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1. Introduction

To meet the demands of the mining, hydropower, and transportation industries, deep
rock mass engineering in China has rapidly developed. As the excavation depth increases,
the stress environment in which the rock mass is located becomes particularly complex and
diverse. Correspondingly, problems, such as excavation disturbance, blasting, seepage, and
water heat coupling, can lead to increasingly serious deformation and damage accidents in
rock engineering, thereby posing a threat to normal operations. The lack of comprehen-
sive understanding of the brittle failure behavior and mechanical properties of deep rock
masses seriously hinders the effective prevention and control of deep catastrophic acci-
dents. Conducting research on the brittle failure and mechanical behavior of rock masses
under high-level stress is still a comprehensive challenge, and it is of great significance for
the stability assessment of deep rock mass engineering. This was the reasoning behind
publishing this special feature on Experimental Investigation and Numerical Modeling of
Rock Brittle Failure Behavior under High-level Stress Conditions.

This Special Issue was introduced to collect the latest research on related topics. More
importantly, the failure mechanism and mechanical behavior of rock mass under high-level
stress conditions were investigated to provide a reference for the design and construction
of deep rock mass engineering. Thirty-one papers were submitted to this Special Issue,
and thirteen papers were accepted (i.e., 42% acceptance rate). Looking back on the Special
Issues, various topics were addressed, mainly on the failure behavior and mechanical
characteristics of microscopic, macroscopic and engineering rock masses under statics,
dynamics, seepage and high-temperature conditions.

2. Failure Behavior of Microscopic and Macroscopic Rock Masses

Due to the emergence and development of CT scanning low-field nuclear magnetic
resonance (LF-NMR) and scanning electron microscopy (SEM), research on the microscopic
and macroscopic mechanical properties and failure mechanisms of rock masses has dramat-
ically developed. The damage evolution law and failure mechanism of mudstone under
uniaxial compression were carried out by Duan et al. [1] using high-resolution CT scanning
equipment. Combining digital core technology and the digital volume image correlation
method, the 3D characterization of the mesostructure and the evolution process of the
localized damage of mudstone were analyzed. The results showed that the aggregated
mineral zone was prone to local deformation under loading, and the final propagation
shape of cracks was very consistent with the propagation shape of the mineral zone. The
progressive fracture process and mechanical behavior of multi-scale rocks, considering the
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microstructure, mesostructure, and macro joints, were estimated using a failure process
analysis (RFPA) simulator and digital image processing technology [2]. The effects of shale
fractures, mineral spatial distribution, and joints on the fracture formation process were
studied for Brazilian splitting and joined rock masses, respectively. The results showed
that the multi-scale, micro-to-macro failure process of brittle materials be estimated using
the finite element parallel computing simulation method and digital images. The effects
of saturation and impact loading on the dynamic mechanical behavior of frozen red sand-
stone were investigated using a low-temperature split Hopkinson pressure bar system
(LT-SHPB) [3]. The dynamic strength, elastic modulus, and brittleness index of the frozen
sandstone under impact loading tended to increase, and then decreased with saturation.
However, the ultimate deformation capacity of the frozen sandstone showed the opposite
trend. Additionally, the energy dissipation capacity of the frozen sample first increased,
and then decreased with increasing saturation. The dynamic strength, elastic modulus,
and peak strain of the frozen sandstone showed a significant strengthening effect, while its
brittleness index gradually decreased at full saturation as the impact load increased. The
dynamic evolution of the microstructure of the frozen sandstone due to changes in satura-
tion was estimated using low-field nuclear magnetic resonance (LF-NMR) and scanning
electron microscopy (SEM).

3. Failure Behavior and Mechanical Characteristics of Rock Mass under Complex
Stress Conditions

To understand the tensile strength of macroscopic rock masses, three respective schol-
ars studied the failure behavior and mechanical properties of conventional, frozen, and
temperature-water coupling rock samples. The effect of layer orientation on strength and
failure patterns of the layered rocks under direct and indirect tension via experimental and
numerical tests were discussed by Gao et al. [4]. The results showed that the tensile strength,
failure patterns, and progressive deformation of the layered rocks were significantly af-
fected by the dip angle of the bedding planes. Moreover, the tensile strength obtained in
the direct tension test was more accurate than that of the Brazilian disc test. The modified
Single Plane of Weakness (MSPW) failure criterion was proposed to predict the tensile
strength of layered rocks based on the failure modes of direct tension. The effectiveness of
the failure criterion was verified. The original rock specimens were mined and processed in
Yulong Copper Mine, and artificially frozen fractured marble specimens were made. Based
on physical experiments and numerical simulations, the failure mechanism and mechanical
properties of the Brazilian splitting of frozen rocks were studied by Wang et al. [5]. The test
results indicated that frozen rock samples exhibited typical brittle failure characteristics.
The tensile strength of frozen rock gradually decreased with the increase in the width and
length of the ice-filled crack. It first decreased, and then increased with the increase in
the ice-filled crack angle. The dynamic tensile properties of annular sandstone specimens
under the influence of temperature and water were studied by Ping et al. [6]. The variation
in the mass, volume growth rates, density growth rate, dynamic compressive strength,
average strain rate, and peak strain with water temperature was evaluated. The results
showed that the changes in the dynamic properties of sandstone specimens were not due
to their own material composition, but due to the damage to their structure caused by the
temperature-water coupling effect.

Furthermore, the seepage characteristics, failure mechanism, and mechanical behavior
of rock masses under seepage and dynamic loads were analyzed. Firstly, the seepage char-
acteristics during the stress—strain process of limestone under high water pressure were
assessed in an experimental test by Bao et al. [7]. A tool to predict the formation of the seep-
age channel, namely, acoustic emission positioning technology, was proposed. The results
suggested that the sudden drop in the stress—strain curve after its peak indicated the full
formation of shear fractures and seepage paths. The dynamic and real-time development
of microfractures can be monitored with acoustic emission technology and via seepage
monitoring. Then, experiment research was conducted on soft siltstone specimens under a
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combination of dynamic and static loads by Dong et al. [8]. The mechanical properties and
acoustic emission characteristics of soft rocks were quantitatively revealed using a creep
disturbance impact loading system and acoustic emission system. The results indicated
that the deformation of siltstone specimen increased with the increase in the initial average
stress. As the initial average stress increased, the maximum load first decreased, then
increased, and finally decreased. Moreover, the influence of the elastic modulus of each
loading step on the damage evolution of the specimen under dynamic disturbance was
analyzed using RFPA. The wave form characteristics during the damage of the specimens
were analyzed by extracting signals at the key points. Finally, the influence of the angle
on the dynamic crack propagation behavior under stress wave action was investigated
by Zhang et al. [9]. The dynamic propagation behavior of cracks and new cracks around
the blast hole were analyzed using AUTODYN's numerical analysis software. The stress
wave theory was successfully used to analyze and predict the dangerous area after failure,
proving that cracks ranging from 45° to 90° will induce characteristic cracks, which will
accelerate the instability of the model.

4. Discussion on Failure Behavior and Mechanical Problems of Engineering
Rock Mass

Currently, the reduction of crustal stress, stability analysis, and control technologies for
engineering rock masses are hot research topics. The intelligent inverse method combining a
particle swarm optimization (PSO) algorithm with a back propagation (BP) neural network
was applied to the inverse analysis of crustal stress by Yan et al. [10]. The application was
carried out using an underground powerhouse of Shuangjiangkou Hydropower Station as
an example. The results indicated that the method improved the stability and accuracy of
the inversion results. Referring to existing tunnel projects, nonelectronic equipment and
electronic detonators were used for blasting tests and determining the impact of blasting
construction on the range of rock loosening zones and the degree of rock fragmentation,
respectively [11]. The results indicated that the range of loose rock circles around the tunnel,
the decrease in wave velocity of loose rock masses, and the degree of rock fragmentation
caused by normal blasting with nonelectronic detonators were larger than those caused by
electronic detonators. Then, the surrounding rock stability of the excavated geologically
weak section of the #2 diversion tunnel in the Xulong Hydropower Station was assessed by
Qian et al. [12] using a numerical model. The results indicated that during the excavation
process, the surrounding rock of the tunnel section was most significantly damaged near the
arch crown and corner of the side wall with tensile failure. As the excavation progressed, the
number of microseismic events at the corners of the arch and side walls gradually increased,
and the energy of acoustic emissions steadily accumulated. Therefore, the likelihood of
a collapse and rock burst in the area increased. Furthermore, the effect of the fracture
geometric parameters on the failure mechanism and mechanical parameters of engineering
rock mass in the dam site area of Lianghekou Hydropower Station were investigated using
the ShapeMetriX®P system and RFPA3P in an uniaxial compression test [13]. The results
showed that the fractured rock mass mainly represented a compressive-shear composite.
Moreover, the influence of the fracture geometric parameters on the uniaxial compressive
strength was greater than that of the elastic modulus.

5. Future Development

Although the Special Issue is closed, researchers still require a deeper understanding
of the failure mechanism of deep rock masses during construction. In this case, this
Special Issue will receive more attention, facilitate in-depth discussions, and encourage
outstanding research.
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Abstract: In order to study the damage evolution law and failure mechanism of mudstone under
different stress states, with the help of high-resolution CT scanning equipment, in situ CT scanning
experiments of mudstone under uniaxial compression were carried out. Combined with digital
core technology and the digital volume image correlation method, the 3D characterization of meso-
structure and the evolution process of localized damage in mudstone were analyzed. The research
shows that brittle minerals such as quartz in mudstone often exist in the form of agglomerated strips,
resulting in the formation of weak structural planes at the contact surfaces of different minerals.
There are a large number of primary intergranular pores near the mineral accumulation zone. With
the increase in axial load, the connectivity of pores will gradually increase, cracks will gradually
emerge, internal pores will develop abnormally, and rocks will reach the critical state of failure;
at this time, the throat number and coordination number of pores increase obviously. There was
no obvious difference found in the distribution of mineral particles of different sizes, and the slip
between mineral zones was mainly dominated by small particles. The accumulated mineral zone
was able to easily form a weak surface, and the aggregated mineral zone under loading was easily
able to produce local deformation, which is related to the mechanical properties of the mineral zone
and its surrounding rock matrix, with the rock failure easily occurring along the junction of the two
minerals. The displacement in the polymeric mineral zone was small, the deformation displacement
of the rock skeleton dominated by clay minerals near the quartz mineral zone was larger, and the
stronger quartz minerals restrained the rock skeleton deformation in the region.

Keywords: uniaxial compression; CT scan; microscopic destruction; digital volume image correlation

1. Introduction

Rock is a kind of heterogeneous material in which a large number of irregular primary
pores, fractures, and mineral particles are distributed, which directly affect the physical and
mechanical properties of rock. Therefore, the focus of the study of the macro-mechanical
properties of rock is to clarify the microstructure characteristics of the rock. In this paper,
the uniaxial failure mechanism of mudstone is studied on the basis of digital core and
digital volume image correlation method.

The numerical reconstruction method is a widely used digital core construction
method, one that is based on core slice images. The main construction principle is to
reconstruct 3D digital cores by process simulation method. The pore network model is
established by using the maximal ball algorithm, lattice Boltzmann method, image pro-
cessing and threshold segmentation, fractal theory, and mathematical statistics to realize
the quantitative representation of micro pore structure [1-3]. Yin Duohao et al. [4] and Lin
Chengyan et al. [5] evaluated the characteristics of the pore network model through param-
eters such as pore throat radius, coordination number, and permeability. It was found that
the increase in throat length and pore coordination number were the main factors causing
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meso-damage. Zhang Huimei et al. [6] studied the freeze-thaw rock damage variables of
mesoscopic pores.

The physical experiment method is to use a high-power optical microscope, electron
microscope, and CT to directly scan the rock samples to construct digital cores. Yang
Zhifeng et al. [7] found the relationship between three kinds of pores and mineral composi-
tion by electron microscope and CT scanning. Mikko Voutilainen et al. [8] also conducted
related studies. Many scholars obtained the law of fracture changing with stress and
found that the CT scanning technique can better evaluate the spatial attribute, distribution,
and connectivity of macropores [9-11]. On the basis of a high-resolution 3D CT scanning
system, it is widely used to automatically identify the main mineral composition in rock
and analyze the law of fracture propagation in rock [12-14]. The influence of mineral
composition and microstructure on rock mechanical properties is discussed by constructing
digital cores [15-19].

It is impossible to analyze the internal dynamic strain of rock only with the help of
digital core. The digital volume image correlation method provides the possibility for this.
Guo Weina et al. [20] found that DIC technology can effectively characterize the strain
evolution and crack formation and propagation of materials. Bay et al. [21] extended the
digital image correlation method and proposed the continuous field 3D digital volume
image correlation method DVC. Mao Lingtao et al. [22] revealed the strain evolution
characteristics and failure mechanism of glass fiber composites by the DVC method.

The failure of rock has an extremely important relationship with its internal microstruc-
ture, main diagenetic composition, and spatial distribution of diagenetic composition. In
order to study the failure mechanism of rock, it is necessary to explore the process of crack
propagation and development and stress failure zone distribution from macro and micro
angles. It is well known that rock is a kind of complex heterogeneous material. The compo-
sition and distribution of main components and pore space distribution in rock have an
important influence on the mechanical properties of rock. The way in which to accurately
describe the composition and spatial distribution of the main diagenetic minerals and the
spatial distribution of primary pores and cracks in the rock, as well as the way to establish
the diagenetic composition and the relationship between cracks and rock failure is the focus
of this article.

In this paper, the influence of brittle mineral composition on rock failure was studied
by establishing a pore network model based on digital core by using the CT scanning
method in a physical experiment, combined with XRD and SEM analysis results. The
quantitative analysis of minerals and pores from the aspects of content and distribution
characteristics can comprehensively master the microstructure information of rock, so as to
indirectly evaluate the mechanical properties and failure mechanism of rock.

2. Real-Time Loading CT Scanning Experimental System and Experimental Scheme
2.1. Real-Time Loading CT Scanning Experimental System

The experimental system is mainly composed of two parts:

(1) CT scanning system: The minimum focus size of the CT experimental equipment
is 3 um, which can distinguish the pore with 0.5 pm aperture and the crack with
1 um width. After the loading equipment is fixed on the high-precision micro-CT
mechanical rotation platform, the sample is in the best scanning position through the
movement in X, Y, and Z directions.

(2) Loading system: The loading system is a uniaxial loading equipment independently
developed by the research group. The main structure includes an oil pump, mo-
tor, hydraulic cylinder, accumulator, tubing, displacement sensor, loading push rod,
aluminum-magnesium alloy casing, spherical seat, and so on. The maximum out-
put force of the cylinder of the loading device: Fmax = 40 KN, the cylinder stroke:
S = 40 mm, the effective range of the displacement sensor: 40 mm, and the accuracy
of the displacement sensor: 0.001 mm. After fixing it on the uCT225kVFCB CT me-
chanical turntable, the CT scanning of rock samples under the condition of real-time
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loading and steady pressure can be realized, and the pressure control system of the
loading system can realize digital pressure control, as shown in Figure 1.

1 Microfocus X-ray machine

Digital flat panel detector

Loading equipment

Turntable and fixture
Horizontal moving mechanism

Figure 1. CT platform experimental system.

2.2. Experimental Scheme

The intact mudstone without obvious cracks was selected. Considering the resolution
requirement of CT scanning, the samples were machined into ¢ 20 mm x 40 mm cylinders
by stone processing machine, and 10 samples were made. Six of them were tested for
mechanical properties, and the average peak load was 67.2 MPa, as shown in Figure 2.

Figure 2. Part of mudstone test piece.

Then, real-time pressurized CT scanning experiments were carried out on the remain-
ing four samples. During the experiment, the sample was pressurized by operating the
pressurization system outside the CT room. After the pressure was loaded to the expected
pressure, the pressurization was stopped to stabilize the loading equipment, and then CT
scanning was carried out. The voltage and current of CT scanning were 200 kV and 240 pA,
respectively. The magnification of the rock scanning area was 12.8, that is, the minimum
visible crack width was 15.4 um. Through each scan, 1500 layers of two-dimensional CT
images could be obtained, that is, the thickness of each layer was 27 um.
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3. Construction of the Digital Core Model
3.1. Composition Analysis of Mudstone

According to the results of the XRD experiments, the main components of the samples
were quartz and clay minerals, accompanied by a small amount of pyrite and plagioclase.
The content of quartz was 45.1%, and the content of illite was 43.74% (Figure 3, Table 1).
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Figure 3. XRD test results of mudstone samples.

Table 1. Main chemical composition of mudstone (%).

Category Quartz Illite Chlorite  Plagioclase Pyrite Others

Content

(%) 45.1 43.74 4.86 4.6 0.2 1.5

According to the SEM experimental results, when the sample was magnified to
30 times (Figure 4b), the mudstone contained a large number of quartz particles, with
clay minerals mostly filling in the large particles and being attached to the edge of the large
particles; the surface of the mudstone was relatively flat, the overall structure was relatively
dense, and a small number of cracks were developed near the large quartz particles. When
the sample was enlarged to 1300 times (Figure 4c), there were a large number of flake
aggregates and microcracks in the field of view. According to the results of XRD analysis,
these flake materials were clay minerals such as illite.

According to the results of XRD and SEM analysis, the quartz content of the mudstone
was high; the other materials were mainly clay minerals; and the accumulation mineral
zone was quartz mineral zone, which was embedded in the clay mineral. The distribution
of the two minerals in the whole mudstone sample was extremely uneven, and the quartz
mineral zone in the upper right part of the sample was denser, with the distribution range
being larger in the lower left part, but more discrete. To sum up, brittle minerals such as
quartz are beneficial to the development of pores in rocks and the preservation of primary
pores. There may be a large number of intergranular pores between brittle minerals and
clay minerals. The initiation location of cracks is likely to develop from these pores and
produce macroscopic cracks.
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Figure 4. Microcracks and pores near mineral particles. (a) Mineral accumulation zone. (b) Quartz
particles. (¢) Microcracks near mineral particles.

3.2. Construction of Digital Core Model

The CT scanning images of different loading stages under uniaxial in situ loading
were reconstructed. By extracting the information of porosity, mineral spatial distribution,
and mineral content in different locations, a digital core model with mineral composition,
mineral spatial distribution, and fracture information was established. According to the
results of XRD and SEM, the extensive and easy-to-capture parts were extracted by the
maximum inter-class method, and the part of microstructure information that was difficult
to extract was based on the combination of watershed threshold segmentation and TopHat
algorithm fine segmentation, so as to ensure that the feature elements of the scanned
samples can be extracted completely and provide the basis for subsequent digital analysis
and numerical calculation. A complete digital core model was obtained by adding mineral
composition, rock skeleton, and pores. The construction process of digital core is shown in
Figure 5.

o

(b) () (d)

Figure 5. Gray image segmentation process. (a) Primitive mudstone. (b) Sub-block statistical feature.
(c) Calculation of connectivity of mineral particles. (d) Extraction of aggregate mineral zone.

4. Evolution Characteristics of Digital Core Fracture Model

According to the origin and distribution of pores, pores mainly include organic pores,
inorganic pores, and primary microcracks. The minimum resolution of scanning in this
paper was 15.4 um/pixel; the mineral composition of the mudstone studied was relatively
simple; and the distribution of cracks was mainly concentrated in the mineral zone, with
emphasis on the intergranular pores and intragranular pores between mineral particles.

4.1. Distribution and Volume Change of Pores and Fractures

The change of internal pores in the process of rock loading can clearly reflect the time
and space variation characteristics of rock instability and failure. Pore throat is a narrow
channel in which pores are connected with each other in rock mass or soil, and pores are
the space between solid mineral particles in rock and soil. In this paper, the porosity of
CT data in the process of real-time in situ loading was analyzed, the pore connectivity in
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the process of rock failure was located and quantitatively counted, the pore evolution data
obtained from experiments were analyzed, and the crack propagation trend and change
characteristics were studied.

Figure 6 is a 3D distribution figure of pores and pore throats in mudstone at different
loading stages. Through statistical analysis, we found 805 pores and 2 pore throats in
mudstone in the initial stage, and the coordination number of pores was basically zero. No
matter the spatial distribution and connectivity or the results of numerical statistics, the
pore connectivity in the initial stage was poor. The initial pore volume was 0.804 mm? (the
size of the pore ball is plotted according to the proportion of the equivalent diameter of
the pore).
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Figure 6. Pores and pore throats distribution of mudstone in the third loading stage. (a) First loading

stage. (b) Second loading stage. (c) Third loading stage.

With the progress of loading, the number of pore throats in the 3D pore network model
increased, and the number of pores in the first loading stage (18.5 MPa) decreased. At this
stage, the mudstone was in the compaction stage; a small number of pores were closed and
compacted under the action of external load; and a small number of pores were connected,
which was characterized by the enhancement of pore connectivity, and the fracture volume
was 1.035 mm?®.

When the loading continued, the pore connectivity in the second loading stage
(37.5 MPa) was further enhanced, indicating that new pores were generated and the
old pores were further developed and connected, and a macroscopic crack appeared on
the surface of the sample. In the pore network model inside the sample, it can be seen
that the pore network model was mainly developed into two clusters, and the positions of
the two pore connecting clusters were very close to the distribution of the mineral zone.
At this stage, the rock damage increased gradually, the number of pore development and
penetration was also much higher than that in the previous loading stage, and the fracture
volume also increased to 2.32 mm3.

With the continuous development of pores and the accumulation of penetration, the
local microcracks gradually expanded into macroscopic cracks and further penetrated,
reaching the maximum load limit of mudstone, and the damage of rock reached the peak.
In the third loading stage, the fracture volume reached 180.75 mm?, and there was an
obvious stress drop, indicating that in the previous stage, the pores in the mudstone had
developed to a critical state of failure, which was extremely prone to instability failure, and
the adjacent pores penetrated into cracks. The mudstone was completely destroyed, as
shown in Figure 7.
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Figure 7. Complete failure result of mudstone and 3D image of fractures.

Table 2 shows the parameters of fracture development in different loading stages
of mudstone.

Table 2. Fracture development parameters of mudstone at different loading stages.

Loading Phase Fracture Number of Number of Pore Number of
Volume (mm?) Pores Throat Macro Cracks
Initial stage 0.804 805 2 0
The first stage 1.035 810 26 0
The second stage 2.32 1286 264 2
The third phase 180.75 - - 5
The fourth stage 210.56 - - 7

4.2. The Changing Law of Pore Coordination Number

The pore coordination number represents the pore throat number connected between
pores and pores, and the pore coordination number can be directly related to the connectiv-
ity of the pore network model. The wide distribution of the coordination number can be
understood as the rich development of micro-joints in this area. The coordination number
is often used to evaluate the reservoir transport capacity of porous media.

The pore network model visually shows the change of the pore network at different
loading stages (Figure 8). In the initial stage, most of the pores were isolated pores, which
were dispersed in the rock. With the loading, the connected throat appeared between the
adjacent pores and further expanded into a network. The pore-connected throat initially
appeared near the mineral zone and gradually developed into a pore network in the two
mineral accumulation areas. In the initial stage, the average coordination value of primary
pores in mudstone was close to 0, indicating that the connectivity of primary pores was
poor. At the first loading stage, the average coordination value of pores did not change
much from that of the previous stage, and the pore compaction stage in the corresponding
stress—strain curve was basically consistent with the pore change characteristics of this stage.
At the second loading stage, the increase in the average coordination number of pores
corresponded to the pore connectivity in the 3D pore network model. At the stage before
the peak stress of loading failure, the average coordination number of pores increased
rapidly, which may have been due to the fact that the pores in this stage had developed to
the critical state of failure.

11



Appl. Sci. 2022, 12,7933

70 7 — Stress
—* Pore coordination number L 350
60 4
- 300
50
- 250 _“;"
- E
< 40 ~ =
&
s - 200 g
5 404 E
et - 150 S
=]
]
20 100 &
o
10 1 50
0 T T T T T 0
0. 000 0. 005 0.010 0.015 0. 020 0.025 0. 030

Strain(%)
Figure 8. Change of pore coordination number during mudstone loading.

4.3. Spatial Distribution of Minerals in Rock Failure Process

Quartz is one of the main minerals of mudstone, and the existence of this mineral has
a significant influence on the mechanical properties of mudstone.

Deq = @

The calibration analysis algorithm can be used to calculate the particle volume distribu-
tion parameters in the extracted mineral particle model, and then the equivalent diameter
distribution can be calculated by using the equivalent diameter Formula (1), and the diame-
ter of each particle can be counted to establish the particle equivalent diameter distribution
histogram, as shown in Figure 9 and Table 3. According to the results of calculation and
statistics, the diameter of quartz mineral particles in the mudstone sample was mainly
distributed in the range of 25-100 pixels, and the scanning resolution was 15.4 um/pixel.
According to the equivalent diameter formula, the diameter of quartz particles in mudstone
samples was distributed between 0.38 and 1.54 mm, and the proportion of quartz particles
with 0.38 mm diameter was the highest, accounting for 64.7% of all quartz particles.
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Figure 9. Histogram of equivalent diameter distribution of quartz particles.
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Table 3. Particle equivalent diameter distribution parameter table.

. Standard . o .
Mean/Pixel Deviation/Pixel Max/Pixel Min/Pixel Quantity

38.93 34.68 328.98 22.35 19,961

The particles with different equivalent diameters were characterized in space, and
the particles in different positions were statistically analyzed, with the influence of the
distribution of quartz particles with different particle sizes on the damage and its change
law analyzed in depth.

Figures 10 and 11 show the spatial distribution of quartz particles in the initial un-
stressed state of mudstone specimens. A total of 19,962 quartz particles were collected
by CT scanning. The equivalent diameter of mineral particles larger than 75 voxels was
divided into large particles, and those with equivalent diameters less than 75 voxels were
divided into small particles. Among them, there were 656 large particles, accounting
for 3.28% of the total, and 19,302 small particles, accounting for 96.72% of the total. The
aggregate quartz particles were 1487, accounting for 7.42% of the total. In order to show
the spatial distribution of quartz mineral particles more simply and clearly with different
particle sizes, as well as to further show the relationship between particles and fracture
development, the display and observation were carried out from the perspective of 45° and
overlooking, respectively. Each surface observed was consistent with the position of digital
core modeling and CT scanning of mudstone sample, as shown in Figure 12.

Figure 11. Spatial distribution of large-size mineral particles.

From the spatial distribution of small particles, the small quartz particles were basically
uniformly distributed in the whole body of the mudstone sample; the number was relatively
large; and the distribution was relatively concentrated in the XOY section, forming an
accumulation zone that ran through the whole body of the sample, with the mineral zone
on the other side being relatively scattered, and there being no obvious aggregation law.
The occurrence relationship between them was essentially consistent with the macroscopic
analysis of mineral composition, having a good corresponding relationship. By comparing
the spatial distribution of quartz particles with different equivalent diameters, we found
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that there was no special aggregation of quartz particles in mudstone samples, and the
spatial distribution rules of quartz particles of the two sizes were very similar. There was
no obvious relationship between mineral accumulation zone and quartz particle size, so it
is necessary to further analyze the quartz particles in the digital core in the loading stage.

Figure 12. Relationship between final failure cracks and quartz particle distribution.

From the relationship between the distribution form of quartz particles and the distri-
bution of cracks in the failure stage (Figure 12), macroscopic cracks were mainly distributed
in the quartz mineral zone (Figure 4a). The quartz mineral zones of A and B aggregation
types led to different initiation modes of cracks—the A mineral zone was denser, and the
shape and location of cracks were consistent with these kind of mineral zones. The type
B mineral zone was more discrete, but there were mineral clusters with large equivalent
diameter, and the changes of crack shape and pore position must have been deformed
by the influence of nearby space compression. Under the action of axial load, mudstone
samples mainly showed along weak plane shear slip failure and along weak plane splitting
failure, mainly because quartz mineral strength is larger; clay mineral strength is small;
and under axial pressure, slip failure occurs between two kinds of minerals with different
mechanical properties. On the other hand, the intergranular pores around the gathered
quartz minerals continued to develop and expand under the action of external forces, thus
forming macroscopic cracks.

5. Analysis of Mudstone Failure Process by Digital Volume Correlation Method

When using CT image to analyze damage, it will be affected by the scanning resolution
of the CT system, and the scales studied by different analysis methods will have their own
applicability. The digital core and pore network model is suitable for the analysis, which is
larger than the resolution scale. The digital volume image correlation method can be used
to analyze the local deformation and evolution process caused by the micro-crack, which is
smaller than the CT resolution scale before the occurrence of the CT resolution scale crack.
The result of the CT scan was taken as the reference image of the DVC computation, and
the scan image of the later loading stage was taken as the computation image, and so on,
until the final destruction of the image as the computation image and the computation
phase being completed. The range of the DVC computational area is shown in Figure 13.

Figure 13. DVC computational area.
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5.1. Analysis of the Evolution Process of Displacement Field

On the basis of the displacement distribution histogram calculated by DVC, the
displacement field of mudstone sample under initial loading was analyzed. The X-axis
displacement was uniformly distributed between —5 voxels and 5 voxels, and the frequency
was concentrated at about 20. The displacement distribution of the Y-axis was close to that
of the X-axis; there was only negative displacement in the Z-axis, which indicates that the
mudstone sample was compressed and expanded in the X-axis direction. Moreover, a small
abrupt increase in frequency appeared in the range of —5 voxels displacement, indicating
that there were a large number of quartz mineral particles, micropores, and microcracks
in the rock. At the initial stage of loading, microcracks were affected by external loads,
and microcracks and micropores were gradually compressed and closed, which was the
reason for voxel negative value in the numerical computation. On the other hand, a large
number of quartz particles in the mudstone samples were hard and widely distributed in
space. Under the influence of external load, the partially agglomerated quartz particles
expanded and slid towards the X-axis and Y-axis after longitudinal extrusion, resulting
in both negative and positive displacement in the X-axis and Y-axis. At the same time, in
the state of uniaxial compression, at the initial stage of loading, the mudstone sample was
mainly affected by the external load in the loading direction; the longitudinal microcracks
were closed; and the hard mineral particles slipped in the plane, resulting in the expansion
of the sample in the macroscopic range (Figure 14).
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Figure 14. DVC computation of x, y, and z direction displacement and ZNCC distribution histogram.

According to the analysis of the evolution process of the displacement fields u, v,
and w in the x, y, and z directions of mudstone (in which u = u(x, y, z), v = v(x, y, 2),
w =w(x, Y, z)) (Figure 15), we can know that the sample is mainly subjected to axial vertical
compression, and because there were a large number of mineral particles in the sample,
the sample showed obvious heterogeneity with the overall deformation being extremely
uneven. In the first loading stage, the internal pores of mudstone samples were mostly
isolated pores, and the pore connectivity was poor. The second loading stage (37.5 MPa)
was the starting point of the localized deformation of the sample. The displacement value
of the sample near the mineral zone was larger, and the obvious local deformation had
appeared inside the sample. With the increase in the load, the overall element displacement
of the specimen was gradually increasing. There were few primary cracks and micropores
in the rock, and the porosity of the rock sample was low. At this time, a macroscopic crack
appeared on the surface of the sample, and the pore network model was mainly developed
into two clusters, with the position of the two pore connecting clusters being very close
to the distribution of the mineral zone. In this stage, the rock failure increased gradually,
and the number of pores and penetration was much higher than that in the previous
loading stage. The large displacement area corresponded to the mineral distribution area
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in the 3D computational area shown in Figure 13 and gradually expanded, because in the
first and second loading stages, the mudstone was in the elastic stage, and the lithology
of the mudstone was more compact and the pores were compacted. In the third stage
of loading, when the stress value reached 48.5 MPa, the internal microcracks developed
rapidly, showing obvious positive and negative displacement zones, indicating that some
areas had obvious local deformation, and these areas expanded further with the loading.
The rapid growth of the average coordination number of pores may have been due to the
fact that the pores at this stage had developed to the critical state of failure. At the peak
load 67.5 MPa, there was a large range of large displacement regions in the sample as a
whole, and the large displacement regions changed strongly compared with the previous
stage, being redistributed and concentrated. There was an obvious boundary between the
large displacement region and the low displacement region, and there was an obvious
delamination phenomenon in each displacement region of the sample. The regions with
smaller displacement values essentially appeared at the junction of the mineral zone,
which was consistent with the final failure form of the sample. At this time, the internal
microcracks and pores of the sample expanded and penetrated, and the sample was at the
critical point of instability and failure.
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Figure 15. Evolution process of displacement field u, v, and w in X, y, and z directions.

5.2. Analysis on the Evolution Process of Strain Field

The strain field can better reflect the evolution process of local deformation in rock, six
strain components of Cauchy strain tensor were solved by local least square fitting method,
and the equivalent strain and volume strain under different loads can be calculated.

It can be seen from the equivalent strain nephogram (Figure 16) and the 3D volumetric
strain nephogram (Figure 17) of the mudstone sample during full loading, at the initial
stage of loading, the overall strain of the sample was small, and the high strain area was
mainly concentrated in the XOZ plane and YOZ plane. The reduction to the real sample
was in the quartz dense accumulation area of the mudstone sample, and the high strain
area was scattered near the quartz particles. When loading to 18.5 MPa, there was a higher
equivalent strain in the lower left corner of the sample, and the maximum equivalent effect
of the sample was 0.01; according to the strain and the ultimate failure strain of mudstone,
it can be inferred that there should be small cracks in this area of the sample at this time.
With the progress of loading, the main strain region gradually shifted to the right side,
showing the phenomenon of localized zone, which reflected the closure and change of
primary pores, cracks, and other structures in the rock at the initial stage of loading. The
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equivalent strain in the mudstone went through a process of first dispersion and then
concentration, which was because the microcrack near the mineral zone was closed at the
initial stage of loading, resulting in a small range of strain concentration in the elastic stage,
resulting in the rapid increase in the main strain of this part; with the increase in loading,
the deformation of the sample tended to be gentle, and the equivalent strain entered a
quiet period. When loading to 37.5 MPa, the sample began to show local deformation, and
the maximum volume strain inside the specimen was 0.3, indicating that when the load
is low, the volume near the mineral zone changes greatly, so it is easy to produce local
deformation in the first step. When loading to 48.5 MPa, the microcracks and pores in
the sample continued to develop and penetrate, forming new cracks and large-scale local
deformation. The equivalent strain in the sample was rapidly redistributed with the new
deformation region, forming an obvious boundary between the two mineral zones.
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Figure 16. Evolution process of equivariant strain nephogram.
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Figure 17. Evolution process of volume strain nephogram.

Figure 18 shows the variation curve of volumetric strain and equivalent strain with
axial stress in the process of uniaxial loading of mudstone. From the curve in the graph, it
can be seen that there was a certain correlation between them. According to the change of
the curve, it can be divided into three stages:

(1)  The stage of compaction (a-b). During the loading process (0-18.5 MPa), the volume
strain of the sample was negative, and the equivalent effect increased slowly, indicating
that the sample was affected by axial load and the sample was compressed. Combined
with the equivalent strain distribution nephogram, the strain region was mainly dis-
tributed in the mineral zone, indicating that the intergranular pores near the mineral
particles were squeezed, the pore connectivity increased, and the overall porosity showed
an increasing trend. The number of pore throats between isolated pores increased, the
coordination number of pores increased, and deformation occurred.

(2) The stage of microcrack development (b—c). During the loading process (18.5 MPa—
48.5 MPa), the volumetric strain reached the minimum rapidly, and with the increase
in load, the volumetric strain began to rebound and increased to 0. At this stage,
the equivalent strain was redistributed from the local discrete strain region to form
a large range of strain region, and the high strain region was gradually connected,
maintaining a rapid growth trend, while the porosity continued to increase, and the
connectivity of the pore network increased. The number of connected pore throats
between pores increased, and the coordination number of pores increased. It showed
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that the sample began to expand, and a large number of micro-hole cracks began
to develop.

The stage of microcrack propagation (c—d). During the loading process (48.5 MPa—
67.5 MPa), the change rate of volumetric strain and equivalent strain began to slow
down, and the equivalent strain region was connected, with there being a clear
boundary between the high strain region and the low strain region, indicating that
cracks that were higher than the identification range of CT resolution were generated,
and that the micro hole crack had expanded into a macroscopic crack. The stress
corresponding to point ¢ can be used as the critical point of the macroscopic crack,
which was 62.9% of the peak load. The increasing trend of porosity, pore connectivity,
and pore coordination number were essentially the same as that of the previous stage,
and there was a crack on the surface of the sample, with a trend of continuous growth.
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Figure 18. Variation graph of volume strain mean and equivalent strain mean. (a) OMPa. (b) 18.5MPa.
(c) 48.5MPa. (d) 67.5MPa.

6. Conclusions

In this paper, mudstone was taken as the research object, and the failure mechanism of

mudstone was studied according to rock microscopic physical property analysis, uniaxial in
situ CT scanning, digital core reconstruction, pore network extraction, mineral composition,
and pore structure. The following conclusions were drawn:

@)

@)

©)

The diagenetic mineral composition of mudstone was relatively simple, being mainly
composed of brittle materials such as quartz and clay minerals, and the proportion of
brittle minerals was relatively high, which was the main reason for the high strength
of mudstone. Moreover, through the scanning electron microscope, it was found that
the brittle mineral quartz and so on often exist in the form of agglomerated strips
in the mudstone, resulting in the formation of structural weak surfaces on different
mineral interfaces. These results are similar to those reported by Zhao et al. (2013).
The digital core models of mudstone at different loading stages were established by
using a uniaxial loading in situ CT scanning test system. There were a large number of
primary intergranular pores near the mineral accumulation zone, and the connectivity
of pores will gradually increase with the increase in axial load. Macroscopically, the
porosity of the rock increased, and cracks gradually appeared, with the internal pores
being abnormally developed. When the rock reached the critical state of failure, the
throat number and coordination number of pores clearly increased.

There was no obvious difference in the distribution of mineral particles of different
sizes, and the interior of mudstone was mainly affected by a large number of small
size mineral particles, indicating that the slip between mineral zones was mainly
dominated by small-size minerals.
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(4) The final propagation shape of the crack was very consistent with that of the mineral
zone, indicating that it was easy to form a weak surface in the aggregated mineral
zone, and the aggregated mineral zone under loading could easily produce local
deformation, which is related to the mechanical properties of the mineral zone and its
surrounding rock matrix. When rock breaks, it is easy to produce along the junction
of the two kinds of minerals. The results are in good agreement with similar study by
Yin et al. (2019).

(5) The displacement in the polymeric mineral zone was small, the deformation displace-
ment of the rock skeleton dominated by clay minerals near the quartz mineral zone
was larger, and the stronger quartz minerals restrained the rock skeleton deformation
in the region.
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Abstract: The multi-scale, high-resolution and accurate structural modeling of rocks is a powerful
means to reveal the complex failure mechanisms of rocks and evaluate rock engineering safety. Due to
the non-uniformity and opacity of rocks, describing their internal microstructure, mesostructure and
macro joints accurately, and how to model their progressive fracture process, is a significant challenge.
This paper aims to build a numerical method that can take into account real spatial structures of rocks
and be applied to the study of crack propagation and failure in different scales of rocks. By combining
the failure process analysis (RFPA) simulator with digital image processing technology, large-scale
finite element models of multi-scale rocks, considering microstructure, mesostructure, and macro
joints, were created to study mechanical and fracture behaviors on a cloud computing platform. The
Windows-Linux interactive method was used for digital image processing and parallel computing.
The simulation results show that the combination of a parallel RFPA solver and digital image
modeling technology can achieve high-resolution structural modeling and high-efficiency calculation.
In microscopic simulations, the influence of shale fractures and mineral spatial distribution on the
fracture formation process can be revealed. In the mesostructure simulation, it can be seen that the
spatial distribution of minerals has an impact on the splitting mode of the Brazilian splitting model.
In the simulation of a joined rock mass, the progressive failure process can be effectively simulated.
According to the results, it seems that the finite element parallel computing simulation method based
on digital images can simulate the multi-scale failure process of brittle materials from micro to macro
scales. Primarily, efficient parallel computing based on a cloud platform allows for the multi-scale,
high-resolution and realistic modeling and analysis of rock materials.

Keywords: multi-scale; digital images; parallel computation; 3D numerical modeling; mechanical
and fracture properties

1. Introduction

The mechanical properties and structural safety of rocks are relevant to many fields, in-
cluding mining engineering, civil engineering and petroleum engineering. Many accidents
occur due to the strength of rocks exceeding their ultimate bearing capacity, and rocks’
instantaneous failure often leads to catastrophic consequences. Due to the heterogeneity
and opacity of brittle materials, it is difficult to accurately visualize their internal structure
and characterize the fracture process [1-3].

Traditional fracture mechanism research mainly focuses on macro-mechanical tests,
such as the uniaxial/triaxial compression test [4-8] and indoor fracturing model experi-
ments [9-12]. However, in these studies, it is impossible to predict or determine which
components of the sample will interact with the cracks before testing. Numerical methods
have been widely used [13,14] to solve the above problem. However, in most cases, to
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simplify the numerical calculation, the inhomogeneity of the material is ignored, which
will cause a deviation between the simulated crack morphology and the actual crack mor-
phology [15]. Therefore, to consider the influence of heterogeneity in the model, many
scholars have adopted different statistical methods to incorporate heterogeneity into the
numerical model, and to assign different mechanical properties to the units in the numerical
model [16-19]. For example, heterogeneity was introduced into materialhrough the Weibull
statistical model [14].

The above methods are used to characterize the heterogeneity of rock materials;
they are random-level models that cannot entirely reflect the actual geometric changes
taking place in the microstructures of the materials [20]. Additionally, few documents
describe how the virtual structure generated by this method reflects the natural structure
of the rocks [21]. The internal microstructure and composition determine the macroscopic
mechanical properties of rocks, and the contours of different components determine their
macroscopic fracture mechanisms [22]. Therefore, the actual internal structure of rocks
should be considered as much as possible in mechanical analysis and fracture research [23].

Reconstructing digital models based on digital images has been applied in fields such
as petroleum engineering [15,24]. Previous studies have shown that digital image data,
such as mineral and fracture data, can be used to characterize the heterogeneity of materials
quantitatively [25]. Digital image processing (DIP) technology can accurately introduce
the heterogeneity of materials into numerical models, and depict the physical qualities
and microstructures of actual materials more accurately [26-28]. These investigations have
shown that models that take into account real microscopic heterogeneity may better predict
materials’ mechanical behavior and fracture reactions. However, these studies are limited
to the establishment and research of two-dimensional (2D) numerical models.

The accuracy and efficiency of numerical simulation research depend on the computing
performance of numerical codes. This method has reduced advantages in three-dimensional
(3D) numerical research due to the limitations of computational performance. The coarse
mesh of the 3D dimensional model fails to characterize the actual structure of rocks, so this
method is not widely used in mechanical and fracture behaviors research. For instance,
Yu et al. [28] reconstructed a 3D finite element (FE) numerical model of a jointed rock
mass based on X-ray microcomputed tomography (micro-CT), and studied its mechanical
behavior. The pixel size of the micro-CT image is 30 um, and the element size of the
reconstructed finite element numerical modelis 2/3 mm x 2/3 mm x 2/3 mm. The element
size of the reconstructed finite element model is about 22 times larger than the pixel size of
the original image, which affects the accuracy of the reconstructed finite element model.
Ref. [2] used the same method to reconstruct the numerical model of volcanic rock, and
studied the failure behavior of volcanic rock through uniaxial compression and Brazilian
splitting numerical experiments. The numerical model replicated the pore microstructure
of natural volcanic rock. Some mechanical parameters, such as the strength and elastic
modulus of the constituent minerals, are not reflected in the numerical simulation because
of the limitations of calculation scale and model accuracy. Therefore, it is necessary to
develop a more effective method to eliminate these problems, and to improve the 3D
numerical model’s calculation scale and efficiency.

In this paper, multi-scale three-dimensional (3D) finite element numerical models
characterizing the actual structures of rocks were reconstructed based on digital image
processing techniques and high-performance computing methods to study their mechanical
behavior and failure processes. First, different scanning techniques were used to obtain dig-
ital images characterizing the actual structures of rocks at different scales. Microscale digital
images were obtained from FIB-SEM (Focused Ion Beam Scanning Electron Microscopes),
mesoscale digital images were obtained via the micro-CT scanning technique, and macro-
scale digital images were obtained from a video camera. A numerical code Parallel Rock
Failure Process Analysis (RFPA3D) simulator was used to reconstruct multiple-resolution
3D numerical models considering natural structure, such as microscopic shale models,
mesoscale models, and CJRM (Columnar jointed rock mass) models, using the digital im-
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ages. Finally, the numerical models were simulated and analyzed for their failure processes
under external loadings.

2. Methodology
2.1. Brief Description of RFPA3D

Through continuum mechanics, RFPA3D is programmed to simulate discontinuous
mechanical problems by reducing parameters after element failure. This code reproduces
nonlinear deformation characteristics by introducing the heterogeneity of material proper-
ties into the model and assuming that the mechanical parameters conform to the distribu-
tion statistics (Weibull distribution function, distribution function, or normal distribution
function). This paper assumes that the strength and elastic modulus follow the Weibull
distribution function [14,19,29,30], as:

m—1 m

where u is the mean value of the elements (such as strength or elastic modulus) put into
the numerical simulation program, and u is the mechanical parameter of the element. In
addition, the parameter m describes the shape of the distribution function and reflects the
degree of homogeneity of the material; it is called the homogeneity index.

It is initially linearly elastic until the specified damage threshold is reached. This
study has calculated the damage thresholds using the maximum tensile strain criterion and
the Mohr-Coulomb criterion. As expressed in Equation (2), the maximum tensile strain
criterion primarily determines whether a crack has been initiated. The second damage
threshold, defined in Equation (3), is the Mohr-Coulomb criterion, which determines
whether an element is damaged in the shear mode in the absence of tensile damage.

The maximum tensile strain criterion is:
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Until the element stress satisfies the above criteria, the elastic modulus remains con-
stant and the same as before loading. According to the strain equivalence assumption, the
elastic modulus of an element degrades gradually with damage progress, as follows:

E=(1-D)E,, 4)

It is characterized by an elastic-brittle damage constitutive relation, with a given
residual strength (illustrated in Figure 1). As shown in the negative half of the axis of
Figure 1, there are three kinds of elements determined by the damage variable, namely,
elastic elements (D = 0), damaged elements (0 < D < 1), and complete failure elements
(D = 1). Under multiaxial stress states, we can express the parameter D of an element
as [31-33]:
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where € is the equivalent principal strain. It is defined as follows:

E=— /(e + ()2 + (—e3)2, )
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where €1, €, and &3 are the three principal strains and () is a function defined as follows:
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Figure 1. Elastic-brittle damage constitutive law of elements.

As shown in the positive half of the axis in Figure 1, for a shear mode element under
multiaxial stress states, the damage variable D can be described as follows [31-33]:

0 &1 <eq
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According to the constitutive law of elastic damage, the element gradually deteriorates.
It is important to emphasize that the finite element analysis will fail if the modulus equals
zero. Therefore, the limit of the elastic modulus is specified as a relatively small number,
ie,107°.

2.2. Parallelization Strategy

The RFPA3D system consists of pre-processing, elastic stress analysis, failure analysis,
and post-processing. The RFPA3D procedures are completed with coordinated processing
on an interactive Windows-Linux platform. The linear elastic stress analysis module is
implemented on the Linux operating system cluster, and the other modules are completed
on the Windows platform. After the data of the Windows platform are prepared, they
are completely transferred to the Linux cluster, and the finite element parallel computing
program on the Linux cluster is automatically started to complete the parallel computing.
After the parallel calculation, it sends the results back to windows to view the results in
real-time. A Hybrid OpenMP/MPI (message passing interface) parallel programming
model is used to solve the finite element problem [34]. First, the whole domain is separated
into local data sets scattered across the domain. A processing node is given to each partition,
and MPI is used to communicate between processors and interconnect computing nodes
between distributed memories. It is the most time-consuming process in the entire analysis
process. It is also the core of the numerical realization, because each loading step requires
a stiffness calculation and the resolving of the system equation. Parallelism and coarse-
grained domain decomposition can improve the computational scale and speed of the
master—slave solution.

This parallel computing structure uses a master—slave programming model, dividing
the computational process into several slave processes (see Figure 2). It is a control program
that does not participate in calculations, but is responsible for obtaining global machine
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numbers, initializing data, and processing data before receiving it. The data include
unit information, node information, and material properties. According to the domain
decomposition algorithm (See Figure 3, where the grid nodes in the I partition are divided
into two types: internal nodes and boundary nodes. When solving the physical quantity of
the partition boundary node, it is also necessary to exchange information with the adjacent
area of the I partition to obtain the information of the node connected to the boundary
of the I partition, that is, the information of the external node. The internal nodes and
boundary nodes are the nodes to be solved in the I partition. When solving the boundary
nodes, the external nodes are auxiliary nodes that provide boundary information), the
program automatically decomposes the entire solution region into relatively independent
sub-regions, and distributes the sub-region data into the corresponding processors. When
the calculation of each slave process is completed, the master process retrieves the results
of each sub-region from each slave process. It outputs the results of the entire solution
region. Each slave process is a calculation program responsible for completing subtask
calculations. Each slave process receives the master process data and individually completes
the unit stiffness matrix, the total stiffness matrix synthesis, and the load vector assembly of
each sub-region. The sub-region system equations are solved iteratively using the Krylov
subspace preconditioner biconjugate gradient stabilized method. It is necessary to exchange
data with adjacent sub-regions to update the data during solving. The sub-area solution is
completed via the slave process, and the physical quantities of the stress and strain waiting
to be solved are output into the master process.

Slave 3

Figure 2. Flowchart of the parallel FEM solver.

Zone boundary

5T 1]
Ipmmoﬂ_/ug | ‘ ‘

@ The internal node of the I partition

@ The boundary nodes of I partition

The external node of the I partition

Figure 3. Example of the partitioning of a finite element grid.
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The calculations in this study are completed on the Int Cloud computing platform,
which integrates the resources of nearly 20 mainstream cloud service providers and super-
computing centers in China as the infrastructure, which can provide parallel computing
for 10,000-core clusters. At present, a single cloud workstation node can provide more
than 100 core Xeon platinum processors (Intel Xeon platinum 8260 series, main frequency
3.1 Ghz, L3 cache 36 MB), 8 Tesla V100 computing cards, 40,960 core CUDA (Compute
Unified Device Architecture) computing cores, 736 GB memory, 256 GB video memory,
10 Gbps internal network bandwidth and 100 Mbps public network bandwidth for each
user. The current comprehensive theoretical calculation peak of the platform exceeds
500 TFlps, and the storage capacity exceeds 100 PB. The underlying server virtualization
system is the KVM (Keyboard Video Mouse) architecture. The platform uses the CentOS
(Community Enterprise Operating System) system. The user cloud operating system is
Windows Server 2016 Datacenter version.

2.3. Three-Dimensional Numerical Model Reconstruction by Digital Image Processing

Using the DIP technology, the actual microstructure of heterogeneous rocks could
be precisely extracted from images and incorporated into numerical models. Pixels make
up a digital image on a computer. Each pixel consists of the intersection area on either
side of horizontal and vertical scan lines of equal width, resulting in a square element
with a width of w. Each pixel is represented by three primary colors, namely, red (R),
green (G), and blue (B). The reconstruction of 3D numerical samples was divided into
four steps based on the digital image. As a first step, we collected high-resolution pictures
of the research object, which provided information about its microstructure—numerical
models of different scales with different image sources. The shale images at the microscale
in Section 3.1 were obtained using Focused Ion Beam Scanning Electron Microscopes
technology (Figure 4a). Mesoscale shale images were obtained using the micro-CT scanning
technique in Section 3.2. The columnar jointed rock mass image of Section 3.3 was obtained
using a video camera [35]. Second, the image vectorization processing used DIP technology
to convert the image into vectorized data that could be recognized by numeric codes. In
order to construct a 3D model, the extracted digital microstructures were stacked layer by
layer in a particular sequence and at specific intervals based on variation within a certain
thickness t (Figure 4c,d). The 3D FE meshes were simultaneously established (Figure 4c). A
pixel’s size determines the dimensions of the elements, which were all hexahedral quads.
The thickness of each element was equal to the distance between layers. That is, the length
and width of each element mesh are w, and the height is h. Third, we determined the
segmentation threshold to distinguish and segment the constructed 3D microstructure of
the finite element model, with microcracks, cracks, voids, and mineral particles. Finally, the
DIP method was applied to assign the corresponding mechanical properties to the elements
of the components (Figure 4d). In the following section, we describe the third step in detail.

In order to accurately characterize the microscopic and macroscopic structures of
the models, the image processing methods and segmentation thresholding methods were
slightly different for each model. The following briefly introduces the method of determin-
ing the segmentation threshold, taking the microscale shale in Section 3.1 as an example.
The gray histogram threshold method was adopted to segment microstructural segmenta-
tion [2] from the solid matrix to determine the segmentation threshold. Figure 4b shows a
microscopic image of the shale and the corresponding grayscale histograms of the I values.
I represents the average of R, G, and B, while the X-axis represents the level of grey and the
Y-axis represents the pixel count. The gray level is similar in the same material, but there
are significant differences among different materials. The peaks reflect this difference in
the histogram. Therefore, the different rock components can be classified by identifying
the grayscale at the start and end of each peak. That is, the gray value at the location of
each trough is the segmentation threshold. After this, we artificially adjusted the repeated
segmentation threshold until the derived model could accurately reflect the reality of the
microstructural and mineral distribution inside the shale. The final segmentation thresh-
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olds of this model are 25, 75, and 225. Here, the I value in the range of 0-25 corresponds to
fractures, the I value in the range of 25-75 corresponds to organic matters, the I value in the
range of 75-225 corresponds to the carbonate mineral matrix dominated by calcite, and the
I value in the range of 225-255 corresponds to pyrite.
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Figure 4. Reconstruction of 3D numerical models by digital image processing. (a) Getting the picture
of the study model. (b) Determination of segmentation threshold. (c) A layer generated with a vertical
extension of a slice image (Vectorization). (d) The 3D image stacking and numerical reconstruction
model of shale specimens.

3. Multi-Scale Numerical Modeling of Rock Failure Process under Compression
3.1. Microscale Simulation

Shale is a natural composite material composed of various inorganic minerals and
organic matter [36,37], and its macro-mechanical behavior depends on its microstructure
and mineral composition [2,38]. During the fracturing process, the microstructure of shale
will affect fracture propagation and fracture morphology, resulting in more tortuous and
complex fractures [12,39]. Therefore, it is vital to study the mechanical properties and crack
propagations of shale at the microscale. However, it is difficult to directly or indirectly
observe and record the interaction between fractures and different mineral components of
shale, and describe the crack propagation path, at the microscopic scale. Understanding
of the shale failure mechanism on the microscale is not complete as yet [40]. Numerical
experimental methods provide an effective way to solve the above problems. While
the heterogeneity index can introduce the heterogeneity of the rock matrix, along with
the statistical distribution, it cannot accurately represent the heterogeneity of the actual

27



Appl. Sci. 2022, 12, 3864

material [20]. The actual spatial distribution of the microscopic heterogeneity and some
mechanical parameters of the mineral composition of the shale should be considered during
numerical modeling [2].

3.1.1. Microscale Numerical Model

FIB-SEM has been widely used to characterize shale’s nanoscale structural features [41,42].
Based on the images obtained by FIB-SEM, this section reconstructed an actual 3D multi-mineral
component shale numerical model to study the influence of mineral distribution on the shale
fracture process at the microscopic scale. In this way, the interaction between cracks and different
mineral components can be observed, and the propagation process of cracks at the microscopic
scale can be presented. The shale samples in this section were collected from the Yanchang
Formation in the Ordos Basin, Gansu, China. The experimental equipment used in this section
was the FIB-SEM HELIOS NANOLAB650 from the Research Institute of Petroleum Exploration
and Development of China, and the acquisition pixel was about 10 nm.

Figure 4a shows shale sample 3D FIB-SEM images, and the single image resolution is
1500 pixels by 1500 pixels, with a pixel size of 10 nm x 10 nm. The interval of longitudinal
cutting was 10 nm for each layer, and 750 layers were cut. Therefore, the size of the 3D
FIB-SEM image of the shale sample obtained was about 15 x 15 x 7.5 um (Figure 4a(I)). In
our research, the FIB-SEM image analysis results show that the white particles are pyrite,
the light gray minerals are silicate minerals, the dark gray minerals are carbonate minerals,
the gray-black minerals are organic matter, and the black is fractures (Figure 4a,b).

The objective of this section (Figure 4a(Il)) was to select the region of interest from
Figure 4a(l)), the size of which was about 15 x 7.5 x 7.5 um. In an attempt to increase
the calculation speed without affecting the calculation accuracy of the model, when con-
structing the numerical model, the pixels of the image were reduced five-fold, and one
image was taken at intervals (the size of the element is 50 x 50 x 50 nm). The method
introduced in Section 2.3 reconstructs the three-dimensional numerical model of shale at
the microscopic scale, as shown in Figure 5¢,d ((c) front view, (d) back view), represented
by the elastic modulus diagram. Comparing Figure 5a,b and Figure 5¢,d, it can be found
that the reconstructed numerical model (Figure 5c,d) reproduces the real microstructure
of the shale well, and the introduction of inhomogeneous coefficients characterizes the
inhomogeneity of single minerals more realistically, which makes the reconstructed nu-
merical model more natural and realistic. The total number of finite element elements in
the specimen section is 6.75 million. The blue mineral is pyrite, the yellow mineral is the
carbonate matrix dominated by calcite, and the red mineral is organic matter.

In contrast, the transparent mineral is fractured, with contents of 1.09, 8.54, 18.18, and
0.19%. The shale numerical specimen was then built using the mechanical input parameters
in Table 1 [43-45]. The uniaxial compressive simulation was carried out with an external
displacement at a constant rate of 2.25 x 10~* pm/ step in the vertical direction.

Table 1. Material properties of the shale FE model.

Materials E; (MPa) [43-45]. Py (MPa) m v ¢ (©) CIT
Organic matter 20,000 60 2.5 0.34 35 10
Clay 59,000 155 2.8 0.32 35 10
Carbonates (calcite) 70,000 190 3 0.31 35 15
pyrite 90,000 310 5 0.19 35 15

3.1.2. Microscale Numerical Modeling Results

The spatial distribution of shale minerals at the microscopic scale affects the crack
initiation position, propagation path, and final failure pattern. Despite the small amount
of pyrite, cracks tend to begin in the organic matter around pyrite. Pyrite has a decisive
effect on where cracks emerge. The crack propagates easily along the organic lamina, and
the distribution of the organic lamina also determines the failure pattern. The simulation

28



Appl. Sci. 2022, 12, 3864

system can reproduce the typical characteristics of the failure process of microscale multi-
mineral rock, and the failure characteristics obtained by the numerical simulation are in
reasonable agreement with the physical test results [46].

158%10°  1.64x10°  326%10°  4.89x10°

(©) (d)

Figure 5. Shale microscopic model. (a,b) Original FIB-SEM 3D model: (a) is a front view, and (b) is a
back view. (c,d) Finite element numerical model, expressed by elastic modulus: (c) is a front view,
and (d) is a back view. ([l organic matter, £ carbonate minerals, [ | pyrites).

Figure 6a—f shows the dynamic failure process of microscale organic laminar shale.
Referring to the mineral distribution of the sample in Figure 5, it can be seen that at the
initial stage of loading (point A), obvious stress concentration occurs at the organic matter
lamina and the organic matter around pyrite (Figure 6a). In stages A-B, with the increase
in load, the crack first initiates in the organic matter around pyrite (Figure 6b). Before peak
point C (including the peak point), there is an obvious displacement discontinuity at the
organic lamina (Figure 6¢), and a small number of acoustic emission events occur, but there
is no obvious macro crack. In stages C-E, with the continuous increase in load, a large
number of acoustic emission events are generated, the stress—strain curve decreases in a
stepwise pattern, and a small platform appears at point D. The results may be due to the
fact that the fracture extension meets the primary fracture, resulting in a sudden increase
in strain. In addition, the fracture gradually expands along the organic matter lamina
(Figure 6d,e), and the displacement discontinuity gradually increases. Finally, a macro
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shear plane along the organic matter lamina is formed, and multiple macro cracks are
formed along the organic matter lamina. It can be seen that the organic matter lamina plays
a decisive role in the final shape of the crack. The macroscopic fracture surface is formed
after the peak point, which is also consistent with our general understanding. In E-F, a
small number of acoustic emission events occur, the stress—strain curve slowly decreases,
and the displacement discontinuity is more pronounced at the main crack (Figure 6f). The
strength and modulus of elasticity of the shale were 78.40 MPa and 60,700 MPa, respectively
(Figure 6g). Figure 6h depicts the spatial distribution of acoustic emission events in the final
damage. A sphere with a specific diameter and color represents an acoustic emission event.
The diameter represents the relative magnitude of the released acoustic emission energy.
The color represents the type of element failure. Red and blue indicate tensile damage and
shear damage, respectively. It can be seen that most of the AE events are caused by tensile
damage (red spheres), while only a small number of AE events are caused by sheer damage
(blue spheres). Tensile failure is the main cause of rock failure, which is consistent with our
general understanding [47]. In addition, through the acoustic emission diagram, we can
see that the complex spatial morphology of the main crack and the spatial distribution of
the organic matter lamina play decisive roles in the spatial morphology of the crack.

Figure 7 shows the internal failure process of six slices under different strain levels, in
which dark blue represents the damage element, and black represents the failure element.
The positions of the six slices (i.e., Slice#1, Slice#2, Slice#3, Slice#4, Slice#5, and Slice#6)
are located at distances of +Z 7.5, 6.0, 4.5, 3.0, 1.5 and 0 um. Figure 7a—f correspond to
points A—F on the stress—strain curve in Figure 6g, respectively. As can be seen, at point
A (Figure 7a), all slices have only damage elements in the organic laminar, and no failure
elements appear. Note that the black elements shown on the slice at this point are all primary
pores and fissures, rather than new ones under the action of external forces. In stages A-D,
with the increase in load, the number of damaged elements increases continuously, and they
are distributed in three-phase minerals (Figure 7a—d). More failure elements appear in the
vicinity of the pre-existing fracture, and new failure elements gradually conjoin the main
fracture and the pre-existing fracture (slice#1). In addition, some of the fractures expand
along with the pre-existing fractures and gradually form macroscopic cracks (slice#5). Hard
mineral grains (pyrite), on the other hand, are susceptible to global failure, influenced by
their own mechanical properties and those of the surrounding minerals (slice#4). In stages
D-E, as the load continues to increase, the cracks continue to expand, mainly along the
narrower organic laminae, forming shear cracks (Figure 7d,e). Nevertheless, the fracture
distribution of each slice differs, primarily due to the heterogeneity of mineral distributions,
and especially due to the influence of organic matter lamina distributions. In stages E-F,
almost no new cracks are generated, and the work done by the external force is mainly
used for crack width expansion (Figure 7e,f). In summary, it can be seen that the differences
in mineral distribution lead to significant differences in cracks in different slices at the same
strain. The spatial distribution of minerals, especially the spatial distribution of organic
laminae, greatly influences the fracture process of cracks. This is consistent with the results
of the study [22], which indicate that the heterogeneous mineral distribution controls the
fracture occurrence and damage pattern of the samples.

3.2. Mesoscale Simulation

Different scales of study objects can lead to significant differences in the spatial struc-
tures of identifiable rock materials [48]. Micro-CT can be widely used to characterize the
spatial distribution of microstructures such as pores and fractures in shale reservoirs [49].
Therefore, the three-dimensional X-ray scanning of shale specimens can be used to obtain
high-resolution three-dimensional images without loss, and effectively characterize the
natural three-dimensional spatial structure of shale. In this section, a micro-CT 3D finite
element numerical model characterizing the actual structure of shale was developed by
combining the micro-CT scanning technique and the RFPA parallel computing method.
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The dynamic splitting process and mechanical properties of mesoscale shale were studied
via a Brazilian splitting experiment.
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Figure 6. Numerical simulation of the shale sample at the microscale. (a) Minimum principal stress.
(b—f) Vertical displacement contours at different loading stages, (a—f) correspond to points A-F in (g),
respectively. (I) front view, and (II) back view. (g) The spatial distribution of acoustic emission (AE)
events. (h) The stress—strain curve associated with AE counts for shale. The unit of stress in (a) is the
MPa, and the unit of displacement in (b—f) is the millimeter.
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The samples for the experiments in this section were selected from a shale oil and gas
reservoir in a block of Qijiagulong Sag, Songliao Basin, with a burial depth of 2350 m. The
sample was machined into a cylinder with a diameter of 4 mm and a height of 10 mm along
the laminar direction. The CT scan experiment was completed at the Research Institute of
Petroleum Exploration and Development, CNPC, Beijing. The experimental equipment
was an Xradia 510 Versa high-resolution 3D X-ray microscope from Carl Zeiss Company,
Oberkohen, Germany. The voltage was 80 kV, the single exposure time was 1 s, and the
scanning resolution was 4 um.
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Figure 7. Cont.
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()

Figure 7. Internal fracture evolution in micro shale sample sliced along different Z planes. (a—f) The
slices at different loading stages, corresponding to points A-F in Figure 6g, respectively. (= organic

matter, [] carbonate minerals, ~ pyrites, [ | damage elements, M fractures).

3.2.1. Mesoscale Numerical Model

Figure 8 shows the CT images of the shale samples. The resolution of a single CT
image is 1000 pixels x 1000 pixels, and the pixel size is about 4 pm x 4 um (Figure 8b).
The scan spacing is about 8 um, and a total of 1250 layers were scanned. Therefore, the
diameter of the original 3D micro-CT cylinder of the shale sample obtained was 4 mm and
the height was 10 mm (Figure 8a). In our study, the results of the micro-CT image analysis
show that the white mineral grains are calcite-dominated carbonates, the gray minerals are
clay minerals, and the dark gray minerals are organic matter. The objective of this section
is to select the region of interest from Figure 8a, with a diameter of 4 mm and a thickness of
2 mm. As a result of the need to increase computational speed without compromising the
computational accuracy of the model, the pixels were reduced 4-fold when constructing
the numerical model, and images were taken once at each interval (16 x 16 x 16 pum),
for a total of 125 images. Due to the principle of CT imaging, circular artifacts (images
that are bright in the middle and dark around) are inevitable in CT images. Therefore,
in order to ensure the authenticity of the model and improve threshold segmentation
accuracy, this subsection refers to the improved threshold segmentation method proposed
by [50] regarding CT images, and the processing results are shown in Figure 8c. Next, the
three-dimensional numerical model of Brazilian shale was reconstructed on the mesoscale
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based on the method introduced in Section 2.3, as shown in Figure 9 ((a) front view, (b) back
view), which is represented by the elastic modulus diagram. By comparing Figure 9 with
Figure 8a, we can see that the reconstructed numerical model reproduces the mesostructure
of the shale, and that the addition of the inhomogeneity coefficient makes the reconstructed
numerical model more natural. There are approximately 7.81 million finite elements in the
Brazilian disc model. It consists of organic matter, calcite-based carbonate particles, and
clay matrix, at 2.98%, 92.88%, and 4.14%, respectively. The Brazilian disc model exhibits a
highly inhomogeneous structure, with X-type organic matter and large calcite-dominated
carbonate particles distributed on the front side. However, only a few small grains of
calcite-dominated carbonates are distributed on the backside of the model. Afterward, the
mechanical input parameters from Table 1 are used to establish the meso shale Brazilian
disk numerical sample. In the vertical direction, load is applied at a constant rate of
4.8 x 1072 mm/step.

(b) (0

Figure 8. Mesoscale shale CT image. (a) Three-dimensional CT model. (b) Single CT image. (c) CT

image after threshold segmentation (. organic matter, clay minerals, . carbonate minerals).
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; : : g
740 10° 3.66 10° 658 x 10° 9.50 x 10 740 % 10" 3.6 10° 6.58 x 10° 9.50  10°

(a) (b)

Figure 9. A three-dimensional numerical model of the Brazilian disc at the mesoscale, expressed by

elastic modulus. (a) is the front view, and (b) is the back view (. organic matter, % clay minerals,
carbonate minerals).

3.2.2. Mesoscale Numerical Modeling Results

The spatial distribution of shale minerals affects the stress state, the location of crack
initiation, the expansion path, and the final failure mode of the meso Brazilian disk model.
Although the organic matter is only distributed on the front side of the model and the
content is only 2.98%, it plays a decisive role in the initiation and expansion of cracks, and
the final failure morphology and mechanical behavior.

The dynamic failure process is depicted in Figure 10a—f for the Brazilian disk model
of calciteitic shale on the mesoscale. Figure 10a(I) shows that obvious stress concentration
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occurs in the organic matter at the initial stage of loading; displacement discontinuities are
generated as the load increases. Organic matter distribution largely determines the frontal
displacement discontinuity of the Brazilian disk, whereas cracks emerge at the frontal
displacement discontinuity (Figure 10b). In addition, the back displacement discontinuity
is consistent with the splitting experiments of typical Brazilian discs. At point C, the
Brazilian disk displacement discontinuity becomes more and more significant. There is a
large difference between the displacement discontinuity on the front and the back sides of
the Brazilian disk model at point C (Figure 10b). As the load increases in the C-F stages,
the cracks continue to grow along with the organic matter of the Brazilian disk, until they
eventually form macroscopic cracks. On the back side of the Brazilian disc, no macroscopic
cracks are formed. Only a few small cracks form at the intersection of the specimen and
the loading plate (Figure 10d—f). Due to the effect of organic matter, the acoustic emission
events increase slowly during the numerical experiments, but almost no new acoustic
emission events occur after the F point. Likewise, the load—displacement curves show no
obvious decrease in brittleness.

Figure 11 shows the internal failure processes of meso Brazilian disk models at different
loading stages. Dark blue represents damage elements and black represents failure elements.
The six slices (Slice#1, Slice#2, Slice#3, Slice#4, Slice#5, and Slice#6) are located at distances
of +2 2.0, 1.6, 1.2, 0.8, 0.4 and 0 mm. Figure 11a—f correspond to points A-F on the
load—displacement curve in Figure 10g, respectively. By observing slice#1 and silce#2,
it can be seen that the damage occurs near the center of the Brazilian disc. However,
the initial fractures begin on the central axis near the upper and lower loading plates of
the Brazilian disk, and continue to expand in the direction of organic matter until they
merge into one main fracture. In the lower parts of the Brazilian disc, the fracture no
longer propagates along with the organic matter because it is farther away from the central
axis, and therefore it turns towards the central axis. The initial stages of loading are not
damaged, as can be seen in slices #3—6. In response to the increased external load, some
elements are damaged or fail at the central axis, but no macroscopic cracks appear. It is not
until after the peak point that cracks are formed near the upper and lower loading plates,
respectively. Although the cracks rarely extend, they only remain near the loading plate
until the specimen is a mode of completely unstable failure.

In summary, differences in mineral distribution at the mesoscale lead to significant
differences in cracking in different slices of the Brazilian disc model under the same
strain. The inhomogeneous distribution of minerals leads to large differences in the crack
distribution in different slices of the disc model. The spatial distribution of minerals greatly
affects the fracture process of cracks, especially for minerals with low mechanical properties
or minerals with high mechanical properties, which may not be highly present in the model,
but play a decisive role in the mechanical behavior, fracture process, and fracture pattern of
the model, which is consistent with the findings of [51].

3.3. Macroscale Simulation

It is usually the cooling process of the lava flow that forms the columnar jointed
structures in igneous basalt [52]. The lava flow usually cuts the basalt into regular (quadri-
lateral or pentagonal) or irregular prismatic prisms. Several hydropower stations around
the world have the same geologic structure of columnar joints. Previously, the formation
mechanism and controlling factors of CJRM have been investigated [53-55]. In recent
years, the construction and application of many large-scale CJRM projects have led to an
increase in the interest of engineering geologists in the mechanical properties of CJRMs.
The main techniques used to study the structural characteristics of CJRM are in situ tests,
laboratory tests, indoor tests, and numerical simulations [52,56,57]. Those resulting from
laboratory tests of small-scale rock mass differ significantly from those obtained under field
conditions, so there is no advantage to considering rough columnar joint networks on-site.
While large-scale rock masses cannot be conveniently sampled on-site, experimental results
are often scattered. The numerical simulation method has advantages when it comes
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to studying the mechanical properties of a rock mass. The model is often simplified in
practice, and it is hard to determine whether the joints are distributed accurately. The
CJRM reconstructed according to field conditions is essential to studies of the mechanical
behavior of this geological structure.
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Figure 10. Numerical simulation of the shale sample at the mesoscale. (a) Maximum principal stress.
(b—f) Vertical displacement contours at different loading stages, (a—f) correspond to points A-F in (g),
respectively. (I) front view, and (II) back view. (g) The stress—strain curve associated with AE counts
for shale. The unit of stress in (a) is the MPa, and the unit of displacement in (b—f) is the millimeter.
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Figure 11. Internal fracture evolution in a shale meso sample sliced along different Z planes. (a—f) The
slices are at different loading stages, corresponding to points A-F in Figure 10g, respectively. (/" organic

matter, clay minerals, . carbonate minerals, . damage elements, fractures).

3.3.1. Macroscale Numerical Model of Columnar Jointed Rock Mass

In this section, combined with geological features of the Baihetan hydropower station
and based on the CJRM Window images obtained through the sampling window method,
a CJRM reflecting the real structure is constructed. Figure 12a,b is the transverse section
information image of the CJRM obtained from the selected window on the right slope of
the steep-descent basin of the Baihetan hydropower station [35]. Different colors represent
different shapes of column-shaped joints, which cut the basalt into columns. In the columnar
block cross-sections, the triangular, quadrangular, pentagonal, and hexagonal polygon
frequencies are 39.9%, 45.3%, 9.9%, and 4.9%, respectively. Based on the image in Figure 12b,
the finite numerical model of CJRM is constructed according to the method and principle
introduced in Section 4, as shown in Figure 12c, which is represented by the elastic modulus
diagram. Figure 12d depicts the spatial distribution of joints in the model, and the critical
information of the numerical model is consistent with that of the digital image. The size
of the model is 2.75 m x 2.75 m x 2.75 m; the number of image pixels in each layer is
275 x 275 (the number of single-layer finite element grids is 75,625). A total of 275 layers
of images are copied, so the size of the unitis 1 cm x 1 cm x 1 cm, and the total number
of model units is about 20 million. The mechanical parameters are derived from [58], as
shown in Table 2. The loading method is displacement loading, and the loading rate is
0.1 mm/step.
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Table 2. Material properties of the CJRM FE model [58].

Materials E; (MPa) P (MPa) m v ¢ (°) CIT
Rock 65,100 280 2 021 38 10
matrix

Joint 1160 10 3 0.31 30 12

3.3.2. Macroscale Numerical Simulation Results

The three-dimensional CJRM reconstructed by digital image processing can actually
reflect the spatial distribution of the joints on the engineering site (Figure 12). The spatial
distribution of the joints greatly influences the fracture process and the final failure pattern
of CJRM. Due to the low strength of the joints, they generate a tensile stress area around
the joints in the initial stage of loading (Figure 13), causing the joints to fracture under a
relatively small external load. The failure characteristics of the three-dimensional numerical
simulation and the in-situ tests are very similar. Most of the failure occurs along the joint
planes due to their lower tensile strength. Most longitudinal joints suffer from tensile failure,
and the low-angle horizontal joints suffer from compression shear failure (Figure 14). The
method proposed provides a useful reference for research into irregular CJRM.
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Figure 12. Configurations of columnar jointed basalt. (a,b) Structural descriptions of columnar
jointed basalt in transverse sections [35]. (c) A numerical model for the columnar jointed basalt.

(d) The spatial shape of the joints is characterized.
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Figure 14. Numerical uniaxial compression test of columnar jointed basalt at the macroscale.

(a-i) Vertical displacement contours at different loading stages, (a-i) correspond to points A-F in
Figure 15. The unit of displacement in (a—i) is the millimeter.
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Figure 15. The stress—strain curve associated with AE counts for CJRM.

The stress—strain curves of CJRM are different from those of intact rock samples, and
the brittle characteristics of intact rocks are significantly higher than those of CJRM. The
stress—strain curve and the AE count for CJRM are shown in Figure 15. There is a stepwise
increase when the curve rises to the DE stage before the peak strength. The strain increases
from 0.36% to 0.46% at this stage, an increase of 27.8%. The stress increases from 131.2 MPa
to 137.5 MPa, a rise of 4.8%. This may be due to the crushed low-angle horizontal joints
and the longitudinal blocks being squeezed. After the peak strength, the stress—strain
curve of the complete rock sample under uniaxial compression generally decreases sharply.
The stress—strain curve of CJRM decreases gradually, without prominent brittle failure
characteristics. It can be seen from the changing trend of AE events that AE events occur at
low stress levels, and AE events maintain a relatively stable level before peak point E. Due
to the low strength of the joints, the joints fracture at low stress levels, and AE events occur.
AE events in the A-D interval are mainly caused by longitudinal joint failure, while AE
events in the D-E interval are mainly caused by low-angle horizontal joint failure. After
the peak point E, the acoustic emission events are mainly concentrated in the E-F interval,
and the fracture of the basalt column leads to a large number of AE events. At this stage,
the AE events account for about 50% of the total AE events in the fracture process.

The mechanical responses of joints and intact rock vary with the same external displace-
ment (e.g., mismatch stress). Figure 13 shows the maximum principal stress distribution at
0.1 mm displacement. Even under compression, tensile stresses (in red) can be observed
in the surroundings of joints. Figure 14 illustrates the vertical displacement field during
fracture. Due to the existence of joints when the strain level is 0.40 ep (Figure 14b), there are
obvious cracks in the longitudinal joints in the middle of the CJRM. With the increase in
external displacement, cracks propagate upward and downward along the direction of lon-
gitudinal joints simultaneously, and the color of the vertical displacement field is different
(Figure 14b-i). The low-level joint is at the junction of the color change, indicating that the
displacement is not continuous. At peak point E, macro cracks are apparent along the joint
plane on the surface of the CJRM (Figure 14g). Figure 16 describes the damage evolution
process of CJRM. The symbols (i.e., A, B, C, D, E, and F) plotted on the stress—strain curve in
Figure 8 indicate the strain levels of 0.05, 0.14, 0.40, 0.83, 1.00 and 1.15 ¢p. Figure 16a shows
the initial damage pattern, with a strain of 0.05 ep. Multiple points of damage co-occur
at the longitudinal joint. This shows that the joint strength is low, and the damage occurs
at a low-stress level. With the load increase, the number of damage points increases and
accumulates in longitudinal joints. Damage points also appear at low and horizontal angles
(Figure 16b—e). Finally, multiple macroscopic damage zones are formed.
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Figure 16. Damage evolution in columnar jointed basalt, where the yellow spots represent the
damage occurrence and transparent means that the element is completely damaged, (a—f) correspond
to points A-F in Figure 15.

Figure 17 compares the damage characteristics of CJRM between the numerical test
and the in-situ test. It can be seen from Figure 17a—c that the failure characteristics of
the three-dimensional numerical sample are very similar to those of the field test, and
the failure mode is also consistent. Figure 17d describes the spatial distribution of AE
events when the numerical model finally fails. A sphere with a specific diameter and color
represents an acoustic emission event. The diameter represents the relative magnitude of
the released acoustic emission energy. The color represents the type of element failure. Red
and blue indicate tensile damage and shear damage, respectively. It can be seen that most
AE events occur at joint locations. Most AE events at low-angle horizontal joints are caused
by compression tensile damage (red sphere), while most AE events at longitudinal joints
are caused by shear damage (blue sphere).
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Figure 17. Comparisons of CJRM failure modes between the numerical specimen and the in-situ
specimen. (a,b) The fracture mode of the in-situ specimen; (a) is the top view, and (b) is the front
view [7]. (c) The fracture mode of the numerical specimen. (d) The spatial distribution of acoustic
emission (AE) events.

4. Discussion

The statistical damage mechanical approach has been used to effectively predict rock
failure issues [59,60]. Furthermore, it is possible to create realistic numerical rock samples
using digital image processing methods. Our study was based on the study of [14,59,60],
which considered the non-homogeneity of the structure through digital image techniques,
and the non-homogeneity of single minerals through Weibull distributions [50]. That is, the
dual inhomogeneity of structure and material is considered simultaneously. Therefore, the
multi-scale numerical models we developed were all more realistic in reflecting the spatial
rock structure compared with previous studies [34]. Meanwhile, the constructs of the
numerical models were integrated into the RFPA3D parallel computing simulator, which
simulates with high efficiency the progressive damage process and mechanical property
behavior of the high-resolution multi-scale rock models with the help of a cloud computing
platform [34]. Consequently, complex, heterogeneous rocks can be modeled successfully
with this integration approach.

It is crucial to acquire digital images of rocks at different scales using suitable scanning
techniques before constructing numerical models based on digital images of rocks. There
are currently a variety of techniques available for obtaining 3D digital images of rocks on
the micro-, meso-, and macroscales [41,49,61-63]. Even so, the three-dimensional structural
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characteristics of engineering-scale rocks are often difficult to determine, particularly for
rock reservoirs that are deep underground, such as shale oil and gas reservoirs. In future
research, we should integrate multiple technologies, including geological exploration,
to construct more realistic engineering-scale numerical models, i.e., digital rock masses.
Furthermore, although a modeling and simulation study, from digital cores to digital rock
masses, was completed in this paper, the microscopic to macroscopic linkage has not been
addressed. Therefore, establishing an effective macroscopic linkage is also the focus of our
future research.

5. Conclusions

The statistical meso-damage mechanical model has been applied to study the failure
of rocks. However, it is difficult for numerical models to characterize the actual sample
structure due to the limitations of modeling methods. Additionally, the bottleneck of
element number and calculation efficiency limits numerical modeling. The DIP technology
in this paper is used to extract the structural characteristics of samples obtained by micro-
CT, FIB-SEM, or sample window methods, reconstruct the 3D models, and then combine
the models into a 3D numerical model using a vectorizing method. The 3D finite element
numerical model was integrated into the RFPA parallel simulator. The finite element
parallel computing system based on the digital image was built, which effectively solved
the above problems. By incorporating the intrinsic shale geometric features, i.e., the spatial
distribution of mineral composition, the 3D numerical simulations can reasonably predict
the mechanical and fracture properties of the shale sample. The calculation system can
also help us monitor and analyze the stress, strain, and displacement fields of the sample
from any angle. This method is superior to some traditional methods, such as acoustic
emission monitoring, in-situ CT scanning monitoring, and the 3DP method, which struggle
to accurately and quantitatively monitor the initiation and evolution of micro cracks in
real-time. Meanwhile, the results show that the finite element numerical models we
constructed from the microscopic digital core to the macroscopic digital rock mass can
effectively simulate mechanical behavior. In addition, they can reproduce dynamic fracture
processes. That is, the numerical simulation system proposed in this paper is a useful tool
for simulating the multi-scale rock model failure process. It has significant potential for
use in studying the mechanical properties of rocks at multiple scales and high resolutions.
The research basis of this paper is the RFPA numerical code, which has been successfully
applied to the study of many brittle rock materials. Therefore, the method proposed in this
paper can be used to study brittle rock. However, because the essence of this method is
based on digital image modeling, the accuracy of the numerical model constructed in this
paper is seriously limited by the accuracy of the digital images.
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List of Symbols

Symbol  Property Unite
D Damage variable -

E Elastic modulus of the damaged elements MPa
Em Mean elastic modulus of element MPa
Ep Elastic modulus MPa
Eo Elastic modulus of the undamaged elements MPa
Py, Mean axial compressive strength of element MPa
Pr Axial compressive strength MPa
T/C Ratio of tensile to compressive strength -
P(u) Distribution density MPa~!
m Homogeneity index -

F Numerical output strength of element MPa

Material parameters of the element (such as Young’s modulus
and strength) obtained from experiments

) The mean value of elements put into the numerical simulation program  MPa
Strain tensor -
Equivalent principal strain -

u

€1 Maximum principal strain -
€ Middle principal strain -
£3 Minimum principal strain -
€0 Critical strain under peak compressive -
Ecu Ultimate compression strain -
€10 Threshold strain -
£ty Ultimate tensile strain -
ep Strain under peak compressive strength -
7 Ultimate tensile stress factor -
v Poisson ratio -
o Stress tensor MPa
%] Maximum principal stress MPa
03 Minimum principal stress MPa
o Fracture closure pressure MPa
e Uniaxial compressive strength MPa
Oyt Residual tensile stress MPa
Orc Residual compressive stress MPa
010 Uniaxial tensile strength MPa

¢ Friction angle

f(x,y)  Initial gray value of the pixel (X, Y) -
fr(x,y)  Gray value of the pixel (X, Y) after binarization -
I Segmentation threshold -
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Abstract: Saturation is one of the critical factors causing frost damage to rock masses in alpine
regions, and dynamic stress perturbations further complicate the damage process. Therefore, the
effects of water content and loadings should be considered in the construction and maintenance
of rock structures during winter in cold regions. In this study, the effects of saturation and impact
loading on the dynamic mechanical behavior of frozen red sandstone were investigated using a
low-temperature split Hopkinson pressure bar system (LT-SHPB). By combining low-field nuclear
magnetic resonance (LF-NMR) and scanning electron microscopy (SEM), the dynamic evolution of
the microstructure of the frozen sandstone due to changes in saturation was investigated. The results
indicated that the increase of saturation reshapes the pore structure of the frozen sandstone and
promotes the expansion of pores of different sizes during freezing, while at complete saturation the
frozen samples are mainly developed with meso- and macropores. The dynamic strength, elastic
modulus, and brittleness index of the frozen sandstone under impact loading, which are limited by
the critical saturation Src, tend to increase and then decrease with saturation. For the four impact
loads, the dynamic strength of the samples increased by 21.2%, 27.1%, 32.5%, and 34.3% when the
saturation was increased from 0 to 50%, corresponding to 1.38, 1.43, 1.51, and 1.56 times the dynamic
strength of the fully saturated samples, respectively. In contrast, the ultimate deformation capacity
of the frozen sandstone showed an opposite trend with saturation. As the impact load increases,
the dynamic strength, elastic modulus, and peak strain of the frozen sandstone show a significant
strengthening effect due to the increase in strain rate, while its brittleness index gradually decreases,
dropping by 11.2% at full saturation. In addition, the energy dissipation capacity of the frozen
sample first increases and then decreases with increasing saturation, with the enhancement effect of
saturation on energy dissipation smaller than the weakening effect.

Keywords: saturation; frozen sandstone; SHPB; dynamic mechanics; brittleness

1. Introduction

Under the influence of surface runoff and groundwater migration or seepage, water
is not evenly distributed in the rock mass, resulting in significant variations in saturation.
At low temperatures (<0 °C), the water in the pores turns into ice, resulting in a volume
increase of approximately 9% and reshaping the pore structure [1,2]. As a result, there are
differences in the mechanical responses of rocks with different saturations after freezing [3].
In addition, rock structures in cold regions often suffer from dynamic loading [4]. For
example, rock slopes in open-pit mines are affected by frost damage and are also susceptible
to blasting, leading to geological hazards on the slopes [5]. Therefore, a comprehensive
understanding of the dynamic mechanical behavior of frozen rock with different saturation
is essential for the safe operation of rock structures in cold regions.

The mechanical properties of frozen rock under static loading have been extensively
studied. At low temperatures, the static mechanical properties of rocks, such as strength,
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modulus, cohesion, and internal friction angle, are significantly improved [6,7]. The pres-
ence of pore ice is a key factor in improving the properties of rocks at low temperatures [8,9].
For example, dry rocks show little change in mechanical properties at low temperatures,
while the properties of saturated rock (e.g., strength or modulus) show an increasing
tendency, with the effect being exacerbated in colder environments [10,11]. Unlike other
factors such as temperature, freezing time, etc., the mechanical response of rocks at low
temperatures is closely related to saturation, and their mechanical properties are controlled
by the coupling of water weakening and ice solidification. However, when saturation ex-
ceeds a critical value, the volume growth of pore ice leads to damage, which is manifested
by a rapid increase in local strain and the number of internal microcracks [12]. By per-
forming strain and acoustic emission tests on frozen sandstone with different satu-rations,
Huang et al. [7] found that significant strain and acoustic emission signals were present
during freezing only when the saturation exceeded 80%. However, current studies on the
mechanical behavior of rock at low temperatures have mainly focused on saturated rock,
especially under quasi-static loading, and may not fully reflect the mechanical behavior
under dynamic loading.

The dynamic mechanical characteristics of rocks at low temperatures have attracted
more attention with the increase in rock structures in cold regions [13,14]. The split Hop-
kinson pressure bar (SHPB) system is the main equipment for dynamic testing [15,16].
The SHPB test system has been used to investigate the dynamic mechanical properties
and deformation behavior of rock under freeze—thaw action [17-19]. It was found that
the dynamic strength and deformation resistance decreased with freeze-thaw cycles [20].
However, for some rock projects built in cold regions, the study of rock dynamics at low
temperatures is of more practical importance than the cyclic freeze-thaw action [21]. For
example, wet rocks in seismic- or blast-disturbed zones show softening effects under the
coupling of low temperature and dynamic loading, which is the main source of geolog-
ical hazards [22]. To this end, Chen et al. [5] conducted a series of SHPB tests on frozen
saturated sandstones and concluded that the dynamic mechanical properties of saturated
frozen rocks are significantly different from those of dry rocks due to pore ice. As noted
by Weng et al. [23], saturation is a key factor affecting the dynamic strength of frozen rock.
However, research on dynamic mechanical properties of the rock at low temperatures is
limited and focuses mainly on dry or saturated conditions.

Therefore, samples with different saturations were prepared using red sandstone from
Xinjiang, China, and impact tests were conducted using a LT-SHPB system. Based on the
results, the effects of saturation on dynamic strength, deformation, brittleness, and energy
conversion of the frozen sample were investigated. In addition, LT-NMR and SEM were
used to investigate the changes in the microstructure of the samples. Finally, the effects of
saturation on the microstructure and mechanical response of the sample were discussed.

2. Material and Methods
2.1. Material and Samples Preparation

The distribution of cold regions in China is shown in Figure 1. Xinjiang Province
belongs to the shallow and medium-depth seasonal permafrost regions, which makes rock
work in this region vulnerable to frost damage [4]. At the same time, the area is a base
for open-pit coal mining in China, and winter workings are prone to landslides and other
geological hazards [5]. Therefore, the red sandstone used for testing was obtained from
an open-pit mine in Urumgqi (Figure 1), which is structurally intact, uniformly granular,
and brownish red in color. The primary mineral composition of the rock was determined
by X-ray diffraction (XRD) (Figure 2), revealing that the sandstone is composed mainly of
quartz (47.3%), feldspar (31.5%), and illite (9%), with minor amounts of calcite and chlorite.
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Figure 1. Distribution of cold regions in China and sampling points for the red sandstone sample;
the red circles refer to the approximate locations of the sandstone sampling.
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Figure 2. XRD result for the tested sandstone.

As shown in Figure 3, fresh red sandstone block was processed into standard samples
with a diameter of 50 mm and a length-to-diameter ratio of 1 [24]. To reduce the influence
of rock structure, all samples were taken from the same block and in the same direction.
Moreover, both ends of the sample had to be ground to a tolerance of 0.02 mm, with no more
than 0.1% rad from the perpendicular to the axis. Once the samples were machined, an
ultrasonic detector was used to measure the P-wave velocity and select samples with similar
P-wave velocity. In addition, five samples with a length and diameter of 50 x 100 mm were
selected for physical and mechanical tests, with the results listed in Table 1.
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Table 1. The physical and mechanical parameters of selected samples.

Vp(m/s) pal(gem=3)  pgar/(g-cm—3) n/(%) op/(MPa) /(%)

2459 2.14 231 16.57 13.84 7.94

Notes: Vp, P-wave velocity; pq, dry density; psat, saturation density; 1, porosity; o}, uniaxial compressive strength;
1, water content.

To obtain the samples with different saturations (Figure 3), the selected samples were
first dried in a drying oven at 105 °C for 48 h until their mass remained constant. The
samples were then saturated with pure water for 24 h using a vacuum saturator. Thereafter,
the samples were evaporated in a drying oven at 50 °C and weighed at intervals of 0.5 to
1 h to obtain the specified saturation [25]. The saturations for the test were set to dry (0%),
30%, 50%, 80%, and fully saturated (100%). Finally, considering the winter temperatures at
the sampling site, the prepared samples were placed in a freeze-thaw chamber to freeze at
—25 °C for 12 h [4]. Following the methods described above, frozen samples with different
saturations were obtained for SHPB tests at low temperatures.

2.2. Experimental System
2.2.1. LT-NMR System

In this study, a LT-NMR analysis system developed by Suzhou Niumag Ltd. is used.
The resonance frequency of the device is 12.8 MHz, while the main magnetic field strength
is approximately 0.3 T. The transverse relaxation time T, can be tested with the CPMG
pulse sequence. The samples were frozen at 0%, 30%, 50%, 80%, and 100% saturation in a
freeze—thaw chamber at —25 °C for 24 h. After freezing, samples were placed in water at
20 °C for 24 h before LT-NMR testing [6].

2.2.2. LT-SHPB System

As shown in Figure 4, a LT-SHPB system developed by China University of Mining
and Technology was adopted to conduct the impact tests. The system consists of five
main components: an impact loading system, a compression bar system, a data acquisition
system, a damping system, and a low-temperature freezing system. In the experimental
system, the bars and the striker are made of high-strength Cr40 alloy steel with diameters,
P-wave velocities, yield strengths, and elastic modulus of 50 mm, 5400 m/s, 800 MPa,
and 208 GPa, respectively. The low-temperature freezing system consists of a temperature
controller, a liquid nitrogen tank, an electric heating wire sensor, and a cold chamber.
The cold chamber, as the key structure of the system, has a good insulating effect. Its
inner insulation layer is mainly composed of aluminum silicate acupuncture blanket and
insulating brick.
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Figure 4. The LT-SHPB system.

Before the test, the chamber temperature was set to —25 °C. The frozen sandstone
sample was then quickly placed in the cold chamber. Molybdenum disulfide was applied
at the ends as a lubricant to reduce the friction effect between the bars and the sample. It
is worth mentioning that the sample should remain in the chamber for at least 0.5 h [5].
To obtain the desired waveform, a circular rubber pad with a diameter of 15 mm and a
thickness of 2 mm was used as a pulse shaper. A compressive wave was generated when
the high-pressure gas propelled the striker against the incident bar. Part of the compressive
wave propagated through the sample to the transmission bar. As a result, the strain signal
generated on the bar was measured by the strain gauges, as shown in Figure 5. Based on
the one-dimensional stress wave propagation theory, the three-wave analysis method was
used to calculate the strain and stress [26], as shown in Equation (1).

o = ME0[e (1) + e (t) + & (1)]

ft ) — &r(t) — e(t)]dt @
*0
[ei(t) — ex(t) — e(t)]

h‘p F‘ﬁ

where 0, ¢, and ¢ refer to dynamic stress, dynamic stress, and strain rate, respectively; Ay is
the ratio of the cross-sectional area of the bar to the sample; E, Cs, and Ls are the elastic
modulus, the wave velocity of the bar, and the length of the sample, respectively; &;(t), &(f),
and &(t) refer to the incident, reflected, and transmitted strain, respectively. In addition,
the striker impact velocity is measured by a laser beam measurement system.
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Figure 5. Typical strain gauge signals.

2.3. Dynamical Testing Scheme

As mentioned earlier, samples with five different saturations were selected for the
impact tests. Four test groups were designed using impact velocity as the loading condition:
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4m/s,5m/s,6 m/s, and 7 m/s. Each group contains three samples. As a result, 60 samples
were required to carry out the tests, with five additional samples prepared as spares. For
simplicity, the samples were numbered, e.g., D-80-7 denotes the frozen samples at 80%
saturation with an impact velocity of 7 m/s at low temperatures. Moreover, the uniformity
of the stress at both ends of the samples must be verified before performing the dynamic
tests. As shown in Figure 6, the superposition of incident and reflected waves largely
coincides with the transmitted waves, which means that the stresses at both ends of the
sample are in equilibrium during loading [24].
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Figure 6. Verification of test stress uniformity hypothesis.

3. Experimental Results and Analysis
3.1. LT-NMR Results

Low-field NMR tests were performed on the samples to investigate the effect of water
content on the microstructure at low temperatures. In the NMR study, the intensity of
the magnetic resonance signal (MR) represents the amount of hydrogen-containing liquid
in the sample, while the change rate of the MR signal over time (relaxation time T5) is
related to the state of the molecules in the liquid. Therefore, analyzing the relaxation
time of the hydrogen-containing liquid could provide a comprehensive view of the pore
space distribution in the rock [27]. For a hydrogen-containing fluid (water) in the rock, the

transverse relaxation time T is:
1 S

E:prore

@

where Tj is the transverse relaxation time (ms); p indicates the surface relaxation strength,
which is related to the surface of the rock particles and the nature of the cement [13]; and
S/V refers to the specific surface of the pores in the rock, which is related to the shape of the
pore, e.g., if the pore is spherical, it is taken as 3/R. Therefore, observing the characteristics
of the T, spectrum of the sample can indirectly obtain the distribution pattern of different
pore sizes.

The distribution curves of the T spectrum of the sandstone samples for 0%, 30%, 50%,
80%, and 100% are shown in Figure 7. The T, spectrum distribution mainly has three peaks,
indicating that three sizes of pore structures were mainly formed in the sample. Moreover,
the area under the peaks is mainly between 0.1~10 ms. According to Yao et al. [28], there
is a correlation between T, pore diameter, and water type. For example, when T, is
10~100 ms, the pore size is 0.1~1 um and is called mesopore, which is mainly composed
of capillary water [27]. As shown in Figure 7, for the dried sample, the area of the T,
spectrum per size decreases compared to other saturated samples. As saturation increases,
the area occupied by the second peak gradually increases from 2.19% (dry) to 9.32% (100%),
showing that the increase in saturation has a significant effect on the development of
mesopores in the sample. When the saturation exceeds 80%, the area of the third peak
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increases by 3.57%, indicating that the macropores of the sample have developed further.
Thus, saturation has a strong influence on the pore development of the sample at low
temperatures. When the saturation is less than 80%, the micropores and mesopores in
the sample spread predominantly, while the macropores of the sample gradually develop
when the saturation is greater than 80%. In other words, the higher the water content, the
more significant the increase in porosity of the sample after freezing. This indicates that the
increasing moisture accelerates the expansion of the pores inside the sample and increases
the sensitivity of the sample to the freeze heave forces.
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Figure 7. Distribution of the T spectrum of the samples with different saturations.

3.2. Dynamic Impact Test Results
3.2.1. Dynamic Stress—Strain Behavior

In this study, four impact velocities were determined by adjusting N, pressure and the
position of the striker [15]. The dynamic stress—strain curves of the sample with different
saturations are shown in Figure 8a—e, while Figure 8f presents a typical stress—strain curve
of the sample. The stress—strain behavior of frozen sandstone at low temperature has four
stages, as shown in Figure 8f: (I) the initial compression stage, in which defects such as
pores or microcracks in the sandstone gradually close under the action of compressive
stress waves; (II) the linear elastic stage, in which elastic energy is rapidly accumulated;
(III) the plastic deformation stage, in which defects such as microcracks in the sandstone
begin to develop rapidly, characterized by a rapid increase in strain and a slow increase in
stress; the initial and final points of the plastic stage are the yield point and the peak point
of the sample with coordinates (ce, €e) and (o, €p); and (IV) the post-peak stage, which is
rarely mentioned because the samples are detached from the compression bars during this
stage [5].

As can be seen in Figure 8, the stress—strain curves of the dried specimen show a
distinct compression stage and decrease with the increasing impact velocity. Since the pore
water freezes into ice with some bearing capacity at low temperatures, stage I gradually
decreases with increasing saturation. For example, the curves show no compaction process
when the saturation reaches 50%. On the other hand, thermal shrinkage of some mineral
particles reduces the defect volume, thus reducing the initial damage. Moreover, the plastic
stage III is closely related to saturation and impact velocity, which first decreases and then
increases with increasing saturation. According to Equation (1), the dynamic stress versus
time is shown in Figure 9. As the impact velocity increases, the plastic deformation occurs
earlier, which is consistent with the results of Xing et al. [29]. In addition, the time of plastic
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deformation first increases and then decreases with increasing saturation. Moreover, the
time to reach the dynamic stress peak is negatively correlated with the impact velocity,
while it is positively correlated with the impact strength. To clearly describe the changes
in dynamic behavior, several parameters, namely peak strength, elastic modulus, and
brittleness index (BI), were used to assess the effects of saturation and impact loading on
the dynamic mechanical properties of the frozen sample. The results are listed in Table 2.
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Figure 8. Dynamic stress—strain curves of the sample at low temperatures: (a—e) denote samples with
saturation of 0%, 30%, 50%, 80%, and 100%, respectively; (f) shows the deformation phase divisions
of typical stress—strain curves.
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Table 2. Dynamic mechanical parameters of sandstone under different conditions.

Samples Impact Dynamic Dynamic Peak Brittleness

Velocity (m/s)  Strength (MPa) Modulus (GPa)  Strain (%) Index
D-0-4 4 22.1 1.95 1.167 0.728
D-0-5 5 25.7 2.04 1.247 0.694
D-0-6 6 29.3 2.28 1.286 0.657
D-0-7 7 34.6 2.59 1.353 0.602
D-30-4 4 24.6 2.39 1.015 0.753
D-30-5 5 313 2.83 1.094 0.721
D-30-6 6 35.5 3.03 1.176 0.697
D-30-7 7 4238 3.42 1.218 0.665
D-50-4 4 26.4 3.26 0.812 0.862
D-50-5 5 33.8 3.8 0.891 0.819
D-50-6 6 39.7 4.07 0.961 0.760
D-50-7 7 46.5 4.47 1.041 0.682
D-80-4 4 213 2.02 1.049 0.788
D-80-5 5 26.2 2.27 1.154 0.745
D-80-6 6 326 2.58 1.238 0.703
D-80-7 7 40.3 3.06 1.318 0.675
D-100-4 4 19.4 171 1.134 0.744
D-100-5 5 23.6 1.83 1.292 0.712
D-100-6 6 25.5 1.92 1.331 0.684
D-100-7 7 28.8 2.11 1.411 0.659

Dynamic Strength

According to the data obtained from Table 2, the relationship between dynamic
strength as a function of impact velocity and saturation of the frozen sandstone is shown
in Figure 10. The dynamic strength of the sample at low temperatures increases linearly
with increasing impact velocity. For example, when the impact velocity increased from
4 m/sto7 m/s, the dynamic strengths of the sample with different saturations increased by
1.53 (0%), 1.77 (30%), 1.74 (50%), 1.89 (80%), and 1.48 (100%) times, respectively. However,
it can be seen in Figure 10b that the dynamic strength of the sample does not increase
uniformly with saturation. The dynamic strength (v = 5 m/s) increased by 24.9%, 32.7%,
2.86%, and —7.31% when the saturation increased from 0 to 100%. This indicates that
the enhancement effect of pore ice is gradually suppressed by frost damage when the
saturation of red sandstone exceeds 80%. At the same time, the enhancement effect of the
frozen samples is less than the weakening effect at low temperatures when the saturation
increases from 0 to 100% (Figure 10b). In general, the dynamic strength of frozen rock
at low temperatures still has the strain rate effect, but it increases and then decreases
with saturation.
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Figure 10. Dynamic peak strength versus impact velocity (a) and saturation (b) of the sample.

In addition, as shown in Figure 11, a dynamic strength increase factor (DIF) is intro-
duced to evaluate the strength increase rate for the frozen samples. The DIF is determined
using Equation (3), where f, (d) is the dynamic strength at the impact velocity v and f(s) is
the static strength [30]. From this, it can be seen that the DIF of the sample increases with
increasing saturation and then decreases. For an impact velocity of 6 m/s, DIF increases
from 2.11 to 2.87 as the saturation increases from 0 to 50%, while it decreases to 2.31 as
saturation increases to 80%. As a result, it is reasonable to infer a critical saturation (Sy)
between 50% and 80% for the samples at low temperatures. When the saturation is greater
than the critical saturation, the strength enhancement caused by the pore ice is gradually
inhibited by the damage caused by the volume expansion. As the samples approach full
saturation, the strength increase is further suppressed by the cracking and expansion of the
pores under the action of the frost heave force.
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Figure 11. DIF versus impact velocity and saturation of the sample.

Indeed, the volume expansion (9%) caused by the pore ice exerts a frost heave force
on the rock skeleton, thereby affecting cracking and expansion in the rock. Huang et al. [7]
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found that the sample saturation is a crucial factor for controlling the frost heave force. The
relationship between frost heave force P and saturation S, is expressed in Equation (4) [31].

P= [/SnSrufn(lfs,)]KrKiH[u o X]

K ST K

_Jom<x)
A-n={ (5 @
X =1

where f is the volume expansion coefficient of ice; 1 represents the porosity; u denotes the
freezing rate; K; and K; are the bulk modulus of the rock skeleton and the ice, respectively;
and H [u—x] is the step function. From Equation (4), the frost heave force is affected by the
porosity, saturation, freezing rate, and bulk modulus of ice and rock skeleton. Here, B, K,
and K; are set to 0.09, 20.83 GPa, and 5 GPa, respectively [32]. The step function defaults to
1 and S; values range from 0.8 to 1. Substituting the parameters into Equation (4) yields the
relationship between frost heave stress, saturation, and freezing rate, which is shown in
Figure 11.

As shown in Figure 12, the frost heave force is positively related to saturation; yet,
even at 100% saturation, the effective heave force can still occur at lower freezing rates.
As the freezing rate increases, the intensity factor of the frozen stress in the pore space
exceeds the critical intensity factor Kjc, leading to the initiation and propagation of cracks
and thus internal damage to the sample [33]. As a result, the dynamic strength of the
sample increases and decreases with increasing saturation. However, due to the weak
cementation of the rock in Xinjiang [34], the critical saturation of the red sandstone in the
actual tests is between 50% and 80%, which is less than the predicted threshold of 91% for
frost deformation failure.
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Figure 12. Frost heaving force versus saturation and freezing rates.

Dynamic Elastic Modulus

Following Figure 8f, the tangential modulus was adopted as the dynamic elastic
modulus (Eg) in this study. The variation of Eq with impact velocity and saturation is
shown in Figure 13. In Figure 13a, the Ey of the sample at low temperatures initially
shows an increasing trend with saturation. For example, when the saturation of the
sample increases from 0 to 50%, the Eq increases by 72.6% from 2.59 GPa to 4.47 GPa at an
impact velocity of 7 m/s. However, as saturation increases (>50%), the increasing trend is
suppressed and the Eq of the sample reduces by 18.5% to 2.11 GPa at complete saturation.
The increase in deformation resistance is due to the pore ice acting as a support effect for
the pore wall and enhancing the cementation between the wall and the ice, facilitating
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the propagation of stress waves. As a result, the pore ice reduces the stress concentration
at the pore tip [2], leading to an increase in dynamic modulus. However, as saturation
increases, new microcracks appear in the sample under the influence of freeze heave forces
and the enhancement of pore ice gradually decreases, leading to a decrease in dynamic
elastic modulus. Moreover, as shown in Figure 13b, the E4 of the sample increases linearly
with the impact velocity at low temperatures. Under the five saturation conditions, the
Eq4 increases rapidly by 32.8 %, 43.1 %, 37.1 %, 51.5 %, and 23.4%, respectively, when the
impact velocity increases from 4 m/s to 7 m/s, indicating that the stiffness property of the
frozen sample has a significant impact on the strengthening effect.
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Figure 13. Dynamic elastic modulus versus saturation (a) and impact velocity (b) of the sample.

Dynamic Brittleness Index

Brittleness is an important parameter to describe the deformation and failure process
of the rock [35]. Various external factors such as water content and temperature inevitably
change the brittle state and failure pattern of rock [24]. Therefore, a brittleness index (BI) is
used to characterize the effect of saturation on the pre-peak deformation characteristics of
the frozen sample, as follows:

BI = £ )
p
where ¢ and ¢p refer to the yield point strain and peak point strain in the stress—strain
curve, respectively. If Bl has the value of 1, the sample is considered to be completely brittle,
i.e, the larger the value of BI, the more brittle the sample is. From Table 2, the minimum
value of Bl is 0.602 and the maximum value is 0.862. The surface of BI for frozen sandstone
as a function of initial saturation and impact velocity is shown in Figure 14.

As shown in Figure 14, the Bl values of the sample decrease with increasing impact
velocity, suggesting that impact velocity promotes the transition from very brittle to ductile
frozen sandstone. Thus, BI values decrease by 17.4 %, 11.6 %, 20.9 %, 14.3 %, and 11.3 %
at five saturation states, respectively, when the impact velocity is increased from 4 m/s
to 7 m/s. In terms of energy, an increase in BI value means an increase in the elastic
energy accumulation stage (II) and a decrease in the energy release stage (III) within the
sample. Therefore, microcracks are less likely to propagate in the frozen sample at low
impact velocities, consistent with the experimental results of Chen et al. [5]. In contrast,
the Bl value of the frozen sample tends to rise with increasing saturation due to pore ice.
As a result, the stress—strain curves show a shortening in the stage (III) and an increase
in the stage (II). However, when saturation exceeds critical saturation, pore ice plays a
role in eliminating internal defects and drives crack propagation by frost heave forces.
Therefore, two effects play a critical role in controlling the deformation behavior of the
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frozen rock. For the tested rock, when the saturation is close to 80 %, the crack development
within the sample under frost heave forces plays an important role. For example, when the
saturation increases from 50 % to 80 %, the BI values decrease by 8.54 %, 9.04 %, 7.49 %,
and 1.02 % at four impact velocities, respectively. Therefore, it can be inferred that the
saturation distribution of the rock masses in the cold regions could affect the deformation
characteristics under the impact loading.
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Figure 14. Bl values versus impact velocity and saturation of the sample.

3.3. Energy Evolution

The failure of rock under impact loading can be considered as the result of the mutual
transformation of the different forms of energy. During impact testing, the main forms
of energy include the incident energy Ei,, reflected energy Eye, transmitted energy Ey,
dissipated energy Eg;, and other magnetic heat energy, with dissipated energy reflecting
impact energy converted into fracture energy and other energy. From a microscopic point
of view, energy dissipation reflects the continuous development of microdefects in the rock,
while macroscopically it is represented as the gradual loss of rock strength. The energy
evolution of the frozen sample under the impact load is calculated by Equation (6) [2],
where Ag is the cross-sectional area of the incident bar.

Ein = EoCsAs [ e2(t)dt
Ere = EoCsAs [y e:2(t)dt
Ey = EoCsAs [ €} (t)dt
Egi = Ein — (Ere + Er)

(6)

The energy conversion for frozen samples with different saturations is shown in
Figure 15. As the impact velocity increases, all forms of energy show an increasing trend,
with a quadratic polynomial accurately reflecting the changes. Moreover, the dissipated
energy gradually overtakes the reflected energy as the saturation increases (Figure 15a).
However, when the saturation increases above 50%, the reflected energy gradually increases
faster than the dissipated energy (Figure 15b). This is due to the continuous increase in pore
ice, which leads to a decrease in the wave impedance of the samples. To better assess the
effect of saturation on the dissipated energy of the frozen sample, Equation (7) was used to
calculate the dissipated energy per unit volume, ng. The evolution of ng with saturation
for different impact velocities is shown in Figure 16. Taking 5 m/s as an example, 4 of
the dried sample is 0.67 J/cm? at low temperatures. As saturation increases, 114 begins to
increase and reaches 0.76 ] / cm? and 0.82 ]/ cm? at 30% and 50% saturation, corresponding
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to an increase of 13.4 % and 22.4 %, respectively, over the dried sample. However, at 80 %
and 100 % saturation, there is a significant decrease in ng to 0.56 J/cm? and 0.52 J/cm?,
respectively. Therefore, it can be inferred that saturation has a considerable effect on the
energy dissipation capacity of the frozen sample, where the range of 0~50% increases the
energy dissipation capacity, while 50~100 % shows the effect of weakening. The effect of
increasing the dissipated energy is less than the effect of weakening, indicating that the rock
sample is sensitive to the work caused by the internal frost heave forces. In other words,
when the saturation increases above 50 %, the frost heave forces promote the formation of
more microcracks in the sample, which decreases the dissipated energy demand.
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Figure 15. Evolution of rock energy distribution with saturation of (a) Sy = 0%, (b) S; = 50%, and
(¢) Sy = 100%.

3.4. Macro- and Microscopic Failure Features

The fracture behavior of rock is closely related to the impact velocity and microstruc-
tural changes during impact testing [36]. Hence, studying the fracture state during impact
can show how saturation affects the mechanical properties of rock at low temperatures.
After the tests, frozen sandstone fragments with different saturations were collected and
dried. The results are presented in Table 3. It is obvious that the sandstone samples are
completely broken at different impact velocities due to their relatively low strength. At low
impact velocity (4 m/s), there were large broken blocks in the samples with different satu-
rations, especially blocks approximately 5.9 cm in length in the sample with 50% saturation.
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At this time, the pore ice within the sample played a role in supporting the pore wall and
cementation, so that some of the crack development at the pore tip was suppressed under
the action of the stress waves, reflecting the increase in the volume of macroscopically
fractured blocks. Meanwhile, the plastic deformation before the peak during the impact test
implies the development and extension of the internal microcracks, so the increase of plastic
deformation indicates the increase of fragmentation degree. As can be seen in Figure 8, the
plastic deformation increases with saturation and then decreases, which corresponds to the
same trend in the fragmentation degree. Moreover, plastic deformation increases with the
impact velocity, while the powder particles of the broken samples gradually increase in
size. At an impact velocity of 7 m/s, the samples were broken into powder, indicating that
the frozen sample mainly changed from tensile failure to complex fracture. Therefore, the
final failure morphology of the samples can be used to infer the role of pore ice.

30 80 100

50
Saturation (%)

Figure 16. Dissipated energy per unit volume (14) of samples at low temperatures.

In addition, as shown in Figure 17, SEM images are used to infer changes in the
microscopic morphology of the red sandstone after freezing. The images demonstrate that
saturation has a significant effect on the surface morphology of the sample, and that many
microcracks have formed after the freezing treatment. In the original state, the internal
structure of the sandstone is relatively loose (Figure 17a) and has many small primary
cracks, pores, and other defects, some of which can be up to 4 um in width. After freezing,
the surface structure becomes dense due to thermal contraction of the mineral particles,
and some of the original cracks close, with a maximum crack width as small as 2 um
(Figure 17b). In Figure 17c, some of the previously closed cracks reactivate and propagate
at low saturation as water freezes to ice at low temperatures. When the saturation increases
to 50% (Figure 17d), some cracks develop further and connect, but most cracks are less
than 1 pm in width, and the damaging effect of pore ice on the matrix is still less than its
strengthening effect. However, when the sample saturation reaches 80%, the increasing
pore water facilitates the continued expansion of the pore ice, leading to the development of
larger cracks, some of which are up to 6 um in width (Figure 17e). When the sample is fully
saturated, a block appears on the fracture surface, indicating that the volume of ice expands
even after the cracks are penetrated, causing the block to be extruded; meanwhile, the
cracks on the fracture surface reach approximately 9 um in width (Figure 17f). In summary,
as the saturation increases, microcracks begin to develop inside the sample, while the
strengthening of the pore ice prevents the manifestation of the internal damage to a certain
extent. However, when the saturation exceeds 50%, the pores inside the sample cannot
provide sufficient expansion space for the ice, resulting in a fracture network inside the
sample. As a result, the strength and deformation resistance tend to decrease as the sample
approaches full saturation.
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Table 3. Impact failure modes of the frozen sample.
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Figure 17. Microscopic characteristics of frozen sandstone sample with different saturation from SEM
images (1000 x).
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4. Discussion

Due to groundwater migration and seepage, pore water in natural rock is not uniformly
distributed, resulting in significant variations in rock saturation [3]. When the temperature
drops below 0 °C, the pore water in the rock begins to freeze into ice. The pore ice remolds
the pore structure, leading to dramatic differences in mechanical properties (e.g., strength,
deformation). Under impact testing, the pore ice reduces the stress concentration in the
crack tips, preventing the formation of some cracks caused by compressive stress waves.
For example, as saturation increases, the plastic deformation of the sample first decreases
and then increases. Moreover, the enhanced phenomenon is observed in static tests, such
that the strength, elastic modulus, and brittleness are usually greatly increased at low
temperatures [7,32]. However, as saturation increases, the rock interior is damaged by the
expansion of pore ice, weakening the strengthening effect [9]. When the two effects coexist,
the saturation of the rock determines which process dominates by affecting the ice content
in the pore. In other words, saturation is crucial for enhancing or damaging pore ice at low
temperatures. Consequently, the influence of saturation on the mechanical properties of
the samples needs further discussion.

In the dry or low-water-content frozen samples, where the internal pores are mainly
occupied by air, the changes in dynamic properties during freezing are related only to the
shrinkage properties of the mineral particles. As the saturation increases, the presence
of pore ice becomes the main reason for the change in mechanical properties [6]. When
the saturation of the sample is low, the growth of pore ice volume is limited due to
the lack of pore water [37]. At this time, the pore ice in the rock has a strengthening
effect, which mainly consists of three aspects: the supporting effect increases the dynamic
strength or deformation resistance of the rock; the crack-filling effect reduces the stress
concentration at the crack tips; and the adhesion forces between the unfrozen film water
with the rock matrix and the ice improve the mechanical properties of the pore in terms of
tensile and shear strength (Figure 18). When the pore water freezes into ice, the dynamic
mechanical properties of the sample tend to strengthen, while the degree of fracture
decreases. Moreover, the plastic deformation of the sample under dynamic compressive
stress decreases with increasing saturation, which is due to the limitation of microcracks
development inside the sample. However, when the saturation gradually increases (>50%),
the dynamic strength of the sample decreases significantly, especially at 100% saturation.
The continuous expansion of the pore ice gradually leads to the germination of microcracks
in the specimens. Therefore, microcracks are more likely to develop earlier during impact
loading, leading to an increase in plastic deformation (Figure 8) [1]. When saturation
exceeds 50% in this work, there is sufficient water in the rock to provide a basis for the
growth of frost heave during freezing. Therefore, the role of pore water in the strengthening
or weakening effect needs further investigation.

As shown in Figure 18¢, the pore distribution characteristics of the sample mainly
include main pores, secondary pores, branch pores, and isolated pores. Since the freezing
point of water in pores is inversely proportional to the pore radius, the water in the main
pores freezes first and then grows into the secondary pores [27]. When the water content
of the sample is low (S; = 30%), most of the unfrozen water migrates through the water
film into the main pores and ice growth stops after a certain volume because there is
insufficient water [25]. Consequently, the T spectrum of the red sandstone in Figure 7
shows no significant change. At this time, the pore ice mainly has a strengthening effect. As
saturation increases, the ice in the main pores continues to grow due to sufficient unfrozen
water and drives some of the water into the secondary pores. If the pore is closed, a water
pressure Py, is created in the pore. When the Py, exceeds the tensile strength of the rock
skeleton, triggering the spreading of the secondary pore is the primary reason for the
change in the second peak of the Ty spectrum. When the pore is connected, the hydrostatic
pressure P; generated by the pore ice drives the unfrozen water seepage to form damage
and exerts a dynamic water pressure on the rock skeleton, weakening the deformation
resistance of the rock matrix [38]. The pressure Pi also provides a supporting force for the
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pore wall. At the same time, the mechanical properties of ice are similar to those of rock,
which reduces the wave impedance under the compressive stress wave and effectively
reduces the dissipated energy. Therefore, cracks are less likely to develop in samples under
impact loading due to the effect of pore ice, indicated macroscopically by an increase in the
elastic phase and a decrease in the plastic deformation phase (Figure 8).
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In addition, the ice in the main pore gradually shifts to the secondary pores during the
freezing process, with the capillary mechanism playing an important role in this process [25].
Due to the relatively low chemical potential of the ice in the main pore, the supercooled
water in the small pores migrates along the thin water film to the larger pores [6], resulting
in a continuous growth of ice in the main pores and a gradual increase in pressure P;. When
the difference between the ice pressure P; and the water pressure Py is (2775 /R) - cos 0
(741 is the interfacial tension between ice and water; R is the equivalent capillary radius;
and 6 is the contact angle [27]), the pore ice gradually develops toward the capillary pores
and generates frozen expansion, which promotes the pore development. In general, the
dynamic mechanical properties of frozen rock are not always enhanced with increasing
saturation, with the strengthening effect suppressed when the saturation exceeds a critical
value. The strengthening effect is less than the weakening effect when the saturation of the
red sandstone exceeds 80%. Therefore, from the test results, the dynamic strength, modulus,
and dissipated energy of the frozen sandstone gradually decrease when the saturation
exceeds 80%, while the ultimate deformation capacity and broken degree progressively
increase. In summary, as saturation increases, pore ice gradually transitions from filling,
supporting, and bonding effects to frost damage.

5. Conclusions

The effects of saturation and impact loading on the dynamic mechanical behavior of
the frozen red sandstone in the Urumgqi area were investigated using a LT-SHPB system.
Moreover, LT-NMR and SEM methods were employed to analyze the microstructural
evolution of the frozen sandstone with different saturations. The main conclusions are
as follows:
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1. During freezing at low temperatures, when the saturation was below the critical
saturation, the sample was dominated by the development of micropores, while meso-
and macropores mainly propagated within the saturated sample, as evidenced by
an increase in the second and third peaks in the T, spectrum of 9.32% and 3.57%,
respectively. Under low temperature conditions, meso- and macropores were more
sensitive to saturation and more susceptible to crystallization pressure.

2. As saturation increased, the dynamic strength, elastic modulus, and brittleness of
the frozen sandstone tended to increase and then decrease. At four impact loads,
the strength of the samples increased by 21.2%, 27.1%, 32.5%, and 34.3% when the
saturation increased from 0% to 50%, which corresponded to 1.38, 1.43, 1.51, and
1.56 times the strength of the fully saturated samples, respectively. In addition, the
dynamic mechanical properties of the frozen sandstone showed a significant effect of
impact strengthening with increasing impact velocity.

3. The energy dissipation capacity of the frozen red sandstone was significantly affected
by its saturation at low temperatures. When the saturation increased from dry to 50%,
the energy dissipation capacity during impact gradually increased, while the energy
dissipation capacity gradually decreased as saturation increased from 50% to 100%.
The strengthening effect reached its maximum when the saturation of the sample was
50%. In addition, the enhancement effect of saturation on energy dissipation was
smaller than the weakening effect.
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Abstract: Rocks are less resistant to tension than to compression or shear. Tension cracks commonly
initiate compression or shear failure. The mechanical behavior of layered rocks under compression
has been studied extensively, whereas the tensile behavior still remains uncertain. In this paper,
we study the effect of layer orientation on the strength and failure patterns of layered rocks under
direct and indirect tension through experimental and numerical testing (RFPA?P: numerical software
of Rock Failure Process Analysis). The results suggest that the dip angle of the bedding planes
significantly affects the tensile strength, failure patterns, and progressive deformation of layered
rocks. The failure modes of the layered specimens indicate that the tensile strength obtained by the
Brazilian disc test is not as accurate as that obtained by the direct tension test. Therefore, the modified
Single Plane of Weakness (MSPW) failure criterion is proposed to predict the tensile strength of the
layered rocks based on the failure modes of direct tension. The analytical predictions of the MSPW
failure criterion agrees closely with the experimental and numerical results. In rock engineering, the
MSPW failure criterion can conveniently predict the tensile strength and reflect the failure modes of
layered rocks (such as shale, slate, and layered sandstone) with satisfactory accuracy.

Keywords: layered rocks; anisotropy; failure mode; tension test; tensile failure criterion

1. Introduction

Many types of rock mass, such as shale, slate, and sandstone, exhibit inherent anisotropic
properties [1-4]. The uniaxial compressive and tensile strength of layered rocks are crucial
parameters to consider at the design and construction stage of geotechnical structures such
as tunnels, slopes, and other underground engineering projects. They are also vitally impor-
tant for the development of unconventional oil and gas, such as shale gas [5,6]. However,
only the anisotropic compressive (or shear) strength has been extensively studied from
experimental, theoretical, and numerical points of view [7-11], but the anisotropic tensile
strength still needs to be further investigated because tensile failure is extremely important
in rock engineering. In fact, the tensile strength of layered rocks was previously assumed
to be nil in many engineering applications. There are situations, however, where such an
assumption is not safe. As a result, the tensile failure of rock and the resulting instability can
lead to serious disasters, such as rock burst in hydropower caverns, landslide, dam break,
and so on [12]. Therefore, understanding the tensile properties of layered rocks is extremely
important to assess the stability of geotechnical and petroleum engineering projects.

There are two main methods to assess the tensile strength of layered rocks, including
the direct uniaxial tension test and the indirect tension test, such as the Brazilian disc
test (BDT) and other indirect testing methods [13]. The Brazilian disc test was officially
proposed by the International Society for Rock Mechanics [14] as a suggested method for
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determining the tensile strength of rock materials. The Brazilian disc test is the most com-
monly adopted method to determine the indirect tensile strength of rock materials [15-23].
However, during the Brazilian test, a small eccentricity of the axial load may cause large
non-uniformities of stress in specimens [24], or stress concentrations may be induced by
caps. For transversely isotropic rock masses, failure under the Brazilian test is not neces-
sarily a pure tensile failure; in some cases, it can even be pure shear failure, but it is often
a combination of both tensile and shear failure [25-27]. Although these disadvantages
are obviously present in the Brazilian test, it is still widely used in laboratory experimen-
tal and numerical studies to investigate the tensile properties of transversely isotropic
rocks [28-34].

The direct tensile test, which is theoretically the simplest and most effective method for
tensile strength determination, is in fact difficult to carry out in the laboratory [35-38]. Over
the past few decades, the anisotropic tensile behavior of layered rocks has been studied
by a few researchers through direct tension [39,40]. Some anisotropic tensile criteria were
investigated to predict the tensile strength of layered rocks based on the direct tension
test and analytical methods [41—43]. Ma et al. analyzed the anisotropic tension strength
criteria of layered rocks and selected the best one to predict the fracture pressure of the
inclined wells in layered formations [44,45]. Shang et al. investigated the anisotropic direct
tensile behavior of laminated and transversely isotropic Midgley Grit sandstone using
a particle-based discrete element method [46]. However, the tensile failure modes and
failure mechanisms of layered rocks still need to be further studied. Furthermore, the
failure criterion of the layered rocks under direct tension should be evaluated based on the
failure modes.

In this work, numerical tests are undertaken to investigate the progressive failure and
mechanical behavior of layered rocks under direct and indirect tension using a numerical
code RFPA?P, which was developed based on the finite element method, statistical theory,
and damage mechanics [47]. The influence of layer orientation on tensile behavior is
discussed. The main failure modes and failure mechanisms of layered rocks under direct
and indirect tension are analyzed. The Single Plane of Weakness failure criterion is then
modified based on the failure modes and failure mechanisms of direct tension. The modified
SPW (MSPW) failure criterion has been verified by experimental and numerical results. The
analytical predictions of the MSPW failure criterion agrees closely with the experimental
and numerical results.

2. Experimental Study on Layered Rocks by the Brazilian Test
2.1. Test Equipment and Samples

Layered rock samples (shale in Figure 1) with different dip angles, 6 (the angle between
the bedding plane and the horizontal plane), as shown in Figure 2, were selected for the
experiments. According to the method suggested by the International Society for Rock
Mechanics (ISRM), the samples were carefully drilled from a large fresh shale block. They
were machined into Brazilian disc cylinders (25 mm in thickness and 50 mm in diameter)
with seven different dip angels (0°,15°,30°,45°,60°,75°,90°). These samples are displayed
in Figure 1. The experiments were performed using a Rock Mechanics Testing System
(RMT-150C). The axial displacement loading mode was selected, with a controlled rate of
0.0005 mm/s until the failure of the tested shale sample. A photograph and a schematic
diagram of the experimental setup is presented in Figure 2.
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Figure 1. Layered shale samples with different dip angles under the Brazilian test.

1—"V” type groove; 2—end plate
3—shale sample; 4—steel bead
6—dip angle of bedding plane

(@)

Figure 2. Loading schematic of the layered shale Brazilian test. (a) Loading schematic diagram;

(b) Photograph of experimental setup.

According to the theory of the Brazilian disc test, the tensile strength of rock samples
can be expressed as (negative sign represents tensile stress):
2P,
Dt

Ot = (l)
where P; is the failure load of the rock sample, D is the diameter of the rock sample, and ¢
is the thickness of the rock sample.

2.2. Failure Mode of the Shale Samples

Figure 3 shows the typical failure modes of layered shale samples with different dip
angles under the Brazilian test. When the dip angle of the sample was 0°, the shale sample
almost cracked along the center line of the disc. When the dip angle of the shale sample
increases to 30°, the shale sample first fractured near the loading end, and then cracked
along the bedding plane. With the increasing dip angle of the samples, the shale samples
almost presented shear failure along the bedding plane. The failure mode of the shale
sample with a dip angle of 90° was similar to the sample at 0°. The failure modes of
shale samples with different dip angles can be summarized as follows: splitting failure
along the center line of the disc, composite failure with tensile and shear cracks, and shear
failure along the bedding plane. The failure modes of the shale samples show anisotropic
characteristics, and also indicate that only the shale samples with dip angles of 0° and 90°
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60°

experience splitting failure along the center line of the disc, which satisfies the assumption
of Equation (1). In another words, the tensile strength of the shale samples with different
dip angles obtained by the Brazilian test are not quite accurate, except for the shale samples
with dip angles of 0° and 90°.

75° 90°
Figure 3. Typical failure modes of layered shale under the Brazilian test.

2.3. Tensile Strength of the Shale Samples

Figure 4 shows the variable relationship between the tensile strength of shale samples
and the dip angles of the bedding plane. Figure 4 demonstrated that the tensile strength of
the shale samples obviously represents anisotropic characteristics. By increasing the dip
angle of the bedding plane, the tensile strength of the shale sample decreases. The tensile
strength of the shale sample with a dip angle of 0° is the largest. This tensile strength can be
considered as the tensile strength of the rock matrix, because the sample is cracked along
the center line of the disc. Meanwhile, the tensile strength of the shale sample with a dip
angle of 90° is the smallest. The failure mode of the sample is closer to that of the sample
with a dip angle of 0°. However, the tensile strength of the sample with a dip angle of 0° is
regarded as the tensile strength of the bedding plane. In Figure 4, it can be clearly seen that
the tensile strength of the shale samples changes significantly when the dip angle of the
bedding plane increases from 0° to 15°. Relatively, the tensile strength of the shale samples
changes gradually when the dip angle of the bedding plane increases from 15° to 75°. The
variation of the tensile strength of the shale samples is closely related to the failure modes,
as analyzed above.
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Figure 4. Average tensile strength of layered shale versus dip angles of the bedding plane.

3. Numerical Study of Layered Rocks
3.1. Description of the Numerical Code

The RFPA?P code was developed by considering the deformation of an elastic material
containing an initial random distribution of micro-features to simulate the progressive
failure, including the simulation of the failure process, failure-induced seismic events,
and failure-induced stress redistribution. There are two main features of RFPA? that
are different from the traditional finite element method: (a) The heterogeneity of rock
properties is introduced into the model; the RFPAZP code can simulate the non-linear
deformability of a quasi-brittle behavior with an ideal brittle constitutive law for the
local material. (b) A simple elastic-brittle-plastic model is implemented in the RFPAZP
code. The element maintains linear deformation before the elemental stresses satisfy the
failure criterion. The element has a residual strength after failure, and the stiffness of the
element will decrease gradually. In this manner, the code can simulate strain-softening
and discontinuous mechanical problems in a continuum mechanics mode. Both maximal
tensile stress criterion and maximal tensile strain criterion are adopted in the model. The
maximal tensile stress criterion is used to predict the brittle failure from the elastic stage
to the residual deformation stage, and the maximal tensile strain criterion is applied to
predict when the element loses its carrying capacity completely.

For heterogeneity, the material properties for elements are randomly distributed
throughout the specimen by following a Weibull distribution:

m o m—1 o\
v ate) (@) ?

where, ¢ represents the strength of the elements distribution rule, o is the element strength,
and oy is the mean strength of all the elements for the specimen. For an elastic modulus,
the same distribution is used. We define m as the homogeneity index of the rock. A user-
friendly pre- and post-processor is integrated to generate the finite element mesh and
prepare the input data. The RFPAZP code can not only simulate the initiation of cracks, but
can also model the crack propagation, coalescence, and interaction between multi-cracks.
Details of the REPAZP code can be found in the published literature [47].

3.2. Brazilian Disc Test of Layered Rock Specimens by RFPA?P
3.2.1. Numerical Layered Specimens of Brazilian Test

Numerical rock specimens with seven different dip angles of 0° 15°, 30°, 45°, 60°, 75°,
and 90° were prepared, and are shown in Figure 5. The mechanical parameters of the rock
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material and the joint material are listed in Table 1. The loading rate was 0.0008 mm/step
in the axial direction.
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Figure 5. Numerical layered rock specimens under the Brazilian disc test.

Table 1. Elemental parameters of the rock and joint material.

Materials Parameters Elastic Modulus Tensile Strength
Rock Homogeneity index 4 4
o¢ Mean value 50,000 MPa 45 MPa
Joint Homogeneity index 3 3
© Mean value 1000 MPa 4 MPa

The homogeneity indices for the rock material and the joint material were 4.0 and 3.0,
respectively. Because the tensile strength of the layered rocks depends on the combination
of the rock material and the joint material, the strength of the transversely isotropic rock
specimen with a layer dip of 90° in Liao’s experiments is regarded as the tensile strength of
the rock material in the present simulations, and the strength of the transversely isotropic
rock specimen with a layer dip of 0° is regarded as the tensile strength of the joint material.
A series of numerical tests was carried out to obtain the macro-tensile strength and the
elastic modulus parameters according to Liao’s experimental study [40]. The mechanical
parameters of these two materials are listed in Table 1.

To obtain the mechanical parameters of these two materials, two numerical specimens
made of the rock material or the joint material only were also prepared to conduct indirect
tensile tests. The elastic modulus and the tensile strength of them are listed in Table 2.

Table 2. Macro-mechanical parameters of the rock and joint material.

Materials Elastic Modulus (MPa) Tensile Strength (MPa)
Rock 40,712.5 15.3
Joint 415.8 1.1

3.2.2. Results and Analysis

Figure 6 shows the tensile strength of the layered rock specimens under the numerical
Brazilian test, which is calculated by Equation (1). The tensile strength of the layered
rock specimens decreases with the increasing dip angle; the maximum tensile strength is
11.49 MPa at a dip angle of 0°, which corresponds to the direct tension strength at a dip
angle of 90°. Figure 7 shows the horizontal stress at the center of the specimen vs. the
vertical loading displacement. The pre-peak behavior of the specimens with different dip
angles is quite similar, showing a linear elastic behavior. Figures 6 and 7 indicate that the
tensile strength and loading curves of the layered rock specimens under the Brazilian test
are very sensitive to the dip angle.
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Figure 6. Tensile strength of layered rock specimens under the Brazilian test.
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Figure 7. Horizontal stress (tensile stress) at the center of specimen vs. vertical displacement.

Figure 8 presents the failure modes of the layered rock specimens under the Brazilian
test. It can be clearly seen that the failure mode of the specimen at 0° is similar to the
isotropic rocks. The cracks generate at the center of the specimen, then propagate in a
direction towards to the loading ends, and finally penetrate the whole specimen. After
that, there are some small shear cracks near the loading ends. The main failure mechanism
in this case is rock material tensile splitting. The tensile strength of the specimen at 0° is
11.49 MPa, which is similar to the tensile strength in the direct tension test (11.42 MPa) and
the laboratory test (12.50 MPa). The failure modes of the specimens at 15°, 30°, and 45°.
are quite complicated, and they show a mixed failure mode combining tensile splitting
and shear failure. With the increasing dip angle, the shear cracks along the bedding planes
increase. Shear cracks generate at the contacts of the rock material and the joint material,
but they do not propagate any farther along the bedding planes. After that, the tensile
cracks generate in the rock material, then propagate to shear cracks. Finally, the shear
cracks and tensile cracks penetrate the specimen, which results in the specimen failure. The
failure modes of the specimens at 60° and 75° are relatively simple, showing a shear failure
along the bedding planes. Shear cracks generate at the contacts of the rock material and the
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joint material, and the cracks propagate along the bedding plane until they penetrate the
whole specimen, which finally result in the specimen shear failure. The main crack does
not cross the center of the specimen, and no tensile cracks are generated in the center of the
disc. The failure mode of the specimen at 90° is similar to that of the specimen at 0°; the
cracks generate almost in the center of the disc and propagate towards the loading ends
until the cracks penetrate the whole specimen. The tensile strength of the specimen at 90°
is 1.06 MPa, which is much lower than the tensile strength of the specimen at 0°. The main
failure mechanism in this case is joint material tensile splitting. In conclusion, there are
three main failure modes of the layered rock specimens under the Brazilian test, including
tensile splitting failure, mixed tensile splitting and shear failure, and shear failure.

Oo

60°

75° 90°
Figure 8. Failure modes of the layered rock specimens under the Brazilian test.

3.3. Direct Tension Test on Layered Rock Samples by RFPA?P
3.3.1. Preparation of the Numerical Layered Specimens

Tien et al. used three model materials to prepare artificial transversely isotropic
rock blocks [8]. In this study, the layered rock specimens are assumed to be made up
of rock material and joint material, which determines the mechanical properties of the
layered rocks. In this investigation, seven rock specimens with a dip angle, 0, of 0°, 15°,
30°, 45°, 60°, 75°, and 90°, with respect to the loading direction, are made up of the two
different materials. Furthermore, some extra specimens with a layer dip angle of 80° and
85° were prepared to verify the numerical results compared with Liao’s experimental
study [40]. The specimen size was 200 mm x 100 mm, and it was discretized into 600 x 300
(180,000 elements) meshes.

It is much more difficult to obtain efficient satisfactory transversely isotropic rock
samples in laboratory experiments. With RFPA?P, it is more convenient to prepare layered
rock samples with different rock materials. As shown in Figure 9, the light gray rock layers
and the dark gray joints constitute the numerical specimens, respectively.
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Figure 9. Layered rock specimens with different dip angles subjected to direct tension.

In all cases, the specimens underwent plane strain compression, imposed by the
relative motion of the upper and lower loading plates by applying an external displacement
at a constant rate of —0.0008 mm/step in the axial direction. The stress, as well as the
deformation and the energy released, in each element were computed in each step during
loading. The external displacement in the axial direction was slowly increased step by step.

3.3.2. Results and Analysis

The complete stress—strain relations of the layered rock specimens with dip angles, 6,
of 0°,15°,30°, 45°, 60°, 75°, 85°, and 90° are shown in Figure 10. All stress—strain curves
exhibit strong linear elasticity before the rock samples reach their peak tensile strength. The
relationship between the stress and strain shows that the tensile strength increases as the
dip angle increases from 0° to 90°. This means that the tensile strength is anisotropic due
to the existence of weak joints. The critical strain, at the point where the specimens reach
the peak tensile load, also increases when the dip angle increases from 0° to 85°. However,
the critical strain of the specimen with a dip angle of 90° decreases compared with the
specimen at 85°. We can consider that the critical strain may be influenced by the failure
modes of the layered rock specimens.
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Figure 10. Complete stress—strain curves for the layered rock specimens.
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The relationships between tensile strength and the tensile modulus with different dip
angles are shown in Figure 11. The tensile strength of the specimen with a dip angle of 0°
is very close to the tensile strength of the specimen with a dip angle of 15°. We can also
see that, by varying the dip angle, the tensile modulus of the specimens follows the same
trend as the tensile strength. As the dip angle increases from 0° to 90°, the tensile modulus
increases gradually.
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Figure 11. The tensile strength and tensile modulus of specimens with different dip angles.

It is obvious that the strength and tensile modulus of the specimens with the lower
dip angles, from 0° to 15°, are closer to those of the joint material, whereas the strength
and tensile modulus of the specimens with higher dip angles, from 75° to 90°, are closer to
the tensile modulus of the rock material. We can conclude that the deformation behavior
and tensile strength of layered rocks with lower dip angles depend on the existence of
joints. However, the influence of joints on the layered rocks with higher dip angles is slight.
Figure 12 shows the simulated tensile strength under direct tension, which has a good
agreement with experimental results.
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Figure 12. Tensile strength of the layered rock mass with different dip angles [40].
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Figure 13 shows typical failure patterns of specimens with different dip angles. The
fracture process of the specimen with a dip angle of 85° is displayed in Figure 14. The
colors in Figures 13 and 14 represent the value of minimal principal stress. We can observe
that the fracture of specimens with a lower dip angle, from 0° to 60°, is caused by the
propagation of joints, and the fractures occur along joints from one side to the other. More
than two fractures are observed in the specimens with a dip angle from 0° to 45°, whereas
only one fracture can be seen along the joint from the upper-right to the lower-left corner
in the specimen with a dip angle of 60°.
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Figure 13. Fracture patterns of specimens with a layer dip angle from 0° to 80° and 90°.
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Figure 14. The failure process of the specimen with a layer dip angle of 85°.

However, for the specimens with dip angles of 75°, 80°, and 85°, fractures propagate
partly along and partly through the joints. The failure plane exhibits a saw-toothed shape,
and the same phenomenon was also observed in Youash'’s tests [39] and Liao’s experi-
ments [40]. For the specimens with dip angles of 75° and 80°, the cracks initiate along the
joints from the left or right boundary, then propagate along the joints. Before they reach
the other end, the new cracks initiate and propagate in the rock material perpendicular to
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the joints. The cracks perpendicular to the loading direction only occur near the top or the
bottom end of the specimens.

For specimens with layers parallel to the tensile direction with angles of 85° and 90°,
the fracture plane also exhibits a clear saw-toothed shape, but only a few parts of the failure
plane occur along the foliation. The phenomenon of the saw-toothed failure plane reflects
the fact that progressive failure occurs during the direct tensile tests. The progressive
failure may include primary tensile cracks perpendicular to the tensile loading direction
and secondary cracks parallel to the joints.

Figure 14 shows the progressive failure process of the specimen with a dip angle of 85°.
It is interesting to see that the cracks do not initiate perpendicular to the loading direction
in the joint material but in the rock material. They often run across many layers before
beginning to propagate along the joints. The saw-toothed fracture pattern is caused by
alternate propagation perpendicular to the loading direction and along the joints.

Figure 15 shows the failure patterns of sandstone of Lyons, tested in direct tension
with different inclined angles by Youash in 1969 [39]. In the direct uniaxial tension tests,
we can see that, when the inclined angle is less than 45°, the sandstone of Lyons mainly
undergoes tensile failure along the bedding plane. The sandstone of Lyons also shows the
saw-toothed fracture pattern when the inclined angle of bedding plane is greater than 45°
and less than 90°. When the inclined angle of the bedding plane equals 90°, the sandstone
of Lyons exhibits failure of the rock material, and the failure plane is perpendicular to the
loading direction.

15° 30° 45° 60° 75° 90°
Figure 15. The failure patterns of sandstone of Lyons formation tested in direct tension [39].

The failure modes of the layered rock specimens obtained by numerical simulations
under direct tension are similar to the experimental results [39,40], and the uniaxial tensile
failure modes of the layered rocks can be divided into three types: (1) tensile failure along
the bedding plane; (2) progressive saw-toothed failure; (3) tensile failure of rock material.
The diagram of failure modes is shown in Figure 12 [40,44].

3.3.3. Failure Mechanism

Figure 16 shows the failure mechanisms of the layered rock specimens with different
dip angles under direct tension, and these correspond to the three main failure modes
of layered rock specimens. The layered rocks in Figure 16 is mainly composed of two
materials, including rock material and joint material (bedding plane). Figure 16a illustrates
that when the dip angle of the bedding plane is equal to 0°, with the increasing axial tensile
load, the bedding plane will be fractured by tension while the axial tensile stress is greater
than the tensile strength of the bedding plane (Tp). In this configuration, the layered rock
specimen will be fractured along the bedding plane, and the tensile strength of the layered
rock specimen can be expressed as oy = o1 = Tp.
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Figure 16. The tensile failure mechanism analysis of the layered rocks.

Figure 16d shows that, when the dip angle of the bedding plane is equal to 90°, with
the increasing axial tensile load, the bedding plane first reaches its tensile strength, and
then the bedding plane is cracked. However, in contrast to Figure 16a, the rock material is
subjected to the axial tensile load at the cross section of the layered rock specimen. At the
cross section, the bedding plane can be simplified as a single point when the layer thickness
is small; therefore, it has little influence on the bearing capacity of the specimen while
the bedding plane is first cracked. Then, as the axial tensile load increases to the tensile
strength of the rock material (Top), the layered rock specimen will be fractured along the
cross section, resulting in tensile failure, and the failure plane is generally perpendicular to
the loading direction. In this configuration, the tensile strength of the layered rock mass
can be expressed as 0y = 07 = Tgp.

Figure 16b shows that when the dip angle of the bedding plane is greater than 0° and
less than a specified angle, the layered rock mass is also fractured along the bedding plane.
It can be seen in Figure 16b that the normal stress at the bedding plane is 6, = o7 cos® 0. In
order to make the bedding plane fracture by tension, the normal stress at the bedding plane
should be equal to the tensile strength of the bedding plane, which is expressed as o, = T.
We can then obtain the tensile strength of the specimen as oy = o7 = Ty/ cos? 0. This
demonstrates that the tensile strength of layered rock mass increases with the increasing
dip angle.

With the increasing dip angle, the failure patterns of the layered rock specimens
change. This will result in a progressive saw-toothed failure, as shown in Figure 16c. It is
assumed that the area of the cross section is A, and the area of each small matrix exhibited
the saw-toothed shape is A;, so 01 = F/A and o; = F;/A;. In order to make each small
matrix exhibit the saw-toothed shaped cracks, the tensile stress, 0;, needs to satisfy o; = To.
It can then be surmised that F; = TggA;. Therefore, F = XF; = TqXA;, ot = 01 =

F/A = T9oXA;/A. It can be seen that, when the dip angle of the bedding plane is less
than 90°, XA; < A, thatis to say, ot = 01 < Tgg. We can see that as the layered rock mass
generates the progressive saw-toothed failure, the tensile strength of the layered rock mass
at this specific angle is less than the tensile strength of the layered rock specimens at a dip
angle of 90°. From the point of view of geometry and elastic mechanics, this can explain
the variation of tensile strength of the layered rock specimen with different dip angles of
the bedding plane.
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3.4. Discussion
3.4.1. Failure Modes of Layered Rock Specimens under Direct Tension Test

The main failure modes of layered rocks under the direct tension test are analyzed in
Section 3.2; however, the failure modes of layered rocks highly depends on the anisotropic
coefficient (k = %). If the anisotropic coefficient is less than 1 (k < 1), that is to say, the
tensile strength of the bedding plane is stronger than the tensile strength of the rock material,
it can be hypothesized that the bedding plane is the strong binding material, therefore, as
the layered rock specimen is subjected to the uniaxial tensile load, the rock material will
be fractured first, whatever the layer orientation is. If the anisotropic coefficient is equal
to 1 (k = 1), which means the tensile strength of the bedding plane is the same as the
tensile strength of the rock material, the tensile strength of the layered rocks may present
isotropic characteristics. However, layered rocks may not only fracture along the bedding
plane or the rock material due to the different elastic parameters between the bedding
plane and the rock material. If the anisotropic coefficient is greater than 1 (k > 1), the
failure modes may present as the three main patterns. In conclusion, the failure modes of
layered rock specimens subjected to a direct tensile load may be greatly influenced by the
anisotropic coefficient.

3.4.2. Tensile Strength of Layered Rock Specimens

For layered rocks, many Brazilian tests have been conducted to investigate the ten-
sile behavior [48-52]. The numerical results in Section 3.2.2 shows that there are three
main failure modes of layered rock specimens under the Brazilian test. Figure 17 also
displays the fracture patterns of Mosel slate discs with different dip angles in laboratory
tests [53]. Figure 17 shows that the layered rock specimens with different dip angles are
not always fractured along the center diameter line under Brazilian tests. The failure
modes are different because of the influence of the bedding planes. The typical failure
patterns can be divided into three types: layer activation, central fracture, and non-central
fracture. However, the precondition of Equation (1) to calculate the tensile strength of rocks
should be satisfied so that Brazilian disc specimens are fractured along the center diameter
line. Therefore, the tensile strength of the layered rocks calculated by Equation (1) is not
reasonable, except for the specimens with dip angles of 0° and 90°, which are fractured
along the center diameter line. Similar results can be found in other papers [54-57]. This
demonstrates that the tensile strength of the layered rocks obtained by the Brazilian test is
erroneous because of the influence of bedding planes. Specially, the tensile strength of the
layered rock specimens with dip angles of 0° and 90° can be predicted by the Brazilian test
because their failure modes meet the precondition of Equation (1). However, the tensile
strength of the layered rock specimens obtained by the direct tension test is relatively accu-
rate. Therefore, we suggest that the direct tension test is more suitable than the Brazilian
disc test to measure the tensile strength of layered rock specimens.

450 30°  45° 60°  75°  90°

Figure 17. Fracture patterns of Mosel slate discs under different foliation-loading angles [53].
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4. Modified Anisotropic Tensile Failure Criterion
4.1. Single Plane of Weakness (SPW) Criterion

Lee and Pietruszczak [43] proposed the SPW criterion of layered rocks based on
Jaeger’s SPW theory [9], and the SPW criterion can be given as:

T oo <o< 0"
T(0) = { cos26 -7 = 3
© {T909*<9<900 o)

T
0" = cos ! 1/ Tigoo 4)

From Equation (3), it can be obtained that when the dip angle of the bedding plane
is less than the critical angle, 8%, the layered rock specimens in the direct tension tests are
fractured along the bedding plane, which is in close compliance with the experimental
results. However, when the dip angle of the bedding planes is greater than the critical
angle, 6%, the failure mode of the layered rock specimens is considered to be rock material
tensile fracture under direct tension. In this situation, the tensile strength of the layered
rock specimen is equal to the tensile strength of the rock material, which is inconsistent
with the actual situation and the experimental results.

where 0* is defined as:

4.2. Modified SPW Criterion (MSPW Criterion)

To some degree, the SPW criterion can reflect the failure modes of layered rocks
under direct tension. However, the failure modes may be different to the actual failure
modes under the direct tension test when the dip angle is greater than the critical angle, 6.
Therefore, based on the failure modes of the layered rocks under the direct tension test, the
SPW criterion is modified in this paper.

The saw-toothed failure mode due to direct tension can be seen when the dip angle is
higher, as shown in Figure 16¢. The tension-fractured rock material is taken for the analysis.
The rock material is not only subjected to the force generated by the normal stress, o7, but
is also subjected to the force generated by the shear stress of the bedding plane. The rock
material will be tension fractured as long as the total stress on the rock material reaches its
tensile strength, Toy; meanwhile, the tensile strength, oy, of the layered rock specimen can
be obtained:

Tgg = o1+ 207 sin? 0 cos O 5)

- ©
1+ 2sin” 0 cos 0

Therefore, the modified SPW (MSPW) criterion can be written as:

01 = Ot

cos? 0 @)
Tog * < o
1+25in? 0 cos O 07 <8 < 90

Ty 0° <0< o*
T(0) =

where the critical angle, 8%, is given by:

0" = arctan( Too _ 1> (8)
To
4.3. Verification of the MSPW Criterion

The numerical tests are based on the experiments of layered rocks carried out by
Liao et al. [40]. Figure 18 shows the result comparisons between the laboratory test, numer-
ical simulation, the Liao criterion, the SPW criterion, and the MSPW criterion.

83



Appl. Sci. 2022, 12, 6063

[ —=— Test (Liao et al. 1997)
E 12 F e Liao criterion (Liao et al. 1997)
b= [ —A— Numerical simulation
= 10 - —v— SPW criterion
‘é’n | —e— M-SPW criterion
2 8t
172]
=
.2
Z of
g
=
X 4r
s
=
3
2 2r Y —a
= - —

0 1 " * " 1 " 1 " 1 " 1 " 1

0° 15° 30° 45° 60° 75° 90°
Dip angle of bedding plane

Figure 18. The result comparisons of laboratory test, simulations, and theoretical analysis [40].

Figure 18 illustrates that the results predicted by the MSPW criterion are closer to
the experimental results. However, the results predicted by the SPW criterion greatly
deviate from the test results at a higher dip angle. The tensile strength predicted by the
Liao criterion has a small error compared with the test results as a whole, but the material
constant in the Liao criterion is difficult to determine. We can also see that the numerical
results simulated by RFPAZP can well reflect the test results, and it is a good numerical
method to simulate the failure process of rock samples under the direct tension test. By
comparison, it is not difficult to find that the MSPW criterion is relatively accurate whether
it reflects the uniaxial tensile failure modes of the layered rocks or predicts the uniaxial
tensile strength of the layered rocks.

4.4. Determination of the Tensile Strength of Layered Rocks

Figures 3 and 17 present the failure modes of the layered rock specimens under the
Brazilian test; it can be seen that the two specimens with 0° and 90° are almost fractured
along the center diameter line. The experimental and numerical results clearly show that
the tensile strength of the two specimens obtained by the Brazilian test are similar to the
results by the direct tension test and laboratory test. This illustrates that although the
tensile strength of the layered rocks obtained by the Brazilian test is controversial, the
tensile strength of the two layered rock specimens of 0° and 90° obtained by the Brazilian
test is reasonable.

From the expression of the MSPW criterion (Equation (7)), we can see that if the two
parameters (To and Tgp) are determined, the tensile strength of the layered rocks with other
dip angles can be predicted. However, the two parameters (T and Tqp) are difficult to
obtain by the direct tension test, which is harder to carry out in the laboratory. Nevertheless,
as we analyzed previously, the tensile strength of the layered rock specimens with dip
angles of 0° and 90° (T and Tgg) can be obtained by the Brazilian test, whose results are
reasonable. Thus, based on the MSPW criterion, we can simply predict the tensile strength
of the layered rocks with different dip angles.

5. Conclusions

This study focuses on the tensile behavior of a transversely isotropic rock with varied
layer dip angles subjected to direct and indirect tension tests. The following conclusions
can be drawn:
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(1) The layered rock specimens display an anisotropic mechanical behavior when sub-
jected to direct tension load. The tensile stress—strain behavior of the layered rocks
depends on the direction of the bedding planes with respect to the tensile load. How-
ever, the direct tension test of layered rocks in the laboratory needs to be studied in
more depth in the future.

(2) The numerical results show that the dip angle has a significant influence on the
fracture characteristics during the progressive failure, such as peak strength, failure
patterns, and deformational behavior. The failure modes of the layered rock specimens
are characterized by tensile failure along the bedding plane, progressive saw-toothed
failure, and tensile failure of the rock material under direct tension.

(3) Based on the failure modes of the layered rocks, the SPW failure criterion is modified.
The theoretical results of the modified SPW (MSPW) failure criterion show a good
agreement with the experimental and the numerical results. The MSPW failure
criterion can accurately describe the tensile strength when the dip angle of the bedding
plane is close to 45°.

(4) Based on the MSPW criterion, a method to determine the tensile strength of the layered
rocks is proposed, which can simply predict the tensile strength of the layered rocks.
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Abstract: Frozen fractured rock mass is often encountered during the implementation of geotechnical
engineering in cold regions. The tensile strength parameters of frozen rock play an important role in
the construction of rock slopes involving tensile failure. In order to study the tensile characteristics of
a frozen fractured rock mass in a cold region, original rock specimens were mined and processed in
the Yulong Copper Mine, and artificial, frozen fractured marble specimens were made. The effects of
different ice-filled crack angles, lengths, and widths on the force-displacement curve and the tensile
strength of frozen rock were studied by laboratory Brazilian splitting experiments and RFPA®P, and
the evolution law of the tensile strength of frozen rock was revealed. At the same time, wing crack
initiation and cracking mode after tensile failure were analyzed by high-speed camera; the whole
process of the Brazilian splitting of frozen rock was reconstructed, and the development of microcrack
initiation in frozen rock was analyzed. The following conclusions were drawn from the test results:
the frozen rock specimens have typical brittle-failure characteristics. The tensile strength of frozen
rock decreases gradually with the increase in the width and length of ice-filled cracks, and decreases
first and then increases with the increase in the angle of the ice-filled crack. The ice-filled crack
incurs damage first, and then the wing cracks start from the tip of the ice-filled crack and extend
continuously. The tensile strength of frozen rock is significantly affected by the angle and length of
ice-filled cracks.

Keywords: frozen rock mass; Brazilian splitting test; tensile strength; ice-filled crack ice; failure
characteristics

1. Introduction

The Yulong Copper Mine in Tibet, China, is 4569-5118 m above sea level. The mining
area is a semi-arid alpine region with a continental climate, and has rich and reliable
copper resources. This region mainly adopts a strip mining method. In the process of
resource development, the rock slope of the strip mine in such high-altitude and cold
regions is exposed for a long time, and there are cracks, weak interlayers, stratification,
and other structural surfaces (Figure 1). Under rainfall and groundwater conditions, the
fissures will gather water to form a frozen rock mass. In the process of mineral resource
development, a frozen rock mass is often encountered. In order to carry out safe and
efficient engineering and mining, a deep understanding of the mechanical properties of
frozen rock mass is of crucial guiding significance for improving the development efficiency
of open-pit mineral resources and construction safety and prevention of accidents in high
altitude cold regions [1-7].
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Figure 1. Yulong Copper Mine in Tibet, China. (a) Tibet Autonomous Region in Southwest China;
(b) Satellite imagery of Yulong copper mine; (c) Rock slope in Yulong copper mine.

The tensile strength, compressive strength and shear strength of rock are important
indicators for measuring the physical and mechanical properties of rock. The damage and
failure of rock are usually controlled by the tensile strength. There are two main methods
to test the tensile strength of rock, the first is direct stretching, and the second is indirect
stretching. However, the direct tensile test requires specific laboratory equipment and
complex operations, and the indirect tensile test has a more mature theoretical system. So,
the indirect tensile test, namely the Brazilian splitting test, is generally used to test the
tensile strength of rock [8,9].

Many scholars [10-13] have analyzed the changes of tensile strength, tensile sensitivity
coefficient, radial strain, AE energy accumulation and release, crack initiation and fracture
mode of rock specimens through the Brazilian splitting laboratory test and numerical
simulation. Their research considered the prefabricated fissures, pores, different strain rates,
degrees of water saturation, different particle sizes, different angles, high temperatures,
filling of fissures, and other factors. At present, there are mature theoretical systems and
methods for reference. The research on low-temperature rock mechanics mainly focuses
on the mechanical properties of frozen intact rock [14-17] and the influence of the freeze—
thaw cycle on the failure characteristics of the rock’s mechanical properties [18-21]. The
mechanical properties of frozen intact rock are mainly determined by freezing temperature,
initial water content and loading rate. Aoki et al. [22] studied the mechanical properties
of various rocks under dry or saturated conditions through uniaxial compression and
Brazilian splitting tests. The results showed that the compressive and tensile strength and
elastic modulus increased significantly at —160 °C, and the compressive and tensile strength
and elastic modulus varied according to the type of rock and the degree of water saturation.
Yamabe et al. [23] studied the mechanical properties of sandstone at low temperatures
through uniaxial and triaxial experiments. They found that the tensile and compressive
strength of rock increased with the decrease in temperature. Still, the elastic modulus
was less affected by temperature in the section from —10 to —20 °C. Xu et al., Yang et al.,
Xi et al.,, and Shan et al. [24-27] studied the mechanical properties of a variety of rocks
under negative temperature through uniaxial and triaxial experiments. The results showed
that the compressive strength, internal friction angle, cohesion force and elastic modulus of
the rocks all increased with the decrease in temperature. They attributed the increase in
mechanical properties with decreasing temperature to the shrinkage of mineral particles at
low temperatures, the increased strength of the ice itself, and the interaction of the frost
swelling force with the rock. Li et al. [28] studied the strength characteristics of frozen
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limestone sandstone in different confining pressures under cyclic loading and unloading,
and found that the peak strength increased under low confining pressures, while the peak
strength “‘weakened” under high confining pressures.

Some scholars have conducted compression experiments on frozen rock specimens
with cracks at low temperatures. Bai et al. [29] studied the strength, deformation and
crack evolution characteristics of frozen red sandstone with two ice-filled defects under
different temperatures and sealing pressures. Yang et al. [30] studied the influence of crack
inclination angle, length, width, confining pressure and temperature on the mechanical
properties of single and double crack rock mass under low-temperature conditions. They
found that Poisson’s ratio and elastic modulus were less affected by confining pressure
under low-temperature conditions, and rock mass strength increased with the decrease
in temperature. The inclination angle had the most significant effect on the strength of
rock mass, followed by length and temperature. The above studies used red sandstones or
similar materials to discuss the fracture mode and mechanical properties of frozen rock mass
after compression. They considered the relevant engineering problems in the construction
process of the artificial freezing method. The mechanical properties of the frozen fracture
rock mass with high density which is encountered in the blasting construction of the cold
region strip mine are not clear.

Currently, relevant studies on frozen fracture rock mass mainly evaluate the com-
pressive strength. In contrast, field sampling in cold regions and tensile strength tests
of frozen fracture rock mass have not been involved. In particular, there has not been a
comprehensive and systematic analysis of the influence of ice-filled crack space distribution
on the tensile strength of frozen fracture rock mass and the failure process of wing crack
propagation under load. At the same time, it is difficult to obtain the original rock in a high
altitude cold region project. So, it would be of great value to find an effective numerical
simulation method to analyze the mechanical properties of frozen rock mass.

This study focused on the tensile strength of frozen fractured rock mass in high
altitude cold regions. The aim of the study was to reveal the tensile characteristics and
fracture mode of frozen fractured rock mass during the Brazilian splitting test process. The
original rock sampling and processing were carried out from the Yulong Copper Mine in
Tibet, China, to make artificial ice-filled crack marble specimens. The Brazilian splitting
test of frozen rock mass was carried out. Firstly, the influence of ice-filled cracks with
different angles on the strength and fracture mode of the frozen rock mass was investigated
experimentally, and the initiation and propagation of wing cracks were recorded by a
high-speed camera. Furthermore, the effects of the width and length of the ice-filled cracks
on the tensile properties of rock mass were discussed by RFPA3P.

2. Test Preparation
2.1. Specimens Processing

All the marble rock specimens were taken from the Yulong Copper Mine in Tibet,
China. The rock core was fabricated into a specimen, whose size was ¢ = 50 x 25 mm. The
selected specimens were processed through the carver to form different angled cracks (0,
30, 45, 60, 90°). Two of each specification were made for the post-production of ice-filled
rock specimens. The test results and similar fracture modes were selected as the final test
results to reduce the test error.

In order to prevent moisture migration during freezing and ensure uniform moisture
in the specimen, the prepared specimens were first placed in a constant low temperature
environment of —20 °C for rapid freezing, and the freezing time was 48 h. Subsequently,
a uniaxial compression testing machine was used as the power device to carry out the
Brazilian splitting test on the frozen rock specimens (Figure 2). The constant deformation
rate (0.001 mm/s) was loaded until the specimen was split. The tensile strength of the
specimen was calculated using the formula proposed by Shloido [31]:

2P

- M

Ot
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where o is the failure load of the rock specimen, d is the diameter of the rock specimen,
and f is the thickness of the rock specimen.

Figure 2. Design drawing of experimental device and specimen. (a) Photograph of experimental
device; (b) Test specimens; (c)  is the ice-filled crack length, « is the ice-filled crack angle, and w is the
ice-filled crack width.

The compressive and tensile strengths of intact frozen rock under natural water were
measured. The uniaxial compressive force—displacement curve of the frozen rock specimen
fell sharply when it increased to 131.02 kN (Figure 3). When the tensile strength of the
intact specimen reached the peak value of 8.88 kN, the stress curve fell quickly (Figure 4).
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Figure 3. Uniaxial compression force-displacement curve of intact frozen rock specimen.
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Figure 4. Brazilian splitting force-displacement curve of intact frozen rock specimen.

2.2. Test Results of Frozen Rock Specimens in Different Ice-Filled Crack Angles
2.2.1. Analysis of Tensile Strength

Figure 5 shows the Brazilian splitting force—displacement curve of frozen rock with
different ice-filled crack angles. The study found that all the frozen rock specimens showed
typical brittle failure characteristics. The tensile strength of the frozen rock specimens
decreased gradually and then increased with the increase in the ice-filled crack angles. The
tensile strength fell quickly after the peak, and the specimens fractured after producing a
small displacement.

10

—— 0° Ice-filled crack

———30° Ice-filled crack
Sk [=———45° Ice-filled crack
= 60° Ice-filled crack
90° Ice-filled crack|

zZ 6r

=)

on

.5

el

g

3 4r
2_

0 1 1 1 1 1
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20
Displacement(mm)

Figure 5. Brazilian splitting test force-displacement curve of frozen rocks with different ice-filled
crack angles.

2.2.2. Analysis of Fracture Mode

Figures 6 and 7 show the splitting failure process of frozen rock specimens containing
different ice-filled crack angles. The splitting failure is caused by the damage of ice during
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loading, the wing crack penetration of the ice-filled crack tip and the extension of the far-
field crack. In the process of splitting, the ice-filled crack incurs damage first, and then the
wing crack at the tip extends to the top and bottom of the specimen, and the macroscopic
crack is gradually formed. When the ice-filled crack angle o is 0°, the ice-filled crack is
perpendicular to the loading direction. The wing crack of the ice-filled crack tip cannot
penetrate through the whole specimen along the ice-filled crack, and the tensile strength
of the specimen is relatively high. When the ice-filled crack angle « > 0°, the ice crack’s
force bearing and transmission during loading gradually decrease with the increase in the
ice-filled crack angle. Crack formation is hindered by the ice-filled crack. As the ice-filled
crack angle « increases, the crack evolution is less hindered. As the angle between the
ice-filled crack and the loading direction gradually decreases, the crack and the ice-filled
crack are quickly connected, eventually leading to specimen fracture. When the ice-filled
crack angle « is 90°, the ice-filled crack is parallel to the loading direction, and the fissure
ice effect is minimized.

Figure 6. Fracture mode of ice-filled cracks at different angles in Brazilian splitting test: (a) 0°, (b) 30°,
(c) 45°, (d) 60°, (e) 90°.

(b)

Figure 7. Fracture morphology process of a 60° ice-filled crack frozen rock specimen in Brazilian
splitting test: (a) 0s, (b) 90s, (c) 100 s.

94



Appl. Sci. 2022, 12, 11788

2.3. RFPA3P Feasibility Verification

Rock is a heterogeneous material. The heterogeneity plays an important role in deter-
mining the crack initiation and fracture mode of rock mass. The influence of heterogeneity
is pronounced in the progressive failure process. The Weibull distribution is used to con-
sider the heterogeneity of rock in the RFPA method. RFPA is also suitable for the fracture
analysis of brittle materials. Compared with ABAQUS and COMSOL, RFPA calculates
crack initiation and propagation without considering the convergence problem. At present,
a large number of papers have been published on numerical simulation analysis of rock
materials using RFPA, and the principle can be found in the relevant papers [32-38].

RFPA3P was used to perform the splitting experiments of the frozen rock specimens.
The aim of the simulation was to obtain the internal microcrack initiation and extension,
and the energy accumulation and release in the process of frozen rock failure. The size of
the model was ¢ =50 x 25 mm, and the mesh size was 0.25 x 0.5 x 0.25 mm. Cardboard
was added at both ends to reduce the end effect. The thickness of the cardboard was 5 mm
and the loading rate was 0.0005 mm/step. The material parameters of the model (Table 1)
were obtained from the uniaxial compression of intact frozen rock and Brazilian splitting
experiments, and converted by RFPA empirical formula [39,40].

Table 1. Material parameters of the model.

Elasticity Modulus (MPa) m Compressive Strength (MPa) m Poisson Ratio ~ Friction Angle

Granite
Ice
Cardboard

32,000 5 147 5 0.25 30°
6000 10 8 10 0.35 26.5°
50,000 100 1e8 100 0.3 30°

(a)

Figure 8 shows the numerical simulation results of the Brazilian splitting of intact
frozen rock. Compared with the experimental results, the frozen rock fracture mode was
similar, and macroscopic cracks were formed in the loading direction. The intact frozen
rock specimen showed a typical brittle failure form. AE events increased sharply before
macroscopic cracks occurred. The frozen rock specimen fractured instantly and released a
large amount of energy (Figure 9). The load capacity of the intact frozen rock specimen was
8.15 kN in the numerical simulation and 8.88 kN in the experiment, which were similar to
each other.
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Figure 8. Numerical simulation results of Brazilian splitting of intact frozen rock: (a) minimum
principal stress, (b) model slice, (c) fracture mode.
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Figure 9. The relationship curve between load, AE counts and accumulated AE counts for intact
frozen rock.

Figure 10 shows the numerical simulation results of the Brazilian splitting of frozen
rock with different ice-filled crack angles. Red and blue circles in the AE distribution
indicate the shear and tensile failure of the element. Compared with the experimental
results (Figure 6), the splitting fracture modes of the frozen rock model were similar. The
ice in the crack supported and transferred some force during the loading. However, the
ice strength was lower than the rock strength, which induced the stress concentration at
the ice-filled crack. When loaded to a certain extent, wing cracks occurred at the tip and
penetrated through the whole model.
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Figure 10. Cont.
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Figure 10. Numerical simulation results of Brazilian splitting of frozen rock in different ice-filled

crack angles: (a) minimum principal stress, (b) model slice; (c) AE.
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Figure 11 shows the relationship curve between the load, AE counts and accumulated
AE counts for frozen rock with different ice-filled crack angles. The peak load of 0° ice-filled
crack frozen rock was 7.62 kN, and splitting failure occurred at step 67. The peak load of
15° ice-filled crack frozen rock was 6.81 kN, and splitting failure occurred in step 87. The
peak load of 30° ice-filled crack frozen rock was 4.11 kN, and splitting failure occurred at
step 38. The peak load of the 45° fractured frozen rock specimen was 2.59 kN, and splitting
failure occurred in step 29.

The frozen rock specimens with 0°, 15°, 30°, and 45° ice-filled crack showed typical
brittle failure mode. At the initial stage of loading, the internal microcracks of the frozen
rock specimen accumulated continuously. AE events were fewer with no macroscopic
cracks on the surface. When an ice-filled crack incurred damage and small macroscopic
cracks began to appear on the surface of the specimen, AE events increased and the
damaged elements accumulated stably. When the tensile strength increased to the peak
value, the damaged elements increased. At the same time, the AE events increased suddenly,
and the macroscopic cracks on the surface of the model further extended. When the stress
fell, there were still a small number of AE events existing, and the damaged elements
increased continuously. The cracks on the surface of the model were aggravated and
extended, and the specimen finally failed.

The peak loads of the frozen rock with 60, 75 and 90° angle ice-filled cracks were
2.73,2.57 and 3.49 kN, respectively, and the splitting failures occurred at steps 30, 38, and
34. There were two peak regions of AE events in these specimens. The first peak was the
energy released by the ice-filled cracks, and the second peak was the brittle failure of the
specimen. The frozen rock specimens with 60, 75 and 90° ice-filled cracks also showed a
typical brittle failure mode.

[25<10°  ~25x10° 8.0 -

Loading Loading r2.5%10° [ 2.5%10°
I AE counts I, I AE counts
+ Accumulated AE counts 70 | Accumulated AE counts
F20x10°  F20x10° F20x10°  1-2.0%10°
[ Frsxio® , Fisao ,
5
F 8
_u
F oo = FLox10° < 1.0¢
I F5.0<10°  F5.0x10° F5.0<10°  |-5.0x10"
J N JJ—‘J
PR S S ‘A_JL\_‘; 0 0.0 00 Loo
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 50 85 " - 00 05 10 1520 25 30 35 40 45 50 55 60 65 70 75 §0 85 90 95 100
Step Step
(a) (b)
r Loading r1.0x10°  r1.3x10°
I AE counts Loading F50<100 [ 7.5%10°
Accumulated AE counts I AE counts o

L 1ox10¢ Accumulated AE counts

F7.5%10* F40<10 | 6.0<10*

F7.5¢10" 3
F3.0x10° 5 4.5x10°

F5.0x10*

AE counts
AE counts

F5.0x10*

[ 2.0x10" = F3.0x10°

Accumulated AE count;
Loading(KN)
Accumulated AE counts

F2.5%10*

F2.5x10¢ F10x10* - 1.5%10°

o,

5

L L L
10 15 20 25 30 35 40 45 50 55 60

0.0 Loo

L L 0.0 Loo

Step

()

Figure 11. Cont.

98



Appl. Sci. 2022, 12, 11788

r Loading r4.0x10*
I AE counts
ol Accumulated AE counts
o v Lsoar
z.
g~
2 F 20510
kR
[ 1.0<10°
L 00
5 10 15 20 2 30 s 40
Step
(e)
40 - Loading
I At counts

Loading(KN)

Figure 11. The relationship curve between load, AE counts and accumulated AE counts for frozen
rock with different ice-filled crack angles: (a) 0°, (b) 15°, (c) 30°, (d) 45°, (e) 60°, (f) 75°, (g) 90°.

Figure 12 shows that the numerical simulation results are close to the experimental
results by comparing the tensile strength of frozen rock with different ice-filled angles.
The tensile strength of the specimens decreased gradually and then increased with the
increase in the angle of the ice-filled crack. By comparing the tensile strength and fracture
mode of the frozen rock with the experimental results, it proves that REPA®P is feasible for
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3. Multi-Factor Discussion

In order to study the change of tensile strength, crack initiation and fracture mode of
frozen rock under the influence of multiple factors, RFPAP was used to conduct numerical
simulation analysis on specimens with different widths of ice-filled crack (I = 20 mm,
« =60°, w =2, 3, 4 mm) and lengths of ice-filled crack (w = 1.5 mm, « = 30°, [ = 10, 15,
25 mm). The material parameters are shown in Table 1.

3.1. Different Lengths for Ice-Filled Crack

Figure 13 shows that the fracture mode of the frozen rock specimens with different
lengths of ice-filled crack started from the ice crack first, and then the wing crack was
formed from the crack tip of the ice to the loading end.
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Figure 13. Brazilian splitting fracture mode of ice-filled crack frozen rock of different lengths.
(a) Minimum principal stress, (b) model slice, (c) AE.

The peak loads of frozen rock with 10, 15, and 25 mm length ice-filled cracks were
4.63,4.35, and 4.04 kN, respectively, and the splitting failure occurred at steps 42, 40, and
40 (Figure 14a—c). Combined with the calculation results for 20 mm length frozen fractured
rock specimens in 2.3, it was found that the tensile strength of the frozen rock gradually
decreased with the increase in the length of the ice-filled crack. The longer the ice-filled
crack, the higher the ice content, and the lower the bearing capacity of the specimen.
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Figure 14. The relationship curve between load, AE counts and accumulated AE counts for ice-filled
cracks of different lengths and widths of frozen rock. (a) 1 =10 mm, (b) 1 = 15 mm, (c) I = 25 mm,
(d) w =2mm, () w =3 mm, (f) w =4 mm.

3.2. Different Widths for Ice-Filled Cracks

Frozen rocks with different ice-filled crack widths also incur damage and failure
elements from the ice. Then, the wing crack starts from the tip of the ice-filled crack, and
gradually extends to the loading end (Figure 15). The peak loads of frozen rock with 2,
3, and 4 mm width ice-filled cracks were 2.38, 2.36, and 2.34 kN, respectively. Combined
with the calculation results of 1.5 mm width frozen fractured rock specimens in 2.3, it was
found that the tensile strength of frozen rock gradually decreased with the increase in the
width of the ice-filled crack. There were also two peak regions of AE events (Figure 14d—e).
The first peak was the energy released by the ice-filled crack, and the second peak was the
brittle failure of the specimen.
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Figure 15. Brazilian splitting fracture mode of frozen rock with ice-filled cracks of different widths.
(a) Minimum principal stress, (b) model slice, (c) AE.

4. Conclusions

).

2.

®3).

The tensile strength of frozen rock specimens decreased gradually and then increased
with the increase in the ice-filled crack angle. When the ice-filled crack angle was 0°,
the tensile strength of the ice-filled crack frozen rock specimen was similar to that
of the intact frozen rock specimen. The tensile strength was the lowest when the
ice-filled crack angle was 45°.

The peak loads of frozen rock with 1.5, 2, 3, and 4 mm width ice-filled cracks were
2.73,2.38,2.36, and 2.34 kN, respectively. The peak loads of frozen rock with 10, 15,
20, and 25 mm length ice-filled cracks were 4.63, 4.35, 4.11 and 4.04 kN, respectively.
The tensile strength of frozen rock gradually decreased with the increase in the length
and width of the ice-filled cracks.

Except for the 0° ice-filled cracks, the frozen fractured rock masses incurred damage
elements at the ice-filled crack first, and then the wing crack started from the tip of
the ice-filled crack and extended continuously, leading to the failure of the frozen
rock specimens. When the angle of the ice-filled crack was 0°, the ice crack was
perpendicular to the loading direction, and the effects on the frozen rock specimen
were small.
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(4). The frozen rock specimens showed typical brittle failure characteristics. With the load-
ing process, the model experienced four stages: internal microcrack initiation, surface
macroscopic crack generation, macroscopic crack propagation, and complete failure.
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Featured Application: The basic physical parameters and dynamic properties of annular and intact
sandstone specimens treated by temperature-water coupling are compared and analyzed.

Abstract: With the gradual deepening of mine excavation depth, the strong disturbance of deep strata
becomes more and more obvious. Rock’s failure under blasting mainly depends on its dynamic tensile
strength. The changes in rock’s dynamic properties are obviously affected by temperature and water. In
order to study the dynamic tensile properties of annular sandstone specimens under the influence of
temperature and water, deep sandstone was drilled, followed by water bath tests at eight temperatures
(25~95 °C). It can be seen from the analysis of test results that the mass and volume growth rates of
the annular and the intact sandstone specimens first increased and then decreased, while the density
growth rate first decreased and then increased. The mass and volume growth rates of the annular
sandstone specimens were smaller, but the density growth rate was larger. Because of the increase in
water temperature, the dynamic compressive strength first increased and then decreased. The dynamic
tensile strength of the annular sandstone specimen was lower. The average strain rate and peak strain
also showed a quadratic function relationship of first decreasing and then increasing with the increase
in water temperature. The average strain rate of the annular sandstone specimen was smaller, but the
peak value changed greatly. The Brazilian disc validity condition is applicable to two failure conditions
of sandstone specimens. Through XRD and SEM analysis, we found that the changes in the dynamic
properties of sandstone specimens were not due to their own material composition, but to the damage
to their structure caused by the temperature-water coupling effect.

Keywords: rock impact dynamics; sandstone annular specimen; SHPB; Brazilian disc split test;
temperature-water coupling

1. Introduction

With the continuous increase in the human demand for mineral resources, shallow
resources are not enough to meet human demand, so the depth of mine excavation is
gradually increasing. However, with the increase in depth, the excavation becomes more
difficult, and the underground strata environment becomes more complicated. Therefore,
it is necessary to study the mechanical properties of ore at the bottom of mines, and how
they are affected by various strong disturbances.
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Temperature and groundwater are common influencing factors in the process of mine
excavation. Ping [1] applied temperature-water coupling treatment to sandstone, and carried
out dynamic compression tests to analyze the dynamic properties of sandstone, such as peak
strength, peak strain, average strain rate, and elastic modulus. Ping [2] conducted dynamic
splitting tests on the temperature-water coupling of sandstone with different impact pressures,
and found that the dynamic properties were affected by strain rate. Wang et al. [3] found that
the dynamic properties of sandstone are affected by water bonding force and the Stefan effect.
Roy [4] treated different types of sandstone for different saturation times, and concluded that
their mechanical properties and fracture toughness decreased with the increase in saturation.
Wang et al. [5] investigated the mechanical properties and failure law of two kinds of coal rock
with different moisture content. Teng et al. [6] researched the degradation mechanism of shale
under different water-bearing states. Deng et al. [7] considered the influence of five different
water contents on the splitting tensile strength of layered sandstone. Wang et al. [8] conducted
splitting tensile strength tests of sandstone Brazilian discs under different temperatures and
water contents, providing basic reference data for the standardization of splitting strength and
engineering applications. Ping et al. [9,10] conducted SHPB impact tests on sandstone and
limestone at different temperatures to analyze their dynamic properties. It was concluded
that different effects of high temperature made the peak strength of the rock first increase, and
then decreases. Zhang [11] used an SHPB device to study the dynamic properties and damage
characteristics of sandstone at different temperatures. Qin et al. [12] analyzed the influence of
mesoscopic changes on the uniaxial compressive strength of high-temperature sandstone via
acoustic damage, X-ray diffraction, and scanning electron microscopy. Xu et al. [13] combined
and predicted the rate-dependent effect of dynamic tensile strength of two igneous rocks by
using incubation time as a criterion. Ke et al. [14,15] studied the dynamic and static mechanical
properties of rocks under freeze-thaw cycles. Zheng et al. [16] enriched the detection methods
of water-induced mine disasters by studying the influence of water on the induction signals of
rock failure charge. Chang et al. [17] studied the tensile strength characteristics of sandstone,
mudstone, coal, and medium sandstone under different water content states. Geng [18]
tested dynamic damage to sandstones using acoustic emission technology, and concluded
that water absorption reduces brittleness but increases ductility. Taiki [19] carried out uniaxial
compression tests on clay with cracks of different prefabricated lengths and different water
contents, and concluded that the deformation modulus depends on the water content, but
has nothing to do with crack length. Li [20] studied the energy storage and acoustic emission
characteristics of rock under different water content states. Wang [21] studied the influence of
moisture content on the characteristic strength of soft coal, and found that the shear strength
reached the maximum when the moisture content was 4.23%. Zhao [22] studied the surface
characteristics, porosity, and permeability of limestone treated with different temperatures by
dry-ice cooling. Liu [23] conducted SHPB tests on limestone treated at different temperatures
under different confining pressures, and the test results showed that 400 °C was an inflection
point of dynamic properties.

The strength and other mechanical properties of deep sandstone are affected not only
by temperature and groundwater, but also by its own inhomogeneity and size [24]. Scholars
at home and abroad have studied the mechanical properties and failure modes of annular
specimens with holes by simulating their own cracks and internal channels. Wang et al. [25]
carried out an experimental study on radial compression of annular granite under various
temperature and humidity conditions, and found that the maximum tensile strain could
be used as a failure judgment parameter for annular granite. Wu et al. [26] used annular
sandstone specimens with different inner diameter to conduct Brazilian disc splitting tests.
Yang et al. [27] constructed a discrete element model for Brazilian disc splitting testing
of a single-hole disc, and studied the influence of aperture and eccentricity on specimen
deformation and strength characteristics. You et al. [28] conducted triaxial compression
tests on marble samples with two different channels to analyze their bearing capacity and
deformation characteristics. It was concluded that the different characteristics of marble affect
the deformation and damage to marble specimens. Ying [29] conducted impact loading tests

106



Appl. Sci. 2022, 12, 4608

on a tunnel’s surrounding rock in different directions to analyze its fracture toughness and
other characteristics, which was of great value to tunnel engineering research.

It can be seen that the rock dynamic properties of temperature-water coupling are
worthy of further study. Since the rock’s inhomogeneity is also the main factor affecting
its mechanical properties, this test drilled the sandstone specimen and then carried out
temperature-water coupling treatment at different temperatures (25 °C~95 °C), so as to
study its physical properties, dynamic properties, and failure mode. Annular sandstone
specimens can be used not only to simulate the influence of inhomogeneity on mechanical
properties, but also to simulate the failure law of shaft walls affected by transverse load
in the process of shaft excavation. Because rock’s failure mainly depends on its tensile
strength, but it is difficult to directly measure the tensile strength, the Brazilian disc splitting
test was adopted in this experiment [30].

2. Materials and Methods
2.1. Sandstone Specimen Processing and Preparation

According to the requirements of the test specification [31,32] and the dynamic test
specification [33], the sandstone required for the test was cored, cut, and polished. The
height and diameter of the processed sandstone specimen were 25 mm and 50 mm, respec-
tively. In the preliminary experiment, the failure characteristics and data processing of the
10 mm aperture specimen were more representative, which was convenient for the final
results’ analysis. Therefore, a 10 mm drill bit was used for drilling in this experiment. The
center of the circle was found on the specimen and marked with a marker. Then, a drilling
machine was used for drilling. In order to prevent the influence of friction heating on the
strength of the drill bit, water was used to cool and lubricate the drill bit during drilling.
The effect diagram of drilling the specimen is shown in Figure 1.

Figure 1. Drilling effect drawing.

2.2. Experimental Plan

The sandstone in this paper was taken from the roadway sandstone of a coal mine,
and the depth of the mine’s bottom is about 600 m. Combined with the local geological and
climatic conditions, we improved the test scheme. Because the temperature of the bottom
of the mine is kept above 25 °C all year round, and the water temperature reaches 100 °C,
boiling occurs. The annular and intact sandstone specimens were subjected to temperature—
water coupling treatment at eight temperatures (25 °C~95 °C), followed by SHPB impact
testing. It was found that when the impact pressure was 0.3 MPa, the waveform obtained
from the test was better and more conducive to data processing. Therefore, the impact
pressure was set to 0.3 MPa in this test. At the end of the test, the test data were processed,
and the dynamic properties and failure modes of the annular sandstone specimens were
analyzed and compared with those of the intact sandstone specimens, so as to analyze the
influence rule of the annular sandstone’s dynamic properties.

After processing, the two specimens were treated with thermostatic water baths at
different temperatures. In order to ensure that the sandstone specimens met the water satu-
ration condition, each temperature gradient was treated with a 48h constant-temperature
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water bath. After the temperature-water coupling effect, the surface of the sandstone
specimen was dried, its mass and its internal and external diameter were measured, and
then the specimen was placed on the SHPB pressure bar for dynamic splitting tensile testing
after different water bath temperatures.

2.3. SHPB Test Device
The pressure rod device (SHPB) used in this study is shown in Figure 2.

Figure 2. SHPB test device.

Brazilian disc splitting tests were carried out on the annular and intact sandstone
specimens treated by temperature-water coupling with eight temperature gradients. Im-
mediately after the impact, the test data were saved and the post-impact fragments were
collected. The clamping mode of the specimen is shown in Figure 3.

Figure 3. Clamping method of the specimen.

Through the data collected with the signal collection device, the data were calcu-
lated and processed, and the dynamic parameters required by the test—such as impact
load P(t), dynamic strain ¢, and average strain rate ¢,—were obtained. The calculation
principle [34,35] is shown in Formula (1).

P(t) = EoAoler(t) — er(t)] = EoAoer(t )
e(t) = 25 [T [er(t) —er(t)]dt = 352 [ er(t)dt 1)
é(t) = =2 [er () —ex(t)] = —@sR(t)

where Ej is the elastic modulus, and Ay is the cross-sectional area of the press bar material.
g1 is the incident strain, ey is the reflected strain, and e is the projected strain.
Cp is the longitudinal wave velocity of the pressure bar device;
0o is the material density of the pressure rod device;
D is the diameter of the sandstone specimen;
T is the duration of the stress waves.

3. Analysis of Test Data
3.1. Physical Properties Analysis

Photos of sandstone specimens treated with different water temperatures are shown
in Figure 4
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25 %€ 35°C 45 °C 55°C 65 °C 75 °C 85/%C 95°C
Figure 4. The apparent morphology of sandstone specimens after the effect of temperature-water coupling.
As can be seen from the picture, the increase in the water temperature lightens the
surface color of the specimen. The specimen numbers also gradually became blurred under
the temperature-water coupling effect. When touching the specimens’ surface gently with
the hand, the higher the water temperature, the stronger the surface frosting feeling, and
the more granular fine sand floating on the specimen surface.
Before and after the temperature-water coupling effect, the physical basic data of the
sandstone specimens were calculated, and the results are shown in Table 1.
Table 1. Comparison of physical data before and after temperature-water coupling.
Temperature Speci Before Temperature-Water Coupling After Temperature-Water Coupling
l(’o o) Ige;l:lr’\e: Mass Volume Density Mass Volume Density
umoe ® (mm®) (g/mm®) ® (mm?) (g/mm?)
25 GB33-01 122.98 47.05 2.61 123.20 47.10 2.62
GB33-02 123.25 47.24 2.61 123.63 47.28 2.62
35 GB33-03 123.81 47.51 2.61 124.12 47.54 2.61
GB33-04 123.58 47.09 2.62 123.93 47.17 2.63
45 GB33-05 122.31 47.23 2.59 122.61 47.30 2.59
GB33-06 123.51 47.14 2.62 123.89 47.18 2.63
55 GB33-07 124.03 47.30 2.62 124.37 47.30 2.63
GB33-08 121.11 46.91 2.58 121.44 47.01 2.58
5 GB33-09 121.45 47.42 2.56 121.83 47.48 2.57
GB33-10 123.96 47.31 2.62 124.24 47.33 2.62
75 GB33-11 123.76 47.41 2.61 124.10 47.44 2.62
GB33-12 124.21 47.51 2.61 124.52 47.56 2.62
85 GB33-13 124.13 47.61 2.61 124.41 47.62 2.61
GB33-14 124.12 47.60 2.61 124.45 47.62 2.61
%5 GB33-15 122.34 47.29 2.59 122.61 47.29 2.59
GB33-16 121.98 47.11 2.59 122.22 47.12 2.59
25 GB33-17 133.23 48.85 273 133.73 49.07 2.73
GB33-18 126.55 48.80 2.59 127.32 49.16 2.59
35 GB33-19 127.25 48.89 2.60 127.91 49.21 2.60
GB33-20 125.96 49.00 2.57 126.60 49.39 2.56
45 GB33-21 129.60 49.45 2.62 130.13 49.42 2.63
GB33-22 127.84 49.54 2.58 128.76 49.31 2.61
55 GB33-23 126.77 48.94 2.59 127.31 49.00 2.60
GB33-24 129.52 49.65 2.61 130.40 50.37 2.59
5 GB33-25 129.27 48.56 2.66 129.74 48.95 2.65
GB33-26 134.65 49.26 273 135.55 49.55 2.74
75 GB33-27 125.92 48.89 2.58 126.49 49.14 2.57
GB33-28 127.46 48.92 2.61 128.12 49.16 2.61
85 GB33-29 129.17 49.29 2.62 129.83 49.49 2.62
GB33-30 129.15 48.93 2.64 129.60 49.05 2.64
95 GB33-31 127.22 48.85 2.60 127.72 48.87 2.61
GB33-32 128.66 49.04 2.62 129.09 49.05 2.63
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The basic physical properties of sandstone before and after temperature-water cou-
pling were analyzed according to the data in the table.
The curve of the mass growth rate is shown in Figure 5.

m) = 0.166 + 0.004t — 3.857 x 1075¢2(R* = 0.9731

@)
mly = 0.308 + 0.010¢ — 9.538 x 107°#2(R? = 0.9780

where m7’ is the annular sandstone specimen’s mass growth; m,’ is the intact sandstone
specimen’s mass growth.
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Figure 5. Mass growth rate varies with water temperature.

The mass growth rate curve satisfies the quadratic function relation, and an inflection
point appeared at 45 °C. The mass growth rate of the intact sandstone specimens was larger.
The correlation coefficients of the two specimens’ fitting curves were 0.9731 and 0.9780,
respectively, showing a strong correlation. Analysis of the reasons shows that the overall
volume of the intact sandstone specimen was larger, and more water could be absorbed,
which entered the internal cracks of the sandstone and increased its mass. At the same time,
the increase in water temperature enlarged the cracks in the sandstone specimen, enabling
it to absorb more water, so its mass increased first. However, with the increase in water
temperature, some granular sand appeared and flaked off on the surface of the specimen,
resulting in a decrease in quality. When the temperature exceeded 45 °C, the amount of
degradation damage exceeded the amount of water absorption, so the mass growth rate
decreased; thus, the mass growth rate first increased and then decreased.

The curve of the volume growth rate is shown in Figure 6.

V] = 0.040 + 0.003t — 4.032 x 107°#?(R? = 0.9894

V3 = 0.061 + 0.036¢ — 3.696 x 1072 R? = 0.9860 ®
where V4’ is the annular sandstone specimen’s volume growth; V5 is the intact sandstone
specimen’s volume growth.

The volume growth rate first increased and then decreased with the increase in water
temperature, and the correlation coefficient reached 0.9894 and 0.9860, respectively, show-
ing a strong correlation. The volume growth rate of the intact sandstone specimen was
greater, because the volume of the intact sandstone specimen was larger and could absorb
more water, resulting in the increase in internal cracking, so the volume growth rate was
higher. Similarly, the increase in water temperature not only increased the volume, but
also caused the deterioration and damage of the specimen, with part of the surface falling
off, leading to a decrease in the overall volume, so the trend of first increasing and then
decreasing appeared.
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Figure 6. The volume growth rate varies with water temperature.

The density growth rate presents a law under mass and volume changes, as shown in
Figure 7.

) = 0.243 — 0.003t + 3.242 x 10722 (R? = 0.9515 @
5 = 0.362 — 0.025¢ + 2.649 x 10722 (R? = 0.9914

where p;’ is the annular sandstone specimen’s density growth; p,’ is the intact sandstone
specimen’s density growth.
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Figure 7. Density growth rate varies with water temperature.

Because volume growth is greater than mass growth, density first shows a decreasing
trend. When the temperature exceeds 45 °C, the mass growth rate is greater than the
volume growth rate, so the density growth rate tends to increase. Due to the better integrity
and greater volume and mass of intact sandstone specimens, their density growth rate
changes more obviously under the temperature—water coupling.

3.2. Dynamic Performance Analysis

When studying the dynamic properties of the two sandstone specimens, applying
Vaseline to the surface of the specimen and pressure bar can reduce friction and end-face
resistance, so as to improve the reliability of the test data. The impact test data have a large
dispersion, so we prepared five sandstone specimens of each type. In order to make the
test results more convincing, we selected two data within the error range of 15% and took
their average value.

After processing the test data, the results are shown in Table 2.
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Table 2. SHPB test data.

Annular Sandstone Specimens Intact Sandstone Specimens
Temperature Speci Speci
I()oc) 1\1;::111]11)1:11—1 Peak Stress S’;::i‘:algaete Peak Strain 15::::;::1 Peak Stress StI: :ier:alg:te Peak Strain
(MPa) 1) (x10-3) (MPa) 1) (x10-3)
25 GB33-01 17.06 84.50 2.86 GB33-17 25.26 81.30 3.62
GB33-02 15.29 84.40 2.81 GB33-18 26.19 81.70 3.54
35 GB33-03 17.21 83.50 2.64 GB33-19 26.91 80.80 3.43
GB33-04 16.69 83.30 2.73 GB33-20 26.25 80.70 3.49
45 GB33-05 16.48 83.60 2.50 GB33-21 27.31 80.70 3.03
GB33-06 17.54 83.10 2.40 GB33-22 26.60 79.90 3.38
55 GB33-07 15.10 83.40 2.60 GB33-23 26.62 80.30 3.58
GB33-08 17.52 83.80 2.88 GB33-24 26.32 80.90 3.56
65 GB33-09 16.73 84.60 3.24 GB33-25 26.41 79.70 4.02
GB33-10 14.51 84.00 2.81 GB33-26 26.10 83.20 4.09
75 GB33-11 15.48 84.60 3.89 GB33-27 25.73 82.00 4.52
GB33-12 15.08 85.30 3.97 GB33-28 25.96 81.30 4.54
85 GB33-13 15.00 85.90 4.93 GB33-29 25.01 83.20 5.21
GB33-14 13.26 86.20 4.68 GB33-30 25.33 83.10 5.25
5 GB33-15 13.80 85.60 5.46 GB33-31 21.97 85.20 5.61
GB33-16 12.95 88.00 5.02 GB33-32 25.36 83.30 5.64

3.2.1. Stress—Strain Relationship Analysis

The stress—strain relationship of the two sandstone specimens is shown in Figure 8.
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Figure 8. Stress—strain curves: (a) stress—strain curves of annular sandstone specimens; (b) stress—
strain curves of intact sandstone specimens.

By comparing and analyzing the stress—strain curves of the two sandstone specimens
with different structures, their dynamic properties can be preliminarily obtained. The dy-
namic tensile strength of annular sandstone is obviously lower than that of intact sandstone,
due to the influence of pores. The slope of the curves of the two sandstone specimens also
changes with the increase in temperature under the temperature-water coupling effect.
The slope of the curves of the two sandstone specimens also changes with the increase in
temperature under the temperature-water coupling effect.

3.2.2. Dynamic Tensile Strength Analysis

The tensile strength of the specimen is consistent with the peak stress, and the in-
stability failure occurs when the sandstone specimen reaches the tensile strength. After
testing and data processing, the peak of the dynamic stress—strain curve is the dynamic
tensile strength.
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Dynamic tensile strength is shown in Figure 9.

Py (t) = 15.045 — 0.085¢ + 0.001 x 10-5¢2(R? = 0.9598

®)
Py (t) = 23.133 — 0.145¢ + 0.001 x 10-5¢2(R% = 0.9682

where Pq(t) is the annular sandstone specimen’s dynamic tensile strength; P5(t) is the intact
sandstone specimen’s dynamic tensile strength.
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Figure 9. Relationship between dynamic tensile strength and water temperature.

According to the analysis, the peak tensile strength of the two sandstone specimens
changed at 45 °C. Through quadratic function fitting, the correlation coefficients reached 0.9598
and 0.9682, respectively, showing strong correlation. In the process of testing, water entered
the internal void. Considering the influence of water bonding force and the Stefan effect [36],
the strength of the specimens was enhanced to a certain extent. After 45 °C, the effects of
temperature and water on the damage to the specimen are greater than its enhancement.
Partial spalling occurred on the surface of the specimens, internal cracks increased, and
the specimens were more prone to instability failure. Therefore, the peak strength of both
specimens gradually decreased. Because the annular sandstone specimen had lower integrity,
its peak tensile strength was lower than that of the annular sandstone specimen.

3.2.3. Average Strain Rate Analysis

The failure difficulty of specimens can be reflected by the average strain rate.
The variation in the average strain rate with water temperature is shown in Figure 10.
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Figure 10. Relationship between average strain rate and water temperature.

Average strain rate first decreased but then increased with the change in water tem-
perature, and an inflection point appeared at 45 °C. The correlation coefficients reached
0.9614 and 0.9750, respectively, by quadratic function fitting, indicating obvious correlation.
This was related to the dynamic tensile strength. Under the influence of water bonding
force and the Stefan effect, the dynamic tensile strength of the specimens increased, so the
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failure difficulty of the specimens increased and the average strain rate decreased accord-
ingly. When the water temperature exceeded the inflection point, the damaging effects of
temperature and water were more obvious, so the specimens were easier to destroy and the
average strain rate increased accordingly. Due to the influence of its structure, the dynamic
tensile strength of the annular sandstone specimen was low, and this specimen was more
prone to failure. Therefore, the average strain rate of the annular sandstone specimen was
lower than that of the intact sandstone specimen.

&1 = 86.454 — 0.128f + 0.001 x 10752 (R? = 0.9614

4 6)
& = 84.258 — 0.157f + 0.002 x 10752 (R? = 0.9750
where ¢; is the annular sandstone specimen’s average strain rate; ¢, is the intact sandstone
specimen’s average strain rate.

3.2.4. Peak Strain Analysis

The peak strain can also reflect the degree of failure and breakage to a certain extent.

The peak strain first decreased and then increased with the increase in temperature,
and reached the inflection point at 45 °C, while the correlation coefficient reached 0.9713 and
0.9720, respectively, indicating an obvious correlation. Consistent with the dynamic tensile
strength and average strain rate, the water bonding force and Stefan effect increased the
specimens’ strength, so the peak strain decreased. As the water temperature increased,
damage was the main effect, making the specimens easier to damage and increasing the
peak strain. According to the figure, the integrity, peak strength, and peak strain of intact
sandstone specimens are higher than those of annular sandstone specimens. In the impact
test, the annular hole played a buffer role, and the inner ring was squeezed first when it
was impacted by the pressure bar, so the peak strain of the annular sandstone specimen
was slightly lower than that of the intact sandstone specimen.

The variation of peak strain with water temperature is shown in Figure 11.

e = 4.101 — 0.076f + 9.554 x 10752 (R? = 0.9713

)
€1y = 4.343 — 0.051¢ + 7.021 x 10752 (R? = 0.9720

where e7; is the annular sandstone specimen’s peak strain; er; is the intact sandstone
specimen’s peak strain.
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Figure 11. Relationship between peak strain and water temperature.

3.3. Failure Mode Analysis

Failure modes can also reflect the dynamic characteristics of sandstone specimens to a
certain extent.
The failure modes of each water temperature gradient are shown in Figure 12.
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Figure 12. Fracture morphology of sandstone specimens.

Through observation and analysis, we found that the annular sandstone specimen
under impact load was mainly divided into four parts, accompanied by some small frag-
ments spalling. The specimen was first cracked along the axis of the incident bar, and then
the upper and lower parts were extruded, cracked from the edge of the specimen, and
destroyed along the direction of the internal fissure. The failure mode was type I failure.
When the water temperature was 45 °C, the fragments were mainly divided into four parts
of similar size, which were broken apart along the central axis and the vertical central axis.
When the temperature was greater than or less than 45 °C, the strength of the specimen
was low, and the size of fragments was not uniform. It can be concluded that the failure
of the upper and lower parts of the specimen was mainly along the internal cracks, thus
showing irregularity. Therefore, at 45 °C, the integrity of the sandstone specimens was
better. The fracture morphology of the complete sandstone specimen was split along the
central axis, leaving two fan-shaped fragments, small fragments, and powder. At the same
time, we found that the fan-shaped area of the sandstone specimen was larger at 45 °C,
indicating that its strength was higher. The failure modes of the two sandstone specimens
meet the validity conditions of the Brazilian disc test.

The fracture morphology can be verified laterally, based on the dynamic tensile
strength, average strain rate, and peak strain variation scale of the sandstone specimens.
It was proven that 45 °C is an inflection point for the dynamic parameters of sandstone
specimens with temperature-water coupling.

3.4. XRD Pattern and SEM Photo Analysis

After the impact test, an X-ray diffractometer and an electron microscope were used to
conduct XRD and SEM tests on sandstone specimens, respectively, so as to measure their XRD
patterns and SEM images. The measured data are shown in Figures 13 and 14, respectively.

After the analysis of the XRD patterns, no new substances were found in the sandstone
after the temperature-water coupling effect. The composition of sandstone is mainly SiO,,
with a small amount of K, (PtCl); and CaCuV;,0;. SEM images show the morphological
characteristics of the sandstone fracture surface. As the temperature of the temperature—
water coupling increased gradually, the fracture surface became coarser, and angular grains
appeared at the fracture surface (the coarsest at 45 °C). The XRD patterns and SEM image
analysis show that the dynamic properties of sandstone are mainly determined by the
internal structural changes after the temperature-water coupling effect.
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Figure 13. XRD patterns of sandstone specimens treated with different water bath temperatures.
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Figure 14. SEM photos of sandstone specimens treated by water bath at different temperatures.
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4. Conclusions

In this study, eight temperature gradients (25 °C~95 °C) were used to conduct
temperature-water coupling treatment for annular sandstone specimens and intact sand-
stone specimens, followed by testing of their dynamic splitting mechanical properties
(SHPB). The following conclusions were obtained:

(1)  After the water bath, the growth rate of the mass and volume of the sandstone
specimens first increased and then decreased with the increase in temperature, and
the growth rate of density first decreased and then increased under the joint influence
of mass and volume changes, both of which met the quadratic function relationship.

(2)  The peak strength, average strain rate, and peak stress of the two sandstone specimens
all met the quadratic function relation, the correlation was very strong, and the law of
increase and decrease at 45 °C changed.

(3) Due to the influence of its structure, the strength of annular sandstone is obviously
lower than that of intact sandstone. However, the prefabricated holes in the annular
sandstone specimens have a certain buffer effect on the impact load, so the strain
is lower.

(4) The fracture morphology of the two sandstone specimens was consistent with the
Brazilian disc splitting model. In addition, the fragmentation morphology changed
with temperature to different degrees, and tended to be complete at 45 °C.

(5) The changes in the basic physical parameters and dynamic properties of sandstone
samples after temperature-water coupling mainly depend on their internal structural
damage, and their material composition does not change with the increase in the
water bath temperature.
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Abstract: The seepage characteristics during the complete stress—strain process of limestone under
high water pressure were simulated via an experimental study of limestone post-peak penetrating
behavior, and an approach to predict the formation of the seepage channel, namely, acoustic emission
positioning technology, is proposed. The results showed that (1) whether in the experiment or in
the numerical simulation, the sudden drop in the stress—strain curve after peaking indicated the full
formation of shear fractures and seepage paths. (2) By using acoustic emission positioning technology
in the simulation, the entire stress—strain process of limestone, from microfracture initiation and
compaction to transfixion, could be monitored to observe the dynamic and real-time development of
the microfractures. (3) The combination of acoustic emission technology with seepage monitoring
revealed the real-time location and growth direction of micro ruptures and predicted the depth
of penetration. The developed approach can improve forecast accuracy for landslides involving a
low-permeability rock mass with cracks. In this study, limestone post-peak seepage characteristics
were analyzed, and a method to forecast the formation of rock seepage paths before transfixion is
provided. This work could provide a reference and guiding elements for ensuring the safety of slopes
with high internal water pressure.

Keywords: fractured limestone; hypertonic pressure; complete stress—strain process; permeability
characteristics; acoustic emission; damage prediction

1. Introduction

Energy shortage is one of the bottlenecks that restrict national economic development.
China ranks first in the world in terms of water resources, most of which are distributed
in Southwestern Sichuan, Yunnan, and Tibet Provinces where the terrain is challenging.
The construction of large and extra-large water conservancy and hydropower projects in
these areas faces the stability problem of high and steep slopes, resulting in considerable
personnel safety concerns and possible property losses [1]. Although the permeability of
rock engineering slopes is low [2], such slopes have many joints and cracks that provide
channels for water infiltration. In China, especially in slopes in the southern region, the
existence of water reduces the effective stress and changes the saturation of the slopes,
leading to instability of slopes subjected to engineering work.

Studying the seepage law of water in rocks in essential to analyze the influence of
water on the stability of rock slopes. Since Darcy’s law was put forward 150 years ago,
researchers have achieved fruitful results in the study of rock seepage. Theoretical and
experimental research results for single-fracture seepage under the condition of saturated
seepage are abundant and include the influence of fracture surface geometry and extension
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characteristics on the seepage law of fractures, the applicable conditions and correction of
the seepage cubic theorem, and the change in the seepage characteristics and seepage law of
fractures under deformation or load conditions [3—6]. Studies on the seepage characteristics
and seepage movement of fractured rock mass have mainly adopted equivalent continuum,
discrete network, and mixed models [7-12]. Many scholars [12-15] studied the evolution of
the permeability characteristics of rock blocks in the process of deformation and progressive
failure, and their results revealed a strong permeability scale effect. However, due to the
complexity of rock structures and the differences in physical experimental conditions
and environments, the test results are not generalizable and thus are limited. Effective
geophysical research methods must be developed to study the influence of slope rock mass
damage and fracture on rock mass permeability in the process of rock mass excavation and
loading [16].

Rock permeability has two components [17]. One is the permeability of the primary
pores and cracks in rocks, and the other is the permeability change caused by rock failure.
Experimental and numerical research on the permeability of primary pores and cracks
in rocks is extensive, but studies on the entire process of permeability change caused by
rock failure are relatively scarce. Li Shiping [13] conducted many sandstone total stress—
strain-permeability experiments and obtained the rock permeability—strain relationship
equation. This article mainly studied the influence of the stress level on rock permeability
and the permeability—strain equation of rock. It studied the permeability characteristics
of fractured limestone under high osmotic pressure (>1 MPa). A method combining
acoustic emission location with seepage measurement was proposed to determine the
formation of seepage channel. Yang Tianhong et al. [18] studied the relationship between
rock permeability and damage evolution (fracture) from the perspective of seepage-stress—
damage coupling by using a numerical method. Although these studies deepened our
understanding of the effect of rock fracture on rock permeability, most of them focused
on rocks with good permeability (e.g., sandstone), whereas minimal attention has been
devoted to rocks with low permeability [19] (e.g., limestone and granite). Rocks with low
permeability are difficult to observe at the initial stage of loading. Only when a rock is
cracked under a load and broken through will permeability increase sharply, which is
extremely unfavorable to the stability of the slope. Given that the seepage and failure
processes of rocks are time-dependent, studying the seepage characteristics of rocks in
relation to time and fracture is also essential. Such investigations can improve stability and
rock slope predictions by identifying the seepage characteristics of low-permeability rocks
during the fracture process.

In this study, a non-Darcy steady-state seepage test was conducted on limestone sam-
ples after the peak by using the triaxial seepage test system produced by TOP INDUSTRIE
Company in France. The relationship between the seepage velocity and pressure gradient
and the curve of axial strain and water head pressure under different hydrostatic pressures
after the peak were obtained, and regular results were achieved. Unlike in the numerical
test method, in the physical test method, the specimen is wrapped in a closed cylinder.
The entire failure process of the specimen cannot be observed, and even the occurrence of
failure cannot be judged by the naked eye. Therefore, this study used a special numerical
simulation method to establish a plane model of non-uniform rock sample seepage, and
the whole failure process was investigated from the meso perspective. The specific research
contents are as follows. (1) Limestone is dense in texture, and its permeability is mainly
fracture permeability. Therefore, prefabricated weak surface and prefabricated weak zone
models were adopted in the current study, and the seepage channel was formed by axial
loading. The stress state change of the rock samples and the evolution law of perme-
ability in the process of damage and failure under high osmotic pressure were studied.
The analysis focused on the variation of the stress—strain—permeability coefficient during
the whole process and of the permeability law during crack initiation, propagation, and
coalescence. (2) The prefabricated weak surface was similar to the crack formed by artificial
splitting, so the biting effect of the crack surface was worse than that of the natural crack,
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and the roughness and fluctuation of the natural crack surface could not be effectively
simulated. Therefore, the shear crack formed by the force of the complete model was also
regarded as the seepage channel to simulate the permeability characteristics of the natural
crack. (3) Rock as a brittle material exhibits the acoustic emission phenomenon during its
failure process. The failure of rock samples can be predicted by monitoring and collecting
acoustic emission information during the failure process. By collecting acoustic emission
information during the failure process of the three models mentioned above, the failure
and seepage catastrophe of the samples in this study were predicted. (4) Through numeri-
cal simulation, the whole stress process, micro-fracture distribution, crack development
direction, and permeability of the rock samples were revealed to vividly and concretely
reflect the crack situation. The results can provide a reference for the real-time control and
prevention of accidents.

2. Calculation Method of Seepage Velocity in the Rock Total Stress—Strain Process

The key task in rock seepage—stress coupling is to study the variation in the permeabil-
ity coefficient during deformation and failure. Experimental studies play an irreplaceable
role in examining the seepage characteristics of rock fractures. Limestone is dense in
texture and it is permeable mainly in cracks [20]. Permeability changes in limestone speci-
mens during deformation are directly caused by the initiation, opening, and connection of
cracks [21].

Many studies have shown that for a fractured rock mass, the coupling of stress and
seepage fields is based on the fluid—solid coupling problem of a single fracture. The
cubic law is the basis for studying the seepage of a single fracture [22]. When a fractured
surface exists in a completely impervious rock mass, it is completely parallel and smooth.
Poiseuille derived the theoretical formula of fluid motion in a smooth parallel plate gap
under the condition of homogeneous constant motion for a viscous incompressible fluid,
as follows [23]:

_gp?,_gb®
U= 12070 = gy M

where u is the average velocity (m/s) of the fluid in a fracture with opening b, g is the gravi-
tational acceleration (m/s2), v is the viscous coefficient of fluid motion, ] is the hydraulic
gradient, and q is the flow rate (m?/s).

He Yulong et al. [24]. applied the cubic criterion to rock fracture seepage and found
that it is effective, as shown in Figure 1. In the implementation process of this test scheme,
when the water pressure difference between the two ends of the rock sample is large, the
fissure water pressure causes additional deformation of the rock surface on both sides of
the fissure runoff, which increases the width of the fissure. Hence, the cubic criterion is still
valid for open rough joints. The following formula is used to calculate seepage velocity:

=9 %)

where u is the seepage velocity, Q is the flow, and A is the cross-sectional area of the specimen.
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Figure 1. Validity of the cubic law for different fractured joints.

3. Brief Introduction to the Physical Test for Limestone Specimens
3.1. Test System and Procedures (The Numerical Simulation Method Uses the FEM)

The triaxial rheological test system developed by Lille University of Science and
Technology and produced by TOP INDUSTRIE Company in France (Figure 2) was used
in this experiment. The test system has three independent loading devices for confining
pressure, axial pressure, and pore water pressure. It has the following functions and
characteristics. (1) The specially designed water pressure application system has a high flow
rate and stable flow and pressure and can directly output up to 70 MPa of water pressure,
thus meeting the requirements of the steady-state seepage test under high permeability
pressure. (2) The specially designed fluorinated rubber sleeve ensures the complete isolation
of pore water pressure and confining pressure. (3) The high confining pressure (up to
70 MPa) and high axial pressure (up to 100 MPa) can realize strain and stress loading
control, and the control precision is +0.01 MPa. (4) Data collection is fully automatic.

Figure 2. Experimental system and specimen installation. (a) Air exhaust. (b) Entering the loading
room. (c) Installation specimen.

The specific test steps implemented in this study were as follows. First, a 2 MPa
net confining pressure was applied to the rock sample, followed by axial displacement
(0.05 mm/min). Second, a net confining pressure was applied, and stress control was
implemented and maintained at 3 MPa. The first-order water pressure was 0.3 MPa (the
classification standard is 1/10 points of the confining pressure at all levels) at the inlet, and
the outlet was maintained at atmospheric pressure. Third, the first-order water pressure
was maintained for a certain period. After the deformation of the specimen stabilized,
the deformation of the specimen was recorded, and the seepage velocity and axial and
circumferential strains were measured. Fourth, the next level of water pressure was applied.
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After the application of all levels of water pressure under the net confining pressure of each
level was completed, the second level of confining pressure and all water pressure levels
under it were applied.

The deformation of rock mass under the action of stress and humidity includes the
deformation ¢, caused by stress and the deformation ¢y, caused by humidity; the total
deformation is

gy = g A = agyho

In the formula &y, is the contraction coefficient; hy is the initial relative humidity
(100%).

When the relative humidity is higher than 50%, the relationship between the strain of
rock mass and the variation of relative humidity can be approximately considered as linear:

0 = Altye 4+ 2pue — (A +2p) + €41

In the formula. A and y are Latin constants, i.e., y = 2(17&1/)’ A= 15

3.2. Test Results and Analysis

The test results showed that when the hydrostatic pressure was simulated by a 2 MPa
net confining pressure, and 1 MPa seepage pressure was applied to the specimen under
uniaxial loading, the failure of the specimen was manifested in shear cracks, which were
closer to the natural cracks than those formed by artificial splitting (Figure 3). Owing to the
limitation of the test methods, Darcy’s law is generally used in tests of rock permeability.
It requires the setting of a stable water pressure difference and seepage velocity, and the
seepage velocity is converted by the amount of seepage water in a certain period. Given
the limitation in the number of tests and the length of the article, the following shows only
the test results for Specimen 2#. The stress—strain curve for Specimen 2# during uniaxial
compression under hydrostatic pressure is shown in Figure 4a. The stress—strain curve
began to decline after the peak value, and the amplitude was large. Given that the rock
sample was located inside the instrument and could not be observed with the naked eye,
the method for judging shear cracks was as follows. First, a sudden decrease in stress
meant that the rock sample could be damaged. Second, because the limestone used in this
study had a dense texture and poor permeability, the permeability of the intact rock block
relative to the permeability of the fracture could be ignored. Therefore, in the axial loading
process, the pore water pressure remained unchanged, and the outlet valve was opened.
At this time, the amount of seepage water could be observed. When the outlet pore water
pressure decreased then slowly increased, the shear fracture had penetrated; otherwise, the
test failed.

(@ (b)

Figure 3. Shear damaged limestone samples. (a) 1# test specimen, (b) 4# test specimen, (c) 8# test
specimen, (d) 12# test specimen.
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Figure 4. Experiment results for Sample 2#. (a) Stress—strain curve. (b) Post-peak strain-head
pressure curve.

Figure 4b shows the experimental curve of axial strain and head pressure under
different hydrostatic pressures after the peak. When the stress—strain reached its peak
value, shear cracks were completely formed. With the further increase in the axial strain
of limestone, the formed fracture pressure closed, the fracture width decreased, and the
permeability decreased. This phenomenon can be seen in Figure 4b. Under the three
hydrostatic pressures, the head pressure decreased with the increase in strain. Similarly,
with the increase in hydrostatic pressure, the width of the cracks and the amount of seepage
decreased. Moreover, under the three hydrostatic pressures, the strain and head pressure
test curves of the specimens were basically consistent.

4. Numerical Simulation of Permeability in the Whole Process of Rock Fracture under
High Permeability Pressure

4.1. Numerical Calculation Method and Numerical Model

The seepage—failure characteristics of limestone can be obtained from test results.
However, due to the limitations of the physical test itself, observing the whole process of
crack initiation and propagation in the specimen and revealing the flow process of water in
the shear cracks are difficult. Therefore, this study used a numerical method to simulate
the whole process of seepage—damage—failure of limestone. The sample size used in the
numerical model was consistent with that adopted in the test, namely, H x W = 100 mm
x 50 mm. The model was divided into 400 x 200 units, with pads at both ends. In this
calculation, the permeability coefficient of the cushion plate was assumed to be larger
than that of the sample so that the water could penetrate into the rock sample through
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the cushion plate as soon as possible. The model size and loading are shown in Figure 5,
Section 1-1. The mechanical parameters of the sample are shown in Table 1.
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Figure 5. Loading diagram of the numerical simulation test and image of the model failure stress (MPa).
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Table 1. Sample mechanical properties (average value).

Parameter Name Unit Numerical Value
Mean elastic modulus E MPa 50,000
Parameters of the : g
i = Intensity MPa 100
specimen (m =2) Poisson rafio 0.25
Permeability coefficient m/d 1.00 x 108
Parameter Name Unit Numerical Value
Mean elastic modulus E MPa 150,000
Pad parameters : !
(homogeneous) Intensity MPa 300
Poisson ratio p 0.2
Permeability coefficient m/d 1
Parameter Name Unit Numerical Value
Prefabricated weak Mean elastic modulus E MPa 20,000
surface (weak zone) Intensity MPa 20
parameters (m = 3) Poisson rafio p 0.25
Permeability coefficient m/d 1.00 x 1078

4.2. Evolution Law of the Permeability Coefficient in the Whole Process of Model Stress-Strain

The final failure modes of the prefabricated weak surface model (Model 1), prefabri-
cated weak zone model (Model 2), and complete model (Model 3) are shown in Figure 6,
and the stress—strain—permeability curves are shown in Figures 7a, 8a and 9a, respectively.
Comparison of the post-peak curves in Figure 6a—c with those in Figures 7a, 8a and 9a
indicated that when macroscopic shear cracks appeared in Models 1 and 3, the overall
stress level decreased, and only the local area underwent high stress, which was due to the
existence of some contact points in the shear failure zone. Both models had a certain shear
slip after failure. However, the overall stress level of Model 2 did not decrease significantly
because, although a shear failure zone formed in the weak area, the rocks on both sides
of the failure zone were still intact and could continue to be loaded, and the model did
not exhibit interlayer dislocation. Usually, sandstone has large pores high permeability.
With axial displacement loading, the pores of sandstone closed. Therefore, the permeability
coefficient began decreased slightly from the initial value at first. However, compared
with sandstone, limestone has a dense texture, a small permeability coefficient, and almost
no water permeability. Therefore, in accordance with the permeability characteristics of
limestone, the permeability process of limestone can be divided into the following stages.

1. First stage: With axial displacement loading, some elements were destroyed because the
load reached its failure strength. At this time, a micro-fracture occurred and formed a
small seepage channel, and the permeability coefficient of the model increased.

2. Second stage: The axial displacement loading continued to increase. When the
microcracks reached a certain number, the previous microcracks closed, and the
permeability coefficient decreased slightly.

3. Third stage: With the increase in external load stress, failure occurred rapidly, and the
cracks interconnected to form a shear failure zone. The penetrating cracks provided a
favorable channel for seepage, and the permeability coefficient was greatly improved
at this stage.

4. Fourth stage: The shear failure zone was gradually compacted under axial load, and
the permeability coefficient decreased. This change in permeability coefficient could
be clearly seen in both the experimental results (Figure 4b) and the numerical results.
The prefabricated weak zone model (Figure 5b) was not compacted because the intact
rock on both sides of the failure zone could continue to withstand the external load,
and the decrease in the permeability coefficient was not obvious.
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Figure 6. Numerical results of the cracked mode. (a) Whole process curve of load step-stress-
permeability coefficient. (b) Stress results of the model failure process (MPa). (c) Results of water
pressure distribution in the model failure process (m).
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Figure 7. Numerical results of the model with a weak zone. (a) Whole process curve of load step-
stress-permeability coefficient. (b) Presupposed weak zone model failure process stress results (MPa).
(c) Results of water pressure distribution during crack formation (m).
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Figure 9. Numerical load step-stress-acoustic emission curve. (a) Prefabricated weak surface model.
(b) Prefabricated weak zone model. (c¢) Complete model.

The four stages are shown in Figures 6a, 7a and 8a. With the increase in load step, the
stress increased at the same time, a microfracture slowly initiated, and the permeability
coefficient increased slowly from 0, which was the value at the first stage. As the load
step continued to increase, the microfracture closed, and the step stage appeared, which
was the second stage. After the step stage, the crack and permeability coefficient suddenly
increased rapidly, which was the third stage. Then, due to the closed fracture permeability
coefficient exhibiting a small decline, the fourth stage occurred.

Figures 6a and 8a indicate that the specimen slipped along the prefabricated joint
surface, so the stress decreased sharply. The permeability coefficient increased sharply
because the crack had penetrated. Figure 7a shows that no obvious stress drop process
occurred, so the development of cracks could not be judged by the stress—strain curve.
Figures 6b, 7b and 8b fully display the crack formation process, allowing our timely
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understanding of where the crack extended, whether it went through, and when it went
through, which were difficult to determine in the experiment. In addition, the water
pressure distribution results in the process of model failure are illustrated in different colors
in Figures 6¢, 7c and 8c to reflect the occurrence of seepage. Red represents high water
pressure, and blue represents low water pressure, that is, water permeated from top to
bottom and was sealed around. These figures fully show the process of water flowing from
top (high water pressure) to bottom (low water pressure) along the crack. The head pressure
at the crack was the largest, and a certain water pressure distribution formed near the crack
area. The area that the seepage could reach was limited due to the low permeability of
limestone itself, and almost no water pressure was observed outside the crack.

The microfractures in Model 1 were concentrated near the prefabricated joints, so
the width of the crack was small, and the water penetration rate was low. Loading to
Step 122-1 (load step 122, step 1; when element failure occurred in each loading step,
step-in-step cycle calculation was applied, but when no failure occurred in this step, the
next loading step was initiated) could not fully penetrate the entire model (Figure 6¢).
Given that the microfractures in Model 2 (Figure 5b) were mainly distributed in the weak
region, only a few microfractures occurred in the other regions, resulting in a wide seepage
channel in the weak region and a high penetration rate. By Step 65-3 (Figure 7c), the water
flow penetrated into almost the entire model height. The seepage velocity of the intact
rock block model (Figure 5c) was relatively low because the crack formation time was
long, and the microfracture had the characteristics of dispersion and disorder and was
randomly distributed in the whole model. Therefore, loading at Step 181 (Figure 8c) did
not penetrate into half of the height of the model.

Figures 6a, 7a and 8a show that the seepage velocity of Model 2 was the largest,
followed by those of Models 1 and 3 (the smallest). The reason was that the joints and weak
zones of Model 1 and 2 connected the high water head area at the top, and water could
easily pass through this area. The weak zone of Model 2 was wider than that of Model 1,
and the permeability was stronger. This is the reason why the seepage velocity of Model 2
was larger than that of Model 1. The new cracks in Model 3 did not penetrate the upper
and lower interfaces, and no effective seepage channel connecting the high water head area
was formed. Water could only penetrate the cracks from the high water pressure through
the microfracture and then through the cracks.

For the complete model and the prefabricated weak surface model, the stress sud-
den drop method can be used to determine whether a model seepage channel is formed.
However, this method does not allow judging whether a seepage channel is formed in
the prefabricated weak zone model. The prefabricated weak zone model can only judge
whether the seepage channel is formed based on the results of the water pressure distribu-
tion. Given that the results of water pressure distribution in physical experiments cannot be
vividly displayed as in numerical calculation, the seepage channel must be judged through
other means.

4.3. Prediction of Rock Permeability during Crack Propagation

The analysis of the stress—strain—-permeability curve revealed that the failure and
seepage of the model could be judged by the stress drop. However, with hysteresis,
passivity, and failure, predicting the catastrophic failure of the model was impossible. In
fact, if the microfracture of the model is located and monitored, and crack coalescence
is identified before microfracture coalescence, then crack coalescence and catastrophic
seepage can be prevented effectively. When rock micro-fracture occurs under load, some
strain energy is released in the form of elastic waves. These elastic waves can be monitored
by the acoustic emission technology. Acoustic emission positioning technology is used to
determine the location, time of occurrence, and strength of microfractures. In this way, we
can analyze the mechanical behavior of the rock fracture process in terms of time, space,
and strength and understand the defects of the current medium, both of which are crucial
to obtain information about the precursors of the main fracture. Collection and analysis
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of the data obtained through the numerical model of acoustic emission (AE) monitoring
showed that AE can effectively reflect a microfracture and that dense limestone materials
mainly show permeability in the cracks. Therefore, if the development of cracks can be
effectively predicted, then the occurrence of seepage can be effectively controlled. The
underlying specific principle has been explained in [25].

Figure 9 shows the load step-stress—acoustic emission curve of the three models.
With loading, the AE number increased slowly. Before the seepage velocity increased, AE
suddenly occurred, and the permeability coefficient increased significantly. The relationship
curve in Figure 10 indicates that AE showed certain advantages when judging the seepage
characteristics. The AE location information in Figure 10 can well reflect the occurrence
and penetration of microfractures and predict the permeability characteristics. In Figure 10,
a circle represents an AE event. The size of the circle refers to the relative energy of AE. The
white circle represents compressive failure, the red one represents shear failure, and the
black one represents a historical AE event. Under axial load, oblique cracks were produced
along the direction of the prefabricated weak plane in the prefabricated weak plane model,
which was predictable. This phenomenon can also be seen clearly from the AE location
information in Figure 10a. At Step 2—4, the model mainly exhibited minimal pressure
damage, randomly distributed throughout the model. By Step 3-5, the compressive failure
was still randomly distributed in the whole model, but the red tensile failure had begun
to concentrate along a certain line of the model (the direction of the prefabricated weak
surface). By Step 5-3, the small tensile failures formed a shear failure zone. Nevertheless,
the failure point did not penetrate the upper and lower parts of the specimen, so the water
at the upper end could not penetrate into the specimen in a wide range. Seepage along
the crack occurred only when the crack passed through the whole sample at Step 8-25.
Model 2 was mainly destroyed along the prefabricated weak zone. Figure 10b shows the
AE location information of the prefabricated weak zone model. The AE distribution of the
prefabricated weak zone model was basically consistent with that of the prefabricated weak
surface model. At Step 5-37, the crack penetrated, and the microfractures were mainly
distributed along the prefabricated weak zone.

Comparison of Figure 10a,b showed that in the early stage of loading (Figure 10c),
the microfractures of the model were randomly distributed throughout the model, and no
obvious shear microfracture occurred until Step 12-30, during which some concentrated red
damage points emerged in the middle. Once the macrocracks were produced, surrounding
unit damage was quickly induced, especially rapid damage at both ends of the crack, and
a penetrating crack formed, resulting in a shear failure zone. The failure diagram shows
that the failure mode from the numerical calculation was consistent with the experimental
result (Figure 4), and both showed a high-angle shear failure.

Figure 11 shows the distribution of the permeability coefficient of each element in the
1-1 section and the change with loading step during the loading process of the complete
model. At Step 1, the permeability coefficient did not fluctuate much and followed an
almost horizontal line. At Step 11, the permeability coefficient began to fluctuate around
the horizontal line. At Step 12, a large amplitude peak emerged near the section element
number of 30, which can be judged as a crack through the site. When loaded to Step 153,
the fracture surface was contacted and compacted by the load, resulting in a decrease in
permeability and seepage velocity at the peak position. This process is clearly reflected in
the variation of seepage velocity in the 1-1 section in Figure 11.
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Figure 10. Numerical time distribution sequence of AE positioning in the sample loading process. (a)
Acoustic emission results of Model 1’s loading process. (b) Acoustic emission results of Model 2’s
loading process. (c) Acoustic emission results of Model 3’s loading process.
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The AE location information of the specimen loading process indicated that before
the high osmotic pressure emerged, that is, before the crack went through, crack initiation
underwent a process. Predicting the development direction of cracks by using the AE
positioning method to monitor cracks is thus effective.

5. Discussion

In this paper, the seepage characteristics and the formation of seepage channels of
limestone under high seepage pressure were studied through physical experiments and
numerical simulation. Compared with previous studies, the rock permeability selected
in this paper was low. Such rock seepage phenomenon is difficult to observe. Under
the action of load, cracks were generated. When the cracks penetrated, the permeability
increased sharply, which is extremely unfavorable to the slope safety. Finally, this paper
puts forward a new idea to predict landslides by using acoustic emission to locate the
position of micro cracks.

6. Conclusions

In this study, the post-peak limestone seepage test and numerical simulation were
combined to study the seepage characteristics of limestone and the prediction method of
seepage channel formation under high seepage pressure. The results showed that it is
effective to judge the formation of the seepage channel based on the sudden stress drop for
the complete model and prefabricated weak area model, but this method is invalid for the
prefabricated weak area model.

In the three models in this study, the development of cracks began in the middle of
the model, then developed toward both ends. At the beginning of crack initiation, no
upward nor downward crack development was observed in the channel. However, as
the loading continued, a crack developed toward both ends until, finally, it penetrated.
Water was instantly squeezed into the seepage channel, and high osmotic pressure was
generated instantaneously. This kind of sudden inflow of seepage exerts a destructive effect
on slope stability and increases the difficulty of predicting catastrophic landslides with
high seepage pressure.

The prediction accuracy for low-permeability jointed rock landslides can be improved
to a certain extent by combining AE characteristics and seepage head changes. The AE
location of microfractures in the model can reflect the location and development direction
of microfractures in real time, and the seepage depth can be predicted by measuring the
seepage head. If the AE location is combined with measured water head distribution results
in practical engineering, then crack opening can be determined to effectively reflect and
prevent crack propagation in real time. As a result, the main seepage channel will not run
through, sudden seepage will not occur, and seepage pressure will not be transferred.
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Abstract: The strong dynamic disturbance in deep mines seriously affects the safe and efficient
mining of deep resources. In this study, we used the creep disturbance impact loading system and
acoustic emission system to conduct experiments on soft siltstone specimens under a combination of
dynamic and static loads. Based on the failure characteristics and waveform signals, the mechanical
properties and acoustic emission characteristics of soft rocks under different dynamic disturbances
were quantitatively revealed. The experimental results show that: (1) Under the dynamic disturbance,
the deformation of the siltstone specimens increases as the initial average stress increases. When
the axial stress exceeds the upper stress threshold, cracks continue to propagate, resulting in the
destabilization of the specimen. (2) The magnitude of the initial average stress is closely related
to the degree of damage and failure mode of the siltstone. With the increase in the initial average
stress, the failure mode of the siltstone specimens gradually changes. As the initial average stress
increases, the maximum load first decreases, then increases, and finally decreases, and the fitted
curve is polynomial. We used the RFPA2D cyclic loading module to analyze the effect of the elastic
modulus of each loading step on the damage evolution of the specimen under dynamic disturbance.
The waveform characteristics during the evolution of the damage of the specimens were analyzed by
extracting signals at the key points.

Keywords: dynamic disturbance; soft rock; cyclic loading; mechanical properties; acoustic emis-
sion characteristics

1. Introduction

Of the current energy and mineral reserves, coal is a strategic energy source supporting
China’s economic and social development [1,2]. At present, deep mining has become the
new normal for coal resource development in China. Safety issues during deep mining
and major disaster prevention and control have been written into China’s “14th Five-Year
Plan” [2]. Under complex geological conditions, deep mines are strongly disturbed by the
mining dynamics; therefore, large deformation hazards and ground control in deep soft
rock mines have become the focus of research in the field of deep mining [1,3,4]. The study
of mechanical properties of soft rocks at depth under low-frequency dynamic disturbance
is of important practical significance for understanding the deformation destabilization
mechanism and stability control of soft rock mines [5,6].

Regarding the dynamic disturbance to coal and rocks at depth, scholars have con-
ducted extensive studies on experimental mechanical properties and acoustic emission
characteristics of rocks under dynamic and static loading conditions.
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Since 2012, dozens of rock bursts or suspected rock bursts have occurred in the Asher
copper mine in Xinjiang, with the most serious one occurring during the anchor network
spray concrete support, where the surrounding rock was flaky and ejected over a large area
for a short period of time [7]; the Chener gold mine in Shaanxi explored at a depth of about
1000 m, and rock bursts occurred from time to time after entering deep mining, resulting in
flakes falling off the top of the roadway and the two gangs, and fragments rapidly flying
away [8]. By studying mechanical properties under combined dynamic and static loads,
experiments were performed using the split Hopkinson pressure bar (SHPB) to examine
the damage characteristics and the energy dissipation behavior of strain-type rock bursts at
depth [9-11]. Mechanical experiments under different dynamic perturbations were carried
out to investigate the energy-based failure mechanism of rocks, the evolution of fracture
characteristics, and the effect of roof dynamic disturbance on the stress of the floor [12-15].
By studying rock bursts near a deeply buried tunnel fault under static and dynamic loads,
static and dynamic loads were used to simulate rock damage. A combined finite element
method was used to simulate the damage process of an underground cavern, revealing the
damage mechanism of deep hard rock influenced by the amplitude of dynamic stress wave,
disturbance direction and dip angle of the structural surface [16,17]. Dynamic disturbance,
and cyclic loading is related to the fatigue crack expansion of the material, and when the
capacity of the material is exceeded, the material undergoes damage [18-20].

In studying acoustic emission (AE) characteristics of coal and rocks at depth, the rock
failure process analysis (RFPA) code was used to analyze the influencing factors on AE
characteristics of rock-like specimens at different positions, and the evolution of permeabil-
ity of fractured rock and its anisotropy under hydrodynamic coupling conditions [21,22].
Zhang et al. [23] analyzed the evolution of acoustic emission and deformation field during
crack propagation by establishing a mechanistic model for directional crack propagation.
Researchers have carried out shear experiments on granite and triaxial compression ex-
periments on coal specimens of different sizes to explore the variations of transverse and
longitudinal AE wave signals and the evolution of energy [24-28]. Acoustic emission
signals of rocks during damage and the influence of different fracture dip angles on the
macroscopic mechanical properties of rocks were investigated by using uniaxial com-
pression experiments with AE monitoring [29,30]. The torsional properties and damage
development of long and hollow axisymmetric composite cylinders with different opening
sizes were investigated experimentally. The acoustic emission (AE) of prismatic marble
specimens during uniaxial compression loading was analyzed using the non-extensive
statistical mechanics (NESM) method. Acoustic emission (AE) was used to record the
microcracks during the impact of granite specimens [31-33]. Different materials can be
studied using acoustic emission and digital image correlation techniques to investigate
the specific characteristics of the material damage process under different loading effects
in order to follow the evolution of the material under different damage modes and to
determine the strain [34-37].

In summary, most of these experimental studies on the mechanical properties of
coal and rock under combined dynamic and static loads were focused on single, high-
frequency impact loading using SHPB and drop hammers. By applying the average value
of different cyclic loading stress values, the siltstone is damaged under the action of dynamic
perturbation, and the deformation damage characteristics of the dynamic perturbation
are necessarily different from those of uniaxial. To this end, we select the siltstone from
the roof of a deep soft rock tunnel in central eastern China as the research object and use
the creep disturbance dynamic impact loading system combined with acoustic emission
monitoring to carry out experiments under different dynamic disturbance conditions and
reveal the mechanical and acoustic emission characteristics of the soft rock. Our study aims
to provide a theoretical basis for the control of the deformation and instability of coal and
rocks in deep mines affected by mining activities.

The study of the effect of low-frequency dynamic disturbances on the mechanical
properties of rocks is of greater engineering interest. In rock mechanics tests, the dynamic
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Hydraulic pump blasting system

disturbance environment in the downhole mining process can be simulated by applying
a certain frequency of cycles to the rock specimen. The magnitude of stress perturba-
tion varies depending on the form of dynamic perturbation such as blasting and stress
redistribution. In deep well mining, the rock is in a high stress state and a small stress
perturbation may cause the rock to exceed its yield stress and cause damage to the rock. In
summary, most of these experimental studies on the mechanical properties of coal rocks
under combined dynamic and static loads have focused on single high-frequency impact
loading with SHPB and drop hammers. By applying average values of stress values for
different cycles of loading, the siltstone was damaged by dynamic disturbance, which
inevitably has different deformation damage characteristics from that of uniaxial ones. To
this end, we selected a siltstone in the roof of a deep soft rock tunnel in east-central China
as the research object and used a creep perturbation dynamic impact loading system com-
bined with acoustic emission monitoring to conduct experiments under different dynamic
perturbation conditions to reveal the mechanical characteristics of the soft rock. Our study
aims to provide a theoretical basis for controlling the deformation and instability of coal
and rocks in deep mines affected by mining activities.

2. Experimental Scheme and Conditions
2.1. Experimental System

Experiments are conducted by using a creep disturbance dynamic impact loading
system, which mainly consists of a loading system, a hydraulic pump station, a servo
control system, and a data acquisition system. The maximum axial load of the static
loading unit in the loading system is 800 kN, and the maximum axial load of the dynamic
loading unit is 100 kN, as shown in Figure 1. The servo control and data acquisition
system consists of a high-precision closed-loop servo control unit, pressure transducer, and
magneto-displacement transducer to form a closed-loop control system to achieve accurate
monitoring and acquisition of stress and displacement in a variety of stress paths. The
acquisition system mainly includes indenter displacement and axial stress data acquisition,
and servo control through the supporting software. Axial stress is monitored by pressure
sensors and recorded with real-time feedback. Axial deformation and axial stress of the
specimen are automatically collected, and acoustic emission monitoring is used to track the
crack damage process. Multiple sets of cyclic loading experiments are applied using sine
wave loading.

Axial itic conirol sysiem

";
| ]

Host loading system Acoustic emission detection system

Figure 1. Dynamic impact loading simulation test system for creep disturbance.

2.2. Specimen Preparation

The siltstone used in this work was recovered from the roof of a mining roadway
in Xinshanghai NO.1 Coal Mine in China, which is a typical Jurassic soft rock coal mine.
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The samples were brownish-grey, with no visible structural defects on the surface. Spec-
imen preparation procedure: (1), samples were taken from the same rock block to make
standard cylindrical specimens of ®50 mm x 100 mm. (2), the two ends of the speci-
mens were polished by using a stone grinding machine so that the non-parallelism and
non-perpendicularity were less than 0.2 mm, in accordance with the requirements of the
International Society of Rock Mechanics (ISRM) and (3) finally, the specimens were di-
vided into two groups, numbered RS-1~3 and RS-4~24, with a natural apparent density of
2325.4~2630.5 kg / m? and an average density of 2477.95 kg/ m?, as shown in Figure 2.

Figure 2. Part of siltstone sample.

2.3. Experimental Design

The siltstone was divided into two groups for uniaxial compression experiments and
cyclic disturbance loading experiments. During the initial compression loading stage,
displacement-controlled loading (4 um/s) was applied to compact the microfractures
inside the specimens. In the cyclic loading stage, specimens were first loaded to 5.48 MPa,
6.39 MPa, 7.31 MPa, 9.13 MPa, 10.05 MPa, 10.96 MPa, and 11.87 MPa (30%, 35%, 40%,
50%, 55%, 60%, and 65% of the mean uniaxial compressive strength). The sine wave cyclic
loading method was then used to apply the dynamic loads. The uniaxial compressive
strength of 18.264 MPa, obtained from the uniaxial compression tests, was used as the initial
average of the cyclic load. The experimental sinusoidal loading waveform is shown in
Figure 3. The specimen loading process was as follows: first, the specimen was loaded at a
rate of 0.1 mm/min to the initial value of the cyclic stage, and then the sinusoidal waveform
was cycled 1000 times until the siltstone specimen was damaged or the axial force was 0. A
schematic diagram of the cyclic disturbance loading for the siltstone specimens is shown in
Figure 3. By analyzing the relationship between different initial average stresses and axial
strain and elastic modulus, the mechanical properties of siltstone under sinusoidal cyclic
loading can be better understood, and the fitting trend of the maximum load with different
initial average stresses can be seen more graphically.

Damage to the specimen

MPa
ECI

100 mm

Stress/

Cyclic disturbance loading
waveform as a sine wave

& >
Time/s f———

50 mm

Figure 3. Sine waveform and force diagram of siltstone specimen during cyclic disturbance loading.
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3. Analysis of Experimental Results
3.1. Uniaxial Compression Process and Experimental Results

The experimental design and physical parameters of the siltstone are provided in
Table 1, where RS-1, RS-2 and RS-3 are uniaxial compression tests and the rest are cyclic
disturbance loading tests. The stress-strain curves of uniaxial compression tests and the
comparison of the specimens pre- and post-failure are shown in Figure 4, where the peak
stress in the stress-strain curve is the compressive strength. The uniaxial compression stress-
strain curve exhibits four stages: microfracture compaction stage (I), elastic deformation
stage (I), yielding stage (III), and post-peak stage (IV).

Table 1. Testing program.

Initial Average Compressive

Specimen

Number Quality/g Height/mm Diameter/mm  Density/(kg-m—3) Stress Value/MPa Strength/MPa
RS-1 467.49 100.18 50.20 2358.9 — 17.74
RS-2 452.52 99.86 49.53 2353.1 — 19.27
RS-3 464.57 100.16 50.07 2356.9 — 17.78
RS-4 458.63 100.02 50.12 2325.4 5.48 15.29
RS-5 467.58 100.11 50.08 2372.3 5.48 13.47
RS-6 463.86 100.13 50.01 2359.7 5.48 14.25
RS-7 460.28 100.01 50.09 2336.7 6.39 13.40
RS-8 462.49 100.20 50.03 2349.1 6.39 13.71
RS-9 464.82 100.18 50.05 2359.5 6.39 12.81

RS-10 465.25 100.28 50.05 2359.4 7.31 14.38
RS-11 481.52 100.15 50.12 2438.2 7.31 13.71
RS-12 470.29 100.18 50.13 2379.6 7.31 12.92
RS-13 466.76 99.98 50.03 2376.0 9.13 16.47
RS-14 462.09 100.20 50.12 2338.6 9.13 13.35
RS-15 463.73 100.21 50.03 2355.2 9.13 15.39
RS-16 482.86 100.35 50.03 2449.0 10.05 13.31
RS-17 474.18 100.02 50.06 2409.9 10.05 16.08
RS-18 475.16 100.10 50.12 2407.2 10.05 13.45
RS-19 471.15 100.21 50.11 2385.2 10.96 13.71
RS-20 460.00 100.23 50.10 2329.2 10.96 13.64
RS-21 520.18 100.32 50.11 2630.5 10.96 13.57
RS-22 467.45 100.14 50.02 2376.7 11.87 8.83
RS-23 484.84 100.10 50.01 2467.1 11.87 9.85
RS-24 473.13 100.08 50.10 2399.4 11.87 9.42
25
—a—RS-1
——RS-2
20+ —4+—RS3
£ )
st | A
< - A
: /
/|
L/ L,,
0 1 1 | lm la
0.0 0.2 0.4 0.6 0.8 1.0

Axial strain

Figure 4. Axial stress-strain curves and specimen damage characteristics of siltstone specimens under

uniaxial compression.
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It can be seen from Figure 4 that during uniaxial compression, elastic modulus in-
creases first and then decreases as the axial stress increases, indicating that when the axial
stress is applied at the beginning of the experiment, the cracks inside the specimen are
compacted, leading to an increase in elastic modulus. When the axial stress is applied to a
certain extent, the cracks inside the specimen begin to propagate and then the main cracks
coalesce, leading to a decrease in elastic modulus. Afterward, the axial stress continues
to increase until it exceeds the bearing capacity of the specimen and then the specimen
is ruptured.

3.2. Effect of Dynamic Disturbance on the Failure Pattern of Siltstone Specimens

Figure 5 shows the stress-strain curves of the specimens under various dynamic
disturbances. When the initial average stresses of the specimens are similar, the stress-
strain curves are also similar. However, there are differences in the stress-strain curves
when the initial average stresses are different. It can be seen from the figure that the fracture
compaction occurs mostly at the beginning of the loading, and the curve is upward convex
in the compaction stage. After that, when the sine wave cyclic disturbance load o, for the
siltstone specimens is greater than 60% of the uniaxial compressive strength, the specimens
could be failed before the preset number of cycles (1000) is completed. During the cyclic
dynamic disturbance loading, the hysteresis loop area indicating the energy loss of the
specimen during the cyclic loading changes with o.. When the initial average stress value is
5.48 MPa (30% of o), the hysteresis loop is “thin-lobed”, and when the initial average stress
value is 6.39 MPa (35% of o), the hysteresis loop becomes “full” and its area increases.
This phenomenon occurs due to the large deformation of the primary fractures in the
specimen at the beginning of the cyclic dynamic disturbance stage. The hysteresis loops
become “sharp-lobed” when the initial cyclic load is 7.31 MPa, 9.13 MPa (i.e., 40% and
50% of o.). When the initial cyclic load is 10.05 MPa (55% of o), the hysteresis loop is
“banded” and its area gradually decreases, indicating that the fractures inside the specimen
are compacted and closed, and the energy dissipation is reduced. When the average stress
is 10.96 MPa (60% of o¢), the hysteresis loop becomes “full” and the specimen undergoes
greater irreversible deformation, resulting in unstable failure. When the average stress
is 11.87 MPa (65% of o), the specimen is failed before the cycle starts and there is no
hysteresis loop.

From the axial stress-strain curves of these seven specimens, it can be found that
the deformation of the siltstone specimens increases as the initial average stress increases,
indicating that the damage of the specimens during the cyclic disturbance also increases.
When the axial stress exceeds the upper limit threshold of stress, the cracks continue
to extend and intersect with each other, which in turn leads to the destabilization of
the specimens.

Figure 6 shows a typical specimen failure plot under different initial average stresses.
When the initial average stress value is 5.48 MPa, its impact on the damage of the specimen
is low, and its damage characteristics are generally similar to that from uniaxial compression
tests. Due to the low initial average stress, the specimen does not show obvious macroscopic
damage after 1000 cycles of disturbance, and only new microfractures are created. The
failure mode is shear, and there is partial damage in the middle of the specimen. When the
initial average stress is 6.39 MPa, due to axial compressive stress, the shear stress on the
fracture surface exceeds the shear strength and the tensile stress in the radial direction. The
failure mode is mainly a shear failure, and there is a small part of splitting failure, and the
specimen becomes cone-shaped inside after the failure. When the initial average stress is
7.31 MPa, the axial compressive stress causes the radial tensile stress of the specimen; once
the radial tensile stress exceeds the tensile strength of the rock, split failure occurs; at this
time, the extension direction of secondary cracks changes from longitudinal to dendritic
dispersion. The initial average stress of 9.13 MPa has a greater impact on the overall failure
mode of the specimen: a large number of secondary cracks are created in the specimen,
and large pieces of rock fragments are peeled from the surface, and the failure mode is a
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Axial stress/MPa

Axial stress/MPa

combination of shear and splitting. When the initial average stress is 10.05 MPa, the failure
mode is shear, with a clearly visible vertical main crack penetrating through the specimen.
When the initial average stress is 10.96 MPa, the macroscopic crack of the specimen becomes
the shear surface inclined at 60 degrees from the top to the bottom. When the initial average
stress is 11.87 MPa, the specimen can no longer bear axial stress and cyclic disturbance,
the failure mode is tensile/shear mixed, the integrity of the failed specimen is poor, the
rupture surface is rough, showing the characteristics of brittle failure. When the specimen
is ruptured, rock fragments burst with a loud sound.
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Figure 5. Cont.
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Figure 5. Axial stress-axial strain curves of siltstone samples under different oe.

Therefore, it can be seen from the macroscopic failure of the specimen that under the
cyclic dynamic disturbance, the failure mode gradually transitions from shear failure to
shear-splitting mixed failure. Under large initial average stress (i.e., 18.264 MPa), a higher
degree of scattering and fragmentation is observed, and the main crack extends to the
bottom of the specimen, which shows that the failure mode of the specimen is closely

related to the magnitude of the initial average stress.
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(a) 5.48 MPa
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Figure 6. Typical macroscopic damage characteristics of siltstone under different initial average
stresses.

3.3. Numerical Model Development and Validation

The RFPA2D cyclic loading module was used for the numerical simulation. The RFPA
software used in this paper, Rock Failure Process Analysis System (RFPA), is a tool based on
an elastic damage model that takes into account the non-uniformity of rock materials and
the distribution of defects using the intrinsic relationship of statistical damage randomness
of defect distribution. We first established a two-dimensional plane strain model with a
length x height of 50 mm x 100 mm with 50 elements in the X direction and 100 elements
in the Y direction. The homogeneity of the model is 3, the density is 2477.95 kg/m?, the
damage criterion is the Mohr-ulomb criterion, the number of cyclic loading is 1000 times,
the Poisson’s ratio is 0.25, and the uniaxial compressive strength is 18.264 MPa. The model
is numerically modeled according to the corresponding dimensions, and Figure 7 shows
a cyclic disturbance model based on the Mohr-Coulomb failure criterion. In the sample
model, a pre-pressure is applied to the upper boundary, followed by a sinusoidal cyclic
loading with a setting of 1000 times, and no force is applied to the lower boundary. Taking
the initial average stress of 10.96 MPa as an example, the elastic modulus of each loading
step is shown in Figure 8, which can reproduce the macroscopic crack development of the
specimen. The evolution of acoustic emission signals is shown in Figure 9.

As can be seen in Figure 8, at the beginning of the cyclic disturbance loading, the
specimen is relatively intact, and there are no noticeable cracks on the surface. As the axial
stress increases, shear cracks are created with an inclination of 60 degrees, which gradually
penetrate through the specimen. The acoustic emission events of the siltstone specimen
during the damage evolution are shown in Figure 9. The center of each circle in the figure
represents the location of the acoustic emission event, and the size of the circle represents the
amount of energy released by the event. Each circle represents an acoustic emission event,
where a white circle represents an acoustic emission event resulting from compression-
shear failure, and a red circle represents an acoustic emission event from tensile failure. At
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the beginning of the cyclic disturbance loading, sporadic acoustic emission events occur
locally in the model, and with the increase in axial stress, acoustic emission events are
concentrated, gradually forming macroscopic fractures, which in turn leads to instability
failure of the siltstone specimen.

L

7.618%10°

5713%100

3.809x10°

100 mm

1.904x100

(f) Step 110 (g) Step 120 (h) Final damage map

Figure 8. Modulus of elasticity.
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Figure 9. Acoustic emission position.

3.4. Elastic Modulus Strengthening Effect at Different Initial Average Stresses

Figure 10 shows the number of cycles of siltstone specimens under different initial
average stresses versus axial strain. The relationship between the cumulative axial strain
and cyclic number can be divided into two cases: one is that when the initial average
stress is small, no significant damage occurs in the siltstone specimen after completing
1000 cyclic disturbances and the other is that when the initial average stress is large, the
siltstone specimen is damaged before completing 1000 cyclic disturbances or before the
cycle begins. When the initial average stress was increased from 5.48 MPa to 10.05 MPa, the
axial strain of the siltstone specimen increased slightly under cyclic disturbance, and then
remained basically constant. When the initial average stress was 10.96 MPa, the axial strain
increased with the increase in the number of cycles, and destabilization damage occurred
at 219 cycles. When the initial average stress was 11.87 MPa, the specimen was damaged
before the cycle started. In short, when the initial average stress does not reach a specific
value, the specimen would not be damaged even if it is cyclically loaded multiple times,
which indicates that there is an upper threshold for the damage of the siltstone specimen
during cyclic loading.

Figure 11 shows the relationship between the elastic modulus of the siltstone specimen
and the different initial average stresses, where A, B, C, D, E, Fand G represent the initial
average stresses of 5.48 MPa, 6.39 MPa, 7.31 MPa, 9.13 MPa, 10.05 MPa, 10.96 MPa and
11.87 MPa, respectively. Taking the specimen with an initial average stress of 5.48 MPa as
the reference, when the initial average stress was 6.39 MPa, 7.31 MPa, 9.13 MPa, 10.05 MPa,
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10.96 MPa, and 11.87 MPa, the elastic modulus of the specimen increased by 15.5%, 19.6%,
49%, 59.2%, 64.5%, and 72.7%, respectively. The average of the elastic modulus of each
group is used for data fitting, which shows that the elastic modulus increases as the initial
average stress increases. Under the cyclic disturbance load, the pre-existing cracks in the
siltstone specimen are closed, resulting in an increase in the stiffness and elastic modulus
of the specimen.
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Figure 10. Number of cycles and axial strain curves in siltstone specimens at different initial average
stresses.
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Figure 11. The relationship between siltstone sample and elastic modulus under different average
stress.

The percentages corresponding to the different initial average stresses of the siltstone
specimens are 30%, 35%, 40%, 50%, 55%, 60%, and 65%, and their corresponding maximum
load relationship curves are shown in Figure 12. The testing process of the specimens can
be divided into three stages, and the maximum load shows a trend of first decrease, then
increase, and finally decrease, and the fitting curves are polynomial.
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Figure 12. Diagram showing the relationship between different initial average stress percentages and
maximum load.

3.5. Characterization of Acoustic Emission Waveforms

The acoustic emission system can monitor the elastic waves during the creation of
fractures inside the specimen and the corresponding energy change during cyclic distur-
bance loading. The key points N1 and N2 are extracted according to the acoustic emission
energy release characteristics. N1 is the initial period of specimen dynamic disturbance
loading, and N2 is when the damage to the specimen occurs. The acoustic emission charac-
teristics at key points N1 and N2 are extracted and the signals are transformed from the
time domain to the frequency domain by using the fast Fourier transform to obtain the
principal frequency eigenvalues. MATLAB is used to obtain a three-dimensional plot of
amplitude-frequency-time, and then the effect of the dynamic disturbance on the acoustic
emission characteristics of the siltstone is analyzed.

Figure 13 shows the three-dimensional plot of the principal frequency characteristics
obtained by the Fourier transform of the acoustic emission key points N1 and N2 of the
specimens under different stresses, and the sharp points corresponding to the amplitude are
the principal frequency eigenvalues. In different sets of cyclic disturbance experiments, the
specimen changes from the high principal frequency at key point N1 to the low principal
frequency at key point N2, and the principal frequency eigenvalues are reduced to a large
extent. The high-frequency eigenvalues of the waves indicate small-scale damage to the
specimen, and the low-frequency eigenvalues of the waves indicate large-scale damage to
the specimen. The principal frequency eigenvalues of key point N1 ranges from 172 KHz
to 203 KHz. The initial average stresses are 10.96 MPa and 10.05 MPa, corresponding to the
lowest and highest principal frequency eigenvalues, respectively. The principal frequency
eigenvalues of key point N2 ranges from 73 KHz to 98 KHz. The initial average stresses
are 9.13 MPa and 6.39 MPa, corresponding to the lowest and highest principal frequency
eigenvalues, respectively. The principal frequency values of key points of the siltstone
specimens under different average stresses are shown in Table 2.

Table 2. Principal frequency values of key points in siltstone specimens at different initial average

stresses.
Key Point 5.48 MPa 6.39 MPa 7.31 MPa 9.13 MPa 10.05 MPa 10.96 MPa 11.87 MPa
N1 201 KHz 185 KHz 181 KHz 179 KHz 203 KHz 172 KHz 178 KHz
N2 87 KHz 98 KHz 85 KHz 73 KHz 82 KHz 79 KHz 87 KHz
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Figure 13. Acoustic emission main frequency characteristics of siltstone samples at key points under
different average stresses.

4. Conclusions

(1) The deformation of the siltstone specimens increases as the initial average stress
increases, indicating that the damage of the specimen during the cyclic disturbance
process also increases. When the axial stress exceeds the threshold of the upper
stress limit, the cracks continue to propagate and coalesce, which in turn leads to the
destabilization of the specimen.

(2) The magnitude of the initial average stress is closely related to the degree of damage
and failure mode of the siltstone. When the initial average stress is low, the failure
model is mainly shear failure. With the increase in the initial average stress, the
failure mode of the siltstone specimen gradually transitions from shear failure to
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shear-splitting mixed failure. The larger the initial average stress, the higher the
degree of fragmentation of the specimen. The primary crack is developed from the
direction of the maximum principle stress to the bottom of the specimen.

(3) In the RFPA2D cyclic loading simulation, when the dynamic load starts, sporadic
acoustic emission events are generated locally in the model. With the increase in
axial stress, acoustic emission events become localized and macroscopic fractures are
gradually formed, which in turn, leads to the destabilization of the siltstone specimen.

(4)  As the initial average stress increases, the modulus of elasticity increases. The reason
is that under the dynamic disturbance loading, the pre-existing cracks within the
siltstone specimens are closed, which increases the stiffness and elastic modulus of
the specimen.
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Abstract: A dynamic disturbance will induce cracks around the tunnel in tunnel blasting or shield
construction. To investigate the overall stability of cracks with various angles during a fixed borehole
(round hole explosion) blasting, models containing an individual crack with different angles were
introduced for simulation research. The research set up a thin sheet model with a length of 350 mm
and a width of 150 mm, with a 7 mm diameter hole and a pre-existing crack of 75 mm and 5 mm in
the middle. The evolution of the stress wave propagation model and the crack propagation model
were simulated using the AUTODYN software. And in this study, the theory of stress wave is used to
creatively explain the dynamic load under the action of formation and reasons for the danger zone.
The results indicate that pre-existing cracks from different angles will have an impact on the blast
hole and the new cracks generated around itself. At45-90°, pre-existing cracks will direct reflected
stress waves to promote some cracks around the hole to have faster growth rates than others, and
these special cracks with faster growths and longer lengths will more easily connect with the free
surface or other cracks, resulting in overall instability. And these conditions are consistent with the
prediction made by the stress wave propagation simulation study. The research results have certain
guiding significance for the stability analysis and hazardous area prediction of tunnel blasting with
existing cracks.

Keywords: P-wave; S-wave; Rayleigh wave; pre-cracks; crack propagation; dangerous area prediction

1. Introduction

With the increasing demand for mineral resources and the booming development of
infrastructure projects for high-speed and convenient transportation, excavation projects
such as tunnels [1], mineral mining [2], and pipelines [3] have become increasingly frequent.
Such construction projects usually occur in complex rock environments, where large rock
masses are the main blasting objects for easy excavation and mining [4]. In a wide range of
construction projects, the drilling and blasting method has become the main construction
method to effectively control post-blasting disasters and provide effective guarantees
for construction safety and quality. However, due to geological activities and induced
excavation, the presence of joint planes [5] and cracks in large rock masses is common [6],
as shown in Figure 1. In the Figure, the red arrows represent the load generated by the
impact of blasting, the black lines represent the naturally occurring joints and cracks in
the rock structure, and the white round holes represent the gun holes. These pre-existing
cracks have a significant impact on the stability of the overall structure. In addition, under
external interference such as blasting, new cracks occur and expand around the blast holes
and pre-existing cracks easily, ultimately leading to overall structural instability, seriously
delaying work and production progress, threatening the safety of relevant personnel, and
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causing incalculable economic losses. Therefore, studying the impact of cracks in rocks on
blasting has a profound significance on safe construction.

Figure 1. Schematic diagram of rock mass blasting with cracks.

In the past, most studies on excavation or mining have adopted the assumption of
rock models without cracks. The advantage of this approach is that fewer factors affect
the generation and propagation of cracks, making it easier to simulate. However, in recent
years, more and more scholars have conducted research on this type of model with cracks.
Suorineni et al. [7] stated that the presence of faults in rocks is an important factor that
leads to overall instability. Freund [8-10] systematically studied the crack growth behavior
under various dynamic loads and obtained some analytical results and conclusions, which
confirmed that when subjected to blasting load, the cracks around the blast hole are more
likely to generate new growth at the tip. However, because this process is affected by a
complex environment, it is difficult to obtain a sufficiently accurate analytical expression.
Moreover, under high-speed dynamic loads such as explosions, the interaction between the
crack’s tip and the dynamic stress field causes fluctuations in the crack propagation speed
at the crack’s tip [11]. Therefore, in response to the reasons that affect the initiation of tip
cracks, some scholars [12] have studied the process of stress wave propagation and found
that when the stress wave propagates to a static crack with two tips, it will scatter near the
perturbed tip and reflect on the crack surface, forming a superimposed stress field, which
is usually related to the incident angle. Additionally, based on such a model, Wheeler
gives some analytical expressions for this field by using integral transform [13]. Regarding
rock material models with cracks, some experimental explosion simulation studies [14] or
theoretical summaries of rock materials [15] are based on the existence of a large number of
natural structural joints or faults in the rock itself. Based on an experimental analysis and
numerical simulation, Zhu [16] completed a study on the crack diffraction process using
P-wave as an example and determined the influence of joint space and other factors on
wave propagation. Uenishi [17] discussed the slope failure under the action of the Rayleigh
wave, and the stress wave theory was adopted to analyze the model. Sun and Zhang used
finite element models to study the effect of stress wave pairs on crack angles in the cited
reference [18]. Zhou et al. [19] specifically studied the crack propagation mechanism of rock
as an example material under different loading rates. Zhang et al. [20] specifically focused
their research on actual coal mining and revealed the damage development process of this
material using acoustic methods based on the spatial aggregation characteristics of cracks.
They achieved good prediction and experimental fitting results. Zhou et al. [21] used a
software simulation combined with physical experiments and found that compared to other
fractured rock masses, the defect roadway with a single root crack and an inclination angle
of 45° has the lowest static and dynamic stability. Li [22] also established a fractal damage
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joint model based on the fractal damage theory, studied the transmission and reflection
of stress waves between joints, and derived the analytical expression of the transmission
and reflection coefficient of stress waves across joints from the fractal damage joint model.
In Lak’s study [23], a general Green’s function solution of elastic wave propagation due
to rock blasting was analytically derived. Navier’s equations of motion were assumed as
governing equations, and a general two-dimensional elastodynamic Green’s function was
obtained in terms of displacement. The strain and stress fields related to the displacement
of Green'’s function were also obtained using the theory of elasticity. In 2021, Zhu et al. [24]
conducted a numerical study on the dynamic behavior of stress waves in cracks, indicating
that Rayleigh waves have a significant impact on the propagation and variation of cracks
in all directions.

The above research is based on practical engineering experiments; due to the short
overall time, it is difficult to analyze the propagation of waves after explosions based on
the stress wave theory, and the influencing factors cannot be explored by changing a single
variable in the same situation. However, based on numerical model calculation research,
although models containing existing cracks were set up for research, there is no in-depth
and regular research on the different states of crack existence. The field to which this type
of problem belongs is almost blank and quite valuable because the brittle characteristics
of rock materials can cause the original cracks to rapidly expand and connect under high
loading rates such as explosive loads, and even generate huge cracks. The repeated loading
of conventional explosive stress waves will cause cracks to continuously expand in a very
short period, even leading to hazards such as rock bursts, slope instability, and tunnel
collapse. In recent years, some studies have found that interconnected cracks have a
significant impact on the dynamic response of deep engineering projects such as tunnels
under blasting stress waves. The stress distribution around tunnels changes significantly
due to the presence of cracks, leading to the initiation and propagation of new cracks. More
importantly, one study found that the dynamic crack propagation behavior is influenced
by the direction of blasting stress wave incidence [25].

The main objective of this study is to confirm the feasibility of the stress wave theory for
predicting the location of the dangerous area around the gun hole under dynamic load. In
this paper, the dynamic propagation behavior of new cracks and existing cracks in a single
crack model with different angles around the blasting hole is studied. This study focuses on
stress waves as the main research object, but it is evident that the network structure formed
by cracks has a significant guiding effect on the propagation of stress waves. Therefore, to
eliminate the influence of fragmented regions on the propagation direction, in simulation,
the model at the same angle is simulated twice, with the same peak load applied. Regarding
the specific methods of this simulation, the experimental setup is divided into two groups,
which, respectively, study the propagation of stress waves and crack fragmentation. The
model adopts an infinite plane and refers to the most widely used cylindrical explosives.
As stress waves play a major role in the propagation process, they can be used to replace the
waves generated by explosions [26]. Relevant research has shown that multiple identical
cylindrical explosives can be simplified into a single blast hole [27]. The material point
method is firstly applied to treat this challenging task by Wan, et al. [28] In this way,
some inherent weaknesses can be overcome by coupling the generalized interpolation
material point (GIMP) and the convected particle domain interpolation technique (CPDI).
The two-dimensional properties of the stress waves generated can be directly calculated
using specific functions [13]. Shu et al [29] present a novel constitutive model with three
smooth failure strength surfaces and three invariants. The new model can precisely and
quantitatively capture the damage mechanisms of hydrostatic pressure based on test data
and the interaction of the tensile and shear damages based on the Mohr-Coulomb criterion.

Therefore, in view of the research gaps of many scholars at the present stage, this paper,
on the basis of a large number of numerical simulations, takes the angle as the influencing
factor of blasting instability and studies the influence of the existing angle on the crack
growth around the hole, and creatively uses the stress wave theory to effectively predict
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the dangerous area of the model. This study uses a numerical simulation to investigate
the influence of the angle on the dynamic crack propagation behavior under stress wave
action. The project uses AUTODYN's list of numerical analysis software, uses a triangle
stress loading function to simulate blasting, establishes stress wave fields with cracks in
different directions, and conducts detailed research on the dynamic propagation behavior
of cracks and new cracks around the blast hole. Finally, in this numerical simulation, the
stress wave theory is successfully used to analyze and predict the dangerous area after
failure, proving that cracks ranging from 45° to 90° will induce characteristic cracks, which
will accelerate the instability of the model.

2. Numerical Study
2.1. Determination of Sandstone Parameters

In this study, the numerical simulation is carried out based on the finite difference
method, and the research object is divided into different sub-elements after grid division.
The acceleration in the X and Y directions can be expressed as follows.

F
ax = M
F
y
=Y 2
Ty = )

where Fy and F, are the nodal forces in the x and y directions, respectively, and m is the mass.
The stress component can be expressed in the following form:

0 =P +S;, (i=xy) 3

Txy = Sxy “4)

where P is the external pressure, S; is the deviatoric stress in the i direction, and there is a
calculation relationship as follows
1
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Here, G is the shear modulus of the material and ¢ is the volume rate of the material.

For materials, the relationship between the pressure P and density described in the
linear equation of state is

P=k-(£-1) ®)
o
where P is pressure, k is the bulk modulus, k = 4.04 GPa, and p and pg are the initial and
present densities. Here, as sandstone is a brittle rock material, the relationship between
stress and strain during deformation can be studied using an elastic strength model.

At the same time, the experimental research is based on to the first strength theory
and the third strength theory. If either the principal stress o reaches its maximum (¢), or
the maximum shear stress Ty, is greater than the rock dynamic shear strength (1), the
material fails.

Here, a sound wave velocimeter is used to measure the dynamic material parameters of
sandstone, as shown in Figure 2. It has two piezoelectric ceramic terminals, the transmitting
end can emit waveform signals, and the receiving end can receive signals. According to the
geometric configuration of the S-wave and P-wave, the relevant parameters of the material
can be calculated by the time when the P-wave and S-wave pass through it.
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Figure 2. An acoustic velocimeter (Sonic Viewer-SX).

In this paper, the dynamic elastic modulus and dynamic Poisson’s ratio of the rock
materials are calculated by testing the expansion wave velocity V), and shear wave velocity
Vs of the material, as shown in Table 1. The calculation formula is shown in Equations (9)
and (10). This paper adopts a rock sample ultrasonic tester to obtain the measurements of
V) and V;, and the working principle of the instrument is shown in Figure 2, which consists
of a high-voltage pulse transmitter, a receiver, and a converter. The test of the two wave
speeds of the material is obtained in accordance with the provisions of the International
Society of Rock Mechanics for 100 mm x 50 mm cylindrical specimens, and a total of five
tests are prepared to obtain their average values.

Table 1. Parameters of sandstone used in this study.

Material Density Bulk Modulus Elastic Modulus Poisson  V; Vp
Kg/m? GPa GPa Ratio m/s m/s
Sandstone 2380 9.4624 17.60 0.19 25494 1459.2

If the velocities V, and V; of the P-wave and S-wave are taken into the following
equation, the elastic modulus and Poisson’s ratio of the material can be acquired.

Eq(1—pga)
(14 pa) (1 = 2uq)p0

Ey
= 4 1
Y=\ 2 e o

_ PVABV:2 -4V

V, = )

E 11
VSZ _ sz ( )
V52 _ ZVPZ
= 12
YT vz vz (12)

where p is the density of sandstone, E is the dynamic elastic modulus, and y is the Poisson ratio.

2.2. Establishment of Numerical Model

The numerical model is shown in Figure 3, which is a rectangular board with a length
of 350 mm and a height of 150 mm. We set a hole with a radius of 7 mm to simulate a blast
hole and generate cylindrical waves. The distance from the center of the hole to the left
boundary is 55 mm and is the same from the center to the top edge. On the right side of the
hole, there is a crack with an angle of 6 with a length of L.
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Figure 3. Numerical model.

Considering that the object of this study is deep rock, it can be approximated as an
infinite rock plane, but the modeling scope is limited. So, when establishing the model, the
boundary is set to transmit boundary, so that the stress waves generated by the blasthole
at the boundary will not have any effect on the reflected waves in the subsequent process,
greatly reducing the impact of tensile and compressive waves in the reflected P-wave
on the model research. This can transform the research object from a finite model to an
infinite region.

Taking the model with 0 =45° and L = 75 mm as the first exploratory research example,
the velocity vector excited by stress waves was collected as shown in Figure 4. We set
the loading condition to a peak of 50 Mpa with a loading time of 2 us. The advantage of
designing such a shorter wavelength is that it creates a good separation between different
waves, making it easier to study the propagation and characteristics of different waves. By
observing the images, it was found that both the P-wave and S-wave of the stress wave
diffracted near the crack, especially when observed in the vector plots. And the P-wave and
S-wave diffracted by excitation have different effects on the side of the crack near the blast
hole and the side away from the blast hole. On the side that is the farther from the explosion
hole, due to diffraction, the conventional diffraction P-wave and S-wave are generated,
and the conventional lower Rayleigh wave propagates along the direction of the crack. On
the side near the blast hole, due to the tensile wave inside the P-wave, its reflected wave
propagates together with the diffracted P-wave, forming the first P-arc wave with stress
concentration. The diffraction and reflection of the S-waves are mainly composed of shear
waves that combine to form a second S-arc wave with stress concentration. It is worth
mentioning that the two newly generated arc-shaped waves have the same properties as
the diffraction wave at the tip that generates them, namely, the P-arc-shaped wave is also
a tensile wave, and the S-arc-shaped wave is also a shear wave. However, the reflection
wave still plays the main role in the two types of arc waves, so in future research on crack
initiation, only the reflected wave can be considered as the main factor.
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Figure 4. Stress-wave-induced particle velocity vectors.

After the above operations, in this study, the distance from the crack’s center to the
center of the circular hole is called the center distance, and the fixed center distance is
55 mm. The crack is rotated to change the angle for multiple sets of numerical model
research, as shown in Figure 5.

Velocity vectors (m/s)

T=14.58us

T=24.37us (@15° T=39.04us

T=13.51ps (©)30° T=16.89us

Figure 5. Cont.
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Figure 5. Reflection and propagation of stress waves at different angles.

As the angle increases, it can be observed that the Rayleigh waves on both sides of the
crack, which play a dominant role in horizontal cracks, no longer become the main factor
affecting the crack. At the same time, the arc wave formed by the combination of reflected
and diffracted waves on the side of the crack passing through the blast hole becomes a
high-stress concentration area. As the crack angle increases, the effect of the arc wave on
the generation of the crack is enhanced.

For this phenomenon, we compare the contours of MIS.STRESS at the exact moment
when the P-wave propagates to the far end of four different inclination cracks, as shown
in Figure 6. It can be observed that in the first set of simulations at 0-30°, the main stress
generated by the arc wave is significantly enhanced, but in the second set of simulations at
45-75°, the intensity of this effect decreases significantly.

MIS.STRESS (kPa)
9.00x10?

8.10x10°
7.20x10°

6.30x10°

5.40x10°

(a)0° (b)15° ()30°
4.50x10°
3.60x10°

2.70x10°

1.80x10*

9.00x102

(d)45° (e)60° (fy75°

0.00

Figure 6. Contours of equivalent principal stress induced by stress waves.

For this phenomenon, the research subjects were divided into two groups for in-depth
exploration. For the first group from 0° to 45°, as shown in Figure 6, as the crack inclination
angle increases, the reflection wave of the composite-generated arc wave is significantly
enhanced, resulting in a high-stress region. For the second set of simulations from 60° to
75°, after studying the velocity vector induced by stress waves at 60°, it was found that due
to the large inclination angle, the reflected arc-shaped waves were reflected again at the
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borehole, reducing the effect of the arc-shaped waves located at the back, and ultimately
directly reflecting the moderate effect of the main stress reduction in Figure 6. The schematic
diagram of stress waves is shown in Figure 7.

Figure 7. Schematic diagram of stress wave propagation attenuation under inclination angle in the
second simulation.

At the same time, by comparing the distance between the stress concentration area in
the two stages and the near end of the crack when the P-wave just reaches the far end, it
can be found that the distance simulated in the second group is greater than that in the first
group. At the same time, because of the same loading conditions, compared with the first
group, there is a longer near end distance, and the initial amplitude of the diffraction wave
also decreases, which means that in the second group, the far end and the near end may
not be easy to crack.

3. Dynamic Response Behavior of Cracks and Explosive Holes under Dynamic Impact

For the sandstone material used in this experiment, considering the occurrence and
propagation of cracks in the material under conventional conditions, the maximum prin-
cipal stress failure criterion is used to evaluate the material unit state, as shown below:

o <or (13)

01 is the major principal stress in every element, and o7 is the tensile strength of the
sandstone material, with its value being 75 MPa. When ¢ exceeds o for an element, it
will fail and cannot stand any tensile stress but can continue to be compressed.

For the dynamic load loading caused by a single blasting, a triangular curve function
is used, with a total loading time of 20 us. At 10 us, the peak load reaches 50 MPa, as
shown in Figure 8. The advantage of this is that it simplifies the calculation, focuses on the
main role of the explosion load, and eliminates the influence of unimportant factors on the
set conditions.
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Figure 8. Pressure-time curve.
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3.1. Packet Simulation

The loading curve of the simulation experiment is shown in Figure 9. The center
distance of the fixed model is 35 mm, and the included angle with the horizontal plane starts
from 0°. One study sample is taken every 15° until 90°. There are seven models in total,
which are used to explore the impact of multi-angle problems on the crack growth behavior.

Crack
propagation
N O zone
P < SUh A A DINRRE S ]

Displacement (10 mm) -3,0

| r—
24 18 12 06 00 06 12 18 24 30 Velocity(m's) 000 080 160 240 320 400 480 560 640 720 800

(a)Displacement in Y-direction (b)Velocity vectors

Figure 9. Cracking at the crack’s tip under the action of Rayleigh waves.

3.1.1. Crack Inclination Angle = 0°

When observing the propagation characteristics of waves at 0°, due to the small
geometric characteristics of cracks, there is almost no tensile or shear effect at the near
end. At this point, the dominant factor causing the crack is reflected in the Rayleigh wave
after the head wave. Due to the inherent nature of the Rayleigh wave, it will propagate
on the surface of the crack, forming two vortex-shaped fields above and below, resulting
in a displacement trend of separation between the upper and lower parts, as shown in
Figure 9a. Ultimately, it will only propagate at the distal endpoint, as shown in Figure 9b.

3.1.2. Crack Inclination Angle = 15-45°

However, for 15°, 30°, and 45°, as shown in Figure 10, under similar conditions of
blasting hole fragmentation, significant cracking occurs at the near end, and even connects
with the cracks around the blasting hole, completely destabilizing the model. The cracking
behavior at this point can be divided into two parts; the first part is the cracks around the
blast hole, and the second part is due to the promoting effect of the existing cracks, resulting
in the main crack, which is characterized by narrower and fewer branches compared to the
surrounding cracks, and it may become the main cause of the overall instability. This part
is further studied in the following text.

(2)0=15°,T=87.79us (b) 0=30°, T=41.29ps (c) 6=45°, T=59.67us

Figure 10. Crack propagation state generated at 15-45°.

The above phenomenon was explained in the first part, and the simulation results
above well reflect the influence and results of the stress wave amplitude as the main factor
for generating cracks on the cracking behavior of existing cracks, proving the reliability of
the previous research and analysis results on waves.
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3.1.3. Crack Inclination Angle = 60-90°

At this stage of inclination, the distance between the near end of the crack and the
blast hole is relatively far, and the amplitude of the diffraction stress wave generated at
the near end of the crack decreases. Moreover, due to the effect of the reflected wave, the
effect of the Rayleigh wave is significantly reduced, so there is no cracking behavior at both
ends of the crack. And due to the discovery of secondary reflection caused by blast holes
in wave research, the reflection wave effect will decrease. At this time, the density of the
cracks generated around the blast holes is significantly lower than the density of the cracks
around the blast holes with crack angles ranging from 15° to 45°, as shown in Figure 11,
which is also in line with the predicted effect.

=50.87 us b) 6=75° T=4121ps c) 0=90° T=99.12 us
Figure 11. Crack propagation state generated at 60-90°.

At this point, it can be observed that the cracks generated by the blast hole on one side
near the existing crack have more branches compared to the cracks on the other side, which
is consistent with the possible effect of shear waves reflected between the blast hole and
the crack as the main cause of cracking, which was analyzed earlier.

3.2. Research on the Influence of Waves Generated by Cracks on the Initiation of Explosive Holes

In the above research, it can be found that compared to existing cracks, the charac-
teristics of the newly generated main cracks around the blast hole are quite obvious and
have certain characteristics due to the reflection and diffraction effects of the corresponding
stress waves of the pre-existing cracks.

Firstly, by simulating the crack-free model, it can be found that the crack propagation
around the blast hole has a high degree of symmetry, and after extending to a certain extent,
there will be many bifurcations at the end, as shown in Figure 12.

Figure 12. Model without cracks.

By comparing the simulation of the crack-containing model with the crack-free blast
hole model, it can be found that in the crack-containing model, there is a narrow and less
branched characteristic crack in the upper and lower positions of the blast hole that are
approximately parallel to the crack, as shown in Figure 13. However, in the simulation, the
generation and propagation behavior of new cracks are only affected by the diffraction of
the tip and the reflection of the wave. In this process, the reflection wave plays a major
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role. Therefore, it can be considered that the interference of the reflection wave causes
the generated cracks to become more narrow. In this study, the characteristic cracks with
narrower and fewer branches are also known as the main cracks in the blast hole that are
induced by the reflection wave (hereinafter referred to as the main cracks).

(a) 6=45°,T=59.67ps (b) B=60°, T=50.87us

(¢) 0=75°, T= 57.72ps (d) 8=90°, T= 66.43s

Figure 13. Main crack under different angle crack models.

By comparing the length of the cracks around the blast hole near the end of the crack
propagation in the 45° to 90° simulation experiment, it can be observed that the main
crack has a longer propagation distance compared to the other cracks, indicating that the
main crack may be the main cause of instability. In conventional underground engineering,
cracks with a longer or faster growth rate will obviously be more easily connected with the
surrounding free surface or other cracks, which will lead to local crushing and instability.

At the same time, the data image of the main crack propagation length changing with
time at the same angle is shown in Figure 14.

The study of the stress wave propagation in the first part found that at around 30 ps,
the length of the main crack is similar to that of the surrounding crack, and even shows an
approximate length in various angles of the model. Therefore, it can be considered that the
process before 30 s did not promote the propagation of cracks around the borehole, and
the generation of cracks was caused by the stress wave of the initial load.

In the 45° model, the propagation speed of the main crack can be roughly calculated to
be about 0.7 mm/ ps from 0-30 ps, and the reflection wave begins to affect the main crack
after 30 us. At 30-40 s, the average propagation speed of the crack is about 1.1 mm/ps,
while at 40-50 s, the propagation speed decreases to about 1 mm/us, and even to about
0.89 mm/us at 50-60 ps. This phenomenon indicates that in the 45° state, the reflected
wave has a significant promoting effect on the main crack, resulting in a faster propagation
rate compared to the initial stress wave load.

Moreover, by calculating the main crack propagation rates at different stages of 30-60 ps in
Figure 14b—d, it can be found that after being affected by the reflected waves, the average
propagation rate of the cracks is the highest during the period of 30-40 s, and then
gradually decreases at 40 us. This phenomenon is common. This indicates that cracks
with an inclination angle greater than 45° around them will significantly promote the
propagation behavior of cracks that are approximately parallel to the blast hole and cracks.

This study also studied and calculated the 0-30° crack model and found that it also
had a promoting effect on newly generated cracks at similar positions in the blast hole.
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However, it may be due to the small angle, the formation of fragmented areas, and new
free surfaces around the blast hole, which will change the propagation path of the wave.
The promoting effect of the reflected waves is not significant, and it is difficult to form

parallel or regular positional relationships with pre-existing cracks, which is why this is
not included in the above discussion.
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Figure 14. Models with main crack propagation and length-time curve; (a) 45°, (b) 60°, (c) 75°, (d) 90°.
4. Conclusions

The purpose of this paper is to use the stress wave theory to study the dynamic
propagation mechanism of the crack and the influence law of the dangerous area from the
perspective of the precast crack, and to predict the possible dangerous area in the model
with the help of the wave propagation.

In terms of innovation, this study is based on the model of rock models with cracks in
a large number of excavation and construction projects. On the one hand, the stress wave
theory is considered to study the dynamic load conditions, and on the other hand, the crack
propagation of prefabricated crack models with different inclination angles is studied in
groups. Finally, the following conclusions are obtained:
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The action of the impact load causes the crack and the expansion of the crack behavior
and hole around a pre-existing crack angle.

The stress wave theory can predict the crack propagation behavior under the ideal condi-
tion of the example in this paper, and has a good fit with the final crack propagation results.
When the inclination angle of the existing crack is 0-45°, the equivalent principal
stress effect generated by the reflected wave is enhanced, and it is easier to form a
dangerous area of high stress in the area near the crack hole. At 60-90°, the equivalent
principal stress is reduced due to the secondary reflection of the reflected wave at
the borehole position, and cracking behavior is less likely to occur at the far and near
ends of the fracture. At this time, fracture behavior mainly occurs around the hole,
and only a few cracks have a high propagation rate.

The reflected wave is the main cause of the crack, followed by a shear wave; compared
with the other side of the crack, the reflected wave may lead to more branches near
the burst crack, forming a fracture area.

The reflected waves generated by the presence of cracks at different angles will
promote the propagation of cracks around the blasting hole. The crack with an angle
of 45-90° has a particularly significant effect on the expansion rate of nearly parallel
cracks (main cracks) around the blasting hole. Such rapidly expanding cracks will be
more easily connected with the free surface or surrounding cracks, which may be one
of the main reasons for regional instability.
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List of Notations

ax

acceleration in the x direction
acceleration in the y direction

force in the x direction

force in the y direction

stress in the 7 direction

external pressure in the i
directiondeviatoric stress in the i direction
shear modulus of the material

volume rate of the material

strain in the i direction

bulk modulus of the material

initial density

present density

expansion wave velocity of the material
shear wave velocity of the material
dynamic elastic modulus

dynamic Poisson ratio
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Abstract: The in situ stress distribution is one of the driving factors for the design and construction
of underground engineering. Numerical analysis methods based on artificial neural networks are the
most common and effective methods for in situ stress inversion. However, conventional algorithms
often have some drawbacks, such as slow convergence, overfitting, and the local minimum problem,
which will directly affect the inversion results. An intelligent inverse method optimizing the back-
propagation (BP) neural network with the particle swarm optimization algorithm (PSO) is applied to
the back analysis of in situ stress. The PSO algorithm is used to optimize the initial parameters of
the BP neural network, improving the stability and accuracy of the inversion results. The numerical
simulation is utilized to calculate the stress field and generate training samples. In the application
of the Shuangjiangkou Hydropower Station underground powerhouse, the average relative error
decreases by about 3.45% by using the proposed method compared with the BP method. Subsequently,
the in situ stress distribution shows the significant tectonic movement of the surrounding rock, with
the first principal stress value of 20 to 26 MPa. The fault and the lamprophyre significantly influence
the in situ stress, with 15-30% localized stress reduction in the rock mass within 10 m. The research
results demonstrate the reliability and improvement of the proposed method and provide a reference
for similar underground engineering.

Keywords: in situ stress; underground engineering; inversion method; numerical simulation; neural
network; particle swarm optimization algorithm

1. Introduction

With the larger scale, deeper burial, and more complex geological conditions of
underground engineering, accidents during construction occur frequently. Such as large
deformations in soft rocks, rockbursts in hard rocks, etc., were related to their regional in
situ stress [1-4]. Hence, an accurate in situ stress field is not only the basis for the design
and construction of underground engineering but also for the deformation and failure
research. In situ tests provide an effective way to obtain in situ stress directly. Currently,
the primary measurement methods are the hydraulic fracturing method, the stress relief
method, and the acoustic emission method [5-9]. However, the investigation of in situ
stress through boreholes is too expensive to set up sufficient boreholes to cover the entire
underground cavern.

To overcome the limitation of on-site test data, researchers generally adopt three-
dimensional numerical simulation methods to conduct the back analysis of the in situ stress
field in the engineering field [10-13]. The main inversion methods are the boundary load
adjustment method, the multiple regression fitting method, and the artificial neural network
(ANN) algorithm. The boundary load adjustment method involves repeatedly adjusting the
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numerical model’s boundary loads to approximate the calculated stress from the test data.
This method can effectively and directly obtain a reasonable in situ stress field through
iterative calculation. However, in practice, it may not always provide a unique and optimal
solution, and the iterative process can be irregular and time-consuming [14]. Multiple
regression is a method that takes many factors into account to ensure the uniqueness and
rationality of the results. For example, Chen et al. [15], Yu et al. [16], and Li et al. [17]
utilized the least squares regression method, the lasso regression method, and the partial
least squares regression method, respectively, to conduct multiple linear regression analysis
of the in situ stress field. In this method, the regression relationship between model
conditions and stress state has been established to reduce the computational cost. Due to
the basic assumptions of linearity and continuity, this method may be less applicable for
underground engineering with complex geological conditions, where the in situ stress field
is nonlinear with burial depth of rock. Hence, the application of artificial neural networks
to in situ stress inversion has become a popular methodology in the 21st century. Zhang
et al. [18], Li et al. [19], and Li et al. [20] utilized the genetical algorithm (GA), the back
propagation (BP) neural network, and the GA-BP artificial neural network, respectively, to
optimally solve the model boundary loads. They inversely obtained a more accurate in situ
stress field due to the effectiveness of ANN in solving nonlinear and complex problems.

However, traditional neural network algorithms often have several drawbacks in
practice. These include overfitting, slow convergence, and sensitivity to initial conditions,
which may make them less suitable for complex underground problems. Particle Swarm
Optimization (PSO), first proposed by Eberhart and Kennedy [21], is a widely used op-
timization algorithm. Due to its capability for global optimization, PSO can serve as a
pretraining step to optimize the initial parameters before actual training with the BP algo-
rithm. As a result, this approach may enhance the performance of network training and
improve the accuracy of prediction. To the best knowledge of the authors, the PSO-BP
algorithm was seldom applied to the back analysis of in situ stress.

In this paper, an intelligent in situ stress inversion method combining the BP algorithm
and the PSO algorithm is proposed. To improve the accuracy of the inversion results, this
method employs the global search capability of the PSO algorithm to optimize the BP
initial parameters. The training network was then utilized to search for optimal boundary
parameters of the numerical model based on the measured data. The next section outlines
the theory of the inversion method and the implementation procedure of the PSO-BP
algorithm. Subsequently, the proposed method was applied to an engineering project,
the underground powerhouse of Shuangjiangkou Hydropower Station, to demonstrate its
practicability.

2. Intelligent Inversion Method of the In Situ Stress Field
2.1. Determination of Boundary Conditions

In the analysis of the in situ stress field in the underground caverns, it is widely
acknowledged that the gravity stress and the geotectonic movement are the primary
contributing factors, while the influence of temperature and groundwater effects is generally
considered to be less significant and, hence, often ignored [22,23]. This paper adopts the
fast stress boundary method to conduct the in situ stress inversion by using the FLAC?P
7.0 software. This method assumes that the in situ stress field results from a combination of
self-weight and tectonic stresses. By adjusting the boundary conditions, a stress field that
best matches the test data can be determined, which is known as the inverse in situ stress.

In the fast Lagrangian method, the model’s horizontal stress state can be adjusted by
specifying the coefficient k (the ratio of horizontal stress to vertical stress), and the shear
stress state is simulated by applying the corresponding shear stress 7. In this paper, six
boundary coefficients are used to correspond to six different stress boundary conditions, as
shown in Figure 1. These coefficients include the self-weight coefficient (kg), the horizontal
stress coefficients (kx and ky), and the shear stress coefficients in three directions (Txz ,Tyz,
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and Tyy). In this way, the challenging problem of in situ stress inversion can be transformed
into finding an optimal solution for the six boundary conditions.

Figure 1. Different boundary conditions. (a) horizontal stress in the X-direction; (b) horizontal stress
in the Y-direction; (c) gravity stress; (d) shear stress in the XZ-plane; (e) shear stress in the YZ-plane;
and (f) shear stress in the XY-plane.

2.2. Optimization Solution Based on PSO-BP
2.2.1. Coordinate Transformation and Orthogonal Design

The in situ stress measurements are typically presented in the geodetic coordinate
system. However, the inversion analysis for the in situ stress distribution in the under-
ground cavern area is generally carried out in the computational coordinate system. Hence,
before performing the inversion analysis, the stress state at the test points needs to be
transformed from the geodetic coordinate system to the computational coordinate system,
as demonstrated in Equation (1) [24].

ox = L30y + L3o + L303

oy = M%U] + M%U’z + M§a3

0, = Nioy + NZo, + Nios

Txy = LiMyo1 + LyMyoy + LsM3os
Tyz = NiMioq + NoMyoy + N3Msos
Txz = L1Nj0y 4+ LpyNyop + L3N3o3

@

where, L; = cosfjcosajy, M; = cosp;sina;y, N; = sinf;, B; is the angle between o; and the
horizontal plane, and «;, is the angle between ¢; and the direction of the x-axis.

In order to conduct in situ stress inversion using neural network intelligence algo-
rithms, it is necessary to generate sufficient numerical data as input and output samples.
The orthogonal design method is used to design the training sample scheme and thus
calculate more comprehensive and representative combinations of boundary conditions at
a lower computational cost. This method utilizes orthogonal design tables to effectively
address the challenges posed by multi-factor design and optimal level determination. Ta-
ble 1 shows a typical four-factor and three-level L9(3*) orthogonal design. The designed
boundary condition scheme is then input into FLAC®P software, respectively. The simu-
lated stresses at the in situ stress test points, together with the boundary conditions, serve
as the training samples for the network.
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Table 1. Typical orthogonal design table L9(3).

No A B C D
1 A] Bl C] D1
2 Aq B, Cy D,
3 A B, Cs D;
4 Ay B, C D;
5 Ay B, Cs Dy
6 Ay B, G D,
7 As By Cs D,
8 As B, G D;
9 A3 B'; C2 D]

2.2.2. PSO Optimized BP Network Algorithm

The fundamental principle of in situ stress inversion involves the establishment of a
nonlinear relationship between the stress state and the model boundary conditions in order
to identify the optimal boundary conditions that correspond with the measurement data.
The BP neural network is widely used in underground engineering due to its capacity to
deal with nonlinear problems [25,26]. However, the BP algorithm has some unavoidable
limitations in addressing complex nonlinear problems. For example, many parameters
should be initialized in the BP algorithm, such as weights, thresholds, error tolerance, etc.
Some of these parameters that are determined empirically and roughly are sometimes
not appropriate for a specific problem, and this limitation makes the BP algorithm quite
unstable. Thus, in this paper, the PSO has been used to optimize the BP initial parameters
to improve the stability and accuracy of the final result. The specific implementation steps
of the PSO-BP intelligent optimization algorithm are as follows [21,27]:

(1) Determine the structure of the BP neural network.

(2) Encode the BP connection weights and thresholds; the particle dimension D is the
sum of all weights in neural networks and is expressed as:

D=SXR+S xS +S5+5; 2)

where, R, 51, and S; are the numbers of neurons in the input, hidden, and output layers,
respectively.

(3) Initialize the basic parameters of the particle swarm.

(4) Define the fitness function: the mean square error of BP is used as the function of
fitness value, and the function is expressed as:

. 1
Fitness = NZﬁ\il 252:1 (dio (x1) = yio)? )

where N represents the total number of input samples, d;, (x;) is the o-th output result for
the i-th group of input samples, and y;, is the corresponding actual value.

(5) Based on the input-output sample pair, each particle’s fitness value is calculated
using the forward algorithm and the fitness function of the BP network.

(6) For each particle, if Fitness[i] is less than the Py, let Py equal Fitness[i]; if
Fitness[i] is less than the Gy, let Gpes; equal Fitness|i];

(7) Update the velocity and position of the particles by Equations (4) and (5) and
ensure that the particle velocity does not exceed the velocity limit (vmax)-

0ij (4 1) = 03 () + err1 (8) [pij(£) — xi5(8)] + cara(t) [pgj(t) — xii(t)] 4)

X,‘j(i"i‘l) :xij(t)+vi]-(t+l) (5)

where x;; and v;; are the position and velocity of particles i in the j-th dimensional com-
ponent, respectively; P; and Pg; are the individual extremum and global extremum of
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particles i in the j-th dimensional component, respectively; ¢; and c; are acceleration con-
stants, which normally take the same value between 1.5 and 2.5; r; and r, are random
numbers ranging from 0 to 1.

(8) Calculate the error of the PSO-BP algorithm as:

E= 2% J(Gueu™) ®)

t
where | (Gbgst(i)) is the fitness of the global optimal value in the i-th iteration and ¢ is the
current iteration time.
(9) If the error (E) is within the preset tolerance or the number of iterations reaches its
maximum, the final solution is the vector of the global optimal position (Gp,g) in the last
iteration. Otherwise, return to step 5.

2.2.3. PSO-BP Inversion Method

To enhance the accuracy of in situ stress inversion results, a nonlinear numerical
analysis approach was proposed that combines the model boundary conditions with the
PSO-BP algorithm. In this method, the complex geological movements are resolved into six
basic boundary conditions, and then, through FLAC3P software, the stress state of each
boundary is calculated to form the network samples. The PSO-BP neural network is used
to establish a nonlinear relationship between the boundary conditions and the stress state
at specific testing locations. Finally, the optimal boundary conditions that coincide with the
measurement results are obtained through iterative searching. The primary implementation
steps are shown in Figure 2:

“ Flac3D geomechanical model

Input training samples for
network learning
‘ Establish relationship between
boundary conditions and stress

‘ Set the boundary conditions
to be determined

‘ Use the orthogonal design to
create inversion scheme

Meet
preset termination
conditions?

Calculate stress fields with
different boundary conditions

Use PSO-BP network to determine
the boundary conditions

Get computed stress values for the }—l’
corresponding on-site test points | |

‘ Optimal Combination of ‘
boundary Fonditions
)

‘ In- site stress field in engineering area

End

Figure 2. Flow chart of the PSO-BP in situ stress inversion method.

3. Application to the Shuangjiangkou Hydropower Station
3.1. Measured Results of In Situ Stress in Underground Cavern Zones
3.1.1. General Situation of Engineering Geology

The Shuangjiangkou hydropower station in Jinchuan County, Sichuan Province, is the
fifth power station in the Dadu River basin. Figure 3 shows the site of the Shuangjiangkou
hydropower station, which has the highest dam in the world. The underground cavern
is deeply buried on the left bank with a horizontal depth of 300-500 m and a vertical
depth of 42 m, and its axial azimuth is N10°W. F1 is the main fault distributed around the
underground cavern area, which has a width of 0.5 to 0.6 m, and the occurrence is about
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N79°W/SW /48°. A lamprophyre also occurred about N35°-50°W /SW /72°-75° at the
cavern area, with a width of 0.8-1 m. In general, the Shuangjiangkou underground cavern
area mainly comprises porphyritic granite with different degrees of weathering. Currently,
empirical systems, such as rock-mass rating (RMR), tunneling quality index (Q) system,
and geological strength index (GSI), are mainly utilized in international rock engineering
projects [28-30]. In the geological survey report of Shuangjiangkou Hydropower Station,
the (basic quality index of rock mass) BQ method [31] is employed to classify the rock mass
into four types of materials, namely, class II (fresh granite), class III (moderately weathered
granite), class IV (strongly weathered granite), and class V (geological structures), as listed
in Table 2.

und

té

Right bank

Figure 3. Dam site of Shuangjiangkou Hydropower Station.

Table 2. The mechanical parameters.

Type of Rock Rock Density Young's Poisson’s Ratio Cohesion Frlcfu‘m
Mass Classification (kg/m®) Modulus " ¢ (MPa) Coefficient
E (GPa) f
Fresh granite 1T 2600 329 0.25 1.5 1.3
Moderately
weathered I 2550 25.0 0.30 1.0 1.0
granite
Strongly
weathered v 2350 20.0 0.32 0.5 0.8
granite
Geological v 2300 6.0 035 0.1 035
structures ’ ’ ’ ’
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3.1.2. Analysis of the Field Test

In situ stress measurements are a direct method for identifying the magnitude, direc-
tion, and distribution of in situ stress in the engineering field. Figure 4 displays the layout
of in situ stress measurement points around the underground caverns on the left bank. The
five measurement points are situated parallel to the main powerhouse’s axis and located
inside the SPD%# structure at an elevation of 2268 m. The measured data is obtained in
the geodetic coordinate system, and thus it is necessary to transform them into the model
coordinate system using Equation (1). The transformed results are listed in Table 3.

SZK2

Ny

N

Figure 4. Distribution of in situ stress measured points.

Table 3. Stress components from in situ stress measurements around the underground caverns.

Test No. Test Point ]]:3):;1:11 ox/MPa oy/MPa o,/MPa Txz/MPa Tyz/MPa Txy/MPa
1# SZK2 549 m 16.92 23.50 15.04 444 -3.19 1.54
2# SPD9-5 470 m 19.26 22.74 16.66 0.33 —-7.11 4.71
3# SZK1 431 m 10.21 15.95 9.10 0.86 —2.60 —0.52
44 SPD9-6 357 m 18.64 21.86 13.56 4.29 —2.47 6.81
5# SPD9-1 308 m 15.84 22.18 24.01 1.64 —3.61 1.37

As shown in Table 3, the measured stress in the x-axis direction in the cavern area is
10.21-19.26 MPa, which is approximately 1.1 to 1.4 times greater than that in the vertical
direction. Similarly, the stress in the horizontal y-axis direction ranges from 15.95 to 23.50
MPa, which is around 1.4 to 1.8 times greater than the vertical stress. The measured stress
values are ranked as 0y, 0x, and ¢, in descending order, with horizontal stress ¢y and o
being higher than the vertical stress . This suggests that the tectonic movements have a
significant impact on the stress distribution in the Shuangjiangkou underground cavern
area. The shear stress values in the cavern area are generally low, with an average of 2.3
MPa for Tx,, —3.7 MPa for Ty,, and 2.8 MPa for Txy in the three directions.

The monitoring data used in the back analysis may directly affect the accuracy of the
inversed in situ stress distribution, as it is the main input for the back analysis algorithm.
Therefore, filtering the illogical measured points is necessary for the inversion process. As
shown in Table 3, the stress values at the 3# measured point are smaller than the others, and
considering that the 3# point is located near the F1 fault, the stress decreases in this region
may be reasonable. Notably, despite the fact that the 5# point is located at the lowest burial
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depth of just 308 m compared to the highest 1# point of 549 m, the ¢, value at this point
is about 24 MPa, ranking first among these five measurement points (the average value
being 15.6 MPa). This means that there probably exist stress fluctuations near the 5# point
area, and the measured data at this point may not properly reflect the overall in situ stress
distribution in the engineering area. However, to consider the comprehensiveness and
diversity of the input sample, all five measurement points were included in the inversion
calculation.

3.2. Inversion Analysis of the In Situ Stress Distribution
3.2.1. Numerical Model

The inversion model should provide a comprehensive analysis of the impact of to-
pography, geomorphology, lithology, and geological structures on the engineering field.
After considering the precise locations of the testing points, a numerical model centered
on the main powerhouse was established. As shown in Figure 5a, the 3D model can be
mainly divided into three layers. The upper layer, represented by the color red, consists
of strongly weathered granite. The middle layer, depicted in blue, is composed of mod-
erately weathered granite. Finally, the lower layer, shown in green, comprises fresh rock.
The geological structures, namely the F1 fault and lamprophyre, are simulated in the
model through the fine mesh with specific thicknesses, as shown in Figure 5b. Besides,
the spatial relationships between the F1 fault, lamprophyre, and underground caverns
were determined based on a geological survey report. The underground cavern group
of the Shuangjiangkou hydropower station consists of three parallel caverns (the main
powerhouse, transformer chamber, and tailrace surge chamber) and some auxiliary caverns
such as the penstock and generatrix tunnels. The range of the model requires an adequate
length to minimize boundary effects and ensure an appropriate distance between the
underground caverns and boundaries. The Flac®® model has dimensions of 700 m in the
x-axis (vertical axial direction), 700 m in the y-axis (axial direction), and 1100 m in the z-axis
(elevation direction). The model has been extended to include the ground surface above the
underground caverns, consisting of 477,685 nodes and 753,151 brick elements. The mesh is
primarily composed of eight-node hexahedral elements, which exhibit uniform size and
excellent morphology. Besides, to improve the computational accuracy, the mesh in the
underground cavern area was further refined, with a minimum mesh density of 0.5m. In
FLACSP software, the Mohr-Coulomb criterion is commonly used to model the behavior of
rock under different loading conditions, which is the criterion utilized in this back analysis.
The required mechanical parameters of all materials for this criterion, such as Young's
modulus, Poisson’s ratio, and strength parameters, are listed in Table 2, according to the
geological survey report of Shuangjiangkou Hydropower Station.

3.2.2. Orthogonal Design Experiment

Obtaining accurate in situ stress distribution through neural networks requires a
sufficient number of comprehensive training samples. Therefore, the in situ stress at
the measurement points under different boundary conditions was generated through
FLACSP software. The training sample scheme was established using an orthogonal design.
Firstly, the six boundary condition coefficients of in situ stress inversion in FLAC®P were
determined according to the inversion theory in Section 2.1. Then, the test data in Table 3
was used as the base values for each parameter. The weight coefficient kg was 1.3, the
horizontal stress coefficients kyx and ky were 1.3 and 1.6, respectively, and the shear stress
coefficients were 2.3 MPa, —3.7 MPa, and 2.8 MPa, respectively. The weight coefficient, the
horizontal stress structure coefficients, and the shear stress coefficients were varied within
a range of 10%, 20%, and 30%, respectively, based on the base values. As shown in Table 4,
an L49 (7°) orthogonal scheme was designed. The 49 sets of boundary condition schemes
were then input into FLAC3P software. The boundary conditions and the simulated in situ
stress at the testing points constitute the training samples for the network.
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Figure 5. Numerical model for the in situ stress inversion. Mesh model of the surrounding mountain
(a) and underground cavern and main geological structures (b).

Table 4. Boundary condition scheme Lyo(7°).

Test No. kg ky ky Tyz/MPa Tyz/MPa Tyy/MPa
1 0.91 0.91 1.12 1.61 —2.59 1.96
2 1.04 1.17 1.60 2.53 —4.44 3.64
3 1.17 1.43 2.08 1.84 —3.70 3.36
4 1.30 1.69 1.44 2.76 —2.96 3.08
5 143 1.04 1.92 2.07 —4.81 2.80
6 1.56 1.30 1.28 2.99 —4.07 2.52
7 1.69 1.56 1.76 2.30 —3.33 2.24
8 0.91 1.69 1.92 2.53 -3.70 2.52
9 1.04 1.04 1.28 1.84 —2.96 2.24
10 1.17 1.30 1.76 2.76 —4.81 1.96
11 1.30 1.56 1.12 2.07 —4.07 3.64
12 1.43 0.91 1.60 2.99 —3.33 3.36
13 1.56 1.17 2.08 2.30 —2.59 3.08
14 1.69 143 1.44 1.61 —4.44 2.80
15 0.91 1.56 1.60 1.84 —4.81 3.08
16 1.04 0.91 2.08 2.76 —4.07 2.80
17 1.17 1.17 1.44 2.07 —3.33 2.52
18 1.30 1.43 1.92 2.99 —2.59 2.24
19 1.43 1.69 1.28 2.30 —4.44 1.96
20 1.56 1.04 1.76 1.61 —3.70 3.64
21 1.69 1.30 1.12 2.53 —2.96 3.36
22 0.91 1.43 1.28 2.76 —3.33 3.64
23 1.04 1.69 1.76 2.07 —2.59 3.36
24 1.17 1.04 1.12 2.99 —4.44 3.08
25 1.30 1.30 1.60 2.30 —3.70 2.80
26 1.43 1.56 2.08 1.61 —2.96 2.52
27 1.56 0.91 1.44 2.53 —4.81 2.24
28 1.69 1.17 1.92 1.84 —4.07 1.96
29 091 1.30 2.08 2.07 —4.44 224
30 1.04 1.56 1.44 2.99 —3.70 1.96
31 1.17 0.91 1.92 2.30 —2.96 3.64
32 1.30 1.17 1.28 1.61 —4.81 3.36
33 1.43 1.43 1.76 2.53 —4.07 3.08
34 1.56 1.69 1.12 1.84 —3.33 2.80
35 1.69 1.04 1.60 2.76 —2.59 2.52
36 0.91 1.17 1.76 2.99 —2.96 2.80
37 1.04 143 1.12 2.30 —4.81 2.52
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Table 4. Cont.

Test No. kg kx ky Tyz/MPa Tyz/MPa Txy/MPa
38 1.17 1.69 1.60 1.61 —4.07 2.24
39 1.30 1.04 2.08 2.53 —3.33 1.96
40 143 1.30 1.44 1.84 —2.59 3.64
41 1.56 1.56 1.92 2.76 —4.44 3.36
42 1.69 0.91 1.28 2.07 —3.70 3.08
43 0.91 1.04 1.44 2.30 —4.07 3.36
44 1.04 1.30 1.92 1.61 —3.33 3.08
45 1.17 1.56 1.28 2.53 —2.59 2.80
46 1.30 0.91 1.76 1.84 —4.44 2.52
47 143 1.17 1.12 2.76 —3.70 2.24
48 1.56 1.43 1.60 2.07 —2.96 1.96
49 1.69 1.69 2.08 2.99 —4.81 3.64

3.2.3. Identification of Boundary Conditions

A reliable nonlinear relationship between boundary conditions and the stress at the
measured points is crucial for the accuracy of the inversed in situ stress distribution.
However, the traditional method may encounter some issues such as ‘over-fitting” or
‘“under-fitting” due to the uncertainty in the training sample size. The limitations restrict
the ability of nonlinear mapping to approximate and subsequently affect the accuracy and
reliability of the algorithm results. To address this issue, the PSO optimization method
was used to optimize the BP neural network and establish a more accurate and reliable
nonlinear model.

The PSO-BP neural network was trained using the boundary conditions listed in
Table 4 as input samples and the corresponding calculated stresses at the measured points
as sample outputs. The Shuangjiangkou hydropower station has five measurement points
around the left underground caverns, each with six stress values; thus, a 30-16-6-6 topologi-
cal network was constructed. The mean square error of the network model was set to 1078,
which was used to judge the training accuracy of iterations. The PSO-BP network was
stopped after 3367 iterations when the error reached the preset value. Subsequently, the
actual stresses at each measured point are input into the trained PSO-BP model to search
for the optimal combination of boundary conditions. The inversed coefficients obtained by
the PSO-BP neutral network are kg = 1.43, kx = 1.26, ky = 1.60, Tx, = 1.61 MPa, Ty, = —2.51
MPa, and T4 = 1.44 MPa.

To validate the accuracy of the determined boundary conditions, the obtained coeffi-
cients are utilized in the FLAC®P software for additional forward analysis. Table 5 gives the
stress results for each measurement point. It shows that the analysis results are generally
acceptable for most points, except for the resulted o, of point 5#, where the analysis error
is 20.33%. The average analysis error for the remaining points is 8.09%. Compared with
Table 3, the measured ¢y and ¢y of point 5# are almost equal to those of other points, but
the measured o, of point 5# is 7-15 MPa greater than that of other points, so it may not be
accurately measured. As a result, the back-analysis o, of point 5# does not match very well
with the measured data. Figure 6 compares the inversed and tested stresses. The dashed
line indicates where the two stresses are equal. It can be observed that there is excellent
agreement between the PSO-BP results and measured data, with a correlation coefficient of
about 0.95.
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Table 5. Computational stress components at test points.

Test No. ox/MPa ay/MPa o,/MPa Txz/MPa 'ryz/MPa 'rxy/MPa
1 18.33 20.07 14.83 1.02 —2.63 1.22
2 18.08 2091 14.45 1.12 —2.18 1.27
3 11.98 18.10 9.41 1.63 —0.80 0.37
4 17.72 22.48 14.02 1.69 —2.34 0.73
5 17.96 23.49 14.00 2.65 —245 0.79
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Figure 6. Comparison of inverted results with measured results.

3.3. Characteristics of In Situ Stress around Underground Caverns

The purpose of the in situ stress inversion is to investigate the distribution of in situ
stress in the engineering area. By studying its distribution characteristics, it is possible
to provide some references for the engineering’s design, construction, and long-term
stability. Hence, based on the boundary conditions obtained from the PSO-BP inversion,
the distribution characteristics of the in situ stress in the Shuangjiangkou underground
cavern area were computed.

Figure 7 shows the stress distribution in the cross-section of the main powerhouse,
while Figure 8 plots that in the longitudinal section direction. As can be seen, there is an
increasing trend in the distribution of in situ stresses with the increase in rock burial depth.
The shallow surface presents local stress relaxation with relatively low stress values in this
area. This is followed by a stress transition zone, where the principal stress distribution
gradually becomes horizontal with a progressive increase in stress. The deeper part of
the rock has a higher stress level and a more stable stress state. The first principal stress
ranges from 20 to 26 MPa, with some stress concentration occurring around the river valley.
The third principal stress ranges from 14 to 18 MPa and is predominantly oriented in the
vertical direction. Fault F1 and the lamprophyre notably influence the stress distribution in
the main powerhouse area, resulting in a significant reduction in the stresses within 10 m.
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Figure 7. Stress distribution in the cross-section of the main powerhouse. (a) the first principal stress,

(b) the third principal stress.
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Figure 8. Stress distribution in the longitudinal section of the main powerhouse. (a) the first principal
stress; and (b) the third principal stress.

The results of the in situ stress inversion indicate that weak structural planes may have
the potential to significantly influence the stress state of an engineering area. As shown
in Figure 9, all three stress components increase with the buried depth while remaining
relatively consistent within the main powerhouse area at the same elevation. There is a
sudden drop in stress values at the fault area, with the oy falling to around 10-12 MPa, oy
about 17-20 MPa, and ¢, about 8-10 MPa. However, the stress state around the tailrace
surge chambers does not fluctuate since the fault and the lamprophyre do not intersect
with the tailrace surge chambers. Thus, faults and lamprophyre could notably influence
the in situ stress distribution, leading to a reduction in the in situ stress value of the
surrounding rock.
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4. Discussion

To validate the improvement of the proposed method, a comparison between the
PSO-BP in situ stress numerical analysis method and the conventional method is conducted
in Shuangjiangkou Hydropower Station engineering.

For comparison, the BP network was constructed the same as the PSO-BP network in
this study, with a topology of 30-16-6-6 and the mean square error of the network model
set to 1078, The BP neural network was also trained using the boundary conditions listed
in Table 4 as input samples and the calculated stresses at the measured points as sample
outputs. After the iterative search, the optimal combination of boundary conditions from
the BP network method can be obtained. The inversed coefficients are kg = 1.35, kx = 1.18, ky
=1.72, Tx, = 0.73 MPa, Ty, = —2.29 MPa, and 7« = 1.75 MPa. Then, the obtained coefficients
are utilized in the FLAC3P software for additional forward analysis, which generates the
computational results from the conventional method, as shown in Table 6. For comparison,
the measured data and the results from the PSO-BP method are also listed in this table.

As can be seen, the BP network method also inversed a relatively reasonable combina-
tion of boundary conditions, while the average relative error of the PSO-BP results is 3.45%
lower than that of the conventional method, indicating a closer approximation to the actual
in situ stress. Therefore, for in situ stress inversion using the same engineering, the PSO-BP
method may evidently improve the accuracy of the inversion results compared with the
conventional BP network method. It should be noted that the PSO-BP method has some
limitations, one of them being the requirement of sufficient input samples. While the huge
training samples result in a significant increase in computational cost, the accuracy of the
results may improve as the number of samples increases. Hence, it is necessary to select a
reasonable and sufficient number of training samples for different engineering problems.
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Table 6. Computational stress components at test points. A comparison of the computational stress
of the two back analysis methods.

Test No. Algorithm ox/MPa oy/MPa o,/MPa Txz/MPa Ty./MPa Txy/MPa

Measured 16.92 23.50 15.04 4.44 —-3.19 1.54

1 BP 14.50 21.07 13.47 0.69 —2.18 1.29
PSO-BP 18.33 20.07 14.83 1.02 —2.63 1.22

Measured 19.26 22.74 16.66 0.33 —7.11 471

2 BP 14.36 21.87 13.31 0.47 —1.88 1.45
PSO-BP 18.08 20.91 14.45 1.12 —2.18 1.27

Measured 10.21 15.95 9.10 0.86 —2.60 -0.52

3 BP 10.52 19.21 8.75 1.21 -0.21 0.71
PSO-BP 11.98 18.10 941 1.63 —0.80 0.37

Measured 18.64 21.86 13.56 4.29 —2.47 6.81

4 BP 14.22 23.49 13.21 1.30 —-1.92 1.82
PSO-BP 17.72 22.48 14.02 1.69 —2.34 0.73

Measured 15.84 22.18 24.01 1.64 —3.61 1.37

5 BP 14.27 24.38 13.33 1.61 —2.07 0.95
PSO-BP 17.96 23.49 14.00 2.65 —2.45 0.79

5. Conclusions

To improve the accuracy of the in situ stress inversion, a PSO-BP in situ stress nu-
merical analysis method was proposed and applied to the in situ stress inversion of the
Shuangjiangkou Hydropower Station underground engineering. Based on the results of
the numerical simulation, the feasibility of the method was verified, and the characteristics
of the in situ stress distribution around the underground caverns were obtained. The main
conclusions are drawn as follows:

(1) The complex geological movements can be decomposed into six basic boundary
conditions for numerical simulation, and the PSO-BP neural network can then identify
the optimal boundary conditions that best represent the measured in situ stresses.

(2) The average relative error of the inversion results obtained by the proposed method is
3.45% lower than those obtained by the traditional method; thus, the proposed method
is more effective and the inversed in situ stress distribution is more reasonable.

(3) The distribution of in situ stresses increases as the buried depth of rock increases.
The first principal stress ranges from 20 to 26 MPa, with stress concentration around
the river valley. The third principal stress ranges from 14 to 18 MPa and is oriented
approximately vertically.

(4) Fault F1 and the lamprophyre notably influence the stress distribution in the main
powerhouse area, with 15-30% localized stress reduction in the rock mass within 10m,
which may provide a reference for similar engineering with weak structural planes.

Author Contributions: Conceptualization, H.-C.Y., H-Z.L. and L.Z.; Data curation, Y.L. and K.-P.C,;
Formal analysis, H.-C.Y.; Funding acquisition, H.-Z.L.; Investigation, H.-C.Y.; Methodology, H.-C.Y.,
H.-Z.L. and L.Z.; Project administration, M.-L.X.; Resources, H.-Z.L. and Y.L.; Software, H.-C.Y. and
J.-M.W.; Validation, H.-C.Y.; Writing—original draft, H.-C.Y.; Writing—review and editing, H.-C.Y.,
H.-ZL.,LZ,M-LX,K-PC.,J-MW. and J.-L.P. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (No.
52109135), and the Postdoctoral Research Foundation of China (2019M653402).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing is not applicable.

190



Appl. Sci. 2023, 13, 4697

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

References

1. Song, Z.E;Sun, YJ.; Lin, X. Research on In Situ Stress Measurement and Inversion, and its Influence on Roadway Layout in Coal
Mine with Thick Coal Seam and Large Mining Height. Geotech. Geol. Eng. 2017, 36, 1907-1917. [CrossRef]

2. Li,S;Feng, X.T;; Li, Z.H.; Chen, B.; Zhang, C.; Zhou, H. In situ monitoring of rockburst nucleation and evolution in the deeply
buried tunnels of Jinping II hydropower station. Eng. Geol. 2012, 137-138, 85-96. [CrossRef]

3. Zhang, G, Li, Y,; Meng, X.; Tao, G.; Wang, L.; Guo, H.; Zhu, C.; Zuo, H.; Qu, Z. Distribution Law of In Situ Stress and Its
Engineering Application in Rock Burst Control in Juye Mining Area. Energies 2022, 15, 1267. [CrossRef]

4. Gong, M,; Qi, S.; Liu, J. Engineering geological problems related to high geo-stresses at the Jinping I Hydropower Station,
Southwest China. Bull. Eng. Geol. Environ. 2010, 69, 373-380. [CrossRef]

5. Haimson, B.C. Deep in-situ stress measurements by hydrofracturing. Tectonophysics 1975, 29, 41-47. [CrossRef]

6.  Aadnoy, B.S. Inversion technique to determine the in-situ stress field from fracturing data. J. Pet. Sci. Eng. 1990, 4, 127-141.
[CrossRef]

7. Ljunggren, C.; Chang, Y.; Janson, T.; Christiansson, R. An overview of rock stress measurement methods. Int. |. Rock Mech. Min.
Sci. 2003, 40, 975-989. [CrossRef]

8. Bao, T.; Burghardt, J. A Bayesian Approach for In-Situ Stress Prediction and Uncertainty Quantification for Subsurface Engineering.
Rock Mech. Rock Eng. 2022, 55, 4531-4548. [CrossRef]

9. Meng, Q. Chen, Y,; Zhang, M.; Han, L.; Pu, H.; Liu, J. On the Kaiser Effect of Rock under Cyclic Loading and Unloading
Conditions: Insights from Acoustic Emission Monitoring. Energies 2019, 12, 3255. [CrossRef]

10.  Xu, D.; Huang, X,; Jiang, Q.; Li, S.; Zheng, H.; Qiu, S.; Xu, H.; Li, Y; Li, Z.; Ma, X. Estimation of the three-dimensional in situ
stress field around a large deep underground cavern group near a valley. J. Rock Mech. Geotech. Eng. 2021, 13, 529-544. [CrossRef]

11. Wang, B.L.; Ma, Q.C. Boundary element analysis methods for ground stress field of rock masses. Comput. Geotech. 1986, 2,
261-274. [CrossRef]

12.  McKinnon, S.D. Analysis of stress measurements using a numerical model methodology. Int. ]. Rock Mech. Min. Sci. 2001, 38,
699-709. [CrossRef]

13. Meng, W.; He, C. Back Analysis of the Initial Geo-Stress Field of Rock Masses in High Geo-Temperature and High Geo-Stress.
Energies 2020, 13, 363. [CrossRef]

14. Zhang, Z.; Gong, R.; Zhang, H.; Lan, Q.; Tang, X. Initial ground stress field regression analysis and application in an extra-long
tunnel in the western mountainous area of China. Bull. Eng. Geol. Environ. 2021, 80, 4603-4619. [CrossRef]

15.  Chen, B.; Ren, Q.; Wang, F.; Zhao, Y.; Liu, C. Inversion Analysis of In-situ Stress Field in Tunnel Fault Zone Considering High
Geothermal. Geotech. Geol. Eng. 2021, 39, 5007-5019. [CrossRef]

16. Yu, R.; Tan, Z.; Gao, J.; Wang, X.; Zhao, J. Inversion and Analysis of the Initial Ground Stress Field of the Deep-Buried Tunnel
Area. Appl. Sci. 2022, 12, 8986. [CrossRef]

17.  Yong, L.; Yunhua, G.; Weishen, Z.; Shucai, L.; Hao, Z. A modified initial in-situ Stress Inversion Method based onFLAC3D with
an engineering application. Open Geosci. 2015, 7, 824-835. [CrossRef]

18. Zhang, S.; Yin, S. Determination of in situ stresses and elastic parameters from hydraulic fracturing tests by geomechanics
modeling and soft computing. J. Pet. Sci. Eng. 2014, 124, 484-492. [CrossRef]

19. Li, X;; Zhou, X,; Xu, Z,; Feng, T.; Wang, D.; Deng, J.; Zhang, G.; Li, C.; Feng, G.; Zhang, R.; et al. Inversion Method of Initial In Situ
Stress Field Based on BP Neural Network and Applying Loads to Unit Body. Adv. Civ. Eng. 2020, 2020, 15. [CrossRef]

20. Li,G,;Hu,Y,;Li QB Yin, T; Miao, ].X,; Yao, M. Inversion Method of In-situ Stress and Rock Damage Characteristics in Dam Site
Using Neural Network and Numerical Simulation—A Case Study. IEEE Access 2020, 8, 46701-46712. [CrossRef]

21.  Eberhart, R.; Kennedy, ]. A new optimizer using particle swarm theory. In Proceedings of the Sixth International Symposium on
Micro Machine and Human Science (Cat. No.95TH8079), MHS'95, Nagoya, Japan, 4-6 October 1995; pp. 39-43. [CrossRef]

22.  Guo, M.W.; Yin, S.D.; Li, C.G.; Wang, S.L. 3D In Situ Stress Estimation by Inverse Analysis of Tectonic Strains. Appl. Sci. 2021, 11,
5284. [CrossRef]

23.  Matsuki, K.; Nakama, S.; Sato, T. Estimation of regional stress by FEM for a heterogeneous rock mass with a large fault. Int. J.
Rock Mech. Min. Sci. 2009, 46, 31-50. [CrossRef]

24. Pielke, R.A. Chapter 6—Coordinate Transformations. In International Geophysics; Pielke, R.A., Ed.; Academic Press: Cambridge,
MA, USA, 2013; Volume 98, pp. 111-141.

25.  Baghbani, A.; Choudhury, T.; Costa, S.; Reiner, J. Application of artificial intelligence in geotechnical engineering: A state-of-the-art
review. Earth-Sci. Rev. 2022, 228, 26. [CrossRef]

26. Jiang, Q.; Feng, X.T. Intelligent Stability Design of Large Underground Hydraulic Caverns: Chinese Method and Practice. Energies
2011, 4, 1542-1562. [CrossRef]

27. Yuhui, S.; Eberhart, R.C. Parameter selection in particle swarm optimization. In Proceedings of the 7th International Conference,
EP98, San Diego, CA, USA, 25-27 March 1998; pp. 591-600. [CrossRef]

28. Bieniawski, Z.T. Engineering Rock Mass Classifications: A Complete Manual for Engineers and Geologists in Mining, Civil, and Petroleum

Engineering; Wiley: Hoboken, NJ, USA, 1989.

191



Appl. Sci. 2023, 13, 4697

29. Rehman, H.; Ali, W.; Naji, A; Kim, J.5j.; Abdullah, R.; Yoo, H.-K. Review of Rock-Mass Rating and Tunneling Quality Index
Systems for Tunnel Design: Development, Refinement, Application and Limitation. Appl. Sci. 2018, 8, 1250. [CrossRef]

30. Cai, M; Kaiser, PK.; Uno, H.; Tasaka, Y.; Minami, M. Estimation of rock mass deformation modulus and strength of jointed hard
rock masses using the GSI system. Int. ]. Rock Mech. Min. Sci. 2004, 41, 3-19. [CrossRef]

31. The Ministry of Water Resources of China. Chinese National Standard GB/T 50218-2014: Standard for Engineering Classi-fication of
Rock Mass; China Planning Press: Beijing, China, 2014.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

192



fririd applied
e sciences

Article

Formation Mechanism and Control Technology of an
Excavation Damage Zone in Tunnel-Surrounding Rock

Hongxian Fu 12 Xiaoming Guan 3, Chun Chen 4, Jianchun Wu 4, Qigiang Nie 4 Ning Yang 3%, Yanchun Liu 3

and Junwei Liu 3

Citation: Fu, H.; Guan, X.; Chen, C.;
Wu, J.; Nie, Q.; Yang, N.; Liu, Y.; Liu,
J. Formation Mechanism and Control
Technology of an Excavation Damage
Zone in Tunnel-Surrounding Rock.
Appl. Sci. 2023,13,1006. https://
doi.org/10.3390/app13021006

Academic Editors: Zhengzhao Liang,

Bei Jiang and Nuwen Xu

Received: 28 November 2022
Revised: 7 January 2023
Accepted: 9 January 2023
Published: 11 January 2023

Copyright: © 2023 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 /
1.0/).

Key Laboratory of Urban Underground Engineering of Ministry of Education, Beijing Jiaotong University,
Beijing 100044, China

College of Civil Engineering, Beijing Jiaotong University, Beijing 100044, China

College of Civil Engineering, Qingdao University of Technology, Qingdao 266520, China

China Railway No. 10 Engineering Group No. 3 Construction Co., Ltd., Hefei 230031, China
Correspondence: nee_young@163.com

B woN

Abstract: Loosened rock circle is formed around the tunnel when the tunnel is constructed by the
drilling and blasting method. The size of the loosened rock circle around the tunnel and the degree of
internal rock fragmentation has an important influence on the support parameters, durability, and
safety of the tunnel. Firstly, referencing an existing tunnel project, blasting tests using nonelectronic
and electronic detonators were carried out to determine the influence of blasting construction on the
scope of the rock loose circle and the degree of rock fragmentation. Then, a numerical simulation was
used to study the contribution of the blasting impact and surrounding rock stress redistribution on
the loosened rock circle around the tunnel. The results showed that the range of the loosened rock
circle around the tunnel generated by the normal blasting of nonelectronic detonators was 1.5~2.3
m, and the wave velocity of the rock mass in the loosened rock circle around the tunnel decreased
to 23~36%. The size of the loosened rock circle around the tunnel generated by the blasting impact
was 0.66 m, accounting for 33% of the range of the loosened rock circle around the tunnel. The range
of the loosened rock circle around the tunnel produced by electronic detonator blasting was 0~1.4
m. The wave velocity of the rock mass in the loosened rock circle around the tunnel decreased to
12~17%. The range of the loosened rock circle around the tunnel was approximately 60~76% of that of
detonator blasting, and the broken degree of the surrounding rock in the loosened rock circle around
the tunnel was small. The research results can provide a reference for the optimization design of
preliminary support parameters of tunnels, such as anchors and steel arches in blasting construction.

Keywords: tunnel blasting; loosened rock circle; acoustic method; nonelectronic detonators; electronic
detonator; control technology

1. Introduction

The drilling and blasting methods are the most commonly used in the construction of
rock tunnels. The protected surrounding rock is damaged, and its stress is redistributed
after the rock within a tunnel outline is thrown out by the blasting load during excavation.
The strength of the protected surrounding rock is reduced, and the original cracks of it are
further widened to form a circle of loosened rock around the tunnel. This has a significant
influence on the supporting parameters, durability, and structural safety of the tunnel.

The range, fragmentation degree, and permeability of loosened rock circles around
the tunnel were extensively studied in terms of hydropower station chamber excavation,
tunnel engineering, and waste storage cavern engineering [1]. Failure zone, fracture zone,
and disturbance zone are formed in the surrounding rock after tunnel excavation. A large
number of rocks are separated from the surrounding rock and become unstable bodies in
the failure zone, and the surrounding rock generates microcracks or fissures in a fractured
zone. In the disturbance area, the stress of the surrounding rock and groundwater pressure
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has changed, yet other physical and mechanical properties of the surrounding rock have
changed little [2].

At present, the range of loosened rock circles around the tunnel formed and their
physical and mechanical properties after tunnel excavation have been studied by many
scholars through theoretical analysis, field tests, and numerical simulation. A Russian
scholar named Protodyakonov proposed the natural equilibrium arch theory and initiated
a theoretical study of the loosened rock circle around a tunnel in the early 20th century.
Subsequently, scholars established wedge theory, elastic medium theory, flexible medium
theory, loose fracture theory, elastic—plastic medium theory, fracture zone diagram theory,
and discontinuous zone theory [3]. Zhang et al. [4] and Jiang et al. [5] derived an analytical
solution of the radius and stress of the plastic zone of a circular roadway based on elastic—
plastic theory, the Drucker—Prager criterion, and the double-shear unified strength criterion.
Wang et al. [6] and Wang et al. [7] derived an approximate solution to the boundary equation
of the plastic zone of the surrounding rock of an unequal-pressure circular roadway based
on the Hoek-Brown strength criterion and the Mohr—Coulomb strength criterion. Meng
etal. [8] and Guan et al. [9,10] verified the elastic—plastic damage mechanical model of the
surrounding rock and computed the plastic zone range. Based on elastic—plastic theory,
many scholars have used different strength criteria and approved analytical methods to
calculate the loosened rock circles around standard circular tunnels. Nevertheless, these
computational results are problematic when meeting engineering needs. In order to obtain
more practical theoretical analysis results, Ma et al. [11] deduced an analytical solution
in which the plastic zone of a tunnel is controlled by the yield criterion during the failure
process, and stress field changes were obtained in the plastic zone of the tunnel.

At the same time, the development of science and technology has brought a variety
of advanced monitoring instruments, which have made outstanding contributions to the
monitoring test of surrounding rock loose circles. Many scholars adopted multipoint
displacement measurements, the seismic wave method, the geological radar method, and
the borehole imaging method to study loose circles in tunnels. At present, the single-hole
acoustic monitoring method [12] and the borehole acoustic monitoring method [13,14] are
the most widely used methods to study the range of tunnels surrounding rock loose circles.

With improvements in computing ability and numerical algorithms, researchers have
begun to use numerical simulations to calculate the range of loose circles. This method can
fully combine the results of field monitoring and theoretical deduction, which is a hot topic
in the research of the measuring range of loose circles [15]. Wei et al. [16], Han et al. [17],
and Pan et al. [18,19] studied the deformation and failure characteristics of the surrounding
rock by using particle flow and discrete element simulation methods that referenced a
number of microfeature indicators, such as the microcrack field, crack propagation direction
and final trend, and they provided a scientific explanation for the nature of many physical
phenomena. In addition to blasting factors, the existence of in situ stress can also lead to
stress fracture cycles in a tunnel excavation section. Siren et al. [20] conducted research to
distinguish between blasting and stress-induced fracture zones.

Blasting technology has a great influence on the range and mechanical properties of
tunnels surrounding rock loose circles. The tunnel blasting method can be categorized
as either ordinary blasting, smooth blasting, or micro-vibration blasting. Through field
tests and research, the loose circle formed by ordinary blasting has been deemed the
largest, followed by smooth blasting, and the smallest circle is created by micro-vibration
blasting [21]. However, there are few studies on the loose ring under the combined use of
various blasting methods. Zhou et al. [22] believed that multiple blasting methods only
produced cumulative damage at the cracks or fissures and increased the displacement at
the joint surface, and the loose ring size depended on the maximum burst. Liu et al. [14]
and Li et al. [23] found that multiple explosions expanded the loose circle from 2.8 m to
3.2 m through the acoustic wave method and borehole peeping method and increased
the degree of rock breakage, and the damage degrees of sidewalls and vaults can increase
by 36~50% and 47~55% in loose circles, respectively. Ji et al. [24] used field tests and
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finite element simulations to study the changes in the cumulative damage zones of tunnel-
surrounding rock under multiple excavation and blasting conditions, and the damage
degrees of the surrounding rock were sorted, divided, and summarized. Yang et al. [25,26]
studied the difference between the blasting vibration on a tunnel surface and the blasting
vibration inside the surrounding rock through field tests and the differences between the
vibration peaks and dominant frequencies on the tunnel surface and the interior of the
surrounding rock.

At present, there is no unified and clear definition of a loose tunnel circle, and the
disturbance zone, plastic zone, and loose circle are often muddled. The technical construc-
tion specification for rock foundation excavation in hydraulic structures stipulates that
the change rate of wave velocity greater than 10% after blasting is the criterion of rock
mass failure. This study used this standard to determine the loose circle of a tunnel. The
loosening circle is formed under the dual actions of blasting and stress redistribution in the
surrounding rock. However, the contribution of the two to the final loose circle remains
unclear. In this study, referencing the construction of a tunnel, blasting construction tests
of nonelectric detonators and electronic detonators are carried out. The vibration velocity
and the range of the loose circle produced by the two blasting methods were tested. The
field test data and numerical simulation method were used to explore the influence of the
surrounding rock stress redistribution and blasting load on the range of the loose circle.
The results show that the use of electronic detonators is more conducive to the protection
of tunnel surrounding rock than non-electric detonators and can significantly reduce the
rock damage range.

2. General Information of the Project

The research background project is Renhechang Tunnel, which is an important project
on the Chongging-Huaihua Railway and the total length is 4734 m. The rock layer is mainly
mudstone with sandstone with some developed joints, and water seepage often occurs
during excavation.

In order to study the formation mechanism of the loose circle produced by tunnel
blasting, tunnel nonelectric detonator blasting, and electronic detonator blasting tests are
carried out in a section. The new railway tunnel passes underneath an existing highway
tunnel in this section. The distance between the new tunnel and the existing tunnel is 30~31
m, and the length of the underpass is 70 m. The tunnel of this section passes through a
geological section of mudstone clamp sandstone, and the surrounding rock grade is IV.
The physical and mechanical properties of the surrounding rock of the tunnel are shown
in Table 1.

Table 1. Material property parameters of main stratum types of excavated tunnels.

Geotechnical Unit Weight Cohesion C Angle of Basic B.e anng
Name (KN/m?) (kPa) 'Infernal Capacity o9
Friction ¢ (°) (kPa)

Gravel soil 21 20 100
Mollison 18.5 12 7 100
Silty clay 19 20 15 150
Mudstone clamp 22 35 300
Sandstone 23 45 450

3. Blasting and Vibration Tests

Firstly, the first blasting damage test of the surrounding rock was carried out with
nonelectric detonators. The hole arrangement and initiation sequence are shown in Figure 1,
and the blasting parameters are shown in Table 2. Because the section passes through an
operating highway tunnel, the blasting vibration test points are arranged in the operating
highway tunnel and above the excavation face. The specific monitoring points are arranged
in Figure 2. The y-direction blasting vibration velocity received by the three-direction
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velocity sensor is the largest according to the spatial position of the sensor and the explosion
source, so these tests focus on the y-direction vibration velocity. The blasting vibration
velocity waveform is shown in Figure 3.

MS13 MS13
MS17 MS17
6---0---0--0--06---8---0---0--0---0---0
MSI5
6---0---0--0--0--0---8°--0---0--0--0---6---0

Bottom bench

Figure 1. The hole arrangement and initiation sequence of nonelectric detonator blasting in the test.
Note: The marked MS represents the detonator delay time series. The holes connected by dotted lines
are in the same delay sequence and represent simultaneous initiation.

Table 2. Details of blasting holes and explosive parameters.

Bench Name of the Number of Borehole Single Hole Detonator Subsection
Boreholes Holes Depth (m) Charge (kg) Segment Charge (kg)
Auxiliary hole 6 3 1.0 MS7 6.0
The arch part of ~ Auxiliary hole 9 3 1.0 MS9 9.0
upper bench Auxiliary hole 15 3 1.0 MS11 15.0
Peripheral hole 28 3 0.6 MS15 16.8
Cutting hole 10 45 2.0 MS1 20.0
Auxiliary hole 6 4 1.8 MS3 10.4
The lower part Aux%l?ary hole 4 4 1.6 MS5 6.4
of upper bench Auxiliary hole 12 3 1.2 MS7 7.2
Auxiliary hole 6 3 1.0 MS9 6.0
Auxiliary hole 6 3 1.0 MS11 6.0
Peripheral hole 10 3 0.6 MS13 6.0
Auxiliary hole 12 3 1.8 MS11 21.6
Auxiliary hole 13 3 1.8 MS13 23.4
Bottombench 4 s itiary hole 14 3 18 MS15 252
Peripheral hole 6 3 0.6 MS17 3.6
Total 157 182.6

Then, the blasting test of surrounding rock damage was carried out by using electronic
detonators. In order to ensure that the two tests have high contrast, the same hole arrange-
ment of the two tests is ensured, as shown in Figure 4. The hole charge weight and blasting
vibration test point arrangements are the same as those for nonelectric detonator blasting.
The vibration velocity waveform of the electronic detonators is shown in Figure 5.
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Figure 3. Vibration waveform of tunnel nonelectric detonator blasting.
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Figure 4. The blasting hole arrangement and initiation sequence of tunnel electronic detonators.
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Figure 5. Blasting vibration velocity waveform of tunnel electronic detonators.

The maximum vibration velocity is 3.15 cm/s when the nonelectric detonators are used,
and the maximum vibration velocity is reduced to 1.51 cm/s after the electronic detonator
test, as shown in Figures 3 and 5, respectively. The maximum vibration velocity caused by
electronic detonators is about 52.1% lower than that caused by nonelectric detonators, and
the decrease is obvious. An important factor affecting the damage of surrounding rock is
the maximum vibration velocity generated by cutting blasting. However, the maximum
vibration velocity is randomly generated in a blast hole when using electronic detonators.
Therefore, vibration reduction measures such as drilling empty holes to reduce cut blasting
do not have advantages in the use of electronic detonator initiation. Another important
reason is that the nonelectric detonator initiation delay accuracy is not easy to control. The
delay parameter error of the design based on the burning velocity of the explosive is large,
which makes it necessary to detonate multiple holes at the same time. On the contrary, the
delay accuracy of electronic detonators has been significantly improved. It can realize the
sequential initiation of single hole without considering the influence of cumulative error. In
this way, the amount of explosive detonated at the same time is significantly less than that
of nonelectric detonator. The technical improvement has led to the control of the possible
higher vibration velocity from the source.

The vibration velocity monitoring results of the two tests are analyzed. It is found
that the peak particle velocity produced by cutting blasting is the largest in the nonelectric
detonator test. The vibration velocities generated by subsequent blastholes are significantly
reduced. The continuous high vibration velocity of electronic detonators may have greater
adverse effects on the surrounding rock. Therefore, the method of monitoring the loose
range of surrounding rock on site is adopted to explore this hypothesis.

4. Monitoring the Loose Circle after Two Blasting Tests

The longitudinal wave velocity of the surrounding rock was monitored by the con-
ventional single-hole test method using an RSM-SY5 acoustic detector after tunnel blasting
excavation. The compressional wave velocity of the tunnel-surrounding rock had a good
correlation with the degree of surrounding rock breakage. The longitudinal wave velocity
of surrounding rock decreases with the increase in its fracture development degree. The
conventional single-hole acoustic wave testing method is shown in Figure 6, and the layout
of the test holes is shown in Figure 7. A simple trolley and pneumatic drill were used to
drill the holes. According to field test experience, the hole depths were 4.0~4.4 m, and the
hole diameters were 40 mm. The blasthole was set perpendicular to the tunnel wall as
much as possible to meet the loose ring test requirements [27,28]. The drilling and testing
process is shown in Figure 8. Due to the relatively developed cracks in the surrounding
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rock, the test holes in the vault could not be filled with water, resulting in the test holes not
being tested.

Airbag
Sealing
Accept-2  Accept-1  Launch Blockage
RSM-SY5
/ Acoustic I Laptop

Detector

e

Water

Figure 6. Schematic diagram of single-hole test by acoustic method.

L3 R3

L2 R2

Tunnel excavation
profile

Ll \ | R1

Figure 7. Schematic diagram of test hole layout.

Figure 8. Field test of the loose circle. (a) Use support trolley to assist drilling; (b) install monitoring
sensors; (c) observe the monitoring results.

At present, there is no unified and clear definition of a loose tunnel circle. The
technical code for the construction of rock foundation excavation engineering of hydraulic
structures [29] notes that the change rate of wave velocity greater than 10% after blasting is
the criterion of rock mass failure. Firstly, two footage sections with similar surrounding
rock properties were first selected. In order to ensure the accuracy of the monitoring results,
priority will be given to test work after blasting. Each monitoring test lasted nearly 12 h.
The test analysis of the tunnel loose circle range excavated by nonelectric and electronic
detonator blasting is shown in Figures 9 and 10. The position where the first rapid increase
of wave velocity was monitored can be considered as the boundary position of the loose
circle, and the blue dotted line is used as the auxiliary line to mark the boundary position
of the loose circle. The shape of the loose circle during nonelectric and electronic detonator
blasting is shown in Figure 11. The properties of the loose circle are shown in Table 3.
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Figure 9. Variation in the longitudinal wave velocity of the surrounding rock with the test hole depth
during tunnel nonelectric detonator blasting excavation. (a) R1, (b) R2, (c) R3, (d) L1, (e) L2, and
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Figure 10. Variation in the longitudinal wave velocity of the surrounding rock with the test hole
depth during tunnel electronic detonator blasting excavation. (a) R1, (b) R2, (c) R3, (d) L1, (e) L2, and
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Figure 11. Schematic diagram of a loose circle during tunneling by nonelectric and electronic
detonator blasting.

Table 3. Property parameters of the tunnel nonelectric and electronic detonator blasting loose circle.

Reduction Degree of Longitudinal

Test Holes Loosening Range (m) Wave Velocity of Surrounding
Rock
Nonelectric Electronic Nonelectric Electronic
R1 1.49 0 22% 2%
R2 1.75 0 14% 2%
R3 1.95 1.25 13% 16%
L1 2.15 1.15 33% 17%
L2 2.16 1.35 28% 20%
L3 2.35 0 40% 2%

Contrastive analysis of loose circles produced by nonelectric detonator blasting and
electronic detonator blasting in tunnels. Nonelectric detonators and electronic detonators
were used in field tests, while ensuring the similarity of surrounding rock properties at the
two blasting footages as much as possible.

(1) Fragmentation degree of the rock mass in a loose circle. In terms of loose range
of surrounding rock, the depth of the loose circle caused by the nonelectric detonator
was 1.49~2.35 m, and the depth caused by the electronic detonator was 0~1.35 m. The
loose range caused by nonelectric detonators is significantly larger than that of electronic
detonators in each radial direction, as shown in Figure 11. The serious damage depth of
2.35 m is avoided in the L3 direction, and the reduction in other directions is basically
above 1 m. Two sections with the same surrounding rock properties cannot be found in
the field test, and the random distribution of joint fissures cannot be avoided. There are a
large number of joint fissures in the left tunnel wall and the right tunnel spandrel of the test
section using electronic detonators after field investigation. The rock is mixed with a weak
sand layer, and the water seepage phenomenon is obvious. This leads to the phenomenon
of large damage depth at the L1, L2, and R3 positions in the electronic detonator test
results. The electronic detonators can reduce the damage depth of more than 1 m, which
can significantly reduce the use of supporting bolts, resulting in greater economic benefits,
according to the construction experience. At the same time, it also avoids the construction
process of post grouting reinforcement. More importantly, it can ensure the safety and
stability of the tunnel after blasting.

(2) In addition, the use of electronic detonators not only reduces the depth of the
damage range but also has a significant effect on retaining the integrity of the surrounding
rock. The wave velocity of the rock mass in the loose circle caused by the nonelectric
detonator decreases to 13~40%, and that of the rock mass in the loose circle caused by
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the electronic detonator decreases to 16~20%, as shown in Table 3. The use of electronic
detonators can significantly weaken the reduction of longitudinal waves in the surrounding
rock. It is conducive to giving full play to the supporting role of the original surrounding
rock and ensuring the stability of the excavated tunnel.

The field tests consume a lot of human and material resources and delay the construc-
tion period. It cannot be carried out on a large scale. Therefore, in order to further study
the differences between electronic and nonelectric detonators in tunnels surrounding rock
damage, it is necessary to use finite element software for further research and analysis.

5. Finite Element Analysis and Removal of Stress Redistribution Factors

Large finite element software FLAC3D has been widely used in geotechnical and
underground engineering. It can be analyzed by the “mixed discrete method” when
simulating plastic failure. It can provide more accurate and reasonable results than the
ordinary discrete integration method. Therefore, FLAC3D software was used for numerical
simulation in this study.

The tunnel excavation section area was approximately 150 m? with a span of 14.7 m
and a height of 12.5 m. To avoid the influence of the model boundary effect, in the numerical
model, the distance between the tunnel center axis and the left and right boundaries was
greater than four times the tunnel span, the distance between the tunnel center axis and
the upper and lower boundaries was also greater than three times the tunnel span. The
excavation footage was 3 m. The whole calculation model was 120 m wide and 100 m high,
with 49,152 units in total. The models are shown in Figures 12 and 13.

P —
FLAC3D 3.00

Settings: Model Perspective
14:31:43 Sat May 26 2012

Center: Rotation:
X:7.350 X:0.000
Y: 1500 Y:0.000
Z:-0.650 Z:360.000
Dist:42.150 Mag : 0.134
Increments: Ang.: 22500

Move: 1.677

Rot.: 10.000
Block Group

outsiderock1

insiderockO

outsiderock2

insiderock2

joutsiderock3.

outsiderockd

loutsiderocks.

|outsiderocké

outsiderock7

Itasca Consulting Group, Inc.

Figure 12. Plane view of finite element model.

Based on the physical and mechanical parameters of the surrounding rock, the final
parameter values were as follows after trial calculation by referring to relevant manuals [29]:
Elasticity modulus E = 10 GPa. Poisson’s ratio u = 0.3. Frictional angle ¢ = 35°.
The cohesive force of the surrounding rock was 1 x 10° Pa. The tensile strength of the
surrounding rock was 3 x 10° Pa.

In the FLAC3D calculation, the rock mass deformation parameters were the volume
modulus (K) and shear modulus (G). Therefore, the elastic modulus or deformation modu-
lus (E) and Poisson’s ratio (#) must be transformed into volume modulus (K) and shear
modulus (G), and the transformation formula is as Equations (1) and (2).
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Figure 13. Three-dimensional view of finite element model.
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The bulk modulus K and shear modulus G of the model can be calculated by Equations
(3) and (4).
Bulk modulus: E
— — 9
K= 3z = 83310 (Pa) 3)
Shear modulus: E
— _ 9
G= 20+ 3.85 x 10 (Pa) 4)

In the FLAC3D dynamic calculation, four kinds of dynamic loads can be input: ac-
celeration time history, velocity time history, displacement time history, and stress time
history. The dynamic load input of this simulation adopted the monitored blasting vi-
bration velocity time-history curve since the actual particle vibration velocity data were
measured by field test. This effectively ensures that the numerical simulation calculations
are as consistent as possible with the field blasting tests.

The monitored vibration velocity in Figures 3 and 5 was transformed into the vibration
velocity time-history curve required by FLAC3D, as shown in Figures 14 and 15.

ol x|

Figure 14. Data after nonelectric detonator vibration test and transition.
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Figure 15. Data after electronic detonator vibration test and transition.

The loose circles of the tunnel blasted by nonelectric detonators and electronic deto-
nators were obtained by numerical calculation, as shown in Figures 16 and 17. The blue
elements in the figures represent the undamaged surrounding rock. The green, brown and
red elements represent the damage of surrounding rock, and the damage degree decreases
in turn.

(a) (b)

Figure 16. Numerical calculation of loose circle for nonelectronic detonator blasting excavation. (a)

Plane view; (b) 3D view.

(a) (b)

Figure 17. Numerical calculation of loose circle for electronic detonator blasting excavation. (a) Plane

view; (b) 3D view.
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In order to combine the field tests, the numerical simulation is carried out according
to the actual blasting footage of 3 m. The nonelectric detonator test caused 137.33 m?
surrounding rock unit failure in the footage through the statistical data in Table 4, and the
average thickness of the surrounding-rock loose circle is shown in Table 5. The average
damage depth of the entire excavation section caused by explosive initiation can be obtained
by dividing the surface area of the excavation profile within the footage length. The
average failure depth of surrounding rock damage caused by the nonelectric detonator
test is close to 2 m. This is basically consistent with the results monitored in the field test,
which verifies the correctness of the numerical model. Similarly, 104.86 m3 surrounding
rock units failed in the electronic detonator results, and the average failure depth was
1.514 m. The calculated average depth of electronic detonators is obviously smaller than
that of nonelectric detonators. The finite element simulation can ensure that the material
properties of surrounding rock are the same in two times of blasting. The surrounding rock
is assumed to be a homogeneous material without joint fissure. Therefore, the calculated
results of nonelectric and electronic detonators are smaller than those of field tests, which
is reasonable. This further validates the irregularity of the damage profile in Figure 11 in
Section 4. It shows that in the area where the electronic detonator test is used, the joint
fissures at the left wall and right spandrel positions of the tunnel have a great influence on
the test results. It significantly reduces the blast resistance of surrounding rock.

Table 4. The average thickness of the loose ring calculated by simulation.

Computational Model Excavation Footage (m) Yield Volume (m?) Average Thickness (m)
Nonelectronic detonator 3 137.33 1.980
Electronic detonator 3 104.86 1.514

Table 5. The average thickness of the loose ring in the comparative test.

. Thickness of
Loose Ring Loose Rin Influence of
Computational Loading Yield Unit Average Due to 8 Blasting
Model Situation Volume (m?) Thickness . Action on
(m) Blasting Loose Rin
Load (m) 8
Nonelectronic Yes 137.33 1.98 .
detonator No 91.34 1.32 0.66 33%
Electronic Yes 104.86 1.51 o
detonator No 91.34 1.32 0.20 13%

The field blasting tests can only monitor the final damage range of surrounding rock
because of the instantaneity of explosion. In fact, the loose circle of surrounding rock
is generated by the double effects of stratum stress redistribution caused by excavation
and blasting load impact. Here, the finite element simulation method is used to analyze
these two factors in depth. The numerical simulation consists of two cases. One was to
simulate the blasting effect without applying a dynamic load, and the other was to simulate
the blasting effect while applying a dynamic load. The two simulation results are shown
in Table 5.

From Table 5, the following conclusions can be drawn:

(1) The thickness of the loose ring was approximately 1.32 m without considering
the blasting load when the tunnel was excavated by conventional nonelectric detonator
blasting. The thickness of the loose ring generated by the blasting load was approximately
0.66 m. The final thickness of the loose ring was 1.98 m. It can be considered that the extent
of the loose circle generated by the redistribution of surrounding rock stress accounts for
67% of the final loose circle. The range of the loose circle produced by the blasting load
accounts for 33% of the final loose circle range. Although the thickness of the rock loose

205



Appl. Sci. 2023, 13,1006

circle caused by surrounding rock excavation accounts for the main part, the influence of
the blasting load is also significant.

(2) The thickness of the loose ring was approximately 1.32 m without considering
the blasting load when the tunnel was excavated by electronic detonator blasting. The
thickness of the loose ring produced by the blasting load was approximately 0.20 m. The
final thickness of the loose circle was 1.51 m. It could be considered that the range of the
looseness circle generated by the stress redistribution of the surrounding rock accounts for
87% of the final loose circle. The range of the loose circle produced by the blasting load
accounts for 13% of the final loose range. The damage proportion of electronic detonator
blasting load to surrounding rock loose circles is much lower than that of nonelectric
detonators. Therefore, it can be considered that the damage degree of explosives controlled
by electronic detonators to surrounding rock is much smaller than that of nonelectric
detonators because of their better delay and smaller explosive detonating quality each time.

6. Recommendations and Limitations

This study explored the damaging effect of the use of electronic detonators and
nonelectric detonators on the protected surrounding rock. The monitoring and calculation
results of damage range and rock crushing degree show that a nonelectric detonator
has a positive effect on the protection of surrounding rock. Its application in practical
engineering can be embodied in the following two aspects: Firstly, in terms of the loose
range of surrounding rock, the thickness of the loose circle of surrounding rock caused
by the electronic detonator is 1 m less than that of the nonelectric detonator on average,
so the length of the anchors can be shortened appropriately when setting the primary
support. In terms of the degree of rock fragmentation, the maximum acoustic velocity
attenuation caused by an electronic detonator is only half of that of a nonelectric detonator.
Therefore, the amount of shotcrete can be reduced, and the spacing of steel arches can be
appropriately increased when setting the primary support. This study provided a reference
for the optimization design of primary support parameters of the tunnel after blasting,
which is helpful in reducing construction costs.

However, the current testing methods cannot accurately divide the failure zone, the
crack zone, and the plastic zone, so the size of the loose circle in the test is not uniform.
Although specifications [29] provide blasting damage standards, a rock mass is judged to
be damaged if the change rate of the rock mass wave velocity before and after blasting
is greater than 10%. In some cases, the surrounding rock in the loose circle fractured but
still retains high stability. In addition, the influence of initial surrounding rock fissures is
not excluded in this study. Therefore, further classification criteria of surrounding rock
loose circles and the influence of initial surrounding rock fissures will be considered in
future studies.

7. Conclusions

In this study, the damage of protected surrounding rock by using an electronic det-
onator and a nonelectric detonator in tunnel blasting was compared. The advantages of
using an electronic detonator to protect surrounding rock were quantified through field
monitoring and numerical simulation. The research results can provide a reliable reference
for the design of controlled blasting and the determination of support parameters in tunnel
excavation engineering. Some valuable conclusions are drawn from this study:

(1) In the surrounding grade IV rock, when the blasting footage was 3 m, the nonelec-
tric detonators were used for normal construction, and the range of the loose circle was
1.5~2.3 m. The resulting loose circle ranged from 0 m to 1.4 m after the nonelectric detona-
tors were changed to electronic detonators under the condition that the distance between
the holes and the amount of charge remained unchanged. The range of the loose circle
produced by the blasting of the tunnel electronic detonator was approximately 60~76% of
that of the nonelectric detonator blasting, and the surrounding rock in the loose circle was
less broken.
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(2) When nonelectric detonators were used for blasting, the impact of the blasting load
on the loose ring was approximately 33% due to the large blasting load. The small blasting
load of the single-hole electronic detonator leads to an approximately 13% effect of the
blasting load on the loose circle.

(3) The above studies show that the use of electronic detonators for the protection
of surrounding rock has a beneficial effect. The preliminary support parameters of the
tunnel can be optimized after excluding the interference of initial surrounding rock fissures.
When using electronic detonators, the specific optimization parameters can be expressed
as reducing the length of the anchor, increasing the steel arch spacing, and reducing the
amount of shotcrete.
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O N

Abstract: To study the surrounding rock stability of the excavated geologically weak section of the
#2 diversion tunnel in the Xulong Hydropower Station, a quasi-3D numerical model was built using
the Realistic Failure Process Analysis (RFPA3P) system to simulate the damage and failure process
consisting of crack initiation, growth, and penetration in the rock mass after tunnel excavation, and
reveal the instability failure mechanism inside the rock mass. Moreover, the microseismic monitoring
technology was employed to delineate potential danger areas in the surrounding rock of the tunnel
and explore possible instability failure modes. Results indicate that the surrounding rock of the
tunnel profile failed as different degrees during the excavation process, most obviously near the
vault and corners of the side wall, where tensile failure predominated. As the excavation proceeded,
microseismic events increased gradually at the vault and corners of the side wall, and the energy
from acoustic emissions accumulated steadily, thus raising the possibility of collapse and rock bursts
in this area. The research results can provide technical support for the construction of the diversion
tunnel project in the Xulong Hydropower Station and serve as a guide for the construction of similar
geologically weak underground projects.

Keywords: surrounding rock stability; REPASP; microseismic monitoring; diversion tunnel; Xulong
Hydropower Station

1. Introduction

China has focused on the development and use of hydropower projects in the lower
reaches of the Yalong River and upper reaches of the Jinsha River, with the aim of “achiev-
ing carbon neutrality before 2060”. Southwest China is located in the high mountain valley
area of the Hengduan Mountains on the eastern edge of the Qinghai-Tibet Plateau. It is
characterized by its high altitude, high ground stress, and complex rock structure. For
hydropower plants in this area, underground caverns are often the most practical and
cost-effective option for meeting topographic, spatial, building layout, and construction
requirements. The construction of underground caverns for hydropower projects will
face great risks and challenges due to the strict requirements for rock quality, construction
cycle and safety standards, and complicated construction procedures. The surrounding
rock is likely to become unstable and damaged during construction due to poor exca-
vation and delayed support, which could result in casualties and property losses. For
example, the Baihetan underground powerhouse has the largest excavation size in the
world. During the excavation of underground caverns, rock collapses dominated by high
geostress and geological structures posed serious threats to field construction [1]. An
unexpectedly powerful rock burst that occurred in November 2009 during the construction
of the Jinping-II drainage tunnel destroyed all the support systems in the affected sections,
seriously damaged the TBM equipment, and killed seven workers [2]. Tunnel excavation
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of the Neelum-Jhelum Hydropower Project in Pakistan has been hindered by the ground
composition of the Himalayas, faces the project complexities, geological environments
involving significant overburden and tectonic stresses, and effects of the excavation method
on tunnel stability. This causes time and cost overruns directly [3]. Therefore, it is crucial
to assess the stability of surrounding rock during the excavation and unloading of under-
ground caverns, to promptly inform the constructor of unstable areas, and to implement a
reasonable construction and support reinforcement plan.

As an important research method, numerical modeling is now widely used by scholars
to study the rock excavation and unloading process, and predict the instability failure mode
and impacted area in the rock mass. To determine the deformation and stress distribution
around the caverns and to analyze the impacts produced by weak structural planes and
multiple caverns in the rock mass, Dhawan et al. [4] developed a three-dimensional finite
element model for analyzing the stability of underground caverns. Hao et al. [5] examined
the impact of faults on the plastic zone and displacement of underground caverns using the
Universal Distinct Element Code (UDEC) numerical modeling software. Yazdani et al. [6]
performed displacement-based back analysis using finite element and discrete element
methods to determine geomechanical properties of the rock in underground caverns, such
as stress ratios and joint parameters. Ma et al. [7] investigated the failure mechanisms
and movement characteristics of rockfalls through a three-dimensional discontinuous
deformation analysis (3D DDA) method. Song et al. [8] conducted pore-scale modeling on
the methane hydrate dissociation and transportation in the reconstructed three-dimensional
models of the MH-bearing sediment. Cai et al. [9] studied the acoustic emission pattern
during the excavation and unloading process of underground plants using the FLAC/PFC
coupled numerical modeling method. Jing [10] studied the stability of rock with anisotropic
fractures in a tunnel using discontinuous deformation analysis (DDA) in the discrete
element method (DEM).

In addition to numerical simulation, Field monitoring is also a common method for
studying the mechanical response and stability of the underground rock. Field monitoring
data can visually reflect the stress-strain characteristics of the rock mass in underground
caverns. Routine monitoring methods include ground stress measurement, bolt stress
meters, acoustic testing, and geological radar [11-14]. The monitoring results can better
reflect changes in deformation and mechanical parameters on the section, but they have
spatial limitations and make it difficult to capture micro-fractures within the rock mass,
which are frequently the precursor to macroscopic instability failure in the rock mass. As a
3D monitoring method, microseismic monitoring can detect micro-fractures within the rock
mass in advance, allowing for the forecast of risk areas in the rock. Li et al. The authors
in [15] analyzed the microseismic b-values associated with rock mass large deformation
and their temporal variation. Li et al. [16], based on tempo-spatial characteristics of
the microseismic events, analyzed the relation between microseismic activities and field
construction and revealed the main damage regions. Lesniak and Isakow [17] analyzed the
clustering characteristics of microseismic events and developed a time-based function for
high-energy fractures in coal mines. Hudyma and Potvin [18] developed a microseismic
monitoring method to manage hazards in underground hard rock mines. Ma et al. [19]
investigated the focal mechanism of seismic events induced by underground mines using
an optimized moment tensor inversion method. Cai et al. [20] quantified the rock damage
in the experimental tunnel using the source radius. Ma et al. [21] examined the stability
of the surrounding rock of high-slope tunnels by analyzing the spatial and temporal
characteristics of microseismic events. Dai et al. [22] classified the dominant factors of
clustering microseismic events and proposed a method for studying the large deformation
of rock in underground plant caverns based on source parameters.

In the present study, the incorporated method involving RFPA®P and MS monitor-
ing technique is applied to analyze the stability of the surrounding rock, aiming at the
instability failure problem inside the rock mass caused by the redistribution of ground
stress after excavation in the geologically weak section of the #2 diversion tunnel in the
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Xulong Hydropower Station in the upper reaches of the Jinsha River, and analyzes the
progressive instability failure of the tunnel using the RFPA3P numerical modeling software
by comparing the spatial and temporal evolution characteristics of microseismic events
to reveal the whole process from micro-fracture initiation, growth, and propagation, to
penetration within the surrounding rock after tunnel excavation, and identifies potentially
unstable areas after tunnel excavation. The research findings can be used to provide techni-
cal support for stability evaluation and risk prediction prior to and after excavation of the
#2 diversion tunnel in the Xulong Hydropower Station, and can also provide experience
for similar hydraulic tunnel excavation.

2. Engineering Background

The Xulong Hydropower Station is located in the upper reaches of the main stream
of the Jinsha River at the junction of Deqin County, Yunnan Province and Derong County,
Sichuan Province. This primary task of the project development is power generation, which
is one of the backbone power points for west-east power transmission. It has an average
annual flow of 990 m3 /s at the dam site and an average annual runoff of 31.3 billion m3.
The reservoir has a normal water level of 2302 m, a dead water level of 2294 m, a designed
flood level of 2303.42 m, a maximum flood level of 2305.89 m, and a total capacity of about
847 million m3. The hydropower station has an installed capacity of 2400 MW and can
generate 10.319 billion kWh of electricity annually.

According to site exploration data, the larger-scale faults on the left bank of the dam
site were F1, F2, and F3, while the rest were III or IV structural planes, primarily steeply
dipping faults orthogonal to the Jinsha River. The ground stress increased generally with
burial depth, primarily at a medium level, and the concentration area of local stress was
dominated by medium and high levels of stress. The riverbed area showed an obvious
stress increase, with the maximum horizontal principal stress ranging from 2.9 MPa to
16.7 MPa, and high ground stress phenomena such as core discing occurred locally. The
rocks are mainly granite, migmatite, and amphibolite schist. Their uniaxial compressive
strength is 80~120 MPa and elastic modulus is 30~50 GPa. Figure 1 shows the geological
axis profile of the #2 diversion tunnel on the left bank. Located at the downstream lateral
border of the F2 fault, the inlet of the diversion tunnel had an elevation of 2155 m, a length
of 1446.67 m, and a thickness of the overlying rock on the vault ranging from 50 m to 280 m.
Moreover, the diversion tunnel and auxiliary tunnels were dominated by a medium level
of ground stress.
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Figure 1. Geological axis profile of the #2 diversion tunnel.

3. Numerical Modeling
3.1. Basic Principles of RFPA

The RFPA is a numerical calculation method for analyzing the material fracture
process based on finite element stress analysis and statistical damage theory, as well as a
numerical test tool capable of simulating the entire material progressive fracture process
until instability [23]. It is a new numerical analysis method for the material fracture process,
which can simulate nonlinearity through material non-uniformity and mechanical problems
of discontinuous media with the continuum mechanics theory. One significant aspect of this
method is that it takes material non-uniformity into account. In 1995, Tang et al. [24] from
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Northeastern University developed the RFPA2D system based on the finite element theory
and a new material fracture process algorithm thought, which simulates the nonlinearity of
material by considering its non-uniformity, simulates material discontinuous behaviors
like deformation and failure by weakening elements, and can be used to study the whole
process of the rock (rock mass) material from mesoscopic damage to macroscopic failure.

Based on this basic principle, the parallel algorithm was introduced to the RFPA3P
system that is a numerical analysis tool [25] for solving the mechanical problems of discon-
tinuous media with the continuum mechanics theory by performing mesoscopic element
failure analysis and finite element stress analysis. Combining the statistical damage theory
with the numerical calculation method and considering the non-uniformity of rock material,
it simulates the nonlinear behavior of rock formation and fracture. The development of the
RFPASP system aimed to build a 3D model with higher theoretical research value, and it
has been more widely used in engineering.

3.2. Twin-Shear Unified Strength Criterion

In 1994, Professor Yu [26] from Xi’an Jiaotong University proposed the unified strength
theory applicable to geotechnical materials—twin-shear unified strength, which holds that
the failure of material begins when the combination of the two larger shear stresses applied
to the twin-shear element and the positive stress applied to the element surface reaches a
critical value. Its mathematical expression is:

713 + bTip + B3 + boy) = ¢
(12 + Bo1z > T3 + Poz)
T3 + bz + /5(0’13 + b0’23) =c
(t12 + Boiz < 123 + Bo23)

where b is the coefficient reflecting the effect of the intermediate principal shear stress, f§ is
the coefficient reflecting the effect of the positive stress on the failure of the material, and ¢
is the strength parameter of the material.

In geotechnical engineering, the compressive strength parameter o, is generally used,
and Equation (1) can be expressed as:

101 — 15 (boy + 03) = 0¢

01+00:
(‘72 < Hff)
F= .

iy (01 +bo) — 03 = 0c

01 +0:
(02> 252

where « is the maximum ratio of the tensile to the compressive strength of the material,
thatis, « = 0y /0,.

In this paper, this strength theory was introduced by simulating the damage to the
surrounding rock after tunnel excavation with RFPA3P.

@

3.3. Modeling

Since stakes K0+765 to K0+775 of the #2 diversion tunnel in the Xulong Hydropower
Station pass through the F1 fault, due to the existence of faults, the stress and deformation
distribution of surrounding rock are seriously affected. This section is dominated by class V
surrounding rock, with high ground stress and high possibility of disaster. [27]. Therefore,
this section was selected for the study. Since there are some limitations on the establishment
of complex models in RFPA3P, the solid model can be established in the finite element
analysis software ANSYS first, and the data transformation interface program AtoR can be
prepared using C language to extract and import the node and element information from
the ANSYS model into REPA®P. Modeling and imposing constraints is simple in ANSYS
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and it is also easy to mesh the model. This will allow for the creation of the tunnel model to
be constructed more quickly and conveniently [28-30]. According to site actual conditions,
a geological model of 50 m x 50 m x 10 m was firstly established in ANSYS, and a
horseshoe-shaped tunnel cavern was excavated in the middle of the model with a height of
16 m and a width of 14 m according to the actual structural and dimensional characteristics
of the diversion tunnel. Then, the model was meshed to ensure that all elements were
hexahedrons with eight nodes, and the sweep function was recommended in meshing,
as shown in Figure 2. Finally, normal constraints were applied to a triple (0, 0, 0), and a
stress boundary condition with a lateral pressure coefficient of 1 was applied to a triple
(50, 50, 10) according to the actual ground stress environment of the tunnel. After the
model with meshes and constraints was imported into RFPA®, a 3D model considering
the non-uniformity of the rock mass was generated according to the Weibull distribution,
as shown in Figure 3.

Figure 2. Model meshing.

Figure 3. A 3D calculation model.

To reveal the rupture zone, observe acoustic emission and compare with microseismic
monitoring, the Mohr—Coulomb model was selected, which is more consistent with reality.
The input parameters were determined by consulting the geological data obtained through
field measurements; Table 1 lists the selected mechanical parameters of the rock mass. The
strength reduction method [31] was employed in the calculation process, which continu-
ously reduced the initial strength fj of the material, and f unified the compressive (shear)
and tensile strengths of the element material according to the following reduction criterion:

fotrial _ fO 6)

- FStrial

where f!"! is the test strength and F!"@ is the test safety factor.
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Table 1. Mechanical parameters of the rock mass.

Elastic Uniaxial Compressive Poisson’s Ratio Internal Friction Residual Streneth Coefficient of Coefficient of
Modulus (GPa) Strength (MPa) Angle (°) 8 Confining Pressure  Homogeneity
10 35 0.25 30 0.1 2 5

3.4. Modeling Results and Analysis

Figure 4 shows the distribution of the maximum principal stress. Under the action of
the applied confining pressure, the maximum principal stress first started to concentrate at
the bottom corner of the side wall of the tunnel, and the stress on the surrounding rock of
the tunnel profile also increased immediately. As the loading continued, cracks started to
be generated from the tunnel vault and bottom corners of the side wall, forming multiple
main cracks that propagated around and bifurcated during the propagation process. The
cracks on the vault and bottom developed faster, and those on the side wall developed
slower. The tunnel was unstable at this point because the late loading stage caused all the
cracks in the surrounding rock of the tunnel profile to be penetrated. Figure 5 shows the
distribution of the maximum principal strain, which was constant throughout the loading
and failure process of the rock mass. Figure 6 shows the changes in the elastic modulus of
the rock, with the red color indicating the failure area. It can be seen that the distribution of
the failure is consistent with that of the maximum principal stress.
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Figure 6. Distribution of the elastic modulus.

In practical engineering, the ground stress field cannot be directly observed, but rock
fracture will occur, so the acoustic emission phenomenon can be monitored to understand
the failure of the surrounding rock. Figure 7 shows the spatial distribution of the acoustic
emission phenomenon during the failure process of rock. The center of the sphere in the
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figure represents the location of the acoustic emission, and the radius of the sphere indicates
the relative magnitude of the energy released from the acoustic emission. In Figure 7, the
red sphere and blue sphere represent the acoustic emission events generated from the
failure of elements satisfying the tensile criteria or shear criteria, respectively. As can be
seen from the figure, in the initial loading stage, a large number of red spheres started to
concentrate at the tunnel vault and bottom corners of the side wall, indicating that the rock
damage gradually propagated at this moment. As the loading proceeded, the red spheres
on both sides of the tunnel also started to increase, and there were red spheres of larger
radius gathering at the tunnel vault and corners of the side wall continuously, indicating
that the rock fracture intensified and the energy released increased at this time. Meanwhile,
blue spheres began to appear at the tunnel vault and bottom, indicating that shear failure
occurred locally, but this area was dominated by tensile failure. In the late loading stage,
the red spheres kept expanding inward and the blue spheres kept increasing, indicating
that the damage to the side wall kept intensifying and that more and more energy was
released by micro-fractures. Especially, acoustic emissions were mainly concentrated at
the tunnel vault and corners of the side wall. The damage distribution of the vault and the
corners of the side walls are influenced by the in situ stress and weak structures. Moreover,
the distribution of the initial in situ stress field in the tunnel surrounding rock will influence
the damage range and degree. Inevitably, the increase of lateral pressure coefficients will
expand the damage range and degree. Therefore, this area had a high probability of rock
bursts and required intensive monitoring in the project, so that preventive measures could
be taken before the disaster occurred.

Local shear failure of
surrounding rock

Increased energy from
the acoustic emission

Concentration area of
the acoustic emission

Stepd-(0) Stepd-(4) Stepd(11)

Figure 7. Acoustic emissions during the tunnel failure.

4. Characteristics of Microseismic Events in the Tunnel
4.1. Microseismic Monitoring System of the #2 Diversion Tunnel

The deformation and failure caused by the excavation of underground caverns was
essentially the evolution process of rock micro-fractures from initiation, growth, propa-
gation, aggregation, and penetration, to macroscopic failure. Therefore, the aggregation
and evolution characteristics of micro-fractures in the rock mass are often used as the
precursor of macroscopic instability failure of the rock mass. Microseismic monitoring, as a
3D monitoring method, originated abroad when the first seismic station was established in
the Ruhr coalfield in Germany in 1908 to monitor seismic events induced by mining [32].
The microseismic monitoring system can collect micro-fracture information inside the rock
mass in real time for assessing the stability of the engineering rock mass. In response to
the randomness and multiplicity of deformation, rock bursts, and other issues caused by
the excavation and unloading of deep tunnels, the diversion tunnel project in the Xulong
Hydropower Station was equipped with the high-sensitivity microseismic monitoring
system produced by Canadian ESG, which could provide real-time monitoring. It mainly
consists of the acceleration sensor, Paladin digital signal acquisition system, and Hyperion
digital signal processing system. Figure 8 shows the network topology of the microseismic
monitoring system.
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Figure 8. Network topology of the microseismic monitoring system.

The microseismic monitoring system of the #2 diversion tunnel implemented 24 h
monitoring. In particular, the microseismic sensor converted the received microseismic
signals into electrical signals, which were transmitted to the Paladin digital signal acquisi-
tion system through the cable and converted into digital signals with a 24-bit ADC. Finally,
the digital signals were recorded and saved automatically by the Hyperion digital signal
processing system. Due to the long transmission distance from the Paladin acquisition
substation to the Hyperion host, they were connected by optical fiber in order to ensure the
stability and integrity of the transmitted signals, and the conversion between digital signals
and optical signals was completed by using an optical-to-electrical (O/E) converter. The
data collected onsite could be shared through wireless network transmission, so that the
Xulong camp office and the calculation and analysis center in Chengdu could download
the microseismic data in real time, thus conducting risk warning and stability evaluation
for the excavation of the #2 diversion tunnel based on calculation, analysis, and research.

4.2. Spatial and Temporal Distribution of Microseismic Events

The microseismic monitoring system of the diversion tunnel started to run normally on
17 December 2021, and stakes K0+765 to K0+775 of the #2 diversion tunnel were excavated
from 3 June to 13 June 2022. During the construction period, a total of 104 valid events
were collected after the site interference signals such as mechanical noise were removed,
including 92 microseismic events.

Figure 9 shows the temporal distribution of microseismic events. As can be seen from
the figure, the microseismic events gradually increased from 3 June to 8 June, reached
the peak on 9 June to 10 June, and maintained at about 20, and the surrounding rock was
continuously disturbed. Based on the energy dissipation principle, each micro-fracture
of the surrounding rock is accompanied by the release of energy. The cumulative energy
released from microseismic events suddenly increased on 9 June and 10 June, indicating
that frequent microseismic events intensified the release of energy. Then, the number of
microseismic events decreased significantly from 11 June to 13 June and maintained at about
5. The moment magnitude was mostly distributed between —1.0 and 0.5, representing
small-magnitude events, as shown in Figure 10. The site construction dynamics indicated
that the site was under normal construction from 3 June to 8 June, and the construction
intensity started to increase on 9 June and 10 June in order to complete the workload, which
directly led to the intensification of internal micro-fractures of the rock mass and extremely
frequent microseismic events. The site investigation showed that the deformation and
failure of the rock mass occurred on the left front of the tunnel face (as shown in Figure 11),
and there were risks of rock bursts. For construction safety purposes, the blasting work was
stopped on 11 June and 12 June, and support was provided for the surrounding rock. After
the support was completed on 13 June, the tunnel excavation was continued, with a much
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lower intensity than before, so the microseismic events remained at a low level during
these days. Thus, the frequency of microseismic events could better reflect the construction
intensity of underground plants.
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Figure 9. Temporal distribution of microseismic events.
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Figure 11. Deformation and failure of the surrounding rock on the left side of the tunnel face.
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Figure 12 shows the spatial distribution of microseismic events, in which the size of
the sphere represents the energy level of microseismic events, and different colors represent
varying magnitudes of microseismic events. From Figure 12a,b, it can be seen that most of
the microseismic events were distributed near the tunnel vault and corners of the side wall,
and a few appeared near the side wall of the tunnel, indicating that most of the microseismic
events were distributed at the tunnel vault or corners of the side wall. Therefore, more
serious failure occurred in this area. The failure area of the surrounding rock of the tunnel
can be seen from the spatial distribution of microseismic events. Figure 12¢,d are the
density cloud maps of the microseismic events, in which the color shades represent varying
densities. It can be seen that the energy loss of the rock mass after tunnel excavation was
mainly concentrated near the vault and corners of the side wall, which was consistent with
the spatial distribution of microseismic events. Therefore, it can be revealed that this area
was the main damage zone of the tunnel rock and there were risks of instability failure.

4.3. Comparison between Modeling Results and Microseismic Monitoring Results

A comparative analysis of the spatial evolution of acoustic emissions during the tunnel
failure after excavation modeled by RFPA3P and the monitoring data of microseismic events
(as shown in Figure 13) shows that the spatial evolution of acoustic emissions based on
the twin-shear unified strength theory and the strength reduction method was consistent
with the distribution of detected microseismic events. They all prove that the most serious
failure of the surrounding rock occurred at the tunnel vault and corners of the side wall,
which had high risks of collapse and rock bursts. According to the seismological theory,
the ratio of S-wave energy to P-wave energy, Es/Ep, is often used as one of the indicators
to reveal the failure mechanism of the surrounding rock. In particular, slip or shear failure
often occurs when Eg/Ep > 10, and tensile failure often occurs when Eg/Ep < 3 [33]. As
can be seen from Figure 10, the majority of microseismic events had Eg/Ep < 3 in this
area and a fraction of microseismic events had Eg/Ep > 10, so the excavated section of the
tunnel was dominated by tensile failure accompanied by shear failure. This conclusion is
consistent with the modeling results in Figure 7, which shows that the integrated method
based on the combination of field microseismic monitoring and RFPA®P modeling software
can be more accurate and effective for stability analysis of the excavation of the #2 diversion
tunnel in the Xulong Hydropower Station.
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(a) Top view of the spatial distribution of microseismic events

Figure 12. Cont.
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Figure 12. Spatial distribution of microseismic events.

219



Appl. Sci. 2022, 12,9939

Microseismic concentration area

Figure 13. Comparison between numerical modeling and field monitoring.

Tensile failure mainly occurs in the excavation of the geologically weak section of
the tunnel, and the failure is concentrated at the tunnel vault and corners of the side wall.
The existence of joints or faults may worsen the distribution of stress and deformation of
surrounding rock. Fractures tend to occur around the locations of joints or faults due to tress
concentration and weak mechanical properties of structures. In addition, the energy and
magnitude of microseismic events around the structures are relatively large and the failures
are dominated by tensile fractures, accompanied with some shear fractures. Therefore, it is
necessary to focus on the areas during excavation.

5. Conclusions

Based on RFPA3P numerical modeling and microseismic monitoring, the stability
of the excavated geologically weak section of the #2 diversion tunnel in the Xulong Hy-
dropower Station was analyzed and evaluated, with the following conclusions reached:

(1)  Surrounding rock damage after excavation of the geologically weak section of the
#2 diversion tunnel was modeled by using RFPA®P. The maximum principal stress
concentrated around the tunnel profile and at the corners of the side wall in the study
area, and cracks were initiated and grew from the tunnel vault and bottom corner of
the side wall until they penetrated the entire profile. Acoustic emissions also started
to accumulate at the vault and corners of the side wall and then propagated along the
floor and side wall. The acoustic emissions at the vault and corners of the side wall
gradually increased in energy, making it a key monitoring target in the study area.

(2) Microseismic events were mainly concentrated near the vault and footwall during
the excavation of stakes K0+765 to K0+775. It was dominated by tensile failure
accompanied by shear failure. The frequency of microseismic events could better
reflect the frequency of excavation activities in underground plants, and microseismic
monitoring helped infer the damage evolution of the rock during the instability failure
process of the surrounding rock and delineate the potential risk area.

(3) The RFPA3P numerical modeling results and the data collected by the actual micro-
seismic monitoring system were consistent, which verified the damage area of the
surrounding rock in the excavated geologically weak section. The vault and corners
of the side wall, in particular, sustained the most serious damage, so it is necessary to
pay close attention to this area and provide timely support. Microseismic monitoring
played a key role in controlling the stability of the tunnel surrounding rock, and
it is required to continue to strengthen microseismic monitoring and take effective
measures to ensure the safety and stability of the slope during the construction and
operation periods in the subsequent construction process.
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Abstract: The existence of fractures has a significant influence on the mechanical properties of a rock
mass. The sensitivity of the rock mass’s mechanical properties to the fracture’s geometric parameters
is conducive to improving the measurement accuracy of fractured rock mass engineering. Firstly,
the fracture geometric parameters in the dam site area of Lianghekou Hydropower Station were
counted using the ShapeMetriX3P system. Then, the effect of the fracture’s geometric parameters
on the deformation characteristics, failure mode, and mechanical parameters of the rock mass were
investigated based on the RFPA®P under the uniaxial compression test. The results showed that the
stress—strain curves of the fractured rock mass mainly exhibited elastic-brittle characteristics. The
failure pattern of the fractured rock mass was mainly defined by a compressive-shear composite.
Additionally, the influence of the fracture’s geometric parameters on the uniaxial compressive strength
(UCS) was greater than that of elastic modulus. The sensitivity of the UCS to fracture trace length
was more significant.

Keywords: fractured rock mass; ShapeMetriX®P system; fracture geometric parameter; sensitivity
analysis; failure mode

1. Introduction

With the development of the social economy and the increase of national infrastructure
investment, the scale and complexity of rock engineering have been increasing. The
mechanical characteristics of the rock masses involved are becoming more and more
complex. Rock masses differ from rocks in that they contain many discontinuous structural
surfaces. Fractures are common discontinuities in rock masses [1,2] that intersect each
other to form complex fracture networks. Fracture networks are an important reason for
the extremely complex deformation characteristics of rock masses. The nonlinear, size
effect, and anisotropic behavior of fractured rock masses are affected by their complex
fracture networks [3,4]. The instability of rock masses is usually caused by the deformation,
expansion, and penetration of the fractures in the fracture networks [5,6]. Additionally, the
strength and deformation parameters are controlled by the complex fracture networks [7].
The complex fracture networks are usually determined by fracture geometry parameters,
such as inclination, dip angle, and trace length of the fractures. Therefore, it is of great
importance to study the influence of fracture geometry parameters on the mechanical
properties of a rock mass.

Identifying and extracting fracture geometry information is essential for analyzing
the mechanical and deformation properties of the fractured rock masses. There are two
main ways to acquire a fracture’s geometric information in an outcrop area, including
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contact and non-contact measurements. The efficiency of contact measurement is lower,
and the measurement accuracy cannot be guaranteed [8,9]. In recent years, non-contact
measurement techniques (such as total station and photogrammetry) have been widely
used to analyze fracture geometric information in a rock mass. It can effectively capture
data from physically inaccessible areas [10]. Laser-scanning techniques are an effective non-
contact measurement method. By analyzing the outcrop characteristics of visible fractures
on the rock mass surface, point cloud data processing can be used to identify discontinuities
and extract information from them [11]. A method to detect and estimate the orientation of
plane structures was proposed based on the principal component analysis (PCA) techniques
by Gomes et al. [12]. When applied to practical situations, it showed high precision in both
the detection and location of fracture planes. A method for generating a high-resolution
digital outcrop model (DOM) of the rock exposure based on UAV photogrammetry and the
structural self-motion (SFM) technique was introduced and applied to slopes in Greece and
China [13]. The results showed that UAV-SEM photogrammetry had higher efficiency and
operability, especially in difficult measurement environments. Stereophotogrammetry is a
method of extracting the regions of interesting information by constructing stereo images
from two or more photographs. ShapeMetriX>P is widely used for discerning the structural
surface information statistics of rock slopes and tunnels [14-16]. The close-up photographs
turned out useful to obtain detailed images and accurate results.

The distribution of fracture geometry parameters has certain statistical and probability
distribution characteristics. Statistical methods are often used to quantitatively describe and
analyze fracture geometry parameters. The fracture distribution function is obtained based
on a fracture’s geometry parameters and statistical methods [17,18]. The discrete fracture
network (DFN) model provides an approach to characterize complex fractures based on
the fracture distribution function [19]. The sizes, directions, spacings, and spatial locations
of fractures are included in the DFN model. The DFN model is also an effective method
to study the influence of fracture geometry parameters on the mechanical properties of
complex fractured rock mass [20,21]. The model consists of the fractures embedded in the
rock. For example, a stochastic DFN model was established based on the two-dimensional
finite element method of rock failure process analysis (RFPA?P). The failure modes, strength,
and deformation parameters (elastic modulus and peak strength) of fractured rock mass
were studied by Wu et al. [22]. Results showed that the fracture geometry parameters had
a significant impact on the scale effect of the fractured rock mass. The effect of geometrical
parameters of non-persistent fractures on the mechanical behaviors of the rock mass based
on PFC?P software was studied by Vaziri et al. [23] under uniaxial loading conditions. The
results showed that the effect of random fractures on strength was greater than the effect
of the deformation modulus. Amongst the fracture geometrical parameters, the fracture
orientation had the most significant effect on the mechanical parameters of the rock mass.

The distribution of fractures in nature is three dimensional and spatial. A 3D equiva-
lent DEN model was proposed based on the three-dimensional rock failure process analysis
(RFPA3P) software, and the scale effect and anisotropy of the fractured rock mass were
analyzed by Wu et al. [24]. Moreover, the effects of the geometry (orientation, duration,
spacing, aperture, and step angle) of parallel fractures on the uniaxial compressive strength
(UCS) and deformation modulus were statistically investigated based on PFC3P by Bahaad-
dini et al. [25]. It was found that the fracture orientation had the greatest influence on the
UCS and deformation modulus, followed by the fracture spacing. However, the fractures
in the model were not random, which was not consistent with the actual project. The effect
of fracture geometry parameters on the equivalent mechanical parameters of the fractured
rock mass based on the 3DEC software was studied by Cui et al. [26]. The results showed
that the elastic modulus was the most sensitive to the structural density and the UCS was
the most sensitive to the trace length of the fracture.

The estimation of the mechanical properties of fractured rock masses has always
been a challenging task for practical rock engineers. A review of previous studies clearly
showed that the fracture geometry parameters had a strong effect on the mechanical
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behavior of rock mass. The DFEN model is an effective method to study the mechanical
behavior of rock masses. However, the DEN model relied heavily on the quality of natural
fracture structural data gathered in the field. The purpose of this paper was to evaluate
the influence of fracture geometry parameters on the mechanical properties of rock mass
using a combination of finite element methods and a fracture network model. First, the
ShapeMetriX®P system was used to identify and extract the fracture geometry information
in the dam site area of the Lianghekou Hydropower Station. The mean value, variance, and
distribution types of fracture geometry parameters were obtained. Then, an orthogonal test
scheme was designed based on the influencing factors and factor levels. The corresponding
DFEN models were established according to the fracture geometry parameters. The effects
of fracture geometry parameters, including the inclination, dip angle, trace length and
bulk density, on the UCS, elastic modulus, and failure pattern were studied under uniaxial
loading conditions. Finally, the degree of influence of the fracture geometry parameters on
the mechanical behavior of randomly fractured rock masses was statistically analyzed by
using range analysis, variance analysis, and significance test.

2. Acquirement of Fracture Geometry Parameters
2.1. Research Background

The Lianghekou Hydropower Station is located on the main stream of the Yalong River
in Yajiang County, Sichuan Province. The dam site is located about 2 km downstream of the
confluence of the main stream of the Yalong River and the tributary of Xianshui River. The
construction drawing in the dam site area of Lianghekou Hydropower Station is illustrated.
The Yalong River flows north to south in the dam site area, crosses the IV exploration line,
and returns to S23°E. It then flows from north to south again in the upper reaches of the
unnamed ditch. The dam site is located in a lateral valley with a slope of 500-1000 m along
the river edge. The left bank is curved and projects towards the right bank with an average
topographic slope of 55° and multiple small gullies. The right bank is concave, with an
average convex slope of 45°. The geological structure and tectonic environment of the
Lianghekou reservoir area are generally simple. There are a few small faults, strong tectonic
action, and no large-scale broken rock mass due to the intense tectonic action. The stability
of the reservoir bank mainly depends on the stability degree of the existing landslide in the
natural state, as well as any potential changes during reservoir storage.

The discontinuous surfaces of the slope rock mass, such as fissures and fractures,
control the instability pattern of the slope. Therefore, the slope rock mass is weakened, and
the safety of the engineering project is threatened. In this paper, the left bank side slope
rock mass downstream of the dam site of Lianghekou Hydropower Station was studied,
as shown in Figure 1.

Figure 1. Slope rock mass of the left bank near the dam site of the Lianghekou Hydropower Station.
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The geometrical parameters in the fractures of the slope rock mass were counted by
the 3D non-contact measurement system (ShapeMetriX®P system). The influence law and
sensitivity analysis of the fracture information on the mechanical properties of the fractured
rock mass was conducted to provide reference data for the analysis of the slope instability.
According to the investigation, the lithology of the rock mass in this area is metamorphic
sandstone. The detailed mechanical parameters of the rocks and fractures are shown
in Table 1.

Table 1. Mechanical parameters of the rocks and fractures in the study area [24,27].

. . Elastic Friction Poisson’s
Material Type  Heterogeneity =~ UCS/MPa Modulus/GPa Angle/° Ratio
Rock 5 108.9 37.6 56 0.24
Fracture 2 5.45 1.88 30 0.39

2.2. Data Collection from the Study Area

The ShapeMetriX®P system was produced by a 3GSM company in Austria. The system
consists of a digital camera capable of calibrating 20 million high-resolution stereo images
(Figure 2a), a software package for 3D model reconstruction and visualization analysis
(Figure 2b), and a benchmark (Figure 2c). The specified area is imaged from two different
angles, and the 3D geometric image is synthesized via technical processing to realize the
real 3D model reconstruction of the solid surface.

& Center Window =
RN

ShapeMetrix™

361

2 2= .

(a) Digital camera (b) ShapeMetriX3I) software

L [

= —_——— =

(c) Benchmark

Figure 2. Composition and principle of the ShapeMetriX>P system. Research steps 1-5 are the process
of data collection based on the equipment.

The steps to obtain the geometric information of 3D rock mass surface fractures are
as follows: 1. Select an appropriate camera lens and set the camera parameters according
to the working conditions of the shooting site. 2. Place the reference point in front of the
test rock mass and make sure it is vertical. 3. Select two shooting points in front of the rock
mass on the left and right to photograph the rock mass in the study area. The connection
line between the two points is required to be parallel to the rock mass surface and meet the
requirements of a certain distance. 4. Find an obvious structural plane on the rock mass
surface and measure and record the tendency and inclination of the structural plane with a
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geological compass. 5. Import the left and right pictures into the Shapemetrix® software
separately, depict the research area, and synthesize. The 3D geometric images are generated.
6. The size and direction of the rock mass are corrected by the size of the benchmark and
the inclination and dip angle of the selected structural plane for the reconstruction of a real
3D model of rock mass engineering. 7. The geometric information of the fracture surfaces is
described quantitatively, the dominant groups of fracture surfaces are divided according to
the production clustering, and the parameters of the production information of the fracture
surfaces are obtained. There are three groups of fractures in the study area. The probability
distributions and geometrical parameters of fracture groups are listed in Table 2. Refer to
Wu et al. [24,27] for more details.

Table 2. Probability distribution and geometrical parameters of the fracture groups [24,27].

Material Type 1# Fracture Group 2# Fracture Group 3# Fracture Group
Distribution type Normal Lognormal Normal
Inclination/° Mean value 235.15 351.34 94.73
Standard deviation 6.48 0.15 13.68
Distribution type Normal Lognormal Normal
Dip angle/° Mean value 25.98 28.16 85.80
Standard deviation 8.41 0.83 9.92
Distribution type Lognormal Normal Lognormal
Trace length/m Mean value 3.42 3.12 2.96
Standard deviation 2.05 1.48 1.39
Distribution type Negative exponential Lognormal Negative exponential
Spacing/m Mean value 1.35 1.70 0.69
Standard deviation 121 1.55 0.7
Bulk density/m~3 Mean value 0.01734 0.02020 0.05838

3. Orthogonal Test Scheme and Numerical Model
3.1. Orthogonal Test Scheme

The purpose of this paper was to study the effects of fracture inclination, dip angle,
trace length, and bulk density (relating to spacing) on the UCS and elastic modulus of
fractured rock masses. Due to a large number of influencing factors and levels, it is quite
troublesome to calculate the scheme. The orthogonal test method can not only effectively
reduce the workload of calculation, but also obtain satisfactory sample results [28,29].
As a result, an orthogonal test scheme with four influencing factors and three levels was
selected, and Lo (34) was chosen as the orthogonal table for the design of this test scheme,
as shown in Table 3. There are nine group test protocols in the table. The column number
indicates the test factor, while the value under that column number indicates the level
used for that factor. The level values of each influencing factor based on the range of the
main influence factors also are given in Table 3. The level values of the influencing factors
of inclination are 47.24°, 94.49°, and 141.73°, respectively. To dip the angle, trace length,
and bulk density, the level values were 28.60°, 57.20°, 85.80°, 0.987 m, 1.973 m, 2.960 m,
0.05838 m 3, 0.07784 m—3, and 0.09730 m 2 in the order of levels 1, 2, and 3. Therefore,
the test protocols for each main control factor were established based on the orthogonal
test scheme.

Table 3. Orthogonal arrays Lo (3%) of the test scheme.

Influencing Factors

Test Number
Inclination/° Dip Angle/° Trace Length/m  Bulk Density/m—3
T-1 Level 1 (47.24) Level 1 (28.60) Level 1 (0.987) Level 1 (0.05838)
T-2 Level 1 Level 2 (57.20) Level 2 (1.973) Level 2 (0.07784)
T-3 Level 1 Level 3 (85.80) Level 3 (2.960) Level 3 (0.09730)
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Table 3. Cont.

Influencing Factors
Test Number

Inclination/® Dip Angle/® Trace Length/m  Bulk Density/m—3
T-4 Level 2 (94.49) Level 1 Level 2 Level 3
T-5 Level 2 Level 2 Level 3 Level 1
T-6 Level 2 Level 3 Level 1 Level 2
T-7 Level 3 (141.73) Level 1 Level 3 Level 2
T-8 Level 3 Level 2 Level 1 Level 3
T-9 Level 3 Level 3 Level 2 Level 1

3.2. The Principle of RFPA3P

A finite element software, RFPA®P (three-dimensional realistic failure process analysis),
was applied for the numerical simulation. RFPA%P is an effective method based on the
damage mechanics and the statistical theory to simulate the gradual failure process of
rock mass. It is worth mentioning that the mechanical parameters (such as the strength
and elastic modulus) of the model elements obey the Weibull distribution. Therefore, the
distribution characteristics of a rock’s mechanical parameters at the mesoscopic level can be
considered in the RFPAS®P. Additionally, the macroscopic failure is the accumulation process
of mesoscopic element failure. For detailed information on the calculational principles and
model validity of the RFPASP software, please refer to papers [24,30,31]. The constitutive
equations of the RFPA®P software are briefly summarized in this section.

The elastic-brittle damage constitutive model was introduced into the REPA3P to de-
scribe the stress—strain relationship. The constitutive relationship of the model is expressed
as follows:

0c=Ee=Eyl—-D)e 1)

where ¢ and ¢ are the stress applied to the model and the corresponding strain, respectively;
E represents the elastic modulus of the damaged element; and Ej and D denote the initial
elastic modulus of the element and the damage variable, respectively. However, with
increasing load, the elastic modulus of the element degrades gradually with the increase of
the D.

When the model element is in a uniaxial tension state, the maximum tensile strain
criterion and the Mohr Coulomb criterion were used in the RFPA3P. The corresponding D
was defined as in Equation (2).

0 £> €4
D= 1_;TEI; €0 > €2 €y (2)
1 e < ey

where oy denotes the residual stress of the model element, and oy = Act. Among them, ot
and A are the tension stress applied on the model and the residual coefficient, respectively;
€40 is the failure strain threshold, which is the tensile strain corresponding to the elastic
limit; ey, is the ultimate tensile strain coefficient, and e, = #€40; 17 denotes the ultimate
strain coefficient.

According to the elastic damage theory, the stress—strain relationship can be derived
as follows:

ZGE,']' -+ Aéijgkk €> €49
_ ) _ oy [ & ijekk -
0ij =\ #s (2Geij + Adijen) = % (ﬁ + (1+v)](1—2v)> Elo 2 € Z€m &)
0 g <éep

where G and v are the shear modulus and the Poisson’s ratio of the model element, respec-
tively; wheni = j, (51'/ = 1; otherwise, 5,-]- =0.
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Moreover, the Mohr—Coulomb criterion is applied when the model element is in a
uniaxial compression state. Similarly, the D is expressed as follows:

0 &1 < €0
D= 4
{1_2{:’50 €1 > €co @

where 0, and oy, are the initial and residual UCS of the model element, respectively, and
Ore = A0g, €1, and &g, denote the maximum principal stress and the compressive strain
threshold, respectively.

Similarly, the corresponding the stress—strain relationship can be written as follows:

(@)

2G£ij + /\51j€kk &1 < €0
Jij =\ o By . _ o [ Eif Jijexk
T\ i (2Gei + Adjjen) = <1Tv + Ta—zn ) &1 2 Eeo

3.3. Model Establishment Based on RFPA3P

The sensitivity of fracture geometrical parameters to the elastic modulus and UCS
of the fractured rock mass was investigated in the sloping rock of the Lianghekou Hy-
dropower Station dam site. However, only the geometric parameters of the 3# fracture
group changed during the study. The geometric parameters of the 1# and 2# fracture groups
remained unchanged.

The model size of 10 m x 10 m x 10 m and the element number of 120 x 120 x 120 were
chosen to build the equivalent rock mass DFN model based on the RFPA3P software [30].
The input mechanical parameters of the RFPA software are the mesoscopic parameters of
rock mass, which is related to the element size to reduce the mesh effect of the model. Nine
numerical models of the orthogonal arrays of the test scheme were generated based on
Tables 1 and 3, as shown in Figure 3. The red lines in the numerical model represent the
intersections of the fractures and the rocks.

(¢) Model of T-3

(d) Model of T-4 (¢) Model of T-5 (f) Model of T-6

Figure 3. Cont.
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(g) Model of T-7 (h) Model of 'T-8 (i) Model of T-9
Figure 3. Numerical model of the orthogonal arrays of the test scheme.

Uniaxial, quasi triaxial, and true triaxial compression test of fractured rock mass can
be implemented and simulated based on the RFPA3D software. However, the confining
pressure may make the calculation results more complicated and diverse. To understand
the sensitivity of the mechanical parameters of rock mass to geometric parameters under
simple conditions, only the uniaxial compression test was adopted in this section.

During the simulation, the mechanical parameters and boundary conditions were
kept constant during the tests except for the factors considered to enhance the reliability
of the conclusions. The bottom surface (YOZ) of the model was fixed, and a displacement
load (0.2 mm/step) was applied to the upper surface of the model parallel to the X-axis
direction until the model failed. The remaining boundaries of the model are free.

4. Results and Analysis
4.1. Deformation Characteristics and Failure Patterns of Numerical Model

The stress—strain curves of the simulation results of the test scheme in Table 3 are
shown in Figure 4. The results showed that the fractured rock mass presented brittle
deformation, except for T-5, which exhibited elastic—plastic deformation. The deformation
characteristics and failure pattern of test number T-1 in Table 3 were investigated as an
example, as shown in Figure 5. The numerical model of the case is given in Figure 5a.
The X-displacement diagram of the failure fractured rock mass is presented in Figure 5b.
Red and blue colors represent the maximum and minimum deformation of the model,
respectively. The deformation of the fractured rock mass in the X-axis direction was greatly
influenced by DEN, and clear boundaries were formed at the intersections of the fractures
and the rock. The deformation or displacement diagram of fractured rock mass decreased
from top to bottom in the X-axis direction. Figure 5c shows the acoustic emission diagram
of the failure model. Red circles in the acoustic emission diagram represent the damage
events induced by compressive under the current load. In Figure 5d, the damage diagram
of the failure model is plotted. The results showed that the fractured rock mass was mainly
damaged along the fracture surface under the action of the external load. Due to the
damage and failure of the fracture, multiple penetration shear faces were generated. The
fractured rock mass was primarily defined by compressive-shear composite failure.
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Figure 4. Stress—strain curves of the numerical models.
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Figure 5. The deformation characteristics and failure pattern for T-1.

4.2. Strength and Deformation Parameters

Meanwhile, the elastic modulus and UCS of the models could be acquired based on
the stress—strain curves. The elastic modulus is the slope of the line part of the stress—strain
curve in the elastic stage. The UCS is the peak strength in the stress—strain curve. The
elastic modulus and UCS provide parameters for sensitivity analysis.

Table 4 lists the test assignment scheme and the numerical results for each factor level
based on the orthogonal table of the test scheme. The order of the test scenarios is consistent
with Table 3. The values of each influencing factor, and the corresponding elastic modulus
and UCS derived from numerical simulation under different schemes are also presented
in Table 5. The results showed that the variations in fracture inclination, dip angle, trace
length, and bulk density had significant effects on the elastic modulus and UCS of the
fractured rock mass.
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Table 4. The elastic modulus and UCS under various influencing factors and levels.

Influencing Factors Numerical Results
Test Number L . o Trace Bulk Elastic
Inclination/ Dip Angle/ Length/m Density/m-3 Modulus /GPa UCS/MPa
T-1 47.24 28.60 1.48 0.029 20.362 29.794
T-2 94.49 28.60 2.96 0.058 20.063 31.378
T-3 141.73 28.60 4.44 0.0871 18.114 19.996
T-4 47.24 57.20 2.96 0.087 19.807 29.094
T-5 94.49 57.20 4.44 0.029 19.881 27.730
T-6 141.73 57.20 1.48 0.058 20.351 32.415
T-7 47.24 85.80 4.44 0.058 19.572 26.869
T-8 94.49 85.80 1.48 0.087 20.356 32.609
T-9 141.73 85.80 2.96 0.029 20.173 32.977

Table 5. Level values of the influencing factors of the Group 2 test.

Influencing Factors Level 1 Level 2 Level 3

Inclination/® 47.24 94.49 141.73
Dip angle/° 28.60 57.20 85.80
Trace length/m 1.974 3.948 5.92

Bulk density/m™3 0.05838 0.07784 0.09730

4.3. Range Analysis

Range analysis, also known as visual analysis, is one of the most common methods
used to analyze the result of orthogonal tests. The problem is analyzed by the difference
between the maximum and minimum in the mean effect. The specific formula is as follows:

R; = max{ki, kip, - - -, kij } — min{kiy, kip, - - -, kij } (6)

where k;; presents the mean value of the test results of the i influencing factor on the j level.
R; is refers to the extreme difference in the value of the influencing factor of i, that is, the
difference between the maximum and minimum values of the test results at each level of
the i influencing factor. The value reflects the variation range in the test results when the
influencing factor of i changes. The larger the value of R, the greater the influence of the
factor on the overall experiment results, which is a major influence. Conversely, it has a
small effect.

Figure 6 shows the data analysis of the influencing factor level on the elastic modulus
and UCS, respectively. The results showed that the influence degree of the four influencing
factors on the elastic modulus of the fractured rock mass was in the order of track length,
bulk density, dip angle, and inclination. However, for the UCS, the track length, inclination,
bulk density, and dip angle were arranged in descending order. Therefore, the fracture
trace length based on the extreme difference analysis was the main factor affecting the
elastic modulus of the fractured rock mass and UCS.

The range analysis is easier to calculate and can prioritize the effect of factors on the
calculated results. However, it is impossible to determine whether the influencing factors
of the experiment are significant. Furthermore, errors are inevitable during the experiment,
and range analysis makes it difficult to distinguish whether the differences corresponding
to each factor level are due to experimental error or the factor level itself.
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Figure 6. Extreme difference values of the elastic modulus and UCS under various influencing factors.

4.4. Variance Analysis and Significance Test

Variance analysis is widely used in data processing of the orthogonal test and can
compensate for the deficiencies of the range analysis. The corresponding sum of squared
variance and sum of squared errors need to be calculated for the experiment data when
the variance analysis is applied. Based on the calculation results of the elastic modulus
and UCS at different influencing factor levels in the orthogonal test, the corresponding
sums of deviations squares, errors squares, and degrees of freedom for each factor were
calculated with the help of an orthogonal design assistant. Moreover, the mean square is
the ratio of the sum of squares of deviation to the degree of freedom. The F ratio is the ratio
of the mean square of each factor to the mean square of error, respectively. Therefore, the
mean square and the F ratio of each factor could be calculated for the elastic modulus and
UCS, as shown in Figure 7. Finally, the F-ratios were compared with the critical values of
Fo(2, 6) and Fyps5(2, 6). If F > Fy1(2, 6), the factor was highly significant, denoted by **.
If Fy01(2, 6) > F > Fyps5(2, 6), the factor was significant, denoted by *. If F < Fys5(2, 6),
the factor was highly insignificant. Among them, Fy1(2, 6) = 10.93 and Fy5(2, 6) = 5.14.
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Figure 7. F ratio and significance levels of the elastic modulus and UCS under various influencing
factors.

As shown in Figure 7, the results demonstrated that the sensitivity of the rock mass
elastic modulus to the four influencing factors was not significant. The main reason is that
the elastic modulus is an inherent characteristic of the rock mass, which is mainly related
to the chemical composition of material and not its structural state. Besides, the sensitivity
of the rock mass elastic modulus to the four influencing factors was in the order of trace
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Extreme difference values of elastic modulus
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length > bulk density > inclination > dip angle. The sensitivity analysis of rock mass UCS to
the trace length of fracture was significant, while the sensitivity analysis to the inclination,
dip angle, and bulk density of the fracture was insignificant. The sensitivity degree of the
rock mass UCS to the four influencing factors was in the order of trace length > inclination
> bulk density > dip angle, which is also consistent with the results of the range analysis.

5. Discussion

From the abovementioned research, it could be found that the effect of the fracture
on the UCS was greater than the elastic modulus, which is consistent with the results of
Vaziri et al. [23]. Additionally, the mechanical parameters of the fractured rock mass were
sensitive to the fracture traces, which is in agreement with Cui and Sheng [26]. However,
Vaziri et al. [23] and Bahaaddini et al. [24] found that fracture orientation was the most
effective parameter among the fracture geometrical parameters, which is inconsistent with
the results of this paper. The main reason could be that the fractured rock mass was
generated based on a 2D PFC and the fracture orientation (dip angle) was considered in
2D space by Vaziri et al. [23]. Moreover, although a three-dimensional numerical model
was applied by Bahaaddini et al. [25], the fractures in the rock mass were assumed to be
parallel and only the fracture orientation (dip angle) was changed in the calculation results.
Fractures in the rock mass are three-dimensional and their orientation is determined by the
inclination and dip angle.

Additionally, the geometric parameters involved in this research do not completely
exactly agree with those of other authors. The sensitivity orders of the rock mass mechanical
parameters to the rock mass geometry parameters were also different from other authors.
To increase the credibility of the conclusions, another orthogonal test was performed. The
study methodology, test scheme, and analysis method are consistent with parts III and IV
of the paper. Only the level values of the trace length were changed, as shown in Table 5.

The specific calculation results are not described in detail here. Extreme differences
and F ratios of the elastic modulus and UCS for various influencing factors in the Group
2 test are presented in Figure 8. The results showed that the influence of the fracture
geometry parameters in the UCS was greater than that of the elastic modulus. The results
are consistent with the results of the Group 1 test.
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Figure 8. Extreme difference values and F ratios under various influencing factors of the Group 2 test.

Besides, in the Group 2 test, the sensitivity degree of the rock mass elastic modulus
and UCS to the four influencing factors was in the order of trace length > bulk density >
dip angle > inclination, which are different than the results of the Group 1 test. Therefore,
when the influencing factors take different data in the range of values, the order of the
sensitivity of the rock mass mechanical parameters to the fracture geometry parameters
may be different. To fully understand the problem, the global sensitivity analysis method
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can be used [32,33]. The Monte Carlo method was applied in the global sensitivity analysis
method to generate a random set of data over a reasonable range of parameters to determine
the influencing factors. The parameters of different influencing factors were then combined
to establish a numerical model and acquire results. Generally, hundreds or even thousands
of time-valued simulations are required.

6. Conclusions

The fracture geometry parameters and distribution types of the downstream slope
of the left bank of the Lianghekou Hydropower Station were acquired based on the
ShapeMetriX3D system. The sensitivity of rock mass mechanical parameters to the 3#
group of the fracture geometry parameters was investigated according to the orthogonal
test scheme. Moreover, the RFPA3D software was applied.

The behavior characteristics and failure pattern of the fractured rock mass were
analyzed. The results showed that the stress—strain curve of the fractured rock mass mainly
exhibited an elastic-brittle behavior. The macroscopic failure mode of fractured rock mass
is a compressive-shear composite failure pattern.

Range analysis, variance analysis, and significance test were used to analyze the
sensitivity of the fractured rock mass mechanical parameters to the fracture geometry. The
results indicated that the influence of the fracture geometry parameters in the UCS was
greater than that of elastic modulus. The sensitivity of the UCS to fracture trace length was
significant, but not to the bulk density, dip angle, and inclination of fracture. The elastic
modulus of the fractured rock mass was insensitive to the fracture geometrical parameters.

The research results provide a reference for the measurement and statistics of fracture
geometrical parameters in the engineering rock mass, as well as improving the accuracy of
the analysis of the mechanical parameters of a fractured rock mass.
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