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Abstract

:

The loading rate of tectonic stress is not constant during long-term geotectonic activity and significantly affects the earthquake nucleation and fault rupture process. However, the mechanism underlying the loading rate effect is still unclear. In this study, we conducted a series of experiments to explore the effect of the loading rate on earthquake nucleation and stick–slip characteristics. Through lab experiments, faults were biaxially loaded at varying rates to produce a series of earthquakes (stick–slip events). Both shear strain and fault displacement were monitored during these events. The findings indicate a substantial effect of the loading rate on the recurrence interval and the shear stress drop of these stick–slip events, with the recurrence interval inversely proportional to the loading rate. The peak friction of the fault also decreases with the increasing loading rate. Notably, prior to the dynamic rupture of earthquakes, there exists a stable nucleation phase where slip occurs in a quasi-static manner. The critical nucleation length, or the distance required before the dynamic rupture, diminishes with both the loading rate and normal stress. A theoretical model is introduced to rationalize these observations. However, the rupture velocity of these lab-simulated earthquakes showed no significant correlation with the loading rate. Overall, this study enhanced our comprehension of earthquake nucleation and rupture dynamics in diverse tectonic settings.
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1. Introduction


It has been widely accepted that stick–slip is the mechanism of shallow earthquakes [1]. A stick–slip cycle is usually divided into two stages (i.e., stick and slip). In the stick stage, the shear stress accumulates along the fault with the gradually increasing loading. Once the stress reaches the yield point, the fault will rupture dynamically, leading to a sudden release of the shear stress and rapid frictional sliding of the fault. This stage is called the slip stage. The study of stick–slip is crucial for understanding earthquake mechanisms and fault dynamics. Recent observations of stick–slip events in laboratory faults enabled us to obtain detailed knowledge of stick–slip behaviors and the rupture process of faults [2,3,4,5].



One of the most intriguing findings about stick–slip events confirmed by laboratory studies is that there is a stable nucleation phase preceding unstable dynamic ruptures. In this phase, the rupture zone expands slowly, and aseismic fault slip accumulates in this zone [5,6,7]. In a word, the earthquake nucleation phase represents the initial processes and interactions leading to the final earthquakes [5]. Generally, the earthquake nucleation phase is divided into two stages: (1) the quasi-static growth of rupture from the nucleus, (2) and the acceleration of rupture expansion until reaching the critical nucleation length. Reports exist of indirect observations concerning processes potentially associated with the nucleation phase of certain earthquakes [8,9,10]. Recently, the accelerated slip phase accompanied by a swarm of earthquakes was recognized weeks to months before major earthquakes [11,12]. Particularly, two slow slip transients propagating toward the epicenter of the 2011 Mw 9.0 Tohoku-Oki earthquake were believed to promote the occurrence of the mainshock [9]. Since the occurrence time and location of mainshocks are intimately related to the nucleation process [13], understanding the mechanism of earthquake nucleation is of great importance for earthquake prediction.



Over the past few decades, many efforts have been devoted to quantitatively characterizing the earthquake nucleation process, especially the factors controlling the critical nucleation length. Laboratory experiments [14,15,16,17] and numerical simulations [18] showed that the critical nucleation length scales inversely with the normal stress, which is consistent with the prediction from the theoretical model [19]. Another factor that may control the rupture behaviors of faults is the loading rate [20,21,22,23,24]. The loading rate of natural faults, typically determined through geodetic measurements, can be significantly influenced by the creep of adjacent segments along the fault system. This phenomenon can result in local loading rates that vary by order of magnitude compared to the overall tectonic loading rate, causing substantial differences in stress accumulation along the fault [25,26,27,28]. Some laboratory experiments and theoretical investigations showed that a higher loading rate contributes to a transition from stick–slip to stable slip [20,22,29,30,31]. On the contrary, some experimental results suggested that a higher loading rate may promote unstable slip [3,6,32] or favor ruptures with higher speed [33]. It was also suggested that the impact of loading rates on fault slip behaviors hinges on the fault’s proximity to a steady state. While typically higher rates drive faults away from steadiness, causing increased instability, in the context of stiff loading systems applying constant, high rates, faults are instead nudged toward a steady state, resulting in stable sliding [15]. This nuanced interaction underscores the complexity of fault responses in varying loading scenarios and surroundings [34].



Furthermore, the loading rate could also affect the nucleation process of earthquakes. An early laboratory experiment confirmed that the critical nucleation length decreases with the increase in the loading rate [6]. Specifically, the nucleation length decreases exponentially with the increase in the loading rate [35]. In addition, the spatial distribution of the nucleation zone is also influenced by the loading rate. At a high loading rate, the nucleation is concentrated in some specific locations, while the nucleation location is randomly scattered at a lower loading rate [35]. On the contrary, it was suggested that the initial rupture location tends to concentrate on the same patch at a low loading rate but is randomly distributed at a high loading rate [33]. Despite abundant field observations and laboratory investigations, the effect of the strain rate or the loading rate on the earthquake nucleation and rupture dynamics remains enigmatic.



In this study, we conducted highly constrained earthquake experiments, focusing on the influence of the loading rate on the earthquake nucleation and rupture dynamics. Through precise strain monitoring and high-speed photography, we monitored the spatial–temporal evolution of displacement fields. Our detailed analysis led to the development of an empirical model that integrates the effects of both the loading rate and the stress state, significantly enhancing our understanding of the earthquake nucleation process.




2. Materials and Methods


2.1. Fault Samples Acquisition


The fault sample was made of polymethyl methacrylate (PMMA), a commonly used material in laboratory investigations of earthquakes due to its low wave velocity, homogeneity, and tractability [35,36]. The physical properties of PMMA are shown in Table 1. As shown in Figure 1, the specimen is composed of two triangular PMMA plates. A frictional interface (700 × 20 mm) mimicking the fault was formed when the two plates were held together. The interface surfaces were polished to an overall roughness of less than 1 µm.




2.2. Experimental Setup


The configuration of the self-developed servo-controlled biaxial system is displayed in Figure 1. Four jacks were controlled independently, and the force was recorded at a sampling rate of 100 Hz, with an accuracy of 0.01 kN. In our experiments, the horizontal stress (σx) and vertical stress (σy) were simultaneously increased to 1 MPa at a rate of 0.01 MPa/s. Then, the stress state was held for 30 min to achieve a stable state. After that, the jacks in the vertical direction were instructed to move at a certain rate to load the fault while σx was held constant. With the successive increase in σy, a sequence of stick–slip events occurred on the fault in each run, at nearly constant recurrence intervals.



Figure 2 illustrates the typical displacement and load–time history curves obtained during the experiments. The curves demonstrate the system stability throughout the stress maintenance phase and the linear stress increasing during the loading phase, facilitated by the servo control system. Notably, a sequence of stick–slip events is evident. Each fault instability episode is marked by synchronous displacement in the y-direction platen (highlighted by the red line) and an abrupt, transient fluctuation in the x-direction load, which is promptly corrected by the biaxial press servo control to maintain the predetermined load. The shear stress (τ) and normal stress (σn) acting on the fault can be derived from the biaxial forces:


τ = (F2 − F1)/2A



(1)






σn = (F2 + F1)/2A



(2)




where F1 and F2 are the horizontal and vertical forces, respectively. A = 0.01 m2 is the lateral area of the sample. In this study, the fault was loaded at seven sets of rates, i.e., 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, and 3.5 µm/s. To suppress the effect of slip history, we cleansed the fault surface with water after each run.




2.3. Diagnostic Method


To probe the nucleation and rupture process of the laboratory earthquakes, we developed a monitoring method to simultaneously monitor the full-field displacement and the shear strain along the fault. Combining these two diagnostic methods facilitates the retrieval of accurate information about laboratory earthquakes.



2.3.1. Full Field Displacement


In this study, a Photron FASTCAM SA1.1 high-speed camera, with a capability to record at 50,000 frames per second (fps), was utilized to monitor the textured fault field of view (Figure 1). It possesses a buffer for 400 frames both before and after the trigger. The resolution at this speed stands at 1024 × 112 pixels, which translates to a physical domain of 330 × 36 mm. To quantitatively deduce the dynamic displacement during an earthquake simulated in the lab, digital image correlation (DIC) was used. Random speckle of monodispersed black dots was imprinted on a PMMA sheet’s surface, positioned orthogonally to the fault’s plane. DIC evaluations were calculated using the VIC-2D software version 6 by Correlation Solutions Inc., Irmo, SC, USA. by leveraging the “Fill Boundary” algorithm. This specific algorithm is adept at deciphering shear offsets at displacement discontinuities. For our calculations, a subset size of 21 × 21 pixels, approximately 10.25 mm, was selected with an incremental step of three pixels (approximately 1.5 mm). No averaging was conducted across multiple subsets, maintaining a consistent DIC parameter set that provided a holistic view of the displacement field for all experiments. Detailed error analysis can be found in a separate study [37].




2.3.2. Shear Strain


Seven groups of strain rosette were pasted along the fault on the back of the sample. These strain rosettes were located 1 mm away from the fault and spaced regularly, about 80 mm apart. The seismic wave was generated and propagated in the sample as stick–slip occurred, and the electrical signals were obtained by the ultrasonic sensor due to the piezoelectric effect when the seismic wave arrived. To avoid losing the small signal and ensure the signals are up to the trigger threshold of the high-speed camera and data acquisition system (DAQ), the electrical signals were amplified by 40 dB by the AE amplifiers. The signal sampling rate was set as 1 MHz, and the total recording duration was 8 ms, with the trigger point in the center of the duration. It should be noted that the electrical signals simultaneously triggered the DAQ and high-speed camera.





2.4. System Stiffness


Previous studies showed that the system’s stiffness significantly influences the stability of fault sliding [38]. A spectrum of fault slip behaviors can be produced by adjusting the stiffness, ranging from stable fault creep and slow slip events to unstable ruptures [38]. Unstable ruptures tend to occur if the system’s stiffness is reduced to a critical value [39]. In addition, a previous study estimated both the loading and unloading stiffness to pick data and to avoid the experimental result bias because of the unintentional variation in the system stiffness [33]. Thus, in this study, to isolate the loading rate effect on the fault slip behaviors, we needed to ensure that the loading and unloading stiffness of the loading system was independent of the loading rate.



2.4.1. Loading Stiffness


In this paper, the loading stiffness is defined as the ratio of vertical stress increment over vertical displacement increment. The vertical force fluctuates in the early stage of the loading stage; we thus selected the 50% data in the middle of the loading stage in the recurrence interval to calculate the loading stiffness of the upcoming stick–slip event (the red portion of Figure 3a,b). After counting the stiffness data of all the events (Figure 3c), we can discover that the loading stiffness at different loading rates is almost the same. We fitted the curve based on the data of the vertical stress increment and the vertical displacement increment as Δσy = 0.0103 ΔD and R2 = 0.99, and estimated that the macroscopic loading stiffness was 10.3 GPa/m. The results showed that the system runs consistently in the loading stage.




2.4.2. Unloading Stiffness


We summarized the relationship between the shear stress drop and fault displacement at different loading rates, as shown in Figure 4. The unloading stiffness of the system is defined as the stress drop corresponding to unit displacement, which is represented as the slope in Figure 4. The line slope corresponds to the macroscopic stiffness of the unloading system of 1.9 GPa/m. This result shows that the macroscopic stiffness of the system has a slight fluctuation under different conditions. Therefore, we can conclude that the system runs stably, and the loading rate has nearly no effect on the system loading and unloading stiffness. The experiment system can be used to research the loading rate effect on the nucleation mechanism and rupture dynamics.






3. Results


In this section, we first present the general mechanical results of the stick–slip events. Then, the results of the loading rate effects on the earthquake nucleation and rupture dynamics are presented.



3.1. Stick–Slip Events


Figure 5 shows the vertical stress (σy) as a function of time for seven sets of experiments with different loading rates. Each set of experiments is characterized by repeated stick–slip events, where the stress continuously accumulates during the interseismic “stick” stage and abruptly releases in the coseismic “slip” stage. After the first several runs, the stick–slip cycles gradually become periodic, with the recurrence interval nearly constant. This typical stick–slip behavior has been widely reported in previous experiments with various materials [21,23,33].




3.2. Effect of Loading Rate on the Features of Stick–Slip Events


3.2.1. Shortening in Recurrence Interval


The recurrence interval is defined as the time interval between the two adjacent stick–slip events, as illustrated in Figure 6a. The effect of the loading rate on the recurrence interval is shown in Figure 6b. The recurrence intervals decrease with the increase in the loading rate. Previous studies [22] showed that there is a power–law relationship between the recurrence interval and the loading rate:


TR = m (VL)n



(3)




where m is the scaling constant, and n is the power–law exponent. Importantly, n determines the time-dependent effect of frictional strength: n > −1 corresponds to the time-dependent weakening effect; n = −1 indicates that the static stress drop is not affected by the recurrence interval, and there is no time-dependent strengthening; n < −1 means the time-dependent strengthening of the fault strength [40]. For this work, the experimental results in Figure 6b are fitted as follows:


log TR = nlog VL + m



(4)







The n is fitted as −1.201, indicating a time-dependent strengthening of the fault strength. A recent study [23] found that n is equal to −1.252 through stick–slip experiments on granite blocks simulating a fault, which is similar to our results.




3.2.2. Static Friction


Figure 7a shows the ratio between the shear stress and the normal stress as a function of time in the stick–slip cycles. This ratio increases linearly with the time during the interseismic stage until it reaches its peak values (static friction, μp) and then drops sharply in the coseismic stage. We define the friction drop (∆μ) as the difference between the peak friction μp and the residual friction μmin, i.e., ∆μ = μp − μmin. Figure 7b describes the peak friction coefficient μp as a function of loading rate. Generally, the peak friction decreases with the increase in the loading rate, despite the scattering. An exponential function is used to fit the results:


µp = 0.048 VL−0.455 + 0.414



(5)







Figure 8 shows the static friction as a function of recurrence interval. The static friction increases with the logarithm of the recurrence interval, which is consistent with previous results [41,42]. This positive correlation between the static friction and the recurrence interval is also consistent with the time-dependent strengthening of the fault strength suggested by Equation (5). It has been proved that the time-dependent strengthening of the fault strength may arise from the increase in the real area of adhesive contacts with time, which may be due to the localized creep and the degradation of contact hardness [43]. Thus, a lower loading rate may allow for more development of the time-dependent inelastic behaviors of the contacts, leading to larger contact areas.




3.2.3. Stress Drop


The shear stress drop is closely related to the energy release of earthquakes and is one of the most important parameters of source process. Figure 9a describes the shear stress drop as a function of loading rate. With the increase in the loading rate, the shear stress drop decreases, and the relationship between the shear stress drop and the loading stress is fitted as Δτ = 0.294 VL−0.291. This trend is generally consistent with previous studies [20]. Figure 9b describes the friction drop ∆μ as a function of loading rate, and the curve can be expressed as Δµ = 0.101 VL−0.281 by fitting the data. For friction coefficient drop, it is observed that a lower loading rate guarantees a higher friction coefficient drop by analyzing both the macroscopic and local data [33], which is consistent with our result.





3.3. Effect of Loading Rate on Earthquake Nucleation Process


3.3.1. Basic Characteristics of Earthquake Nucleation


The high-speed photography and strain rosette are used to simultaneously monitor the full-field displacement field and the shear stress at multiple locations along the fault at different loading rates. Figure 10 collectively presents the spatiotemporal evolution of the fault slip and the history of the shear stress along the fault from the quasi-static nucleation to the dynamic coseismic rupture. Figure 11 shows the detailed spatiotemporal progression of the rupture fronts at a 0.5 µm/s loading rate. The red line represents a linear fit of the rupture points, with its slope indicating the inverse of the rupture propagation speed. It highlights the contrast between the fast dynamic propagation at 1908 m/s and the notably slower quasi-static progression within the critical length (LC), moving at an approximate 11 m/s—well under the S-wave velocity. In this stage, the shear stress in the nucleation zone is partially released, which may be due to the development of localized pre-slip [4,7]. Dynamic rupture occurs when the size nucleation zone attains a critical length (LC). In the dynamic rupture stage, ruptures always propagate bilaterally at a velocity approaching or even exceeding the S-wave velocity. The abrupt increase in the fault slip corresponds to the abrupt drop in the shear stress, indicating that both the displacement and the shear stress monitoring can disclose the transient rupture process. Previous studies clearly showed that the rupture process can be divided into three stages: quasi-static growth, acceleration, and dynamic rupture [7,14]. Our observations are generally consistent with previous studies.



In addition, we found that the nucleation phase is controlled by the loading rate. As the loading rate increases, the nucleation size gradually decreases. When the loading rate reaches 3.0 µm/s, the nucleation region cannot be observed in the observation system mentioned in this paper. The direct shear experiment based on meter-scale rocks found that the nucleation phase exists at slow (0.01 mm/s) and intermediate (0.1 mm/s) loading rates, while it disappears at a fast loading rate (1 mm/s) [33]. In addition, the relationship between the nucleation length and the loading rate through double shear experiments are studied using high-speed photography and strain rosette [35]. It was found that when the loading rate increased from 0.01 MPa/s to 6 MPa/s, the nucleation length was nearly three times shorter. It is considered that the loading rate affects the nucleation length by modifying the dimensionless variable Vθ/dc in the framework of the rate-and-state constitutive friction law. The minimum nucleation length observed in the experiment is 0.8 cm.




3.3.2. Critical Nucleation Length


The critical nucleation length of the laboratory earthquakes can be determined from the rupture front in Figure 11. Theoretically, critical nucleation length is related to the normal stress and frictional parameters [19]. As shown in Figure 12, the critical nucleation length decreases with the increase in the loading rate when the loading rate is lower than 3.0 µm/s, which is qualitatively consistent with Guérin-Marthe’s results [35]. This result suggests that it may be more difficult to identify the nucleation phase of earthquakes on faults with high loading rates than those with slow loading rates.



Previous studies explored the underlying mechanism of the loading rate influence on the nucleation size to some extent [33,35]. However, these interpretations were mainly based on qualitative analysis. In this study, we attempted to explain why the nucleation size depends on the loading rate in a quantitative manner. Assuming that the fault friction is governed by the slip-weakening law [44], the critical rupture length can be expressed as follows:


Lc = (1 + ν) · (τs − τd) · G · dc/π · (τ0 − τd)2



(6)




where ν is the Poisson’s ratio, G is the shear modulus, and dc is the critical slip distance; τs = µsσn and τd = µdσn are the static and dynamic friction strengths, respectively; and τ0 = µpσn is the initial friction strength.



From Figure 7b, we can see that the loading rate has an effect on the fault strength. It was found that the loading rate influences the sliding mode in a specific range of the normal stress [21]. It was also found that the shear stress drop decreases with the loading rate, and the sliding mode transforms from stick–slip to stable sliding when the loading rate reaches a critical value. This is partly due to the fact that a higher loading rate may prevent the action of adhesion forces on the interlocking asperities. According to the rate and state friction constitutive law, the change in the sliding velocity leads to the change in the coefficient of friction. Thus, we can assume that the loading rate affects the static friction coefficient (µs), and the relationship between µs and the loading rate has the same form as that in the rate-and-state friction constitutive law:


µs = aln(bVL)



(7)




where a and b are the constants. Equation (5) can be transformed as follows:


L = Lcσn = (1 + ν) · (µs − µd) · G · dc/π · (µp − µd)2

= (1 + ν) · (aln(bVL) − µd) · G · dc/π · (0.048 VL−0.455 + 0.414 − µd)2



(8)







Fitting the data in Figure 12 based on Equation (4) yields that a = −0.243, b = 0.156, µd = 0.16, dc = 19.6 µm, µp = 0.048 VL−0.455 + 0.414, and Δµ = 0.101 VL−0.281.




3.3.3. Nucleation Velocity and Duration of Nucleation Phase


Figure 13 shows the effect of the loading rate on the nucleation velocity and duration of the nucleation phase. In this work, the nucleation velocity is defined as the velocity that the nucleation zone expands at. We focus on cases with the loading rate below 3.0 µm/s because it is hard to observe the nucleation phase when the loading rate exceeds 3.0 µm/s. Our results show that the nucleation velocity decreases with the loading rate. Moreover, all the nucleation velocities are below 20 m/s, which is much lower than the S-wave velocity of the sample. The nucleation time varies with loading rate. Overall, a higher loading rate leads to a longer nucleation time. It is thus hard for us to catch the precursor of natural earthquakes because of the much lower loading rate of the tectonic stress.





3.4. Effect of Loading Rate on Rupture Velocity


Figure 14 shows the normalized rupture velocity at different loading rates. VS is the S-wave velocity of the sample. Rupture velocities are calculated from the shear strain recordings. There is no clear relationship between the rupture velocity and the loading rate from Figure 14. Furthermore, the rupture velocity is distributed in the range from about 0.4 VS (sub-Rayleigh wave rupture) to about 1.7 VS (super-shear wave rupture), except the forbidden zone (VR~VS). It is also found that the ruptures are all sub-Rayleigh events [35]. Moreover, one study proposed that the dynamic rupture velocity increases with the loading rate, and that the dynamic rupture velocity can exceed the shear velocity only at the fastest loading rate (1 mm/s in their work) [33]. The above results are different from our results, which may be due to the different loading ways and stress states.





4. Conclusions


In this work, we studied the characteristics of earthquake nucleation and rupture dynamics at different loading rates. Our findings unveiled several key relationships:




	
Recurrence intervals: As the loading rate increases, the recurrence intervals decrease. This suggests that at higher loading rates, faults require less time to accumulate the stress necessary for an earthquake, resulting in more frequent seismic events.



	
Frictional dynamics: The peak friction coefficient, the change in the friction coefficient, and the change rate of the friction coefficient decrease with the increasing loading rate. This could imply limited interactions between the fault surfaces at higher rates, potentially undermining the fault’s locking mechanisms.



	
Shear stress and energy release: The shear stress drop (or the relative shear stress drop) decreases with the loading rate, which indicates that seismic events at slower loading rates release a more significant portion of accumulated energy. A lower loading rate means a larger recurrence interval and thus longer holding time of the two contact surfaces. This may favor the strengthening of the fault.



	
Critical nucleation length: The critical nucleation length decreases with the loading rate. In simpler terms, higher tectonic activities can trigger earthquakes even in shorter fault segments. We propose a theoretical model to explain the loading rate dependence on the critical nucleation length.



	
Aseismic slip: Our findings revealed that during the initial stages of the nucleation phase, aseismic or stable slip is the only activity. As the process evolves, this slip shifts towards a cascading process. This observation aligns with the results from other studies [16]. However, a long-lasting question is whether the primary seismic event, or the mainshock, is genuinely initiated by this cascade-like sequence. Essentially, it is debated whether the mainshock is merely an amplified foreshock resulting from the rupture of a sufficiently large or weak segment which then propagates across the entire fault plane. Recent seismic data point to a similarity between small and large earthquakes [45], suggesting that this might indeed be the scenario.








To conclude, we demystified the effects of loading rates on key fault friction parameters, such as the static friction coefficient (µs), the dynamic friction coefficient (µd), and the critical slip distance (dc). These insights are invaluable for a comprehensive understanding of earthquake processes.
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Figure 1. Schematic diagram of the experimental settings. The experimental setup consists of a biaxial-loading apparatus, a fault model, a high-speed camera, a stress monitoring system, and a LED light. The fault plane is highlighted in green. The rectangular region (field of view) enclosing the fault is textured with speckle patterns, and the images of the field of view are taken by the high-speed camera. Shear strain near the fault is obtained by the strain rosette. 
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Figure 2. Typical time history curves for displacement and load during experimental runs. The black line denotes the vertical load, while the red line denotes the horizontal load. Displacements from the upper jack and bottom jack are represented by the blue and orange lines, respectively. 
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Figure 3. Temporal evolutions of (a) vertical stress and (b) vertical displacement; the red segments in (a,b) are used to calculate the loading stiffness presented in (c). (c) Vertical stress increment versus vertical displacement increment and the loading stiffness fitted by the data. Both stress and displacement are recorded from the loading machine. 
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Figure 4. Macroscopic shear stress drop–displacement curve at different loading rates. The black squares represent the shear stress drop at each fault slip. The blue and red lines represent the upper and lower limits of the stiffness fluctuation of the system, respectively. The inset shows the definition of shear stress drop and the fault slip defined as the fault displacement during a slip event. The fault slip is derived from DIC measurements. 
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Figure 5. Vertical stress evolution for faults at different loading rates. 
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Figure 6. (a) Shear stress versus time for the case with a loading rate of 0.5 µm/s, where TR is the recurrence interval of a stick–slip event. (b) TR as a function of loading rate. The dotted line is the fitted curve based on the data, while the solid line is the reference line with a slope of 1 which is used to distinguish whether the fault is strengthened or not. 
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Figure 7. (a) Friction coefficient–time curve defining the static friction (μp), the minimum friction (μmin), and the friction drop (∆μ). (b) Static friction (μp) as a function of loading rate. The light color symbols represent the actual value. The highlight color symbols are the mean values with a 95% confidence interval. The dotted line is the fitting curve based on the mean values at different loading rates. 
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Figure 8. Static friction versus recurrence interval. At a fixed loading rate, static friction rises logarithmically with recurrence intervals, consistent with the previous findings [41,42]. 






Figure 8. Static friction versus recurrence interval. At a fixed loading rate, static friction rises logarithmically with recurrence intervals, consistent with the previous findings [41,42].



[image: Applsci 13 12243 g008]







[image: Applsci 13 12243 g009] 





Figure 9. (a) Stress drop and (b) friction drop as functions of loading rate. The light color symbols represent the actual values. The highlight color symbols are the mean values with a 95% confidence interval. The dotted line is the fitting curve based on the mean values at different loading rates. 
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Figure 10. Evolution process of displacement field and strain during fault nucleation and rupture at loading rates of (a) 0.5 µm/s, (b) 1.0 µm/s, (c) 1.5 µm/s, (d) 2.0 µm/s, and (e) 2.5 µm/s. The nephogram is the location–time view of fault slip evolution; the purple curve represents the shear strain at the corresponding position. Time 0 means the trigger time of displacement and strain monitoring system. 
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Figure 11. Diagram illustrating the spatiotemporal distribution of rupture fronts, denoted by asterisk markers, at a loading rate of 0.5 µm/s. The red line provides a linear fit of these rupture points, with its slope signifying the reciprocal of the rupture propagation velocity. The chart distinguishes between the dynamic propagation at 1908 m/s and the more gradual quasi-static propagation with an approximate velocity of 11 m/s, notably below the S-wave velocity. 
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Figure 12. Nucleation lengths as a function of loading rate. The light color symbols represent the actual values. The dark color symbols are the mean values with a 95% confidence interval. The dotted line is the fitting curve based on the actual values at different loading rates and the theoretical model. 
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Figure 13. Nucleation (a) velocity and (b) time as functions of loading rate. The light color symbols represent the actual values. The highlight color symbols are the mean values with a 95% confidence interval. 
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Figure 14. Summary of relative velocity as a function of loading rate. Two dotted lines refer to the top (VS) and bottom (VR) limitations of the so-called “forbidden zone”. 
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Table 1. Properties of PMMA.
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	Properties
	Parameters





	Fault size
	700 × 20 mm



	Young’s modulus
	6.24 GPa



	Shear modulus
	2.4 GPa



	Fault surface roughness
	<1 µm



	P-wave velocity
	2.60 km/s



	S-wave velocity
	1.43 km/s



	Poisson’s ratio
	0.30
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