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Abstract. The fault rupture propagation phenomenon, spreading from the base rock
through di�erent layers of soil, is a matter of concern in many natural and man-made
soil structures. The focus of this paper is to investigate reverse fault rupture propagation
through two layers of sand deposit by means of numerical modeling. For this purpose,
analyses are carried out for di�erent permutations of three typical materials: dense sand,
medium dense sand and loose sand, considering �ve fault dip angles: 30, 45, 60, 75 and
90 degrees, respectively. The validity of the numerical model was veri�ed by simulating an
experimental model of a homogeneous soil layer subjected to reverse faulting. Further to the
general trends found in fault rupture propagation in a single layer of soil, special attention
is devoted to the refraction of the fault path in the interface of two materials, as well as
its concavity in the continuation. Moreover, four patterns of fault rapture propagation in
two-layered sands, depending on their arrangements and fault dip angles, were concluded
from the results.
c 2014 Sharif University of Technology. All rights reserved.

1. Introduction

Fault rupture propagation through soil has been stud-
ied by researchers in sequential steps. First and
foremost, fault rupture propagation through a uniform
horizontal soil layer received plenty of attention in
previous research. Pertinent �eld investigations have
focused mainly on the evidence from surface and trench
observations [1-2], whereas physical models [1,3-6] and
numerical studies [4,6-12] have attempted to examine
the direction and pattern of fault propagation in the
top soil layer. Table 1 summarizes the numerical
studies carried out on this subject [13-16]. There-
after, investigations on fault rupture-soil-foundation
interaction provided profound insight into the rupture
mechanism [10,11,17-19].

A step forward may be the study of fault rup-
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ture in layered soils, as many natural and man-made
soil structures are comprised of layers with dissimilar
materials, such as distinguishable layers of sediment
laid through ages in natural deposits and intentionally
zoned areas in embankments and earth dams. Hence,
probable changes in the rupture path due to the
variations of material may be elucidated.

Until now, little information has been available
on the response of layered soils to fault rupture.
Considering the di�erences of materials, Bray et al. [20]
highlighted the refraction of fault planes to steeper ori-
entations while entering from bedrock to the overlying
colluvium in normal faults. Moreover, Anastasopoulos
et al. [9] reported refraction of dip-slip faults at the soil-
rock interface to a steeper orientation. In a geological
cross section of the Chelungpu fault [21], the fault
rupture did not follow a single curvature, as previously
seen in uniform layers, but experienced orientation and
concavity variations while traversing di�erent layers.
Figure 1 depicts an example of rupture propagation
in naturally colored soil layers exposed by a roadside
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Table 1. Summary of numerical studies of fault rupture propagation through soils.

Reference Constitutive law Overlying
stratum

Fault type�

Scott, Schoustra [13] Linear elastic perfect plastic with Mohr-Coulomb
failure criteria

Alluvium N-R

Roth et al. [14] Modi�ed Drucker Prager, no-tension material Alluvium R
Walters, Thomas [15] Drucker Prager, variable non-assoc. law, softening Sand DBD

Bray et al. [7] Hyperbolic pressure dependent model for total
stress analysis

Clay N-R

Nakai et al. [16] Elasto-plastic with volumetric response, variable
dilation

Clay, Sand DBD

Lazarte [4]
Elastic, hyperbolic, Modi�ed Cam-Clay, elasto-plastic
with modi�ed Von Mises, assoc. ow rule and nonlinear
isotropic softening

Clay SS

Lin et al. [6] Linear elastic perfect plastic with Mohr-coulomb
failure criteria

Sand R

Anastasopoulos et al. [9] Elastoplastic Mohr-Coulomb constitutive model
with isotropic strain softening

Sand N-R

Johansson, Konagai [8] Hypoplastic constitutive law Sand DBD

Loukidis et al. [12] Elastoplastic Mohr-Coulomb constitutive model
with strain softening for dense sand

Clay, Sand N-R

�Key: SS= Strike Slip, N=Normal fault, R=Reverse fault, DBD=Di�erential Base Displacement.

Figure 1. Fault rupture in a layered ground; side trench
in the Zanjan-Tabriz road, Iran (courtesy of Dr. A.
Ghalandarzadeh).

trench on the Zanjan-Tabriz road, North West of
Iran. The soil type is alternating depositional layers
of claystone (or mudstone) and conglomerate, and the
fault mechanism seems to be predominantly normal.
The �gure shows that the rupture path is subjected
to changes as it passes through di�erent layers of
soils.

The present study tackles the key issue of �nding
out the fault rupture pattern in two-layered sand
deposits by means of numerical modeling. In the
�rst place, the general trends of reverse fault rupture

propagation in uniform sandy soils are pursued in two-
layered sands. Then, the e�ect of the interface between
the two layers, which is deemed as a limiting boundary,
on the curvature and concavity of the rupture path is
studied. The capability of the numerical method is ver-
i�ed through simulating a series of physical modeling
of uniform soils with a 100 g centrifuge apparatus. The
analyses results are presented in the forms of contours
of maximum shear strain rate and their core lines, as
representatives of rupture paths. It is shown that soil
characteristics play a major role in the refraction of
rupture in the interface of two materials. Finally, the
combined e�ects of soil type and fault dip angle on the
pattern of rupture are explored and discussed.

2. Problem description and modeling

For the simulation of reverse fault rupture propagation
through a two-layered sandy deposit, a 10 m high rep-
resentative two dimensional cross section perpendicular
to the fault plane is considered, as shown in Figure 2(a).
An ample width to height ratio of �ve is considered
for the model to exclude boundary condition e�ects
for a wide range of fault dip angles. Considering a
similar geometry in the third dimension, plane strain
conditions govern. The fault movement, developed in
the rigid bedrock, reaches the bedrock-soil interface at
the base of the model. In order to simulate the fault
movement, the right part of the model (footwall) is
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Table 2. Soil parameters used in numerical simulation.

Material Abbreviation 
(kN/m3)

c
(kPa)

'p
(�)

'res

(�)
 p
(�)

 res

(�)
E

(MPa)
�

Loose sand LS 18 5 30 30 0 0 10 0.3
Medium dense sand MS 19 5 38 33 8 3 20 0.3
Dense sand DS 20 5 46 36 16 6 40 0.3

Key: =Unit weight, c=Cohesion, 'p;  p=Ultimate mobilized friction and dilation angles, 'res;  res=Residual friction
and dilation angles, E=Elastic modulus and �=Poisson's ratio.

Figure 2. (a) A two-layered soil model. (b) Boundary
conditions and typical meshing of the model.

�xed and movement is applied to the left bottom and
left vertical side (hanging wall) of the model.

For the soil layers, three typical sands are intro-
duced: Loose Sand (LS), Medium dense Sand (MS) and
Dense Sand (DS). The input values for the physical and
mechanical properties of the materials are presented in
Table 2. Six di�erent arrangements of three materials
are plausible for a two-layered deposit. To name these
cases, the name of the lower layer comes �rst; for
instance, LS-DS means that the layer of loose sand is
overlaid by the layer of dense sand.

Figure 2(b) shows �nite element idealization of
the model. The domain is discretized with quadrilat-
eral elements similar to the previous numerical simu-
lations [7,9,12], with a linear geometric order, which
results in better numerical convergences. Based on the
sensitivity analyses, whose results will be presented in
the coming section, �ner elements are generated for
the central part (2H wide) of the model [7,9]. The
model comprises 121� 40 elements for fault dip angles
of � = 30�, 45�, 60�, and 152�40 elements for � = 75�,
90�, as, for the latter, the rupture path is very steep
and requires more elements in the central part for a
better prediction of deformation �elds.

Before imposing the fault displacement, the initial
state of stress was set up in the soil. The present
study is limited to dry sand and monotonic loading
induced by faulting; in other words, the potential
e�ects of strong ground motion and hydraulic e�ects

are not in the scope of this paper. Thereafter, the base
displacement was applied incrementally. In this regard,
various studies have been carried out to determine the
required base displacement for completion of rupture
propagation. According to Cole and Lade [3], a vertical
displacement of approximately 4% of the total height of
the soil mass is required to complete the development
of the failure surface in sands. The suggestion of
Bray et al. [1] in their experiments was the vertical
displacement of 2% to 6% of depth of the overlying
sand layer. Loukidis et al. [12] found a displacement
of 2.75% of the model height necessary for rupture to
reach the surface. Our preliminary analyses suggested
a vertical displacement of 4% of the soil height.

3. Constitutive model

Several constitutive models have been proposed to
simulate the evolution of shear deformations induced
by faults. A hyperbolic nonlinear elastic constitu-
tive law was utilized for modeling saturated clay by
Bray et al. [7]. For numerical simulation of sandy
deposits, Lin et al. [6] adopted the trishear model with
the elastic-perfect plastic Mohr-Coulomb constitutive
behavior, and others [9,12] utilized the elastoplas-
tic Mohr{Coulomb constitutive model with isotropic
strain softening. A hypoplastic constitutive law was
used by Johansson and Konagai [8].

The previous studies show that considering the
post-peak soil behavior plays a determining role in
describing fault rupture propagation [9,12]. In the
present research, the elastoplastic Mohr-Coulomb con-
stitutive model with isotropic strain softening and a
non-associated ow rule has been incorporated [22,23].
The strain softening behavior is modeled in the �nite
element code Abaqus [23] through a user de�ned sub-
routine by a gradual reduction of friction and dilation
angles, ',  , with the increase of the plastic shear strain
p (Figure 3), as follows:

' =

(
'p � 'p�'res

pf
p for 0 � p < pf

'res for p � pf

)
; (1)

 =

(
 p
�

1� p
pf

�
for 0 � p < pf

 res for p � pf

)
; (2)
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Figure 3. Variation of friction and dilation angles with
plastic shear strain.

where 'p and  p are ultimate mobilized friction and
dilation angles and 'res and  res are residual friction
and dilation angles; pf is the plastic shear strain at
which the softening is completed.

3.1. Mesh dependency
To assure a realistic description of rupture, mesh de-
pendency is investigated from two di�erent viewpoints
of mesh density and mesh structure. The results are
compared in the form of maximum shear strain rate
contours for four di�erent mesh sizes: 0.20, 0.25, 0.50
and 0.75 m. Typical results for � = 60� reverse fault
in the dense sand are shown in Figure 4(a), while
Figure 4(b) depicts the cores of these contours as the
loci of the maximum shear strain rate. The results
suggest that the shear zone of 0.75 m mesh size is dif-
fused, while 0.50 and 0.25 m meshes give comparatively
concentrated shear bands. The shear band of 0.20 m
mesh is slightly narrower than that of 0.25 m, but at
the expense of higher computational e�ort. Thus, the
mesh size of 0.25 m was deemed optimal.

Also, the e�ect of mesh structure on the rupture
path was studied by considering structured and un-
structured meshes with 0.25 m elements. The accept-
ably similar rupture paths showed the independency of
the path to the mesh arrangements.

3.2. Veri�cation
To verify the capability of the numerical method
and FE code to capture realistic soil behavior, the
centrifuge experiments by Anastasopoulos et al. [9]
have been numerically modeled.

In these tests, the length, height and width of
soil specimens are 0.68, 0.25 and 0.20 m, respectively,
representing a 68�25�20 m specimen considering the
100 g centrifuge acceleration. The input values for the
sandy soil were suggested as ' = 39�,  = 11� and
E varying in depths from 1 to 50 MPa [9]. Reverse
faulting with four values of vertical displacement, h,
was applied to the right side of the soil box.

Figure 5 compares the numerical and experimen-
tal results in terms of the vertical displacements of the
soil surface after faulting. It is evident from this �gure

Figure 4. E�ect of mesh size on fault rupture
propagation and rupture path for 60� reverse fault in
dense sand: (a) Contours of maximum shear strain rate;
and (b) rupture path.

that the error increases with an increase in the value
of h. This can be explained on the basis of experi-
mental observations [5]. In the early stages of rupture
development, a single rupture path forms inside the
soil body. This results in a smooth curvature on
the soil surface, being easily predictable by numerical
modeling. As the base displacement increases, multiple
rupture paths develop within the soil pro�le, resulting
in small local irregularities on the main curvature of the
soil surface. The experimental results for h = 1:13 m
in Figure 5 shows such irregularities. However, as this
�gure indicates, the overall prediction of the surface
displacement pro�le remains satisfactory.

4. Results

4.1. Immediate results
The outcome of numerical modeling, including stresses
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Figure 5. Reverse faulting at 60� with imposed bedrock dislocation, h, from 0.18 to 1.13 m: Comparison of vertical
displacement of surface in this numerical simulation with experimental results of Anastasopoulos et al. [13].

and strains, may be related to the physical concept of
fault rupture. Di�erent researchers have used di�erent
results to pursue fault rupture paths. Bray et al. [1]
used contours of shear stress and maximum shear
strain, while Lazarte [4] o�ered maximum shear stress
contours. In [6,12], plastic strains and rates of maxi-
mum shear strain contours were preferred, respectively.

Generally speaking, the stress interpretations of
rupture are di�used and, therefore, cannot locate
a localized zone, whereas the strain interpretations
depict localized paths. Areas with high shear stress
include points with relatively negligible strain rates,
which make the de�nition of the rupture surface, in
terms of stress yield factors, obscure [12]. Results of
our preliminary analyses con�rmed this issue. Among
the strain descriptions of fault rupture, maximum shear
strain and maximum shear strain rate are considered
as better representatives of the fault rupture path [12].

However, special attention should be paid to the
notion of maximum shear strain and maximum shear
strain rate. In a static nonlinear analysis, simulation
takes place over a �nite period of time, t, although
this time has no physical meaning. The ratio of time
increment to analysis time speci�es the proportion of
load being applied in each increment.

load increment =
�t
t
� load magnitude: (3)

The total step time is usually set to 1.0 for convenience.
Base displacement is applied in small increments and
maximum shear strain at each point in the increment,
i, is de�ned as:

max
i = "max

i � "min
i; (4)

where "max
i and "min

i are maximum and minimum
strains.

Maximum shear strain rate demonstrates the
instantaneous maximum shear strain at the desired
increment:

_imax =
max

i�max
i�1

�t

=
("max

i�"min
i)�("max

i�1�"min
i�1)

�t
: (5)

As reported by Loukidis et al. [12], comparing vari-
ous failure indices in the numerical simulation of the
Nikomidino fault in Greece showed that contours of
maximum shear strain rate ( _max) are the clearest
illustration of fault rupture. Therefore, _max has been
selected for further studies in this paper.

In this research, considering combinations of ma-
terials for the sand layers, �ve dip angle values and
two vertical displacements were applied to represent
faulting; thus, totally, 60 analyses were carried out as
categorized and summarized in Table 3. As a typical
legend, Figure 6 introduces refraction angles of rupture
in a two-layered soil. Angles, �1, �2, and surface angle,
�3, can be measured for di�erent cases of analysis for
further investigation.

Typical results are shown in Figure 7, in terms of
the contours of maximum shear strain rate for a 60�

Figure 6. Two-layered soil and refraction angles of
rupture.
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Table 3. Characteristics of di�erent analyses performed on two-layered sand deposit by numerical modeling.

Analysis No. � h=H Mesh Layered soil type

1 30 4% 121� 40 DS-MS, DS-LS, MS-DS, MS-LS, LS-DS, LS-MS

2 45 4% 121� 40 DS-MS, DS-LS, MS-DS, MS-LS, LS-DS, LS-MS

3 60 4% 121� 40 DS-MS, DS-LS, MS-DS, MS-LS, LS-DS, LS-MS

4 75 4% 152� 40 DS-MS, DS-LS, MS-DS, MS-LS, LS-DS, LS-MS

5 90 4% 152� 40 DS-MS, DS-LS, MS-DS, MS-LS, LS-DS, LS-MS

6 30 2% 121� 40 DS-MS, DS-LS, MS-DS, MS-LS, LS-DS, LS-MS

7 45 2% 121� 40 DS-MS, DS-LS, MS-DS, MS-LS, LS-DS, LS-MS

8 60 2% 121� 40 DS-MS, DS-LS, MS-DS, MS-LS, LS-DS, LS-MS

9 75 2% 152� 40 DS-MS, DS-LS, MS-DS, MS-LS, LS-DS, LS-MS

10 90 2% 152� 40 DS-MS, DS-LS, MS-DS, MS-LS, LS-DS, LS-MS

Figure 7. Fault rupture for 60� fault in (a) DS-MS soil,
(b) DS-LS soil, (c) MS-DS soil, (d) MS-LS soil, (e) LS-DS
soil, and (f) LS-MS soil.

fault in (a) DS-MS, (b) DS-LS, (c) MS-DS, (d) MS-LS,
(e) LS-DS, and (f) LS-MS soils. For the special case
of 90� fault, more results are added in Figure 8 for (a)
LS-MS, and (b) DS-LS soils.

4.2. Near surface slope of rupture path
The near surface slope of a rupture path within a
uniform horizontal soil layer has received much atten-
tion in recent research. Experimental investigations [3]
and numerical simulations [24] of reverse faults in
sandy soil layers have shown that near the surface,
su�ciently far from the imposed boundary conditions
of fault displacement, the rupture path follows the
failure directions corresponding to that of the passive
state in soil. Thus, the rupture path approaches the
surface with an angle of 45��'=2, with respect to the
direction of the maximum principal stress [3], or even

Figure 8. Fault rupture propagation in the form of
contours of maximum shear strain rate at 4% base
displacement in (a) LS-MS, and (b) DS-LS for 90� fault
angle.

more realistically, 45�� =2 [3,25,26], and therefore, it
is almost independent of the fault dip angle.

In this study, an attempt is made to apply theo-
retical discussions as well as measurement procedures
concerning one-layered sands to the upper layer of two-
layered ones. Within the two-layered sand, the near
surface slopes, �3 values, are measured and compared
with the theoretical values, � = 45� �  2=2, as
presented in Table 4, while there is an agreement
between the values of the two sets.

4.3. Rupture refraction
The orientation of fault rupture alters when passing
through the interface of two materials, as depicted
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Table 4. The theoretical and measured values for the
near surface slope of rupture path and the critical fault
dip angle.

Soil
arrangement

� = 45� �  2=2� �3 (�) �crit (�)

DS-MS 43.5 47.4 31.5

DS-LS 45 48.2 28.4

MS-DS 42 45.1 34.1

MS-LS 45 49.3 29.1

LS-DS 42 42.5 36.3

LS-MS 43.5 48.1 32.9

* The residual value of  2 has been utilized.

Figure 9. Fault rupture propagation in the form of
contours of maximum shear strain rate at 4% base
displacement in (a) uniform dense sand DS, (b)
two-layered sand DS-LS, and (c) two-layered sand LS-DS
for 30� and 60� fault angles.

in Figure 7. This becomes more evident when these
results are compared with the corresponding results for
one layer sand, as shown in Figure 9.

The shear strength parameters (' and c) may be
employed to �nd a relationship between soil charac-
teristics and fault refraction at the interface of two
sand layers. If the indices 1 and 2 refer to the lower
and upper layers, respectively, and if the ratio of shear
strengths, �2=�1, just above and below the interface, is
expressed in terms of ' and c and normal stress, �n,
we have:

�2
�1

=
(�n)2: tan'2 + c2
(�n)1: tan'1 + c1

: (6)

With c � 0 for sands and variations of �n being
negligible in the vicinity of interface [i.e., (�n)1 =

(�n)2], Eq. (6) may be summarized as:

�2
�1

=
tan'2

tan'1
: (7)

The variations of �1 and �2, represented by the quan-
tity of tan�2= tan�1, may be studied against variations
of shear strengths immediately above and below the
interface, as indicated by Eq. (7). Figure 10 presents
the results of di�erent soil arrangements for four fault
dip angles. These results suggest:

1. tan�2= tan�1 values for each fault dip versus
tan'2= tan'1 values are reasonably �tted to a line,
with R2, square of the correlation coe�cient, higher
than 90%.

2. For each fault dip angle, tan�2= tan�1 decreases
with the increase of tan'2= tan'1, taking values
greater than one for the soil arrangements, where
the upper layer is looser than the lower layer with
values less than one for the soil arrangements where
the upper layer is denser than the lower layer.
In other words, at the interface of the two sandy
materials, the rupture path takes a comparatively
steeper orientation within the looser material.

3. The aforementioned best �t line steepens as the
fault dip angle increases, i.e. as far as the slope
of the rupture path before and after the interface
is concerned, refraction is more pronounced for
greater fault dip angles.

4. The best �t lines in Figure 10 pass through the
point (1, 1), with a minimal error. This indi-
cates that, as expected, when the shear strength
parameters of the two layers are similar (i.e.
tan'2= tan'1 = 1), the rupture path does not
experience any refraction (i.e. tan�2= tan�1 equals
1). Furthermore, tan�2= tan�1 is the most in DS-
LS and the least in LS-DS arrangements. This
means that refraction is more pronounced when the
contrast between the shear strengths of the two soils
is higher.

Moreover, as depicted in Figure 8, in the case of 90�
fault, �1 and �2 are almost 90� and their tangent tends
to in�nity; therefore, it is almost impossible to locate
its results in Figure 10.

4.4. Convexity/concavity of rupture path
within the upper layer

As �2 increases with the increase of �, a critical
value of the fault dip angle, �crit, exists for each soil
arrangement in which �2 = �3. Figure 11 shows
the typical results for LS-DS soil. From the analyses
results, the values of �crit for all the arrangements have
been determined and summarized in Table 4.

The relation between � and �crit de�nes the
convexity of the rupture path within the upper layer.
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Figure 10. Ratio of tangents of refraction angles versus ratio of tangents of friction angles for (a) 30� fault, (b) 45� fault,
(c) 60� fault, and (d) 75� fault.

Figure 11. Refraction and surface angles versus fault dip
angles for LS-DS soil arrangement.

For � > �crit (which leads to �2 > �3), this rupture
path experiences a convex curve when viewed from
the hanging wall. This convex pattern of rupture has
been widely perceived in �eld observations [19], as well
as in experimental and numerical simulations [3,5-7].
However, the evidence of the concave rupture path (i.e.
�2 < �3) have been reported in a few experimental
and numerical simulations of uniform soil layers [3,9]
and also signed in some of the analyses of the present
research.

4.5. Discussions on rupture paths in
two-layered sands

Based on the ideas presented in Sections 4.3 and 4.4,
the patterns of rupture path in two-layered sands may
be compiled and presented in a graph, as shown in
Figure 12. As far as refraction in the interface of
two layers is concerned, two distinct behaviors have
been recognized: steepening (Figure 12(a) and (c)) or
attening (Figure 12(b) and (d)) of the rupture path
after the interface. In addition, convexity (Figure 12(a)
and (b)) or concavity (Figure 12(c) and (d)) of the
rupture path in the upper layer is the source of
further division. The combinations of these cases
provide four di�erent patterns. The above suggested
patterns are supported by the direct results from the
numerical analysis, as shown in Figure 13. Patterns
illustrated in Figure 13(a) to (d) are associated, re-
spectively, with those shown in Figure 12(a) to (d).
It should be mentioned that the pattern introduced
in Figure 12(c) is observed in very mild fault dip
angles.

Based on the above discussions and the results
shown in Figures 11 to 13, the above patterns are more
scienti�cally compiled and illustrated in Figure 14.
Any desired case of two-layered sand, depending on
tan'2= tan'1 and � values, may be located in either
of Zones 1 to 4. These zones are associated with the
rupture patterns introduced in Figure 12(a) to (d),
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Figure 12. Patterns of fault rupture propagation in
two-layered sands: (a) Convex path in the upper layer and
steeper path after the interface; (b) convex path in the
upper layer and atter path after the interface; (c)
concave path in the upper layer and steeper path after the
interface; and (d) concave path in the upper layer and
atter path after the interface.

respectively. Figure 14 indicates that the area under
the line � = �crit is comparatively small, explaining
why the concave pattern has been so rarely observed
in both �eld and experimental investigations.

5. Conclusion

In this paper, reverse fault rupture propagation
through two-layered sands was studied thoroughly by
means of the �nite element method. Five fault dip
angles (30, 45, 60, 75 and 90 degrees) and three typical
sandy soils, which we chose to call dense sand, medium

Figure 14. Four zones associated with four rupture
patterns in two-layered sand: (1) convex path in the upper
layer and steeper path after the interface; (2) convex path
in the upper layer and atter path after the interface; (3)
concave path in the upper layer and steeper path after the
interface; and (4) concave path in the upper layer and
atter path after the interface.

dense sand, and loose sand, were used for this purpose.
Combinations of the above sands resulted in six cases
for the two-layered sand. The results of the analyses
led to the following summarized conclusions:

- General trends of fault rupture propagation, previ-
ously reported in physical and numerical simulations
of one-layered sand, were found in two-layered sands.

- The surface angle of rupture is almost independent
of the fault dip angle and mostly related to the type
of upper sand layer.

- The fault rupture path refracts in the interface of
the two sand layers with unequal mechanical soil
parameters. Refraction depends upon the friction

Figure 13. Fault rupture propagation in (a) 30� fault in DS-LS soil, (b) 75� fault in LS-DS soil, (c) 30� fault in LS-DS
soil, and (d) 15� fault in DS-LS soil.
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angle of soil: The rupture path takes a steeper
orientation within the material with lower friction
angle, i.e. the looser material.

- Refraction is more noticeable when the two layers
di�er more with respect to their mechanical param-
eters. Moreover, refraction is more pronounced for
greater fault dip angles.

- The rupture path in the upper layer experiences a
convex or concave curve depending upon the relation
between fault dip angle and a critical angle (�crit)
de�ned for each soil arrangement.

- When two-layered sands are subjected to reverse
fault rupturing initiated from the underlying rock,
four di�erent rupture patterns may be observed,
depending on the sequence of layering (denser ma-
terials over looser materials and vice versa) and the
value of the fault dip angle, compared with �crit.
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