
- 1 - 

Technical Report 
 

Evolution of frictional shear resistance  
in response to rapid variations of normal stress  

 
SCEC Award # 21088 

 
Principal Investigator: Ares Rosakis, California Institute of Technology 

 
1. Summary of the results 
Friction formulations typically assume shear resistance to be proportional to normal stress. However, when 
normal stress changes rapidly enough, frictional shear resistance no longer obeys proportionality to the 
normal stress but rather evolves with slip gradually (Prakash and Clifton, 1993). In this project, we 
investigate the evolution of shear stress in response to rapid normal stress variations using laboratory 
experiments of spontaneously propagating dynamic ruptures. Our experiments produce variations in fault-
normal stress due to the interaction of dynamic rupture with the free surface, similarly to what occurs in 
natural thrust events (Gabuchian et al., 2014; 2017). Our experimental measurements clearly demonstrate 
the delay between normal stress changes and the corresponding changes in frictional resistance, with 
important implications for the dynamics of thrust earthquakes near the free surface. The experiments make 
use of full-field measurements of displacements, strains, and stresses by combining digital image 
correlation (DIC) technique with ultrahigh-speed photography (Rubino et al., 2016; 2017; 2019; 2020), 
which thoroughly characterize rupture interaction with the free surface, including the large normal stress 
reductions. Our full-field measurement capability allows us to confirm and quantify the asymmetry between 
the experimental motions of the hanging and footwalls, with larger velocity magnitudes occurring at the 
hanging wall. Interestingly, because the motion of the hanging wall is generally near-vertical, while that of 
the footwall is at dip direction shallower than the dip angle of the fault, the horizontal surface velocity 
components are found to be larger at the footwall than at the hanging wall.  

 
1. Project motivation and objective 

The delayed in response of frictional shear resistance to variations in normal tractions, and its proper 
representation in friction formulations, is critically important for investigations of several key earthquake 
source problems, including (i) slip on locally rough/nonplanar interfaces, a topic of particular interest in 
SCEC5 (Dieterich and Smith, 2009; Fang et al., 2011; Dunham et al., 2011; Duru and Dunham, 2016); (ii) 
the dynamics of ruptures on thrust and normal faults near the Earth’s surface, which is important for near-
fault shaking and tsunami generation, and which contains rapid changes in the fault-normal stress due to 
the interaction of rupture with the free surface (e.g., Oglesby et al. 1998; Nielsen, 1998; Oglesby et al., 
2000; Madariaga, 2003; Duan and Oglesby, 2005; Ma and Beroza, 2008; Kozdon and Dunham, 2014; 
Gabuchian et al., 2014; 2017), (iii) dynamic rupture on faults separating crustal rocks with different elastic 
properties, a common case for mature strike-slip faults that have slipped many kilometers, which causes 
rapid fault-normal stress changes due to coupling between the fault normal stress and slip (e.g., Andrews 
and Ben-Zion, 1997; Cochard et al., 2000; Rice et al., 2001; Xia et al., 2005; Shi and Ben-Zion, 2006; 
Rosakis et al., 2007; Bhat et al., 2010; Shlomai and Finberg, 2016), and (iv) shear-heating-induced rapid 
pressurization of pore fluids during seismic slip, which potentially results in rapid enough effective normal 
stress changes (e.g., Lachenbruch, 1980; Mase and Smith, 1985; Rice, 2006; Schmitt et al., 2011).   
In this project, we use laboratory experiments to investigate the evolution of shear stress in response to 
rapid normal stress variations in order to achieve the following goals: 
• Study the normal stress variations and the corresponding shear resistance evolution produced by the 

propagation of spontaneous ruptures near a free surface for a broad range of experimental parameters, 
comprising both supershear and sub- Rayleigh ruptures; 
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• Explore the dependence of frictional parameters on normal stress to improve our ability to reproduce 
the measured friction behavior under a wide range of conditions. 

• Investigate the effects of asymmetric geometry and heterogeneous frictional resistance on the ground 
motion and study the decay away from the fault. 

 
2.  Relevance of the project goals to the objectives of SCEC 

This project addresses the following SCEC5 Research Priorities: 
    P4.a. Determine the relative roles of fault geometry [and] heterogeneous frictional resistance, […] in 
controlling and bounding ground motions. 
    P1.d. Quantify stress heterogeneity on faults at different spatial scales. 
    P3.g. Assess the importance of the mechanical properties of the near-surface. 
 Our experiments featuring spontaneously propagating ruptures reaching the free surface, performed 
under a range of experimental parameters, will contribute to determine the relative roles of fault geometry 
and frictional resistance in controlling and bounding ground motion, and thus address P4.a. Our 
measurements of shear stress in the near-surface region will also contribute to P1.d and P3.g.  
 

3. Results 

Friction response to rapid normal stress variations is key to study of several problems in earthquake source 
science, as discussed in section 1. We study this problem in a highly instrumented experimental setup that 
produces variations in fault-normal stress due to the interaction of dynamic rupture with the free surface. 
The lab earthquake setup features a dynamic rupture along an inclined, frictional interface formed by two 
compressed quadrilateral sections of Homalite (Figure 1). The full-field imaging technique that we have 
developed enables to image the motions and stress changes within a field of view (FOV) close to the free 
surface.  It allows us to both obtain the dynamic details of the phenomenon as well as image the evolution 
of fault-normal stress, fault-parallel shear stress, and hence friction along the interface close to the free 
surface, and hence to study how friction evolves under the conditions of rapid normal stress variations and 
to distinguish between different proposed formulations. We have already been successful to characterize 
dynamic friction evolution in the bulk and used friction laws to describe its behavior (Rubino et al., 2017).  

The motions and stress changes close to the free surface are adequately resolved by the full-field imaging 
technique that we have developed (Rubino et al., 2019; Tal et al., 2019). Accurate measurements of stresses 
near the interface are very important when digital image correlation (DIC) is applied to study the dynamics 
of laboratory frictional rupture. However, DIC algorithms involve small errors that can lead to non-physical 
discontinuities in the stress field across the interface. Using a previous SCEC award, we have developed an 
algorithm to locally adjust the displacements computed by DIC near frictional interfaces, such that local 
stress fields satisfy the continuity of traction across the interface (Tal et al., 2019).  
 Over the last funding period we have studied the effect of rapid normal stress variations over a broad 
range of experimental conditions. We also investigated the effects of asymmetric geometry and 
heterogeneous frictional resistance on the ground motion and studied the decay away from the fault. 
 Our full-field measurement capability allows us to confirm and quantify the asymmetry between the 
experimental motions of the hanging and footwalls, with larger velocity magnitudes occurring at the 
hanging wall. Plots of the time histories of slip rate, �̇�, at different locations along the fault (Figure 2a) 
provide further insight into the effect of the free surface on the rupture process itself. At the largest distance 
from the free surface (xf = 13.5 mm), there are two separated peaks in �̇� that correspond to the arrival (�̇� =
6.5	m/s at t = 54 µs) and reflection (�̇� = 9	m/s at t = 69 µs) of the supershear rupture. As the distance to 
the free surface decreases, the peaks of arrival and reflection merge together, with a transition into a single 
peak of �̇� = 12.5 m/s near the free surface (xf = 1.5 mm). The trailing-Rayleigh rupture shows a clear peak 
of �̇� = 9.5 m/s at xf = 1.5 mm, but as xf increases, the peak becomes smaller and wider, with a weak signal 
at xf = 13.5 mm.  
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 Experiments under lower compressive loads are characterized by weaker ruptures with smaller slip 
rates. The ruptures show similar characteristics to those described above, featuring a supershear rupture in 
the front followed by a trailing Rayleigh rupture. However, as P decreases, there is a transition from a 
dominant supershear rupture to a dominant trailing Rayleigh rupture. In Exp. #4, which was conducted 
under the lowest compressive load of P = 4.9 MPa (Figure 2b), the peak slip rate of the supershear rupture 
near the free surface (xf = 1.5 mm) is �̇� = 2.8 m/s, while that of the trailing Rayleigh is �̇� = 5 m/s. Moreover, 
there is a delay of ~5 µs in the arrival of the supershear rupture to FOV compared to Exp. #1 because of a 
slightly slower rupture speed of Vr = 2 km/s = 1.57cs and a larger transition distance of 12.8 mm.   
 Snapshots of the of full-field particle velocity magnitude, |�̇�|, with overlaid velocity vectors on the 
fault and on the free surface, during different stages of Exp. #1 (Figure 1), shed light on the dynamics of 
the supershear rupture and the subsequent trailing Rayleigh rupture during the interaction with the free 
surface, as well as their effects on the ground motion. The supershear rupture (Figure 4, top panels) 
approaches the free surface (t = 57 µs) with a peak particle velocity magnitude of 4 m/s and transition from 
a dominant fault-normal particle motion ahead of the rupture front to a fault-parallel particle motion behind 
it. Correspondingly, at the surface, the right part of the hanging wall, which is already behind the rupture 
front, moves parallel to the fault with a velocity magnitude of |�̇�|, = 2	m/s. The surface velocities, �̇�!, 
decrease and rotate in locations on the surface that are ahead the rupture front (decreasing x1). During the 
interaction of the rupture with the free surface (t = 63 µs), |�̇�| increases and becomes asymmetric with 
respect to the fault, with peak values of 8 and 4.5 m/s at the hanging and foot walls, respectively. The walls 
slide in opposite directions, with small deviations from the orientation of the fault. After the rupture is 
reflected from the free surface (t = 78 �s), sliding continues at smaller particle velocities, with a sub-vertical 
motion of the hanging wall and motion at a dip of 𝛽 ≈ 40° of the footwall. At this stage, the magnitude of 
accumulated surface displacements, |𝐮!|, on the hanging wall ranges between |𝐮!| = 100 µm near the fault 
and |𝐮!| =  90 µm at 𝑥" = 5 mm, while that on the footwall ranges between |𝐮!| = 74 µm near the fault 
and |𝐮!| =  65 µm at 𝑥" = -5 mm (Figure 3).  
 Consistent with field observations and numerical models, the experimental surface motions show 
asymmetry between the hanging and footwalls during the interaction of both the supershear and the trailing 
Rayleigh ruptures with the free surface, with larger velocity magnitudes at the hanging wall. However, for 
the dip angle of b = 61o considered in our experiments, the motion of the hanging wall is generally a nearly-
vertical motion, while that of the footwall is at a dip direction which is shallower than the dip angle of the 
fault. That leads to larger horizontal surface velocities at the footwall than at the hanging wall. The 
attenuation in surface velocity with distance from the fault is generally larger at hanging wall than at the 
footwall and for the vertical component than for the horizontal one.  
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Figure 1. Experimental setup. Dynamic shear ruptures are initiated by a small burst of a NiCr wire at 
distance xf = 11.5 cm from the free surface and propagate spontaneously along a frictional interface inclined 
at a dip angle b = 61º between two Homalite plates, which are loaded under a compressional load P. An 
ultrahigh-speed camera system (Shimadzu HPV-X) is used to record 128 images of a target area of 19 x 12 
mm2 near the free surface at a rate of 1 million frames/second. The images are analyzed with the digital 
image correlation method to obtain full-field displacement and velocity fields. Panels on the right: 
Snapshots of the particle velocity magnitude at different stages of Exp. #1 (P = 15 MPa), with overlaid 
vectors showing the direction and magnitude of particle velocities near the interface and at the free surface. 
The deformation is exaggerated by a factor of 10. Modified from Tal et al., 2022. 

 

Figure 2. Slip rate vs. time at five 
locations on the fault with 
different distances (xf) from the 
free surface for (a) Exp #1 (P = 
15 MPa) and (b) Exp #4 (P = 4.9 
MPa). The locations are shown 
in the Figure 2. Dashed lines 
marked with Tp, Ts, and TR 
indicate the arrival times of P, S, 
and Rayleigh waves. Note that 
the peaks in �̇� increase near the 
free surface for both the 
supershear rupture and the 
trailing Rayleigh. The lower 
level of applied loading P in Exp 
#4 results in a weaker rupture 
with smaller slip rates. Modified 
from Tal et al., 2022. 
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Figure 3. Snapshots of accumulated displacements along the surface, 𝐮!, at different stages of Exp. #1 (P = 15 MPa). 
The vector sizes are amplified by a factor of 10. The left (t = 59 – 78 µs) and right (t = 95 – 130 µs) panels capture the 
interactions of the supershear and trailing Rayleigh ruptures with the free surface, respectively. The figure highlights 
the differences in |𝐮!| between the hanging and footwalls, as well as the rotations of 𝐮! throughout the experiment 
into motions that are nearly-vertical at the hanging wall and at a dip of 𝛽 ≈ 32° at the footwall. Modified from Tal 
et al., 2022. 
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