Rock Mechanics and Rock Engineering (2023) 56:7397-7414
https://doi.org/10.1007/500603-023-03432-x

ORIGINAL PAPER q

Check for
updates

The Impact of Shear Rate on the Mechanical Behavior of Rock Joints
Under Multiple-Influencing Factors

Liu He'® - Xudong Lu' - Tim Copeland? - Jiannan Chen? - Jiaxin Yan' - Wang Zhao'

Received: 28 November 2022 / Accepted: 18 June 2023 / Published online: 3 July 2023
© The Author(s), under exclusive licence to Springer-Verlag GmbH Austria, part of Springer Nature 2023

Abstract

The shear rate is an important factor that influences the shear mechanical properties of rock joints. In this paper, constant
normal load (CNL) direct shear tests at different shear rates (v,= 0.2-5.0 mm/min) were performed on rock joint speci-
mens to investigate the shear behavior and failure modes under various joint roughness coefficients (JRC=6.071-17.212),
joint wall compressive strengths (JCS =9.36-25.86 MPa), and normal stresses (¢, =0.936-2.586 MPa). The experimental
results indicated that the peak shear strength gradually decreased, the peak shear displacement increased and the residual
shear strength decreased with increasing shear rate. The experimental findings suggested that with an increasing JRC and
a decreasing JCS and o,, the peak shear strength and peak shear displacement were greatly influenced by the shear rate.
Additionally, shear-off and wear failure modes were observed in this research and were both intensified by increasing shear
rates. However, the failure mode tended to change from wear to shear-off as the shear rate increased, and this phenomenon
was enhanced when JRC, JCS, and o, decreased. A modified new shear strength correlation model that related v, and valid
values of JRC, JCS, and o, was developed to estimate the shear strength of rock joints. The predicted results indicated that
the newly proposed model performed better than the existing models.
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It has been generally recognized that the peak shear
strength of rock joints decreases with increasing shear
rates (Barbero et al. 1996; Jafari et al. 2003; Atapour
and Moosavi 2014; Tang et al. 2015). However, it is also
found that the mechanical behavior of rock joints, based
on various parameters, will be significantly different under
the influence of shear rate. For example, Crawford and
Curran (1981) found that for joints in granite with inter-
mediate hardness, the frictional resistance was essentially
independent of the shear rate, while for the hardest rocks,
the syenite and sandstone rock joints showed a significant
variation in shear resistance with shear rate. Tiwari and
Latha (2019) believed that although the shear strength
of discontinuities decreases with increasing shear rate,
decreasing rock density enhances this rate dependency of
rock joint strength. Wang et al. (2020) observed that as the
shear rate increases from 0.001 to 0.1 mm/s, the cohesion
increases by 5.8% when the JRC is 19 and increases by
1.9% when the JRC is 1, which illustrates that joints with
greater asperity roughness values exhibit a stronger shear
rate dependency. Therefore, to accurately determine the
joint shear strength under different shear rates, it is neces-
sary to consider the influence of rock joint parameters.

In recent years, a few studies categorized the failure
modes of joints as sliding, wear, shear-off, climbing fail-
ure, and gnawing (Li 2017; Li et al. 2019; Kou et al. 2019),
but these works did not further analyze the interaction of
failure mode evolution with shear rate. Since the acous-
tic emission (AE) monitoring technique can effectively
identify the location and magnitude of failure during the
shear process, the AE characteristics of joints under differ-
ent shear rates have been studied by some scholars (Zhou
et al. 2016; Wang et al. 2016; Meng et al. 2019), and it
is found that the curves of the AE count and AE energy
rate illustrate that cracks in the rock joints occur earlier
under a larger shear rate. In addition, under cyclic loading
at different shear rates, it was found that as the normal
stress increased, the effect of the shear rate became less
pronounced for rock joints (Jafari et al. 2004; Mirzaghor-
banali et al. 2014), but for an infilled joint under cyclic
loading tests, the failure modes under different shear rates
seem to be identical (Han et al. 2020).

Although previous researchers have analyzed the shear
rate on the shear strength and failure mode of rock joints, the
diverse shear rate effect of the joint under different mechani-
cal parameters has not yet been systematically studied. Addi-
tionally, constitutive models are fundamental for numerical
modeling and theoretical calculations in rock joint engineer-
ing. Over the last few decades, several constitutive models
have been formulated to simulate the shear behavior of rock
joints (Patton 1966; Ladanyi and Archambault 1969; Bar-
ton and Choubey 1977; Plesha 1987; Wibowo 1994; Zhao
1997a, b; Amadei et al. 1998; Grasselli and Egger 2003;
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Xia et al. 2014; Tang and Wong 2016; Saadat et al. 2021).
However, these constitutive models do not involve the shear
rate and cannot adequately predict the shear strength under
various shear rates.

In this study, a series of constant normal load (CNL)
direct shear tests for rock joint specimens were carried out
under multiple values of the joint roughness coefficient
(JRC), joint wall compressive strength (JCS), normal stress
(,), and shear rate (v,). The evolution of the mechanical
behavior and failure modes of rock joints related to the shear
rate was further investigated. Additionally, the influence of
the shear rate on valid values of JRC, JCS, and ¢, was evalu-
ated, and a modified empirical criterion that considers the
shear rate was developed for engineering practice.

2 Materials and Methods
2.1 Specimen Preparation

Discontinuities in natural rocks are extremely compli-
cated and varied, and it is difficult to obtain a series of
joints with the same morphology from a natural rock
mass. Therefore, in this study, artificial rock materials
and 3D printing technology were applied to fabricate a
series of artificial joint specimens with similar surface
morphologies.

Four artificial rock materials were produced by mixing
quartz sand, cement, gypsum, and water using four differ-
ent proportion designs. The uniaxial compressive strength
test following the ASTM standards was carried out to
determine the artificial rock material strength (Fig. 1a).
The basic mechanical properties of the four artificial rock
materials, including density, Young’s modulus and uni-
axial compressive strength (UCS), are shown in Table 1.
Barton recommended that for intact and unweathered rock
joints, the JCS is equivalent to the UCS. Therefore, the
JCS values in this research were set the same as the UCS
values. As shown in Fig. 1, the specimen preparation pro-
cess is described as follows:

1) Four standard roughness profiles (NO. 4, NO. 6, NO. 8§,
and NO. 10) suggested by Barton and Choubey (1977)
were selected as the specimen representative surface
morphology, which were scanned with a high-precision
scanner (Epson DS-30000) and then digitized through
the OriginPro Program 2017 software package. Four
plastic sheets with different JRC profiles were produced
through a 3D printing program (Fig. 1b);

2) The JRC sheet was placed in a 100 mm * 100 mm *
100 mm cubic model box (Fig. 1c);
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Fig. 1 The specimen preparation process: a cylindrical uniaxial com-
pressive strength test for artificial rock materials, b digitizing the
standard JRC profiles and JRC plastic sheets produced by 3D print-
ing technology, ¢ the JRC sheet was placed in a cubic model box, d

Table 1 The basic mechanical properties of the artificial rock materi-
als

Artificial rock  Density (g/cm3) Young’s modu- UCS (MPa)
materials lus (GPa)

ARM1 1.94 2.75 9.36
ARM?2 2.19 4.58 16.42
ARM3 2.25 6.04 19.49
ARM4 2.39 7.61 25.86

3) The artificial rock aggregates were poured into a blender
and stirred, and then the mortar was poured into the
cubic box (Fig. 1d);

4) After each addition of mortar, the cubic box was placed
on a vibration table to remove air bubbles in the mixed
mortar (Fig. le);

5) Since concrete materials require 28 days of curing to
reach their ultimate strength (ASTM C150, 2005), the
specimens were demolded after 24 h and cured in an
indoor environment for more than 40 days until they
reached their ultimate strength. A total of 40 specimens
with different properties were cast with joint surface
dimensions of 100 mm*100 mm. Both the upper and
lower surfaces of the specimen shear surfaces were

mortar was poured into the cubic box, e the cubic box was placed on
a vibration table to remove the air bubbles in the mixed mortar, and f
rock joint specimens after curing

colored pink for better visibility of the damage and char-
acteristics after shearing (Fig. 1f).

2.2 Quantitative Description of the Joint Surface
Morphology

During the past few decades, the JRC has been the most
commonly used parameter to quantitatively describe the
roughness of rock discontinuities in various constitutive
models. Tse and Cruden (1979) found that the dimension-
less first derivative root mean square Z, statistical param-
eter (Eq. 1) had the highest correlation with the JRC.
Therefore, this paper employed the correlation equation
proposed by Tse and Cruden (Eq. 2) for the relationship
between the JRC and Z, for quantitative joint morphology
and used it to calculate the JRC value. The calculation
parameters of Z, are shown in Fig. 2.

N 1/2 _ 1/2
| /X-L (dy>2 1% Ot =30
Z2 = —- —_ dX = — Z _— s
L} .—o\dx L& xy—x
(D
JRC = 32.2 + 32.47l0gZ, )

In this test, an HP Pro S3 3D image capture system
was used to scan and calculate the Z, value of each joint

@ Springer



7400

L.Heetal.

Fig.2 Diagram used to define
the statistical parameters for

a joint profile. Here, y; is the
height of a joint profile at x;, and
Ax is the distance between x;, ;
and x;, which is set as 0.5 mm in
this research. L is the horizontal
length of a joint profile (Kulati-
lake et al. 1995)

Surface height (y)
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Fig. 3 The test apparatus used in this study: a joint surface asperity capture system and the 19 profile locations used for data analysis, b the CNL

servo control direct shear test apparatus

Table 2 Test programs and

. . Test group JRC JCS (MPa) 0, MPa) K =1JCS/o, Shear rate (mm/min)
mechanical properties of the
specimens JRO4 6.071 19.49 1.949 10.000 02 05 20 50
JRO6 10.270  19.49 1.949 10.000
JRO8 13.898  19.49 1.949 10.000
JR100orJC19 or NS19  17.212  19.49 1.949 10.000
JC09 17.212 9.36 1.949 4.802
ICl16 17.212 1642 1.949 8.425
JC25 17.212  25.86 1.949 13.268
NS09 17.212 9.36 0.936 10.000
NS16 17.212 1642 1.642 10.000
NS25 17.212  25.86 2.586 10.000

specimen surface profile. The system included a measur-
ing head and a modeling program (Fig. 3a). The meas-
uring head consisted of a fringe projector and two CCD
cameras. During the capture of an image, the 3D capture
system projected a raster picture onto the joint surface, and
the picture was recorded by the cameras. The modeling
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program was used to accurately analyze the spatial coor-
dinates of each point on the surface of the scanned object
and complete the 3D modeling of the object. The capture
system used in this experiment had a single scan time of
2-4 s, a single scan size of 60-500 mm, and a scanning
precision of 0.06 mm. To efficiently limit the calculation
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error of the JRC, 19 profiles were selected on the upper
and lower surfaces at a spacing of 5.0 mm along the shear
direction (Fig. 3a), and the average JRC value for 38 pro-
files was obtained for further analysis. The initial JRC val-
ues calculated for each specimen by Egs. (1) and (2) are
listed in Table 2.

2.3 Test Apparatus and Process

The CNL automated servo control direct shear test appara-
tus used in this study had a maximum stress of 500 kN in
the normal and shear directions and a maximum horizontal
displacement of 200 mm (Fig. 3b). As discussed above, the
four variables set in this test were as follows: the JRC values
were set to 6.071, 10.270, 13.898, and 17.212; the JCS val-
ues were selected as 9.36, 16.42, 19.49, and 25.86 MPa; and
four levels of normal stress (0.936, 1.642, 1.949, 2.586 MPa)
were set. Moreover, the test was conducted at four shear
rates: 0.2, 0.5, 2.0, and 5.0 mm/min. The experimental pro-
grams are shown in Table 2. To facilitate analysis of the
test results, the joint strength coefficient (K = JCS/0,) is
introduced in the subsequent discussion.

During testing, when the shear displacement 6 reached
the preset value (in this test, shear displacement =0.1*length
of joint shear direction =10 mm), the test was halted. The
loose debris caused by joint surface damage was removed
with a soft brush, and then the joint surface morphology was
captured again by the 3D image capture system.

3 Results and Discussion

3.1 Shear Strength Versus Shear Displacement
Curves

The shear strength as a function of shear displacement
under various shear rates is shown in Fig. 4. All curves
demonstrate obvious pre-peak, peak, and post-peak strength
phases. Taking specimen JR10/JC19/NS19 as an example
(Fig. 4j), as the shear rate increases from 0.2 to 5.0 mm/
min, the peak shear displacement gradually increases from
1.839 to 2.289 mm, while the peak shear strength decreases
from 2.959 to 2.677 MPa. The shear rate was found to be
positively correlated with the peak shear displacement and
negatively correlated with the peak shear strength, which
is consistent with the observations from previous studies
(Tang and Wong 2016; Meng et al. 2019; Wang et al. 2016).
These observations can then be interpreted as follows: as the
shear rate increases, the joint interface has insufficient time
to generate adequate contact and frictional resistance during
shearing. Therefore, the actual contact area at the asperity
contact points decreases, resulting in higher peak shear dis-
placement and lower peak shear strength. After the curves

entered the post-peak phase, the shear strength continued to
decrease and was finally maintained near the residual shear
strength. The residual shear strength decreased from 2.469
to 2.003 MPa with a shear rate from 0.2 to 5.0 mm/min in
specimen JR10/JC19/NS19.

3.2 Effects of Multiple Factors on Peak Shear
Strength and Peak Shear Displacement

To further study the effect of the shear rate on the peak shear
strength and peak shear displacement under multiple influ-
encing factors, the variation rate of the peak shear strength
and peak shear displacement was calculated. The variation
rate of peak shear strength and peak shear displacement is
defined as the ratio of the peak shear strength and peak shear
displacement obtained under various shear rates (0.2, 0.5,
2.0, 5.0 mm/min) to the peak shear strength and peak shear
displacement obtained using a shear rate of 0.2 mm/min,
respectively. Figures 5 and 6 show the variation rates of the
peak shear strength and peak shear displacement with the
shear rate for different JRC, JCS, and o,, values.

The variation rates of the peak shear strength and peak
shear displacement under the different JRCs are plotted in
Figs. 5a and 6a, respectively. As the shear rate increased
from 0.2 to 5.0 mm/min, it was revealed that the variation
rate of the peak shear strength and peak shear displacement
tended to enhance with increasing JRC, which confirmed
that the joints with greater roughness were more sensitive
to the effect of the shear rate change.

Figures 5b and 6b show the variation rates of the peak
shear strength and peak shear displacement under differ-
ent JCSs. Due to the relatively weak strength of the joint
wall material in specimen JC09 in comparison to the other
specimens, as the shear rate increased, the wear and frac-
ture damage of the joint wall materials were more easily
enhanced, which caused shear mechanical and deformation
properties of the joint that were more influenced by the shear
rate increase. Conversely, the joint wall material with higher
strength has a greater capacity to resist wear and damage,
which means that the variation rate of peak shear strength
and peak shear displacement is less affected by the shear
rate change.

Figures 5c and 6¢ demonstrate the variation rate of the
peak shear strength and peak shear displacement with differ-
ent o,,. Due to the lower normal stress boundary conditions
for specimen NS09, the friction resistance generated by the
joint interface was smaller, and the relative slip in the hori-
zontal direction and dilation in the vertical direction easily
occurred under various shear rates, which caused the shear
mechanical parameters to easily change over a wide range
with increasing shear rates. In contrast, as o, increased,
the interfacial friction increased, and the influence of the
shear rate on the joint shear mechanical parameters tended

@ Springer
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Fig.7 Normal and shear displacement curves of a joint at different
shear rates

to weaken. Therefore, the joint shear mechanical properties
of the specimen with higher o, were less affected by the
shear rate.

3.3 Normal Displacement Versus Shear
Displacement Curves

Figure 7 shows the normal displacement versus shear
displacement curves of specimen JR10/JC19/NS19. It
was observed that the curve with a shear rate of 0.2 mm/
min comprises three obvious stages: slow growth, rapid
growth, and stability. When the shear displacement is
less than 1.2 mm, the curve exhibits a slow upward trend.
Subsequently, with the shear displacement varying from
1.2 to 6.0 mm, the normal displacement increases rapidly
and then reaches a constant value after the shear displace-
ment exceeds 6.0 mm. For the curve with a shear rate of
0.5 mm/min, the curve shows three stages similar to that
of 0.2 mm/min, but a smaller critical shear displacement
value of the three-stage transition was observed. In con-
trast, for the curves with shear rates of 2.0 and 5.0 mm/
min, the curves do not exhibit an obvious slow growth
stage, but they immediately enter the rapid growth stage
at the beginning of the test. Meanwhile, as the shear
displacement increased, the normal displacement also
promptly increased until the curve reached the stability
stage. Therefore, with the increase in shear rate from 0.2
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Fig. 8 Effect of shear rate on the JRC degradation ratio for various specimens

to 5.0 mm/min, the curve exhibited a trend from three
stages to two stages, and the peak normal displacement
was enhanced from 0.684 to 0.892 mm at shear rates from
0.2 to 5.0 mm/min.

3.4 Effect of Multiple Factors on Joint Failure
Characteristics

Based on the experimental observations of the joint asper-
ity surface failure characteristics after the test, this section
attempts to explore the joint failure characteristics and
modes of joints under multiple influencing factors.

3.4.1 Effect of Multiple Factors on Asperity Roughness
Degradation

Figure 8 illustrates the JRC degradation ratio of the speci-
mens with respect to the shear rate after the test. The JRC
degradation ratio is defined as the ratio of the JRC variation
to the initial JRC: [(JRC,,iiaIRCa51er) TR C i ¥ 100%. In
general, the JRC degradation ratio nonlinearly increased
as the shear rate increased. It is revealed that various JRC,
JCS, and o, values also had a significantly different effect
on the asperity degradation behavior under distinct shear
rate conditions.

As shown in Fig. 8a, as the shear rate increased from
0.2 to 5.0 mm/min, the JRC degradation ratio increased
by 5.03%, 6.07%, 7.04%, and 8.42% for specimens JR4,
JR6, JR8, and JR10, respectively. This result indicates that
the asperity degradation of the rough joint surface is more
easily affected by the shear rate compared to the smooth
joint surface. Analyzing the reason for this phenomenon,
we believe that for rock joint specimens with the same
geometry, a larger roughness coefficient represents a larger
contact area between the upper and lower sections of the
asperity surface, resulting in greater surface damage dur-
ing shear. Changing the shear rate will have a significant
effect on the contact time of the shear surface, which will
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make the joint surface with a rougher morphology more
subject to the effect of the shear rate.

Figure 8b shows the JRC degradation ratio as a function
of shear rate at different JCSs. For the rock joint specimens
with larger JCS values, the convex area of the joint sur-
face tends to exhibit brittle failure, which results in crack
initiation and rapid propagation occurring in the convex
body and failure of the joint surface over a wide area. This
phenomenon becomes more pronounced as the shear rate
increases. In addition, as the shear rate increased from 0.2
to 5.0 mm/min, the JRC degradation ratio of specimen
JC25 increased by 13.1%, while that of specimen JC09
increased by 9.7%. This suggests that with increasing JCS
value, roughness degradation was more sensitive to shear
rate.

Higher normal stress can significantly increase the
potential contact area between the joint surface, which
enhances the roughness degradation in the shearing pro-
cess. As demonstrated in Fig. 8c, with increasing o,, the
joint roughness degradation intensified at a specific shear
rate. As the shear rate increased from 0.2 to 5.0 mm/min,
the JRC degradation ratio increased by 7.1% for NS09,
7.5% for NS16, 8.4% for NS19, and 17.9% for NS25.
Clearly, with increasing o,, the shear rate was more criti-
cal to joint degradation.

3.4.2 Failure Mode of the Joint Under Multiple Factors

In this test, the upper and lower sections of the asperity sur-
face showed a similar failure mode. Pictures of the joint sur-
face lower section failure after the test are shown in Fig. 9a.
To quantitatively assess the damaged area for each specimen,
the asperity surface pictures after the test were converted to
binary images, as shown in Fig. 9b. The joint surface deg-
radation coefficient, 3 A;/A;,;,,» was used to represent the
ratio of the total upper and lower surface damage area ()] A,)
to the overall area of a joint specimen (4;,,,,) (Hong et al.
2016). The surface degradation coefficient for specimens



The Impact of Shear Rate on the Mechanical Behavior of Rock Joints Under Multiple-Influencing... 7405

Shear rate 0.2 mm/min 0.5 mm/min 2.0 mm/min 5.0 mm/min

Joint surface
damaged area
in lower section

(Pictures)

(@)

Joint surface
damaged area
in lower section
(Binary images)

(b)

Damaged area Undamaged area

0 50 100mm ~aflssssmm  Shear direction

Fig.9 Joint surface damage features under various shear rates: a joint surface damage pictures, b joint surface damage binary images
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Fig. 10 The relationship between the joint surface asperity damage and the shear rate: joint surface degradation coefficient versus shear rate
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Fig. 11 Joint surface failure modes on the lower section of the joint surface
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under various shear rates is shown in Fig. 10a, b, and c.
In general, with the increase in shear rate, the degradation
coefficient increases, and it presents an approximately lin-
ear relationship. The linear fitting of the test data (Fig. 10a,
b, and c) reveals that the slope of the fitted line gradually
increases with increases in JRC, JCS, and o,,, such as in the
cases of specimens JR04, JR06, JR08, and JR10, where the
slope values of the fitted lines are 0.49, 1.32, 3.01, and 3.92
(Fig. 10a), respectively. This further proves that the sensi-
tivity of asperity damage to the shear rate differed notably
under various JRC, JCS, and o, conditions.

It has been experimentally demonstrated in previous
research that joint failure processes exhibit various modes
under multiple influencing factors (Huang et al. 2002, Asadi
et al. 2012, Gui et al. 2019, Li 2017). In this test, shear-off
and wear were the main failure modes observed (Fig. 11).
Shear-off failure occurred mainly in the steep asperity areas,
and shear fractures appeared along the shear direction, which
led to a large range of damage to the joint surface convex
body. Wear failure mainly occurred in the shallow contact
area between the joint surface, and there were obvious slid-
ing shear scratches along the shear direction of the joint
surfaces. Notably, the shear rate changed the failure mode of
the specimens under different JRC, JCS, and o, conditions.

According to the aforementioned description of shear-off
and wear failure, the shear-off and wear failure areas on the
joint upper and lower surfaces were identified and counted
in each specimen after the test. As shown in Fig. 11, the
green dotted line represents the shear-off failure area, and
the blue dotted line represents the wear failure area. As the
shear rate increased, both the shear-off and wear failure areas
on the asperity surface increased to a certain extent. At the
same time, some wear failure areas gradually transformed
into shear-off failure with a shear rate. This may in part be
explained by the fact that when the shear rate was extremely
small, the upper and lower asperity surfaces had sufficient
time to develop gradual contact and dilation during the shear
process, which mainly led to wear failure. However, under

a large shear rate, rapid tension and shear damage were
promoted in the steep asperity area, and large-scale clastic
materials were generated. The failure of the joint surface
was accompanied by shear-off failure and a noticeable sound
during the shear process.

To discuss the evolution of the specimen failure mode
with multiple factors, the ratio of the shear-off failure area
(X A)) to the total failure area () A,) is defined as the shear-
off ratio, Y A,/ Y A;. The curve of the shear-off ratio of the
specimens with respect to the shear rate is shown in Fig. 12.

As shown in Fig. 12a, the specimens with higher rough-
ness, such as JR10 and JROS, presented an obvious shear-
off failure mode under different shear rates. However, for
JRO4 with less roughness, there was no shear-off failure
found under a lower shear rate (0.2 mm/min and 0.5 mm/
min), but when the shear rate gradually increased to 5.0 mm/
min, the shear-off ratio increased from 0 to 19.19%. This
result indicated that increasing the shear rate has the effect
of promoting the failure mode transformation to shear-off,
but this potential is more obvious in the specimen with less
roughness.

Figure 12b shows the shear-off ratio versus shear rate for
specimens with different JCS values. For specimens with
higher JCS values, shear-off failure was more obvious in
various shear rate tests. When the shear rate increased from
0.2 to 5.0 mm/min, the shear-off ratio increased by 13.42%,
13.96%, 10.01%, and 6.13% for JC09, JC16, JC19, and
JC25, respectively, which proved that the failure modes of
the specimens with lower JCS values were more prone to
transformation.

As shown in Fig. 12c¢, shear-off failure under higher o,
was more obvious at various shear rates. However, when
the shear rate increased from 0.2 to 5.0 mm/min, the shear-
off ratio of specimen NS09 with the lowest ¢, increased by
8.69%, while specimen NS25 with the highest o, increased
by 5.27%, which indicates to some extent that the shear rate
was more sensitive to the variation in the failure mode of the
joint under lower o,
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Fig. 12 The relationship between the joint surface asperity damage and the shear rate: shear-off failure ratio versus shear rate
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Based on the above analysis, it can be concluded that
with increasing shear rate, the failure mode of the rock joint
tended to change from wear failure to shear-off failure. At
the same time, for the specimens with larger JRC, JCS, and
o, the shear-off failure mode under different shear rates was
more prominent, but considering the influence of the shear
rate on the failure mode, the sensitivity of the failure mode
converted by the shear rate was enhanced when JRC, JCS,
and o, decreased.

4 Shear Strength Correlation Model

Barton’s JRC-JCS model (Eq. 3) was one of the most widely
used criteria for estimating the shear strength of rock joints
due to its simplicity. However, this model did not consider
the dependence of shear strength on shear rate and therefore
did not explicitly give characteristics of shear behavior under
varying shear rates. Recently, based on experimental results,
Wang et al. (2016) proposed a model (Eq. 4) to predict the
shear strength of rough rock joints under various shear rates.

T = O'ntan(JRclogloK + ¢b)’ (3)

T = 0.9850,tan[4.9700RC)**"log oK + ¢, v, >, (4

where 6, JRC and JCS are defined above, ¢,, is the basic fric-
tion angle, K is the joint strength coefficient, K = JCS/o,, v,
is the shear rate, and 7 is the shear strength.

However, the existing models remain insufficient to
analyze the sensitivity of multiple influencing factors to
shear strength. The study in Sect. 3 of this paper shows
that the specimens with different values of JRC, JCS, and
o, present different mechanical behaviors under various
shear rates, and therefore, the valid values of JRC, JCS,
and o, are changed to some extent under different shear
rates. Consequently, it is reasonable to use the valid val-
ues of JRC, JCS, and o, under different shear rates in the
mechanical strength evaluation of rock joints. In this sec-
tion, based on Barton’s JRC-JCS model and experimental
results, a modified shear strength prediction model that
considers the effects of shear rates on the JRC, JCS, and
o, is proposed:

T = [0,(v,) * tan(JRC(v,) * log;)K(v) + ¢, )] = f(v,).
®

£(v) = G(v,,0,,JRC,ICS), ©

where 0,(v,), JRC(v), and K(v;) are the valid normal stress,
joint roughness coefficient, and joint strength coefficient,
respectively, which are considered functions of the shear
rate. f(v,) is a shear rate function related to multiple influ-
encing factors (v, ¢,,, JRC, and JCS).

Equation (5) shows that to obtain the modified shear
strength, the undetermined coefficients that need to be
obtained are o,(v,), JRC(v,), K(v,), and f(v,). Therefore,
the following analysis was conducted:

(i) Considering only the influence of the JRC on the
shear strength under different shear rates (such as speci-
mens JR04, JR06, JROS, and JR10), the shear strength is
shown in Eq. (7).

T= [antan(JRC(vs) * log; K + d)b)] *f(Vs)JRc, @)

where f(v,)pc 1s a function related to the shear strength and
shear rate.

(i1) If considering only the influence of K on the shear
strength under different shear rates (such as specimens
JCO09,JC16, JC19, and JC25), the shear strength is shown
in Eq. (8).

T = [antan(JRC * log, K(v,) + d)b)] *f(vs)K, 8

where f(v )i is a function related to the shear strength and
shear rate.

(iii) If considering only the influence of ¢, on the shear
strength under different shear rates (such as specimens
NS09, NS16, NS19, and NS25), the shear strength is
shown in Eq. (9).

= [6,(v,) * tan(JRC * log,;( K + ¢, )] *f(Vs)gnv €))

where f(v), is a function related to the shear strength and
shear rate.

To eliminate the effects of JRC, K, and ¢,, when obtain-
ing the relationship f(v);pcs f(v)k, and f1 (vs)an between the

Table 3 Normalized peak shear stress of the test specimens

Test group Normalized peak shear strength

0.2 mm/min 0.5 mm/min 2.0 mm/min 5.0 mm/min

JR
JRO4 1.000 0.985 0.964 0.944
JRO6 1.000 0.988 0.960 0.932
JRO8 1.000 0.986 0.942 0.902
JR10 1.000 0.984 0.943 0.904
IC
JC09 1.000 0.960 0.925 0.865
ICl16 1.000 0.964 0.901 0.886
IC19 1.000 0.984 0.943 0.904
JC25 1.000 0.986 0.970 0.941
NS
NS09 1.000 0.975 0.946 0.839
NS16 1.000 0.983 0.946 0.882
NS19 1.000 0.984 0.943 0.904
NS25 1.000 0.987 0.952 0.925
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Fig. 13 The regression relationship between the normalized peak shear strength and shear rate

shear strength and shear rate, the shear strength collected in
this test should be normalized in advance. Compared with the

tan— 1 T
Tmif (v )jre

)-a

(13)
values obtained using a shear rate of 0.2 mm/min, Table 3 JRC(v,) = Tog K ,
demonstrates the normalized shear strength values. Based on
the regression analysis between the normalized shear strength
and shear rate in Fig. 13, f(v);rc» f(vy)x, and f(v,), can be o (e ) (14)
concluded as the following equations. K@) =10 e
— —0.030 2 _
F(vs) jpe = 0.947v] R* =0.842, 10 ;)= T _
: f(vs)% * tan (¢, + JRC x logK) (15
F(vs) g = 0.9525v00% R* = 0.786, an o . )
§ As shown in Fig. 14, the empirical relation between the
valid parameters (JRC(v,), K(v,), 6, (v,)) and the initial
f(v), =0.959v 0% R* = 0.810. (12)  parameters (JRC,K,,) can be proposed through fitting as
follows:
By converting Egs. (7), (8), and (9), JRC(v,), K(v,), and ~ JRC(v,) = 5.1334JRC**  R* =0.959, (16)
o0, (v,) were calculated with Egs. (13), (14), and (15). Notably,
the' value of K is related to the 'normal stress o,,; when calcu- K( Vs) — 1.031*K09% R? = 0.998, (17)
lating K with Eq. (13), the valid normal stress o, (v,) should
be used.
0,(v,) = 1.284x6%"  R*=0.991. (18)
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Fig. 14 The relationship between the modified parameters [JRC(v,), K(v,), 6, (v,)] and initial parameters (JRC, K, o,)
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Fig. 15 Split cubic rock joint specimens used for model verification:
a, b, and e are sandstone, c is limestone, d is marble, and f is granite

After substituting Eqs. (16), (17), and (18) into Eq. (5),
f(v,) was calculated.

Based on the dimensionless analysis, JRC (vs), Ky,
and an(vs) were introduced to dimensionless processing
for JRC, K, and o,. Through multiparameter data fitting,
the following equation for the shear rate function can be
obtained:

JRC(v,)

JRC

f(vy) = 10.0609 = —0.5517 +0.4322

K(v)
K

0, (v,)

value ranges from 9.36 to 41.80 MPa, the shear rate ranges
from 0.2 to 24 mm/min, and there are 2D and 3D asper-
ity surface joint specimens. Therefore, the data selected
for this verification can represent most rock discontinuity
types in nature.

Figure 16 illustrates the calculated versus the measured
peak shear strength according to the work of Barton and
Wang and this correlation model. Table 4 lists all the calcu-
lated results for the peak shear strength. It is concluded that
Wang’s model and the correlation model work well in pre-
dicting the peak shear strength, but the correlation model is
slightly better than Wang’s model for the following reasons:

(1) As illustrated in Fig. 16, the distribution of measured
versus calculated data for the correlation model is
closer to the ideal line (measured = calculated) com-
pared to the results obtained by the other two models.
The slopes of the fitted lines are 0.815 for Barton’s
model, 0.865 for Wang’s model, and 0.897 for this
model.

(2) As listed in Table 4, by comparing the measured with
the calculated values, t,,,.,/7.,, for the 76 selected test
data points, 8, 12, and 56 observed values are best pre-
dicted by Barton’s model, Wang’s model, and the corre-
lation model, respectively. More than 74% of the results
can be predicted more accurately by the new correla-
tion model than by the models of Wang and Barton.

(3) Both the new correlation model and Wang’s model can
capture the shear strength under the shear rate, while

19

+0.6728 | % V008 R2 = 0774,

On

Finally, combining Eqgs. (5), (16), (17), (18), and (19),
it is possible to calculate the shear strength of joints under
multiple influencing factors.

5 Verification of the Correlation Model

In this section, direct shear test data under various shear
rates on rock joints from the literature are used to verify
the proposed correlation model. In addition, natural cubic
limestone, sandstone, granite, and marble specimens were
subjected to Brazilian splitting tests to generate six rock
joint specimens with random asperities on their surfaces
for model verification, as shown in Fig. 15. Referring to
the calculation method of the 3D JRC value proposed by
Grasselli and Egger (2003), the JRC value of the verified
specimen is obtained. The other calculated parameters of
those joints are listed in Table 4. From the 76 test data
points, the JRC value ranges from 3.610 to 17.212, the JCS

Barton’s model cannot capture this behavior. Further-
more, the correlation model also evaluates the valid
values of JRC, JCS, and o, under different shear rates,
and the results conform closely to the actual mechani-
cal behavior.

Although the correlation model proposed in this paper
outperforms other models in terms of prediction accuracy,
more experimental data are needed for future validation.
Moreover, similar to previous models, the correlation model
still relies on JRC values to characterize the morphological
features of rock joint surfaces. Therefore, there are still limi-
tations in the application of 3D morphological rock joints
with the proposed correlation model.
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salient conclusions of this study are as follows.
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g (1) The shear strength versus shear displacement curves
£ 22z 3 show that the shear rate is negatively correlated with
the peak shear strength and positively correlated with
the peak shear displacement, and the residual shear
£ T T T ILETILTTLTDODD DR strength also tends to decrease with the shear rate. The
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Sl S © = = = —addad joints with higher JRC and smaller JCS and o, show
that the peak shear strength and peak shear displace-
5 ment were more greatly influenced by the shear rate
= R change. Furthermore, the normal displacement versus
8 = Y R B R Y Y BV shear displacement curves demonstrate that the peak
normal displacement is enhanced with the shear rate.
SRR (2) Comparing the asperity roughness of the specimens
) SRS A I I IS, before and after the test shows that with increasing
&, [T SN SN S N T S SN SN o . L.
= e A initial JRC, JCS, and o,,, the JRC degradation ratio is
more sensitive to the shear rate. Shear-off and wear
are the main failure modes that are observed in these
@ tests. As the shear rate increases, both the shear-off and
E wear failure areas on the asperity surface increase to a
g3 certain extent, but the failure mode of the joint tends
S5 s ssg8ggg¢gs i
< § S 288828887 to change from wear to shear-off failure. The shear rate
2| g 3 3LLL2L8884 dependency of the failure mode change is enhanced
S| = A DN NN NN AN NN
N Z Z Z Z Z Z Z Z Z Z when JRC, JCS, and o, decrease.
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(3) The valid values of JRC, JCS, and o, under different
shear rates are provided. A new shear strength correla-
tion model that considers the shear rate is proposed
through regression fits of test data. All 76 experimental
data points taken from the literature and tests are used
to validate the performance of the model. Compared
with Barton’s and Wang’s predicted results, the results
calculated by the proposed model provide a more accu-
rate estimate of the peak shear strength of rock joints.
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