
Coseismic fault displacements in large earthquakes have caused significant 
damage to structures and lifelines located on or near fault lines. Examples include 
severely damaged bridges, dams and tunnels in the 1999 Chi-Chi earthquake, 
pancaked buildings in the 1999 Kocaeli earthquake, and ruptured water lines 
during the 2019 Ridgecrest Earthquake Sequence. Fault displacements, therefore, 
represent an important seismic hazard, especially for distributed infrastructure 
systems. Compared to well-developed empirical ground-motion models (GMMs, 
a.k.a. GMPEs), empirical fault displacement models are sparse and poorly 
constrained partly due to the scarcity of detailed fault-displacement observations. 
Advancements in physics-based simulation models make them an attractive 
approach to address this important problem. Dynamic rupture constructs 
earthquake rupture evolution and seismic wave propagation under plausible 
physical conditions. In contrast to kinematic source models, they can be used to 
quantify fault displacement through physical causative parameters instead of 
pre-defined descriptions of resultant slip distributions. Dynamic models can also 
capture off-fault inelastic distributed fault displacements. Once validated against 
well-documented case histories, the models can be used to predict displacements 
for scenarios and events we have not yet experienced. We perform the validation 
against on- and off-fault displacement data from the 1992 Landers M7.1 
earthquake. We also perform a sanity-check validation of ground motions against 
recordings from the event, to ensure that physics important to modeling have been 
properly parameterized, which is critical to its use for the forward modeling of new 
events. We develop an ensemble of spontaneous dynamic rupture models with 
varying imposed stresses and geometrical fault roughness levels, resulting in a 
suite of 48 simulations dataset. We share results obtained to date and provide 
insight on the uncertainty of resulting ruptures including their magnitude, length, 
propagation velocity and displacement distributions.

Abstract

Methodology and Model Setup

● Our dynamic rupture models been successfully validated against Landers 
data for: total displacement, OFD, OFD ratio and their scaling with M;

● Our simulated ground motions based on a simplified 1D velocity model match 
the observed ground motions reasonably well; 

● Our dynamic rupture models systematically overestimate the FZW, which 
may require the incorporating low-velocity fault zone for more localized OFD.

Figure 4: Mean on-fault (upper panel) 
and total displacements (lower panel) 
within each Mw bin (from Mw 7.0 to 
7.5). Gray dots are displacements of each 
realization. Black dots are observed 
displacements from geological surveys 
(upper panel, compiled in Petersen et 
al., 2011) and aerial optical imaging 
(lower panel, COSI-Corr imaging 
from Milliner et al., 2016). Dark gray 
line is the cumulative total fault 
displacement (Milliner et al., 2015).

Validate Simulated Fault Displacements from Dynamic Ruptures against the 
Observed in the 1992 Landers Earthquake
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We use the physics-based dynamic rupture model (Support Operator Rupture 
Dynamics, SORD) to simulate fault displacement and ground motion 
simultaneously (Shi and Day, 2013; Wang and Day, 2020). Fault geometry and 
stress/friction conditions are shown in Figure 1 and Table 1.

Johnson Valley Fault Homestead Valley Fault Camp Rock Fault & 
Emerson Fault

Static friction coefficient 0.5 0.5 0.6

Dynamic friction coefficient 0.2 0.2 0.2

Critical slip distance (m) 0.6 0.6 0.6

R (stress drop/strength drop) 0.45 ~ 0.5 0.35 ~ 0.5 0.25 ~ 0.4

Figure 1: (Left) Map view of the computational domain with 3-segment fault baseline, horizontal 
principal stress orientation, hypocenter (red star), and ground-motion stations locations.  (Upper right) 
One realization of fault roughness superimposed model. (Lower right) Ratio between shear and normal 
stress caused by segment-dependent principal stress angle, fault baseline orientation, and small-scale 
fault roughness. 

Table 1: Frictional parameters and R (the ratio between stress drop and strength drop) on each segment. 

We use a 1D layered velocity structure (Mojave 500, Graves, pers. comm.), and 
Hoek-Brown plasticity (approximated by the Drucker-Prager model, Roten et al., 
2017) to accommodate off-fault displacements as seen in Landers
 earthquake.
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Figure 2: (Left) 1D Mojave 500 velocity model. (Upper center) Hoek-Brown model (curved yield 
stress) and best-fit Mohr-Coulomb (Drucker-Prager in 3D) model (straight yield stress). (Upper right) 
Parameters of Hoek-Brown models. (Lower right) Depth-dependent equivalent cohesion, friction angle, 
and Drucker-Prager yield stress.

Sample Displacement Results

Figure 3: Schematic definitions of on-fault,  
off-fault and total displacements.

Simulated displacement shows a 
gradual transition across the fault 
within a shear fault zone of a finite 
width (Figure 3), which is consistent 
with the pattern observed in 
Landers. The total displacement 
similar to the COSI-Corr 
displacement (Milliner et al., 2015) 
includes both the localized, on-fault 
displacement and distributed 
off-fault shear zone. 

Rupture Ensemble Results
We vary fault roughness (12 profiles) and R (4 sets), resulting in a total of 48 
cases of various M. We compute mean and standard deviation of on-fault and 
total displacements within each M bin (Figure 4). 

On-fault displacement (m)

Total displacement (m)

Similar to observations, the 
simulated total displacements 
are systematically larger than 
on-fault measurements. Our 
mean model within M 7.3-7.4 
predicts the observed 
cumulative total displacement 
within roughly 2 standard 
deviations. 

Total and on-fault displacements (OFD) show a positive correlation with M 
(Figure 5). OFD ratio has a negative correlation with M. The fault zone width 
(FZW) shows no trend with M. Distribution of simulated OFD ratio in M7.2-7.3 is 
similar to the observations. However, the observed FZW doesn’t follow a normal 
distribution and is on average far smaller than our prediction. Other correlations 
among total displacement, OFD and FZW sare consistent with observations (not 
shown).

Figure 5: Histograms of total displacements, off-fault displacement (OFD, difference between total and 
on-fault displacements), OFD ratio (OFD/total displacement), and fault zone width (FZW) of each 
magnitude bin. Embedded figures in the lower left and right panel show distributions of observed OFD ratio 
and FZW, respectively. 

Mean values of total and on-fault 
displacements from our 
simulations are consistent with 
aerial optical imaging and 
geological on-fault observations, 
respectively (Figure 6). Our 
simulated ground motions are 
also reasonable (Figure 7).

Figure 6: Correlation of mean displacement with M from 
our simulated dataset, observations from optical imaging, 
and previous on-fault datasets.

Figure 7 (left): Mean data residuals (at recording 
stations shown in Figure 1) using 
orientation-independent RotD50 spectral acceleration 
as a function of period. Zero values represent a 
perfect match with negative values showing an 
overprediction of the simulations relative to data and 
positive values shown an underprediction. Although 
the ground motions are not a perfect match, they are 
not unreasonable and the fit is on par with those from 
empirical GMMs. Our priority is to model 
displacement while producing reasonable ground 
motions, so we expect misfit.

Key Take-Aways
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