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Abstract

The cracks in a rock tend to initiate, propagate, and coalesce under loading. Based on the digital image correlation (DIC)
method, uniaxial compression tests are carried out on rock-like specimens with various arrangements of two parallel cracks.
The full-field strain and failure features of the rock-like materials are observed and analysis by a self-developed code. Two
process zones are defined according to the differences between the shear strain field and the tensile strain field: a shear pro-
cess zone and a tensile process zone. The following results are obtained in this study. (1) Three coalescence modes can be
observed using the DIC method: a shear coalescence mode, a tensile coalescence mode, and a mixed coalescence mode. (2)
At the microscopic level, the bridge angle and crack arrangement affect the formation of the process zone; at the macroscopic
level, they determine the crack propagation path and the failure mode. (3) The peak strength of the rock-like specimen is
related to the crack inclination angle and the bridge angle. (4) Numerical modeling by the expanded distinct element method
and the strain strength criterion simulates the different coalescence modes of the experimental study efficiently.
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1 Introduction

Natural rock contains discontinuities, including pores,
fractures, and inclusions or other defects, which govern the
mechanical behavior of the rock mass (Li et al. 2010). The
existence of discontinuities in the rock can decrease the
strength and stiffness thereof and provide sources for the
initiation of new discontinuities. In turn, these discontinui-
ties may propagate and link with other cracks to further
decrease the strength and the stiffness of the rock (Sagong
and Bobet 2002). Therefore, it is necessary to investigate
the fracture behavior of jointed rock. Numerous theoreti-
cal, experimental, and numerical studies have been carried
out to study crack initiation, propagation, and coalescence
in rocks (Hoek and Bieniawski 1965; Kranz 1983; Reyes
and Einstein 1991; Park and Bobet 2009, 2010; Wong and
Einstein 2006, 2009a, b, c; Haeri et al. 2014a, b; Zhang
and Wong 2012, 2013, 2014).

The initial theoretical study of crack initiation and peak
strength was conducted by Griffith (1921), who laid the
foundation of fracture mechanics. Irwin (1957) modified
Griffith’s theory by considering plastic deformation and
proposed the concept of the stress intensity factor (SIF).
Dugdale (1960) studied the shapes of the plastic zones at
crack tips. Horii and Nematnasser (1985) investigated the
micromechanics of axial splitting and faulting. Further-
more, crack initiation criteria were comprehensively pro-
posed by several scholars (Rice 1968; Bobet and Einstein
1998a, b; Park and Bobet 2010; Gongalves and; Einstein
2013).

In terms of experimental study, Brace and Bombola-
kis (1963) first reported the propagation of tensile wing
cracks from a pre-existing straight crack under uniaxial
compression. Subsequently, Lajtai (1974) experimentally
studied the strength of discontinuous rocks under direct
shear loading and proposed the concept of wing cracks
and secondary cracks. To incorporate the effect of friction,
Shen et al. (1995) conducted experimental tests on gypsum
specimens containing both open and closed cracks. Wong
et al. (2001) analysis of rock-like materials containing
three cracks showed that crack coalescence occurs between
only two cracks and the lower value of coalescence stress
dominates the coalescence process. Wong and Einstein
(2006) investigated the cracking and coalescence behav-
iors of marble specimens. Furthermore, it was found that
the geometry of pre-existing cracks dominates the initia-
tion and coalescence behaviors of the specimen (Reyes
and Einstein 1991; Park and Bobet 2009, 2010). Wong
and Einstein (2009b, c¢) presented nine crack coalescence
modes by considering various combinations of fundamen-
tal crack types. Haeri et al. (2014b) found that the strength
of the specimens is adversely affected by the cracks, and
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the peak strength of the specimen is related to the inclina-
tion angle of the cracks. Generally, significant advances
were achieved in understanding coalescence modes and
the effect of the interaction of pre-existing cracks on the
behavior of each crack.

Compared with experimental study, numerical simulation
is more convenient for obtaining mechanical information
about cracks. In the past decades, various numerical studies
have been conducted on different methods to research crack
propagation and coalescence modes in specimens containing
pre-existing cracks under compression (Petit and Barquins
1988; Bobet and Einstein 1998a, b; Jiang et al. 2009; Lan
et al. 2010; Yang et al. 2013; Li and Wong 2014). Several
numerical tools, such as DDM, FROCK, RFPA, PFC, and
UDEC, have been developed for simulating different mate-
rials. Based on linear elastic fracture mechanics (LEFM)
principles, the discrete code FROCK was developed by
researchers at the Massachusetts Institute of Technology
(MIT) to simulate cracking; this code performs in accord-
ance with experimental observations (Chan 1986; Bobet and
Einstein 1998a, b; Gongalves and; Einstein 2013). Avoiding
choosing a particular tip-based crack initiation criterion, an
alternative approach based on the bonded-particle model
(BPM) was used in many studies (Potyondy and Cundall
2004; Cho et al. 2007; Lee and Jeon 2011; Zhang and Wong
2012,2013, 2014; Zhang et al. 2017). The BPM was shown
to be able to simulate the cracking processes and failure of
rock-like materials by simple interaction between particles.
Tang et al. (2001) studied the crack coalescence modes in
rock-like specimens containing three pre-existing cracks
using RFPA?P. Zhao et al. (2011) adopted the universal dis-
tinct element code (UDEC) to study the failure characteristic
of brittle materials with an open hole. As a discrete ele-
ment approach, the major advantage of using UDEC is that
complex empirical constitutive behavior can be replaced by
simple block contact logic and failure criterion. Zhang and
Wong (2012) numerically studied the influence of the crack
inclination angle on the cracking processes in brittle rock
specimens containing a single crack. Wong and Li (2013)
studied the coalescence of two coplanar cracks in a rock
under compression using AUTODYN. Zhang et al. (2017)
adopted BPM to investigate the acoustic emission charac-
teristic of rock under different compression loading rates.
These numerical studies have comprehensively promoted
the understanding of crack initiation, propagation and coa-
lescence mechanics.

It should be noted that with the updating of lab equipment
and numerical methods, more and more experimental and
numerical studies have been conducted on a micro level. The
crack initiation, propagation and coalescence processes have
been linked with acoustic emission, displacement field, and
strain field in several researches (Tang et al. 2001; Lan et al.
2010; Lee and Jeon 2011; Wong and Li 2013; Zhang and
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Wong 2014; Zhao et al. 2016; Zhang et al. 2017). Zhang and
Wong (2014) introduced displacement trend lines to assist
the analysis of the crack nature, and three types of displace-
ment field were proposed. Zhao et al. (2016) used pairs of
strain gauges to measure the deformation in both the axial
and horizontal directions. Although the studies mentioned
above have revealed the micro-cracking behaviors in rocks,
due to the complications attributed to mineral composition,
texture, and fabric, the cracking mechanism and details of
the cracking processes are still need to be further studied.
Moreover, the experimental investigations on the full-field
strain concentration near the crack tips and rock bridge
from a micro perspective are still not completely carried
out. This paper aims to increase the understanding of the
full-field strain by accurately recording the evolution strain
diagrams during uniaxial compression loading and analyz-
ing the stress—strain mechanical behaviors related to crack
initiation, propagation and coalescence of a specimen with
two parallel cracks.

This study adopts the digital image correlation (DIC)
method, based on which the corresponding analysis codes
are developed, to investigate the full-field strain concentra-
tion phenomenon during the cracking process. The rock-like
material containing two parallel pre-existing cracks is under
uniaxial compression. Two process zones, a shear process
zone (SPZ) and a tensile process zone (TPZ), are defined
according to the difference between high shear strain field
and high tensile strain field. Moreover, the stress—strain
curves of different specimens are systematically analyzed
to enhance the understanding of the mechanical behavior of
different coalescence modes. The peak strength related to
different specimens is discussed. Furthermore, numerical
studies are carried out with EDEM. Using the UDEC as
the numerical tool, the present study efficiently simulates
the coalescence modes of two pre-existing parallel cracks
in rock under compression. The strain strength criterion is
adopted in the numerical models to simulate the initiation
of new cracks. The simulation results are generally in good
accordance with experimental results.

2 Digital Image Correlation Method

The DIC method is an optical technique for full-field and
non-contact measurement of deformations and strains of
components and materials. It was originally developed by
Peters and Ranson (1982) at the University of South Caro-
lina. The basic principle of this method is the comparison of
the digital images of the specimen surface in the undeformed
(or reference) and deformed states by identifying the move-
ment of a specific subset, as shown in Fig. 1. To identify the
specific subset in two images, a grayscale function is used
to represent the property of the subset. In addition, prior to
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Fig. 1 Schematic diagram of the correlation match
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Fig.2 Schematic of the DIC method

correlation analysis, a correlation coefficient C is defined as
follows to evaluate the similarity between the reference and
deformed subsets:
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where f)(x,y) is the grayscale value at coordinate (x, y) for
the reference image, f,(x’,y’) is the grayscale value at coor-
dinate (x', y’) for the deformed image, and f;,, and f,,, are the
average gray values of the reference and deformed images,
respectively.

The out-of-plane displacement should be removed from the
analysis result when calculating the in-plane displacement. A
3D system is employed in the present study, as it yields high-
precision results and calculates the out-of-plane displacement.
As shown in Fig. 2, the 3D system uses two high-resolution
digital cameras to record surface changes in the specimen as it
deforms. The recorded images are correlated by applying the
DIC method, which determines the object contours as well as
the surface displacements. Taking into account the existence
of noise points, the method of plane or curved fitting is used
to address the displacement in the strain calculation. Consider-
ing the optical distortion, which can also affect the measured
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result, the displacement field and strain field are modified to
improve measurement precision.

For a comprehensive understanding of the DIC method
for in-plane displacement and strain measurement, Pan et al.
(2009) paper is highly recommended. Over the past few years,
the DIC method has been improved significantly to reduce
computation complexity, achieve highly accurate deformation
measurements, and expand the application range. Moreover,
numerous studies use the DIC method to investigate the failure
of rock-like material (Zhao et al. 2011; Zhang et al. 2013).

3 Experimental Study
3.1 Specimen Preparation

Molded gypsum specimens are used to simulate rock behavior;
they comprise a mixture of gypsum, water, and retarder in the
ratio by weight of 1:0.2:0.005. Following considerable testing,
the dimensions of the specimen are restricted to 100x40x 10
mm°. Owing to the small thickness, the crack does not rotate
in the specimen. Thus, the surface crack path can represent
the inner feature. In addition, the mechanical parameters of
molded gypsum material are similar to those of rock (Table 1).
The experimental results are compared with those from the
previous iteration.

To generate two parallel pre-existing open cracks in the
specimen, two smooth aluminum shims are placed in slots in
the mold template and removed during curing. The positions
and orientations of the slots are predetermined to create dif-
ferent combinations of crack inclination angle (@) and bridge
angle (). As shown in Fig. 3, the specimens have two parallel
precracks with identical inclination angles («), the crack length
2a in the specimens is 14 mm, and the bridge length 2b is
21 mm. a varies from 30° to 60° in 15° increments, and there
are four f values: one equal to a and others of 90°, 120°, and
180°, as shown in Fig. 4. When the bridge angle is equal to the
crack inclination angle, the two cracks are collinear. Owing to
the boundary effect, the crack length and rock bridge length are
scaled down to 10 and 15 mm, respectively. When the bridge
angle is 90°, the bridge is vertical. When the bridge angle
is 120°, two cracks are overlapping in the vertical direction.
When the bridge angle is 180°, the two cracks are reversed.
A coplanar bridge, a vertical bridge, overlapping cracks, and
reverse cracks can be observed in the test to describe the crack-
ing process. The bridge angles are determined in this way as a
result of the coalescence modes.

Table 1 Specimen’s parameters

axbxc (mm’) o, (MPa) o, (MPa) E (MPa) v

100x40x 10 474 2.5 28,700 0.23
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Fig.3 Experimental specimen

3.2 Experimental Setup

The experimental setup consists of a loading machine, an
observation system, and an analysis system (Fig. 5). The
uniaxial compression is performed on a servo universal test-
ing machine. The observation system includes two white
light sources and two CCD cameras. The light sources are
used to provide stable light during loading and observation.
Two CCD cameras with a shutter speed of 1/1000 s capture
successive digital images of the specimen. Each pixel in
the image is equal to 0.15 mm in the actual specimen. The
analysis system code is developed on the basis of the DIC
method principles, including the displacement analysis mod-
ule, strain analysis module, and strain—displacement super-
position module. By analyzing the images recorded by the
cameras, the displacement and strain of the specimen sur-
face can be obtained. Furthermore, this code has undergone
innovation and optimization to increase the measurement
accuracy. To avoid the computation of more than one target
subregion, the code can expand the subregion automatically,
compare it with the upper one, and achieve the best solution.
Considering the existence of noise points in the calculation
of deformation, the displacement field is fitted to a flat or a
curved surface. To eliminate optical distortion of the test
lens, the test lens is used to shoot an equidistant grid and
then the revised parameter is calculated using the code.
This code applies three-dimensional, as opposed to tradi-
tional two-dimensional, digital image technology to avoid
the effect of the volume expansion and plane bending under
rock compression on the accuracy of the plane displacement.
It is easy to obtain the three-dimensional deformation of the
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Fig.4 Four bridge angles f in 40mm
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Fig.5 Experimental setup

specimen by recording the loading process using two high-
resolution digital cameras. To analyze the test results, the
outer-plane data are used to study crack propagation.

3.3 Testing Procedure

Prior to placement in the loading machine, both specimen
ends are covered with a piece of Teflon sheet daubed with
butter. This arrangement reduces the friction between the
specimen and the machine. Loading is carried out using dis-
placement control at a rate of 0.02 mm/min. During the load-
ing of the specimen, surface images are taken by two CCD
cameras. All the loading information and digital images are
transferred to the computer simultaneously. All specimens
are loaded until either the cracks coalesce or the specimen
fails, which is observed from a drop in the applied load.
After test completion, the images are analyzed using a self-
developed code. Crack slippage, initiation, and coalescence
and failure stresses as well as the cracking process, coales-
cence mode, and crack type are studied at the meso-scale
by analyzing the strain field and other experimental results.

40mm 40mm 40mm

rL‘b
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Lo £ g % =180
gl 8 S| | <Ax

4 Analysis of Experimental Results

By theoretical analysis, the strain approach observed in the
DIC method is proved effective in investigating the cracking
process and process zone. The characteristics of the crack-
ing and damage evolution have been described in previous
work (Zhao et al. 2015). Therefore, according to the ten-
sile and shear properties of new cracks, two process zones
are defined: the shear process zone (SPZ), which can be
observed as an area with high shear strain concentration,
and the tensile process zone (TPZ), which can be observed
as an area with high tensile strain concentration. According
to the second and third strength theories, €, and y,,; can
be defined as follows: ¢, = ¢,/E and y,,.; = 0,/2G, respec-
tively. When the principal strain and the shear strain exceed
the critical values, microcracks are considered to initiate.
As a convenient description, the process zone contains the
macrocrack area. Microcracks and macrocracks describe the
propagation of cracks and the interaction of different cracks.
New cracks coalesce in the bridge area and process zones
coalesce. According to the integration modes of the TPZ
and SPZ, three coalescence modes are defined based on the
process zones observed in the DIC method: shear, tensile,
and mixed coalescence. Shear coalescence means that the
SPZs of two pre-existing cracks merge; tensile coalescence
means that the TPZs of two pre-existing cracks merge; and
mixed coalescence means that both the TPZs and SPZs of
two pre-existing cracks merge. When the TPZs and SPZs
of two pre-existing cracks do not merge, the failure process
resembles single crack propagation.

As a convenient description, a — f represents the differ-
ence between the crack inclination angle a and the bridge
angle g (Fig. 4). Therefore, representative specimens are
selected to analyze the coalescence modes. The cracking
process, coalescence properties, and failure properties are
discussed based on the DIC strain field and the stress—strain
curve. Figure 6 shows the failure crack pattern of these three
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Fig.7 Stress—strain curve of the loading process for the 30°-90°
specimen

specimens. Specimen 30°-90° represents the shear coales-
cence mode; 60°—120°, the tensile coalescence mode; and
45°-120°, the mixed coalescence mode. “Inner tip” refers
to the crack tip that is near the rock bridge, and “outer tip”
refers to the crack tip that is away from the rock bridge.

4.1 Shear Coalescence

Figure 7 shows the stress—strain curve for the loading pro-
cess. Figure 8 shows successive evolution diagrams of the
principal strain and shear strain of the 30°-90° specimen at
different loading stages obtained by the DIC system. Each
stage of Fig. 8 is marked on the stress—strain curve in Fig. 7.

Stage 1 is the original state, which is used as a reference
image for the remaining stages. As shown in the shear strain
and principal strain diagrams of Stages 2 and 3, SPZs with
approximately circular shapes appear on the surface of the
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specimen with increasing load, especially at the tips of the
two precracks. Moreover, the TPZ is not very clear. The
principal strain value is low, and macrocracks do not initiate
at this time. The stress—strain curve closely approximates a
straight line, which indicates that the specimen’s mechanical
behavior is elastic thus far. When the load is increased into
Stages 4 and 5 (72.8% of the peak strength), the stress—strain
curve exhibits a steep drop. It is found that the SPZs of the
inner tips of the two precracks begin to merge and the TPZs
of the two precracks develop independently in the load direc-
tion according to the strain diagrams. The macrocracks have
not yet coalesced. This observation means that the merging
of the process zones occurs before the macrocracks coalesce,
and this phenomenon can cause the stress—strain curve to
fluctuate. With increasing load, as shown in the figure for
Stage 6, the SPZs in the shear strain diagram continue to
merge, and the TPZs in the principal strain diagram merge
gradually because of the macrocrack initiation. This result
indicates that the shear mode crack in the bridge area is
influenced by the tensile effect during the later stage. When
the load reaches the peak strength, as shown in the diagrams
of Stages 7 and 8, both the TPZs and the SPZs merge in the
bridge area. The new cracks coalesce throughout the whole
specimen, and the peak strength is 16.77 MPa. Compared
with the failure photograph in Fig. 6, the new crack in the
bridge area correlates well with the above analysis. Crack
initiation, propagation, and coalescence result in strain redis-
tribution and localization and fluctuation in the stress—strain
curve. Although the crack in the bridge area is influenced by
the tensile effect during the later stage, the main coalescence
mode is shear coalescence.

4.2 Tensile Coalescence

Figure 9 shows the stress—strain curve for the loading pro-
cess. Figure 10 shows successive evolution diagrams of prin-
cipal strain and shear strain of the 60°-120° specimen at dif-
ferent loading stages obtained by the DIC system. Each stage
of Fig. 10 is marked on the stress—strain curve in Fig. 9.
Stage 1 is the original state, used as a reference image for
the remaining stages. As shown in the shear strain and prin-
cipal strain diagrams of Stages 2 and 3, strain localization
appears at the tips of the two precracks with increasing load.
Howeyver, the strain is low. When the load is increased into
Stages 4 and 5 (68.0% of the peak strength), the stress—strain
curve exhibits a steep drop. The tensile strain figures show
that TPZs appear gradually on the surface of the specimen,
especially at the tips of the precracks, and the TPZs of the
two precrack inner tips begin to merge. Observing the ten-
sile strain figures, the SPZ is not very clear and only exists
at the tip of the precrack. In accordance with the previous
analysis, the merging of the process zones occurs before
the macrocracks coalesce; this phenomenon can cause the
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Fig. 8 Evolution diagrams of the principal strain and shear strain for the 30°-90° specimen
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Fig.9 Stress—strain curve of the loading process for the 60°—120°
specimen

stress—strain curve to fluctuate. With increasing load, as
shown in the diagrams for Stages 6 and 7, the TPZs in the
principal strain diagram continue to merge, and the TPZ in
the shear strain diagram is very small, although it increases
gradually. Compared with the shear strain diagrams for the
30°-90° specimen, the strain value is considerably lower.
When the load reaches the peak strength, as shown in the
diagrams for Stage 8, only the TPZs merge, and the SPZ
remains very small in the bridge area. The new cracks coa-
lesce throughout the whole specimen. The peak strength is
33.9 MPa. Compared with the failure photograph in Fig. 6,
the new crack in the bridge area correlates well with the

above analysis. Crack initiation, propagation, and coales-
cence result in strain redistribution and localization and fluc-
tuation in the stress—strain curve. On the basis of the above
analysis, the main coalescence mode is tensile coalescence.

4.3 Mixed Coalescence

Figure 11 shows the stress—strain curve for the loading pro-
cess. Figure 12 shows successive evolution diagrams of prin-
cipal strain and shear strain of the 45°-120° specimen at dif-
ferent loading stages obtained by the DIC system. Each stage
of Fig. 12 is marked on the stress—strain curve in Fig. 11.
Stage 1 is the original state, used as a reference image
for the remaining stages. As shown in the shear strain and
principal strain diagrams of Stages 2 and 3, strain localiza-
tion appears at the tips of the two precracks with increas-
ing load. The stress—strain curve closely approximates a
straight line, which indicates that the specimen’s mechani-
cal behavior is elastic thus far. When the load is increased
into Stages 4 and 5 (82.0% of the peak strength), the
stress—strain curve has a steep drop. The observation of the
strain diagrams shows that SPZs and TPZs appear gradu-
ally on the surface of the specimen, especially at the tips of
the precracks, and both of these zones begin to merge. The
SPZs merge on the left side of the rock bridge area, and the
TPZs merge on the right. The merging of the process zones
also occurs before the macrocracks coalesce, and this phe-
nomenon can cause the stress—strain curve to fluctuate. As
the load continues to increase, as shown in the diagrams
for Stages 6 and 7, the TPZs and SPZs continue to merge
as the macrocrack propagates. This result indicates that
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Fig. 10 Evolution diagrams of the principal strain and shear strain for the 60°~120° specimen
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Fig. 11 Stress—strain curve of loading process of 45°-120° specimen

the failure of the specimen includes both shear stain coa-
lescence and tensile strain coalescence. When the load
reaches the peak strength, as shown in the diagrams for
Stage 8, only the TPZs merge, and the SPZ remains very
small in the bridge area. The new cracks coalesce through-
out the whole specimen. The peak strength is 27.2 MPa.
The peak strength is between those of the shear and tensile
coalescence modes. Following this stage, the stress—strain
curve near the peak strength has a step and then decreases
rapidly. The specimen retains some structural resistance
when the crack coalesces throughout the specimen. Com-
pared with the failure photograph in Fig. 6, the new crack
in the bridge area correlates well with the above analysis.
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dinate axis is the peak strength. The three curves represent
the specimens with crack inclination angles of 30°, 45° and
60°. This figure shows that as the bridge angle increases,
the peak strength of the specimens with the same incli-
nation angle first decreases, then increases, and finally
decreases. This fluctuation phenomenon is caused by the
mechanical behaviors of the different coalescence modes.
With the changes in the rock bridge, the strain localiza-
tion areas reinforce or weaken each other, which leads
to the differences in the peak strength. Moreover, when
the bridge angle remains unchanged, the peak strength
increases as the crack inclination angle increases. How-
ever, the 30°-30° specimen is a special case. When f=a,
the inclination angles corresponding to the peak strength
in descending order are a =60°, a=30°, and a =45°.
As shown in Fig. 13, the TPZs of the 30°-30° specimen
develop independently in the load direction according to
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the principal strain diagram, and the SPZs of the 30°-30°
specimen only exist at the tips of precracks according to
the shear strain diagram. Neither the TPZs nor the SPZs
merge in rock bridge area. Thus, macro coalescence does
not occur, and the peak strength of the 30°-30° specimen
is higher than that of the 45°-45° specimen. Apart from
this case, the peak strength increases as the crack inclina-
tion angle increases, and this variation trend is similar to
the experimental results on specimens with single cracks
(Zhao et al. 2011). Therefore, it can be concluded that the
peak strength is connected to the bridge angle and crack
inclination angle.

5 Numerical Simulation

Cracks lead to the discontinuity and nonlinearity of the
rock and cause opening, sliding, and other large deforma-
tion behaviors. Compared with experimental study, numeri-
cal simulation is more convenient for obtaining mechani-
cal information about cracks (Wong and Li 2013). Among
various numerical methods, the discrete element method
(DEM), based on the assumption of discontinuous and large
displacements, has inherent advantages in dealing with the
problem of cracking. The DEM allows for finite displace-
ment and rotation of the discrete bodies and can automati-
cally identify new contacts in the calculation process. To
better visualize the macroscopic crack development and
simulate the cracking behaviors efficiently in parallel, this
study adopts expanded distinct element method (EDEM) and
numerical code UDEC to simulate the cracking processes.
To solve the problem of the initiation and propagation
path of the macroscopic crack, the EDEM (Jiang et al. 2009)
is adopted in the present study. This method provides a crack
propagation path by setting up virtual cracks in all potential
cracking areas. Both the virtual cracks and the blocks simu-
late the mechanical properties of the rock. When the equiva-
lent stress state of the virtual crack satisfies the strength
criterion, the virtual cracks are given the material param-
eters of real cracks, and a new crack initiates. To describe a
tensile crack and a shear crack comprehensively, this paper
employs an independent strain strength criterion (Zhao et al.
2017); it contains a tensile crack judgment criterion based
on the principal strain and a shear crack judgment criterion
based on the Mohr—Coulomb criterion. This strain strength
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criterion assumes the following: (1) the tensile crack propa-
gates in the direction of the maximum principal strain, and
when the principal strain reaches a critical value (g,), the
tensile crack initiates. (2) The shear crack propagates in the
direction of the most dangerous stress state, and when the
stress state Mohr circle is over the Mohr—Coulomb failure
line, the shear crack initiates. The critical state expression is:

o, =(o3+ Ee) /v

1 + sin
o, =2cﬁ - ?
1 —sing

To apply the judgment of the tensile crack and shear crack
to the numerical simulation, two crack judgment factors are
defined:

—_

l1+sing - 2
3

c
1—sing

ﬁ = 03 — V0O, +E6t’ (3)

1+si 1+si
fi=o - +s?n(p63 e +s%n(p’ @)
) 1—sing 1—sing

where c is cohesion; g is the internal friction angle; €, is
the critical tensile strain; o; and o5 are the principal stresses
in the crack tip region when the pressure is positive; f; is the
judgment factor for the tensile crack and when f; > 0, the
tensile crack initiates; f; is the judgment factor for the shear
crack and when f; > 0, the shear crack initiates.

The plane size of the specimen is 100 x40 mm? according
to the laboratory test. To generate an appropriate number
of discrete bodies, the specimen is cut into a collection of
hexagonal blocks with side lengths of 1.5 mm by virtual
cracks. The bridge angles and bridge lengths are the same
as in the experiment, and the friction angle of the crack
surface is 35°. The model of the numerical simulation is
shown in Fig. 14; the loading plate on the top of the speci-
men is 10 mm, and the vertical displacement at the bottom
of the specimen is fixed. The block follows the Mohr—Cou-
lomb plasticity model (cons =3), and a triangle mesh with
a maximum edge less than 1 mm is generated in the inte-
rior. A contact-Coulomb sliding model is used for the crack
surfaces (jcon=2). The gravity stress is balanced prior to
loading. The displacement boundary is loaded on the top
of the specimen. Moreover, material parameters used in the
simulation are provided in Table 2, and these parameters are
obtained from the laboratory tests on the specimens (Zhao
et al. 2017). Different colors are set in advance to represent
cracks with different mechanical properties. All the speci-
mens are simulated using the above method.

In agreement with the experimental analysis, three rock
bridge coalescence modes can also be observed through
the direct observation of the tensile and shear cracks in the
numerical simulation results: shear coalescence, tensile
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Fig. 14 Numerical model

coalescence, and mixed coalescence. After the simulation
of the experimental specimens, the strength characteristics
of the specimens with different rock bridge angles are ana-
lyzed. The crack inclination angle is 45°, and the bridge
angle f varies from 0° to 180° in 22.5° increments. Mean-
while, combined with the numerical simulation results for
different friction angles @ (0°, 17°, 27°, 35°, and 42°), the
mechanisms of different bridge coalescence modes are stud-
ied. Consistent results are not achieved for the same speci-
men because of the difference between the numerical simu-
lation method and the real material. Therefore, to study the
general characteristics of all the coalescence modes more
representatively, the typical specimen selected by numerical
simulation is slightly different from the analyzed specimens
that yield the laboratory experimental results. From the gen-
eral rules of the different coalescence modes, the results of
the numerical simulation reflect the experimental phenom-
ena very well. This result provides a basis for the in-depth
study of the coalescence modes from a numerical aspect.

5.1 Shear Coalescence

Figure 15 shows the evolution diagrams for the crack prop-
agation in a typical specimen with the shear coalescence
mode. It is can be seen that following crack initiation, the
propagation rate of the precracks’ inner tips is larger than
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that of the outer ones. Within a short period after initiation,
the shear cracks of the precracks’ inner tips merge; shear
crack coalescence occurs in the rock bridge region. This out-
come is consistent with the results of the shear coalescence
mode using the DIC method.

To analyze the mechanism of shear coalescence in the
bridge area of the specimen with two parallel cracks, Fig. 16
shows the evolution diagrams of the horizontal displacement

field and the shear stress field in the numerical simulation.
It can be seen from the horizontal displacement field that
the anti-symmetric axis of the horizontal displacement field
of the rock bridge is a broken line in the early stages of the
experiment; this line is not coincident with the connection
of the precracks’ inner tips. However, when the shear cracks
initiate, the anti-symmetric axis becomes a straight line and
is coincident with the connection of the rock bridge. The slip

Table 2 Material parameters

of expanded distinct element Parameters Block Pre-existing crack Virtual crack New crack
model Density d (kg/m) 1810.00 - - -
Bulk modulus K (Pa) 7.41x10'° - -
Shear modulus G (Pa) 4.88%10'° - -
Normal stiffness k, (Pa/m) - 1.60x 10" 1.60% 10" 4.00% 10"
Tangential stiffness k; - 8.00% 10" 1.60x 10" 2.00x 10"
Cohesion ¢ (Pa) 1.80% 107 0 1.00% 10" 0
Internal friction angle ¢ 25.60 35.00 80.00 15.00
Tensile strength 6, (Pa) 1.50x 107 0 1.00x10'° 0
Dilation angle (°) 0 0 0 0
Fig. 15 Evolution diagrams of
crack propagation in shear coa-
lescence mode for the numerical
simulation (60°—60°specimen)
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Fig. 16 Evolution diagrams of the horizontal displacement field and the shear stress field for the numerical simulation (60°-60°specimen)
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on both sides of the rock bridge intensifies the further propa-
gation of the shear crack, which leads to the occurrence of
shear coalescence. Analysis of the diagrams of the shear
stress field: following crack initiation, the stress fields of
the crack tips interfere with each other, which causes stress
concentration in the rock bridge area (Identification point
1). With crack propagation, the shear stress concentration
strengthens gradually (Identification point 2). With shear
stress, slip failure appears on the both sides of the bridge,
resulting in the shear coalescence mode.

5.2 Tensile Coalescence

Figure 17 shows the evolution diagrams for the crack
propagation in a typical specimen with the tensile coa-
lescence mode; it can be seen that the new cracks initiate
at the precracks’ inner and outer tips. The new cracks are
mainly tensile cracks; shear cracks propagate slowly. At
Identification point 3, the tensile cracks of the precracks’

inner tips propagate unsteadily and suddenly coalesce
across the whole bridge area. This outcome is consistent
with the results of the tensile coalescence mode using the
DIC method.

To analyze the mechanism of tensile coalescence in
the bridge area of the specimen with two parallel cracks,
Fig. 18 shows the evolution diagrams of the princi-
pal stress field and the tensile stress distribution in the
numerical simulation. In the initial loading stage, a stress
concentration is generated at the crack tip. At the critical
coalescence time (Identification point 2), compared to the
crack initiation time (Identification point 1), the extension
of the tensile crack length is shorter, but the tensile stress
concentration degree and the distribution range increase
greatly. Thereafter, the rock bridge suddenly coalesces,
with stress release (Identification point 3). Therefore, the
tensile stress sustained accumulation phenomenon is the
poised stage of tensile coalescence; it is also the main
reason for the sudden coalescence.

Fig. 17 Evolution diagrams of
crack propagation in tensile coa-
lescence mode for the numerical
simulation (60°-90°specimen)
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Fig. 18 Evolution diagrams of the principal stress field and the tensile stress distribution for the numerical simulation (60°-90°specimen)
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Fig. 19 Evolution diagrams of

crack propagation in mixed coa-
lescence mode for the numerical
simulation (45°-120°specimen)
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Fig.20 Evolution diagrams of the principal stress field and the tensile stress distribution for the numerical simulation (45°—120°specimen)
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Fig.21 Evolution diagrams of the shear stress field for the numerical
simulation (45°-120°specimen)

5.3 Mixed Coalescence

Figure 19 shows the evolution diagrams for the crack propa-
gation in a typical specimen with the mixed coalescence
mode; it can be seen that the new cracks initiate at the pre-
cracks’ inner and outer tips. When the tensile cracks are
about to coalesce across the bridge, these cracks merges
with shear cracks (anti-wing cracks) at the cracks’ tips. The
rock bridge area coalesces. This outcome is consistent with
the results of the mixed coalescence mode using the DIC
method.

To analyze the mechanism of mixed coalescence in
the bridge area of the specimen with two parallel cracks,
Figs. 20 and 21 show the evolution diagrams of the principal
stress field, the changes in the tensile stress distribution, and
the evolution diagrams of the shear stress field. It can be  of the crack tips are compressed; thus, the cracks are arrested
seen from the diagrams that the tensile stress concentration ~ when the tensile cracks propagate to the surrounding areas.
at the crack tips at initial loading and the interference occur ~ Following this stage, the shear stress concentration in the
in the rock bridge area. However, the anti-wing cracks area  anti-wing crack zone can be observed in the shear strain
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diagrams. Tensile cracks caused by tensile stress concentra-
tion and shear cracks caused by shear stress concentration
coalesce together across the bridge area.

5.4 Other Factors

According to the previous studies, the influence of crack
arrangements and internal friction coefficients on coales-
cence modes and strength properties of the specimens are
classic problems and have been studied extensively (Wong
and Chau 1998; Wong and Einstein 2009b, c; Li and Ma
2009; Park and Bobet 2010; Wong and Li 2013). Using
UDEC as the numerical tool, the present study has system-
atically simulated the coalescence mode and peak strength
of specimens with different bridge angles and friction coeffi-
cients. The strain strength criterion is adopted in the numeri-
cal models to simulate the initiation, propagation, and coa-
lescence processes of new cracks. In this section, the effects
of different bridge angles and crack surface friction angles
on the strength properties and coalescence modes are stud-
ied by the numerical mothed. To control the variables, the
crack length and bridge length are defined. The crack length
is 10 mm; the bridge length is 12 mm. These values ensure
not only that the rock bridge angle is small (there remains a
distance from the crack boundary of the specimen) but also
that the adjustment of the bridge length can be realized.

5.4.1 Analysis of Different Bridge Angles

The bridge angle f varies from 0° to 180° in 22.5° incre-
ments, the crack inclination angle « is 45°, and the friction
angle of the crack surface is 35°. The results of the numeri-
cal simulation are consistent with the mechanisms of the
three coalescence modes described above. However, when
the bridge angle is too small (0° and 22.5°) or too large
(157.5° and 180°), coalescence does not occur. When the
bridge angle is small, there are two anti-symmetric regions
of the horizontal displacement field on both sides of the
rock bridge as a crack initiates. With the continuous propa-
gation of wing cracks, the two regions are gradually inte-
grated, which inhibits the initiation of shear cracks in the
rock bridge; therefore, shear coalescence does not occur.
The principal stress field can be obtained experimentally: in
the initial stage of loading, the stress fields of the two cracks
interfere with each other in the rock bridge; the tensile con-
centration is not high in the bridge. With the propagation of
wing cracks, the rock bridge becomes compressed; there-
fore, when the bridge angle is small, tensile coalescence
does not occur. When the bridge angle is large, it is found
that the bridge is mainly compressed according to the dia-
grams of principal stress and tensile stress; in contrast, the
tensile stress is highly concentrated at the outer tip. Thus,
coalescence cannot occur in the bridge. Then, the strength
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characteristics of specimens with different rock bridge
angles are studied. Figure 22 shows the peak strength of the
different specimens and several bridge coalescence modes.
It can be seen that the bridge angle affects not only the crack
coalescence mode but also the peak strength of the speci-
mens. This observation is consistent with the experimen-
tal results. With the change of the bridge angle from 0° to
180°, the strength of the specimen first increases and then
decreases, then increases again, and finally decreases. The
strength is the lowest when the bridge angle is 90°, and the
tensile coalescence mode occurs at this time. Tensile cracks
are generated earlier than shear cracks under uniaxial com-
pression, and following tensile coalescence, the stress—strain
curve reaches the peak value very quickly; thus, the strength
decreases. The strengths of the shear coalescence mode and
non-coalescence mode are higher. Owing to the crack char-
acteristics and the generation mechanism, the strength of
the mixed coalescence mode is in between those of the ten-
sile and shear coalescence modes. The peak strength curve
obtained by the numerical method is consistent with Wang
and Chau’s (1998) experimental results.

5.4.2 Analysis of Different Friction Angles

The mixed coalescence mode occurs in a 45°-67.5° speci-
men. Thus, the study of the mechanical characteristics of
this specimen is more significant for reference because of the
appearance of tensile and shear cracks. Select 67.5° as the
reference bridge angle; change only the crack surface fric-
tion angle (0°, 17°, 24°, 35°, and 42°). A numerical simula-
tion is used to study the effects of different crack friction
angles on the crack propagation in and the strength of the
specimen. Figures 23 and 24 show the crack propagation
path, peak strength, and coalescence stress of the specimens

36
=—O= Non-coalescence o
34 b 0, —A— Shear coalescence
\ —m™— Mixed coalescence
A —@— Tensile coalescence
32

30 | /
28 |
26 \

24 1 1 1 1 1 1 1
0.0 225 45.0 67.5 90.0 1125 135.0 157.5 180.0

Bridge angle (°)

Peak strength (MPa)

Fig.22 Peak strength and coalescence modes for different bridge
angles (¢=45°)
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with different friction angles. Several conclusions can be
drawn from these figures.

From the aspect of the mechanical properties of the speci-
men, the larger the friction angle is, the more obvious the
shear characteristics of the specimen. When the friction
angle is small (0°, 17°, and 27°), tensile cracks dominate
the failure. When the friction angle is large (35° and 42°),
tensile and shear cracks dominate the failure together. When
considering the crack surface friction effect, crack propaga-
tion needs not only to provide the surface energy but also
to overcome the energy loss caused by the friction effect.
Therefore, the resistance of the specimen increases, the
crack propagation process is prolonged, and the shear crack
is more easily propagated under high stress.

From the aspect of the coalescence properties of the rock
bridge, when the friction angle is small (0°, 17°, and 27°),
the wing cracks at the inner tips merge; when the friction
angle is large (35° and 42°), the wing cracks at the inner
tips merge by shear cracks. Thus, with increasing friction
angle, the coalescence mode slowly changes from tensile
coalescence to mixed coalescence.

From the aspect of the strength properties, with the
increase in the friction angle, the coalescence stress first
increases and then becomes stable; the peak strength
increases gradually, and the ratio of coalescence stress to
peak strength increases. This numerical result is consist-
ent with the previous experimental studies (Wong and Chau
1998; Park and Bobet 2010). When the friction angle is
small (0°, 17°, and 27°), the coalescence stress increases
with increasing friction angle, the coalescence stress is the
same as the peak strength, and the specimen shows brit-
tle failure. When the friction angle is large (35° and 42°),
although the coalescence stress remains unchanged, the peak
strength increases with the larger friction angle; this result
shows that the failure process of the specimen increases
ductility.

35
I coalescence stress
V) Peak strength %
30
7
25 -

Stress (MPa)

0.3 0.5 0.7 0.9
Friction coefficient

Fig. 24 Strength of the specimen with different friction angles (45°—
67.5° specimen)

6 Conclusions

In this study, the full-field strain and coalescence modes
of rock-like materials with two parallel cracks under uni-
axial compression are experimentally studied using the
DIC method. The specimens used in this study have differ-
ent geometries (inclination angle and bridge angle). Two
process zones are defined according to the investigation
of the high strain concentration area, and representative
specimens are discussed in terms of the strain approach
and process zone to clarify three coalescence modes.
Moreover, numerical studies are carried out on the basis
of the EDEM. Using the distinct element code UDEC as
the numerical tool, the present study efficiently simulates
the coalescence modes of two pre-existing parallel cracks
in a rock under compression. The strain strength crite-
rion is adopted in the numerical models to simulate the

Fig. 23 Diagrams of crack
propagation of the specimen
with different friction angle
(45°-67.5° specimen)

0°

17°

27° 35° 42°
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initiation of new cracks. The simulation results are gener-
ally in good accordance with the experimental results. The
specific conclusions are as follows:

1. Two process zones can be defined by the high strain
field obtained by the DIC method: a shear process zone
(SPZ), which can be observed as high shear strain con-
centration, and a tensile process zone (TPZ), which can
be observed as high tensile strain concentration. Three
coalescence modes can be found: a shear coalescence
mode, a tensile coalescence mode, and a mixed coales-
cence mode. The shear coalescence mode means that the
SPZs of two pre-existing cracks merge. The tensile coa-
lescence mode means that the TPZs of two pre-existing
cracks merge. Mixed coalescence means that both the
TPZs and SPZs of two pre-existing cracks merge.

2. The stress—strain curves for different coalescence modes
are systematically studied. It is found that the stress—
strain curves have four typical stages—elastic stage,
steep drop stage, fluctuation stage, and coalescence
stage. Furthermore, the merging of the process zones
occurs before the macrocracks coalesce, and this phe-
nomenon can cause the stress—strain curve to fluctuate.

3. The peak strength is related to the bridge angle as well
as the crack inclination angle. As the bridge angle
increases, the peak strength of the specimens with the
same inclination angle first decreases, then increases,
and finally decreases. When the bridge angle remains
unchanged, the peak strength increases with increas-
ing crack inclination angle, except for non-coalescence
specimens.

4. Numerical modeling by the expanded distinct element
method and the strain strength criterion efficiently sim-
ulates the different coalescence modes (shear coales-
cence, tensile coalescence, and mixed coalescence) of
the experimental study. The bridge angle affects not only
the crack coalescence mode but also the peak strength
of the specimen. Moreover, when the friction angle of
the crack surface increases gradually, the shear failure
characteristics of the specimen are increasingly obvious,
and the coalescence mode slowly changes from tensile
coalescence to mixed coalescence. The peak strength
increases gradually, and the ratio of coalescence stress
to peak strength increases.
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