
INTERNATIONAL SOCIETY FOR 

SOIL MECHANICS AND 

GEOTECHNICAL ENGINEERING 

This paper was downloaded from the Online Library of 
the International Society for Soil Mechanics and 
Geotechnical Engineering (ISSMGE). The library is 
available here: 

https://www.issmge.org/publications/online-library 

This is an open-access database that archives thousands 
of papers published under the Auspices of the ISSMGE and 
maintained by the Innovation and Development 
Committee of ISSMGE.   

The paper was published in the proceedings of the 7th 

International Conference on Earthquake Geotechnical 
Engineering and was edited by Francesco Silvestri, Nicola 
Moraci and Susanna Antonielli. The conference was held 
in Rome, Italy, 17 – 20 June 2019.

https://www.issmge.org/publications/online-library


Earthquake Geotechnical Engineering for Protection and Development of
Environment and Constructions – Silvestri & Moraci (Eds)

© 2019 Associazione Geotecnica Italiana, Rome, Italy, ISBN 978-0-367-14328-2

Foundation–structure systems subjected to faulting-induced
deformation: Numerical and physical modelling, design methods,
mitigation techniques

I. Anastasopoulos & A. Agalianos
ETH Zurich, Switzerland

ABSTRACT: In a seismic event, the rupturing fault generates two types of ground displace-
ment: permanent quasi–static tectonic deformation (faulting) and transient dynamic oscillations
(shaking). While shaking typically affects large areas, faulting is crucial only when the fault rup-
ture outcrops at the ground surface. Understandably, therefore, earthquake engineering had
focused on the design against seismic shaking, with much less effort devoted to the effects of
faulting. This led to a lack of knowledge, due to which seismic codes had in the past invariably
demanded that “buildings and important structures shall not be erected in the immediate vicin-
ity of active faults”. However, such a strict prohibition is difficult (and sometimes meaningless)
to obey, especially for long structures, such as bridges and tunnels. Modern seismic codes are
beginning to allow building in the vicinity of active faults, but only after a special study is con-
ducted. Motivated by the importance of the problem for countries of high seismicity, and the
numerous failures and successes of structures built directly on the fault during the 1999 Kocaeli
and Chi-Chi earthquakes, substantial research effort has been devoted to bridge the apparent
gap of knowledge. Combining field reconnaissance, physical modelling, and numerical simula-
tion, a thoroughly validated methodology for the design of foundation–structure systems
against tec-tonic deformation has been developed. The paper presents some of the key aspects
of numerical and physical modelling, deriving insights on the interaction of shallow and embed-
ded foundations with an emerging fault rupture, and demonstrating the successful validation of
the developed numerical models against centrifuge model tests. Subsequently, the development
of simplified design methods are presented. Filling a gap in engineering practice, these methods
have been successfully applied to several bridges, tunnels, and buildings. Finally, some ideas on
novel mitigation techniques employing sacrificial members are briefly presented.

1 INTRODUCTION

Tectonic faults can be distinguished in dip–slip (normal or reverse) and strike–slip. In an
earthquake, the rupture of a tectonic fault generates two types of loading to the structures:
seismic shaking and permanent quasi–static deformation. The latter propagates through a soil
medium and may in some cases outcrop at the ground surface, affecting structures in the
immediate vicinity of the fault trace. Therefore, the engineering community has paid less
attention to the tectonic deformation, leading to strict restrictions of older seismic codes (e.g.
EC8 1994) such as “buildings and important structures shall not be erected in the immediate
vicinity of active faults”. Since the prediction of the exact location of the fault outcrop at the
ground surface is highly uncertain (Faccioli et al. 2008), respecting such a strict prohibition is
practically impossible, especially for long structures, such as bridges, tunnels, and pipelines.
Additionally, such a requirement can only be applied to new structures. Modern seismic codes
are becoming more rational and less conservative, allowing construction in the vicinity of
active faults, but only after a special study. Until recently there was no specific methodology
to conduct such a study. To that end, the interaction of structures with seismic faults needs to
be systematically examined and design methods need to be developed.
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Several case histories of structures subjected to faulting deformation have been recorded
during past and recent seismic events. Faccioli et al. (2008) documented such case histories, focus-
ing on the controlling mechanisms. While several structures were severely damaged or destroyed,
there were also many examples of satisfactory performance. Most interestingly, in some cases the
fault rupture was diverted due to the presence of the structure (Anastasopoulos & Gazetas 2007a,
b), confirming that structures can be designed to withstand large tectonic deformation. Several
researchers have studied fault rupture propagation through soil and its interaction with founda-
tion–structure systems. Regarding dip–slip faulting, several centrifuge model tests have been per-
formed, examining either the free–field fault rupture propagation through sand (Bransby et al.
2008a, b) or clay (Ng et al. 2012), or the interaction with shallow foundations (Bransby et al.
2008a, b), piled foundations (Cai & Ng 2016), and tunnels (Baziar et al. 2014). Regarding strike–
slip faulting, most studies focused on pipelines (Abdoun et al. 2009). The majority of the available
numerical studies employed the finite element (FE) method. Bray et al. (1994) showed that the
FE method can be applied to simulate fault rupture propagation through soil, provided that the
nonlinear stress–strain behaviour is realistically modelled. More recently, dip–slip faulting has
been successfully analysed employing the finite difference (FD) method (Oettle & Bray 2013) and
the distinct element (DEM) method (Garcia & Bray 2018).
This paper presents some key aspects regarding the development of a thoroughly validated

methodology for the design of foundation–structure systems against tectonic deformation.
The latter is the outcome of a major research effort, which was initiated under the auspices of
the European research project “QUAKER” (2002–2006, coordinated by the University of
Dundee), combining field reconnaissance (e.g., Anastasopoulos & Gazetas 2007a, b), centri-
fuge model testing (e.g., Bransby et al., 2008a; 2008b, Loli et al. 2011; 2012), 1g physical mod-
elling (e.g., Fadaee et al. 2013), and numerical simulations (e.g., Anastasopoulos et al. 2007;
2009). Initially, some of the key aspects of numerical and physical modelling are presented,
demonstrating successful validation against genuine predictions of centrifuge model tests.
Based on the numerical simulations, valuable insights on the interaction mechanisms between
shallow and embedded foundations with emerging dip–slip or strike–slip fault ruptures are
derived. Subsequently, the development of simplified design methods is briefly described. Fill-
ing an apparent gap in engineering practice, these methods have been successfully applied to
several bridges, tunnels, and buildings. Finally, some ideas on novel mitigation techniques
employing sacrificial members are discussed.

2 PHYSICAL MODELLING & NUMERICAL ANALYSIS METHODOLOGY

2.1 Problem definition

As schematically illustrated in Figure 1 for a shallow foundation, the examined problem refers
to the propagation of a dip–slip (Figures 1a, 1b) or strike–slip (Figure 1c) fault rupture
through soil and its interaction with various foundation–structure systems. In this paper, the
focus is on a uniform sand deposits of thickness H, overlying rigid bedrock, subjected to a
dip–slip or strike–slip fault offset h. The latter is applied (at various dip angles α) in a quasi–
static manner at the base of the model (bedrock level). Depending on the fault type, two–
dimensional (dip–slip) or three–dimensional (strike–slip) analysis is conducted. To quantify
the effect of Fault Rupture–Soil-Foundation-Structure Interaction (FR–SFSI), the analysis is
conducted in two steps. In the first one, free–field fault rupture propagation is analysed. In
the second step, a shallow or embedded foundation is positioned at relative distance s from
the free–field fault outcrop and the FR–SFSI analysis is conducted.

2.2 Finite–Element modelling methodology

The problem is analysed employing the FE method. As also concluded by earlier studies (e.g.,
Bray et al. 1994) the FE method can be successfully employed to model the propagation of a
fault rupture, as long as certain conditions are met (adequately refined mesh in the vicinity of
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the fault rupture; and an appropriate soil constitutive model). The FR–SFSI analysis is con-
ducted employing the ABAQUS FE simulation environment. The 2D (two–dimensional) FE
model in the case of dip–slip faulting is of width B (perpendicular to the fault trace). When
examining strike–slip faulting a 3D (three–dimensional) FE model is necessary, having width
B and length L (parallel to the fault trace). As shown by Bray et al. (1994) and Anastasopou-
los et al. (2007), the width of the FE model needs to be at least 4 times the soil thickness (B ≥

4H) to minimize parasitic boundary effects.
The soil deposit is modelled with nonlinear hexahedral (brick–type) elements. Nonlinear

soil response is simulated employing an elastoplastic constitutive model with Mohr–Coulomb
failure criterion and isotropic strain softening, as described in detail in Anastasopoulos et al.
(2007, 2009). Incorporating strain softening is a prerequisite to successfully simulate shear
localization problems (such as the propagation of a fault rupture). Strain softening is intro-
duced by linearly reducing the mobilized friction angle φmob and the mobilized dilation angle
ψmob with the increase of octahedral plastic shear strain γPoct:
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where: φP and ψP are the peak mobilized friction and dilation angles; φres and ψres their
residual (or critical state) values and γPf is the plastic octahedral shear strain at which soften-
ing is completed. The model is incorporated in ABAQUS through a user subroutine. Apart
from strain softening, the model additionally accounts for pressure dependency (i.e., the
dependency of the peak friction φp and dilation ψp angle on the mean stress level), as well as
the increase of soil stiffness due to overburden pressures. Pre–yield behaviour is assumed

Figure 1. Schematic illustration of the studied problem of propagation of a fault rupture through soil

and its interaction with foundation–structure systems for: (a) normal; (b) reverse; and (c) strike–slip

faulting.
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elastic, with secant shear modulus Gs = τy ⁄γy . The strength and stiffness parameters of the soil
model are calibrated through direct shear tests, which are closely mimicking the shearing from
a fault.
The use of the FE method in combination with strain softening constitutive models may

lead to mesh–dependent solutions. To obtain mesh–independent solutions the element size
needs to be of the order of 3d50 (Gudehus & Nübel, 2004), where d50 is the mean particle size
of the sand. Employing such element size (of the order of mm) to analyse real–scale problems
(especially full 3D ones) is practically impossible. To that end, scale effects related to the
incorrect modelling of the shear band thickness dB (≈ 16d50 in reality) need to be carefully
addressed. Considering that shear localisation can take place along one element, an approxi-
mate simplified scaling method is employed in this paper: the plastic octahedral shear strain at
which softening is completed γPf is divided by the ratio of the actual to the FE–computed
shear strain (λ ≈ dFE⁄dB). Hence, the FE–computed shear strain can be made compatible with
the actual strain. In this way, such scale effects are incorporated into the FE model.

2.3 Physical modelling – validation of the numerical methodology

The numerical analysis methodology has been thoroughly validated against Class “A” predic-
tions of centrifuge model tests of: (a) dip–slip (normal and reverse) free–field fault rupture
propagation through sand (Anastasopoulos et al. 2007); (b) fault rupture interaction with slab
foundations (Anastasopoulos et al. 2009); and (c) interaction with embedded caisson founda-
tions (Loli et al. 2011; 2012). Moreover, the model was recently independently validated by
Baziar et al. (2016) against centrifuge model tests of an underground tunnel subjected to
reverse faulting. Indicative experimental results are summarized in this section, demonstrating
the successful validation of the numerical models against genuine predictions of centrifuge
model tests.
All presented centrifuge model tests were conducted at the University of Dundee (UK)

using a custom made split–box (Bransby et al. 2008a). Fine silica Fontainebleau sand (d50 =
0.21 mm) was utilized for all experiments. Two soil profiles were considered in the experi-
ments, consisting of medium–loose (Dr ≈ 60%) or medium–dense (Dr ≈ 80%) uniform dry
sand. The strength and stiffness parameters of the soil model for the numerical analyses were
calibrated through direct shear tests on Fontainebleau sand performed by Gaudin (2002).
Figure 2 presents example Class “A” predictions of 3 centrifuge model tests. The first test

(Test 4, Anastasopoulos et al. 2007) refers to the free–field propagation of a normal fault rup-
ture through a H = 25 m thick medium–dense (Dr ≈ 80%) Fontainebleau sand layer at a dip–
slip angle α = 60° (Figure 2a). The second one (Test 14, Anastasopoulos et al. 2009) simulates
a normal fault propagating through a H = 25 m thick medium–loose (Dr ≈ 60%) sand layer at
α = 60° and its interaction with a b = 10 m strip foundation, carrying a surcharge load q = 90
kPa at relative to the free–field outcrop fault location s/b = 0.29 (Figure 2b). The third centri-
fuge model test (Test ML–05, Loli et al. 2011) refers to a reverse fault rupture propagation
through an H = 15 m thick medium–dense (Dr ≈ 80%) sand layer at α = 60° and its interaction
with an embedded caisson foundation of width b = 5 m and embedment depth D = 10 m at s/b
= 0.22 (Figure 2c). The comparison is depicted in terms of centrifuge model images (above)
and deformed FE mesh with superimposed plastic strain contours (below).
The comparison is quite successful in all cases. Starting with the free–field test (Figure 2a),

when comparing the characteristic image from Test 4 to the deformed FE mesh, some minor
discrepancies can be observed. The numerical analysis is capable of capturing both the localisa-
tion of the shear band and the location of the fault outcrop at the ground surface, with the only
difference being the secondary rupture which is not predicted by the analysis. However, this rup-
ture does not outcrop at the ground surface, and is therefore not important. The comparison
between analysis and experiment remains successful, when examining the vertical displacement
profile at the ground surface for different levels of bedrock dislocation h (not shown here).

Moving on to the second test (Figure 2b), due to the presence of the rigid slab foundation
transmitting a relatively larger surcharge load q = 90 kPa to the underlying soil, the main
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rupture (S2ʹ) is diverted by almost 3 m towards the footwall compared to its free–field trace
(S2), missing the foundation. This constitutes an interesting manifestation of the role of soil–
structure interaction in the specific problem, which will be explained in more detail later on.
The FE analysis captures this phenomenon with reasonable accuracy, which is also revealed
by the satisfactory agreement between numerical and experimental results in terms of vertical
displacement profile at the ground surface (not shown herein). In the case of the caisson foun-
dation (Figure 2c), the interaction with the caisson leads to bifurcation of the fault rupture
and formation of two main strands, one at each side of the caisson for the examined base
offset location. The two failure planes (F1 and F2) appear and evolve simultaneously. The
centrifuge image shows a relatively diffuse shear band (F1), initiating from the bedrock dis-
location and propagating with nearly vertical dip along the right sidewall of the caisson. Sig-
nificant sliding occurs at the soil–foundation interface on this side as well, accompanied by
soil heave near the top right corner of the caisson. The analysis captures well the previously
described interaction mechanisms and is in satisfactory agreement with the experiment.

3 KEY RESULTS OF NUMERICAL SIMULATIONS

After thoroughly validating the proposed numerical analysis methodology, a series of paramet-
ric FE analyses were performed to gain insights on the interaction mechanisms between shallow
or embedded foundations with emerging dip–slip and strike–slip fault ruptures. This paper pre-
sents some indicative results of such simulations, focusing on the controlling mechanisms and
the role of soil–structure interaction. To that end, two characteristic problems are presented: (a)
the interaction of a normal fault rupture with a strip foundation (2D plane–strain problem);
and (b) the interaction of a strike–slip fault rupture with a square foundation (3D problem).
The examined problems are formulated in dimensionless terms, to generalize the key results and
conclusions, and the key factors (such as the relative fault location s and the foundation sur-
charge load q) are parametrically varied to examine their effect on the overall response.

3.1 Strip foundation subjected to normal faulting

This section summarizes the results of a parametric study on the interaction of a normal fault
rupture with a strip foundation. A uniform H = 25 m thick medium–loose (Dr ≈ 60%) Fon-
tainebleau sand layer is considered, subjected to a normal fault offset h ≤ 2.5 m at a dip–slip
angle α = 60°. The problem is analyzed employing the previously presented FE methodology,
taking advantage of the out–of–plane symmetry (plane–strain problem). The 2D FE model is

Figure 2. Validation of numerical analysis methodology. Comparison of numerical predictions with

centrifuge model test results in terms of physical model images (above) vs. deformed FE mesh with plastic

strain contours (below) for: (a) free–field normal fault rupture propagation; (b) interaction of a normal

fault rupture with a shallow foundation; and (c) of a reverse fault rupture with a caisson foundation.
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of width B = 4H (perpendicular to the fault trace), with a global FE mesh size of 1 m, accord-
ing to an initial sensitivity study. The key factors that are parametrically varied are: (a) the
relative location of the free–field fault outcrop from the left edge of the foundation (s = 1 to 9 m
or in dimensionless terms s/b = 0.1 to 0.9); (b) the foundation surcharge load (q = 10 to 80 kPa,
i.e. roughly typical values for one– to eight–story buildings); and (c) the foundation rigidity EI,
where E and I = Young’s modulus and the moment of inertia of the foundation, ranging from
EI = 104 to 108 kNm2 . To focus on the dominant effect of the fault rupture location, only the
cases where the foundation is considered practically rigid (EI = 108 kNm2) and carries a sur-
charge load q = 20 kPa are presented herein. Its effect is depicted in terms of deformed FE mesh
with shear strain contours, contact pressure p normalized to the surcharge load q, and founda-
tion bending moments M normalized to their maximum pre–seismic (h = 0) value Mo. The nor-
malization with Mo is meaningful, as it is a direct means to show the difference of the faulting-
induced distress, compared to the stressing due to the foundation loading q.
Figure 3 depicts the effect of the fault rupture location, by comparing the response of a b =

10 m foundation subjected to q = 20 kPa for three locations: s/b = 0.1, 0.5, and 0.9. The com-
parison is shown in terms of deformed FE mesh with shear strain contours (for h = 2 m),
along with the evolution of normalized contact pressure p/q and normalized foundation bend-
ing moments M/Mo with h. For s/b = 0.1 (Figure 3a), the rupture is diverted towards the foot-
wall, to the left of the foundation. Despite the diversion, the foundation experiences
significant stressing. Initially, for h = 0, the foundation is in full contact with the soil: p/q is
more or less equal to 1 throughout its entire width.
For h = 0.7 m, the rupture emerges to the left of the foundation, which is almost losing

contact near the center (d*/b ≈ 0.5). For h = 2 m, the foundation is then detached from the soil
from d*/b = 0.3 to 0.8 (i.e., it is supported only at the two edges). This means that the founda-
tion tends to behave as a simply supported beam on “elastic” supports. Surprisingly, further
increase of h to 2.5 m tends to close the gap. This is attributable to soil yielding near the two
support edges, leading to a new equilibrium through increased supported width. These
changes in p/q are responsible for the alteration of M/Mo. For h = 0.7 m, the foundation is
subjected to sagging deformation, induced by the detachment at its middle. Further increasing
h to 2 m increases M/Mo to a maximum of 6.8. Finally, for h = 2.5 m, due to the aforemen-
tioned increased area of contact, M/Mo reduces to 5.7.

Figure 3. The effect of relative fault rupture location. Example comparison of the response of a b = 10

m foundation carrying a surcharge load q = 20 kPa in terms of deformed FE mesh with plastic strains

(top), normalized contact pressure p/q (middle), and bending moment M/Mo (bottom) for relative fault

locations: (a) s/b = 0.1; (b) s/b =0.5; and (c) s/b = 0.9.
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The response is altered significantly with the rupture at the middle s/b = 0.5: no diversion is
observed (Figure 3b). Instead, a considerable amount of plastic deformation is diffused under-
neath the foundation. For h = 1 m, the rupture reaches the foundation, generating loss of sup-
port at the edges. The two unsupported spans essentially act as cantilevers on “elastic” supports.
The outcome is a complete reversal of stressing, with M/Mo reaching −4.8 (the minus sign repre-
sents hogging deformation). With further increase of h, the foundation regains contact at its left
and right edge, leading to the reduction of the hogging deformation and the negative M/Mo.
Finally, with the rupture outcropping close to the right edge of the foundation s/b = 0.9, neither
diversion nor diffusion can be observed (Figure 3c). Increasing h to 2 m leads to detachment
from the soil at both edges, each unsupported span acts as a cantilever on “elastic” supports
and as a result the stressing is reversed with M/Mo reaching −3.9 (hogging). Overall, the distress
of the foundation comes mainly from loss of support due to detachment of its base from the
soil. Depending on the position of the foundation on the outcropping fault rupture, loss of sup-
port may take place either at the two ends or at the middle. In the first case, the unsupported
span behaves as a cantilever on a central “elastic” support (hogging deformation), in the latter
as a single span on “elastic” supports (sagging deformation).

With respect to the effect of the surcharge load q (not shown here), in general the increase of
the surcharge load q decreases the width of the zone of separation, and, hence, the relative stres-
sing of the foundation compared to the pre−fault loading is also decreased. The role of q is dual
to this respect: (a) by pushing the foundation it compresses the soil, “flattening” any imposed
anomalies and (b) it changes the stress field underneath the structure, leading to diversion of the
rupture. A “heavily” loaded foundation is capable of diverting the fault rupture and “flattening”
the soil surface substantially. Finally, the bending stiffness of the foundation EI does not have a
significant effect on its displacements and rotations and the foundation distress.

3.2 Slab foundation subjected to strike–slip faulting

This section summarizes the results of a parametric study on the interaction of a strike–slip
fault rupture with a slab foundation. A uniform H = 20 m thick medium–dense (Dr ≈ 80%)
sand layer is considered, subjected to a strike–slip fault offset h ≤ 2 m, applied at the model
base. The 3D FE model is of width B = 4H = 80 m (perpendicular to the fault trace) and of
length L = 4H = 80 m (parallel to the fault trace). The global FE mesh size is set to 1 m,
according to a conducted sensitivity study. A slab foundation of width b = 10 m (perpendicu-
lar to the fault trace) and length l = 10 m (parallel to the fault trace) is positioned at the
ground surface at relative distance s from the free–field fault outcrop (measured from the side
of the foundation on the stationary block) and the FR–SFSI analysis is conducted. The key
factors that are parametrically varied are: (a) the fault location (s = –9.5 to 19.5 m); (b) the
surcharge load (q = 20 to 120 kPa, corresponding to one– to ten–story buildings); (c) the soil–
foundation interface friction coefficient (μ = 0.3 to 0.7); and (d) the foundation aspect ratio (b/
l = 0.25 to 1, i.e. the length l ranges from 10 m to 40 m for b = 10 m). To focus on the domin-
ant effect of these parameters, the foundation is considered rigid in all the analyses.
With respect to the boundary conditions, two configurations are examined: (i) a rigid box-

type boundary, where the fault offset is applied at all the nodes that belong to the moving
block, including the base and the sides of the model (Figure 4a); and (ii) periodic boundaries,
where the bedrock fault offset is applied only at the base nodes belonging to the moving block
(Figure 4b). The periodic boundaries are introduced at the sides of the model perpendicular to
the fault trace (x–z planes), employing appropriate kinematic (multi-point) constraints. While
the first type is widely used in the literature, mainly due to its simplicity, the periodic boundar-
ies offer some important advantages. Applying the bedrock fault offset only at the base of the
model allows the soil deposit to deform freely, and therefore the fault rupture propagation
can be realistically simulated. On the contrary, the box-type boundary configuration unavoid-
ably leads to parasitic boundary effects, initiating near the sides of the model perpendicular to
the fault trace, but extending all the way to its middle depending on the model length L (paral-
lel to the fault trace).
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This is clearly depicted in Figures 4a, 4b where the two boundary configurations are compara-
tively assessed in terms of deformed FE mesh with plastic strains contours for h/H = 3%. With
the rigid box boundary, there is substantial soil yielding initiating from the sides of the model
perpendicular to the fault near the fault trace, but also extending towards the model center. In
contrast, the localization of the shear band in the periodic model is perfectly even along the fault
trace. The superior performance of the periodic-boundaries model is also confirmed in
Figures 4c, 4d when examining the normalized to the soil thickness displacement profile (both
horizontal Δx/H and vertical Δz/H) at the ground surface along the fault trace. With the rigid
box boundary, heaving is observed on the left side of the moving block due to the inward
imposed horizontal displacement at the sidewall (passive conditions), while settlement is the out-
come of the outward displacement at the right side of the moving block (active conditions). For
a 4H long model, only a very small portion of the model close to the center is not significantly
affected. To avoid such boundary effects (at least at the model center), an increase of model
length to about 8H is necessary. It is therefore concluded that the periodic boundaries constitute
the only viable option to perform an extensive parametric study with such 3D FE models.
Based on the performed parametric study, two distinct kinematic mechanisms can be distin-

guished: a rotational mechanism, where the foundation mainly rotates around the z axis; and
a translational mechanism, where the foundation either displaces horizontally parallel to the
fault trace or remains almost stationary, depending on whether most of its footprint lies on
the moving or the stationary block. The rotational mechanism develops when the fault rupture
is not substantially perturbed due the presence of the foundation, in which case it emerges
more–or–less vertically at the ground surface. In such a case, the portion of the foundation
lying on the moving block tends to follow the imposed dislocation, leading to foundation rota-
tion θz around the z axis. In stark contrast, the translational mechanism develops when the
fault rupture deviates (partially or fully) from its free–field trace.
The two mechanisms are comparatively assessed in Figure 5, for a square (b⁄l = 1) founda-

tion carrying a surcharge load q = 120 kPa, in terms of: (a) evolution with respect to the fault

Figure 4. Example comparison of the two boundary configurations examined: (a) rigid box-type bound-

aries; and (b) periodic boundaries in terms of deformed FE mesh with plastic strain contours for normal-

ized fault offset h/H = 3% (top), and normalized horizontal Δx/H (botoom left) and vertical Δy/H

(bottom right) displacement profile at the ground surface in function of the location x/H parallel to the

fault.
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offset h/H of foundation rotation θz around the z axis; (b) θx around the x axis; (c) distribution
of foundation contact pressures; and (d) deformed FE mesh with plastic strains for h/H =
10%. The results refer to two different fault locations: s/b = 0.45, where the rotational mechan-
ism develops and s/b = 0.65, where the translational mechanism is observed. For h/H ≤ 5%,
the two systems behave similarly, with both rotations θz and θx increasing with h/H. On the
contrary, for h/H > 5%, the discrepancies become pronounced. The s/b = 0.45 foundation con-
tinues to rotate around the z axis following the moving block, while the s/b = 0.65 foundation
stops rotating around the z axis but with rapidly increasing θx rotation.

The development of each mechanism is further elucidated by comparing the distributions of
foundation contact pressures (Figure 5c) and the deformed FE mesh with plastic strains
(Figure 5d) for h/H = 10%. For s/b = 0.45, plastic strains are evenly distributed under the
entire foundation footprint and especially around the corners, due to the large foundation
rotation (θz ≈ 8.3°). The contact pressures concentrate at the two corners leading to develop-
ment of twisting moments Mxy. The response for s/b = 0.65 differs substantially, with signifi-
cant soil plastification concentrated under the foundation on the moving block side, which
unavoidably leads to settlement. In combination with heaving that takes place under the foun-
dation at the stationary block, this leads to concentration of contact pressures along the x
axis, resulting to hogging deformation perpendicular to the fault trace and to development of
significant negative bending moments Mx (not shown herein).

Overall, it is shown that the most crucial parameter is the presence of the foundation itself,
acting as a kinematic constraint, something that can be quantified by its polar moment of iner-
tia Iz. To that end, shorter (parallel to the fault trace) foundations (small Iz) tend to rotate,
while longer (large Iz) tend to displace instead. When the fault rupture outcrops close to the
foundation side, the translational mechanism develops, with the rotational mechanism devel-
oping for fault rupture locations close to the foundation centerline. Soil plastification under
the foundation on the moving block is shown to increase with the surcharge load q and fric-
tion coefficient μ, thus facilitating the development of the translational mechanism. Consider-
ing the uncertainty regarding the fault rupture location, the soil and the soil–foundation
interface properties, case–specific parametric FE analyses are necessary. These can be used to

Figure 5. Comparison of a simulation in which the rotational mechanism develops, to a one where the

translational mechanism is observed in terms of: (a) evolution with respect to the fault offset h/H of rota-

tion θz around the z axis; and (b) θx around the x axis; (c) foundation contact pressures; and (d) deformed

FE mesh with plastic strain contours for h/H = 10%.
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obtain design envelopes of internal forces, which must always be the basis for the design sys-
tems against faulting.

4 SIMPLIFIED DESIGN METHODS

After thoroughly studying the key interaction mechanisms between shallow or embedded foun-
dations with emerging dip–slip or strike–slip fault ruptures, and the dominant role of soil–struc-
ture interaction, the next step was to develop simplified design methods that can be applied in
practice. This section presents two such methods, referring to the design of buildings (Anastaso-
poulos et al. 2010) and bridges (Anastasopoulos et al. 2008) against dip–slip faulting.

4.1 Simplified design method for buildings

As already discussed in the previous section, depending on the location of the outcropping
fault rupture relative to the structure, detachment may take place either at the middle or at
the two edges of the foundation. In the first case, the unsupported span behaves as a simply
supported beam on elastic supports, imposing ‘‘sagging’’ deformation to the foundation. In
the latter case, the unsupported end spans act as cantilevers on a central elastic support, pro-
ducing ‘‘hogging’’ deformation. Considering that foundation distress is directly related to
such loss of support, a simplified design method has been developed. The concept is simple:
remove the Winkler–type support springs from the area(s) of loss of support and conduct a
conventional static analysis with the surcharge load q. An example of the simplified design
procedure is outlined in Figure 6a, in which the stressing of the foundation in terms of nor-
malized bending moments M/qb2 computed with FE analysis, is compared to the simplified
procedure of Winkler spring removal from the area of loss of support. The simulation refers

Figure 6. (a) Example comparison of the simplified method with FE analysis results in terms of founda-

tion normalized bending moments M/qb2 for a b = 10 m foundation with q = 20 kPa subjected to faulting

at s/b = 0.1 on dense sand; (b) Sketch illustrating the main concept of the improved simplified method.
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to a b = 10 m foundation with q = 20 kPa subjected to faulting at s/b = 0.1 on dense sand. As
shown by the p/q diagram (top), soil detachment is prevailing close to the foundation middle,
leading to loss of support. The simplified method predicts the distribution of foundation bend-
ing moments M/qb2 with a reasonable accuracy.
Nevertheless, when soil detachment is not prevalent, even a smaller reduction in soil reac-

tions may result in significant bending moments, which cannot be captured by the simplified
method. Hence, it is necessary to slightly modify its main concept. For this purpose, ‘‘equiva-
lent’’ area(s) of loss of support are defined, as schematically illustrated in Figure 6b. A clear
picture can be drawn through the (p–q)/q diagram (middle): partial reduction of soil support
takes place when (p–q)/q is negative (see grey–shaded areas). If full detachment had taken
place, (p–q)/q would equal 1. The equivalent area(s) of loss of support are black–shaded in
the Figure. Their logic is explained through the bottom diagram, which focuses on the first
(from the left) such area. The area where partial reduction of soil support is observed spans
from x/b ≡ �x = 0 to �x1 (grey–shaded). Assuming approximate equivalence in terms of area, the
length L of the area of equivalent loss of support (black–shaded) can be defined as follows:

L ¼
R

�x1

0

p �xð Þ�q

q
d�x

�

�

�

�

�

�

�
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�
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Since the distribution of (p–q)/q is responsible for the development of bending moments, by
removing the spring supports from this area (of length L), we can achieve similar stressing. As
shown in Anastasopoulos et al. (2010), the improved simplified procedure provides reasonable
results offering a valuable tool for the preliminary design of such foundation–structure systems.

4.2 Simplified design method for bridges

As revealed by numerous case histories during past and recent seismic events, long structures
such as bridges are quite vulnerable to seismic faulting. While for buildings on shallow foun-
dations, foundation continuity and stiffness are critical for their survival, in the case of bridges
such continuity is meaningless (bridges are always founded on separate supports). To that
end, they are prone to differential displacements caused by surface faulting, which may lead to
structural failure or deck falling, depending on the structural system of the bridge. This section
outlines a simplified design method (Figure 7) developed by Anastasopoulos et al. (2008) for
bridges subjected to large tectonic deformation.
As schematically illustrated in Figure 7, the problem of a bridge–foundation system subjected

to fault–induced deformation is decoupled in two analysis steps. In Step 1 (local level), the
response of a single bridge pier subjected to fault rupture deformation is analyzed. For this pur-
pose, a detailed model of the foundation–soil system is employed, with the superstructure mod-
elled in a simplified manner: the pier (of height Hp and stiffness EIp) is simulated in detail, while
the bridge deck is replaced by equivalent lateral and rotational springs (Kx and Kθ, respectively)
to capture its kinematic constraints. For the case of a continuous deck monolithically connected
to piers, Kx represents the axial stiffness of the deck and Kθ the bending stiffness of the pier–
deck connection. Correspondingly, for a seismically isolated bridge, Kx and Kθ represent the lat-
eral and rotational stiffness of the (elastomeric) bearings. The output of this step is dual: (i) the
distress of the foundation system (e.g. the internal forces in piles, in case of a piled foundation)
and (ii) the necessary input for the second step, the horizontal and vertical displacements Δx and
Δy and the rotation θ at the base of the pier. In Step 2 (global level), the detailed model of the
superstructure is subjected to the computed Δx, Δy and θ from Step 1.
Employing this methodology, a series of parametric FE analyses were performed, varying

key factors that affect the overall response such as the geometric characteristics (e.g. number
of spans, length, pier height), the superstructure typology (e.g., continuous deck with either
monolithic pier–deck connections or resting on elastomeric bearings, simply supported spans
on elastomeric bearings) and the foundation system (e.g., footings, piled foundations, caisson
foundations). Soil characteristics were also parametrically varied. According to the results, to
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properly design bridges against tectonic deformation is quite feasible. Regarding the founda-
tion system, rigid massive caisson foundations are clearly advantageous compared to piled
foundations, which are generally vulnerable to faulting–induced deformation. With respect to
the structural system, continuous, statically indeterminate, superstructure systems are in gen-
eral disadvantageous (the deck is forced to follow the imposed differential displacements), as
opposed to statically determinate systems (such as multiple separate simply supported decks)
which allow relative displacement and rotation without stressing. Finally, resilient seismic iso-
lation bearings are capable to absorb part of the stressing, allowing the superstructure to
deform more smoothly. Nevertheless, adequate seating and restraining devices such as stop-
pers need to be installed to prevent deck falling due to excessive relative displacements.

5 NOVEL MITIGATION TECHNIQUES

The movement and distress of a structure depend on the interplay between the deforming soil
and the foundation–structure system. The type of foundation proved to play a crucial role in
the survival of a structure. Heavily loaded, continuous and rigid foundation systems (such as
slab or box–type foundations) impose kinematic constraints that may lead to fault rupture
diversion. Even with partial diversion, such foundations allow the structure to rotate as a rigid
body, drastically reducing its distress. Nevertheless, even rigid body rotation may condemn
the operation of a facility. Moreover, in buildings, although a rigid and continuous founda-
tion system can easily be applied for new structures, it is neither straightforward nor cost
effective to retrofit existing ones, especially for historic buildings and monuments. Hence, it is
essential to develop efficient faulting hazard mitigation schemes, preferably ones that require
minimum intervention. Two such mitigation schemes are outlined herein.

5.1 Weak wall barriers – Soil Bentonite Wall (SBW)

A novel technique to protect civil engineering structures from thrust faulting has been devel-
oped in Fadaee et al. (2013). Instead of strengthening the foundation (and/or the superstruc-
ture) to sustain the imposed tectonic deformation, the proposed mitigation technique aims at
diverting the fault rupture, so that the structure remains practically unaffected. This is

Figure 7. Schematic illustration of the simplified method for the analysis of bridges subjected to fault-

ing–induced deformation.
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achieved through construction of a wall “barrier” placed between the outcropping dislocation
and the foundation–structure system. Since the rupture will follow the minimum energy path
(Berill 1983), the proposed “barrier” is weaker and softer than the surrounding soil layers,
acting as an “attractor” of the imposed plastic shearing deformation and as a “fuse” that
absorbs the imposed passive–type compression. This can be materialized through a Soil Ben-
tonite Wall (SBW). The latter combine low shear strength, high compressibility, ease of con-
struction, and cost–effectiveness.
Combining 1g testing and thoroughly validated numerical simulations the effectiveness of

the proposed mitigation scheme for surface foundations subjected to thrust faulting was dem-
onstrated. The 1g testing was performed at the geotechnical laboratory of the International
Institute of Earthquake Engineering and Seismology (IIEES) located in Tehran (Iran) employ-
ing a custom made split–box. For the experiments a H = 20 m uniform deposit of dry
medium–loose Fkooh sand (Dr ≈ 60%) was considered, subjected to a thrust fault with a dip
angle α = 45°. A stiff raft foundation of width b = 10 m carrying a surcharge load q, is posi-
tioned at distance s from the free–field fault outcrop. To assess the effectiveness of the pro-
posed mitigation scheme, the untreated case is compared to the case in which a SBW of width
w = 3 m is placed 3 m in front of the foundation, to intercept the propagating fault rupture.
The material of the experimental SBW was a clay mixture. To focus on the effectiveness of the
SBW, a light uniform surcharge load q = 20 kPa was used in the experiments (so that the
observed fault rupture diversion can be solely attributed to the presence of the SBW. The
foundation is positioned at s = 7 m to investigate the worst–case scenario: the fault rupture
would outcrop very close to its middle, imposing substantial flexural distortion and rotation.
The comparison of the experimental and numerical results for the two cases (protected vs.

unprotected) is comparatively assessed in Figure 8, in terms of deformed soil specimen image
with superimposed displacement vectors vs. deformed FE mesh (for h = 2 m) and evolution of
foundation rotation θ with h. Starting with the unprotected case (Figure 8a), the rupture trace
follows more–or–less its free–field trace. An area of loss of support can be clearly observed in
both the experiment and the analysis. Regarding foundation rotation, the FE analysis is cap-
able of reproducing the experimental results with good agreement. The foundation exhibits
rigid body rotation θ which reaches almost 6° for h = 2 m, a value well beyond acceptable
limits in terms of functionality of the supported structure.
Moving on the protected case (Figure 8b), both the experiment (left) and the analysis (right)

demonstrate the effectiveness of the intervention. The SBW successfully absorbs most of the
faulting–induced compression, effectively diverting the fault rupture upwards before reaching
the foundation. The foundation is almost unaffected by the fault rupture, maintaining full
contact with the bearing soil (no gapping is observed), and hence not subjected to any measur-
able flexural distress. Moreover, the foundation rotation θ is also substantially reduced, from
about 6° to less than 2° for h = 2 m. It is interesting to notice the substantial compression of
the SBW, which results in the reduction of its thickness from 3 m to less than 1 m at its deepest
(for h = 2 m). Evidently, such a non–trivial wall thickness is one of the key factors for the
observed success of the intervention. Overall, it was shown that installing a SBW can indeed
be quite effective, with the wall thickness and the magnitude of fault offset being the critical
parameters to determine its success.

5.2 “Smart” barriers with sacrificial members

Previously, the weak wall barrier was materialized though a Soil Bentonite Wall (SBW).
Although the SBW was shown, analytically and experimentally, to be very efficient in divert-
ing the fault rupture, its performance can be sensitive to soil conditions and workmanship.
Moreover, its shear strength may increase due to long–term consolidation, thus reducing its
capability to act as a barrier. To that end, an improved mitigation technique employing smart
barriers with sacrificial members has recently been introduced (Anastasopoulos & Jones,
2018). Instead of using a soil–bentonite–water mixture, a different solution is conceived, con-
sisting of steel sacrificial members sandwiched between sheet-pile walls (Figure 9a). Such a
system can be produced in the form of prefabricated panels, and its performance can be
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reliably predicted. Moreover, consisting of steel rings, its properties are insensitive to local soil
conditions or workmanship.
Under static conditions (i.e., before faulting), the wall is subjected to active or at–rest earth

pressures, depending on the excavation sequence. When subjected to reverse faulting, passive
earth pressures tend to develop. Steel rings of diameter D, out–of–plane length L, and thickness
t, constitute the simplest form of sacrificial members, since their ultimate capacity Fult is simply
a function of geometry and steel strength. Therefore, each row of rings can be designed to meet
two criteria: an adequately large factor of safety against static loading FSst = Fult/F0 ≥ 1.5
(where F0, the lateral force due to in–situ conditions) and an adequately small “apparent” factor
of safety against passive conditions FSf = Fult/Fp ≤ 1/1.5. Considering the problem as strain–con-
trolled, the earth pressures that develop along the wall are governed by the imposed lateral
deformation. As long as the faulting–induced lateral pressure remains below its passive value,
passive conditions will not develop, and the fault rupture will not propagate towards the struc-
ture. Instead, the wall “absorbs” the faulting-induced deformation by compressive failure of the
sacrificial members. For this purpose, an elastic–perfectly plastic “fuse” is desirable (Figure 9a).

Its efficiency was examined for a raft foundation subjected to reverse faulting. A “smart” bar-
rier of height 3H/4 and thickness Bw was positioned at distance LSB from the (left) edge of the
foundation. An example comparison is shown in Figures 9b, 9c, for a b = 10 m foundation with
q = 20 kPa subjected to h = 2 m thrust faulting at s = 5 m. An idealized dense sand layer of H =
20 m thickness was considered. The comparison is depicted in terms of deformed FE mesh with
plastic strains and foundation rotation (top). The unprotected case (Figure 9b) is compared to
protection with the proposed “smart” barrier with sacrificial rings (Figure 9c). The “smart” bar-
rier effectively diverts the fault rupture away from the foundation. The sacrificial devices perform
as expected, sustaining plastic failure soon after the faulting deformation begins. The differences
in terms of rotations are quite substantial. The unprotected foundation sustains rotation θ ≈ 3°, a
value that is clearly beyond reasonable serviceability limits. The performance of the “smart” bar-
rier is substantially better, with θ ≈ 0.2°. As shown in Figures 9b, 9c (bottom), the same conclu-
sions can be drawn based on the normalized foundation bending moments M/qb2. Faulting
induces hogging and sagging moments through loss of support in the unprotected case, inducing
almost 5 times larger moments than their static value. The “smart” barrier is clearly very efficient,
with the bending moment being practically insensitive to the imposed dislocation.

6 SYNOPSIS & CONCLUSIONS

The paper has presented some of the key aspects regarding the development and application
of a thoroughly validated methodology for the design of foundation–structure systems against

Figure 8. Example comparison of experimental with numerical results in terms of deformed soil specimen

image vs. deformed FE mesh for h = 2 m (top) and evolution of foundation rotation θ with h (bottom) for

(a) an unprotected foundation; and (b) a foundation protected with a Soil Bentonite Wall (SBW).
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tectonic deformation. It was shown that strain softening is a crucial parameter that needs to
be accounted for a successful simulation of a fault rupture propagation through sand, employ-
ing the FE method. Subsequently, the experimental setup (split–box) used for the conducted
centrifuge model tests is shortly described. By comparing the results of three such centrifuge
model tests, regarding a free–field test and two Soil-Foundation-Structure Interaction tests,
the successful validation of the developed numerical models is demonstrated.
Employing the thoroughly validated FE method, extensive parametric studies were then

conducted to gain valuable insights on the interaction mechanisms between shallow and
embedded foundations with emerging dip–slip or strike–slip fault ruptures. Indicative results
of these simulations were presented, focusing on the controlling mechanisms and the role of
soil–structure interaction. To that end, two characteristic problems are presented: the inter-
action of a normal fault rupture with a strip foundation (2D plane–strain problem) and the
interaction of a strike–slip fault rupture with a square foundation (3D problem). It was shown
that the presence of the foundation (acting as a kinematic constrain) alters fault rupture
propagation and is capable in some cases to divert its trace, depending on the location, the
surcharge load q, and its rigidity.
Simplified methods that can be easily applied in practice were also outlined, one for build-

ings and one for bridges. The first method involves a conventional static analysis of the foun-
dation with the surcharge load q in combination with removal of Winkler–type support
springs from the equivalent area(s) of loss of support. The second method suggests decoupling
of the problem by analyzing separately soil-foundation-structure interaction of a single pier
and the response of the superstructure to the imposed base displacements and rotations.
Finally, some ideas on novel mitigation techniques by employing either weak wall barriers or
“smart” barriers with sacrificial members were shown to be promising, reducing significantly
the foundation distress.

Figure 9. (a) Sketch of the “smart” wall barrier concept. Its efficiency is depicted through an example

comparison of (b) an unprotected vs. a protected with the “smart” barrier foundation in terms of deformed

FE mesh with plastic strains for h = 2 m (top) and normalized bending moments M/qb2 (bottom).
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