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Abstract: This research introduces a new effective approach, including a weak vertical wall (WVW) and a strong inclined wall (SIW)
under a shallow foundation, to reduce the rotations caused by a fault rupture. A series of centrifuge tests, followed by numerical modeling
and verified by the test results, were conducted to explore the most suitable characteristics of an inclined wall. It is shown that a WVW is,
in some cases, ineffective when it is not in the fault rupture path. Furthermore, uncertainties related to determining the exact location
of the fault outcrop make it essential to construct a SIW beneath a foundation to protect the foundation that has already been improved
by the WVW. The results proved that the application of the proposed approach could reduce the damage potential to the surface and em-
bedded foundations located at various positions relative to reverse faults with various dip angles. DOI: 10.1061/(ASCE)GT.1943-
5606.0002433. © 2020 American Society of Civil Engineers.

Author keywords: Fault rupture; Weak vertical wall (WVW); Strong inclined wall (SIW); Numerical analysis; Centrifuge test.

Introduction

Fault is geologically defined as a discontinuity in the geological
medium along which relative displacement takes place (Ulusay
et al. 2002). This discontinuity may reach the ground surface and
cause differential displacement in surface structures. The resultant
movement at the ground surface can damage infrastructures by
breaking utilities, displacing bridge components, and inducing
structural damage in buildings (Oettle and Bray 2013). Observa-
tions after the main shocks of recent earthquakes showed satisfac-
tory performance of relatively heavy or stiff structures, supported
by continuous and rigid foundations. In some cases, these founda-
tions were able to divert the fault rupture (Faccioli et al. 2008;
Bransby et al. 2008; Baziar et al. 2014).

It has been found that foundation systems play a crucial role
in the response of structures to emerge dislocations. Structures
supported on a rigid mat or box-type foundations performed quite
well, in contrast to those on isolated footings or piles. Stiff build-
ings, founded on rigid box-type foundations, may force fault

ruptures to divert (Anastasopoulos and Gazetas 2007a, b). Also,
observations after the 1999 Chi-Chi earthquake (Kelson et al.
2001) and 1992 Landers earthquake (Murbach et al. 1999) proved
that massive and adequately reinforced concrete slab foundations
locally influenced the style and location of near-surface deforma-
tions. Two possible main indicators of foundation distress were
considered in determining the performance of foundation–structure
systems over a rupturing fault: (1) excess foundation rotation, and
(2) gap formation beneath the foundation (Ahmed and Bransby
2009; Ashtiani et al. 2016). A gap zone beneath a foundation,
where soil loses contact with the foundation, induces stresses
and provokes significant bending moments in the foundation.
Where ground deformation causes the rigid body rotation of a
foundation-structure system, it is important to evaluate system per-
formance acceptability when determining the damage state (Bird
et al. 2006). It should be noted that a small initial inclination,
caused by differential settlements, for tall structures may initiate
toppling collapse much earlier due to leaning instability (Puzrin
et al. 2010). For tall structures, Baziar et al. (2019) proposed
the following structural damage limits due to foundation rotation
(Table 1).

The main geotechnical strategy against dip-slip faulting to pro-
tect such structures is focused on diverting fault ruptures away from
the foundation and therefore reducing rigid body rotation of the
structure. Bray et al. (1993) investigated the effectiveness of
soil-reinforcement in spreading localized fault displacement over
a wider zone and showed that it minimizes the differential settle-
ment and tensile strains of shallow foundations. Baziar et al. (2014)
confirmed that the application of geosynthetic layers in the soil, as a
potential mitigation scheme for surface fault rupture hazard, could
be effective. Fadaee et al. (2013, 2016) used thick diaphragm-type
soil bentonite, installed in front of and near the foundation, to pro-
tect a structure founded on a rigid raft. They showed that a weaker
and more compressible soil bentonite wall is efficient in diverting
the fault rupture and absorbing the imposed faulting–induced
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deformation. Ashtiani et al. (2018) evaluated the effectiveness of a
vertical trench adjacent to the foundation filled with three different
types of materials including lightweight expanded clay aggregate, a
clay mixture composed of kaolinite and water, and expanded poly-
styrene sheets (EPS). The results indicated that the material with
low shear strength and high compressibility (such as EPS) was able
to protect the foundation by absorbing fault-induced shear strains in
the soil stratum [Fig. 1(a)].

Baziar et al. (2019) indicated that the effectiveness of an ex-
panded polystyrene sheet (EPS) wall depends mainly on the geom-
etry [width (W) and depth (H)] and location of the wall, foundation
position (S), fault throw (h), and fault dip angle (α). They men-
tioned that if the installed wall is not in the fault rupture path,
the faulting zone develops toward the foundation, and the resultant
excessive rotation of an unprotected foundation can cause signifi-
cant damages to its building [Fig. 1(b)]. They showed that such
foundation rotation is especially the case when a reverse fault
dip angle is 60° (for a surface foundation at position S=B ¼
−0.25 and an embedded foundation at position 0 ≤ S=B ≤ 0.25)
or 75° (for a surface foundation at position 0 ≤ S=B ≤ 0.25 and
an embedded foundation at position 0 ≤ S=B ≤ 0.5). Summary
of protectable positions for a rigid foundation with EPS wall mit-
igation based on the rigid body rotation of foundation is displayed
in Table 2.

Because there is uncertainty in specifying underground fault
traces, any desired weak vertical wall (WVW) distance to the foun-
dation for escaping a fault zone should be based on a lack of reli-
ance. Therefore, the important question remains: what can be done
in cases where a WVW is ineffective due to it not being intercepted
by the fault rupture path?

This study proposes a solution for mitigating the hazard of a
fault rupture for a building protected by the EPS wall when there
is no assurance of intercepting the fault trace with the EPS wall.
In this regard, trenching an inclined wall beneath the foundation,

filled with concrete, seems to be useful in diverting the fault trace.
A series of centrifuge tests were conducted to prove the theory and
were followed by numerical modeling, verified by the test results,
to explore the most suitable characteristics of an inclined wall. It
should be noted that the role of an inclined wall is scrutinized in
cases where placing a WVW is unable to reduce the hazard of a
fault rupture satisfactorily. The final part of this paper numerically
evaluates the effect of S=B on foundation position for both surface
and shallow embedded foundations. In some cases (for example,
S=B ¼ 0.5 and 0.75 in fault dip angle ¼ 60°), the vertical wall
is effective alone, and the inclined wall has no role in the hazard
mitigation. In other cases, where the vertical wall is not effective,
the inclined wall can intercept the rupture path, and the foundation
is protected by this new method.

Centrifuge Modeling

The faulting tests under 50-g centrifugal acceleration were carried
out at the centrifuge facility of the University of Tehran. The split
box (Fig. 2), with 75° dip angle reverse faulting was constructed
with outer dimensions 100 cm in length, 50 cm in width, and 45 cm
in height; and internal dimensions 63 cm in length, 49 cm in width,
and 34 cm in height. The bottom of the box was designed to be
movable by a hydraulic jack and hence capable of simulating
the movements of reverse faulting. The length of the hanging wall
was 20 cm, and the maximum allowable offset of the fault with the
75° dip angle was 5 cm (2.5 m in the prototype scale).

A uniformly graded fine clean Firoozkuh sand No. 161 deposit
with a relative density of Dr ¼ 60%, moisture content of 5% (cor-
responding to γwet ¼ 16.05 kN=m3), and thickness of 24 cm (12 m
at prototype scale) was poured into the box. The properties of
Firoozkuh sand No. 161 are given in Table 3. Peak friction angle
ϕp ¼ 33°, residual friction angle ϕres ¼ 31°, and peak dilation an-
gle Ψp ¼ 1° were measured for Dr ¼ 60% and a moisture content
of 5% (Ashtiani et al. 2016).

In these experiments, 3-cm thick sand layers were poured into
the soil box and compacted homogeneously by a calibrated
steel hammer. After each soil layer was poured, a thin colored
sand layer was placed in close proximity to the Plexiglas side
to highlight the rupture path and shear localization from the front
face.

Two centrifuge tests with 50-g acceleration were performed for
this study. The first test was conducted on the free-field condition to

Table 1. Rotation limits and the corresponding damage levels

Slab rotation Damage level

0° ≤ θ < 1° Slight
1° ≤ θ < 2° Moderate
2° ≤ θ < 5° Severe
θ ≥ 5° Threatening stability

Source: Data from Baziar et al. (2019).

Fig. 1. Effectiveness of expanded polystyrene sheet (EPS) wall: (a) placement of EPS leads to fault rupture diversion and mitigation of the foundation
rotation; and (b) EPS wall cannot divert fault rupture path.
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determine the fault rupture path as well as to select the position (S)
of the foundation, with respect to its emergence. The second test
was performed to evaluate the effectiveness of the inclined wall, as
a hazard mitigation technique associated with reverse faulting, to
protect the shallow foundation from the fault rupture.

For modeling the inclined wall, the soil layers were first com-
pacted in a manner similar to the model when the nonmitigated
scenario was considered. Then, a part of the filled sand layers
was excavated to reach the desired location planned for the rigid
inclined wall with an angle of β ¼ 36° (with horizontal axis).

Table 2. Summary of protectable positions for rigid foundation with EPS wall mitigation based on the rigid body rotation of foundation

Fault dip
angle (α)
(degrees)

Foundation
position (S=B)

Without EPS wall With EPS wall

Surface foundation
(D=B ¼ 0)

Shallow embedded
foundation (D=B ¼ 0.3)

Surface foundation
(D=B ¼ 0)

Shallow
embedded foundation

(D=B ¼ 0.3)

45 1.25 Slight Slight Slight Slight
1 Slight Moderate Slight Slight
0.75 Slight Threatening stability Slight Slight
0.5 Severe Threatening stability Moderate Slight
0.25 Threatening stability Threatening stability Slight Slight
0 Threatening stability Threatening stability Slight Moderate

−0.25 Threatening stability Severe Slight Severe
60 1.25 Slight Slight Slight Slight

1 Slight Moderate Slight Slight
0.75 Slight Threatening stability Slight Slight
0.5 Severe Threatening stability Slight Slight
0.25 Threatening stability Threatening stability Slight Threatening stability
0 Threatening stability Threatening stability Severe Threatening stability

−0.25 Threatening stability Severe Threatening stability Severe
75 1.25 Slight Slight Slight Slight

1 Slight Slight Slight Slight
0.75 Slight Threatening stability Slight Moderate
0.5 Severe Threatening stability Slight Threatening stability
0.25 Threatening stability Threatening stability Threatening stability Threatening stability
0 Threatening stability Threatening stability Threatening stability Threatening stability

−0.25 Severe Moderate Severe Moderate

Source: Data from Baziar et al. (2019).

Fig. 2. Split box for modeling fault displacement in geotechnical centrifuge.
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In order to design reduced-scale models of piles, walls, and tunnels
similar to the prototype, it is important to make their bending stiff-
ness (EI) equal using the following equation:

EmIm × N4 ¼ EpIp ð1Þ

where N = gravity level in the centrifuge test; Em = Young’s modu-
lus of the model; Ep = Young’s modulus of the prototype; Im =
cross-sectional moment of inertia of the model; and Ip = cross-
sectional moment of inertia of the prototype. Based on Eq. (1),
an aluminium plate of 300 mm × 4 mm (length and thickness in
the model) combined with Young’s modulus of 70 GPa was used
to simulate a concrete inclined slab wall of 15 × 0.56 m (length
and thickness in prototype) with Young’s modulus of 25 GPa.
In other words, model sections may be typically made from differ-
ent polymeric materials or aluminum (Hayward et al. 2000;
Abdoun et al. 2003; Knappett and Madabhushi 2009; Azizkandi
et al. 2019; Baziar et al. 2020) to simulate the prototype concrete
material. Choo et al. (2010) and Zeping et al. (2014) also used an
aluminum plate to properly model the bending stiffness of the
prototype concrete face in the concrete faced rock-fill dam.

A rigid steel with a breadth of B ¼ 170 mm (8.5 m at prototype
scale) and thickness of t ¼ 21 mm was installed at the S=B ¼ 0
position to model a rigid shallow foundation in the centrifuge test.
This foundation can bear a pressure of q ¼ 81 kPa, representing an
8-story building with a minimum value of 10 kPa per story (Fig. 3).

To monitor the movement and rotation of the foundation during
testing, three linear variable displacement transducers (LVDTs), as
indicated in Fig. 3, were installed. Another LVDT was also set on
the hydraulic jack to monitor the progress of the fault offset.
Measurement of soil deformation was achieved using particle im-
age velocimetry (PIV), and then the GeoPIV software was used to
analyze the digital images of the soil sample (White et al. 2003).

Finite-Element Modeling and Validation

The ABAQUS (2014) software, as based on the finite-element
approach, was utilized for conducting the numerical analysis.

The prototype dimensions of the test under two-dimensional
(2D) plane strain conditions were chosen for numerical modeling.

The soil body was modeled with structured quadrilateral con-
tinuum finite elements. After experimenting with several mesh
models, the best mesh dimensions in terms of accuracy and runtime
were selected. The choice of a very refined mesh (measuring 1m or
less) in the probable region of the soil rupture is a prerequisite for a
successful numerical simulation (Gazetas et al. 2008). Therefore,
an area of 0.5 × 0.5 m was selected for the probable fault rupture
region in the soil stratum, and the mesh sizes were larger at the soil
boundaries. The numerical analysis was conducted in two steps.
First, gravity loading was applied to the model. The discontinuity
between two parts of the soil was applied to simulate the fault
movement. Then, the hanging wall side was moved at the dip angle
of 75°, while the foot-wall side of the soil remained stationary as
fixed boundary conditions were applied. The vertical boundaries
were free to move in a vertical direction when the horizontal boun-
daries were completely fixed. Fig. 4 shows the finite-element mesh-
ing and boundary conditions used in numerical modeling. The
tested soil was relatively loose sand, and the Mohr-Coulomb failure
criterion was adapted as a constitutive model for the soil stratum.
The same soil properties, like those used in the centrifuge model-
ing, were selected for the numerical analysis.

The foundation with an S=B ¼ 0 position was modeled as linear
elastic media with high rigidity (Steel). The inclined wall was
assumed to be linear elastic with a typical density and stiffness
of concrete. The meshing of the wall was modeled using 0.5 m ×
0.5 m structural quad elements, as shown in Fig. 4. The interface
between soil and foundation was defined by contact type interac-
tion. Using hard contact for normal behavior, the friction coefficient
of μ was employed for tangential behavior. To allow for the pos-
sibility of separation at the level of contact between the soil and
other structures [strong inclined wall (SIW) or foundation), gap
element specifications were introduced to the model. Such ele-
ments, rigid in compression but tensionless, allow detachment of
the foundation or wall from the soil. Properties of the materials
used in the foundation and wall in the numerical simulation are
summarized in Table 4.

The capability of the numerical analysis in predicting the fault
rupture path pattern and the surface displacement was first evalu-
ated in free field condition. Figs. 5(a and c) compare the numerical
modeling and the experimental results at h ¼ 48 mm offset (2.4-m
dislocation at the prototype scale). The rupture path in the exper-
imental result is almost located in the same shear zone as predicted
by the numerical modeling, proving the accuracy of the numerical

Table 3. Summary of soil properties used for experiments

Name D50 emax emin Gs

Firoozkuh sand number 161 0.3 mm 0.943 0.603 2.658

Source: Data from Moghadam et al. (2009).

Fig. 3. Schematic configuration of the problem and its geometry in the presented study (brackets = prototype dimensions).
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analysis. The vertical displacement on the ground surface, driven
from the centrifuge test and numerical prediction, are presented in
Fig. 6. As can be seen, the numerical model is in good agreement
with the experimental results.

Figs. 5(b and d) illustrate the interaction of a 75° reverse fault
with the shallow foundation as well as the inclined wall perfor-
mance in deviating the fault rupture path. Prediction of the numeri-
cal analysis on the fault rupture path is in good agreement with the
observed rupture path of the centrifuge model. The inclined wall

forced the fault rupture to propagate along the wall and hence de-
viated the rupture path toward the outside of the foundation. As a
result, the wall limits the maximum force and strain applied from
the ground to the foundation base. If the fault rupture emerges be-
neath the foundation, it will induce more stress on the foundation.
The fault displacement creates a separation between the soil and
inclined wall due to its relatively rigid behavior, which is observed
in both the physical and numerical models (Fig. 5). The gap zone
beneath the wall induces extra stress to the wall (caused by bending
moment), which is confirmed by the numerical analysis and shown
in Fig. 7. In other words, in practical applications, such bending
moments should be considered in the structural design of the wall.
The amount of foundation rotation (0.95° in the experimental
model) was affected by the inclined wall (Fig. 8), which proves
the effectiveness of the wall. As shown in Table 2, the damage level
for fault dip angles of 75° and surface foundation at S=B ¼ 0 is at
the stability threatening stage (θ ≥ 5°) for both conditions of with
and without an EPS wall. The inclined wall reduced the foundation
rotation and caused it to experience a slight level of damage. Fig. 8
shows similar experimental and numerical results for the founda-
tion rotation.

Having validated the numerical modeling, further studies were
conducted to investigate cases in which a weak vertical wall fails to
intercept the fault rupture (Fig. 1) and also to optimize the charac-
teristics of the inclined wall. An EPS wall (W ¼ 0.5 m and
HEPS ¼ 8.5 m) as a WVW was modeled next to the foundation
and constructed from linear elastic–plastic material with 17-kPa
yield strength. Baziar et al. (2019) showed that the effectiveness
of the WVW depends mainly on the foundation location, embed-
ment depth of the foundation, and fault dip angle and depth. There-
fore, a numerical analysis was carried out to find the optimum
features for the proposed inclined wall. Then, the effectiveness
of utilizing both the EPS vertical wall and the inclined wall with
the appropriate material, as a protective method of improving the
foundation, was numerically investigated.

Fig. 4. Two-dimensional finite-element meshes used in the numerical
analysis.

Table 4. Properties of the material adopted in the numerical modeling

Material
Unit weight
(kN=m3)

Elastic modulus
(GPa)

Poisson’s
ratio

Friction
coefficient, μ

Steel 77.142 200 0.35 0.35
Concrete 24 25 0.28 0.4
EPS 0.117 0.0033 0.07 0.6

Fig. 5. Comparison between the numerical analysis and centrifuge tests results: (a) centrifuge model for the free field condition; (b) centrifuge model
for the test with foundation, positioned at S=B ¼ 0 and inclined wall; (c) deformed mesh with plain strain contours for the free-field condition in the
numerical analysis; and (d) deformed mesh of numerical analysis for foundation, positioned at S=B ¼ 0, and inclined wall.
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Effect of the Material

Three types of material, namely clay, EPS, and concrete with 20,
3.3, and 25-GPa elastic modulus, respectively, were considered for
the inclined wall with β ¼ 36° slope and 0.5-m thickness (Fig. 9).
As seen in Fig. 9, while EPS walls perform better than clay walls,
the foundation rotation is large and the stability of foundation is still
threatened. A concrete high shear wall was used, which diverted the
fault rupture out of its path and kept the foundation intact. In other
words, compared with the other two materials, the least foundation
rotation was observed for the inclined wall made of concrete, which
proves the effectiveness of using a strong rigid wall. From now on,
this wall is called the SIW. The term strong in this case stands for
concrete as opposed to the weak vertical wall. The inclined wall
must be strong such that it prevents the fault rupture from passing
through and reaching the foundation. It should be noted that using
the terms “strong wall” addresses the wall’s high shear strength in
relation with the surrounding soil, whereas the term “weak vertical
wall” implies that the constructed wall has a lower shear strength
than the surrounding soil, similar to EPSs. The use of SIW reduced
the damage level from most dangerous to moderate (θ < 2°) (Baziar
et al. 2019).

Effect of Inclination

Five different inclination values (β ¼ 10°, 20°, 30°, 36°, and 40°)
were analyzed to find the optimum slope for the wall. Fig. 10

shows that smaller slope values enable the fault rupture to pass
through a major part of the alluvium layer and head toward the
foundation. While increasing the slope values enables the path to
continue its way up to the left side of the inclined wall, located
beneath the foundation, it nevertheless reduces the damage level.
It is also seen that the increase in the wall slope leads to better
performance, such that an inclined concrete wall with an inclina-
tion of 36° < β < 40° can successfully reduce the damage level to
slightly damaged. Damage reduction in such cases is often due to
the fact that rupture path diversions occur in deeper depths. As
seen in Figs. 10(d and e), the presence of a trenched inclined
concrete wall causes the rupture path to deviate and extend along
the wall, which prevents the foundation from experiencing excess
deformation and rotation. It should be noted that the value of β ¼
36° is only valid for the studied case in the present research.

Effect of Thickness

Similar to wall inclination, four different SIW thicknesses (t 0 ¼
0.5, 0.75, 1, and 1.5 m) were studied. A thickness of 0.5 m was
found to be the optimal thickness for the concrete inclined wall
employed in this study. In other words, increasing the wall thick-
ness (up to 0.5 m) decreases the foundation rotation, while increas-
ing the wall thickness beyond 0.5 m increases the foundation
rotation.

As seen in Fig. 11, increasing the wall thickness beyond this
value reduces the efficiency of the wall and forces the foundation
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to experience a rigid body rotation. As shown in Figs. 11(b–d),
compared with Fig. 11(a), increasing the wall thickness leads to
creating another rupture path toward the right side of the wall; con-
sequently, the upward movement of the threw path is transmitted to
the right sight of the foundation through the surrounding soil, caus-
ing excess rotation in the slab. It should be noted that the optimal
wall thickness depends on several factors such as surrounding soil
properties, fault rupture path, displacement, and overburden pres-
sure. It is, therefore, crucial that the designed wall has enough ri-
gidity (in terms of the elastic modulus), but not too much, to protect
the foundation.

Effect of Foundation Position

The effect of placing a SIW beneath a shallow foundation [at differ-
ent positions (S=B)], with the presence of an EPS wall in its vicin-
ity, on the interaction of foundation with reverse fault rupture was
investigated.

Surface Foundations (D=B � 0)

Figs. 12(a and b) show the rotation values for both protected and
unprotected surface foundations (D=B ¼ 0) placed at various

positions and with a reverse fault dip angle of 75°. As can be
seen, increasing the fault vertical displacement (h=H) from 8%
to 20% induces great rotations in the foundation of all unprotected
foundations. As seen for a 75° fault dip angle, the worst case occurs
at S=B ¼ 0.25, where the surface foundation experiences the great-
est rotation. Trenching WVW reduces the damage level at S=B ≥
0.5 and S=B ¼ 0.25 for small fault displacements [Fig. 12(a)].
In other words, using the WVW reduces the foundation rotation
by 50%, whereas no effect was observed for higher displacement
values [Fig. 12(b)] at S=B ≤ 0.25. Figs. 12(a and b) illustrate that
the generated protective wedge (SIW, WVW, and foundation) re-
duces the damage level down to the lowest possible value for all
cases. A 50% reduction is observed in the foundation rotation at
S=B ¼ −0.25 and for h=H ¼ 20% [Fig. 12(b)], which, in effect,
decreases the damage level from stability threatening to moderate.
Figs. 12(c and d) show the effectiveness of the proposed protective
wedge in reducing the foundation rotation at S=B ¼ 0.25 (the worst
case of an unprotected foundation).

Figs. 13(a and b) illustrate that reducing the fault dip angle to
60° increases the effectiveness of WVWand enables the foundation
to endure lower rotations. The worst foundation location for this
state is at S=B ¼ 0. Using WVWwith predefined features at S=B ≥
0.25 reduces the damage level from severe and stability threatening
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(2° ≤ θ < 5°, θ ≥ 5°) to slight (θ < 1°). As seen in Figs. 13(a and b),
placing the foundation closer to the hanging wall reduces the ef-
fectiveness of the wall. While a 65% reduction in the foundation
rotation is achieved at S=B ¼ 0 and for h=H ¼ 20%, the damage
level is still severe, and the trenched vertical wall for the case with

S=B ¼ −0.25 shows to be completely ineffective. The effective-
ness of utilizing SIW besides WVW is highlighted at positions
S=B ¼ −0.25 and 0. Similarly, as displayed in Figs. 13(a and b),
the generated protective wedge reduces the damage level down to
the lowest possible value for all cases, especially for S=B ¼ −0.25,
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Fig. 12. Effectiveness of using both WVWand SIW to protect a surface foundation (D=B ¼ 0) positioned at different locations for fault dip angle of
75°: (a) h=H ¼ 8%; (b) h=H ¼ 20%; (c) finite-element deformed mesh with plastic strain contours for S=B ¼ 0.25, h=H ¼ 8%; and (d) finite-ele-
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where it completely protects the foundation and reduces the rota-
tion to less than 1 degree. At S=B ¼ 0, the proposed wedge for the
lower fault displacement values (h=H ¼ 8%) reduces the damage
level down to the slight state, while an 80% reduction in the rotation
is observed for the higher values (h=H ¼ 20%). The numerical re-
sults of fault rupture diversion for the case with two fault displace-
ment ratios of h=H ¼ 8% and h=H ¼ 20% are displayed in
Figs. 13(c and d). A protection report for the surface foundation,
placed at different positions (S=B) relative to the free-field fault
rupture emergence, is summarized in Table 5.

Shallow Embedded Foundation (D=B � 0.3)

Figs. 14(a and b) display the effectiveness of using WVWand SIW
to protect a shallow embedded foundation with D=B ¼ 0.3, placed
at different positions, for a 75° dip angle fault. The most critical

position for an unprotected foundation and two vertical displace-
ment ratios occurs at 0.25 ≤ S=B ≤ 0.5, where the rotation value
is the highest. The use of a trenched WVW shows to have very
little effect in this case, such that at S=B ¼ 0.5 and a smaller fault
displacement ratio (h=H ¼ 8%), in spite of a 50% reduction, only
3 degrees of the rotation caused the foundation to experience severe
damage. Increasing the displacement ratio to h=H ¼ 20% worsens
the situation. Similarly, the stability of unprotected cases is still
threatened (θ ≥ 5°). Using a WVW for the foundation at S=B ¼
0.75 reduces the damage level to slight. Foundations positioned
at S=B < 0.5 shows that while a trenched vertical wall alone cannot
reduce the damage, an inclined wall can successfully protect the
foundation and reduce the damage levels. According to Fig. 14(a),
for the cases with h=H ¼ 8%, the installed wedge is able to
reduce rotation by more than 80% at all foundation positions, and
the foundations experience only slight levels of damage (θ < 1°).

Table 5. Summary of protectable positions (S=B) for surface foundation (D=B ¼ 0) based on the rigid body rotation of foundation

Fault dip
angle (α) Case S=B ¼ −0.25 S=B ¼ 0 S=B ¼ 0.25 S=B ¼ 0.5 S=B ¼ 0.75 S=B ¼ 1 S=B ¼ 1.25

60° Unprotected Threatening
stability

Threatening
stability

Threatening
stability

Severe Slight Slight Slight

Vertical wall Threatening
stability

Severe Slight Slight Slight Slight Slight

Vertical and
inclined wall

Slight Moderate Slight Slight Slight Slight Slight

75° Unprotected Severe Threatening
stability

Threatening
stability

Severe Slight Slight Slight

Vertical wall Severe Threatening
stability

Threatening
stability

Slight Slight Slight Slight

Vertical and
inclined wall

Moderate Slight Slight Slight Slight Slight Slight
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Fig. 14. Effectiveness of using both WVWand SIW to protect a surface foundation (D=B ¼ 0.3) positioned at different locations for fault dip angle
of 75°: (a) h=H ¼ 8%; (b) h=H ¼ 20%; (c) finite-element deformed mesh with plastic strain contours for S=B ¼ 0.25, h=H ¼ 8%; and (d) finite-
element deformed mesh with computed plastic strain contours for S=B ¼ 0.25, h=H ¼ 20%.
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Figs. 14(c and d) indicate how a SIW is able to deviate the fault
rupture path and protect the embedded foundation, positioned at
S=B ¼ 0.25 (as the worst case of unprotected foundation).

A fault with a 60-degree dip angle and two vertical displacement
ratios (h=H ¼ 8%, 20%, Fig. 15) exhibits the same critical posi-
tions (0.25 ≤ S=B ≤ 0.5) for the highest foundation rotation values.
Figs. 15(a and b) display that the use of a WVW decreases the ro-
tation and damage level down to the slight level (0° ≤ θ < 1°) at
S=B ≥ 0.5. Nevertheless, the trenched vertical wall does not affect
the fault displacement ratios, and the rotation values remain the
same at S=B < 0.5. The use of a SIW, at the same foundation po-
sitions, reduces the foundation rotations and the damage level down
to the slight state. A rotation reduction of near 100% at S=B ¼ 0.25
is greatly noticeable for the case, which shows to have the highest
rotation value in the unprotected case. The numerical results, dis-
played in Figs. 15(c and d), prove the effectiveness of using a SIW
for a foundation positioned at S=B ¼ 0.25.

A protection report for shallow embedded foundations with
D=B ¼ 0.3, placed at different positions (S=B) relative to the free-
field fault rupture emergence, is summarized in Table 6. As seen in
Tables 5 and 6, a trenching WVW is unable to protect a foundation
for all cases, and in some situations, it has absolutely no effect on
the damage level. The use of a SIW and the created protective
wedge as a solution ensures the safety of the foundation. In other
words, it can be said that this proposed mitigation scheme, which
covers the weak points of using a WVW, is a reliable solution.

Conclusion

The main geotechnical strategy against a dip-slip faulting to protect
such structures is focused on diverting fault ruptures away from
the foundation, thereby reducing the rigid body rotation of a
structure. Installing a WVW with suitable depth and width next
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Fig. 15. Effectiveness of using both WVWand SIW to protect a surface foundation (D=B ¼ 0.3) positioned at different locations for fault dip angle
of 60°: (a) h=H ¼ 8%; (b) h=H ¼ 20%; (c) finite-element deformed mesh with plastic strain contours for S=B ¼ 0.25, h=H ¼ 8%; and (d) finite-
element deformed mesh with computed plastic strain contours for S=B ¼ 0.25, h=H ¼ 20%.

Table 6. Summary of protectable positions (S=B) for shallow embedded foundation (D=B ¼ 0.3) based on the rigid body rotation of foundation

Fault dip
angle (α) Case S=B ¼ −0.25 S=B ¼ 0 S=B ¼ 0.25 S=B ¼ 0.5 S=B ¼ 0.75 S=B ¼ 1 S=B ¼ 1.25

60° Unprotected Severe Threatening
stability

Threatening
stability

Threatening
stability

Threatening
stability

Moderate Slight

Vertical wall Severe Threatening
stability

Threatening
stability

Slight Slight Slight Slight

Vertical and
inclined wall

Moderate Moderate Slight Slight Slight Slight Slight

75° Unprotected Moderate Threatening
stability

Threatening
stability

Threatening
stability

Threatening
stability

Slight Slight

Vertical wall Moderate Threatening
stability

Threatening
stability

Threatening
stability

Moderate Slight Slight

Vertical and
inclined wall

Slight Moderate Slight Slight Moderate Slight Slight
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to a foundation can deviate the fault rupture path and mitigate the
damage level if it is located in the fault rupture path. Cases whereby
the rupture moves toward the foundation without being intercepted
by such trenched walls question the effectiveness of the WVW.

This research proposed a mitigation scheme, the SIW, to protect
shallow foundations from fault-induced damages. The effective-
ness of this method is at its peak when coupled with the presence
of a WVW. A series of centrifuge model tests and numerical mod-
eling were conducted, and the results confirmed that the presence of
a SIW forces the fault rupture to propagate along the wall. In other
words, SIW reduced the foundation rotation, which, in effect, re-
duced the level of structural damage to acceptable values. However,
this wall is limited to the maximum force and strain applied from
the ground to the foundation.

Placement of a SIW beneath a foundation in addition to a WVW
can efficiently absorb and deviate the fault rupture path for cases, in
which the WVW fails to intercept the fault rupture alone. Creation
of a protective wedge beneath the foundation reduces the rotation
values as well as the damage level up to a desirable level.

The trenched inclined wall should have a greater shear strength
compared with the surrounding soil. The wall should have the ap-
propriate thickness (0.5 m for presented case) to allow some kind of
flexible deflection and effectively reduce the damage level of the
foundation. The studied cases showed that a mere 36° inclination is
suitable enough to completely divert the rupture path.

The foundation position relative to the fault outcrop and the em-
bedding of the foundation caused the mechanism of the fault
rupture-foundation interaction to change. Based on the results ob-
tained in this study, an inclined wall in combination with a trenched
vertical wall is able to protect the foundation and reduce the sus-
tained damage level to slight or moderate for most foundations at
different positions.

There are two scenarios for the construction of concrete inclined
wall: (1) for new buildings, the soil is excavated and the reinforced
inclined wall is constructed and then soil is filled and compacted;
and (2) for existing buildings, the desired stiffness of inclined wall
is constructed by performing several rows of jet grout. However,
the thickness and row’s number of such jet grouting layer should
be selected such that the EI is achieved. The use of an inclined jet
grouting for ground treatment has been previously mentioned in
some studies (Popa et al. 2001; Croce et al. 2014; Makowski
and Polańska 2019; Pinto et al. 2003).

Data Availability Statement

All data generated or used during the study are available from the
corresponding author per request.
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