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ABSTRACT 
 
We define the physical processes that control the style and distribution of ground surface ruptures on thrust and reverse 
faults during large magnitude earthquakes through an expansive suite of geomechanical models developed with the 
distinct element method (DEM). Our models are based on insights from analog sandbox fault experiments as well as 
coseismic ground surface ruptures in historic earthquakes. DEM effectively models the geologic processes of faulting 
at depth in cohesive rocks, as well as the granular mechanics of soil and sediment deformation in the shallow subsurface.  
We developed an initial suite of 45 2D DEM 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. We 
evaluated a range of homogeneous sediment mechanics (cohesion and tensile strength from 0.1 to 2.0 MPa) across a 
range of fault dip angles. In addition, we examined various depths of sediment above the fault tip. Based on these 
experiments, we developed a classification system of the observed fault scarp morphology including three main types 
(monoclinal, pressure ridge, and simple scarps), each of which can be subsequently modified by hanging wall collapse. 
After this initial suite of models, we generated an additional 2,981 experiments of homogeneous and heterogeneous 
sediment in dense, medium-dense, and loosely packed sediment across a wide range of sediment depths and mechanics, 
as well as a range of fault dips (20 – 70º). These models provide robust statistical relationships between model 
parameters such as the fault dip and sediment strength mechanics with the observed surface deformation characteristics, 
including scarp height, width, and dip as well as the tendency for secondary fault splays. These relationships are 
supported by natural rupture patterns from recent and paleo-earthquakes across a range of geologic settings. In 
conjunction with these natural examples, our models provide a basis to more accurately forecast ground surface 
deformation characteristics that will result from future earthquakes based on limited information about the earthquake 
source and local sediment properties. 
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1 INTRODUCTION 

Large magnitude thrust and reverse fault earthquakes 
feature diverse styles of surface ruptures that can have a 
major impact on our infrastructure. Ground surface 
warping, vertical offsets, and distributed deformation – 
including fault splays and backthrusts – observed in 
these events pose substantial hazards towards our energy 
transmission and telecommunication systems, 
transportation networks, as well as industrial and 
residential infrastructure (Kelson et al., 2001; Petersen et 
al., 2011; Chang et al., 2015; Boncio et al., 2018; Bray 
et al., 2019; Baize et al., 2020). Recent examples of large 

magnitude earthquakes with substantial impacts on 
infrastructure include the 1999 M 7.6 Chi-Chi, Taiwan 
and 2016 M 7.8 Kaikoura, New Zealand in Figure 1 
(Chen et al., 2001; Bayer 2017).  

The ability to forecast and prepare for ground surface 
rupture in thrust and reverse fault earthquakes currently 
relies largely on Probabilistic Fault Displacement 
Hazards Assessment (PFDHA) analysis, which provided 
a probability of exceedance over a time frame for 
specific ground rupture characteristics (Wells and 
Coppersmith, 1994; Youngs et al., 2003; Petersen et al., 
2011). These relationships are informed by natural 
historical ruptures (Moss and Ross, 2011; Moss et al., 
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2018;	Sarmiento et al., 2021; Chiama et al., 2023). As an 
example, the Trans-Alaskan pipeline withstood 5.5 m of 
right-lateral strike-slip offset during the 2002 M 7.9 
Denali earthquake based on engineering design informed 
by PFDHA analysis (Cluff et al., 2003; Sorensen and 
Meyer, 2003). Nevertheless, these hazard estimates are 
based on a small dataset of historic events and thus may 
not capture the full range of potential surface rupture 
morphologies that can occur in future earthquakes. 

 
Fig. 1. Images of surface ruptures associated with coseismic thrust 
and reverse-fault displacements: (a) 1999 M 7.6 Chi-Chi, Taiwan, 
earthquake (Chen et al., 2001); and (b) 2016 M 7.8 Kaikoura, New 
Zealand, earthquake (Bayer, 2017).  

Based on the methods and models presented in 
Chiama et al. (2023), we use the distinct element method 
(DEM) to investigate the patterns of potential ground 
surface ruptures that result due to slip on a fault, as a 
function of the fault dip, the sediment strength 
mechanics, and the depth of unruptured sediment to the 
fault tip. We evaluate the surface deformation 
characteristics (deformation zone width, vertical 
displacement, scarp dip) of these models using computer 
vision techniques such as image masking, signal 
processing, and specialized feature extraction tailored to 
the specific scarp types. Our goal is to provide robust 
statistical relationships between model parameters and 
the resultant ground surface deformation that can be used 
to inform both probabilistic and deterministic 
approaches to assessing ground rupture hazards.  

2 METHODS 
Geomechanical models using the discrete and distinct 

element methods effectively reproduce the kinematics 
and behavior of faults and folding through varying media 
of sedimentary layers to basement rocks and have been 
used in a wide variety of applications to simulate 
geological processes (Morgan, 1999, 2004; Erickson et 
al., 2001; Strayer and Suppe, 2002; Finch et al., 2003; 
Guo and Morgan, 2004; Imber et al., 2004; Hardy and 
Finch, 2006, 2007; Hughes et al., 2014; Morgan, 2015; 
Garcia & Bray, 2018a,b; Hughes 2020). We use Particle 
Flow Code (PFC2D) version 7.00 for our experiments 
based on the work by Cundall and Strack (1979). Based 
on the models presented in the 2D DEM models in 
Chiama et al. (2023), we employed similar model 
boundary conditions (Fig. 4) with sediment mechanics 
calibrated to the analog sandbox fault models presented 

in Cole & Lade (1984) and Bransby et al. (2008) as well 
as the 3D DEM models from Garcia & Bray (2018b).  

 
Fig. 2. DEM model geometry and boundaries (not to scale). 

We used a 2D DEM model of thrust and reverse fault 
earthquakes that is 50 m wide with a fault plane that 
displaces the hanging wall (see Fig. 2, driving wall) 
upwards by a prescribed amount of continuous slip (0 to 
5 m) at a rate of 0.3 m/s to produce ground surface 
deformation. The sediment consists of 50x sand-sized 
particles (0.025 – 0.06625 m radii). We constructed 
dense, medium-dense, and loose assemblages by 
changing the initial friction coefficient (μint) during the 
gravitational settling of particles based on the method of 
Garcia & Bray (2018a). The friction coefficient (μ) is 
reset to a standard value of 0.3 prior to the deformation 
sequence. The particles were bonded using the parallel 
contact bond model from Itasca (1999) with prescribed 
values of cohesion and tensile strengths. Biaxial stress 
tests of the bonded material were used to calibrate the 
contact bonds to natural properties of near-surface 
sediment (Table 1 & 2). Table 1 reports the relationship 
of sediment assemblage density to the DEM model 
parameter μint. Table 2 reports the sediment density and 
contact bond strength (cohesion equal to tensile strength) 
relative to the measured Young’s Modulus, failure angle 
(θ), friction angle (φ), and measured bulk friction 
coefficient (μbulk).  

Prior to deformation, we implemented a “fault seed” 
which propagates a plane of weakness into the sediment 
at the given fault dip. This represents a case where a fault 
plane has developed from previous earthquakes. The 
fault seed avoids undesirable boundary condition effects 
and allows us to test the depth of unruptured sediment 
above the fault tip as a variable without regenerating the 
sediment for each experiment which is computationally 
expensive (Chiama et al., 2023).  

Table 1. DEM Sediment Assemblage Properties. 
Sediment Assemblage μint Porosity Void Ratio 
Dense 0 0.15 0.18 
Medium 0.25 0.17 0.21 
Loose 0.5 0.19 0.23 

For our experiments, we tested 9 sediment 
assemblages of 3, 5, and 10 m depth of dense, medium, 
and loose sediment across a range of homogeneous and 
heterogeneous sediment mechanics. The homogeneous 
cases are defined as experiments where every 
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sedimentary layer has the same sediment mechanics 
whereas heterogenous cases can have different sediment 
mechanics per sedimentary unit. For the homogeneous 
experiments, we evaluated cases where the cohesive and 
tensile strength of the contact bonds are equal to one 
another (0.1, 0.5, 1.0, 1.5, 2.0 MPa), where cohesive 
strength is held constant (cohesion: 1.0 MPa, tensile 
strength: 0.1, 0.5, 1.0, 1.5, 2.0 MPa), and where tensile 
strength is held constant (tensile strength: 1.0 MPa, 
cohesion: 0.1, 0.5, 1.0, 1.5, 2.0 MPa). For heterogeneous 
experiments, we set the cohesive and tensile strength 
equal to one another for each sedimentary unit and varied 
the strength of units from the base of the model to the 
surface in a vertical gradient. We tested 3 cases for each 
sediment assemblage of weak, moderate, and strong 
sediment mechanics with the strongest units at the base 
of the model. Finally, we tested a range of fault dips 20º, 
30º, 40º, 45º, 50º, 60º, and 70º and varied the amount of 
unruptured sediment above the fault tip (e.g., 0.75, 1.25, 
1.5, 2.25, 2.5, 2.75, 5, and 7.5 m) with the fault seed as a 
function of the total sediment depth (e.g., 25%, 50%, and 
75% of 3, 5, and 10 m depth). This range of parameters 
comprise a total of 2,459 homogeneous experiments and 
567 heterogenous experiments.  

Table 2. DEM Parameters & Measured Bulk Material Properties. 
Sediment 
 

Contact Bond 
Strength (MPa)  

Young’s 
Modulus (MPa) 

θ	(º) φ	(º) μbulk 

Dense 0.1 
0.5 
1.0 
1.5 
2.0 

8.83 
11.99 
14.02 
16.72 
17.43 

62.0 
63.5 
60.0 
60.0 
61.0 

34.0 
37.0 
30.0 
30.0 
32.0 

0.68 
0.75 
0.58 
0.58 
0.63 

We evaluated the model results using computer 
vision (CV) techniques since each experiment outputs an 
image of the model deformation every 500 cycles in the 
DEM code. This is equivalent to ~ 4.5 mm of slip on the 
fault, yielding ~1,114 images of deformation for each 
experiment, and a total of ~2,739,326 images of the 
homogeneous experiments and ~631,638 images of the 
heterogeneous experiments. We measured the surface 
scarp characteristics such as the deformation zone width, 
scarp dip, and the uplift every 0.05 m of slip on the fault 
at depth from 0 to 5 m of total accumulated slip.  

After pre-processing each image, we performed 
surface extraction and smoothing procedures to 
eliminate noise. Subsequently, our CV model delineated 
deformation zone boundaries and located the top scarp 
point. The analysis identified abrupt, blocky alterations 
in the surface, indicative of collapse. Our object 
detection algorithm then highlighted segments of the 
hanging wall that had collapsed. In addition to this, we 
scrutinized the outline of the hanging wall to identify 
overhangs, characterized by negative angles, a 
distinctive trait of simple scarps. These features played a 
pivotal role in automating the calculation of crucial 
parameters from the slip images, such as the scarp angle, 

deformation zone width, and scarp height. 
Measurements were taken using pixel dimensions and 
converted back to meters for analysis.   

Based on the empirical relationships of Biasi and 
Weldon (2006):  

! = 6.94 + 1.14	 ∙ log(/!"#) (1) 

where M is the magnitude of an earthquake and dave is 
the average displacement, we relate displacement in our 
DEM models to earthquake magnitude. Our models 
evaluate slip ranges from 0.05 m to 5.0 m which 
corresponds to a range of earthquake magnitudes of M 
5.46 to 7.74. We examined the DEM experiments output 
at intervals of 0.05 m of slip, yielding a total of 101 
measurements of each DEM model. 

3 RESULTS 
3.1 Fault Scarp Classifications 

The initial DEM experiments presented in Chiama et 
al. (2023) covered a range of sediment strengths (0.1 – 
2.0 MPa: cohesion and tensile strength of contact bonds) 
and fault dips (20º, 40º, 60º) in dense, 5 m deep sediment 
which revealed a set of fault scarp morphologies that 
defined 3 main classes (monoclinal, pressure ridge, and 
simple) each with a modified case of hanging wall 
collapse (Fig. 3). 

 
Fig. 3. CV model measurements of DEM experiments for a 
monoclinal (top), pressure ridge (middle), and simple scarp 
(bottom) based on the scarp type classifications presented in 
Chiama et al. (2023). DZ is deformation zone, white boxes 
indicate pixel locations derived by the CV model, and the dashed 
yellow line is the best scarp dip fit. 

The monoclinal scarps are a single dip panel that 
grows in height and width with increasing slip on the 
fault at depth but maintains a surface scarp dip near the 
angle of repose. The pressure ridge scarps feature 
additional uplift above the top of the hanging wall as a 
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“pop up” structure, which is often associated with 
formation of a backthrust. The simple scarps were 
originally described by Philip et al. (1992) as the 
displacement of the hanging wall above the footwall in 
sufficiently cohesive sediment to resist hanging wall 
collapse. The simple scarps have a distinctive “Z” shape 
in morphology. Each of these 3 classifications have 
measurable differences in morphology based on the 
deformation zone (DZ) width, scarp height (Us), uplift 
above the surface of the undeformed hanging wall (Us - 
Ud), and average scarp dip.  

Our CV model was trained on the initial 45 DEM 
experiments from Chiama et al. (2023). Figure 3 
provides examples for each of the main scarp types 
indicating identifiable features and scarp measurements 
used to construct relationships between surface 
deformation characteristics and DEM model parameters 
such as fault dip, sediment strength, and estimated 
earthquake magnitude. 

3.2 Fault Scarp Characteristics 
The CV model results for the training dataset of 45 

DEM experiments are reported below. Figure 4 shows 
the relationships between ground surface deformation 
characteristics (uplift, deformation zone width, and scarp 
dip) and the accumulation of slip on a fault at depth 
converted to an estimated earthquake magnitude (Biasi 
and Weldon, 2006) based on fault scarp types. The 
accumulation of slip is the slip consumed by the DEM 
model from 0 to 5.0 m at the prescribed fault dip angle. 

 The pressure ridge and their correlated collapse 
features report substantial uplift above to top of the 
undeformed hanging wall and often occur on low angle 
faults (20º) in Figure 4a. The collapse features are more 
prevalent in stronger sediment (1.5 and 2.0 MPa) at 
higher magnitudes while the standard pressure ridge 
features tend to occur in weak to moderate strength 
sediment (0.1 – 1.0 MPa) across all magnitudes. 
Monoclinal and simple scarps do not feature this 
additional uplifted region and therefore these 
measurements cluster near 0.0 m (Fig. 4a). There is a 
wide range of deformation widths measured across the 
DEM experiments (Fig. 4b). Pressure ridges have the 
widest deformation zones, up to 18.24 m in weak 
sediment on a low angle fault. In contrast, simple scarps 
have the smallest deformation zone width which is the 
product of the horizontal displacement accumulated at 
depth on the fault (Fig. 4b). This is because the sediment 
is sufficiently strong (2.0 MPa) to resist hanging wall 
collapse and thus, their morphology is representative of 
the simple displacement of the hanging wall above the 
footwall. Meanwhile, monoclinal scarps maintain the 
angle of repose of the sediment and increase in width as 
the displacement on the fault at depth increases. 
Monoclinal scarps are most common on moderate to 
steep dipping faults (40º to 60º) in weak to moderate 
strength sediment. Further, simple scarps and their 

collapse versions are the only measured scarp types to 
exhibit a scarp overhang, yielding a negative scarp dip 
angle (Fig. 4c). Nevertheless, simple scarps often do not 
form until sufficient displacement has accumulated on 
the fault and often begin as a monoclinal scarp at low 
amounts of slip (Fig. 4c). Thus, Figure 4c shows that 
most simple scarps occur on steep faults (60º) in strong 
sediment (2.0 MPa) with > 7.0 magnitude earthquakes as 
these have sufficient displacement and sediment strength 
to support a fault overhang. This is supported by natural 
cases of simple scarps reported in the 2008 M 7.9 
Wenchuan earthquake and the 2016 M 7.8 Kaikoura 
earthquake (Li et al., 2010; Nicol et al., 2018). 

 
Fig. 4. CV model measurements of 45 DEM experiments based on 
the scarp type classifications presented in Chiama et al. (2023) 
plotted as surface measurements by the accumulation of slip on 
the fault at depth (left) and the estimated magnitude of earthquake 
calculated from Biasi and Weldon (2006) (right). (a) Vertical 
displacement as a function of Us – Ud. (b) Deformation zone 
width. (c) Scarp dip angle.  

4 DISCUSSION 
We can use these measurements of surface 

deformation to construct predictive relationships of 
model parameters, such as fault dip and sediment 
strength, with scarp type and distribution of surface 
deformation features. Despite the additional uplift 
observed in pressure ridges, the monoclinal and pressure 
ridge scarps have the lowest measured overall scarp 
heights while their collapse versions and simple scarps 
tend to have higher scarp heights related to the vertical 
displacement at depth on steeper faults (Fig. 4a). Most of 
the DEM experiments feature a scarp dip angle within 0 
to 50º since the angle of repose is ~32.6º (Fig. 4c). 
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Nevertheless, simple and simple collapse scarps with the 
fault scarp overhang have negative dip angles (Fig. 4c). 
There are a few notable monoclinal experiments that 
report a scarp dip of 90º at low intervals of slip. This is 
due to the limitations of the CV model to measure small 
changes in surface deformation.  

Figure 5 shows the distributions of deformation zone 
widths for each of the fault scarp types which can inform 
fault displacement hazard assessments. Simple and 
simple collapse scarps have the smallest deformation 
zone widths while, as expected, pressure ridges and their 
collapse version have the widest zone of deformation. 
The deformation zone width of the monoclinal scarps 
and their collapse case are related to the angle of repose 
of the sediment and increasing slip on the fault at depth. 
Distributions such as the one shown below are useful in 
hazard assessments. 

 
Fig. 5. Distributions of the deformation zone width organized by 
the (a) main scarp type classifications and (b) collapse-modified 
scarp classes presented in Chiama et al. (2023). 

4.1 Benefits and Limitations of the CV Model  
By applying the CV model to take measurements of 

the PNG files output by the DEM model experiments, 
we can achieve a much higher resolution of ground 
surface characteristics and flag changes in morphology, 
such as the initiation of collapse features. While the 
scarp characteristics were measured every 0.5 m of slip 
in Chiama et al. (2023), the CV model offers much 
higher resolution with measurements taken up to every 
0.05 m of displacement on the fault. Nevertheless, given 
such a high resolution, there are often minimal changes 
in the surface deformation between PNG files and the 
CV model struggles with the first few images of slip in 
an experiment (i.e., at low slip values). Thus, there are a 
few monoclinal scarps that report a scarp dip of 90º at 
low intervals of slip (Fig. 4c). Once a scarp type has been 
established, after ~0.35 m of slip, the accuracy and 
precision of the CV model defining scarp measurements 
increases substantially. The measurements of each 
experiment have an uncertainty of up to ± 0.0135 m.  

4.2 Application to PFDHA  
These DEM experiments show promise to 

supplement current PFDHA efforts. Current hazard 
assessments are based on 25 measured historical 

ruptures (Sarmiento et al., 2021). DEM models can fill 
in the gaps of our knowledge and provide a reproducible, 
robust method of providing site characterizations. 
Further, we can develop statistical relationships on the 
suite of DEM models to forecast potential ground 
surface deformation. 

5 CONCLUSIONS 
We produced a large suite of DEM experiments of 

thrust and reverse fault earthquakes across a range of 
sediment strengths, depths, and fault dips. We report a 
CV model that has been trained on 45 DEM experiments 
with a range of surface deformation characteristics such 
as monoclinal, pressure ridge, and simple scarps. The 
resultant ground surface deformation is dependent on the 
sediment strength and prescribed fault dip. Low angle 
fault (20º) in weak to moderate strength sediment yield 
pressure ridges while their collapse version occurs in 
strong sediment, both of which have additional uplift 
above the undeformed top of the hanging wall and the 
widest deformation zones. Moderate faults (40º) yield 
monoclinal scarps that increase in height, width, and 
scarp dip to maintain the angle of repose in weak to 
moderate sediment with increasing displacement on the 
fault at depth. High angle faults (60º) in strong sediment 
yield simple scarps that resist hanging wall collapse and 
have the smallest deformation zone widths. DEM 
experiments of earthquakes show promise in 
characterizing surface deformation to aid in PFDHA 
analysis based on site characterization of fault dip and 
sediment strengths. 
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