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ABSTRACT: Numerous laboratory tests have been performed to investigate the shear behavior of rock discontinuities using various
experimental setups. Stress heterogeneity on rock discontinuities can significantly influence the shear behavior, however, it has
seldom been specified clearly. Instead, the macroscopic or average stress on the joints other than the local stress distribution was
usually analyzed in most laboratory shear tests. In this study, numerical simulations considering a simple linear velocity weakening
law are conducted on smooth rock joints in various laboratory setups to analyze the stress distribution before and during slip. The
results show nonuniform normal and shear stress distribution in almost all the laboratory tests and significant local stress
concentration near the edges of the shear surface. The estimated sample-average friction coefficient is slightly higher than the
dynamic friction coefficient but lower than the static friction coefficient. Furthermore, a sudden release of the shear stress, especially
near the stress-concentrated edges, can be observed in the slip phase during a stick-slip cycle. This study provides a critical review
of laboratory shear tests on rock joints and contributes to our understanding of stress distribution and variation during stick-slip shear.

1. INTRODUCTION

Rock discontinuities including joints, fractures, faults,
and bedding planes commonly exist in rock masses
(Elsworth et al. 2016; Marone 1998). Shear failure on
rock discontinuities can occur in various engineering
cases, such as underground excavations including
tunneling, carven and mining (Chai et al. 2023; Wu et al.
2023), slopes and dams (Chai 2023), fluid-injection
projects including oil and gas extraction (Elsworth et al.
2016), enhanced geothermal systems (Zhao et al. 2020),
and CO; or waste storage (Elsworth et al. 2016), etc. The
shearing of rock discontinuities has also been reported to
affect earthquake nucleation (Kaproth & Marone 2013).

Various laboratory shear setups have been developed to
investigate the shear behavior of rock discontinuities.
They include direct shear (DS) tests (Petit 1988), true
triaxial direct shear tests (Zhao et al. 2023), single direct
shear tests (Rubinstein et al. 2004), double direct shear
tests (Marone 1998), triaxial direct shear tests (Frash et al.
2016), triaxial shear (TS) tests (Thompson et al. 2005),
biaxial shear tests (Buijze et al. 2020), axial shear tests
(Rubino et al. 2022), oblique shear tests (Ghazvinian et al.
2013), and rotary shear (RS) tests (Zhao et al. 2018).
Among these test setups, the DS, TS, and RS tests are
commonly used by the rock mechanics community.

In most previous laboratory tests, the average values of
the normal stress (o) and shear stress (r) on the joint
surface were used during shearing (Bedford et al. 2022;
Zhao et al. 2018). However, nonuniform shear stress

distribution on the shear plane generally existed in those
laboratory shear setups. It may result from the difference
in contacting geometries or materials (Xu et al. 2019),
micro curvature of joints (Selvadurai & Glaser 2016), and
dynamic stick-slip events (Ben-David et al. 2010). In
particular, the sudden decrease in shear stress during
repeating stick-slip shear was widely acknowledged as a
laboratory phenomenon for natural earthquake initiation
(Brace & Byerlee 1966). In turn, stress heterogeneity on
the rock discontinuities influences earthquake nucleation
(Buijze et al. 2020; Thompson et al. 2005). For instance,
laboratory experiments observed a rapid declination in the
shear stress near the rupture tip (Gori et al. 2021).
Supershear slip was reported to be the result of increasing
the local ratio of shear to normal stress (Rubinstein et al.
2004).

Thus, it is crucial to understand the influence of stress
heterogeneity on the shear behavior of rock
discontinuities. Some attempts have been made to
measure the stress distribution in laboratory shear tests
but there are some limitations. By placing an array of
strain gauges along the joint, the dynamic variation of
normal and shear stress distribution during shear was
roughly estimated (Buijze et al. 2020), but the discretely
distributed gauges may overlook local stress
concentration. Digital image correlation (DIC) methods
using images taken by high-speed camera could capture
the full-field normal and shear stresses along the joint
(Rubino et al. 2022), but the two-dimensional (2D) spatial
stress distribution on the joint surface was unavailable.



Zhuo et al. (2020) employed pressure sensitive films for
the normal stress distribution on the joint surface but
failed to capture the dynamic evolution of stresses during
shear. In contrast, numerical simulations seem to be an
effective tool to capture the spatial stress distribution on
rock discontinuities (Bai & Konietzky 2023; Chai 2020),
whereas none has elaborately investigated the effects of
stress heterogeneity on the shear behavior in the various
laboratory shear setups.

In this paper, we performed a series of numerical
simulations on rock joints in laboratory shear setups to
capture average stress variation and overall stress
distribution during shear. The effects of stress
heterogeneity on shear behavior including stick-slip,
friction weakening, and earthquake nucleation were
discussed.

2. NUMERICAL SIMULATIONS

The numerical software, FLAC3D, was employed in this
study to investigate the stress distribution on smooth rock
joints in laboratory shear setups. It is based on the finite
difference method and has been widely utilized in fields
such as geotechnical engineering and mining engineering
(Bai & Konietzky 2023; Chai 2023).

The same material properties (Table 1) were used in all
the numerical models conducted for the three types of
shear tests. The rock samples were considered
elastoplastic, obeying the Mohr-Coulomb criteria, while
steel frames were elastic.

Table 1. Material properties used in numerical simulations
(taken empirically or from Frash et al. (2016)).

Parameter Rock Steel frame
Elastic modulus E (GPa) 12 193
Poisson’s ratio v 0.25 0.3
Density p (kg/m?) 2600 8000
Internal friction angle ¢ (°) 40 -
Cohesion ¢ (MPa) 20 —

Tensile strength (MPa) 2 —

Interface elements are considered for the discontinuities
or weak surfaces in FLAC3D (Bai & Konietzky 2023;
Chai 2023), which were applied for the rock joints here.
The normal and shear stiffness of the interface elements
were set to ten times the equivalent stiffness of the stiffest
surrounding rocks. Zero cohesion was considered for all
rock joints. A simplified linear velocity weakening law
(Fig. 1) was applied in the numerical models. Empirical
static (us) and dynamic (uq) friction coefficients of rock
joint were selected at 0.577 and 0.364, respectively,
equivalent to friction angles of 30° and 20°. The critical
velocity (vc) when the friction weakened to pq was equal
to the applied velocity v. The applied velocity was 1 um/s
for DS and TS tests, and an angular velocity of 0.5°/s was
chosen for RS tests. For simplicity, contact surfaces

existing between the rock samples and steel frames were
considered smooth with zero friction and cohesion.
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Fig. 1. Simplified linear velocity weakening law used in
numerical simulations.

Numerical methods can export the normal and shear stress
distributions on the interface elements directly to
calculate the average normal (ony) and shear (zny) stress on
the rock joints during shear. Besides, the forces required
in laboratory experiments were also extracted to calculate
the normal (op) and shear (zg) stress, noted as
experimental methods. Stresses and friction coefficients
obtained by those two methods were compared together
for each shear test to discuss the applicability of
experimental methods. Three critical cases, namely,
before shear (Case A), stick phase (Case B), and slip
phase (Case C) in a stick-slip cycle were chosen for each
laboratory test to investigate the distributions of friction
angles (¢s), normal (o) and shear stress (7) on the joint
surface.

3. RESULTS

3.1. Direct shear (DS) tests

In the numerical model for DS tests (Fig. 2a), the sample
dimensions for the two separate rock blocks are 150 mm
x 150 mm x 75 mm. Fig. 2b indicates a constant average
normal stress of 5 MPa, equal to the applied normal stress
(on). The wvariation of average stresses and friction
coefficients obtained from laboratory and numerical
methods demonstrated good consistency and obvious
stick-slip shear behavior. The average friction coefficient
of the rock joint was about 0.382, slightly larger than x4
(0.364). A slight rotation around the shear edge in DS
tests can be observed (Fig. 2c) and significant stress
concentration occurred near the rotating edge.
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Fig. 2. Numerical modeling of direct shear tests: (a) A typical
numerical model. Line MN is used for position identification of
the interface elements. (b) Variations of average shear and
normal stress on the interface and friction coefficient of the
interface with shear time #. The shear time for Cases DS-A, B,
and C is also marked. (c¢) Vertical displacement contour at a
shear displacement of 0.5 mm.

To analyze the stress variation on the joint surface, the
spatial distributions of g, 7, and ¢; on the joint interface
were visualized in Fig. 3. Before shear (Case DS-A), o
distributed uniformly at 5 MPa (Fig. 3a) and no shear
occurred (Figs. 3b and c). Nonuniform distribution of o
and 7 existed throughout the shear stage in DS tests and
stresses concentrated near the right edge of the shear
surface (Figs. 3d, e, g, and h). During the transition from
stick phase (Case DS-B) to slip phase (Case DS-C) of the
stick-slip cycle shown in Fig. 2b, the maximum o
decreased from 12.46 (Fig. 3d) to 11.79 MPa (Fig. 3g). In
comparison, 7 decreased from 6.25 (Fig. 3e) to 4.29 MPa
(Fig. 3h). Near the right edge of the joint surface, most of
the interface elements changed from a static state (p;y =
30°, Fig. 3f) to a dynamic state (¢y = 20°, Fig. 3i). In Case
DS-B, the average normal and shear stresses on the joint
were about 5.01 MPa and 1.99 MPa, respectively,
resulting in an average friction angle of about 21.63°. In
contrast, the average friction angle in Case DS-C was
20.03°.
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Fig. 3. Distributions of normal and shear stresses and friction
angles on the joint interface in direct shear tests for Cases DS-
A (a, b, c), DS-B (d, e, f), and DS-C (g, h, i).

3.2. Triaxial shear (TS) tests

Fig. 4a shows the numerical model for the TS test. The
diameter and height of the complete sample are 50 and
100 mm, respectively. An inclined joint passing the model
center with an inclination angle of 30° to the axial
direction formed later. The confining pressure around the
sample was 10 MPa. Fig. 4b suggested that average
stresses and friction obtained by the two methods achieve
good accordance. The average normal and shear stress
increased continuously during shearing until reaching a
stick-slip shear. The variation of average normal stress
dependent on the applied maximum principal stress
differed from the constant conditions in direct shear tests.
Based on the experimental curve for ug, the average
friction coefficient was about 0.388, which was also
higher than w4 (0.364).
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Fig. 4. Numerical modeling of triaxial shear tests: (a) A typical
numerical model. (b) Variations of average shear and normal
stress on the right interface and friction coefficient of the
interface with shear time ¢. The shear time for Cases TS-A, B,
and C is also marked.



Fig. 5 shows the stress and friction contours on the joint
surface in the TS test for Cases TS-A, B, and C (Fig. 4b).
In Case TS-A, no shear slip occurred (Fig. 5¢), o
distributed uniformly at 10 MPa (Fig. 5a) and 7 remained
around zero (Fig. 5b) on the joint surface. However, slight
normal stress heterogeneity emerged in the stick phase
(Case TS-B) and slip phase (Case TS-C). The maximum
and average normal stress on the joint surface were 13.42
(Fig. 5d) and 12.95 MPa in Case TS-B, while were 13.40
(Fig. 5g) and 12.95 MPa in Case TS-C. Nevertheless, 7
and ¢; in the stick phase showed remarkable
heterogeneity, with a maximum 7 of 6.24 MPa (Fig. Se)
and an average shear stress of 5.00 MPa. In the following
slip phase, the shear stress near the bottom dropped
suddenly, and the maximum and average shear stress
decreased to 5.63 (Fig. 5h) and 4.79 MPa, respectively.
Besides, a sliding trend could also be inferred by the
dynamic friction angle (¢; = 20°, Fig. 5i) declined from

30° (¢s, Fig. 59).
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Fig. 5. Distributions of normal and shear stresses and friction
angles on the joint interface in triaxial shear tests for Cases TS-
A (a,b,c), TS-B (4, e, f), and TS-C (g, h, 1).

3.3.  Rotary shear (RS) tests

The numerical model for the rotary shear tests under
normal stress of 5 MPa was presented in Fig. 6a. The
angular rotation at 0.5°/s was applied at the top two-fifths
of the upper block, which was confined by a steel frame.
The average stresses and friction coefficient on the rock
joint were estimated only by numerical methods (Fig. 6b).
The average normal stress remained constant throughout

the shearing process while the average shear stress
showcased stick-slip behavior. The average friction
coefficient of the rock joint was estimated at 0.374 and
surpassed uq (0.364).
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Fig. 6. Numerical modeling of rotary shear tests: (a) A typical
numerical model. The model base is fixed in all directions. (b)
Variations of average shear and normal stress on the right
interface and friction coefficient of the interface with shear time
t. The shear time for Cases RS-A, B, and C is also marked.

Fig. 7 presents the stress and friction contours on the joint
surface in the RS test for Cases RS-A, B, and C (Fig. 6b).
o was almost constant at around 5 MPa before (Fig. 7a)
and during (Figs. 7d and g) the shearing process with a
deviation of 2.9% compared with the maximum ¢. Before
applying the rotary force, no slip emerged (Fig. 7¢), and
the shear stress was close to 0 (Fig. 7b). Shear stress
heterogeneity existed during shearing (Figs. 7e and h).
Compared with Case RS-B for the stick phase, the
maximum shear stress dropped from 2.42 (Fig. 7¢) to 2.28
MPa (Fig. 7h) in Case RS-C for the slip phase.
Additionally, most interface elements change to a
dynamic condition with ¢4 = 20° in the slip phase.
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Fig. 7. Distributions of normal and shear stresses and friction
angles on the right joint interface in double direct shear tests for
Cases RS-A (a, b, ¢), RS-B (d, e, f), and RS-C (g, h, 1).



4. DISCUSSION

4.1. Stick-slip behavior

Numerical results have indicated significant stress
heterogeneity on smooth rock joints in all laboratory
setups. In all direct and inclined shear tests, a bowl-shaped
stress distribution with stress concentrations near the edge
could be observed along the shear direction (line MN in
each test). It agrees well with previous laboratory
measurements based on strain gauges (Wu & McLaskey
2019; Xu et al. 2019).

For the comparison between different laboratory shear
tests, normalized stress concentration coefficients for
normal Rnmax and shear Rsmax stress are estimated by

Omax

RNmax: - ( 1 )
?avg
max

RSmax: (2)
Tavg

Similarly, the ratios for the minimum normal Rnmin and
shear Rsmin stress on the rock joint are obtained by

O' .
RNmin: — (3)
o
R Smin™— — (4)
avg

where omax, Omin, Oavg are the maximum, minimum, and
average normal stress on the shear plane, respectively
while Tmax, Tmin, Tavg are the maximum, minimum, and
average shear stress. The calculated normal and shear
stress ratios for the three cases in each shear test are
presented in Fig. 8.
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Fig. 8. Ratio of the maximum and minimum stress to the
average stress in different laboratory shear tests: (a) Normal
stress and (b) Shear stress.

Before shearing, o distributed almost uniformly on the
joints in DS, TS, and RS tests. Once shearing starts,
significant stress heterogeneity occurred in the DS test for
both normal and shear stress. This is because the rotating
trend of the sliding rock (Petit 1988) caused high stress
concentration near the rotation edge (Fig. 2b). The normal
stress distribution in TS and RS can be regarded as
uniform while shear stress heterogeneity cannot be
ignored.

When changing from the stick phase to the slip phase, the
stress distribution on the rock joint becomes less uniform
with smaller stress ratios. It can be attributed to the release
of strain energy accumulated in the previous stick stage,
causing a decrease in stress, especially near highly stress-
concentrated edges. During stick-slip shear, such long-
term cycles of stress concentrations and releases may
induce dynamic damage to the smooth rock joints,
especially near the edges.

4.2.  Friction weakening

In numerical simulations, a simplified linear velocity
weakening friction law was applied to every gridpoint
(Fig. 1), and the local friction coefficient changed
accordingly after each calculation step. The configuration
differed from most previous laboratory tests, in which the
friction weakening behavior was analyzed based on the
loading velocity (Marone 1998) or average velocity on the
joints (Han et al. 2010). If the loading velocity is used as
a criterion in this study, the numerical cases with a
constant loading velocity throughout the shearing
procedure will theoretically not experience any velocity-
dependent weakening. The considered numerical
configuration can overcome the limitations. In the slip
phase, cumulative strain energy is released rapidly,
especially near highly stress-concentrated areas (Bedford
et al. 2022), causing an increase in local sliding velocity
and local friction weakening. Later, friction heals with
declining local sliding velocity, thus resulting in energy
accumulation and stress concentration (Marone 1998). It
is worth noting that slip weakening friction law was not
incorporated into the numerical simulations, but slip
weakening and healing behavior appeared, as shown in
Fig. 9.
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Fig. 9. Slip weakening and healing in DS tests.



4.3. Earthquake nucleation

Considering the simple linear velocity weakening model
(Fig. 1) used in the numerical simulations, the friction
angle can reflect the shear velocity at each gridpoint and
can be applied for earthquake nucleation analyses.
Different from previous laboratory or numerical
measurements with limited velocity data on only one or
two lateral sides (Xu et al. 2019), the two-dimensional
distribution of joint parameters including shear stress and
friction angle during rupture initiation and propagation
can be captured. Fig. 10 shows an example of the DS test.

t=-180 ms t=-150 ms t=-127.5ms t=-105 ms t=-82.5 ms

Fig. 10. Shear stress and friction angle distribution on the joint
surface during rupture initiation and propagation in DS tests. ¢
is the relative time, and # = 0 is when a complete joint rupture
occurs.

In the DS tests, the rupture initiated near the bottom of the
shear loading side, then propagated upwards, and finally
reached the right edge. Due to the limited joint dimension,
a complete rupture formed in this case (Wu & McLaskey
2019). Similar to previous laboratory observations
(Rubino et al. 2022), the shear stress dropped significantly
as the rupture front swiped through, especially near the
edges starting from 60 ms before the complete rupture.
Such rupture nucleation analyses have been conducted for
all the numerical simulations shown in Section 3, and
sound consistency between shear stress drop and rupture
tip propagation could be obtained.

5. CONCLUSION

Nonuniform stress distribution on rock discontinuities has
been widely reported in numerous laboratory shear tests
and can significantly influence shear behavior. However,
the effect of stress heterogeneity has not been specified in
most laboratory shear tests. In this paper, a series of
numerical simulations were conducted to investigate the
stress distributions in shear tests quantitatively. The
interior mechanisms between stress heterogeneity and the

shear behavior were then discussed. Some main findings
are summarized as follows.

(i) Numerical simulations for laboratory shear tests
demonstrated nonuniform normal and shear
stress distribution on the rock joints. The stresses
are concentrated near the edge of rock samples
during shear. More pronounced stress
heterogeneity could be observed in the DS test.

(i) The estimated average friction coefficient during
stick-slip shear was slightly higher than the
dynamic friction coefficient but lower than the
static friction coefficient.

@iy The local shear stress dropped significantly when
the rupture tip swiped through or in the following
slip phase during a stick-slip cycle, causing the
stress distribution to become less nonuniform.
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