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ABSTRACT
We seek to improve our understanding of the physical processes that control the style, dis-
tribution, and intensity of ground surface ruptures on thrust and reverse faults during large
earthquakes. Our study combines insights from coseismic ground surface ruptures in historic
earthquakes and patterns of deformation in analog sandbox fault experiments to inform the
development of a suite of geomechanical models based on the distinct element method
(DEM). We explore how model parameters related to fault geometry and sediment proper-
ties control ground deformation characteristics such as scarp height, width, dip, and patterns
of secondary folding and fracturing. DEM is well suited to this investigation because it can
effectivelymodel the geologic processes of faulting at depth in cohesive rocks, aswell as the
granular mechanics of soil and sediment deformation in the shallow subsurface. Our results
show that localized fault scarps aremost prominent in caseswith strong sediment on steeply
dipping faults, whereas broader deformation is prominent in weaker sediment on shallowly
dipping faults. Based on insights from 45 experiments, the key parameters that influence
scarp morphology include the amount of accumulated slip on a fault, the fault dip, and the
sediment strength. We propose a fault scarp classification system that describes the general
patterns of surface deformation observed in natural settings and reproduced in our models,
including monoclinal, pressure ridge, and simple scarps. Each fault scarp type is often
modified by hanging-wall collapse. These results can help to guide both deterministic and
probabilistic assessment in fault displacement hazard analysis.

KEY POINTS
• Thrust fault ruptures produce complex surface deforma-

tion and hazards that are difficult to forecast.
• Distinct element method (DEM) models reproduce rup-

ture patterns observed in analog experiments and natural
settings.

• Models quantify patterns between fault displacement and
ground deformation, supporting hazard estimates.

Supplemental Material

INTRODUCTION
In this study, we develop a mechanical basis for examining
ground surface deformation that occurs during large thrust and
reverse-fault earthquakes. Active thrust faults pose significant
earthquake hazards at convergent plate boundaries around the
world. Events such as the 1988 M 6.9 Spitak, Armenia, 1999
M 7.6 Chi-Chi, Taiwan, 2008 M 7.9 Wenchuan, China, 2013

M 7.2 Bohol, Philippines, and 2016 M 7.8 Kaikoura, New
Zealand, earthquakes, demonstrate the complex nature of these
ruptures, which often exhibit significant components of coseis-
mic folding, secondary faulting, and distributed fracturing
(Philip et al., 1992; Kelson et al., 2001; Wesnousky, 2008;
Hubbard and Shaw, 2009; Xu et al., 2009; Chang et al., 2015;
Kaiser et al., 2017; Boncio et al., 2018; Litchfield et al., 2018;
Bray et al., 2019; Rimando et al., 2019). Patterns of deformation
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at or near the ground surface (Fig. 1) pose specific hazards when
earthquakes occur in urban environments and impact critical
information systems, energy transmission infrastructure, and
transportation systems (Kelson et al., 2001; Petersen et al., 2011;
Chang et al., 2015; Boncio et al., 2018; Bray et al., 2019; Baize
et al., 2020). The displacement magnitude, width, and degree of
tilting or warping of the ground surface associated with fault
traces have an important impact on the ability of built structures
to withstand these earthquakes (Kelson et al., 2001; Petersen
et al., 2011; Boncio et al., 2018). For example, the Trans-
Alaskan pipeline was built in the mid-1970s to withstand poten-
tial slip on the Denali fault based on initial fault displacement
hazard estimates (Sorensen and Meyer, 2003). When the
Denali fault ruptured in the 2002 M 7.9 earthquake, the pipeline
withstood 5.5 m of right-lateral strike-slip offset demonstrating
how fault displacement hazard assessments can successfully aid
in the design of sensitive infrastructure and facilities (Cluff et al.,
2003; Sorensen and Meyer, 2003; Nyman et al., 2014). However,
building and retrofitting such facilities often requires an ability to
forecast specific characteristics of future ground surface defor-
mation related to individual faults—a capability that we generally
lack (Moss and Ross, 2011; Petersen et al., 2011; Chang et al.,
2015; Moss et al., 2018).

Large earthquakes produce a range of hazards, including
strong ground shaking, liquefaction, trigger landslides, and tsu-
namis. Strong ground shaking is generally considered the most
impactful of these hazards for onshore earthquakes because it
affects large areas—often far from the earthquake epicenter.
However, surface displacements along fault zones—the most
direct result of earthquake ruptures—also pose serious hazards
due to the intense damage that typically occurs to buildings and
other structures that lie along the fault traces. Events such as the
1999 M 7.6 Chi-Chi, Taiwan, and 2008 M 7.9Wenchuan, China,
earthquakes demonstrate these risks because the most severe
damage and the greatest loss of life resulted from the collapse
of buildings along the fault rupture (Kelson et al., 2001;

Hubbard and Shaw, 2009; Xu
et al., 2009; Boncio et al.,
2018; Ran et al., 2019;
Hughes, 2020).

Patterns of ground surface
deformation are regularly stud-
ied in the field after large earth-
quakes, as well as through
paleoseismic trenches that seek
to define past earthquake behav-
ior (Kelson et al., 2001; Chen
et al., 2007; Ran et al., 2019;
Rimando et al., 2019; Baize
et al., 2020). Postearthquake
field surveys, combined with
modern techniques such as light
detection and ranging, are pro-

viding unprecedented details about the nature and complexity of
this deformation (Stockmeyer et al., 2014; Bray et al., 2019;
Rimando et al., 2019; Baize et al., 2020). Fault displacement haz-
ard analysis (FDHA) is the primary method by which quantifi-
cation of hazards associated with ground surface rupture is
determined (Youngs et al., 2003; Moss and Ross, 2011;
Petersen et al., 2011; Baize et al., 2020). FDHA provides an esti-
mate of the potential amount of displacement on a fault during
surface rupture based on statistical modeling of empirical data
and, when available, a record of past earthquake ruptures.
The majority of such studies have focused on strike-slip faults
that have clearly defined fault traces and associated patterns
of ground deformation (Petersen et al., 2011; Baize et al., 2020).
Rupture traces and deformation patterns of thrust and reverse-
fault events differ by nature. They are arguably more complex
and far less well studied (Chang et al., 2015; Boncio et al.,
2018; Garcia and Bray, 2018a). The complexity of these ruptures
reflects the low dip of the faults, displacement that is highly var-
iable along strike, and the tendency for folding, among
other factors (Fig. 2; Philip et al., 1992; Yeats et al., 1997;
Boncio et al., 2018; Rimando et al., 2019). The geometrical com-
plexity of faults combined with the limited number of large
continental thrust fault earthquakes makes it particularly
difficult to forecast patterns of ground surface deformation based
simply on empirical approaches (Youngs et al., 2003; Moss and
Ross, 2011; Petersen et al., 2011; Boncio et al., 2018; Baize
et al., 2020).

To investigate the patterns of ground surface deformation
associated with thrust and reverse faults, we develop a suite of
numerical models using the distinct element method (DEM) to
evaluate the effect of different faulting parameters (e.g., fault dip
and accumulation of slip) as well as sediment mechanics (e.g.,
cohesion and tensile strength). Our numerical models aim to
provide a quantitative basis to relate observed ground deforma-
tional features with fault displacements at depth that can be
linked to earthquake magnitudes. These relationships can help

Figure 1. Images of ground surface deformation associated with coseismic thrust and reverse-fault displacements:
(a) 1999 M 7.6 Chi-Chi, Taiwan, earthquake (photograph by W. J. Huang, reprinted with permission from fig. 1 in
Chang et al., 2015); and (b) 2016 M 7.8 Kaikoura, New Zealand, earthquake (photograph by Clayton Lindstrom 15
November 2016 in Bayer, 2017).
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to forecast patterns of ground surface deformation associated
with large-magnitude thrust and reverse-fault earthquakes.

METHODS
Structural geologists have long used mechanical models to inves-
tigate the processes of faulting and related folding over long
deformation timescales. Models based on the discrete element
method have proven very effective at reproducing the
behavior of fault systems and the styles and kinematics of folding
and associated deformation (Strayer and Hudleston, 1997; Finch
et al., 2003; Imber et al., 2004; Strayer et al., 2004; Hardy and
Finch, 2005, 2007; Benesh et al., 2007; Hughes et al., 2014;
Hughes and Shaw, 2015; Hughes, 2020). These discontinuum
methods define elastic and frictional particle interactions in
aggregate materials exhibiting complex pseudoplastic behavior
(Morgan, 1999; Guo and Morgan, 2004; Morgan, 2015). The
invoked deformation processes are similar in many respects to
how rocks and sediments are deformed in the upper crust and
shallow subsurface (Morgan, 1999; Chang et al., 2015; Garcia and
Bray, 2018b, 2019a,b). Moreover, these methods allow for the
development of emergent structures, such as fractures, fissures,
secondary, secondary faults, flexural slip surfaces, and folds
(Erickson et al., 2001; Strayer and Suppe, 2002; Finch et al.,
2003; Hardy and Finch, 2007; Hughes et al., 2014; Hughes
and Shaw, 2015). The methods also facilitate the deposition,
compaction, dilation, and deformation of sediments (Morgan,
1999; Guo and Morgan, 2004; Yang et al., 2006; Garcia and
Bray, 2018b, 2019b). Recent work by Garcia and Bray (2018a,
b) and Hughes (2020) compared DEMmodel results over a wide
range of parameters (e.g., dense versus loose and strong versus
weak sediment) to expected natural phenomenon in compressive
regimes, thereby helping to establish relationships between mod-
eled parameters and natural soil or sediment properties. The

discrete element method, therefore, is well suited to model both
the geologic processes of faulting and the granular mechanics of
soil and sediment deformation in the shallow subsurface.

The discrete element method considers circular disks (2D) or
solid spheres (3D) that are free to move relative to one another
(Fig. 3). Once in contact, these disks, or particles, act as linear
springs in compression and are governed by Coulomb frictional
sliding in shear (Fig. 3). In addition, cohesive and tensile bonds
(representing the shear and tensile strength, respectively) are
applied at the contacts between particles through the parallel-
bond contact model (Itasca, 1999, 2021). These bonds transmit
force and only remain active until shear and tensional forces
between the two particles reach prescribed limits (i.e., cohesion
and tensile strength).

The discrete nature of this modeling method allows for
strain localization and behavior that closely mimics natural
deformation styles. Fractures, faults, and folds are all emergent
features of these simulations that form due to displacement
boundary conditions. Furthermore, the ability to set properties
on a particle-by-particle basis allows modeling of anisotropic
sequences of rocks or sediments (Hughes, 2020). In this way,
we can examine how mechanical properties of the strata, such
as layer thickness, cohesion, or vertical strength gradients, may
affect the styles of ground surface deformation (Hughes et al.,
2014; Garcia and Bray, 2018a; Hughes, 2020).

Figure 2. Ground surface deformation along the Spitak fault from the 1988
M 6.9 Armenia, earthquake. The rupture had significant along-strike var-
iations in surface deformation patterns, such as a (a) simple thrust scarp,
(b) hanging-wall collapse scarp, (c) simple pressure ridge, (d) dextral
pressure ridge, (e) backthrust pressure ridge, and (f) low-angle pressure
ridge (adapted from fig. 4 of Philip et al., 1992; Yeats et al., 1997).
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A variety of DEM codes are readily available in the academic
community, for example, cdem (Hardy and Cardozo, 2021),
LIGGGHTS (Kloss et al., 2012), and Yade (Kozicki and Donzé,
2008). We employ Particle Flow Code (PFC2D version 6.00 and
7.00)—a commercial code based on the initial work of Cundall
and Strack (1979) by Itasca (1999, 2021) that uses the “distinct”
element method (within the family of the “discrete” element
method), which defines deformable contacts between rigid
bodies in an explicit, time-dependent solution. The method
was originally developed and applied to investigate granular
mechanics and problems of a geotechnical nature (Mustoe
et al., 1987). The method has been adapted for geophysical and
geological studies over a range of scales, including the evolution
of fault gouge development in sheared fault zones (Mora
and Place, 1998, 1999; Morgan, 1999, 2004; Morgan and
Boettcher, 1999; Guo and Morgan, 2004), thin-skinned thrust-
fault evolution (Strayer and Suppe, 2002; Strayer et al., 2004;
Benesh et al., 2007), extensional faulting and folding (Finch
et al., 2004), and gravitational collapse of volcanic edifices
(Morgan and McGovern, 2005a,b). Efforts to investigate fault-
related folding have focused on detachment folding (Hardy
and Finch, 2005), basement-involved thrust and fault-propaga-
tion folding (Strayer and Suppe, 2002; Finch et al., 2003; Hardy
and Finch, 2006, 2007; Hughes et al., 2014; Hughes and Shaw,
2015), fault-bend folding (Erickson et al., 2001, 2004; Strayer
et al., 2004; Benesh et al., 2007), as well as fold-and-thrust belt
and accretionary wedge mechanics (Strayer et al., 2001; Naylor
et al., 2005; Morgan, 2015).

MODEL GEOMETRY AND FORMATION
For our simulations, we employ a 2D model architecture with a
discrete fault at depth that will displace and propagate upward
into layers of sedimentary rocks and/or loosely consolidated
sediments. This geometry is consistent with the natural settings
we are investigating, in which thrust and reverse faults are

present at depth and propagate upward through near-surface
sediment during large earthquakes. This basic model geometry
has been applied in sandbox fault models as well as the pre-
vious numerical DEM simulations (Lade et al., 1984; Hardy
and Finch, 2007; Bransby et al., 2008; Chang et al., 2015;
Garcia and Bray, 2018a). Our model is 50 m wide to simulate
natural scales of deformation, has two vertical walls at either
end, and has a thrust or reverse fault that initiates at the base of
the model (Fig. 4). In PFC, we define faults using rigid, fric-
tional walls. Much like particle-to-particle contacts, particles in
contact with a wall are governed by Coulomb sliding in shear
and subject to a linear restoring force in compression. The
walls serve to contain the particles and drive displacement
of the hanging wall, yielding fault slip and subsequent defor-
mation within the model.

The sediment profile is produced by generating particles and
gravitationally settling the assemblage until a stable equilibrium
is reached (the mean unbalanced force is less than 1% of the total
forces present in the model; Hughes, 2020). Particles are gener-
ated from a uniform box distribution (e.g., a rectangular distri-
bution) of radii set by upper and lower bounds that define the
maximum-to-minimum particle size ratio of ≈2.5. This range of
particle sizes prevents hexagonal close packing and associated

Figure 3. (a) An illustration of distinct element method (DEM) interparticle
mechanics for the parallel-bond contact model adapted with permission
from Hughes et al. (2014). (b) A biaxial stress test of numerically modeled
dense material with 2× sand-sized, parallel-bonded particles with the
contact-bond microproperties of cohesion and tensile strength set to
3.0 MPa. Bonded particles are indicated in red, bonds broken in tension are
indicated in dark blue, bonds broken in shear are indicated in purple, and
entirely unbonded particles are indicated in light blue. (c) The relationship of
stress and strain from the biaxial stress test in panel (b) shows how the peak
axial stress at failure (21.6 MPa) and Young’s modulus (E; 12.98 MPa with
an R2 value of 0.999) are obtained.
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problems with predefined 60° planes of weakness (Finch et al.,
2003; Strayer et al., 2004; Morgan and McGovern, 2005b).
The initial interparticle friction coefficient (μint) is varied during
gravitational settling to determine the density of particle packing.
Low friction coefficients (0.0–0.2) yield dense particle assemb-
lages, whereas high values yield loose assemblages (Garcia and
Bray, 2018a). We focus on dense assemblages of material, as
these best reproduce analog sandbox experiments and are shown
to represent natural examples of fault scarp deformation in thrust
and reverse-fault earthquakes. After reaching a stable equilib-
rium, the uppermost particles are removed to achieve a uniform
thickness and flat topography. The particles rebound from the
removal of this load and gravitationally settle to an equilibrium
again before they are assigned to layers of uniform thickness
(1.0 m). These “pregrowth” layers represent the uniform sedi-
mentary strata prior to undergoing deformation.

Once the particles are generated and grouped into pregrowth
layers, we modify the particle and contact parameters to define
the sediment properties. The interparticle friction coefficient (μf )
is reset to a standard value of 0.3 to generate realistic shear band-
widths during deformation (e.g., Morgan, 1999, 2004; Garcia and
Bray, 2018a,b). We tested a range of values around μf ! 0:3 and
determined that results are not sensitive to the friction coefficient
unless extreme values are used, consistent with findings of other
authors (e.g., Morgan, 1999, 2004). The particles are then
assigned stiffness, cohesion, and tensile strength values through
the parallel-bonded contact model (described in the Sediment
Mechanics Calibration section) and allowed to gravitationally
settle, which yields a layered stratigraphy (Itasca, 1999; Strayer
et al., 2004; Hardy and Finch, 2005; Hughes, 2020). To investi-
gate the effects of sediment strength on the fault propagation and
ground surface rupture, we simulate a range of homogeneous
sequences (from strong to weak) by modifying the cohesion
and tensile strength of the contact bonds.

Once the sediment is generated and bonded, we begin the
deformation sequence. Deformation is driven by displacement
(Dirichlet) boundary conditions of the hanging-wall parallel to
the fault at depth (Fig. 4). The amount of slip is defined as the
total displacement at the base of the model and is run from 0 m
to the maximum prescribed amount continuously. Thus, we
can interrogate the model after any amount of slip (e.g.,
2.0 m) to determine the geometry of the fault as it propagates
to the surface and evaluate the associated ground surface char-
acteristics. Once the model reaches the prescribed total accu-
mulation of slip on the fault, in this case 5.0 m, the particles
undergo continued gravitational settling to reach a stable equi-
librium; this would be similar to a fault scarp settling due to
gravity after the abrupt motion of the earthquake.

Displacement is calculated over distance intervals and time
steps appropriate to reflect coseismic rupture. At each time
step, Newton’s equations of motion are solved by summing the
forces on each particle, and then integrating to yield new veloc-
ities and positions (Itasca, 1999). As the simulation progresses,
the energy of the system is reduced by the interparticle fric-
tional resistance and through a dashpot-force damping coeffi-
cient of 0.70 (Cundall and Strack, 1979; Morgan, 1999, 2004;
Finch et al., 2003; Morgan and McGovern, 2005a,b; Hughes
et al., 2014; Garcia and Bray, 2018a,b). We evaluated a range
of damping coefficient values in conjunction with hanging-wall
displacement velocities and timesteps to avoid undesirable
dynamic effects (e.g., particles flying upward at the onset of
deformation), and selected values that yield stable, localized
deformation within reasonable computational time.

Figure 4. Illustration of the 2D model for our DEM fault simulations (not to
scale). Sedimentary units (pregrowth) are deposited horizontally.
Deformation is driven by displacement of the driving wall (representing the
hanging wall) parallel to the fault surface.
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In addition, we implement a “fault seed” function prior to
displacing the hanging wall. The fault seed propagates a plane
of weakness at the specified fault dip into the sediment (Fig. 4).
The length of the fault seed is a fraction of the total sediment
thickness (25%, 50%, or 75%) such that it will have the same
vertical thickness of sediment above the fault tip for different
fault dips (e.g., 20° or 60°). Fault seed lengths of 25%, 50%, and
75% of 5.0 m thick sediment correspond to 3.75, 2.5, and
1.25 m of unruptured sediment above the fault tip, respectively.
The application of this fault seed function avoids undesirable
localization of shear bands at the boundary of the model. More
importantly, this effectively represents cases in which prior
earthquakes ruptured through sediments just below the
Earth’s surface. Thus, the application of the fault seed function
over various lengths allows us to examine how the fault will
propagate from depth through unconsolidated or loosely con-
solidated sediments in which prior earthquakes have not local-
ized a discrete fault plane. This includes cases in which a fault
defined by prior ruptures extends upward into recently depos-
ited, unfaulted sediments. Furthermore, the application of this
fault seed allows us to vary the amount of unruptured sediment
above the fault tip without regenerating the total sediment
depth for each experiment, thus saving significant computa-
tional time.

Additional details regarding the method and model param-
eters are provided in the supplemental material available to this
article.

SEDIMENT MECHANICS CALIBRATION
The generation of an initial particle configuration with either a
uniform or stratified composition is a straightforward process;
however, assigning specific bulk rock properties to a layer or
interval is more difficult, owing to the particle-based nature of
DEM. Microparameters are assigned to the individual particles
that must be calibrated to ensure that the aggregate properties
and characteristics are appropriate to natural phenomena
(Morgan, 1999; Strayer et al., 2004; Yang et al., 2006;
Hughes et al., 2014; Chang et al., 2015; Garcia and Bray,
2018b; Hughes, 2020). This calibration is accomplished by car-
rying out numerous quantitative, biaxial stress tests over a

range of confining stresses to obtain Young’s modulus (elastic-
ity; E) of the material (Itasca, 1999, 2021; Hughes et al., 2014;
Hughes, 2020; see Fig. 3b,c). The biaxial stress tests for the
range of materials we are examining as near-surface sediment
yield elastic values of 8.83–17.43 MPa and an average bulk fric-
tion coefficient of 0.64 ± 0.08, which falls within the range of
laboratory measurements for rock and sediment specimens
(Table 1; Jaeger and Cook, 1976). In addition to biaxial stress
tests, we calibrated our material properties by replicating sev-
eral reverse fault sandbox models such as Cole and Lade (1984)
and Bransby et al. (2008), as well as the DEM models from
Garcia and Bray (2018a). Based on these calibrations, we devel-
oped a set of experiments to demonstrate the capability of a
DEM approach to explore how variations in key parameters
influence observed ground surface deformation.

First, we present a DEM model that replicates the analog
experiment presented by Cole and Lade (1984) and compare
the observed fault-plane geometries in Figure 5. The DEM
model depicts both the particles and contact bonds between par-
ticles such that broken bonds (blue) can be mapped to charac-
terize internal deformation and define a geometry of the
primary fault plane. The majority of slip in this model is con-
sumed by motion along the primary fault plane (light blue
broken contacts) with some minor, secondary fractures forming
near the fault (dark blue broken contacts). Notably, the fault-
plane geometries between the analog sandbox fault model
and the DEM model are remarkably similar, including the
shared characteristics of the fault shallowing toward the surface
of the model. The DEM model indicates highly localized defor-
mation along the fault plane. A biaxial stress test of this material
with the same mechanical properties yields a Young’s modulus
of 12.86 MPa within the values of unconsolidated, fine-grained,
well-sorted sand (Strayer et al., 2004; Jaeger et al., 2007).

A critical element of our models is the contact laws that are
employed to define particle-to-particle interactions. Recent
work by Garcia and Bray (2018a) has shown that 3D DEM
is able to effectively reproduce analog experiments of ground
surface deformation related to thrust faulting (Bransby et al.,
2008; Fig. 6a,b). The 3D DEM models from Garcia and Bray
(2018a) feature no particle bonds and represent loose sand in

TABLE 1
DEM Model Parameters and Biaxial Stress Test Results for the Sediment Assemblage

DEM Microproperties Bulk Material Properties

Contact Bond
Cohesion (MPa)

Contact Bond Tensile
Strength (MPa)

Young’s
Modulus (MPa) R2

Peak Stress
(MPa)

Failure
Angle (θ°)

Friction
Angle (φ°)

Friction
Coefficient

0.1 0.1 8.83 0.999 12.71 62.0 34.0 0.68
0.5 0.5 11.99 0.999 13.73 63.5 37.0 0.75
1.0 1.0 14.02 0.993 14.21 60.0 30.0 0.58
1.5 1.5 16.72 0.998 14.55 60.0 30.0 0.58
2.0 2.0 17.43 0.999 14.90 61.0 32.0 0.63

DEM, distinct element method.
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the linear contact-bond model with ideally spherical particles.
To avoid excessive particle rotations, they employ a clustering
approach that combines small group of particles together to
represent angular grains. With this approach, their 3D models
reproduce analog sandbox behavior because the third dimen-
sion and angular grains limit the rotation of the particles; how-
ever, these models are considerably time and computationally
expensive. We implemented an alternative contact model that
replicates realistic sediment mechanics using the parallel-bond
contact model built-in to PFC. The parallel-bond contact
model simulates a cement between particles that has a pre-
scribed cohesion and tensile strength value over a set radius.
This contact model sufficiently limits the excessive rotation of
spherical particles (Itasca, 1999, 2021; Potyondy, 2011; see
Fig. 3), similar to the effect of particle clustering employed
by Garcia and Bray (2018a). Furthermore, this contact-bond
model represents cohesive, frictional material that reproduces
the physical properties observed in natural soils and sediments.
A primary advantage of this contact-bond model is that it
allows us to run large suites of 2D models with realistic particle
dimensions in a computationally efficient manner. We tested a

wide range of parameters to replicate analog (Cole and Lade,
1984; Bransby et al., 2008) and 3D DEM models (Garcia and
Bray, 2018a). This allowed us to calibrate the parameters used
in our contact bonds to ensure that they effectively reproduce
physically realistic behaviors observed in natural settings.

Second, we present a DEM model that replicates the analog
experiment of Bransby et al. (2008), which was also reproduced

Figure 5. Comparison of the (a) analog Cole and Lade (1984) sandbox fault
model to (b,d) our 2D DEM model employing the same boundary conditions
and sediment parameters with 2× sand-sized, parallel-bonded particles. The
(a) analog sandbox fault model, (c) observed, and (e) theoretical fault-plane
geometries presented in figure 10a of Cole and Lade (1984) are reproduced
with permission on the left. The (b) sedimentary strata in the DEM model for
a homogeneous sediment profile and the (d) contact bonds for the same
model are shown subsequently. The red contacts are bonded particles, and
blue represents broken contact bonds. See Figure 3 for a representative
biaxial stress test of the simulated material. (f) The comparison between the
observed and theoretical primary fault planes, as defined by Cole and Lade
(1984) for a 60° dipping thrust fault, are remarkably similar to the primary
fault-plane geometry in the DEM model result. Table S1 reports the
parameters used in this model.
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with a 3D DEM model by Garcia and Bray (2018a) (Fig. 6a,b).
Our model (shown in Fig. 6c,d) uses largely the same sediment
microproperties as the ones employed in the Cole and Lade
(1984) replica. The primary fault planes and surface deforma-
tion of each model are strikingly similar with only a minor
deviation in the location of the fault plane (Fig. 6e). The
Garcia and Bray (2018a) fault-plane geometry is steeper than
the reference analog model by Bransby et al. (2008). This is
likely due to using a sediment assemblage that is less dense
than an ideally packed matrix. Garcia and Bray (2018a) gen-
erated a loose sediment assemblage by increasing the initial
interparticle friction coefficient (μint) as the particles gravita-
tionally settled (e.g., 0.5), and then reset this value to a standard
0.3 during the deformation sequence. The comparison of sur-
face deformation profiles shows this difference in the assem-
blage density. The Bransby et al. (2008) profile has a sharp,
steep fault scarp transition in which the fault plane intersects
the surface (Fig. 6e). In contrast, the Garcia and Bray (2018a)
surface profile has a shallow gradient and a smooth transition
between the hanging-wall and footwall blocks (Fig. 6e).
Meanwhile, our 2D DEMmodel used to replicate Bransby et al.
(2008) has a frictional value of μint ! 0:0 during the gravita-
tional settling of particles to create an ideally dense sediment
assemblage. As noted previously, the interparticle friction coef-
ficient (μf ) is then set to 0.3 for the deformation sequence. This

localizes the deformation along a discrete fault plane that is
slightly steeper than Bransby et al. (2008) but shallower than
Garcia and Bray (2018a) (Fig. 6e). Overall, our 2D DEM replica
model has a fault scarp that is similar in orientation and mor-
phology to Bransby et al. (2008).

Our representation of the models in Bransby et al. (2008) and
Garcia and Bray (2018a) demonstrates that the parallel-bond
contact law used in our model is able to reproduce analog
experiments, including dilatant granular and cohesive materials
(Cole and Lade, 1984; Garcia and Bray, 2018a), by applying a
cement between the particles. This enables us to evaluate a wide
range of parameters in 2D simulations to comprehensively
examine the natural processes influencing surface deformation
in thrust and reverse-fault earthquakes.

Figure 6. Comparison of the (a) analog sandbox reverse fault model in
Bransby et al. (2008) to the (b) 3D DEM replica in figure 5a from
Garcia and Bray (2018a), which employed a clustering of particle shapes to
limit the excessive rotation of spherical particles. (c,d) Our 2D DEM model
applies the parallel-bond contact model that limits excessive particle
rotations through cohesive bonds between particles that act as a cement
between grains (Itasca, 1999). (e) A comparison of the primary fault-plane
geometries reveals that our 2D DEM replica model is remarkably similar to
the analog sandbox fault model results of Bransby et al. (2008). Table S2
reports the parameters used in this model.
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RESULTS
After calibrating our sediment mechanics and boundary con-
ditions to analog models, we developed a series of DEMmodels
that seek to define the key factors that control the style of
ground surface rupture during thrust and reverse-fault earth-
quakes. We examined a series of parameters, including the
amount of accumulated slip on a fault, the sediment strength
mechanics, and the fault dip. We performed 45 experiments on
dense, 5.0 m thick sediment in a model 50 m wide with a fault
positioned 20 m from the driving wall and slipped each model
at a constant rate (0.3 m/s) from 0 to 5.0 m continuously. We
evaluated a wide range of sediment mechanics (cohesion and
tensile strength: 0.1, 0.5, 1.0, 1.5, and 2.0 MPa) across 20°, 40°,
and 60° fault dip angles with a fault tip buried by 3.75, 2.5, and
1.72 m of unruptured sediment corresponding to fault seed
lengths of 25%, 50%, and 75% of the total sediment thickness,
respectively. This section will present key results of these
models with additional information on the methods and the
complete model results provided in the supplemental material.

INFLUENCE OF THE ACCUMULATION OF SLIP ON
A FAULT
The primary influence on ground surface deformation from
our models is the amount of slip accumulated on a fault at
the base of the model. Figure 7 considers a homogenous strati-
graphic sequence with sediment cohesion and tensile strength
of 0.5 MPa above a fault that dips 40°. As the fault begins to
slip, it propagates upward into the strata and is associated with
internally distributed deformation in the form of secondary
faulting and folding. As slip accumulates on the fault, the
deformation zone width and vertical displacement increase.
Furthermore, the fault tends to shallow as it approaches the
surface after 2.0 m of slip (Fig. 7), consistent with the analog
models from Cole and Lade (1984) and Bransby et al. (2008)
(see Figs. 5 and 6). Ground surface deformation in our model is
characterized by a discrete scarp that develops above the fault,
with tilting of the ground surface and associated faulting that
includes both thrust faulting and tensile fracturing. The defor-
mation zone width and uplift both increase with additional
hanging-wall displacement, achieving the maximum width
of 11.2 and 3.2 m of uplift after 5.0 m of fault displacement.
Meanwhile, the fault scarp dip increases to the maximum of
22° after 2.0 m of slip on the fault. At larger displacements
(≥3.0 m) on faults dipping greater than 30°, the fault scarp
is generally affected by mass wasting (hanging-wall collapse),
and the scarp dip is limited to the angle of repose of the simu-
lated colluvial wedge. As a result, the scarp dip begins to oscil-
late between steepening and shallowing to the angle of repose
between stages of hanging-wall collapse.

INFLUENCE OF FAULT DIP
The dip of the fault also has a major influence on the style of
ground surface deformation. We compare models with 20°,

40°, and 60° dipping faults in moderate-strength sediment
(1.0 MPa) after 2.0 m of accumulated slip in Figure 8. The 20°
fault propagates upward into the sediments forming a broad
zone of deformation (17.3 m) that is defined by the toe of
the fault scarp and a pair of backthrusts (Fig. 8a,b). The 40°
fault model has a smaller deformation zone width (7.3 m)
and forms a tensile fracture at the crest of the scarp that will
contribute to hanging-wall collapse after sufficient vertical dis-
placement of the hanging wall is achieved (Fig. 8c,d). The 40°
model develops a single dip panel with a scarp dip of 20°. The
60° fault model has the smallest deformation zone width
(5.6 m), which is defined by the extent of a tensile fracture
and the formation of a colluvial wedge (Fig. 8e,f).

We can identify relationships of fault scarp morphology
based on the imposed fault dip angle from these models.
The zone of deformation on shallower fault dips (20°) is larger
than that on steeper faults (60°) for a similar amount of slip.
Furthermore, low-angle faults, such as the 20° model, show a
strong tendency to develop discrete high-angle fault splays
and backthrusts within the deformation zone. The observed
displacement and folding of sediments in Figure 8 reproduce
many styles of surface scarps observed in nature (see Fig. 2e,f;
Philip et al., 1992; Rimando et al., 2019). Moreover, the addi-
tional fault splays on shallow faults significantly increase the
width of the overall deformation zone at the surface compared
to the models of high-angle faults. Such differences could have
major implications for the hazards associated with similar rup-
tures if they were to occur in densely urbanized environments
or for pipelines or other transmission corridors that cross the
fault trace. Together, these models illustrate how variations in
fault dip have a major influence on the styles of ground surface
deformation.

INFLUENCE OF SEDIMENT STRENGTH MECHANICS
Our suite of DEM models allows us to assess how variations
in sediment strength influence surface rupture characteristics.
In particular, the patterns of breakage in the bonds between
particles (Figs. 7b and 8b,d,f) show how sediments of different
strengths are affected by deformation. The contact bonds
between particles are broken (indicated in blue in Figs. 7
and 8) in a zone associated with the up-dip projection of
the fault as well as in the hanging wall in a zone that comprises
the scarp. The relative motion of the particles drives contact
bond breakage and the observed deformation patterns. We
suggest that these areas of broken contacts reflect the granular
mechanics of deformation that are appropriate to describe fault
propagation through weak, loosely bonded, or unconsolidated
sediments and are representative of shear bands (Garcia and
Bray, 2018a). In many of our models, these features define
zones of secondary fracturing and faulting (e.g., distinct
splays), which are widely observed in the geomorphology of
thrust and reverse-fault ruptures (Philip et al., 1992; Yeats
et al., 1997; Boncio et al., 2018; Rimando et al., 2019).
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Figure 7. Sequential model showing increase in displacement and the result-
ing pattern of ground surface deformation. Deformation in the model is
driven by displacement of the driving wall parallel to the fault surface. A
fault seed is shown in green corresponding to 2.5 m of unruptured sediment
above the fault tip. (a) Particles; and (b) contacts (red represents bonded
particles and blue represents broken contact bonds). The panels depict an

increase in slip on a 40° fault from 0 m (top) to 5.0 m (bottom). The model is
50 m wide, has a particle density of 2600 kg=m2, particle sizes of 0.025–
0.06625 m (50× sand-sized), interparticle and fault friction coefficient of
0.3, sediment mechanics strength of 0.5 MPa, and a hanging-wall dis-
placement velocity of 0.3 m/s. Table S3 reports the parameters used in this
model.
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Natural soils and strata have variable physical properties
that can have an impact on styles of surface deformation
related to fault rupture. Figure 9 illustrates how variations
in the cohesion and tensile strength (0.1, 0.5, 1.0, 1.5, and
2.0 MPa) of the contact bonds between particles influence pat-
terns of ground surface deformation across a range of fault dips
(20°, 40°, and 60°) for experiments with 2.5 m of unruptured
sediment above the fault tip. The additional 30 trials with var-
iable thicknesses of sediment above the fault tip are provided in
Figures S2 and S3.

The variation of cohesion and tensile strength across similar
fault dip angles show some similar characteristics of the fault
zone; however, the degree of localization of the deformation
varies considerably. Lower sediment strengths yield broadly
distributed deformation with many broken bonds (indicated
in blue in Fig. 9), whereas higher sediment strength mechanics
localize the area of broken bonds to a narrow zone above the
fault tip. The experiments depict the primary fault plane in
light blue in which all contact bonds are broken and the par-
ticles can rotate freely. This contrast in strength is directly
manifested in the pattern of ground surface deformation, in
which the low strengths yield a broadly distributed zone of fold-
ing, tilting, and relatively shallow fault scarp dips. In compari-
son, higher strengths show narrow, steeply dipping scarps with
more localized deformation throughout the hanging wall. In
cases in which tensile fractures develop at the crest of the scarp,
a colluvial wedge forms by hanging-wall collapse. Alternatively,

if the sediment is sufficiently strong to resist hanging-wall col-
lapse on the 60° fault dips, a direct fault displacement (or over-
hang) can be observed. Thus, this matrix of experiment results
in Figure 9 illustrates the influence of sediment strength and
fault dip on the width and degree of tilting within the surface
scarp, which has a primary influence on hazard.

To highlight these variations in ground rupture patterns, we
compiled the surface deformation profiles for 36 experiments
of shallow (20°), moderate (40°), and steep (60°) fault dips in
weak (0.1 and 0.5 MPa cohesion and tensile strength) and
strong (1.5–2.0 MPa cohesion and tensile strength) sediment
in Figure 10. These experiments each accumulated 5.0 m of slip
in dense, 5.0 m thick sediment for cases with 1.25, 2.5, and
3.75 m of unruptured sediment above the fault tip.

The shallow fault dip (20°) experiments in weak sediment
feature a wide zone of deformation (up to ∼18.5 m) defined by
a shallow fault scarp (16.6°) with a folded and uplifted panel in
the hanging wall (Fig. 10a). In contrast, shallow fault experi-
ments in strong sediment yield localized, brittle deformation
with a backthrust in the hanging wall, a deformation zone

Figure 8. Comparison of models with different fault dips: (a,b) 20°; (c,d) 40°;
and (e,f) 60° resulting in different styles of deformation in 1.0 MPa sediment
after 2.0 m of slip on a fault. (a,c,e) Particles; (b,d,f) contact bonds (red
indicates bonded and blue indicates broken bonds). Table S3 reports the
parameters used in this model.
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∼16.2 m wide, and blocks of simulated colluvium that collapse
into the toe of the fault scarp, which steepen the fault scarp dip
(∼24.4°; Fig. 10b). Both the sets of experiments exhibit a wide
deformation zone bounded by folding or a backthrust that
leads to a broad zone of uplift in the hanging-wall block
(Fig. 10a,b).

Moderate and steep fault dips feature different characteris-
tics of morphology. The moderate dipping faults (40°) in weak
sediment have a deformation zone width defined by the extent
of the colluvial wedge (∼11.3 m) formed through a triangular
wedge of distributed shear and an average scarp dip of 20.8°
(Fig. 10c). The moderate fault dips in strong sediment
(Fig. 10d) have more complex scarp morphologies dependent
on the amount of sediment present above the fault tip (i.e.,
fault seed lengths). This range of morphologies includes two
experiments presenting a backthrust, three experiments in
which the colluvial wedge is dominated by large blocks of col-
luvium, and in one experiment there is a direct fault displace-
ment that results in a fault scarp overhang. The models with
backthrusts have a short fault seed length (25% total sediment
thickness) and, thus, more unruptured sediment above the
fault tip (3.75 m) to reach the surface. This localizes the defor-
mation to a triangular wedge above the fault, as the fault ini-
tially steepens to reach the surface (Fig. 10d; see Figs. S2 and
S3). The three experiments with a colluvial wedge are domi-
nated by large, cohesive blocks of colluvium that collapse into
the toe of the fault scarp after sufficient vertical motion on the
fault at depth. Finally, the one experiment representing a direct
fault displacement occurs in a trial of sufficiently strong, cohe-
sive sediment (2.0 MPa) to resist hanging-wall collapse. The
experiment represents a case with only 1.25 m of unruptured
sediment above the fault tip. Thus, the new rupture on this

fault utilizes the preserved fault plane from the previous rup-
tures. Across the wide range of morphologies observed in the
strong sediment on a 40° dipping fault, these experiments have
the maximum deformation zone width of ∼8.5 m and an aver-
age scarp dip of 28.5° (Fig 10d).

The steep fault (60°) experiments in weak sediment have a
wide zone of deformation (∼13.4 m) formed through a tri-
angular wedge of distributed shear and have a fault scarp
dip of 19.1° (Fig. 10e). However, the strong sediment on a steep
fault (60°) experiments have more variation in the resultant
ground surface morphology (Fig. 10f). Four of the steep fault
(60°) experiments in strong sediment (Fig. 10f) depict a direct
fault displacement that is representative of the fault orientation
at depth due to the brittle, cohesive strength of the sediment
with a small pile of colluvium at the base. These experiments
have the smallest deformation zone width (∼2.0 m) represen-
tative of the motion on the fault at depth. One experiment in
1.5 MPa sediment has large blocks of colluvium that collapsed
from a tensile fracture at the crest of the scarp into a wedge
with the widest deformation zone (∼6.8 m). Finally, the last
experiment shows a shallow fault scarp overhang (∼34°) that

Figure 9. The contact bonds are depicted for 15 models on a 20°, 40°, and
60° dipping fault across a range of sediment strength mechanics based on
the cohesion and tensile strengths of the contact bonds (0.1, 0.5, 1.0, 1.5,
and 2.0 MPa). These experiments correspond to a fault seed 50% of the
total sediment thickness (5.0 m), indicating that there is 2.5 m of
unruptured sediment above the fault tip prior to slip. The red corresponds to
bonded particles, and blue corresponds to broken bonds. Table S3 reports
the parameters used in these models. The experiment in Figure 7 is the
0.5 MPa sediment on a 40° fault dip, and the experiments from Figure 8 are
the middle row (1.0 MPa sediment) after 5.0 m of accumulated slip.
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Figure 10. Comparison of ground surface deformation profiles across a series
of 36 experiments varying fault dip and sediment strength for dense
sediment after 5.0 m of accumulated slip, and 1.25, 2.5, and 3.75 m of
unruptured sediment above the fault tip. (a) Topographic profiles for six
experiments on a fault dip of 20° for weak sediment (0.1–0.5 MPa).
(b) Topographic profiles for six experiments on a fault dip of 20° for strong

sediment (1.5–2.0 MPa). (c) Topographic profiles for six experiments on a
fault dip of 40° for weak sediment (0.1–0.5 MPa). (d) Topographic profiles
for six experiments on a fault dip of 40° for strong sediment (1.5–2.0 MPa).
(e) Topographic profiles for six experiments on a fault dip of 60° for weak
sediment (0.1–0.5 MPa). (f) Topographic profiles for six experiments on a
fault dip of 60° for strong sediment (1.5–2.0 MPa).

1714 • Bulletin of the Seismological Society of America www.bssaonline.org Volume 113 Number 4 August 2023

Downloaded from http://pubs.geoscienceworld.org/ssa/bssa/article-pdf/113/4/1702/5901420/bssa-2022264.1.pdf
by Kristen Chiama 
on 13 June 2024



does not represent the orientation of the fault at depth (60°)
but rather represents a fracture that formed near the friction
angle (32°) of the sediment at the onset of deformation
(Fig. 10f). The sediment is sufficiently strong to resist hang-
ing-wall collapse, and the fault scarp subsequently maintained
this shallow overhang with increasing vertical displacement on
the fault at depth (Fig 10f).

DISCUSSION
We categorize the surface ruptures present in our 45 experi-
ments into three groups based on scarp morphology. These
groups include: (1) monoclinal scarps; (2) pressure ridges;
and (3) simple scarps (Fig. 11a,c,e), with our naming of these
groups based on integration and refinement of the terminology
proposed by Philip et al. (1992) and Rimando et al. (2019).
Each type of fault scarp morphology can be modified by hang-
ing-wall collapse (Fig. 11b,d,f). Figure 11 presents each of the
scarp type morphologies with a representative DEM model
example, a natural example of the scarp morphology, and a
plot of all the DEM surface profiles that fit that scarp type mor-
phology out of the total 45 experiments performed.

Monoclinal scarps
Monoclinal scarps generally form in weak sediment on a steep
(>30°) fault with representative experiments plotted in
Figure 11a. In this class, the fault propagates up through
the sediment and forms a triangular wedge of sheared sedi-
ments, similar to the mechanism of trishear fault propagation
folding (Erslev, 1991; Allmendinger, 1998; Hardy and Finch,
2007; Hughes and Shaw, 2015). In cases in which the fault
reaches the surface as a discrete feature, the scarp can be fur-
ther amplified by displacement of strata above the fault tip by
fault-bend folding (Suppe, 1983). The fault scarp consists of a
single monoclinal dip panel that typically increases its width
and dip (limited by the angle of repose, ∼20°) as a function
of fault displacement. We adopt the term “monoclinal” to refer
to the scarp morphology as a single dip panel based on
Rimando et al. (2019). In experiments in which the sediment
is weak, the scarp tends to settle during growth by developing a
colluvial wedge of sediment that forms above the footwall. In
cases in which the sediment is strong, collapse of the scarp is
dominated by brittle deformation with blocks detaching and
sliding down the face of the scarp. The hanging-wall collapse
is accommodated by tensile fractures at the crest of the scarp
with distinct blocks of colluvium that rotate into the toe of the
wedge. Given that this process is distinct from that which
forms the scarp, and produces substantially different patterns
of surface deformation, we describe these features as monocli-
nal collapse scarps (Fig. 11b). In comparison to monoclinal
scarps, these monoclinal collapse scarps have a smaller defor-
mation zone width (5.5–9.8 m) because they tend to form in
sediments with higher cohesive strengths in which settling is
accommodated by tensile fractures and detached blocks that

form during scarp collapse (Fig. 11a,b). As a result,
monoclinal collapse scarps tend to have steeper average scarp
dips (28.5°).

Monoclinal fault scarps produced in our experiments are
similar to local rupture patterns observed in many large earth-
quakes around the world. The 2008 M 7.9 Wenchuan earth-
quake locally produced monoclinal fault scarps along the
Pengguan fault, which shallowly dips ∼20°–30° to the north-
west that had a smooth topographic profile without evidence of
distributed fracturing at the surface (Fig. 11a; Xu et al., 2009;
Fu et al., 2011). Examples of monoclinal collapse scarps formed
in the 1988 M 6.9 Armenian earthquake, which ruptured a
series of segments along the Spitak fault (Philip et al.,
1992). As illustrated in Figure 11b from the central branch
of the Spitak fault, tensile fractures form at the crest of the fault
scarp with blocks of sediment that collapsed in mass wasting
similar to the DEM experiments with strong sediments
(Institute of Geological Sciences, Republic of Armenia, photo
by Karakhanyan, 1988; Philip et al., 1992). Furthermore, there
is considerable along-strike variability in the field rupture from
the Armenian earthquake, which is due to the distribution of
cohesive blocks of colluvium (Fig. 11b; Institute of Geological
Sciences, Republic of Armenia, photo by Karakhanyan,
1988).

Pressure ridge scarps
Pressure ridge scarps generally form in weak sediment on shal-
low faults (≤40°), and are a distinctive morphology due to the
folding and uplift which extend over the width of the deforma-
tion zone beyond the crest of the fault scarp (Fig. 11c).
Compared with monoclinal scarps, our models of pressure ridge
scarps tend to have a similar maximum fault scarp dip (19.0°)
but with a wider deformation zone (16.2–18.5 m) that features
a central region of uplift. Pressure ridge scarps that develop in
strong sediment tend to have backthrusts that bound the
uplifted zone and feature distributed secondary fractures. In
some cases, these features enable settling of the scarp, forming
pressure ridge collapse scarps (Fig. 11d). Similar to the mono-
clinal collapse scarps, the pressure ridge collapse scarps may fea-
ture distinct blocks of colluvium that collapse into the toe of the
fault scarp and steepen the average fault scarp angle (26°). Both
the types of pressure ridge scarps (Fig. 11c,d) are defined by a
wide zone of distributed deformation with a component of ver-
tical uplift due to folding and fracturing.

Pressure ridge scarps, including backthrusts, were observed
locally in the 1999 M 7.6 Chi-Chi and 2008 M 7.9 Wenchuan
ruptures (Chen et al., 2001, 2007; Xu et al., 2009; Li et al., 2010;
Yu et al., 2010), and were widespread in the 1988 M 6.9
Armenian earthquake (Philip et al., 1992; see Fig. 2e). Many
of these natural examples show evidence of hanging-wall col-
lapse and thus are best described as pressure ridge collapse
scarps. Similar to our models that produced this class of scarp,
these earthquake ruptures generally occurred on moderately
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Figure 11. Proposed classification system for fault scarp types: (a,b) monoclinal
scarp; (c,d) pressure ridge; and (e,f) simple scarp with a representative DEM
model of the scarp morphology. Plots show fault scarp profiles from the 45
DEM experiments organized by scarp type and colored by sediment strength
mechanics (0.1 MPa indicated in dark blue; 0.5 MPa indicated in light blue;
1.0 MPa indicated in gray; 1.5 MPa indicated in orange; and 2.0 MPa
indicated in dark red). The representative example DEM model profiles are
identified as black lines in the plots. (a) DEM model with sediment strength of
0.1 MPa on a fault dipping 40°. Field photo from the 2008 Wenchuan, China,
earthquake (reprinted with permission from Fu et al., 2011). Plot shows nine
DEM topographic profiles. (c) DEM model with sediment strength of 0.5 MPa
on a fault dipping 20°. Field photo from the 1999 Chi-Chi, Taiwan, earthquake
(reproduced from Chen et al., 2001). Plot shows six DEM topographic profiles.
(e) DEM model with sediment strength of 2.0 MPa on a fault dipping 60°. Field

photo from the 2008 Wenchuan, China, earthquake depicting the fault plane
and striations (reprinted with permission from Li et al., 2010). Plot shows six
DEM topographic profiles. (b) DEM model with sediment strength of 2.0 MPa
on a fault dipping 40°. Field photo from the 1988 Armenian earthquake
courtesy of Arkady Karakhanyan (reproduced from the Institute of Geological
Sciences, Republic of Armenia, photo by Karakhanyan, 1988). Plot shows 11
DEM topographic profiles. (d) DEM model with sediment strength of 2.0 MPa
on a fault dipping 20°. Field photo from the 1999 Chi-Chi, Taiwan, earthquake
(reproduced from Lee et al., 2001). Plot shows nine DEM topographic profiles.
(f) DEM model with sediment strength of 1.0 MPa on a fault dipping 60°, and
field photo from the 2016 Kaikoura earthquake in New Zealand with along-
strike variation in the fault rupture (photography by Kate Pedley, reproduced
from Nicol et al., 2018). Plot shows four DEM topographic profiles. Matrices of
the full DEM model results are included in Figures S2 and S3.
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dipping fault planes (Philip et al., 1992; Chen et al., 2001, 2007;
Xu et al., 2009; Li et al., 2010; Yu et al., 2010).

Simple fault scarps
Simple fault scarps represent cases in which sufficiently cohe-
sive sediments or soils yield a fault scarp overhang due to dis-
placement on a fault at depth (Fig. 11e). These scarps form
more commonly in our models with steep faults (>30°).
These simple scarps have the smallest deformation zone width
(2.0–5.4 m) of the three classes. The hanging walls of simple
scarps often collapse, generating large, cohesive blocks of col-
luvium that extend the deformation zone width (4.2–7.6 m).
We refer to these as simple collapse scarps (Fig. 11f).

Simple fault scarps were observed locally in the 2008 M 7.9
Wenchuan (Fig. 11e), 2013 M 7.2 Bohol, Philippines, and 2016
M 7.8 Kaikoura (Fig. 11f) ruptures (Li et al., 2010; Nicol et al.,
2018; Rimando et al., 2019). In these cases, the simple thrust
scarp morphology directly represents the fault dip because
the cohesion of the sediment is sufficiently strong to resist col-
lapse of the hanging wall (Rimando et al., 2019). Many, if not
most, simple scarps experience hanging-wall collapses. Such a
simple scarp was observed in the 2008 Wenchuan earthquake
with direct fault displacements and striations preserved on an
exposed section of the Beichuan fault, dipping 75°–80° to the
northwest (Fig. 11e; Li et al., 2010). In addition, the 2016
Kaikoura rupture locally represents a simple scarp with lateral
variation in morphology to form simple collapse scarps (Fig. 11f;
Nicol et al., 2018). The field photo in Figure 11f of the Kaikoura
rupture occurs along the north–south-trending portion of the
leader fault (dipping ∼ 70° ± 10° W), which experienced left-
lateral reverse motion. At this location of the field photo, dis-
placement was primarily reverse (3.5 ± 0.5 m), resulting in a
simple scarp with striations preserved on the lower 2.0 m of
the scarp (Nicol et al., 2018). Indeed, simple scarps are difficult
to preserve in nature and are relatively uncommon (Rimando
et al., 2019). We suggest that our DEM models can capture this
variability by effectively replicating the range of possible sedi-
ment mechanics for a given fault of a specified amount of accu-
mulated slip and dip.

Overall, our models show variability in the style of defor-
mation across all scarp types based on sediment strength.
Furthermore, sediment strength can determine which type
of scarp forms at a given amount of fault displacement.
Weak sediment (Fig. 11, 0.1 MPa, indicated in blue) undergoes
ductile, distributed deformation and folding, and, thus, tends
to lead to monoclinal or pressure ridge scarps. In contrast,
strong sediment (Fig. 11, 2.0 MPa, indicated in red) is domi-
nated by brittle, localized deformation, and commonly leads to
pressure ridge collapse or simple scarps. Our outcomes closely
resemble the results of Hughes (2020) in which high values of
cohesion led to brittle faulting and localized shear, whereas low
values of cohesion led to wider zones of distributed deforma-
tion in 2D DEM fold-and-thrust belt models. Weak sediment

models have gently dipping surface scarps limited in slope by
the angle of repose (∼20°). Strong sediment features variable
patterns of surface deformation controlled by the formation of
fault scarps that directly reflect the orientation of the fault
plane, associated tensile fracturing, and slumping. Thus, the
pattern of surface deformation at different fault dips is variable
and closely related to the strength of the sediment. By incor-
porating such variations in our DEM models, they effectively
reproduce a wide range of observed behaviors in natural fault
scarps (Philip et al., 1992; Fu et al., 2011; Nicol et al., 2018;
Rimando et al., 2019).

EVALUATION OF SURFACE DEFORMATION
CHARACTERISTICS
Our suite of models effectively reproduces a range of natural
ground rupture styles for thrust and reverse-fault earthquakes
(Fig. 11). This motivated us to evaluate these models systemati-
cally to define key parameters that influence observed surface
deformation patterns and better understand how specific char-
acteristics of surface deformation that impact hazard (vertical
uplift, width of deformation zone, and fault scarp dip) relate
to fault displacement and, in turn, earthquake magnitudes.

We measured the maximum vertical displacement, defor-
mation zone width, and fault scarp dip for each of the 45
experiments represented in Figure 11. We show the average
"2σ (standard deviation) of these values for each of the scarp
classifications in Figure 12 as a function of the amount of accu-
mulated slip on a fault at depth. Notably, the range of scarp
characteristics defined by these"2σ values show that the three
classes of scarps are generally distinct from one another after
∼1.5 m of slip (Fig. 12a–c). Furthermore, this representation
allows us to define how scarp characteristics evolve with
increasing slip (i.e., earthquake magnitude) and offers insight
into the key model parameters (e.g., fault dip and sediment
strength) that influence these relationships.

The primary control on the style of surface deformation in
our models is the magnitude of slip on the fault. The maximum
fault scarp height, measured as the vertical distance between the
highest elevation of the scarp relative to the undeformed surface
of the footwall, directly increases with the accumulation of slip on
a fault at depth (see Fig. 7). Of the three main classes of fault
scarps represented in our experiments, the simple scarps expe-
rience the most vertical displacement (4.1 ± 0.5 m), followed by
monoclinal scarps (3.4 ± 0.6 m), and finally pressure ridge scarps
(2.5 ± 0.2 m) with the total accumulation of slip at depth of 5.0 m
across all experiments (Fig. 12a). The variation in the relationship
between vertical displacement and slip reflects the fault dip at
depth, as simple scarps tend to form on steep faults (60°), mono-
clinal scarps often form on a moderately dipping fault (40°), and
pressure ridges typically occur on shallow faults (20°).

In Figure 12a,d, we show the measured maximum scarp
height (Us) minus the vertical displacement associated with fault
slip at depth (Ud). The vertical displacement of the hanging wall
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at the base of the model corresponds to the observed displace-
ment of the scarp at the surface. As expected, the monoclinal,
simple, and their associated collapse scarps have vertical uplift at
the surface that generally equals the vertical uplift at depth. As a
result, the curves for monoclinal and simple scarps are approx-
imately equal to zero in Figure 12a,d. Notably, the pressure ridge
and their associated collapse scarps accumulate additional uplift
beyond the amount imposed by the fault at depth. Thus, pres-
sure ridge and their associated collapse scarps have more uplift
at the surface than along the fault at depth—positive values of
the maximum scarp height (Us) minus the vertical displacement
at depth (Ud) (Fig. 12a,d). This behavior is due to the significant
folding and secondary faulting (including backthrusts) that are
common in pressure ridge scarps.

The width of the deformation zone and fault scarp dip also
increase with accumulation of slip on the fault for each class of
scarp (Fig. 12b,e). Monoclinal scarps, which result from
moderate to high-fault dips (40° and 60°) in weak sediments,
generally localize deformation to a triangular wedge above the

Figure 12. Measurements of the average surface deformation characteristics
over the accumulation of slip on a fault for the experiments presented in
Figure 11. The 45 experiments are organized by the proposed fault scarp
classification (monoclinal scarps indicated in blue, monoclinal collapse scarps
indicated in dark blue, pressure ridge scarps indicated in orange, pressure ridge
collapse scarps indicated in brown, simple scarps indicated in bright red, and
simple collapse scarps indicated in dark red), and the average "2σ values of
the maximum vertical displacement, deformation zone width, and fault scarp
dip are plotted on the y axis. (a) The maximum fault scarp height (Us: relative
to the undeformed surface of the footwall block) minus the vertical dis-
placement on the fault at depth (Ud) is plotted as a function of slip for each
class of scarp. (b) The maximum deformation zone width of the fault scarps is
plotted as a function of slip for each class of scarp. (c) The average fault scarp
dip is plotted as a function of slip for each class of scarp. (d,e,f) Similar plots for
monoclinal collapse, pressure ridge collapse, and simple collapse scarps. Note
that in panel (d), the"2σ band is not present for simple collapse scarps. This
is because there is no variation in the measurements of vertical displacement
between these experiments. There is a direct relationship with the vertical
displacement of the hanging wall at depth to the observed displacement of the
scarp at the surface for simple collapse scarps. The DEM model parameters and
scarp characteristics measurements are included in the supplemental material.
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fault tip. These models do not have a tendency to develop sec-
ondary faults, including backthrusts, at large distances from
the main rupture. Thus, deformation zone width tends to
increase linearly with fault slip (Fig. 12b; see Figs. 7 and 11).
In contrast, pressure ridge scarps, which tend to result from
models with a low-fault dip (20°), generally exhibit a wider
zone of deformation compared to monoclinal scarps at low
amounts of fault slip. This reflects the development of back-
thrusts at low amounts of fault slip that, combined with
the forethrusts, define the width of the deformation zone
(Fig. 12b). The triangular zone of deformation between the
backthrusts and forethrusts is influenced by the amount of
unruptured sediment above the fault tip. Experiments with
a thicker section of unruptured sediments tend to have a wider
zone of deformation compared to experiments with a thinner
section of unruptured sediments. This relationship is clearer
for strong sediment (>1.0 MPa), whereas weak sediment
experiments are dominated by contact bond breakage and par-
ticle rolling. Once this deformation zone is established, the
widths of pressure ridge scarps tend to increase gradually with
increasing slip.

The simple scarps, which tend to form with steeper fault
dips and stronger sediment strengths, feature the smallest
deformation zone widths. Typically, these scarps start with a
distributed zone of shear at low accumulations of slip (<1.5 m)
with a morphology of deformation zone width and scarp dip
similar to monoclinal scarps. However, once the simple scarp is
established (>1.5 m of accumulated slip), the width grows at
a steady rate with increasing slip. This width directly reflects
the horizontal overlap of the hanging wall and footwall at the
imposed fault dip.

The rate of increase in scarp dip varies substantially across
the scarp classes, which, in turn, reflects fault dip and sediment
strength. In monoclinal scarps, surface dip increases linearly
with fault displacement to a value that represents the angle
of repose. This behavior reflects that monoclinal scarps gener-
ate a triangular wedge of colluvium, which reaches the angle of
repose and then undergoes episodes of gravitational collapse to
maintain this angle. For monoclinal scarps in weak sediment
presented in our models, the angle of repose is 18.8° ± 1.1°; for
strong sediment, this value is 26.0° ± 6.2° (Fig. 12c,f). Pressure
ridge scarps show a similar pattern because their average dip is
generally represented by the slope that forms above the fore-
thrust, which is akin to a monoclinal scarp. Simple scarps gen-
erate the steepest surface slopes for a given amount of fault slip
because they tend to form in strong sediment (Fig. 12c).
However, many models exhibit a transition from small mono-
clinal scarps at low fault slip to simple scarps at larger amounts
of displacement, which can produce a nonlinear relationship
between scarp dip and slip.

Collapse of all the three classes of scarps does not change
vertical displacement and has a limited influence on scarp
width (Fig. 12d,e). The most significant influence of collapse

is on scarp dip (Fig. 12f). The collapse process generally
involves tensile fractures or normal faults forming at the crest
of the fault scarp, similar to the patterns observed in analog
sandbox and 3D DEM models in Takao et al. (2014). This
process occurs in experiments in which the cohesive and ten-
sile strengths of the sediment are not sufficiently strong to
resist hanging-wall collapse. Regarding morphological charac-
teristics, collapse tends to reduce the width of monoclinal and
pressure ridge scarps for a given amount of slip; whereas sim-
ple scarps tend to increase in width for a given amount of slip
due to blocks sliding into the footwall (these features are
included as part of scarp width; Fig. 12b,e). Collapse tends to
slightly increase the dip of monoclinal and pressure ridge
scarps due to the formation of steeply dipping tensile fractures
(Fig. 12c,f). However, it significantly reduces the dip of simple
scarps (Fig. 12c,f). Thus, collapse tends to reduce the differences
in scarp dip for a given amount of slip among the three scarp
classes (Fig. 12f).

APPLICATION TO HAZARD ASSESSMENT
The ultimate goal of our work is to help better forecast ground
surface deformation patterns that will result from future large
earthquakes. These results, and the work of others (Takao et al.,
2014; Chang et al., 2015; Garcia and Bray, 2018a,b; Hughes,
2020), show that DEM models can effectively reproduce ground
rupture characteristics for a range of faulting and sediment
parameters. This suggests that DEM models can be used in a
deterministic manner to forecast scarp characteristics for a given
earthquake scenario. In such applications, fault displacement in
the models can be related to earthquake magnitude through
widely used empirical relationships (Wells and Coppersmith,
1994), such as the rupture area (Hanks and Bakun, 2002, 2008),
average displacement (Biasi and Weldon, 2006), and docu-
mented slip rates (Brankman and Shaw, 2009).

Fault displacement hazard analysis aims to forecast a range
of ground rupture characteristics, such as fault displacement
amplitude, probability of distributed faulting, fault zone width,
and location uncertainty (Youngs et al., 2003; Moss and Ross,
2011; Petersen et al., 2011; Boncio et al., 2018). Fault displace-
ment models currently rely on statistical analysis of empirical
data from historical surface-rupturing earthquakes (Baize
et al., 2020; Sarmiento et al., 2021); although progress in
dynamic rupture simulations from depth to the ground surface
has been progressing (Wang and Goulet, 2021). Because the
number of sufficiently documented earthquakes is limited,
there are gaps in the statistics that result in epistemic uncer-
tainty in the FDHA models. For reverse and reverse-oblique
faults, current research efforts only have 25 sufficiently docu-
mented events to populate surface fault rupture measurements
needed to develop FDHA models (Sarmiento et al., 2021). Our
DEM research augments field measurements by exploring:
fault dips not well represented in the empirical database,
material properties and their influence on the maximum
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displacement and the surface displacement field, fault scarp
classification and observed trends in field measurements,
and suites of fault rupture events to further populate the sam-
ple space. Thus, we suggest that DEM models of fault surface
rupture, along with other numerical modeling efforts, can help
supplement natural datasets used to develop fault displacement
models.

CONCLUSIONS
We present a series of DEM models of fault scarp formation
that are calibrated against analog and numerical models to
investigate factors that influence the variability of scarp geom-
etries observed in large earthquakes. Our results indicate that
the magnitude of fault slip, fault dip, and sediment strengths
have important controls on the styles and patterns of ground
surface deformation. The fault scarp dip and deformation zone
width increase with slip on the fault. Fault dip also exhibits a
major control on the resultant internal and surface deforma-
tion. Lower fault dips result in a broad zone of surface
deformation with distributed folding, faulting, and secondary
fractures, whereas higher fault dips result in deformation
localized to the primary fault scarp above the fault tip.
Finally, weak sediment mechanics lead to distributed deforma-
tion, whereas strong sediment mechanics lead to localized
shear planes and brittle deformation with sharp, steeply dip-
ping fault scarps.

We developed a series of fault scarp morphology classifica-
tions based on a range of models with variable sediment
strength mechanics and fault dips by building on the terminol-
ogy presented in Philip et al. (1992) and Rimando et al. (2019).
We identified three main classes of fault scarp morphology
represented in our experiments:

1. Monoclinal scarps: These have a smooth, single dip panel
that increases in width and dip with increasing slip on a
fault at depth. These scarps commonly form in weak sedi-
ment above steep (>30°) faults.

2. Pressure ridges: These represent cases in which folding and/
or backthrusts define a wide zone of deformation that is
generally maintained as fault slip increases. These scarps
commonly form in weak sediment on shallow faults (<30°).

3. Simple scarps: These have direct fault displacements that
represent the dip of the fault at depth and resist collapse
from the cohesive strength of the material. They commonly
form in strong sediment above steep faults (>30°).

Each of these classifications has a related case that is modified
by tensile fracturing and subsequent hanging-wall collapse.
Relationships suggested by our models between fault displace-
ment and key surface deformation features (vertical displace-
ment, scarp width, and scarp dip) provide insights that can
help forecast ground rupture patterns for a range of earthquake
magnitudes, fault geometries, and sediment strengths.

DATA AND RESOURCES
The Particle Flow Code 2D (PFC2D v.7.00) projects and associated
files for the Cole and Lade (1984), Bransby et al., (2008), and
Garcia and Bray (2018a) replica models as well as a 2D distinct
element method (DEM) model code (used for Figs. 7–11) and the
code framework for a general biaxial stress test are available at
https://github.com/kchiama?tab=repositories (last accessed April
2023) for reproducibility. The supplemental material contain detailed
methods for the generation of a DEM model and descriptions of the
microproperties. Furthermore, the supplemental material defines the
parameters for the models presented in this article and images of the
45 model results shown in Figures 11 and 12. A dataset of the 45 DEM
experiments with associated parameters and measured surface defor-
mation characteristics is included in the supplemental material.
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