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Abstract

The consequences to structures caused by permanent fault displacement have been investi-
gated for dip-slip faulting, but not for the effect of the embedment depth on the interaction
between a normal fault rupture and shallow embedded foundation. This study investigated
the effect of the embedment depth on the interaction of normal fault rupture and shallow
foundation using a numerical model validated with centrifuge experiments. It was found
that a gapping interaction mechanism and foundation distress occurred at different founda-
tion positions relative to the fault rupture outcrop for an embedded foundation in compari-
son with a surface foundation. The extent of this area depended on the combined influences
of the foundation position, foundation surcharge, embedment depth, and fault dip angle.
The sidewalls of the shallow embedded foundation were observed to act as kinematic con-
straints and had considerable influence on the rotation, displacement and stressing of the
foundations. With regard to the level of rotation and displacement of the embedded founda-
tion, the lateral earth pressure distribution on the footwall sidewall was similar to that of
Rankine active earth pressure in a triangular distribution and on the hangingwall sidewall
as a parabolic distribution of passive earth pressure. Foundations laid on loose soil exhib-
ited less rotation than those on dense soil because the fault ruptures were absorbed or bifur-
cated around both sides of the foundation.

Keywords Normal fault rupture - Shallow foundation - Embedment depth - Numerical
modeling

1 Introduction

The propagation of a fault rupture through the soil layer is a hazard associated with

fault-induced dislocation. Most research on this occurrence was initiated after the 1999
earthquakes in Turkey and Taiwan (Ulusay et al. 2002; Dong et al. 2003) and the 2008
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earthquake in Wenchuan, China (Lin and Ren 2009). The destruction from these earth-
quakes clarified the effect of a fault rupture on structures located near the fault trace at
the ground surface. These studies focused on free-field fault rupture propagation, the inter-
action of the structures and the fault, and mitigation strategies for decreasing the effects
of fault-structure interaction by field investigations (Faccioli et al. 2008; Lin et al. 2006),
experimental studies (Bransby et al. 2008a,b; Rojhani et al. 2012; Ashtiani et al. 2015;
Ahmadi et al. 2018; Yao and Takemura 2019; Sadra et al. 2020; Fadaee et al. 2020; Yao
et al. 2020a, b; Sabagh and Ghalandarzadeh 2020a, b), and numerical modeling (Bray et al.
1994a; Anastasopoulos et al. 2007, 2008, 2009; Oettle and Bray 2016; Baziar et al. 2019;
Agalianos et al. 2020; Naeij and Soroush 2021; Rasouli and Fatahi 2020; Azizkandi et al.
2021).

Research on free-field fault rupture propagation was performed to determine the pattern
of rupture propagation through the overburden (Cole and Lade 1984; Bray et al. 1994a;
Ng et al. 2012; Yao et al. 2020a) and the height of fault rupture emergence at the ground
surface (Bray et al. 1994b). The studies showed that the pattern of rupture propagation of
a dip-slip fault through the soil layer depended on the alluvium depth, soil characteristics,
fault dip angle, and fault type. Many buildings have been destroyed by permanent ground
displacement during an earthquake. However, the fault ruptures can be diverted in some
cases or the level of damage to a building could be reduced (Faccioli et al. 2008). This has
been observed in studies on fault rupture-structure interaction that have specified the influ-
ence of important parameters on the interaction (e.g., Bransby et al. 2008a, b; Gazetas et al.
2008; Anastasopoulos et al. 2009; Ashtiani et al. 2015; Oettle and Bray 2016; Naeij and
Soroush 2021). These parameters include the type of fault, fault dip angle, type and stift-
ness of the soil, alluvium depth on bedrock, building weight, type and rigidity of the foun-
dation, position of the foundation relative to fault rupture emergence at the ground surface,
and the condition of the superstructure. Nevertheless, further investigation is required on
the different aspects of structure-fault interaction and strategies for decreasing the hazards
associated with the fault rupture on buildings.

Most of the research mentioned above has been performed on buildings with shallow
foundations located at the ground surface (i.e., without embedment depth). In urban set-
tings, a lack of space and the need for parking space require excavation of foundations for
the construction of buildings with one or more basement stories. It is clear that ignoring
to address the embedment depth of shallow foundations can affect these previously stud-
ied behaviors. Therefore, the influence of foundation embedment depth on the building-
fault rupture interaction must be investigated. Ashtiani et al. (2015) investigated the effect
of foundation embedment depth on the interaction of buildings and reverse fault rupture
using centrifuge modeling. Ashtiani and Ghalandarzadeh (2020) and Naeij et al. (2019)
carried out complementary studies on the interaction of embedded shallow foundations and
reverse faulting. They concluded that the combined effect of the foundation embedment
depth, surcharge, and position will cause a change in the interaction behavior. Loli et al.
(2011, 2012) investigated the behavior of caisson foundations affected by dip-slip faults.
Their results showed that the caisson foundation caused the deviation or diffusion of the
fault rupture. Also, with regard to the foundation rigidity and its constraints, fault-induced
dislocation had relatively little influence on the caisson foundation.

As the interaction of a shallow embedded foundation and a normal fault rupture has not
yet been investigated, the current study focused on the effect of foundation embedment
depth. Finite element software and a modified Mohr—Coulomb constitutive model were
used when considering the internal friction angle and dilation softening behavior and were
implemented as a user subroutine into the program. The numerical model was validated
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according to the centrifuge results. The effect of the parameters of foundation embedment
depth, fault dip angle, position of the foundation relative to the fault rupture, and the foun-
dation surcharge were considered in the model. In this study, the foundation rotation, pro-
file of the ground surface, and the earth pressure distribution on the foundation sidewalls
have been examined.

2 Problem definition

Figure la shows the interaction of a shallow embedded foundation and normal faulting for
the problem under study. This includes a uniform soil layer with thickness H=25 m and
model length L, where the normal fault moves with dip angle a and creates downward dis-
placement having vertical component /. After propagation of the fault rupture through the
soil layer, the shear-band strikes a shallow foundation with breadth B, embedment depth D,
and applied pressure g. The distance between the bottom left edge of the foundation and
the fault rupture emergence at the ground surface specifies the position of the foundation.
As a result of fault rupture propagation, the ground surface is displaced (8y) and the foun-
dation experiences rotation 6 and translational displacement A. Embedment depths of 0, 3,
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Fig. 1 Problem definition: a interaction between a normal fault rupture and shallow foundation with breadth
B, embedment depth D, and surcharge ¢; b positions of shallow foundations relative to free-field fault rup-
ture

@ Springer



4808 Bulletin of Earthquake Engineering (2021) 19:4805-4832

6, and 9 m were examined. A depth of zero relates to the foundation at the ground surface
(i.e., surface foundation) and the other depths are for shallow embedded foundations.

It is important to note that, when a foundation is embedded, the position at which the
free-field fault rupture strikes the foundation base will change. In other words, for a speci-
fied foundation position, the values of parameter s will not be the same at different embed-
ment depths, as is shown in Fig. 1b. Because parameter s is a factor affecting the founda-
tion-fault interaction, the horizontal position of the foundation will change with an increase
in the embedment depth in order to maintain a constant value for s.

2.1 Finite element model

Two-dimensional plane strain numerical modeling was performed using ABAQUS finite
element software. To minimize the influence of the boundaries on the results of modeling,
the width of the models was set at L=4H (Bray et al. 1994a). A 4-node rectangular plane
strain element with a width of d;;=0.5 m was used to model the soil. The mesh size was
selected using sensitivity analysis for models with elements of 1.0 and 0.5 m in width. It
was found that models with element widths of 0.5 m were more consistent with the experi-
mental results. The position of the fault outcropping and the foundation rotation were pre-
dicted with better accuracy in models with an element width of 0.5 m than of 1.0 m.

A foundation with breadth B and embedment depth D was modeled with beam elements
and high elastic parameters to provide a rigid foundation. A beam element was used to
model the surface foundation. For the embedded foundation, four beam elements were used
to model the elements of the bottom, top, and sidewalls of the foundation such that the con-
nection of these elements created a box with embedment depth D. The numerical analysis
assumed that the bending rigidity of the foundation sidewalls was similar to that of the
foundation basement.

The interface between the sidewalls and base of the embedded foundation and the soil
was considered using a gap element (Anastasopoulos et al. 2008). Gap elements are infinite
in compression, but offer no resistance in tension and their behavior for shearing follows
Columbus’s friction law. The coefficient of friction was based on the friction between the
soil and the concrete to be 2/3¢, where ¢ is the internal friction angle of the soil. Displace-
ment was applied to the right boundaries of the model (the hanging wall) in a pseudo-static
manner in small increments to prevent the numerical model from becoming unstable dur-
ing the solution.

2.2 Soil constitutive model

Studies have shown that the post-peak behavior of the soil is important to the accurate
prediction of fault rupture propagation through the soil layer and the fault rupture-structure
interaction (Anastasopoulos et al. 2007, 2009; Oettle and Bray 2016; Naeij and Soroush
2021). Dense sand exhibits post-peak softening and reaches a critical state (residual) con-
dition. In the present study, the modified Mohr—Coulomb constitutive model with post-
peak softening was incorporated into ABAQUS through a user subroutine (UMAT), which
was similar to that of Anastasopoulos et al. (2007). In this constitutive model, the post-
peak behavior, as the peak friction angle and dilation angle (¢, and ) linearly decreased
to the residual values (@,,, and y,,, = 0) with an increase in the plastic shear strain (y7).
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where y;’ is the plastic shear strain at failure in which softening is complete.

Anastasopoulos et al. (2007) proposed Eq. (3) to calculate y” by considering the mesh
dependency (Gudehus and Nubel, 2004) and scale effects (Muir Wood, 2002) when com-
paring the results of numerical modeling with those of the centrifuge experiment.

ox, — Ox ox; — 6X
P 14 y f (4
= + N
Ty D dip 3

where N is the centrifugal acceleration, dp is the mesh size in the shear-band area of
numerical modeling, D is the sample height in the direct shear test, and éxy, 6xp,and 5xf
were obtained from the results of the direct shear tests. When modeled as a real-scale prob-
lem, N must be equal to one.

In this study, dense and loose granular types of sand were used in the modeling. The
strength and deformation parameters of the ideal granular soil types are shown in Table 1.
The soil modulus of elasticity was considered as a variable that is a function of the soil
depth.

2.3 Parameters used in numerical modeling

The parameters used in the numerical analysis, the embedment depth of the foundation,
its location relative to the fault rupture trace at the ground surface, foundation surcharge,
and fault dip angle are summarized in Table 2. The numerical models were analyzed for
a soil depth of 25 m and a foundation breadth of 10 m. Assuming the weight per unit of
area of each story to be 10 kN/m?, the foundation surcharges considered were equal to 40,
60, 80, 100, and 120 kPa. These pressures represent 4, 6, 8, 10, and 12 story buildings,
respectively. The embedment depth to breadth ratios were D/B=0 (surface foundation) and
D/B=0.3, 0.6, and 0.9 (embedded foundations). The rigidity of the foundation of El= 108
kN.m? represents a rigid foundation. The dip angles of the normal fault used for numerical
analysis were a=45°, 60°, 75° and 90°.

Table 1 Soil parameters used in numerical analysis (Anastasopoulos et al. 2007)

Sand Density y Peak friction Residual Dilation Failureplas- Modulus of  Poisson
(kg/m? angle @p (°) friction angleyp (°) tic shear elasticity, E  ratio, v
angle,@,,, (°) strain y)’f (MPa)
Dense 2000 45 30 18 0.05 2.257* 0.3
Loose 1600 32 30 5 0.08 0.75Z 0.35

*Z is soil depth
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Table 2 Parameters used in

parametric analysis Parameters Ranges
Soil Dense, loose
Foundation depth ratio, D/B 0,0.3,0.6,0.9
Foundation position ratio, s/B -0.5,0,0.25,0.5,0.75, 1.0
Foundation surcharge, g (kPa) 40, 60, 80, 100, 120
Dip angle of normal fault, a (°) 45, 60, 75, 90

The maximum ratio of fault vertical displacement to soil depth was #/H=5%, where
h=1.25 m and H=25 m. This value of displacement for a normal fault is approximately
proportional to an earthquake of magnitude 6.8 as presented in the correlation by Wells
and Coppersmith (1994).

3 Validation

Normal fault rupture-shallow foundation interaction tests were conducted in a beam cen-
trifuge at the University of Dundee (Bransby et al. 2008a). These tests were conducted at
115 g on D,=60% Fontainebleau sand and simulated the free-field normal fault rupture
propagation and normal fault rupture-foundation interaction. They investigated the patterns
of fault rupture propagation through a sandy soil deposit and the different mechanisms for
the different foundation positions. The foundation was located on a 25 m sand deposit. The
parameters for the centrifuge model tests for verification with numerical analysis are sum-
marized in Table 3 (Bransby et al. 2008a). The properties of the sand used in the centrifuge
model tests are presented in Table 4 (Anastasopoulos et al. 2007).

Before the investigation of the fault rupture-foundation interaction, free-field fault rup-
ture propagation through the soil layer was modeled to provide a base condition. Figure 2a
shows the deformed model for the free-field condition at H=25 m in dry sand at D,=60%
that has been subjected to a normal fault at a=60°. In Fig. 2a and b, the fault rupture
deviated towards the hanging wall as it propagated toward the ground surface. A compari-
son shows satisfactory consistency between the results of the centrifuge model tests and
numerical analysis. Figure 2c shows good agreement for vertical displacement dy at the
soil surface between the experimental and numerical results.

In Table 3, tests 2 and 3 verify the numerical modeling of normal fault rupture-founda-
tion interaction. All parameters were similar to those of the free-field test, except that the
foundation surcharges were different (37 and 90 kPa represent light and heavy foundations,
respectively) and were approximately positioned at s/B=0.3. Figures 3 and 4 show the

Table 3 Characteristics of models used to validate numerical analysis (Bransby et al. 2008a)

Testno. Height, H(m) Length, L (m) Dipangle of Foundation Foundation =~ Foundation
fault, o (°) breadth, B (m) position, s/B  surcharge, ¢

(kPa)
1 25 76 60 - - -
25 76 60 10 0.31 37
3 25 76 60 10 0.29 90
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Fig.2 Free-field normal faulting propagation at a dip angle of 60° through 2.16 m of Fontainebleau sand
at D,=60%: a deformed centrifuge model (Bransby et al. 2008a); b deformed numerical model; ¢ vertical
displacement profile at soil surface

satisfactory comparison of the centrifuge results are compared to the numerical predictions
in terms of the deformed model, the vertical displacement profile of ground surface, and
the rotation of foundation. The numerical model was able to simulate the diversion of fault
rupture towards the footwall for a foundation resting on a hanging wall as similar to the
centrifuge experiment results. The vertical displacement profile at the ground surface and
the foundation rotation were similar. It appears that the numerical model can appropriately
simulate the fault rupture-foundation interaction.

4 Results and discussion

The interaction between the normal fault rupture and shallow embedded foundation was
investigated. Initially, the free-field model determined the position where the fault rupture
would have outcropped in the absence of a shallow embedded foundation. Then, the foun-
dation was placed at various distances relative to the location of the free-field fault rupture
outcrop and at different depths. In the normal fault rupture-shallow embedded foundation
interaction, the location of the foundation, its embedment depth and surcharge, as well as
the fault dip angle could have affected the behavior of the foundation. Therefore, a para-
metric study was conducted to derive an understanding of the normal fault rupture-shallow
embedded foundation interaction. In the following sections, the results of the parametric
analysis are presented and discussed.
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Fig.3 Foundation-normal fault rupture interaction mechanism for B=10 m, g=37 kPa, S=3.1 m, and
h=2.03 m: a deformed centrifuge model (Bransby et al. 2008a); b deformed numerical model; ¢ vertical
displacement profile at ground surface; d rotation of foundation

4.1 Free-field condition

The free field models for dense and loose sand were analyzed for an alluvium depth of
H=25 m and normal faults with dip angles of 45°, 60°, 75°, and 90°. Figure 5 shows the
different vertical displacement profiles at the ground surface for different dip angles of a
normal fault propagating through the soil layer. The location of the fault trace at the ground
surface differed with changes in the dip angle of the fault. The fault zone at ground level
was highest for a dip angle of 45° and lowest for a dip angle of 90°.

It should be considered that, with a decrease in the dip angle of the fault, a gravity
graben was created in both the dense and loose soils in the faulting zone. This has been
observed in previous studies (e.g., Lade et al. 1984; Hazeghian and Soroush 2017), which
shows that this type of hazard occurs for low-angle dipping of a normal fault. As seen
in Fig. 5, the width of zone affected by the graben in dense sand was less than in loose
sand (1.0H versus 1.32H), but had a greater depth (0.021H versus 0.01H). The loose sand
attracts and deviates the fault rupture deformation because of the lower stiffness and more
elastic deformations compared to dense sand.

4.2 Effect of embedment depth and location of foundation

To investigate the effect of the embedment depth of a shallow foundation and its loca-
tion on the normal fault rupture-foundation interaction, foundations with a width of
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Fig.4 Foundation-normal fault rupture interaction mechanism for B=10 m, ¢=90 kPa, $=2.9 m, and
h=2.16 m: a deformed centrifuge model (Bransby et al. 2008a); b deformed numerical model; ¢ vertical
displacement profile at ground surface; d rotation of foundation

10 m, embedment depths of D/B=0, 0.3, 0.6, 0.9, and surcharges ¢=40 and 100 kPa
were modeled at s/B=-0.5, 0, 0.25, 0.5, 0.75, and 1.0 for a normal fault at aa=60°.
Figure 6 shows the foundation rotation relative to the foundation location in dense and
loose sand. The results show that the effect of the embedment depth on the fault-foun-
dation interaction significantly depended on the location of the foundation relative to
the fault rupture and the foundation surcharge. This can be attributed to a change in the
mechanism of the fault rupture-foundation interaction.

The interaction mechanisms were hanging wall, gapping, and footwall types (dis-
cussed by Ahmed and Bransby 2009), which vary with a change in the embedment
depth and the location of the foundation. As seen, for s/B <0.5 at ¢=40 and 100 kPa, an
increase in the embedment depth increased the foundation rotation in dense and loose
sand. This increase in the embedment increased the likelihood of the fault rupture strik-
ing the bottom of the embedded foundation relative to the surface foundation (D =0). In
most cases, the interaction mechanism for embedded foundations was the gapping type.

For s/B>0.5 in ¢=40 kPa and s/B>0.75 in g=100 kPa, the rotation of the surface
foundation was greater than for the shallow embedded foundation, which could relate
to the interaction mechanism of the foundations. When the foundation moved towards
the hanging wall, the interaction mechanism of the surface foundation was gapping. The
mechanism for the shallow embedded foundation gradually changed to a footwall, the
fault rupture was diverted to the right side of the embedded foundation, and the founda-
tion rotation decreased.
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Fig.5 Vertical displacement profile at ground surface for normal free-field fault rupture with dip angles of
45°, 60°, 75°, 90°: a dense sand; b loose sand

A comparison of the foundation rotation caused by the embedment depth under nor-
mal faulting (i.e., this study) and reverse faulting (Ashtiani et al. 2015; Naeij et al. 2019)
showed that embedment depth of the foundation changed the mechanism of the fault rup-
ture-foundation interaction. At the same value of #/H, the embedded foundation experi-
enced either less or greater rotation than the surface foundation under both normal and
reverse faulting, depending on the fault rupture-foundation interaction mechanism.

Figures 7 and 8 summarize the effect of the embedment depth of the foundation and its
position relative to the fault rupture outcrop on contact pressure p and bending moment
M of foundation base in dense and loose sand, respectively. Contact pressure p was
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Fig.6 Rotation of foundation in terms of position vs. embedment depth: a dense sand; b loose sand

normalized with foundation surcharge ¢ and M with gB2. Only the response of foundations
with ¢=100 kPa subjected to normal faulting for a=60° and #//H=5% were investigated
due to space limitation. For s/B=0 (Fig. 7a), the rupture diverted toward the footwall (left
edge) of the foundations. Despite diversion of the fault rupture, the embedded foundations
experienced significant stressing. Initially, at D/B=0 and 0.3, the foundations remained in
almost full contact with the soil. The foundation surcharge ¢ and fault-induced deformation
bent the foundations downwards (sagging deformation). After increasing the embedment
depth of the foundation to D/B=0.6 and 0.9, these foundations lost the contact at their
centers. This caused an increase in the bending moment of the foundation. In general, as
the embedment depth increased, foundation surcharge g and faulting-induced deformation
cause sagging deformation.

At s/B=0.5, the plastic deformation diffused beneath the foundation. Figure 7b shows
that the contact pressure profile of the surface foundation altered near its middle in com-
parison with the foundation at s/B=0. The embedded foundations then detached from the
soil near their ends and the value of p increased significantly near the middle. This means
that an embedded foundation tended to behave as a cantilever beam at the two ends. The
faulting-induced deformation caused downward bending of surface foundations (sagging
deformation) and reversal of the stressing at the left edge of the embedded foundation with
a decrease in the maximum bending moment compared to the foundation at s/B=0. As the
fault rupture diverted toward the hanging wall side of the foundation (s/B=1.0), as shown
in Fig. 7c, the static contact pressure distribution is remained fairly constant at D/B=0 and
0.3 and M approximately took the form of sagging-type deformation. An increase in the
embedment depth to D/B=0.6 and 0.9, caused the contact pressure p to increase slightly
and the foundation detached from the soil at both edges. As a result, this mechanism caused
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Fig.7 The effect of embedment depth of foundation and its position on the contact pressure distribution
and bending moment of foundation supported on dense sand; for foundation with q= 100 kPa subjected to a
normal fault at x=60° and hY/H=5%.a s/B=0,b s/B=0.5,¢s/B=1.0

complete reversal of stressing (hogging instead of sagging deformation). It should be noted
that, while the interaction mechanism, contact pressure, and bending moment of the foun-
dation changed as the fault rupture diverted toward the right edge (hanging wall side) of
the foundation, the maximum bending moment decreased.

To illustrate the effect of soil stiffness, Fig. 8 shows the response of shallow foundations
supported on loose sand. Figures 7 and 8 reveal differences between the two soil types in
the p/q and M/gB?* profiles. For example, for embedded foundations at s/B=0 on dense
sand, the foundations experienced loss of contact in the middle and, on loose sand, contact
was maintained along the entire width. As a result, faulting-induced stressing decreased
with an increase in the soil compliance. Similar results have been reported by Anastaso-
poulos et al. (2009). Figure 6a and b show that the surface foundations located on dense
sand experienced greater rotation than those located on loose sand. This could be attributed
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Fig.8 The effect of embedment depth of foundation and its position on the contact pressure distribution
and bending moment of foundation supported on loose sand; for foundation with q= 100 kPa subjected to a
normal fault at «=60° and hY/H=5%.a s/B=0,b s/B=0.5,¢s/B=1.0

to the ability of the loose soil to absorb fault-induced displacement and diffuse the rupture
as it approached the foundation.

The normal fault rupture-foundation interaction mechanisms for dense and loose sand
presented in Fig. 9 to facilitate understanding of the behavior of a foundation subjected to
normal faulting. The corresponding mechanisms for an increase in the foundation embed-
ment depth and a change in location are presented in this figure. The different mechanisms
when occur for the soil and foundation embedment depth and positions investigated in the
numerical models are described as follows:

1. Region s/B<0.25: The hanging wall interaction mechanism was related to the surface
foundation and the foundation experienced relatively low rotation. A gapping mecha-

nism also occurred with an increase in the foundation embedment depth in addition
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Fig.9 Normal fault rupture-shallow foundation interaction mechanisms: a dense sand; b loose sand

to the occurrence of a hanging wall mechanism. This caused the shallow embedded
foundation to experience greater rotation than the surface foundation.

Region 0.25 <s/B <0.75: The interaction mechanism was most closely of the gapping
type. In this area, an increase in the foundation embedment depth increased the foun-
dation rotation. This could be attributed both to the interaction mechanism and to the
kinematic constraints from the sidewalls of the shallow embedded foundation. Because
the shallow embedded foundation was located in the faulting zone, embedment of the
foundation caused the structure to experience fault-induced deformation. A decrease in
the surcharge load changed the interaction mechanism of the shallow embedded founda-
tion to a hanging wall type, which finally resulted in a relative decrease in the foundation
rotation.

Region s/B>0.75: An increase in the foundation embedment depth diverted the fault
rupture towards the hanging wall and caused the foundation to remain on the footwall.
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Because the foundation was a considerable distance from the faulting zone, the founda-
tion behavior was similar to that of a caisson foundation and experienced little rota-
tion. A gapping mechanism formed for the surface foundation in addition to a footwall
mechanism and the foundation experienced greater rotation.

4.3 Effect of surcharge on foundation

To determine the effect of the foundation surcharge on the interaction of a normal fault
rupture and a shallow embedded foundation, the responses of foundations resting on dense
and loose sand with a width of 10 m and embedment depths of D/B=0, 0.3, 0.6, 0.9 at
s/B=0.25, 0.75 were subjected to a normal fault with a dip angle of 60°. The foundation
rotations at surcharges of ¢g=40, 60, 80, 100, 120 kPa are shown in Fig. 10. The results
indicated that the effect of the foundation surcharge depended on the location of the foun-
dation relative to the fault rupture. At s/B=0.25, the rotation of the foundation decreased
in both dense and loose soil with an increase in the value of g. At s/B=0.75, the founda-
tion rotation increased with an increase in the surcharge of the foundation. Generally, an
increase in the foundation surcharge did not always cause a decrease in the foundation rota-
tion, but depended on the fault rupture-foundation interaction mechanism.

Figure 11 shows the interaction mechanisms (i.e., plastic shear strain contours) for foun-
dations at an embedment depth of D/B=0.6 at s/B=0.25 and 0.75. For the foundation at
s/B=0.25, the dominant mechanism was a hanging wall at a high surcharge, while both the
hanging wall and gapping mechanisms depended on the foundation embedment depth and
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Fig. 10 Effect of foundation surcharge on rotation of foundation by embedment depth: a dense sand; b
loose sand
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Fig. 11 Model deformation from fault-foundation interaction by foundation surcharge at D/B=0.6 and
a=60° as/B=0.25;b s/B=0.75

its surcharge at a low surcharge value (Fig. 11a). The footwall mechanism occurred for the
foundation at s/B=0.75 (see Fig. 11b). When the interaction mechanism was in the form of a
hanging wall, an increase in the foundation weight decreased the foundation rotation and had
a positive effect on reducing the building damage level. In this case, the foundation was placed
in a faulting zone and tended to rotate, but an increase in the surcharge caused the foundation
to return to its initial position. When the interaction mechanism was of the footwall type, an
increase in the surcharge could cause an increase in the foundation rotation.

4.4 Effect of fault dip angle
The effect of the fault dip angle on the interaction of a normal fault rupture and shal-

low embedded foundation were analyzed for rigid foundations at B=10 m, surcharge
q=100 kPa, and D/B=0, 0.3, 0.6 at s/B=0.5 for both dense and loose sands.
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4.4.1 Vertical displacement profile at ground surface

The vertical displacement profiles at the ground surface, as a hazard caused by a normal
fault rupture at dip angles of a=45°, 60°, and 90° and a fault throw of //H=5% for dense
and loose sand, are shown in Fig. 12. The existence of a graben is a hazard associated with
normal faulting that forms between the main fault rupture and a secondary rupture. As the
fault dip angle increases, the width and depth of the graben will decrease because of the to
the declining formation of secondary ruptures in a high-angle dipping normal fault. For a
normal a=45° fault with a foundation having an embedment depth of D/B=0.6, a graben
was created in both dense and loose sand at widths of 1.12 and 1.3 H and depths of 0.02
and 0.008 H, respectively.

With an increase in the fault dip angle to 60°, a graben developed in dense sand, but not
in loose sand. With increases in the fault dip angle to 75° and 90°, no graben developed
in any model. Based on the model proposed by Cole and Lade (1984), at a dilation of
a <45+ /2 of the soil under normal faulting, a secondary rupture developed in addition to
the main rupture that resulted in the formation of a gravity block (graben) between the rup-
ture surfaces. Hazeghian and Soroush (2017) reported that a graben developed for a normal
fault at «=60° in dense soil. The characteristics of the numerical models were not satisfied
using the Cole and Lade (1984) model.

Similarly to the free-field condition, the depth of the graben in dense sand was much
greater than in loose sand. This indicates that loose sand was capable of absorbing and dis-
sipating fault-induced dislocation at the ground surface. The width of the graben in loose
sand was somewhat greater than in dense sand. This indicates that the fault rupture propa-
gated through the loose sand and diffused in the border zone around the foundation.

4.4.2 Active and passive failure zones

Other consequences of a normal fault rupture-shallow embedded foundation interaction
include active and passive failure zones on the footwall and hanging wall sides of the foun-
dation, respectively (left and right sides of the foundation, respectively). These ruptures
resulted from the rotation and translational displacement of the foundation during the inter-
action with a normal fault rupture. Figure 12 shows that a rupture zone of the active type
was created on the left side of the foundation for all dip angles with widths of 0.28 and 0.3
H in dense and loose sand, respectively.

Figures 13 and 14 show the plastic shear strain contours for the interaction of founda-
tions with embedment depths of D/B=0.3 and 0.6 for normal faults having different dip
angles. A graben is visible for the low-angle dipping fault and the greater the fault dip
angle, the lower the probability of the formation of a secondary rupture and graben. Active
ruptures fully mobilized in front of the left sidewall of the foundation, but a passive rupture
plane did not fully form on the right side (i.e., hanging wall). This could be attributed to
the degree of rotation and translation of the foundation sidewalls that mobilized the active
and passive failure zones.

4.4.3 Rotation of foundation

The rotation of the embedded foundation resting on dense and loose sand at different
dip angles for a normal fault rupture is shown in Fig. 15. As shown, an increase in the
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Fig. 12 Surface deformation due to fault-foundation interaction at different fault dip angles and embedment
depths at s/B=0.5 and g =100 kPa: a dense sand; b loose sand

fault dip angle decreased the foundation rotation, especially for surface foundations. An
increase in the foundation embedment depth increased the effect of larger dip angles and
increased the foundation rotation relative to surface foundations.
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Fig. 13 Model deformed by fault-foundation interaction vs. fault dip angle at D/B=0.3, s/B=0.5, and
g=100 kPa: a dense sand; b loose sand

The range of foundation positions at which the gapping mechanism occurred for
embedded foundations was greater than for the surface foundations. This increased the
probability of distress of a shallow embedded foundation, but it should be noted that this
range was not valid at all fault dip angles, especially at « =90°. For example, the rota-
tion of the surface foundation at a=90° normal faulting was almost negligible for all
positions and it was clear that the foundation-fault rupture interaction mechanism was
not of the gapping type. An increase in the embedment depth increased the probability
that the fault rupture would strike the foundation base and cause a large rotation of the
foundation. At s/B>0.75 in dense sand, Fig. 15a showed that the degree of foundation
rotation at different embedment depths was negligible and the interaction mechanism
was of the footwall type.
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Fig. 14 Model deformed by fault-foundation interaction vs. fault dip angle at D/B=0.6, s/B=0.5,
g=100 kPa: a dense sand; b loose sand

4.4.4 Lateral earth pressure distribution

The design of the basement walls was based on lateral earth pressure theories for at-rest
and/or active conditions. The wall deformations and relative displacement between the
wall and soil were determined and the lateral earth pressure distribution on the wall was
calculated. However, during faulting, the fault-induced displacement of the soil and the
wall appeared to be very large and the earth pressure distribution on the basement walls
differed. To examine the lateral earth pressure distribution on the basement walls dur-
ing its interaction with a normal fault rupture, the pressure distribution at the left and
right sidewalls of the foundation at an embedment depth of D/B=0.6, a surcharge of
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Fig. 15 Rotation of foundation vs. fault dip angle and embedment depth at g=100 kPa: a dense sand; b
loose sand

q=100 kPa, and at s/B=0.25, 0.5, and 0.75 for dense and loose soil are presented in
Figs. 16 and 17.

The analysis was carried out for normal fault dip angles of a=45°, 60°, 75°, and
90° and a fault throw of //H=5%. For the normal fault rupture-foundation interaction,
it was clear that the condition of the left sidewall was active and the right sidewall was
passive; therefore, the lateral earth pressure distribution on both sides of the wall was
expected to adhere to these conditions. The lateral earth pressure distribution on the left
sidewall shown in Figs. 16a and 17a was distributed in an approximate triangular pat-
tern and the active earth pressure was zero in the upper parts of the wall due to the loss
of contact between the soil and wall. The pressure values applied to the wall were less
than the Rankine active earth pressure. This could be attributed to large displacement of
the soil and a decrease in the height of a backfill subjected to the normal faulting and
the post-peak state of the soil. At some fault dip angles, the pressure either increased or
decreased at specific positions. In particular, at a dip angle of 45°, at s/B=0.25, these
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Fig. 16 Earth pressure acting on foundation walls vs. fault dip angle at D/B=0.6, ¢=100 kPa and dense
sand: a left sidewall of foundation; b right sidewall of foundation

fluctuations were intense and were greater than the active earth pressure at some posi-
tions. In general, it would be conservative to assume an active or at-rest earth pressure
for the design of the footwall sidewall of an embedded foundation.

The lateral earth pressure distribution on the right sidewall of the embedded founda-
tion in Figs. 16b and 17b demonstrate that the applied pressure distribution was non-
linear and different from the triangular pattern of the passive earth pressure from the
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Fig. 17 Earth pressure acting on foundation walls vs. fault dip angle at D/B=0.6, g= 100 kPa in loose sand:
a left sidewall of foundation; b right sidewall of foundation

Rankine theory. The pressure on the wall also was greater than the Rankine passive
earth pressure for the upper parts of the wall and lower at depths near the toe wall.

The passive earth pressure distribution for the right sidewall of the shallow embedded
foundation creates fundamental doubts. The schematic deformation of the shallow embed-
ded foundation during its interaction with normal faults with different dip angles is shown
in Fig. 18. As seen, the deformations of the left and right sidewalls were a combination of
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Fig. 18 Type of foundation rotation: a pattern of foundation rotation during normal fault interaction
(s/B=0.5, g=100 kPa, D/B=0.6, dense sand), b expected wall stress distribution for wall rotation about its
toe in dense sand (James and Bransby 1971)

translational displacement and rotation about the toes of the sidewalls. The pressure dis-
tribution on the wall that had rotated about its toe, as for James and Bransby (1971), was
similar to the distribution shown in Fig. 18b. Comparison of this distribution with those
obtained from numerical modeling indicated that the passive earth pressure distribution on
the right sidewall was nonlinear and depended on the extent of the foundation wall rotation
about its toe. In addition, the magnitude of foundation rotation was dependent on factors
such as the fault dip angle, foundation embedment depth and its position, and the magni-
tude of applied surcharges. Thus, the change in the rotation of the foundation wall indicates
that the state of the soil may have occurred for pre-peak, peak, and post-peak (i.e., residual)
behavior, which would lead to a nonlinear pressure distribution on the wall.

5 Conclusion

The present study used numerical modeling to investigate the effects of the foundation
embedment depth, foundation position relative to the fault rupture outcrop, foundation sur-
charge, and fault dip angle on the interaction between a normal fault rupture and a shallow
embedded foundation. The numerical models were validated using the results of centrifuge
experiments. The results obtained from numerical analyses are as follows:
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1. In the free-field case, a graben was observed to be a hazard of surface faulting. This type
of hazard developed in both loose and dense sandy soil, especially at low dip angles (45°
and 60° for dense soil; 45° for loose soil). Also, a change in the dip angle of the fault
caused the faulting zone to vary at the ground surface. The width of the faulting zone
was less in dense soil compared to loose soil, but its depth was greater. The results show
reasonable agreement with previous research (Lade and Cole 1984; Anastasopoulos
et al. 2007; Bransby et al. 2008b; Hazeghian and Soroush 2017).

2. The interaction between the shallow embedded foundation and a normal fault rupture
was dependent on the effects of the foundation position, its embedment depth, and the
surcharge applied to it. The different behavior of the foundations could be attributed
to the type of interaction mechanism between the foundation and normal fault rupture
and the kinematic constraints of the embedded foundation walls. In general, for the
hanging wall and gapping interaction mechanisms, the shallow embedded foundation
experienced more rotation than the surface foundation because the foundation walls
acted as kinematic constraints and forced the foundation to follow the faulting-induced
deformation. For the footwall interaction mechanism, the rotation was similar for all
foundations and the shallow embedded foundation experienced relatively less rotation.
It should be noted that the foundations located on loose soil experienced less rotation
than those on dense soil, as the loose soil was able to absorb or divert the fault rupture.

3. Depending on the embedment depth of the foundation and its position relative to the
fault rupture outcrop, detachment of the foundation base from the soil could take place
either at its middle or at its two ends. This caused a change in the relative stressing of
the embedded foundations compared to the surface foundations. Also, despite diver-
sion of the fault rupture in the interaction between an embedded foundation and normal
faulting, the embedded foundation experienced substantial distress.

4. Anincrease in the foundation surcharge did not always result in a decrease in the foun-
dation rotation. The rotation increased or decreased depending on the foundation loca-
tion relative to the fault rupture outcrop, as well as the type of interaction mechanism
between the fault rupture and foundation. Generally, if the interaction mechanism was
of the hanging wall type, the surcharge was greater and the foundation rotation was less.
In contrast, if the interaction mechanism was of the footwall type, the surcharge was
greater, but the foundation rotation was larger.

5. Graben was hazards observed with rupture propagation in the interaction of a normal
fault rupture and a shallow embedded foundation. At low dip angles, a graben was
observed for both dense and loose soil because of the formation of a secondary rupture
in addition to the main fault rupture. Also, active and passive ruptures were observed
in the front of sidewalls of the shallow embedded foundation and were the result of the
rotation and displacement of the foundation when subjected to normal faulting. These
hazards have destructive effects on adjacent structures. In general, the region affected
by graben was larger for loose soil than for dense soil, but the depth of graben at the
ground surface and the active rupture in the front of sidewall were less in loose soil than
in dense soil.

6. It should be noted that the differences in the rotation of a foundation subjected to a
normal fault rupture at different dip angles were dependent on the foundation position
relative to the fault rupture outcrop, its embedment depth, and the type of soil.

7. The triangular pressure distribution in accordance with Rankine theory can be used to
design a good approximation of a left sidewall of embedded foundation (footwall side).
However, the pressure distribution on the right sidewall of the embedded foundation
(hanging wall side) was not similar to the triangular pressure distribution of the Rankine
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theory. It had a parabolic distribution that related to the magnitude of foundation rotation
and the state of the soil (peak or residual); thus, the patterns proposed by James and
Bransby (1971) could be applied.
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