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An unload-induced direct-shear model for granular gouge friction
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The experimental study introduces an unload-induced direct-shear model to investigate the frictional
slip of a layer of simulated granular gouges induced by the combination of a decreasing normal stress
and a constant shear stress. A frictional equilibrium state of the gouge layer is initially established
under fixed normal and shear stresses. The normal stress is proposed to decrease at a constant un-
loading rate to induce the frictional slip of the gouge layer, and the shear stress is proposed to keep
a constant value during the test. A displacement meter and load cells synchronously measure the slip
displacement and the applied normal and shear stresses, respectively. The normal and shear stresses
sharply decrease with the frictional slip, owing to damage of gouge contacts. The frictional slip is
then gradually arrested with new formation of gouge contacts. A greater initial shear stress induces
larger normal and shear stress reductions and a smaller slip displacement. The strain energy stored
in the discontinuous system before the frictional slip is found to affect the slip displacement. The
advantages and the limitations of this model are discussed at the end. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4894207]

I. INTRODUCTION

Knowledge of the frictional slip of pre-existing rock dis-
continuities has evidently improved over the past 20 years.
Such knowledge has made great contributions in underground
excavation and in earthquake prediction. Many recent stud-
ies consider the frictional slip associated with changes of
slip rate and external stress. Acceleration and deceleration
of slip rate strongly affect the frictional resistance of rock
discontinuities.'™ Shear stress increase is commonly consid-
ered to induce the frictional slip of rock discontinuities un-
der a constant normal stress.*> The frictional slip of rock dis-
continuities also depends on a variable normal stress,® which
has, however, received less attention in previous studies. In
rock engineering, underground excavation perturbs an initial
stress equilibrium state of rock masses and reduces a tectonic
pressure applied to adjacent rocks, which may result in rock
collapse’ and in induced seismicity.® Our understanding of
the frictional slip of rock discontinuities induced by normal
stress reduction remains considerably inadequate. Questions
regarding the feasibility of rock discontinuity failure, espe-
cially how underground excavation increases the probability
of the frictional failure of rock discontinuities in adjacent rock
masses, remain unanswered.

Filling gouges may exist in all scales of rock disconti-
nuities and strongly influence the frictional responses of rock
discontinuities under static and dynamic shear loads. A dou-
ble direct-shear model has been popularly used to explore
the frictional properties of filling gouges under a static shear
load.” ' Wu and Zhao'' developed a dynamic-induced direct-
shear model to use an incident P-wave as a dynamic shear
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load to induce the frictional slip of a layer of simulated gran-
ular gouges. The innovative model was able to observe the
interaction between seismic wave radiation and frictional slip
triggering by recording body waves, slip displacement, and
external loads. The model used in this study was modified
from the dynamic-induced direct-shear model to simulate the
frictional slip of the gouge layer subjected to the combination
of a decreasing normal load and a constant shear load.

The triggering mechanism of the frictional slip on a
layer of granular gouges can be viewed from a microstructure
framework and an energy budget. Majmudar and Behringer'?
revealed that an inhomogeneous contact network (also called
stress chains) forms in granular media to support external
stresses. The frictional slip is triggered when stress chains
are broken in the media along the slip direction. After bro-
ken, stress chains tend to re-form and to re-distribute inter-
nal stresses.'> Ben-David er al.'* presented that the onset of
frictional slip is based on the dynamic fracture mechanics.'
When strain energy being released exceeds surface energy
required for crack extension (also called fracture energy), a
crack is introduced and expanded accompanied by energy re-
laxation. Crack arrest then occurs when released strain energy
decreases below fracture energy.

The objective of this study is to introduce an unload-
induced direct-shear model for the frictional slip on a layer
of simulated granular gouge. The experimental setup includes
a direct-shear configuration with the gouge layer, a normal
unloading system, a shear loading system, and a displacement
meter and load cells for displacement and load measurements,
respectively. The experimental results show the measured nor-
mal and shear stresses, the slip displacement, and the coeffi-
cient of friction of a typical direct-shear test. We also consider
the effect of initial shear stress on the frictional slip of the

© 2014 AIP Publishing LLC
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Steel frame

FIG. 1. Schematic view of the unload-induced direct-shear model and the arrangement of a displacement meter and load cells.

gouge layer. To the end, the advantages and the limitations of
this model are presented.

Il. EXPERIMENTAL SETUP

Figure 1 shows a schematic view of the unload-induced
direct-shear model. One short side of a fixed plate (size:
500 mm x 80 mm x 30 mm) contacted to the center part
of one long side of a moving plate (size: 1000 mm x 120 mm
x 30 mm) through a layer of simulated granular gouges (size:
80 mm x 30 mm x 2 mm). A servo-controlled normal stress
was applied to the other short side of the fixed plate. A steel
frame held the moving plate without the side connected to the
fixed plate. The steel frame was connected to the basement
through four NSK linear roller guiders. The maximum fric-
tional load of each roller guide was 8 N for a normal load up
to 10 kN, which was much smaller than that generated in the
gouge layer, and can thus be neglected. A hydraulic jack pro-
vided a constant shear stress to one short side of the moving
plate. Two lateral supports restricted the fixed plate bending
and allowed the fixed plate to move along the y axis.

The high-quality Dark Impala norite was used as the
rock medium. The saw-cut unpolished rock surface had a sur-
face roughness of ~5 um (rms). The Young’s modulus of
the rock material was 63.60 GPa and the shear modulus was
26.50 GPa. A layer of air-dry quartz sand in a particle size
range of 1-2 mm was used to simulate granular gouges. The
quartz sand was placed in a 2 mm pre-set gap between the
moving and fixed plates and was supported by a steel confin-
ing box. The box confined the upper and lower sides of the
gouge layer and kept the left and right sides open. Hence, the
frictional slip of the gouge layer was considered in the x—y
plane.

Figure 1 also shows the arrangement of a displacement
meter and load cells. A Philtec fiberoptic sensor was used as
the displacement meter to measure the relative displacement
of two plates. The displacement meter was fixed on the base-

ment and recorded the displacement of the moving plate along
the x axis. The laser target was placed at the center of the mov-
ing plate to show an average value of the slip displacement.
Two load cells were located at the loading points of the nor-
mal and shear stresses, respectively. The displacement sensor
and load cells were connected to a LabVIEW data acquisition
unit and were synchronously measured with a sampling rate
of 1000 Hz.

An Abaqus calculation simulated the direct-shear model
under the maximum allowable static normal and shear
stresses. Figure 2 shows shear stress distribution in two plates
and indicates that the shear zone at the end part of the mov-
ing plate induced by an initial shear stress of 2.000 MPa
has limited interaction with the shear zone at the center part
of the moving plate induced by an initial normal stress of
8.000 MPa. Hence, the shear stress at the loading side of the
moving plate can be considered to uniformly apply on the
gouge layer. Additionally, when we consider seismic wave
generation and propagation in the plates in the following
study, the long distance between the gouge layer and the plate
ends can avoid reflected waves from the plate ends that may
affect the slip initiation.

A normal stress and a shear stress were first applied on
the gouge layer and were kept constant before the test. During
the test, it is proposed that the shear stress remained constant,
and the normal stress was constantly decreased to induce the
frictional slip of the gouge layer. As shown in Fig. 3, the shear
stress is set as a constant value of 0.750 MPa before and dur-
ing the test. The normal stress is initially set as 4.000 MPa.
During the test, the normal stress is decreased at an unloading
rate of 0.455 MPa/s until the frictional slip.

lll. RESULTS AND DISCUSSION
A. Experimental results

Figure 4 shows that the measured normal and shear
stresses are largely different from the proposed normal and
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FIG. 2. Shear stress distribution in the plates under the maximum allowable normal and shear stresses (Unit: Pa).

shear stresses when the frictional slip occurs. At the begin-
ning, a frictional equilibrium state of the gouge layer is estab-
lished under the combination of a normal stress of 4.000 MPa
and a shear stress of 0.750 MPa. Before the onset of frictional
slip, the decreasing normal stress induces a slight reduction
of the shear stress from 0.750 MPa at 0.00 s to 0.675 MPa at
4.00 s. The frictional stress is equal to the applied shear stress.
The decreasing normal stress influences the sand compaction
state in the gouge layer, resulting in a gradual decrease of
the frictional stress between sand grains. Hence, the measured
shear stress slightly decreases with decreasing normal stress.
In the first slip event, the normal and shear stresses
sharply decrease at about 4.00 s (Fig. 4). The normal stress
decreases from 2.196 MPa at 4.00 s to 1.214 MPa at 4.10 s.
The shear stress reduction is from 0.675 MPa at 4.00 s to
0.320 MPa at 4.10 s. The normal and shear stress reductions

5 - T v T . T T T
—=— Normal stress
—a— Shear stress

Stress (MPa)

Time (s)

FIG. 3. Proposed decreasing normal stress and constant shear stress applied
on the gouge layer during the test.

are due to damage of sand contacts, which support external
stresses in the gouge layer.'> The shear stress reduction is
equal to the normal stress reduction multiplied by the coef-
ficient of friction. The shear stress reduction is, thus, smaller
than the normal stress reduction. The first slip event greatly
varies the sand compaction state, resulting in unloading rate
change of the normal stress after the slip event. Hence, we
consider the first slip event in this study.

Figure 5 shows the time response of slip displacement
during the test. In the first slip event, the slip displacement
suddenly jumps from 0.035 mm at 4.00 s to 5.475 mm at
4.10 s and to 7.020 mm at 4.20 s. The increase of the slip
displacement is due to detachment of sand contacts along the
slip direction. Meanwhile, based on an energy budget, elastic
strain energy stored in the gouge layer is rapidly released ac-
companied by damage of sand contacts, when strain energy

5 ¥ T ¥ T ¥ T v T
—=a— Normal stress
—e— Shear stress
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Time (s)

FIG. 4. Measured decreasing normal stress and constant shear stress applied
on the gouge layer during a typical test.
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FIG. 5. Time response of slip displacement of a typical test induced by a
decreasing normal stress and a constant shear stress.

being released exceeds fracture energy.'> The released energy
is gradually consumed during the frictional slip. The slip dis-
placement, thus, increases 5.440 mm in the first 0.10 s and
1.545 mm in the second 0.10 s. At the end, the frictional slip
is arrested when released strain energy is reduced below frac-
ture energy of newly formed sand contacts.

Figure 6 shows the coefficient of friction as a function of
slip displacement during the test. The coefficient of friction
is determined by the shear stress over the normal stress. At
the beginning, the coefficient of static friction increases to the
maximum value of ~0.30. This process takes the first 4 s and
has nearly no slip displacement along the gouge layer. The in-
crease of static friction is because the normal stress reduction
is larger than the shear stress reduction. During the frictional
slip, the coefficient of friction is oscillated around 0.27 and
is smaller than the coefficient of the maximum static friction.
The slip event is in a short duration, but exhibits a large slip
displacement. The oscillation of the coefficient of friction is
due to continuous change of sand contacts, e.g., detachment
and re-connection.
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FIG. 6. The coefficient of friction as a function of slip displacement of a
typical test.
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FIG. 7. Time responses of the coefficient of friction of three repeated tests
under the same loading condition.

Figure 7 shows the time responses of the coefficient of
friction from three repeated tests under the same loading con-
dition as the test above. The coefficient of friction is initially
0.19 and increases to about 0.30. In the three tests, the reduc-
tions of the coefficient of friction appear at about 4.00 s in the
first slip event. It shows the repeatability of the test and the
reliability of this model.

B. Effect of initial shear stress

Three initial shear stresses were considered, namely,
0.250 MPa (Case 1), 0.500 MPa (Case 2), and 0.750 MPa
(Case 3). The normal stress was set as the same initial value
of 4.000 MPa and the same unloading rate of 0.455 MPa/s, as
shown in Fig. 3.

Figure 8 shows the measured normal and shear stresses
under three initial shear stresses. A greater initial shear stress
induces larger normal and shear stress reductions. For case 1,
the normal stress is decreased from 0.620 MPa at 8.30 s to
0.226 MPa at 8.40 s, and the shear stress is decreased from
0.201 MPa to 0.020 MPa. For case 2, the normal stress is de-

5 T T T T T T T T
Normal stress  Shear stress
Case 1: ——4 MPa —=—0.25 MPa |
4 Case 2: —o0— 4 MPa —e—0.50 MPa |

Case 3: ——4 MPa —&— (.75 MPa

Stress (MPa)

Time (s)

FIG. 8. Measured normal and shear stresses applied on the gouge layer under
different initial shear stresses.
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FIG. 9. Time responses of slip displacement under different initial shear
stresses.

creased from 1.541 MPa at 5.66 s to 0.801 MPa at 5.76 s, and
the shear stress is decreased from 0.433 MPa to 0.210 MPa.
For case 3, the normal stress reduction is from 2.287 MPa
at 3.83 s to 1.200 MPa at 3.93 s, and the shear stress reduc-
tion is from 0.646 MPa to 0.342 MPa. The decreasing nor-
mal stress continuously reduces the frictional strength of the
gouge layer and induces the frictional slip when the frictional
strength becomes equal to or smaller than the initial shear
stress. A greater initial shear stress thus reaches the frictional
strength of the gouge layer at an earlier time, which remains
under a higher normal stress and in a denser compacted state.
Hence, damage of sand contacts consumes a greater amount
of strain energy, resulting in larger reductions of normal and
shear stresses.

Figure 9 shows the time responses of slip displacement
under three initial shear stresses. A greater initial shear stress
induces a smaller slip displacement. For case 1, the slip dis-
placement is 14.136 mm in the first slip event. For case 2,
the slip displacement is 10.810 mm. For case 3, the slip
displacement is 7.160 mm. This observation can be verified
by local shear deformation of the adjacent rock before the

Strain gauge

Granular gouges

Shear strain (xlO‘ﬁ)
N

Time (s)

FIG. 10. Local shear deformation of the adjacent rock before the frictional
slip.
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frictional slip. The local shear deformation was estimated
by a strain gauge group connected in a full shear bridge,'
which was placed at the fixed plate closed to the gouge layer
(Fig. 10 inset). As shown in Fig. 10, the unloading normal
stress causes the increase of local shear strain at the same in-
creasing rate. When the frictional slip induced by a greater
initial shear stress occurs at an earlier time, the shear defor-
mation of the adjacent rock remains in a lower strain level.
Hence, less strain energy can be released for the frictional slip
and results in a smaller slip displacement.

C. Advantages and limitations

The unload-induced direct-shear model simulates the
frictional slip on a layer of granular gouges under the
combination of a decreasing normal stress and a constant
shear stress. The advantages of this model include: (1) syn-
chronously observe normal and shear stress changes before
and during the frictional slip; (2) uniformly distribute the nor-
mal and shear loads applied on the gouge layer.

The limitations include: (1) owing to an inherent disad-
vantage of the direct-shear model, shear stress distribution
along the gouge layer is not uniform. A small torque caused
by the shear load is unable to eliminate and may affect the
experimental results to some extent;'! (2) the strength of rock
plates and the frictional load of roller guides limit the normal
stress applied on the gouge layer.

IV. CONCLUSION

This study introduces an unload-induced direct-shear
model to investigate the frictional slip on a layer of simulated
granular gouges. The gouge layer is initially in a frictional
equilibrium state under fixed shear and normal stresses. The
decreasing normal stress induces the frictional slip along the
gouge layer under a constant shear stress. The frictional slip is
initiated by sharp reductions of the normal and shear stresses.
Under the same normal stress unloading condition, the initial
shear stress strongly influences the frictional slip of the gouge
layer.

Although there are some limitations to be improved, this
model provides a possible solution to access the frictional slip
of rock discontinuities when underground excavation perturbs
an initial stress equilibrium state of rock masses and reduces
a tectonic pressure applied to adjacent rocks. The future study
will investigate the effects of initial value and unloading rate
of the normal stress on the frictional slip of the gouge layer
and will consider seismic wave generation and propagation in
the plates before and during the frictional slip.
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