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Abstract

In this study, full-field strain evolution and characteristic stress levels of marble samples containing a single pre-existing flaw
were comprehensively studied. The full-field strain was performed by digital image correlation (DIC) method, and the variations
of characteristic stress levels with respect to inclination angle were discussed. To compare the experimental results, discrete
element method was adopted, and the full-field stress evolution was reproduced to reappraise the localization zones. The results
indicate that the presence of pre-existing flaws induces strain localization and degradation of mechanical properties for pre-
cracked samples. When the strain localization firstly appeared surrounding pre-existing flaws, the axial stress levels at this
moment increase with regard to inclination angle, leading to the increase of peak strength, crack initiation stress, crack damage
stress, and normalized crack initiation stress. The normalized crack damage stress obtained by experiments shows flaw inde-
pendency, and the results were verified by simulation results. Based on the full-field stress evolution, the tensile stress in x
direction concentrates around pre-existing flaw and its location moves towards flaw tips with the increase of inclination angle.
The compressive stress in y direction around pre-existing flaw is lower than other zones, revealing the upper and bottom surfaces
of pre-existing flaw deform to each other. When the numerical models are subjected to same axial loading, the full-field stress
around pre-existing flaw decrease as the inclination angle increases, which confirmed the results of full-field strain evolution and
elucidated the pre-existing flaw with large inclination angle has less effect on degrading the mechanical properties.

Keywords Pre-existing flaw - Digital image correlation method - Full-field strain evolution - Characteristic stress levels - Discrete
element method

Introduction

Rocks containing initial defects at different scales behave var-
ious mechanical and deformation properties, which are closely
associated with the growth of microcracks. The initiation and
propagation of microcracks dominantly lead to the instability
and failure of practical rock engineering, e.g., rock burst in
deep mining, excavation damage zones in nuclear disposal
storage, and slope instability (Brideau et al. 2009;
Esterhuizen et al. 2011). Therefore, investigation on the crack-
ing process as well as characteristic stress levels of pre-
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cracked samples is significant to understand the failure behav-
ior of rock materials.

Numerous experimental investigations had been conducted
to study the cracking processes of pre-cracked samples.
Initially, polymethylmethacrylate (PMMA), as a kind of ho-
mogeneous materials, was selected to confirm the validity of
ideal sliding crack model (Nemat-Nasser and Horii 1982).
Then by inserting steel slices into uncured gypsum or cement,
the rock-like samples with different pre-existing flaws were
prefabricated to study the cracking processes and mechanical
properties for rocks (Sagong and Bobet 2002; Feng et al.
2018; Liu et al. 2018). The secondary cracks were more dif-
ficult to initiate than wing cracks under uniaxial compression
(Park and Bobet 2010), while the initiation position of wing
cracks moved to the flaw center or disappeared under high
confining stresses (Bobet and Einstein 1998). Moreover, the
crack coalescence was mainly caused by secondary cracks
under uniaxial compression and was only induced by second-
ary cracks when samples were subjected to high confining
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stress (Bobet 2000). Due to the fact that microstructures of
rock materials are heterogeneous and the properties of mineral
components are different, investigations on rock-like mate-
rials with homogeneous microstructure are not enough for
understanding failure behaviors of rocks. With the develop-
ment of technique for sample preparation, prefabricating flaws
in rocks was available, and numerous experiments were ac-
cordingly conducted to investigate the cracking process of
natural geomaterials. (Li et al. 2005) investigated the acoustic
emission (AE) characteristics and cracking properties of mar-
ble samples containing a single pre-existing flaw, it is found
that the cracking properties between marble and rock-like ma-
terial were considerably different. By utilizing high-speed
camera to monitor failure processes, the types of cracks initi-
ated in rock samples containing a single pre-existing flaw
were determined (Wong and Einstein 2009; Yang and Jing
2011), and the coalescence processes of rock materials were
investigated (Feng et al. 2009; Cheng et al. 2015; Zhang et al.
2019b). Even though numerous investigations had been con-
ducted on cracking processes of pre-cracked samples, the
characteristic stress levels representing crack initiation and
propagation are not systematically studied.

As an effective full-field and non-contact measurement
method, digital image correlation (DIC) method has been uti-
lized in experiments for rock materials (Zhang et al. 2015) and
pre-cracked samples (Lin et al. 2019; Yang et al. 2019). The
crack initiation and coalescence processes of pre-cracked sam-
ples prepared by rock-like materials were analyzed; the full-
field strain obtained by DIC was consistent with the processes
of crack growth (Zhao et al. 2018, 2019), revealing that the
DIC method is useful and efficient to investigate the full-field
strain evolution of pre-cracked samples. However, the varia-
tions of full-field strain with respect to inclination angle and
the relationship between full-field strain and characteristic
stress levels of pre-cracked rocks are not well understood.

In the study, marble samples containing a single pre-
existing flaw were compressed to failure under uniaxial com-
pression. The mechanical characteristics, particularly charac-
teristic stress levels, were analyzed with regard to inclination
angle, and the full-field strain during compression was calcu-
lated based on the DIC method. Furthermore, to verify the
experimental results, discrete element method (DEM) was
adopted for simulation, and the full-field stress was obtained
for explaining the strain localization phenomenon.

Sample preparation and experiment
methodology
Sample preparation

As presented in Fig. 1c, the dimensions of samples were 50 mm
in width, 100 mm in height, and 20 mm in thickness,
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respectively. By using the machine of wire-electrode cutting,
the pre-existing flaws with seven kinds of inclination angle o
varying from 0° to 90° were prefabricated; the width and length
of the flaw were 1 mm and 15 mm, respectively. In order to
meet the calculation requirements of DIC, the speckles with
random gray intensity distributions should cover the samples
to deform together with their surfaces (Fig. 1b). To obtain the
speckles, the white paint was first sprayed on the sample sur-
faces uniformly and then the black paint was randomly covered
upon them (Zhao et al. 2019).

Experimental equipment

The experimental equipment employed in this study consists of
three parts, including rock mechanics test system, acoustic emis-
sion (AE) system, and high-speed camera system. As illustrated
in Fig. 1a, the axial loads were applied along y direction by rock
mechanics test system (MTS 815.04) with 4600 kN maximum
axial loading capability; the axial loading velocity was set as
0.0005 mm/s to ensure the samples were in quasi-static condi-
tion. Meanwhile, due to the circumferential strain gauge was
difficult to be used for prismatic samples, the AE system with
six AE sensors (Fig. 1b) was utilized to determine crack initia-
tion stress o;. The threshold level for triggering AE recording
was set as 45 dB to eliminate the influence of background noise.
The test of pencil-lead breaking was employed to ensure the
sensors had good contact with samples, and the two sides of
samples were treated by petroleum jelly to eliminate end-
friction effect. In order to capture the deformation images of
sample surfaces for following DIC analysis, the high-speed cam-
era system including a charge-coupled device (CCD) camera,
light source, and image acquisition computer was employed.
The light source was configured in front of samples to improve
the quality of images. The sampling rate of CCD camera is 50
frames per second, and the resolution is 1624 x 1236 pixels.

Digital image correlation method

To obtain the full-field strain during experiment, an open source
DIC software (Ncorr) was utilized (Blaber et al. 2015). By
uninterruptedly tracking and matching the same subset of two
images captured before and after deformation, the displacement
and strain can be calculated. As shown in Fig. 2, given that
there are (2N + 1) X (2N + 1) pixels in the subset of which cen-
ter is represented by point P(xy, yy), the point O(x;, y;) represents
a random pixel, and its displacement can be calculated by fol-
lowing the equations (Blaber et al. 2015),
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Fig. 1 Experimental equipment
and sample dimension. a
Experimental equipment. b
Zoom-in view of zone A. ¢
Sample dimension
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where the symbols &, 2. 2 and 2" are the first-order displace-
. y X y .
ment gradients of the reference subset; u, and v, are the dis-
placement components of the reference subset center along x
and y direction.
After getting displacements, the corresponding strain com-
ponents in x and y directions are calculated as follows (Blaber

et al. 2015),
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Experimental results
Mechanical characteristics

After the samples were compressed to failure, the curves of
stress versus strain are plotted in Fig. 3a. The peak strength
and peak strain of intact sample are 113.4 MPa and 0.52%,
respectively. The pre-existing flaw can to some extent degrade
the mechanical properties of intact sample. As presented in
Fig. 3b, the peak strength and strain of pre-cracked samples
as well as their normalized values generally become larger
when the inclination angle increases; the variation ranges of
peak strength and strain are 72.5~113.0 MPa and 0.40~0.51%,
respectively. When the inclination angle approaches 90°, the

calculation principle of the DIC

method. a Reference image —
before deformation. b Current y (%
image after deformation L
(modified after Pan et al. (2009)) — P (% 0)
2N+1 ON+1 L
Reference subset deformation 0 (x.3)

Deformed subset
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Fig. 3 Mechanical characteristics of pre-cracked samples, a stress-strain curves, b peak strength, strain, and their normalized values as a function of
inclination angle (peak strength and strain of pre-cracked samples are normalized by the corresponding values of intact samples)

normalized peak strength and strain are close to 1.
Furthermore, similar to the findings of Liu et al. (2015), the
pre-existing flaws with different inclination angles have di-
verse impacts on mechanical characteristics. As the inclination
angle increases from 0° to 90°, the mechanical characteristics
of pre-cracked samples first change without obvious varia-
tions and then increase dramatically.

Crack initiation and damage stress levels

The failure process of rock under compression can be divided
into five stages: (I) crack closure; (II) elastic deformation; (III)
crack initiation and stable crack growth; (IV) crack damage
and unstable crack growth; (V) failure and post-peak behavior
(Brace et al. 1966; Bieniawski 1967; Martin and Chandler
1994; Eberhardt et al. 1998). At the onset of loading, the
stress-strain curve behaves non-linear in the stage I, and the
axial stiffness increases progressively. When the axial stiffness
almost stays unchangeable, the rock enters stage II and the
corresponding stress level is defined as crack closure stress
oc.- At the end of stage 11, the initiation and propagation of
microcracks occur in rocks in a stable manner; the stress level
is defined as crack initiation stress o;, which usually repre-
sents the in situ spalling strength (Nicksiar and Martin 2012).
In addition, during the stage IV, the microcracks propagate
and coalesce in an unstable manner; the stress level in the
beginning of stage IV is crack damage stress o4, which rep-
resents the onset of true yield (Diederichs et al. 2004).
Therefore, the crack initiation and damage stresses are of im-
portance to estimate the cracking processes of microcracks in
rocks.

To date, many methods have been utilized to determine
characteristic stress levels for intact rocks, including crack
volumetric strain method (CVSM), radial strain method
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(RSM), axial stiffness method (ASM), and acoustic emission
method (AEM) (Eberhardt et al. 1998; Diederichs et al. 2004;
Zhao etal. 2013, 2015a, b; Amann et al. 2014; Moradian et al.
2016; Zhang et al. 2019a, 2020). Based on the results summa-
rized from 953 tests, Li et al. (2020) overviewed the charac-
teristic stress levels of intact rocks and indicated that normal-
ized crack initiation stress is about 0.48 and normalized crack
damage stress is about 0.79. In contrast, the investigations on
characteristic stress levels of pre-cracked samples are scarce.
Previously, the crack initiation stress o; was usually obtained
by direct observation method (DOM). Once the macroscopic
cracks observed directly by naked eyes initiate from pre-
existing flaw, the corresponding axial stress level is regarded
as crack initiation stress o; (Wong and Einstein 2006; Zhuang
et al. 2014; Miao et al. 2018; Zhao et al. 2018). Based on
previous experimental results under uniaxial compression,
normalized crack initiation stress of samples containing a sin-
gle pre-existing flaw with different inclination angles is sum-
marized in Table 1. Even though normalized crack initiation
stress of gypsum or rock-like material seems to present in-
creasing tendency as the inclined angle increases, not all mac-
roscopic cracks can be observed in rock materials before peak
strength (e.g., marble and sandstone), thus using DOM to
determine the crack initiation stress o; of pre-cracked rocks
may be not efficient.

To overcome above problems, this study used AEM
adopted by Eberhardt et al. (1998) and Amann et al. (2014)
to determine crack initiation stress o.; and ASM adopted by
Diederichs et al. (2004) and Diederichs (2007) to identify the
crack damage stress o.q. As illustrated in Fig. 4, the stress
level corresponding to the turning point where AE counts
increase obviously is regarded as the onset of crack initiation,
namely crack initiation stress o;. The crack initiation stress of
0°, 30°, 60°, and 90° samples are 36.0 MPa, 36.8 MPa,
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Table 1  Normalized crack initiation stress of different samples containing a single pre-existing flaw under uniaxial compression experiments
Sample Normalized crack initiation stress oi/oy, (%) Flaw Flaw Flaw Reference
material length (mm) width (mm) condition
0° 15° 30° 45° 60° 75° 90°

Marble 7434  — 94.94 98.16 — — — 15 1 Open This study
Sandstone 56.15  59.50 76.50 8230 87.43  99.19% 89.50*% 2 2 Open Miao et al. (2018)
Gypsum  ~80.92 — ~80.92 ~9293 ~99.65 — — 12.5 1.27 Open Wong and

Einstein (2006)
Rock-like — ~85.53 ~84.53 ~8591 ~93.08 ~9497 — 15 1 Open Zhuang et al. (2014)

material

Gypsum  — ~77.18 ~83.3 ~83.06 ~669 ~89.7 — 14 — Almost close  Zhao et al. (2019)
Gypsum  ~46.29 ~70.0 ~79.5 ~90.5 ~9.5 ~100 — 12.5 0.1 Almost close  Wong and Einstein

(2006)
Sandstone 87.00  80.80 86.25 88.03 89.00  82.00*% 99.28* 25 2 Gypsum Miao et al. (2018)

filling
Sandstone 73.53*% 92.70* 69.20 7539 9554  96.80 96.76* 25 Cement filling Miao et al. (2018)
Sandstone  78.79*  91.10* 88.74*  50.65*% 4591* 72.68*% 37.77*% 25 Resin filling ~ Miao et al. (2018)
Rock-like — ~77.61 ~79.25 ~82.01 ~8491 ~8641 — 15 1 Gypsum Zhuang et al. (2014)
material filling

“*” indicates macroscopic cracks occur in the post-peak stage; “— indicates no macroscopic cracks occur before failure; “~” indicates approximate

values obtained from relevant curves

63.1 MPa, and 80.6 MPa, respectively. For crack damage
stress o, the axial stress level where axial stiffness decreases
is regarded as o4, and the crack damage stress of 0°, 30°, 60°

95.4 MPa, respectively. By utilizing the same method, the
characteristic stress levels of other samples with different in-
clination angles are determined, and the results are summa-

and 90° samples are 56.7 MPa, 63.6 MPa, 80.9 MPa, and rized in Table 2.
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Table 2  Characteristic stress levels obtained in this study

Angle (°) o, (MPa) oy (MPa) o4 (MPa) o, (MPa) o./o, 0.40,
0 25.5 36.0 56.7 72.5 0.497 0.782
15 28.0 353 57.8 78.7 0.449 0.734
30 24.6 36.8 63.6 75.2 0.489 0.846
45 29.3 447 60.8 79.6 0.562 0.764
60 30.4 63.1 80.9 94.7 0.666 0.854
75 39.2 74.5 85.3 102.0 0.730 0.836
90 447 80.6 95.4 113.0 0.713 0.844

Oces Ocis and oq represent crack closure stress, crack initiation stress, and
crack damage stress, respectively. o, represents peak strength. o./o;, and
0.4/0, are crack initiation stress and damage stress normalized by peak
strength

The variations of characteristic stress levels are plotted in
Fig. 5; the crack initiation and damage stresses exhibit increas-
ing tendencies with the increase of inclination angle. When
the inclination angle is small, the crack initiation and damage
stresses change slowly, while these stresses increase dramati-
cally when the inclination angle is large (Fig. 5a). In addition,
the normalized crack initiation stress generally behaves in an
increasing trend (Fig. 5b), revealing the microcracks with
large inclination angle are more difficult to initiate than these
with small inclination angle. Compared with the results of
gypsum or rock-like material in literatures (Wong and
Einstein 2006; Zhuang et al. 2014; Miao et al. 2018; Zhao
et al. 2018), the normalized crack initiation stress obtained
by DOM generally increases and agrees well with the results
obtained in this experiment. However, the normalized crack
initiation stress obtained by DOM is higher than that obtained
by acoustic emission method (Fig. 5b), because AE technique
can detect the microscopic fracture prior to macroscopic frac-
ture. In terms of crack damage stress, though the stress in-
creases as the inclination angle increases, its normalized stress
fluctuates around a constant (~0.8).
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Full-field strain evolution

To obtain the full-field strain evolution during experiments, the
photos captured from the onset to the end of experiments were
analyzed based on the DIC method. As illustrated in Fig. 6, the
full-field strain evolution processes of pre-cracked samples with
0°, 15°, and 30° inclination angle are illustrated. For 0° and 15°
samples (Fig. 6a, b), the strain in x direction appeared localiza-
tion phenomenon at stage B and the strain localization (SL)
zones I and II symmetrically concentrated around the center
of pre-existing flaw. When the axial stress increases into stage
D, the SL zones 111, IV, and V occurred in 0° sample, and the SL
zones III and IV appeared in 15° sample, resulting in the evo-
lution of the SL zone II formed previously was constrained.
Therefore, the SL zones chronologically formed around pre-
existing flaw can interact with each other, and the damage or
fracture processes of pre-cracked samples are complicated. As
the axial stress increases to peak strength, more SL zones
formed and four obvious SL zones were distributed around
pre-existing flaws. In comparison, the strain evolution process
0f 30° sample during stage A to stage D was similar with 0° and
15° samples, while only two obvious SL zones were distributed
around pre-existing flaw when sample failed.

Figure 7 is the full-field strain evolution of pre-cracked
samples with 45°, 75°, and 90° inclination angle. In contrast
with above samples, the strain evolution process of 45° sam-
ple was similar to 30° sample, and two obvious SL zones
appeared around pre-existing flaw when axial loading ap-
proaches its peak strength (Fig. 7a). However, the 75° and
90° samples have different strain evolution processes; the SL
zones are difficult to form at the onset of axial loading (i.e.,
stage A to D in Fig. 7b, ¢). When the sample approaches
failure, the SL zones suddenly formed and sample failed
violently.

Based on above analysis, the variations of characteristic
stress levels with regard to inclination angle have some rela-
tionship with the full-field strain evolution. Obviously, the

Inclination angle (°)

Fig. 5 Characteristic stress levels with regard to inclination angle. a Crack initiation and damage stresses. b Normalized crack initiation and damage

stresses
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Fig. 6 Full-field strain evolution of pre-cracked samples with different inclination angles. a 0° sample. b 15° sample. ¢ 30° sample

width of pre-existing flaws fabricated artificially is not small
enough, which results in the upper and bottom surfaces de-
form to each other (Fig. 8a). Accordingly, the SL zones
representing the crack initiation firstly form around the flaw
center. Then the SL zones occur in the tips of pre-existing
flaw, which is same to the ideal sliding crack (Fig. 8b)
modeled by Horii and Nemat-Nasser (1985). As illustrated
in Fig. 8c, when the SL zones firstly form around pre-
existing flaw, the axial stress levels at this moment are differ-
ent in terms of inclination angle. As for pre-cracked samples
with small inclination angle, the variations of axial stress
levels where SL zones first appear change slightly. With the
increase of inclination angle, the SL zones are difficult to form

for the first time. Therefore, the upper and bottom surfaces of
pre-existing flaws with large inclination angle are hard to de-
form to each other, which can explain why mechanical char-
acteristics, namely peak strength, crack initiation, and damage
stresses, increase with respect to inclination angle.

DEM simulation and results
DEM proposed by Cundall and Strack (1979) is an effective
method to simulate the mechanical characteristics and cracking

processes of rock materials (Potyondy and Cundall 2004; Cho
et al. 2007; Li et al. 2018a, 2019). During the last few decades,
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Fig. 7 Full-field strain evolution of pre-cracked samples with different inclination angles. a 45° sample. b 75° sample. ¢ 90° sample

the behaviors of pre-cracked samples under compression had
been studied based on this method (Liu et al. 2016; Lee et al.
2017). By taking advantage of particle flow code (PFC), the
cracking processes of rock-like materials containing a single
pre-existing flaw were simulated (Zhang and Wong 2012); the
mechanical characteristics and coalescence behavior of cracks
generated in red sandstone with two parallel pre-existing flaws
were investigated (Yang et al. 2014). Furthermore, as the cracks
initiate and propagate in pre-cracked samples, the full-field dis-
placements were obtained and illustrated for better understand-
ing the fracturing processes (Jin et al. 2017). Accordingly, the
discrete element method was selected in this study to verify and
explain the experimental results.
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Model generation and parameter calibration

In this work, PFC was utilized to mimic the rock samples
containing a single pre-existing flaw. The rectangular nu-
merical models with 50 mm in width and 100 mm in
height were assembled by 35,082 rigid particles of which
radii vary from 0.3 to 0.498 mm and follow uniform dis-
tribution (Fig. 9a). To generate the pre-cracked models,
the area owning same geometric size with pre-existing
flaw (I mm in width and 15 mm in length) was defined,
and then the particles among it were deleted from intact
sample (Fig. 9a). In this study, the contact model for glu-
ing these particles is parallel bond model (PBM), which
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Fig. 8 Schematics of crack evolutions and the full-field strain distribu-
tions of samples at the onset of axial loading. a Schematic of crack
evolution (SL is the abbreviation of strain localization). b Schematic

can be envisaged as a set of elastic springs uniformly
located over a rectangular area between two adjacent par-
ticles (Cho et al. 2007; Zhang and Wong 2012; Zhang
et al. 2016). By setting micro-parameters to follow
Gaussian distributions, the heterogeneity of rock materials
can be better mimicked (Diederichs et al. 2004).
According to Newton’s second law and force-
displacement law, the set of elastic springs would deform
during simulations. As illustrated in Fig. 9b, when the
adjacent particles move away from each other along the
normal direction and the stress applied between them ex-
ceeds the tensile strength, the normal spring breaks and
tension crack forms. On the other hand, the shear crack
forms when the adjacent particles move away from each
other along the tangential direction and the stress exceeds
shear strength. When the microcracks cluster and coalesce
to some extent, the DEM model fails and macroscopic
fracture surfaces occur. Moreover, in order to accurately
model the loading condition in experiments, the upper
loading platen in DEM simulation was fixed, and the com-
pressive stress was applied by moving bottom loading
platen at a constant velocity (Fig. 9a).

evolution process of ideal sliding crack (modified after Horii and
Nemat-Nasser (1985)). ¢ Full-field strain distributions of samples at the
onset of axial loading

In DEM simulation, the micro-parameters are difficult
to determine by conducting laboratory experiments due
to their ambiguous relationship; thus, parameter calibra-
tion is an essential step before simulation and is usually
based on “trial and error” method adopted by Lee and
Jeon (2011), Zhang and Wong (2012), and Li et al.
(2016). In terms of the simulation of pre-cracked sam-
ples, when the peak strength of intact and pre-cracked
samples in simulation agrees well with the experimental
results, the variations of characteristic stress levels would
be more convincible. Therefore, based on the calibration
processes of Jin et al. (2017), the mechanical properties
of intact sample were firstly calibrated in this study and
then the pre-cracked samples with same micro-
parameters were simulated. If the peak strength of pre-
cracked samples in simulation did not agree well with
the experimental results, the micro-parameters would be
changed and the models were simulated again. After nu-
merous tests of simulation, the micro-parameters that
have good effects for simulation are shown in Table 3,
and the comparison of mechanical properties between
experiment and simulation is presented in Fig. 10. The

@ Springer



3154

L. Liuetal.

Fig. 9 DEM models and
principles of PBM. a DEM

(2)

Fixed

Fixed

models. b Principles of PBM } Height:Width=2:1
(modified after Cho et al. (2007),
Li et al. (2018a, b), and Wu et al.
(2020))
:
S
-
y
Loading Loading
Intact sample Pre-cracked sample
(b) Local coordinaie/ \
Slide
4 3 /0;7ening - \‘
Crack length [0 Crack length
VA Shear crack—>,\¥
Move direction YAN
S .
QO‘Q Tension crack 5, Shear crack |8l
Table 3 Micro-parameters adopted in DEM simulation peak strength and elastic modulus obtained by DEM sim-
. ulation are 114.6 MPa and 30.8GPa, respectively, which
Micro-parameters Values . . . .
are in good consistent with the experimental results (the
Minimum particle radius Ry, 0.3 (mm) peak strength is 113.3 MPa and the elastic modulus is
Particle radius ratio Rax/Rimin 1.66 31.0 GPa). The microcracks induced by the breakage of
Particle elastic modulus E,, 14.5 (GPa) PBM are mainly consisted of tensile cracks (Fig. 10a),
Particle stiffness ratio ky/k; 1.7 which accords with the results of SEM observation con-
Parallel bond elastic modulus Ep 14.5 (GPa) ducted by Tapponnier and Brace (1976) and Kranz
Parallel bond elastic modulus &, /%, 1.7 (1979). In addition, the peak strength and elastic modu-
Friction coefficient 12 0.76 lus of pre-cracked samples obtained by DEM simulations

Tensile strength (ave + std.dev)
Shear strength (ave =+ std.dev)

29.8+2 (MPa)
45.8+2 (MPa)

The symbol ave represents average value; the symbol std.dev represents
standard deviation

@ Springer

generally increase with respect to inclination angle and
do not have great difference with the experimental re-
sults, revealing the parameters calibrated are effective
and can be used for following analysis.
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Fig. 10 Comparison of mechanical properties between experiment and
simulation. a Mechanical properties of intact sample obtained by
experiment and simulation (curve of axial stress obtained by simulation

Crack initiation and damage stress levels

To verify the experimental results of characteristic stress
levels, the crack initiation and damage stresses of DEM
models with different inclination angles are determined
for comparison. Based on previous studies, there are
many methods adopted for determining crack initiation
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Inclination angle (°) Inclination angle (°)

is tranformed along x axis for better comparison). b Peak strength of pre-
cracked samples obtained by experiments and simulations. ¢ Elastic mod-
ulus of pre-cracked samples obtained by experiments and simulations

stress in DEM simulation, such as direct observation
method (Zhang and Wong 2012), crack number ratio
method (Jin et al. 2017), and Poisson ratio method
(Diederichs et al. 2004; Diederichs 2007). In direct ob-
servation method, crack initiation stress is considered
as the axial stress level where the first microcrack is
observable (Zhang and Wong 2012). In crack number
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Fig. 11 Determination on crack initiation and damage stresses of pre-cracked samples by using the Poisson ratio method and ASM. a 0° sample. b 30°

sample. ¢ 60° sample. d 90° sample
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Table 4  Characteristic stress levels obtained by DEM simulation

Angle (°) o (MPa) o, qa(MPa) o, MPa) o0, oo,
0 304 69.1 72.4 0420 0955
15 27.6 76.7 78.2 0.353  0.981
30 224 70.0 75.7 0296  0.925
45 30.0 73.8 79.6 0377  0.927
60 29.2 79.2 90.2 0324  0.878
75 43.0 95.0 101.5 0424  0.936
90 72.7 102.8 111.0 0.655  0.926

0. 0cq» and oy, represent crack initiation stress, crack damage stress, and
peak strength, respectively. o.y/0, and o.4/0}, are crack initiation stress
and damage stress normalized by peak strength

ratio method, the crack initiation stress is determined
when the number of microcracks accounts for 1% of
total microcracks (Jin et al. 2017). In contrast, the
Poisson ratio method has concrete physical significance

—~
N

96 _ ' ' ]
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& —e— Experimental result
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7]
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©
=
5 24r i
©
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Normalized crack initiation stress

0.0
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Inclination angle (°)
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and less subjectivity (Diederichs et al. 2004; Diederichs
2007), which was therefore utilized in this study. As
presented in Fig. 11, the crack initiation stress is
regarded as the axial stress level where Poisson ratio
increases from the stage of plateau, and the correspond-
ing values of 0°, 30°, 60°, and 90° samples are
30.4 MPa, 22.4 MPa, 29.2 MPa, and 72.7 MPa, respec-
tively. As for crack damage stress, the ASM adopted in
experiments was also utilized in DEM simulations, and
the crack damage stresses of 0°, 30°, 60°, and 90° sam-
ples are 69.1 MPa, 70.0 MPa, 79.2 MPa, and 102.8 MPa,
respectively (Fig. 11).

Based on above methods, the detailed characteristic
stress levels of DEM models with different inclination
angles are shown in Table 4, and their variation tenden-
cies with regard to inclination angle are presented in
Fig. 12. As the inclination angle increases, the crack
initiation, damage stresses, and normalized crack initia-
tion stress generally become larger, which has good

5

120 } [[7] Simulation result i
—e— Experimental result
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Crack damage stress (MPa)
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Fig. 12 Characteristic stresses and normalized characteristic stresses obtained by DEM simulation with respect to inclination angle. a Crack initiation
stress. b Crack damage stress. ¢ Normalized crack initiation stress. d Normalized crack damage stress
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Fig. 13 Stress evolution of 0° sample under uniaxial compression. a Stress evolution in x direction. b Stress evolution in y direction. (The unit of stress in

legend is MPa; the positive value represents tensile stress and vice versa)

consistence with the experimental results (Fig. 12a—c).
However, the crack initiation stresses obtained by DEM
simulations are lower than experimental results, which
may be caused by the reason that the determination
methods for crack initiation stresses in simulation and
experiments are different. In terms of normalized crack
damage stress, the increase of inclination angle has little
influence on them, which is similar with the experimen-
tal results (Fig. 12d). Comparatively, the normalized
crack damage stress obtained by DEM simulation is
higher than experimental results, which is consistent
with the simulation results obtained by using conven-
tional volumetric strain reversal method (Jin et al.
2017); thus, the corresponding discrepancies may be
caused by intrinsic properties of DEM simulation.
Generally speaking, even though the crack initiation
stress and normalized crack damage stress have slight
difference between simulation and experiment, the vari-
ation tendencies of characteristic stress levels obtained
by DEM simulation agree well with the experimental
results, which can to some extent demonstrate that the
variations of characteristic stress levels obtained by ex-
periments are valid.

Full-field stress evolution

According to the experimental results, the full-field strain
evolution of pre-cracked samples are different with regard
to inclination angle. Though the strain localization phe-
nomenon is hard to be modeled in DEM simulation, the
stress evolution as the microcracks initiate and propagate
can be obtained for comparison. The data of full-field
stress was exported every 2000 steps during simulation,
and the processes of stress evolution of 0° sample is pre-
sented in Fig. 13. Before microcracks initiate, the tensile
stress along x direction concentrates in the center of pre-
existing flaw (i.e., zone I in Fig. 13a), and the compres-
sive stress along y direction is smaller than other zones
(i.e., zone V in Fig. 13b), which induces the upper and
bottom surfaces of pre-existing flaw deform to each other.
When the deformation of upper and bottom surfaces of
pre-existing flaw increases to some extent, the primary
cracks initiate from the flaw center and the locations of
tensile stress concentration change together with the crack
tips, namely zones III and IV in Fig. 13a. In addition, with
the increase of axial stress, the primary cracks are hard to
propagate and the secondary cracks initiate from flaw tips,
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which are consistent with the results of full-field strain
evolution (Figs. 6a and 8a). Finally, when the sample
approaches failure, the compressive stress among lateral
regions (zones VII and VIII) is larger than other places,
indicating these regions can still resist axial loading.
Figure 14 is the distribution of full-field stress in x
direction. Due to the existence of pre-existing flaw, the
zones of tensile stress and compressive stress have differ-
ent distributions. In the cases of samples with small incli-
nation angle, the tensile stresses are mainly concentrated
around the center of pre-existing flaw (zone I), and the
compressive stresses are mainly concentrated around the
flaw tips (zone II). As the inclination angle becomes larg-
er, the locations of tensile stress move towards flaw tips
and were convergent with compressive stress zones when
inclination angle approaches 90°, which agree well with
the results of full-field strain evolution illustrated in Fig.
8c. In addition, when the samples are approximately
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subjected to same axial stress (~30%), the stress levels
in zones | and II generally decrease as the inclination
angle increases, and the full-field stress distribution of
90° sample has no obvious differences with intact sample.
On the other hand, the distribution of full-field stress in y
direction has similar variation law. As illustrated in
Fig. 15, the compressive stress concentrates around the
flaw tips (zone V), while the values of compressive stress
(zone IV) around the center of pre-existing flaw are small-
er than other zones. As the inclination angle increases, the
locations of zone IV move towards flaw tips and the stress
levels generally decrease. Based on the above analysis,
the pre-existing flaws with large inclination angle have
little impact on the distribution of full-field stresses,
which is the reason why mechanical properties especially
characteristic stress levels of pre-cracked samples increase
with respect to inclination angle.
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Fig. 14 Distributions of full-field stresses in x direction with respect to inclination angle (the unit of stress in legend is MPa; the positive value represents

tensile stress and vice versa)
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Conclusions

In this study, the uniaxial compression tests of pre-cracked mar-
ble were carried out, and the full-field strain evolution was ob-
tained by utilizing the digital image correlation method. The
variations of characteristic stress levels with respect to inclination
angle are related to the distributions of full-field strain. In order to
verify the experimental results, DEM was adopted for simulation
and the full-field stress evolution was obtained for comparison;
the main conclusions are shown below.

(1) Pre-existing flaws can degrade the mechanical properties
of rock materials, including peak strength, crack initia-
tion, and damage stresses. When the inclination angle is
small, the variations of mechanical properties are incon-
spicuous. As the inclination angle increases, the mechan-
ical properties increase obviously.

(2) According to experimental results, the normalized crack
initiation stress generally increases as the inclination an-
gle increases, while the normalized crack damage stress

45° sample

30° sample

|40

) :28.8% Gp

fluctuates around a constant (~ 0.8), which are consistent
with the results obtained by DEM simulations.

(3) The strain localization zones formed later can suppress the
evolution of strain localization zones formed previously.
When the strain localization zones firstly occur around the
flaw, the axial stress level at this moment increases with
regard to inclination angle, which is the reason why char-
acteristic stress levels increase.

(4) Around the pre-existing flaw, the tensile stress in x direc-
tion is concentrated and the compressive stress in y di-
rection is lower than other zones. When the axial stress
applied to samples is approximately same, the values of
these stresses decrease as the inclination angle increases,
indicating the flaws with large inclination angle have less
influence on full-field stress distribution and induce the
increase of characteristic stress levels.
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