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I. Project Overview 

A. Abstract 
In the box below, describe the project objectives, methodology, and results obtained and their signifi-
cance. If this work is a continuation of a multi-year SCEC-funded project, please include major research 
findings for all previous years in the abstract. (Maximum 250 words.) 
 
Supershear rupture propagation on a uniform fault requires a high level of shear stress, as indicated by 
analytical and experimental results. Yet many observations suggest that mature strike-slip faults that 
host large earthquakes operate at low overall levels of shear prestress.  The apparent incompatibility 
between supershear propagation and low level of shear prestress may be possible to resolve based on 
numerical studies of heterogeneous faults in which sub-shear cracks can transition to and propagate at 
supershear speeds under lower prestress levels in the presence of favorable heterogeneity.  In the simu-
lations, the stress field of the main rupture dynamically triggers a secondary crack which transitions to 
supershear speed under a wide range of conditions. Our goal is to study dynamic triggering and poten-
tially demonstrate experimentally supershear transition by dynamic triggering of a secondary rupture 
at a favorable patch. In this SCEC project, we have developed a unique experimental technique that 
enables us to visualize dynamic triggering at an unprecedented level of detail. This technique com-
bines ultra high-speed photography, to capture sequences of digital images during rupture propagation, 
with digital image correlation, to compute full-field dynamic displacements, particle velocities, strains 
and stresses. Using this technique, we have measured the frictional properties of a wide range of dy-
namic ruptures. We have performed analytical and numerical predictions using the experimentally de-
rived frictional properties to design experiments that would enable us to observe supershear transition 
under low fault prestress. We are currently performing tests featuring patches determined by this ap-
proach. 
 

B. SCEC Annual Science Highlights 
Each year, the Science Planning Committee reviews and summarizes SCEC research accomplishments, 
and presents the results to the SCEC community and funding agencies. Rank (in order of preference) the 
sections in which you would like your project results to appear. Choose up to 3 working groups from be-
low and re-order them according to your preference ranking. 
 

Fault and Rupture Mechanics (FARM) 
Southern San Andreas Fault Evaluation (SoSAFE) 

C. Exemplary Figure 
Select one figure from your project report that best exemplifies the significance of the results. The figure 
may be used in the SCEC Annual Science Highlights and chosen for the cover of the Annual Meeting 
Proceedings Volume. In the box below, enter the figure number from the project report, figure caption and 
figure credits. 
 
Figure 1. Dynamic imaging of full-field stresses and friction in laboratory earthquakes obtained with the 
newly developed ultra high-speed digital image correlation method (Rubino et al., 2016). (a) Schemat-
ics of the test specimen geometry and loading configuration. (b) Snapshots of the full-field shear stress 
for a rupture propagating at a supershear speed (Vr / cs = 1.8). (c) Ratio of shear to normal stress vs. slip 
at a location along the experimental fault for two experiments with different loading conditions that re-
sult in different slip and slip rate histories. The plots resemble a linear slip-weakening friction law but 
the dependence of dynamic friction fd and weakening distance Dc on slip rate indicate rate and state de-
pendence. 
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D. SCEC Science Priorities 
In the box below, please list (in rank order) the SCEC priorities this project has achieved. See 
https://www.scec.org/research/priorities for list of SCEC research priorities. For example: 6a, 6b, 6c 
 
3e, 4b, 4d 

 

E. Intellectual Merit 
How does the project contribute to the overall intellectual merit of SCEC? For example: How does the 
research contribute to advancing knowledge and understanding in the field and, more specifically, SCEC 
research objectives? To what extent has the activity developed creative and original concepts?  
 
Can supershear earthquakes occur under overall low level of applied shear prestress? For a rupture to 
transition to supershear speed on a uniform fault, a high level of shear stress is required, as indicated by 
theoretical and numerical studies as well as laboratory experiments. Yet observations and simulations 
indicate that well-developed, mature strike-slip faults that host large earthquakes operate at low overall 
levels of shear prestress. It is important to understand whether low-stressed faults can generate su-
pershear ruptures since supershear rupture can cause much larger shaking far from the fault than sub-
Rayleigh ruptures. This is of particular relevance to the Southern San Andreas Fault which is locked 
and loaded for the next large earthquake. Our goal is to design and conduct laboratory experiments that 
study supershear transition by dynamic triggering of a favorable patch, which can occur under much 
lower overall levels of prestress, as established in numerical models. We have developed a unique ex-
perimental technique that enables us to quantify the process of dynamic triggering in terms of the re-
sulting strains and stresses. This technique combines ultra high-speed photography with digital image 
correlation to compute full-field dynamic displacements, particle velocities, strains and stresses. This 
technique has allowed us to measure evolution of friction properties during spontaneous dynamic rup-
tures over a broad range of slip rates. Using the experimentally derived friction properties, we have de-
termined the range of experimental parameters that would enable us to observe supershear transition 
under low fault prestress according to the prior numerical studies. We are currently in the process of 
performing these experiments. 
 

F. Broader Impacts 
How does the project contribute to the broader impacts of SCEC as a whole? For example: How well has 
the activity promoted or supported teaching, training, and learning at your institution or across SCEC? If 
your project included a SCEC intern, what was his/her contribution? How has your project broadened the 
participation of underrepresented groups? To what extent has the project enhanced the infrastructure for 
research and education (e.g., facilities, instrumentation, networks, and partnerships)? What are some 
possible benefits of the activity to society? 
 
Understanding the range of potential realistic scenarios on San Andreas and other mature strike-slip 
faults is crucially important for the estimates of seismic hazard and ground motion. This project aims 
to study whether supershear earthquakes can occur on faults with low prestress, if suitable patches of 
heterogeneities are present. The effects of such occurrence on the shaking in Southern California can 
then be explored in large-scale simulations. A research scientist and a student have gained valuable 
research experience by participating in the project and interacting with the SCEC community. They 
have also participated in several outreach activities oriented towards sixth to ninth graders of the Los 
Angeles area.  
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G. Project Publications 
 
Presentations  
Rubino, V.,  A. J. Rosakis, and N. Lapusta, Dynamic imaging of strain and stress evolution in laboratory earthquakes 

with the ultra-high-speed digital image correlation technique, AGU Fall Meeting, San Francisco, CA, December 
14-18, 2015. 

Rubino, V.,  A. J. Rosakis, and N. Lapusta, Ultra high-speed DIC applied to intersonic laboratory earthquakes, SEM 
2015 Annual Conference, Costa Mesa, CA, June 8-11, 2015. 

Rubino, V.,  A. J. Rosakis, and N. Lapusta, Imaging supershear laboratory earthquakes with ultra high-speed DIC, 
SSA 2015 Annual Meeting, Pasadena, CA, April 21-23, 2015. 

 
Publications in refereed journals  
Rubino, V, N. Lapusta, A.J. Rosakis, 2016. Designing laboratory experiments of dynamic rupture triggering and 

low-prestress supershear transition, in preparation. 
Rubino, V, N. Lapusta, A.J. Rosakis, 2016. Experimental evidence of dynamic rupture triggering and low-prestress 

supershear transition, in preparation.  
Rubino, V, A.J. Rosakis, N. Lapusta 2016. Capturing evolving friction in spontaneous mini-earthquakes, in prepara-

tion.  
Rubino, V, N. Lapusta, A.J. Rosakis, S. Leprince and J-P. Avouac, Static laboratory earthquake measurements with 

the digital image correlation method, Exp. Mech. DOI 10.1007/s11340-014- 9893-z, 2015.  
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II. Technical Report 

A. Summary 
The goal of our study is to experimentally demonstrate the possibility of supershear rupture transition and 
propagation under background prestress levels significantly lower than those expected by the classical 
Burridge-Andrews mechanism. This alternative supershear transition mechanism may be possible based 
on the results of the numerical study of Liu and Lapusta (2008). They show that favorable fault heteroge-
neity can trigger secondary rupture and supershear transition, under a suitable range of modeling parame-
ters. To evaluate this mechanism in the lab, we study this problem in a highly instrumented experimental 
setup that has been successfully used to reproduce a number of dynamic rupture phenomena, such as su-
pershear transition, bimaterial effect, and pulse-like rupture propagation (Rosakis et al., 1999; Rosakis, 
2002; Xia et al. 2004; Xia et al., 2005; Lu et al., 2007). The laboratory earthquake setup features a dy-
namic rupture along an inclined, frictional interface formed by two compressed quadrilateral sections of 
Homalite.  
 We have developed a pioneering experimental technique that will allow us to image secondary trigger-
ing and supershear transition at an unparalleled level of detail. Furthermore, it allows us to get the details 
of the frictional response of the interface during spontaneous dynamic rupture. This technique combines 
ultra-high speed photography and digital image correlation (DIC) to produce maps of full-field dynamic 
displacements, particle velocities, stresses, and strains. We have verified the velocity measurements ob-
tained using the new method with simultaneous, independent measurements produced by well-
characterized laser velocimeters. Excellent agreement between the measurements indicates the reliability 
of the ultra-high speed DIC method. 
 Using the newly developed technique, we have imaged experimentally the dynamic variation of fric-
tion during spontaneous dynamic rupture. Our measurements reveal the presence of slip rate effects, in-
cluding initial rate strengthening with increasing slip rates, followed by substantial rate weakening. We 
have studied rupture behavior under a wide range of slip rates, and we have mapped out the rate depend-
ence of steady state friction in our experiments. Our measurements are consistent with the rate-and-state 
frictional description supplemented with enhanced co-seismic weakening due to flash heating (Dieterich, 
1979, 1981; Rice, 2006; Goldsby and Tullis, 2011; Thomas et al., 2014). At the same time, we have de-
termined the characteristic slip dependence of friction by monitoring the evolution of shear stress to nor-
mal stress ratio vs. fault slip.    
 We have used the experimentally measured frictional properties interpreted through the linear slip-
weakening formalism to revisit the determination of the experimental parameters that would lead to su-
pershear transition under lower overall shear prestress than predicted by the Burridge-Andrews mecha-
nism. Specifically, we have determined the suitable combinations of applied loading, specimen geometry, 
and patch properties (e.g., patch location with respect to the hypocenter and patch size). We find that con-
figurations considered previously would not lead to supershear transition, as they featured too small 
patches.  Our previous considerations were based on representative friction parameters determined by 
comparison of experimental outcomes with theoretical studies; the resulting values of friction parameters 
had a relatively broad range, and we chose values in the middle of that range.  Our current results indicate 
that the actual friction properties are closer to an end-member case of our previous inferences. We have 
found new suitable configurations and confirmed that there is still a range of experimental parameters that 
can be employed to study secondary triggering. We are currently in the process of performing tests featur-
ing patches with the determined properties. 

B. The need to reconcile supershear propagation and low fault prestress 
Supershear rupture propagation has been inferred for most large strike-slip events. Examples are 1979 
Imperial Valley earthquake (Archuleta, 1984; Spudich and Cranswick, 1984), 1992 Landers earthquake 
(Olsen et al., 1997), 1999 Izmit erthquake (Bouchon et al., 2001), 2001 Kunlun earthquake (Bouchon and 
Vallee, 2003), 2002 Denali earthquake (Ellsworth et al., 2004), and 1906 San Francisco earthquake (Song  
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Figure 1. Dynamic imaging of full-field stresses and friction in laboratory earthquakes obtained with the newly 
developed ultra high-speed digital image correlation method (Rubino et al., 2016). (a) Schematics of the test 
specimen geometry and loading configuration. (b) Snapshots of the full-field shear stress for a rupture propagating at 
a supershear speed (Vr / cs = 1.8). (c) Ratio of shear to normal stress vs. slip at a location along the experimental fault 
for two experiments with different loading conditions that result in different slip and slip rate histories.. The plots 
resemble a linear slip-weakening friction law but the dependence of dynamic friction fd  and weakening distance Dc 
on slip rate indicate rate and state dependence. 
 
et al., 2008). In order for a rupture to transition to supershear speed on a uniform fault, a high level of 
shear stress is required, as indicated by theoretical and numerical studies (Burridge, 1973; Andrews, 
1976) and by laboratory experiments (e.g. Rosakis, 1999; Xia et al. 2004). Yet a number of observations 
indicate that well-developed, mature strike-slip faults that host large earthquakes operate at low overall 
levels of shear prestress (e.g. Noda et al., 2009, and references therein).  
 The apparent incompatibility of supershear propagation and low fault prestress may be possible to re-
solve based on the findings of Liu and Lapusta (2008). They show that initially sub- shear cracks can 
transition to and propagate at supershear speeds under lower prestress levels in the presence of favorable 
heterogeneity, such as a patch of lower strength, higher stress, or pre- existing sub-critical crack (e.g., nu-
cleating slip patch). In their simulations, the stress field of the main rupture dynamically triggers a sec-
ondary crack which transitions to supershear speed under a wide range of conditions.  
 It is important to understand whether low-stressed fault can generate supershear ruptures since su-
pershear rupture can cause much larger shaking far from the fault than sub-Rayleigh ruptures (Bernard 
and Baumont, 2005; Dunham and Archuleta, 2005; Bhat et al., 2007). This is of particular relevance to 
Southern San Andreas fault which is locked and loaded for the next large earthquake (Akciz et al., 2009; 
Grant Ludwig et al., 2010; Zielke et al., 2010).  
 

19 mm 

(a) (b) 

(c) 
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Figure 2. Example of near-triggering in experiments and numerical simulations due to a patch of lower 
normal stress; patches of larger size should produce triggering. (a) Schematics of the test specimen 
geometry, showing the favorable patch and field of view for the full-field imaging technique. The test is 
conducted with prestress P = 4 MPa and inclination angle α = 29°. (b) Experimentally measured slip vs. 
position at a time t = 63 µs after rupture initiation. As the main rupture (not visible in the figure) 
approaches the patch and slip initiates on the patch, ahead of the main rupture. In this case, however, the 
secondary rupture got consumed by the main rupture before developing further; the patch is too small. (c) 
Slip vs. position on the fault obtained from numerical simulations. The patch is introduced in the 
simulation as a region with lower normal stress. The numerical simulations reproduce the experimental 
results and predict that larger patches will create secondary triggered dynamic ruptures (not shown).  
 

C. Development of novel experimental technique to image secondary triggering and supershear 
transition  

In order to image secondary triggering and supershear transition, we have developed a novel experimental 
technique that combines ultra-high speed photography and digital image correlation (DIC) to produce 
maps of full-field dynamic displacements, particle velocities, stresses, and strains for our experiments 
(Figure 1). It extends our previous quasi-static technique (Rubino et al., 2015) to a fully-dynamic regime. 
This technique allows us to quantify the stresses associated with the patch during rupture propagation and 
to visualize the interaction with the main rupture. We have verified the velocity measurements obtained 
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using the new method with simultaneous independent measurements produced by well-characterized laser 
velocimeters. Excellent agreement between the measurements indicates the reliability of the ultra-high 
speed DIC method. 
 Using the newly developed technique, we have imaged experimentally the dynamic variation of fric-
tion during spontaneous dynamic rupture (Figure 1; Rubino et al., 2016). This is crucial for the success of 
this project, as knowing the dynamic friction properties is key to designing the appropriate experiments, 
especially selecting the proper size and location of the patch to be triggered by the main rupture. Our fric-
tion measurements reveal the dependence on slip rate, including initial rate strengthening with increasing 
slip rates, followed by substantial rate weakening, consistent with the rate-and-state frictional description 
supplemented with enhanced co-seismic weakening due to flash heating (Dieterich, 1979, 1981; Rice, 
2006; Goldsby and Tullis, 2011; Thomas et al., 2014). Yet, for the experimental conditions shown that 
produce crack-like ruptures, friction looks like a linear slip-weakening law, albeit a different one for dif-
ferent loading conditions and hence rupture histories. This is because the nearly-constant slip rate behind 
the crack front in a crack-like rupture translates into a nearly-constant shear resistance. For example, Fig-
ure 1c shows friction evolution for two tests performed at an inclination angle a = 29° and loads of P = 
7.4 MPa and P = 23 MPa. Before sliding starts, the ratio of shear to normal stress is determined by the 
resolved values due to the loading, . At incipient sliding, the frictional re-
sistance increases up to peak value of approximately fp = 0.65. As sliding proceeds, the resistance de-
creases in a near-linear fashion to a near-constant value of dynamic friction coefficient fd = 0.35 for the 
case of P = 23 MPa (fd = 0.5 for P = 7.4 MPa). These different dynamic values result because slip rates 
behind the crack front are quite different in the two experiments, 7 m/s vs. 1 m/s, illustrating the signifi-
cant rate dependence of friction. Note that the evolution of friction resistance occurs over different slip 
scales for the two cases, further highlighting rate-and-state effects. 
 

D. Initial experiments featuring patches of lower stress and design of new tests that would reveal 
secondary triggering 

We have used the experimentally measured frictional properties to revisit the determination of the exper-
imental parameters that would lead to supershear transition under lower overall shear prestress than pre-
dicted by the Burridge-Andrews mechanism. Specifically, we have determined the suitable combinations 
of applied loading, specimen geometry, and patch properties (e.g., patch location with respect to the hy-
pocenter and patch size).  Prior to friction quantification, we  started to perform  tests  on specimens con-
taining favorable patches for the case of load P = 4 MPa and inclination angle α = 29° (Figure 2). This 
configuration is suitable to exhibit secondary triggering as it features a sub-Rayleigh rupture that does not 
transition to supershear speed (within the observation window) for a homogeneous interface. We placed 
patches of 3 to 6 mm wide by shaving some material from the interface. Our experimental measurements 
reveal that a secondary rupture is actually triggered at the 6-mm patch (Figure 2b). However, the main 
rupture arrives at the patch location before the secondary rupture is well developed; in other words, the 
patch is too small. We have performed numerical simulations a posteriori, employing actual frictional 
data from the experiment. Our simulations also exhibit a hint of secondary rupture triggering (Figure 2c). 
The simulations indicate that larger patches (e.g., 7-8 mm) will indeed host secondary ruptures and su-
pershear transition. We are currently performing new tests with the same loading configuration but with 
larger patches.   
 We have also explored other promising configurations. One constraint for candidate configurations is 
that the prestress should be too low for supershear transition to occur under the classical Burridge-
Andrews mechanism, e.g., the corresponding supershear transition distances should be larger than the 
sample size. This constraint is satisfied by the case of P = 4 MPa and α = 29° discussed above, with a 
crack-like rupture. Our numerical and theoretical analysis has suggested that the configuration with P = 
12 MPa and α  = 24° will produce sub-Rayleigh pulse-like ruptures.   We  have  started  testing specimens  

τ /σ = τ 0 /σ 0 = tanα = 0.55
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Figure 3. (a) Experimentally measured particle velocity for a sub-Rayleigh pulse obtained with prestress 
P = 12 MPa and inclination angle α = 24°, showing a field around the interface (the interface is marked 
with a white line; the spatial scale is indicated below the panel). (b) Slip-rate vs. time history for one 
location along the interface showing a clear slip pulse. This configuration will be tested next with the 
interface featuring a favorable patch. It will enable us to compare triggering by pulse-like and crack-like 
main ruptures.  
 
under this loading condition with homogeneous interfaces and indeed verified that pulse-like sub-
Rayleigh ruptures are produced (Figure 3). Hence this configuration will allow us to compare the trigger-
ing by crack-like and pulse-like main ruptures. Figure 3 also demonstrates our ability to capture the full-
field information in the areas of interest, thus enabling us to study the wave fields that lead to triggering. 
 Once the experimental study determines the conditions that lead to secondary triggering and su-
pershear transition, we will use codes for earthquake cycle simulations (Lapusta and Liu, 2009; Noda and 
Lapusta, 2010) to understand the implications of the findings for supershear transition on San Andreas 
Fault. 
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