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Abstract

To investigate the influence of infilled flaws on mechanical properties and failure modes of rock masses, seven types of pre-
existing infilled two-flaw specimens, which have different flaw inclination angle (o), rock bridge length (L) and rock
bridge inclination angle (f§), were made from concrete. The crack coalescence process, failure modes and mechanical
parameters of the specimens under triaxial or biaxial compression were studied by lab test and numerical tests, respec-
tively. According to test results, two failure modes of specimen (shear failure, tensile—shear failure) and three rock bridge
coalescence modes (tensile crack coalescence, shear crack coalescence, no coalescence) were identified. As the rock bridge
length and inclination angle increase, the peak strengths of specimens also increase gradually, while the peak strengths of
specimens decrease with flaw inclination angle being increase. The shear strength parameters (cohesion ¢ and internal
friction angle ¢) of samples show nonlinear changes with various factors (flaw angle, rock bridge length, rock bridge
angle). The particle flow code (PFC) was used to simulate the propagation process of microcracks and porosities, stress—
strain curves for loading process were also obtained, numerical results are in good agreement with experimental results.
The number of cracks and porosities increase rapidly in the post-peak stage, and a significant shear fracture zone was
caused by cracks. This study provides a better understanding of peak strength and cracking behaviour of rock mass
containing infilled flaws.
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1 Introduction projects. Therefore, it is of great theoretical and practical

significance to study the mechanical properties and failure

Many engineering cases show that the deformation and
instability of rock masses are largely affected by flaws in
the rock mass [1-3]. Fractured rock masses are widely
distributed and play an important role in engineering
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modes of fractured rock masses.

In laboratory tests, some scholars have performed uni-
axial, biaxial and triaxial tests to study the mechanical
behaviours of rock-like specimens with pre-existing flaws
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of different geometries [4-8]. Sun et al. [9] carried out
uniaxial compressive tests on rock-like specimens con-
taining pre-existing flaws with different inclination angles.
They found that specimens containing flaws with inclina-
tion angles of 45°-60° fail easily under compression. Cao
et al. [10] investigated the peak strength and failure mode
of rock-like specimens with multiple flaws. The test results
showed that the coalescence modes of the flaws can be
classified into three categories: S-mode, T-mode, and
M-mode. Moreover, the failure modes can be classified
into four categories: mixed failure, shear failure, stepped
path failure, and intact failure. Zhao et al. [11] obtained
several modes of crack propagation under uniaxial loading
by installing a strain gauge at flaw tips, which are similar to
the conclusions obtained by Cao et al. [10]. Cao et al. [12]
carried out uniaxial compression tests on specimens with
three pre-existing flaws and found that as the rock bridge
angle increases, the failure mode of the specimens changed
from wing crack propagation failure to crack coalescence
failure. Based on test results, the influence of both the
number and inclination angles of pre-existing cracks on
crack growth was analysed by Wang et al. [13]. The fractal
dimension was adopted to quantitatively describe crack
growth during the failure process. Huang et al. [14] used
the acoustic emission (AE) monitoring technique to record
the failure process of pre-flawed specimens. When crack
coalescence occurred or a crack was initiated, a large AE
event could be observed simultaneously, and the corre-
sponding axial stress dropped in the axial stress—time
curve. This technique provides a new method for studying
crack propagation in rock-like materials. Feng et al. [15]
observed the mechanical properties and coalescence
behaviours of intact and fissured specimens under four
static pre-stress and three strain rates. All specimens
showed tensile splitting failure and could be divided into
five penetration modes. In triaxial tests, the confining
pressure had significant effects on the crack coalescence
process and the failure patterns of rock-like specimens
[16]. Xiao et al. [17] found that the confining pressure had
a significant impact on the peak strength, residual strength
and ductility characteristics of the specimen.

However, most of the above studies focus on specimens
with unfilled flaws. In fact, fractures in rock masses are
often infilled, which has an important effect on the
mechanical behaviour of rock masses. Therefore, some
scholars [18-20] have carried out uniaxial and triaxial
compression tests on specimens with pre-existing flaws to
study the strength, failure modes and crack propagation
characteristics. Filling materials are usually gypsum,
cement paste, and sandy clay [21-24]. Infilled flaws can
weaken the shear strength of specimens, and the degree of
weakening is affected by many factors, such as the thick-
ness and strength of filling materials [25-27]. With
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continuous improvement in computing ability, more
numerical methods have been applied to solve engineering
problems. Many numerical methods have been used to
study the fracture mechanisms of rock masses. Researchers
have used PFC?P s RFPAZP R FLAC?P and other software to
analyse the propagation processes of micro-cracks
[5, 28, 29]. It is found that cracks in any two flaws follow
the lowest intensity path under uniaxial compression. Many
scholars have conducted numerical experiments on frac-
tured rock masses under different conditions, which prove
the feasibility of numerical experiments [10, 30, 31].

At present, research on the mechanical behaviours of
artificial specimens with unfilled flaws is more compre-
hensive. However, there has been relatively little research
conducted on the mechanical behaviour of specimens with
infilled flaws. In engineering practice, epoxy resin is
widely used in engineering to reinforce fractured rock
masses, but research on the mechanical properties of
specimens containing flaws infilled with epoxy resin is
rare. And epoxy resin material has high strength, easy to
control solidification time, stable bonding performance and
different bonding strength can be achieved by different
mixing proportion. Therefore, epoxy resin was selected as
filling material in this research. In addition, most current
experimental studies are focused on uniaxial or biaxial
compression tests on pre-existing samples [32—35]. In fact,
the occurrence conditions of rock masses in nature are
complex, and triaxial tests can more accurately reflect the
mechanical characteristics of rock masses under complex
geological conditions. As a result, triaxial tests were
selected for laboratory testing. However, the failure pro-
cess of specimens is difficult to observe in triaxial tests.
Therefore, the particle flow code (PFC) was used to sim-
ulate the triaxial tests and monitor the cracking processes
and porosity.

2 Specimen Preparation and Test Methods
2.1 Specimen Preparation

Because of the complex distribution of fractures in natural
rock masses, it is difficult to make real rock specimens with
specific flaws in the laboratory and carry out repeat-
able tests. In this paper, C42.5 Portland cement, quartz
sand and water were used to make rock-like specimens at a
weight ratio of 1:2:0.45. The mixture was poured into the
mould, and then a steel sheet was inserted into the mixture.
Later, the mould was placed in a curing box with a constant
temperature of 26 °C and a humidity of 95%. After
28 days, the cured samples were drilled and cut to make
cylindrical specimens with diameters of 50 mm and
heights of 100 mm. Epoxy resin was chosen as the grouting
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material to fill the pre-existing flaw. The epoxy resin was a
mixture of epoxy acrylate latex and curing agent in weight
proportions of 2:1. The grouting material and mixing ratio
were the same as those in Le et al. [36]. Le et al. [36]
showed that the epoxy resin uniaxial compressive strength,
internal friction angle and cohesive force are 42.0 MPa,
41.6° and 10 MPa, respectively. The grouting material took
3 days to solidify. The chosen flaw angles were 30°, 45°
and 60°. The reason is that many specimen failure surfaces
appear at angles between 30° and 60° to the horizontal
plane [37]. The geometry of the flaws tested is shown in
Fig. 1. The geometries of flaws are determined by four
parameters: the flaw length L;, flaw angle «, rock bridge
length L, and rock bridge angle f3.

2.2 Test Methods

Seven kinds of specimens (A-G) were designed in this
experiment (see Table 1). Repeated tests were carried out
on three identical samples in each group to avoid incidental
results. The triaxial system was produced by ELE (Eng-
land), and its maximum confining pressure and accuracy
were 70 MPa and 1%, respectively. The testing procedures
for triaxial compression test complied with the ASTM [38].
The test system consisted of three parts: a confining pres-
sure control system, an axial pressure control system and a
digital display device (see Fig. 2). Triaxial compression
tests were carried out under confining pressures of 1.0, 2.0,
3.0 and 4.0 MPa until the samples failed. During the tests,
the confining pressure was loaded to the predetermined
value at a rate of 15 kPa/s. The axial pressure was loaded at
a rate of 2 kN/min until the sample failed. The shear
strength of the intact specimens was measured by the tri-
axial compression test. The cohesion ¢ was 11.09 MPa, and
the internal friction angle ¢ was 41.60°.

e

Y

100 mm 7

Fig. 1 Geometry of flaws in rock-like specimens

Table 1 Geometric parameters of rock-like material specimens con-
taining two flaws

Specimen group Ly/cm of° Ly/cm pre

A 1 30 2 90
B 1 30 3 90
C 1 30 4 90
D 1 30 2 60
E 1 30 2 120
F 1 45 2 60
G 1 60 2 60

3 Laboratory Test Results and Analysis

Based on previous studies [11, 39-43], the cracks observed
in the specimens are classified into four types: tensile
cracks (in this research, tensile cracks were divided into
two types: T, and Ty, T, refers to tensile cracks observed at
the external flaw tip area, and T, refers to tensile cracks
observed at the inner flaw tip area), anti-tensile cracks
(AT), coplanar shear cracks (CS) and inclined shear cracks
(IS). The tensile and anti-tensile cracks initiate from the
tips of the pre-existing flaws and usually develop along the
direction of the maximum principal stress. There are two
kinds of shear cracks: coplanar shear cracks, which prop-
agate along the plane of the pre-existing flaw, and inclined
shear cracks, which initiate from the tips of the pre-existing
flaws and propagate along the vertical direction of the
coplanar crack. The locations of the tips of the two flaws
are shown in Fig. 3b. The term “flaw” represents the pre-
existing flaw, and the term “crack” represents a new
fracture that occurs during the compression test.

3.1 Crack Evolution Analysis for Specimens
with Different Rock Bridge Lengths

When L, =3 cm and 4 cm, rock bridges of specimens
were mainly connected by tensile cracks T, that occurred at
the inner flaw tips (Fig. 4b, c). Meanwhile, tensile cracks
T, initiated at external flaw tips and then propagated
towards the top and bottom of the specimens (Fig. 4,
models C1 and C4). Some tensile cracks (7,) first propa-
gated along the maximum principal stress and then devel-
oped along an inclined trajectory towards the left and right
edge of the sample (Fig. 4, models B1 and B3). These
cracks (T,) formed the main failure path and caused the
tensile—shear failure of the specimens. The rock bridge was
connected by these cracks. This failure mode is called type
L. Coplanar shear cracks (CS) and inclined shear cracks (IS)
could be observed at flaw tips under low confining pres-
sure, and shear cracks could not be found at high confining
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Fig. 3 Crack types and flaw tip definitions

pressure. When L, =2 cm, tensile cracks, anti-tensile
cracks (AT) and coplanar shear cracks were observed in the
specimens (Fig. 4, models Al and A2). The main failure
path was caused by tensile cracks, and the specimen failure
mode was type 1. When o3 =3.0 MPa and 4.0 MPa,
inclined shear cracks initiated from the inner tip of flaw 1
and propagated along an inclined trajectory towards the top
and bottom boundary of the sample, which formed a failure
plane and led to the shear failure of the specimens (Fig. 4,
models A3 and A4). The specimens showed shear failure,
and the rock bridge was not connected. This failure mode is
called type II.

Under the condition of different rock bridge lengths, the
macroscopic failure modes of specimens are mainly ten-
sile—shear failure (type I) and shear failure (type II). With
increasing bridge length, it is easier for the rock bridge to
be cut through by tensile cracks initiating from the inner
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tips of pre-existing flaws. The tensile stress is more con-
centrated in the middle part of the specimen and tensile—
shear failure (type I) is more common.

3.2 Crack Evolution Analysis for Specimens
with Different Rock Bridge Angles

In group D (Fig. 5a), coplanar shear cracks CS that initi-
ated at external flaw tips extended a certain distance out-
ward, while the cracks T, deflected and extended along the
direction of the major principal stress and then cut through
the top and bottom of the specimen. Coplanar shear cracks
CS were also found at internal flaw tips. These cracks
extended a slight distance inward first and then propagated
through the whole rock bridge area by tensile cracks Ty,
The failure mode of specimens was tensile—shear failure
(type I). When = 90° (Fig. 4a, group A), with increasing



International Journal of Civil Engineering (2019) 17:1895-1908

1899

1.0 MPa 2.0 MPa 3.0 MPa 4.0 MPa
(a) Group A (L, =2 cm, a.=30°, L, = 1 cm, #=90°)

Al .

1.0 MPa 2.0 MPa 3.0 MPa 4.0 MPa
(b) Group B (L, =3 cm, a =30° L;=1 cm, f#=90°)

1.0 MPa
(¢) Group C (L,=4 cm, a=30° L, =1 cm, = 90°)

2.0 MPa 3.0 MPa 4.0 MPa

Fig. 4 Failure modes of specimens with different rock bridge lengths

confining pressure, inclined shear cracks IS formed the
main failure path, and the failure mode changed from
tensile—shear failure (type I) to shear failure (type II).
When f = 120° (Fig. 5b, group E), two flaws were par-
allel, and a number of cracks occurred in the specimens and
led to complex failure. Many fragments were produced in
the process of compression. When g3 = 1.0 and 4.0 MPa
(Fig. 5b, models E1 and E4), tensile cracks T, and anti-
tensile cracks AT propagated along the direction of prin-
cipal stress and developed to the top and bottom edges. The
failure mode was tensile—shear failure, but the rock bridge
was not cut through. This failure mode is called type III.
When o3 = 2.0 MPa (Fig. 5b, model E2), cracks CS and IS
occurred at the external tip of flaw 1, and these cracks
formed X-shaped failure planes in the specimen. When

1.0 MPa 2.0 MPa 3.0 MPa 4.0 MPa
(a) Group D (=60°,L; =1 cm, a =30° L, =2 cm)

1.0 MPa
(b) Group E (=120°,L;=1cm, a=30° L,=2 cm)

2.0 MPa 3.0 MPa 4.0 MPa

Fig. 5 Failure modes of specimens with different rock bridge angles

o3 = 3.0 MPa (Fig. 5b, model E3), coplanar shear cracks
CS and inclined shear cracks IS coalesced, which formed
an elliptical core in the middle of the specimen. Anti-ten-
sile cracks AT initiated at the flaw tips and developed to
the top and bottom of the specimen, and the failure mode
was tensile—shear failure (type III).

For the specimens with different bridge angles, the
failure modes are mainly tensile—shear failure in which
rock bridges are cut through (type I), shear failure (type II)
and tensile—shear failure in which rock bridges are not cut
through (type III). As the bridge angle f increases from 60°
to 120°, anti-tensile cracks and inclined shear cracks begin
to develop and gradually become the main crack categories
in the specimen. The crack trajectories in the specimen
become more complex, and the failure mode of specimens
changes from type I to type III.

3.3 Crack Evolution Analysis for Specimens
with Different Flaw Angles

Typical failure plots of specimens with different flaw
angles are shown in Fig. 6. The coplanar shear cracks
initiated at the flaw tips of the specimen penetrated the rock
bridge and both edges of specimens under different con-
fining pressures (Fig. 6a). The failure mode of specimens
was shear failure (type II). In group G, the flaw angle of the



1900

International Journal of Civil Engineering (2019) 17:1895-1908

specimen was the same as that of the rock bridge (Fig. 6b).
The flaws and rock bridge were collinear. Crack propaga-
tion in the specimens under different confining pressures
was similar. Tensile cracks T, that initiated at flaw tips
penetrated the top and bottom of the specimens. The rock
bridge was cut through a coplanar shear crack. When
o3 = 1.0 and 3.0 MPa (Fig. 6b, models G1 and G3), anti-
tensile cracks appeared in the specimens, and most speci-
mens showed obvious tensile—shear failure (type I). When
o3 = 2.0 MPa (Fig. 6b, model G2), a group of inclined
shear cracks developed at the inner tip of flaw 1, and these
cracks formed X-shaped failure plane in the specimen. The
specimen failure mode showed shear failure (type II).

With increasing flaw angle, the geometric characteristics
between rock bridge and flaws change from non-collinear to
collinear, and the destruction form of the rock bridge changes
from tensile crack (7},) perforation failure to coplanar shear
crack (CS) perforation failure. More tensile cracks (7, and
Ty) appear in specimens with flaw angles of 30° and 60°
(group D and group G). The tensile stress in the middle of the
specimens is large. However, the coplanar shear cracks that
develop in the specimens with « = 45° (group F) indicate
that the tensile stress in the middle of the specimens is small.
The failure mode of the specimen changes from tensile—
shear failure to shear failure and then to tensile—shear failure
(group D — group F — group G).

1.0 MPa 2.0 MPa 3.0 MPa 4.0 MPa
(a) Group F (¢ =45°,=60° L, =1cm, L, =2 cm)

\\QL-_/"GZ

1.0MPa 2.0MPa 3.0MPa 4.0MPa
(b) Group G (a =60° f=60° L, =1cm, L, =2 cm)

Fig. 6 Failure modes of specimens with different flaw angles
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3.4 Analysis of the Strength and Mechanical
Parameters of the Specimens

Table 2 and Fig. 7a show that as the length of the rock
bridge increases, the peak strength of specimens increases
gradually. When the bridge length is large, the interaction
between two flaws is weak; it is difficult for cracks to
initiate, develop and coalesce; therefore, the specimens
with a longer bridge length have a larger compressive
strength. Figure 7b indicates that with increasing rock
bridge inclination angle, the peak strength of the specimens
increases. With increasing rock bridge inclination angle,
the angle between the rock bridge and fracture surface of
the intact specimen increases gradually, and the initiation,
propagation, and penetration of rock bridge cracks are
restrained, which makes it difficult for rock bridge to be
destroyed; thus, the failure strength of the specimen
increases. On the other hand, when the rock bridge angle is
120°, the two flaws are parallel, forming a certain degree of
shielding effect on crack propagation, thereby enhancing
the failure strength of the specimens. From Fig. 7c, when
the flaw angle increases from 30° to 60°, the strength of the
specimen decreases gradually and reaches the lowest when
the flaw angle is 60°. This result is mainly due to the
improvement of the collinearity between the two flaws,
which makes the connection between the flaws and the
rock bridge approximately equal to the fracture surface of
the complete specimen, and the cracks more easily pene-
trate the specimen.

Figure 8a shows that the cohesion of the specimens
decreases as the bridge length increases from 2 to 3 cm and
then increases as the bridge length increases from 3 to
4 cm. The internal friction angle of the specimens increa-
ses as the bridge length increases from 2 to 3 cm and
decreases as the bridge length increases from 3 to 4 cm.
From Fig. 8b, when the rock bridge angle increases grad-
ually, the internal friction angle decreases continuously,
while the cohesion increases continuously, reaching the
minimum internal friction angle and the maximum

Table 2 Peak strength of specimens with two infilled flaws and intact

Specimen group Confining pressure (MPa)

1.0 2.0 3.0 4.0

A(L,=2cm, 0 =30°%p =90°) 42.02 4947 5538 59.34
B(L,=3cm, 0 =30°%f =90° 4356 5142 58.73 6397
C(Ly=4cm, o0 =30°%f =90°) 4537 57.02 60.73 64.07
D(,=2cm,a =30°% f =60° 3525 4728 52.58 5546
E(L,=2cm,a =30°pf =120°) 49.05 5239 5748 61.25
F(ly=2cm, o0 =45°, f =60°) 3475 4449 48.68 51.39
G(Ly=2cm,a =60°% f =60° 31.62 34.02 4429 4729
Intact specimen 53.25 60.52 6292 70.51
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Fig. 7 Influence of various factors on specimen failure strength

cohesion at 120°. When the fracture angle increases, the
cohesion of specimens increases as the fracture angle
increases from 60° to 90° and then decreases as the fracture
angle increases from 90° to 120°. The internal friction
angle of the specimens decreases as the fracture angle
increases from 60° to 90° and decreases as the fracture
angle increases from 90° to 120°. As can be seen from
Table 3, the angle clearly has a greater influence on the
mechanical parameters of the specimen than the length.

149

Cobhesive force ¢ /MPa
~
T
Internal friction angle ¢ /°

4 : : : 43
2 3 4

Rock bridge length/cm

(a) Length factor

3.5 Comparison with a Similar Study

Similar triaxial compression tests on two pre-existing
unfilled flaw specimens were conducted by Sun [44]. This
study involved a series of specimens with different flaw
geometries, and crack coalescence processes were
observed. When the rock bridge angle was 90° and the flaw
angle was 30°, the cracks tended to propagate along the
principal stress direction and formed tensile cracks in

Flaw angle/®

30 40 50 60
12 T T T T 50
—&— rock bridge angle

1 — = flaw angle 148
146
144
14

140

Cohesive force ¢/MPa
Internal friction angle ¢/°

138

436

L
60 90 120
Rock bridge angle/®

(b) Angle factor

Fig. 8 Influence of various factors on the mechanical parameters of specimens
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unfilled flaw specimens (see Fig. 9b). However, coplanar
shear cracks were observed from the flaws infilled with
epoxy resin for the same geometry (see Fig. 4, Al and A2).
The reason for this phenomenon is that unfilled flaws form
narrow cavities in the specimen. When the confining
pressure and axial pressure act on the specimen, tensile
stress concentration occurs at the flaw tips; when epoxy
resin fills the cavity and forms a channel for stress transfer,
stress concentration at the flaw tip is alleviated. Cracks
develop more easily along the interface between the model
material and grouting material in specimens with infilled
flaws than in specimens with unfilled flaws. The peak
strength and strength parameters of specimens with two
infilled flaws or unfilled flaws are also shown in Table 4.
The mechanical properties of the specimens are signifi-
cantly improved after the epoxy resin is infilled.

Table 3 Mechanical parameters of infilled double-flaw specimens

Epoxy resin was also used to make specimens with a
single flaw. Uniaxial compression tests on specimens with
a single pre-existing infilled flaw were conducted by Le
et al. [45]. In this paper, the specimen failure paths were
observed and compared between flaws grouted with cement
and flaws grouted with epoxy resin. The cracks developed
to the lateral edges when the pre-existing flaw was infilled
with cement, while the crack propagated along the direc-
tion of axial stress when the flaw was infilled with epoxy
resin. This conclusion is contrary to the phenomenon
observed in the triaxial compression tests. The reason is
that the confining pressure in triaxial compression tests
limits radial deformation and affects the stress distribution
near the flaw. Le et al. [36] found that the uniaxial com-
pressive strength of the specimens grouted with epoxy resin
fluctuated within a range from 39.1 to 42.6 MPa. This

Specimen group

Mechanical parameters

Cohesive force (MPa)

Internal friction angle (°)

A(L,=2cm, 0 =30°%f =90° 7.71 44.85
B (L, =3cm, o =30°f =90° 7.12 48.18
C(Ly=4cm,a =30°% f =90° 8.56 45.52
D(L,=2cm,a =30°f =60° 6.07 47.43
E (L, =2cm, a0 =30° f =120 10.93 37.08
F(L,=2cm, o =45° f =60°) 6.73 43.47
G (Ly,=2cm, 0 =60°% f =60° 5.23 44.06
Intact specimen 11.09 41.60

Fig. 9 Comparison of failure patterns with different specimens: a specimen A2; b unfilled flaw specimen with a flaw angle of 30° and a rock
bridge angle of 90° [44]; ¢ specimens with a single infilled flaw grouted with epoxy resin with an inclination angle of 45° [45]
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Table 4 Peak strength and strength parameters for different specimen types in triaxial compression tests

Specimen type

Confining pressure (MPa)

Mechanical parameters

1.0 2.0 3.0 4.0 Cohesive force (MPa) Internal friction angle (°)
Specimens with two unfilled flaws [44] 30.48 31.70 37.33 41.22 6.5 35.6
Specimens with two infilled flaws 42.02 49.47 55.38 59.34 7.71 44.85

result indicates that epoxy resin has a good reinforcement
effect on a fractured rock mass.

Zhuang et al. [46] fills the flaws with gypsum and then
carries out uniaxial compression tests on the specimens.
The study found that initiation angle of wing cracks
decreases as the flaw angles increase. However, the values
of initiation angle with unfilled flaw are larger than those
with filled flaw for the same flaw angle. The anti-wing
crack initiation location is not at the tips of the flaw but at a
small distance to the tips. Secondary cracks as shear cracks
appeared after the wing cracks and anti-wing cracks, and
always initiated at a distance from the tips. The test results
in this paper also show the same rule. It shows that both
gypsum and epoxy resin can be effectively reduced the
stress concentration at the flaw tips.

4 Numerical Tests and Analysis of Results
4.1 Numerical Test Model and Parameters

The evolution laws for cracks, porosity changes and failure
modes of double-flaw infilled specimens during loading are
analysed by numerical testing using the two-dimensional
particle flow code (PFC2D). A 50 mm x 100 mm model is
established in the numerical tests. The maximum and
minimum particle radii are 0.45 mm and 0.3 mm, respec-
tively. Because the parallel bond model can better reflect
the physical and mechanical properties of brittle rock
materials [47], the parallel bond model between particles is
adopted (see Fig. 10). By adjusting the microscopic
parameters of the sample material and the filling material

Rock-like

Filling material
material

Fig. 10 PEC? numerical test model for filling flaws

(epoxy resin) by the trial and error method [48], the sim-
ulated results are approximately matched with the labora-
tory test results (strength value, failure mode) to obtain the
complete microscopic parameters of the sample. The
microscopic parameters of the model are shown in
Tables 5 and 6. To verify the rationality of the selection of
the micro-parameters of the numerical model, the failure
strength values of each group of specimens under a con-
fining pressure of 1 MPa are compared with those of the
numerical tests. From Table 7, it can be seen that the
deviations between the strengths from the numerical tests
and the laboratory tests are small, so the model can meet
the requirements of the numerical test.

4.2 Numerical Test Results

Figures 11 and 12 show the stress—strain curves of speci-
mens with different rock bridge lengths under a confining
pressure of 1 MPa and the distribution of cracks in the
specimens after loading. The numerical test model flaw
angle is 30°, and the rock bridge angle is 90°. The larger
the rock bridge length is, the higher the peak strength of the
specimen, the larger the number of cracks in the specimen,
the less obvious the fracture zone, and the more compli-
cated the crack trace. Under different rock bridge lengths,
the number of cracks in the specimen increases slowly at
first and then rapidly. The growth rate is the fastest after
peak strain, and most of the cracks are produced after peak
strain. When the length of the rock bridge is 2 cm, the rock
bridge is connected by tensile cracks, and the tensile cracks
initiate at external flaw tips and then propagate towards the
top and bottom of the specimens. The two tensile cracks in
the rock bridge area form a jujube-shaped crack ring. The
failure mode of the specimen is tensile—shear failure. When
the length of the rock bridge is 3 cm, the rock bridge is cut
through by tensile cracks, and a group of tensile cracks and
anti-tensile cracks initiate from the external fissures tip and
cause the tensile—shear failure of the specimens. When the
length of the rock bridge is 4 cm, the rock bridge is not
connected, and an inclined shear crack is initiated from the
external crack tip, which results in the shear failure of the
specimen. From the numerical test results, the strengths
and failure modes of the specimens are in good agreement
with those from the laboratory tests.

2
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Table 5 Micro-mechanical parameters for rock-like material in PFC?°

Micro-parameters Values Remarks

Density of the ball (kg m™>) 2200 Parameter of ball

Friction coefficient 0.3 Parameter of ball
Minimum radius of the ball (mm) 0.3 Parameter of ball

Ratio of maximum to minimum of radius 1.5 Parameter of ball

Young’s modulus of the ball (GPa) 14.6 Parameter of ball

Ratio of normal to shear stiffness of the ball 2.0 Parameter of ball

Young’s modulus of the parallel bond (GPa) 14.6 Parameter of ball

Ratio of normal to shear stiffness of the parallel bond 3.0 Parameter of ball

Parallel bond normal strength, mean (MPa) 27 Parameter of parallel bond
Parallel bond normal strength, standard deviation (MPa) 54 Parameter of parallel bond
Parallel bond shear strength, mean (MPa) 80 Parameter of parallel bond
Parallel bond shear strength, standard deviation (MPa) 16 Parameter of parallel bond
Table 6 Micro-mechanical parameters for filling material in PFC?P

Micro-parameters Values Remarks

Friction coefficient 0.1 Parameter of ball
Minimum radius of the ball (mm) 0.3 Parameter of ball

Ratio of maximum to minimum radius 1.5 Parameter of ball

Normal stiffness of the ball (GN m™!) 6.8 Parameter of ball

Shear stiffness of the ball (GN m™}) 34 Parameter of ball

Normal stiffness of the parallel bond (MPa m™") 88 Parameter of parallel bond
Shear stiffness of the parallel bond (MPa m ™) 29 Parameter of parallel bond
Parallel bond normal strength, mean (kPa) 246 Parameter of parallel bond
Parallel bond shear strength, mean (kPa) 571 Parameter of parallel bond

Table 7 Comparison of experimental and numerical results for infilled specimens (MPa)

Specimen type A B C D E F G
Experimental results 42.02 43.56 45.37 35.25 49.05 34.75 31.62
Numerical results 40.26 43.06 45.21 38.73 44.16 37.88 32.20
Deviation (%) 4.19 1.15 0.35 3.48 9.97 9.01 1.83
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Fig. 11 Stress—strain and micro-crack number—strain curves for
specimens with different rock bridge
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Fig. 12 Distribution of micro-cracks in specimens with different rock
bridge lengths
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Fig. 13 Stress—strain and micro-crack number—strain curves for
specimens (L, =2 cm)

To analyse the crack coalescence process, five charac-
teristic points in the loading process were selected to
observe the micro-crack development process and porosity
distribution for specimens with a rock bridge length of
2 cm. Figure 13 shows that the point a axial stress is

20.77 MPa (60% o), point b axial stress is 27.69 MPa
(80% a,), point c is the peak strength, point d axial stress is
31.15 MPa (90% o), and point e is the load terminating
point.

From Figs. 13, 14 and 15, it can be seen that there are
only fifteen micro-cracks in the sample at monitoring point
a, which are distributed randomly and create small porosity
in each part of the model. At monitoring point b, the
number of micro-cracks in the specimen reaches 85, and
inclined shear cracks appear at the tips of the flaws. The
porosity of the model is similar to that of the model at point
a. When the maximum principal stress reaches the peak
strength (monitoring point ¢), the number of micro-cracks
increases to 525. At this time, inclined shear cracks initi-
ated at the tip of the flaws extend a slight distance outward
first and then deflect and propagate towards the direction of
the major principal stress. The tensile cracks at the internal
flaw tip are connected, and the porosity increases slightly
around the rock bridge. Then, the specimen enters the post-
peak stage and reaches monitoring point d. At this time, the
tensile crack initiated at the external tip of flaw 1 continues

E o
D A
TS 4 P S

(a) point a (b) point b

(¢) point ¢

(d) point d

(e) point e

Fig. 14 Micro-crack development of specimens during the loading process
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Fig. 15 Porosity distribution of specimens during the loading process
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Fig. 16 Distribution of micro-cracks in specimens with different rock
bridge angles
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Fig. 17 Distribution of micro-cracks in specimens with different flaw
angles

to propagate and then penetrates to the top of the specimen.
The tensile cracks developed in the rock bridge area form
propagate farther and form elliptical cores, resulting in the
failure of rock bridges. The external tip of flaw 2 continues
to expand, and the intensity of micro-cracks increases
significantly. In the process of moving from point ¢ to point
d, the number of micro-cracks increases from 525 to 956.
From the porosity map, an obvious shear band appears at
point d and penetrates the top of the specimen, which is
consistent with micro-crack propagation. At the loading
termination point e, the number of micro-cracks reaches a
maximum of 1164, the density of tensile cracks at the
external flaw tip is further increased, and the cracks at the
external tip of flaw 2 bifurcate. The porosity of the model
increases further, resulting in a shear fracture zone passing
through the whole specimen. Due to the initiation, propa-
gation, coalescence and penetration of cracks, tensile fail-
ure of the rock bridge and tensile—shear failure of the
specimen occur.

@ ﬂ? @ Springer

Figures 16 and 17 show the distribution of cracks in the
specimens with different rock bridge angles and different
flaw angles under a confining pressure of 1 MPa, respec-
tively. When the inclination angle of rock bridge is 60° and
90°, the rock bridges were damaged. When f§ = 60°, there
are dense crack zones around the flaws. These cracks form
a wider fracture zone, but when f = 120°, the rock bridges
were not damaged. The specimen is the failure of the
specimens with cracks along the ends of the two cracks.
From Fig. 17, it can be seen that there are dense micro-
cracks in the rock bridge area of the samples with different
flaw angles, which indicates that the rock bridge is rela-
tively fragmented. The fracture zones of the specimens
with a flaw angle of 30° (¢« = 30°) are relatively wide in
the rock bridge area, while those with a flaw angle of 45°
and a flaw angle of 60° are relatively narrow. The failure
modes of all specimens are shear failure, which is caused
by wing cracks or coplanar shear cracks at the tip of flaws.
The failure mode, strength and crack trace of the specimens
obtained by numerical experiments in this paper are basi-
cally in agreement with those obtained by laboratory tests.
The validity of numerical experiments is verified.

5 Conclusions

In this paper, seven kinds of specimens with two infilled
flaws were made in the laboratory. The crack evolution
characteristics, failure modes and strength parameters of
the specimens are studied by experimental tests and
numerical tests. The main conclusions are as follows:

(a) There are two kinds of failure modes: shear failure
and tensile—shear failure. The different flaw geome-
tries are the main reasons for the different failure
modes of the specimens. The cracks develop more
easily along the interface between the model material
and grouting material in the specimens with infilled
flaws than in specimens with unfilled flaws.

(b) There are three main coalescence modes of rock
bridges: tensile crack coalescence, shear crack coa-
lescence and non-coalescence. When the rock bridge
angle i = 60° the rock bridge undergoes mainly
shear crack coalescence; when = 90°, the rock
bridge experiences mainly tensile crack coalescence;
when § = 120°, the rock bridge does not coalesce.

(c) The peak strength of the specimen increases with
increasing length and angle of the rock bridge and
decreases with increasing fracture inclination angle.
The shear strength parameters (cohesion and internal
friction angle) of the specimens change nonlinearly
with the influencing factors (rock bridge length, rock
bridge angle and fracture angle).



International Journal of Civil Engineering (2019) 17:1895-1908

1907

(d)

The development of micro-cracks and the changes in
porosity during the failure process of specimens with
different rock bridge lengths are observed in the
numerical tests. Tensile cracks are observed in the
specimens when the axial stress reaches 80% of the
peak strength, and an elliptical core appears in the
specimens when the axial stress reached the peak
strength. The number of cracks increases rapidly in
the post-peak stage and finally causes a significant
shear fracture zone. The strengths of the samples
obtained from the numerical tests are consistent with
those from the laboratory tests.
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