
1. INTRODUCTION 
Fault gouge is crushed and ground-up rock produced by 
friction between the two sides when a fault moves (Scholz, 
2019). Most natural faults are filled with fault gouge of 
various grain sizes depending on their stress and slip 
history. The frictional behavior of fault gouge controls the 
response of the fault formation to natural and industrial 
activities such as tectonic movements, groundwater level 
change, oil and gas production, water injection, and CO2 
storage (National Research Council, 2013). These 
responses could be aseismic or seismic, with various 
magnitudes of events. Therefore, it is important to 
understand the physical mechanisms controlling the fluid-
injection-induced seismicity in the fault filled with gouge. 

There are many experimental and theoretical studies on 
the seismic behavior of faults (Marone, 1998). The focus 
of the study has gradually shifted from studying the rate-
and-state friction of the gouge material itself to studying 
the gouge with its mechanical and flow boundary 
conditions as a system (Marone et al., 1990; Linker and 
Dieterich, 1992; Segall and Rice, 1995; Ikari et al., 2009; 
Ougier‐Simonin and Zhu, 2013; French et al., 2016; 
Leeman et al., 2016; Scuderi et al., 2017; Scuderi and 
Collettini, 2018, Cappa et al., 2019; Im et al., 2020; Wang 
et al., 2020a, 2020b). The experimental system has also 
evolved from simple two-axis mechanical control and 
measurements to the coupling with controlled shear 
stiffness, controlled pore pressure, and acoustic emission 
(AE) measurements. These studies provide valuable 

insights into the seismic and aseismic behavior of fault 
gouge coupled with fluid.  

Most of the studies mentioned above use either a triaxial 
system or a double shear system for the experimental 
research, which have a limited amount of slip distance. In 
addition, recent theoretical studies pointed out the 
importance of the pressurization rate on the seismic 
behavior of fault gouge, which few experimental studies 
covered.  

Here we aim to overcome limitations in the amount of slip 
that can be achieved in triaxial shear and double shear 
systems. To do so, we designed a novel experimental 
setup configured as a ring shear apparatus to enable large 
shear strain, normal stress and pore pressure control, AE 
measurements and visual observations (Section 2). We 
conducted friction tests on dry and fluid-saturated gouge 
to characterize the frictional behavior of the gouge 
material. By adding a controlled shear stiffness (a torsion 
spring), we studied the stick-slip behavior of fault gouge 
with AE measurements (Section 3). We then used this 
system to study the effect of pressurization rates on the 
induced fault slip and seismicity (Section 4). Our 
experimental results are capable of quantitatively 
reproducing the main statistical laws describing 
seismicity. The results also provide qualitative 
experimental validation to the recent study on the 
pressurization rate dependence of fault slip: for the same 
amount of injected volume, lower injection rate builds up 
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lower pore pressure, and triggers less slip and less seismic 
events. 

2. MATERIAL AND EXPERIMENTAL 
METHODS 
2.1. Gouge Material 
Soda-lime glass beads are used as an analog material to 
model the frictional behavior of fault gouge 
experimentally. As discussed by Dieterich and Kilgore 
(1994), soda-lime glass exhibits rate and state friction 
behavior similar to natural gouge materials, for example, 
granite gouge, but under lower normal stress than most 
rocks. Soda-lime glass spheres with a 50-micron median 
size were used in the experiments.  

2.2. Experimental Setup 
A computer-controlled ring share apparatus was designed 
and built in the Juanes Research Group at MIT. Figure 1 
shows the detailed design of the ring shear apparatus. A 
rotation state is used to provide the driving force to the 
base of the ring shear. This rotation stage is controlled by 
a computer for accurate movement. The gouge material is 
filled in the groove of the base and sheared between the 
top ring and the groove base. The top ring is coupled with 
a torque-force sensor to measure normal and shear 
stresses. The rotation of the top ring is measured by a 
string pot with the string wound on a roller coupled with 
the torsion spring. The torsion spring provides controlled 
shear stiffness for the system. As discussed by Marone 
(1998), frictional stability should be studied as a system 
behavior, of which the stiffness of the system is a control 
variable. The other end of the torsion spring is connected 
to a load platen, which provides constant normal stress to 
the gouge material.  

 
Fig. 1. Detailed design of the ring shear apparatus 

This ring shear apparatus, comparing with the often-seen 
triaxial or double shear systems, has the advantage of 
having infinite slip distance. In addition, the apparatus is 
able to provide normal stress control, pore pressure 

control, AE measurement, stiffness control, and visual 
observation.  

The top ring has an inner radius (R1) of 4.44 cm and an 
outer radius (R2) of 6.35 cm. Thus, the area of the gouge 
under normal force (Fn) is: 

𝐴 = 𝜋(𝑅!! − 𝑅"!)                             (1) 

The normal stress can be calculated as: 
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The conversion from angular displacement to linear 
displacement is based on the average radius (𝑅) ). For 
example, the linear slip rate (𝑣.) can be calculated from 
the angular velocity (𝜔) as: 

𝑣. = 𝜔 ∙ 𝑅)                                 (4) 

The measured torque (M) is an areal integration of the 
shear stress in the gouge. Assuming the shear stress (t) is 
uniform in the gouge material, then the torque can be 
calculated as: 
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Thus, the shear stress is calculated as: 
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The results of the friction tests are presented using friction 
coefficient (µ) for stable slip and normalized shear stress 
(t/sn) for stick-slip. The difference between these two 
parameters is that µ does not have an inertia term, but t/sn 
does. However, they are both calculated by dividing the 
shear stress by the normal stress, as discussed by Im et al. 
(2020). 

  
Fig. 2. Experimental setup for a ring shear test with pore 

pressure control and AE measurement 

The experimental setup for a ring shear test with pore 
pressure control and AE measurement is shown in Fig. 2.  



The computer on the right-side controls and monitors the 
rotation of the base, and the rate of injected volume. It 
monitors the normal stress, shear stress, top ring rotation, 
top ring axial displacement, inlet pressure and outlet 
pressure. AE is measured with eight AE sensors around 
the top ring (Fig. 3) and the data is recorded on a dedicated 
AE data acquisition system, as shown on the left side of 
Fig. 2.  

The position of the eight AE sensors and the flow ports 
are shown in Fig. 3. The AE sensors are attached with hot 
glue counterclockwise around the top ring. There are in 
total six fluid ports, two of which are used as inlets 
connecting to the injection pump. A pressure sensor P1 is 
installed near one of the inlets to monitor the inlet 
pressure. Another two ports are used as outlets, with a 
pressure sensor P2 monitoring the outlet pressure.  

 
Fig. 3. Top view of the top ring with AE sensors (AE1-AE8), 
pore pressure sensors (P1 and P2), fluid- inlets and outlets. 

3. FRICTION TESTS  
3.1. Friction Tests with Dry and Fluid-Saturated 

Gouge 
The gouge material was tested under dry- and wet (fluid-
saturated) conditions in the ring shear apparatus to 
measure its friction coefficient. The test was done by 
removing the torsion spring and locking the shear 
stiffness control mechanism. With this significantly high 
stiffness of the system, the stable slip occurs during the 
tests. The measured friction coefficients under different 
normal stresses are summarized in Fig. 4.  

 
Fig. 4. Friction coefficient of the dry and fluid-saturated 

gouge. 

The dynamic friction coefficient of the gouge is around 
0.4, with some variations due to the normal stress. The 
fluid-saturated gouge has bigger variations in different 
tests because of the presence of water.  

3.2. Friction Tests with Controlled Shear Stiffness 
Friction tests are conducted to study the behavior of the 
fault gouge with controlled shear stiffness (torsion spring). 
Fig. 5 shows a friction test using the ring shear apparatus 
with AE measurements. In this test, the base rotates 540° 
at 1°/s rate. This corresponds to a linear shear loading rate 
of 1 mm/s. The torsion spring has a stiffness of 40 in-
lb/90°, which is equivalent to 1 N/mm linear spring 
stiffness. The normal stress in the ring shear test is kept at 
60 kPa for this test. The shear stress normalized by the 
normal stress is plotted with the blue line, while each AE 
event picked up by the AE sensors is plotted with red dots 
in Fig. 5.  

 
Fig. 5. Measured normalized shear stress and acoustic 
amplitude. 

Because of the relatively low stiffness of the spring, the 
system shows stick-slip behavior. In the first 100 s, there 
is no slip occurring in the gouge material, so the base 
rotates and loads the torsion spring, as shown by the 
linearly increasing shear stress in Fig. 5. Then, the gouge 
material starts to slip, inducing the sudden drops in the 
shear stress and AE events. Larger slips induce greater 



shear stress drops. The larger slips are also associated 
with more AE events with higher amplitudes. 

4. FLUID INJECTION INDUCED FAULT SLIP 
To study fluid injection induced fault slip, the ring shear 
tests are conducted by first loading the gouge to its critical 
state before slip occurs, then injecting fluid to trigger slips. 
These experimental processes mimic the case when faults 
are stressed by tectonic movement, then triggered by fluid 
injection. All three tests use a constant normal stress of 60 
kPa. Each test injects with a constant flow rate (1.1 
mL/min, 2.2 mL/min, 3.3 mL/min). 7.4 mL water is 
injected into the gouge, which is about 30% of the pore 
volume. A metering valve is used at the outlet to control 
the pressure dissipation at the outlet. The metering valve 
provides a constant hydraulic resistance to mimic the pore 
pressure dissipation in the gouge material.  

Fig. 6 summarizes the results of the three tests. The gouge 
is loaded to its critical state, which corresponds to the 
shear stress of around 40 kPa. When the injection starts, 
the inlet and outlet pore pressures increase. Due to the 
high permeability of the gouge material, the inlet- and 
outlet pressures are very close. As the pore pressure 
increases, the slip is triggered and the shear stress drops. 
The stored elastic energy in the torsion spring then 
converts to frictional work and radiant seismic energy. 
The radiant energy is captured by the AE sensors, as 
shown by the AE events in Figure 6. After the injection, 
the pore pressure dissipates, following an exponential 
curve.  

 
Fig. 6. Fluid injection induced fault slip. 

The three tests show that for the same amount of fluid 
injection, a lower injection rate builds up lower pore 
pressure, and triggers less slip and fewer AE events. Most 
of the slips occur when the pressure is ramping up, 
showing a pressurization rate dependence. This is in-line 
with the theoretical predictions by Alghannam and Juanes 
(2020). 



 
Fig. 7. Summary of the AE events. 

The AE events for the three tests are summarized in Fig. 
7. The distribution of the AE events is similar to the 
Gutenberg–Richter (GR) law. However, the curves have 
a more gradual slope near the high magnitude side, 
indicating that the seismicity induced by fluid injection 
proportionally has fewer high magnitude events 
comparing with the prediction of the GR law.  

5. CONCLUSIONS 

We study the seismic behavior of fault gouge induced by 
fluid injection experimentally with a novel ring shear 
apparatus. This ring shear apparatus facilitates large shear 
strain, shear load stiffness control, normal stress and pore 
pressure control, and AE measurement. We use fine soda-
lime spheres (~ 50 microns) as analog material for 
weakly-consolidated fault gouge. We studied the friction 
behavior of dry and fluid-saturated gouge. By adding a 
controlled shear stiffness, we studied the stick-slip 
behavior of the fault gouge. These tests showed that the 
ring shear apparatus is capable of reproducing the friction 
behaviors found by using triaxial shear tests and double 
shear tests.  

To study the seismic behavior of fault gouge induced by 
fluid injection, we first load the gouge material to its 
critical state with the shear load stiffness controlled by a 
torsion spring. The fluid is injected with different 
pressurization rates to induce slip in the gouge. The 
results share many similarities with induced earthquakes, 
and shed light into how the pressurization rates affect the 
slip dynamics: for the same amount of fluid injection, a 
lower injection rate builds up less pore pressure and 
triggers less slip and fewer AE events. Most of the slips 
occur when the pressure is ramping up, showing a 
pressurization rate dependence. The experimental results 
provide qualitative validation to the recent study on the 

pressurization rate dependence of fault slip, and the basis 
for novel constitutive modeling of fault friction. 
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