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ABSTRACT 
A variety of relatively recent case histories in major seismic events have demonstrated the vulnerability of bridges to 
large tectonic deformation. The paper studies the performance of a modern overpass bridge subjected to strike-slip 
faulting. The studied bridge is an asymmetric 5-span system with a continuous deck monolithically connected to 2 of the 
4 piers, sitting on bearings at the remaining 2 piers and the abutments. It is founded on surface foundations on dense 
sand. An advanced 3D numerical model of the bridge–foundation–abutment–soil system is developed in the ABAQUS 
finite element simulation environment. The latter is subjected to quasi-static displacement at its base (bedrock level), 
perpendicular to the bridge axis. The analysis shows the development of en echelon shear failure zones and flower 
structures, also known Riedel Shears, initiating from the location of fault rupture application and propagating to the 
ground surface. The Riedel Shears are accompanied by significant uplifting, associated with soil dilatancy due to 
shearing. Therefore, the bridge superstructure is also subjected to vertical differential deformations, despite the fact that 
the strike-slip fault primarily consists of horizontal movements. Subsequently, a parametric study is conducted 
considering different fault rupture locations, as the exact location of the fault outcrop cannot be predicted with accuracy. 
A very interesting, unexpected, conclusion is that faulting between the piers leads to more severe pier damage 
compared to the case of fault outcropping at the location of one of the piers. The effect of abutment stoppers is also 
examined, and it is shown that the distress of the deck increases with the applied level of restraint at the abutments. 
Therefore, a design allowing relative displacements at the abutments can be advantageous. 
 
 
 
1 INTRODUCTION 
 
Bridges in the vicinity of active seismic faults may be 
subjected to permanent ground deformation caused by an 
outcropping fault rupture. Several case histories have 
been offered by recent seismic events, such as the 1999 
Düzce earthquake in Turkey (Ghasemi et al. 2004, 
Kawashima 2001, Pamuk et al. 2005, Ulusay et al. 2002). 
During that earthquake, the 59-span Bolu viaduct of the 
Trans-European motorway was crossed by a strike-slip 
fault rupture of horizontal offset of the order of 2.5 to 3 m. 
The faulting led to substantial horizontal displacement and 
rotation of the piers. In some cases, the girders were 
offset by more than the available sitting. Collapse was 
only avoided by the restraint that was offered by the 
stoppers. The particular case history demonstrates that 
faulting–induced deformation of bridges is an extreme, but 
not improbable scenario. It also provides evidence for 
possible design measures against such large tectonic 
deformations (Ghasemi et al. 2004). 

The term strike-slip faulting is utilized to describe 
faults with movement parallel to their strike. Major strike-
slip faults occur in belts of simple shear and may have 
lengths in the range of hundreds of kilometers (Sylvester 
1988). In several occasions, typical shear patterns (shear 
zone structures) are observed in the shear zones of strike 
slip-faults. Among the first who studied the formation and 
development of shear zone structures were Cloos (1928) 
and Riedel (1929). In the classical experimental setup, 
known as Riedel experiment, two adjoining rigid 
baseplates simulate a vertical basement fault, with one of 
the baseplates undergoing a horizontal movement parallel 
to the discontinuity. The overburden with a free surface 
rests horizontally on these baseplates. During the 

experiment en echelon shear failure zones initiating from 
the location of the fault rupture and propagating to the 
ground surface are formed, commonly referred to in 
literature as Riedel Shears. In a structural analysis of the 
Dasht-e Bayaz earthquake fractures in Iran, Tchalenko & 
Ambraseys (1970) showed similarities to the shear 
structures in the Riedel experiment. Moreover, Tchalenko 
(1970) studied the formation and development of shear 
zone structures on a microscopic scale (shear box test), 
intermediate scale (Riedel experiment), and regional 
scale (earthquake fault). Most of the discovered 
similarities in the formed structures at different scales 
were interpreted in terms of the mechanical properties of 
the material, i.e. the Coulomb failure criterion. 

In terms of numerical analysis employing the finite 
element (FE) method, several researchers have studied 
the phenomenon of fault rupture propagation. Bray et al. 
(1994) showed that the FE method can be applied to 
model fault rupture propagation, if the nonlinear stress–
strain behaviour of the soil is realistically modelled. 
Anastasopoulos et al. (2007) developed a numerical 
analysis methodology to study dip-slip (normal and 
reverse) fault rupture propagation through sand, and 
validated it against centrifuge model tests. The finite 
element methodology consists of an adequately refined 
mesh in the vicinity of the fault rupture, an appropriate 
nonlinear constitutive law for the soil, and a minimum 
model width to height ratio to minimize adverse boundary 
effects.  

The interaction between different foundation systems 
and an outcropping fault rupture has been the subject of 
comprehensive studies combining case-histories, 
numerical analyses, centrifuge and 1g model testing 
Anastasopoulos & Gazetas 2007a,b; Anastasopoulos et 



 

al. 2013; Bransby et al. 2008; Faccioli et al. 2008; 
Gazetas et al. 2008; Loli et al. 2011, 2012). 
Anastasopoulos et al. (2008) analyzed different bridges 
subjected to surface fault rupture propagation, focusing 
on the design against large tectonic deformations. A key 
conclusion was that the static system of the bridge 
superstructure influences significantly the distress of the 
deck. Statically indeterminate systems were shown to be 
vulnerable to the quasi-static fault offset. On the contrary, 
statically determinate systems were shown to be 
insensitive, as they are able to accommodate differential 
displacements and rotations without being distressed. 

This paper studies the performance of a modern 
overpass bridge subjected to strike-slip faulting. For this 
purpose, an advanced 3D numerical model of the entire 
bridge–foundation–abutment–soil system is developed 
and used to conduct a short parametric study. 
 
 
2 CASE STUDY: A01-TE23 BRIDGE 
 
The A01-TE23 overpass bridge of the Attiki Odos 
motorway in Athens, Greece is selected and examined as 
a case study (Fig. 1a), as it is considered representative 
for modern metropolitan motorways. It is an asymmetric 
5-span system, with a continuous pre-stressed concrete 
box-girder deck. The latter is supported by four reinforced 
concrete cylindrical piers of d = 1.8 m diameter and 
slightly different heights (9 to 10 m), and two reinforced 
concrete abutments. Piers M1 and M2 are connected 
through elastomeric sliding bearings to the deck, allowing 
only longitudinal displacement, while piers M3 and M4 are 
monolithically connected to the deck. At each abutment, 
the deck is supported by four elastomeric bearings, 0.3 m 
x 0.6 m (longitudinal x transverse) in plan, and t = 63 mm 
in thickness. The piers and the abutments are founded on 
square shallow footings of width B = 7 m for piers M1 and 
M2, and B = 8 m for piers M3 and M4. The height of the 
embankments behind the abutments is 10.5 m. 
 
 
3 FINITE ELEMENT ANALYSIS METHODOLOGY 
 
The performance of the A01-TE23 bridge subjected to a 
strike-slip faulting is analyzed employing the FE method. 
To that end, an advanced 3D numerical model of the 
bridge–foundation–abutment–soil system is developed in 
the  ABAQUS simulation environment (Fig. 1b). The latter 
is subjected to quasi-static displacement at its base 
(bedrock level) perpendicular to the bridge axis (Fig. 1c). 
The dimensions of the numerical model are 160 m x 40 m 
(longitudinal x transverse) in plan. For simplicity, the piers 
in the FE model are assumed to have the same height of 
9 m. Moreover, a relatively shallow layer of dense sand is 
considered, assuming bedrock at a depth of 14 m.  

The deck and the piers are modelled with elastic and 
inelastic beam elements, respectively. The inelastic 
behaviour of the piers is calibrated against moment–
curvature relationships, directly derived from section 
analysis of each pier using the KSC_RC software. The 
footings and the abutment walls are modelled with elastic 
hexahedral brick elements, assuming the properties of 

reinforced concrete (density ρ = 2.5 Mgr/m3, Poisson’s 
ratio v = 0.2, and Young’s Modulus E = 30 GPa). The soil 
and the embankments are also modelled with nonlinear 
hexahedral brick elements with ρ = 2 Mgr/m3 and v = 0.3. 
Nonlinear soil behaviour is modelled employing a simple 
but adequately sophisticated constitutive model, 
presented in the following section. The elastomeric 
bearings of piers and abutments are modelled with linear 
elastic spring elements, the stiffness of which is 
summarized in Table 1. Special contact elements are 
introduced at the footing–soil and abutment–embankment 
interfaces, allowing separation (uplifting) and assuming a 
friction coefficient μ = 0.7. 
 
 
(a) 

 

(b) 

 

(c) 

 
Figure 1. A01-TE23 bridge: (a) key attributes and 
dimensions of the structural system; (b) 3D FE model; 
and (c) schematic illustration of the strike-slip fault offset. 
  
 
Table 1. Stiffness of elastomeric bearings in all DOFs.  
 

 Abutment bearings Piers M1 & M2 

DOF 1 (kN/m) 1’300 3419 

DOF 2 (kN/m) 1’300 rigid 

DOF 3 (kN/m) 1’500’000 1’500’000 

DOF 4 (kNm/rad) Free Rigid 

DOF 5 (kNm/rad) Free Free 

DOF 6 (kNm/rad) Free Rigid 
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3.1 Soil constitutive model 
 
Soil behavior is modelled with an elastoplastic Mohr-
Coulomb constitutive model with isotropic strain softening 
(Anastasopoulos et al. 2007). As depicted in Fig. 2a, 
strain softening is introduced by reducing the mobilized 
friction angle φmob and the mobilized dilation angle ψmob 
with the increase of octahedral plastic shear strain γP

oct 
according to the following relations: 
 𝜑𝑚𝑜𝑏 = {𝜑𝑃 − 𝜑𝑃−𝜑𝑟𝑒𝑠𝛾𝑃𝑓 ∗ 𝛾𝑃𝑜𝑐𝑡      𝑓𝑜𝑟  0 ≤ 𝛾𝑃𝑜𝑐𝑡 

< 𝛾𝑃𝑓𝜑𝑟𝑒𝑠                            𝑓𝑜𝑟    𝛾𝑃𝑜𝑐𝑡 
> 𝛾𝑃𝑓     [1] 

 𝜓𝑚𝑜𝑏 = {𝜓𝑃 ∗ (1 − 𝛾𝑃𝑜𝑐𝑡𝛾𝑃𝑓 )            𝑓𝑜𝑟  0 ≤ 𝛾𝑃𝑜𝑐𝑡 
< 𝛾𝑃𝑓𝜓𝑟𝑒𝑠                                          𝑓𝑜𝑟    𝛾𝑃𝑜𝑐𝑡 
> 𝛾𝑃𝑓    [2] 

 
where φp and φres = ultimate mobilized friction angle and 
its residual (or critical state) value; ψp and ψres = ultimate 
dilation angle and its residual value; and γP

f = plastic 
octahedral shear strain at which softening has been 
completed. 

The model is calibrated on the basis of the direct 
shear test and has been thoroughly validated against 
centrifuge model tests (see Anastasopoulos et al. 2007). 
It is incorporated in the finite-element code ABAQUS 
through a user subroutine. For the present study, 
parameters considered realistic for dense sand are 
assumed: φp = 45°, φres = 30°, and ψp = 15°. As depicted 
in Fig. 2a a linear distribution of Young’s modulus E with 
depth is assumed. The latter is implemented in the FE 
model by splitting the soil into layers, assuming a constant 
value of E for each layer. 
 
 
(a) 
 

(b) 

 
Figure 2. (a) Variation of mobilized friction angle φmob and 
dilation angle ψmob with octahedral plastic shear strain γp

oct 

(left hand side), and variation of Young’s modulus E with 
soil depth (right hand side); (b) pier section properties and 
relevant moment–curvature relationship. 
 

3.2 Superstructure section properties 
 
The deck and the piers are modelled with elastic and 
inelastic beam elements, respectively. Their section 
properties are shown in Table 2, and their inelastic 
moment–curvature response is depicted In Fig. 2b. The  
model is calibrated on the basis of moment-curvature 
relationships of the piers, directly derived from section 
analysis of each pier using the KSC_RC software. 
 
 
Table 2. Section properties of bridge superstructure 
 

Section properties Deck Pier M1 – M4 

Area A [m2] 7.027 2.543 

Moment of Inertia Iy [m
4]  1.482 0.514 

Moment of Inertia Iz [m
4]  50.622 0.514 

Moment of Inertia Ix [m
4]  3.919 1.028 

Shear Stiffness GAv,y [kN] 7.313e6 2.702e7 

Shear Stiffness GAv,z [kN] 3.460e6 2.702e7 

 
 
3.3 Boundary conditions and applied fault offset 
 
With respect to the boundary conditions, at the sides of 
the FE model parallel to the applied fault offset (y-z 
planes), the out-of-plane displacements are restrained 
applying appropriate kinematic constraints. At the sides 
perpendicular to the fault offset (x-z planes), appropriate 
free-field boundaries are introduced. The fault offset is 
applied only at the base of the model in a quasi-static 
manner by displacing half of it relative to the other half. 
The coordinate system is shown in Fig. 1. 
 
 
4 KEY RESULTS 
 
4.1 Fault offset under pier M1 
 
Initially, the strike-slip fault rupture is assumed to outcrop 
directly underneath pier M1, parallel to the transverse axis 
of the bridge. A fault offset h = 2 m is considered, as 
schematically illustrated in Fig. 1c. The propagation of a 
strike-slip fault is in general accompanied by soil heaving 
at the location of the shear zones, due to soil dilation. The 
latter results in significant loading of the superstructure at 
a different direction (vertical) than the imposed fault offset.  

Table 3 summarizes the displacements, rotations and 
axial forces of the piers due to a fault offset of h = 2 m 
under pier M1. In the latter, uy is the displacement in the 
transverse direction, uz is the vertical displacement, ury 
the rotation in the transverse direction, and urz the 
torsional rotation of the foundations. A first observation is 
that the displacement of the foundation of pier M1 in the 
transverse direction is approximately half of the total fault 
offset, while those of the remaining foundations, which are 
located on the moving block, are close to the total fault 
offset. Additionally, the heaving of the soil becomes 
evident when observing the vertical displacement of the 
foundation of pier M1, which reaches 0.11 m. 

cy cult 

cy = 0.002 m-1 

cult = 0.04 m-1 



 

Interestingly, the transverse rotation of the foundation of 
pier M2 is larger than that of M1. The latter can be 
explained by the relative deck-foundation displacement, 
which mainly affects the rotation. With respect to torsional 
rotation, the foundations of piers M1 and M2 exhibit 
substantial rotation, while the foundations of M3 and M4 
are rotating only slightly. The torsional rotation of pier M1 
is a result of the displacement gradient in the shear zone 
of the fault, while the foundation of pier M2 is passively 
rotated through the deck rotation.  

Since the deck has a great transverse flexural 
stiffness EIz (see the moment of inertia Iz in Table 2) one 
would expect the foundations of piers M3 and M4 to rotate 
approximately by the same amount as the one of M2. 
Considering the net axial forces of the piers, it is observed 
that pier M2 experiences substantial unloading due to the 
uplifting of pier M1, which leads to it attracting a 
substantially increased axial load. This unloading also 
leads to a loss of torsional resistance, and can therefore 
explain the substantial torsional rotation of the foundation 
of pier M2. Evidently, elastic modelling of the deck leads 
to overestimation of the unloading of pier M2, as 
previously discussed.  
 
 
Table 3. Displacements, rotations and net axial forces 
(integration of the contact pressure) of foundations due to 
fault crossing underneath pier M1 with offset h = 2 m  
 

Pier 
Foundation 

M1 M2 M3 M4 

uy   [m] 1.15 1.94 1.98 2.00 

uz  [m] 0.11 0.02 -0.01 -0.01 

ury [mrad] 5 8 2 0 

urz [mrad] 16 14 6 3 

Nz,grav [MN] 4.89 5.05 5.65 6.81 

Nz,fault [MN] 10.13 2.08 6.81 7.14 

 
 

    

Figure 3 illustrates the stressing of the deck due to the 
fault offset crossing underneath pier M1. Considering the 
bending moment in plane My, one can observe that the 
uplifting of the pier foundation M1 causes a substantial 
increase of the stressing of the deck. Compared to the 
bending moment caused by gravity loading, it is almost an 
order of magnitude larger. Thus, the assumption that the 
deck behaves in a purely elastic manner is most likely 
incorrect. A resonably designed pre-stressed concrete 
box section will not undertake such stressing without 
experiencing yielding to some extent. But such failure due 
does not necessariliy lead to bridge collapse. If the 
moment capacity of the deck is reached, a plastic hinge 
will form, and once this happens, the stressing of the deck 
due to uplifting will unavoidably be limited. The possibility 
of a second plastic hinge at pier M2 will still not 
necessarily lead to collapse of the bridge. A precise 
prediction of the damage potential due to uplifting would 
require more detailed analysis of the nonlinear response 
of the prestressed deck, which does not fall withih the 
scope of this paper.  
 

The distribution of the out-of-plane bending moment 
Mz is typical of stressing caused by concentrated forces. 
At the locations where such concentrated forces are 
acting, abrupt changes of Mz are osberved. These abrupt 
changes at the locations of piers M3 and M4 are caused 
by the torsional resistance of the pier foundation system, 
as discussed in the previous section.  

The distribution of torsional moments of the deck Mx is 
also depicted in Fig. 3. A linear distribution along the deck 
is observed, with abrupt changes in magnitude at the 
locations of the piers and the abutments. The torsional 
distress of the deck is induced by the rigid connection 
between the deck and the piers-abutments in the 
transverse direction. 
 
 

 

 

 
 
Figure 3. Stressing on the deck due to a fault crossing 
underneath pier M1 with an offset of h = 2 m. From top to 
bottom: Bending moment in plane My, out of plane Mz, 
and torsional moment Mx. 
 
 

For the evaluation of pier performance, a commonly 
used damage index (DI) is employed: the ratio of 
curvature ductility demand μd over capacity μc (μd/μc), 
where: 
 µ𝑑 =  𝑐 𝑐𝑦⁄         [3] 

 µ𝑐 =  𝑐𝑢𝑙𝑡 𝑐𝑦⁄         [4] 

 
with c = demanded pier curvature, cy = yielding pier 
curvature and cult = ultimate pier curvature (Fig. 2b). 
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The resulting values of μd/μc at the base and top of the 
piers due to a fault offset of h = 2 m under pier M1 are 
summarized in Table 4. A value of µd/µc > 1 implies that 
the pier has exceeded its ductility capacity, which 
indicates failure of the pier. According to Table 4, piers 
M2 and M3 have most probably reached failure, while 
piers M1 and M4 remain elastic. Interestingly, pier M1, 
which is directly crossed by the fault rupture, is distressed 
to a lesser extent than piers M2 and M3, which are 
indirectly loaded by the deck. It appears that the relative 
deck-foundation displacement is crucial for the distress of 
the superstructure. 
 
 
Table 4. Curvature ductility demand over capacity µd/µc at 
the base and top of the piers due to a fault crossing 
underneath pier M1 with an offset h = 2 m.  
 

 Pier M1 Pier M2 Pier M3 Pier M4 

Base 0.05 3.29 1.00 0.03 

Top 0.04 3.36 1.47 0.01 

 
 
4.2 Parametric study regarding fault rupture location 
 
The location, relative to the structure, where the fault 
rupture will outcrop cannot be a-priori predicted with 
accuracy. Therefore, a short parametric study is 
conducted, considering different fault rupture locations 
(both under the piers and in between). Although the pier–
deck connectivity is different (sliding bearings allowing 
only for longitudinal displacements at piers M1 and M2, 
monolithic connection at piers M3 and M4), in the 
transverse direction (which is the main loading direction) 
all piers are rigidly connected to the deck. Therefore and 
according to the analyses results the stressing of the deck 
due to different fault locations is shown to be almost 
symmetric. To that end, locations along the first half of its 
length are only presented in this section.  

The distribution of bending and torsional moments of 
the deck due to faulting at different locations is depicted in 
Fig. 4. When the fault rupture outcrops between the piers, 
the in plane bending moment My is not very different to 
the one due to pure static loading (before application of 
the fault offset). This is because the piers are not affected 
by the vertical displacement due to the heaving that takes 
place at the shear zone. The magnitude of My (due to soil 
heaving) is larger when the fault rupture outcrops at pier 
M1, rather than M2. On one hand, the reaction of offered 
by the abutments is larger compared to the one offered by 
the shallow foundations of the piers. On the other hand, 
the span between M2–M3 is larger than the one between 
A1–M1 and M1–M2. As a result, the restraint of pier M2 
with respect to vertical differential displacement is lower 
than that of M1, leading to somehow reduced stressing of 
the deck.   

The deck out of plane bending moment Mz decreases 
with the increase of the distance between the fault rupture 
outcrop and the abutment. Again, the reaction to lateral 
loading offered by the abutment is larger than that of the  
shallow foundations of the piers, resulting to a lesser 

degree of restraint to differential lateral displacement of 
the deck with increasing of the distance from the 
abutments. For fault rupture outcropping locations 
between the piers, the out of plane bending moment Mz 
exhibits abrupt changes in magnitude at the location of 
the piers. As previously discussed, this is due to the 
torsional resistance offered by the piers. This is not the 
case for fault rupture outcropping locations underneath a 
pier, in which case a loss in torsional resistance of the 
affected pier is observed.  

The mechanisms that are related to the generation of 
torsional moment of the deck Mx are more complicated, 
and it is therefore challenging to derive a valid conclusion 
on the effect of fault rupture location. Based on the limited 
analyses of this paper, it may be observed that faulting 
underneath pier M1 leads to the largest torsional distress.  

To conclude, for the symmetric bridge system 
considered, fault rupture outcropping locations that are in 
close proximity to the abutment leads to the largest 
distress of the deck. This conclusion is valid for the 
specific case examined herein, and cannot be considered 
of general validity.    
 
 

 

 

 
 
Figure 4. Stressing of the deck due to a fault offset h = 2 
m at various locations. From top to bottom: bending 
moment in plane My, out of plane Mz and torsional 
moment Mx. 
 
 
Table 5 summarizes the effect of fault rupture location on 
pier distress, expressed through the curvature ductility 
demand over capacity µd/µc. Interestingly, when the fault 
rupture outcrops underneath pier M1, piers M2 and M3 
are the ones to fail (µd/µc > 1), not the one that is directly 
affected. This is because the footing of M1, which is 
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directly affected by the fault rupture, is offering reduced 
resistance due to the extensive soil yielding. In other 
words, a “plastic hinge” develops in the soil, “protecting” 
the corresponding pier. In a similar manner, for faulting at 
pier M2, piers M1 and M3 are the ones to fail.  

Even more interestingly, when the fault rupture 
outcrops between piers M1 and M2, 3 piers fail in total 
(M1, M2, and M3). And the same observation can be 
made for faulting between M2 and M3 (piers M2, M3, and 
M4 fail). The previously mentioned beneficial “plastic 
hinge” does not develop in such a case, leading to more 
intense damage. Most importantly, the differential 
displacement between the two piers neighbouring the 
fault is substantially larger for fault outcropping locations 
between piers (almost the total fault offset h) than for fault 
locations underneath the piers (approximately half of the 
imposed fault offset h, due to the interaction of the footing 
with the outcropping fault rupture). It may therefore be 
concluded that fault rupture locations between the piers 
will cause substantially larger damage to the piers, 
compared to locations achieving a “direct hit”.  
 
 
Table 5. Curvature ductility demand over capacity µd/µc of 
all piers (maximum of base and top) due to fault crossing 
at various locations with an offset h = 2 m.  
 

Fault Location M1 M2 M3 M4 

M1 0.05 3.36 1.47 0.03 

M1 – M2 4.11 6.03 2.90 0.07 

M2 2.21 0.02 3.58 0.39 

M2 – M3  0.09 2.91 6.57 3.28 

 
 
4.3 The effect of lateral restraint at the abutments  
 
It has been observed, that the restraint of the deck 
provided by the abutment is crucial for the stressing of the 
deck and piers. In the previous analyses, the bearings at 
the abutment were assumed linear elastic. The shear 
deformation of abutment bearings due to faulting at pier 
M1 was found to be of the order of 700 mm. Given the 
bearing thickness of 63 mm, the assumption of elastic 
response is unrealistic. Therefore, further analysis is 
performed accounting for the nonlinear response of the 
bearings. Elastic-perfectly plastic response is assumed, 
with the elastic regime ending at 200% shear deformation. 
The presence of abutment stoppers is modelled in a 
second variation, assuming a clearance of 250 mm.  

The two variations (with and without stoppers) are 
compared to each other in terms of superstructure 
distress. Figure 5 compares the stressing of the deck for 
the three cases examined (elastic, nonlinear, and 
nonlinear with stoppers). As it should be expected, the in 
plane bending moment My is not affected almost at all, as 
it is mainly related to vertical differential displacements. In 
contrast, the out of plane bending moment Mz and the 
torsional moment Mx are affected substantially. While 
considering bearing failure leads to a decrease of deck 
distress, the presence of stoppers leads to a substantial 
increase of the stressing of the deck.  

Table 6 summarizes the curvature ductility demand 
over capacity of each pier for the three cases examined, 
considering fault crossing at pier M1 with offset h = 2 m. 
As for the deck, the presence of stoppers leads to a 
substantial increase of pier distress. In the absence of 
stoppers, the consideration of the nonlinear response of 
the bearings leads to much better performance, with only 
one of the piers reaching failure. On the other hand, the 
observed relative abutment–deck displacements of the 
order of 1.5 m in the absence of stoppers may seriously 
compromise the structural integrity of the bridge. It may 
therefore be concluded that the degree of restraint at the 
abutments is crucial for the overall performance of the 
bridge subjected to strike–slip faulting for the examined 
case of a bridge with continuous deck and rigid transverse 
pier–deck connections. 

The deck continuity and the pier–deck connectivity 
play a crucial role in fault-induced deformation problems. 
As shown by Anastasopoulos et al. (2008) for normal and 
reverse faulting a deck design with simply-supported 
spans and pier–deck connections through bearings is 
advantageous compared to a continuous deck design with 
monolithic pier–deck connections in terms of deck 
distress. The effectiveness of such design against strike-
slip faulting needs to be examined. 

 
 

 

 

 
 
Figure 5. The effect of lateral restraint at the abutments  
on deck distress – faulting at M1 with h = 2 m. From top to 
bottom: bending moment in plane My, out of plane Mz, and 
torsional moment Mx. Results are shown for three levels 
of restraint: (a) elastic bearings, (b) nonlinear bearings, 
and (c) nonlinear bearings with stoppers.  
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Table 6. The effect of lateral restraint at the abutments on 
pier distress – faulting at M1 with h = 2 m. Curvature 
ductility demand over capacity µd/µc for all piers 
(maximum of base and top).  Results are shown for three 
levels of restraint: (a) elastic bearings, (b) nonlinear 
bearings, and (c) nonlinear bearings with stoppers.  
 

Abutment designs M1 M2 M3 M4 

Linear 0.05 3.36 1.47 0.03 

Nonlinear 1.83 0.43 0.06 0.04 

Nonlinear with 
stoppers 

2.08 5.68 3.10 0.64 

 
 
5 CONCLUSIONS 
 
The present paper has investigated the effect of strike-slip 
faulting on an overpass bridge, considered representative 
of modern motorways. The key conclusions can be 
summarized as follows: 
 
(1) Analysis of the bridge subjected to strike-slip faulting 
has shown that it can result to both lateral and vertical 
loading of the structure, despite the fact that strike-slip 
faulting primarily consists of horizontal movements. This 
is due to soil dilatancy, which leads to heaving at the 
location of the shear zone. When the fault rupture crosses 
the bridge at the location of a pier, soil heaving leads to 
differential settlements, causing significant vertical loading 
to the structure. 
 
(2) When the fault rupture crosses the bridge at the 
location of a pier, the distress of neighbouring piers 
appears to be more intense. This is because of soil 
plastification at the location of the directly affected pier, 
which leads to “plastic hinging” in the soil, which limits the 
stressing that finds its way to the corresponding pier. 
 
(3) Fault rupture locations close to the abutments lead to 
the development of larger bending and torsional moments 
to the deck. This is due to the larger resistance of the 
abutments, compared to the footings of the piers.   
 
(4) The stressing of the deck is sensitive to the degree of 
lateral restraint at the abutments. Accounting for nonlinear 
response of abutment bearings leads to substantial 
decrease of deck distress. In stark contrast, the presence 
of abutment stoppers (even of relatively large clearance) 
leads to significant increase of deck distress. 
 
(5) In terms of piers distress, fault outcropping between 
piers is more damaging compared to a “direct hit”. As for 
the deck, the presence of abutment stoppers leads to 
larger pier distress. Therefore, and in combination with 
previous conclusion, a bridge design that allows 
deformability is considered advantageous. 
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