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Abstract

Due to the significant advancement in the mining and tunneling industry, the depth of underground
excavation has been considerably increased. As a consequence of the increase in depth, the intact rock
strength plays a significant role in rock mass failure. Therefore, the study of intact rock failure has become
more crucial. Crack damage and crack initiation stress are the two important characteristics of intact rock
failure, which have rarely been studied in the shear failure process. This study aims to investigate the crack
damage and crack initiation stresses in the shear failure using the discrete element method by numerical
modeling of the direct shear test (DST). By undertaking the DST under eight different constant normal
stresses, these two stress levels have been studied in brittle, brittle-ductile transition, and ductile failure
modes. It was revealed that the crack initiation and crack damage stresses occur in 70-91 and 85-95 percent
of the peak shear strength, respectively. Also, it was observed that the ratio of crack initiation and crack
damage stresses to the peak shear strength decreases with an increase in the normal stress.
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1- Introduction

Excavating underground openings at great depths results in the stress concentration near the
boundary of excavated spaces. This can lead to the violent failure of the intact rock, such as the
rockburst failure phenomenon. Mining laborers and equipment are at significant risk of being
unsafe in these failures. Over the past decade, characteristics of intact rock failure, such as crack
initiation and crack damage stresses, have been studied by numerous studies [1-4]. The crack
initiation stress is the stress level at which stable cracks are generated, and their progress is ceased
by halting the stress level. Meanwhile, at the crack damage stress level, the number of cracks
increases dramatically, and unstable cracks are generated in the specimen. It has been shown that
the crack initiation and crack damage stresses commonly occur approximately at 40 and 80 percent
of the uniaxial compressive strength (UCS), respectively [1]. However, these studies in direct shear
test (DST) are minimal, and in the brittle failure mode, these stress levels are observed to occur at
80 and 88 percent of the peak shear strength, respectively [5].

In this study, numerical modeling of the DST was undertaken using the discrete element method
to investigate the ratios of crack damage and crack initiation stresses to peak shear strength. First,
the numerical models' micro-parameters were calibrated under direct tensile, uniaxial, and triaxial
compression tests using the mechanical properties of a typical synthetic rock. DSTs under different
normal stresses were undertaken to investigate the validity of numerical models, and the results
were compared against experimental tests. Then, DST at a wide range of constant normal stresses
was undertaken to investigate the failure mechanisms at brittle, brittle to ductile transition, and
ductile modes.

2- Methods

For the DST's numerical modeling, the numerical model's micro-mechanical properties were first
calibrated through direct tensile, uniaxial, and triaxial compression tests to reproduce the
mechanical properties reported in the laboratory scale. This calibration was carried out by following
the methodology developed in previous studies [6]. The results of the calibrated numerical model
are shown in Figure 1 and compared against physical experiments. These results show that the
numerical model agrees with physical experiments.
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Figure 1. Comparison of failure envelopes of physical tests [7] against numerical modeling

Then, the DST was numerically simulated and compared against the peak shear strength of
physical DST experiments [7]. The results are presented in Table 1, which shows that the average
difference between numerical and experimental tests is less than 4%.
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Table 1. Comparison of peak shear strength of physical tests [7] against numerical tests

Normal Stress | Peak Shear Strength (MPa) | Difference
(MPa) Physical Numerical (%)
0.001 2.91 2.73 6.19

0.81 3.36 3.40 1.19
1 3.53 3.51 0.57
1.23 3.65 3.64 0.27
1.43 3.90 3.84 154
1.64 4.18 3.92 6.22
1.85 4.58 4.13 9.83
2.1 4.47 4.27 4.47
Everage Difference (%) 3.79

Then, eight different numerical DSTs were carried out under constant normal stresses of 1 to 8
MPa. Each test recorded the crack evolution during the shearing process, and the crack initiation
and crack damage stresses were determined.

3- Findings and Argument

Figure 2 shows the generated cracks in a specimen under the constant normal stress of 1 MPa. In
the brittle failure mode (1 MPa normal stress), crack initiation and crack damage stresses occur at
91 and 95 percent of the peak shear strength, respectively. This result is in good agreement with
previous studies [5].

d c

Figure 2. Crack evolution under the constant normal stress of 1 MPa, a) crack initiation, b) crack damage,
c) peak strength and d) residual state

The measured crack initiation and crack damage stresses at different normal stresses were
measured, and the results are shown in Figure 3. Results of this study show that the ratios of crack
initiation and crack damage stresses to the peak shear strength are different from that of uniaxial
compression tests. These stress levels in the DST under brittle failure mode occur at 91 and 95
percent, respectively. In DSTs, the crack initiation stress and crack damage stresses generally are 70
to 91 and 85 to 95 percent of the peak shear strength, respectively. The increase in the normal stress
in the DSTs results in a decrease in both the crack initiation and crack damage stresses to the peak
shear strength ratios.
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Figure 3. Changes of crack initiation and crack damage stresses per peak shear strength at different normal
stresses in a numerical direct shear test

4- Conclusions

In this study, crack initiation and crack damage stresses in direct shear tests at different failures
were numerically investigated using the discrete element method. First, numerical models were
calibrated under direct tensile, uniaxial, and triaxial compression tests. Then, direct shear tests
under different normal stresses were carried out, and the results were compared against those of
physical experiments. Good agreement was observed between experimental and numerical tests.
Eight normal stresses were chosen to study the crack evolution under brittle, transition, and ductile
failure modes. Results of these experiments showed that crack initiation occurs in the range of 70 to
91 percent of the peak shear strength, while crack damage occurs in the range of 85 to 95 percent. It
was observed that the increase in normal stress and the corresponding change in the failure mode
from brittle to ductile mode results in a decrease in the ratio of crack initiation and crack dame
stresses to peak shear strength.
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Sample and particle Flat-joint contact model
parameters micr_o-properties
Density (kg/m3) | 1830 '”Sta'('%tr'ﬁ)” 9P | 04

Rmin (mm) 0.4 Bonded fraction 0.98
Rmax (mm) 0.6 | Number of elements 2
Porosity 0.08 E. (GPa) 3.3
Particle micro-properties kel ks 3.7
Ec (GPa) 3.3 Friction angle (°) 37
kn/ks 3.7 Cohesion (MPa) 6.55
Friction Tensile strength
coefficient, u 0.37 (MPa) S
Friction clcz)effluent, 037
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