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Abstract The shear behaviour of rock discontinu-

ities is a key factor affecting the stability of rock

engineering. To study the effect of heterogeneity on

the shear behavior of rock joints, laboratory tests were

performed on heterogeneous rock joints with different

joint roughness coefficient (JRC). As a comparison,

two groups of tests were also conducted on the

corresponding homogeneous rock joints. Test results

showed that, the shear stress–displacement curves of

low strength rock joints, heterogeneous rock joints and

high strength rock joints with low roughness are all in

line with the trend of the typical single peak value

curve, while the curves of high strength rock joints

with JRC greater than 12–14 accord with the trend of

strain hardening curve. The shear displacement cor-

responding to the peak shear strength of heterogeneous

rock joints is smaller than that of the homogeneous

rock joints. The shear strengths of the three types rock

joints all grow exponentially with the increase of

roughness. The shear strength and its growth rate of

heterogeneous rock joints were between those of two

corresponding homogeneous rock joints. The surface

damage of rock joints increases with the increase of

JRC and the damage degree of high strength rock

joints is more serious than that of low strength rock

joints with the same JRC. The surface damage of

heterogeneous rock joints presents obvious heteroge-

neous characteristics.

Keywords Heterogeneous rock joint � Shear
behavior � Shear strength � Failure characteristic

1 Introduction

Rock discontinuities, such as faults, joints, beddings,

fractures and broken zones, are widely developed in

natural rock masses (He et al. 2018; Sun et al. 2014;

Zhang et al. 2017a, b; Zhao and Feng 2018). The

existence of rock discontinuities weakens the strength

of rock mass (Wan et al. 2018; Jiang and Yang 2018;

Shrivastava and Rao 2015; Su and Pan 2018), which
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may causes the failure of rock engineering, resulting in

huge casualties and economic losses (Haftani et al.

2014; Grenon et al. 2017; Zhang et al. 2012). For

instance, the rock bursts in the Jinping II Hydropower

Station caused casualties among construction workers

and damage to many sets of equipment; the 2012

major mining slope failure of the East wall of the LAB

Chrysotile mine in Canada caused the loss of the local

highway (Road 112), the main commercial link

between the region and the Northeast USA. Actually,

the stability of rock masses is dominantly controlled

by the shear strength of discontinuities. Therefore, the

study of rock discontinuity shear behavior has

remained an important research theme in the past

decades (Singh and Basu 2018). Cao et al. (2011)

conducted shear tests of natural rock joint under

different normal stresses and obtained the relation-

ships between shear stress and shear displacement

under different normal stresses. The 3D scanning

images of joint surface are obtained and the relation-

ships between shear strength of joint under different

normal stresses and morphology characteristic evolu-

tion of joint surface are analyzed. Lei et al. (2017)

conducted acoustic emission (AE) experiment of red

sandstone samples and obtained the curves of the

stress-strains about acoustic emission characteristics,

stress, strain and time. Wang et al. (2015) carried out

shear test with different shear velocities of four groups

of rock-like joints with different roughness coeffi-

cients by using JAW-600 coupled shear-flow machine

and proposed a new shear strength criterion consider-

ing shear velocity for rough rock joints based on the

experimental data and Barton’s criterion for shear

strength. Zhang et al. (2016a, b) performed shear tests

on replicas of fresh, mated, and unweathered natural

rock joint with different morphology under different

normal stress levels and established a new peak shear

strength criterion on the basis of the analysis of shear

mechanism and the new model of peak dilatancy

angle. Meng et al. (2018) carried out shear test on

tensile granite joints under a constant normal load,

investigated the damage characteristics of asperity

based on the AE technique and discussed the influ-

ences of asperity damage on post-peak behavior and

dilatation. Zhou et al. (2012) performed the numerical

simulation of rock joint shear test by using the particle

flow theory based on particle flow code (PFC) and

deeply discussed the mechanical evolution law and

failure mechanism during the shear test process from

macro and meso-scale perspectives. Bewick et al.

(2014a, b) used the PFC2D program based on discrete

element method to simulate the shear behavior of

intact (non-jointed) low-porosity brittle rock. The

simulations are compared to the laboratory-generated

ruptures and used to investigate rupture at various

normal stress magnitudes. Bahaaddini et al. (2015)

investigated the effect of the microscale properties of

the smooth joint model on the shear behaviour of rock

joints under various shearing mechanisms using the

particle flow code PFC2D. Oh et al. (2017) employed

DEM code with Voronoi tessellation to investigate the

influence of important parameters such as joint

strength, applied normal stress and asperity on mag-

nitude of rock joint dilation during shear.

The studies mentioned above were mainly con-

cerned with the shear behavior and failure mechanism

of homogeneous rock joints (the lithology on both

sides of the joint is same). However, heterogeneous

rock joints (the lithology on both sides of the joint is

different) are also widely developed in natural rock

masses which can cause geological disasters and affect

the stability of engineering structures (Mandrone

2006; Wang et al. 2014). For example, the sandstone

and mudstone interbedded strata in the Three Gorges

Reservoir is typical representatives of the heteroge-

neous joints and the landslide in the Three Gorges

reservoir is mostly developed between the heteroge-

neous interbed and between the strata with weak

intercalated layer; the typical Northern Apennine

flysches are characterized by rhythmic alternations

of ‘hard’ layers of sandstone and ‘weak’, fine-grained

pelitic layers. Their poor geomechanical properties are

also one of the main causes of landslide. It can be seen

that the existence of heterogeneous joints brings great

challenges to the stability of rock mass engineering,

and its influence can’t be ignored. To solve this

problem, the shear test is performed on heterogeneous

rock joints with different joint roughness coefficient

(JRC) in this study. As a comparison, two groups of

tests were also conducted on corresponding homoge-

neous rock joints. Through the comparative analysis of

the shear behavior between heterogeneous rock joints

and homogeneous rock joints with different JRC, this

study aims to reveal the effect of heterogeneity on the

shear behavior of rock joints and provide the basis for

the evaluation of rock mass stability.
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2 Experimental Methods

2.1 Specimen Preparation

To investigate the shear behavior of homogeneous

joints and heterogeneous joints with different JRC,

three kinds of rock joints are considered in the test:

joints with low strength rock on both sides (LSRJ),

joints with low–high strength rock on both sides

(LHSRJ), and joints with high strength rock on both

sides (HSRJ), respectively. Homogeneous joints are

used for comparison. In order to obtain the rock joints

with different strength, the orthogonal design was used

to determine the material proportions of two different

rocks. The first type is the low strength sample made of

white cement, fine sand, water and water superplas-

ticizer at the weight ratio of 1:1:0.3:0.005; The second

type is the high strength sample made of ash cement,

fine sand, water and water superplasticizer at the

weight ratio of 1:0.5:0.25:0.005; Standard profiles

published by Barton and Choubey (1977) and Barton

(1973) were selected to simulate the joint surface. The

steel mould with different JRC was maked by Laser

Cutting Technology according to the Barton curve, as

shown in Fig. 1. Each kind rock joints consists of

smooth joints and joints with JRC of 0–2, 4–6, 8–10,

12–14, 16–18, as shown in Fig. 2. The dimensions of

the samples are 200 9 100 9 100 mm.

2.2 Test Apparatus and Procedure

Direct shear tests were performed using JAW-600

coupled shear-flow testing system as shown in Fig. 3.

The apparatus consists of four main units, namely

vertical load unit, horizontal load unit, data acquisition

and servo-control unit. The shearing device consists of

normal and tangential loading cylinders, and the

maximum output force is 600 KN. Both normal and

tangential loading can be controlled by force and

displacement.

In this paper, the normal stress is not taken as an

important factor, which is uniformly selected as

1 MPa and the shear rate is chosen as the static limit

value of joints of 0.01 mm/s. In the test, the normal

load is first applied to a predetermined value and keep

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.

All shear tests were carried out until the shear

displacement reached to 8 mm. The shear stress and

shear displacement were recorded automatically dur-

ing each shear test through a digitized data acquisition

system until the end of direct shear test.

3 Results Analysis

3.1 Characteristics of Shear Stress–Displacement

Curve

Figure 4 shows the shear stress–displacement curves

of LSRJ, HSRJ and LHSRJ with different JRC after

shearing, respectively. By comparing the characteris-

tics of the curves, it can be seen that:

(1) The shear stress–displacement curves of LSRJ,

LHSRJ and HSRJ with low JRC are all in line

with the trend of the typical single peak value

curve, while the curves of HSRJ with JRC

greater than 12–14 accord with the trend of

strain hardening curve, as shown in Fig. 4, the

shear stress increases gradually with the

Fig. 1 Moulds for the joints of rock-like material. a Steel mould with Barton curve and b pouring mould
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occurrence of shear deformation, but no obvious

peak value appears until reaches a constant

value.

(2) In the same group of tests, the trend of the shear

stress–displacement curve of joints under dif-

ferent JRC is basically the same. In other words,

the influence of the increase of JRC on the shear

stress–displacement curve of the rock joints is

not obvious. With the increase of JRC, the shear

strength and its growth rate of joints increases

(Gu et al. 2003). The shear strength of LHSRJ

with smooth joint is 2.91 MPa which is not

different from that of homogeneous rock joints,

because the rock surface on both side of the

joints are relatively smooth at this time, and

there is almost no inter embed phenomenon on

the joint. The shear strength mainly depends on

the cohesion of the joints, and has no significant

relationship with the strength of the rock on both

sides of the joints.

(3) The shear stiffness, which is defined as the ratio

of the peak shear strength to the horizontal

displacement, increases with the increase of

homogeneous rock joints roughness and is not

significantly affected by heterogeneous rock

joints roughness.

From the shear stress–displacement curves of

homogeneous rock joints and heterogeneous rock

joints with the same JRC shown in Fig. 5, it can be

seen that the peak strength and residual strength of the

HSRJ are the largest. The peak strength and residual

strength of LHSRJ are between those of LSRJ and

HSRJ (Zhang et al. 2016a, b). The shear displacement

corresponding to the shear peak strength of heteroge-

neous rock joints is smaller than that of homogeneous

rock joints, and the shear displacement corresponding

to the shear peak strength of the LSRJ is the largest.

The reason is that the strength of the rock on both sides

of LHSRJ is different. The high strength rock is more

easily pressed into the low strength rock under the

action of initial normal load, which leads to the higher

closure degree of LHSRJ and the smaller shear

displacement. The shear stiffness of LHSRJ is closer

to that of HSRJ, while the shear stiffness of LSRJ is the

least.

Fig. 2 Rock-like joints samples with different roughness. a LSRJ and b LHSRJ and c HSRJ

(a) (b)

Data acquisition
Servo-control unit

Vertical load unit

Horizontal load unit

Lower box

Upper box

Fig. 3 Arrangement of the shear test. a Shear test system and b loading unit
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3.2 Characteristics of Shear Strength

Table 1 shows the peak shear strength of three kinds of

rock joints with different JRC. The shear strength data

of joints shown in Table 1 are fitted, and the

relationship curves between shear strength and JRC

of three kinds of rock with different strength are

described and compared, as shown in Fig. 6.

It can be seen from Table 1 and Fig. 6 that the shear

strength of three types rock joints increases

exponentially with the increase of JRC, that is, with

the increase of JRC, the shear strength of joints

increases and the growth rate increases gradually.

The shear strength of smooth joint of LSRJ is

2.83 MPa. The shear strengths of rock joints increases

to 3.38 MPa, 3.72 MPa, 4.20 MPa, 4.88 MPa, and

5.78 MPa and the growth rate is 19.43%, 31.45%,

48.41% and 104.24% when the JRC increases to 0–2,

4–6, 8–10 and 16–18, respectively. The shear strength

of smooth joint of LHSRJ is 2.91 MPa. The shear
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(c)

Fig. 4 Curves of shear stress versus displacement. a LSRJ and b HSRJ and c LHSRJ
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strengths of rock joints increases to 3.59 MPa,

3.87 MPa, 4.63 MPa, 5.27 MPa and 6.31 MPa and

the growth rate is 23.37%, 32.99%, 59.10%, 81.10%

and 116.84% when the JRC increases to 0–2, 4–6,

8–10 and 16–18, respectively. The shear strength of

smooth joint of HSRJ is 3.17 MPa. The shear strengths

of rock joints increases to 3.98 MPa, 4.43 MPa,

5.34 MPa, 6.02 MPa and 6.97 MPa and the growth

rate is 25.56%, 39.75%, 68.45%, 89.91% and 119.87%

when the JRC increases to 0–2, 4–6, 8–10 and 16–18,

respectively.

The fitting relation between the shear strength and

JRC of three types rock joints is exponential, the fitting

coefficients are 0.999, 0.997 and 0.995 respectively.

The fitting relations are shown by Eqs. (1), (2) and (3),

and the fitting accuracies are high.
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Fig. 5 Curves of shear

stress–displacement of

homogeneous and

heterogeneous rock joints

with the same JRC.

a Smooth joint and b JRC

0–2 and c JRC 4–6 and

d JRC 8–10 and e JRC
12–14 and f JRC 16–18
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s ¼ 3:375þ 0:013JRC1:848 R2 ¼ 0:999 ð1Þ

s ¼ 3:552þ 0:018JRC1:797 R2 ¼ 0:997 ð2Þ

s ¼ 3:928þ 0:045JRC1:498 R2 ¼ 0:995 ð3Þ

By comparing and analyzing the variation of shear

strength with JRC of LSRJ, LHSRJ and HSRJ, it can

be seen that the shear strength of three types joints

grow exponentially with the increase of JRC. How-

ever, the shear strength of the three types joints is

different, which shows that the shear strength of HSRJ

is the largest, that of LHSRJ is the second, and that of

LSRJ is the least. With the increase of JRC, the growth

rate of shear strength of HSRJ is the highest, that of

LHSRJ is the second, and that of LSRJ is the lowest.

The reason is that with the increase of JRC, the

meshing of HSRJ is more obvious than that of LSRJ

and LHSRJ under normal pressure, which made the

growth rate of shear strength of HSRJ is higher than

that of LSRJ and LHSRJ. It can be seen from Fig. 6

that when the JRC is low, the shear strength of LHSRJ

is closer to that of LSRJ, and when the JRC increases

to 8–10, the shear strength of LHSRJ is gradually

closer to that of HSRJ. This is because when the JRC is

low, the difference of strength on both sides of LHSRJ

leads to a large number of bulges of low strength rock

sheared off during shearing while the bulges on the

surface of high strength rock is rarely damaged. The

shear strength of low strength rock plays a dominant

role in the shear strength of the joints at this time, so

when the JRC is low, the shear strength of LHSRJ is

closer to that of LSRJ. With the increase of JRC, the

number of rock bulges and the degree of fluctuation on

both sides of the joints will increase accordingly, and

more high strength rock bulges with greater fluctua-

tion degree will incise and even embed into the low

strength rock surface, resulting in stronger plow effect,

which will increase the damage degree of high

strength rock. Therefore, the shear strength is closer

to that of high strength rock joints.

3.3 Comparison of Shear Failure Characteristics

The shear failure characteristics of LSRJ and HSRJ

with different JRC are as shown in Fig. 7a, b,

respectively. From Fig. 7a, b, it can be seen that when

the JRC of LSRJ and HSRJ is 0–2, the shear failure

mode is mainly the wear of joint bulges. When the JRC

of LSRJ and HSRJ exceeds 8–10, in addition to the

wear of bulges of joints, the shear failure mode of

Table 1 Shear strength of three kinds of rock joints

Joint type LSRJ LHSRJ HSRJ

Perk strength

(MPa)

Growth rate

(%)

Perk strength

(MPa)

Growth rate

(%)

Perk strength

(MPa)

Growth rate

(%)

Smooth

joint

2.83 2.91 3.17

JRC 0–2 3.38 19.43 3.59 23.37 3.98 25.56

JRC 4–6 3.72 31.45 3.87 32.99 4.43 39.75

JRC 8–10 4.20 48.41 4.63 59.10 5.34 68.45

JRC 12–14 4.88 72.44 5.27 81.10 6.02 89.91

JRC 16–18 5.78 104.24 6.31 116.84 6.97 119.87

low strength
low-high strength
high strength

Pe
ak

 sh
ea

r s
tre

ng
th

/M
Pa

JRC

=3.375+0.013JRC1.848

=3.552+0.018JRC1.797

=3.928+0.045JRC1.498

Fig. 6 Relations between shear strength and JRC of joints
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joints is accompanied by the shearing off of a large

number of joint bulges.

In summary, the failure mode of joints with low

JRC is mainly surface wear of joints, and the

resistance to shear of joints is mainly due to the

surface adhesion effect. With the increase of JRC, the

number of joint bulges and the degree of fluctuation

will increase accordingly. The resistance to shear of

joints mainly due to the surface adhesion effect and

engaging effect and the failure mode of joints are

surface friction and the shearing off of joint bulges.

By comparing Fig. 7a with b, it can be seen that the

damage degree of HSRJ is more serious than that of

LSRJ when the JRC is the same. This indicates that

HSRJ still need to overcome the large friction

resistance after the bulges sheared off. At the same

time, it also explains the phenomenon that the

reduction of shear stress of HSRJ in post-peak stage

is small and the strain softening is not obvious.

The shear failure characteristics of heterogeneous

rock joints are different from those of the homoge-

neous rock joints. In order to more clearly observe the

wear degree of the specimen and the quantity and

distribution of debris, it have been circumscribed in

red contour, as shown in Fig. 7c. It can be seen that all

joints were damaged to some extent and with the

increase of JRC, the quantity of debris produced by

wear on joints gradually increase, indicating that the

damage degree of specimen increases with the

increase of JRC. Moreover, the wear of joints has

obvious heterogeneity, and the quantity of white (low

strength) debris produced on gray (high strength)

specimens is far more than gray debris produced on

white specimens.

The resistance to shear of joints is mainly due to the

surface adhesion effect, engaging effect and plow

effect, correspondingly, the failure modes of joints are

surface friction and the shearing off of joint bulges.

The difference of strength on both sides of LHSRJ

with low JRC leads to a large number of bulges of low

strength rock sheared during shearing while the bulges

on the surface of high strength rock is rarely damaged.

Therefore, the quantity of white (low strength) debris

produced on gray (high strength) specimens is more

than gray debris produced on white specimens. With

the increase of JRC, the number of rock bulges and the

degree of fluctuation on both sides of joints increase

accordingly, and more high strength rock bulges with

JRC 0~2

JRC 8~10

JRC 16~18

(a) (b) (c)

Fig. 7 Shear failure

characteristics of rock joints

with different JRC. a Low

strength and b high strength

and c heterogeneous
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greater fluctuation degree incise and even embed into

the low strength rock surface, resulting in stronger

plow effect, which will increase the damage degree of

rock. Therefore, with the increase of JRC, the quantity

of debris gradually increases.

4 Conclusion

The deformation and strength properties of heteroge-

neous rock joints have an important influence on the

evaluation and control of rock mass stability. In this

paper, shear tests of heterogeneous rock joints and

corresponding homogeneous rock joints with different

JRC are carried out. According to the experimental

results, the following conclusions are drawn:

(1) The shear stress–displacement curves of LSRJ,

LHSRJ and HSRJ with low JRC are all in line

with the typical single peak value curve, while

HSRJ with JRC greater than 12–14 accord with

the strain hardening curve.

(2) The shear displacement corresponding to the

peak shear strength of heterogeneous rock joints

is smaller than that of the homogeneous rock

joints. The reason is that the high strength rock

is more easily pressed into the low strength rock

under the action of initial normal load, which

leads to the higher closure degree of heteroge-

neous rock joints and the smaller shear

displacement.

(3) The shear strengths of the three types rock joints

all grow exponentially with the increase of JRC.

The shear strength and its growth rate of

heterogeneous rock joints were between those

of two corresponding homogeneous rock joints.

(4) The surface damage of rock joints increases

with the increase of JRC and the damage degree

of HSRJ is more serious than that of LSRJ with

the same JRC. The surface damage of hetero-

geneous rock joints presents obvious heteroge-

neous characteristics.

Through the comparative analysis of the shear behav-

ior between heterogeneous rock joints and homoge-

neous rock joints with different JRC, this study

revealed the effect of heterogeneity on the shear

behavior of rock joints and provided the basis for the

evaluation of rock mass stability.
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