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ABSTRACT: Fundamental aspects of earthquake fault rupture propagation through soil
can be captured with the Distinct Element Method (DEM) using irregularly-shaped sphere-
clusters. Sphere-clusters are required to capture directly the effects of grain interlocking as
opposed to using 2D disk particles with added rolling resistance. DEM is used to investigate
the effects of horizontally layered units of different void ratios. Simulations containing 3 or 5
layers of alternating void ratios in 15–25-m thick sand deposits are performed. The path of
fault rupture propagation disperses in loose, non-dilating layers but localizes in dense, dilatant
layers. Fault rupture tends to refract towards a shallower inclination when crossing from a
high void ratio layer into a low void ratio layer due to the contrasting angles of dilation of
these layers. Fault rupture refracts towards a steeper angle when moving into a high void ratio
layer. Results of fault rupture propagation through 2-layered assemblages of spheres and
sphere-clusters are then compared with assemblages of spheres having rheological rolling
resistance to investigate the effects of indirectly accounting for non-spherical particle shape
via rheological rolling resistance as opposed to explicitly using irregularly-shaped sphere-clus-
ters. Sphere-clusters provide more realistic grain-scale behavior than spheres with rheological
rolling resistance.

1 INTRODUCTION

The hazard posed by the potential intersection of earthquake surface fault rupture with the
built environment is an important consideration in seismic regions containing active faults.
Recent examples from the 2016 Kumamoto, Japan (Kayen et al. 2016) and the 2016 Kai-
koura, New Zealand (Stirling et al. 2017) earthquakes serve as a reminder that many infra-
structure systems can be heavily damaged by surface fault rupture. To better understand this
hazard, researchers have performed thorough field investigations of its effects and performed
a wide range of physical experiments to study the influences of several factors including soil
ductility (e.g., Lazarte & Bray 1996), dilatancy (Cole & Lade 1984), stress state and founda-
tion contact pressures (e.g., Bransby et al. 2008a, 2008b), and water and clay contents (e.g.,
Ahmadi et al. 2018a, 2018b). The results of these physical experiments validate the reliability
of many numerical models, most of which utilize continuum modeling (e.g., Anastasopoulos
et al. 2007, 2008, and Oettle & Bray 2013, 2016).
More recently, researchers showed that the distinct element method (DEM) in three dimen-

sions (3D) can capture realistic macroscopic characteristics while providing insight into the
fundamental granular mechanics controlling this phenomenon (e.g., Garcia & Bray 2018a,
2008b). Most of these studies focused on homogeneous soils, yet natural soil deposits are het-
erogeneous. Some studies of surface fault rupture have included inhomogeneities with alter-
nating layers of different bond strengths (e.g., Schöpfer et al. 2007 and Smart & Ferrill 2018).
However, no study has examined the effects of particle shape on the dilatancy and stress-
deformation response of soil undergoing shear rupture from faulting. DEM captures the true
mechanical influence of void space and particle shape on the strength and dilatancy of a
granular material. This study uses alternating layers of particles packed with different void
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ratios and particle shapes to show how such a layered system affects the path of fault rupture
propagation from the bedrock to the ground surface. All simulations are performed using the
Particle Flow Code (PFC) of Itasca Consulting Group in 3D.

2 MODEL PREPARATION

The particle assemblages in this study consist of spheres, sphere-clusters, or a combination of
both. The sphere-cluster shapes are shown in Figure 1a. The particle assemblages are prepared
using the procedure described in Garcia & Bray (2018a, 2018b) in which the acceleration due
to gravity is quasi-statically increased to 115 g. The particle sizes based on their effective diam-
eter (Deff) are scaled relative to the sizes of Fontainebleau Sand, which has a median grain
diameter (D50) of 0.22 mm and a coefficient of uniformity (Cu) of 1.6 (Delfosse-Ribay et al.
2004). The out-of-plane boundaries of each simulation are periodic and are spaced 10D50

apart to approximate an infinitely long strike-length.
Void ratio is directly related to the angle of dilation of the particle assemblages. Higher

void ratios are associated with lower angles of dilation, and lower void ratios are associated
with higher angles of dilation. Cole & Lade (1984) showed experimentally that the path of
fault rupture propagation is dependent on the angle of dilation. Garcia & Bray (2018a) later
showed that 3D DEM simulations capture satisfactorily this dependence. Garcia & Bray
(2018a) further showed that the angle of dilation in 3D DEM simulations is related directly to
the void ratio of the assemblage, and hence void ratio directly influences the path of fault rup-
ture propagation. Thus, the results of the simulations in this study may be discussed solely in
terms of the contrasting void ratios in the particle layers.
To create particle assemblages with different void ratios, the particles within different

evenly spaced layers are allowed to settle under different initial coefficients of inter-particle
friction (μ0). Dense layers are created with μ0 = 0.05, medium layers are created with μ0 = 0.2,
and loose layers are created with μ0 = 0.5. After the particle assemblages come to equilibrium
under 115 g, the final coefficient of inter-particle friction (μ) is reset to 0.5. All layers within a
single particle assemblage are of equal thickness. The built-in linear contact model with the
deformability option, described in the PFC documentation (Itasca 2014), is used with an elas-
tic modulus of 200 MPa and a ratio of normal to tangential spring stiffness (kn/kt) of 4.

The layout of each model is shown in Figure 1b. In some particle assemblages, zones of
larger boundary particles are used to reduce the amount of computation required to complete
the simulation. Reverse fault rupture is induced by quasi-statically moving the hanging wall
(HW) boundaries, including the lower and right lateral boundaries, upwards along the dip dir-
ection at a dip angle δ, and normal fault rupture is induced by moving these boundaries in the
opposite direction. The quasi-static rupture velocities used in this study range from 1 mm/s to
4 mm/s. Details about the fault rupture procedure in these simulations are provided in Garcia
& Bray (2018a, 2018b). All simulations are performed up to a vertical hanging wall displace-
ment equal to 10% of the assemblage height.

Figure 1. (a) Sphere-cluster shapes used in this study. (b) Model layout for each simulation.
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3 SIMULATION RESULTS

3.1 3-Layer stratigraphy with alternating void ratios

Particle assemblages with 3 alternating layers of dense and medium material are prepared to a
prototype depth of 15 m. The void ratios of 2 separate particle assemblages are shown in
Figure 2a. In Assemblage 3E, the even layers are dense. In Assemblage 3O, the odd layers are
dense. Assemblage 3E contains 163,322 sphere-clusters with 411,427 constituent spheres, and
Assemblage 3O contains 163,207 sphere-clusters with 411,122 constituent spheres. The particle
sizes in these assemblages are scaled upward by a factor of 10 relative to the D50 of Fontaine-
bleau sand, and boundary particles are used in these assemblages.
Simulation results are shown in terms of individual particle rotations and contours of par-

ticle displacements for a normal fault dip angle of 60° and reverse fault dip angles of 30° and
60° in Figure 3. Normal fault rupture through Assemblage 3E in Figure 3b is slightly affected
by the alternating void ratios. The rupture surface steepens slightly when propagating through
the middle dense layer and then shallows as it approaches the ground surface. The layering
has a stronger effect on reverse fault rupture through Assemblages 3E and 3O. At reverse
fault dip angles of 30° and 60° in Figures 3c-f, the steepening of the rupture surface through
the dense layers is more pronounced than during normal fault rupture. In the medium layers,
the fault rupture surface becomes less distinctive, and the displacement contours become more
widespread. During reverse fault rupture through Assemblage 3O (Figure 3c,e), the displace-
ment contours do not re-localize as fault rupture propagates from the middle medium layer to
the upper dense layer, indicating that less dense layers permanently diffuse the fault rupture
over a broader area.

3.2 5-Layer stratigraphy with alternating void ratios

Assemblages with 5 alternating layers of dense and loose material are prepared to a prototype
depth of 25 m. They are labeled as Assemblage 5E and Assemblage 5O, and their void ratio
distributions are shown in Figure 2b. As in the 3-layer models, the even layers are dense in
Assemblage 5E and the odd layers are dense in Assemblage 5O. Assemblage 5E contains
167,047 sphere-clusters with 420,823 constituent spheres, and Model 5O contains 166,890
sphere-clusters with 420,422 constituent spheres. The particles in these assemblages are scaled
upwards by a factor of 15 relative to Fontainebleau sand, and boundary particles are used in
these assemblages.
The particle rotations for all simulations of normal and reverse fault rupture with dip

angles of 30° or 60° show that the loose layers consistently absorb the fault rupture and dis-
tribute it laterally over a wider zone. The magnitudes of the particle rotations in each simula-
tion shown in Figure 4 gradually decrease moving up the assemblage from one dense layer to
the next dense layer, which supports the notion of the loose layers absorbing the shear rup-
ture. As seen through the particle rotations in Assemblage 5O for 30°-dip reverse fault rupture
(Figure 4e), an initially shallow rupture surface terminates within the second layer, and a

Figure 2. Void ratio distributions for the particle assemblages in this study.
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second steeper rupture surface propagates through the second layer to the middle dense layer
without significantly changing direction.
Unlike in the 3-layer models, the rupture surface does tend to re-localize when crossing

from a loose layer to a dense layer in some of the cases shown in Figure 4. The magnitudes of
particle rotations tend to localize along clear paths within the dense layers in Assemblage 5E
for 60°-dip reverse fault rupture (Figure 4d). The displacement contours for 30°-dip reverse
fault rupture through Assemblage 5O in Figure 4e are also thinner within each dense layer
and wider within both loose layers. In the 60°-dip normal and reverse fault simulations with
Assemblages 5E and 5O (Figures 4a-d), however, the loose layers cause the displacement con-
tours to widen as they approach the ground surface.

3.3 2-Layer stratigraphy with alternating particle shapes

Two dense 25-m assemblages with a layer of spheres and a layer of sphere-clusters were pre-
pared with μ0 = 0.05. In assemblage 2E, the lower particle layer consists of 91,681 spheres,
and the upper particle layer consists of 68,805 sphere-clusters with 173,314 constituent
spheres. In Assemblage 2O, the upper particle layer consists of 91,521 spheres, and the lower
particle layer consists of 70,642 sphere-clusters with 177,950 constituent spheres. The void
ratio distributions for these assemblages are shown in Figure 2c, and the particles in these
assemblages are scaled upward by a factor of 20 relative to Fontainebleau sand. No boundary

Figure 3. Distributions of particle rotations and displacement contours for fault rupture simulations

with 3-layered particle assemblages.
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particles are used in these assemblages. The particle rotations in Figure 5a-b show that in both
2-layer assemblages of spheres and sphere-clusters, the rupture surfaces through the layers of
spheres are significantly less localized than in the layers of sphere-clusters. The disturbance to
the particle fabric extends over a broader distance perpendicular to the rupture surface in the
layers of spheres, because the spheres cannot interlock with one another and therefore cannot
resist rotations. The effect of grain shape and particle interlocking on the localization behavior
during shearing is discussed in more detail in Garcia & Bray (2018c).
Two other assemblages of only spheres were created, one dense (μ0 = 0.05) and one loose

(μ0 = 0.5). Assemblage 2SD is the dense assemblage, and it contains 179,034 spheres. Assem-
blage 2SL is the loose assemblage, and it contains 167,077 spheres. The void ratios of these
two assemblages of spheres are shown in Figure 2c. In both of these assemblages, different
coefficients of rolling resistance were assigned to the upper (μRU) and lower (μRL) halves of the
sphere assemblages. Such rolling resistance is a proxy for irregular particle shape (e.g., Jiang
et al. 2015), and the details of its implementation are in the PFC documentation (Itasca 2014).
Figure 5c-e shows the results of 30°-dip reverse fault rupture through Assemblages 2SL and

2SD with different rolling resistance coefficients for the upper and lower layers of spheres. In
each case, the rupture surface continues along a single linear path when crossing from the
lower layer to the upper layer. However, whether in the dense or loose assemblage of spheres,
the magnitudes of particle rotations are significantly higher within the layer having a lower

Figure 4. Distributions of particle rotations and displacement contours for fault rupture simulations

with 5-layered particle assemblages.
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rolling resistance coefficient. In the 2-layer assemblages with one layer consisting of spheres
and the other consisting of sphere-clusters in Figure 5a-b, the particle rotations were of almost
equal magnitude along the rupture surface in both layers. Furthermore, in Figure 5a, the rup-
ture surface propagated at a slightly shallower inclination in the upper layer of sphere-clusters.
The similar magnitudes of rotation when crossing through layers of different particle shapes
as opposed to the significantly lower magnitudes of rotation in layers with higher rolling
resistance shows that rolling resistance does not capture the same shear mechanisms as dir-
ectly capturing non-spherical particle shape with sphere-clusters.

4 DISCUSSION

The simulation results highlight the capability of DEM in capturing the influence of soil
inhomogeneity directly through differences in void ratios and particle shapes. Continuum-
based methods capture the influence of void ratio and particle shape indirectly with the imple-
mented soil constitutive model. The innate ability for DEM to capture the mechanical
response of soil due to its particle interactions is a key advantage of DEM. DEM can be used
to verify that a constitutive model is capturing accurately key grain-scale influences.
The use of a rheological rolling resistance contact model does capture some aspects of grain

non-sphericity. Although not shown here, 60°-dip reverse fault simulations with different coef-
ficients of rolling resistance in homogeneous assemblages of spheres performed through this
study did show that the fault rupture surface tended to localize more and outcrop further out
on the footwall when higher coefficients of rolling resistance were used. Higher rolling resist-
ance coefficients may represent more angular and more dilatant particles, so the influence of
rolling resistance is consistent with the fault rupture model of Cole & Lade (1984) that predicts
farther reverse fault rupture propagation distances in more dilatant sands. However, dilation
is a kinematic phenomenon directly associated with grain geometry. A single sphere rising
over a single other contacting sphere will travel along the same path whether it rolls freely or
is restricted from rolling. Rolling resistance determines whether this path is traveled more

Figure 5. Influence of particle shape and rolling resistance on fault rupture propagation.
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through inter-particle rolling or through inter-particle sliding. Sphere-clusters capture the
more complex grain-scale interactions directly through their irregular shapes and are thus
preferable for more realistic DEM simulations of earthquake surface fault rupture.
The patterns of fault rupture in the multi-layered simulations with assemblages of sphere-

clusters are also consistent with Cole & Lade (1984). Whether transitioning from a loose to a
dense or a medium to a dense layer, the inclination of the rupture surface consistently
decreased in reverse fault rupture. In normal fault rupture simulations in which the rupture
surface changed direction through the layers, the rupture surface tended to increase in inclin-
ation when transitioning into a denser layer. This is consistent with the prediction by Cole &
Lade (1984) of greater curvature towards the hanging wall in normal fault rupture through
denser sands. Furthermore, the observations of the magnitudes of particle rotation diminish-
ing after the rupture surface crossed through a loose layer are consistent with observations of
local absorption in loose soil by Bray et al. (1994).
The results of this study are considered preliminary. The influences of void ratio and par-

ticle shape would be more apparent with finer particles in greater quantity, which can be facili-
tated with the use of high-performance computing. The results of this study are promising in
that they show that DEM does directly and successfully capture the influences of particle
shape and void ratio in earthquake fault rupture propagation through soil.

5 CONCLUSION

The influence of soil inhomogeneity was modeled with multi-layered, 3D assemblages of
spheres and sphere-clusters. The simulations successfully captured the influence of void ratio
by showing greater deviation of the fault rupture surface towards the downthrown block in
both reverse and normal fault rupture when the rupture surface transitioned from a looser to
a denser layer of particles. Loose layers of particles tended to absorb the rupture surface and
spread it over a wider zone, which decreased the magnitude of particle rotations in overlying
layers. The effect of a rolling resistance contact model was evaluated. Changes in the coeffi-
cient of rolling resistance in 2-layered assemblages of spheres did not appear to change the
path of fault rupture propagation, but they did change the magnitude of particle rotations. In
2-layered assemblages of spheres and sphere-clusters, the particle rotations were of similar
magnitude in both layers, but the rupture surface appeared less localized in the layers of
spheres. The use of sphere-clusters is considered more physically accurate than the use of roll-
ing resistance because sphere-clusters capture directly the influences of grain inter-locking.
DEM shows promise for more in-depth analysis of the effects of soil inhomogeneity through
simulations of non-spherical particles.
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