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Abstract.

Natural rock mass contains defects of different shapes, usually filled with inclusions such as clay or gravel. The

presence of inclusions affects the failure characteristics and mechanical properties of rock mass. In this study, the strength and
failure characteristics of rock with inclusions were studied using the particle flow code under uniaxial compression. The results
show that the presence of inclusions not only improves the mechanical properties of rock with defects but also increases the
bearing capacity of rock. Circular inclusion has the most obvious effect on improving model strength. The inclusions affect the
stress distribution, development of initial crack, change in crack propagation characteristics, and failure mode of rock. In defect
models, concentration area of the maximum tensile stress is generated at the top and bottom of defect, and the maximum
compressive stress is distributed on the left and right sides of defect. In filled models, the tensile stress and compressive stress
are uniformly distributed. Failing mode of defect models is mainly tensile failure, while that of filled models is mainly shear

failure.
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1. Introduction

Rock mass is a medium with complex engineering
properties, and its interior usually contains holes with
different shapes, weak interlayer, and other defects, severely
affecting the strength and failure characteristics of rock
(Irwin 1957, Wang et al. 2020, Wu et al. 2020). Fissures
and holes in natural rock mass are usually filled with broken
rock or clay (Zhao et al. 2020, Feng et al. 2019). These
particles and clay also affect the mechanical properties of
rocks to different extents (Wu et al. 2020, Xu et al. 2020).
Furthermore, fissures and holes are often artificially filled
to improve the strength of rock mass and reduce the risk of
failure of rock mass in actual rock engineering. The
presence of inclusions affects the mechanical response and
failure characteristics of rock (Griffith 1920, Sammis and
Ashby 1986, Carter ef al. 2010, Katcoff and Graham-Brady
2014). Therefore, it is of great practical significance to
study the strength characteristics and fracture evolution of
rock containing inclusions.

The internal defects of rock have been extensively
investigated, and many meaningful results were obtained
(Lee and Hong 2018, Sammis 1986, Hadi et al. 2015,
Gratchev 2016, Wu and Wang 2020). Taking gypsum as the
rock model material, Bobet and Einstein (1998) conducted
uniaxial and biaxial compression tests on samples
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containing two preexisting fissures and studied the fracture
coalescence behavior of brittle materials. Morgan and
Einstein (2017) conducted a series of unconfined
compression tests on prismatic shale specimens with two
preexisting flaws and various bedding plane orientations. As
the bedding planes became more aligned with the direction
of maximum compressive stress, the cracks initiating at the
flaw tips propagated more frequently along them. Wong and
Lin (2015) used a numerical simulation software RFPA3D
to study the crack propagation and stress changes in
heterogeneous rocks with multiple holes and proposed an
accurate crack coalescence criterion. Gratchev et al. (2016)
studied the effects of length and width of a flaw on the
strength of rock-like specimens. The specimens with longer
and wider flaws had lower strength, and failure was mainly
caused by a shear crack.

The effect of inclusions on the mechanical properties of
defective rock is relatively complex. At present, the effect
of inclusions on rock properties has attracted much attention
(Maji and Shah 1989, Komurlu et al. 2016). Tasdemir et al.
(1989) studied variations in the peak strength of concrete
specimens containing single filled fissures with different
incline angles. Miao et al. (2018) studied the damage and
fracture evolution of rock with a single fissure under four
filling conditions of no filling, gypsum filling, cement
filling, and resin filling and believed that the sample after
filling had a higher crack initiation stress level and a smaller
crack dip angle. Maji and Shah (1989) first performed
experiments on prismatic concrete specimens containing
two circular inclusions and unfilled holes. Matrix cracking
was always initiated at the top and bottom of holes, while
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interface cracking initiated at the inclusion interface. Zhu et
al. (2019) studied the effect of inclusions in a hole on the
mechanical properties and fracture evolution of rock; the
type and shape of inclusions were considered as important
factors  affecting the strength and deformation
characteristics of sandstone. Janeiro ef al. (2010) conducted
uniaxial compression tests on gypsum samples containing
one or two inclusions with different strengths, stiffness,
shapes, and sizes and analyzed the crack coalescence of
samples with inclusions.

An actual rock mass contains defects of various shapes.
However, the mechanical response and crack propagation of
these defective rock masses are still unclear, and the
interaction between defective rock masses and defects of
different shapes is still unclear. Moreover, defects with
different shapes filled with inclusions have been rarely
studied. Therefore, the effect of inclusions on the failure
and stress evolution of defective rock should be studied
further. Therefore, a two-dimensional (2D) particle flow
code (PFC) was used to study the strength characteristics
and fracture evolution of defective rocks with different
shapes of inclusions, and the stress distribution
characteristics before crack formation and after model
failure were also analyzed.

2. Methodology
2.1 PFC

Particle flow theory was created by Cundall and Strack
(1979) on the basis of discrete element method. Rigid
particles and bonds are usually used to characterize the rock
materials in PFC. Rigid particles are represented by disks
with a unit thickness in PFC2D or by balls in three-
dimensional (3D) PFC, and these particles can both
translate and rotate. The force and displacement between
particles are achieved through bonds. There are two types of
bond, namely, contact bond (CB) and parallel bond (PB),
which can be used to simulate the connection between rock
particles, as shown in Fig. 1 (Cho et al. 2007, Lisjak and
Grasselli 2014). The CB has slight resistance to moment
caused by particle rotation or shear, while the PB not only
transfers force but also transfers moment. In Fig. 1, &, and

ks are particle contact stiffness, and Pb-k, and Pb-k; are
bonding stiffness. When the bond is broken, the forces and
moments transferred by parallel bonds disappear, and the
bonding stiffness loses its effect. However, as long as the
particles remain in contact, the contact stiffness is still
effective. The PBM model in PFC can well simulate the
mechanical and failure characteristics of rock (Wang et al.
2020, Wen et al. 2017). In this study, the parallel bond
model was used to characterize rock.

2.2 Acoustic emission simulation in PFC

Bonding strength can directly reflect the macro strength
of rock in numerical models. If the stress transferred
between particles exceeds the bonding strength between the
particles, the bonds between the particles will break, and
microcracks will appear in the rock samples (Hazzard et al.
2000). When microcracks propagate in rock, the damage
energy is rapidly released in the form of acoustic waves,
known as the acoustic emission phenomenon (Wen et al.
2017). Therefore, during numerical experiments, acoustic
emission events can be simulated by calculating the number
of bond break of particles. Because of the limitation of
calculation ability, it is difficult to determine the response of
macro rock from the particle size and number in PFC2D,
but the mechanical laws reflected in PFC2D are helpful to
understand the acoustic emission of rock.

2.3 Determination of microscopic parameters

Microscopic parameters of particles are very important
in the numerical simulation of PFC2D. However, these
microscopic parameters cannot be directly obtained from
laboratory tests. Therefore, it is necessary to determine the
microscopic parameters so that the numerical simulation
results are consistent with the laboratory test results. First,
the basic mechanical parameters of rock are obtained by
conducting a large number of laboratory tests. Then,
numerical simulations with different microscopic
parameters are carried out to calculate the mechanical
parameters of rock. The microscopic parameters should be
checked constantly until the microscopic parameters can
make the numerical results consistent with the laboratory
test results. The determination of microscopic parameters in
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PFC2D is shown in Fig. 2. The parameter of m; is Hoek- 8
Brown strength parameter (Hoek and Brown 1980). 3
In this paper, the microscopic parameters of rock and
inclusion are shown in Table 1. The calibration results of
microscopic parameters of rock and inclusion are shown in
Fig. 3. The peak strength and elastic modulus of test sample °, 0,003 oo 0,009
and numerical sample are the same. Although the peak strain
strains of two samples are different, they are both within the (b) Parameter calibration of inclusion
acceptable range. Fig. 3 Calibration results of microscopic parameters
2.4 Model design 5 o
<%,
-
E)
To study the mechanical response and crack propagation C\Qj;\@ |C>|I§ A/ >
of defective rocks with different shapes of inclusion, six Circular hole ® 14mm 135 mm
geometric shapes of defect were established, including eight E \®\ Circularhole  Ellipse hole  Triangle hole
models. Among them, the triangular model had an S L E S8 mm
equilateral triangle and a 90° counterclockwise rotation ® w o [
triangle, and the square model had a square and a 45° I:ll g Dig Dlg
counterclockwise rotation square. The height of rock model ] 3 F— |1‘55—’|
was 100 mm, and the width was 50 mm. The defect was set 4 8.9 mm 125 mm =

at the center of specimen. The defect areas of all shapes
were the same, about 79.2 mm?. The sizes of rock model
and defect are shown in Fig. 4(a) and Table 2. Furthermore,
the defects were filled with inclusion in this study. The
defect model and filled model are shown in Fig. 4(b).

| Square hole  Rectangle hole
50 mm

(a) Schematic diagram of numerical model

Fig. 4 Numerical model

Trapezoid hole
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(b) Defect model and filled model
Fig. 4 Continued

Table 2 Geometric parameters of defect holes

Species Circular Elliptical Triangular Square  Rectangular Trapezoidal
Area (mm?)  78.54 76.97 78.91 79.21 78.75 79.22

Error % 0.86%  2.84%  0.39% 0.01% 0.59% 0.0%
Size (mm) 10  14and7 135 89  12.5and 6.3 15'5(3)88*‘“‘1

The error is the comparison of area of each defect with
the trapezoidal defect. The size (mm) of each hole is shown
in Fig. 4(a).

3. Analyses of numerical simulation results

3.1 Mechanical properties of defect models and filled
models

Stress-strain curve and crack number-strain curve of
defect models and filled models are shown in Fig. 5. The
stress-strain curve of the same shape defect model is
consistent with the corresponding crack-strain curve. The
stress-strain curve and crack-strain curve of rock with
different defect holes and filled holes have almost the same
trend. However, the stress-strain curve of filling model
significantly fluctuates near the peak value and has a
sawtooth shape, mainly because of a rapid propagation of
crack releases the stress and the difference in the secondary
crack propagation characteristics of filled rock samples with
different shapes. Fig. 5 shows that the stress-strain curves of
each model have no initial compaction stage compared with
laboratory test results. This is mainly because the particles
in PFC are rigid, and there is no initial damage in the
model. From the curve after the peak stress, it can be
observed that the failure mode of selected defect model
material is brittle, and the failure of rock is still brittle after
filled.

The crack number-strain curves in Fig. 5 show that the
crack development of defect models and filled models has
three stages: no crack stage, slow crack growth stage, and
fast crack growth stage. In the initial loading stage, because
the stress level is low, no crack propagation occurs in the
sample. As the load increases, cracks appear gradually.
Before approaching the peak strength, cracks grow slowly,
and a large number of cracks appear after reaching the peak
strength.
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Fig. 5 Stress-strain curve and crack number-strain curve

Fig. 6 shows comparison curves of peak stress, peak
strain, elastic modulus, and crack numbers between defect
models and filled models, and the specific values are shown
in Table 2. As shown in Fig. 6(a), the peak stress of defect
models and filled models is less than that of intact rock, the
peak stress of filled model is greater than that of defect
model, and the peak stress of circular filled model is greater
than that of other defect filled models. Except for the
circular filled model, the peak stress of other filled models
is the same. Fig. 6(b) shows that the peak strains of defect
models and filled models are both larger than that of intact
rock, and the peak strain of filled model is larger than that
of defect model. Fig. 6(c) shows the elastic modulus of
defect models and filled models. The elastic modulus of
defect model and filled model is less than that of intact
rock, and the elastic modulus of filled model is larger than
that of defect model. The total number of cracks obtained
after the failure of filled model is larger than that of defect
model shown in Fig. 6(d). This is because the bearing
capacity of filled rock sample is significantly improved, and
more energy is accumulated before failure under uniaxial
compression. Therefore, the energy release rate during the
final failure is larger, further leading to the aggravation
failure of rock sample. Because of the effect of defects, the
bearing capacity of samples is significantly deteriorated
compared to the intact rock samples. The peak strength,
peak strain, and elastic modulus of models with inclusions
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Fig. 6 Comparison of mechanical parameter curves and crack number curve between defect models and filled models

Table 3 Mechanical parameters and crack numbers of defect model and filled model under uniaxial compression

Defect Models

Filled Models

Category Pe?;(/[;t;; s Peak strain ( ij’a) Crack numbers Peg\lj[;t;; s slzre:il; ( Gf’a) Crack numbers
Circle hole 56.2 0.0185 1.374 2066 68.8 0.0217 1.563 3595
Ellipse hole 49.5 0.0171 1.226 2154 57.69 0.0200 1.451 3406

Triangle hole-1 49.9 0.0168 1.276 1666 57.10 0.0197 1.451 3196
Triangle hole-2 55.3 0.0186 1.325 2102 56.9 0.0218 1.451 4382
Square hole-1 57.0 0.0196 1.374 2025 57.01 0.0196 1.451 3690
Square hole-2 56.9 0.0196 1.374 2119 57.70 0.0208 1.451 3914
Rectangle hole 49.9 0.0171 1.276 1913 57.72 0.0199 1.451 3725
Trapezoid hole 47.0 0.0165 1.226 1829 57.44 0.0199 1.451 3361

of different shapes are slightly different and mostly the
same. Therefore, inclusion plays a very good supporting
role for the model and improves the peak strength, peak
strain, and elastic modulus. Among them, the peak strength
of circular filled model increased the most, about 22.4%,
and the peak strength of square-1 filled model increased the
least, because the stress state inside the rock samples is
significantly influenced by the shapes of inclusions. The
peak strain of trapezoidal filled model increased the most,
about 20.6%, and the peak strain of square-1 filled model
did no change. The elastic modulus of elliptical and
trapezoidal filled models increased the most, about 18.35%,

and the elastic modulus of square-1 and square-2 models
increased the least, about 5.6%. Different shapes of
inclusions have different effects on rock strength and crack
numbers, requiring further study and investigation.

3.2 Failure characteristics of defect models and filled
models

Fig. 7 shows the parallel bond force diagram of defect
models and filled models before and after model failure.
The red force chains represent tensile force, and the black
force chains represent compression force in Fig. 7.
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Furthermore, the denser the force chains are in the parallel
bond force diagram, the darker the color shown in Fig. 7
and the larger the stress. Fig. 7(a) shows that before crack
formation, the tensile stress of defect model is distributed
around the defect in a butterfly shape (areas 1, 2, 3, and 4),
and the maximum tensile stress is generated at the top and
bottom of defect (areas 5 and 6). The compressive stress is
widely distributed in the whole model (areas A, B, C, and
D), and the maximum compressive stress occurs on the left
and right sides of defect (areas a and b). The tensile stress
and compressive stress are uniformly distributed in filled
models. However, the force chains around defect are sparse
than those in other areas, indicating that the bearing
capacity of inclusion is weaker than that in other areas. By
comparing the parallel bond force diagram between defect
models and filled models, it was found that the force chains
are denser in filled models, and the bearing capacity of
filled model is significantly greater than that of defect
model before the crack occurs. Fig. 7(b) shows that the
compressive stress in defect models is also distributed on
the left or right side of defect after model failure, while the
compressive stress in filled models is distributed across
inclusions. The compressive stress concentration range in
filled models is obviously larger than that in defect models.

The final failure diagrams of defect models and filled
models are shown in Fig. 8. Because the bearing capacity is
improved by inclusions, the damage degree of filled model
is obviously greater than that of defect model. By
comparing the failure diagrams of defect models and filled
models, it was found that the crack distributions and model
failure characteristics of the two types of model samples are
different. In filled models, the main failure surface
penetrates the entire rock sample diagonally. However, in
defect models, in addition to the fractures along the
diagonal of model, tensile fractures are formed at the top or
bottom of defect. This is because under uniaxial
compression, tensile stress is generated at these positions
inside the rock sample. As it is well known that the initial
crack may induce the propagation of other cracks, changing
the subsequent crack propagation characteristics, the final
failure modes of rock sample are different. Therefore, crack
propagation should be studied to explain the effect of
inclusion shapes on rock failure characteristics.

3.3 Crack propagation and stress evolution

Crack propagation and stress evolution of square defect
model and square filled model are shown in Fig. 9. Stress-
strain and acoustic emission-strain diagrams of square
defect model and square filled model are shown in Fig. 10.
In the defect model, tensile stress concentration areas are
generated at the top and bottom of defect, and compressive
stress concentration areas are generated on the left and right
sides of defect before crack formation. The maximum
compressive stress is 44 MPa, and the maximum tensile
stress is 2 MPa. Owing to the low stress level, the defect
does not achieve tensile strength and compressive strength
around the defect, and the sample does not have crack
propagation. Therefore, almost no acoustic emission
phenomenon was observed. The acoustic emission at this

time corresponds to point a in Fig. 10(a). Because the
tensile strength of rock is less than the compressive strength
of rock, tensile fractures initially appear at the top and
bottom of defect. Sporadic acoustic emission events occur
at this time, as shown by point b in Fig. 10(a). As the load
increases, far-field cracks and local internal cracks are
gradually generated at the end and inside the model. Cracks
begin to gather diagonally along the sample due to
compressive stress concentration in these areas. Acoustic
emission is relatively obvious at these stages, corresponding
to points ¢ and d in Fig. 10(a). As the loading continues, a
large number of cracks are generated along the diagonal of
model. The model is finally destroyed diagonally along the
sample with the generation of a large number of cracks. At
this time, the acoustic emission corresponds to point e in
Fig. 10(a).

In the filled model, there is no tensile stress, and the
maximum compressive stress is about 2 MPa near the filled
area before the crack is generated. Similar to the defect
model, no crack is generated, and no acoustic emission
appears at this time (corresponding to point a in Fig. 10(b)).
As the loading progresses, shear failure occurs in inclusion
because the strength of inclusion material is lower than that
of other areas of model. The following crack propagation,
stress concentration area, stress concentration range, and
acoustic emission characteristics of filled model are similar
to the evolution of defect model. However, the stress-strain
curve of filling model significantly fluctuates near the peak
value. At this time, the cracks inside the filling body have
full growth, and the filling body has yielded and lost its
bearing capacity. The complete failure of inclusion
decreases the peak value. Because the particles present
inside the sample still have a supporting effect at this time,
the peak stress appears to increase again. As loading
continues, cracks inside the rock mass begin to grow
rapidly, and the rock gradually loses the bearing capacity
while the cracks continue to increase, causing two more
obvious acoustic emission phenomena as shown in Fig. 10
(b).

Because of the effect of defect, the initial crack
distribution is different in defect model and filled model.
Although the initial crack slightly affects the unstable
failure process of rock sample, it induces the propagation of
other cracks, thus changing the subsequent crack
propagation characteristics. The strain corresponding to
feature point a in Fig. 10(b) is smaller than that in Fig.
10(a), i.e., owing to the effect of inclusion, the crack
development of filled model occurs earlier than that of
defect model, and the acoustic emission phenomenon
appears earlier than defect model.

Typical cracking sequences of defect models and filled
models with different shapes of defect or inclusion are
summarized in Table 3. The crack behaviors of models are
mainly divided into two types, i.e., tensile crack and shear
crack, labeled with T and S, respectively, in Table 3. A
comparison of cracking sequence between the defect model
and filled model indicates that the inclusion significantly
affects the crack initiation and propagation. In all defect
models, tensile cracks first initiate from the top and bottom
of defect and propagate parallel to the loading direction.
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Fig. 8 Final failure diagram of defect models and filled models

However, in all filled models, shear cracks are first Failing mode of defect models is mainly tensile failure,
initiated in inclusion. Then, the cracks penetrate across while that of filled models is mainly shear failure.
inclusion and propagate into rock as the load increases.
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ion stress

Strain 6.32/1073 Strain 9.67/1073 Strain 18.27/1073 Strain 18.9/1073
(a) Square defect model

Strain 1.12/102 Strain 9.94/103 Strain 19.89/1073 Strain 21.22/1073 Strain 21.67/1073
(b) Square filled model

Fig. 9 Crack propagation and maximum principal stress evolution of model with square defect (a negative value represents
compressive stress, and a positive value represents tensile stress)

The above analysis shows that the initial crack rocks mostly occur at the ends and corners of defects, and
development and stress concentration areas of defective the number of vertices of angles of different geometric
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Table 3 Typical cracking sequences and relative stress levels for each inclusion shape

r 30

r25

r 20

r15

r 10

AE hits / step

Defect shape  Filling conditions Typical cracking sequence and relative stress levels
Defect
Circle
Filled
Defect
Ellipse
Filled
Defect
Triangle-1
Filled
Triangle-2 Defect

31.97 %

56.66 %

96.80 %

64.12 %
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Table 3 Continued

Defect shape  Filling conditions Typical cracking sequence and relative stress levels

Triangle-2 Filled
5.88% 51.49 %
T
Defect
T
3438% 59.12 %
Square-1
- .
5.89 % 40.35 % 85.61%
o .
Square-z 33.92% : 65.20 % 98.42 % ' 60 %
- .
5.82% 4541 % 83.71%
o -
o g 60%
Rectangle 38.07% 54.91 % 95.79 %
- .
o -
Trapezoid
Filled
5.85% 51.39% 95.12 % 93.9% 60 %
shape models is determined from the number of angles. different geometry shapes were studied. They can be
This is also a factor affecting the crack growth and stress divided into three categories: one angle (Circle hole, Ellipse

distribution of rock. In this study, eight defect models with hole), three angles (Triangle-1 hole, Triangle-2 hole), and
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four angles (Square-1 hole, Square-2 hole, Rectangle hole,
and Trapezoid hole). From the distribution of contact force
chains and crack propagation shown in Figs. 7 and 8, it was
found that the distribution position and range of tensile
stress and compressive stress concentration area of defect
model with different number of angles are different, and the
crack propagation position and degree are also different.
This indicates that the number of angles in the defect rock
significantly affects the crack propagation and stress
distribution. The compressive stress and tensile stress
concentration areas of Circle hole model and Square-1hole
model are mainly distributed in the left and right ends and
the upper and lower ends of the model, respectively.
Because of the number of their angles, the compressive
stress and tensile stress concentration regions of Square-
lhole model are larger than those of Circle hole model. In
the Triangle-lhole model, the compressive stress
concentration areas are mainly divided in the bottom two
vertices, and the distribution areas are smaller. However, the
tensile stress concentration areas are mainly distributed in
the bottom, and the tensile stress concentration areas at the
upper vertices are smaller. This further shows that the
number of angles in the defect model affects the stress
distribution of rock. Moreover, in Triangle-1 hole and
Triangle-2 hole models, Square-1 hole and Square-2 hole
models, although their respective geometries and number of
angles are the same, the distribution of stress and crack
propagation are also different because of different positions
of angle, indicating that the position of angle also
significantly affects the crack propagation and stress
distribution. Although the crack propagation and stress
distribution of each model after filling are different, they are
generally consistent. The crack propagation and stress
distribution in rock are affected by many factors, not only
by the number of angles, but also by the position and
direction of the angle. In practical engineering, we should
consider the effect of defects or weak interlayer on the
distribution of stress field of rock mass from many aspects
to improve the safety factor during construction.

4. Conclusions

* Inclusions play a good role in supporting the model
and improve the bearing capacity of rock sample. The peak
stress and elastic modulus of defect models and filled
models are less than those of intact rock, but after filling
defects by inclusions, the peak stress, peak strain, and
elastic modulus of rock sample increased. Among them, the
peak strength of circular filled model increased the most.

* Inclusions affect the distribution of stress in models. In
defect models, tensile stress is mainly distributed around the
defect in a butterfly shape. The maximum tensile stress
concentration area is generated at the top and bottom of
defect, and the maximum compressive stress is distributed
on the left and right sides of defect. In filled models, the
tensile stress and compressive stress are uniformly
distributed. However, the force chains around defect are
sparse than those in other areas, indicating that the bearing
capacity of inclusion is weaker than that in other areas.

* Fracture evolution of rock is influenced by inclusions.

In all defect models, tensile cracks are first initiated from
the top and bottom of defect and propagate parallel to the
loading direction. However, in all filled models, shear
cracks are first initiated in inclusion. Then, the cracks
penetrate across inclusion and propagate into rock as the
load increases. Failing mode of defect models is mainly
tensile failure, while that of filled models is mainly shear
failure.
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