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ABSTRACT
A case study involving the performance based analysis and design of railroad bridge foundations intersected by active
faulting is presented. The basis for the coseismic surface fault rupture design scenarios is discussed briefly, including
paleoseismic field investigations and deterministic and probabilistic fault displacement hazard analyses. The potential fault
movement was predominantly strike-slip with a minor reverse component on faults dipping 70 degrees and passing through
the bridge oblique to its axis. Various foundation type alternatives were considered, and large (2.13 to 3.35 m) diameter
cast-in-drilled-hole foundations were selected based on their ability to support the required dead loads and their ductility
under fault offset loading. Three-dimensional nonlinear finite difference numerical models supported design of the bridge
for the surface fault rupture loading. The bridge foundations were modeled using solid continuum elements for concrete,
one-dimensional structural elements for rebar, and shell elements for steel casing. The explicit pile modeling provided
refined representation of moment-curvature, plastic hinging, ductility, and confinement of the concrete core. Interface
elements captured slipping and gapping responses at the soil-pile contact. A nonlinear constitutive model was used for the
soil and rock that incorporated post-peak strain softening behavior where applicable. Interfaces with degraded strength
were used to model the existing faults planes. Offsets were applied at the model boundaries pseudo-statically, and the
resulting soil and pile responses were calculated. Pile head displacements differed from free field ground surface
displacements because of soil-fault-structure interaction effects. The pile response was sensitive to the depth at which the
fault intersected the pile, with the most severe loading occurring when the fault offset occurred near the middle of the pile.
The analysis showed that the piles were capable of undergoing significant deformation while maintaining support of the
bridge loads without collapse.
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INTRODUCTION

The Mid-Coast Corridor Transit Project will create a new 18
km light rail line connecting downtown San Diego with the
University of California at San Diego and the University City
area to the north. A portion of the Mid-Coast alignment runs
immediately adjacent to the existing Los-Angeles-San
Diego-San Luis Obispo (LOSSAN) railroad corridor.
Concurrent with the Mid-Coast project, the LOSSAN
Double Track (LDT) project will add a second track to a
portion of the LOSSAN railroad where it parallels part of the
Mid-Coast alignment. The San Diego Association of
Governments (SANDAG) is administering these projects.
Portions of the Mid-Coast and LDT project alignments
sit within the active Rose Canyon Fault Zone (RCFZ) and
thus are subject to coseismic surface fault rupture hazard.
This paper focuses on one of three bridge sites affected by
fault rupture hazards, where two new parallel four-span
heavy rail bridges with total lengths of 68 meters will be
constructed along with a new 12-span, 536-meter long light
rail bridge .
This paper describes surface fault rupture hazard
analyses that were performed to develop fault offset
scenarios for use in bridge and foundation design. Details
of the analysis and design of bridge foundations for these

fault offset scenarios are presented. Conclusions are then
presented on the performance of foundations subjected to
the design fault rupture offsets, and the use of the analysis
results as seismic demand inputs in the design of the
bridge columns, abutments and superstructures.
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FAULT DISPLACEMENT HAZARD ANALYSIS

A surface fault rupture hazard evaluation was performed
for the project in multiple phases. The first phase consisted
of a desktop study wherein existing geologic and fault
maps were reviewed and paleoseismic assessments were
made using stereoscopic aerial photo review (SANDAG
2014). Based on these evaluations, a project-wide fault
map was developed, and three bridge locations were
identified that could be crossed by active faulting where
coseismic surface fault rupture could occur.
In the second phase, field investigations were
performed (Kleinfelder 2014a) at each of the three bridge
sites to assess the location of the faults and confirm their
active status (offset within Holocene time). At the northernmost bride location (that is the focus of this paper), the field
investigation consisted of a combination of geologic
mapping,
continuously-sampled
borings,
cone
penetrometer test soundings, and geophysical imaging

using electrical resistivity and multi-channel analysis of
surface waves.
Geologic analysis of the field investigation data
revealed a primary zone of faulting crossing the bridge at
an angle of approximately 35 degrees from the bridge axis.
Evidence of secondary faulting with smaller displacements
than the primary zone was observed in traces to the west
of the primary zone. Figure 1 shows the bridge layout in
relation to the mapped fault traces. The faulting dips at 70
degrees to the west-southwest. The faulting mechanism for
the Rose Canyon fault is predominantly right lateral strike
slip with a minor reverse component equal to about 10% of
the strike slip (Lindvall and Rockwell 1995, Rockwell 2010).

Figure 1. Bridge location and mapped fault traces.
The light rail bridge design criteria were governed by
Caltrans (2013), which requires the bridge be designed for
the greater of probabilistically-based fault displacement
with a 1,000 year return period and the Wells and
Coppersmith (1994) deterministic average displacement
(AD). Caltrans specifies a probabilistic fault displacement
hazard analysis (PFDHA) methodology based on
Abrahamson (2008). The heavy rail bridge seismic design
criteria were based on the American Railway Engineering
and Maintenance-of-Way Association (2012), which do not
provide any specific requirements or guidance on design
for surface fault rupture. However, the AREMA criteria
require the bridge be designed not to collapse under a
Survivability Earthquake ground shaking level with a return
period of 2,500 years. These criteria were applied to fault
rupture by basing the design fault displacement on a value

calculated using PFDHA with a return period of 2,500 years
(e.g., annual exceedance probability of 1/2,500 years =
0.004 1/years in Figure 2). As the projects were related,
consistent fault rupture design criteria were desirable. The
more stringent 2,500-year return period was used for the
PFDHA for both the light rail and heavy rail bridges. The
performance objective under these loading conditions was
for collapse prevention.
To supplement the Abrahamson (2008) methodology,
PFDHA was also conducted using Petersen et al. (2011).
The PFDHA employed a logic tree approach to address
epistemic uncertainties in analysis methodology, fault
length and down dip width, and slip rate. The Wells and
Coppersmith (1994) deterministic analyses were
supplemented
using
the
magnitude-displacement
relationships from Petersen et al. (2011). The deterministic
analyses considered median and median plus ½ and 1
standard deviation values (epsilon values of 0, ½ and 1).
Figure 2 presents the resulting mean hazard curve, with the
deterministic results plotted along the hazard curve. The
displacement at 2,500-year return period of 1.22 m was
selected for design. This value corresponded to epsilon
values of approximately ½ for most of the deterministic
calculations. A vertical displacement 0.12 m (10 percent of
the strike slip) was used for design.

Figure 2. Probabilistic and deterministic fault displacement
analysis results, and displacement value selected for
design.
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FAULT DISPLACEMENT FOUNDATION ANALYSIS
AND DESIGN SCENARIOS

Foundation design for surface fault rupture offset requires
that the fault offset magnitude and its spatial distribution be
defined. With the results of the field investigation and
calculated fault displacements as constraints, fault
displacement scenarios were developed for use in
foundation analysis and design. The faulting scenarios
accounted for the following factors: uncertainty in the
location of the primary fault; the potential for secondary
faulting to occur in an uncertain zone outside the primary
fault zone; and the potential for distributed shear strain

without discrete faulting to occur in a zone of deformation
beyond the secondary fault zones.
The design faulting assumed the primary fault offset of
1.22 m right lateral and 0.12 m reverse vertical throw could
occur anywhere within the 20-m wide primary fault zone.
The two 30-m wide secondary zones were established on
each side of the primary zone. A secondary fault with a right
lateral strike slip of 0.37 m and reverse vertical throw of 37
mm (30% of the primary fault vertical offset) could occur
anywhere within each of the secondary zones. Distributed
shear strain deformation without discrete fault ruptures was
assumed to occur in a zone outside the secondary zones.
For the zones of deformation, it was assumed that 8 cm of
displacement could occur between any two bents outside
the secondary zones.
Fault locations within the primary and secondary zones
were varied to develop three design fault offset scenarios
for foundation analysis and design. For Scenarios 1, 2 and
3 the primary and secondary faults were located near the
west, middle and east limits of their respective zones,
respectively. By varying the fault locations within the zones,
a wide range of fault-pile intersection conditions were
represented, with faults passing through the top, middle
and bottom of the piles. The fault displacement Scenario 2
is depicted graphically on Figure 3.
4

performance of large diameter CIDH piles subjected to fault
rupture.

FOUNDATION DESIGN APPROACH

The site soils consisted of fill and alluvium overburden
ranging in thickness up to 8 m overlying siltstone and
sandstone of the Ardath Shale formation. The overburden
soils generally consisted of poorly graded sand, silty sand
and clayey sand that were generally loose to medium
dense. The surficial soils were not adequate to support the
vertical bridge loads, so it was necessary to support the
bridges on foundations that extended into the Ardath
Shale. This required the use of deep foundations in all
bridge supports except for Abutment 1 of the light rail
bridge where the Ardath Shale was shallow enough for
spread footing construction. The heavy rail bridges were
designed with 2.13 m diameter CIDH piles with 25 mm thick
permanent steel casing as reinforcement. The light rail
bridge was designed with 3.05 and 3.35 m diameter
(uncased) piles with 2 percent (based on cross section
area) rebar reinforcement.
Observations from earthquake reconnaissance have
shown that massive monolithic foundations tend to perform
better than pile-group foundation systems (Bray 2001,
2009). For example, the trunks of trees with root systems
that span either side of faults have been observed to be
ripped apart, whereas monolithic telephone poles
intersected by faults have performed well (Bray 2009). With
these concepts in mind, large diameter cast-in-drilled-hole
(CIDH) piles were selected rather than groups of smaller
diameter piles. The CIDH piles were first designed for axial
and regular inertial lateral loading using conventional
design methods. The piles were then analyzed for fault
rupture using a rigorous three dimensional (3D) numerical
modeling approach as described in the following sections.
This rigorous approach was considered warranted given
the general lack of empirical or experimental data on

Figure 3. Fault offset Scenario 2 in plan and cross section.
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NUMERICAL MODELING APPROACH

Strike slip displacement of a dipping fault penetrated by
vertically oriented piles involves complex 3D geometry and
loading that cannot be captured by conventional lateral pile
analysis approaches such as beam on nonlinear Winkler
spring (p-y) foundation. A rigorous 3D numerical modeling
approach was used that included geometric and material

behavior features that are salient to soil-fault-structure
interaction problems. The finite difference program FLAC3D
(Itasca Consulting 2012) was used to perform numerical
simulations of surface fault rupture displacement effects on
the bridge foundations. Since FLAC3D uses a Lagrangian
formulation, it is well-suited for large-strain problems such
as fault rupture offset.
5.1

Modeling of Geomaterials and Faults

A 3D geotechnical model was developed using topography
and subsurface exploration data. The geomaterials at the
site consisted of fill, early Holocene to late Pleistocene
alluvium (Qya and Qoa), late Holocene stream alluvium
deposits (Qa), and Tertiary Ardath Shale (Ta) formation.
The alluvium and fill units generally consisted of loose to
medium dense poorly graded sand, silty sand and clayey
sand, which were grouped into a single ‘surficial soils’ unit
in the model. The stream deposits generally were
comprised of medium dense to dense gravel with sand and
cobbles. The Ardath Shale was comprised of poorly
indurated, massive, interbedded claystone, siltstone and
sandstone. Figure 4 shows the distribution of geologic units
and the bridge support locations in the model.

correlations with SPT blow counts, and direct shear test
data. The strain softening constitutive model parameters
are summarized in Table 1. An example of the stress-strain
behavior of the surficial soil unit from single element simple
shear simulations is presented in Figure 5.
The Rose Canyon fault is considered mature with as
much as 17 m of displacement accumulated in Holocene
time (Rockwell 2010). As such, it is reasonable to assume
that shear strength along the fault planes approaches
residual values. This condition was modeled by including
interface elements along the fault planes. The friction
angles assigned to the interfaces were set to the residual
value of the weakest material in contact with the interface.
Table 1. Summary of Constitutive Model Parameters

Material

Density
(kg/m3)

Peak /
Resid.
Friction
Angle
(deg)

Stream
Alluvium

2,003

40 / na

0 / na

4 / na

13.7

0.35

Surficial
Soil

1,971

30 / 28

12 / 5

4/0

11.6

0.35

Ardath
Shale

2,131

36 / 32

64 / 48

0/0

94.8

0.4

New Fill

2,003

40 / 30

239 / 72

5/0

31.9

0.35

Cellular
Concrete

673

42 / na

407 / na

0 / na

307

0.15

Peak /
Dilation /
Shear
Resid.
Resid.
Poisson's
Mod.
Cohesion Dilation
Ratio
(MPa)
(kPa)
(deg)

Figure 4. Isometric view of soil-fault-structure model.
Investigators have found that incorporation of dilatancy
and strain-softening behavior in numerical modeling is
essential to accurately capturing deformation observed in
the field and laboratory (Bray et al. 1994, Oettle and Bray
2013, Anastasopoulos et al. 2007). The post-peak strainsoftening model available in FLAC3D was used, which is a
linear elastic-plastic model with Mohr-Coulomb failure
criteria. Post-peak strain softening is achieved by
prescribing a friction angle, dilation angle, and cohesion
that reduce with the accumulation of plastic strain until a
residual value is reached. The post-peak strength and
dilation parameters for the model were established using
the methodology of Anastasopoulos et al. (2007), which is
based on the interpretation of direct shear test results.
Model input parameters were established using a
combination of shear wave velocity data converted to shear
modulus (with appropriate degradation for strain levels),

Figure 5. Single element simple shear simulation for
surficial soils unit.
5.2

Structural Modeling of Piles

Given the extreme loading conditions with fault shear
displacements up to 1.2 m, accurate representation of the
nonlinear pile behavior was considered important for

realistic modeling. One approach to nonlinear pile
modeling is to use beam elements that employ nonlinear
moment curvature constitutive behavior (e.g., Lu et al.
2011). This approach has the drawback that that the 3D
pile volume cannot be represented by the one-dimensional
(1D) beam element. Supplemental solid continuum
elements with artificial properties and special contact
elements must be used to represent the pile volume, and
faithful representation becomes more difficult in cases such
as this with large diameter piles subjected to large
deformation. To overcome this challenge, the structural
components of the piles were modeled explicitly: solid
continuum elements were used for the concrete, cable
elements were used for rebar, and shell elements were
used for steel casing. The pile modeling approach is
described in Lingwall et al. (2017) and is briefly
summarized below.
The linear elastic-perfectly plastic Mohr-Coulomb
constitutive model was used for the concrete. The stiffness,
cohesion and friction angle parameters of the model were
set according the recommendations of Chen (2007). Once
the tensile strength is reached, the model reduces the
tensile stress to zero, thus simulating strength reduction
associated with concrete cracking. Based on the specified
concrete strength of 27.6 MPa, the model parameters used
were density of 2,404 kg/m3, friction angle of 50 degrees,
cohesion of 5.1 MPa, Young’s modulus of 24.9 GPa and
Poisson’s ratio of 0.18.
The rebar was modeled using the cable element of
FLAC3D, which is typically used for rock bolt and tieback
modeling. This element is linear elastic perfectly plastic and
can yield in tension or compression, but cannot resist
bending moments. Nodes of the cable elements interact
with enveloping solid elements through linear elastic
perfectly plastic bond springs. The cable elements were
implemented in the pile models consistent with the pile
design, including both longitudinal and confining steel.
For CIDH piles that were designed with permanent
steel casing, FLAC3D liner (shell) elements were used to
model the casing. The liner elements are planar, triangular
and have linear elastic behavior that can resist thrust,
shear and bending. The liner elements interact with
adjacent continuum elements via linear elastic-perfectly
plastic interface elements that allow slip and separation.
The ability to capture tensile yielding behavior of CIDH pile
steel casing is important to realistic nonlinear pile bending
behavior for large-strain problems. To accomplish this, the
linear elastic liner elements, were arranged as a stacked
set of rings, and linear elastic perfectly plastic springs were
used to interconnect adjacent rings. The spring capacities
were consistent with the tensile yield strength of the steel.
Consistent with the specified pile design, the Young’s
modulus for steel was set to 200 GPa. The yield stress was
276 MPa for the steel shell casing and 414 MPa for the
rebar.
An extensive set of validation exercises were
performed for the pile and soil-pile system (Kleinfelder
2015). Structural pile bending behavior was checked by
performing simulations of fixed end cantilever beams,
simply supported beams, and fixed-fixed short column
shearing (e.g., “captive column”-like loading), and
comparing the results to theoretical solutions and physical

tests from the literature. Soil-pile interaction was validated
by simulating a soil-embedded pile with a shear load at its
head, and comparing the results to alternative solutions
calculated using the beam on nonlinear Winkler spring (py) foundation analysis and the strain wedge analyses
(Ashour et al. 2004). The agreement between 3D model
and alternate methods was good, and this is illustrated in
the example in Figure 6. Figure 7 presents an example of
one of the validation analyses, where simulation results are
compared to physical model test results from Han et al.
(2006) for a simply supported concrete-filled-steel-pipe
beam (e.g., cased pile).

Figure 6. Validation analysis for 2.74 m diameter and 36 m
long reinforced CIDH pile in medium dense sand. Depth is
below top of pile head, and the pile head sticks out 5.2 m
above ground surface. The analysis was conducted for pile
head shear loads of 0.72, 1.49, 2.53, 3.04 and 4.09 MN.

Figure 7. Validation analysis for steel-cased concrete pile.
a) physical model data (Han et al. 2006) versus FLAC3D
simulation; b) FLAC3D model with red and yellow showing

elements with tensile yield representing concrete cracking
(casing not shown).
The CIDH piles have column extensions that connect
to ‘hammer head’ seats the piers. The girders are simply
supported by the pier seats, and able to slide and rotate
without transferring significant shear or moment to the pile
extensions. Considering the minimal restraint of the piles
provided by the superstructure, the piles were modeled as
free at their heads. The weight of the bridge was included
by imposing an equivalent axial load on top of each pile.
5.3

Meshing, Boundary Conditions and Modeling Steps

Mesh generation was performed using Midas GTS NX
software. The mesh was exported and processed to a
format readable by FLAC3D. Figure 8 shows the mesh used
for fault rupture design Case 1 and Figure 9 shows the piles
and fault plane interfaces.
Initial pre-construction conditions were established in
the model by fixing the base in all directions and fixing
lateral boundaries in the normal direction, setting all
material properties to elastic, activating the gravity body
force, and cycling the model until equilibrium was achieved.
Horizontal stresses were then manually reset according to
design K0 values, and the model was again cycled to
equilibrium. Next, the plasticity parameters were activated,
the model was again cycled to equilibrium, and the
displacements were set to zero: this represented the initial,
preconstruction condition. The foundations were then
installed and the model cycled to equilibrium. Then the
axial pile loads were applied, the model solved and the
displacement set to zero: this represented the preearthquake fault rupture condition. Model results were
reviewed for reasonableness after each of the analysis
steps.

Figure 9. Scenario 2 fault planes and piles.
The fault offsets were imposed as boundary conditions
at the bottom and sides of the model. The displacements
were imposed by assigning velocities and stepping until the
total fault offsets were achieved. Since the constitutive
models used are not intended for hysteretic behavior and
since model boundary conditions and damping schemes
were not appropriate for dynamic analysis, the velocities
magnitude was kept low enough to avoid invoking inertial
and dynamic effects. Velocities were varied in parametric
analyses to determine an adequately low velocity.
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Figure 8. Scenario 2 model mesh.

MODELING RESULTS
Ground Displacements

Initial analyses performed without the presence of the piles
showed that all of the fault slip was concentrated on the
fault planes (interface elements). This was expected since
the residual strength of the interface provides weak plane
where the displacements can be concentrated. This was
desirable in the modeling since the field investigation
suggested that fault slip was concentrated in a relatively
narrow zone.
Figure 10 shows model mesh and contours of
displacements in the Y-direction, where Y is oriented with
the strike of the faults. In the south part of the model outside
of the influence of the piles, the displacements are
concentrated along the fault planes in the same manner as
was observed for models run without piles. However, the
strength and mass of the piles redistributes shear
displacement more broadly in the bridge footprint areas.
The redistribution of displacements that results from soilfault-structure interaction effects indicates that use of the
free field ground displacement is not appropriate for use in
design of pile-supported bridges.

Figure 10. Contours of displacements in the Y-direction.
6.2

Pile Response

Figure 11 presents output for five of the ten 2.13-m
diameter CIDH piles with permanent steel casing that
support the heavy rail bridge. This sampling was selected
to illustrate the range of observed behavior.
The center of Pile P5-MT1 intersects the secondary
fault plan offset of 0.12 m at a distance of 10.4 m below the
ground surface. The intersection depth is approximately
1/3 of the length of the pile from the ground surface. In this
case, the force of the soil pushing on the upper 1/2 of the

Figure 11. Displacement, shear and moment diagrams

pile results in minimal moment and shear demands on the
pile.
Piles P4-MT2 and P3-MT1 are intersected by the
primary fault, which subjects the piles to 1.22 m strike slip
and 0.12 m reverse offset. The fault plane intersects pile
P4-MT2 and P3-MT1 at depths of 8.5 and 15 m
(approximately 1/3 and 1/2 the length of the pile below the
pile head), respectively. In this case of shearing near the
middle of the pile, the piles are gripped by the hanging wall
and foot wall blocks and the piles experiences loading
similar to the offset of a beam fixed at both ends. For P3MT1 the loading causes double plastic hinge zones to
develop on either side of the fault. The shear capacity is
reached in the zone where the fault intersects the pile. The
moment induced in P4-MT2 is close to the moment
capacity of the pile and the shear capacity is reached near
the fault plane. In freestanding columns, double plastic
hinging such as this results in a collapse mechanism.
However, the piles maintain their full axial load bearing
capacity because of the confinement of the steel
reinforcement and surrounding geomaterials.
Piles P2-MT2 and P1-MT1 are subjected to secondary
fault offsets a depth approximately 1/3 and 1/2 of the pile
length from the pile head. The displacement profile of Pile
P2-MT2 shows an inflection point at a depth of 10 m. This
is in contrast to Pile P1-MT1, where a double bending
mechanism is developed. The difference in these two
responses is a result of the depth at which the fault
intersects the pile: the double bending mechanism occurs
when the fault intersects near the mid-point of the pile while
the single bending mechanism occurs with the fault
intersecting at 1/3 the length from the pile head. In either
case, the maximum bending moments do not reach the pile
moment capacity. Like all other cases, the piles maintain
their axial load carrying ability and did not develop a
collapse mechanism.

6.3

Foundation Displacements for Bridge Column and
Superstructure Design

Foundation displacements and rotations from soil-faultfoundation modeling results were provided to the bridge
designers for their structural analysis and design of the
bridge columns and superstructure. The fault-related
foundation displacements and rotations were combined
with inertial loads to evaluate structural demands.
Among other displacement/rotation modes, rotation
about the axis of the pile occurred in some of the piles. This
movement can be important in the design of the bridge
seats and girders. This mode of pile movement can only be
captured in 3D analyses.
The design incorporated structural features to
accommodate the fault displacements: articulating simple
spans, widened seats, and shear pin fuses that restrain the
girders under static and low-shaking events but that
release the fixity during fault rupture.
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SUMMARY AND CONCLUSIONS

Extensive field investigations and probabilistic and
deterministic fault rupture displacement hazard analyses
characterized the surface fault rupture displacement
hazard at a bridge crossing site. Calibrated 3D soil-faultfoundation numerical modeling of the developed fault
rupture design scenarios provided important insights. The
analyses captured the complex 3D nature of the
stratigraphy, foundation layout, and fault rupture offsets.
They also incorporated salient constitutive material
behavior such as dilatant and strain softening geomaterial,
nonlinear pile response, and interfaces at fault planes and
between structures and soil.
The modeling results show that structural pile response
varies with pile characteristics, fault offset magnitude, and
the relative depth at which the fault intersects the pile.
Interaction of the soil-fault-pile system causes the pile
displacement to differ from free field soil displacements and
causes rotations for the pile heads that translated to
additional displacements at the girder seat level. Free field
displacements are not appropriate for design of pilesupported bridges.
Even in the most extreme pile loading case considered
in the design (i.e., one that generated a double-hinging
mechanism in the pile), the piles maintained their vertical
load carrying integrity and did not develop a collapse
mechanism. The analytical results demonstrated that the
bridge foundations could accommodate the design fault
rupture while achieving the seismic design performance
objective of no-collapse.
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