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Abstract

:

Fault geometry plays important roles in the evolution of earthquake ruptures. Experimental studies on the spatiotemporal evolution of the ruptures of a fault with geometric bands are important for understanding the effects of the fault bend on the seismogenic process. However, the spatial sampling of the traditional point contact type sensors is quite low, which is unable to observe the detailed spatiotemporal evolution of ruptures. In this study, we use a high-speed camera combined with a digital image correlation (DIC) method to observe ruptures during stick-slip motions of a simulated bent fault. Meanwhile, strain gages were also used to test the results of the DIC method. Multiple cycles of the alternative propagation of ruptures between the two fault segments on the both sides of the fault bend were observed prior to the overall failure of the fault. Moreover, the slip velocity and rupture speed were observed getting higher during this process. These results indicate the repeated interactions between the ruptures and the fault bend prior to the overall instability of the fault, which distinguishes the effect of the fault bend from the effect of asperities in straight faults on the evolution of ruptures. In addition, improvement in the temporal sampling rate of the DIC measurement system may further help to unveil the rupture evolution during the overall instability in future.
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1. Introduction


The experimental study of the evolution of earthquake ruptures is of great significance for understanding the underlying physical process of earthquake preparation and occurrence. Geological surveys and field observation data showed that fault geometry plays important roles in the initiation and propagation of earthquake ruptures [1,2,3,4,5,6,7,8]. Numerical simulations analyzed the influences of the fault bend on the rupture process and the fault slip distribution, which revealed that the angle of the fault bend, the normal stress, and the loading mode play important roles in the initiation and propagation of the ruptures [9,10,11,12,13,14]. Specifically, the rupture zone and overall slip distribution on the fault are controlled by the angle of the fault bend, while rupture velocity and detailed slip distribution around the bend are influenced by time-dependent normal stress changes caused by the rupture [12]. The fault bend will serve as an initiation and/or a termination point for the rupture via reducing normal stress on the dilatational segment and increasing normal stress on the compressive segment of the bent fault during dynamic ruptures [11]. The angle of the fault bend and the sliding direction of a dip-slip bent fault control the time and location of the rupture nucleation [13]. In addition, the rupture process of the Chi-Chi earthquake [10,15], Landers earthquake [16], and İzmit earthquake [17] were reconstructed via numerical simulations to further reveal the mechanism of the influence of fault geometry on the earthquake rupture process using seismic and geodetic data combined with bent fault models.



Physical experiments have been carried out to study the rupture process and the evolution of the relevant physical fields of bent faults. It was observed that the two segments on each side of the fault bend became active alternatively during sliding, which implied that the fault bend plays a role of a valve during sliding [18]; a two-step rupture propagation process was observed prior to the overall instability of the fault. Namely, the dynamic rupture started on a fault segment is stopped near the fault bend, which is restarted near the bend on the other fault segment after a certain delay time and leads to the overall slip of the entire fault without being arrested by the presence of the fault bend [19]. The influence of fault bends on the growth of sub-Rayleigh and intersonic dynamic shear ruptures was also studied in the laboratory [20]. In addition, the changes and characteristics of the deformation fields before and after the instability of the bent faults were also studied in the laboratory [21,22,23,24].



From the above results based on experiments conducted in rock materials [18,19,21,22,23,24], alternative activities were observed between the two fault segments on both sides of the bend before the overall instability of the fault. Since these experimental results were obtained via point contact type observation methods, such as strain gages, the spatial sampling was quite sparse. As a result, the detailed spatiotemporal evolution of ruptures cannot be observed. Accordingly, at least two problems remain unclear: (1) Is there only one alternative propagation of ruptures between the two fault segments on both sides of the bend prior to the overall instability of the fault as proposed in [19]? (2) What is the characteristic of the ruptures during their alternative propagation between the two fault segments? The solution to the two problems depends on the observation of the detailed spatiotemporal evolution of the ruptures. Therefore, it is necessary to further study the rupture evolution of the bent fault using high spatiotemporal sampling observation methods.



An experimental study depends strongly on observations. Quantitative measurement of fault slip, slip velocity, and strain via intensive sampling in time and space is very important to reveal the detailed spatiotemporal evolution of fault ruptures. The observation methods for fault slip and deformation can be divided into contact type (such as resistance strain gages or displacement gages) and non-contact type (e.g., the digital image correlation method). The contact type observation requires the sensors to be in contact with the sample, while the non-contact type observation allows the sensor to be separated from the sample. The contact type sensor occupies a certain area, which limits the number of sensors used in measurement. For instance, only dozens of strain gages can be used to cover a fault of tens of centimeters long, which were usually used in previous experimental studies [18,19,21,22,23,24]. However, via the digital image correlation (DIC) method, thousands of pixels can be used by camera photography to observe the slip and deformation along a fault of equivalent length [25,26,27,28,29,30]. Therefore, compared with the contact type observation, the spatial sampling rate of the DIC method is dramatically higher. On the other hand, the measurement precision of the contact type sensor is usually higher than that of the non-contact type sensor. For example, the measurement precision of the strain gage can easily reach 1 µε (micro-strain) [23], which is difficult to achieve by the DIC method. Therefore, it will be effective and economical for measurements to comprehensively utilize the two types of observations via making their respective advantages and verifying the results of each other.



Thus, the DIC method combined with strain gages are used in this study to observe the detailed spatiotemporal evolution of ruptures along a bent fault.




2. Materials and Methods


2.1. Sample and Loading Conditions


Most of the devastating earthquakes are located in the upper crust, which has a granodioritic bulk composition [31]. Therefore, the use of the granodiorite as a sample to simulate the earthquake rupture process is representative. A granodiorite sample with size of 300 × 300 × 50 mm was cut through to form a bent fault. The fault surface was ground with a diamond wheel with a particle size of 150#. The roughness of the fault surface was ~100 µm before loading. The elastic modulus, Poisson’s ratio, and shear modulus of the sample were 60 GPa, 0.27, and 24 GPa, respectively, which were tested via a uniaxial press machine. As shown in Figure 1, the bend point divided the fault into two segments of equal length. The segment with a small angle (42.5°) from the direction of σ1 was referred to as segment SI, while the other segment with a larger angle (47.5°) from the direction of σ1 was referred to as segment SII. The angle between the two segments was 5°. The bend point was located on one diagonal of the sample and was offset 6.549 mm from the geometric center of the sample. Axis D coincides with the fault trace. The common origins of axes D, X, and Y were located at the bend point of the fault. The coordinates of segments SI and SII on axis D were negative and positive, respectively. During the experiment, the sample was placed in a horizontal biaxial hydraulic servo control loading apparatus for loading. The maximum load in each axis of the loading apparatus was 1000 kN. The range of the displacement rate of the piston in each axis of the loading apparatus was from 0.01 to 100 µm/s. In order to ensure that the loading system was stable and the loading process was not interrupted even in the case of stick-slip motion of the sample, and to produce the suitable stick-slip cycle durations for observation, we used the following loading mode. The loads along the X-direction and Y-direction were synchronously increased from 0 to 4.63 MPa, then the load along the X-direction was held constant at 4.63 MPa, while the Y-direction was transferred to a displacement rate control of 0.5, 0.1, and 0.05 µm/s successively to make the sample generate dextral stick-slip motions. The sample used in this experiment was a repetition of previous studies [23,24] and the loading procedure was also similar to previous studies [23,24]. The variations of the differential stress (σ1-σ2) applied to the end of the sample by the apparatus and the displacement of the piston of the loading end along the Y-direction (dy) with time in the experiment are shown in Figure 2. Each stress drop in Figure 2 corresponds to a stick-slip instability event of the fault. See our previous paper [25] for details on the loading system.




2.2. Digital Image Correlation Method to Observe Fault Slip


To improve the spatial sampling rate of the fault slip measurement, a high-speed camera (Photron Fastcam SA2, Japan) was used to capture images of the upper sample surface during three stick-slip events (E1, E2, and E3 in Figure 2). The recording duration of each event was 7.127 s. The sampling rate was 1000 frames per second. The resolution of each image was 1792 × 1792 pixels. The actual size of each pixel corresponding to the sample surface was 157.8 × 157.8 μm2. Since the images needed to be exported from the camera buffer to the computer (that takes 1 h or more depending on the data transfer rate of the equipment) after each recording to ensure the next acquisition could be performed, not all of the stick-slip events could be recorded. As a result, only three stick-slip events were recorded in the experiment. Since stick-slip events of similar recurrent periods occurred repeatedly in each loading rate as shown in Figure 2, the three recorded stick-slip events were representative for the events at the same loading rate.



The DIC method, which is an object recognition method based on pattern matching via a correlation algorithm in computer graphics [29,30,32,33,34], was used to process the images and calculate the displacement field of the upper sample surface. The region of interest (ROI), which is a rectangle zone covering the whole fault, was chosen to calculate the displacement field. The determination of the size of the subregion is as follows. The change of the correlation coefficient (CC) with the side length (R) of the square subregion used to calculate CC in the DIC method was tested and shown in Figure 3. CC decreased and remained unchanged before and after R reached 25 pixels, respectively. However, the standard deviations of CC decreased as R increased. Based on the principle of selecting the minimum R under the condition that the CC was sufficiently high via comprehensive consideration of the mean and standard deviation values of CC [26,28], R = 25 pixels was used to calculate the CC in the DIC method. The subregion was moved pixel by pixel in the calculated image when calculation was performed. All of the images were calculated with respect to the first image in each stick-slip event and, accordingly, the cumulative displacement field of the ROI was obtained. The threshold for determining whether a calculation result was reliable depended on the CC. Namely, the calculated displacement on a location was reliable when the CC in the location is larger than 0.99973, which was twice the standard deviation lower than the average value of CC at R = 25 shown in Figure 3.



Two bent lines on both sides of the fault (the red symmetric lines about the fault in Figure 1) were selected to calculate the fault slip. Each line was offset 5.839 mm from the fault, which made the fault not intersect the subregion with the center point located at the line and ensured the accuracy of the fault slip measurement [26,28]. The two bent lines each contained 1700 measuring points (pixels), of which 810 were in segment SI and 890 were in segment SII. The spacing between the measuring points was 0.214 mm. The two lines were symmetrically distributed with the fault. Each pair of symmetric measuring points from the two lines formed a fault slip gage. As a result, a total of 1700 fault slip gages with spacing of 0.214 mm were used to observe the detailed spatial distribution of the fault slip. The displacement error of the DIC method was ±5 µm, which was obtained under the condition that the sample was static without loading. Segmentation smoothing of the time series of the fault slip was performed to improve the measurement precision. See our previous papers [26,30] for the DIC method and data processing method used in this paper.




2.3. Strain Gage to Observe Shear Strain along the Fault


An array of 42 resistance strain gages were mounted along the fault on the bottom sample surface, which formed 14 strain gage groups, as shown in Figure 1. The strain gage groups were used to measure the shear strain along the fault and test the results derived from the DIC method. Each strain gage had a resistance grid of 3 × 5 mm with a resistance value of 120.1 ± 0.1 Ω. The sensitivity coefficient of the strain gage was 2.10 ± 1%. Data were acquired by a 96-channel strain acquisition system [21]. The analog-to-digital conversion, sampling rate, and observation error of the device was 16 bit, 100 Hz, and ±1.5 με, respectively. The angles between the three strain gages in each strain gage group and the measured fault segment were 0°, 45°, and 90°. Correspondingly, the offsets of the centers of the three gages from the measured fault segment were 5.0, 12.2, and 6.1 mm, respectively. The plane strain tensor could be obtained by each strain gage group (the specific method was described in previous studies [21,24]), and subsequently, the shear strain of the fault could be calculated.





3. Results


The results obtained from the DIC method show that the rupture process of the bent fault can be divided into two stages: an alternative propagation stage followed by an overall instability stage. The two stages were observed in all three recorded stick-slip events in the experiment.



3.1. The Alternative Propagation Stage


The alternative propagation of the rupture between the two fault segments prior to the overall instability of the fault can occur in multiple cycles. During the process, the rupture speed increases from several tens of mm/s to several tens of m/s. Meanwhile, the slip velocity within the rupture also grows from several µm/s to several mm/s. Although the rupture at this stage can propagate between the two fault segments, the rupture speed usually has a jump when the rupture propagates across the fault bend. This indicates the influence of the fault bend on the propagation of the rupture, especially when the slip velocity within the rupture is high as shown in Figure 4b, Figure 5c, and Figure 6b.



Two alternative propagation cycles of the rupture were observed in event E1, as shown in Figure 4. The first cycle began in segment SI and propagated to segment SII, as shown in Figure 4a. During this process, the rupture speed accelerated from 16 mm/s in segment SI to 151 mm/s in segment SII, and the slip velocity accelerated up to 3 µm/s. The rupture in the second cycle propagated in the opposite direction with respect to that in the first cycle, during which the rupture speed increased from 0.645 m/s in segment SII to 15 m/s in segment SI, and the slip velocity increased up to 200 µm/s, as shown in Figure 4b.



Three alternative propagation cycles of the rupture were observed in event E2, as shown in Figure 5. The rupture propagated from segment SI to segment SII in the first and the last cycles, as shown in Figure 5a,c, but propagated from segment SII to segment SI in the second cycle, as shown in Figure 5b. In the first cycle, only the propagation in the segment SII was observed. The rupture speed increased from 25 to 90 mm/s and the slip velocity increased up to 1.2 µm/s. During the second cycle, the rupture propagated from segment SII at a speed of 0.642 m/s to segment SI at a speed of 2.7 m/s. Meanwhile, the slip velocity increased up to 50 µm/s. In the last cycle, the rupture propagated from segment SI at a speed of 6.5 m/s to segment SII at a speed of 30 m/s and the slip velocity increased up to 1200 µm/s.



In event E3, there were also two alternative propagation cycles of the rupture, as shown in Figure 6, which initiated in segment SII and propagated to segment SI in the first cycle, as shown in Figure 6a, and propagated in the opposite direction in the second cycle, as shown in Figure 6b. During the first cycle, the rupture speed increased from 142 mm/s in segment SII to 270 mm/s in segment SI and the slip velocity accelerated up to 2.5 µm/s. While in the second cycle, the rupture speed increased from 0.128 m/s in segment SI to 13 m/s in segment SII and the slip velocity accelerated up to 500 µm/s.




3.2. The Overall Instability Stage


The overall instability stage immediately followed the alternative propagation stage, which was characterized by the almost uniform distribution of slip velocity along the whole fault, as shown in Figure 4c, Figure 5d, and Figure 6c. This indicates that the influence of the fault bend on the rupture propagation was weak in this stage. There were two distinct features at this stage compared with the alternative propagation stage: (1) the slip velocity at this stage was in the order of tens to hundreds of µm/s, as shown in Figure 4c, Figure 5d, and Figure 6c, which was lower than that in the last cycle of the alternative propagation stage, as shown in Figure 4b, Figure 5c, and Figure 6b. (2) The rupture speed in this stage was too high and beyond the observation capability of the high-speed camera due to the sampling rate of 1000 frames per second, and as a result, slip velocity contours were almost perpendicular to the time axis in Figure 4c, Figure 5d, and Figure 6c.





4. Discussion


4.1. Reliability Test of the DIC Method via Strain Gage Measurement


The above fault slip velocity measured by the DIC method spanned a wide range of at least 3 orders of magnitude, as shown in Figure 4, Figure 5, and Figure 6. Although the high slip velocity was easily observed by the DIC method with a high signal-noise ratio, the reliability of the observed low slip velocity needs to be tested, especially in the first cycle of the alternative propagation stage where the slip velocity can be as low as below 1 µm/s, as shown in Figure 4a, Figure 5a, and Figure 6a. Such a low slip velocity leads to a problem of whether the observed velocity was a fault slip or a strain buildup. To make it clear, a high precision measurement of the shear strain along the fault is necessary because local shear strain will drop as local instability occurs in the fault [35,36]. Therefore, we used the evolution of shear strain at the 14 locations along the fault to test whether the observed slip velocity in the first cycle of the alternative propagation stage, as shown in Figure 4a, Figure 5a, and Figure 6a, was a fault slip or a strain buildup. Since the sampling rate of the strain acquisition system was only 100 Hz, the shear strain measurement was unable to test the rupture in other cycles of the alternative propagation stage.



Figure 7 shows the evolution of the shear strain in a duration of 7 s covering the first cycle of the alternative propagation stage of the three stick-slip events. The subgraphs (a) and (b), (c) and (d), (e) and (f) in Figure 7 correspond to events E1, E2, and E3, respectively. The changes of the average shear strain in the whole fault, the segment SI, and the segment SII with time are shown on the left side of Figure 7. The changes of the shear strain of each strain gage group with time are shown on the right side of Figure 7. The red triangles in Figure 7a,c,e mark the turning points in the average shear strain of the fault segments. Figure 7a shows that the average shear strain in segment SI increased and decreased just before and after the red triangle (t ~ −2.8 s), respectively, while the average shear strain continuously increased in segment SII at the red triangle. These indicate that segment SI began to slip at t ~ −2.8 s. Figure 7b shows that the rupture initiated near group T1, of which the shear strain dropped first. These are consistent with the results observed in Figure 4a.



The two red triangles in Figure 7c show that the average shear strain in segment SII changed from ascending to descending at t~−2.8 s, while the average shear strain in segment SI changed from decreasing to rising at t~−2.4 s. This indicates that the rupture gradually shifted from segment SI to segment SII between t~−2.8 s and t~−2.4 s, which is consistent with the evolution of the rupture observed in Figure 5a.



The red triangle in Figure 7e shows that the average shear strain began to rise slowly in segment SI but decreased in segment SII after t~−3.1s, indicating that the rupture initiated in segment SII before it propagated to segment SI during this period. Figure 7f shows that the shear strain of group T11 dropped first, which indicates that the rupture initiated near group T11. These are consistent with the observations in Figure 6a.



The consistency of the observations between the strain gages and the DIC method indicates that the rupture evolution shown in Figure 4a, Figure 5a, and Figure 6a are reliable.




4.2. The Influences of the Fault Bend on the Rupture Propagation and Further Research


The previous experiments have observed the process of the alternative propagation of the rupture between the two fault segments on both sides of the fault bend [18,19,24]. The process that the rupture initiated at one segment was stopped at the fault bend and restarted after a time delay near the fault bend at another segment prior to the overall instability of the fault [19], which was similar to the last cycle of the alternative propagation stage in our experiment. However, more details of the alternative propagation of the rupture were observed in our experiment, especially the multiple cycles of the alternative propagation process, during which the rupture speed and slip velocity were increasing. This is owing to the high spatial sampling observation of the DIC method.



The boundaries of the slip velocity contours are perpendicular to the time axis in Figure 4c, Figure 5d, and Figure 6c, indicating that the rupture had a rapid propagation speed during the overall instability, which was beyond the recording capability of the high-speed camera with a sampling rate of 1000 frames per second. As a result, the rupture process during the overall instability of the fault could not be fully recorded. Thus, what we can discuss is the alternative propagation stage that was fully recorded. Previous studies have pointed out that the fault bend can serve as an initiation or termination for earthquake ruptures, e.g., [7]. The observed alternative propagation of the rupture in our experiment, as shown in Figure 4, Figure 5 and Figure 6, was also essentially influenced by the fault bend. Namely, the rupture initiated in one fault segment was hindered by the fault bend and accelerated before and after it propagated across the fault bend to another segment, respectively, as shown in Figure 4a,b, Figure 5a–c, and Figure 6a,b. This effect indicates the interaction between the fault bend and the rupture, which is similar to the effect that the asperities hinder and promote the rupture before and after the failure of the asperities in straight faults, respectively [25,35]. On the other hand, unlike straight faults where the failed asperities have been deformed and do not interact with the rupture in the same seismogenic process [25,35], a fault bend is a geometric structure of the fault and is accordingly difficult to be deformed by the rupture. As a result, the fault bend can interact with the rupture in multiple cycles during the same seismogenic process, which was observed in the alternative propagation stage in our experiment.



The process leading to the overall instability of the fault observed in the straight fault is usually accompanied with acceleration in rupture propagation and fault slip, e.g., [26,30,35]. However, this process of the bent fault observed in our experiment is different. Although the rupture accelerated continuously in trend, the slip velocity during the overall instability stage of the bent fault was slower than that in the last cycle of the alternative propagation stage, as shown in Figure 4, Figure 5, and Figure 6. Study of the mechanism of this phenomenon will be very important for further understanding of the conditions for the overall instability of the bent fault. We think that the observation of the detailed spatiotemporal evolution of the rupture propagation during the overall instability of the bent fault may help solve the problem. This depends on the improvement of the temporal sampling rate of the DIC observation system.





5. Conclusions


In this experiment, we used a high-speed camera combined with a DIC method to observe the rupture process of a bent fault with a 5° bending angle between its two segments under biaxial loading, which was also supported by the observation of strain gages. The results show that the evolution of the ruptures was composed of two stages: the alternative propagation between the two fault segments on both sides of the fault bend followed by the overall instability of the fault. Thanks to the dense spatial sampling of the DIC method, multiple alternative propagation cycles of the ruptures between the two fault segments with accelerating rupture speed and slip velocity were found prior to the overall instability of the fault, which indicate the repeated interactions between the ruptures and the fault bend prior to the overall instability of the fault.
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Figure 1. Experimental design. The field of view of the high-speed camera covers the entire sample surface. The D-axis coincides with the fault trace. The common origins of the D-, X-, and Y-axis coincide with the bend point of the fault. The fault is divided into segments SI and SII. The red lines on both sides of the fault are each composed of 1700 measuring points (pixels), which are symmetric with the fault and offset 5.839 mm from the fault. T1–T14 are the numbers of 14 strain gage groups mounted along the fault on the bottom sample surface. The inset pointing to the T5 strain gage group shows details of the arrangement of the three strain gages forming the strain gage group on the sample surface. The illustration on the right is an enlarged view of the fault slip gages in the dashed circle around the fault bend. The red solid circles are the measuring points (pixels) with a 5.839 mm offset from the fault. The green and blue dashed lines connecting the measuring points (corresponding to segments SI and SII, respectively) are auxiliary lines, indicating that the two connected measuring points are symmetrically distributed with respect to the fault and form a fault slip gage. The spacing of the fault slip gages in the same fault segment is 0.214 mm. 
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Figure 2. Variations of the differential stress (σ1-σ2) and piston displacement along the Y-axis (dy) with time (t). The inset is a magnified view of the black rectangular zone showing details of the stress drops during a loading rate of 0.5 µm/s. E1, E2, and E3 are the numbers of the stick-slip events indicated by the arrows, which are also the events observed by the high-speed camera. 
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Figure 3. Influence of the side length of the subregion (R) on the correlation coefficient (CC) during the calculation of the DIC method. Crosses denote the mean value of 1–CC, error bars indicate the standard deviations, and the cross and error bar in red correspond to the optimal subregion side length. 
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Figure 4. Spatiotemporal distribution of fault slips and slip velocity before and after the overall instability of event E1. The subgraphs on the left side show the change of the average slip of the whole fault (S), the segment SI (SI), and the segment SII (SII) with time. D = 0, D < 0, and D > 0 denote the fault bend point, the segment SI, and the segment SII, respectively. The subgraphs on the right side show the spatiotemporal distribution of the fault slip velocity (v). The black dotted arrows and numbers represent the directions and propagation speeds of ruptures, respectively. Note that the time span of the left subgraph is larger than that of the right subgraph in (a). The red triangle in the left subgraph in (a) denotes the beginning of the obvious slip velocity that can be observed; spatiotemporal evolution of slip velocity after which is shown in the right subgraph in (a). The time spans of the left and right subgraphs in (b,c) are consistent. The time axes from (a) to (c) are continuous. The common timing point of the data from the DIC method and strain gages is set zero for each stick-slip event. Accordingly, time before and after the common timing point is negative and positive, respectively. 
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Figure 5. Spatiotemporal distribution of fault slips and slip velocity before and after the overall instability of event E2. The time spans of the left and right subgraphs in (b–d) are consistent. The time axes from (a) to (d) are continuous. Other labels are the same as shown in Figure 4. 
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Figure 6. Spatiotemporal distribution of fault slips and slip velocity before and after the overall instability of event E3. The time axes from (a) to (c) are continuous. Labels are the same as shown in Figure 4. 
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Figure 7. Variations of the shear strain with time. (a–f) correspond to events E1, E2, and E3, respectively. (a,c,e) are the average shear strains in the whole fault (S), the segment SI (SI), and the segment SII (SII), respectively. The red triangles indicate the turning points in the trend of the average shear strain. (b,d,f) are the shear strains in each strain gage group. Groups T1–T7, which are mounted in the segment SI, are displayed with thick lines. Groups T8–T14, which are mounted in the segment SII, are displayed with thin lines. The common timing point of the data from the DIC method and strain gages is set zero for each stick-slip event. Accordingly, the time before and after the common timing point is negative and positive, respectively. 
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