR spectra
of volatiles (Figure 5), as well as the bands originating from the defrosted coal and its blend
with CTP94 which almost overlap. The shape and height of the bands of normalized FT-IR
spectra of the blends of coal with CTPs in the range of 3100-2800 cm~! (Figure 5) do not
show any continuity of changes that would imply the dependence of these changes from
the softening point of CTPs.

3.3. Analysis of Condensates and Extracts

Table 3 presents the yields of material that was obtained during the treatment of
plasticized samples by ultrasounds in the chloroform-methanol mixture.

Table 3. The yield of the material extracted from the zones of plastic layer.

Samples Condensed Material Extracted Material
350-380 °C 380-410 °C 430-460 °C 470-500 °C
Without CTP [2] 1.35 +0.10 2.69 £ 0.03 1.46 + 0.05 0.83 4+ 0.04
With CTP86 1.09 £+ 0.06 0.48 £+ 0.09 1.35 £ 0.11 1.44 +0.07
With CTP9%4 1.41 +0.13 2.79 +£0.12 2.07 £+ 0.09 1.61 4+ 0.06
With CTP103 0.69 £ 0.12 1.05 +0.11 0.83 £+ 0.06 0.98 4+ 0.05

The data presented in Table 3 imply that the amounts of the material rinsed from the
surface of grains and extracted from the gas-saturated and compacted zones are distinct
but do not depend on the softening point of CTPs. The addition of commercial pitches
(CTP86 and CTP103) causes a decrease in the amount of obtained material compared to
the yield of material from defrosted coal. The only exception is the material from the
compacted zone. In contrast, the addition of CTP94 causes an increase in the amount of the
obtained material.

Shui et al. [29] pointed out to the existence of a dependence between the amount of
extracted material and the degree of coal plasticization. It follows from Figure 2a,c that
the thickness of the gas-saturated zone in the plastic layer of coal with CTPs increases, i.e.,
the range of appearance of the viscous-liquid state in plastic layer widens. On the other
hand, the yield of the material soluble in the chloroform-methanol mixture in the presence
of CTP86 and CTP103 additives decreases. It was suggested in previous research [2] that
the defrosting of coal causes the mechanical destruction of the organic substance of coal
and the formation of radicals. The formed radicals can easily interact with hydrocarbons
with low ionization potential in the volatile products of decomposition of CTPs and initiate
the reactions of dimerization and polymerization taking place with their participation [30].
In this way, compounds of greater molecular mass are formed. These compounds are
not extracted by the chloroform-methanol mixture but, despite this, they play the role of
plasticisers of the organic substance of coal. A similar phenomenon of the influence of pitch
on a decrease in the amount of polycyclic aromatic hydrocarbons in the material extracted
from plasticized coals was stated in previous research [16]. The values of the yield of the
material soluble in the chloroform-methanol mixture in Table 3 cannot be considered as
dependent on the softening point of CTPs.

Figure 8 presents the normalized UV spectra of material that was rinsed from the
surface of swollen grains (Figure 8a,b) and extracted from the gas-saturated and compacted
zones (Figure 8c,d). In the spectra of the material from the charge with CTPs that was rinsed
from the layer of grains heated to the temperature of 350-380 °C (Figure 8a), there are same
types of compounds with chromophore groups and unsaturated bonds that are present in
the material of defrosted coal without additives. However, the shape of the normalized
spectra implies that the addition of CTP103 causes the appearance of a higher absorbance
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in the UV spectra (the range of 225-325 nm). This points to a greater concentration of

compounds with chromophore groups.
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Figure 8. The normalized UV spectra of material that was rinsed from the surface of swollen grains
(a,b) and extracted from the gas-saturated and compacted zones (c,d).

The material from the zone of maximally swollen grains from the charge with CTP86
and CTP103 additives (Figure 8b) has the same absorbance in the UV spectra. Among
the materials from the gas-saturated and compacted zones, the material with the CTP86
additive (Figure 8c,d) has the highest absorbance in the UV spectra. In terms of absorbance,
the material with the CTP94 additive takes the lowest position. However, compared with
the UV spectrum of material from the charge without additives, its position is higher.
This tendency does not repeat itself for the material from the compacted zone because the
material from the blend with CTP 103 additive has a lower absorbance in the range of
wavelength of 195-225 nm. It implies the absence of cyclic compounds and aromatic rings
with chromophore groups in this material.

Figure 9 presents the ATR spectra of material that was rinsed from the surface of
the grains and extracted from the gas-saturated and compacted zones. The comparison
of shape of the normalized ATR spectra shows that the contribution ratio of the groups
of C,-H type in the range of 3000-2800 cm~! decreases in the material condensed on
the surface of grains from the charge with CTP additives. In the wavenumber range of
3600-3000 cm !, the contribution of H-bonds (namely self-associated —OH) increases in
the material from blends with commercial pitches. In the material extracted from the blend
with CTP103, the contribution ratio of bonds of C,-H type (the range of 3000-2800 cm ')
decreases and the contribution ratio of H-bonds (self-associated -OH and tightly bound
cyclic OH-tetramers) increases [31].

141



Materials 2022, 15,9027

Cu-H

| &)
Without CTP (R -
With CTPS6 — f = o
With CTP94 —
With CTP103 =i

self-associated -OH

tightly bound eyelic

OH-tetramers

350-380°C

380-410°C

420-460°C /

470-500°C

I I35‘00I o I30‘00I o IZSIOUI o IZUIOUI o

Wavenumber (cm™)
Figure 9. ATR spectra of material that was rinsed from the surface of grains and extracted from the
gas-saturated and compacted zones.

In the ATR spectra of the material condensed in the wavenumber range of 1800-1600 cm ™!,
there are some bands that point out to the presence of saturated and unsaturated esters (the
exception is the material from the charge of coal with CTP86). In the material extracted from
the blend with CTP103, the bands attesting to the presence of aromatic rings (C=C bonds
near 1600 cm ') and the bands indicating the presence of esters disappear in this range.
In the material from the blend with CTP103 in the fingerprint range of 1400-1000 cm !,
the absorbance of all bands decreases gradually with the rise of temperature and the
bands corresponding to the presence of deformation stretches of C,-H type in the range of
900-600 cm ! disappear. The disappearance of bands of these stretches in the extract from
the gas-saturated zone of blend with CTP103 implies that dehydrocracking processes of
substituted aromatic compounds were activated. Hydrogen released during these processes
can participate in the reactions of its disproportionation. The shape of ATR spectra that are
presented in Figure 9 does not point to the appearance of any continuity of the changes in
structural-chemical parameters for studied samples with regard to the softening points of
CTP additives.

The utmost differences in shape of the bands corresponding to the appearance of
hydrogen bonds are observed in the ATR spectra for the extracts from the gas-saturated
zone. This implies that there are some differences in the ability of the material of the
extract to aggregate and form supramolecular structures. Figure 10 presents the results of
the research on material that was extracted from the gas-saturated zones of investigated
charges of coal and its blends with CTPs with the use of a scanning transmission electron
microscope (STEM).
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Figure 10. STEM-HAADF images of material that was extracted from the gas-saturated zones of
investigated charges of coal and its blends with CTPs.

The visualization of the extracted material implies that the compounds present in it
are able to form various topological structures (Figure 10a-1). It follows from the STEM-
HAADF images that the material extracted from the gas-saturated zone of coal without
CTP additives consists of several superimposed layers. In these layers, structural elements
are arranged parallel to each other but at an angle of approximately 120° with respect to the
elements of neighbouring layers (Figure 10a). Such arrangement of the elements resembles
topological structures similar to the smectic mesophase.

It was determined on the basis of the measurements made in the TEM mode (Figure 10e)
that the distance between the chains put together on the edges of the layers is 0.39 nm
(Figure 10i). In the material extracted from the zones of the plastic layer of coal with CTP86
(Figure 10b,f) and CTP94 pitches (Figure 10c,g), there were some layers twisted similar to
supramolecular structures of axialites [32]. The images in Figure 10b,f and Figure 10c,g
show that the angle of twisting of layers is near to 120 degrees. The particles of the material
extracted from the gas-saturated zone from the blend of coal with CTP94 have sizes smaller
than the particles in the extract from the blend with CTP86. The elemental mapping proves
that axialites from the blend of coal with CTP86 contain C and Si atoms (Figure 10j), whereas
axialites from the blend of coal with CTP 94 (Figure 10k) contain C, Si, O, and Cu atoms.
There were no topological structures and layer arrangement found in the material extracted
from the blend of coal with CTP103. It is known that the interaction of polymer with low
molecular weight compounds having mesophase properties leads to the occurrence of
mesophase phenomenon in the polymer itself [33]. The nature of low molecular weight
material present in the gas-saturated zone (the capability of formation of supramolecular
structures) may give the plastic mass of the blends with CTP86 and CTP94 some unusual
properties that determine the thermal behaviour of coal during the carbonization process.
The material extracted from the gas-saturated zone of the blend with CTP103 does not
show such properties. The disappearance of bands in the fingerprint range of the material
extracted from the gas-saturated zone of the blend with CTP 103 can be a sign of the
obsolescence of the mesophase properties of extracted material [34].

143



Materials 2022, 15,9027

Taking into account the statement about the role of CTP as a plasticizing agent of the
organic coal substance made by Swietlik et al. [7], an XRD investigation of the obtained
semicokes was carried out. The degree of ordering of the structure of material in coal
blends was evaluated on the basis of an analysis of obtained diffractograms (Figure 11).
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Figure 11. Diffractograms of semi-cokes from carbonized charge of coal and its blends with CTPs.

The data in Table 4 imply that all CTPs behave as plasticizing agents with regard to
coal and facilitate a better ordering of the structure of semicokes.

Table 4. The structural parameters of obtained semi-cokes.

Samples dooz, A Ceryst, %
Semi-coke from charge without CTPs 3.55 50.5
Semi-coke from charge with CTP86 3.55 57.4
Semi-coke from charge with CTP94 3.54 61.3
Semi-coke from charge with CTP103 3.53 59.0

More crystallites (higher value of the C.st parameter) are obtained in case of the use
of CTP9%4, but during the formation of cokes with this additive, a greater mass loss will be
observed. A better ordering of lamellas inside the crystallites (lower value of parameter
doop) is provided by CTP103 additive; in the semicokes from this blend the average values
of interplanar distances are 3.53 A. In the sequence: coal — blend of coal with CTP86 —
blend of coal with CTP94, there is a tendency of increase of the degree of ordering into
crystallites. However, the parameters of the structure of semicoke from the blend with
CTP103 fall out from that tendency.

The aforementioned suggests that in the blends of coal with CTP86 and CTP9%4 an
increase in the degree of plasticization can be caused by the mesophase properties of the
material of own extracts. However, in case of the blend of coal with CTP103, an increase
in degree of plasticization can be connected with the activation of the disproportionate
processes of hydrogen that are facilitated by CTPs in the role of a hydrogen donor in
relation to the organic substance of coal. This suggestion was based on the disappearance
of the band corresponding to the presence of bonds of C4-H type in the extracts that can
point to a greater contribution of groups with these bonds in the structure of crystallites
having a better ordering.

3.4. Physicochemical Investigation of CTPs

Additional investigation was needed in order to explain the causes of the interaction
of CTPs with the studied coal as described above. Figure 12 presents the comparison of the
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curves of changes in the mass loss of CTPs depending on the temperature (Figure 12a), the
fragments of FT-IR spectra of CTPs at the temperatures of 440 and 560 °C (Figure 12b), and
the SEM images of the relief of the pyrolyzed CTPs (Figure 12c). It follows from the data
in Figure 3a that the presence of the same functional groups and the groups of atoms is
characteristic of studied CTPs.
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Figure 12. Results of pyrolysis of CTPs: TGA curves of CTPs: (a); fragments of normalised FT-IR
spectra of volatile products mitted from CTPs at the pyrolysis temperatures of 440 °C and 560 °C (b);
SEM images of the relief of pyrolyzed CTPs at a temperature of 750 °C (c).

This implied that during pyrolysis CTPs would behave in a similar way but the
inclinations in the TGA curves for CTPs having higher softening points would be shifted
towards higher temperatures. The mass losses of CTPs are consistent with their softening
points to the temperature of approximately 350 °C; more volatile substances are emitted
from the pitch having a lower softening point during pyrolysis (Figure 12a). Starting from
a temperature of 400 °C, this dependency is disrupted. The height of the FT-IR bands of
volatile products normalized with respect to the CO, band shows that at a temperature of
440 °C, CTP94 emits more hydrocarbons than CTP86 and CTP103, and at a temperature
of 560 °C, CTP86 emits more volatile hydrocarbons than CTP94. The surface relief of the
CTPs pyrolyzed at T = 750 °C differs substantially, and the changes in relief do not indicate
any dependence from the softening points of CTPs. The SEM images of the surface relief
of CTP86 and CTP103 have more common topological features at magnifications of both
M10k and M200k.

There is an opinion that the softening point and coking yield are connected with
the volatility of a CTP [35]. The data presented in Figures 4 and 12a do not allow us to
support this opinion. According to another opinion, there should exist some dependency
between the amount of released volatile substances in the temperature range of 400-500 °C
along with the donor and acceptor abilities of pitch and the development of coke structure.
However, the data in Table 3 do not prove this suggestion. It is suggested that the dispro-
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portionation processes of hydrogen may be influenced by heteroatoms that are mainly the
centres of hydrogen acceptors in the structure of pitch [7].

The results of an EDX microanalysis of the pyrolyzed CTPs presented in Table 5
indicate that an increase in the softening point is accompanied by the rise of the contribution
of C atoms in CTPs. The number of other atoms does not point to any dependence from
their temperature. In CTP86, a high content of Zn atoms and their dispersion on the surface
of pyrolyzed sample draws attention. In the pyrolyzed CTP103 sample, these atoms are
observed to a much lesser degree, and in the CTP94 sample it was not identified.

Table 5. The elemental composition of pyrolyzed CTPs.

Elements, wt. %

CTP
C O S Zn Na Fe
CTP86 80.5£2.8 123 +26 1.1£05 6.1+49 - 0.16 *
CTP9%4 83.1+1.3 135+1.3 0.5+0.2 - 2.87 £ 2.5 -

CTP103 86.2 £ 0.4 9.6 £2.5 1.0+0.4 1.1+£08 1.2+08 1.0+ 09

* It occurs only in one of analyzed areas.

A great amount of the Fe atoms were determined in some areas of the pyrolyzed
CTP103 sample but these atoms were also present in the CTP86 sample. Great amounts
of Na atoms were identified in the CTP94 sample but they were also present in pyrolyzed
CTP103 sample.

The analysis of data in Figures 3 and 4c and in Table 3 implies that the pyrolytic
behaviour of CTPs can be influenced by the atoms of the metals present in them. This may
also influence the interaction of CTPs with coal. It cannot be excluded that the presence
of Fe atoms could have contributed to the formation of nano-structures on the surface of
the swollen grains in the charge of coal with CTP103 (Figure 6e-h), and that of Zn atom:s,
contributing to the formation of ‘yarn hanks’ inside the cells of the gas-saturated zone in
the blend of coal with CTP86 (Figure 7f).

4. Conclusions

The conducted research does not allow us to state the existence of a direct dependence
between the softening point of the pitch and its influence on the thermal behaviour of
defrosted coal. Under the influence of CIPs, the thickness of the gas-saturated zone in
plastic layer increases in the sequence CTP94 — CTP86 — CTP103. Under the influence of
CTP94, the thickness of the plastic layer does not change, CTP86 causes a decrease in the
thickness of the plastic layer, and CTP103 causes an increase in the thickness layer.

It was determined that the additions of CTPs to the defrosted coal influenced the yield
of volatile products emitted from blends with CTPs to a different degree that is independent
from their softening points. CTP, having a softening point of 94 °C, does not change the
yield of volatiles, but CTP additives, having a softening points of 86 and 103 °C, cause
a decrease in the yield of volatile products of pyrolysis. A greater effect is observed in
the case of the CTP86 additive. CTP additives decrease the contribution ratio of saturated
and unsaturated hydrocarbons in the composition of volatile products of pyrolysis in the
temperature range of 420-500 °C, wherein CTPs, having the softening points of 86 and
103 °C, intensify such decreases. It is suggested that the decrease in the contribution of
hydrocarbons in the composition of volatiles of the blend of defrosted coal with CTP86
was caused by their condensation into nano-objects in the cells of plastic mass in the gas-
saturated zone. In the blend of coal with CTP103, such decrease in the contribution of
hydrocarbons can be connected with the formation of nano-objects on the surface of swollen
grains. CTPs influence the composition of extracts from the gas-saturated zone of blends
(change the content of compounds with chromophore groups), the topological structure of
material of extracts, and their ability to form supramolecular and mesophase structures
with organic substance of coal in different ways. This causes the lack of existence of any
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dependence between the degrees of ordering of obtained semi-cokes and the softening
points of CTPs. The ordering changes in the sequence: semi-coke from blend with CTP86—
semi-coke from blend with CTP103— semi-coke from blend with CTP94.

It is suggested that this lack of dependence between the softening points of CTPs
and their influence on the thermal behaviour of coal is caused by the presence of the
atoms of metals (Fe and Zn) in pitches that change the course of the carbonization of CTPs
themselves and their influence on organic substance of coal in blends with CTPs.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ma15249027/s1. Table S1. The values of calculated weight of
blends of coal with CTPs.
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Abstract: Frost-induced microstructure degradation of rocks is one of the main reasons for the changes
in their dynamic mechanical behavior in cold environments. To this end, computed tomography (CT)
was performed to quantify the changes in the microstructure of yellow sandstone after freeze-thaw
(F-T) action. On this basis, the influence of the microscopic parameters on the dynamic mechanical
behavior was studied. The results showed that the strain rate enhanced the dynamic mechanical
properties, but the F-T-induced decrease in strength and elastic modulus increased with increasing
strain rate. After 40 F-T cycles, the dynamic strength of the samples increased by 41% to 75.6 MPa
when the strain rate was increased from 75 to 115 s—1, which is 2.5 times the static strength. Moreover,
the dynamic strength and elastic modulus of the sample were linearly and negatively correlated
with the fractal dimension and porosity, with the largest decrease rate at 115 s~!, indicating that the
microscopic parameters have a crucial influence on dynamic mechanical behavior. When the fractal
dimension was increased from 2.56 to 2.67, the dynamic peak strength of the samples under the
three impact loads decreased by 43.7 MPa (75 s), 61.8 MPa (95 s), and 71.4 MPa (115 s), respectively.
In addition, a damage evolution model under F-T and impact loading was developed considering
porosity variation. It was found that the damage development in the sample was highly related
to the strain rate and F-T damage. As the strain rate increases, the strain required for damage
development gradually decreases with a lower increase rate. In contrast, the strain required for
damage development in the sample increases with increasing F-T damage. The research results can
be a reference for constructing and maintaining rock structures in cold regions.

Keywords: computed tomography; F-T action; microstructure; dynamic mechanics; damage evolu-
tion

1. Introduction

In cold regions, F-T weathering can lead to disasters such as the collapse of rock
structures, landslides, and mudslides [1,2]. The microstructural remodeling caused by ice
crystal pressure is the main reason for altering the mechanical behavior of rocks [3]. In
addition, rock structures in cold environments are often affected by dynamic loads [4]. For
example, the slopes of open-pit mines are not only affected by frost, but also susceptible
to dynamic loads such as blasting and mechanical disturbances [5]. Therefore, studying
microstructural changes under F-T action in response to dynamic loads is of great practical
importance for the construction and maintenance of rock structures in cold regions.

The dynamic mechanical properties of rocks in cold regions have been extensively
studied. The Split Hopkinson Pressure Bar (SHPB) system is one of the important devices
for performing dynamic tests [6]. For instance, Xu et al. [7] investigated the dynamic
mechanical properties of sandstone under F-T action using the SHPB system and found
that the dynamic strength and modulus decreased exponentially with F-T damage, and
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developed a model to predict the decrease in strength and modulus. Li et al. [8] studied
the influence of microstructure on the dynamic mechanical characteristics of the sandstone
under F-T action using SHPB and nuclear magnetic resonance (NMR) systems, and pointed
out that large pores are the key factor affecting the dynamic strength. Liu et al. [9] performed
SHPB tests on the rock with different F-T cycles and concluded that the more severe the
F-T damage, the greater the degree of rock fragmentation. In addition, Xu et al. [10]
investigated the energy evolution of the sandstone during impact and suggested that
F-T damage increases the dissipation energy during impact, which in turn increases the
macroscopic fragmentation of the sample. Zhang et al. [11] investigated the effects of F-T
action and impact loading on the brittleness of rock using the SHPB system and showed
that the higher the number of F-T cycles, the lower the dynamic brittleness index, and
concluded that increased porosity was the main reason. The above work mainly studied
the macroscopic dynamic mechanical behavior of rocks induced by F-T action and did not
quantify the effects of F-T action on microstructure. However, it is difficult to consider
the damage mechanism of rocks only from the macroscopic point of view [12]. In fact, the
evolution of the microstructural properties of rocks is the main cause of the changes in their
macroscopic mechanical behavior [13]. Therefore, the study of the effects of F-T cycles on
the dynamic behavior of rocks should begin at the microscopic level [14].

In recent years, many researchers have applied various methods, including acoustic
emission (AE), scanning electron microscopy (SEM), NMR, and CT, to reveal the decay char-
acteristics and damage mechanisms of rocks from a microscopic perspective. Fang et al. [15]
used the SEM method to observe rocks subjected to different F-T cycles. They found that
F-T damage is often due to pre-existing defects and that the initiation and propagation
of cracks correlates closely with the original pore structure of the rock. Cheng et al. [16]
reported the influence of F-T action on the microscopic pores of the rock based on NMR,
and concluded that F-T damage promotes the development of various pore sizes, especially
medium and large pores in the rock. Xu et al. [17] analyzed the promotion of the rock
damage process using the AE method and found that the AE signals were more active
in the sample with higher F-T cycles. However, the SEM method can only observe the
deterioration of the sample surface, and the AE method is disturbed by environmental
interference, while the NMR method cannot detect the morphological features of the pores;
moreover, it is difficult to relate the changes in the parameters to the macroscopic me-
chanical properties [12]. The CT technique, as a non-destructive testing approach, can
analyze the rock degradation process caused by F-T action from a microscopic point of
view [18]. Yang et al. [19] evaluated the evolution of soft rock microstructure under F-T
action using the CT technique and adopted the CT number as a variable to define F-T
damage. Fan et al. [20] conducted real-time CT tests on sandstones with different freezing
temperatures and noticed that the damage pattern of sandstones below —10 °C tended to
be stable. In addition, Maji et al. [21] performed a 3D reconstruction of the sandstone based
on the CT technique to study the microstructural deterioration of the samples with different
F-T damage. Li et al. [1] combined CT and visualization techniques to analyze F-T damage
and argued that inherent defects in rocks are the main factor for F-T damage. In general,
the internal structural deterioration from F-T action is responsible for the variations in the
macro-mechanical behavior of rocks [22]. However, these studies are limited to the F-T
damage mechanisms without connecting changes in microscopic parameters to mechanical
behavior, exceptionally dynamic mechanical behavior.

To this end, this study investigates the effects of microscopic parameters such as
porosity, permeability, and fractal dimension on the dynamic mechanical behavior of
sandstone through CT scanning and SHPB tests. Based on the CT results, a damage model
of the sample under F-T and impact loading was developed. This work can serve as a
reference for the construction and maintenance of slopes in open pit mines in cold areas.
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2. Materials and Experimental Methods
2.1. Materials

The yellow sandstone for the work was sampled from the slope of an open pit mine
in Urumgi, China. The selected yellow sandstone is a common sedimentary rock in the
Xinjiang region of China. At the same time, the Xinjiang region belongs to the seasonally
cold areas and the rock structures are susceptible to F-T weathering. Homogeneous blocks
of the sandstone were selected to machine cylindrical samples with a diameter of 50 mm
according to ISRM recommendations. Two aspect ratios were machined, namely, 1 for
dynamic tests and 2 for static tests (see Figure 1). The lateral surfaces of the samples need to
be vertical and smooth, with no significant structural surfaces. In addition, both ends of the
samples were ground to a tolerance of 0.02 mm [8]. Then, the dry density and longitudinal
wave velocity of the samples were measured to select samples with similar wave velocity
and density for this study. A total of 54 samples were selected for the dynamic tests
and divided into three groups for the F-T tests. Moreover, 21 samples with a length of
100 mm were selected to conduct static tests. To maximize spatial resolution, samples with
a diameter of 20 mm were chosen for the CT scanning tests. Three static samples were
selected for the basic physico-mechanical tests. The results are listed in Table 1. The main
mineral composition of the sandstone was determined by X-ray diffraction tests (Bruker
AXS, Karlsruhe, Germany, product model D8-A), and the results are presented in Figure 2.

ar L F Dyvnamic
CT: DXH=20X20 mm

Static: D X H=50 X 100 mm
Dynamic: D X H=50 X 50 mm

Dynamic

Figure 1. Diagram of static and dynamic samples.

Table 1. Mean values of physico-mechanical parameters of yellow sandstone.

Vp (km/s) P4 (g/em®) Psat (g/cm®) 1 (%) op (MPa)

2623 2.14 2.27 11.3 58.7

Notes: V}, is the longitudinal wave velocity; g is the dry density; psqr is the saturation density; n is the porosity;
0p is the uniaxial compressive strength.

2.2. Experimental Methods
2.2.1. F-T Tests

To accelerate the weathering process, a rapid F-T chamber (Liaoning Fushun In-
strument Co., Ltd., Fushun, China, product model QDR-50) was used in this study
(see Figure 3). The chamber can operate in a temperature range of —30 to 80 °C with
a control accuracy of £0.5 °C. The cyclic F-T number in this study was set to 0, 5, 10, 20, 30,
and 40 times according to the temperature variations in the cold areas. According to ASTM
D5312, the F-T process was performed with a cycle of —20 °C freezing for 4 h and 20 °C
thawing for 4 h. In this work, only saturated sandstone was tested for F-T cycles.
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Figure 3. F-T chamber (a) and cyclic temperature setting (b).

2.2.2. CT Scanning Tests

As shown in Figure 4, a Zeiss Xradia 510 Versa high-resolution 3D X-ray microscope
was used to perform CT scans of the samples with different F-T cycles. The instrument
mainly consists of an X-ray source, an X-ray detector, and a multi-function base. The
instrument is imaged by passing the target sample through the radiation source and
measuring the attenuation energy to extract the density data of the object. In this procedure,
the sample is rotated 360° to obtain thousands of vertical 2D images in all directions, which
are reconstructed into approximately thousands of horizontal 2D images by computer
processing [23]. When these 2D images are stacked sequentially, they can be displayed
as a 3D image. In the binarization technique, pixels below the threshold are called voids,
and pixels above the threshold are called rock matrix, and in turn, the voids and rock are
separated [24]. That is, the pore skeleton can be extracted and used to analyze the length or
connectivity of the pores. The structure of the pores can also be visualized in 3D, allowing
quantification of the size, orientation, and interconnectivity of the pores in the rock. The
scanning time for each sample was about 2 h. The main acquisition parameters of the
system during scanning are listed in Table 2, where the current and voltage parameters can
influence the number of X-rays and the intensity of penetration [25]. The CT scan of the
entire rock sample yielded about 1100 horizontal images with 1024 x 1024 pixels in 16-bit

152



Materials 2023, 16, 119

grayscale. Since the CT scan is a non-destructive technique, the scan does not affect the
subsequent F-T tests.

Figure 4. Zeiss Xradia 510 Versa high-resolution CT system (a) and interior (b).

Table 2. Parameters for the Zeiss Xradia 510 Versa CT.

Voltage (kV) Current (uA) Exposure Time (s) Resolution (um) The Number of
Scan Images
100 90 5 20 1100

In this study, raw data from CT tests were processed using Avizo (2019.1 version)
software (Thermo Fisher Scientific Co. Shanghai, China), which provides noise reduction,
threshold segmentation, binarization, and 3D reconstruction of CT images [26]. By iden-
tifying the pores and matrix of the rock sample, Avizo can calculate the porosity of the
sample using Equation (1), where V and V4 denote the volume of the sample and the defect
volume, respectively. Also, the permeability of the sample can be determined using the
XLabSuite module integrated into Avizo. Note that the XLabSuite module uses Darcy’s law
(Equation (2)) to calculate permeability and can only estimate the connected pores in the
3D diagram [26].

_Va

P 1)
_ QuL
k= 4AD @

where k is the absolute permeability, um?; Q is the flow rate of water, um?3/s; u is the
viscosity of the liquid, which for water at room temperature is 0.001 Pa-s; L is the length of
the seepage channel, um; A is the outlet area of the liquid, um?; p is the pressure difference
between import and export, Pa, which in Avizo is 10 kPa by default.

2.2.3. Static Tests

In this study, static uniaxial compression tests were performed on the freeze-thawed
samples using the MTS816 system (MTS USA, Inc. Minneapolis, MN, USA), as shown
in Figure 5. The MTS816 system measured the axial displacement of the samples via a
linear variable displacement transducer (LVDT), recorded the axial load, and determined
the stress—strain relationship of the specimens. To better control the loading process, the
displacement control method was used during the test and the displacement rate was set
to 0.1 mm/min to meet the requirements of quasi-static loading.
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Control §

Figure 5. MTS816 experimental system.

2.2.4. Dynamic Impact Tests

As shown in Figure 6, impact tests were performed on sandstone samples using a SHPB
system. The system mainly consists of four parts: an impact load system, a compression
bar system, a data acquisition system, and a damping system. In the SHPB system, both the
striker and the bar are 50 mm in diameter and are made of Cr40 with a P-wave velocity of
5400 m/s, and yield strength and elastic modulus of 800 MPa and 208 GPa, respectively. To
obtain a suitable waveform, a circular rubber pad (D x H = 10 mm x 2 mm) was selected
as the pulse shaper. Before the test, molybdenum disulfide was applied to the ends of
the samples as a lubricant to reduce the friction effect [27]. When the high-pressure gas
drives the striker against the incident bar, an elastic compression wave is generated. A
portion of the compression wave can propagate through the sample to the transmitted bar.
Based on the 1D stress wave propagation principle, the three-wave analysis method was
adopted to calculate the dynamic loads P; and P, strain rate, and strain at both ends of the
sample (Equation (3)) [5]. In addition, to ensure dynamic load equilibrium at both ends of
the samples during the test, the stress waves at both ends need to be verified before the
test [28]. After all samples had undergone the specified F-T cycles, dynamic tests with three
impact loads were performed with the SHPB system to obtain the macroscopic dynamic
mechanical properties of the yellow sandstone.

Pl(t) =ArE0[€i(i’) +€r(t)], Pz(t) =ArE0€t(f)
B(t) = Llei(t) — ex(t) — ee(t)] 3)
e(t) = [y e(t)dt = — 25 [ e (t)dt

where ¢;(t), €:(t), and €¢(t) refer to the incident, reflected, and transmitted waves, respec-
tively; A; is the ratio of the cross-sectional area of the bar to the sample; Ey, Cy, and L are the
elastic modulus and P-wave velocity of the bar and the length of the sample, respectively.
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Figure 6. SHPB experimental system (a) and detailed schematic diagram (b).

3. Experimental Results and Discussion
3.1. 3D Reconstruction

As shown in Figure 7, slice data from the CT were imported into Avizo for 3D re-
construction. Compared to 2D images, 3D images can provide a visual assessment of the
spatial structure and reflect the development of F-T damage in the rock. Since the artifacts
at the sample edges could not be effectively avoided, and the data volume of the whole
rock sample was large, the central cubic region was cropped out for 3D reconstruction and
analysis with Avizo (Figure 7a). To avoid the influence of volume on the experimental
results, the representative elementary volume (REV) was determined semi-automatically
using the Auto-refresh tool in Avizo. This command can calculate the volume fraction of
pores or matrix starting from multiple voxels with an arbitrary segmentation threshold,
where the smallest volume at which the volume fraction tends to a stable value is the REV.
Ultimately, a volume of 750 x 750 x 750 voxels was chosen, corresponding to the actual
physical size of the 15 x 15 x 15 mm? cube. The Register Image command was used for
spatial alignment to ensure the same spatial position of the rock sample under different
F-T conditions [26]. It is worth mentioning that all CT results were matched in grayscale to
minimize the impact of the CT scanning process on the experimental results.
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Figure 7. CT image processing and reconstruction process. (a) Region of interest; (b) 2D image
processing; (¢) 3D reconstruction; (d) PNM model.

In addition, the median filtering method was chosen to reduce noise points and
artifacts caused by factors such as the environment and the rock itself, thus smoothing the
distribution of greyscale values in the region (Figure 7b). This method can remove almost all
of the noise without affecting the original image. At the same time, filtering the images can
improve the image quality to speed up the processing and visualization of the experimental
data from CT. In this study, the interactive segmentation algorithm in Avzio was used to
perform threshold segmentation of pores and structures in CT images. To determine a
suitable segmentation threshold, the actual porosity of the samples was first tested using
the mercury intrusion method [12]. Then, the porosity of the 3D samples was calculated
using Equation (1) based on the grayscale distribution features of the CT images, and the
segmentation threshold T = 4076 between the rock matrix and the pores was determined
using the backstepping method. Because greyscale matching was performed for the CT
images, only the segmentation threshold T was required to complete the segmentation of
all data. Finally, the 3D reconstruction model of the sandstone subjected to F-T action was
developed (Figure 7c). In order to statistically capture the data of the defects in the 3D
model, such as the pore equivalent diameter, throat length, etc., the PoreNetworkModeling
(PNM) method in Avizo was used in this study, as shown in Figure 7d. Here, the pore is
equated to a sphere using the equivalent sphere method, while the microcrack is equated
to a throat [26]. The 3D images show that the sandstone pores are divided into isolated and
interconnected pores, some of which are connected by throats.

3.2. Effect of F-T on Microscopic Parameters

As shown in Figure 8, based on the 3D reconstruction model, the variation of porosity
and permeability of the samples was calculated using Equations (1) and (2). Porosity and
permeability are closely related to the nature of the rock and are important parameters to
describe the pore network in the rock. As seen in Figure 8, porosity and permeability of the
samples increase with F-T cycles, and the exponential function can describe the changes
of the parameters well. After 40 F-T cycles, the porosity increased to 16.25%, which is
1.3 times higher than the samples without F-T action. Similarly, the permeability of the
samples subjected to 40 F-T cycles increased by 128% to 0.742 um?. The increased porosity
and permeability of the sample provides favorable conditions for migration of water and
heat during freezing or thawing, which in turn promotes damage to the rock by F-T action.
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As a natural material, rocks indeed contain a large number of pores and microcracks. The
pore water turns into ice at low temperatures, causing volume expansion. When the pore
ice does not have enough space to expand freely, frost heaving will occur [4]. At the same
time, the pores and microcracks are gradually enlarged by the frost heaving force. During
thawing, pore water flows through the microcracks into other pores, and at this time, the
microcracks play the role of seepage channels. For this reason, the microcracks are also
called throats. In addition, the water in the rock promotes the expansion of the pores and
microcracks through lubrication, erosion, hydrolysis, and F-T action [29]. Meanwhile, some
isolated pores develop into interconnected pores through throats. Therefore, the porosity
and permeability of the sample simulated with XLabSuite increase with the F-T action. In
addition, the increase in porosity and permeability also means an increase in defects in the
samples, which leads to a deterioration of the mechanical properties under load.

17 : : : 1.2
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® Permeability
—— Fitting curve|
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Number of F-T cycles n

Figure 8. Changes in porosity and permeability of the sample with F-T cycles.

Additionally, the pore parameters of the sample, such as pore equivalent diameter and
throat length, were determined using the PNM model. The pore diameters were divided
into six ranges according to their sizes, i.e., 0-200 um, 200-300 um, 300—400 pm, 500-600 pm,
and above 600 um, and the results are shown in Figure 9a. After 40 F-T cycles of the sample,
the total number of pores increased from 20,832 to 24,160 by about 15.98%, and the number
of pores in all ranges showed an increasing trend. According to the distribution of pore
diameter values, the minimum increase in the number of pores (<200 um) was 12.9%, and
the maximum (>600 pm) was 114.6%. In general, the larger the pore equivalent diameter,
the more significant the percentage growth in the number of pores after F-T action. In
other words, the larger the pore diameter, the more susceptible it is to F-T action, and the
increase in the number of pores implies an increase in F-T weathering damage. Moreover,
Figure 9b shows the maximum pore diameter and pore number with the F-T action, and
the increase is consistent with the pattern of change in porosity and permeability, i.e., an
exponential increase. Compared to the samples without F-T action, the maximum pore
diameter of the sample increased from 605 um to 856 pm after 40 F-T cycles, an increase of
about 41.4%. The pores also showed an exponential growth pattern, increasing by 12.3%
to 23,408 after 30 F-T cycles. The increase in equivalent diameter and pores reflects the
increase in pore volume, expressed macroscopically as an increase in porosity in Figure 8.
Overall, the increase in the number of pores and the equivalent diameter of the sample
caused the expansion and development of microcracks, which in turn caused macroscopic
damage to the mechanical properties.
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Furthermore, Figure 10 shows the range of length distribution, number, and maximum
length of throats with F-T cycles. From Figure 10a, the number of throat lengths shows
an increasing trend in all ranges, and the greater the throat length, the more pronounced
the increase. For example, the number of throats longer than 3000 pm increased by 107.2%
after 40 F-T cycles, whereas the number of throats shorter than 1000 um increased by
only 19.3%, consistent with the pore growth trend. Besides, the changes in maximum
length and the total number of throats with F-T action are shown in Figure 10b, and the
exponential function can describe this increasing trend. After 40 F-T cycles, the maximum
throat length increased from 3006 to 3285 pum, an increase of 9.3%, and the total number of
throats increased by 37.4% from 4221 to 5893. Similar to the changes in pore parameters, the
length and number of throats better reflect the microcrack development inside the sample.
Therefore, the increase in the number and length of the throats indicates the cumulative
macroscopic damage caused by the F-T action on the rock.
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In summary, the internal damage in rocks, such as pores or microcracks, tends to
increase with increasing F-T cycles, and especially larger defects increase more. The
freezing of pore water in the sample at low temperature is closely related to the pore
diameter, and the equation for the freezing point drop of pore water is as follows [18]:

20

Trre = —273rp—L @)
where r is the equivalent diameter of the ice crystals, p is the ice density, ¢ is the pore
interface tension, and L is the latent heat of the phase change. It is seen that the smaller
the diameter of the ice crystals, the lower the freezing point of the pore water. Thus, as the
temperature is below 0 °C, the supercooled water is in the small pores. In other words, the
smaller the pore volume, the less it is affected by the cyclic F-T effect [29], which can also
be seen in Figures 9 and 10, i.e., the smaller the pore volume, the lower the increase. Two
main mechanisms cause F-T weathering. The first is the volume expansion mechanism,
which causes a 9.05% increase in volume when the water (>91%) in pores, cracks, joints,
and other voids turns to ice at below 0 °C [2]. When the pore water content exceeds 91%, it
exerts a frost heaving pressure on the pore wall. At this point, in an ideal environment, the
maximum stress of 207 MPa can be applied to the matrix, but in practice, a pressure of 10
to 100 MPa is applied to the matrix [14]. The second one is generated by the movement of
unfrozen water in the rock. In this study, the volume expansion was considered significant
due to the cyclic F-T performed on the saturated samples.

3.3. Effect of F-T on Fractal

To describe the influence of F-T action on the internal microstructural features of the
sample, fractal theory, which responds to the spatial occupancy of complex shapes, was
introduced as a measure of irregular, nonlinear shapes [30]. Therefore, the fractal theory is
used to quantify the evolution of microstructure in rocks under F-T cycles using 3D CT
technology. The fractal dimension is the most important parameter to describe the fractal.
In general, the fractal dimensions mainly include the Hausdorff dimension, the assignment
dimension, the box dimension, and the similarity dimension [31]. The box dimension is
widely used because of its clear physical meaning [12]. In this study, the box dimension was
used; that is, the 3D pore model of the sample was placed in a series of cubes with a grid
side length e. The number of grids containing pores or cracks in the cubes was P(g), and a
series of P(¢) was obtained by continuously adjusting the dimensions of the small grids.
Then, the slope of the regression line is obtained using double logarithmic coordinates for
P(e) and e. The fractal dimension f, which corresponds to the edge length ¢ of the grid, is
therefore given in Equation (5). Using the fractal dimension module in Avizo, the fractal
dimension f of the central region was determined under F-T action [26]. The results are

shown in Figure 11.
. InP(e) . InP(e)
f =l T MG ©)

As seen in Figure 11, the 3D fractal dimension of the samples ranged from 2.57 to 2.70,
and the variation of the fractal dimension corresponded to the exponential function, which
was consistent with the analytical results of porosity, permeability, and pore parameters.
The greater the cyclic F-T damage, the larger the fractal dimension of the sample and
close to 3. After 40 F-T cycles of the sample, the fractal dimension increases by 4.1%, from
2.574 to 2.679. During the test, the microstructure of the sample (pores or microcracks)
gradually develops due to the F-T action, and the spatial distribution becomes more
complex, suggesting that the pores are interconnected by throats to increase the spatial
occupancy capability. The larger the fractal dimension, the greater the F-T damage to the
internal microstructures of the sample. Thus, it is reasonable to characterize the damage to
the sandstone microstructure by the fractal dimension. In addition, Figure 12 shows the
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relationship between the fractal dimension f and the porosity P, and permeability k of the
samples under different cyclic F-T action.
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Figure 11. Variation of 3D fractal dimension of samples with different F-T cycles.
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Figure 12. Changes in porosity and permeability with fractal dimension of the sample under the
F-T action.

From Figure 12, the porosity and permeability of the samples are positively correlated
with the fractal dimension. This is consistent with the variation of porosity, permeability,
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and pore parameters with the F-T cycles. Natural rock is a fractal with obvious fractal
features such as porosity and permeability [32]. Hence, the larger the fractal dimension, the
greater the variability of the microstructure, and the greater the porosity and permeability
of the sample [12]. In other words, the larger the fractal dimension of the sample, the
faster pores and microcracks (throats) develop, resulting in more significant damage to the
internal structure of the sample and a more pronounced permeability phenomenon. At the
same time, the increase in porosity and permeability provides convenient conditions for
water and heat migration during freezing and thawing [33]. As the number of F-T cycles
increases, the expansion effect of the ice gradually increases, resulting in a more rapid
development of the internal structure (pores and throats) of the sample and a more complex
spatial distribution, while the pores are interconnected by throats and have an increased
ability to occupy space, so that the internal microstructure of the sample is increasingly
damaged by the F-T action. Therefore, the fractal dimension can quantitatively describe
the dynamic evolution process of the sample microstructure and effectively characterize the
development of F-T damage. Since porosity and fractal dimension are positively correlated,
porosity is also an effective parameter to describe F-T damage.

3.4. Macroscopic Dynamic Mechanical Properties

To investigate the effect of changes in microscopic parameters on the mechanical
behavior of the samples, a series of static and dynamic tests were performed using an
MTS816 and an SHPB test system. The stress—strain curves of the samples with different
cyclic F-T action are shown in Figure 13. In the static tests, the peak strength of the samples
decreased with the F-T damage. However, the ultimate deformation capacity (peak strain)
exhibited an increasing trend, implying that the cyclic F-T damage resulted in a decrease
in the bearing capacity and deformation resistance of the rock. For example, after 10 F-T
cycles, the peak strength decreased by 14% to 46.2 MPa, while the peak strain increased by
15% to 1.125%. Compared with the static test, there was a strengthening effect of strain rate,
i.e., the peak strength and peak strain increased with loading strain rate. When the strain
rate was increased from about 75 s~! to 115 s~1, the dynamic strength of the sample with
20 F-T cycles increased from 65 to 105 MPa, corresponding to 2.1 and 2.7 times the static
peak strength, respectively. The strength and tangential elastic modulus under different
loading conditions are presented in Figure 14. Here, the slope of the straight line segment
in the stress—strain curve is used as the elastic modulus [27].

As shown in Figure 14, the peak strength (op) and elastic modulus of the sample
gradually decrease with the increase of F-T cycles, which is opposite to the variation of the
microscopic parameters. Moreover, the linear function can well describe the changes in the
strength and elastic modulus of the sandstone, and the decrease rate is positively related
to the strain rate level. The peak strengths of the samples after 40 F-T cycles decreased
by 52.44, 62.28, and 73.05 MPa for the three impact loads, corresponding to 1.94, 2.31, and
2.72 times the static decrease, respectively, while the changes in the elastic modulus and
peak strength of the samples were similar. Instead of static loading, the dynamic mechanical
behavior of sandstone is therefore more sensitive to cyclic F-T damage.
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In general, F-T damage results from the interaction of capillary mechanisms, crystal-
lization pressure mechanisms, hydrostatic pressure mechanisms, and volume expansion
mechanisms [29]. Each of these mechanisms is closely associated with the properties of
pores and microcracks. Due to the different chemical potentials, the water in the pores
nucleates first and then freezes, while the water in the throats is supercooled and plays
a role in recharging the pores [34]. As a result, the continuous increase of frost heaving
force causes the pores to be connected by the throats, leading to F-T damage such as
wedge cracking [14]. Under static loading, damage in the rock, such as pores and throats,
reduces the bearing area, resulting in changes in mechanical behavior, with pores playing
an important role due to their large volume [35]. However, under impact loading, the stress
waves propagating in the rock tend to activate the throats near the pore tips, resulting
in much more damage development in the rock than under static loading [6]. Moreover,
the hysteresis of rock deformation with respect to impact stress waves during dynamic
loading leads to strain rate strengthening effects. The dynamic mechanical behaviors of
the sandstone under cyclic F-T action are more sensitive to the changes in microscopic
parameters. Therefore, it is necessary to connect microscopic parameters and dynamic
mechanical properties.

3.5. Macro-Micro Properties Connection

In this study, the relationship between microscopic parameters such as fractal dimen-
sion, and porosity and macroscopic mechanical parameters is shown in Figure 15. From that,
the dynamic peak strength and elastic modulus decrease linearly with the fractal dimension
and porosity of the samples under different loading conditions. Meanwhile, the rate of
decrease correlates positively with the strain rate, which is consistent with the changes in
mechanical properties during the F-T process. For example, when the strain rate increased
from 75 s~! to 115 s~ !, the decrease rate in the dynamic elastic modulus of the samples
increased from 92.3 to 110.4 with increasing porosity, which is 2.02 times the decrease rate
under static loading. Similarly, the decrease in dynamic strength with decreasing porosity
was 1.9, 2.4, and 2.6 times higher, respectively, than the static strength for the three loading
rates. Moreover, when the fractal dimension f was increased from 2.56 to 2.67, the peak
strength decreased with increasing strain rate by 52.4 MPa, 62.3 MPa, and 69.4 MPa, respec-
tively, compared with a decrease of 26.9 MPa at static loading. Zhou et al. [36] observed
the effects of water saturation times on rock microstructure using SEM and found that
the mechanical properties of rock were closely related to the fractal dimension; Li et al. [1]
investigated the effects of porosity on the mechanical behavior of rock during F-T cycles
using the CT technique and reached conclusions similar to those in this paper. The cyclic
F-T action alters the internal structure of the rock by increasing the number, and size of
pores and throats, and removing some of the cement [37]. As a result, the cement strength
and the cohesion between the mineral particles and the skeleton are gradually weakened,
increasing internal defects and damage. At the same time, the increase in porosity and
fractal dimension means an increase in the complexity of the internal structure of the
rock [31]. As seen in Figure 15, the complexity and inhomogeneity of the internal structure
determine the degradation of the mechanical properties, so the microstructure of the sample
is the key to influence the dynamic mechanical behavior. Therefore, the variation of mi-
crostructural parameters needs to be considered in the damage evolution of the rock under
impact loading.
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4. Damage Evolution under F-T and Impact Loading
4.1. F-T Damage Dy,

From a macroscopic viewpoint, the response of the dynamic mechanical behavior can
represent the rock damage [12]. Based on this, the elastic modulus was selected to describe
the variable Dy, for the F-T damage.

(6)

where D, represents the damage index of the sample caused by F-T action; E refers to
the initial elastic modulus; E,, indicates the dynamic elastic modulus of the sample after
n F-T cycles.

Considering that the elastic modulus of the sample is obtained only from the linear
section of the curves, it is not sufficient to fully reflect the F-T damage. Moreover, the
random distribution of defects, the pore volume, and the degree of crack penetration
in the sample significantly affect the damage process [1]. Therefore, the change in the
effective bearing volume of the rock is introduced as an improvement factor o in the

damage definition.
o = E
%

Ve

— e 7
Ve+Vq— Vg @)
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where V. denotes the effective bearing volume (matrix volume) of the rock; V is the
apparent bearing volume, which is composed of two main components: one is the matrix
volume, and the other is the defect volume (pores and throats), also known as initial defects
considering the various defects in the rock itself [2]. To remove the initial defects from
the new damage induced by F-T cycles, the initial volume of defects V; in the rock is
subtracted from V. In the initial state of the sample, when V; is equal to V4, the value of
Dy is 0, and as V4 increases, the difference between V4 and Vy; gradually increases, which
means that the effect on Dy, is more than obvious. Therefore, considering the defect volume,
the damage factor D, is as follows:

Ve En

Dh=1--———-¢ =0 8
" Vet+Va—Va Eo ®)

According to Figure 7c, the apparent volume and defect volume of the sample can be
determined using the 3D visualization results. As shown in Equation (1), the porosity vari-
ation of the sample was calculated based on the defect volume and apparent volume [26].
Therefore, the damage index D, of the sample was calculated using Equation (8), as pre-
sented in Figure 16. From this, it is evident that the improvement factor increases the Dy,
which is due to the fact that the value of « gradually decreases to less than 1. Moreover, for
the same F-T cycles, the strain rate is negatively correlated with the F-T damage, i.e., the
larger the strain rate, the smaller the value of Dp.
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Figure 16. Variation of damage index Dy, with different F-T cycles.

4.2. Damage D,, Evaluation

The following assumptions are made to characterize the evolution of damage in
the rock during dynamic loading: (1) at the macroscopic level, the rock is an isotropic,
homogeneous material; (2) the microunits exhibit linear elasticity before damage; and (3)
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the microunits strength obeys a two-parameter Weibull distribution with a probability
density function of P(F) [38]:

m m—1 m

P(F) = fO(FO) eXP[—(I_TO) ] )
Following the strain strength theory, the parameter F can be substituted by the strain
¢ [6]. Therefore, Equation (9) can be written as follows:

m e m—1 g m
Ple) = —(-)  exp[~() | (10)
0 €o €0
where ¢ is scale parameter; m refers to the shape parameter.
If the total number of microunits is N and 7 units fail under impact loading, the ratio
n/N is defined as Dg [39]:

n N[y P(e)de e .m
D= —=—9 " —1_exp[—(— 11
S N N eXp[ ( €0 ) ] ( )
As a result, the stress—strain relationship under dynamic loading was determined
using the strain equivalence hypothesis [6]:

0 = Epe(1 — Dy) (12)

where Ej refers to the initial elastic modulus. Considering the effect of F-T action on the
elastic modulus, Equation (12) can be expressed as follows:

0 = aEne(1 — Dy) (13)
Further, Equation (13) can be expressed as:

E() —waEq

= Ey(1—
o 0( Eo

)e(1 — Ds) = Ege(1 — D) (1 — Ds) (14)
Thus, bringing Equations (8) and (11) into Equation (14), the damage Dy, evolution
equation for the sample under impact loading and F-T damage is as follows:

Ve En g m

Dn=Dn+Ds—DpDs=1— ——nr—"~—— —(— 1
= Do+ Ds = DaDs = 1= gt 2 expl—(1)'] (15)

The parameters gy and m in the damage evolution model can be ascertained by fitting
the stress—strain curves using Equation (14) (see Figure 17). The stress—strain curves under
cyclic F-T effects were selected for the parametric study. As shown in Figure 18a, different
D,, correspond to different stress—strain curves, and their peak stresses are inversely pro-
portional to the parameter D;,. As the name implies, the higher the damage, the lower the
peak stress. Figure 18b illustrates different stress—strain relationships as ¢ is 0.0158, 0.0168,
and 0.0178. The results indicate that both the peak stresses and strains increase gradually
with increasing 9. Moreover, ¢ clearly affects the trend of the descending branch of the
stress—strain relationship. The stress—strain curves for different m are given in Figure 18c.
As the m increases, the peak strength of the stress—strain curves increases, and the rate of
stress decreases after the peak gradually increases.
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In addition, Figure 19 presents the variation of m and ¢y in the damage evolution model
with the F-T action and strain rates. It can be observed that the parameter ¢ is larger under
dynamic loading than under static loading, and increases with F-T damage (Figure 19a).
As shown in Equation (16), the linear function can describe the change of parameter ¢y with
F-T action, and the growth rate increases with the strain rates. In contrast, the parameter m
is smaller under dynamic loading than static loading and tends to decrease linearly with
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the F-T action (Equation (17)). Meanwhile, the decline rate of the parameter m with the F-T
action is inversely correlated with the strain rates, i.e., the larger the strain rate, the slower
the decline rate. After five F-T cycles, the parameter m increased by 16% from 0.001324
to 0.001559, and the slope from 0.00105 to 0.0001123 when the strain rate was increased
from 75 s~1 to 95 s~! (Figure 19b). As the F-T cycle increases, the strength of the mineral
particles and cement in the sample gradually decreases, resulting in a shift in the damage of
the rock from brittle to ductile [27]. The damage of the rock also shifts from brittle to ductile
under impact loading [10]. The change in damage mode implies a decrease in post-peak
stress drop rate; therefore, the parameter m reduces with the F-T damage and loading rate.
In addition, the peak strain of the sample increases with increasing F-T damage, and there
is a significant strengthening effect of strain rate, so the parameter g increases with the F-T
action and strain rate.
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Figure 19. Variation of the parameters ¢ (a) and m (b) with the strain rate and cyclic F-T action.

Based on the Equation (15) and the parameters ¢y, m, and «, the damage evolution of
the samples under dynamic loading and F-T action was investigated. The Dy, with the
strain rate of the samples after 20 F-T cycles is shown in Figure 20a, and the Dy, with the
different F-T cycles at the same loading is displayed in Figure 20b. The evolution curve
of Dy, exhibits distinct phase characteristics. In the initial phase, the Dy, of the samples
increases slowly; as the strain increases, the Dy, shows a lower convex increase; when the
loading continues to increase, the damage curve gradually changes to an upper convex
increase; in the final phase of the stress, the rock sample fractures, and the damage curve
tends to 1.

168



Materials 2023, 16, 119

(@) — ,
MOl C1oss
- - —75+557!
- - -95+557!
115£557!
08} >
Q=
>
[}
o
g
2
206
=)
<
a
04k _ _______
DI __________
D,k
1 1
0.003 0.006

0.009

T T (b) T T
e o ey e e _ - - =0F-Tcycle
7 /'/ Lon _ -5F-Tcycles /—/7—/7’__7,’"/77 ________
' " | - — =10 F-T cycles ,’ / 7 /’/ ’
! 1 /
20 F-T cycl 1 ,
, I/ 0s L cycles ’ :I ’ R |
/’ / | o= 30 F~T cyeles 7 4 Il >
| ,l ) P -40 F-T cycles ,"Ll L .7
! / g rE------o- e T I
! / 5 06 P g ﬂ/ ’ .
! / -5 D R et k7,
1 ) i
/
’ T E 7]
/ s 04 | 17, _
/ [a) iy
’ f % - -
e 20 F-T cycles DL -- - ;f/ Strain Rate75+5 s
02+ 7 -
. o
B [ e & H =
/
_ e
] ] 00p------- 1 1 1 .
0.012 0.015 0.018 0.003 0.006 0.009 0.012 0.015
Strain ¢ Stain ¢

Figure 20. Damage Dy, evolution with strain rate (a) and F-T cycles (b) under impact loading.

As shown in Figure 20a, the damage index Dy, in the initial phase corresponds to
the F-T damage Dy, at different strain rates. After 20 F-T cycles, the Dy, decreases with
increasing strain rate, and the D, at static loading is 0.395, which is about 1.5 times higher
than that at 115 s~ L. As the strain increases, the Dy, of the sample continues to increase,
but it is always between 0 and 1. This is due to the gradual development of the pores
and microcracks in the rock caused by the F-T action under the loading, which eventually
aggravates the damage to the sample [20]. However, compared to static loading, there are
significant differences in the Dy, development curves under dynamic loading: as the strain
increases, Dy, develops earlier in the samples with larger strain rates, e.g., at the strain
rate of 115 s~!, damage begins at a strain of about 0.004 compared to about 0.007 under
static loading. Also, the growth rate of Dy, is greater under static loading, which means
that the deformation during damage is less under static loading. As mentioned earlier, the
peak strain of the sample increases with strain rate, leading to a decrease in the growth
rate of Dy, with strain in Figure 17a. At the same time, the damage mode of the samples
changes from brittle to ductile under the impact loading, which is reflected in a decrease in
the decrease rate of post-peak stress [20]. Therefore, the Dy, of the sample under F-T action
develops earlier under the impact loading, but the growth rate gradually decreases with
the strain rate.

In Figure 20b, the initial strain corresponds to the different D,,, and it can be observed
that the D, gradually increases with the cyclic F-T action. At the same strain rate, the
evolution curves of Dy, show different characteristics: The larger the Dy, at the initial
loading, the longer the process of slow increase of D. This is due to the fact that the
number of pores and microcracks (throats) in the sample increases continuously with the
F-T action, resulting in an increase in the defect closure phase under dynamic loading [17].
With the strain increases, the pores and throats caused by the F-T action, as well as the
original defects, begin to develop, so that the Dy, of the sample increases in a lower convex
shape [2]. As the loading continues to increase, the evolution curves of Dy, gradually shift
to an upper convex shape. This can be attributed to the increase in plastic strain before
the peak stress with the F-T cycles, leading to a decrease in the growth rate of damage
with strain. In general, the development curves of Dy, changed from a sharp increase
to a slow increase with strain and then to stabilization 1. The larger the strain rate, the
lower the initial F-T damage, and the earlier the damage increases with strain, but the

growth rate decreases with increasing strain rate; the initial damage increases gradually
with the F-T action under dynamic loading, but the growth rate of damage decreases with
increasing initial damage. It is worth noting that dynamic loading reduces the D;,, but does
not increase the growth rate of the Dy,.
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5. Conclusions

The influence of microstructure on the dynamic mechanical behavior and damage
evolution of frozen-thaw sandstone was investigated using the split Hopkinson pressure
bar system, the MTS816 system, and the computed tomography (CT) system, revealing
that microstructural change in cold regions is one of the key factors that determine the
mechanical behavior of the rock under different impact loads. On this basis, a constitutive
model was developed considering impact loads and F-T effects, which incorporates the
influence of microscopic parameters and can well describe the stress—strain behavior under
different impact loads, and provide meaningful information for understanding the dynamic
hazards of rocks in cold regions.

In this study, cyclic F-T action reshapes the microstructure of the yellow sandstone,
leading to an exponential increase in porosity, permeability, pore parameters, throat param-
eters, and fractal dimension of the samples. After 40 F-T cycles, the porosity, permeability,
and fractal dimension of samples increased from 2.56, 11.3%, and 0.332 um? to 2.67, 16.7%
and 0.741 um?, respectively. Moreover, the peak strength and elastic modulus under impact
loading were linearly and negatively correlated with microstructure, and the decrease rate
was positively correlated with strain rate. Besides, with increasing impact loading, the D,
developed earlier in the samples with strain, while the growth rate of the Dy, with strain
was lower; with increasing F-T damage D;,, the slow increase of damage was longer, and
the growth rate of the Dy, with strain was lower.
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Abstract: During the mining activity under the super-thick nappe formed by thrust fault, the law
of mine pressure behavior is complex, and it is difficult to control the deformation and failure of
surrounding rock. Combined with the actual engineering conditions, the influence of different roof
lithology conditions, the thickness of nappe, the mining height, the size of the barrier coal pillar, and
the creep time on mine pressure behavior was studied by UDEC numerical simulation software. The
results showed that with the advancement of the coal face, due to the influence of the mining of the
coal face and the slip dislocation of the super-thick nappe along the thrust faults, the roof-to-floor
convergence, the two-sided convergence, and the maximum concentrated stress in the roadway-
concentrated areas are significantly increased. For the above five influencing factors, the greater the
thickness of the nappe and the mining height, the longer the creep time, and the stronger the ground
pressure behavior. The larger the size of the barrier coal pillar, the stronger the roof lithology, and the
gentler the ground pressure behavior. The research results can provide some reference for monitoring
the law of ground pressure behavior in roadway-concentrated areas under super-thick nappe.

Keywords: super-thick nappe; roadway-concentrated areas; influencing factors; ground pressure
behavior; numerical simulation

1. Introduction

The exploitation of coal resources under complex geological conditions has always
been a matter of great concern in the coal industry [1-4]. Thrust fault is a special type of
geological structure. It is a large thrust fault with a dip angle of about 30° or less [5-7].
Such faults tend to cause their hanging walls to move thousands or even tens of thousands
of meters over long distances along the fault plane, creating a massive rock mass structure
known as a nappe [8]. The structure of the nappe will lead to the complex law of ground
pressure behavior and unclear influencing factors, which will seriously affect the safety
and stability of the roadway.

In recent years, scholars at home and abroad have conducted a lot of research on
the law of ground pressure behavior and its influencing factors under the influence of
faults, such as the use of FLAC 3D and boundary element numerical simulation methods.
Batugin et al. [9-14] obtained the best supporting parameters of surrounding rock under
fault conditions and the influence of different types of faults on ground pressure behavior.
Sainoki et al. [15-24] obtained the relationship between mining activities and microseismical
phenomena and the influence of different mining directions on the law of ground pressure
behavior in coal face. Islam et al. [25], taking Barapukuria coal mine in Bangladesh as an
example, found that the deformation and stress field of the fault and its surrounding rock
change significantly under mining disturbance, and stress concentration occurs at the end of
the fault, using a model test or a similar material test method. Zhang et al. [26-31] studied
the overburden strata movement law, mine pressure characteristics, dynamic response, slip
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precursor information, and instability transient process characteristics before and after the
activation of a thrust fault, and the related factors affecting the law of ground pressure
behavior were obtained. Combined with elastic-plastic mechanics theory, Han et al. [32-35]
studied the stress distribution and failure evolution process of surrounding rock under
different conditions. Using the field monitoring method, Ji et al. [36,37] studied the influence
of the relative position of the coal face and the fault on the law of mine pressure behavior,
and the fault activation process is inversed by the microseismical data of the mine. Using a
method based on a probabilistic approach to assessing the rock strength, Begalinov et al. [38]
obtained the proportion of mining active fault instability under the influence of faults by
studying the physical and mechanical properties of faults, which provides a basis for
determining the means of support. Apart from that, Wang et al. [39] proposed a mechanical
model considering the stress redistribution caused by coal face mining, calculating the
stress distribution of the fracture surface and explaining the characteristics of the fault
slip. Dokht et al. [40] concluded that mining activities of the mine cause the redistribution
of roadway stress, which leads to the activation of faults and eventually causes small
unnatural earthquakes. The above research has played an important role in the study of
the law of ground pressure behavior and its influencing factors under the influence of
faults and has effectively promoted the process of quantitative research on the control of
roadway-surrounding rock under the influence of complex geological conditions.
However, due to the particularity of the thrust fault, the influence of the super-thick
nappe on the ground pressure behavior in the concentrated area of the lower roadway
is not clear, and the influencing factors are rarely studied. Therefore, this paper takes
the mining of No. 360801 coal face under the super-thick nappe structure of Xinji No.
1 Mine as the engineering background. Firstly, the main factors affecting the ground
pressure behavior in the roadway-concentrated areas under the super-thick nappe are
determined. Then, a numerical simulation model under different geological and mining
conditions is established by using the Universal Distinct Element Code (UDEC 6.0 v6.0.336)
discrete element numerical simulation software, and then the law of ground pressure
behavior in roadway-concentrated areas under super-thick nappe is explored. The research
results can provide some reference for monitoring the law of ground pressure behavior in
roadway-concentrated areas under super-thick nappe. The remainder of this manuscript
is arranged as follows. Section 2 contains the location and geological conditions of the
No. 360801 coal face, and then several important factors affecting the law of mine pressure
behavior are analyzed. In Section 3, the numerical simulation model is established for
different influencing factors. In Section 4, the specific influence of different factors on the
mine pressure behavior is analyzed according to the simulation results. In Section 5, the
numerical simulation results are summarized and analyzed, and conclusions are drawn.

2. Project Profile

The No. 36 district of Xinji No. 1 Mine is located in the southwest of the Xinji minefield.
There is a large range of Fufeng thrust faults above the district. The overall trend of the
fault is southward, and the dip angle changes greatly along the dip direction. The strike
zone is 30°-80°, and the middle dip angle gradually slows down, generally to about 5°. The
local section is nearly horizontal or inclined north, and the fault drop gradually decreases
from south to north. The fault zone is undulating in the strike and dips with a width of
0~27.25 m. It is composed of broken brecciated limestone, mudstone, and carbonaceous
mudstone. It is easy to loosen and break, and the local cementation is good. It is a typical
thrust fault. Due to the influence of faults, there is a nappe structure with a thickness of
351~562 m above the district (Figure 1). The structure of the nappe is mainly composed
of gneiss. The lithology is mainly granite gneiss and hornblende gneiss, showing gray
mixed with a gray-black, brown, fresh surface, a scale granular crystal structure, and a
gneiss structure. The No. 360801 coal face is located in the north of the west wing of the
No. 36 district, the main 8# coal-mining area. The outer section of the No. 360802 machine
roadway and the outer section of the No. 360803 track crossheading are in the east of the
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coal face, the design cut position near the auxiliary No. 13 exploration line is in the west,
the track crossheading of the No. 360803 coal face is in the south, and the F10 protective
coal pillar line is in the north. The layout of the No. 360801 coal face is shown in Figure 2.
The 8# coal is mainly bright coal with a thickness of 2.6~3.6 m and an average thickness of
3.1 m. The immediate roof is mudstone, and the rock stability is general. The basic roof is
fine sandstone with a maximum thickness of 13.5 m, and the rock layer is stable. The floor
is mudstone, in a dense block with a parallel bedding development, with a thickness of
5.54~9.15 m. The specific rock-layer histogram is shown in Figure 3.
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(b) Roadway-concentrated areas.

Figure 2. Layout plan of the No. 360801 coal face and roadway-concentrated areas.

Rs?gr;:;' Rock name th/iat\:\liire:asg;m Rock description
Gneiss 400 Directional distribution of dark and light minerals
Fine sandstone 1172 Gray, fine-grained structure, stepped fracture
Sandy mudstone 8.16 Grey, sandy structure, massive structure
Silicarenite 34.88 Light gray, mainly quartz, calcareous cementation
R ,
CICC Fine sandstone 3.86 Gray, fine-grained structure, stepped fracture
“':“':“ Mudstone 2.12 Gray, blocky, broken, jagged fracture
" 9# coal 114 Black, weak asphalt luster, blocky or scaly
Mudstone 4.13 Gray, blocky, broken, jagged fracture
Sandy mudstone|  8.23 Grey, sandy structure, massive structure
:\\\ Fine sandstone 4.07 Light gray, medium thick layer, siliceous cementation
| l | | | Mudstone 0.89 Gray, blocky, broken, jagged fracture
8# coal 31 Black, weak glass luster, scaly structure
&: Mudstone 8.35 Gray, blocky, broken, jagged fracture
& Sandy mudstone | 10.11 Grey, sandy structure, massive structure

Figure 3. Rock stratum histogram.

Since the thickness of the nappe is too large, the mine pressure behavior of the coal
face cannot be accurately measured, and the specific influence of the change of mining
conditions and geological conditions on the mine pressure cannot be confirmed. In the
actual engineering survey, we found that the mine pressure behavior in many areas of the
roadway-concentrated area is very strong. The —706-rail crosscuts and transport rise-entry
show serious deformation and failure of the surrounding rock, poor stability, and other
issues, as shown in the Figure 4a,b. Often, multiple repairs are needed to ensure normal
use, seriously affecting the safety of the mine production. Therefore, it is necessary to study
the influencing factors of mine pressure behavior.
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Figure 4. Deformation diagram of partial roadway-surrounding rock. (a) Overall damage diagram
(b) Local damage diagram.

3. Factors and Methods
3.1. Analysis of the Main Factors
3.1.1. Geologic Factor

(1) Roof lithology

Roof lithology refers to the mechanical properties of the rock layer on the top of the
roadway in a mine. When the roof lithology is different, the stability of roof strata is also
different [41-43]. The deformation of the roof and the degree of rock fragmentation are
quite different, which leads to the possibility of rock failure under the long-term action of
a small external load or a small load. The direct roof of the 8# coal in the No. 36 district
of the Xinji No. 1 Mine is mainly mudstone and sandy mudstone. The stability of rock
strata is general, and the stability of rock strata is poor in the structural development area.
The direct roof is scoured by the main roof of sandstone, which leads to direct contact
between the main roof sandstone and the coal seam. At the same time, it is affected by the
structure of the super-thick nappe, which makes the ground pressure behavior law more
complicated, and then affects the safety and stability of the roadway-concentrated areas
under the super-thick nappe.

(2) Thickness of nappe

Nappe is a huge rock mass structure formed by thrust faults that cause the hanging
wall to move thousands or even tens of thousands of meters along the fault plane. The
nappe structure will lead to inaccurate identification of the coal seam buried depth and
distribution, and the inability to determine the structure development and distribution for
the calculation and accurate measurement of the mine pressure caused great difficulties.
When the thickness of the nappe greatly changes, the ground pressure behavior also
dramatically changes. Therefore, it is particularly important to determine the relationship
between the law of ground pressure behavior and the thickness of the nappe. Combined
with the actual engineering conditions, the thickness of the overlying nappe in the No. 36
district of the Xinji No. 1 Mine is 351~562 m, and the thickness greatly varies. Therefore, the
ground pressure behavior in different positions of the roadway-concentrated areas under
the super-thick nappe is different.

3.1.2. Mining Technological Factors
(1) Mining height

Mining height refers to the distance difference between upper repeated mining and
lower normal mining for inclined coal seam mining. The mining height of the coal face is

directly related to the law of mine pressure behavior, and it is also the fundamental factor
of the deformation and failure of the overlying strata. In combination with the engineering
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practice, in the No. 36 district of the Xinji No. 1 Mine, with the progress of the 8# coal-
mining work, the stress of the rock mass around the roadway is redistributed, resulting in
a significant change in the law of ground pressure behavior in the roadway-concentrated
areas under the super-thick nappe. If the mining height of the coal face is adjusted, the
roadway stress will be redistributed, and the actual ground pressure behavior law in the
roadway-concentrated areas is extremely complex.

(2) Rise-entry barrier coal pillar size

The barrier coal pillar refers to the part of the coal body that is specially left under-
ground and is not mined, and the purpose is to protect the above-mentioned protected
objects inside the rock stratum and on the surface from mining. Due to the excavation of
roadways and the mining of coal seams, the stability of roadways in roadway-concentrated
areas under super-thick nappe is reduced, making the district within their influence range
vulnerable to damage. To protect the rise-entry of the district and maintain the stability of
roadways, it is necessary to setup a barrier coal pillar. However, with the change of the size
of the rise-entry barrier coal pillar, the ground pressure behavior of roadway-concentrated
areas also changes, and under the combined action of it and super-thick nappe, the influence
law of roadway-concentrated areas under the nappe is more complicated.

3.1.3. Time Factor

The phenomenon that the deformation of rock increases with time under the continu-
ous action of an external force whose size and direction do not change is called creep. The
roof rack of the roadway is subjected to external force for a long time, and its deformation
is increasing, and the stability is reduced. If its creep cannot be stabilized at a certain limit
value, the breaking characteristics will be different from the creep failure of instantaneous
failure, thus changing the ground pressure behavior in the roadway-concentrated areas.
Therefore, the creep time also has an important influence on the ground pressure behavior
in the roadway-concentrated areas under the super-thick nappe.

3.2. Construction of the Numerical Model

To study the influence of different factors on the ground pressure behavior in the
roadway-concentrated areas under the super-thick nappe, based on the actual geological
conditions of the No. 360801 coal face in the Xinji No. 1 Mine, the —706-rail crosscut,
rail rise-entry, transport rise-entry, and return air rise-entry in this district are the most
frequently used roadways and serve as the main transportation and return air tasks in the
district. At the same time, the above four roadways are located in or through the tendency
center of the No. 360801 coal face, and the research is representative. Therefore, the above
four roadways were selected as the main research objects. Establishment of a numerical
simulation model was performed using UDEC discrete element software [44]. Under the
influence of different roof lithology conditions, the thickness of nappe, the mining height,
the size of the barrier coal pillar, and the creep time, the law of ground pressure behavior
in roadway-concentrated areas caused by mining was analyzed. The numerical simulation
foundation model was established according to actual engineering geological conditions.
The thickness of the nappe was 400 m, the mining height was 3 m, and the size of the
barrier coal pillar was 190 m. The model size was length x height = 1000 m x 450 m. The
boundary condition of the model was to apply the X-axis horizontal constraint on the right
boundary of the model and the Y-axis vertical constraint on the bottom of the model. The
vertical load was applied on the top of the model to simulate the weight of the overlying
strata. The self-weight stress generated by the actual buried depth was used as the load
on the top-end face. The upper self-weight stress was applied in the horizontal direction
multiplied by the lateral pressure coefficient, A, to simulate the initial ground stress. The
specific numerical model is shown in Figure 5. The mechanical parameters of the whole
rock stratum of the model are shown in Table 1.
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Figure 5. Overall numerical model and roadway-concentrated areas diagram.
Table 1. Numerical model of rock physical and mechanical parameters table.
. . Elastic The Angle of . ,
Rock Name Thickness Den51t¥/kg Tensile Modu- Cohesion/MPa Internal P01sst?n d
X m~3 Strength/MPa s e o Ratio
lus/GPa Friction/
1 Gneiss 400 2763 11.2 44.8 15 40 0.25
2 Fine sandstone 12 2532 5.38 37.15 3.2 42 0.27
3 Sandy mudstone 8 2562 2.6 12.08 2.45 40 0.25
4 Silicarenite 35 2423 49 21.75 21 75 0.29
5 Fine sandstone 4 2532 5.38 37.15 3.2 42 0.27
6 Mudstone 2 2582 2.0 10.37 1.2 32 0.28
7 No. 9 coal seam 1 1401 0.3 2.79 0.8 29 0.32
8 Mudstone 4 2582 2.0 10.37 1.2 32 0.28
9 Sandy mudstone 8 2562 2.6 12.08 2.45 40 0.25
10 Fine sandstone 4 2532 5.38 37.15 3.2 42 0.27
11 Mudstone 1 2582 2.0 10.37 1.2 32 0.28
12 No. 8 coal seam 3 1378 0.4 1.32 0.8 29 0.31
13 Mudstone 8 2582 2.0 10.37 1.2 32 0.28
14 Sandy mudstone 10 2562 2.6 12.08 2.45 40 0.25

To study the influence of different factors on the ground pressure behavior of roadway-
surrounding rock, the numerical model under different conditions was established by
adjusting the above basic model. At the same time, in the simulation process, the cor-
responding stress and displacement monitoring points were set at the top and bottom
plates of the above four roadways and on the left side (near the side of the No. 360801
coal face) to monitor the roof-to-floor convergence, two-sided convergence, the maximum
concentrated stress, and its position changes, to clarify the law of ground pressure behavior
in the roadway-concentrated areas under the influence of different factors.
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3.3. Simulation Scheme Design under Different Influence Factors
3.3.1. Geologic Factor

(1) Roof lithology

To deeply analyze the influence of roof lithology on ground pressure behavior in
roadway-concentrated areas under super-thick nappe, under the condition of ensuring
other conditions are unchanged, the roof lithology of the No. 360801 coal face was set as
very soft, soft, softer, and stiff. Different lithology is to be achieved by the assignment
command in numerical simulation. The stress and displacement changes of roadway-
surrounding rock after coal face mining and the influence law of roof lithology on ground
pressure behavior were obtained. The specific scheme is shown in Table 2.

Table 2. Simulation scheme under different roof lithology conditions.

Specific Parameters

Name Sigzﬁleinti: n Densi _3 Bulk Shear Internal . Tensile
ensity/kg-m Modulus/GPa  Modulus/GPa Friction Angle/° Cohesion/MPa Strength/MPa
Very soft 1378 2.8 1.51 32 0.3 0.945
Roof Soft 2582 423 2.3 40 0.3 24
lithology Softer 2532 8.64 5.69 38 21 45
Stiff 2532 12.64 8.69 36 52 11.5

(2) Thickness of nappe

To ensure other conditions are unchanged, the specific influence of the thickness
variation of the nappe on the ground pressure behavior of the roadway was determined.
The thickness of the nappe was set to 100, 250, 400, and 550 m, respectively. By observing
the changes of stress and displacement of the surrounding rock of the roadway after mining
in the coal face, the influence of the different thicknesses of nappe on the ground pressure
behavior was explored.

3.3.2. Mining Technologic Factors
(1) Mining height

To explore the influence of mining height on the ground pressure behavior in the
roadway-concentrated areas under the super-thick nappe, the other conditions were also
guaranteed. The mining height was set to 1, 3, 5, and 7 m, respectively. We analyzed and
compared the changes of stress and displacement of roadway-surrounding rock after coal
face mining to explore the law of ground pressure behavior in roadway-concentrated areas.

(2) Rise-entry barrier coal pillar size

Under the premise of ensuring other conditions remained unchanged, the size of the
rise-entry barrier coal pillar was changed. It was set to 150, 190, 230, and 270 m, respectively.
The stress and displacement changes of the surrounding rock of the roadway after coal
face mining and the influence law of the size of the rise-entry barrier coal pillar on ground
pressure behavior were obtained.

3.3.3. Time Factor

To determine the influence of the creep time on the mine pressure behavior, the
principle of the only variable was followed. The creep time was set to 30, 60, 90, and
120 days. The stress and displacement changes of roadway-surrounding rock after coal
face mining and the influence law of the creep time on the ground pressure behavior
were obtained.
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4. Results
4.1. Appearance Law of Ground Pressure Behavior in Roadway-Concentrated Areas under Actual
Engineering Conditions

To determine the change of ground pressure behavior in roadway-concentrated areas
during the ground pressure behavior of the No. 360801 coal face, the advancing distance
of the coal face was set as 100, 200, 300, 400, and 512 m, respectively (the size of the rise-
entry barrier coal pillar was 190 m). The roof-to-floor convergence, two-side convergence,
maximum concentrated stress, and their positions of the four roadways of the —706-rail
crosscut, rail rise-entry, transport rise-entry, and return air rise-entry were monitored and
compared. The specific results are shown in Figures 6 and 7.
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Figure 6. Monitoring results of convergence in roadway-concentrated areas during the advancing
process of the No. 360801 coal face. (a) Roof-to-floor convergence, (b) Two-sided convergence.
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Figure 7. Maximum concentrated stress and its position monitoring results in the advancing pro-
cess of the No. 360801 coal face. (a) Maximum concentrated stress, (b) Position of maximum
concentrated stress.

It can be seen from Figure 6 that with the increase of the advancing distance of the coal
face, for the roof-to-floor convergence, each roadway did not change before the advancing
distance was less than 300 m. When the advancing distance was greater than 300 m, there
was a significant increasing trend, and the two-sided convergence showed a gradually
increasing trend from the beginning. In general, when the coal faces advances to 512 m,
the —706-rail crosscut, rail rise-entry, transport rise-entry, and return air rise-entry the
roof-to-floor convergence increased by 7.66%, 5.11%, 8%, and 4.06%, respectively, compared
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with 100 m. The two-sided convergence increased by 117.32%, 103.8%, 128.6%, and 59.65%,
respectively. Combined with the two above sets of data, it can be seen that with the increase
of the advancing distance of the coal face, the influence on the two-sided convergence was
greater than that of the roof-to-floor convergence, but the basic trend remained unchanged.

It can be seen from Figure 7 that with the continuous advancement of the coal face,
the maximum concentrated stress in the roadway-concentrated areas gradually increased,
and the position of the stress concentration was constantly approaching the left side of
the roadway. The maximum concentrated stress of the transport rise-entry roadway and
its distance from the left side showed the maximum values of the four roadways, and the
maximum concentrated stress of the return air rise-entry was the smallest. The closest
distance between the maximum concentrated stress position and the left side of the roadway
was the —706-rail crosscut, and the position of the maximum concentrated stress did not
change significantly with the continuous advancement of the coal face.

In summary, with the advance of the coal face, the roof-to-floor convergence, the
two-sided convergence, the maximum concentrated stress, and its location in the roadway-
concentrated areas significantly changed. The reason is mainly due to the mining of the
coal face and the slip dislocation of the super-thick nappe along the thrust fault caused
by mining.

4.2. Influence Law of Roof Lithology

According to the simulation scheme in Table 2, the roof-to-floor convergence, two-
sided convergence, maximum concentrated stress, and its position of the four roadways of
the —706-rail crosscut, rail rise-entry, transport rise-entry, and return air rise-entry in the
roadway-concentrated areas after the No. 360801 coal face mining were monitored and
compared. The specific results are shown in Figures 8 and 9.
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Figure 8. Monitoring results of convergence in roadway-concentrated areas under different roof
lithology conditions. (a) Roof-to-floor convergence, (b) Two-sided convergence.

It can be seen from Figure 8 that in the roof-to-floor convergence, affected by the roof
lithology, each roadway showed a trend of decreasing first and then increasing. As for
the two-sided convergence, the —706-rail crosscut, rail rise-entry, and return air rise-entry
were less affected by the lithology of the roof, and only the transport rise-entry showed
a decreasing trend. Overall, when the roof lithology was stiff, the —706-rail crosscut, rail
rise-entry, transport rise-entry, and return air rise-entry roof-to-floor convergence compared
to the lithology was very soft, and decreased by 4.49%, 1.1%, 3.63%, and 0.3%, while the
two-sided convergence was reduced by 4.01%, 0.7%, 15.37%, and 2.61%, respectively.

182



Materials 2023, 16, 89

|
[
=

w
=)

Maximum concentrated stress/MPa

180

160

140

120

100

[es)
o

Roof-to-floor convergence/mm

[«2]
o

I
w
(3%

|
[
o

|
[3=]
(=)}

-24

—@— Rail crosscut —&— Rail crosscut

—8— Rail nise-entry ! —@— Rail rise-entry
Transport rse-entry Transport rise-entry

—w— Return air rise-entry —¥— Return air rise-entry

w
ol
1

w
o
T

N
(3,
T

N
o
T

T — 33—

-
(6]
T

-
o
T

Distance between maximum

concentrated stress and left side/m

o
[$a]
T

v v —y . .__’./-l\.

Very soft

—— Rail crosscut

—&— Rail rise-entry
Transport rise-entry

—w— Return air rise-entry

1 1 1 00 1 1
Soft Softer stiff Very soft Soft Softer Stiffness
Roof lithology Roof lithology

(@) (b)

Figure 9. Maximum concentrated stress and its location monitoring results under different roof
lithology conditions. (a) Maximum concentrated stress, (b) Position of maximum concentrated stress.

It can be seen from Figure 9 that with the continuous enhancement of roof lithology,
for the maximum concentrated stress of the three roadways of the —706-rail crosscut, rail
rise-entry, and return air rise-entry, the distance between their position and the left side
of the roadway did not change much. The maximum concentrated stress of transport
rise-entry showed a decreasing trend, but the distance between the maximum concentrated
stress and the left side of the roadway was unchanged when the roof lithology was very
soft, soft, and softer. Only when the roof lithology changes from softer to stiff will the
distance between the maximum concentrated stress and the left side of the roadway be
greatly reduced.

4.3. Influence Law of Nappe Thickness

According to the simulation scheme, the roof-to-floor convergence, two-sided conver-
gence, maximum concentrated stress, and its position of the four roadways of the —706-rail
crosscut, rail rise-entry, transport rise-entry, and return air rise-entry in the roadway-
concentrated areas after mining of the No. 360801 coal face with different thicknesses of
nappe were monitored and compared. The specific results are shown in Figures 10 and 11.
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Figure 10. Monitoring results of convergence in roadway-concentrated areas under the different
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thicknesses of nappe conditions. (a) Roof-to-floor convergence, (b) Two-sided convergence.
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Figure 11. Maximum concentrated stress and its location monitoring results under the different
thicknesses of nappe conditions. (a) Maximum concentrated stress, (b) Position of maximum
concentrated stress.

It can be seen from Figure 10 that the thickness of the nappe had the same influence
on the changing trend of the roof-to-floor convergence and the two-sided convergence in
the roadway-concentrated areas under the super-thick nappe, both showing a trend of
increasing first and then decreasing, and both changes were significant when the thickness
of the nappe was 400 m. In general, when the thickness of the nappe was 550 m, the roof-to-
floor convergence of the —706-rail crosscut, rail rise-entry, transport rise-entry, and return
air rise-entry was increased by 61.89%, 55.7%, 67.88%, and 52.1%, respectively, compared
with the thickness of 100 m, while the two-sided convergence was increased by 138.45%,
107.29%, 180.87%, and 75.05%, respectively.

It can be seen from Figure 11 that the thickness of the nappe had the same influence
on the variation trend of the maximum concentrated stress and the distance between the
maximum concentrated stress and the left side of the roadway-concentrated areas under the
super-thick nappe, which increased first and then decreased. The maximum concentrated
stress of the four roadways of the —706-rail crosscut, rail rise-entry, transport rise-entry,
and return air rise-entry obviously changed when the thickness of the nappe was 400 m.
The distance between the maximum concentrated stress of the three roadways of the rail
rise-entry, transport rise-entry, and return air rise-entry with the left side of the roadway
obviously changed under the condition where the thickness of the nappe was 250 m, and
only the —706-rail crosscut changed when the thickness of the nappe was 400 m.

4.4. Influence Law of Mining Height

According to the simulation scheme, the roof-to-floor convergence, two-sided conver-
gence, maximum concentrated stress, and its position of the four roadways of the —706-rail
crosscut, rail rise-entry, transport rise-entry, and return air rise-entry in the roadway-
concentrated areas after mining of the No. 360801 coal face with different mining heights
were monitored and compared. The specific results are shown in Figures 12 and 13.

It can be seen from Figure 12 that the influence of the mining height on the roof-to-
floor convergence in the roadway-concentrated areas under the super-thick nappe and the
two-sided convergence, except for the —706-rail crosscut roadway, was the same, showing
a trend of increasing and then decreasing, and both obviously changed when the mining
height was 3 m. The two-sided convergence of the —706-rail crosscut was gradually
increasing. In general, when the mining height was 7 m, the roof-to-floor convergence of
the —706-rail crosscut, rail rise-entry, transport rise-entry, and return air rise-entry was
reduced by 10.15%, 10.09%, 12.97%, and 6.35%, respectively, compared to that when the
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mining height was 1 m. The two-sided convergence increased by 120.8%, 73.29%, 130.08%,
and 46.68%, respectively.
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Figure 12. Monitoring results of convergence in roadway-concentrated areas under different mining
height conditions. (a) Roof-to-floor convergence, (b) Two-sided convergence.
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Figure 13. Maximum concentrated stress and its location monitoring results under different mining
height conditions. (a) Maximum concentrated stress, (b) Position of maximum concentrated stress.

It can be seen from Figure 13 that the continuous increase of mining height, —706-rail
crosscut, rail rise-entry, transport rise-entry, and return air rise-entry maximum concen-
trated stress showed a trend of increasing first and then decreasing, and when the mining
height was 3 m, the changes were significant. The distance between the maximum con-
centrated stress and the left side of the roadway decreased first and then increased, and
obviously changed when the mining height was 3 m.

4.5. Influence Law of Rise-Entry Barrier Coal Pillar Size

According to the simulation scheme, the roof-to-floor convergence, two-sided con-
vergence, maximum concentrated stress, and its position of the four roadways of the
—706-rail crosscut, rail rise-entry, transport rise-entry, and return air rise-entry in the
roadway-concentrated areas after mining of the No. 360801 coal face with different sizes
of the rise-entry barrier coal pillar were monitored and compared. The specific results are
shown in Figures 14 and 15.
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Figure 14. Monitoring results of convergence in roadway-concentrated areas under different sizes of
rise-entry barrier coal pillar conditions. (a) Roof-to-floor convergence, (b) Two-sided convergence.
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Figure 15. Maximum concentrated stress and its location monitoring results under different sizes of
rise-entry barrier coal pillar conditions. (a) Maximum concentrated stress, (b) Position of maximum
concentrated stress.

It can be seen from Figure 14 that the influence of the size of the rise-entry barrier
coal pillar on the roof-to-floor convergence in the roadway-concentrated areas under the
super-thick nappe showed a trend of increasing first and then decreasing, while the two-
sided convergence showed a trend of gradually decreasing. In general, when the size of
the rise-entry barrier coal pillar increased to 270 m, the roof-to-floor convergence of the
—706-rail crosscut, rail rise-entry, transport rise-entry, and return air rise-entry decreased
by 5.61%, 1.76%, 6.55%, and 1.25%, respectively, compared to that of 150 m, while the
two-sided convergence decreased by 61.93%, 46.74%, 63.5%, and 25.9%, respectively.

It can be seen from Figure 15 that with the increase of the size of the rise-entry barrier
coal pillar, the maximum concentrated stress of the four roadways showed a decreasing
trend, and the decreasing speed suddenly increased when the size of the rise-entry barrier
coal pillar was greater than 190 m. The distance between the maximum concentrated stress
and the left side of the roadway increased first and then decreased, and obviously changed
when the size of the rise-entry barrier coal pillar was 190 m.
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4.6. Influence Law of Creep Time

According to the simulation scheme, the roof-to-floor convergence, two-sided conver-
gence, maximum concentrated stress, and its position of the four roadways of the —706-rail
crosscut, rail rise-entry, transport rise-entry, and return air rise-entry in the roadway-
concentrated areas after mining of the No. 360801 coal face with different creep times were
monitored and compared. The specific results are shown in Figures 16 and 17.
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Figure 16. Monitoring results of convergence in roadway-concentrated areas under different creep
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Figure 17. Maximum concentrated stress and its location monitoring results under different creep
time conditions. (a) Maximum concentrated stress, (b) Position of maximum concentrated stress.

It can be seen from Figure 16 that the creep time showed a gradual increase in the
trend of roof-to-floor convergence in the roadway-concentrated areas under the super-thick
nappe. In general, when the creep time was 120 days, the —706-rail crosscut, rail rise-entry,
transport rise-entry, and return air rise-entry roof-to-floor convergence compared to the
creep time of 30 days increased by 78.21, 74.4, 80.56, and 73.95 times, respectively. The
two-sided convergence increased by 164.1, 160.9, 167.1, and 151.1 times, respectively. The
reason is that due to the influence of the rock layer relationship, the transport rise-entry
was the closest to the coal seam roof, followed by the —706-rail crosscut, so the impact on
these two roadways was greater than the rail rise-entry and return air rise-entry.

It can be seen from Figure 17 that the creep time had a serious influence on the
maximum concentrated stress in the roadway-concentrated areas under the super-thick
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nappe, showing a gradual increasing trend, while the change range of the transport rise-
entry was larger than that of the other three roadways, and the change range of the return
air rise-entry was the smallest. The distance between the maximum concentrated stress
and the left side of the roadway was almost unchanged before the creep time of 90 days,
and when the creep time exceeded 90 days, there was a slightly obvious increasing trend.

4.7. Comparative Analysis of Factors

Based on the above numerical simulation results, it can be seen that for the roof-to-
floor convergence in roadway-concentrated areas, with the increase of the thickness of
the nappe, the mining height, and the size of the rise-entry barrier coal pillar, they all
showed a trend of increasing first and then decreasing. With the increase of roof lithology
conditions, the opposite trend was shown, and the creep time increased. For the two-sided
convergence and the maximum concentrated stress, it increased first and then decreased
with the increase of the thickness of the nappe and the mining height, decreased with the
increase of the roof lithology and the size of the rise-entry barrier coal pillar, and showed
the opposite trend with the increase of the creep time. For the maximum concentrated
stress and the distance from the side, it increased first and then decreased with the increase
of the thickness of the nappe and the size of the rise-entry barrier coal pillar. It showed an
opposite trend with the increase of the mining height, the increase of the roof lithology, and
the increase of the creep time.

By comparing the influence of roof lithology, the thickness of nappe, the mining
height, the size of the rise-entry barrier coal pillar, and the creep time on the overall ground
pressure behavior in the roadway-concentrated areas, it can be seen that the creep time had
the greatest influence on the ground pressure behavior in the roadway-concentrated areas,
followed by the thickness of the nappe, the mining height, and the size of the rise-entry
barrier coal pillar, and the roof lithology had the least influence on the ground pressure
behavior of each roadway. At the same time, by comparing the influence degree of the
ground pressure behavior of each roadway in the roadway-concentrated areas, it was
found that the above influencing factors had the most significant influence on the transport
rise-entry, followed by the —706-rail crosscut, the rail rise-entry, and the return air rise-entry,
which was the least affected by the various factors.

5. Conclusions

(1) According to the actual geological mining conditions of the No. 36 district in the
Xinji No. 1 Mine, the influencing factors of ground pressure behavior in roadway-
concentrated areas under super-thick nappe were analyzed from three aspects: ge-
ological factors, mining technology factors, and time factors. The main influencing
factors were determined as roof lithology, the thickness of the nappe, the mining
height, the size of the rise-entry barrier coal pillar, and the creep time.

(2) With the advancement of the No. 360801 coal face, the roof-to-floor convergence,
the two-sided convergence, and the maximum concentrated stress of each roadway
in the roadway-concentrated areas gradually increased, the distance between the
position of the maximum concentrated stress and the side gradually decreased, and
the deformation of the two-sided convergence was significantly greater than that
of the roof-to-floor convergence. Among them, the two-sided convergence and the
maximum concentrated stress can reach 365.4 mm and 42.2 MPa.

(3) By comparing the influence of various factors on the ground pressure behavior in
roadway-concentrated areas, it can be concluded that: the greater the thickness of
nappe and the greater the mining height, the longer the creep time, the stronger the
mine pressure behavior, the greater the size of the rise-entry barrier coal pillar, and
the stronger the roof lithology, and the ground pressure behavior tends to be gentle.

(4) By comparing the degree of mine pressure behavior in each roadway under the
influence of different factors, it can be found that: The intensity of mine pressure
behavior in each roadway was mainly affected by the strata. The closer the roadway
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was to the coal seam roof, the stronger the mine pressure behavior, while the farther
away from the coal seam roof, the gentler the mine pressure behavior. Transport
rise-entry was the closest to the coal seam roof, followed by the rail crosscut, so the
impact on these two roadways was greater than on the rail rise-entry and the return
air rise-entry.
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Nomenclature

Terminology
Thrust fault
Nappe

Ground pressure
behavior
Barrier coal pillar

Creep

Numerical
simulation

Gneiss
Immediate roof

Main roof
Rail crosscut

Rail rise-entry
Transport rise-
entry

Return air rise-
entry
Roof-to-floor con-
vergence

Representative meaning

A large reverse fault with a dip angle of about 30° or less.

A huge rock mass structure formed by thrust faults that cause the hanging wall
to move thousands or even tens of thousands of meters along the fault plane.
Mine pressure phenomenon shown by surrounding rock movement and support
force under the mine pressure.

It refers to the part of the coal body that is specially left underground and is
not mined, and the purpose is to protect the above-mentioned protected objects
inside the rock stratum and on the surface from mining.

The phenomenon that the deformation of rock increases with time under the
continuous action of an external force whose size and direction do not change.
By means of electronic computers, combined with the concept of finite element
or finite volume, through numerical calculation and image display, with the pur-
pose of studying engineering and physical problems and even various problems
in nature.

Rocks formed by deep metamorphism of magmatic or sedimentary rocks.
Refers to the rock strata directly above the ore layer and can fall down in time
during caving.

The roof located on the direct roof or coal seam, also known as the old roof.
Usually large thickness and rock strength, difficult to collapse rock.

Transport is the main task in the inner track of the connecting roadway through
the coal seam.

Inclined roadway upward from the transport layer.

Roadways for transporting ores when mining deposits above the mining level.

A roadway extending upward from a mining level for ventilation.

Under the support of hydraulic support, the mining space is affected by mining,
the reflection of rock deformation, and movement.
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Abstract: The creation of the natural ceiling rock of the coal seam is rife with fractures, holes, and
other flaws. The angle of the defects has a significant influence on the mechanical characteristics
and crack evolution of coal seam roof rock. Multi-scale numerical simulation software PFC2D gets
adapted to realize the crack propagation and coalescence process in the roof rock of a coal seam with
different angles of defects under uniaxial compression. The effect of flaw angles on the micro and
macro mechanical characteristics of rock is also discovered. The results show that: (1) the defect angle
has influence on the stress-strain, elastic modulus, peak strength, peak strain, acoustic emission (AE)
and strain energy of roof rock of coal seam. When the defect angles are different, the starting position
of the roof rock in a coal seam fracture is different. The quantity of microcracks firstly reduces with
an increase in defect angles before gradually increasing. At the same fault angle, the cracks are
mostly tensile ones and only a few shear ones. (2) When the defect angle is less than 90°, tensile
and shear fractures are mostly localized at the defect’s two tips and propagate along the loading
direction. When the defect angle is 90°, the tensile and shear cracks are not concentrated at the
tip of the defect. (3) As the defect angles increase, the elastic strain energy rises initially and then
falls, and the dissipated energy and total input energy both increase continuously. The elastic strain
energy is greatest at the highest strength. The study provides a certain reference for the use of various
analysis methods in practical engineering to evaluate the safety and stability of rock samples with
pre-existing defects.

Keywords: rock mechanics; microcrack evolution; defects angles; failure modes; multi-scale charac-
terization; particle flow code

1. Introduction

In mining engineering, defective rock mass is a type of complicated engineering
medium, as is water conservancy engineering, transportation engineering, and under-
ground tunnel engineering [1-3]. The complex structure of rock makes its physical proper-
ties inhomogeneous and anisotropic, which makes the research of rock masses with defects
more difficult [4-7]. In previous studies on fractured rocks, cracks are mostly placed in the
middle of rock specimens [8-12]. When the rock specimen’s top or lower half is fractured,
what effects will the angle change have on its mechanics and crack evolution characteristics.

At present, the research work on rocks with defects is mainly based on indoor rocks
and includes the material model test or numerical simulation test. Through the laboratory
test of rock with defects, we can find some influence rules such as inclination angle and
number of prefabricated cracks, which have effect on the axial compressive strength, crack
initiation, propagation and failure mode. And the numerical simulation software can
only change one factor of the defect when other conditions remain unchanged, so that the
research on the mechanical characteristics of defective rocks can be validated [13-17]. By
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controlling the numerical software program, the stress condition and changes of cracks
near the defect can be obtained, which cannot be obtained experimentally. Hence, further
analysis of the crack model’s stress variation properties during uniaxial compression can
be done. For example, Yang et al. used PFC2D to study the tensile strength and fracture
propagation of intermittently double-fractured rocks and discovered the effect of cracks
on these properties. [18]. Su et al. conducted laboratory experiments to investigate how
longitudinal fractures affect the mechanical characteristics of sandstone and obtained some
useful research results [2]. Through indoor experiments, Yang et al. studied the law and
mechanism of fracture propagation for various inclination defects. The test results have
important guidance and reference significance for underground engineering construction
design. [19]. Cao et al. have done a lot of research on fractured rock with pores, including
laboratory tests, numerical simulation, and different influencing factors [20,21]. Li et al.
investigated marble with holes” dynamic failure properties under impact stress. The
complete process of crack germination, propagation, penetration, and destruction was
captured using a high-speed camera. [22]. The prefabricated hole specimen’s dynamic
compressive strength, mechanism of failure, and crack propagation characteristics under
impact stress were also explored.

It can be found that there are many kinds of research methods for rocks with cracks,
cavities, and other defects. There are various research methods, including the indoor
rock mechanics test, the numerical simulation test, the uniaxial compression test, triaxial
compression test, the impact dynamic load test, and also the cyclic loading and unloading
test, and so on. Hence, it is possible to obtain the rock’s mechanical, deformational,
AE, failure, and energy properties, and so on. In addition, the effects of different crack
combinations, water, heat, chemistry, and other environments on it are studied, and many
useful results are obtained [23-29]. However, most of the defects in these studies are
concentrated in the middle of the rock specimen or symmetrically distributed in the middle
of the rock, and there are also a few studies on the distribution of shear cracks and tensile
cracks in rock failure. However, in practical rock engineering, the distribution of cracks
is not uniform. Hence, according to engineering practice, it is required to investigate the
mechanical features of defects in a specific section. As fracture initiation and propagation
are energy-driven processes, various analysis methods must be applied to assess the
characteristics of rock samples with different defects.

In view of this, the numerical model of samples with various angle defects on
one side of the roof of the coal seam is established using the PFC2D software, and its
uniaxial compression is explored. The process of crack propagation and the number of
microcracks are traced by using fish language [30-32]. Therefore, further analysis on the
strain energy, strength, deformation, and acoustic emission with various crack inclina-
tions is carried out, and the distribution characteristics of shear and tension cracks are
also obtained.

2. Methodology
2.1. Particle Flow Code

How particles interact with one another can be described by the particle contact
constitutive model. Among them, the most commonly used are the contact bond model
and the parallel bond model [30]. Infinitesimal, linear elastic, and interfacial bearing
capacity characteristics can be provided by the contact bond model, whether the surface
is bonded or frictional, as shown in Figure 1a. It can transmit force and moment at the
same time. While the contact area of the contact bond model is point that can not transmit
moment. The bond loses its function, and the spring will break, if the tensile or shear
stress between the particles is greater than the normal or tangential bond strength. This
means that the contact bond model is usually suitable for soil. While the parallel bond
model can efficiently simulate the bonding between rock particles because it can regard
the bonding between particles as a group of parallel springs with the functions of tension,
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Dashpot force(F®), not shown.

linear force (F'), linear elastic

& either bonded or frictional

shear, and torque, as shown in Figure 1b [31]. Hence, the parallel bond model is widely
used in building PFC2D rock models and simulations [18,21,30].

bonded Dashpot force(F?), not shown.
linear force (F'), linear elastic
Tr
(no tension) and frictional
kn Bond load (F and M)

linear elastic & bonded

unbonded (/inear model) unbonded (linear model)
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(a) Contact bond model (b) Parallel bond model

Figure 1. Bonded-particle model and its micro-mechanical behavior.

2.2. Parameter Calibration of Roof Rock of Coal Seam

The purpose of meso-parameter calibration is to make the macro-mechanical proper-
ties of rock match the established PFC2D model. The meso-parameters include two parts:
particle meso-parameters and meso-parameters of the contact constitutive model. The
meso-parameters are usually calibrated by the “trial and error” method [18,21,30-32]. The
most popular technique for calibrating the meso-parameters of the rock PFC2D model is
“trial and error,” which involves gradually modifying the meso-parameters until the nu-
merical test results are consistent with the rock’s large-scale mechanical properties. Figure 2
describes the parameter checking process of the “trial and error” method for the PFC model
(version 5.0) [30-32].

If m;, and UCS do not fit the failure envelope

Set friction Set siffness Calibrate Calibrate failure Calibrate
angle ratio microparameters envelope model
Posssion” s  Calibrate contact
ratio tensile strength

Calibrate

effective moduli —— Young’ s modulus

Until fit UCS

and £ Calibrate contact__, r;-g
cohesion

Figure 2. Parameter checking process of “trial and error” method for PFC model.

The parameters provided by previous studies were used to conduct numerical tests
because of the limitations of laboratory testing. Through the method of “trial and error”
with repeated check comparisons, we obtained the physical mechanical characteristics
for the PFC model, as shown in Table 1. Certainly, they were close to the macroscopic
mechanical parameters of the real rock.
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Table 1. Micro mechanical parameters of coal and rock for numerical simulation.

Contact Parameter Rock Meaning
Riin 0.2 Minimum particle size
Rmax/Rmin 1.5 Ratio of maximum particle size to minimum particle size
E. (GPa) 1.8 Effective modulus of particles
K. /K 15 Ratio of the contact stiffness between the normal direction and
nees ’ the tangential bond of particles
E (GPa) 2.4 Bond effective modulus
K, /Ks 15 Ratio of normal to tangential bonding contact stiffness
op (MPa) 16 Average and standard deviation of normal bond strength
cp (MPa) 20 Mean and standard deviation of cohesive force
¢ (°) 42 Bond internal friction angle
h 0.5 Linear friction coefficient of particles

2.3. Numerical Models Roof Rock of Coal Seam with Different Defects Angle

Five rock models with varying angles of defects and one model without defects were
built to explore the mechanical properties and the crack evolution law (Figure 3). The
values in Table 1 were used to create these models as intact rocks first, and then defects
were deleted before the simulation run. A certain thickness of grain element is deleted to
simulate fracture. This is the most commonly used method at present and is mainly used
to simulate discontinuous and unclosed fractures [18,21,30]. This is because after deleting
the particles, the particles on both sides have been separated without any interaction. The
loading rate needs to be low enough to guarantee the quasistatic loading condition. Hence,
the loading rate in this study is set at 0.05 mm/s.

(b) 30° (c) 45° (d) 60° (e) 90° (f) No defects
Figure 3. Numerical roof rock of coal seam specimens with different angle of defect and no defects.

3. Numerical Simulation and Results
3.1. Strength and Deformation Properties

Uniaxial compressive strength (UCS), elastic modulus (E), and stress-strain curves of
rock samples with various defect angles are shown in Figure 4a,b. The defect angle has
influence on the stress-strain curve, UCS and E of rock. Three stages, referred to as the
elastic stage, plastic stage, and failure stage, may be distinguished between the stress-strain
of rocks with various defect angles. Although the PFC rock model’s particles are rigid and
have no initial damage, the numerical rock model’s stress-strain curve does not have a
closed stage at the initial elastic stage similar to that of real rock. That is due to the fact that
the PFC model is relatively homogeneous, which makes it beneficial to study the influence
of defects from different angles on rock mechanical properties.

UCS increases with the increase of angle, but the increase is different with different
angles. When the crack angle is below 45°, the UCS increases from 37.30 MPa at defect
angle 0° to 37.91 MPa at defect angle 45° by 1.6%, then increases from 37.91 MPa at defect
angle 30° to 78.1 MPa at defect angle 90° by 106%. Similarly, E has a similar trend, while its
strain at maximal strength reduces initially, then increases as the angle increases.
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Figure 4. Stress-strain curves, UCS and E of rock with different defect angle.

Figure 5 shows the peak strain and failure forms of rock specimens with different
defect angles. It shows that when the angle rises, the peak strain initially reduces and then
increases. The maximum is reached when the angle is 90°, and the value is 15.43%o.. This is
85.68% higher than the minimum value (8.31%o) when the angle is 45°, and the peak strain
value of rock without defect is 13.45 %o.

Peak strain/%,

0 20 40 60 80 100  No defect
Defect angle/®

Figure 5. Peak strain of rock with different defect angle.

3.2. Laws of Crack Evolution

Figure 6 shows the relationship between the axial strain and the number of cracks in
rock samples with various defect angles. Three stages can be distinguished in the fracture
development under uniaxial compression. Taking the relationship between the rock crack
number and strain at an angle of 90° as an example, with continuous loading, the number
of cracks can be divided into three stages: I, II, and III; the zero crack stage, the crack
slowly propagating stage, and the crack rapidly growing stage, respectively. In addition,
the number of cracks in rock without defects can also be divided into three stages with
loading, but it is completely different from the rock with cracks. However, the evolution of
microcracks in rock with defects has a stage of basically unchanged microcracks after the
rapid increase of microcracks in the third stage, and then continues to appear the stage of
rapid increase of microcracks.

To better understand the impact of defect angles and the development of the micro crack
of rock samples, we list the number of microcracks when rock failure occurs with varied defect
angles in Figure 7. It shows that the number of microcracks during rock failure initially decreases
and subsequently increases as the defect angle rises. The relationship between the crack numbers
and defect angles can be described by a nonlinear relationship, where the crack number during
rock failure decreases from 5571 in defect angle 0° to 3594 in defect angle 30° by 35.5%, then
increases from 3594 in defect angle 30° to 9040 in defect angle 90° by 151.5%.
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3.3. Acoustic Emission Characteristics

As we all know, each crack in the PFC2D BPM creates an AE pulse. When the defect
angle in rock samples is different, the AE characteristics under load are also different. And
the AE event calculation of rock sample failure can be simulated by counting the number
of cracks during uniaxial compression.

The stress-strain-AE event curves for various defect angles in rocks are shown in
Figure 8. It can be seen that the AE event characteristics are strongly connected to the
stress-strain relationship. The variation of AE events with strain can also be divided into
three stages. In elastic stage, AE events rarely appear. The frequency of AE events rises
when the stress-strain developed into plastic stage. When there is a failure, the AE events
reach a peak and then rapidly decrease. It shows that the rock with different angles of
cracking has been greatly damaged at this stage.

To sum up, the number of rock cracks significantly affects the number of AE events.
The maximum AE events. The maximum AE events first decrease and then increase with
the increase of the angle. The minimum value is 458 when the angle is 45°, and it is 2753
when the angle is 90°. In addition, when the angle is less than 90°, the AE events in the
third stage are significantly different. When the angle is less than 90°, the third stage is
relatively long, and there is a second peak of AE events. The AE events of rocks without
defects are roughly similar to those of rocks with 90° defects, and there are basically no
large AE events before the peak strength.
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Figure 8. Stress-strain-AE events characteristics of rock with different angle of crack.

3.4. Crack Initiation and Distribution

In the process of simulation, the microcracks caused by intergranular bonding failure
can be recognized as tensile microcracks and shear microcracks, which are represented
by blue lines and green lines, respectively. The crack initiation of rocks with defects at
different angles is shown in Figure 9. We can see that as the defect angles varied, the initial
fracture position also varied. When the defect angle is 0°, the failure starts at the center,
which is close to the lowest half of the defect. When the angle is 30, 45, and 60°, the fracture
initiation occurs at the defect tip. The difference is that at 30° and 45°, the fracture starts
at the lower part of the defect tip. When the angle is 60°, the fracture starts at the upper
part of the defect tip. When the angle is 90°, the rock failure appears at the lower end of the
whole rock, far away from the defect instead of appearing near the defect.
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Figure 9. Crack initiation of rocks with defects at different angles.

Figure 10 shows the distribution of tension and shear cracks in samples with defects
at various angles. It shows that at the same defect angle, the cracks of rock specimens
are mainly tensile cracks, while shear cracks are relatively few. At different defect angles,
tensile and shear crack counts initially drop and then subsequently rise. When the defect
angle is 30°, the number of tensile cracks and reducing cracks is the least. We can also
see that when the angle of the defect is less than 90°, the tensile crack and shear crack are
mainly concentrated at the two tips of the defect and propagate along the loading direction.
While the defect angle is 90°, the tensile and shear cracks are not concentrated at the defect
tip. However, similar to the rock without defects, the microcracks are mainly concentrated
on a fracture surface at about 45° in the horizontal direction. In Figure 4, the UCS and E of
the 90° defect are much larger, which shows that they have little effect on the mechanical
characteristics of rock. Accordingly, there are noticeably more tensile cracks than shear
cracks when the defect angle is 90°.

90

Figure 10. Distribution of tensile and shear cracks when rock failure.

3.5. Strain Energy Evolution Characteristics

According to previous studies, rock failure is driven by energy release. Hence, a
more accurate reflection of the rock failure law can be achieved if we can thoroughly
understand the energy transfer and transformation during the process of rock loading until
failure [33,34]. The stress-strain curve of a rock mass element is given in Figure 11. The area
U4 represents the energy consumed by the element when damage and plastic deformation
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occur. The releasable strain energy kept in the cell is represented by the darkened region

Ue. E is the unloading elastic modulus [34].

A: Peak strength

Ao 3.

» Unloading curve: E

— Loading curve: g

_>Ud

> U

0 >

&, —- &, EA

Figure 11. Relationship between dissipated energy and releasable strain energy in rock.

We assume that a unit volume rock mass element generates deformation when external
force loading without experiencing any heat exchange with the environment. U is the total
input energy that is produced by the external force work. According to the first law of
thermodynamics [33,34]:

u=ud+ue 1)

where, U is the dissipative energy, while UF is the elastic strain energy.

n
1
u= /01481 =) E(‘Tli +o1i-1)(e1; +€1-1) ()
i=1
1 _
Ue — 7F [012 + 03 + 05 — 2U(0q02 + 0203 + 0103)} (3)

where, v and E represent the mean values of the Poisson’s ratio and the unloading elastic
modulus respectively.

The mathematical method used to determine the elastic strain energy that generate
form triaxial compression is Equation (3). When the rock is under uniaxial compression
(02 = 03 = 0), Equation (3) becomes:

e o1
=>F 4)

The change trend of the total input energy U, elastic strain energy U¢, and dissipative
energy U9 of rocks with different defect angles is shown in Figure 12. Figure 12a shows that
the elastic strain energy increases first and subsequently decreases with loading, reaching
its maximum value when the rock is destroyed. With increasing loading, the total input
energy tends to rise. At the end of the test, the total input energy can reach the maximum
value. However, the dissipated energy does not change at first and then increases rapidly
with the loading.
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U4 of rock with strain at different defect angles and no defect.

At the same time, we also calculated the total input energy Uy, elastic strain energy
¢, dissipative energy U4 and the proportion of U4 and U to U at the rock’s maximal
strength with various defect angles is shown in Table 2 and Figure 13.

Table 2. Uy, UY, Uff\ and the proportion at the peak strength of rock with different defect angles and

no defects.

Defect UpKJ-m—3  W/Kfm=  UL/KJm=S  US/UA/% O
Angles/° A ]m UA ]m UA K]m AlUAl 7o UA UA (J

0 180.47 166.60 13.87 92.3 7.7

30 159.70 159.06 0.64 99.6 0.4

45 156.23 154.95 1.28 99.2 0.8

60 226.44 225.53 0.91 99.6 04

90 607.04 599.50 7.54 98.8 1.2

No defects 583.50 489.68 93.82 83.9 16.1

Table 2 and Figure 13 both show that when defect angles rise, U, at the peak strength
initially reduces and then subsequently increases. The minimum value is 156.23 KJ-m 2 at
45° and the maximum value is 607.04 KJ-m 3 at 90°. The difference between the minimum
value and the maximum value is 74.3%. The value of U, at peak strength also drops
and subsequently increases with the increase in defect angles. The minimum value is
154.95 KJ-m 2 at 45°, and the maximum value is 599.50 KJ-m~3 at 90°. The difference
between the minimum value and the maximum value is 74.2%. However, the dissipation
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energy Ui at the peak strength is unstable with the increase of the defect angles. The
minimum value is 0.64 KJ-m 2 at 30° and the maximum value is 13.87 KJ-m 3 at 0°, which
have a 99.5% difference. In addition, it can be seen from Table 2 that the elastic strain energy
at the peak strength of rock without defects is relatively small, while the dissipated energy
is relatively large.
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600 Mgy
_e
NEE
5 S00F \
- 400 3
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S :
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| - :
g
100 1 " 1 " 1 " 1 " 1 "
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Figure 13. Uu, U, and U% at the peak strength with different defect angles.

4. Conclusions

(1) The stress-strain curve, UCS, and E of rock are all significantly affected by the defect
angle. The values of UCS become larger as the angle increases; however, the increase varies
depending on the angle. E also presents such a trend. When the angle values increase, the
strain values at peak strength drop first and then increase.

(2) The number of microcracks decreases first and then increases as the defect angle
increases. The crack number when the roof rock of a coal seam failure decreases from 5571
at defect angle 0° to 3594 at defect angle 30° by 35.5%, then increases from 3594 at defect
angle 30° to 9040 at defect angle 90° by 151.5%. With the increase of the defect angle, the
maximum AE events first decrease and then increase. When the angle is less than 90°, the
AE events in the third stage are significantly different. And when the angle is less than 90°,
the third stage is relatively long, and there is a second peak of AE events.

(3) The starting position of rock failure is different at different angles of defects. When
the defect angle is 0°, the failure starts in the middle of the defect, close to its bottom section.
When the angle is 30, 45, or 60°, the fracture initiation occurs at the defect tip. When the
defect is 90°, the rock failure occurs at the lower end of the whole rock far away from the
defect, while not near the defect. Tensile fractures predominate at the same defect angle,
but shear cracks are few.

(4) During loading, the elastic strain energy increases first and then decreases, reaching
its peak value when the rock is broken. U% does not change at first and then increases
rapidly with the loading. At the peak strength stage, U4 initially decreases and then
increases. U, at the peak strength stage also decreases first and then increases. However,
the dissipation energy at the peak strength is unstable with the increase of defect angles.
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Abstract: In this study, a new digital technique for the analysis of the mechanical aperture and contact
area of rock fractures under various normal stresses is proposed. The technique requires point cloud
data of the upper and lower fracture surfaces, pressure film image data of the fracture, and normal
deformation data of the fracture as input data. Three steps of algorithms were constructed using
these input data: (1) a primary matching algorithm that considers the shape of the fracture surfaces;
(2) a secondary matching algorithm that uses pressure film images; and (3) a translation algorithm
that considers the normal deformation of a fracture. The applicability of the proposed technique
was investigated using natural fracture specimens sampled at an underground research facility in
Korea. In this process, the technique was validated through a comparison with the empirical equation
suggested in a previous study. The proposed technique has the advantage of being able to analyze
changes in the mechanical aperture and contact area under various normal stresses without multiple
experiments. In addition, the change in the contact area on the fracture surface according to the
normal stress can be analyzed in detail.

Keywords: rock fractures; mechanical aperture; contact area; digital analysis; pressure film

1. Introduction

A growing interest in engineering projects that utilize underground spaces, such
as deep mining, enhanced geothermal energy systems, geological disposal of CO,, and
high-level radioactive waste disposal, has highlighted the importance of understanding
the hydro-mechanical behavior of rock masses. This is because the groundwater and rock
masses inevitably interact in underground spaces. As a result, the importance of rock
fractures, which are mechanically weak planes and primary flow paths of fluids, has also
emerged. Rock fractures comprise various parameters, including roughness, aperture,
and contact area, which constitute the void geometry governing the hydro-mechanical
behavior of the rock mass [1]. The mechanical aperture and contact area are the main
parameters of the void geometry. The mechanical aperture is a parameter defined as the
average height difference between the upper and lower fracture surfaces, and the contact
area is a parameter that refers to the area where the upper and lower fracture surfaces come
into contact with each other and transfer stress. The size of the fracture surfaces vary, and
the contact area is thus generally defined as the ratio of the total surface area. Due to the
importance of these two parameters for the hydro-mechanical behavior of rock masses,
various studies have been conducted to measure them.

First, studies related to the measurement of the mechanical aperture are divided into
surface topography, injection, and casting approaches. The surface topography approach
was first applied by Gentier [2] to measure the mechanical aperture by digitizing the shape
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of the fracture with a profiler moving across the surface. Since then, precise surface mea-
surements have been made possible thanks to the development of laser scanning devices,
which remain the most commonly used method. However, a matching algorithm for the
upper and lower fracture surfaces is required to derive the mechanical aperture, and the
validity of this algorithm must be supported. The injection approach involves the applica-
tion of epoxy resin (or metal) via injection onto the fracture surface, which is then hardened
under normal stress. Next, the mechanical aperture is measured using this hardened resin.
Since Gale [3] first applied this approach, it has been utilized in subsequent studies [4,5].
After cutting, the specimen containing the hardened resin as well as the thickness and
cross section of the resin are analyzed using optical microscopy. As a result, this approach
has the disadvantage of damaging the specimens [6]. In addition, the precision of the
measurements is affected by the physical properties of the resin. Alternatively, the casting
approach measures the mechanical aperture by creating transparent replicas of the fracture
aperture space and then analyzing the images taken. This approach has been utilized in
several studies [7-9]; however, it has disadvantages, such as damaging the specimen and a
relatively low precision [6]. Approaches using X-ray CT have also been studied [10], which
have the advantage of directly measuring the mechanical aperture of fractures. However,
despite their considerable cost, these approaches have a lack of precision compared with
the surface topography approach, which uses recently developed laser scanning devices.

Next, studies related to the contact area have mainly introduced methods of inserting
a specific material into the fracture. Early studies measured the contact area by inserting a
deformable plastic material between the fracture surfaces and applying a normal load [11].
Similarly, approaches have been introduced that insert a layer of low-viscosity casting
epoxy [12] or a layer of white tempera with a black ink film [13]. However, these approaches
have the disadvantage of overestimating the contact area because of the thickness of the
insertion material. Recently, several studies have focused on measuring the contact area by
performing compression tests, in which a pressure film is inserted instead of these materials.
A pressure film has the advantage of enabling a detailed analysis as it can consider even the
stress level acting on the contact area [14]. An approach that uses electrical current resistance
has also been proposed [15], but this has a fatal disadvantage in that the measurement
precision cannot be guaranteed, owing to the high current resistance of the rocks. In
addition, techniques for analyzing the contact area of fractures using point cloud data
have been proposed with the recent development of laser scanning devices [16,17]. These
techniques are characterized by the fact that the matching algorithm of the upper and lower
fracture surfaces affects the measurement result of the contact area, as in the case of the
mechanical aperture.

In summary, using point cloud data obtained with a laser scanning device is the
preferred approach for measuring the mechanical aperture and contact area. The use of a
pressure film is preferred to measure the contact area. However, as the approaches in previ-
ous studies have been limited to measuring the mechanical aperture and contact area under
a specific normal stress, only results under the normal stress applied in the measurement
process can be analyzed. In other words, multiple measurements are required to analyze
the changes in the mechanical aperture and contact area under various normal stresses.

In this context, this study proposes a new digital technique that can derive the mechan-
ical aperture and contact area of fractures under various normal stresses by using point
cloud data with both the pressure film data and normal deformation data of the fracture.
The proposed technique consists of three steps: (i) a primary matching algorithm based
on the shape of the fracture surfaces; (ii) a secondary matching algorithm using pressure
film images; and (iii) a translation algorithm that considers the normal deformation of
fractures. The applicability of the proposed technique was investigated using natural
fracture specimens sampled at an underground research facility in Korea. In this process,
the technique was validated through a comparison with the empirical equation suggested
in a previous study:.
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2. Methodology of the Digital Analysis Technique

To construct a digital technique with which to analyze the mechanical aperture and
the contact area of the rock fractures under various normal stresses, we attempted to utilize
the advantages of the surface topography approach using a laser scanning device and the
method using a pressure film. In addition, an algorithm using the normal deformation of
rock fractures was applied to analyze the mechanical aperture and contact area according
to the change in normal stress without additional experiments. The proposed technique
derives the results in three steps. This chapter presents the method of preparing the input
data for applying the technique and the algorithms used for each step.

2.1. Preparation of Input Data

The digital analysis technique requires three types of input data: (i) point cloud data
for fracture surfaces; (ii) image data from a pressure film compression test; and (iii) normal
deformation data from compression tests on intact and fractured rock specimens. The input
data can be prepared using laser scanning and compression tests.

First, point cloud data for fracture surfaces can be obtained using a commonly used
laser scanning device. The higher the precision of the laser scanning device, the more
advantageous it is. In particular, higher precision is required for the z-axis, which is the
elevation direction. For the x- and y-axes, it is recommended to ensure measurement
intervals of less than 0.5 mm. Three-dimensional point cloud data can be obtained by
measuring the upper and lower fracture surfaces using a laser scanning device. Figure 1
shows an example of the point cloud data measured on the upper and lower surfaces.
Outliers were observed at the fracture boundaries owing to the characteristics of laser
scanning; therefore, a removal process was required during analysis.

Outliers

Outliers

.,

Figure 1. Example of point cloud data of fracture surfaces acquired using a laser scanning device.

Second, the pressure film image data can be obtained by performing a compression test
on a rock fracture in which a pressure film is inserted. The pressure film loaded to a specific
normal stress is photographed using a digital camera to obtain the image data. After the
pressure film is inserted between the fractures, care must be taken to ensure that the upper
and lower surfaces are joined in conformance. In general, there is no problem unless the
surface is significantly distorted because the fracture is well joined as the normal load
begins to be applied. The applied normal stress should not be too high so that sufficient
normal deformation of the fracture occurs. Considering the properties of general rock
fractures, normal stress in the range of 3-5 MPa is appropriate. In addition, the pressure
film should be capable of covering the low normal stress range. Figure 2 shows an example
of a compression test using a pressure film and the image data obtained from it.
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Normal stress (MPa)

(b)

Figure 2. Example of pressure film image data acquisition: (a) pressure film compression test;
(b) pressure film image data.

Third, normal deformation data for rock fractures can be obtained from compression
tests on intact and fractured rock specimens [18]. After measuring the normal displace-
ment of each specimen under various normal stress conditions, the normal deformation
data of the fracture is derived by calculating the difference between the displacements
of the fractured rock and intact rock under the same normal stress. Figure 3 shows a
schematic representation of the data analysis to derive the normal deformation data for the
rock fracture.

Normal deformation

=
& of the fracture

-~

1] ]
Intagt rock Fractured rock g
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Figure 3. Schematic of data analysis to derive the normal deformation data of the rock fracture.
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2.2. First Step: Primary Matching According to the Shape of Fracture Surfaces

Because the point cloud data is obtained by measuring the separated upper and lower
surfaces of the rock fracture, it is necessary to match them to one fracture. An algorithm
that matches the upper and lower surfaces considering the surface shape was applied as
the first step. In this step, the iterative closest point (ICP) algorithm [19], widely used for
matching different point cloud data, was mainly used. The ICP algorithm estimates the
correspondences between two point cloud data and then aligns them until the distance
error is below the threshold. In estimating correspondences, pairs of points with the closest
distance from each point cloud data are used. Assuming that there are different point cloud
data P; and P,, the flow of the ICP algorithm is briefly summarized as follows:

e  The correspondences of P; to P, are constructed by searching for the points of P,
closest to each point of Py.

e A rotation matrix (R) and translation vector (f) are derived based on the correspondences.

e Pjisupdated to P;(= R x P; +t), then aligned with P,.

e  The above process is repeated until the point-to-point distance error between the P;
and P is smaller than the threshold.

The first step starts with clustering the measured point cloud data based on distance
and dividing it into two sets of point cloud data composed of points corresponding to the
upper and lower fracture surfaces. Then, the points corresponding to the upper surface
are rotated to match the approximate position, and the ICP algorithm is applied. Next, the
outliers are removed by setting a region of interest so that outliers are not included. The ICP
algorithm is reapplied to the two point cloud data, from which outliers have been removed.
This is because, in the first matching using the ICP algorithm, the matching accuracy is
lowered owing to the influence of outliers. A schematic of the primary matching algorithm
is shown in Figure 4.

Clustering

Rotation

Position alignment
using ICP algorithm

Outliers

Outliers Position alignment
removal using ICP algorithm

Figure 4. Schematic of an algorithm for primary matching according to the shape of the
fracture surfaces.

2.3. Second Step: Secondary Matching Using Pressure Film Image

The matched point cloud data in the first step is not under normal stress conditions
because only the shape of the fracture surfaces is considered. This study used pressure
film images to match the upper and lower fracture surfaces under specific normal stress
conditions. As described in Section 2.1, because the pressure film image data is obtained
by applying a load up to a specific normal stress, the contact area at that normal stress
appears in the image. Therefore, if the point cloud data are adjusted such that the contact
area coincides with the pressure film image data, the point cloud data can represent the
state of fracture under the normal stress condition applied to the pressure film. In this
study, a secondary matching algorithm was constructed to adjust the point cloud data to
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the pressure film image. Figure 5 shows a schematic of the secondary matching algorithm,
which is summarized as follows:

The pressure film image obtained by applying specific normal stress is converted into
numerical data via image processing. Because only the identification of the contact
area is of interest, the presence or absence of contact is determined without considering
the intensity of the image.

The contact area of the point cloud data is converted into numerical data. If the
coordinates of the upper surface are located lower than those of the lower surface, it is
determined as a contact state, and the coordinates of the upper surface are changed to
be identical to those of the lower surface.

Interpolation is performed such that the numerical data of the pressure film and point
cloud data are located on the exact grid coordinates.

The matching ratio is calculated by comparing the two numerical datasets. The
matching ratio refers to the percentage of grids that match contact/non-contact to the
total number of grids.

The above process is repeated while the point cloud data of the upper surface is rotated
and translated about the x-, y-, and z-axes, and the matching ratio is calculated under
all conditions.

Subsequently, the condition where the matching ratio is minimized is assigned as the
state under the normal stress applied in the pressure film compression test.

Pressure film image data Point cloud data

Rotation 3 | Translation

L~

Convert to
Numerical
Data

Calculation of
Matching Ratio
(after interpolation)

Convert to
Numerical
Data
v

Figure 5. Schematic of an algorithm for secondary matching using the pressure film image.

Because the point cloud data is already primarily matched, it is not necessary to

include a wide range of rotations and translations in the secondary matching algorithm.
For each axis, it is sufficient to apply £3° rotation and +3 mm translation. As the z-axis,
which is the elevation direction, is affected by the normal deformation of the fracture,
it is recommended to apply a range of about +5 mm along the z-axis. The smaller the
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rotation and translation interval within the range, the higher the reliability of the result.
Therefore, considering the computational efficiency, it is better to set the interval as small
as possible. In general, reasonable results were obtained at a rotation interval of about 0.1°
and a translation interval of about 0.01 mm.

2.4. Third Step: Translation Considering the Normal Deformation of Fracture

The point cloud data matched to the pressure film image shows the results under
the normal stress condition applied in the pressure film compression test. The normal
deformation of the fracture caused by normal stress should be considered to analyze the
change in the mechanical aperture and contact area under various normal stress conditions.
In this study, a translation algorithm using the normal deformation data of rock fractures
was applied to calculate the mechanical aperture and contact area under various normal
stress conditions. The algorithm is as follows:

e The normal stress applied in the pressure film compression test is assigned as the
reference normal stress. Then, the difference in the normal displacement of the fracture
caused by the change from the reference normal stress to the target normal stress is
calculated using the normal deformation data.

e  The point cloud data on the upper surface of the fracture are translated in the z-
axis direction using the difference in the normal displacement. If the coordinates
of the upper surface are located below the coordinates of the lower surface during
translation (the elevation difference is negative), it is determined to be a contact, and
the coordinates of the upper surface are set to the same value as the coordinates of
the lower surface. When the elevation difference changes from negative to positive
due to translation, the upper surface coordinates are restored by considering the
original shape.

e  After the translation, the mechanical aperture and contact area of the fracture are
calculated. The average value of the elevation differences at each grid point is derived
as the mechanical aperture, and the ratio of the number of contacted grids to the total
number of grids is derived as the contact area ratio.

Figure 6 shows an example of the application of the translation algorithm. The left
side of the figure shows a schematic of the algorithm, and the right side shows the results
derived from this. The example results in the figure correspond to a normal stress of 0 MPa
as the initial condition, 4 MPa as the reference condition, and 12 MPa as the condition of
approximately 500 m depth. The blue and green points show the changes in the contact
area according to each condition.

Normal deformation data of fracture surfaces
RED Points — Initial Contact Area (Normal Stress: 0 MPa)

Blue Points — Additional Contact Area (Normal Stress: 0 MPa — 4MPa)

Green Points — Additional Contact Area (Normal Stress: 4 MPa — 12MPa)
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Figure 6. Example of the application result of the translation algorithm considering a normal
deformation of fracture.
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3. Applicability of the Proposed Technique

The applicability of the proposed technique was examined using natural fracture
specimens sampled from the KAERI underground research tunnel (KURT), an underground
research facility in Korea. KURT was built to develop disposal technologies for high-level
radioactive waste and to verify the performance of the disposal system. Natural fracture
specimens for applicability examination were sampled from a deep borehole with various
rock types. In this section, the results of the applicability examination with the experimental
procedure are presented, including information on the sampled specimens. In addition, the
analysis of the change in the mechanical aperture and contact area according to the normal
stress of the sampled specimens using the proposed technique is also presented.

3.1. Experimental Procedure

A total of 12 natural fracture specimens were sampled from deep boreholes (DB-2) in
KURT to examine the applicability of the proposed technique. The DB-2 borehole is located
in Daejeon, Korea, as shown in Figure 7.
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Figure 7. Location map for the DB-2 borehole.

To analyze the applicability at different rock types and depths, granite, altered rock,
and fine-grained andesite dyke specimens were sampled at low and high depths. Because
KURT is related to the disposal of high-level radioactive waste, it was divided into low and
high depths based on a disposal depth of 500 m. The types of sampled specimens and their
notations used in this study were as follows:

Granite at a depth of 250 m: GL.

Granite at a depth of 840 m: GH.

Altered rock at a depth of 320 m: AR.

Fine-grained andesite dyke at a depth of 750 m: FAD.

As shown in Figure 8, three specimens were sampled for each type, and intact rock
specimens were prepared to obtain normal deformation data of the rock fracture. In
addition, the physical and mechanical properties were analyzed using additional intact
rock specimens, and the results are listed in Table 1.
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Fractured rocks Intact rocks

Figure 8. Intact and fractured rock specimens sampled to investigate the applicability of the pro-
posed technique.

Table 1. Physical and mechanical properties of the specimens used in this study.

GL GH AR FAD
Dry unit weight (kg/m?) 2637.68 2604.12 2602.46 2743.17
Porosity (%) 091 0.51 0.70 0.51
P-wave velocity (m/s) 3276.19 3783.51 4029.59 3593.14
S-wave velocity (m/s) 2484.88 2566.43 2723.80 2783.54
Uniaxial compressive strength (MPa) 184.73 161.46 129.42 135.61
Young’s modulus (GPa) 57.30 71.40 47.00 50.40
Poisson’s ratio 0.21 0.31 0.05 0.36

The laser scanning device for acquiring point cloud data of the fracture surfaces used
the equipment shown in Figure 9a, manufactured by SPOS Corporation. This equipment
includes the LMI technologies” Gocator 2530 sensor, enabling elevation measurement with
a resolution of 0.001 mm at intervals of 0.03-0.05 mm. The MTS 816 system (as shown
in Figure 9b), which is widely used for rock testing, was used as the compression test
equipment to acquire the normal deformation data of the fracture as well as the physical
and mechanical properties of the specimens.

The pressure film used for acquiring the pressure film image data was Fuyjifilm Corpo-
ration’s Prescale super low. This film is a two-sheet type, and a detailed classification is
possible up to normal stress of 2.5 MPa. This type of film showed normal stresses exceeding
2.5 MPa with the same intensity. However, because the proposed technique does not
consider intensity, this film that covered low normal stresses in detail was suitable. The
pressure film compression test applied a load up to a normal stress of 4 MPa using this film.
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Figure 9. Test equipment used to investigate the applicability of the proposed technique: (a) 3-D laser
scanning device; (b) MTS 816 system.

3.2. Validation of the Proposed Technigue

The applicability of the proposed technique was validated using the prepared speci-
mens. The matching algorithm (first and second steps) was examined using the matching
ratio with the pressure film image data, which were related to the validation of the con-
tact area analysis. The result of the mechanical aperture derived by applying the entire
algorithm was compared with the empirical equation of a previous study for validation.

Figure 10 shows the results obtained by applying the matching algorithm to the
12 natural fracture specimens. The numerical data of the matching result (point cloud
matching data) and numerical data of the pressure film image (pressure film data) are
shown together in the figure.

The analysis results for the matching ratio and the contact area are listed in Table 2.
The contact area was analyzed using the contact area ratio, which is the ratio of the contact
area to the area of the entire fracture surface. This result corresponded to the reference
normal stress condition of 4 MPa applied in the pressure film compression test.

Table 2. Analysis result of matching ratio and contact area for natural fracture specimens.

Sample Name

Contact Area Contact Area
Ratio in Point Cloud Ratio in Matching Ratio (%)
Matching Data (%) Pressure Film Data (%)

Difference
in Contact Area Ratio (%)

GL-1 59.06 48.08 10.98 66.16
GL-2 25.19 29.58 4.39 64.66
GL-3 24.63 22.75 1.88 66.44
GH-1 45.55 38.83 6.72 62.23
GH-2 28.51 32.25 3.74 61.74
GH-3 2213 26.54 441 63.38
AR-1 17.03 16.33 0.70 77.29
AR-2 14.10 14.84 0.74 81.45
AR-3 12,51 13.30 0.79 78.14
FAD-1 26.23 26.35 0.12 63.62
FAD-2 35.74 24.06 11.68 70.75
FAD-3 20.07 19.50 0.57 75.94
Average 3.89% 69.32%
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Figure 10. Comparison result of numerical data through the application of the matching algorithm.

The average matching ratio was approximately 70%, and the lowest value was ap-
proximately 62%. However, the distribution of the contact area was similar, as shown in
Figure 10, and the contact area ratio exhibited an average difference of 3.89%, as shown in
Table 2. These results indicate that there were no significant problems with the application
of the matching algorithm.

The mechanical aperture derived using the proposed technique was compared with
an empirical equation from a previous study. Most studies have aimed to measure the
mechanical aperture under a specific normal stress; therefore, they have mainly dealt with
the initial mechanical aperture (¢y) under zero normal stress. Therefore, the empirical
formula for the initial mechanical aperture proposed by Bandis et al. [18] was used for
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comparative analysis. This empirical equation is defined in Equation (1), and has been
widely used because it is composed of general fracture parameters:

_ JRC T _
e =" (0.2](:5 0.1) 1)

where JRC, 0., and JCS are the joint roughness coefficient, uniaxial compressive strength,
and joint wall compressive strength, respectively.

JRC was calculated through its relationship with Z; (the root mean square of the first
derivative of the profile), as in Equation (2) suggested by Tse and Cruden [20]. Profiles were
extracted at intervals of 0.1 mm, and the average Z;, value was used. For the calculation
interval of Zy, 0.5 mm belonging to the appropriate interval range suggested in the previous
study [21] was applied. Table 3 lists the calculation results of the JRC of the upper and lower
surfaces of the specimens, and the average value was used as the JRC of the specimen.

JRC = 32.2 +32.4710g(Z,) ©)

Ay NS (i )
Zz N Z/O (dx) dx = Z ; Xit1 — X (3)

Table 3. Joint roughness coefficient values of natural fracture specimens.

where

Sample Name Upper Surface Lower Surface Average
GL-1 16.29 17.57 16.93
GL-2 13.47 14.16 13.82
GL-3 11.48 11.88 11.68
GH-1 10.30 10.28 10.29
GH-2 15.21 15.73 1547
GH-3 11.30 9.33 10.32
AR-1 8.82 9.04 8.93
AR-2 10.13 9.54 9.84
AR-3 10.28 10.40 10.34

FAD-1 15.19 13.59 14.39
FAD-2 15.21 16.70 15.96
FAD-3 11.73 10.94 11.34

The JCS of unweathered rocks is known to be equal to the uniaxial compressive
strength [22], and so 0. /JCS was substituted with one for the GL, GH, and FAD specimens
of fresh surfaces. The AR specimens are altered rocks with surface weathering. Therefore,
JCS was measured using a Schmidt hammer, and, as a result, a value of 1.54 was substituted
into 0. /JCS.

The initial mechanical apertures derived by applying the empirical equation and
digital analysis technique proposed in this study are presented in Table 4. In the digital
analysis technique, the results under a normal stress condition of 0 MPa were derived by
considering the normal deformation from the reference normal stress condition of 4 MPa.
The results show an average difference of 0.0319 mm and an error rate of 10.68%.

Figure 11 compares the two results and shows that the digital analysis technique can
reasonably derive the initial mechanical aperture. However, the digital analysis method
showed a slight underestimation of the initial mechanical aperture compared with the
empirical equation. This is because the normal deformation of the fracture was slightly
affected by the insertion of the pressure film. Better results could be obtained if the effect of
the pressure film on the normal deformation of the fracture was considered.
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Table 4. Initial mechanical apertures derived using the empirical equation and digital analysis

technique.
Derived Initial Mechanical Diff .
Aperture (mm) 1 er.e.nce mn Error Rate
S N - Initial Compared to
ample Name Empirical Dlglta'l Mechanical Empirical
Equation Analysis Aperture (mm) Equation (%)
Technique
GL-1 0.3386 0.3423 0.0037 1.09
GL-2 0.2763 0.2481 0.0282 10.21
GL-3 0.2336 0.2331 0.0005 0.21
GH-1 0.2058 0.1607 0.0451 21.91
GH-2 0.3094 0.3024 0.0070 2.26
GH-3 0.2063 0.1579 0.0484 23.46
AR-1 0.3709 0.4089 0.0380 10.24
AR-2 0.4085 0.3492 0.0593 14.52
AR-3 0.4295 0.3682 0.0613 14.27
FAD-1 0.2878 0.3019 0.0141 4.90
FAD-2 0.3191 0.2501 0.0690 21.62
FAD-3 0.2267 0.2189 0.0078 3.44
Average 0.0319 mm 10.68%
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Figure 11. Result of the comparison between initial mechanical apertures derived using the empirical
equation and digital analysis technique.
3.3. Application to Natural Fractures at the KURT Site

The proposed technique was applied to the prepared specimens to examine the ap-
plicability in the analysis of the mechanical aperture and contact area according to the
normal stress variation. In general rock fractures, the change in the mechanical aperture
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and contact area becomes small because the normal deformation rapidly decreases above
specific normal stress. This tendency has also been observed in previous studies [23,24].
The natural fracture specimens at the KURT site sampled in this study showed a rapid
decrease in normal deformation above 4 MPa.

Figure 12 shows the results of analyzing the change in the mechanical aperture and
contact area under various normal stresses for the GL1 specimen, which showed similar
results to other specimens. Table 5 summarizes the mechanical aperture and contact area
ratio when the normal stresses of 0 MPa, 4 Mpa, and 12 Mpa were applied. The mechanical
aperture and contact area ratio of all the specimens did not show significant differences
when 4 Mpa and 12 Mpa were applied. This result indicates that the normal deformation
change was not substantial when normal stress conditions of over 4 Mpa were applied.
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——Mechanical aperture variation : :
—— Contact area ratio variation
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Contact area ratio (%)

0.31
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Applied normal stress (MPa)

Figure 12. Variation of the mechanical aperture and contact area ratio under various normal stress
conditions for the GL1 specimen.

Table 5. Mechanical apertures and contact area ratios under various normal stresses for natural
fracture specimens.

Mechanical Aperture (mm) Contact Area Ratio (%)
Sample Name Oy = Op= Op = Oy = oy = Oy =
0 MPa 4 MPa 12 MPa 0 MPa 4 MPa 12 MPa

GL1 0.3423 0.3084 0.3024 52.37 59.06 60.25
GL2 0.2481 0.228 0.2209 21.29 25.19 26.69
GL3 0.2331 0.1835 0.1655 17.15 24.63 27.98
GH1 0.1607 0.145 0.1392 41.8 45.55 46.97
GH2 0.3024 0.2291 0.2251 17.39 28.51 29.28
GH3 0.1579 0.1491 0.1425 20.02 22.13 23.85
AR1 0.4089 0.3858 0.3815 15.04 17.03 17.43
AR2 0.3492 0.32 0.315 11.18 14.1 14.68
AR3 0.3682 0.3357 0.334 9.95 12.51 12.68
FAD1 0.3019 0.2511 0.2392 20.23 26.23 27.88
FAD2 0.2501 0.1984 0.1894 28.67 35.74 37.11
FAD3 0.2189 0.1992 0.1929 17.59 20.07 20.89

Figure 13 shows the change in the contact area under various normal stresses in more
detail. This figure shows the changes in the contact area as the normal stress condition
increases to 0 MPa, 4 MPa, and 12 MPa (red, blue, and green points, respectively). As
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the normal stress increases, the area near the initial contact area gradually changed to the
contact state.

Sample

N Number 1 Number 2 Number 3
ame

GL

GH

FAD

RED Points — Initial Contact Area (Normal Stress: 0 MPa)
Blue Points — Additional Contact Area (Normal Stress: 0 MPa -) 4MPa)
Green Points — Additional Contact Area (Normal Stress: 4 MPa =) 12MPa)

Figure 13. Changes in the contact area with increasing normal stress for natural fracture specimens.

These results indicate that the mechanical aperture and contact area, under various
normal stress conditions in rock fractures, can be derived without additional experiments
using the proposed digital analysis technique. In addition, the proposed technique has the
advantage of being able to analyze the change in the contact area on the fracture surface in
detail, as shown in Figure 13.
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4. Conclusions

This study proposes a new digital analysis technique for the analysis of the mechanical
aperture and contact area of rock fractures under various normal stress conditions. The
proposed technique includes matching algorithms for point cloud data using pressure film
image data and a translation algorithm using normal deformation data of the fracture. The
applicability of the proposed technique was examined using natural fracture specimens
from the KURT site, an underground research facility in Korea.

The main findings of this study are summarized as follows:

(1) A new algorithm was proposed to match the point cloud data of the upper and lower
surfaces using the pressure film image data of rock fractures. This consisted of a
primary matching algorithm using the ICP algorithm and a secondary matching
algorithm using pressure film image data. The proposed matching algorithm was
validated using the results of the contact area and the matching ratio of natural
fracture specimens.

(2) A new algorithm was proposed to analyze the mechanical aperture and contact area
according to the change in normal stress using the normal deformation data of rock
fractures. The proposed algorithm was validated by deriving the initial mechanical
aperture using matched point cloud data under reference normal stress and then
comparing the results with the empirical equation of a previous study.

(3) A digital analysis technique was proposed by synthesizing the above algorithms. The
types and acquisition methods of the input data required to apply the proposed tech-
nique were presented. In addition, the entire algorithm was organized sequentially.

(4) To examine its applicability, the mechanical aperture and contact area under various
normal stresses were analyzed by applying digital analysis techniques to natural
fracture specimens at the KURT site, an underground research facility in Korea. As the
normal stress increased, the change in the mechanical aperture and contact area was
found to decrease rapidly, and the area adjacent to the initial contact area gradually
switched to the contact state.

This study is significant because it proposed a new technique for analyzing the me-
chanical aperture and contact area, which are considered important parameters in the
hydro-mechanical behavior of rock mass. As in the cubic law [25], the aperture is a param-
eter that is generally required in the hydro-mechanical coupled analysis. The proposed
technique has the main advantage of being able to analyze changes in the mechanical
aperture and contact area under various normal stress conditions without additional exper-
iments. In addition, the change in the contact area on the fracture surface according to the
normal stress can be analyzed in detail.

However, when applying the proposed technique, noise due to the sensitivity of the
pressure film affects the contact area and matching ratio results. In addition, the slight
deformation of the pressure film affected the derivation of the mechanical aperture based
on normal deformation. Therefore, the proposed technique should be supplemented in the
future by selecting an appropriate pressure film or applying a correction according to the
type of pressure film.

The technique and application results of this study are expected to be utilized in
various underground space-related projects that require analyzing rock mass properties
from borehole cores.
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