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The discrete element method is adopted to investigate the failure process in

punch-through shear tests. The numerical tests agree well with the laboratory tests on

crack propagation sequence and the influence of confining stress on effective shear

fracture toughness. More importantly, the numerical tests indicate that the increase in

axial force first causes stress concentrations. When the stresses reach critical values,

cracks initiate and the concentrated stresses dissipate. With further increase in axial

displacement, the axial force may fluctuate, accompanied with crack development. In

addition, the increase in confining stress promotes the critical values of the concentrated

stresses before crack propagation. Thus, the numerical tests show that the increase

in confining stress promotes the effective shear fracture toughness and restrains the

propagation of tensile cracks.
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INTRODUCTION

Rockmasses containingmany initial defects may be in complex geological conditions and subjected
to various external loads [1–3]. Then, loads frequently cause stress concentrations and may further
result in the opening (Mode I) and sliding (Mode II) displacements of the crack surfaces. In rock
engineering, sliding (Mode II) is the commonest mode of failure [4]. Thus, many researchers have
performed laboratory and numerical studies to investigate the shear fracture toughness (KIIC), a
critical index for shear (sliding) failure. For example, Rao et al. [4] conducted shear-box tests to
determine theMode II crack toughness and proposed that effective KIIC decreases with the increase
of both the specimen thickness. Timothy and Don [5] applied double-edge notched compression
specimens to determine the Mode II fracture toughness and found that the ratio of KIIC to KIC

(tensile fracture toughness) is∼1.6. In addition, their study showed that shear force fluctuates near
the peak points, and residual shear occurs. Similar fluctuations and residual shear were observed in
the laboratory study, by applying punch-through shear tests [6]. Based on the calculation model by
Watkins [7] and Golewski and Sadowski [8] proposed that the content of the fly-ash influences the
KIIC by performing electronic scanning tests and shear tests on concrete specimens. They further
proposed an equation describing the critical force (corresponding to the shear crack initiation) and
the shear fracture toughness. By performing compression tests on the cracked chevron-notched
Brazilian Disc specimens, Ghanbari et al. [9] stated that the effective shear fracture toughness first
increases and then decreases with the increase in temperature. Dehestani et al. [10, 11] applied
crack Brazilian disc specimens to investigate the influence of wetting–drying cycles on the effective
shear fracture toughness in neutral and acidic environments. They found that the increase in the
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FIGURE 4 | Numerical and laboratory [6] axial compression forces and the monitor points on the numerical curve.

FIGURE 5 | Fractures in punch-through tests: (A) and (B) are the laboratory [29] and numerical fractures, respectively.

lower notches. In addition, Backers [32] stated that these shear
crack show some opening from this junction to the notch. In
other words, these cracks may be shear–tensile cracks. With the
increase in axial displacement, shear cracks, numbered 2 and
3, sequentially connected the rock bridges between the upper
and the lower notches [29]. Interestingly, at Mode II loading
conditions, the macroscopic fracture follows the direction of
Mode II. Besides, tensile cracks appear in the specimen. This

phenomenon may be reasonable because fracturing in rock
material always involves a mixed mode on the microscale [13].
Clearly, the numerical failure pattern is similar to the laboratory
result (Figure 5B). However, the crack propagation sequence is
still unclear. The previous studies [26–28] show that the stress
evolution relates to the crack development. According to the
comparisons on the axial compression force and the fracture
pattern between laboratory and numerical results, we may infer
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FIGURE 6 | Continued
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FIGURE 6 | Fracture development and stress distributions in the shear process: (A1–G1) are the fracture developments, (A2–G2) are the shear stress distributions,

and (A3–G3) are the maximum principal stress distributions at the typical monitor points (A–G).

that the stress evolution may relate to the crack development and
the fluctuations in axial compression force. Thus, in the following
section, we are trying to investigate the stress evolution in the
shear process.

Stress Evolution in the Shear Process
The concentrated stresses may be responsible for the crack
development. Thus, to investigate the typical crack (shear and
tensile cracks) developments, Figure 6 shows the numerical
crack propagation and stress evolution in the shear process at
typical monitor points (A–G) on the axial force–displacement

curve in Figure 4. At Point A, two shear concentration zones
(SCZ), named SCZ 1 and SCZ 2, form at the outer tips of
the bottom notches (Figure 6A2). Simultaneously, in PFC 2D,
tensile stress is positive; thus, Figure 6A3 clearly shows that two
tensile concentration zones (TCZs) form at the inner tips of the
bottom notches. However, shear and tensile cracks fail to form
(Figure 6A1).When the axial displacement increases to 0.21mm,
the first peak axial force at point B appears (Figure 4). Two
tensile cracks, accompanied with minor fluctuations on the axial
compression force, TC 1 and TC 2, form during this loading
period (Figure 6B1). These tensile cracks also formed at previous

Frontiers in Physics | www.frontiersin.org 7 August 2020 | Volume 8 | Article 327

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


Liu et al. Stress Evolution in PTS Tests

FIGURE 7 | Numerical fractures: (A–D) are the fractures when the confining stresses are 0, 5, 10, and 15 MPa, respectively.

FIGURE 8 | The axial force–displacement curves for various confinements.
FIGURE 9 | The numerical and laboratory effective shear fracture toughness

for various confinements.
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laboratory tests [6, 32]. Interestingly, the initiation points locate
at the TCZ 1 and TCZ 2, and the tensile stress concentrations
at these crack tips significantly dissipate (Figure 6B3). Thus,
we can infer that the concentrated tensile stresses at the inner
tips of the bottom notches first form tensile cracks. In addition,
TCZ 3 and TCZ 4 form at the rock bridges between the upper
and the bottom notches (Figure 6B3). At the peak point, the
shear stresses at SCZ 1 and SCZ 2 highly concentrate, and four
shear concentration zones (SCZ 3–SCZ 6) form at the inner tips
of the upper notches and the rock bridges (Figure 6B2). With
further increase in axial displacement, the axial force sharply
drops. At the first bottom point C, a shear crack (SC 1) initiates
from the outer tip of the right-bottom notch, and the initiation
point overlaps with the SCZ 2 (Figures 6C1,C2). The shear
stress concentration at SCZ 2 dissipates, and the tensile stress
concentration at TCZ 3 significantly dissipates. Thus, we can
infer that the shear and tensile concentration at SCZ 2 and TCZ
3 are responsible for SC 1. This inference can properly verify
the referred laboratory results that the shear crack shows some

opening from this junction to the notch [32]. In addition, another
shear crack (SC 2) initiates from the right-upper notch. With
further increase in axial displacement, the axial force reaches the
second peak at Point D. Clearly, the cracks fail to further generate
(Figures 6C1,D1). However, the shear stresses at SCZ 5 and SCZ
6 further concentrate. Additionally, TCZ 5 forms at the tip of SC 2
(Figure 6D1). Subsequently, the second drop at Point E appears,
accompanied with the formation of SC 3 (Figures 4, 6E1). After
the formation of SC 3, the area of SCZ 5 slightly decreases;
however, the compression at the right rock bridge greatly
concentrates. In addition, the tensile stress further concentrates
at TCZ 5. Then, when the axial displacement further increases
to 0.23mm, the third peak appears at point F (Figure 4). The
development of the cracks is minor. However, the shear stresses
further concentrate at the shear concentration zones (except SCZ
2), and the tensile stress simultaneously concentrates at TZ 4.
Finally, with further increase in axial displacement, the axial
force significantly drops, and the third bottom point (G) forms.
Between Points F and G, similar fluctuations generate (shown

FIGURE 10 | The maximum principal stresses before tensile crack initiations: (A–D) are for the confining stresses of 0, 5, 10, and 15 MPa, respectively.

Frontiers in Physics | www.frontiersin.org 9 August 2020 | Volume 8 | Article 327

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


Liu et al. Stress Evolution in PTS Tests

by the magnified area in Figure 4). In addition, SC 5, SC 6,
and SC 7 sequentially connected the bottom and upper notches
(Figure 6G1). Interestingly, the shear concentrations at SCZ 1
and SCZ 2 slightly move upward (Figure 6G2) and the tensile
stress at TCZ 4 dissipates.

The above descriptions indicate that the tensile concentrations
at TCZ 1 and TCZ 2 are responsible for the TC 1 and TC 2,
reported in previous studies [6, 32]. In addition, shear stress
concentrations at the outer tips of the bottom tips first form
shear cracks, and then, with the tensile concentration at the

rock bridge, shear–tensile cracks form. With further increase

in axial displacement, the shear cracks, driven by the shear
concentrations at the inner tip of the upper notches, finally

coalesce the rock bridge. The reported laboratory tests and the
numerical simulation agree well on crack propagation sequence.
More interestingly, we find that the drop of the axial force
frequently accompanies crack propagation and stress dissipation,
whereas the increase in the axial displacement usually causes
stress concentrations instead of obvious crack propagation.

The Influence of Confining Stress on the
Failure Characteristics
The laboratory tests by Backers et al. [6] and Backers [32]
indicated that the increase in confining stress frequently
promotes the tested effective shear fracture toughness and
restrains the development of tensile cracks. Thus, to verify the
above conclusions, three simulations with the confining stresses
of 0, 10, and 15 MPa were performed.

Similar to the laboratory tests [6, 32], the increase in confining
stress restrains the tensile crack propagation (Figure 7). In
addition, the width of the shear band between the upper and
bottom notches increases with the increase in confining stress.
Moreover, for the relatively low confining stresses, the axial
force significantly fluctuates after the peak points (Figure 8).
However, with the increase in confining stress, the fluctuations
of the axial force are minor. This phenomenon agrees well with
the laboratory results [6, 32]. More importantly, the increase in
confining stress promotes the peak axial force. Thus, according
to Equation 4 proposed by Backers and Stephansson [13] and

FIGURE 11 | Shear stresses before shear crack propagation: (A–D) are for the confining stresses of 0, 5, 10, and 15 MPa, respectively.
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FIGURE 12 | The tensile and shear crack initiation stresses.

Backers [32], the calculated effective shear fracture toughness
simultaneously increases (Figure 9), and the numerical values
of the effective shear fracture toughness are close to the
laboratory ones.

The above descriptions indicate that the numerical results
agree well with the laboratory results on the effects of confining
stress on fracture development and effective shear fracture
toughness. To explain the above phenomena, we will further
discuss the stress evolution for various confining stresses.

Figure 10 shows the maximum principal stresses before
tensile crack initiation. Clearly, tensile stress concentration
zones form at the inner tips of the bottom notches. These
concentrated tensile stresses are responsible for the tensile crack
propagation in Figure 7. Interestingly, the increase in confining
stress elevates the corresponding maximum principal stresses
(Figure 12). Thus, we can infer that the increase in confining
stress may increase the effective tensile fracture toughness.
Simultaneously, the absolute value of the maximum principal
stress (negative) significantly increases between the upper and
bottom notches. In other words, the compression at the rock
between the upper and bottom notches intensifies with the
increase in confining stress. The increased compression will
restrain the tensile crack propagation between the upper and
bottom notches. Thus, according to the above description, we
may infer that the promoted effective tensile fracture toughness
and the compression between the upper and bottom are
responsible for the restrained tensile crack propagation when the
confining stress increases.

The peak axial force, usually corresponding to the shear crack
initiation from the outer tip of the bottom notches, can be used to
calculate the effective shear fracture toughness. Thus, Figure 11
depicts the shear stress contours at the first peak point of the
axial force. With the initiation shear stresses in Figure 12, we can
obtain that the increase in confining stress promotes the shear
initiation stresses. The geometries of the notches are the same;

thus, these promoted shear initiation stresses can properly verify
that the increase in confining stress promotes the effective shear
fracture toughness [6, 32].

CONCLUSIONS

The numerical simulation agrees well with the previous
laboratory result that tensile cracks first initiate from the inner
tips of the bottom notches. Then, shear–tensile cracks initiate
from the outer tips of the bottom notches. Subsequently, the
cracks at the middle of the rock bridge and the shear cracks
initiating from the upper notches connect the rock bridge. More
importantly, near the peak point of the axial compression force
curve, the numerical tests indicate that the drops of the axial
compression force frequently accompany with crack propagation
and stress dissipation, whereas the increases in the axial force
concentrate the stresses with hardly crack propagation. Then, the
numerical tests indicate the increase in confining stress promotes
the effective tensile fracture toughness and the compression
between the upper and bottom notches. Thus, the increasing
confining stress restrains tensile crack propagation and promotes
the effective shear fracture toughness.
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