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Abstract: To study the shear failure modes of rock frac-
tures with differentmorphologies, rock types and test con-
ditions, direct shear tests were conducted with the aid
of an acoustic emission test system to obtain the charac-
teristics of acoustic emissions in the shear process. The
test results indicated that sandstone fractures experienced
brittle shear failure under higher constant normal loads
(15-30 kN) and plastic shear failure under lower normal
loads (5 kN and 10 kN), while the marble fracture experi-
enced plastic shear failure under each normal load. Drop-
ping of shear stress, sharp change from shear dilatation
to shear shrinkage and sudden release of high AE energy
could be foundwhenbrittle shear failure occurred in sand-
stone fracture under a higher normal load. Thus, combin-
ing the location evolution characteristics of acoustic emis-
sion, it can be concluded that the entire shear dislocation
of sandstone fracture in brittle shear failure mode hap-
pened just after the peak under higher normal loads. How-
ever, the entire shear dislocation of sandstone fracture un-
der lower normal loads and marble fracture under all nor-
mal loads occurred just at the beginning of the shear pro-
cess.
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1 Introduction
Many geological discontinuities (such as joints and faults)
existing in natural rock mass greatly influence the rock
mass stability. To prevent engineering accidents caused by
rock discontinuities, it is important to determine the de-
formation characteristics and the shear failure modes of
rock fractures. Different scales of asperities play an impor-
tant role in the mechanical behaviors of rough rock frac-
tures, thus better understanding of contact condition or
morphology of rock fracture may help to understand the
shear failure mechanism.

Numerous laboratory investigations have focused on
the asperity damage under the combined action of normal
stress and shear stress. Hutson and Dowding [1] sheared
cyclically about 30 real granite and limestone joints to
measure asperity degradation under normal stresses and
displacements consistentwith earthquake loading. Huang
et al. [2] conducted a laboratory investigation of the me-
chanical behavior of initially closely mated joints in rock
undergoing small sliding displacements to elucidate the
features of joint behavior such as dilatation, damage of
surface roughness, cyclic sliding behavior and the depen-
dence of these phenomena on stress level and sliding his-
tory. Pereira et al. [3] studied the shear failure of a pro-
filed and cleandiscontinuity artificially prepared fromnat-
ural sandstone using direct shear tests, in which the be-
havior of the rock surfaces during shear could be continu-
ously observed. Wang and Scholz [4] studied experimen-
tally the frictional wear of rock and found that the loss
of material from the interface of two bodies during fric-
tional sliding was a function of normal stress and the ini-
tial roughness of the sliding surface. Indraratna et al. [5]
described the asperity deformationunder constant normal
stiffness boundary conditions based on 3D scanned mod-
els, in which asperity height deviation (∆z) was used to
characterize asperity deformation. Byerlee [6] considered
that asperities were crushed to a certain extent when the
tensile stress exceeded the tensile strength of asperities.
Based on the influence of the inclination and numbers of
asperities on shear behaviors, Patton [7] described the slid-
ing and cutting failure modes of asperities and proposed a
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shear strength formula. Wang and Xie [8, 9] studied the
degradation and evolution of rock fracture surface rough-
ness by fractal dimension during the shear process. Xie et
al. [10] concluded that more rough joints will have lower
normal stiffness and higher shear stiffness through inves-
tigating the contact mechanical behavior of the rock joints
by using the photoelasticity method.

Acoustic emission (AE) phenomenon, which is gener-
ated spontaneously by the rapid release of energy from
microcracking within brittle rock and metal materials,
has been extensively studied. Lockner [11] gave a detailed
overview on the study of rock failure through use of the AE
method, which can provide information about the size, lo-
cationof the acoustic events anddeformationmechanisms
of materials [12, 13]. Thus, a micro crack in a rock spec-
imen could be detected by recording AE signals, as well
as a planar location of AE sources using the AE method
during the whole shear process for rock fractures [14–16].
As examples, Hong et al. [17] investigated acoustic emis-
sion (AE) characteristics of rock-concrete interfaces un-
der shear loading. Son et al. [18] conducted laboratory
shear tests under constant normal stiffness (CNS) and con-
stant normal load or constant stress (CNL) conditions and
thought that the asperities damagemay be correlated with
asperity height according to the distribution of AE source
locations.

Overall, many works have been done to reveal the
shear failure mechanism of rock fracture, and some pro-
gresses have been achieved. However, the influences of
normal stress and fracture surface morphology on the
shear failure mechanism of rock fracture are not fully un-
derstood yet, meaning it is necessary to further study the
shear failure mechanism of rock fracture with the help
of the AE method and 3D scanning technology. Thus, di-
rect shear tests were conducted on sandstone and mar-
ble specimens containing a single fracture under different
CNLconditions, inwhich theAEmethodwasused tomoni-
tor the shear failure process of rock fracturewhile 3D scan-
ning technology were used to obtain the initial 3D mor-
phology of rock fracture surfaces.

2 Sample preparation, test
apparatus and methodology

2.1 Sample preparation

Standard cylindrical specimens with a diameter and a
length of approximately 50 mm and 100 mm were pre-
pared, and their physical and mechanical properties are

shown in Table 1, in which cohesion (c) and internal fric-
tion angle (φ) of rock specimens were obtained through
traditional triaxial compression tests on standard cylindri-
cal specimens. Tensile strength (σt) was obtained through
brazilian split tests. Uniaxial compression strength (UCS),
Poisson ratio (µ) and elastic modulus (E) of rock speci-
mens were obtained through uniaxial compression tests.
Basic friction angle (φb) was obtained from residual shear
tests on flat unweathered rock surfaces [19].

Tensile fractures were produced at or near the mid-
height of specimens by a self-made split tool [20]. Six arti-
ficial fractures of sandstone (group S, named as S1, S2, S3,
S4, S5, and S6) andmarble (group A, named as A1, A2, A3,
A4, A5 and A6), as shown in Figure 1 (a), were prepared for
the direct shear tests. Accordingly, a specimen was com-
posed of upper half, rock fracture and lower half.

Figure 1(b) shows the encapsulation of a specimen, in
which the rock fracture was as parallel to the shear direc-
tion as possible. As we can see in Figure 1(b), the lower
half of the specimen was concentrically fixed by cement
as much as possible into the lower ring. After the cement
in the lower ring solidified, the holding rods and the up-
per shear ring were placed one by one, in which the hold-
ing rods were used to isolate the upper shear ring and the
lower shear ring, and the upper shear ring was concentric
with the lower shear ring. Then, rubber mud with width
of 10 mm was laid on the top surface of the cement in the
lower ring to isolate the cement in the upper shear ring and
that in the lower shear ring, and then cement was poured
into the upper shear ring. After the cement in the upper
shear ring solidified and reached its designed strength, the
holding rodswere removed, and then the specimen encap-
sulatedby theupper and lower shear ringswasput into the
shear boxes to carry out the shear test.

2.2 Test apparatus

Direct shear tests of rock fractures were conducted us-
ing the direct shear test system (RDS-200) designed by
Geotechnical Consulting and Testing Systems (GCTS), as
shown in Figure 2 (Left) [21], which automatically con-
trolled shear and normal load by the electro-hydraulic
servo system. The shear and normal load capacities of the
RDS-200 are 100 kN and 50 kN, whereas the shear and
normal strokes are 25 mm and 24 mm, respectively. The
normal and shear displacement were measured by using
precise LVDT. As we can see in the cross-section of shear
box in Figure 2, the specimen containing a single horizon-
tal fracture was fixed in the center position of the shear
boxes by cement, the fracture will bear all normal and
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Table 1: Mechanical property of rock specimens. φb-Basic friction angle; UCS-Uniaxial compression strength; c-Cohesion; φ-Internal fric-
tion angle; σt-Tensile strength; E-Elastic modulus; µ-Poisson ratio.

Group Rock type φb/∘ UCS/MPa c/MPa φ/∘ σt /MPa E/GPa µ
S Sandstone 30.00 78.43 21.452 46.0 3.76 24.58 -
A Marble 31.04 141.68 50.903 25.8 15.14 83.87 0.38

shear loads because there was a gap with width of about
10 mm between upper and lower cements.

The OKIO 3D scanner system designed by TenYoun
3D Technology Corporation and Tsinghua University was
used to obtain initial 3D morphology of the rock fracture
surfaces, as shown in Figure 3 (left), and the 3D scanning
results of the upper and lower rock fractures of a rock spec-
imen is shown in Figure 3 (right) [21] as an example. The
global error control module was included to control the
scanning accuracy of rock surface morphology. The aver-
age scanning accuracy is 0.02-0.03 mm, and the scanner
can cover a maximum scanning area of 400×300 mm2.

Scanning points

Upper half

Lower half

Rock fracture interface

(a) Tensile fractures of sandstone (left) and marble (right)

Lower ring

Holding rod Specimen

Cement

Rock fracture

(b) The encapsulation of a single fractured rock specimen

Figure 1: Tensile fractures of sandstone and marble and the encap-
sulation of a single fractured rock specimen. The scanning points
(black circle with white dot) pasted on the sandstone specimen
surface are used for 3D scanning location.

The AE signals during the shear process were moni-
tored by the AE test and analysis system (DS-2), as shown
in Figure 4(a). Four AE sensors with a frequency response
range of 60-400 kHzwere used for locatingAE signals. The
arrangement of the four sensors is shown in the left part of
Figure 4(b), while the installation details of an AE sensor
are shown in the right part of Figure 4(b). As we can see in
Figure 4(b), four AE sensors were arranged on top surface
of the upper shear box equidistantly on a circumferential
line; a coupling agent was applied to couple the gap be-
tween the sensor’s ceramic surface and the top surface of

LVDT

Figure 2: RDS-200 direct shear testing system (left) and cross-
section of shear box (right) [21]

Figure 3: OKIO 3D scanner system (left) and 3D view of the fracture
surfaces (right) [20]

the upper shear box, then the sensor was fixed with a tool
to prevent it becoming loose. The sampling frequency of
the AE test and analysis system is 3 MHz and the thresh-
old value is 40 dB. After AE testing was completed, the AE
data can be derived for o�ine analysis.

2.3 Methodology

After being scanned by the OKIO 3D scanner system to ob-
tain themorphological data, the specimen fractures of two
groups (S1-S6 and A1-A6) were sheared through using a di-
rect shear test system (RDS-200) under six CNL conditions
with increased normal load levels of 5 kN, 10 kN, 15 kN,
20 kN, 25 kN and 30 kN, respectively. The normal load was
applied firstly with the loading rate of 20 kPa/sec, then
the shear displacementwas appliedwith a constant shear-
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(a) AE monitor and analysis system DS-2

Fixed tool

AE sensor

Coupling agent

(b) Arrangement of AE sensors (left) and fixation method of AE sensor (right)

Figure 4: AE test and analysis system DS-2.

ing rate of 1 mm/min. The maximum shear displacements
were set at approximately 5 mm for sandstone fractures
and 10 mm for marble fractures. Acoustic emission (AE)
monitoring was carried out throughout each shear test to
obtain the AE characteristics during shearing of rock frac-
tures.

3 Shear test results of sandstone
and marble fractures

3.1 Shear stress-shear displacement curves

The complete shear stress-shear displacement curves of
sandstone and marble fractures under various CNL condi-
tions are shown inFigure 5(a) and (b). FromFigure 5(a) and
(b) we can see that the shape of pre-peak curves of sand-
stone andmarble fractures are similar with each other, but
their post-peak curves are different obviously. Specifically,
the shear stress of sandstone fractures under normal loads
of 15-30 kN dropped suddenly after the peak, while those
of marble fractures under all normal loads and sandstone
fractures under lower normal loads of 5 kN and 10 kN de-
creased gradually after the peak.

Based on the shear stress-shear displacement curves,
the peak shear stress (τp), peak shear displacement (δp),
pre-peak shear stiffness (ks), drop gradient (kd) [21] and
residual friction coefficient (fr) couldbeobtained, inwhich
peak dilatancy angle (dn) was back calculated with the
Barton formula [19]. Because the contact area changed
along with the shear displacement, the normal stress also

changed under the CNL condition. So, the peak normal
stress (σp) was defined as the normal stress at the peak
shear stress. Figure 6a)-(f) shows the relationships be-
tween peak shear strength (τp), peak shear displacement
(δp), peak dilatancy angle (dn), pre-peak shear stiffness
(ks), drop gradient (kd) and residual friction coefficient
(fr) and peak normal stress (σp). In Figure 6(a) and (b),
there were highly positive linear relationships between
peak shear strength (τp), peak shear displacement (δp)
and peak normal stress (σp), respectively. In Figure 6(c)
and Figure 6(d), there were inverse proportional relations
between peak dilatancy angle (dn), residual friction coeffi-
cient (fr) and peak normal strength (σp) on the whole. Be-
cause peak dilatancy angle (dn) was back calculated with
Barton formula, it might appear with negative values; this
phenomenon also could be seen in Figure 6(c). Because of
the degradation of asperities on rock fracture surface in
shear process, the fracture surface tended to be smoother
and the residual friction coefficient (fr) of fracture sur-
face decreased at residual friction stage as peak normal
stresses increased. InFigure 6(e), there existedpositive lin-
ear correlation between pre-peak shear stiffness (ks) and
peak normal stress for marble specimens, but it was not so
obvious for the sandstone specimen. Pre-peak shear stiff-
ness of marble fracture was lower than sandstone frac-
ture under the same lower normal load, but it was higher
than sandstone fracture under the same higher normal
load. The shear stress-shear displacement curves of mar-
ble fractures experienced a smoother decrease than sand-
stone fractures after the peak, while the shear stress of
sandstone fracture decreased sharply within an extremely
short shear displacement or time, especially under higher
normal stresses as shown in Figure 5(a) and (b), which re-
sulted in a big drop gradient. In Figure 6(f), the post-peak
drop gradient of sandstone fractures shows a good expo-
nential relationship while that of marble fractures shows
a linear relationship with peak normal stress.

3.2 Normal displacement-shear
displacement curves

Figure 7 shows the normal displacement-shear displace-
ment curves of sandstone and marble fractures under var-
ious CNL conditions, in which the positive and negative
normal displacements reflect shear shrink and shear di-
latation respectively. Thus, as we can see in Figure 7(a)
and (b), shear dilatation occurred in sandstone and mar-
ble fractures under normal loads of 5 kN and 10 kN, while
shear shrink occurred under normal loads of being equal
to or higher than 15 kN near the shear displacements of
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(a) Group S (Sandstone fractures) (b) Group A (Marble fractures)

Figure 5: Shear stress-shear displacement curves of sandstone fractures (Group S) and marble fractures (Group A). Group S includes S1
(CNL= 5 kN), S2 (CNL= 10 kN), S3 (CNL= 15 kN), S4 (CNL= 20 kN), S5 (CNL= 25 kN) and S6 (CNL= 30 kN), and Group A includes A1 (CNL=
5 kN), A2 (CNL= 10 kN), A3 (CNL= 15 kN), A4 (CNL= 20 kN), A5 (CNL= 25 kN) and A6 (CNL= 30 kN).

5 mm. However, when the normal loads were equal to or
higher than 15 kN, sandstone andmarble fractures also ex-
perienced a stage of shear dilatation, otherwise, when the
normal loadswere 5 kNor 10 kN, therewas almost no shear
dilatation occurred in the whole shear process.

Besides, the normal deformation showed different
changing trends before and after the peak. It is men-
tioned here that the horizontal coordinate of the colored
soliddots on thenormal displacement-shear displacement
curves are used to mark the peak shear displacements. As
for sandstone fractures under thenormal loads of 15-30kN,
the normal displacement decreased before the peak and
increased sharply just after the peak shear displacement
except for specimen S4, which were corresponding to the
sudden drop of the shear stress as show in Figure 5(a). But
for marble fractures under the normal loads of 15-30 kN,
normal displacement increased before the peak and de-
creased gradually after the peak, which were correspond-
ing to the gradual decrease of the shear stress as show in
Figure 5(b).

3.3 AE characteristics of sandstone and
marble fractures during shear process

The relationships between AE energy and shear displace-
ment of the sandstone andmarble specimens are shown in
Figure 8 and 9, respectively. It is apparent that the high AE
energy of sandstone fractures except for S1 and S2 in Fig-
ure 8 was mainly released right after the peak. However,
high AE energy of marble fractures in Figure 9 was gener-
ally released in the whole pre-peak stage from the begin-
ning of the shear test. Because the constant normal loads
were lower, the released AE energy of sandstone fracture

S1 and S2 was lower than other sandstone specimens un-
der a higher normal load and their AE energy didn’t release
simultaneously just after the peak. For marble fractures, a
lot of AE energy was released many times before the peak,
thus there was no higher AE energy released just after the
peak.

The peakAE energy (Ep) of sandstone fracture is about
two orders ofmagnitude higher thanmarble fractures dur-
ing the whole shear process, and it has close correlation
with both normal loads andmorphology characteristics of
sandstone fractures. Thus, formula (1) was fitted to rep-
resent the relationships of the peak AE energy (Ep) with
normal load and root-mean-square deviation of the profile
(Sq) of sandstone fractures.

Ep = p1 + p2 · ln (N) + p3 · Sq
(︁
R2 = 0.97

)︁
(1)

In formula (1), N is normal load, kN. Constants p1, p2
and p3 are -1.34×106, 4.36×105 and 1.20×106, respectively.
The 3D fitted surface graph of formula (1) and test data is
shown in Figure 10. It could be seen in Figure 10 that Ep
increased with increasing normal load and Sq. Therefore,
the released AE energy could be estimated by its normal
load and the root-mean-square deviation of the profile (Sq)
of fracture surface when a sandstone fracture fails, which
could be used for prevention and control of dynamic dis-
aster relevant to rock fracture.

Taking sandstone fracture S6 and marble fracture A1
as samples, Figure 11 shows the relationships among the
AE energy, duration, counts, amplitude and peak fre-
quency during the whole shear process. In Figure 11(a),
solid black dots represent AE events in X-Y-Z 3D space, red
solid squares represent their projections on the X-Y plane
to describe the relationship between AE counts and du-
ration, blue solid triangles represent their projections on
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Figure 6: Relationships between shear parameters and peak normal stress: (a) Peak shear strength vs. peak normal stress; (b) Peak shear
displacement vs. peak normal stress; (c) Peak dilatancy angle vs. peak normal stress; (d) Residual friction coeflcient vs. peak normal
stress; (e) Pre-peak shear stiffness vs. peak normal stress; (f) Drop gradient vs. peak normal stress.

the Y-Z plane to describe the relationship between AE en-
ergy and counts, andgreen solid pentagons represent their
projections on the X-Z plane to describe the relationship
between AE energy and duration. In Figure 11(b), solid
black dots represent AE events in X-Y-Z 3D space, red solid
squares represent their projections on the X-Y plane to de-
scribe the relationship between AE amplitude and peak
frequency, blue solid triangles represent their projections
on the Y-Z plane to describe the relationship between AE
energy and amplitude, and green solid pentagons repre-
sent their projections on the X-Z plane to describe the rela-
tionship between AE energy and peak frequency.

As we can see from Figure 11, AE energy, duration,
counts and amplitude show positive relationships with
each other on the whole, except for the relationship be-
tween AE energy and amplitude of sandstone fracture S6.
Besides, five typical AE signals highlighted in red loops
with very high energy, count, duration and very low am-
plitude in sandstone fracture S6 were generated just after
the peak. Thus, it was deduced that these typical AE sig-
nals could be used tomonitor the failure of sandstone frac-
ture. However, there were no similar typical AE signals in
marble fracture A1 that can be used to monitor the failure
of marble fracture. Besides, the dominant peak frequen-
cies of AE waveform were about 75 kHz and 180 kHz in
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(a) Sandstone fractures (b) Marble fractures

Figure 7: Normal displacement - shear displacement curves of sandstone fractures (Group S) and marble fractures (Group A) . Group S in-
cludes S1 (CNL= 5 kN), S2 (CNL= 10 kN), S3 (CNL= 15 kN), S4 (CNL= 20 kN), S5 (CNL= 25 kN) and S6 (CNL= 30 kN), and Group A includes A1
(CNL= 5 kN), A2 (CNL= 10 kN), A3 (CNL= 15 kN), A4 (CNL= 20 kN), A5 (CNL= 25 kN) and A6 (CNL= 30 kN). The colored solid dots on the curves
correspond to the peak shear displacements. The curves in the big box are the enlarged graphs of the curves in the small box in Figure 7 (a)
and (b).

both sandstoneandmarble fractures.And the energyofAE
signals with a peak frequency of about 75 kHz was higher
on the whole than those with a peak frequency of about
180 kHz. The peak frequency of the typical AE signals was
about 75 kHz, which can be used as a signal to confirm the
shear failure of sandstone fracture.

4 Discussions

4.1 Shear failure mechanisms of rock
fracture

In order to explain the shear failure mechanism of rock
fracture, the shear failure model of rock fracture is built
as shown in Figure 12(a). The simplified contact modes
mainly consist of two contact types including a flat top sur-
face contact type (a1, a5 and a8) and an inclining slope
surface contact type (a2-a4, a6, a7). Generally speaking,
the asperities in the flat top surface contact type bearmore
normal loadN and less shear load T while the asperities in
the inclining slope surface contact type bear more shear
load and less normal load. When the normal load is ap-
plied on the upper end of the rock specimen, more asper-
ities on both the upper and lower rock fracture surfaces
will be in contact with each other. The normal deforma-
tion of rock fracture will increase and the overlap height h
between the contacted asperities in the inclining slope sur-
face contact typewill also increasewith increasing normal

load. It can be deduced that the friction angle of the asper-
ity surface, the overlap height h and the climbing angles of
the contacted asperities in the inclining slope surface con-
tact type determine the shear resistance of rock fracture.

Aswearediscussing the shear bearing capacity of con-
tacted asperities in two types of contact modes here. For
convenience, failure mode of a rock fracture asperity is
shown in Figure 12(b) and (c) to help understand the fail-
ure mode of a rock fracture asperity. Figure 12(b) shows
the stress condition of rock specimenwith a single fracture
and Figure 12(c) shows the relationship between theMohr-
Coulomb strength line and the Mohr stress circle in Mohr
stress space. Failure does not occur if the Mohr-Coulomb
strength line and the Mohr stress circle do not intersect.
Otherwise, when the Mohr-Coulomb strength line and the
Mohr stress circle intersect with each other and the angle
β in Figure 12(b) is between half ∠σ1BR and half ∠σ1BQ,
the sliding failure along the existed fracture will occur,
but if β is beyond the range between half ∠σ1BR and half
∠σ1BQ, the rock specimen will fail in the cutting failure
mode along a new generated fracture.

However, it is different for the failure of the contacted
asperities on the rock fracture surface and a rough rock
fracture, because the failure of some asperities may not
lead to an overall failure of the rock fracture. As the shear
load increases continually, one asperity will slide along
the slope of another contacted asperity until one of the two
contacted asperities be cut off at a certain height. There-
fore, the shear bearing capacity of the asperities consist
of three parts including horizontal sliding friction (a1, a5,
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Figure 8: Energy and shear stress evolution along shear displacement of sandstone fractures. Test conditions are as follows: S1 (CNL= 5
kN), S2 (CNL= 10 kN), S3 (CNL= 15 kN), S4 (CNL= 20 kN), S5 (CNL= 25 kN) and S6 (CNL= 30 kN).

a8), direct cutting (a2, a3, a4) and cutting after climbing
friction (a6, a7). The red triangle zones of the asperities
in Figure 12(a) will be cut off under a certain normal and
shear stress functions.

When the normal load is lower, the overlap height h
will be small, more asperities will fail in direct cutting
mode, thus the shear dilatation and the elastic energy
stored in asperities will be less, and the slope of soft-
ening stage of the post-peak shear stress-shear displace-
ment curves will be also smaller. When the normal load is
higher, more asperities will fail in cutting after climbing
friction mode, thus there will be obvious shear dilatation
occur and more elastic energy stored in asperities before
failure, and the slope of softening stage of the post-peak
shear stress- shear displacement curves will be larger.

4.2 Shear failure modes of sandstone and
marble fractures

Shear failuremodes of sandstone andmarble fractures de-
pend on the accumulation (before the peak) and sudden
release (after the peak) of elastic energy. When a high AE
energy releases suddenly and simultaneously just after the
peak, the failure is defined as a brittle one; otherwise, the
failure is defined as a plastic one. For mated rock frac-
tures, the higher the rock fracture roughness and the con-
stant normal stress are, the more the stored elastic energy
in contacted asperities is. When above accumulated elas-
tic energy release simultaneously after the peak, the shear
failure of rock fracture will show obvious brittle behav-
ior; otherwise, when the elastic energy cannot be accumu-
lated for lower fracture roughness or lower normal stress,
or most asperities were worn down one by one before the
peak, the phenomenon of simultaneous elastic energy re-
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Figure 9: Energy and shear stress evolution along shear displacement of Marble fractures. Test conditions are as follows: A1 (CNL= 5 kN), A2
(CNL= 10 kN), A3 (CNL= 15 kN), A4 (CNL= 20 kN), A5 (CNL= 25 kN) and A6 (CNL= 30 kN).

lease cannot occur and the shear failure of rock fracture
cannot show obvious brittle behavior. So far, we can judge
the brittle failure of sandstone fracture under higher nor-
mal loads by the following three ways such as (1) the sud-
den drop of shear stress just after the peak, (2) the quick
transform from shear dilatation to shear shrinkage just af-
ter the peak, and (3) the sudden simultaneous release of
higher elastic energy just after the peak.

According to Figure 5 and Figure 6(f) in section 3.1, the
post-peak drop gradient of sandstone fracture increased
quickly with increasing normal load, and it was about two
orders of magnitude higher than marble fractures under
high normal loads. The sandstone fractures might fail in
a brittle state under a higher normal load for their shear
stress drop suddenly just after the peak, while the mar-
ble fractures under each normal load and the sandstone
fractures under lower normal loads might fail in a plas-

tic state for most of their shear stress decreased gradually
after the peak. It should be noted that, as shown in Ta-
ble 1, even though the UCS of marble (141.68 MPa) was
higher than sandstone (78.43 MPa), the failure of marble
fracture didn’t show obvious brittle behavior, because the
sandstone, a sedimentary rock, mainly consisted of quartz
and showed a brittle failure in uniaxial compression test,
while the marble, a metamorphic rock, shown a plastic
failure in uniaxial compression test. Therefore, the brit-
tle property of rock itself determined whether the brittle
failure mode occurred or not when rock fracture failed in
the shear process, however, the brittle shear failure mode
would not occur in the shear process of plastic rock frac-
ture. What needs to be explained is that the failure of the
brittle rock fracture can show brittle behaviors only under
a high enough normal load.
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Figure 10: The relationships between peak AE energy (Ep) and nor-
mal load (N) and morphology coeflcient (Sq)

According to Figure 7 in section 3.2, under the normal
loads of 15-30 kN, the normal displacement of sandstone
fractures decreased before the peak and increased sharply
just after the peak, and the normal displacement ofmarble
fractures increased before the peak and decreased grad-
ually after the peak. Thus, normal deformation might be
used to predict the brittle failure of sandstone fractures
and the plastic failure of marble fractures under higher
normal loads. It could be deduced that brittle failuremode
might occur to sandstone fracture under higher normal
loads while plastic failure mode occurred to sandstone
fractures under lower normal loads and to marble frac-
tures under all normal loads.

As mentioned in section 3.3, the high AE energy of
sandstone fractures in Figure 8 was mainly released right
after the peak while that of marble fractures in Figure 9
was generally released in the whole pre-peak stage from
the beginning of the shear process. For sandstone frac-
ture under higher normal loads, more and more elastic
deformation energy would be stored in the asperities dis-
tributed on the fracture surface as shear stress increased.
The greater thenormal stress and the shear stresswere, the
more elastic deformation energy would be stored before
the asperities reaching their elastic limit. Thus, brittle fail-
ure may happen to the sandstone fractures under higher
normal loads accompanied by a sharp decrease of shear
stress, big noise and violent shear shrink. But for marble
fracture under all normal loads and sandstone fracture un-
der lower normal loads, they would slide continually from
the beginning of the shear test as shear displacement in-
creased, and there would be no such an obvious sudden
release of elastic energy as sandstone fractures.

It also could be guessed that entire dislocation of
sandstone fracture under normal loads of 15-30 kN should
occur at the peak based on the sudden drop of shear stress
(Figure 5a), the sudden increase of normal displacement
(Figure 7a) and the sudden release of AE energy after the
peak (Figure 8). Below, the failure process of sandstone
andmarble fractures would be studied bymeans of the AE
method.

4.3 Shear failure processes of sandstone
and marble fractures

The deformation and failure of rock fracture mainly hap-
pened to some contacted asperities, and the contacted as-
perities could be defined as the shear bearing asperities.
Failure would occur to rock fractures as soon as these
shear bearing asperities were cut off or worn. Generally
speaking, the number of shear bearing asperities should
be influenced by normal load and rock fracture surface
morphology and influence the shear stress-shear displace-
ment curve shape of rock fracture. When the rock fracture
surface is smooth, the number of the shear bearing asperi-
ties will be small and does not increase obviously with in-
creasing normal load; otherwise, when the rock fracture
surface is relatively rough, the number of shear bearing
asperities will increase with increasing normal loads or
rock fracture surface roughness on the whole. Meanwhile,
a larger number of shear bearing asperities would lead to
a higher peak shear displacement and peak shear strength
on the whole for same rock fractures. So, it is necessary to
focus on the shear bearing asperities to identify the exact
shear deformation and failure process of rock fractures.

Figure 13 depicts the initial fracture surface morphol-
ogy and AE sources distribution evolution in the whole
shear process of rock fractures. The high asperities (red
zone) mainly located along the vertical axial of the rock
fracture as shown in Figure 13(a) and the shear direction
was along the vertical axial from top to bottom. When the
contacted asperity of rock fracture surface was broken,
there will be AE signals released from the broken asperity.
It can be seen from Figure 13(a) that the AE signals gener-
ated mostly on the top half part of the rock surfaces near
the vertical axial before the peak displacement of 2.37mm,
which means there was no obvious real dislocation hap-
pened to the lower part of the rock fracture at this time.
With the increasing of shear displacement, the AE sources
points spread to the lower part of the rock fracture near
the vertical axial after the peak displacement of 2.37 mm,
which can be seen as the sign of the dislocation of the
lower part of the rock fracture. And then, the AE sources
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(a) The relationships among AE energy, duration and counts

(b)The relationships among AE Energy, peak frequency and amplitude

Figure 11: The relationships between AE energy, duration, counts, peak frequency and amplitude. In Figure 11(a), solid black dots represent
AE events in X-Y-Z 3D space, red solid squares represent their projections on the X-Y plane to describe the relationship between AE counts
and duration, blue solid triangles represent their projections on the Y-Z plane to describe the relationship between AE energy and counts,
and green solid pentagons represent their projections on the X-Z plane to describe the relationship between AE energy and duration. In Fig-
ure 11(b), solid black dots represent AE events in X-Y-Z 3D space, red solid squares represent their projections on the X-Y plane to describe
the relationship between AE amplitude and peak frequency, blue solid triangles represent their projections on the Y-Z plane to describe the
relationship between AE energy and amplitude, and green solid pentagons represent their projections on the X-Z plane to describe the rela-
tionship between AE energy and peak frequency. Five typical AE signals highlighted in red loops with very high energy, count, duration and
very low amplitude in sandstone fracture S6 were generated just after the peak.

distribution range had no obvious change, but the num-
ber of AE sources continued increasing with increment of
shear displacement.

Moradian et al. [22] determined the entire shear dis-
location of bonded joint by means of the AE method and
concluded that there were almost no AE signals at the be-
ginning of the shear test, and the number of AE signals in-
creased rapidly to their maximum values when shear dis-
location happened. Different from the bonded joints in ref-
erence [22], in this research, the non-bonded fractures gen-
erated AE signals right from the beginning of the shear test
by mean of real-time AE source location method as shown
in Figure 8 and 9. But for sandstone fracture S6 under the
normal load of 30 kN, just like the shear dislocation of
bonded joint in reference [22], the whole dislocation didn’t

occur at the beginning of the shear process but at the peak.

For sandstone fracture S6, as mentioned before, the
AE source location mainly distributed on the upper half
part of sandstone fracture near the vertical axial before
the peak. It could be deduced that the broken shear bear-
ing asperities on the upper part of sandstone fracture bore
the shear load roughly by the sliding friction while the un-
broken shear bearing asperities on the other parts of the
rock fracture bore the shear load by the static friction ac-
cording to the AE location distribution. Simply speaking,
the bearing capacity of rock fracture S6 came from the
sliding friction of the upper part and the static friction of
the lower part of the rock fracture before the peak. Based
on the presence of statically loaded regions, we consid-
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Figure 12: The shear failure model of rock fracture. Contact modes
consist of a flat top surface contact and an inclining slop surface
contact; Shear bearing capacity consist of horizontal sliding fric-
tion, direct cutting and cutting after climbing friction.

ered that the complete shear dislocation of the rock frac-
ture S6 didn’t occur before the peak shear displacement of
2.37 mm. After the peak, AE location points dispersed and
spread to the lower part near the vertical axial of the rock
fracture. It could be concluded that the whole shear dislo-
cationoccurred right after thepeakaccompaniedwith a lot
of AE signals generated from the break of the shear bear-
ing asperities in the lower part of the rock fracture. And
at this time, the sliding friction of the whole rock fracture
provided most of the shearing resistance. Further, with
the increment of shear displacement, more and more as-
perities were cut off and worn on the rock fracture, more
and more AE signals occurred along the vertical axial of
the rock fracture. And also, the rock fracture roughness
and the shear stress became lower and lower. Above all,
it could be concluded that, under a higher normal load,
the whole shear dislocation of the sandstone fracture S6
happened just as the shear stress dropped after the peak
accompanied with the damage of shear bearing asperities
on the lower part of the rock fracture. However, the un-
broken shear bearing asperities of other rock fractures be-
fore the peak did not always centrally distribute in a region
like sandstone fracture S6, they might scatter in a certain
amount on the fracture surface.

According to Figure 5(a), when the normal load was
10 kN for sandstone specimen S2, the shear stress didn’t

drop obviously after the peak; and from Figure 13(b) we
couldn’t find the phenomenon that AE signals located only
on a certain part of the rock fracture before the peak shear
displacement of 1.25 mm and the AE signal location dis-
tribution had no obvious change before and after the peak
like specimen S6. Thus, it could be deduced that thewhole
shear dislocation occurred just from the beginning of the
shear test for the sandstone fracture under a lower normal
load, because the lower normal load could not form rela-
tively enough shear bearing asperities. Meanwhile, for the
marble fracture A6 as shown in Figure 13(c), it could be
found that AE signal sources were distributed on the frac-
ture surface dispersedly before the peak shear displace-
ment of 2.24 mm and had no obvious change after the
peak. Also, the shear stress of amarble fracture had no ob-
vious drop inmost shear stress-shear displacement curves
even under a higher normal load of 30 kN in Figure 5(b).
Thus, the evolutionary processes of AE signal source lo-
cation of marble specimens were same as the sandstone
fracture under a lower normal load, and the whole shear
dislocation of the marble fracture occurred also from the
beginning of the shear process just as the sandstone frac-
ture under a lower normal load.

In addition, the normal displacement characteristics
of rock fracture near the peak might also give reference to
recognize the shear dislocation of sandstone fracture un-
der a higher normal load, because a sudden change from
shear dilatation to shear shrink of rock fracture occurred
when the shear stress dropped right after the peak, which
reflected the sudden breakage of the shearing bearing as-
perities.

5 Conclusions
(1) The post-peak drop gradient of sandstone fracture is
much higher than marble fracture, which is about two
orders of magnitude higher than marble fractures under
high normal loads. Thus, the sandstone fractures fail in
brittle state under a higher normal load for their shear
stress drop suddenly just after the peak, while the marble
fractures under each normal load and the sandstone frac-
tures under lower normal loads fail in plastic state formost
of their shear stress decreased gradually after the peak.

(2)When thenormal loadwas lower, normal dilatation
of both sandstone andmarble fractures occurred almost in
the whole shear process, while when the normal load was
higher, shear shrink occurred finallywith increasing shear
displacement. Besides, normal displacement of sandstone
fracture changed sharply from shear dilatation to shear
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(a) Fracture surface topography and AE location evolution during the shear process of S6

(b) Fracture surface topography and AE location evolution during the shear process of S2

(c) Fracture surface topography and AE location evolution during the shear process of A6

Figure 13: Rock surface topography (upper image) and AE location evolution during the shear process (lower image). The red color means
the higher zone and the blue color means the lower zone in upper fracture surface topography; a blue solid circle in lower image represents
the location of an AE event. The shear direction was along the vertical axial from top to bottom.
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shrink just at the same time as the drop of the shear stress
after the peak, thus the sharp change of normal displace-
ment and the sudden drop of shear stress could be treated
as the signs of the brittle shear failure of sandstone frac-
ture under higher normal loads.

(3) AE signals with a high energy, a high count, a high
duration, a low amplitude and a peak frequency of about
75 kHz occurred just after the peak shear stress of sand-
stone fracture under the higher normal loads, which are
corresponding to the sharp change fromshear dilatation to
shear shrink and the sudden drop of shear stress, thus the
AE signals with high energies also can be used as signs of
the brittle shear failure of sandstone fracture under higher
normal loads. Besides, the peak AE energy of brittle sand-
stone fracture increased with increasing normal load and
3D root-mean-square deviation of the profile (Sq) of frac-
ture surface, which could be used for prevention and con-
trol of dynamic disaster relevant to rock fracture.

(4) The shear bearing capacity of rock fracture consists
of the sliding friction from the contacted broken asperities
and the static friction from the contacted unbroken asper-
ities. For sandstone fractures under higher normal loads,
some shear bearing asperities broke before the peak and
other unbroken asperities would store great amounts of
elastic energy. The whole shear dislocation of the sand-
stone fracture under higher normal loads, accompanied
with the failure of unbroken shear bearing asperities, hap-
pened just as the shear stress dropped after the peak. But
formarble fractures under all normal loads and sandstone
fractures under a lower normal load, the whole shear
dislocation occurred at the beginning of the shear process.
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