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Abstract

During earthguakes, a pivotal process, known as fault rupture propagation' unfolds, involving the fracture
of rock on the fault plane, advancing toward the ground surface. This phenomenon significantly affects
nearby infrastructure upon contact with the ground. Shallow foundations, vital structures, that fall within
their impact radius and their behavior while interacting with a fault should be studied. This study employs
a 2D discrete element model, exploring reverse fault rupture-soil shallow foundation interaction in
granular soils of varying densities. The research highlights the foundation's location as the most influential
parameter affecting the characteristics of the formed shear band. Regardless of other factors, the shallow
foundation consistently diverts fracture paths. As the footing's weight increases, this diversion intensifies.
Regarding foundation rotation during faulting, increased weight and reduced distance from the fault's
location generally mitigate rotation. Soil density's impact on rotation varies, causing a decrease in some
cases and an increase in others. Also, by utilizing a proposed criterion, the safety of the foundation in
interaction with reverse fault is evaluated and several tables have been made to predict the safety of the
foundation under different conditions.

Keywords: Discrete Elements Modelling, Shallow Foundation Interaction, Reverse Fault, Shear Band
1. Introduction

Soil, with its inherent diversity and unpredictable characteristics, perpetually transforms due to the ever-
changing environment. These variations, accrued over time, introduce a substantial degree of uncertainty
into geotechnical considerations. One of the primary sources of this uncertainty stems from the formidable
force of earthquakes, which give rise to two significant ground motion hazards. The first of these hazards
is dynamic ground shaking, triggered by seismic waves traversing great distances. The second peril
involves permanent ground deformation, induced by the fracturing of bedrock, commonly known as
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earthquake surface fault rupture. This surface fault rupture represents a relatively quasi-static facet of
fault displacement [1, 2]. It's important to note that not all seismic events result in surface fault ruptures[3].
However, when they do occur, they hold the potential to exert a profound influence on structures situated
in proximity to the rupture path or even cause damage [4-13]. Post-earthquake observations have
consistently shown that relatively massive or rigid structures with shallow foundations tend to exhibit
robust performance under such conditions [8, 9]. It's worth noting that heavy foundations have been known
to effectively alter the course of fault rupture [14-19].

The foundation of a structure assumes a pivotal role in determining its response to fault rupture.
Structures constructed with rigid foundations demonstrate superior resilience compared to those relying
on isolated foundations or piles [20-22]. Specifically, buildings characterized by stiff designs and
supported by rigid box-type foundations exert substantial pressures at the ground surface, effectively
coercing the fault rupture to deviate from its path and away from the foundation [8, 9]. Drawing from
observations made in the aftermath of the Chi-Chi earthquake (1999), it became evident that heavy, well-
reinforced concrete slab foundations wield a localized influence on the configuration of near-surface
rupture’s path [5, 15]. When a fault rupture fails to divert from the foundation, it can lead to foundation
damage, marked by excessive rotation and the formation of voids beneath it [23, 24].

To explore the interaction between shallow foundations and faults, researchers conducted experimental
model tests using a centrifuge. One of the initial studies aimed to assess how surface fault propagation
behaves when a foundation is present on the ground surface in the context of both reverse and normal
faults at a 60-degree angle. Parameters such as the weight, width, and position of the foundation
concerning the fault's free field arrival conditions were examined in this study. The test results revealed
a significant diversion of the fault's path due to the presence of the foundation, in comparison to scenarios
without a foundation. It appears that a rigid and heavily loaded foundation should be positioned such that
the fault intersects its center. The foundation's location relative to the fault proved to be one of the pivotal
factors in foundation-fault interaction. A less loaded foundation, on the other hand, failed to divert the
fault, failing the foundation [14].

Subsequent centrifuge tests were conducted to investigate the impact of the foundation's position on the
interaction between reverse faulting and a surface foundation situated on sand. The findings demonstrated
that the response of the foundation near the reverse fault is highly sensitive to its positioning in relation
to the fault's emergence in a free field. Even when the fault's emergence is some distance away from the
foundation, it can still lead to significant displacements of the foundation. The interaction between the
foundation and the fault causes the fault's trajectory to diverge from what it would be in a free field. Three
primary mechanisms of fault-foundation interaction come into play, depending on the foundation's
position and the fault's displacement [14].

Within the realm of numerical modeling, numerous studies on the interaction between shallow
foundations and faults have employed methods such as the Finite Element Method (FEM). The initial
FEM study yielded results indicating that structures situated on continuous and sturdy mat or box-type
foundations exhibit superior performance compared to those on isolated footings or piles. Buildings
founded on continuous and rigid box-type foundations can even compel the outcropping rupture to change
its course. Furthermore, an increase in the superstructure's dead load contributes to elevated stress levels
beneath the foundation, subsequently enhancing the diversion of the dislocation [8, 9].

A subsequent study delved into the interaction between normal and reverse faulting when surface
foundations are placed on homogeneous and undrained soil. This study identified three fundamental
kinetic mechanisms used to predict fault deflection conditions caused by the presence of a foundation.
Moreover, it derived a formula to assess the minimum load that a foundation must bear to alter the
direction of a reverse or normal fault, independent of the fault type and its dip angle [25].

Yet another FEM study underscored the multitude of factors affecting foundation rotation in the context
of surface faulting-foundation interaction. These factors include the relative position of the foundation to
the fault path in free fields and the magnitude of the bearing pressure on the foundation [26].

As an alternative to the continuum approach, the Distinct Element Method (DEM) emerges as a notable
technique, inherently equipped to capture phenomena associated with large strain localization. DEM is a
numerical method designed to model the behavior of granular materials by representing them as discrete,
interacting particles [27-29]. The Discrete Element Method (DEM) offers a robust approach for simulating
shear band formation and strain localization. DEM models the material as an assembly of discrete particles
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or blocks that interact through contact forces. This particle-based approach inherently captures the
formation of shear bands and strain localization by allowing particles to interact and rearrange in response
to applied loads. As the material deforms, the DEM can naturally represent the development of localized
shear zones and the associated strain distribution.[2, 30] Researchers have harnessed the capabilities of
DEM to simulate interactions between reverse and normal faults and surface foundations, as well as to
scrutinize the influence of soil compaction on this interaction. The overarching conclusions drawn from
these investigations concerning the impact of soil compaction and foundation load can be distilled as
follows: as the load on the foundation increases, the degree of foundation rotation decreases while rupture
deflection increases. Furthermore, an augmentation in soil compaction, within the specific foundation
locations under scrutiny, leads to an increase in foundation rotation [31, 32].

In the current research, we focus on evaluating the safety of shallow foundations, specifically by
examining foundation rotation and damage levels, under various conditions influenced by factors such as
soil densities, foundation surcharge loads, fault dip angles, and the foundation’s position relative to the
fault path. While the effects of these factors on foundation safety have not been comprehensively and
continuously investigated in previous studies, this paper aims to fill that gap. We employ the Distinct
Element Method (DEM) to simulate conditions in sandy soil with two different relative densities. The
study considers two distinct foundation surcharge loads, six different dip angles of the reverse fault, and
examines the foundation’s position at six different locations within the free field. Additionally, we provide
comprehensive output data for different fault dislocation to soil height ratios (h/H), which can be utilized
in engineering design. The primary goal is to investigate how these parameters affect the rupture path and
foundation rotation, offering a deeper understanding of shallow foundation behavior in the presence of a
reverse fault and ultimately assessing the safety of the foundation under these conditions.

2. Research Method
2.1. Steps to DEM Simulate a Soil-Shallow Foundation-Reverse Fault System
(1) Determination of Two-Dimensional (2D) Porosity

The utilization of two-dimensional (2D) plane strain modeling has become increasingly prevalent in
geotechnical studies, primarily to streamline computational costs and reduce the time required for
conducting tests. This approach is particularly valuable for modeling complex phenomena like the reverse
fault phenomenon, as it offers valuable insights into key mechanisms and phenomena while minimizing
computational overhead.

However, it's essential to recognize that when a 3D phenomenon is modeled in a 2D simulation, there
are notable differences between the 2D area-based porosities and the 3D volume-based porosities (lab
porosities) [33, 34]. While the porosities used in 3D DEM studies can be directly determined from
laboratory porosities, those used in 2D DEM investigations require a different approach to be calculated
based on laboratory porosities.

In the current study, to determine the 2D porosity, the procedure proposed by Wang et al. (2014) [34]
was employed. This method involves a cyclic diagram procedure in which the 3D laboratory porosity of
the soil is initially converted to 2D DEM porosity using a parabolic equation. Subsequently, a direct shear
model is created, and the contact force distribution induced by the soil on the upper wall (Fp) of this
model is measured. The Fp criterion should ideally fall between 0 and 1% of the specimen weight
(Gspecimen). The behavior of the top wall is influenced by Frop, Where it moves upwards if Fyp exceeds 1%
of the sample weight and downwards if Fyp is equal to 0.

Through this procedure, the 2D porosities of Firoozkoh sand No. 161 (with emax = 0.943 and emin =
0.603) [35, 36] are calculated. These 2D porosities were found to be 0.184 for loose sand (with a relative
density of 60%) and 0.157 for dense sand (with a relative density of 95%). The calculation of these
porosities involved an iterative procedure employing trial and error to achieve the desired porosity and
realistic contact force distribution.

(2) Geometry of the Model and Construction of Porous Sample
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Figure.1 provides an illustration of the Soil-Shallow Foundation-Reverse Fault System's geometry. The
testing box encompasses a uniform soil layer with dimensions of width B and height H. A fault rupture
with a dipping angle B extends to the bottom of the sand layer at point O. The testing box's boundaries
are defined by five rigid wall elements, as depicted in Figure.1l. These boundaries include the footing
walls (walls 1 and 3), which are fixed in the x and y directions, and the boundary walls of the hanging
wall, which are movable in both directions.

To generate soil particles within the testing box, a random number function is utilized to create the
required number of particles with random coordinates inside the box. The quantity and diameters of these
particles are determined based on the Particle Size Distribution (PSD) curve of the chosen assembly. The
diameters are scaled up to be five and eight times larger than the experimental curve of the Firoozkuh
sand no. 161 [35, 36] as shown in Figure.2. This up-scaling is a common technique in DEM studies to
reduce computation time by reducing the number of particles and contacts [30-32, 37]. Another approach
to reduce computation time is to fill the center of the box with a PSD curve five times larger than the
experimental curve (finer particles) because most of the study and induced tension occurs in the middle
of the testing box. The sides of the box are filled with a PSD curve eight times larger than the experimental
curve. This approach aligns with the work of Garcia and Bray [31, 32, 38].

To create the soil specimen, a sand layer is deposited within the fault box using the sedimentation
approach. In this method, sand particles settle under gravity's influence until they reach a stable
equilibrium condition and achieve the desired porosity, mirroring natural sedimentation processes [39].
The gravitational acceleration is set to an appropriate value, such as 50g, for simulating a 1/50th-scale
geotechnical centrifuge model test, where g represents the standard gravitational acceleration of 9.81 m/s2.
A quasi-static simulation is performed by incrementally applying gravitational acceleration to the
particles in 106 steps.

A crucial step in this compaction process is assigning the initial contact model to the particles. Initially,
the linear contact model is used to represent inter-particle interactions. This model depicts an infinitesimal
interface that allows relative rotation (there is no resistance) and leads to faster compaction and reduced
computation time. The micro material parameters for the compaction stage are calibrated and provided in
Table.1, with details of the calibration and verification discussed in the subsequent section.

(3) Modifying the Particle Contact Model

Following the compaction process, once the specimen has reached a stable equilibrium condition and
the desired porosity, it becomes essential to adjust the inter-particle contact model to accurately depict
the macro behavior of Firoozkoh sand No. 161. The commonly employed contact model for granular soils
is the rolling resistance linear model, which incorporates a rolling resistance mechanism into the linear
contact model. This model effectively compensates for the assumption of particle circularity and
appropriately represents the rough and uneven surfaces of sand particles to a considerable extent [40, 41].
The calibrated micro parameters for this modified contact model are presented in Table.1. As mentioned
earlier, the details of the calibration and verification processes employed to determine these parameters
will be discussed in the subsequent section.

(4) Creating the Shallow Foundation

To simulate these shallow foundations, four rows of particles are generated in an organized arrangement,
and the inter-particle contact model between these particles is implemented using the linear parallel bond
contact model. These particles are assembled in a rectangular shape, and the contact model is applied to
them to represent the behavior of the foundation. The micro parameters employed for simulating these
shallow foundations are summarized in Table.2. The foundation pressure is also simulated by considering
the weight of the foundation. Through a trial-and-error process, the stiffness of the foundation particles
was set to four times greater than that of the soil, with tensile strength and cohesion values 4,000 and
400,000 times greater, respectively. This process was crucial to ensure that the foundation's particles
exhibit no relative displacement during faulting, confirming that the foundation behaves as a rigid body
throughout the simulations.
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(5) Faulting Process

To simulate reverse faulting, the boundaries of the hanging wall are displaced incrementally in parallel
with the fault plane (B). Since fault rupture propagation is essentially a quasi-static phenomenon [1], the
required vertical displacement (h) is applied in a series of sequential steps at a controlled speed of
approximately 0.01 m/s (equivalent to 10-7 meters per computational step). This ensures that the
specimen remains in quasi-static conditions throughout the simulation. In order to monitor and control
the quasi-static response of the specimen, the Ratio Average (Rave) is measured during the simulation. In
all simulations, Rave should remain below 0.01, indicating quasi-static fault rupture [42]. The faulting
process continues until the desired displacement of the fault is achieved which for this study is vertical
bedrock displacement (h) relative to soil height (H) of h/H = 20%. During the faulting process, the rotation
of the foundation is also recorded, providing valuable data for the analysis.

2.2. Verification and Calibration of Micro Parameters of Inter-Particle Contact Model

The PFC2D software program developed by Itasca Consulting Group in 2018 was employed for
modeling the complex soil-shallow foundation-reverse fault system. Rigorous verification and calibration
of the PFC2D the micro parameters of the rolling resistance linear contact model, the inter-particle model,
were conducted through two experimental investigations.

The first experiment involved a centrifuge model simulating reverse faulting with a dip angle (B) of 75°
on loose Firoozkoh sand No. 161, as detailed by [36]. The centrifuge model, scaled at 1/50th, featured
dimensions of B =0.63 mand H = 0.24 m, incorporating 79569 particles. Figure.3(b) visually depicts the
fault rupture in the Discrete Element Method (DEM) model, showcasing particles with a rotation
exceeding 0.5 radians post-faulting, illustrating the propagation of the shear band of the fault in the soil.
The simulated fault rupture closely aligns with the experimental observations, with both exhibiting
convex fault ruptures when viewed from the hanging wall. The vertical displacements of the ground
surface at the prototype scale, compared between the experiment and DEM prediction in Figure.3(c),
reveal a highly satisfactory agreement.

The second experiment, conducted by [24], focused on a model with a dip angle (B) of 60° and a shallow
foundation on loose sand, mirroring the properties of the previous test. The foundation pressure in this
scenario was q = 81 KPa. Figure.4(a) and (b) presents a comparison of fault ruptures between the
centrifuge experiment and the DEM study, demonstrating the accurate simulation of general centrifuge
model behavior. The foundation rotation during faulting is explored in Figure.4(c), revealing a highly
satisfactory correlation between experimental results and DEM predictions, particularly in illustrating the
consistent increase in foundation rotation with fault displacements.

As mentioned before to maintain a quasi-static condition throughout the simulations, the fault movement
was deliberately applied at a slow pace, limiting the maximum fault velocity to approximately 0.01 m/s.
Monitoring the ratio average (Rave) during faulting, as depicted in Figure.5(a) and Figure.5(b), consistently
indicated that Rave remained below 0.01 throughout the faulting process, affirming the appropriateness of
the simulation speed for maintaining quasi-static conditions.

The micro parameters of the contact models listed in Table.1 were carefully selected based on the
insights gained from these simulations. The objective was to accurately replicate the macro behavior of
Firoozkoh sand No. 161, ensuring a close alignment between the simulated and observed behaviors at the
macro level.

2.3. Testing Program

A comprehensive series of 144 tests were systematically conducted to investigate the repercussions of
a reverse fault on a shallow foundation. This meticulous examination took into consideration various
critical factors, as outlined below:

o Soil Density

The study utilized Firoozkoh sand No. 161, with a deliberate exploration of two distinct density
conditions:
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Loose sand (denoted by L) with a Relative Density (DR) of 60%.
Dense sand (denoted by D) with a Relative Density (DR) of 95%.

e Fault Dip Angles

To scrutinize the impact of fault dip angles, six different angles were incorporated into the study:
B=15°, 30°, 45°, 60°, 75°, and 90°.

e Foundation Weight

Two types of foundations were employed to assess the effect of foundation weight:
Light foundation (denoted by L) with a foundation pressure (q) of 81 kPa.
Heavy foundation (denoted by H) with a foundation pressure (q) of 162 kPa.

e Position of the Foundation

The s/b parameter was introduced to investigate the influence of the foundation's position relative to the
fault. Here, the s parameter represents the distance between the free field fault rupture and the left corner
of the foundation, while the b parameter corresponds to the width of the foundation. Six distinct positions
were considered:

s/b =-0.25, 0.00, 0.25, 0.50, 0.75, and 1.00.

The analyses are subsequently denoted as R (dip) (soil density) (foundation weight) (s/b), where R stands
for Reverse fault. For example, R15LL(-0.25) refers to a reverse fault with a dip angle of 15°, in loose
sand with a light foundation, and a s/b location of -0.25. This systematic nomenclature provides a clear
and concise reference to the specific conditions under investigation in each test.

3. Results and Discussion
3.1. Shear Band Formation

Figures.6-11 vividly illustrate particles with a rotation exceeding 0.5 radians for various fault dip angles,
soil types, foundation types, and locations. Notably, the width of the shear band is observed to be wider
in loose sands across these figures.

In models with a lower dip angle of 45°, a distinctive back-thrust shear band manifests, propagating
through the moving block (hanging wall). This shear band exhibits convexity when viewed from the
footing wall. The width of this shear band widens in loose sands, especially with a decrease in the s/b
value (when the foundation is closer to the fault) and when the foundation is heavier. In the faults with
the dip angle of 45°, the back-thrust shear band is also formed in R45LH(0.25), R45DH(-0.25),
R45DH(0.00), and R45DH(0.25) which shows the formation’s dependency to the soil density, foundation
weight, and the s/b value.

Across all figures, it becomes evident that shallow foundations in the models deflect the path of rupture,
and with an increase in foundation weight, this deflection intensifies. The deviation tends to occur
primarily towards the two corners of the shallow foundation.

In the fault with a dip angle of 15° (Figure.6) in loose soil and with a light foundation in the s/b ratios
of -0.25, 0.00, 0.25, and 0.50, a unique scenario unfolds where the propagated shear band toward the fixed
block divides into two paths (in the s ratio s/b = 0.50, the division is not complete). A part of the shear
band deviates towards the right corner of the shallow foundation so that when is seen from the side of the
moving block, it is convex; But the second part of the shear band spreads to the bottom of the left corner
of the shallow foundation with downward concavity, and then it turns into two branches, one of which
spreads to the left corner of the footing and the other to the fixed block. The bifurcation is more
pronounced in heavy foundation models and less dispersed in dense soil. This splitting phenomenon is
exclusive to specific s/b ratios, emphasizing the intricate interplay between foundation characteristics and
soil conditions. Splitting of the shear band in loose soil with heavy foundation occurs only in s/b ratios of
-0.25, 0.00, and 0.25 (although in the s/b = 0.25 ratio, the formation of the second rupture towards the left
corner of the foundation is not complete).

For the fault with a 30° angle (Figure.7), similar to the 15° models, in the loose soil with a light
foundation the separation and bifurcation of the shear band occur in select s/b ratios of -0.25, 0.00, and
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0.25, and In models with loose soil and heavy foundation it occurs in s/b ratios of -0.25 and 0.00 (although
the formation of ruptures towards the left corner of the foundation is not complete in the ratio s/b = 0.00).
In the models with dense soil and light footing, separation and splitting of the footing shear band occurs
at an s/b ratio of -0.25 and 0.00, and also in models with dense soil and heavy footing, this happens only
at the ratio of s/b = -0.25.

At a fault angle of 45° (Figure.8), separation and bifurcation are observed in R45LL(-0.25),
R45LL(0.00), R45LH(-0.25), R45LH(0.00), R45DL(-0.25), R45DL(0.00), R45DH(-0.25), and
R45DH(0.00) models, with the shear band deviating towards both the right and left corners of the
foundation. The formation of concave and convex ruptures, particularly in heavy foundation models,
underscores the complex behavior influenced by fault angles and foundation characteristics.

In the fault with a 60° angle (Figure.9), the shear band splits into two parts in R60LL(-0.25),
R60LL(0.00), R60LL(0.25), R60LH(-0.25), R60LH(0.00), R6OLH(0.25), R60DL(-0.25 ), R60DL(0.00),
R60DL(0.25), R60DH(-0.25), R60DH(0.00) models, showing concave deviation towards the right corner
and bifurcation towards the left corner. Heavy foundations further accentuate these features.

At a 75° fault angle (Figure.10), separation, and bifurcation occur in select s/b ratios of -0.25, 0.00, and
0.25 in both loose and dense soil with light and heavy foundations, resembling the patterns observed at a
60° angle. However, an intriguing rupture forms from the left corner towards the moving block in models
with s/b = -0.25 which intercepts with the right corner shear band formation.

For a fault angle of 90° (Figure.11), separation and splitting of the shear band are evident in specific s/b
ratios of -0.25, 0.00, and -0.25 in loose and dense soil, with ruptures towards both the left and right corners
of the foundation. Complex patterns emerge, showcasing the intricate interplay between fault angles, soil
characteristics, and foundation attributes.

3.2. Parameter Influencing the Rotation of the Foundation

3.2.1. The Weight of the Foundation and the Soil Density

In Figures S.1-6, a consistent trend is observed across all graphs, whether in loose or dense soil, as the
shallow foundation's weight increases, the foundation rotation decreases. This pattern is evident in all
fault angles except for 90 degrees, where, in the case of s/b = 1.00, the rotation of the heavy foundation
surpasses that of the light foundation. This divergence is likely attributed to the greater tendency of
particles to escape from the corners of the heavier foundation compared to the lighter one.

The influence of soil compaction varies across models. In the fault with a 15-degree angle (Figure S.1)
and a light foundation, foundation rotation in different s/b ratios remains nearly the same in both loose
and dense soils, with minimal changes. However, in models with a heavy foundation in the ratio s/b values
of -0.25 and 0.50 foundation rotation in dense soil is less than in loose soil, and in the s/b ratio of 0.00
and 0.25, up to about 16% of the strain, the rotation in dense soil is less than loose soil and after that
rotation in Dense soil becomes greater than loose soil; However, in the s/b ratio of 0.75 and 1.00, up to
about 16% strain in dense soil is more than in loose soil, and then as the faulting continues, it becomes
less than loose soil.

At a fault angle of 30 degrees (Figure S.2), foundation rotation in dense soil, except for s/b = -0.25, is
consistently less than in loose soil. This holds true for models with both light and heavy foundations,
except for the s/b = -0.25 scenario where rotations are almost identical in both soil types with the light
foundation.

For a fault angle of 45 degrees (Figure S.3), in all s/b ratios except s/b=1.00, the rotation of the shallow
foundation in dense soil is less than in loose soil. Only in models with s/b=1.00 is the rotation in dense
soil slightly more than in loose soil at the beginning of the fault.

In the fault with a 60-degree angle (Figure S.4), foundation rotation in dense soil is less than in loose
soil for models with a light foundation and s/b = -0.25. However, for models with a heavy foundation,
rotation in dense soil is more than in loose soil. In ratio s/b = 0.00, the rotation of the shallow foundation
in both types of models with light and heavy foundations in dense soil is more than in loose soil, and only
in the model with heavy foundation, around 16% strain, the rotation in dense soil is less than that in loose
soil. In the models with s/b = 0.25 ratio, in the models with light foundation, the rotation in dense soil is
more than in loose soil, while in the models with heavy foundation, up to 16% strain, the rotation in dense
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soil is more than in loose soil, and then the trend gets reversed. But in the s/b ratios of 0.50, 0.75, and
1.00, the rotation with both types of light and heavy foundations is lesser in the dense soil.

For a fault angle of 75 degrees (Figure S.5), in s/b ratios of -0.25 and 0.00, foundation rotation in dense
soil is less than in loose soil. However, in s/b ratios of 0.25, 0.50, and 0.75, rotation in dense soil surpasses
that in loose soil. Notably, in the s/b=0.75 scenario with a light foundation, rotations in both loose and
dense soils are almost identical.

In the fault with a 90-degree angle (Figure S.6), only in the s/b = -0.25 scenario is the rotation of the
foundation in dense soil less than in loose soil. In other s/b ratios, foundation rotation in dense soil exceeds
that in loose soil.

It is noteworthy that in models with insignificant foundation rotation (s/b = 1.00), the fluctuating nature
of the rotation diagrams is attributed to the escape of coarse particles from under the foundation corners,
causing clockwise and counterclockwise rotations of the foundation.

3.2.2. The Location of the Foundation

In Figures S.7-12, a consistent trend is observed across most models in which an increase in the s/b ratio
correlates with a decrease in shallow foundation rotations. However, certain exceptions are noted,
particularly in models with fault angles of 60, 75, and 90 degrees, where models with an s/b = -0.25 ratio
exhibit less rotation than those with greater s/b ratios.

In loose soil with a light foundation and fault angles of 60 degrees, models with an s/b = -0.25 ratio,
after about half the applied strain, demonstrate less foundation rotation than models with s/b = 0.00.
Additionally, these models exhibit lower foundation rotation at the end of the applied strain compared to
those with an s/b = 0.25 ratio. For loose soil with a heavy foundation, the model with an s/b = -0.25 ratio
has less foundation rotation than the model with s/b = 0.00 from about 8% strain onwards. In dense soil
with a light foundation, the model with an s/b = -0.25 ratio, from about 4% strain, demonstrates less
foundation rotation than models with s/b = 0.00 and 0.25. Additionally, at the 8% strain range, the model
with an s/b = 0.25 ratio has slightly more rotation than the model with s/b = 0.00. In dense soil with a
heavy foundation, the model with an s/b = -0.25 ratio has less foundation rotation than the model with s/b
=0.00 (Figure S.10).

In a fault angle of 75 degrees with loose soil with a light foundation, the model with an s/b = -0.25 ratio,
has less foundation rotation than models with s/b = 0.00 and 0.25. For models with dense soil and light
foundation the model with an s/b = -0.25 ratio, from 4% strain onwards, displays less foundation rotation
than models with s/b = 0.00 and 0.25 ratios. Moreover, from 12% strain onwards, this model exhibits less
foundation rotation than the model with s/b = 0.50. Also, in the model with dense soil and heavy
foundation, an s/b = 0.25 ratio has more rotation than the model with an s/b = 0 from the beginning of the
strain application. Additionally, from 12% strain onwards, this model has more rotation than the model
with an s/b = -0.25 ratio (Figure S.11).

In models with a fault angle of 90 degrees in dense soil with both foundations, the model with an s/b =
-0.25 ratio has less foundation rotation than models with an s/b = 0.00 and 0.25 (Figure S.12).

3.3. Shallow Foundation Safety Evaluation

In order to assess the structural integrity of foundations when subjected to the influence of a reverse
fault, Baziar et al. (2019) [43] have proposed a comprehensive criterion, as detailed in Table.3. This
criterion reveals that if the foundation undergoes a rotation exceeding 2 degrees during the faulting
process, the resultant damage escalates to a severe level. Furthermore, when the rotation surpasses 5
degrees, the stability of the foundation is jeopardized.

Applying this criterion, an in-depth analysis of the rotation graphs for various foundation types,
locations, and soil types is conducted during reverse faults with a displacement ratio of h/H = 20% (where
H represents the height of the testing box). The values of h/H (%) corresponding to the critical 2° rotations
of the foundation are meticulously documented in Tables.4-9 for each fault dip angle considered in this
study.

These tables serve as invaluable tools for predictive assessment, enabling stakeholders to determine the
safety of a foundation based on factors such as fault dip angle, fault displacement, soil type, foundation
type, and the foundation's proximity to the fault. In instances where a foundation is deemed unsafe, these
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findings prompt careful consideration of appropriate enhancements to ensure the robustness and stability
of both the foundation and its supporting superstructure.

4. Conclusion

The study on the interaction of reverse faults in granular soil with shallow foundations using the DEM
algorithm reveals several key findings:

1.

Shear Band Characteristics and Soil Density: An increase in soil density and foundation weight
leads to a reduction in shear band width and dispersion. This emphasizes the significant impact of
these parameters on localized failure mechanisms.

Rupture Mechanisms and s/b Ratio: The primary rupture mechanism is strongly influenced by
the s/b ratio, especially at lower ratios where the failure mechanism tends toward bifurcation,
highlighting the critical role of the s/b ratio in shaping the rupture path.

Back-Thrust Shear Band Formation: For faults with dip angles below 45 degrees, a back-thrust
shear band develops towards the moving block. Its width increases with decreasing soil density and
s/b value, and its formation is notably influenced by the s/b ratio, particularly at a fault angle of 45
degrees.

Foundation Weight and Rupture Deviation: Heavier foundations exhibit greater rupture
deviation, with the shear band deviating to the left corner of the foundation and forming two
branches at larger distances. This highlights the impact of foundation weight on rupture behavior.
Concavity of Shear Bands: The back-thrust shear band consistently shows concavity towards the
moving block. The segment deviating to the right corner displays concavity towards the moving
block, while the part deviating towards the left corner shows downward concavity until bifurcation.
Foundation Safety and s/b Ratio: A comprehensive assessment of foundation safety under various
conditions, using the criterion proposed by Baziar et al. (2019)[43], reveals crucial insights. The
study provides tables with strain values corresponding to critical safety criteria, offering valuable
information for designers and engineers to ensure foundation stability and security during
interactions with reverse faults. This emphasizes the importance of considering fault dynamics,
foundation characteristics, and soil conditions for effective foundation design.

These findings offer significant insights into shallow foundation behavior interacting with reverse faults,
focusing on shear band formation, foundation rotation, and critical safety considerations.

The supplementary data is available at:

file:///C:/Users/pc/Downloads/Supplementary%20Data-9011.pdf
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Table Caption List

Table.1. Calibrated micro parameters of the soil particles contact models

Table.2. Micro parameters of the shallow foundation particles contact models

Table.3. Rotation limits and corresponding damage levels [43]

Table.4. Values of h/H (%) corresponding to the critical 2° foundation rotations for the reverse fault

WTTtgb[I%efS.ls\/alues of h/H (%) corresponding to the critical 2° foundation rotations for the reverse fault
WTTtgb[I%efg(i/alues of h/H (%) corresponding to the critical 2° foundation rotations for the reverse fault
WTTtgb[I%e?é.‘s\/alues of h/H (%) corresponding to the critical 2° foundation rotations for the reverse fault
W'lrt;lbze;.a\)/alues of h/H (%) corresponding to the critical 2° foundation rotations for the reverse fault
with = 75°

Table.9. Values of h/H (%) corresponding to the critical 2° foundation rotations for the reverse fault
with g =90°

Tables
Table.1
Compaction stage Faulting stage
Parameters (Linear Model) (Rolling Resistance Linear Model)

Inter-particle elasticity modulus, E™: MPa 100 100
Normal-to-shear stiffness ratio, k" 0.2 0.2
Inter-particle friction, p 0.3 (Loose Sand) 0.3
0.05 (Dense Sand) 0.3
Wall-particle friction, puan 0 0.3
Inter-particle rolling friction coefficient, - 0.2
Non-local damping coefficient, ag 0.7 0.1

Normal critical damping ratio, Bn 0.2 Not considered
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Shear critical damping ratio, Bs 0.2 Not considered
Particle density, M: kg/m® 2670 2670
Table.2

Parameters (linear parallel bond model)
Inter-particle elasticity modulus, E™: MPa 400
Normal-to-shear stiffness ratio, k" 0.25
Inter-particle friction, p 1
The inter-particle elasticity modulus of parallel bond, Ey,: Mpa 400
Normal-to-shear stiffness ratio of parallel bond, Ky, 0.25
Friction angle of parallel bond, ¢y, 40°
The cohesion of the parallel bond, Cy,: Gpa 4x10°
Tensile strength of the parallel bond, ty: Gpa 4000
Table.3
Slab rotation Damage level
0°<0 <1 Slight
1°< 0 < 2° Moderate
2°< 60 <5° Severe
6 > 5° Threatening stability
Table.4
h/H (%) corresponding to
. . the 2° rotations of the
Soil type Foundation Type s/b foundation
-0.25 8.98
0.00 12
Light 0.25 16.07
(q=81kPa) 0.50 >20
0.75 >20
Loose Soil 1.00 >20
(DR = 60%) -0.25 11.55
0.00 14.06
Heavy 0.25 19.91
(q =162 kPa) 0.50 >20
0.75 >20
1.00 >20
-0.25 10.14
0.00 12.93
Light 0.25 16.57
(q=81kPa) 0.50 >20
0.75 >20
Dense Soil 1.00 >20
(DR =95%) -0.25 12.95
0.00 15.37
Heavy 0.25 19.02
(q =162 kPa) 0.50 >20
0.75 >20
1.00 >20
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Table.5
h/H (%) corresponding to
. . the 2° rotations of the
Soil type Foundation Type s/b foundation

-0.25 5.95

0.00 10.5
Light 0.25 15.28

(q=81kPa) 0.50 >20

0.75 >20

Loose Soil 1.00 >20
(DR = 60%) -0.25 10.76
0.00 14.37
Heavy 0.25 19.28

(q =162 kPa) 0.50 >20

0.75 >20

1.00 >20

-0.25 5.63
0.00 13.56

Light 0.25 >20

(q=81kPa) 0.50 >20

0.75 >20

Dense Soil 1.00 >20
(DR =95%) -0.25 13.42
0.00 8.53

Heavy 0.25 >20

(q =162 kPa) 0.50 >20

0.75 >20

1.00 >20

Table.6
h/H (%) corresponding to
. . the 2° rotations of the
Soil type Foundation Type s/b foundation

-0.25 5.28

0.00 6.98
Light 0.25 14.62

(q=81kPa) 0.50 >20

0.75 >20

Loose Soil 1.00 >20
(DR = 60%) -0.25 7.78
0.00 1241
Heavy 0.25 19.15

(q =162 kPa) 0.50 >20

0.75 >20

1.00 >20

-0.25 5.22

0.00 9.1
Light 0.25 16.15

(q=81kPa) 0.50 >20

. 0.75 >20

OR oo 100 >20
-0.25 9.39
. o

. >
(q = 162 kPa) 0.50 >20
0.75 >20
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Table.7
h/H (%) corresponding to
- - the 2° rotations of the
Soil type Foundation Type s/b foundation
-0.25 5.54
0.00 6.55
Light 0.25 8.96
(q =81 kPa) 0.50 16.93
0.75 >20
Loose Soil 1.00 >20
(DR = 60%) -0.25 10.56
0.00 9.6
Heavy 0.25 13.3
(g = 162 kPa) 0.50 >20
0.75 >20
1.00 >20
-0.25 6.56
0.00 5.22
Light 0.25 5.73
(q=81kPa) 0.50 19.5
0.75 >20
Dense Soil 1.00 >20
(DR =95%) -0.25 7.84
0.00 7.5
Heavy 0.25 12.94
(g = 162 kPa) 0.50 >20
0.75 >20
1.00 >20
Table.8
h/H (%) corresponding to
. . the 2° rotations of the
Soil type Foundation Type s/b foundation
-0.25 5.49
0.00 5.47
Light 0.25 8.03
(q =81kPa) 0.50 11.73
0.75 >20
Loose Soil 1.00 >20
(DR = 60%) -0.25 5.69
0.00 11.68
Heavy 0.25 12.18
(g = 162 kPa) 0.50 >20
0.75 >20
1.00 >20
-0.25 8.67
0.00 6.32
Light 0.25 6.27
(q=81kPa) 0.50 10.33
0.75 >20
Dense Soil 1.00 >20
(DR = 95%) -0.25 10.3
0.00 12.98
Heavy 0.25 11.82
(q =162 kPa) 0.50 14.88
0.75 >20
1.00 >20
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Table.9
h/H (%) corresponding to
- - the 2° rotations of the
Soil type Foundation Type s/b foundation

-0.25 4.1

0.00 5.07

Light 0.25 8.3
(q=81kPa) 0.50 13.83

0.75 >20

Loose Soil 1.00 >20
(DR = 60%) -0.25 5.92
0.00 6.5

Heavy 0.25 12.9
(q =162 kPa) 0.50 18.37

0.75 >20

1.00 >20

-0.25 7.17

0.00 4.86

Light 0.25 4.15

(q=81kPa) 0.50 6.93

0.75 >20

Dense Soil 1.00 >20
(DR = 95%) -0.25 8.06
0.00 7.01

Heavy 0.25 8.52
(q =162 kPa) 0.50 14.47

0.75 >20

1.00 >20

Figure caption list

Figure.l. Soil-shallow foundation-reverse fault model geometry, boundary conditions

Figure.2. PSDs of Firoozkoh sand No. 161 and the DEM simulation

Figure.3. Comparison of numerical and experimental results of the rupture surfaces of reverse fault with
=75° without the foundation: (a) the experimental study [36]; (b) the DEM simulation of particles with
a rotation exceeding 0.5 radians; (c) Vertical displacements of ground surface for reverse faults of
numerical and experimental model

Figure.4. Comparison of numerical and experimental results of the rupture surfaces of reverse fault with
B=60° with the foundation: (a) the experimental study [24]; (b) the DEM simulation of particles with a
rotation exceeding 0.5 radians; (c) Foundation rotation of numerical and experimental model

Figure.5. Variation of the Rave during the faulting: (a) Without foundation; (b) With foundation
Figure.6. Using Particles with a rotation exceeding 0.5 radians to Depict the Propagation of fault
ruptures in models after the faulting process with § = 15°

Figure.7. Using Particles with a rotation exceeding 0.5 radians to Depict the Propagation of fault
ruptures in models after the faulting process with = 30°

Figure.8. Using Particles with a rotation exceeding 0.5 radians to Depict the Propagation of fault
ruptures in models after the faulting process with § = 45°

Figure.9. Using Particles with a rotation exceeding 0.5 radians to Depict the Propagation of fault
ruptures in models after the faulting process with p = 60°

Figure.10. Using Particles with a rotation exceeding 0.5 radians to Depict the Propagation of fault
ruptures in models after the faulting process with § = 75°

Figure.11. Using Particles with a rotation exceeding 0.5 radians to Depict the Propagation of fault
ruptures in models after the faulting process with f = 90°
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