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Abstract

There are many holes and cracks in the rock, which significantly affect the strength of the rock mass. In this paper, the
influence of holes and crack spacing on the uniaxial compressive strength and failure mode of rock samples with holes
and cracks is studied. Through uniaxial compression testing, the macroscopic mechanical behavior of rock-like samples is
summarized. Based on the experimental results, the microscopic parameters of the numerical model established in PFC3P
are calibrated. Then, the uniaxial loading process is simulated to verify the numerical model. According to the simulation
results, the influence of holes and crack spacing on the micro-failure mechanism of rock-like samples is analyzed from the
perspective of mechanical properties, particle displacement, and failure mode. The results show that the uniaxial compressive
strength and elastic modulus of the sample with holes are lower than those of the intact sample, but higher than those of the
sample with single hole and double cracks. As the spacing between cracks increases, the peak strength and elastic modulus of
the sample show a trend of first increasing and then decreasing. The maximum displacement of particles and the number of
microcracks both show a trend of first increasing and then decreasing. During the loading process, there is a phenomenon of
stress concentration on both sides of the hole and the crack tip, which can generate a large number of microcracks. Acoustic
emission events can be divided into three stages: silent emission stage, stable stage, and rapid growth stage. The damage
evolution process of the specimen can be divided into three stages: no damage stage, stable damage growth stage, and damage
failure stage.
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1 Introduction

In recent years, with the vigorous development of the econ-
omy, infrastructure construction such as architecture and
transportation has entered a peak period. The construction
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scale and quantity are unprecedented, resulting in a large
number of engineering projects such as rock tunnel excava-
tion. During tunnel construction, various complex geological
conditions will be encountered. With the action of dynamic
loads, the development of external holes and cracks in the
rock mass is particularly severe, posing a serious threat to
the stability of the rock mass itself. In addition, rock masses
in nature are influenced by complex geological structures,
and there are a large number of primary cracks inside. Under
the action of external forces, the primary cracks inside the
rock mass will expand, grow, and even connect. This series of
structural changes can trigger rock mass collapse accidents,
causing serious economic losses and casualties. Therefore,
it is of great significance to study the dynamic failure mech-
anism of rock with cracks and holes to ensure the smooth
progress of geotechnical engineering.

The existence of crack and hole can significantly reduce
the strength of rock mass, and they have great influence
on rock stability engineering. In the past decades, many
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compression tests have been carried out on rock materials
with cracks, to study the crack propagation behavior and the
strength variation induced by cracks. Because it is difficult to
implant cracks in the original rock, and rock samples contain-
ing natural cracks are difficult to drill, researchers conducted
experimental studies by preforming rock-like samples con-
taining hole and cracks, etc. [1]. Huang et al. [2] prefabricated
rocks containing single cracks, they found that the brittle-
ness of the samples containing cracks decreased compared
to the intact samples. Based on a large number of uniaxial
experimental studies of parallel fractures, Huang et al. [3]
prefabricated sandstone samples with non-parallel opening
and penetrating fractures, and obtained that the stress—s-
train curve of intermittent fractured rock samples exhibits
a multi-step softening. Based on the previous research on
coplanar fractures, Wu et al. [4] analyzed the mechanical
properties and crack evolution laws of non-coplanar discon-
tinuous fractured rocks, and found that the rapid stress drop
in the stress—strain curve is a macroscopic manifestation of
crack propagation within the sample; Chen et al. [5] devel-
oped a rock crack directional propagation simulation device
to investigate the effect of pre-crack size on the directional
propagation of mode I cracks in rock; and Liu et al. [6]
used 3D printing technology to prepare rock specimens with
holes and double cracks. Through uniaxial compression tests,
it was found that the uniaxial compressive strength (UCS)
and elastic modulus of the specimens with holes and double
cracks decreased compared to the specimens without holes
and cracks; Wang et al. [7] used similar simulation materials
to produce rock-like rocks with intersecting cracks. The study
found that the compressive strength of samples with prefab-
ricated cracks was significantly lower than that of complete
test blocks. Most of the above studies are laboratory experi-
ments. With the development of computer technology, more
and more numerical simulation studies on rock crack evo-
lution have been conducted [8—14]. Huang et al. [15] used
the RFPA?P system to analyze the stress field characteris-
tics and influencing factors of the static interaction of cracks,
reproducing the superposition law of the stress field of the
interaction of multiple cracks; Pan et al. [16] used EPCAZD
to simulate the uniaxial compression fracture process of het-
erogeneous rock samples of different sizes, pointing out that
when the homogeneity of rock samples is the same, the size
and shape effects existing in the rock fracture process are
caused by boundary loading; and Wang et al. [17] used the
RFPA to study the impact of initial fracture angle on rock
damage and fracture characteristics, and pointed out that the
maximum value of the minimum principal stress increases
fastest when the initial fracture angle is 15°. The simulation
results reproduce typical experimental phenomena; Zhang
et al. [18] carried out PFC?P simulation, analyzed the influ-
ence of rock strength on the energy evolution of coal and
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rock structure, and proposed the zoning prevention and con-
trol method of roadway surrounding rock impact. He et al.
[19] used digital image processing methods to analyze the
mineral composition content and spatial distribution of gran-
ite, and analyzed the influence of mineral composition on
the mechanical properties of granite through PFC?P. They
obtained the influence of quartz and feldspar on the uniaxial
compressive strength, tensile strength, and elastic modulus
of the sample, providing help for understanding the potential
applications of granite mechanical behavior. He et al. [20]
established a PFC?P numerical simulation model to analyze
the evolution law and instability failure mechanism of crack
initiation, propagation, and penetration in specimens with
cross cracks. The variation relationship between the peak
strength, elastic modulus, crack initiation stress, and crack
inclination angle obtained from the numerical simulation
results is basically consistent with the variation relationship
between the indoor test results. A large number of studies
have shown that numerical simulation can be used to further
analyze the microscopical conditions inside samples, and the
simulation results are reliable.

Due to the advantage of low stress concentration in cir-
cular tunnels compared to other shapes, a large number of
railways and highways are generally constructed in the form
of circular tunnels. In addition, there are a large number of
primary cracks in the surrounding rock of the tunnel, and
rocks containing one or more cracks are often encountered
in engineering, and the cracks exist in parallel and intersec-
tion ways. This article aims to study the impact of railway
and highway excavation on the stability of rock mass itself.
Starting from the construction of rock mass engineering and
based on extensive research on defective rocks, a circular
tunnel is simplified as a through type hole, and on this basis,
two parallel through cracks are considered. Rock-like sam-
ples with different positions of single holes and double cracks
are prefabricated. Shimadzu AG-X250 electronic universal
testing machine was used to carry out uniaxial compression
test on the sample. The particle flow software PFC3P is used
to simulate the uniaxial loading process of the samples. Based
on the simulation results, this paper analyzes the influence of
hole and crack spacing on the mechanical properties, acoustic
emission properties, particle displacement, and failure mode
of the model specimen. The failure mechanism and damage
evolution of the sample were analyzed from a microscopic
perspective.

2 Mechanical tests on damage and failure
of rocks with holes and cracks
2.1 Specimen preparation

It is difficult to obtain ideal rock samples with cracks in
field sampling and indoor processing. To obtain rock samples
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with holes and cracks that can reflect the mechanical, defor-
mation, and failure characteristics of the original rock, the
physical similarity simulation method is usually used. The
rock-like material used in the experiment selected river sand
screened by 20-mesh sieve as the aggregate, the cementing
agent was 425 cement, and the plastic influence agent was
water. The mixture was made according to the mass ratio of
M water:-M cement:Mriver sand = 2:5:5.

All components of the rock-like sample mold are made
of acrylic material. The internal size of the mold is: length
x width x height = 50 mm x 50 mm x 100 mm. The
model picture and size are shown in Fig. 1. In order to obtain
the rock-like specimen with cracks and holes in the specified
position, cracks and holes were cut at the designated position
of the mold by laser cutting method before the test. In the
process of specimen pouring, steel sheet and round tube were
embedded. The size of steel sheet was length x width =
100 mm x 10 mm, the thickness was 2 mm, and the diameter
of round tube was 10 mm. Design a test rock sample with
holes and four types of cracks with holes located in the center
of the sample and a diameter of 10 mm. The distance of the
two through cracks is 20, 30, 40, and 50 mm, respectively,
the length of the cracks is 10 mm, the width is 2 mm, and the
dip angle is 45°.

The preparation process of rock-like materials is divided
into three basic steps: preparation of rock-like materials,
installation of molds, and specimen maintenance, as shown in
Fig. 2. Firstly, mix the cement, river sand, and water accord-
ing to the predetermined ratio in the NJ-160A cement slurry
mixer. Then, put the evenly mixed material into the mold
and place it on the GZ-85 cement mortar vibration table,
fully compacting and forming it. Finally, use a scraper to
flatten the surface of the sample, let it stand for 24 h, and
then demold it. Then, place the rock-like sample in the YH-
60B standard constant temperature and humidity curing box
for 28 days.

2.2 Uniaxial compression experimental

Shimadzu AG-X250 electronic universal testing machine
was used to carry out uniaxial compression test on rock-like
samples [21]. In order to reduce the impact of loading rate
on the failure of rock-like specimens during the loading pro-
cess, this experiment adopts a displacement loading control
loading method and automatically collects test data through
a computer. The loading rate was 0.01 mm/s. The sensitivity
was set to 1% which means that the loading stress drops to
1% of the peak stress, the test automatically stops, and the
complete stress—strain curve of the rock-like sample during
the entire loading process is obtained. The equipment used
in the experiment is shown in Fig. 3 [22, 23].

2.3 Experimental results
2.3.1 Mechanical attribute analysis

Through uniaxial compression experiments, the stress—strain
curves of rock-like samples were obtained, as shown in Fig. 4.
In the figure, 1-1 is a complete rock-like sample, 2-1 is a
rock-like sample with single pores, and 3-1, 2, 3, and 4 are
rock samples with double fractures single pore and gaps of
20, 30, 40, and 50 mm, respectively. Taking the 1-1 intact
rock sample as an example, analyze the different stages of
its pre-peak stress—strain curve:

(1) Compaction stage (oa stage): Due to the manual prepa-
ration of the sample, there are small pores or cracks
inside the sample. These pores and cracks will be com-
pacted during loading, with small stress changes and
large strain changes. The stress—strain curve shows a
concave shape and is nonlinear deformation.

(2) Elastic deformation stage (ab stage): In this stage,
the original pore cracks of the sample are basically
compressed and compacted, and the interior tends to sta-
bilize. As the loading progresses, the stress—strain curve
is almost linear, and the relationship between stress and
strain is linear. There are no obvious cracks on the sur-
face of the sample.

(3) Stable development stage (bc stage): As the loading pro-
gresses, obvious cracks begin to appear on the surface of
the sample. The stress—strain curve shows a nonlinear
upward convex growth trend. The growth trend slows
down compared to the elastic deformation stage. The
deformation occurring in this stage is mainly plastic
deformation.

Analyze the peak strength and elastic modulus of six sam-
ples, as shown in Fig. 5. It can be seen that compared to the
intact sample, the presence of holes significantly reduces the
uniaxial compressive strength of the sample, but is higher
than the peak strength of the sample with single hole and
double cracks. The trend of change in elastic modulus is
consistent with the trend of change in peak stress.

Further revealing the relationship between crack spacing
and peak stress, the peak strain parameters of indoor tests on
rock-like specimens with different cracks spacing were plot-
ted as scatter plots and fitted, as shown in Fig. 6. It can be seen
that under the experimental conditions, the yield point (peak
value) first increases and then decreases with the increase
in the distance between the two cracks, and the relationship
between them meets the cubic function. The fitting equation
shows a cubic function relationship between peak stress and
crack spacing, which can be expressed as follows:

Y = —36 +4.00333x + —0.0915x> + 6.1667e "*x> 1)
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Fig. 3 Uniaxial compression experimental equipment

@ Springer



Computational Particle Mechanics (2024) 11:1579-1598

1583

30

stress(Mpa)

0.0 0.2 0.4 0.6 0.8 1.0 1.4 1.4 1.6
strain(lﬂ'z)

Fig.4 Stress—strain

30 50
9 —@— peak stress
5 \ —@— elastic modulus
-1 40
20 F E
= 430=
& T
S5 E
2 2
£ 420%
10 | @
5 -1 10
0 L L L L L L 0

1-1 2-1 3-1 3-2 3-3 34
sample label

Fig.5 Peak stress and elastic modulus of the sample

2.3.2 Failure mode analysis

The final failure modes of intact specimens, single hole speci-
mens, and single hole double crack specimens under uniaxial
compression are shown in Fig. 7. It can be seen from 1-1 that
the intact rock sample consists of an inclined shear crack that
runs through the top to the bottom of the sample. Secondary
cracks sprout near the main crack at the top and bottom of
the sample; 2-1 rock samples containing single hole, with
cracks distributed on the upper and lower sides and left and
right sides of the pores, mainly composed of macroscopic
shear cracks, but there are also a small number of tensile
cracks; 3-1 to 3-4 specimens with single hole and double
cracks are mainly distributed between hole and cracks, as
well as near the outer end of the cracks. When the crack
spacing is 20 mm, there are shear cracks between the holes
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Fig. 6 Comparison of experimental and simulation results

and cracks, and tensile cracks are mainly found near the outer
ends of the two cracks. As the crack spacing increases, ten-
sile cracks gradually become the main cracks between the
holes and cracks.

3 Numerical simulation analysis of damage
and failure of rocks with voids and cracks

3.1 Numerical model establishment

PFC3P, namely, three-dimensional particle flow program,
is a method proposed by Peter Cundall and developed by
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Fig.8 Schematic diagram of the complete numerical model

ITASCA in the US [24-26]. It mainly simulates the parti-
cles and the contact between particles in the model from
the mesoscopic perspective. It is often used to simulate the
mechanical properties of rocks. By preparing FISH language
in PEC3P, rock samples with different working conditions
can be restored. It can be used to study the interaction and
movement between particles under different working condi-
tions [27-35]. It has good effects and advantages in analyzing
the meso-mechanical characteristics and stable deformation
of the model.

PFC3P was used for numerical simulation of uniaxial com-
pression, the numerical model of intact rock samples was
established as shown in Fig. 8. The model size was 50 mm x
50 mm x 100 mm. The particle radius was between 0.5 and
1.5 mm to generate random particles. The different colors of
particles in figure represent different radius.

By writing the FISH language, the holes and cracks at
the same location as the experimental rock specimens were
generated, as shown in Fig. 9. Figure 9a shows a rock sample
model with a single hole, (b)—(e) shows models with crack
spacing of 20, 30, 40, and 50 mm, respectively.

In the particle flow method, the mesoscopic parameters of
a single particle are assigned to make materials with differ-
ent properties reflect different constitutive properties in the
simulation. When the mesoscopic parameters of each model
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material and object are different, the macroscopic mechanical
properties and constitutive relations reflected by the material
and model in the simulation are also different [36]. For PFC,
there are three types of contact constitutive models: stiff-
ness model, sliding model, and bond model. The stiffness
model specifies a certain elastic connection between con-
tact force and relative displacement. The sliding model is
a model established between normal and tangential forces
regarding the mutual motion of two contact spheres. The
bonding model limits the maximum combined force of nor-
mal and shear forces. Based on the characteristics of uniaxial
compression, abonding model is selected. And bonding mod-
els are also divided into two types: contact bond model and
parallel bond model. The difference between these two mod-
els is that the contact area of the parallel bonding model is a
block, while the contact area of the contact bonding model
is a point. The parallel bonding model can simultaneously
transmit force and torque, while the contact bonding model
can only transmit force. According to the basic rock-like con-
ditions to be simulated in the experiment, the parallel bond
model is selected in this paper, which is regarded as a series of
springs. These springs are uniformly distributed on the con-
tact surface, centered on the contact point, and have constant
normal and tangential stiffness [37]. Therefore, the relative
motion at the contact point will generate force and bending
moment, as shown in Fig. 10a. The mechanical behavior of
a parallel-connected spring is similar to that of a beam with
length L approaching O, as shown in Fig. 10b.

In this model, it is considered that the contact between
two particles is generated within a certain range, and when
two particles are in contact with each other, the model can
transmit both the force and the moment, and the maximum
normal stress acting on the adhesive material is as follows:

. T MR
o=—+—

A 1 @

The maximum tangential stress is as follows:
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Fig.9 Schematic diagram of a complete model for numerical simulation

Fig. 10 Parallel bond model and
force diagram (F}, for normal
stress, F for tangential stress,
K,, for normal stiffness, K for
tangential stiffness, K_,, stiffness
for the parallel method, K for
parallel tangential stiffness, T as
the axial force, V for tangential
force, M for bending moment,
and M, for torque)

(a) Schematic diagram of parallel bond model
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where A, I, J, and R are, respectively, the area, moment of
inertia, stage moment of inertia, and parallel bond radius of
the circular section of the parallel connection model. Once the
shear or normal stress exceeds the strength limit, the particle
constraint disappears.

3.2 Selection of microscopic parameters

PFC3P software represents the mechanical properties of
objects by calibrating mesoscopic parameters, which can-
not be directly obtained through laboratory tests. Therefore,
before numerical simulation of uniaxial compression is
carried out on the model, hypothesized mesomechanical
parameters should be given to it [38]. Simulation tests should
be carried out through the hypothesized parameters. After
continuous selection and test calculation, the obtained macro-
scopic mechanical parameters are compared with the real
indoor test. If the results are not satisfactory, the mesoscopic
parameters need to be adjusted. Until the simulation results
are basically consistent with the laboratory test results. It
can be considered that this set of mesoscopic parameters can
better simulate the rock-like failure mechanism. Based on
the results of complete rock indoor experiments, this study

L

(b) Force diagram of connection
material of parallel connection model

30

,,,,, ‘ Laboratory experiment|
Numerical simulation

stress/Mpa
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Fig. 11 Comparison between experimental and simulation results of a
complete rock model

adjusted the microscopic parameters in the PFC model using
the “trial and error method” to obtain a numerical simula-
tion stress—strain curve. Comparing the fitting of two curves
from numerical experiments and indoor experiments, when
the error between the mechanical parameters obtained from
the two curves is small enough, it is considered that the fitting
degree of the two curves is good, as shown in Fig. 11. The
obtained rock microscopic parameters are the mechanical
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Table 1 Table of mesoscopic
parameters for complete rock

Parameter Emod/Gpa kratio fric Pb_emod/Gpa Pb_kratio Pb_coh/Mpa Pb_ten/Mpa Pb_fa

model
Value 1 1.5

03 32 1.5 32 13 10

Emod elastic modulus, kratio Poisson’s ratio, fric friction coefficient, Pb_emod parallel bond modulus,
Pb_kratio parallel bond stiffness ratio, Pb_coh parallel bond cohesion, Pb_ten parallel bond tensile strength,
and Pb_fa parallel bonded internal friction angle

parameters required for numerical simulation. The simulated
microscopic parameters are shown in Table 1.

The curve obtained from the experiment went through a
compaction stage, an elastic deformation stage, and a sta-
ble development stage before reaching its peak. However,
due to the influence of PFC loading mechanism, there is
no compaction stage in the simulated curve [39]. This is
because during the initial phase of particle formation, the
sphere has been “compacted” under the effect of its gravita-
tional acceleration to achieve self-balance, thus making the
effective contact of the sphere reach the ideal state. In the test,
there are microcracks in the rock-like specimen, so the curve
shows nonlinear growth. The indirect contact of particles in
PFC3P model is relatively uniform, and the simulated curve
shows a linear growth.

3.3 Numerical result analysis
3.3.1 Mechanical property analysis

In order to verify the rationality of the mesoscopic parameters
selected in Sect. 3.2, this paper uses the mesoscopic param-
eters in Table 1 for uniaxial compression analog verification
of the numerical model. The simulation adopts displacement
loading method, and the upper loading plate is loaded down-
wards at a rate of 0.01 mm/s until the sample is damaged.
Compare the peak intensity of the model obtained by the
PFC program with the indoor test results, as shown in Fig. 12.
From the figure, it can be seen that the peak stress of rocks
with single hole is much higher than that of rocks with sin-
gle hole and double cracks. The difference in peak strength
between the experimental and simulated values is the largest,
with a difference of 1.6 Mpa and a relative error of 6.4%. The
difference between the experimental and simulation results
of rock samples with single hole and double cracks under
four types of crack spacing is very small, so this numerical
simulation can basically reflect the indoor test results.

In PFC3P, the interaction between particles is realized
through contact. The contact energy between particles ulti-
mately affects the macroscopic mechanical properties of the
specimen. The contact force between particles is generated
by squeezing and shearing between particles. It can quan-
titatively reflect the damage degree of rock-like samples
under uniaxial compression. The distribution of contact force
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Fig. 12 Comparison between indoor testing and simulated peak strength
of rock-like materials

between particles is coupled with the development of micro-
cracks. Many contact forces interleaved together form the
contact force chain. The contact force chain can be used to
characterize the nature (tension or compression), size, and
direction of the contact force between particles. Therefore,
we analyze the contact force between particles of prefabri-
cated rock specimens with holes and cracks at different strain
stages. The contact force chain at different stages of the five
samples is shown in Fig. 13. In the figure, (a) is the contact
force chain diagram of the rock sample model with single
hole, and (b)—(e) is the contact force chain diagram of the
rock sample model with single hole and double cracks with
crack spacing of 20, 30, 40, and 50 mm, respectively. I-IV
represents 30% and 70% of the peak stress before the peak,
the peak point, and 70% of the peak stress after the peak.
In the figure, the green contact force chain indicates that
the contact force is tension, and the blue contact force chain
indicates that the contact force is pressure. In the figure, the
thickness of the contact force chain corresponds to the size
of the contact force. The thicker the force chain, the greater
the contact force. The direction of the force chain represents
the direction of the contact force.

According to Fig. 13, it can be observed that during the
entire loading process, for the single hole model, there is a
concentrated distribution area of green force chains on the
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upper and lower sides of the hole, indicating that the position
isheavily tensioned. The force chain on the left and right sides
of the hole is thicker, and the contact force is larger. With the
progress of loading, due to the phenomenon of stress con-
centration, the contact bond between particles at the vertical
direction of the hole center breaks, and the contact force dis-
appears. For the single hole and double cracks model, the
force chain between the two cracks and the hole and near the
outer tip of the crack is almost all green. It shows that there
is an obvious tension area at this position, and the rest of the
force chain is mainly under pressure. The force chain at the
horizontal plane formed when the outer tips of the two cracks
extend to the sides close to each other is thicker. It shows that
the contact force at the horizontal plane is larger. Moreover,
with the increase in the gap between cracks, the contact force
in the horizontal direction where the holes are located also
increases gradually. This is because the particles basically
move in the vertical direction, and the displacement direc-
tion is perpendicular to the horizontal direction. The friction
caused by the dislocation of particles increases the contact
force. With the progress of loading, the relative displacement
between particles increases, and the contact force between
particles gradually disappears. Moreover, due to the phe-
nomenon of stress concentration, the contact bond between
particles breaks, and the bonding force also gradually drops
to zero. Therefore, the contact force chain gradually disap-
pears in the vertical direction of the crack and the hole. On
the whole, the contact force chain can be used to analyze the
force and stress—strain mechanism generated by the mutual
sliding and contact between particles.

3.3.2 Analysis of acoustic emission characteristics

In the process of stress, cracks will occur inside the rock and
continue to expand and extend. The cracks will be released
in the form of elastic waves, resulting in acoustic emission
phenomenon. Therefore, acoustic emission can be used to
monitor the deformation and failure process of the sample.
The failure of the sample is a gradual process and does not
occur suddenly. When the sample is loaded, internal dam-
age occurs. Each occurrence of an acoustic emission event
corresponds to the formation of a microcrack inside the rock.

The stress—strain-acoustic emission event curve relation-
ship of different model specimens is shown in Fig. 14. From
the figure, it can be seen that the stress curve of the model
specimen during uniaxial loading corresponds to the acoustic
emission characteristics. In the early stage of loading, there
was almost no acoustic emission phenomenon. Because the
stress borne by the particles in the model did not exceed
their bonding strength, and the model was still in a basically
stable state. As the loading progresses, acoustic emission
phenomena begin to occur, but the number of acoustic emis-
sion events remains basically stable. When loaded to the
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peak stress, the number of acoustic emission events rapidly
increases, indicating that the sample undergoes significant
damage during this stage.

3.3.3 Particle displacement analysis

The movement of meso-particles in rock determines the
macroscopic deformation of rock under stress. Analyzing
the displacement characteristics of meso-particles is helpful
to explain the deformation and failure mechanism of rock.
In PEC3P | it is very convenient to observe the displacement
of microscopic particles in the model. Figure 15 shows the
particle displacement cloud map of different model samples
during the loading process. In the figure, (a) shows the parti-
cle displacement map of the rock sample model with a single
hole, and (b)—(e) represents the particle displacement map
of the rock sample model with a single hole and a double
crack spacing of 20, 30, 40, and 50 mm, respectively. I-IV
represents the peak stress before peak at 30%, 70% and peak
point, as well as 70% post-peak stress. Five sets of models
are set with the same displacement interval, and the particle
color ranges from blue to red to indicate the displacement
from small to large.

By observing the color of the particles, it can be seen that
for the single hole model, the particle displacement in the
early stage of loading is basically a horizontal layered distri-
bution. The particle movement at the upper loading plate is
more active than that at the lower part. As the loading reaches
its peak, the particle displacement is bounded by the center-
line, with the upper particles exhibiting a positive V-shaped
distribution and the lower particles exhibiting an inverted
V-shaped distribution. For the single hole and double cracks
model, in the early stage of loading, the particle displacement
can be roughly seen as a horizontal layered distribution. As
the loading progresses, the particle displacement follows the
inclined direction of the crack, with the upper particles show-
ing a positive V-shaped distribution and the lower particles
showing an inverted V-shaped distribution. The particle dis-
placement of the model with crack spacing of 30 and 40 mm
is larger than that of the other two. After the peak, with the
occurrence of local damage and small cracks, the particle
displacement in the upper area of the connection direction
between the two cracks and the hole is the largest. The parti-
cle displacement shows an irregular distribution, resulting in
displacement dislocation and the formation of oblique shear
bands in the areas with more active crack development. Com-
paring the particle displacement distribution of five model
samples, the fracture situation of each sample during load-
ing can be obtained. Through analysis, it can be concluded
that the failure situation of the sample is basically consistent
with the indoor test.

Further analyze the influence of crack spacing on the par-
ticle displacement of the sample model. Analyze the particle
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Fig. 16 Grain arrow displacement diagram

displacement vector map of the model sample at the peak
point under four different crack spacing conditions, as shown
in Fig. 16. The color of the arrow in the figure represents the
displacement magnitude, and the direction of the arrow is the
direction of particle movement relative to the initial position.
Due to the downward movement of the upper loading plate
during the model loading process, the direction of particle
movement can be roughly seen as going counterclockwise.
From Figure (b), it can be seen that when the distance between
the two cracks is 30 mm. The maximum particle displace-
ment is about 23.3 mm. Shear failure occurs in the middle of
the sample, forming a shear failure surface along the direc-
tion of the connecting line between the two cracks. When the
distance between two cracks in Figure (d) is 50 mm, the max-
imum particle displacement is the smallest, only 6.5 mm, and
the particle displacement distribution is relatively uniform.
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3.3.4 Failure mode analysis

The evolution of microcrack growth contains abundant infor-
mation. The analysis of the crack evolution characteristics of
the sample can not only increase the understanding of the
mechanical behavior of the sample, but also clarify the evo-
lution of the sample during the failure process. In PFC3P, the
contact force among particles in the model changes during the
application of loads. When the contact force undergoes ten-
sile stress and exceeds the normal bond strength, the contact
force breaks and generates tensile cracks. When the contact
force undergoes shear stress and exceeds the tangential bond
strength, the contact force breaks and generates shear cracks.
All the tensed-shear microcracks join together to form macro-
scopic cracks on the specimen surface. In this section, the
number of microcracks, the number of tensile shear cracks,
and the evolution process of crack growth were studied.
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Fig. 17 Crack initiation and
propagation diagram
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Figure 17 shows the initiation and propagation process of
microcracks in the specimen during uniaxial loading, with
green indicating shear cracks and blue indicating tensile
cracks. In the figure, (a) is the expander graph of the rock
sample model with single hole, (b)—(e) is the expander graph
of the rock sample model with single hole and double cracks
with crack spacing of 20, 30, 40, and 50 mm, respectively.
I-1V represents 30%, 70%, and 70% of the peak stress before
the peak, and 70% of the peak stress after the peak, respec-
tively.

It can be seen that the final failure situation of the sim-
ulated model sample is basically consistent with the indoor
test. For the single hole model, microcracks first appear at

@ Springer

the upper and lower ends of the hole, and gradually prop-
agate upwards and downwards. As the loading progresses,
a large number of microcracks appear on the left and right
sides of the hole. For the single hole double cracks model,
it can be seen that during the crack initiation stage, when
the crack spacing is 20 mm, microcracks appear between the
inner end of the two cracks and the hole. As the crack spacing
increases, cracks are initiated near the outer tip of the crack,
and microcracks between the inner end of the crack and the
hole decrease. At the peak stress, microcracks near the outer
tips of the two cracks exhibit an upward and downward prop-
agation trend. As the crack spacing increases, microcracks
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between the inner ends of the two cracks and the holes gradu-
ally distribute vertically along the horizontal diameter of the
holes. After the peak, a large number of microcracks continue
to propagate at the same location as the peak.

In the loading process of rock-like samples, microcracks
tend to appear at the most vulnerable part of the sample.
According to the analysis, when the crack spacing is 20 mm,
the middle of the two cracks and the hole is the vulnerable
area. With the increase in the crack spacing, the distance
between the outer end of the crack and the top and bottom of
the sample is shortened, and the area near the inner and outer
tips of the two cracks gradually becomes the vulnerable area.

Figure 18 shows the variation of the total number of
microcracks and the number of tensile and shear cracks with
increasing strain in the model sample during servo loading.
Overall, the microcracks generated by the rock-like model
specimens under loading are mainly tensile cracks. And the
number of cracks increases sharply near the peak stress.
When the crack spacing in Figure (b) is 20 mm, microcracks
initiate earliest, with a peak number of 3620 microcracks,
including 3247 tensile cracks and 373 shear cracks. When the
crack spacing in Figure (c) is 30 mm, the number of microc-
racks at the peak is the highest, about 5350. The microcrack
initiation is the latest under this crack spacing, indicating
that the model is the least prone to failure under this crack
spacing. When the crack spacing in Figure (d) is 40 mm, the
proportion of tensile cracks is the highest, and at the peak,
the number of tensile cracks accounts for about 98% of the
total number of cracks. When the crack spacing in Figure (e)
is 50 mm, the number of microcracks is the lowest, but the
number of shear cracks is higher than that under the other
three cracks spacing. The number of shear cracks at the peak
is 917, accounting for approximately 33% of the total number
of cracks.

3.3.5 Failure mechanism analysis

It can be seen that for the single hole model, cracks are mainly
concentrated in the upper and lower parts of the hole. This
is due to the presence of stress concentration at this location.
The mechanical analysis model of the single hole model is
shown in Fig. 19. According to the theory of linear elasticity,
the stress distribution of rock mass under the influence of
circular holes is as follows:

2 4
or = H[(1- )~ (148 + 38 eos]
4
0p = §[<1 + %) + (1 + 3%)0%29] 4)
2 4
tpo = —5[(1+2%% — 3% )sin20
wherein o, 0y, and 7,9 are the radial stress, tangential stress,

and shear stress in the polar coordinate system, and (o, 6)
are the polar coordinates of the points around the hole. When
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Fig. 20 Stress concentration factor (SCF) of single hole model

p = Ry, Eq. (4) can be simplified as follows,

0, =0
o9 = P[1 + 2c0s20] (&)
Tpo = 0

Figure 20 shows the stress concentration factor (SCF) of a
single hole. From the figure, it can be seen that under uniaxial
compression, the stress concentration on the defect hole side
can reach 3, while the stress concentration in the upper and
lower parts is negative, indicating that the upper and lower
parts of the hole are subjected to tensile stress. Due to the
concentration of tensile stress, the crack propagation of the
defect hole extends from the upper and lower parts of the
hole.
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For the single hole double cracks model, due to the much
lower stiffness of the crack surface than the non-crack sur-
face, stress concentration occurs at the crack tip. When
loaded to the crack initiation stress, microcracks will prop-
agate along the crack tip and extend in the direction of the
main stress. According to the theory of fracture mechanics,
under the action of external load, a composite crack will be
generated. According to the composite fracture criterion, the
stress field at the crack tip can be obtained:

Or(I+II) = Op] +0yll = zm[
Og(I+1I) = 01 +0pIl = 2«/7

2F

0052 [K1(1 + cosf) — 3Kysinf]
cos2 [K1sinf + Kpp(3cosf — 1)]

(6)

Tr(I+1D) = Trol + Troll =

Among them, 6 is the angle between microcracks and
cracks; r is the distance from the crack tip; Ky, Ky is the
stress intensity factor of type I and II cracks.

Under uniaxial compression loading, when the crack
length is L and the dip angle is B, the stress intensity fac-
tor is as follows:

K; = o/ Lcos?p @
K11 = o~/ Lsinfcosf

The criterion for crack initiation under uniaxial compres-
sion conditions is as follows:

9 _
{ iy _ ®)
Substituting Eq. (6) into Eq. (8) yields:

K;sinf + Kip(3cosf — 1) =0 )

Substituting Eq. (7) into Eq. (9) yields:

tan(90° — p) = L0 (10)

sinf
Because the inclination angle of the crack is 45°, it can
be obtained that 6 is about 53°, and the experimental and
theoretical results are basically consistent.

4 Analysis of damage evolution
characteristics of rocks with voids
and cracks

4.1 Damage variables based on fracture mechanism

From the microscopic point of view, there are a lot of prim-
itive microdefects in rock materials. Under the action of

Ki(3 — cos&)cosg + Kyp(3cosf — l)sin%}

load and other factors, the appearance and expansion of
microdefects in materials and the deterioration of macro-
scopic mechanical properties is called damage. In many
geotechnical engineering researches, the damage variable is
defined by the number of crack growth as the main variable.
The evolution of the damage variable can reflect the change
of the internal fine structure and macroscopic mechani-
cal behavior of the material. The damage variable can be
expressed in many forms, such as crack density, acoustic
emission event number, pore area, etc. Based on the fracture
mechanism of mesoscopic particles in PFC3P, the meso-
scopic damage variable is defined as the ratio of the number
of intergranular fractures to the total number of intergranular
bonds:

D= (10)

In the formula, N is the number of cracks of bonding
between particles, namely, the number of cracks; Ny is the
total number of bonding between model particles.

4.2 Evolution characteristics of rock-like damage

Figure 21 shows the variation curves of stress and damage
variables with strain for five simulated specimens with voids
and cracks. According to the curves, the damage evolution
process of model specimens can be divided into three stages:
I is the non-damaging stage. In this stage, due to the initial
loading, the contact force between particles in the model has
little change, and the stress under the model has not exceeded
the bonding strength. Therefore, the damage variable D is 0,
and no crack is generated. II is the stable growth stage of
damage. In this stage, the bond between some particles is
destroyed. The microcracks begin to initiation gradually, but
the damage develops slowly. It can be seen that the microc-
racks appear first in the model sample with the crack spacing
of 20 mm, followed by the model sample with the crack spac-
ing of 50 mm, and the microcracks appear late in the model
sample with the crack spacing of 30 mm. III is the dam-
age and destruction stage. At this stage, the damage variable
first presents an almost vertical trend and increases rapidly.
The stress decreases rapidly, and a large number of microc-
racks appear. When the damage variable increases to a certain
value, it tends to be gentle. The model sample is in the resid-
ual deformation stage.

5 Conclusion

In this paper, through indoor uniaxial compression exper-
iments and PFC3P grain flow numerical simulation, the
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mechanical characteristics, acoustic emission properties, par-
ticle displacement, and failure modes of rock-like samples
with holes and cracks at different locations are analyzed and
studied. The following conclusions are drawn:

(1) The presence of holes and cracks can reduce the uniaxial
compressive strength and elastic modulus of the sample.
The yield point shows a trend of first increasing and then
decreasing with the increase in crack spacing.

(2) During the entire loading process, the single hole model
experiences severe tension on the upper and lower sides
of the hole, resulting in high contact forces. The single
hole double cracks model is a tensile zone between the
two cracks and the hole, as well as near the outer tip
of the crack, while the rest is heavily compressed. As
the spacing between cracks increases, the contact force
in the horizontal direction where the holes are located
gradually increases. The acoustic emission event of the
sample can be divided into three stages: silent emission
stage, stable stage, and rapid growth stage.

(3) In the early stage of loading, the particle displacement
basically exhibits a horizontal layered distribution. At
the peak, the particle displacement is bounded by the
centerline, with the upper particles exhibiting a positive
V-shaped distribution and the lower particles exhibiting
an inverted V-shaped distribution. For the single hole
and double cracks model, the maximum particle dis-
placement shows a trend of first increasing and then
decreasing with the increase in crack spacing.

(4) There is a phenomenon of stress concentration on both
sides of the hole and the crack tip, which can generate a
large number of microcracks during the loading process.
The damage evolution process of model specimens can
be divided into three stages: no damage stage, stable
damage growth stage, and damage failure stage.
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