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Abstract

To study the weakening mechanism of the shear characteristics of water-bearing rock joints, four types of artificial saw-tooth
joints (including tooth inclination angles of 0°, 15°, 30° and 45°) were prepared in sandstone with four moisture content (0%,
1.55%, 3.1% and 4.65%). This work adopted the non-destructive water intrusion, X-ray diffraction (XRD), acoustic emission
(AE) and direct shear tests to mainly investigate the water and inclination angle-induced changes in shear mechanical proper-
ties, failure modes and AE characteristics of sandstone rock joints. The results show that the sandstone specimens contain
quartz (91.04%), kaolinite, illite and montmorillonite, among which the content of quartz decrease while that of kaolinite and
illite increase under the action of water, except that montmorillonite is a little controversial. The shear failure modes of the
tested rock joints are divided into climbing, climbing-gnawing combined and gnawing. The inclination angle, followed by
normal stress, has the greatest effect on the shear failure modes, and the moisture content has the least effect by comparison.
The cohesion and internal friction angle have a positive linear relationship with the inclination angle and a negative linear
relationship with the moisture content. According to the test results and Mohr—Coulomb model, a shear strength calculation
model of rock joints considering the effect of inclination angle and moisture content is established. The intensity of the AE
signal released during specimen failure increases with increasing inclination angle and decreases with moisture content.
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Introduction

Rock masses are discontinuous and complex geological bodies
composed of rock blocks and rock joints (Liu and Liu 2017).
The stability of rock masses depends on the properties of the
intact rocks and the rock joints (Gu et al. 2017) because the
shear strength of rock joints is lower than that of intact rocks.
Therefore, rock masses with joints are more prone to shear
failure under loading than intact rocks (Kulatilake et al. 2001).
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Common rock mass instabilities caused by rock joint failure
in engineering practice include reservoir dam bedrock land-
slides, slope instability landslides, rock joint sliding rockbursts
and fault sliding earthquakes (Cabrera et al. 2015; Jia and Zhu
2012; Kostic 2017; Tada et al. 2002).

The importance of rock joints to engineering rock masses
makes them an important scientific problem in the field of
rock mechanics. The most direct method to study the influ-
ence factors of rock joint strength (e.g., normal stress, shear
direction, rock joint type, etc.) is to conduct laboratory direct
shear experiments on regular saw-tooth rock joints (Indraratna
and Haque 1997; Bahaaddini 2017) or certain roughness rock
joints (Lee et al. 2001). Furthermore, Kou et al. (2019) studied
the damage characteristics of sandstone joints with subordinate
asperities and they analysed the effects of rate, amplitude and
cyclic loading times. Acoustic emission (AE) is a phenomenon
associated with the rock failure process and plays an important
role in the study of rock fracture (Lockner 1993), by which
researchers obtained the special AE parameters (including
count, energy, failure location, etc.) and derived parameters
(the b value in Gutenburg-Richter law) of the rock joints under
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the action of different factors in direct shear experiments (Li
et al. 2015; Zhou et al. 2016; Meng et al. 2016). In terms of
the theoretical study of rock joint strength, Patton (1966) was
the first to put forward the shear strength calculation formula
of rock joints, and then, Ladanyi and Archambault (1970)
improved the Patton formula and established the Ladanyi
shear strength calculation model. After that, the Barton model
(Barton and Choubey 1977), Plesha model (Plesha 1987) and
Amadei-Saeb model (Saeb and Amadei 1992) were proposed.
These theories are constantly improved and developed.
Although many studies have been performed on the shear
strength and deformation characteristics of rock joints, most
of these studies did not consider the effect of water. In engi-
neering practice, water and rock joints are the key factors
controlling the rock damage pattern by markedly changing
the mechanical properties (Zhou et al. 2018), thus the effect
of water on rock joints cannot be ignored. For example, rain-
fall is the main factor inducing landslides (Marc et al. 2018),
and water intrusion easily causes dam foundation instability
(Clarkson and Williams 2021). Yao et al. (2016), Kalachev
et al. (2018), and Maruvanchery and Kim (2019) have per-
formed a considerable amount of research on the weaken-
ing of rock mechanical properties by water, highlighting
the importance of water—rock interactions in geotechnical
engineering. Figure 1 illustrates the effect of water on rock
joints. The adhesion of water molecules will form a water
film on the joint surface and reduce the friction coefficient
between the corresponding rock blocks. Furthermore, when
water enters the rock joint, the mechanical properties of the
rock joint will gradually weaken due to complex effects of
water—rock interactions. Wang et al. (2019) studied the influ-
ence of water on the joint morphological parameters (S,,
S, and S,) and fractal dimension through three-dimensional
scanning, finding that water increased the roughness of the
joint surface. Yang et al. (2019) found that the joint thick-
ness accelerated P-wave attenuation while water restrained
P-wave attenuation. Tang et al. (2019b) conducted saturation
and direct shear experiments on joint samples made by ten-
sion splitting and discovered the different weakening effects

of water under the action of high and low normal loads.
To improve the stress environment of jointed rock mass,
the method of grouting (Salimian et al. 2017) or grouted
bolt (Deb and Das 2014) is usually adopted in engineering.
Therefore, it is necessary to study the shear characteristics
and shear strength weakening mechanism of water-bearing
rock joints, considering the importance of water to the
mechanical properties of rock joints and engineering design
and relatively few studies of water on rock joints.

In this work, taking the regular saw-tooth sandstone joints
with different tooth inclination angles and water content as
the research objects, the water absorption law, mineral com-
position change, and the shear mechanics characteristics and
AE characteristics of the samples in direct shear tests were
studied, according to which a shear strength formula of the
rock joints considering the influence of inclination angle
and water content was established. The research results can
provide references for the related rock mechanics tests and
the engineering researches on the deformation and failure
mechanism of water-bearing rock.

Experimental scheme
Specimen preparation

The sandstone samples were taken from a rock slope in
Renshou County, Meishan city, Sichuan Province, China,
and were processed into 50-mm side length of cube speci-
mens with four types of saw-tooth rock joints (including
tooth inclination angles of 0°, 15°, 30° and 45°). The length
of the saw teeth along the rock joints was 10 mm (Fig. 2).
Except for the 0° rock joints, there were five saw teeth on
each rock joint.

A total of 171 rock joint specimens were prepared, of
which 3 specimens were tested for water intrusion law at the
beginning, 144 specimens were tested in direct shear tests
and the remaining 24 specimens were made spare. The effec-
tive specimens were divided into 48 groups with 3 specimens

Fig. 1 Effect of water on a rock
joint . .
The frictional coefficient decreases
Moving of particles Swelling of
Water film clay mineral
Water-rock interaction
Forming new structures
Weakening of strength
\ Water
Softening of structure
Rock joint
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Fig.2 Sandstone specimens
with saw-tooth joints

in each group according to four inclination angles, four mois-
ture content and three normal stresses. If the test failed, the
spare specimens were tested as a supplement. The rock joint
specimens were labelled in the scheme of “inclination angle-
moisture content-normal stress-specimen number”, as shown
in Table 1. For example, A-1-2-3 refers to the third specimen
with an inclination angle of 0° and moisture content of O for
a direct shear test under a 4-MPa normal stress, and B-2—-3-1
refers to the first specimen with an inclination angle of 15°
and moisture content of 1.55% for a direct shear test under a
5-MPa normal stress.

Experimental equipment and methods

The test equipment included a thermostatic drier (101-2,
Shanghai Laboratory Instrument Works, China), an auto-
matic non-destructive water intrusion experimental device
(ANDWID), an X-ray diffractometer (D8 ADVANCE,
Bruker, Germany), a microcomputer-controlled electronic
universal testing machine (WDW-300, Jinan Fangyuan Test-
ing Instrument Co., Ltd., China), a self-developed hydraulic
normal stress loading system, and an AE monitoring system
(PCI-2, Physical Acoustics, USA).

The ANDWID, as shown in Fig. 4a, consists of an ultra-
sonic humidifier, a sealable box, high-precision loading
cells, a data recording and transmission system and a water
pump system. The water intrusion principle of ANDWID is
that water mist created by the ultrasonic humidifier enters

the sealable specimen box through the plastic hose and
produces a high-moisture environment. Using this method,
specimens gradually reach saturation state while keeping
intact during the intrusion process (Yao et al. 2016; Tang
et al. 2019a). The ANDWID can automatically monitor the
specimen mass by the high-precision loading cells and recy-
cle the water in the ANDWID by the water pump system at
the bottom of the sealable box.

During water immersion, the ANDWID recorded the
sample mass per minute. Before and after water immersion,
the XRD tests were performed on the dry and wet powder
samples (with a particle size less than 38 um), respectively,
to acquire mineral composition and content. The formula
for calculating the specimen moisture content is as follows:

ey

where w, is the moisture content; m,, is the mass of wet
specimen, g; and m, is the mass of dry specimen, g.
Schematic diagrams of the loading and AE systems are
shown in Fig. 3b. The microcomputer-controlled electronic
universal testing machine applied shear stress and the self-
developed hydraulic mechanical device applied normal
stress. The self-developed hydraulic mechanical device is
equipped with a 120-mm stroke of telescopic hydraulic cyl-
inder, a 1.5 kW rated power of automatic control electric
hydraulic motor, a high-precision hydraulic gauge and a reg-
ulating valve. The sampling frequency of the AE monitoring

w, = (m,, —my)/my; x 100%

Table 1 Labelling scheme

Tag (1st letter) A B C D
Inclination angle/° 0 15 30 45
Tag (1st number) A-1 A-2 A-3 A-4
Moisture content/% 0 1.55 3.1 4.65
Tag (2nd number) A-1-1 A-1-2 A-1-3

Normal stress /MPa 3 4 5

Tag (3rd number) A-1-1-1 A-1-1-2 A-1-1-3

Specimen number First Second Third
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Sample load

system was 20 Hz. Two AE sensors were used with a gain
of 40 dB, resonant frequency of 55 kHz, threshold value of
45 dB and operating frequency range of 35 to 100 kHz. To
ensure the synchronous acquisition of the shear stress and
AE data during tests, the sampling intervals of the electronic
universal testing machine and AE monitoring system were
both set to 1 ps.

The rock joint specimen was put in place, and the hydrau-
lic mechanical device was then opened to slowly elongate
the hydraulic cylinder to apply normal stress on the speci-
men. The specimen side in contact with the press ram of
hydraulic mechanical device was defined as the hanging
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Fig.4 Variations in moisture content with intrusion time
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wall, and the other side was the footwall. The three nor-
mal stresses investigated in the direct shear tests were 3, 4
and 5 MPa. Then, the electronic universal testing machine
started to apply the shear stress to the rock joint specimen
with a 0.5 mm/min of loading rate. Additionally, the shear
stress was along the elevation direction and the normal stress
was along the horizontal direction. Because the shear stress
applied was much greater than the specimen gravity, the
influence of specimen gravity can be ignored.

Results and discussion
Water intrusion law of rock specimens

The evolution of the average moisture content of three spec-
imens with intrusion time is shown in Fig. 4. The moisture
content changes exponentially with water intrusion time,
showing an upward trend of decreasing increase rate. In
the first 384 min (rapidly rising stage), the moisture content
increases almost linearly from 0 to 4.02% with an average
increase rate of 0.01%/min. From 384 to 4000 min (slowly
rising stage), the curve slope begins to decrease, that is, the
moisture content increase rate is going to decrease. After
4000 min (stable stage), the curve is approximately paral-
lel to the time axis because the moisture content hardly
increases; thus, the specimens are considered to be satu-
rated (4.65%). Finally, the representative moisture contents
selected for the direct shear tests are 0 (dry), 1.55%, 3.1%
and 4.65% (saturated) with the same interval, and the mois-
ture content-water intrusion time curve provides the refer-
ence times for the water intrusion tests.
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Mineral composition analysis of rock specimens

The XRD results of the sandstone before and after water
intrusion are shown in Fig. 5. According to Fig. 5, the main
mineral components of the sandstone specimens are quartz,
kaolinite, illite and montmorillonite, among which quartz is
dominant, accounting for 91.04% of the total mineral com-
position, and other clay minerals (kaolinite, illite and mont-
morillonite) merely account for 8.96%. Kaolinite, illite and
montmorillonite account for 44.8%, 34.9% and 20.3% of the
clay minerals, respectively. Clay minerals have particularly
strong water absorption properties, which will thicken the
water film adsorbed by the mineral particles during water
intrusion, causing the rock volume to expand (Cherblanc
et al. 2016; Colas et al. 2011). Compared with the mineral
content in the dry sandstone, the quartz content decreases by
2.64% while the kaolinite and chlorite content increase by
2.27% and 2.19%, respectively. Under normal temperature
and pressure, quartz is not affected by water, and its mass
would not change. During water intrusion, water molecules
enter between kaolinite and illite particles with layered
structure and form polarized water molecular layers (Huang
and Che 2007). These water molecular layers can continu-
ously absorb water and expand, which increases the masses
of the kaolinite and illite. However, there is a seemingly
abnormal phenomenon that the three peaks of montmoril-
lonite were not detected after water intrusion (it is clearly
shown by enlarging the XRD patterns with the diffraction
angle range of 6.2 ~6.6°), which means the montmorillonite
disappeared. This may be an error caused by water evapora-
tion during sample preparation. In short, the content of clay
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Fig.5 XRD results of sandstone specimens

minerals (kaolinite, illite and montmorillonite) is relatively
increased under the influence of water.

Relationship between shear stress and shear
displacement of rock joints

Figure 6 illustrates the effects of inclination angle and water
content on shear stress—shear displacement curves of the
rock joint specimens. According to the failure process, the
shear stress—shear displacement curves can be divided into
two types. The first type of curves (marked by blue circles in
Fig. 6) includes footwall and hanging wall compaction stage,
elastic deformation stage, yield and transition stage and post-
peak stage (shown in Fig. 7a). At the initial shear stress
loading stage, the footwalls and hanging walls of the rock
joints are compressed, and the internal primary pores and
fractures are compacted and closed. The shear stress—shear
displacement curves are concave, and the slopes of these
curves increase continuously. In the elastic stage, the shear
stress increases approximately linearly with shear displace-
ment. After entering the yield and transition stage, the curves
show nonlinear and unstable growth, and the curve slopes
gradually decrease. Furthermore, some curves fluctuate as
the shear stress gradually increases to the peak. The second
type of curves contains five stages (shown in Fig. 7b) with
an additional asperity compaction stage (marked by pur-
ple circles in Fig. 6) between the elastic stage and the yield
and transition stage compared with the first type of curves.
In the asperity compaction stage, the curves first exhibit a
“convex” shape and then a “concave” shape, and the slope
first decreases and then increases accordingly. Combining
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Fig.6 Relationship between shear stress and shear displacement with a normal stress of 3 MPa and different inclination angles

with the joint damage morphology in Fig. 8 to speculate,
this may be because the asperity surface in contact at the
joints is damaged, and small force can be added to cause
displacement (or deformation) until the joint faces are com-
pacted again.

Whether the shear stress and shear displacement curves
include the asperity compaction stage is mainly affected
by the inclination angle, but hardly changed by the mois-
ture content or normal stress. With the increasing inclina-
tion angle, the number of the first type curves decreases
while that of the second type curves increases. When the
inclination angle is 0° (Fig. 6a), the corresponding shear

@ Springer

stress—shear displacement curves are all the first type where
there are no asperities and no asperity compaction stage.
At the inclination angle of 15° (Fig. 6b) and 30° (Fig. 6¢),
the shear stress—shear displacement curves of specimens
B-1-1-1 and C-1-1-1 are of the first type, whereas the oth-
ers are of the second type. All the shear stress—shear dis-
placement curves with an inclination angle of 45° belong to
the second type (Fig. 6d). Under the effect of shear stress,
the larger the inclination angle is, the more difficult it is
for the asperities of the footwall and hanging wall to slide
and the easier it is for joint compression to occur. Thus, the
asperity compaction stage is more likely to appear on the
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shear stress—shear displacement curves with larger inclina-
tion angles.

Inclination angle also plays an important role in the
post-peak stage. At 0°, there are no asperities along the
rock joints and the failure characteristics are controlled
by only the sliding abrasion on the contact areas, thus
the post-peak shear stress tends to be stable, reflecting a
climbing failure mode. At 15°, the post-peak shear stress
decreases gradually, and the absolute values of the corre-
sponding curve slopes are small, which indicates that the
asperity tips are compressed and smoothed (“gnawed”)
during the sliding abrasion process of rock joint speci-
mens, resulting in the climbing-gnawing combined failure
mode. When the inclination angle is 30°, the post-peak
shear stress decreases quickly and the curve slopes (abso-
lute values) are large. This is also the climbing-gnawing
combined failure mode with weakened climbing failure
characteristics and enhanced gnawing failure character-
istics compared with 15°. At the inclination angle of 45°,
the post-peak shear stress decreases almost vertically, and
the asperities of the rock joints are completely sheared
with a loud noise, resulting in the gnawing failure mode.
When the normal stress increases from 3 to 5 MPa, the
absolute values of the slopes of the shear stress—shear
displacement curves increase gradually in the post-peak
stage, but the increased range is small, and the regularity
is not obvious. The increasing normal stress may weaken
the climbing failure characteristics and enhance the gnaw-
ing failure characteristics.

There is no doubt that the influence of saw-tooth struc-
ture inclination angles on the failure behaviours of joints
is very great. However, the influence of water cannot be

ignored, because water changes the state of clay minerals
through complex physicochemical reactions, which in turn
changes the mechanical behaviours of rocks. It is obvious
that water reduces the shear strength of the joints (Fig. 9).
In Fig. 6a, it is relatively difficult for the water-bearing
footwalls and hanging walls to shear slip due to the hin-
drance of the water-absorbing and expanding clay minerals
on the joint surfaces. But where the saw-tooth structure
dominates (Fig. 6b—d), water makes shear failure easier.
The combination of water and clay minerals increases the
plastic deformation capacity of rocks (including joints)
and reduces the cohesion and internal friction angle of
joints (Fig. 12). Therefore, high moisture content joints
deform greatly in the early stage such as footwall and
hanging wall compaction stage and elastic deformation
stage, and the failure process is also prolonged in the post-
peak stage.

Shear failure characteristics of rock joints

To perform a univariate analysis on the shear failure char-
acteristics of the rock joint specimens, the control variable
method is adopted to consider two of the three variables
of inclination angle, moisture content and normal stress
unchanged. Figure 8a~c show the effect of the inclination
angle, normal stress and moisture content, respectively,
and Fig. 8d shows the difference between the climbing-
gnawing combined failure mode and gnawing failure
mode.

According to Fig. 8a, when inclination angle is 0° (no
asperities), the specimen only undergoes sliding abrasion,
and the white rock dust generated by the friction between
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the footwall and hanging wall covers the whole contact
area. At 15°, a certain degree of sliding abrasion occurs
on the contact area of the specimen, resulting in white
dust, and gnawing failure occurs on some asperity tips. At
the inclination angle of 30°, the sliding abrasion degree is
reduced while the effect of the shear load on the asperities
is enhanced compared with that of 15°. The sliding abra-
sion degree is very small, and a large number of asperities
are cut off at 45°. Figure 8d also shows that sliding abra-
sion appears in the contact areas of the specimen with the
climbing-gnawing combined failure mode while there are
almost no signs of abrasion in the gnawing failure mode.
These results are consistent with the description in “Rela-
tionship between shear stress and shear displacement of
rock joints”.

When normal stress increases from 3 to 5 MPa (Fig. 8b),
the sliding abrasion degree of the contact area of the
specimen decreases gradually, the amount of white dust
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produced by the sliding between the footwall and hanging
wall decreases, and the number and range of the gnawed
asperities increase. These results indicate that, with
increasing normal stress, the climbing failure characteris-
tics are weakened, and the gnawing failure characteristics
are enhanced.

Figure 8c shows that, with increasing moisture con-
tent, the surface white dust decreases gradually (there is
almost no white dust on the contact area of the specimens
with a moisture content of 3.1% and 4.65%). Water can
lubricate the rock joint surface, which reduces the friction
coefficient between the footwall and hanging wall. Com-
pared with specimens with other moisture content, the
saturated specimen exhibits tensile cracks and loose rock
particles on the joint surfaces. This difference is because
water weakens the cementation degree of rock particles
and thus reduces the tensile strength of the rock. Under the
action of normal stress and shear stress, local tensile stress
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is induced in specimens. When the tensile stress reaches
the tensile strength, the specimens would show (partial)
tensile failure.

Evolution of the shear mechanical properties of rock
joints

Shear strength

According to Fig. 9, the shear strength of rock joint speci-
mens is positively correlated with the inclination angle
(and normal stress, which is not shown here) and nega-
tively correlated with the moisture content. Under the nor-
mal stress condition of 3 MPa, the average shear strength
of the rock joint specimens with an inclination angle of
0° decreases from 2.17 to 2.01 MPa from dry to saturated
conditions, with a decrease of 7.4%. Similarly, the cor-
responding decreases of the rock joint specimens with an
inclination angle of 15°, 30° and 45° are 14% (from 3.29
to 2.83 MPa), 21.6% (from 5.64 to 4.42 MPa) and 17.7%
(from 7.27 to 5.98 MPa), respectively. It can be seen from
the slopes of the fitting lines in Fig. 9 that inclination angle
increases the slope (absolute value), that is, the impact of
water on joint shear strength with large inclination angles
is more significant. Note that the correlation coefficient of
0° fitting line is lower (0.74) because smaller values tend
to produce larger dispersion. Similarly, with the inclina-
tion angle increasing from 0 to 45°, the shear strength of
specimens with water content of 0, 1.55%, 3.1% and 4.65%
increase by 235%, 218.4%, 212.1% and 197.5%, respec-
tively. This shows that the inclination angle can strengthen
the joint strength under the same moisture content.
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Fig.9 Shear strength of the rock joint specimens under the normal
stress of 3 MPa

Shear strength parameters

The Mohr—Coulomb theory, which suggests that the failure
mode of rock is mainly shear failure and thus closely related
to the normal stress and shear stress (Hudson and Harrison
2000), is widely used in engineering practice. Many experi-
ments and mathematical analyses have proven that the shear
strength of rock is determined by the cohesion and internal
friction angle. The Mohr—Coulomb model can be used under
compression-shear conditions to judge the shear failure of
rock or joints simply and quickly (Sun et al. 2006; Yang et al.
2017). The Mohr—Coulomb model is as follows:

T = ¢ + otang 2)

where 7 is the shear strength, MPa; o is the normal strength,
MPa; c is the cohesion, MPa; and ¢ is the internal friction
angle, °.

According to Eq. (2), the cohesion and internal friction
angle can be obtained, as shown in Fig. 10.

According to Fig. 10, at the inclination angle of 0°, the
cohesions of the rock joints with different moisture content
are all 0 MPa. When the inclination angle is greater than
0°, the cohesions of the rock joints with different moisture
content are greater than 0 MPa. This indicates that the shear
strength of the rock joints is completely provided by the
internal friction angle in the climbing failure mode. In the
climbing-gnawing combined failure mode and the gnawing
failure mode, the shear strength of the rock joints is pro-
vided by both the cohesion and internal friction angle, and
the internal friction angle is controlled by the yield fric-
tion and climbing friction of the asperities. With increasing
inclination angle, the cohesion and internal friction angle of
the rock joints increase linearly. When the inclination angle
increases from 0 to 45°, the cohesion of the dry, 1.55% mois-
ture content, 3.1% moisture content and saturated rock joints
increases by 4.20 MPa, 3.72 MPa, 3.43 MPa and 3.21 MPa,
respectively. The internal friction angle of the dry rock joints
increases from 36.3 to 46.1° by 27%. Similarly, the inter-
nal friction angle with moisture content of 1.55%, 3.1% and
4.65% increases from 35.8 to 45.6° by 27.4%, from 34.6 to
44.7° by 29.2%, and from 33.4 to 42.9° by 28.4%.

The stress characteristics of a single joint tooth on foot-
wall are selected as the study object, as shown in Fig. 11,
where 6 is the inclination angle of the rock joint, °; o, is
the normal stress, MPa; and 7 is the shear stress, MPa. ¢,
can be decomposed into the compressive stress component
0, perpendicular to the rock joint and the stress compo-
nent o,, along the rock joint; = can be decomposed into
the compressive stress component 7; perpendicular to the
rock joint and the stress component 7, along the rock joint.
The influence of specimen gravity is ignored.The stress
perpendicular to the rock joint (o,, MPa) is as follows:
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Fig. 10 Effect of the inclination angle on the cohesion and internal friction angle of the rock joints

o, = 0,co0s0 + 7sinf 3)
The stress along the rock joint (6,, MPa) is as follows:

o, = tcost) — 0,s1n0 — p(o,cos0 + sinb) 4)

where u is the friction coefficient at the contact areas of the
rock joint.

According to the definition of o), when 0,> 0, the rock
joint will slide. By assuming o, =0, the minimum shear
stress needed for sliding of the rock joint (z,, MPa) can
be obtained:

_ 0,(4 + tanf)

= 5
s 1 — tand )

Because tan 6 increases monotonically in (— &, &), with the
increase in 6, 7, increases.

Hanging wall

U101 2

N /
N | T
Footwall \y~”

Fig. 11 Force diagram of a rock joint
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According to Eq. (3), o, is a function of . The first
derivative of Eq. (3) in terms of @ is obtained as follows:By
assuming that the first derivative is 0, we obtain the follow-
ing expression:

0'; = tcosf — o,sinf 6)

T, = 0, - tanf @)

By comparing Eqgs. (5) and (7), we determine that 7 is
less than z,. When 7 is greater than 7, the first derivative
of o, to 6 is greater than 0, and o, increases monotonically
with increasing 6.

It can be seen from the above analysis that, with increas-
ing inclination angle, the stress perpendicular to the rock
joint and the rock joint friction increases, which causes
the cohesion and internal friction angle of the rock joint to
increase. Therefore, the shear stress required for the sliding
of the rock joint increases, and the sliding of the rock joint
becomes more difficult, which means better shear resistance.

The relationship between the cohesion, internal friction
angle and moisture content of the rock joints is shown in
Fig. 12. The cohesion and internal friction angle generally
decrease linearly with moisture content except that the cohe-
sion of 0° inclination angle joint remains the same. From
0 to 4.65% of moisture content, the cohesion of rock joint
specimens with inclination angle of 0°, 15°, 30° and 45°
decreases by 0, 56.5%, 32.7% and 23.6%, respectively, while
the internal friction angle decreases by 8%, 7.4%, 7.1% and
6.9%, respectively. After water intrusion, the water film
formed on the rock joint surface reduces the friction coef-
ficient between the footwall and hanging wall. The higher
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the moisture content, the lower the friction coefficient. The
clay minerals in samples expand with water and compress
the surrounding minerals, which changes the microstructure
and mechanical parameters of the rock. In addition, water
molecules penetrate the rock along the original microcracks,
forming water films among the rock particles, weakening
the cementation force and reducing the friction coefficient
among the particles. Therefore, the cohesion and internal
friction angle of the rock joints decrease with water con-
tent. Compared with the inclination angle in Fig. 11, water
content has less effect on the cohesion and internal friction
angle of the rock joints.

Modified shear strength model

Patton (1966) carried out direct shear tests on regular-tooth
gypsum rock joints and proposed the Patton bilinear shear
strength formula:
T =otan(e +i),0 < op
- ; ®)
t=otan(p, +i) +c,.0 > o7

where ¢, is the residual friction angle of the rock joint, °; c,
is the residual cohesion of the rock joint, MPa; and o is the
normal stress of the rock joint at the transition from climbing
failure to gnawing failure, MPa.

This formula describes two failure modes: climbing fail-
ure under a low normal stress and gnawing failure under
a high normal stress. However, in many cases, the failure
characteristics of rock joints include both climbing fail-
ure and gnawing failure, that is, the climbing-gnawing
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a Cohesion versus moisture content

combined failure mode. According to “Relationship
between shear stress and shear displacement of rock
joints”, the degrees of climbing failure and gnawing failure
of different rock joints are different. To clarify the physical
meaning (i.e., failure modes) of the strength formula of
rock joints, based on the test results, Eq. (2) is improved
as follows:

7 = o,tan[@(f, w)] + c(B, ®) )

where c(f,w) and ¢(f,w) are the cohesion and internal fric-
tion angle of the rock joint, respectively, which are related
to the inclination angle and moisture content.

According to Figs. 10 and 12, the cohesion and internal
friction angle of rock joints have a linear relationship with
the inclination angle and moisture content. Based on the
least-square method, the multiple (binary) linear regression
analysis method is used to obtain the relationship between
the cohesion and inclination angle and the moisture content
and the relationship between the internal friction angle and
inclination angle and the moisture content. When the incli-
nation angle is 0°, the rock joints show a climbing failure
mode at any of the tested moisture content. The cohesion of
the rock joints is caused by the gnawing of the asperities.
Under the climbing failure mode, the cohesion of the rock
joints is 0 MPa. The internal friction angle of the rock joints
is controlled by the climbing friction and the yield friction
of the asperities. Therefore, when obtaining the relationship
between the cohesion and inclination angle and the moisture
content of the rock joints, the test data of the rock joints with
an inclination angle of 0° are not considered. Accordingly,
mathematical models of the binary linear regression analysis
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Fig. 12 Effect of the moisture content on the cohesion and internal friction angle of the rock joints
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of the cohesion and the internal friction angle of the rock
joints are established, which are shown in Egs. (10) and (11):

c= b() + blﬂl + bza)i (10)

where i=1, 2, ..., 12 (the four groups of test data excluding
the inclination angle of 0°) and b, b; and b, are all regres-
sion parameters.

where j=1, 2, ..., 16 and kj, k; and k, are regression
parameters.
The following set of expressions is considered:
- T T
C:(Cl G "'Clﬁ)’ ¢=((/’1 %) '”(916)
1§ o L g
1 [0) 1 )
Loon =122 gao,=[! %22 @
L g, oy, 1 Bis w16
T T
(B=(by b, by)", K=(kyk k)

where C is the vector of the cohesion-dependent variable,
¢ is the vector of the internal friction angle-dependent vari-
able, (f,w), is the matrix of the cohesion-independent varia-
bles, (/)’,w),/, is the matrix of cohesion-independent variables,
B is the regression parameter vector of the cohesion and K
is the regression parameter vector of the cohesion.Then, the
mathematical models of the cohesion and internal friction
angle are as follows:

C=(f,0)B (13)
¢ = (B, w)K (14)
The results are as follows:

B=(by by by) = [(B.0) (B.0)](p.w) C (15)
K= (k& & )'=[(5.0) (B.o))(B.o) b (16)

According to the least square method, the regression
parameter vectors B and K are obtained by substituting
the experimental data ¢ and ¢ into Egs. (15) and (16),
respectively:

B=(by b, by) =(0.270.08 -02)" (17)

K=k k k)" =(3652022-066)" (18)

The parameters of regression parameter vectors B and K
are introduced into Egs. (13) and (14), and the results show
that c(f,w) and @(fB,w) of the rock joint specimens are as
follows:

@ Springer

c(f, ) =027 +0.086 — 0.2w, R*> = 0.99 (19)

@(B, ®) = 36.52 + 0.228 — 0.66c0, R* = 0.99 (20)

The shear strength formula for rock joints considering the
effect of inclination angle and moisture content is obtained
by simultaneously solving Egs. (9), (19) and (20):

7, = 0, tan(36.52 + 0.224 — 0.66w) + 0.08 — 0.2w + 0.27
@
The cohesion in Eq. (21) does not consider the test data
of the rock joints with an inclination angle of 0°. Therefore,
this equation can only show the relationship between the
normal stress and shear strength of rock joints that exhibit
the climbing-gnawing combined failure mode and gnawing
failure mode but cannot show the relationship in climbing
failure mode. To consider the climbing failure mode at the
same time, Eq. (21) is improved:

7, = 0,tan(36.52 + 0.224 — 0.66w) + r(0.084 — 0.2w + 0.27)
(22)

where =0 when the rock joint exhibits climbing failure
and r=1 when the rock joint exhibits climbing-gnawing
combined failure or gnawing failure.

Equation (22) is the modified shear strength formula
considering the effect of the inclination angle and moisture
content. Since the inclination, normal stress and moisture
content all have different degrees of effects on the shear
strength and failure characteristics of the rock joints, the
critical inclination, moisture content and normal stress of
the rock joints that exhibit climbing failure and climbing-
gnawing combined failure need to be obtained by constant
tests. The theoretical values of the shear strength of rock
joints obtained by Eq. (22) are compared with the values
obtained experimentally, and the results are in good agree-
ment, as shown in Fig. 13.

AE count characteristics of the rock joint specimens

The AE count is the number of signal oscillations that
exceed the threshold, which is a common AE characteriza-
tion parameter reflecting the process of internal crack propa-
gation and the damage degree of rock specimens under load.
By comparing the response process of the AE count over
time with the loading mechanical characteristic curves of
the specimens, the internal damage and energy release of
the specimens in different loading stages can be more accu-
rately distinguished (Yao et al. 2020; Zhang et al. 2019).
The stress-AE count-cumulative AE count-time curves of
these rock joint specimens are shown in Fig. 14. Among
them, A-1-1-1, B-1-1-1, C-1-1-1 and D-1-1-1 are used
to analyse the influence of the inclination angle on the AE
count characteristics of the rock joint specimens: D-1-1-1,
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D-2-1-1, D-3-1-1 and D-4-1-1 are used to study the effect
of the moisture content.

According to Fig. 14, during the loading failure process
of the rock joint specimens, the AE counts of A-1-1-1 in dif-
ferent stages change insignificantly, and the cumulative AE
count curve increases linearly. This is because the inclination
angle of A-1-1-1is 0°, and only sliding abrasion occurs with
small AE counts under the action of load. Except for A-1-1-
1, when the shear stress approaches the shear strength of
the specimens, the AE counts are the most obvious because
the internal change is the most violent and macroscale fail-
ure of the specimens occurs. The AE count-time curves
and cumulative AE count-time curves of specimens with

different rock joints are similar to the corresponding shear
stress-time curves, which increase with time and exhibit
stages. During the footwall and hanging wall compaction
stage, the AE activity is very low, and the internal pores are
gradually compacted and closed, releasing a small amount
of energy. With increasing load, the specimens gradually
enter the elastic deformation stage, the AE counts are sig-
nificantly greater than those at the footwall and hanging wall
compaction stage, and the cumulative AE count-time curves
increase linearly. During the asperity compaction stage
(D-1-1-1, D-2-1-1, D-3-1-1 and D-4-1-1), the variations
in the AE count and cumulative count with time are similar
to that in the elastic stage. When the specimens enter the

@ Springer



7666 W. Wang et al.

Cumulative counts (10%) Cumulative counts (10%)
25 1000 - 60 5 EFE 5000 - 600
A—-1 -1-S1hursies — Shear stress - 4500
——AE counts 150 ——AE counts 1500
20) {800 4l : - 4000
- - =C lak nts,
- — - -Cumulative counts - umulative coul o0
o 40 % 1 400
Z1s5/ £-600 <3l i | £ 3000
o 5 3 Yield and transition 5
e Yield and transition ~ Post-peak.~ @ {30 o Q 2500 {300
k4 L~ I:.I’ b Elastic defprmation Post-peak __ .= I:
210 rmation .- W 400 ﬁz- P < - 2000
° 420 - 200
@ Cony B - 1500
g 200 | 1 {1000 | o0
500
0.0 o Jo ) °
o 100 200 300 400 500 600 0 100 200 300 400 500 600 700 800
Time (s) Time (s)
a A-l1-1-1 b B-1-1-1
Cumulative counts (10%) Cumulative counts (10%)
8 (e 5 8000 300 8 o 11000 - 800
—— Shear stress ——Shear stress = -{ 10000
5 | — AE counts - 7000 {700 7t AE counts 0000 | 700
R =Cumulative counts 5000 . 600 —~ 6 — - ~Cumulative counts ) 600
& { Compaction " k_ 8000
=4r = of asperities ] 7000
= / i 5000 500 < 51 2 - 500
2 ield and transition c H4 Elastic deformation Yield and transition c |
23 3 4000 Ja00 8 4 371°®° J4oo
k3 Elastic deformation © ® Compaction of footwall .- @ 15000
= % & .aNdhanging wall i “<‘
.gzs 3000 4300 G 3 000 {300
(73 9 w
°°g&f§g‘:\gi‘r’é ot 42000 {200 2 3000 509
1 2000
1000 {100 1 1000 11
0. o o 0: 0 Jo
0 100 200 300 400 500 0 100 200 300 400 500
Time (s) Time (s)
¢ C-1-1-1 d D-1-1-1
Cumulative counts (10%) Cumulative counts (10%)
8 3000 - 300 8 2500 - 140
D-2-141 D-3-1-1
71 ——AE counts E 12500 1 250 7 —— AE counts 1120
—~ 6 — - ~Cumulaiive counts —~6 — - ~Cumulative counis E - 2000
® 6 | @ °
Compaction . 4100
o . o Compaction
é sl of asperities - 2000 - 200 é sl o \/./\;—
g Elastic deformation g g % 11500 | 80
g c&rﬁacﬁon of footwall / 1500 - 150 g 4 Elastic deformation Yield agid transifion - Post-peak §
2 7 afd hanging wall  Post-peak i w 1
S 3k e e 1 8 3l _ <1000
2 “1000 {100 & -
(7] 2 (7)) Rd 140
500 50 Crpaction of footwall G // 1500
- and hanging wall
1 1L 420
0 o lo Eaie
- 0 ] -0
0 100 200 300 400 0 100 200 300 400 500
Time (s) Time (s)
e D-2-1-1 f D-3-1-1
Cumulative counts (10%)
8 2500 4 70
D-4-1-1
—— Shear siress
71 — AEcounts - 60
. — - -Cumulative counts g 2000
E o Compacti 190
paction
3 5| of asperities
P £ 11500
2 Elastic deformation -peak 5 - 40
4l
l;Cc;rnaaction_orf footwall & Iﬁ 20
:-: Sealdharmglng wall e < 1000 |
P
« 420
-4 10
-0
Time (s)
g D-4-1-1

Fig. 14 AE count characteristics with different inclination angles and moisture content
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yield and transition stage, several AE counts are significantly
higher than the general results, and the slopes of the cumula-
tive AE count-time curves increase, which indicates that the
damage process of the internal structure of the specimens
is violent. When the shear stresses reach their peak values,
the rock joints are damaged, the AE counts peak and the
cumulative AE count-time curves increase sharply, indicat-
ing that a considerable number of AE signals and amount of
energy are released at this time. During the post-peak stage,
the AE counts decrease, and the slopes of the cumulative
AE count-time curves show decrease trend. The AE signals
in this stage are generated by the normal stress crushing
the gnawed asperities and the sliding friction between the
footwall and hanging wall.

The maximum AE counts of A-1-1-1, B-1-1-1, C-1-1-1
and D-1-1-1 are 111, 2436, 4206 and 10,343, respectively.
This means the maximum AE count gradually increases with
inclination angle. The reason is that the weakened climbing
failure characteristics and the strengthened gnawing failure
characteristics cause the damage degree of the asperities
to increase with inclination angle, thus the strengths and
magnitudes of the AE signals released during the failure
increase.

Comparing D-1-1-1, D-2-1-1, D-3-1-1 and D-4-1-1, the
AE count and frequency of the specimens decrease gradually
with moisture content. From dry to saturated states, the max-
imum AE counts decrease from 10,343 to 1120 by 89.2%.
This indicates that water has an inhibitory effect on the AE
signals of rock joints, and the higher the moisture content is,
the more obvious this inhibitory effect. Water weakens the
internal structure and stress of the specimens, decreases the
friction coefficient between the footwall and hanging wall
of the rock joints and among the particles in the asperities,
and thus reduces the damage activity and the energy required
for instability. At the macroscale, the maximum (cumulative)
AE counts are reduced due to the effect of water.

Conclusions

In this work, the water absorption characteristics and min-
eral composition of the sandstone specimens were tested,
the direct shear tests of saw-tooth rock joint specimens with
different inclination angles, normal stresses and moisture
content were carried out, and the AE signals during the tests
were monitored. According to the test results and theoretical
analysis, the following conclusions can be drawn.

(1) The variation of water content with time can be
divided into three stages: rapidly rising stage (0~384
min), slowly rising stage (384~4000 min) and stable stage
(4000 min~). The main minerals of sandstone include
quartz, kaolinite, illite and montmorillonite. After water

intrusion, the content of quartz decreases, while kaolinite
and illite increase, except that montmorillonite is a little
controversial.

(2) There are two types of shear stress-shear displacement
curves. The first type includes the footwall and hanging
wall compaction, elastic deformation, yield and transition
and post-peak stages. The second type contains the foot-
wall and hanging wall compaction, elastic deformation,
asperity compaction, yield and transition and post-peak
stages. The inclination angle has the greatest effect on the
shear failure modes of rock joint specimens, followed by
the normal stress, and the moisture content has the least
effect. At the inclination angle of 0°, the failure mode is
climbing. At 15° or 30°, the failure mode is climbing-
gnawing combined. At 45°, the failure mode is gnawing.
(3) The shear strength is positively correlated with the
inclination angle and normal stress and negatively cor-
related with the moisture content. With increasing incli-
nation angle, the cohesion and internal friction angle
increase linearly. With increasing moisture content, the
cohesion and internal friction angle decrease linearly.
According to the test data, based on the Mohr-Coulomb
model, the shear strength formula of rock joints consider-
ing the effect of inclination angle and moisture content is
established by using the binary linear regression analysis
method.

(4) Except for the specimens with an inclination angle of
0°, the AE count and cumulative count curves of the other
specimens correlate well with the stress curves in the test
process. The combination of these three curves can better
analyse the internal damage activity, crack propagation
and structure failure of the specimens in each stage of the
loading process. With increasing inclination angle, the
maximum AE count gradually increases; with increas-
ing moisture content, the maximum AE count gradually
decreases.
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