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.e mechanical property of jointed rock mass is an important factor to be considered in the analysis, evaluation, and design of
actual rock engineering. .e existence of joints threatens the stability and safety of underground engineering projects built in the
rock mass. In order to study the change of mechanical properties and strength characteristics of nonpenetrating jointed rock mass under
different test conditions, direct shear tests and triaxial tests were carried out. Direct shear tests under different normal stresses were carried
out for nonpenetrating jointed rockmass to prepare specimens for triaxial tests..en, triaxial tests were carried out to study the change of
mechanical properties and strength characteristics of the nonpenetrating jointed rock mass. In the direct shear test part, the greater the
normal stress is, the stronger the shear strength and the more serious the shear failure would be..emain conclusions are as follows: (1)
the strength of rockmass would increase with the increase of confining pressure for those rock specimens with same degrees of shear after
the direct shear test; (2) for rock specimens with different degrees of shear after the direct shear test, if the shearing degree of the rock
specimen was greater, the strength of the rock specimen would be lower in the triaxial test; (3) for rock specimens with the same damage
degree after direct shear test, the greater the normal stress in direct shear test is, the smaller the peak axial pressure would be in the triaxial
test; (4) if the specimen was sheared under higher normal stress in direct shear test, the cohesion of it would be lower and the internal
friction angle would be larger. For the specimens under the same normal stress, if the shear failure of one specimen was more serious, the
cohesion of it would be smaller and the internal friction angle would be larger.

1. Introduction

After a long-term unbalanced geological process, the rock
mass is heterogeneous, anisotropic. .e rock mass is a brittle
material with dilatancy [1–4]. In the natural state, rock mass
contains irregular and ruleless joints and cracks, and the
existing joints and cracks divide rock mass into different
blocks [5, 6]..emechanical properties of jointed rock mass
are quite different from those of intact rock mass, and the
typical jointed rock mass is shown in Figure 1. .e jointed
rock mass can be divided into nonpenetrating jointed rock
mass and penetrating jointed rock mass according to
whether the internal joint is penetrated [7, 8]. Studying the
mechanical properties of the nonpenetrating jointed rock
mass is of great significance for both theoretical study and
engineering applications [9].

Due to the discontinuity, anisotropy, inhomogeneity,
and other characteristics of rock mass, the rock mass
specimens with good integrity and undisturbed mechanical
properties are difficult to obtain [10, 11]. At present, in order
to study themechanical properties of nonpenetrating jointed
rock mass, rock-like materials are usually used to replace
natural rock materials to prepare test specimens. .e rock-
like materials are prepared by gypsum or cement mortar and
other materials according to a certain ratio. Rock mass joints
or cracks are usually formed by adding mica sheets, sheet
metal, scraps of paper, or plastic sheets during the rock mass
model making process [7, 8, 12, 13]. Artificial rock-like
materials have many advantages, for example, rock-like
materials are easy to produce and obtain, and the prepa-
ration process is simpler and easier than the sampling
process. Rock-like materials can reflect the brittleness and
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dilatancy of rocks, and their mechanical properties are
similar to those of conventional rock materials [12–15].

Many scholars have conducted a lot of research on
nonpenetrating joints rock mass. Ngo et al. [16] conducted a
model test and found that the tensile crack would period-
ically grow along the side of the shear fracture interface at a
substantially constant angle during the experiment and their
analytical model explained the generation and tilting of
tensile cracks. In this study of Xu et al. [17], gypsum (a soft
rock material) was subjected to a compression test to in-
vestigate crack propagation and coalescence owing to
nonpenetrating surface defects and their influences on
material strength. Liu and Xia [7, 8] used cement mortar as a
rock-like material to make jointed rock mass model, they
used nonpenetrating jointed rockmasses with three different
joint shapes to conduct direct shear tests under five-level
normal stress conditions to study the effect of joint mor-
phology on the extended through-deformation and strength
characteristics of nonpenetrating jointed rock mass under
direct shear conditions, and they divided the breakthrough
process of discontinuous jointed rock mass into four stages
(see Figure 2). In addition to the above scholars’ research, the
following scholars have also done research on jointed rock
masses. For instance, Du et al. [18] analyzed the interrela-
tionship between the joint deformation properties and de-
formation history of rocks by shear tests on irregular and
artificially fractured granite and sandstone joints in different
shear deformation history. Bobet and Einstein [19] used
gypsum as a rock-like material to make a jointed rock mass
model with two joints and carried out uniaxial and biaxial
compression tests to study the mechanical properties of
jointed rock mass. In two different test states, they observed
the crack propagation and looked for the law and finally
concluded the relevant conclusions. Jan et al. [20] used a self-
developed special water-injection pressurizing device to
pressurize the strata model specimen with a single joint
made of rock-like materials according to a certain pro-
portion (the weight ratios of water, fine sand, cement, water
repellent are 1 : 4 : 5 : 0.2) in the test, and through CTimaging
analysis, he studied the damage evolution characteristics of
hydraulic fracturing of jointed rockmass from amicroscopic
point of view and studied the development, expansion, and
penetration of the joints inside the jointed rock mass.

Also, Xia et al. [21], Bai et al. [22], Ren et al. [23], Hu et al.
[24], and other experts or scholars [25–33] have used rock-
like materials to study the strength characteristics, defor-
mation, and failure mechanism of the rock mass.

Nowadays, for the study of nonpenetrating jointed rock
masses, the physical model test is mainly based on a single
test method; that is, the nonpenetrating jointed rock mass is
studied by a direct shear test or a triaxial loading and
unloading test and other mechanical experiment methods
[23–32]. Nevertheless, in actual engineering, the stress state
of the rock mass is complex, and the rock mass under the
natural state is affected by geological action and so subjected
to different shearing states..e influence of shear strength of
rock mass on its mechanical properties can not be ignored.
.erefore, in order to study the mechanical properties of
nonpenetrating jointed rock mass under different shear
conditions, the cement mortar (mixing water : cement :
sand� 1 : 2 : 3) was used as the rock-like material to produce
the nonpenetrating joint rock mass model. Specimens were
prepared by direct shear test under different shear states.

Figure 1: Typical rock mass in engineering. (.e picture shows the actual situation of a construction site in Guiyang City, Guizhou
Province, China).
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Figure 2: Different stages of shear failure of nonpenetrating jointed
rock mass [7].
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.en, the triaxial test was used to study the mechanical
properties of nonpenetrating joint rock mass model through
jointed rock mass under different shear states and the in-
fluence of rock mass expansion and connection. .e results
of this study may provide some basis for the correct eval-
uation of rock mass quality.

2. Materials and Methods

2.1. Direct Shear Test. Referring to the above-mentioned
articles, this paper also makes reference to other related
papers [33–36], then carefully designs and produces non-
penetrating jointed rock mass models to test the related
mechanical properties of nonpenetrating mechanism rock
masses.

For the direct shear test, the prepared specimens are
subjected to different degrees of shear tests under different
normal stresses, and the purpose of this test is to prepare for
the next triaxial test study.

2.1.1. Preparation of Direct Shear Test Specimens. .e mold
used for the specimen preparation was cast iron material. .e
mix proportion of the cement mortar specimen was water :
cement : sand� 1 : 2 : 3, and the material was mixed by me-
chanical means. During the pouring of the specimen, the
internal coplanar nonpenetrating joint of the rock mass was
generated by preembedding the metal strip, and the joint
model made of 0.2mm thin aluminum sheet was inserted into
both sides of the specimen to form a coplanar joint. .e joint
undulation angle is seen in Figure 3(a))..e joint connectivity
rate is the ratio of the length of all joints and themeasured line
in the extension direction of the plane; it is controlled by the
tooth profile angle and the width of the metal strip (see
Figure 3(b)). .e equation for calculating the joint connec-
tivity is equation (1). .e joint undulation angle of the
prepared specimen was 15°, the joint connection rate was 0.5,
and the specimen size was 200mm× 200mm× 200mm. .e
preparation process of the specimen referred to the articles
[37, 38], and the basic flow is shown in Figure 4. .e me-
chanical parameters of the cement mortar specimen used in
this test were measured after 28 days of standard curing (see
Table 1).

j �
2s

L
, (1)

where j is joint connectivity rate; s is the length of a single
joint; (mm). L is the length of the measured line; (mm).
(Note. .e L used in this test is the fixed value, L� 200mm).

.e mechanical parameters of this kind of rock material
are compared with the basic mechanical parameters of rock-
like material used in the previous study of mechanical
properties of nonpenetrating jointed rock mass [7, 8, 39].
.e comparison results are relatively close. In addition, the
mechanical parameters of the rock-like materials used in this
study are compared with the basic mechanical properties of
common rock materials, and it is found that the two are of
the same order of magnitude. .is shows that the rock-like

materials used in this study can simulate rock materials
[40–44].

2.1.2. Direct Shear Test Procedure. .e rock and concrete
mechanical test system RMT-301 developed by the Institute
of Rock and Soil Mechanics, Chinese Academy of Sciences
(see Figure 5), was used during the direct shear test. .e test
process can be completely controlled by a computer when
RMT-301 is used. However, after changing the control mode
and test parameters, the operator can also intervene in the
experimental process and manually control the start and end
of the test. .erefore, RMT-301 can be used to obtain rock
specimens in different shear states conveniently. .is pro-
vides support for the determination of mechanical param-
eters of nonpenetrating jointed rock mass under different
shear states by triaxial test.

.e normal stress in the direct shear test was divided into
five levels, namely, 0.5MPa, 1.0MPa, 1.5MPa, 2MPa, and
3MPa. During the test, when the applied normal load tended
to be stable, the horizontal load was applied, and the direct
shear test was carried out at a horizontal displacement rate of
0.01mm/s until the specimen was destroyed. .e loading
position is shown in Figure 6. In order to make the test
results more reliable, each test was repeated 3 times, and the
test data obtained from 3 specimens were weighted averaged
(If one of the data in the same group was found to be
significantly different, the other two data that are close to
each other would be selected for weighted average). .e
shear displacement-shear stress curves of the non-
penetrating jointed rock mass under different normal
stresses are obtained (see Figure 7).

With reference to Figures 2 and 7, a set of specimens with
joints with an undulation angle of 15° and a connectivity
ratio of 0.5 were selected; then direct shear tests with normal
stresses of 0.5MPa and 1.5MPa were performed, respec-
tively. During the direct shear tests, once the specimen
reached the specified shear state, the test would be ended
artificially. In other words, when the specimen reached the
endpoint B or point C of the shear stress that is shown in
Figure 2, the direct shear test would be ended artificially.
.en, the specimens are removed to be processed for the
triaxial test..e scheme of each group of the direct shear test
is as follows:

(1).e First Group..ree rockmass specimens were selected
and the normal stress was set to 0.5MPa. When the applied
normal load became stable, the horizontal load was applied,
and the direct shear test was carried out at a horizontal
displacement rate of 0.01mm/s. When the shear state of the
specimen reached point B (see Figure 2), the direct shear test
was stopped.

(2) .e Second Group. .ree rock mass specimens were
selected and the normal stress was set to 1.5MPa. When the
applied normal load became stable, the horizontal load was
applied, and the direct shear test was carried out at a
horizontal displacement rate of 0.01mm/s. Before the shear

Advances in Civil Engineering 3



(a) (b)

(c) (d)

Figure 4: Specimen preparation process [38]. (a) Making a joint model. (b) Pouring specimen. (c) Model maintenance. (d) Model
preparation completed.

Table 1: Mechanical parameters of rock-like materials used.

Mix ratio (quality) Density
(g/cm3)

Compressive
strength (GPa)

Tensile strength
(GPa)

Elastic modulus
(GPa)

Poisson’s
ratio

Cohesion
(GPa)

Internal friction
angle (°)

Water : cement :
sand� 1 : 2 : 3 2.74 44.86 2.97 8.85 0.31 15.32 46.5

i

(a)

L = 200mm

S = 50mm

(b)

Figure 3: Details of the coplanar jointed rock mass. (a) Coplanar joint undulation angle. (b) Schematic diagram of coplanar joint
connectivity.
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state of the specimen reached point B (see Figure 2), the
instrument is manually controlled to stop shearing.

(3) .e .ird Group. Six rock mass specimens were selected
and the normal stress was set to 0.5MPa. When the applied
normal load became stable, the horizontal load was applied,
and the direct shear test was carried out at a horizontal
displacement rate of 0.01mm/s. Before the shear state of the
specimen reached point C (see Figure 2), the instrument was
manually controlled to stop shearing.

(4).e Fourth Group. Six rock mass specimens were selected
and the normal stress was set to 1.5MPa. When the applied
normal load became stable, the horizontal load was applied,
and the direct shear test was carried out at a horizontal
displacement rate of 0.01mm/s. Before the shear state of the
specimen reached point C (see Figure 2), the instrument was
manually controlled to stop shearing.

2.2. Triaxial Test

2.2.1. Triaxial Test Specimen Preparation. In order to study
the influence of confining pressure on rock mass strength
during the triaxial test, the specimens that have been
subjected to different degrees of the shear test were
drilled, cut, and polished for the triaxial test (see Fig-
ure 8). .e final specimen for the triaxial test is shown in
Figure 9.

2.2.2. Triaxial Test Method. .e triaxial test used the MTS
rock mechanics comprehensive test system, as shown in
Figure 10. During the test loading process, the initial con-
fining pressure was first added to the design value, and then
the axial load was slowly increased. .e loading rate of
confining pressure was controlled at 0.5–1.0MPa/s. .e
loading rate of axial pressure was controlled by controlling
the change rate of axial displacement as 0.1mm/min until
the specimen was damaged.

During the test loading process, the initial confining
pressure was first added to the design value, and then the
axial load was slowly increased, with a loading rate con-
trolled at 0.5–1.0MPa/s. .e axial displacement was used to
control the application of the axial load at a loading rate of
0.1mm/min until the specimen was destroyed.

A total of 4 groups of 16 tests were selected for the
triaxial test. For the test plan, all specimens were numbered
according to the group-sort within group-containment
pressure. For example, the meaning of the specimen number
of B1-2-3 is as follows: this specimen belongs to the first
group of experiments, it is the second specimen in the first
group; the confining pressure used in the triaxial test is
3MPa.

Figure 5: RMT-301 mechanics test system for rock and concrete.
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.e summary is shown in Table 2:

(1) .e first set of specimens (B1-1-1, B1-2-3, and B1-3-
5) for the triaxial test were processed from the first
group of specimens in the direct shear test

(2) .e second set of specimens (B2-1-2, B2-2-4, and
B2-3-6) for the triaxial test were processed from
the second group of specimens in the direct shear
test

(3) .e third set of specimens (C1-1-1, C1-2-2, C1-3-3,
C1-4-4, C1-5-5) for the triaxial test were processed
from the third group of specimens in the direct shear
test

(4) .e fourth set of specimens (C2-1-1, C2-2-2, C2-3-3,
C2-4-4, C2-5-5) for the triaxial test were processed
from the fourth group of specimens in the direct
shear test

Finally, the specimens required for the four sets of tri-
axial tests were obtained (see Figure 11).

3. Results and Discussion

3.1. Results and Discussion of Direct Shear Test. .e direct
shear test obtained the shear displacement-shear stress curves
of the nonpenetrating jointed rock mass under different
normal stress states as shown in Figure 7. .e peak shear
stress of each group of specimens is shown in Table 3. It can be
seen from Figure 7 and Table 3 that when a nonpenetrating
jointed rock mass specimen with a joint undulation angle of
15° and a joint connection ratio of 0.5 is subjected to a direct
shear test, the peak shear stress increases.

3.2. Results andDiscussion of Triaxial Test. In Figure 12, only
three specimens in the first group (B-1-1-1, B-1-2-3, and
B-1-3-5) are taken as examples to show the failure state of
the specimen after the triaxial test.

(a)

S = 50mm

L = 200mm

(b)

Figure 8: (a) Making specimens for the triaxial test. (b) Schematic diagram of sample drilling position.

Figure 9: Specimen for the triaxial test. (Note. .e diameter of the
specimen is 50mm, and the height of the specimen is 100mm).

Figure 10: MTS rock mechanics comprehensive test system.
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By observing the final state of these four groups of
specimens, it is found that in the triaxial test, the larger the
confining pressure of the specimens in each group of tests,
the smaller the final degree of failure of the specimen and the
finer the vertical cracks.

Figures 13–16 shows the axial displacement-axial stress
curves of each group of specimens obtained by triaxial test.
.e peak axial stress of each group of specimens under
different confining pressures is shown in Table 4.

For the nonpenetrating jointed rock mass with the same
normal stress and the same degree of shear failure in the

direct shear test, the strength under the triaxial condition
increases with the increase of the confining pressure..e test
results of the B1 group are taken as an example for analysis.
When the confining pressure is 1MPa, the peak axial
pressure is 56.86MPa. When the confining pressure is
3MPa, the peak axial pressure is 61.23MPa. When the
confining pressure is 5MPa, the peak axial pressure is
70.88MPa. It could be seen that with the increase of the
confining pressure σ3, the peak stress σ1 when the rock mass
destroyed gradually increased, and the test groups B2, C1,
and C2 have the same law..erefore, for the nonpenetrating

Table 2: Summary of specimen numbers.

State during direct shear test Test piece number
Damage degree Normal stress (MPa)

Point B 0.5 B1-1-1 B1-2-3 B1-3-5
1.5 B2-1-2 B2-2-4 B2-3-6

Point C 0.5 C1-1-1 C1-2-2 C1-3-3 C1-4-4 C1-5-5
1.5 C2-1-1 C2-2-2 C2-3-3 C2-4-4 C2-5-5

Note. .e last digit of the specimen number indicates the size of the confining pressure applied during the triaxial test.

Figure 11: Specimens required for triaxial testing.

Table 3: Peak shear stress statistics of each group.

Normal stress (MPa) 0.5 1 1.5 2 3
Peak shear stress (MPa) 5.75 6.09 6.20 6.53 6.82

(a) (b) (c)

Figure 12:.e failure state of some specimens. (a).e state of the specimen B-1-1-1 after the triaxial test. (b).e state of the specimen B-1-
2-3 after the triaxial test. (c) .e state of the specimen B-1-3-5 after the triaxial test.
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jointed rock mass, the larger the confining pressure of the
nonpenetrating jointed rock mass under the same shear
state, the stronger the axial compressive strength.

For nonpenetrating jointed rock masses with uniform
normal stress and different degree of shear failure during
direct shear test, the greater the degree of shear failure, the
lower the peak strength will be in the triaxial test. Comparing
the test data of B1-1-1 and C1-1-1, it can be found that the
peak axial pressure of B1-1-1 is 56.88MPa and that of C1-1-1
is 51.62MPa when the confining pressure of triaxial test is
1MPa. .at is to say, the peak axial pressure of specimens
with damage degree reaching point B is greater than that of
specimens with damage degree reaching point C. .e same
rule exists in comparison with the tests of B1-2-3, C1-3-3,

B1-3-5, and C1-5-5. It can be concluded that the more
serious the shear disturbance is, the lower the peak strength
of the triaxial test is.

For nonconnected jointed rock mass with inconsistent
normal stress and the same degree of shear failure in direct
shear test, the greater the normal stress in direct shear test,
the smaller the peak axial strength obtained in the later
triaxial test. Comparing the test results of C1-1-1 and C2-1-1
specimens, it can be seen that the peak axial pressure of C1-
1-1 specimens is 51.62MPa when the normal stress is
0.5MPa controlled by the direct shear test. When the normal
stress is controlled by a direct shear test at 1.5MPa, the peak
axial pressure of specimen C2-1-1 during the triaxial test is
33.82MPa. .at is, the larger the normal stress in the direct
shear test, the smaller the axial peak strength of the specimen
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when the obtained specimen is subjected to the triaxial test.
.at is to say, the greater the normal stress in the direct shear
test, the smaller the axial peak strength of the obtained
specimens in the triaxial test. .e same rule can be obtained
by comparing the test data of four groups of specimens, C1-
2-2, C2-1-2 or C1-3-3, C2-3-3 or C1-4, C2-4-4, or C1-5, C2-
5-5. It can be seen that the greater the normal stress in the
direct shear test, the more severe the shear of the rock mass,
and the weaker the strength of the specimen after shearing.

From the above test results, the cohesion c and internal
friction angle φ of the nonpenetrating jointed rock mass
under various working conditions were calculated by the
equations (1), (2a) and (2b). .e strength characteristics of
the nonpenetrating jointed rock mass were studied by

comparing the internal friction angle and cohesion. .e
calculation process is as follows.

Taking axial pressure σ1 of each specimen as the ordinate
and the test confining pressure σ3 as the abscissa, the op-
timal relationship curve (see Figure 17) of the data points of
each group of tests (four groups of B1, B2, C1, and C2) was
plotted by graphical method..e cohesion c and the internal
friction angle φ of the rock masses in each group were
obtained according to the following equation:

c �
σc(1 − sin j)

2 cos j
, (2a)

j � arcsin
m − 1
m + 1

, (2b)

where c is the cohesion of the rock, MPa; φ is the internal
friction angle of the rock, (°); σc is the intercept of the
optimal relationship curve on the ordinate, MPa; m is the
slope of the optimal relationship curve.

.e values of c and φ of the rock masses in the three
groups were calculated, as shown in Table 5.

Table 5: .e c and φ values of each group of the rock mass.

Group B1 Group B2 Group C1 Group C2
c (MPa) 14.040 13.344 10.346 4.914
φ (°) 33.749 35.989 40.957 50.819
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Figure 17: σ1-σ3 relationship curves of nonpenetrating jointed rock masses in each group. (a) B1 group σ1-σ3 relationship curve. (b) B2
group σ1-σ3 relationship curve. (c) C1 group σ1-σ3 relationship curve. (d) C2 group σ1-σ3 relationship curve.
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From the data in Table 5, comparing the test data of B1
and B2 groups or C1 and C2 groups, it can be found that the
cohesion of the specimens sheared under higher normal
stress is smaller and the internal friction angle is larger in the
direct shear test. Comparing the test data of B1 and C1 or B2
and C2 groups, it can be seen that for nonpenetrating jointed
rock mass sheared under the same normal stress in direct
shear test, the more serious the damage degree is, the smaller
the cohesion and the larger the internal friction angle is.

It should be pointed out that due to the difficulty in
sampling rock mass, this paper uses cement mortar to make
rock-like materials instead of natural rock materials. .e
shear rate of the instrument was quite low when the shear
test and triaxial test were performed, and the laws that
ultimately emerged from physical tests had limitations.
However, this study still has certain reference value for the
study of the mechanical properties of the nonpenetrating
jointed rock mass.

4. Conclusions

In order to study the mechanical properties of non-
penetrating jointed rock mass under complex stress state,
shear tests of nonpenetrating jointed rock mass under
different working conditions were carried out, and
specimens subjected to different shear failure states were
obtained. .e mechanical properties of rock specimens
subjected to different damage degrees are studied by the
triaxial test. .e following conclusions are drawn from
the study:

(1) With the greater normal stress of the nonpenetrating
jointed rock mass, the shear strength of the rock
mass will be stronger and the shear failure of the rock
mass will be more severe.

(2) For the nonpenetrating jointed rock mass with the
same normal stress and the same degree of shear
failure in the direct shear test, the strength under
triaxial conditions increases with the increasing
confining pressure.

(3) For nonpenetrating jointed rock masses with uni-
form normal stress and different degree of shear
failure, the triaxial strength will be lower with
stronger shear.

(4) For the nonpenetrating jointed rock mass with the
same normal stress and the same degree of shear
failure, the normal axial stress will increase with the
increase of the normal stress in the direct shear test.

(5) With the reduction of the cohesion c , the internal
friction angle φ increases. For the nonpenetrating
jointed rock mass sheared under the same normal
stress, the more severe the shear, the smaller the
cohesion c, and the larger the internal friction angle φ.
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