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Abstract - In this study, we present the development of a new experimental setup composed of an analogue fault surrounded by paraffin 
oil-based gel, which allows us to simulate earthquake-like events in the laboratory. The apparatus is designed to test the possibility of 
mitigating earthquake-like instabilities using control theory. We present the physical properties of the paraffin oil-based gel as functions 
of strain rate, strain, and temperature. Our results show a linear relation between the stress and strain up to 30% shear strain, along with 
a low viscosity at high strain rate. Furthermore, we engineered the frictional properties of the analogue fault using 3D-printed patches 
placed along its surface. Finally, an experimental earthquake simulation, using the setup, demonstrates a sudden slip event within the gel, 
propagating at a speed between  𝑐𝑐𝑠𝑠 and √2 𝑐𝑐𝑠𝑠 , where  𝑐𝑐𝑠𝑠 represents the shear wave velocity of the gel, which is consistent with theoretical 
and previous experimental results. 
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1. Introduction 

Human activities can induce seismicity by injecting fluids into the Earth's crust, as observed in geothermal operations 
[1]. Recently, it has been demonstrated that modulating the fluid injection pressure using the mathematical theory of control 
is an effective strategy to mitigate earthquakes [2-5]. In this study, we present a new experimental setup designed to test the 
mathematical theory of control. It consists of an analogue fault surrounded by an elastic material, enabling us to study slip 
propagation. 

Analogue materials are often employed to scale down length and time parameters by several orders of magnitude to 
represent conditions of the earth's crust in the laboratory. This reduction in scale enables us to monitor experimental results 
more effectively and compare them with real-scale scenarios using appropriate scaling laws [6-8]. Various materials have 
been used as analogues to the earth's crust, including foam [9,10], visco-elastic gel [11,12], rubber [13,14], and polymers 
such as Homalite-100 [15,16] and PMMA [17,18]. In this work, we selected paraffin oil-based gel as our analogue material 
for the Earth's crust due to its low elasticity, enabling us to scale down the characteristic time of the experiment. Additionally, 
we characterized its mechanical properties. 

 
2. New experimental setup featuring a wedge with paraffin oil-based gel 

The experimental setup includes the gel contained within a mechanical apparatus, as depicted in Fig. 1. The mechanical 
apparatus consists of pin connected beams, two sliders that glide along the beams, and a top plate that is pin-connected to 
the sliders. The left beam is fixed to the support. The frictional interface between the gel and the top plate represents the 
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analogue fault, with the gel representing the surrounding rocks. The components of the mechanical apparatus are 3D printed 
using ABS material. 

 
Assuming the gel is incompressible, the system possesses only one degree of freedom. This degree of freedom is chosen 

to be the position of point A. Thus, by moving the left slider by an amount  , the material is subjected to a unique prescribed 
deformation as illustrated in Fig. 1. 

The interface separates two materials with significant difference in elastic properties. Such mismatch in the elastic prop-
erties profoundly influences rupture propagation. In a bimaterial interface, rupture can propagate bilaterally. The positive 
(negative) direction is defined as the direction where the stiffer material is in tension (compression). It has been theoretically 
demonstrated [19] and experimentally observed [11] that a rupture, propagating in the positive direction of a biomaterial 
interface with a significant mismatch in elastic properties, lies between the rupture wave speed of the soft material  𝑐𝑐𝑠𝑠 
and √2 𝑐𝑐𝑠𝑠. The rupture wave speed  is expressed as: 

 
,                                                                                                                                                  (1) 

 
where  is the density of the gel and G its shear modulus. 

To determine the expected range of rupture velocity, knowledge of the shear modulus of the materials is needed. In the 
following section, we will present the mechanical properties of the gel used in the experimental setup. 
 
3. Mechanical properties of the paraffin oil-based gel 
3.1. Theoretical Background 

In this section, we present a theoretical framework to understand the rheological behaviour of the paraffin oil-based gel, 
which was purchased from Candelis (density = 850 kg/m3), as well as the principles underlying experiments conducted with 
a rheometer. 

Gels usually exhibit a viscoelastic response, as shown in Fig. 1. The material’s characteristics are typically described 
using two moduli: the storage modulus  (related to elasticity) and the loss modulus  (related to viscosity), as further 
elaborated below. Various tests can be conducted to study the rheology of a viscoelastic material. In this study, we employ 
a rheometer, utilizing parallel plates where the gel is sandwiched between them. While the bottom plate remains stationary, 
the upper plate oscillates at controlled frequencies (see Fig. 2). Dynamic oscillatory tests are conducted to investigate the 
effects of strain amplitude, strain rate, and temperature on the material.  

Angular displacement is applied, and torque is measured to determine strain, strain rate, and shear stress. This enables 
the derivation of storage and loss moduli of the material. Let  represent the linear displacement at the edge of the sample 

 
Fig. 1: Left: Gel contained within the mechanical apparatus. Right: Sketch showing the deformation 

of the gel that results by moving the left slider by δA. 
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due to its rotation, with the sample edge located at radial distance , as illustrated in Fig. 2. A sinusoidal displacement s is 
applied, expressed as: 

 
,                                                                                                                                                         (2) 

 
where  is the amplitude of strain,  is the angular frequency,  is the time, and  is the depth of the sample (see Fig. 2). 
Consequently, the strain  at the edge of the sample is given by: 

 
.                                                                                                                                                      (3) 

 
Similarly, the shear stress  at the edge is determined by: 

 
.                                                                                                                                                 (4) 

  
Here,  is the amplitude of the shear stress, and 𝛿𝛿 is the phase shift, which arises due to the delay in response attributed to 
the viscosity of the material. If 𝛿𝛿 =  0, the material’s behavior can be described using Hooke’s Law; however, if  𝛿𝛿 =  𝜋𝜋/2, 
the material’s behavior can be represented using Newton’s Law of viscosity. For 0 <  𝛿𝛿 <  𝜋𝜋/2 , the material’s response can 
be characterized using the two moduli,  and , and Eq. 4 can be rewritten as follows: 

 
.                                                                                                                      (5) 

 
Furthermore, we can derive the norm of the complex modulus |𝐺𝐺∗| = 𝜏𝜏0/𝛾𝛾0, with 𝐺𝐺′ =  |𝐺𝐺∗| cos (𝛿𝛿) and 𝐺𝐺′′ =  |𝐺𝐺∗| sin (𝛿𝛿). 

If we consider the Kelvin-Voigt model, when a sinusoidal oscillatory force is applied, the stress 𝜏𝜏 can be expressed as: 

 
,                                                                                                                                 (6)

  
where  represents the shear modulus,  represents the dynamic viscosity, 𝛾𝛾 the shear strain, and 𝛾̇𝛾 the shear strain rate. By 
substituting  and  we obtain: 
 

.                                                                                                                         (7) 
 

By direct comparison to equation 5, we find 𝐺𝐺 = 𝐺𝐺′ and 𝜔𝜔 = 𝐺𝐺′′ . 
3.1. Results 

 
Fig. 2: Left: Sketch showing the gel sandwiched between the plates of the rheometer and exposed to oscillatory 

motion, along with a cross-section of the sample. Right: Strain in function of time developed at the edge of the sam-
ple and corresponding stress with phase shift due to the viscosity of the material. 
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Three different tests are performed. The first test involved varying the strain amplitude   from 10-3% to 300% while 
keeping the angular frequency constant at ten rad/s and the temperature at 20oC. In the second test, the strain amplitude was 
kept constant at 20%, the temperature equal to  20oC, and the frequency varied from 1 rad/s to 25 rad/s. Finally, in the third 
test, the temperature ranged from 9oC to 45oC, with the strain amplitude fixed at 20% and angular frequency at ten rad/s. The 
data are sampled at 3-second intervals. 

In Fig. 3(a), a linear relationship between stress and strain is observed within the 10-3% to 30% strain range. The ratio 
of stress to strain yields the norm of the complex modulus |𝐺𝐺∗| = 𝜏𝜏0/𝛾𝛾0 (Fig. 3 (b)).  By employing Eq. 5, we obtain  and 

. The stress at an angular frequency of 10 rad/s and a temperature of 20oC is given by: 
 

.                                                                                                        (8) 
 

Regarding the sensitivity to angular frequency, the results show a tendency for the storage modulus to increase slowly, 
with the logarithm of the frequency, while the viscosity is inversely proportional to the frequency (see Fig. 4(a)). 

The mechanical properties are sensitive to temperature, with a linear increase in  with temperature and an inverse 
cubic relationship in  with temperature (see Fig. 4(b)). The shear stress at 10 rad/s, for 20% strain amplitude, with temper-
ature varying from 9oC to 45o, can be described by the following interpolation: 

 

 
Fig. 3: a) Stress as a function of strain, b) norm of the complex modulus and phase angle as a function of strain, 

and c) both storage and loss moduli as functions of strain. The shaded blue area indicates the range of interest for the 
laboratory earthquake experiment. Error bars represent the minimum and maximum values of the readings, with val-

ues averaged from five measurements. 
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,                                                                                           (9) 
 
where 𝑇𝑇 is the temperature of the material. 

 
4. Slip propagation experiment using the gel 

The elastic energy in the gel as well as the shear stress at the frictional interface will increase due to the displacement of 
the slider by  until reaching a threshold where the frictional resistance in the analogue fault is overcome, initiating sliding 
between the gel and the top plate. The motion is either stable or unstable. Unstable sliding occurs if the frictional force  

at the fault falls faster than the elastic force from the gel such as: 
  

 ,                                                                                                                                                                (10) 
 

where 𝛿𝛿 is the slip distance between the gel and the top plate and 𝑘𝑘 = 𝛼𝛼𝛼𝛼/𝐿𝐿  represents the stiffness of the gel,  is the length 
of the fault,  is the shear modulus of the gel, and  is a constant of the order of unity [2]. 

The profile of the frictional interface was designed in order to meet the instability condition. Assuming Coulomb’s Law, 
the friction coefficient ( ) of an asperity is expressed as: 

  
,                                                                                                                                  (11) 

 
where  the inclination along the interface,  the basic friction angle, and  the normal force to the interface [20]. The 
basic friction angle is determined by the material properties and is derived from the friction coefficient of a smooth surface, 
as illustrated in Fig. 5. 

The designed profile for the experiment is shown in Fig. 6. The total length of the asperity measures 4mm, with a height 
of 0.6mm. The profile was 3D printed using ABS material, with a basic friction angle of  21.8 degrees. Using Eq. 12, we 
calculated the corresponding friction coefficient, which is plotted in Fig. 6. The friction coefficient starts at 1 and then de-
creases suddenly to 0.2. With this profile, the condition of instability referred in Eq. 10 is met, as evidenced by the abrupt 
change in stress.  

The frictional interface is discretized into 16 patches, with each patch containing the profile as presented in Fig. 7. 
Images are taken at 240 fps to measure the slip propagation, and then the position of the patches is tracked using the com-

 
Fig. 4: a) Average of five readings of storage and loss moduli as functions of angular frequency, and b) average of 

three readings of storage and loss moduli as functions of temperature. The shaded blue area indicates the range of interest 
for the laboratory earthquake experiment. Error bars represent the minimum and maximum values of the readings. 
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mercial software Tema by Image Systems Motion Analysis, Inc. In the experiment, the slip started from the left and propa-
gated to the right, as shown in Fig. 8. The slip propagated 5.48 cm in 3/240 seconds. This gives an average rupture speed of 
4.4m/s.  

To determine the mechanical properties during slip propagation, we utilize the relationship between linear velocity ( ) 
and angular frequency ( ), expressed as , where R is the radius of the sample used to characterize the gel (see Fig. 
2). With a linear velocity of 4.4m/s, the corresponding angular frequency is calculated as 220rad/s. At this angular frequency, 
the storage modulus is 10804 Pa, and the dynamic viscosity is 4.2 Pa.s/rad (see Fig. 4(a)). Therefore, we can consider that 
viscous effects are secondary during the slip. The measure average rupture speed in the positive direction is between 𝑐𝑐𝑠𝑠 
and √2 𝑐𝑐𝑠𝑠, where 𝑐𝑐𝑠𝑠 = �𝐺𝐺/𝜌𝜌 = 3.4 m/s, consistent with theoretical results [19] and experimental observations [11]. 

 
  

 
Fig. 5: Left: Frictional interface with a smooth surface. Right: Frictional interface with asperity inclination. 

 
Fig. 7: Left: Profile of the designed asperity as function of horizontal position. Right: Friction coefficient 

as function of horizontal position.  

 
Fig. 6: Image showing the printed asperities along the frictional interface. 
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5. Conclusion 
In this study, we have presented a new laboratory earthquake setup composed of an interface with specified roughness 

surrounded by paraffin oil-based gel in the bulk. The soft gel was chosen to reduce the characteristic time of dynamic insta-
bilities. The interface was engineered to meet the condition of instability, thereby  simulating earthquake-like events in the 
laboratory. We experimentally characterized the mechanical properties of paraffin oil-based gel. The tests performed showed 
a linear relation between the stress and strain for strain amplitude between 10-3% and 30%, with storage modulus 
=9992.28±48.15Pa and = 712.02±33.75Pa, at 20oC and =10 rad/s. The storage modulus increases logarithmically with 
the angular frequency, but is inversely cubic with temperature. The viscous term is inversely proportional to the angular 
frequency, but increases linearly with temperature. To demonstrate the capabilities of the setup, an experiment was performed 
using the apparatus to simulate an earthquake, and the rupture propagation speed was measured using particle tracking ve-
locimetry. The rupture propagates at a speed between the rupture wave speed of the soft material 𝑐𝑐𝑠𝑠 and √2 𝑐𝑐𝑠𝑠 in the positive 
direction, as expected, based on previous theoretical estimates and experimental observations. Viscosity effects were found 
to be secondary during an instability. In future work, the effective stress will be modulated over the analogue fault using the 
control theory [2-5] to mitigate instabilities and achieve controlled slip rates. 
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