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Abstract
The effect of the normal stress and joint persistency on the mechanical behavior of granite samples containing discontinuous
joints was investigated in the laboratory through direct shear tests. The test results revealed three different failure modes occurring
at the rock bridge: (a) shear failure, (b) compressive-shear failure, and (c) tensile failure. The failure mode depends on the joint
persistency and normal stress level and influences the peak shear strength. Moreover, the joint persistency and normal stress level
were also found to have a considerable influence on the post-failure behavior such as the fracture roughness and residual shear
strength based on rock bridge area. The conducted investigation provided better understanding of the effect of a rock bridge on
mechanical behavior of granitic discontinuous joints towards estimating the resistance capacity of rock bridges and hence to
allow evaluation of stability of rock masses in both surface and underground excavations in rock engineering.

Keywords Granite samples . Discontinuous joints . Rock bridge . Direct shear test . Mechanical properties

Introduction

Translational rock slides and instability of rock masses in en-
gineering field may be associated with the shear failure of
discontinuous rock joints (Zhao et al. 2015; Yang et al.
2016). This type of failure is a combination of sliding along
joint sections and rupturing through intervening rock bridges.
Discontinuous joints herein refer to rock discontinuities that
are not fully developed as fully persistent joints with respect to
the geological time. Discontinuous joints are commonly
encountered in rock engineering. For instance, Lajtai et al.
(1994) reported that they characterized two typical fracture
patterns in the yield pillars of the potash mines of
Saskatchewan, which are the en echelon tensile crack array
and the en echelon shear crack array. These two types of
cracks were the evidence of the existence of discontinuous

joints in engineering field problem. With increasing stress,
the shear crack array often collapsed, forming the envelope
or hourglass structures of the potash mine. Li et al. (2012)
conducted in situ borehole camera monitoring of the failure
evolution of surrounding rock masses having intermittent dis-
continuous joints with rock bridges in-between them in deeply
buried tunnels of the Jinping II hydropower station. With the
converging deformation of the surrounding rock masses, the
discontinuous joints connected with each other by rupturing
through the rock bridges and eventually failed by forming a
macro-fracture. Above all, in rock masses, the joints are not
always continuous and smooth, but sometimes contain rock
bridges between the joint surfaces (Wong et al. 2002; Yang
et al. 2017, 2018; Sharma et al. 2018; Yang and Qiao 2018).
The rock bridges are thought to produce a considerable
strength reserve in discontinuous joints. Paronuzzi et al.
(2016) reported a back-analysis of a rock wedge failure (vol-
ume = 25–30 m3) that involved a limestone scarp in the
Rosandra Valley in Trieste Karst, NE Italy. According to the
field survey performed on the detachment surface, a single
rock bridge having a size of about 15 cm × 30 cm has been
determined. They found that the equilibrium of the wedge was
temporarily attained due to the strength contribution provided
by the rock bridge. Thus, the strength of the rock bridge
contained in discontinuous joints has a significant influence
on stabilization of rock engineering structures. Moreover, the
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rock bridges play an important role on the permeability of a
rock mass due to the fact that even one tiny area of rock bridge
can block the fluid-flow channel along a rock fracture.
Therefore, the mechanical behaviors of discontinuous joints
having rock bridges are supposed to deserve more research
attention for optimizing rock stabilization designs associated
with surface and underground rock mass structures.

The shear strength behavior of rock bridges that exists be-
tween discontinuous joints is considerably important in rock
engineering, but not completely understood yet. Lajtai (1969)
performed direct shear tests on rock blocks containing discon-
tinuous joints and found three distinct failure mechanisms: fail-
ure in tension, failure in shear, and failure at ultimate strength.
He also pointed out that the discontinuous joints constitute the
potential slip surfaces, of which the stability is dependent on the
shear resistance of rock bridges. Through physical
experiments, Gehle and Kutter (2003) demonstrated that based
on the direction of the initial cracks that occurred in rock brid-
ges, the wing cracks grow either toward the distant tip of the
adjacent initial cracks or directly toward the tip of the neigh-
boring cracks. With respect to the former crack growing sce-
nario, the rock bridges fracture to form rough joint surfaces
with some asperities at the end of the test. Gerolymatou and
Triantafyllidis (2016) demonstrated that the shear resistance of
material containing discontinuous joints is not only dependent
on the spacing but also on the orientation of the joints.
Asadizadeh et al. (2018) carried out shear tests on discontinu-
ous joints having both rock bridges and asperities. Accordingly,
they claimed that the fracturing process of samples could be
classified into three categories, namely, tensile cracking, shear
cracking, and mixed mode tensile-shear cracking.

Even though some insightful knowledge has been obtained
through the above-mentioned physical experiments, the artifi-
cial rock-like material may not replicate the mechanical be-
havior of natural rocks due to the difference in physical and
mechanical properties. For instance, the ratios of the uniaxial
compressive strength to tensile strength of artificial materials
used by Asadizadeh et al. (2018) and Gerolymatou and
Triantafyllidis (2016) are only 6.70 and 5.45, respectively;
on the other hand, for intact rock materials, this ratio could
be as high as 10–20. Moreover, the most studies have placed
the emphasis on the failure stage, i.e., failure mode and peak
shear strength. Investigations performed on the post-failure
behavior are rare. For instance, once the rock bridge between
the discontinuous joints fail, it would change the rock bridge
to a rough joint having a certain asperity configuration. Such a
created fracture has significant influence on the mechanical
and hydraulic behavior of the joint plane (Barton 1973;
Bahaaddini et al. 2013, 2017; Ban et al. 2018), and thus play
an important role in engineering performance of underground
structures and the stability of rock slopes (Wu et al. 2018).
Therefore, direct shear tests of granite samples containing dis-
continuous joints with different joint persistency were carried
out under various normal stress levels to investigate the me-
chanical behavior of granitic discontinuous joints at the failure
and post-failure stages. The present study aims to provide
further understanding towards estimating the resistance capac-
ity of discontinuous joints having rock bridges and hence to
allow evaluation of stability of rock masses in both surface
and underground rock engineering.

Sample preparation and test program

A conceptual model for a rock block having impersistent
joints is displayed in Fig. 1. To describe the geometrical prop-
erty of this rock block structure, the joint persistency, k, which
is used to state the percentage of joint continuity, is defined by
the rock bridge length, Lr, and the joint length, Lj, as follows:

k ¼ 2Lj

Lr þ 2Lj
¼ 2Lj

L
ð1Þ

When 0 < k < 1, the discontinuity plane includes two sepa-
rate joints with a solid rock bridge. A granitic rock material

L

jL jL

rL

n

je

:jL Joint  length :rL Rock bridge length
:j Joint  aperture Normal stress:n

Shear stress:

Fig. 1 The conceptual rock block model containing impersistent joints

Table 1 Mechanical property values of the granitic rock used for tests

Property Density
(g/cm3)

UCS
(MPa)

Tensile
strength
(MPa)

Young’s
modulus
(GPa)

Poisson’s
ratio

Friction
angle
(degrees)

Cohesion
(MPa)

Value 2.61 87.80 6.82 21.48 0.16 33.5 23.4
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collected from a quarry in Qingdao City, Shandong Province
of China, was used to prepare the experiment samples accord-
ing to the above-mentioned conceptual model. The selected
granite is a coarse-grained medium hard rock with an average
density of about 2.61 g/cm3. The main minerals are quartz,
alkaline feldspar, plagioclase, and muscovite. Cylindrical
samples with the diameter 50 mm and height 100 mm were
carefully drilled and polished for estimating the mechanical
properties of the granite according to the ISRM standards
(ISRM 1978). The corresponding mechanical property values
obtained for the granitic rock used for tests are listed in
Table 1.

The granitic samples used for the direct shear tests were
prismatic with dimensions of length 200 mm × width

100 mm× height 100 mm and internal structure as shown in
Fig. 1. A high-pressure water jet cutting machine was utilized
to create side notches (joints) at half height of each sample, as
implied in Fig. 2. The joints were designed to be open with an
aperture of 3.5 mm for simplification. The lengths of joint
were 75 mm, 50 mm, and 25 mm, with correspondence to
the joint persistency, k, being 0.75, 0.50, and 0.25, respective-
ly. The granitic samples were then tested under normal stress
levels being 2.0 MPa, 4.0 MPa, 6.0 MPa, and 8.0 MPa, re-
spectively. In order to check the repeatability of test results,
three same samples were experimented for each testing sce-
nario, i.e., with the same joint persistency and under the same
normal stress. Table 2 summarizes the sample information of
the conducted direct shear tests.

A self-designed JAW-600 shear-flow coupled testing ma-
chine available at the Shandong University of Sciences and
Technology (see Fig. 3a) was used to conduct these direct shear
tests. By using the hydraulic actuators equipped with servo
valves, the shear and normal loads were applied to the prepared
samples. This machine was designed to bear a loading capacity
of 600 kN in both shear and normal directions. In addition, the
displacements along the shear and normal loading directions
were recorded through LVDTs. The direct shear tests were im-
plemented in displacement-controlled conditions by applying a
constant loading rate of 0.15mm/min to guarantee a quasi-static
state during the test, which helps to capture the failure process.
The termination criterion used for the testing was that the dis-
placement should be continued until the sample fails and reach
a steady residual state in the post-failure stage. The shear and
normal loads and deformations were recorded simultaneously
during the tests and the failure process of each sample was
captured using a high-frequency video system (see Fig. 3b).

Shear stress-shear displacement behavior

Figures 4 and 5 show the shear stress-shear displacement
curves obtained for jointed granitic samples. The shear
stress-shear displacement curves of the granite samples having
discontinuous joints with different joint persistency (k) sub-
jected to different normal stress levels (σn) show significant
differences. Figure 4a, b demonstrates that, for the same joint
persistency, the peak shear stress of the shear stress-shear

200 mm

100 m
m

75 mm

50 mm

25 mm

(a) k=0.75  

(b) k=0.50  

(c) k=0.25 

3.5  m
m

Fig. 2 Granite samples with impersistent joints having different joint
persistency: a k = 0.75; b k = 0.50; c k = 0.25

Table 2 Information of samples
used for the direct shear tests Test scenario σn = 2 MPa σn = 4 MPa σn = 6 MPa σn = 8 MPa

k = 0.75 A-2-1, A-2-2, A-2-3 A-4-1, A-4-2, A-4-3 A-6-1, A-6-2, A-6-3 A-8-1, A-8-2, A-8-3

k = 0.50 B-2-1, B-2-2, B-2-3 B-4-1, B-4-2, B-4-3 B-6-1, B-6-2, B-6-3 B-8-1, B-8-2, B-8-3

k = 0.25 C-2-1, C-2-2, C-2-3 C-4-1, C-4-2, C-4-3 C-6-1, C-6-2, C-6-3 C-8-1, C-8-2, C-8-3

A, B, and C stand for the joint persistency of 0.75, 0.50, and 0.25, respectively; the middle number provides the
applied normal stress value, while the last number implies the number of replicates under the same test scenario.
The number of the sample providing the representative result for each scenario is highlighted in bold format

Arab J Geosci (2019) 12: 79 Page 3 of 10 79



displacement curves increases gradually with increasing nor-
mal stress level. On the other hand, Fig. 5a, b indicates that by
changing the joint persistency of rock block models, the shear
stress-shear displacement behavior varies remarkably even
under the same normal stress level.

Laboratory experimental results usually display discrep-
ancy for any two samples having the same scale even under
the same testing conditions due to the heterogeneity of the
rock material. Figure 6 shows the influence of heterogeneity
on the shear stress-shear displacement curves of the rock
samples having discontinuous joints under the same joint
persistency and same normal stress level. The figure shows
that the influence of the heterogeneity on the shear behavior
depends on the joint persistency level. In other words, the
influence of the heterogeneity on the shear behavior de-
pends on the rock bridge length. When the joint persistency
is high (e.g., k = 0.75), the shear stress-shear displacement
curves for different samples show very good consistency
(see Fig. 6a). When the joint persistency is low (e.g., k =
0.25), the shear stress-shear displacement curves for differ-
ent samples show some discrepancy (see Fig. 6b). However,
even for the samples with the lowest joint persistency of k =
0.25 (samples C-4-1, C-4-2, and C-4-3), the peak shear
stress values are 15.87 MPa, 16.33 MPa, and 14.40 MPa,
with deviations of 2.17%, 5.15%, and 7.28%, respectively,
compared against the average peak shear stress value. That
indicates that the heterogeneity has a negligible effect on the
shear behavior of the tested granite samples containing dis-
continuous joints. In addition, the trends of the curves be-
fore and after peak stress for different samples also show
good consistency.

Failure mode and peak shear strength

It is always of interest to look at the failure mode of the
samples due to its dominant effect on the peak and post
peak behavior of rock materials. Figure 7 shows the fail-
ure modes of the granite samples subjected to the direct
shear tests. According to this figure, three different failure
modes, (a) shear failure mode, (b) compressive-shear fail-
ure mode, and (c) tensile failure mode, were observed to
occur at the rock bridges.

(a) JAW-600 shear machine 

(b) high-frequency video system

Normal
loading frame

Control panel
Shear
loading frame

LED light source

Normal loading
head

Shear loading
head

Video camera

Granite sample

Computer

LED light source

Video camera

Fig. 3 Testing apparatus and monitoring system used for direct shear
testing
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ment curves of granite samples
containing discontinuous joints: a
k = 0.75; b k = 0.50
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& Shear failure mode: This failure mode occurs through the
initiation of a crack from the tip of one pre-existing joint.
The crack propagates directly to the tip of another joint
and forms a planar failure surface. The failure surface is
caused by a shear mechanism because crushed and pul-
verized materials were observed (Ghazvinian et al. 2012).
This failure mode occurred for granite samples having
large and medium joint persistency (e.g., k = 0.75 and
0.50) subjected to a relatively low normal stress (e.g.,
σn = 2.0 MPa and 4.0 MPa).

& Compressive-shear failure mode: Under relatively high
normal stress, e.g., σn = 6.0 MPa and 8.0 MPa, the sam-
ples having large or medium joint persistency (k = 0.75
and 0.50) do not fail in a pure shear mechanism at the
rock bridge between the discontinuous joints. As the
shear load increases, the intact material adjacent to joint
walls begins to fail to form a failure zone. This failure
zone then extends through the rock bridge, which causes
the rock bridge fragmented. It further propagates
obliquely to the walls of another joint. The failure phe-
nomenon is like that observed in a rock sample under
compression. Moreover, after completion of the com-
pression failure zone, a shear failure surface finally
forms along the shear plane by leaving some crushed
and pulverized materials. Therefore, this failure mode
is named as the compressive-shear failure mode.

& Tensile failure mode: With reduction of joint persistency,
taking k = 0.25 as an example, a splitting failure happens
at the tip or wall of pre-existing discontinuous joints. The
failure surface forms a curvilinear path through the rock
bridge (Ghazvinian et al. 2012; Sarfarazi et al. 2014). It is
caused by a tensile mechanism because no crushed or
pulverized material was observed. Also, it is important
to note that this failure mode does not depend on the nor-
mal stress.

According to Fig. 7, the joint persistency and normal
stress level significantly influence the failure mode of
granite samples and further influence the shear resistance
capacity. Figure 8 and Table 3 depict the variation of the
peak shear strength with the joint persistency and normal
stress. Please note that although the pre-existing joints are
open with a 3.5 mm initial aperture and may not contrib-
ute to shear resistance on the effective shear plane of the
rock block model especially for the low normal stresses,
the entire area along the shear plane including the joint
area and rock bridge area was considered in computing
the corresponding peak shear strength values (Cui 2012;
Yang et al. 2016). At σn = 2.0 MPa, the peak shear
strengths of the joint granite samples with joint persisten-
cy of 0.75, 0.50, and 0.25 are 7.09 MPa, 9.14 MPa, and

σn=2.0 MPa (b)(a) σ n=6.0 MPa
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13.52 MPa, respectively. When σn = 8.0 MPa, the peak
shear strengths of the joint granite samples are
16.13 MPa, 22.30 MPa, and 27.46 MPa, respectively.
Therefore, the increment ratio of shear strength to normal
stress, fn (fn =Δτp/Δσn), is 1.51, 2.19, and 2.32 for joint
persistency of 0.75, 0.50, and 0.25, respectively.
According to the Mohr-Coulomb criterion, for intact rock
material, the increment ratio of shear strength to normal
stress would be tanφr

. According to Table 1, the fn value

for the tested granitic rock would be 0.66, much less than
the experimental values. These findings show that the
normal stress enhances the shearing capacity of rock
joints having rock bridges. This enhancement increases
as the joint persistency decreases. This phenomenon
might be due to the rock structure type of discontinuous
joints with different persistency, and further demonstrates
the significant effect of discontinuous joints on the me-
chanical behavior of granitic samples.

k=0.75 k=0. 50 k=0. 25

σ n=2.0 
MPa

Shear failure Shear failure Tensile failure

σn=4.0 
MPa

Shear failure Shear failure Tensile failure

σn=6.0 
MPa

Compressive-shear failure Compressive-shear failure Tensile failure

σn=8.0 
MPa

Compressive-shear failure Compressive-shear failure Tensile failure

Fig. 7 Failure modes of granite
samples with different joint
persistency under different
normal stress levels
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Residual shear strength and fracture
roughness

In rock engineering, the rock bridges between the discon-
tinuous joints may be considered as temporary rock struc-
tures because those fail under certain stress conditions
(Shang et al. 2016). Once they fail, the shearing capacity
of the joint may change significantly. Thus, it is of im-
portance to look at the mechanical behavior of granite
samples at the post-failure stage. Figure 9 and Table 3
depict the variation of the residual shear strength (based
on the total area of the joint plane) with the joint persis-
tency and normal stress. It can be seen from this figure
that the residual shear strength generally increases with
the normal stress increment. However, the joint persisten-
cy seems to have only a slight or negligible effect on the
residual shear strength considering the same normal stress
level. For example, at σn = 2.0 MPa, the residual shear
strength values show very little difference even though

the joint persistency has increased from 0.25 to 0.75.
This means that the shear strength reduction from the
peak to residual increases as joint persistency decreases
(see Fig. 5a, b).

After the direct shear test, the failure surfaces of the rock
bridges got exposed, and their profile information was col-
lected by using a Revscan 3D surface structure laser scan-
ner available at the Shandong University of Science and
Technology. The resolution of the spatial location of each
point is ± 50 μm, which guarantees obtaining the details of
joint surface precisely. The whole failure surface of the
rock bridge was carefully scanned. It has been shown in
the literature that a sampling interval of less than 1 mm has
the capability of scanning the mesoscopic features of a
joint surface. Hence, a sampling interval of 0.5 mm was
used to measure the joint roughness in three dimensions.
Figure 10 displays the reconstructed failure surfaces of
rock bridges resulting from the direct shear tests under
the normal stress of 2.0 MPa. These failure surfaces clearly

Table 3 Peak shear strength and
residual shear strength values of
the granitic samples under
different test scenarios

Joint persistence Normal stress
(MPa)

Sample
number

Peak shear
strength, τp (MPa)

Residual shear
strength, τr (MPa)

k = 0.75 σn = 2 MPa A-2-1 7.09 1.80

σn = 4 MPa A-4-1 10.74 2.87

σn = 6 MPa A-6-1 14.79 4.62

σn = 8 MPa A-8-2 16.13 5.51

k = 0.50 σn = 2 MPa B-2-3 9.14 1.38

σn = 4 MPa B-4-2 14.16 3.45

σn = 6 MPa B-6-1 18.56 5.14

σn = 8 MPa B-8-3 22.13 5.68

k = 0.25 σn = 2 MPa C-2-2 13.52 1.91

σn = 4 MPa C-4-1 15.53 2.84

σn = 6 MPa C-6-3 22.13 5.34

σn = 8 MPa C-8-1 27.46 6.67
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show anisotropic roughness characteristics. Different frac-
tal methodologies can be used to quantify such anisotropic
surface roughness accurately (Kulatilake et al. 1998, 2006;
Kulatilake and Um 1999; Ge et al. 2014). However, in this
study, by incorporating the z2 value proposed by Tse and
Cruden (1979), the JRC values were estimated along the
shear direction for different failure surfaces to quantify
roughness in a simplified way. Tse and Cruden (1979) in-
vestigated the relation between z2 and JRC based on the 10
Barton profiles and established an empirical equation to
calculate the JRC using z2 with a sampling interval of
0.5 mm. This equation is given as follows:

JRC ¼ 32:2þ 32:47logz2 ð2Þ

z2 is expressed as

z2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

Lr
∫x¼Lr
x¼0

dy
dx

� �2

dx ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

N Δxð Þ2 ∑
N−1

i¼1
y1þ2−yi
� �2

s

v

u

u

t ð3Þ

where Lr is the length of rock bridge; dx is the horizontal
distance between two adjacent points along the sampling line;
dy is the distance between adjacent points normal to the sam-
pling line; xi and yiare the coordinates of an equally spaced
sampling point i; andN is the number of discrete measurement
segments. Nine profiles parallel to the shear direction were
extracted at every 10 mm of the joint surface width. The
JRC value for the failure surface of the rock bridge was esti-
mated as the average value of roughness of the nine profiles.

(a) Sample A-2-1

(b) Sample B-2-3

(c)  Sample C-2-2

Shear direction

Shear direction

Shear direction

Fig. 10 Failure surfaces of rock
bridges for different joint
persistency: a k = 0.75; b k = 0.50;
c k = 0.25
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Accordingly, the JRC values for the failure surfaces of the
rock bridges for the samples having k = 0.75, 0.50, and 0.25
turned out to be 15.55, 9.91, and 8.45, respectively. The fail-
ure surface seems to get rougher as the joint persistency in-
creases.When the joint persistency is large (e.g., k = 0.75), the
shear failure mode induces the crushed and pulverized coarse-
grained material, which seems to make the failure surface
rougher. On the other hand, when the joint persistency is small
(e.g., k = 0.25), the tensile failure mode seems to produce a
less rough surface compared to the case of high joint persis-
tency due to the absence of the crushed and pulverized coarse-
grained material. These findings are in good agreement with
those obtained by Cheng et al. (2015) and Haeri et al. (2016).
In addition, the failure surface roughness further influences
the residual shear strength behavior. Figure 11 displays the
residual shear strength by considering only the rock bridge
area rather than the whole joint plane area. As shown in this
figure, for a smaller rock bridge area (e.g., at k = 0.75), a
higher roughness would induce a higher residual shearing
capacity on a failure surface. For a larger rock bridge area
(e.g., at k = 0.25), the low roughness accounts for its lower
residual shear capacity on a failure surface.

Conclusions

In this study, a conceptual rock structure model was proposed
to investigate the shear behavior of granite samples containing
discontinuous joints through direct shear tests. Both joint per-
sistency and normal stress level have a significant influence
on the shear stress-shear displacement curves. The tested gra-
nitic discontinuous joint samples displayed typical brittle fail-
ure behavior. Possible influence of granitic material heteroge-
neity on the shear behavior was carefully evaluated by com-
paring the shear stress-shear displacement curves of the dif-
ferent samples subjected to the same testing scenarios.
However, this influence was found to be negligible for the
tested samples.

Test results indicated three failure modes in rock bridges
that existed between the discontinuous joints: (a) shear failure
mode, (b) compressive-shear failure mode, and (c) tensile fail-
ure. The failure mode depends on the joint persistency and
normal stress level. Particularly, the shear failure mode was
associated with relatively large joint persistency and low to
moderate normal stress levels. The compressive-shear failure
mode occurred for samples with large to moderate joint per-
sistency and high normal stress level. The tensile failure mode
occurred for samples with low joint persistency (i.e., large
rock bridge length) irrespective of the normal stress level.
These are new findings that do not appear in the rock mechan-
ics literature.

The peak and residual shear strengths increase with the
increment of normal stress level. Moreover, the peak shear
strength and residual shear strength (based only on the rock
bridge area) increase with the decrease of joint persistency.
The roughness of the surfaces resulted from rock bridge rup-
turing was estimated through the 3D surface geometry laser
scanning data and the JRC index. The JRC value was found to
decrease with decreasing joint persistency. This is also a new
finding that does not appear in the rock mechanics literature.
The rock bridge failure surfaces with different JRC values
would have significant influence on the residual shear behav-
ior of the discontinuous joints in granitic materials.
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