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High time-resolved studies of stick–slip show similar dilatancy 
to fast and slow earthquakes
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Fast and slow earthquakes are two modes of energy release by the slip in tectonic fault 
rupture. Although fast and slow slips were observed in the laboratory stick–slip exper-
iments, due to the sampling rate limitation, the details of the fault thickness variation 
were poorly understood. Especially, why a single fault would show different modes of 
slip remains elusive. Herein, we report on ring shear experiments with an ultrahigh 
sampling rate (10 MHz) that illuminate the different physical processes between fast 
and slow slip events. We show that the duration of slips ranged from dozens to hundreds 
of milliseconds. Fast slip events are characterized by continuous large-amplitude AE 
(acoustic emission) and somewhat intricate variation of the sample thickness: A short 
compaction pulse during the rapid release of stress is followed by dilation and vibrations 
of the sample thickness. As the slip ends, the thickness of the sample first recovers by 
slow compaction and then dilates again before nucleation of the following slip event. In 
contrast, during slow slip events, the shear stress reduction is accompanied by intermit-
tent bursts of low-amplitude AE and sample dilation. We observed the detailed thickness 
variation during slips and found that dilation occurs during both fast and slow slips, 
which is consistent with natural observations of coseismic dilatation. This study may 
be used to reveal the mechanism of fault slips during fast and slow earthquakes, which 
explain the potential effect of fast and slow slips on stress redistribution and structural 
rearrangement in faults.

fast and slow earthquake | coseismic dilation | stick—slip | acoustic emission | granular materials

Fast earthquakes and slow earthquakes are two modes of tectonic fault slip with different 
energy release durations (1). Fast earthquakes are often accompanied by catastrophic 
ground motion, causing a serious disaster (2, 3). While fast earthquakes are conventional 
fast tectonic fault earthquakes with catastrophic slip failure (1, 3), earthquakes with slow 
slip failure that last several hours to months have also been observed in the field, such as 
low-frequency earthquakes and slow slip earthquakes (4–8). Although slow earthquakes 
do not cause catastrophic ground motion, their process of slow stress release may play 
roles in stress transfer and stress redistribution in faults, potentially triggering fast earth-
quakes (8–11). Fast earthquakes and slow earthquakes have been frequently observed 
in situ, but field seismic studies are difficult to carry out. Fault stick–slip is a possible 
significant mechanism for earthquakes (2). Many laboratory earthquake simulations have 
studied the mechanism of fast and slow slip events with physical stick–slip experiments 
(3, 12–17) and numerical simulations (1, 18, 19). Recent observations suggest that fast 
and slow slip modes were mainly controlled by the interplay of fault frictional properties, 
effective normal stress, and the elastic stiffness of the surrounding material (16). The 
velocity dependence of the frictional rate parameter and critical slip distance also play an 
important role in the mode of slip (17). However, why fast earthquakes and slow earth-
quakes would occur in the same fault is still difficult to understand (1). Fast and slow 
earthquakes may obey different scaling laws, and this scaling behavior demonstrates that 
fast and slow earthquakes can be thought of as different manifestations of the same fault 
motion phenomena (20), which would indicate that these slow earthquakes are governed 
by fundamentally different mechanisms than fast earthquakes (17). The stick–slip exper-
iments of granular materials have been carried out (13–17), there has never been a syn-
chronous ultrahigh speed acquisition experiment. Due to sampling rate limitations, it is 
difficult to capture the high-resolution granular fault thickness variation process of fast-slip 
and slow-slip events and analyze their detailed physical mechanisms. In previous laboratory 
studies, it was observed that granular fault compacts during fast-slip events and dilates 
during the stick process (13, 21–24). Instead, the granular fault dilates during the fast-slip 
events were observed by one laboratory experiment (25) and molecular dynamics simu-
lations (26, 27). It is still a puzzle about whether the sample thickness is dilated or 
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compacted during the fast slips (22, 25), and there is basically no 
conclusion on the mechanism of slow slips. A general physical 
mechanism of fast and slow slip modes remains enigmatic (4–6). 
Stress changes due to the earthquake slip, both dynamic and static, 
have long been thought to cause dilatancy in the fault zone that 
recovers (compaction) after the earthquake (28–30). The dilation 
of the fault zone during co-seismic slip in the 2019 Ridgecrest 
earthquakes has been directly observed by analyzing co-seismic 
strain tensors (28). Previously, this type of dilatancy had only been 
inferred through post-seismic analysis (29, 30). High temporal 
resolution is critical for capturing the coseismic slip rupture of 
faults. Moreover, in laboratory experiments, it is necessary to use 
a high temporal resolution acquisition system to monitor the 
stick–slip dynamic process, which may provide insight into the 
dynamic slip mechanism of earthquakes.

The concept of force chains has been used in explanations of 
the mechanical properties of granular materials (31–34). Fault 
gouge is composed of granular packings (13, 16, 23, 24), and the 
stick–slip of granular packings is related to the formation and 
destruction of force chain. Under the shear load, the granular 
assemblies are anisotropic (34), and the force chain is not uniform 
in space, forming force chains with different strengths (35–38). 
The failure modes of different force chain networks may control 
the stick–slip behavior of granular assemblies. In stick–slip insta-
bility, force chain buckling and reforming are associated with the 
shearing of the granular assemblies, which correspond to the stor-
age and release of elastic strain energy (35, 37). In the sheared 
granular assemblies, the collisions of grains cause abrupt pertur-
bation of the force chain and release elastic strain energy (32, 33). 
The released energy typically leads to the generation of elastic 
waves in the kHz frequency range (39), termed acoustic emission 
(AE). AE is now commonly used to indirectly detect microphysical 
events during the stick–slip behavior of granular assemblies 
(39–41). These AE events carry spectral information on physical 
behavior during shearing. Some studies suggest that the burst of 
AEs may be generated by the collision between grains (39, 40, 42). 
The relationship between AEs and different slip modes is rarely 
noticed (24). Due to the lack of synchronous ultrahigh sampling 
rate acquisition for shear stress (SS), AE, and sample thickness 
variation during stick–slip, the mechanism of fast and slow slip 
events is still unclear. Meanwhile, the low-resolution time sequence 
results could not explain the detailed granular fault thickness var-
iation and physical scenarios during slips.

Here, we used a synchronous ultrahigh speed (10 MHz sam-
pling rate) acquisition system to record SS, AE, and sample thick-
ness variation during stick–slip in a ring shear apparatus. We 
carried out statistical analysis of these slip event types and refined 
analysis of AEs, SS, and sample thickness synchronously. These 
are discussed in the context of the physical mechanisms and slip 
failure processes. Moreover, the synchronous ultrahigh speed 
acquisition system allows us to directly measure phenomena such 
as the precise thickness variation process that previously were only 
observed as compaction (13, 21–24) or dilation (25) at low tem-
poral resolution (seconds time scale) during fast slip. The sampling 
rate in these studies ranges from 1 kHz to 1 MHz. Nevertheless, 
there is rarely synchronous time series analysis of SS drop and 
sample thickness variation with high time resolution (millisecond 
time scale). Fast slip events are characterized by somewhat intricate 
variation of the sample thickness: A short compaction pulse during 
the rapid release of stress is followed by dilation and vibrations of 
the sample’s thickness. Using accurate displacement monitoring, 
we observed dilation during the slow-slip event. These fast and 
slow slip events with the dilation process have similar dilatancy 
characteristics to natural fault slip events (28–30), which would 

shed light on the underlying mechanisms of both catastrophic fast 
earthquakes and slow earthquakes.

Results

Characteristics of Laboratory Stick–Slip Events. Fig. 1A depicts 
the variation of SS in uniform-size (0.8 to 1 mm) glass sphere ring 
shear tests (Materials and Methods), conducted at four different 
normal stresses (900 kPa, 1100 kPa, 1300 kPa, 1500 kPa), with 
respect to shear duration. Many drops in SS characterize the 
curves. Stick–slip events are observed under all four normal stress 
conditions and show normal-stress dependence. One representative 
stick–slip cycle with fast-slip and slow-slip events under the 
condition of 1,500 kPa is illustrated in Fig. 1B. Points A and B 
represent the start and the cessation of the stress drop in the fast-
slip event. Points C and D represent the start and the cessation of 
the stress drop in the slow-slip event.

Three phases of the stick–slip process (Fig. 1B) can be recognized 
in the results: fast slip (phase I A-B), stick (phase II B-C), and slow 
slip (phase III C-D). A fast and large stress drop (average stress 
decrease rate of 6,081.45 kPa/s) occurred in phase I, accompanied 
by a large-amplitude AE (>30 mV) (Fig. 1C). At this temporal 
resolution (8,000 ms), we observe the dilation of the sample thick-
ness in the fast slip process and slow compaction (hundreds of 
milliseconds) of the sample thickness after the fast stress drop 
(Fig. 1D). After the fast slip (phase I A-B), the stick phase II was 
initiated (Fig. 1B). The stick process corresponded to a gradual 
increase in SS in the granular assemblies with the accumulation of 
elastic strain energy. Moreover, in the progression of the stick phase, 
we observed slow and small releases of SS (average stress decrease 
rate of 35.61 kPa/s) (Fig. 1B) accompanied by intermittent releases 
of AEs (Fig. 1C), defined as the slow slip (phase III C-D), with only 
a dilation (Fig. 1D) during this process. Then, the granular assem-
blies enter the next stick phase, continuing to accumulate elastic 
strain energy until the next slip event occurs (Fig. 1B).

We plot the fast-slip event (A-B) and slow-slip event (C-D) in 
Fig. 1B into the same time window (600 ms) and compare the 
difference between the two modes of slip events (Fig. 1 E and H). 
It can be observed that the slip duration of the fast-slip event (~15 
ms) is shorter than that of the slow-slip event (~300 ms). In the 
fast-slip event, the granular assemblies release an AE event with a 
large amplitude (>30 mV) (Fig. 1F). During the 600 ms temporal 
resolution, at the beginning of the stress drop at point A (Fig. 1E), 
the sample thickness experienced dilation followed by vibration 
(Fig. 1G), the vibration persisted after the stress drop ceased at point 
B (Fig. 1E) and continued until the slow compaction of the sample 
thickness began (Fig. 1G). However, at a higher temporal resolution 
(45 ms), we observed a short compaction pulse (~2 ms) as the stress 
began to decrease (Fig. 2C). In the slow-slip event, we observed 
that the granular assemblies intermittently release several AEs bursts 
with smaller amplitudes (<30 mV) (Fig. 1I) during slow stress drop 
(C-D in Fig. 1H); we also observed a dilation in the slow-slip pro-
cess (Fig. 1J). Similar mechanical behaviors of the stick–slip cycle 
were observed under all of the different normal stress conditions 
(SI Appendix, Figs. S1 and S2). However, it should be noted that 
there were also many slow-slip events during the stick process 
(SI Appendix, Fig. S1). Fast-slip events are usually followed by an 
alternating sequence of stick and slow-slip intervals.

High Time-Resolved Analysis of the Fast-Slip Event. For high 
time-resolved analysis of the fast-slip event, we increased the 
temporal resolution to 45 ms. The fast-slip event sequences of 
SS, AE waveform, sample height (SH), and AE spectrum in the 
time domain (45 ms) are shown in Fig. 2. We observed obvious D
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AEs signals during the time series A-B (Fig. 2 A and B), which 
indicates that the granular assemblies slip rapidly during the time 
series A-B. Thus, the SS decreased from A to B was defined as the 
total stress drop in the fast-slip event. As shown in Fig. 2A, the 
total stress drop (τA-τB) across the fast-slip event was 75.41 kPa, 
and the slip duration (tB-tA) was 12.40 ms. A close look reveals 
a transition point (T point) during stress drop (Fig. 2A), which 
indicates that there are two stress drop processes (A-T and T-B) 
in the fast-slip event. The fast-slip event started with a large stress 
drop process (A-T) (average stress decrease rate of 28.14 kPa/ms),  
which released large SS (63.04 kPa) in a very short time (2.24 ms). 

When the stress reached the transition point in Fig.  2A, we 
noticed a minor stress drop process (T-B) with an average stress 
decrease rate of 1.21 kPa/ms. During this process, the SS slightly 
strengthened and then gradually decreased until reaching point 
B. This minor stress drop process lasted for 10.16 ms and resulted 
in a smaller stress drop of 12.37 kPa (Fig. 2A). Then, the sheared 
granular assemblies entered stick phase II, and the elastic strain 
energy accumulated in the shearing process (Fig. 1B).

As shown in Fig. 2 A and C, there are mainly two stages during 
the fast slip process: short compaction and dilation–vibration; we 
captured the SS and SH vibrated around the position of equilibrium 

H

E

F

A

C

D

G

I

J

B

Fig. 1. Measured data in uniform-size glass sphere ring shear experiment with a selected representative stick–slip cycle. (A) SS as a function of shear duration. 
Selection of stick–slip events marked by red numbers. (B–D) Detail of simultaneous measurement SS, AE waveform, and SH for two slip events at 1,500 kPa 
(selected stick slip-7 in Fig. 1A). Data reveal three phases during the stick–slip process: fast slip (phase I) from A (start of stress drop in fast slip) to B (cessation 
of stress drop in fast slip), stick (phase II) from B to C, and slow slip (phase III) from C (start of stress drop in slow slip) to D (cessation of stress drop in slow slip). 
The color blocks in the figures only roughly indicate the scope of the three phases; the three phases are demarcated by letters A, B, C, and D. Increase in SH 
upward represents sample thickness dilation. At this temporal resolution (8,000 ms), the dilation of the sample thickness and the slow compaction during the 
fast-slip event were illustrated in Fig. 1D, while only the dilation of the sample thickness was observed during the slow-slip event. (E–G) Details of the fast-slip 
event in Fig. 1B, at this temporal resolution (600 ms), the sample thickness dilation, vibration, and slow compaction were observed in Fig. 1G. (H–J) Details of the 
slow-slip event in Fig. 1B; the red curve is the SS after average smoothing of the purple raw data. The dilation of the sample thickness was observed in Fig. 1J.
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(POE) with the help of the ultrahigh speed acquisition system. After 
the initial large stress drop from A to T, the first SS vibration (SSV1) 
occurs and gradually releases the minor stress drop. This is followed 
by SSV2, SSV3, and SSV4 (Fig. 2A), we noticed that the vibrations 
gradually attenuate and come to a stop during SSV4. The distance 
from the granular assemblies to the unguided LVDT (linear variable 
differential transformer) sensor is different from that of the torque 
sensor (SI Appendix, Fig. S11A), and the elastic wave propagates 
from the source to the unguided LVDT sensor farther. Thus, we 
observed a phase difference between the SS vibration and the sample 

thickness vibration: The onset of the first sample thickness vibration 
(STV1) lags behind the beginning of the SSV1 (point T in Fig. 2A). 
The thickness of the sample dilates at the start of STV1 (Fig. 2C), 
and subsequently experiences four vibration events: STV1, STV2, 
STV3, and STV4, we noticed that the vibrations gradually atten-
uate and come to a stop during STV4. Upon the cessation of the 
sample thickness vibration, the slow compaction of sample thick-
ness initiates (Figs. 1G and 2C). Although the vibration of SS is not 
completely synchronized with the vibration of sample thickness, 
the average periods of these two kinds of vibrations are 9.99 ms and 
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Fig. 2. The selected result of the fast-slip event in Fig. 1E depicts the event sequences of SS, AE waveform, SH, and spectrum of AE in the time domain (45 ms). 
(A) Variations in SS with time in 45 ms (Fast slip); the red curve is the SS after smoothing of the raw data. The SS from A to T is released rapidly. The SS from T 
to B is released slowly while vibrating. The SS enters the stick phase after point B. The red dotted line indicates the SS before stress drop. The blue dotted line 
indicates the SS after dilation and POE. Large SD is the large stress drop process, minor SD is the minor stress drop process, and SSV is the SS vibration. (B) Two 
processes of AEs excitation in the fast-slip event: process 1 from the start of main-AEs to cessation of main-AEs and process 2 from the cessation of main-AEs 
to B (cessation of stress drop). Micro-AEs are released in process 2. (C) Variations in SH with time in 45 ms; the red pentagon represents the starting of vibration 
in sample thickness. The red dotted line indicates the SH before compaction. The blue dotted line indicates the SH after dilation and POE. The yellow pentagon 
represents the starting of slow compaction in sample thickness. STV is the sample thickness vibration. (D) The spectrum of AEs in the time domain. In process 1, 
the frequency bandwidths have high-frequency spectrum (~800 kHz). In process 2, the frequency bandwidths consist of lower frequency AE spectrum (<600 kHz).
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9.23 ms, respectively, indicating that the two kinds of vibrations 
are approximate synchronous vibrations.

The time sequence of the fast-slip event between SS and AE is 
illustrated in Fig. 2 A and B. It can be seen that AEs commence 
prior to the stress drop, which is consistent with previous studies 
(21). We distinguish two primary categories (Fig. 2B) in fast slip 
progression based on the AEs: process 1 from the start of main-AEs 
to the cessation of main-AEs and process 2, which follows the 
cessation of main-AEs to point B (cessation of stress drop). The 
distinction between the two processes is based on the AE ampli-
tude during fast slip progression. We observed that the maximum 
AE amplitude (~60 mV) was generated in process 1, and this 
process was accompanied by compaction of sample thickness 
(Fig. 2C) and large stress drop (Fig. 2A). After the main-AE in 
process 1 is released (Fig. 2B), process 2 begins and micro-AEs are 
observed. However, the amplitudes of these micro-AEs are smaller 
compared to the main-AEs in process 1. Synchronous acquisition 
results revealed that the minor stress drop (Fig. 2A) and the sample 
thickness dilation (Fig. 2C) occur in process 2, accompanied by 
the occurrence of SSV1 and STV1.

We employed the short-time Fourier Transform to obtain the AE 
Time–Frequency spectrum, two distinct groups of AE frequencies in 
the Time-Frequency spectrum were observed in Fig. 2D: the first group 
consisted of large-amplitude AEs with a high-frequency spectrum of 
around 800 kHz, which were mainly released during process 1. The 
second group consisted of small-amplitude AEs with a lower frequency 
spectrum of less than 600 kHz, which were observed during process 2 
(Fig. 2 B and D). The frequency of the SS vibration and sample thick-
ness vibration was about 100 Hz, far less than the kHz frequency range, 
indicating that these vibration events occurred in the whole granular 
assemblies rather than the vibration between grains. Further repeatable 
synchronous acquisition results of the fast-slip events in 18 ms windows 

under different normal stresses are illustrated in SI Appendix, Figs. S3 
and S4.

High Time-Resolved Analysis of Slow-Slip Event. The slow-slip 
event sequences of SS, AE waveform, SH, and AE spectrum in the 
time domain (400 ms) are shown in Fig. 3. As shown in Fig. 3A, 
the slow slip process had a small stress drop (τC-τD 10.17 kPa) 
and long slip duration (tD-tC 285.55 ms). The slow-slip event 
differed from the fast-slip event, in having no AE signal at the 
beginning of the stress drop. The high-resolution synchronous 
analysis of the time sequence shows that the onset of AE lagged 
behind the slow stress drop (Fig. 3 A and B), and intermittent 
AEs burst release was observed in the process of slow stress drop. 
Moreover, the amplitude of AEs in the slow slip process (Fig. 3B) 
was smaller than that of main-AEs in the fast-slip event (Fig. 2B). 
It should be noted that sample thickness dilation initiated during 
the stress drop process rather than at the stress drop starting point 
C (Fig. 3 A and C). The AE spectrum in the slow slip process was 
shown in Fig. 3D. We zoom into time windows of 5 ms to analyze 
each AE (AE 1-12) during the slow slip process, and three AE 
signals were observed: AE-1, AE-3, and AE-4, which show high 
frequency-spectrum reaching ~600 kHz, while other signals have 
lower frequencies (<300 kHz) (SI Appendix, Fig. S5).

We compared the power spectrum of fast and slow slips quan-
titatively by plotting the marginal spectrum (amplitude vs. frequency)  
in a specific time window of 8 ms (Fig. 3E). The background noise 
signal is at the lowest end and can be basically ignored. Main-AEs 
and micro-AEs were taken from the fast slip event in Fig. 2B, and 
AEs 1-12 were taken from the slow slip event in Fig. 3B. These 
AE signals from fast and slow slips have similar frequency-amplitude 
profiles, and the dominant frequency is around 110 kHz. The 
amplitude of the main-AEs is the highest, and the cutoff frequency 
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reaches ~800 kHz. The amplitude of the micro-AEs is smaller; 
the cutoff frequency reaches ~600 kHz. As shown in the insert of 
Fig. 3E, we zoom into the signals in the amplitude range of 0 to 
0.2. The signal amplitude during the slow slip process is smaller 
than micro-AEs, some cutoff frequencies reach ~600 kHz, and 
most of them are only below 300 kHz.

Statistical Properties of Fast-Slip and Slow-Slip Events. An 
advantage of our system was that the ultrahigh sampling rate 
signals could be used to compare the full-time variation of fast-
slip and slow-slip events. In order to better display the statistical 
results of the two slip events under different normal stresses, we 
normalized the SS variation rate and slip duration, respectively. We 
present a collapse of different slip events in which the SS variation 
rate (dSS/dt) (the slope of SS curves for fast-slip events and slow-
slip events), normalized by the maximum SS variation rate of 
each event (dSS/dt)max, and the slip time t of the fast-slip events 
and slow-slip events, normalized by the slip duration, are plotted 
(Fig. 4). These temporal avalanche profiles have a similar pattern 
under different normal stresses. In the fast-slip event (Fig. 4A), 
there is a significant decrease in stress during the large stress drop 
process (A-T in Figs. 2A and 4A). This process rapidly decreases 
the stress until it reaches a transition point (T point in Figs. 2A 
and 4A). After this transition point, there is a minor stress drop 
process (T-B) characterized by a small rise in stress, followed by 
a gradual and slight decrease in stress at a slower rate. The stress 
variation rate reaches a peak between A and T before the midpoint 
of the slip duration. In the process of slow slip, only one stress drop 
(C-D in Figs. 3A and 4B) was observed. The stress variation rate 
increased first and then decreased, and the stress drop rate reached 
its peak near the midpoint of slip duration The normalization 
factors of two axes are calculated by the (dSS/dt)max and the 

duration of each slip events. In order to find out whether the 
normalization factors depend on the applied normal stress, we plot 
the normalization factors vs. normal stress in Fig. 4 C–F. Linear 
fitting found that (dSS/dt)max has a strong linear correlation with 
normal stress (R2 for fast and slow slip events are 0.98 and 0.99, 
respectively). The duration is independent of the normal stress.

Fast and slow slip events could be quantitatively distinguished by 
stress drop and slip duration. The fast-slip events and slow-slip events 
under different normal stress conditions were statistically analyzed. 
The scatter plot in double logarithmic coordinates is shown in 
Fig. 5A. The stress drop caused by the fast-slip event in the laboratory 
earthquake is one order of magnitude higher than that of the slow-slip 
event. The duration of the fast-slip event is one order of magnitude 
smaller than that of the slow-slip event. The fast slip duration is about 
10 to 20 ms, manifested as a rapid release of elastic strain energy. The 
duration of the slow slip process fluctuates within 200 to 700 ms, 
which corresponds to the slow release of stress. In order to explore 
the relationship between the two types of slip duration and the stress 
drop under different normal stress conditions, we made a cumulative 
density function (CDF) for the slip duration and the stress drop of 
the two types of events. The CDF can be written as Eq. 1:

	
[1]

where F (a) is the CDF, and P(x ≤ a) is the sum of the probability 
of all values less than or equal to a. We plotted them on the double 
logarithmic coordinate diagram (Fig. 5 B and C). The slip duration 
has a similar distribution interval under different normal stress 
conditions, indicating that the duration of the two types of events 
is independent of the magnitude of the normal stress (in the nor-
mal stress range we are investigating). In the process of both fast 
and slow slip, the magnitude of the stress drop positively correlates 
with the magnitude of the normal stress.

F (a) = P(x ≤ a),
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We also conducted a set of the large particle size distribution 
(PSD) (0.2 to 2 mm) glass sphere ring shear tests under 1,500 kPa 
normal stress (SI Appendix, Figs. S6 and S7). Three phases of the 
stick–slip process were consistent with the uniform size tests 
(Fig. 1). We analyzed the large PSD glass sphere ring shear syn-
chronous acquisition results of fast-slip events in 18 ms and 
slow-slip events in 600 ms (SI Appendix, Fig. S8) and observed 
the same characteristics as in the uniform size test.

Discussion

The Transient Dilation during the Fast-Slip. There is still a 
significant debate over whether the sample thickness is dilated 
or compacted during fast slip. In recent studies (13, 21–24), 
the measurements were interpreted in the following manner: 
During the slip event, the reduction of the SS is accompanied 
by compaction, whereas in between the slip events, the system 
recovers by dilation. This is somewhat surprising as this contrasts 
the classical view which associates slip with dilation in compact 
samples (25–27, 43). However, Cain et al. argue that the dilation 
was similar in magnitude to the signal noise level, limiting the 
conclusions that could be drawn from the measurement (22). 

We note that recent publications (13, 21–24) have used spring-
returned LVDT to record thickness changes during slip and only 
observed a compaction process. However, the classic view (25) 
used a separated LVDT (unguided LVDT) with a low sampling 
rate of 1 kHz. Our observation used an unguided LVDT sensor 
and increased the sampling rate to 10 MHz. The dynamic response 
of the spring-returned LVDT (~10 Hz) is much lower than the 
unguided LVDT (2 kHz). For comparison, we added a spring-
returned LVDT in the ring shear apparatus; the sample thickness 
variation during the fast-slip was synchronously recorded with 
10 MHz acquisition rate by using unguided LVDT and spring-
returned LVDT (Fig. 6). Before the stress drop, the system recovers 
by dilation. The transient dilation process during the fast-slip 
recorded by unguided LVDT is associated with stress reduction; 
then, we observed the compaction takes place (Fig. 6 A and B). 
The transient dilation process during the fast-slip was not observed 
by using spring-returned LVDT. We only observed a compaction 
process associated with stress reduction, which lasted longer than 
the stress reduction (Fig. 6C). The transient dilation process was 
also not observed by using the spring-returned LVDT in recent 
studies (21–24), and these studies observed that compaction was 
associated with the slip. In fact, in our observation and recent 
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studies, the compaction events observed by using the spring-
returned LVDT were associated with stress reduction. However, our 
observation of compaction lasted longer than the stress reduction; 
we think that this compaction may be a phenomenon, which 
is in agreement with that observed in the field (28–30): Fault 
compaction occurs after the earthquake.

The use of the unguided LVDT is the root cause of observing the 
transient dilation. This study provides more insight into unresolved 
puzzles about sample compaction or dilation during slip. The results 
of this study indicate that the sample is in dilation during slip, fol-
lowed by compaction. This phenomenon is consistent with what is 
observed in the field: the fault zone experiences dilation during the 
slip event and compaction after the earthquake (28–30).

The AE Characteristics of Free-Drop Collision Test. We conducted 
free-drop collision tests with different drop-off heights to explore 
the AE spectrum and waveform characteristics during the collision 
process (Fig. 7 A and B); see SI Appendix for the full discussion. 
As shown in Fig. 7B, the AE waveform of the free-drop collision 
test (drop-off height 40 mm) is characterized by a clear AE 
burst, and the cutoff frequency reaches ~650 KHz. The cutoff 
frequency and amplitude of the AE burst generated by the collision 
at different drop-off heights (5, 10, 20, 30, 40, and 90 mm) 
are positively correlated with the collision velocity (SI Appendix, 
Fig. S9). We compared the power spectrum of different free-drop 
collision tests quantitatively by plotting the marginal spectrum in 
a specific time window of 8 ms (Fig. 7C). As the drop-off height 
increases, the amplitude and cutoff frequency are increasing. The 

dominant frequency of these AE signals is about 110 kHz, which 
is consistent with the AE signals during the fast and slow slip 
events (Fig. 3E). The observed AEs during fast and slow slip show 
similar AE characteristics with the free-drop test. Thus, we can 
semiquantitatively judge the collision intensity inside the granular 
assembly according to the cutoff frequency and amplitude of the 
AE burst. As shown in Fig.  3E, the main-AEs in the fast slip 
reach about 800 kHz for intense collision, and the micro-AEs in 
the fast slip reach about 600 kHz for weak collision. Some AEs 
in the slow slip reach about 600 kHz, and most of the other AEs 
are below 300 kHz, indicating that these intermittent collisions 
have different intensities.

The Mechanism of the Fast-Slip Event. Spatial heterogeneity of 
contact forces between grains varies during the shear process. As 
the SS is applied, the force chain network exhibits an anisotropic 
nature (34). The force chain network structures can be classified 
into three groups based on the magnitude of the contact force 
between the grains (35–38): a strong force chain network that 
carries stress balancing paths, a weak force chain network that 
bears less stress, and a loose granular structure are least stressed. 
The strong force chain collapse induces the intense grain collision, 
and the weak force chain collapse induces the weak grain collision. 
As shown in Fig. 3E, the largest amplitude AE is the main-AEs 
in the fast slip; thus, we speculated that the strong force chain 
collapse is responsible for the fast slip.

In the stick phase (Fig. 1B), the strong force chains accumulate 
elastic strain energy with the shearing process (35, 37). We 
observed that the onset of main-AEs preceded the fast stress drop 
(Fig. 2 A and B); thus, we speculate that there are some local grains 
that slip prior to overall force chain failure and may trigger the 
fast slip process. There are mainly two stages during the fast slip 
process: short compaction and dilation–vibration (Figs. 2C and 
6B). We make a hypothesis of physical mechanism about the short 
compaction and dilation–vibration.

Compaction or dilation is dependent on the packing state of 
the sample (44, 45). Before the fast slip, the sample is compara-
tively loose due to the dilation (Fig. 6 B and C). In stage one, once 
the SS of one or two strong force chains exceeds the shear strength 
of the contact grains, the strong force chains fail (32, 33), which 
leads to elastic strain energy rapidly releasing (the large stress drop 
A-T in Fig. 2A). The grains with high kinetic energy impact the 
surrounding grains, exciting a large-amplitude AE (main-AEs in 
Fig. 2B) with high-frequency bandwidth (39) (Fig. 2D). The col-
lision between grains presents a mechanical impulse imparted on 
the granular structure, which precipitates a cascade of chain fail-
ures of the force chain network (32, 39). The chain failures lead 
to granular assembly collapses, so a short compaction pulse was 
observed during the rapid release of stress (Figs. 2C and 6B).

In stage two (Figs. 2C and 6B), after a short compaction, the 
granular system became dense. After the grain collision caused by 
the force chain collapse, the grains continue to slide and cause 
dilation of the sample. Meanwhile, the strong grain collisions 
cause the vibration of the granular sample.

We also observed the approximate synchronous vibrations of SS 
and sample thickness (Fig. 2 A and C) during the minor stress drop 
process (T-B in Fig. 2A); we think that the mechanical impulse 
caused by grain collisions continues to vibrate the granular assem-
blies, resulting in the approximate synchronous vibrations of the 
SS and the sample thickness. Upon the cessation of the layer vibra-
tion (Figs. 1G, 2C, and 6B), the grains recontact to accumulate 
elastic strain energy and adjust the structure of granular assemblies, 
resulting in slow compaction of layer thickness (Figs. 1G, 2C, and 
6B) and rearrangement of the force chain network structures.
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The Mechanism of Slow-Slip Event. The fast earthquakes are 
responsible for catastrophic ground vibration, but the slow 
earthquake may last for several months and will not cause 
catastrophic ground vibration (6–8). The AE signal with clear burst 
suggests collision of the grains (39, 40, 42). As shown in Fig. 3, 
during the slow slip, the small-amplitude AE signal is intermittent 
with clear burst, and the grain collision intensity is much weaker 
than that of the fast slip. The weak force chain collapse induces 
the weak grain collision. Thus, we speculated that the weak force 
chain collapse is responsible for the slow slip. Both fast and slow 
slips in granular assemblies exhibit dilatancy, which may be caused 
by the collapse of strong force chains in the former and weak 
force chains in the latter. Despite the differences in force chain 
strength, the physical processes involved in fast and slow slips are 
similar. During the slow stress drop, only dilation was observed 
(Fig. 3C). Moreover, in the triaxial compression experiments, it 
is also observed that the slow decrease of SS is accompanied by 
the slow volume dilation. During constant speed loading, the 
shear input power (rate of shear input work) is constant, and 
this energy is converted into plastic dilation deformation, which 
reduces the SS to maintain conservation of energy (Cam-clay 
model) (46). Using X-ray computed tomography (CT) under 
triaxial compression, it was observed that the rearrangement of the 
force chain networks leads to the slow release of SS, and the grains 
rolling across the surrounding grains cause volume dilation (47).

Before the slow slip occurs, the thickness of the sample is relatively 
small (Fig. 1D), and the granular assembly is dense. When weak 
force chains fail and a slow slip occurs, the close-packed grains must 
seek new positions to accommodate the slip, leading to dilation in 
the thickness of the sample (Fig. 3C). The delay in the initiation of 
sample thickness dilation observed during the slow-slip event (Fig. 3 
A and C) suggests that the release of elastic strain energy in the weak 
force chain occurs before the conversion from shear input work to 
plastic dilation deformation begins. After the adjustment of the 

grains structure of the weak force chain, the bearing stress of the 
weak force chain reduced to lower level (slow stress drop in Fig. 3A). 
The grain collisions are very weak during the slow slip (Fig. 3E), and 
the mechanical impulse could not be excited to perturb the failure 
of strong chain; therefore, the failure of weak force chain will not 
lead to the overall failure of the granular assemblies.

It was observed that the granular packings dilated slowly during 
the stick process (Fig. 6 B and C) (13, 21–24). This suggests that 
initially, force chains form and strengthen, and then the packings 
start to creep, leading to dilation (22). Once the dilation reaches 
an almost similar height, the fast-slip events begin (21–24). 
Conceptually, this transition from stick to slip will therefore be 
functions of the granular layer thickness. We observe that slow 
slips with dilation accelerate the dilation progress during stick; 
therefore, the rearrangement of weak force chain during slow slips 
is more likely to lead to the fast slip.

Implications for Fast and Slow Earthquake Slip Models. Coseismic 
strain tensors and postseismic analysis have confirmed that fault zones 
undergo dilation during coseismic slip and subsequently through 
compaction after the earthquake (28–30). In our synchronous 
ultrahigh speed acquisition stick–slip experiment, we found the 
similar variation process of the granular fault thickness as that of 
field earthquake. The granular assemblies dilated during the fast slip 
process, and even the vibration of the SS and SH was recorded. After 
the fast slip, the slow compaction (hundreds of milliseconds) was 
observed. Moreover, different from only coseismic dilation in the field, 
a very fast (~2 ms) compaction at the beginning of the fast slip in our 
experiment was observed (Fig. 2C). Although the glass spheres used in 
our experiment are simplified compared to real fault gouge, they are all 
granular materials and have the similar potential stick–slip mechanism 
(48). The results of this laboratory experiment are consistent with the 
field seismic observation, which shows that our observations have 
implications for the mechanism of real earthquakes.
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It was reported that slow earthquakes may play roles in stress 
transfer and stress redistribution in faults, thus triggering fast earth-
quakes (8–11). Fast and slow slip modes may occur in the same 
fault, which indicates that the occurrence of fast and slow earth-
quakes has more complex mechanism (1). Our experimental obser-
vations reveal that the fast and slow slip modes would occur in the 
same granular assemblies without changing the external loading 
conditions (16, 17). The sample thickness dilated during slow-slip 
events, which accelerated the dilation of stick progress. Therefore, 
the force chain structure after slow slips is more likely to trigger fast 
slip; this is consistent with field observations (8–11).

The synchronous high-resolution time sequences from the exper-
iments allow us to understand the mechanism that fast-slip and 
slow-slip events are different slip instability modes for the same 
granular fault. Our observations, on the same glass sphere assemblies, 
indicate fast and slow slip modes that are controlled by the failure 
modes of strong and weak force chains, respectively. We believe that 
the deformation and failure of strong and weak force chains also 
controls the slip mechanism of fast and slow earthquakes in the field.

Our experiment is a physical mechanical model of seismic mech-
anism; we also understand that it takes a long time to establish a 
bridge between physical model and natural setting through phys-
ical experiments. This study provides important insights on the 
slip mechanisms that fast and slow earthquakes would occur in 
the same granular fault, and the effect of structure rearrangement 
and stress redistribution in faults must be taken into account when 
formulating models for fast earthquake prediction. Furthermore, 
we believe that it is necessary to visually observe the force chain 
structural variation of the granular assemblies in the process of 
high-resolution synchronous acquisition. It will further provide 
the physical mechanism of fast and slow slip failure in granular 
materials and then provide significant insights to fast and slow 
earthquake slip models.

Materials and Methods

Experimental Apparatus. We performed our experiments using a servo-
controlled ring shear apparatus (Fig. 8 and SI Appendix, Fig. S10A), which pro-
vided a constant shear rate without displacement restriction under different 
chosen normal stresses. The servo system continuously feedback-controlled the 

normal stress applied by a hydraulic loading unit via the force sensor. The servo 
motor provided a constant shear angular speed (1.5°/min) to drive a shear box 
rotating at an average tangential speed of 1 mm/min. The upper and lower plat-
ens were fixed with teeth to ensure shearing between glass spheres rather than 
sliding against the platens.

The SH was measured by the unguided LVDT (D5/40WRA, noncontact opera-
tion, accuracy ±0.1 μm, operating frequency is consistent with the target, RDP 
Electronics Ltd, UK) and the spring-returned LVDT (GHNV19R, contact operation, 
accuracy ±0.1 μm, operating frequency is 10 Hz, ABEK Ltd, CHN). The unguided 
LVDT transducer and armature were securely held in two brackets. These brackets 
were fixed to the upper plate of the servo-hydraulic unit and the substrate, respec-
tively (Fig. 8 and SI Appendix, Fig. S10B). This setup guarantees that the armature 
moves along with the target, and ensures the response frequency of the sensor 
matches the frequency of the target motion. Therefore, the transient and subtle 
changes in the thickness of glass sphere assemblies could be recorded (Fig. 6B). In 
the case of the spring-returned LVDT, the dynamic response of the sensor depends 
on the response frequency of the spring, which is much lower than the dynamic 
response of unguided LVDT (SI Appendix, Fig. S10B). The output voltages from 
the unguided LVDT were digitized by the amplifier (S7AC, bandwidth 2 kHz, RDP 
Electronics Ltd, UK). The AE sensor (WD, φ18 mm × 17 mm, peak frequency 
1,000 kHz, peak sensitivity 55 dB, Physical Acoustics Corporation, USA) was fixed 
on the side of the upper platen (Fig. 8) and remained in the same position to 
ensure a fair time–frequency comparison of the experiments. The AE signal was 
bandpass filtered by a preamplifier (2/4/6C, Physical Acoustics Corporation, USA) 
at 20 to 1,200 kHz with 20 dB sensitivity. The SS signal from the torque sensor, 
the SH signal from LVDT, and the AE signal were recorded simultaneously at a 
10-MHz sampling rate (SI Appendix, Fig. S10C) via a multiple isolated channel 
ultrahigh speed acquisition system (NI CompactDQA, PXle-1084 & BNC-2110, 
National Instrument Company, USA).

As schematically shown in SI  Appendix, Fig.  S11A, the annular sample 
cavity is detachable. The annular sample cavity was installed before loading 
(SI Appendix, Fig. S11B). A cutaway diagram of the annular sample cavity is shown 
in SI Appendix, Fig. S11C. The annular sample cavity was made of stainless steel 
and had an inner diameter of 50 mm and an outer diameter of 100 mm; the 
height of the upper and the lower part of the cavity was 15 mm and 10 mm, 
respectively. A Teflon ring was installed on the contact surface between the outer 
ring and the shear box to reduce friction. This design allowed the shear to occur 
in a horizontal shear zone around a stress localization shear plane caused by the 
relative rotation of the upper and lower sample cavities.

To make sure that the spectral response of the AE sensor under our data acqui-
sition set up does not influence of the overall results and interpretations, we 
conducted a quick sensor calibration as detailed in SI Appendix, Figs. S12 and S13.
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Fig. 8. The ring shear configuration. Cross-section schematic diagram of the ring shear apparatus. The vertical servo-hydraulic unit applies controlled normal 
stress, and the servo motor drives shear at a constant angular velocity. LVDT = linear variable differential transformer.
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Sample Preparation. Glass spheres have reproducible stick—slip properties 
and are widely used as a laboratory analog of fault gouge. This material also 
allows us to control variables such as grain shape and PSD. The initial sam-
ple density of the glass sphere packings with a uniform size (0.8 to 1 mm) in 
the annular sample cavity with 25 mm height and width was approximately 
1,500 kg/m3. An inspection of glass spheres after experiments found no grain 
crushing. The glass spheres were ultrasonically cleaned for 30 min and then 
dried in an oven at 100 °C for 24 h before we experimented at room temperature 
and controlled humidity.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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