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Direct shear tests were carried out on nonthrough jointed rock masses (NTJRM) with three types of joints under five normal
stresses. *e strength characteristics of shear strength, initial crack strength, and residual strength and the deformation
characteristics of tangential displacement and dilatancy displacement as well as the transformation of failure mode and the
variation of shear parameters of rock mass with different joint morphology are studied. Under the same normal stress, with the
increase of joint undulation, the shear strength of NTJRM increases, and the corresponding tangential displacement of NTJRM
increases. Two typical failure modes are observed: TTTS mode and TSSS mode. TTTS model indicates that the initial failure,
extension failure, and final failure of rock mass are caused by tensile action, while the failure mode of through plane is formed by
shear action.*e initial failure of TSSS mode rock mass is caused by tensile action, while the expansion and final failure are caused
by shear action, and the failure mode of through plane is formed under shear action. When the joint undulation is small and the
normal stress is small, NTJRM will fail in TTTS mode; when the joint undulation is large and the normal stress is large, NTJRM
will fail in TSSS mode. *e results show that the shear parameters of NTJRM are related to the joint morphology, the bond force
increases with the increase of joint undulation, and the internal friction angle increases with the increase of joint undulation. *e
research results of direct shear test of nonthrough jointed rock mass can provide reference for related research.

1. Introduction

Jointed rock mass is a familiar complex engineering-geo-
logical body in nature [1], in which the joint plays an es-
sential role in reducing the rock mass strength [2–4]. *e
close association between internal joints coalescence and
failure in rock engineering has been proven by various
studies [5–8]. Generally, the jointed rock mass can be
classified into nonthrough jointed rock mass (NTJRM) and
through jointed rock mass (TJRM) according to the con-
nectivity of joint. And, the failure mechanism of NTJRM is
different from NTJRM. *erefore, it is of great significance
to investigate the shear strength and failure characteristics of
NTJRM. A number of researches have been carried out to
understand the influence of different joint geometry

parameters on the mechanical behavior of NTJRM. For
instance, Bobet and Einstein [9] investigated the failure
modes of specimens with two different types of joints under
uniaxial loading. Wong and Chau [10] performed uniaxial
loading tests on rock-like specimens containing double
joints and summarized the relationship between failure
modes and joint angles and rock bridges.

Recently, more attention has been drawn to study crack
propagation. Morgan and Einstein [11] used shale con-
taining natural bedding plane to fabricate specimens and
found that the cracks at the joint tips usually grow along the
bedding plane. Alneasan et al. [12] theoretically analyzed the
propagation of inclined interface cracks in two different rock
layers under both compression and tension. Wang et al. [13]
utilized artificial layered rock mass with a single joint using

Hindawi
Advances in Civil Engineering
Volume 2021, Article ID 2581382, 17 pages
https://doi.org/10.1155/2021/2581382

mailto:845612605@qq.com
https://orcid.org/0000-0002-7025-9056
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/2581382


cement mortar material to analyze the influences of the
bedding plane and joint on the mechanical characteristics.
Cao et al. [14, 15] conducted experimental and numerical
compression-shear tests on double-notched specimens to
investigate the fracturing characteristics of transversely
isotropic rock under planar shear fracture loading. Zhang
et al. [16] studied the propagation mechanism of an oblique
straight crack and revealed its mechanical characteristics
under in-plane biaxial compression. Lin et al. [17, 18]
performed uniaxial compression tests on jointed rock-like
specimens with two dissimilar layers. Fan et al. [19] used the
PFC program to establish numerical models containing one
open flaw and two circular openings. *e digital image
correlation (DIC) techniques are employed to study the
crack coalescence process of specimens with two dissimilar
layers under uniaxial loading [20, 21].

Direct shear test is one of the effective methods to study
the effect of shear stress on jointed rock mass, which can
simulate the shear stress state of jointed rock mass. Lajtai
[22, 23] studied the failure mode of jointed plaster by direct
shear test, in which the failure modes of jointed plaster are
sorted into three types: tensile failure, shear failure, and
crushing failure. Chen et al. [24], Qin et al. [25], and Heng
et al. [26] have studied the failure characteristics of rock
mass with nonthrough joints under different connectivity
and normal stress. Zhao et al. [27] used PFC software to
study the deformation and failure mode of jointed rock
mass. Wang et al. [28] carried out numerical analysis on the
scale effect of elasticity, strength, and failure mode of jointed
rock mass. Chen et al. [29] conducted direct shear tests on
NTJRM with different connection rates to study their shear
failure process and strength characteristics. Numerical
methods are another effective method to study the strength
and deformation characteristics of NTJRM under shear test.

It is generally known that joint morphology has an im-
portant influence on the strength and deformation charac-
teristics of jointed rock mass. But the influence of joint
morphology on the strength and deformation of NTJRM is
not considered in the above studies. Only several scholars
have considered the influence of joint morphology and
conducted direct shear tests. Wang et al. [30] and Ma et al.
[31] studied the effect of joint morphology on shear behavior
of joints. Liu and Xia [32] proposed the failure mode of
NTJRM. Liu et al. [33] and Chen et al. [34] studied the in-
fluence of joint morphology on the shear strength of NTJRM.

In this study, the influence of joint surface morphology
on the strength and deformation characteristics of NTJRM is
studied by direct shear test, and the variation of shear pa-
rameters with joint morphology is studied. *e relationship
between failure mode and joint surface morphology of
NTJRM is investigated.*e failure mode of NTJRM in direct
shear test can provide experimental verification for nu-
merical simulation.

2. Material and Method

2.1. Preparation of Specimens. Rock-like materials are used
to prepare rock mass specimens with discontinuous joints.
*e rock-like material used in this experiment is cement

mortar with a mixing ratio of sand : cement : water� 3 : 2 :1
(the sand is dug from a river in Shanghai area). *e
length×width× thickness of the NTJRM specimens is
300 mm× 300 mm× 150mm. *e joints had serrated
morphology, a connection rate of 0.53, and undulation
angles of 0°, 15°, and 30°. *e size of the specimens is shown
in Figure 1.

As shown in Figure 2, a self-made wooden mold was
used to prepare the specimens. Serrated joints with undu-
lation angles of 0°, 15°, and 30° were prepared by inserting
thin steel sheets of 0.3mm thickness into the poured
specimens. *e steel sheets were drawn out before the initial
setting of the specimens.

2.2. Physical and Mechanical Properties of the Specimens.
*e physical and mechanical property parameters of the
rock bridge section of the NTJRM are listed in Table 1. *e
shear parameters of the serrated joints are summarized in
Table 2. All the mechanical property is obtained in the
compressive and tensile strength test. *e corresponding
specimens after the compressive and the tensile test are
demonstrated in Figures 3 and 4, respectively.

2.3.%e Instruments Used in%is Test. As shown in Figure 5,
the specimen was installed in the rock mass direct shear
apparatus, which is composed of the main engine, a hy-
draulic system, a servocontrol system, and a computerized
control and treatment system. *e main technical param-
eters of this rock mass direct shear apparatus are given as
follows:(1) the maximum normal load is 500 kN, with a
measurement accuracy of ±1%; (2) the maximum tangential
load is 1000 kN, with a measurement accuracy of ± 1%; (3)
the measurement range of normal deformation is 0∼20mm,
and the measurement accuracy of normal load deformation
is ± 0.5% F.S; (4) the measurement range of tangential de-
formation is 0∼50mm, and the measurement accuracy of
tangential load deformation is ± 0.5% F.S; (5) output
pressure of hydraulic station is ≤ 21MPa; (6) deformation
rate is 0.05∼50.0mm/min.

2.4.%e Testing Procedure. *e specimens were divided into
three groups for serrated joints with undulation angles of 0°,
15°, and 30°. In each group, the direct shear tests were carried
out under five different normal stress levels (0.5MPa,
1.0MPa, 1.5MPa, 2.0MPa, and 3.0MPa). During the direct
shear test, the normal load was controlled by load, while the
tangential load is controlled by displacement. Under the
normal stress test mode, the normal stress was first loaded to
the set value and then the shear stress is applied. After the
normal load servo was stable, the horizontal load was then
applied at a rate of 0.01mm/s. *e relevant data, including
normal load, normal displacement, tangential load, and
tangential displacement, were collected automatically by the
computer.

In addition, an external monitoring system containing a
camera was installed beside the testing machine to monitor
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Figure 1: Specimens of rock mass with discontinuous joints. (a) α� 0°. (b) α� 15°. (c) α� 30°.
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Figure 2: Continued.
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the initiation and propagation of the crack at the end of the
joint and record the time when the initial crack appeared.

3. Results and Discussions

3.1. Deformation Characteristics of Rock Specimens during the
Test

3.1.1. Normal Deformation of Rock Specimens. It can be seen
from Figure 6 [33] that the normal deformation curve of

NTJRM is similar to the normal deformation curve of joints,
and both of them are approximately double-curving. *is
indicates that, under normal stress, the joints of NTJRM also
undergo closed deformation. *e closed deformation makes
the upper and lower joint surfaces contact closely. When the
tangential force is applied, friction will be generated, so that
joints and rock bridges share the tangential load.

Under five levels of normal stress, the normal dis-
placements of the specimens are shown in Table 3 and
Figure 7. Obviously, the normal stress and joint surface

Table 1: Physical and mechanical property parameters of the rock bridges.

Density
(g/cm3)

Compressive
strength (MPa)

Tensile
strength (MPa)

Modulus of
elasticity (GPa) Poisson’s ratio Cohesion (MPa) Angle of internal

friction (°)
2.10 18.0 1.71 3.70 0.16 3.93 41.6

Table 2: Shear parameters of serrated joints.

*e undulation angle (°) Cohesion (MPa) Angle of internal friction (°)
0 0.56 32.3
15 0.56 47.3
30 0.56 62.3

(c)

Figure 2: Preparation process of specimens with different undulation angles. (a) Specimen with undulation angle of 0°. (b) Specimen with
undulation angle of 15°. (c) Specimen with undulation angle of 30°.

Figure 3: Specimens after the compressive strength test. Figure 4: Specimens after the tensile strength test.
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Figure 5: *e main engine of the rock mass direct shear apparatus.
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Figure 6: Continued.

Advances in Civil Engineering 5



morphology have significant influence on the normal de-
formation of rock mass with discontinuous joints. Firstly,
the normal deformation increases with the increase of
normal stress. Secondly, under the same normal stress
condition, the normal deformation of the joint changes with
the surface morphology of the joint. *e larger the undu-
lation angle, the greater the normal displacement.

3.1.2. Tangential Deformation of the Rock Specimens.
Under five different levels of normal stress, the curves of the
tangential displacement of the specimens are shown in
Figure 8. *e peak tangential displacements of these rock
specimens are shown in Table 4.

As shown in Figure 8(a) and Table 4, when the undu-
lation angle of the joints is 0°, the peak tangential dis-
placement is 1.95mm under a normal stress of 0.5MPa and
2.86mm under a normal stress of 3.0MPa. As shown in
Figure 8(b) and Table 4, when the undulation angle of the
joints is 15°, the peak tangential displacement is 1.89mm
under a normal stress of 0.5MPa and 2.56mm under a
normal stress of 3.0MPa. As shown in Figure 8(c) and
Table 4, when the undulation angle of the joints is 30°, the
peak tangential displacement is 1.84mm under a normal
stress of 0.5MPa and 2.48mm under a normal stress of
3.0MPa. To sum up, it can be seen from the data shown in
Table 4 and the curve shown in Figure 8 that, for the NTJRM
with the same joint surface morphology, the larger the
normal stress applied during the test, the larger the peak
tangential displacement of the rock mass. Under the same
normal stress, the larger the undulation angle of the serrated
joints, the smaller the peak tangential displacement. It can be
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Figure 6: Normal deformation curve of the rock specimens (a) when the normal stress is 0.5MPa, (b) when the normal stress is 1.0MPa,
(c) when the normal stress is 1.5MPa, (d) when the normal stress is 2.0MPa, and (e) when the normal stress is 3.0MPa.

Table 3: Peak normal displacements of specimens, unit: mm.

Undulation angle
Normal stress (MPa)

0.5 1.0 1.5 2.0 3.0
0° 0.20 0.24 0.31 0.35 0.41
15° 0.21 0.25 0.32 0.36 0.43
30° 0.23 0.26 0.34 0.37 0.44
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Figure 7: Normal displacement of the rock specimens.
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Figure 8: *e curves of tangential deformation of the rock specimens (a) when the undulation angle is 0°, (b) when the undulation angle is
15°, (c) and when the undulation angle is 30°.

Table 4: *e peak tangential displacement of rock specimens, unit: mm.

Undulation angle
Normal stress (MPa)

0.5 1.0 1.5 2.0 3.0
0° 1.95 2.12 2.22 2.47 2.86
15° 1.89 2.05 2.12 2.39 2.57
30° 1.84 1.99 2.01 2.32 2.48
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seen that the peak tangential displacement increases with the
increase of normal stress level. In addition, it can be seen
from Figure 8 that the curves of tangential deformation of an
NTJRM can be divided into four stages. In the first stage, the
curve is slightly convex downward and the tangential stress
increases rapidly with the increase of tangential displace-
ment. In this stage, the surface of the joints appears grad-
ually, and the folds begin to appear. In the second stage, the
curve is approximately a straight line, and the tangential
stress increases rapidly with the increase of tangential dis-
placement. In the third stage, the curve is convex upward,
and the tangential stress increases with the increase of
tangential displacement, but the rate of increase of tangential
stress is obviously lower than that of the two preceding
stages. *is stage exhibits the unstable extension of the new
joint surface, which lasts until the rock bridge breaks. In the
fourth stage, the curve is also convex downward, and the
tangential stress first decreases with the increase of tan-
gential displacement and finally tends to maintain residual
strength.

3.1.3. Shear Dilatancy Deformation of the Rock Specimens.
*e shear dilatancy curve of the discontinuous jointed rock
mass with the undulation angles of 0°, 15°, and 30° under the
five levels of normal stress is shown in Figure 9. Under a
normal stress of 0.5MPa or 1.0MPa, the curve of shear
expansion of NTJRM decreases with the increase of tan-
gential displacement. *is indicates that, under the action of
tangential stress, the nonthrough jointed rock can overcome
the suppression of normal stress and make the normal
displacement decrease gradually. When the curve of shear
expansion is below the abscissa, i.e., when the normal dis-
placement is less than zero, under the action of shear force
the NTJRM completely overcomes the action of normal
stress.

When the normal stress is 1.5MPa, 2.0MPa, and
3.0MPa, the curve of shear expansion of the NTJRM de-
creases gradually with the increase of tangential displace-
ment. *is also indicates that, under the action of tangential
stress, the NTJRM overcomes the inhibition of normal stress
and makes the normal displacement of the rock mass de-
crease gradually. However, the curves of shear expansion are
all above the abscissa; that is, the normal displacement is
greater than zero, which indicates that under the action of
shear force the NTJRM cannot overcome the normal stress
completely. By observing the curves of normal displacement
and tangential displacement under various normal stress
tests, it is found that the cracks formed in NTJRM are larger
when normal stress is 0.5MPa or 1.0MPa, but are smaller
when normal stress is 1.5MPa, 2.0MPa, or 3.0MPa.

3.2. Strength Characteristics of the Rock Specimens during the
Test. During the direct shear test of the NTJRM, the failure
modes of the joint ends and rock bridges are observed, and
the shear forces and corresponding tangential displacements
during the failure are recorded. *e internal system of the
rock testing machine automatically recorded the curve of
shear stress and shear displacement over time. And the

external monitoring system recorded the time when the
initial crack occurs. After the shear test, the shear stress and
shear displacement recorded by the internal test system were
found according to the time of initial crack generation
provided by the external monitoring system.*en the initial
crack strength of NTJRM can be determined according to
the form of the tangential deformation curve. *e initial
fracture strength, peak strength, and residual strength of the
NTJRM with three different relief angles of joints are pre-
sented in Tables 5–7.

3.2.1. %e Peak Strength of the Rock Specimens. *e peak
strength of the NTJRM with serrated joints with undulation
angles of 0°, 15°, and 30° is shown in Table 8 and Figure 10. It
can be observed that the shear strength of the rock mass
containing noncontinuous joints with the same joint surface
morphology (the same undulation angle of joints) increases
with the increase of normal stress. In addition, under the
same normal stress, the shear strength of the NTJRM in-
creases with the increase of the undulation angle of the
serrated joints.

3.2.2. Initial Fracture Strength of the Rock Specimens.
*e data of the initial fracture strength of the rock mass
under different normal stresses are sorted out to obtain the
curve shown in Figure 11.

From Figures 10 and 11, it can be seen that the change
trend of the initial fracture strength of the NTJRMwith three
different surface morphologies under different normal
stresses is the same as that of the peak strength. When the
joint surface morphology of all rock specimens was set to be
the same in the test, the initial fracture strength increased
with the increase of normal stress. When the normal stress
was controlled to be consistent in the test, the initial fracture
strength increased with the increase of the undulation angle
of the serrated joints. According to Tables 5–7 and Figure 11,
it can be observed that, under different normal stresses, the
percentage of initial fracture strength and peak strength of
the NTJRM is between 67.92% and 70.03% when the un-
dulation angle is 0°. Additionally, the percentage ranges from
69.91% to 70.30% when the undulation angle is 15° and from
71.49% to 72.85%when the undulation angle is 30°. From the
above it can be seen that the ratio of the initial fracture
strength to peak strength of the NTJRM with the three kinds
of serrated joint surfaces is between 65%∼75%.

3.2.3. Residual Strength of the Rock Specimens. *e residual
strengths of NTJRM containing serrated joints with relief
angles of 0°, 15°, and 30° are shown in Tables 5–7. *ey are
then sorted out and plotted in Figure 12. By comparing
Figures 11 and 12, it can be seen that in this test the variation
trend of the residual strength of the NTJRMwith three kinds
of surface morphologies under different normal stresses is
the same as that of the peak strength. By comparing the
experimental data, it can be found that, for the NTJRM with
the same joint surface morphology, the residual strength
increases with the increase of normal stress. Additionally,
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Figure 9: Continued.
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Figure 9:*e shear dilatancy curve of the rockmass specimens (a) when the normal stress is 0.5MPa, (b) when the normal stress is 1.0MPa,
(c) when the normal stress is 1.5MPa, (d) when the normal stress is 2.0MPa, and (e) when the normal stress is 3.0MPa.

Table 5: Strength of some rock specimens (α� 0°).

Normal stress (MPa) Peak strength τm (MPa)
Initial fracture strength Residual strength

τ0 (MPa) Ratio to peak strength (%) τr (MPa) Ratio to peak strength (%)
0.5 1.89 1.32 69.88 0.98 51.88
1.0 2.18 1.53 70.03 1.36 62.23
1.5 2.70 1.88 69.63 1.76 65.26
2.0 2.98 2.03 68.24 2.35 78.86
3.0 3.93 2.67 67.92 3.53 89.75

Table 6: Strength of some rock specimens (α�15°).

Normal stress (MPa) Peak strength τm (MPa)
Initial fracture strength Residual strength

τ0 (MPa) Ratio to peak intensity (%) τr (MPa) Ratio to peak intensity (%)
0.5 2.13 1.52 71.23 1.11 52.01
1.0 2.53 1.81 71.30 1.45 57.05
1.5 2.95 2.07 70.29 1.86 63.02
2.0 3.62 2.54 70.22 2.80 77.43
3.0 4.38 3.06 69.91 3.85 87.94

Table 7: Strength of some of the specimens (α� 30°).

Normal stress (MPa) Peak strength τm (MPa)
Initial fracture strength Residual strength

τ0 (MPa) Ratio to peak intensity (%) τr (MPa) Ratio to peak intensity (%)
0.5 2.21 1.61 72.85 1.25 56.56
1.0 2.98 2.15 72.25 1.75 58.92
1.5 3.63 2.61 72.06 2.23 61.38
2.0 3.99 2.86 71.72 3.00 75.31
3.0 4.93 3.53 71.49 4.17 84.49
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Figure 10: *e peak strength of all rock mass specimens.
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Figure 11:*e initial crack strength of the specimens. (a) Initial fracture strength of specimens. (b) Ratio of the initial crack strength to peak
strength.

Table 8: *e peak strength of all rock mass specimens, unit: MPa.

Normal stress (MPa)
Undulation angle

0° 15° 30°

0.5 1.89 2.13 2.19
1.0 2.18 2.53 2.98
1.5 2.70 2.95 3.63
2.0 2.98 3.62 3.99
3.0 3.93 4.38 4.93

Advances in Civil Engineering 11



under the same normal stress, the residual strength in-
creases with the increase of the relief angle of the serrated
joint. According to Tables 5–7 and Figure 12, under dif-
ferent normal stresses, the percentage of residual strength
and peak strength of NTJRM is between 51.88% and 89.75%
when the relief angle is 0°. Additionally, the percentage
ranges from 52.01% to 87.94% when the undulation angle is
15° and from 56.56% to 84.49% when the undulation angle
is 15°. *erefore, the ratio of residual strength to peak
strength of discontinuous jointed rock mass specimens
with three kinds of serrated joint surfaces is between 50%
and 90%.

3.3.%e FailureModes of the Rock Bridges. *e failure modes
of rock mass with discontinuous joints can be divided into
four types: TTTS, TSSS, TTTN, and SSSS [32]. Two failure
modes, TTTS and TSSS, were observed in the tests.*e failure
mode is called TTTS mode in which the initial failure, ex-
pansion, and coalescence failure of the rock mass are all
caused by the tensile action and the final coalescence surface is
formed due to the shear action. *e failure mode is called
TSSS mode in which the initial failure of rock mass is caused
by tensile action, while the expansion and final failure are
caused by shear action, and the final coalescence surface is
formed due to the shear action [32]. It can be found in the
direct shear test under the normal stress of 1.0MPa, the failure
mode of rock specimens with joint undulation angle of 0° is
TTTS mode, as shown in Figure 13. In the direct shear test
under the normal stress of 1.0MPa, the failure mode of rock
specimens with joint undulation angle of 30° is TSSS mode, as

shown in Figure 14, and when the normal stress is 1.5MPa,
the failure mode is also TSSS, as shown in Figure 15.

All the failure modes of rock specimens with different
joint morphologies under different normal stresses are
shown in Table 9. It can be seen from Table 9 that the failure
modes of rock specimens with nonthrough joints in this test
are TTTS and TSSS. *e details are as follows:

(1) Under five levels of normal stress, the failure mode of
rock mass specimens with undulation angle of 0° is
TTTS mode.

(2) *e failure mode of rock mass specimens with un-
dulation angle of 15° is TTTS mode when the normal
stress is less than 2.0MPa, but it is TSSS mode when
the normal stress is greater than or equal to 2.0MPa.

(3) *e failure mode of rock mass specimens with un-
dulation angle of 30° is TTTS mode when the normal
stress is less than 1.0MPa, but it is TSSS mode when
the normal stress is greater than or equal to 1.0MPa.

3.4. Analysis of Shear Strength Parameters. *e peak shear
strength of the three kinds of NTJRM specimens presented
in Table 5 is plotted in Figure 16. According to Figure 16, the
shear strength parameters of the rock mass specimens can be
obtained by fitting, as shown in Table 10. It can be seen from
Table 10 that the shear parameters cohesion and internal
friction angle of rock mass with nonthrough joints increase
with the increase of undulation angle of serrated joints.

In addition, the shear strength parameters of the specimens
calculated according to Jennings’ method [35] are given by
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Figure 12: *e residual strength of the NTJRM specimens. (a) Residual strength of specimens. (b) Ratio of the residual strength to peak
strength.
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Figure 13:*e failure modes of some of the rock specimens (σ �1.0MPa, α� 0°). (a) Initial failure. (b) Extended destruction. (c) Transfixion
failure.
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Figure 14: Continued.
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Figure 14: *e failure modes of some of the rock specimens (σ �1.0MPa, α� 30°). (a) Initial damage. (b) Extended destruction.
(c) Transfixion failure.
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Figure 15: *e failure modes of some of the rock specimens (σ �1.5MPa, α� 30°). (a) Initial failure. (b) Extended destruction.
(c) Transfixion failure.

14 Advances in Civil Engineering



c � kcj +(1 − k)cb,

tan ϕ � k tan ϕj +(1 − k)tan ϕb,

φ � arctan φ,

(1)

where c is cohesion of rock mass with discontinuous joints,
φj is internal friction angle, k is joint connectivity, cj is joint

cohesion of rock mass with discontinuous joints, φj is in-
ternal friction angle of joint, cb is cohesion of rock bridge,
and φb is internal friction angle of rock bridge.

*e parameters of shear strength of the NTJRM speci-
mens calculated by Jennings’ method are listed in Table 11.

It can be seen from Tables 10 and 11 that the cohesion
calculated by Jennings’ method is greater than by test fitting.

Table 9: *e failure modes of all the rock mass specimens.

Undulation angle of joints
Normal stress (MPa)

0.5 1.0 1.5 2.0 3.0
0° TTTS TTTS TTTS TTTS TTTS
15° TTTS TTTS TTTS TSSS TSSS
30° TTTS TSSS TSSS TSSS TSSS
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Figure 16: Peak shear strength of the rock mass specimens.

Table 10: Shear parameters results obtained through tests and calculations.

*e angle of joint relief
*e fitted value of the test results

Cohesion (MPa) Angle of internal friction (°)
0° 1.42 39.4
15° 1.64 42.8
30° 1.84 46.8

Table 11: Shear parameters results obtained through Jennings.

*e angle of joint relief
*e fitted value of the test results

Cohesion (MPa) Angle of internal friction (°)
0° 2.14 37.0
15° 2.14 44.8
30° 2.14 54.8
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Except the fluctuation angle 0°, the internal friction angle
calculated by Jennings’ method is larger than that fitted by
experiment. In a word, the shear strength of the rock mass
with discontinuous joints calculated by Jennings’ method
will be greater than the actual experimental results.

4. Conclusions

Direct shear tests of nonthrough jointed rock masses with
three kinds of morphologies joints are carried out under five
levels of normal stress. *e main conclusions are as follows:

(1) Under the same normal stress, the normal dis-
placement and the peak tangential displacement
increase with the increase of undulation angle.

(2) *e joint morphology has influence on the strength
characteristics of rock mass with discontinuous
joints. Under the same normal stress, the shear
strength, initial crack strength, and residual strength
of rock mass with nonthrough joints increase with
the increase of undulation angle.

(3) *e failure mode of rock mass with discontinuous
joints is related to the joint morphology and normal
stress. Under the same normal stress, the rock mass
with low undulation angle is prone to failure in TTTS
mode, and the rock mass with high undulation angle
is prone to failure in TSSS mode.

(4) *e shear parameters calculated by Jennings’ method
are larger than those fitted by experiments. *e shear
strength of the rock mass with discontinuous joints
calculated by Jennings’ method will be greater than
the actual experimental results.
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