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The shear behavior of rock discontinuities controls the stability of rock masses to a great extent. In this paper, laboratory shear tests
were performed on rock-like materials with different cracks to study the effect of nonpersistent joints on the shear behavior of rock
masses. The results show that the variation trends of the shear stress-displacement curves of specimens with different cracks are
generally similar and have the same stage characteristics. When the crack length is relatively short, the elastic stage is prolonged,
the peak shear strength decreases, and the shear displacement corresponding to the peak shear strength and the residual shear
strength increases with the increase of the crack length. When the crack length is relatively long, the elastic stage is shortened,
the peak shear strength decreases, and the shear displacement corresponding to the peak shear strength increases with the
increase of the crack length. The peak shear stress gradually decreases with the increase of the crack length. The shear strength
of the specimens with unilateral cracks is much higher than that of the specimens with bilateral cracks. The shear strength of
the specimens is affected not only by the crack length but also by the crack distribution. The acoustic emission (AE) count peak
occurs when the shear stress drops sharply and has an inverse “S”-type variation trend with the increase of the crack length. The
inclination angle of the fracture decreases, the roughness of the fracture surface decreases, and the proportion of the wear area
on the fracture surface increases gradually with the increase of the crack length. The AE source decreases with the increase of
the crack length, and their locations are obviously asymmetric. This work can greatly contribute to the insight into the shear
failure mechanism of rock discontinuities with nonpersistent joints.

1. Introduction

Jointed rock mass is a kind of complex engineering medium
widely encountered in water conservancy, transportation,
mining, foundation, oil exploitation, and other rock projects,
which plays an important role in the stability of the project
[1, 2]. Rock discontinuities of varying styles, such as joints,
beddings, and faults, are commonly encountered in jointed
rock masses [3]. The failure characteristics of rock masses
are influenced not only by rock mass types but also by rock
discontinuities more seriously [4, 5]. Shear failure caused by
rock discontinuities is one of the most common failure forms
of various types of rock engineering; the shear failure charac-

teristics of rock discontinuities play an indispensable role in
the safety and stability of rock engineering [6]. Due to the
limitation of rock mass testing technology, it is difficult to
evaluate the shear characteristics of discontinuous rock
masses in situ, so most of them are studied by experiment.
For example, Shrivastava and Rao performed laboratory tests
on the modeled infilled rock joint having different types of
joint roughness at various initial normal stresses to study
the effect of infill on the shear behavior of rock joints [7].
Mehrishal et al. conducted an experimental study on normal
stress and shear rate dependency of basic friction coefficient
in dry and wet limestone joints [8]. Niktabar and Rao carried
out a series of tests on cast regular and irregular jointed
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samples using cyclic shear testing to study the effect of irreg-
ular asperities on shear behavior of rock joints [9]. Cui used
direct shear tests to investigate the shear behavior of contin-
uous planar joints, stepped joints, and discontinuous open
joints [10]. Singh and Basu performed shear tests to compare
the shear behavior of “real” natural rock discontinuities and
their replicas [11]. Jiang et al. presented a method for charac-
terizing the shear damage of a natural rock joint, which can
overcome the “bottleneck” difficulty in insufficient joint spec-
imens with the same natural surface morphologies for exper-
imental study [12]. Some insightful understanding of the
shear behavior of rock discontinuities has been obtained
through previous studies. The joints can be divided into per-
sistent joints and nonpersistent joints in the engineering site.
However, as one particular type of joints, nonpersistent joints
have been given less consideration [13]. Compared with the
persistent joints, the stress and failure characteristics of the
nonpersistent joints have great changes. The influencing fac-
tors are more complex, and the hidden danger of engineering
safety is greater [14, 15]. Therefore, it is of great engineering
value to study the shear mechanical behavior of the nonper-
sistent joints.

Acoustic emission (AE) activity is highly contrasted with
the damage evolution of rock materials, so AE test data were
often used to characterize the fracture properties of rock
materials in various experiments [16, 17]. Rodríguez et al.
carried out compression tests for the characterization of the
cracking pattern according to AE parameters, three-
dimensional localization of the AE sources, and petrographic
analysis [18]. Li et al. made major effort to characterize evo-
lution of the spatial correlation length of AE events, spatial
correlation of stress fields, and stress transferring processes
[19]. Liu et al. applied AE technique and moment tensor
analysis to study the behavior of coarse-grained granite sam-
ples under uniaxial compression [20]. Meng et al. carried out
shear tests on tensile joints to study the shear behaviors and
the changes in the AEs that occurred during shear failure
under different normal stresses [21]. However, there are few
studies on the mechanical properties, AE characteristics,
and failure characteristics during shear failure of rock mate-
rials containing nonpersistent joints.

In this paper, the jointed rock samples with cracks at one
end of the samples and with cracks at two ends of the samples
(the connectivity of these samples is different) are prefabri-
cated firstly. Secondly, the direct shear test and AE monitor-
ing are carried out for these samples. Finally, the influence of

the nonpersistent joints on the shear behavior and AE char-
acteristics of the jointed rock mass are discussed. The
research results are helpful to further understand the shear
instability mechanism of the jointed rock mass and have cer-
tain significance for the safety construction and stable opera-
tion of rock mass engineering.

2. Experimental Methods

Laboratory shear tests were carried out to study the shear
behavior of rock discontinuities with various geometries of
cracks.

2.1. Specimen Preparation. The specimens used in the test
include a specimen without crack; specimens with unilateral
cracks of 2 cm, 4 cm, 6 cm, 8 cm, and 10 cm; and specimens
with bilateral cracks of 0 cm, 2 cm, 4 cm, and 6 cm, as shown
in Figure 1. Cracks were achieved by hydraulic cutting of
complete specimens. The dimensions of all specimens used
in the shear tests are 200mm × 100mm × 100mm, and the
thickness of cracks is 4mm, as shown in Figure 2. They were
made of mixtures of white cement, fine sand, water, and
water reducer with weight ratios of 1 : 1 : 0.3 : 0.005, respec-
tively. The main mechanical parameters, such as Young’s
modulus, Poisson’s ratio, uniaxial compression strength
(UCS), cohesion, and peak friction angle, were 10.35GPa,
0.166, 41.80MPa, 8.78MPa, and 44.01°, respectively [22].

2.2. Experimental Setup. The direct shear test under constant
normal load (CNL) conditions were performed using a JAW-
600 coupled shear-flowmachine (Figure 3(a)) which is devel-
oped by Shandong University of Science and Technology
[23]. The shear and normal loads are applied using hydraulic
actuators equipped with servo valves. Furthermore, the
machine has a design capacity of 600 kN in both the shear
(horizontal) and normal (vertical) directions and can test

(a) (b)

Figure 1: Rock-like specimens with different cracks: (a) specimens with unilateral crack; (b) specimen without crack and specimens with
bilateral crack.
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Figure 2: Specimen dimension schematic diagram (L: crack length).
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for both artificial and natural discontinuities. The shear and
normal displacements are measured using linear variable dif-
ferential transformers (LVDTs). A maximum shear displace-
ment of 25mm can be obtained. When the joint roughness
coefficient is constant, the shear strength of the rock is line-
arly related to the normal stress acting on the joint surface
[24]. Hence, the normal stress is uniformly selected as
1MPa, which is not taken as an important factor, and the
shear rate is chosen as the static limit value of 0.01mm/s.
In the test, the normal load is first applied to a predetermined
value and kept constant until the end of the test, and then the
shear load is applied. The normal load and shear load are
controlled by force and displacement, respectively [25].

The AE characteristics of the rock-like joints were also
monitored by a DS5-16B Acoustic Emission System, as
shown in Figure 4. Here, 12 sensors were arranged symmet-
rically on the two free sides which were perpendicular to
the shear direction of the sample. The main maximum value
of the AE analysis system was set as 40 dB, and the threshold
was set as 45 dB. Before the test, an 0.5mm HB pencil lead
was used for the lead breaking test to determine the coupling
quality of the sensors. After that, the surface where the sen-

sors were located in was properly polished, and an appropri-
ate amount of coupling agent was applied between the
sensors and the sample to ensure better contact [22].

3. Results and Discussion

3.1. Deformation and Strength Characteristics. The shear
stress-displacement curves of specimens with different uni-
lateral cracks are shown in Figure 5(a). It can be seen that
the variation trends of the shear stress-displacement curves
are generally similar and have the same stage characteristics,
which can be divided into four stages: compaction stage, elas-
tic stage, unstable failure stage, and residual strength stage.
When the crack length is relatively short (0 cm, 2 cm, and
4 cm), with the increase of crack length, the elastic stage is
prolonged, the peak shear strength decreases gradually, the
shear displacement corresponding to peak shear strength
increases gradually, and the residual shear strength also
increases gradually. When the crack length is relatively long
(6 cm, 8 cm, and 10 cm), with the increase of the crack length,
the elastic stage is shortened, the peak shear strength
decreases gradually, the shear displacement corresponding

(a)

Normal load

Shear load

(b)

Figure 3: Arrangement of the shear test: (a) shear test system; (b) loading unit.

Sensors Amplifier
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Figure 4: DS5-16B AE monitoring system.
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to the peak shear strength increases gradually but still lags
behind the specimen with no crack, and the residual shear
strength decreases gradually.

The shear stress-displacement curves of specimens with
different bilateral cracks are shown in Figure 5(b). The phase
characteristics of the curves are similar to that of specimens
with different unilateral cracks. When the crack length
increases from 0 cm to 6 cm, the elastic stage is prolonged
and Young’s modulus decreases gradually. The peak shear
strength decreases gradually, and the shear displacement cor-
responding to peak shear strength increases gradually. In
addition, when the length of the bilateral crack reaches a cer-

tain extent, the postpeak softening characteristics of the spec-
imens are no longer obvious.

3.2. Peak Shear Strength Characteristics. Table 1 lists the mea-
sured peak shear strength values of direct shear tests for the
two groups of specimens with different cracks. The relation-
ships between peak shear strength, crack location, and length
are presented in Figure 6.

As can be seen from Table 1 and Figure 6, the peak shear
stresses of two kinds of specimens both gradually decrease
with the increase of the crack length. However, the decrease
range of the peak shear stress of the specimens with a unilat-
eral crack is first increased and then decreased, while that of
specimens with bilateral cracks is first decreased and then
increased. Meanwhile, the shear strengths of the specimens
with unilateral cracks are much higher than those of the spec-
imens with bilateral cracks. With the increase of the crack
length, the strength curves of specimens with unilateral
cracks showed an inverse “S” type, while those of specimens
with bilateral cracks showed a decentered “S” type.

When the crack length of the specimen with unilateral
cracks is no more than 2 cm, it has little impact on the
strength of the specimen, and the peak shear strength slowly
decreases to 17.65MPa; when the crack length increases to
8 cm, it has a significant impact on the strength of the speci-
men under the influence of the length effect, and the shear
strength drops sharply to 9.33MPa; and when the crack
length continues to increase to 10 cm, the length effect
weakens and the shear strength slightly decreases to
9.10MPa. Meanwhile, by fitting the shear strengths of the
specimen with unilateral cracks with different crack lengths,
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Figure 5: Curves of shear stress with respect to displacement of specimens with different cracks: (a) unilateral crack; (b) bilateral crack.

Table 1: Peak shear strength of specimens with different cracks.

Crack length (cm)
Unilateral crack Bilateral crack

0 2 4 6 8 10 2 4 6

Shear stress (MPa) 18.15 17.65 15.84 11.82 9.33 9.10 11.17 9.58 6.28
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Figure 6: Fitting curves of peak shear stress of specimens with
different cracks.
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Figure 7: The cumulative AE events and shear stress with shear displacement of specimens with unilateral crack of different lengths: (a) 0 cm;
(b) 2 cm; (c) 4 cm; (d) 6 cm; (e) 8 cm; (f) 10 cm.
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a negative exponential fitting relation with fitting coefficient
of 0.9986 can be obtained, as shown:

y = 18:15 − 8:90ð Þ
1 + e x−5:16ð Þ/1:05 + 8:90, R2 = 0:9986: ð1Þ

When the crack length of the specimen with bilateral
cracks is 2 cm, it significantly affected the shear strength of
the specimen, which dropped sharply to 11.17MPa; when
the bilateral crack length increases to 4 cm, the length effect
weakens, and the shear strength slowly decreased to
9.58MPa; and when the bilateral crack length continues to
increase to 6 cm, the length effect is significantly increased
again, and the shear strength rapidly decreases to 6.28MPa.
Meanwhile, by fitting the shear strengths of the specimen
with bilateral cracks with different crack lengths, polynomial

fitting relation with a fitting coefficient of 0.9992 can be
obtained, as shown:

y = 17:97 − 5:96x + 1:55x2 − 0:15x3, R2 = 0:9992: ð2Þ

In addition, when the total lengths of cracks on the spec-
imens are the same, the shear strengths of the two kinds of
specimens are not the same. For example, when the unilateral
crack length is 4 cm and the bilateral crack is 2 cm, the shear
strength of the specimen with the unilateral crack is much
greater than that of the specimen with the bilateral crack.
When the unilateral crack length is 8 cm and the bilateral
crack is 4 cm, there is little difference in shear strength
between the two kinds of specimens. This shows that the
shear strength of the specimen is affected not only by the
crack length but also by the crack distribution. Moreover,
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Figure 8: The cumulative AE events and shear stress with shear displacement of specimens with bilateral crack of different lengths: (a) 0 cm;
(b) 2 cm; (c) 4 cm; (d) 6 cm.
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the influence of the distribution on the shear strength of spec-
imens is more obvious when the total crack length is small; the
influence is not obvious when the total crack length is large.

3.3. Acoustic Emission Characteristics. We used on-time
acoustic emission (AE) to monitor microbreak events and
their positions for granite joints during direct shear testing.
Then, we analyzed the microshearing behaviors of the non-
persistent joints according to the AE events and break local-
ization obtained via AE.

Figures 7 and 8 show the cumulative AE events and shear
stress with shear displacement of specimens with different
unilateral cracks and bilateral cracks, respectively. It can be
seen that the AE count peak of specimens with different crack
distributions occurs when the shear stress drops sharply. The
AE counts will also have a smaller peak value when the shear
stress decreases slightly, and the AE counts at other times are
not obvious relative to the peak time. This indicates that the
failure and instability of the specimen occurs in an instant,
and the energy accumulated in the early loading process is
quickly released at the moment of failure and is accompanied
by a large number of transient elastic waves. Hence, a strong
AE phenomenon is generated. Loud noise was generated
when the specimen with a small crack length is destroyed
in the test, which further confirms that the specimen will
release a large amount of energy at the moment of failure.

Table 2 shows AE count peaks of specimens with differ-
ent crack distributions. Meanwhile, by fitting the AE count
peaks of specimens in Table 2, fitting relations with fitting
coefficients of 0.9762 and 0.9995 can be obtained, respec-
tively, as shown in

y = 91:82 − 34:12ð Þ
1 + e x−5:31ð Þ/2:03 + 34:12, R2 = 0:9762, ð3Þ

y = 32:24 + 0:47x − 2:36x2 + 0:27x3, R2 = 0:9995: ð4Þ

The two fitting relations are drawn in the coordinate sys-
tem, as shown in Figure 9. It can be seen that the AE count
peaks of the specimens with different cracks have similar var-
iation trends with the increase of the crack length, and both
of them show a variation pattern which is an inverse “S” type.
However, the curve of specimens with unilateral cracks is rel-
atively flat and the value varied slowly, while the curve of
specimens with bilateral cracks is much steeper than that of
the former. Therefore, for the specimens with the same total
crack length under the same test condition, the AE counting
peak of specimens with unilateral cracks is higher than that of
specimens with bilateral cracks.

3.4. Failure Characteristics. Table 3 shows the shear failure
characteristics of specimens with different unilateral cracks.
It can be seen that the specimens were not fractured along a
flat surface. First, fracture cracks with different inclination
angles were formed on the side of the specimens, as shown
in the fracture angle column. The inclination angle of the
fracture crack is 13°, 11°, 9°, 6°, and 4°, when the length of
the crack is 2 cm, 4 cm, 6 cm, 8 cm, and 10 cm, respectively.
This shows that the inclination angle of the crack decreases
steadily with the increase of the crack length. Then, after
shearing, the fracture surface of the specimens is rough and
uneven, and the roughness of the fracture surface decreases
with the increase of the crack length, as shown in the fracture
surface column. After fracture, the roughness fracture surface
resists further shear slip of rock blocks, which results in seri-
ous wear on the fracture surface. With the increase of the
crack length, the proportion of the wear area on the fracture
surface to the total fracture surface increases gradually.
Finally, the fracture surface depicted by AE source locations
is an uneven inclined surface, as shown in the AE source
location column, which is in good agreement with the true
fracture morphology of the specimens. The distribution of
AE source locations is obviously asymmetric in the length
direction of the specimen, mainly on the noncracked side,
and the asymmetry becomes more obvious with the increase
of the crack length. In addition, the number of AE sources
decreases with the increase of the crack length, which indi-
cates that the longer the crack, the less energy consumed
when the specimen is fractured.

Table 4 shows the shear failure characteristics of speci-
mens with different bilateral cracks. It can be seen that the
shear failure characteristics of specimens with different bilat-
eral cracks are very similar to those of specimens with differ-
ent unilateral cracks. The difference is that two parallel
fracture cracks are formed on the specimens when the
lengths of the cracks are 0 cm and 2 cm, respectively. As
two main fracture cracks appear, more AE locations are

Table 2: Peak value of AE count of rock specimens with different cracks.

Crack length (cm)
Unilateral crack Bilateral crack

0 2 4 6 8 10 2 4 6

AE count peak 32567 29960 24958 20739 13226 11950 26159 13734 8356
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Figure 9: Fitting curves of peak value of AE count of specimens
with different cracks.
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generated. Moreover, the inclination angle of the fracture
crack is 20°, 16°, 14°, and 5°, when the length of the crack is
0 cm, 2 cm, 4 cm, and 6 cm, respectively. This shows that
the inclination angle of the crack shows a nonuniform
decreasing trend with the increase of the crack length.

4. Conclusions

In this paper, laboratory shear tests were carried out to inves-
tigate the shear behavior of rock discontinuities with nonper-
sistent joints. The influence of the crack position and length
on shear behavior is systematically observed based on the
results. The following conclusions were reached:

(1) Variation trends of the shear stress-displacement
curves with different cracks are generally similar
and have the same stage characteristics. When the
crack length is relatively short, the elastic stage is pro-
longed, the peak shear strength decreases, and the
shear displacement corresponding to peak shear
strength and the residual shear strength increases
with the increase of the crack length. When the crack
length is relatively long, the elastic stage shortens, the

peak shear strength decreases, and the shear displace-
ment corresponding to the peak shear strength
increases with the increase of the crack length

(2) The peak shear stress decreases with the increase of
the crack length, and the decrease range of specimens
with unilateral cracks is first increased and then
decreased, while that of specimens with bilateral
cracks is first decreased and then increased. Mean-
while, the shear strengths of the specimens with uni-
lateral cracks are much higher than those of
specimens with bilateral cracks. The shear strength
is affected not only by the crack length, but also by
the crack distribution. The influence of the distribu-
tion is more obvious when the total crack length is
small

(3) The peak of the AE count occurs when the shear
stress drops sharply and a large amount of energy will
be released at the moment. The AE count peaks of
specimens with different cracks have a similar varia-
tion trend with the increase of the crack length, and
both show a variation pattern which is an inverse
“S” type. For the specimens with the same total crack

Table 3: Failure mode of specimens with different unilateral cracks.

Crack length Fracture angle Fracture surface AE source location

2 cm 13°

100
80
60
40
20
0

0 20 406080100
20 4060 80100120140160 180 200

4 cm 11°

100
80
60
40
20

0

0 20
4060

80100
2040 60 80100120140160

180200

6 cm 9°

100
80

60
40
20

0

0 20
4060

80100
2040 60 80100120140160

180200

8 cm 6°

100
80

60
40
20

0

0 20
4060

80100
2040 60 80100120140160

180200

10 cm 4°

100
80

60
40
20

0

0
20

40
60

80100
20 406080100120140160

180 200
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length, the AE counting peak of specimens with uni-
lateral cracks is higher than that of specimens with
bilateral cracks

(4) The inclination angle of the fracture decreases, the
roughness of the fracture surface decreases, and the
proportion of the wear area on the fracture surface
increases gradually with the increase of the crack
length. The distribution of AE source locations is
obviously asymmetric, mainly on the noncracked
side, and the asymmetry becomes more obvious with
the increase of the crack length. The number of AE
sources decreases with the increase of the crack
length, which indicates that the longer the crack, the
less the energy consumed
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