
TECHNICAL NOTE

Shear Behaviour and Acoustic Emission Characteristics
of Different Joints Under Various Stress Levels

Fanzhen Meng1,2 • Hui Zhou2 • Shaojun Li2 • Chuanqing Zhang2 •

Zaiquan Wang1 • Liang Kong1 • Liming Zhang1

Received: 28 July 2015 / Accepted: 19 June 2016 / Published online: 24 June 2016

� Springer-Verlag Wien 2016

Keywords Joint � Shear strength � High normal stress �
Shear stress drop � Acoustic emission (AE)

1 Introduction

Rock masses are typically characterised by faults, joints,

bedding planes and other planes of weakness, and the

mechanical behaviours (such as shear strength, stiffness,

deformation and permeability) of jointed rock masses

strongly depend on the mechanical and geometric proper-

ties of discontinuities. Shear failure along weak joints is

one of the main failure modes in rock slopes and under-

ground excavations; thus, understanding and predicting the

shearing behaviours of jointed rockmasses are important

for the design and stability analysis of rock structures.

Patton (1966) proposed a bilinear strength envelope that

describes the shear strength of saw-tooth joints well.

Ladanyi and Archambault (1969) developed a new model

by identifying the areas on the joint surface where sliding

and breaking of asperities are most likely to occur. Based

on a series of shear tests conducted on natural rough joints,

Barton and Choubey (1977) introduced an empirical model

that includes three index parameters: the joint roughness

coefficient, the joint wall compressive strength and the

residual friction angle. Zhao (1997) modified Barton and

Choubey’s criterion by introducing the joint-matching

coefficient. With the development of optics and data pro-

cessing technology in recent years, the surface morphology

of joints can be quantitatively investigated, and some new

empirical criteria have been proposed by considering three-

dimensional quantified surface roughness parameters

(Grasselli 2006; Xia et al. 2014). Model materials (plaster,

cement mortar) have mainly been used in previous studies

to simulate rock joint, and the normal stresses applied were

typically low as the burial depths of the engineering rock

are generally shallow. Presently, the excavation depths of

many tunnels extend beyond depths of 1000 or 2000 m,

with high stress levels acting on the discontinuities.

Therefore, it is important to understand the shear behaviour

of joints under high normal stress.

Real-time monitoring of joint shearing is an important

issue that must be addressed to understand the evolution of

the shearing process and its underlying failure mechanisms

and predict imminent shear failure. The acoustic emission

(AE) technique has been widely applied to monitor and

predict the failure processes of rock materials, and few

researchers have addressed the application of AEs for

monitoring the shear behaviour of joints (Hong and

Seokwon 2004; Moradian et al. 2010, 2012; Zhou et al.

2014; Meng et al. 2016). However, studies of the AE

characteristics of joints during shear failure, especially for

rough joints under high normal stress, remain scarce.

In this study, shear tests under constant normal loading

(CNL) on tensile joints in three different types of rock were

carried out, the shear behaviours of the joints were studied,

and the changes in the AEs that occurred during shear

failure under different normal stresses were investigated.

The strength characteristics were analysed, and the AEs

were recorded and compared among the different types of

joints and the different normal stresses.
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2 Experimental Programme

Granite, marble and rock-like materials consisting of

cement mortar, which can represent very hard rock, inter-

mediate hard rock and soft rock, respectively, were used in

this study. The basic mechanical parameters of the three

different rock types are given in Table 1. Cubic samples of

granite with 10-cm-long sides were cut from a long piece

of granite and then ground to produce parallel opposite

faces according to the suggested methods of the Interna-

tional Society for Rock Mechanics (ISRM). Marble was

sampled from the Jinping II hydropower station and pro-

cessed using the same methods and standards that were

used for granite. The model material is a mixture of

cement, fine quartz sand and water at a weight ratio of

1:1:0.5. The large block was cured at room temperature for

one month and then cut with a saw into cubic

10 9 10 9 10 cm samples. The cubic specimens were

split by applying a pair of knife-edge loads to the middle of

the sample, and joints with rough surfaces and interlocking

asperities were made.

Shear tests were performed at the Institute of Rock and

Soil Mechanics, Chinese Academy of Sciences using an

RMT150C testing machine. The maximum normal and

shear load values were 1000 and 500 kN, respectively.

During the tests, normal load was applied at a rate of

1 kN/s and then held constant, and a shear load was

subsequently applied at a rate of 0.005 mm/s. AEs were

monitored using a 16-channel PAC-DISP system, and four

PICO sensors were attached to the three sides of the low

part of the joint in a plane (approximately 0.5 cm from the

joint surface). A layer of the couplant was painted on the

interface between the rock and sensors. The resonant

frequency and operating frequency range of the sensors

were 500 and 200–750 kHz, respectively, and the sam-

pling rate was 1 million samples per second. The ampli-

fication of the preamplifier and the threshold of the system

were both 40 dB. To ensure that the shearing process was

synchronised with the AE acquisition process, the AE

system was simultaneously triggered when the shear stress

was applied. Some of the prepared samples, the arrange-

ment of the AE sensors, and the experimental system are

shown in Fig. 1. The normal stresses that were applied to

the three different joints during the shear tests are pro-

vided in Table 1.

3 Experimental Results

3.1 Shear Behaviours of the Three Different Types

of Joints

The shear stress curves of the cement mortar, marble and

granite joints under low and high normal stresses are,

respectively, illustrated in Fig. 2 to show the differences of

the shear stress curves from low to high normal stresses. In

general, the shear stress of the cement mortar joints under

different normal stresses varied with shear displacement in

a stable state, as shown in Fig. 2a, b, and no noise was

emitted during the shear process. At normal stresses lower

than 5 MPa, distinct peak shear stresses can be identified in

the stress curves, and the shear stress gradually and steadily

decreases to the ultimate shear strength with shear dis-

placement. At normal stresses higher than 7 MPa, the stress

curves in the post-peak period are irregular and show some

fluctuations due to local fractures and concentrated damage

at the irregular joint surface.

Figure 2c, d illustrates the shear stress curves for the

marble joints. The shapes of the stress curves are similar

and are characterised by their smoothness and inconspic-

uous strain weakening. In addition, the failure process of

all of the joints was quiet and slow, and the macroscopic

shear behaviours of the marble joints under low and high

normal stress conditions were similar.

The shear stress versus shear displacement curves of the

granite joints are shown in Fig. 2e, f. At normal stresses

lower than 3 MPa, the shear stress increased to a peak

value and then slowly decreased to the ultimate shear

strength. As the normal stress increased, the shear stress at

the peak drastically decreased to a terminal point, which

was accompanied by a loud sound, and then increased

again with shear displacement to a relative peak value

before subsequently decreasing to the ultimate shear

strength. At normal stresses greater than 10 MPa, violent

post-peak stress drop and periodic shear stress oscillations

with instantaneous small shear stress drops occurred

simultaneously, which were not observed in the cement

mortar and marble joints. In addition, continuous noises

were emitted from the shear boxes, and each small stress

drop corresponded with a loud sound, which indicated that

large amounts of energy were being released. Unsta-

ble sliding occurred because the loading system (with soft

Table 1 Basic mechanical

parameters and normal stresses

for three different kinds of joints

that were applied in the shear

tests

Type of joint rc (MPa) E (GPa) l Normal stress/MPa

Cement mortar 46.39 7.28 0.077 0.5, 1, 2, 3, 5, 7, 10, 14, 20

Granite 191.24 20.74 0.132 1, 3, 5, 7, 10, 20, 30, 40, 45

Marble 95.27 17.56 0.074 1, 5, 7, 10, 15, 20, 30, 40

rc, E and l are uniaxial compression strength, elastic modulus and poisson ratio, respectively
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Fig. 1 Joint samples and the

experimental system. a Some of

the prepared joints (from top to

bottom: granite joints, marble

joints and cement mortar joints);

b arrangement of the AE

sensors (the Arabic numbers in

the circles indicate the sensor

numbers); c the RMT150C

experimental system and the AE

system during shear tests
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loading system stiffness) was not capable of responding

rapidly enough to the rapid fracturing of the rock (Scholz

2002). According to the simulation study using the distinct

element method by Bewick (2013), the fracturing events

that occur during stress drops show increasing fracture

rates with both grain boundary and intra-grain fracturing

occurring simultaneously, and the cumulative fracture

count curves show steps at each of the oscillations. This

result indicates that as dilation was prevented under higher

levels of normal stress, the asperities on the granite joint

built substantial apparent cohesion, whereas the fractures

led to sudden cohesion loss and ultimately resulted in stress

drops.

3.2 Strength Characteristics of Three Different

Types of Joints

The peak and ultimate shear strengths and corresponding

normal stresses of the three different types of joints are

shown in Fig. 3. The peak shear strengths of the cement

mortar joints and granite joints are well described by the bi-

linear model proposed by Patton (1966):
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Fig. 2 Curves of shear stress versus shear displacement for cement mortar joints (a, b), marble joints (c, d) and granite joints (e, f) under
different normal stresses
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sp ¼ rn tan /þ ið Þ when normal stress is lowð Þ ð1Þ

sp ¼ rn tan/þ c when normal stress is highð Þ ð2Þ

where sp, rn, /, i and c are the peak shear strength, normal

stress, friction angle, dilation angle and apparent cohesion,

respectively (Patton 1966). The peak shear strength can be

described as follows:

For cement mortar joints:

sp¼ 1:962rn; rn � 3MPa ð3Þ

sp¼ 0:686rn þ 4:545; 3MPa\rn � 20MPa ð4Þ

For granite joints:

sp ¼ 1:422rn; rn � 10MPa ð5Þ

sp ¼ 0:715rn þ 5:634; 10MPa\rn � 45MPa ð6Þ

Experimental data indicated that the ultimate shear

strength of the cement mortar increased at a slower rate

with increasing normal stress, which can be fit using the

following quadric relationship:

su ¼ �0:022r2n þ 1:122rn; 0MPa � rn � 20MPa ð7Þ

The curved nature of the strength envelope indicated

that the mortar was collapsing under elevated normal stress

because of its high porosity and loose structure, which

resulted in higher initial friction (the slope of the strength

envelope).

For the granite joint, the ultimate shear strength

increased linearly with increasing normal stress due to the

hard and brittle mineral constituents with high strength and

can be expressed using the following linear formula:

su ¼ 0:598rn; 0MPa � rn � 45MPa ð8Þ

The ultimate strength of the marble joint increased lin-

early with normal stress in the range of the normal stress

applied in this study and was fit using the following

formula:

su ¼ 0:728rn; 0MPa � rn � 40MPa ð9Þ

Compared with the cement mortar and granite joints, the

peak strength envelope of the marble joints showed unique

characteristics. When the normal stress was less than

20 MPa, the peak strength increased linearly as follows:

sp ¼ 0:721rn þ 1:625; rn � 20MPa ð10Þ

Equations (9) and (10) show that the slopes of the two

fitted strength lines are almost identical, indicating that

dilation was not obvious for the marble joints, and the

apparent cohesion was 1.625 MPa. When the normal

stresses were 30 and 40 MPa, the shear strengths were

slightly higher than expected. If two lines are drawn that

pass through the two strength points with the same slope as

the ultimate strength envelope, the intercepts of the two

lines with the vertical axis (namely, apparent cohesion) are

3.56 and 7.88 MPa, as shown in Fig. 3c. Because the

roughnesses of these two joints are similar to those sheared

under low normal stresses, the higher shear strengths did

not result from the differences between the joint surfaces.

Barton (1973) found that the shear strength of a joint would

increase under high normal stress due to the over-closure

effect, which can be used to explain the higher strength

here because the two parts of the marble joint cannot be

pried apart easily after shear failure. Unlike granite, marble

is composed of minerals that can yield and soften under

high stress levels; thus, these locked asperities on the two

surfaces are absorbed tightly, and the joints were

mechanically over-closed, which increased the adhesion

force (apparent cohesion). Consequently, the apparent
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Fig. 3 Peak and ultimate strength envelopes for the a cement mortar

joints, b granite joints and c marble joints
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cohesion is greater at higher normal stress levels for marble

joints.

The abrupt changes in the slopes of the two peak

strength lines represent the transition of the shear failure

mode (Patton 1966) from dilation with little or no

asperity shearing under low normal stress to non-dilation

when the tips of most of the asperities were sheared off

under high normal stress. As shown in Fig. 3, the tran-

sition normal stress for cement joints was 3 MPa, which

was lower than the transition normal stress of 10 MPa

for granite joints. This difference reflects the lower

shear-off resistance of the cement asperities. Because the

vertical distance between a point on any maximum

strength failure envelope and the ultimate envelope rep-

resents the internal strength contributed by the irregu-

larities (i.e. the apparent cohesion loss), the cohesion loss

was the greatest for granite joints, as shown in Fig. 3,

which was consistent with the most violent brittle failure

phenomena.

The dilation angle i is equal to the difference between

the inclination angles of the two straight peak shear

strength lines. The i values of the cement mortar and

granite were 28.5� and 20�, respectively, and indicated that

dilation was the most pronounced for the cement mortar

(a) Marble joint           (b) Cement mortar joint

Before shear

After shear

AE events

Before shear

After shear

AE events

(c) Granite joint

Before shear

After shear

AE events

Fig. 4 Comparison of the joint surfaces before and after shear and the locations of AE events for the three different rock joints when normal

stress was applied at 1 MPa (the green points indicate the positions of the sensors) (color figure online)
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joints and the least pronounced for the marble joints when

the normal stress was low. The dilation of the rock joint

was closely related to the morphology of the joint surface

under low normal stress. The damage distribution of the

asperities during shearing can be investigated using the

locations of the AE events. Figure 4 shows the joint sur-

faces before and after shearing and the locations of the AE

events for the three different rock joints under a normal

stress of 1 MPa. The marble joint had the fewest AE

events, and the granite joint had the most AE events. The

marble joint surfaces were smooth and slippery, and the

granite and cement joint surfaces were rough and prickly

before shearing, which indicated the presence of large

numbers of small-scale sharp asperities due to tensile

fracturing of the mineral grains on the surfaces of the

granite and cement joints. Therefore, the lack of small-

scale asperities on the marble joint surfaces caused the

fewest AE events and the lowest dilation. On both surfaces

of the granite and cement mortar joints, there are lots of

tiny asperities in addition to the macroscopic fluctuations,

and the mineral grains in the granite were more brittle and

stiff than those in the cement mortar joint. Thus, the AEs

were much more active for granite joints under the same

normal stress.

3.3 Acoustic Emissions of Three Different Types

of Joints Under Low and High Normal Stresses

It is necessary to monitor the shear behaviours of joint

samples in the laboratory with morphological features that

are similar to actual joints in order to apply AE for mon-

itoring the shear behaviour of in situ discontinuities and to

employ the AE technique for predicting the shear failure of

rock joints. Below, the representative monitoring results of

three different types of joints subjected to low and high

normal stresses are presented and compared.

The AEs resulting from 1 and 10 MPa of normal stress,

which represent smooth (normal stress lower than 7 MPa)

and rough stress curves (normal stress higher than

10 MPa), respectively, are shown as examples of the AE

characteristics of cement mortar joints in Fig. 5. The hit/

energy rates of 1, 2, 3 and 4 in the graphs indicate the AE

counts/energy recorded by the first, second, third, fourth

sensors, respectively, in one second. The AE energy

parameters (energy rate and cumulative energy) in the PAC

software represent the relative energy or intensity of the

AE hit, which is defined as the area enclosed by the signal

envelope (unit of voltage is mv) and the axis of the

abscissas (unit of time is ls) with units of mv ls.
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Fig. 5 Changes in the AE parameters with shear time for the cement mortar joints under 1 MPa (a, b) and 10 MPa (c, d) of normal stress: a and

c show the hit rate, and b and d show the energy rate
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Figure 5a, b shows that the patterns of the AE hit rate

and energy rate over time were almost identical, increasing

with shear stress, peaking near the maximum shear stress,

and gradually decreasing with time (the shear stress

became strain weakening after peak stress). Subsequently,

the values decreased to extremely low levels when the

shear stress approached the ultimate shearing stage. The

changes in the hit rate and energy rate that were monitored

by the four sensors were consistent with one another, and

the number of hits was not equivalent among the four

sensors because of their different locations.

Figure 5c, d shows the AEs of cement mortar joints

subjected to 10 MPa of normal stress and indicates that most

of the hits and energy were radiated in the post-peak region.

Moreover, as the shear stress curve fluctuated around the

peak stress region, the patterns of the hits and energy rate

became more complex than those observed under a normal

stress of 1 MPa. Due to the local fractures and concentrated

damage on the joint surface under high normal stress, the

AEs peaked at the point of small stress drops.

Figure 6 demonstrates the AE hit and energy rates for

marble joints when the normal stresses were 1 and 40 MPa.

As shown in Fig. 6a, the hit rate increased with shear stress

in the beginning when the normal stress was 1 MPa.

However, unlike the patterns observed with cement mortar

joints, the maximum hit rate was attained before the peak

shear stress, and the AE hit rate became quiet during the

ultimate sliding stage. In addition, the energy rate, as

shown in Fig. 6b, was maintained at a low level throughout

the entire shear process and was more active in the pre-

peak period than in the post-peak stage. The change pat-

terns of the two AEs indicated that inter mineral shear

occurred before the peak shear stress. The two energy

uprush points potentially resulted from local fracturing

(such as the rotation and crushing of a fragment or mineral

particle, or small local cracking), which emits few AE hits

but with high energy. The small graph in Fig. 6b shows the

results when the two points are neglected. Figure 6c, d

shows the AEs for marble joints under 40 MPa of normal

stress. The AEs became active before their peak stress,

which indicated that some friction and slippage occurred

between the adjacent minerals, and the hit rate and energy

rate peaked near or slightly beyond the maximum shear

stress due to the shear movement of the tightly interlocked

joint surfaces.

Figure 7 shows the AEs for granite joints under 1 and

10 MPa of normal stress. The changes of AEs under a

normal stress of 10 MP represent the stress curves with
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Fig. 6 Changes in the AE parameters with shear time for the marble joints under 1 MPa (a, b) and 40 MPa (c, d) of normal stress: a and c show
the hit rate, and b and d show the energy rate
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obvious periodic stress oscillations during the ultimate

sliding period. The changes of the AE hit rate and energy

rate under 1 MPa of normal stress are shown in Fig. 7a, b

and were almost identical to the changes of the cement

mortar joints at low normal stress, which are shown in

Fig. 5a, b. The AEs increased with increasing shear stress

and peaked almost simultaneously before decreasing

gradually with time. Nevertheless, the AEs were much

more active for the granite joints, and the number of hits

and energy rate was higher than those of the cement mortar

joints. Moreover, the AEs (particularly the energy rate) did

not decrease continuously but surged at some point during

the ultimate shear stage because of the crushing and rolling

of the hard, stiff and brittle mineral compositions such as

quartz and feldspar during frictional processes. Figure 7c, d

shows the AEs for a normal stress of 10 MPa and

demonstrate that a large amount of energy was released at

the first violent post-peak stress drop, during which a very

loud sound was recorded. The AEs during the post-peak

sliding stage, particularly during stress oscillation, were

also intense. At some points, the energy rate was even

higher than the peak value under lower normal stresses and

greater than that of most of the marble and cement mortar

joints. The energy rate sharply increased at the moments of

stress drops during the stress oscillation period and was

accompanied by repeated loud noises.

4 Conclusions

Shear tests were conducted on tension marble, granite and

cement mortar joints under various normal stresses (from

0.5 to 45 MPa) to investigate the shear behaviour and AE

characteristics of different joints, and the following pri-

mary conclusions were drawn from these investigations:

1. The fewest AE events and the faintest dilation

occurred for marble joints under low normal stress

because the number of small-scale asperity on the

surfaces was lacking, and the apparent cohesion was

greater at higher normal stress levels due to the over-

closure effect. The shear stress curves of the cement

mortar joints fluctuated with increasing normal stress,

and the curved ultimate strength envelope indicated

that the mortar was collapsing under elevated normal

stress because of its high porosity and loose structure.

2. The patterns of shear stress and AEs were similar

between the cement mortar and granite joints under

low normal stress, but the AEs of the granite joints

were more active due to the crushing and rolling of the

hard, stiff and brittle mineral compositions.

3. Violent post-peak stress drops occurred at normal

stresses greater than 5 MPa, and periodic shear stress

oscillations were observed at normal stresses greater
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Fig. 7 Changes in the AE parameters with shear time for the granite joints under 1 MPa (a, b) and 10 MPa (c, d) of normal stress: a and c show
the hit rate, and b and d show the energy rate
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than 10 MPa for the granite joints. The energy rate

sharply increased at the moments of stress drops,

which was accompanied by repeated loud noises.

4. Dilation was the most prominent for the cement mortar

joints under low normal stress. Apparent cohesion loss

during failure was the greatest for the granite joints,

which was consistent with the most violent brittle

failure phenomena, and the AEs were the most active

because of the brittle and hard mineral compositions.
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