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A biaxial shear test is performed on prefabricated, single-fissure type, cubic rock-like specimens by using the TZW-500 rock direct
shear apparatus to study the shear strength characteristics, crack coalescence, and propagation modes of the specimens with
different geometric parameters. Results show that the crack coalescence and propagation modes of the rock-like specimens with
prefabricated fissures can be divided into four types, namely, single main shear crack coalescence mode, main shear crack
coalescence and secondary tensile-shear crack propagation mode, main shear crack coalescence and secondary shear crack
propagation mode, andmain shear crack coalescence and secondary tensile crack propagationmode. All modes are affected by the
dip angle α and length l of the prefabricated fissure. When the dip angle of the prefabricated fissure is α∈[0°, 20°) or (70°, 90°], the
cracks center on shear failure, and most shear cracks propagate along one end of the prefabricated fissure. At α∈(30°, 50°), the
cracks bear the tensile-shear combined action, and the shear cracks propagate along the two ends of the prefabricated fissure. +e
peak shear strength of the rock-like specimens with prefabricated fissures is also closely related to the dip angle α and length l of the
fissure. With the increase in dip angle α of the prefabricated fissure, the peak shear strength of each rock-like specimen decreases
initially then increases, and the peak shear strength curve presents a similar “U” shape. At α∈[30°, 60°], the peak shear strength is
within the peak-valley interval. When the length l of the prefabricated fissure is increased, the peak shear strength experiences a
gradual reduction. When l> 20mm, the peak shear strength is greatly influenced by l, but the influence is minimal when
l≥ 20mm. At the same dip angle α and fissure length of l≥ 20mm, the correlation between peak shear strength and fissure width b
is low.

1. Introduction

Slope rock mass is a natural geologic body composed of rocks
and joint surfaces with different geometrical states, and various
joint fissures with different shapes and sizes generated due to
weathering and corrosion usually exist in its internal space, as
shown in Figure 1. In comparison with rock mass with a
compact structure and good texture, rock mass under the joint
action of joint surfaces and fissures has physical and me-
chanical parameters that deteriorate to different degrees.
Studies [1–4] have shown that the mechanical properties of
engineering rock mass are considerably influenced by the
geometrical morphologies of the joints and fissures in the rock

mass under the action of external loads. When a rock mass is
under the action of external force, cracks begin to propagate
outward gradually from the fissure tip inside the rockmass and
run through the rock mass to generate failure. +erefore,
correctly understanding the basic mechanical properties and
coalescence failure mechanism of fissure-type rock mass on
slopes is essential and provides an important basis for scien-
tifically and effectively evaluating the safety and stability of
slope engineering.

Model [5–13] and numerical [14–19] tests are usually
used in present studies on the crack propagation mode and
strength characteristics of joint fissure-containing rock
mass. Luo [17] analyzed the fracture response laws of fissure-
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containing rock mass under the joint action of loading rate
and fissure dip angle. Jooeun [18] explored the failure
mechanism of three defective rock materials with different
alignment defects under uniaxial compression by con-
ducting a numerical simulation. With reference to the
discrete element theory of particles, Wang [19] systemati-
cally studied the crack generation and evolution laws of
stratiform rocks containing non-coplanar double fissures
under a uniaxial compression condition. Zhang and Wong
[20, 21] conducted a uniaxial compression simulation of
single- and double-fissure rock specimens and analyzed the
meso-force field evolution laws in the crack propagation
process. +rough a model material test, numerical simula-
tion, and real rock material test, other studies [5–9, 22–26]
systematically investigated the strength deformation char-
acteristics and crack propagation modes of rock specimens
containing one, two, three, or more fissures under uniaxial
compression. However, the biaxial shear test method has
been used in only a few studies to explore the crack
propagation modes of slope rock mass.

In the current work, prefabricated rock-like specimens
were adopted as study objects, and a biaxial shear test was
conducted using the TZW-500 rock direct shear apparatus
to study the strength characteristics of the cubic specimens
with prefabricated fissures and different geometric param-
eters. Crack coalescence and propagation modes were also
examined.+e results are expected to provide a reference for
rock slope engineering design and slope stability control.

2. Preparation of Test Materials

2.1. Test Materials and Specimen Preparation. +e rock-like
specimens with prefabricated fissures prepared in this test
were formed through the blending and cementation of
cement, sand, gypsum, and water. +rough repeated trial
mixing and testing, the weight ratio was determined to be
cement : gypsum : sand : water� 40% : 8% : 35% :17%. +e
fissures were prefabricated through the slide-out method
and filled with mica sheets.

+e rock-like specimens were cubes with a side length
of 10 cm.+e joint position and dimension parameters are
shown in Figure 2. +e length, width, and dip angle of the
prefabricated fissure were denoted as l, b, and α (included
angle with the horizontal plane, measured anticlockwise),
respectively. +e center of the prefabricated fissure
overlapped with the geometric center of each cube, and
the prefabricated fissure ran through the entire cube. In
this test, the length l of the prefabricated fissure was set to
10, 20, and 30mm; width b was set to 0.1, 0.5, 0.7, and
1mm; and dip angle α was set to 0°–90° at a progressive
increase by the interval of 10° (total of 10 types). Six
specimens of each combination type were prefabricated.
+e specimens that vibrated compactly were cured at
room temperature (20°± 1°), and 4–5 h afterward, the steel
sheets were pulled out to form prefabricated fissures. After
one day, the rock-like specimens with prefabricated fis-
sures were demolded, the flatness and crack coalescence
condition of each specimen were examined, and the
damaged specimens or those that do not meet the re-
quirements were excluded. +e qualified specimens were
placed in a curing box for 28 days and subsequently taken
out for the loading test.

2.2. Test Equipment and Loading. +e TZW-500 micro-
processor-controlled electro-hydraulic servo rock direct
shear apparatus was used as the loading equipment in this
test. +e load-controlled loading mode was applied in the
normal direction; specifically, axial compression (loading
rate: 100N/s) was applied through the axial loading system
of this apparatus until the preset axial compression (10KN)
was reached.+e displacement-controlled loadingmode was
applied in the tangential direction at a loading rate of
0.01mm/s until the specimen experienced compression
failure, as shown in Figure 3.+emean value of six groups of
test results was adopted to reduce the test errors. Under
similar conditions, the mean values of the peak shear
strength, postpeak residual strength, cohesion, and internal
friction angle of the six intact rock-like specimens were
measured to be 8.0MPa, 2.4MPa, 6.58, and 48.5°,
respectively.

A uniaxial compression test was conducted on the
intact rock-like specimens by using the RMT rock me-
chanic test system, and the average uniaxial compressive
strength was obtained as 42.0MPa. +e physical and
mechanical parameter values of the intact rock-like
specimens were acquired after the test and are shown in
Table 1.

Figure 1: Slope of an open pit mine.
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3. Result Analysis

3.1. Strength Characteristics of Rock-Like Specimens with
Prefabricated Fissures

3.1.1. Relationship between Peak Shear Strength of Each
Specimen and Dip Angle of the Prefabricated Fissure. On the
basis of the test results, the change curve of the peak shear
strength of the rock-like specimens with dip angle α of the
prefabricated fissure was plotted and is shown in Figure 4.
+e following observations were made:

(1) With the increase in dip angle α of the prefabricated
fissure, the peak shear strength of the prefabricated,
fissure-containing, rock-like specimens initially de-
creased, then increased, and the peak shear strength
curve presented a similar “U” shape. At a dip angle of
α∈[30°, 60°], the peak shear stress was within the
peak-valley interval; the minimum peak shear
strength in the peak valley of each curve accounted
for 43%–64% of the peak shear strength of the
specimen not containing any prefabricated fissure.

(2) +e peak shear strength of the prefabricated fissure-
containing specimens was large at α∈[0°, 30°) or
α∈(60°, 90°].

(3) +e peak shear strength of all specimens reached the
maximum value at dip angle α� 90° and different
lengths l and widths b of the prefabricated fissure.
+e maximum peak shear strength on each curve
accounted for 63%–79% of the peak shear strength of
the specimen without a prefabricated fissure.

+e test results indicated that the peak shear strengths of
all prefabricated, fissure-containing, rock-like specimens
were lower than the peak biaxial shear strength of the intact
specimens. +is result shows that the joint fissures existing
inside the rock-like specimens exerted different deteriora-
tion effects on the specimens, and the dip angle of a fissure
had a considerable influence on specimen deterioration.

3.1.2. Relationship between Peak Shear Strength of Specimens
and Width of the Prefabricated Fissure. On the basis of the
test results, the change curve of the peak strength of the rock-

like specimens with width b of the prefabricated fissure was
plotted and is shown in Figure 5. +e following observations
were obtained:

(1) As the width b of the prefabricated fissure increased,
the peak shear strength of the specimens was de-
creased, but the reduction amplitude gradually
slowed down, indicating that with the increase in
width b of the prefabricated fissure, the deteriorating
effect on the shear strength of the rock-like speci-
mens was gradually reduced.

(2) At l� 20 and 30mm and α∈[30°, 60°], the peak shear
strengths of the specimens with the same dip angle of
the fissure were approximate, indicating that at a
fixed dip angle α and fissure length of l≥ 20mm, the
correlation between peak shear strength and fissure
width b was low.

(3) +e ratios of the peak shear strength of the pre-
fabricated fissure-containing specimens to that of the
fissure-free specimens were compared. +e ratios
were approximate at the same dip angle α and dif-
ferent fissure widths b. +is result shows that at the
same dip angle α, fissure width b had a minor in-
fluence on the peak strength of the specimens.

According to the analysis, fissure width b influenced the
peak strength of the rock-like specimens with prefabricated
fissures to different degrees, and different fissure widths
exhibited different influence degrees.+e influence degree of
fissure width b on the peak shear strength of the rock-like
specimens containing prefabricated fissures was smaller
than that of fissure dip angle α.

3.1.3. Relationship between Peak Shear Strength of Specimens
and Length of the Prefabricated Fissure. On the basis of the
test results, the change curve of the peak strength of the rock-
like specimens with length l of the prefabricated fissure was
plotted and is shown in Figure 6. +e following observations
were obtained:

(1) At the same dip angle α of the prefabricated fissure,
the peak shear strength of each specimen was
gradually reduced with the increase in length l of the
prefabricated fissure.

(2) +e curve in the figure was divided into two parts. In
the first part, fissure length l increased from 10mm
to 20mm, and this curve segment had a steep slope.
In the second part, fissure length l was increased
from 20mm to 30mm, and this segment had a gentle
slope, indicating that after fissure length l exceeded a
limiting value (e.g., l≥ 20mm), the influence degree
of increasing fissure length l on the peak shear
strength of specimens gradually weakened.

3.2. Crack Coalescence and Propagation Modes of Rock-Like
Specimens with Prefabricated Fissures

3.2.1. Crack Coalescence and PropagationModes. In a biaxial
shear condition, the crack propagation mode after specimen

l

b

¦ A
͵

Preexisting fissure

Figure 2: Dimensional drawing of the specimens and prefabricated
joints.
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loading was affected by the dip angle, length, and width of
the prefabricated fissure. After the biaxial loading process,
the generated cracks mainly included shear, secondary shear,
secondary tensile, and secondary tensile-shear cracks, as
shown in Figure 7(a). Shear crack was the main crack and
was surely generated; the other cracks were secondary and
generated with the shear crack, and they appeared solely or
in a group. As shown in Figure 7(b), the crack propagation
and coalescence modes were mainly divided into four types:

(1) At a small dip angle α of the prefabricated fissure,
only a single main shear crack was generated in the
specimen, and it formed a coalescence with the
prefabricated fissure.

(2) When the dip angle α of the prefabricated fissure
increased, the main shear crack initially propagated
at the two ends of the prefabricated fissure after
loading. When the shear displacement was increased
to a certain degree, the secondary tensile-shear crack
was formed, and it was approximately parallel to the
main shear crack.

(3) With the increase in dip angle α of the prefabricated
fissure, the main shear crack initially propagated at
the two ends of the prefabricated fissure. +en, a
secondary shear crack was generated.+emain shear
crack and secondary shear crack appeared in a
conjugate manner.

(4) At a large dip angle α of the prefabricated fissure, the
main shear crack was generated only at one end of
the prefabricated fissure, or one main shear crack
was generated at the middle of the prefabricated
fissure, whereas the other was generated at the end of
the prefabricated fissure accompanied with the
secondary tensile crack.

3.2.2. Influence of the Dip Angle of the Prefabricated Fissure
on Crack Coalescence and Propagation Mode

(1) As shown in Figure 8(a), the main crack of the
prefabricated fissure-containing specimens was
shear crack, and shear cracks developed along the
shearing surface and presented an approximately
horizontal distribution. +eir included angle with
the horizontal plane was generally smaller than 13°.
One end of the shearing surface was usually ac-
companied with the generation of secondary tensile
cracks.

(2) Figure 8(b) indicates that when the dip angle of the
prefabricated fissure was α∈[0°, 10°], the main crack
was shear crack, which began from the two tip ends
of the prefabricated fissure. As the shear stress in-
creased, the shear cracks gradually propagated to-
ward the two sides. With the increase in shear
displacement, secondary tensile cracks developed
and propagated at the two sides of the shearing
surface due to the interlocking effect of the shearing
surface. +e shear strength reached the peak value.
With the further propagation of shear and tensile
cracks, the shear cracks at two sides of the pre-
fabricated fissure showed a coalescence trend, the
shear stress decreased sharply, and residual shear
stress was generated due to the interlocking effect of
the shearing surface. In general, coalescence did not
occur between secondary tensile cracks; instead,
several secondary tensile cracks ran through shear
cracks. +e shear cracks were approximately dis-
tributed in the horizontal direction, and their in-
cluded angle with the prefabricated fissure was
generally smaller than 13°. +e secondary tensile
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Figure 3: eal biaxial shear loading photo and biaxial loading diagram.

Table 1: Comparison of physical and mechanical parameters between original rock and rock-like specimens.

Mechanical parameters c (kN/m3) σc (MPa) E (GPa) μ C (MPa) φ (°)
Sandstone [27] 23 20–170 4.9–78.5 0.02–0.2 — —
Rock-like specimens 25.3 41.0–43.0 3.16–3.56 0.3 5.98–7.18 45.5–51.5
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cracks generally developed at one end of the pre-
fabricated fissure. +e propagation direction of the
secondary tensile-shear cracks not running through
the shear cracks was nearly parallel to that of the
main shear crack, and that of the secondary tensile
cracks running through the shear cracks generally
had an included angle of 55°–75° with the main shear
crack.

(3) As shown in Figures 8(c) and 8(d), with the increase
in the dip angle of the prefabricated fissure (α∈(10°,
50°)), the initial propagation angle β1 between the
main shear crack and prefabricated fissure was
generally smaller than 13°, and the initial propaga-
tion length of the main shear crack was small (1/5–1/
3 of fissure length l). With the increase in shear
displacement, the main shear crack gradually
propagated in a bending manner toward the two
sides, and the included angle β2 between the main

shear crack and prefabricated fissure increased to
within 30°–70°. +e main shear crack and pre-
fabricated fissure experienced mutual coalescence.
+e secondary tensile-shear crack was approximately
parallel to the main shear crack and did not run
through the main shear crack; if coalescence did
happen, it would have occurred at the initial position
of the shear crack. With the propagation of the main
shear crack, secondary tensile cracks were generated,
they did not run through the main shear crack. +eir
propagation direction had an included angle of
smaller than 45° with the main shear crack.

(4) As indicated in Figures 8(e) and 8(f), at α∈[50°, 70°),
the main crack was shear crack, which initiated at the
two tip ends of the prefabricated fissure. +e in-
cluded angle β2 between the main shear crack and
prefabricated fissure increased with the increase in α
(within 32°–80°) accompanied with the appearance
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Figure 4: Relation curve between prefabricated fissures with different dip angles and peak shear strength of specimens.
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of secondary shear cracks, which generally propa-
gated from the two tip ends of the prefabricated
fissure. +e included angle between the secondary
shear cracks and prefabricated fissure ranged from
40° to 60°.

(5) As shown in Figures 8(g) and 8(h), at α∈[70°, 90°], the
main shear crack propagated at one end of the pre-
fabricated fissure, or one main shear crack propagated
at one end of the prefabricated fissure, whereas the
other one propagated at one position in the middle of
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Figure 5: Relation curve between prefabricated fissures with different widths and peak shear strength of specimens.
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the prefabricated fissure. +e included angle β2 be-
tween the main shear crack and prefabricated fissure
was 55°–90°. +e secondary tensile-shear cracks
propagated together with the main shear crack, and
they were generally approximately parallel to the shear
cracks. At the two sides of the shear cracks, secondary
tensile cracks were developed, and several of them
showed a coalescence trend with the shear cracks.

(6) At α ∈ [0°, 20°) ∪ (70°, 90°], the shear stress needed by
the loading-induced specimen failure was large, the
crack propagation was slow, the shear cracks mostly
propagated at one end of the prefabricated fissure,
and the cracks that propagated were mainly shear
cracks. As the shear displacement increased, sec-
ondary tensile cracks were developed until the
specimen failed. When α ∈ (30°, 50°), the shear stress
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Figure 6: Relation curve between prefabricated fissures with different lengths and peak shear strength of specimens.
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needed by the loading-induced specimen failure was
small, the crack propagation was fast, and the cracks
were generated under tensile-shear joint action.

3.2.3. Influence of Prefabricated Fissure Length on Crack
Coalescence and Propagation Mode

(1) At l≤ 10mm,

① When α∈[0°, 40°], the main crack usually prop-
agated along the two tip ends of the prefabricated
fissure accompanied with the development and
propagation of secondary tensile-shear and sec-
ondary tensile cracks, as shown in Figure 9(a).

② When α∈[70°, 90°], the main shear crack devel-
oped only along one end of the prefabricated
fissure together with tensile-shear cracks, as
shown in Figure 9(b), or the main shear crack was
generated at one side of the prefabricated fissure
and did not pass through the end part of the
prefabricated fissure, presenting a linear distri-
bution, namely, the main shear crack propagated
only along the direction of shear stress, as seen in
Figure 9(c).

(2) At l≥ 20mm,

① When α∈[0°, 40°], the main shear cracks propa-
gated at the two tip ends of the prefabricated
fissure and were mainly shear cracks, accompa-
nied with the development and propagation of
secondary tensile-shear cracks, which were ap-
proximately parallel to the main shear cracks, as
shown in Figures 8(c) and 9(d).

② When α∈[70°, 90°], the main shear cracks
propagated at the two ends or one end of the
prefabricated fissure, and their included angle β2
with the prefabricated fissure was 55°–90°. With
the increase in shear displacement, secondary
shear cracks were generated, and they were ap-
proximately perpendicular to the prefabricated
fissure, as shown in Figure 9(e). When the main
shear cracks propagated at the two ends of the
prefabricated fissure, the secondary tensile-shear
cracks were approximately parallel to the main
shear cracks. When the shear cracks propagated
at one end of the prefabricated fissure, the in-
cluded angle between secondary tensile-shear
and shear cracks was generally smaller than 40°,
as shown in Figures 8(g) and 9(f).

(3) With the increase in length l of the prefabricated
fissure, the shear strength of the different specimens
was reduced, and the crack propagation mode was
obviously changed.

4. Conclusions

Cubic rock-like specimens containing a single fissure were
prefabricated to conduct a biaxial shear test, and their
strength characteristics, crack coalescence, and

propagation modes were explored under different geo-
metric conditions. +e following main conclusions were
derived:

(1) When the dip angle α of the prefabricated fissure
increased, the peak shear strength of the rock-like
specimens decreased initially, then increased, and
the peak shear strength curve presented a similar “U”
shape. At α ∈ [30°, 60°], the peak shear strength was in
the peak-valley interval; the minimum peak shear
strength of each curve accounted for 43%–64% of the
peak shear strength of the intact specimen. At α� 90°
and different lengths l and widths b of the pre-
fabricated fissure, the peak shear strengths of all
specimens reached the maximum values. +e max-
imum shear strength of each curve accounted for
63%–79% of the peak shear strength of the intact
specimen.

(2) With the increase in the width b of the prefabricated
fissure, the peak shear strength of the specimens
decreased, but the reduction amplitude gradually
slowed down. At l≥ 20mm, the same dip angle α,
and different fissure widths b, the correlation degree
between peak shear strength and fissure width b was
low.

(3) When the length l of the prefabricated fissure in-
creased, the peak shear strength of the specimens was
gradually reduced. At l< 20mm, the change in fis-
sure length l had a great influence on the peak shear
strength. When l≥ 20mm, the length l of the pre-
fabricated fissure exerted a minor influence on the
peak shear strength. +e influence degree of fissure
width on the peak strength of the rock-like speci-
mens with a prefabricated fissure was lower than that
of dip angle α and length l.

(4) +e crack coalescence, propagation modes, and
characteristics of the rock-like specimens with pre-
fabricated fissures after the loading process were
analyzed. +e crack coalescence mode was divided
into four types: ① single main shear coalescence
mode, ② main shear crack coalescence and sec-
ondary tensile-shear crack propagation mode,
③main shear crack coalescence and secondary shear
crack propagation mode, and ④main shear crack
coalescence and secondary tensile crack propagation
mode.

(5) +e relationships of the crack propagation modes
of the rock-like specimens with dip angle α and
length l of the prefabricated fissure were deter-
mined. At α∈[0°, 20°)∪(70°, 90°], the shear stress
needed by postloading specimen failure was large,
the crack propagation was low, most shear cracks
propagated at one end of the prefabricated fissure,
and the crack propagation occurred mainly under
shear action. At α∈(30°, 50°), the shear stress
needed by postloading specimen failure was small,
and the crack propagation was fast under tensile-
shear joint action.
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Notably, due to restrictions in paper length, the effects of
prefabricated fissure spacing on specimen strength and crack
propagation mode were not considered in this study.
Moreover, the quantitative relationships of specimen peak
strength with the dip angle, length, and width of pre-
fabricated fissures were not explored. +ese issues will be
discussed in a follow-up study.
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