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Abstract The dynamic response and seismic performance of bridges may be appreciably
affected by numerous contributing factors, with soil–structure interaction being the domi-
nant exogenous influence. The most familiar form is the so-called soil–pile interaction, but
embankment–abutment interaction is also documented through field observations and analyt-
ical investigations, particularly evident in integral R.C. bridges. Recent studies have shown
that this form of interaction may significantly alter the bridge response and should be taken
into account during design and assessment, especially in the case of typical highway over-
crossings that have abutments supported on earth embankments. In light of this emerging
problem and in order to facilitate quantitative estimates of the interaction effects, the question
of appropriate modeling and seismic assessment of R.C. integral bridges is the main object
of the present paper. Based on already established procedures to account for soil–structure
interaction, a new approach is proposed to model the contribution of the embankment, the
bent and the abutments to the overall bridge response. Furthermore, the capacity curve of
the entire bridge system is evaluated through the implementation of Incremental Dynamic
Analysis (IDA), therefore allowing for seismic assessment of the complex superstructure–
foundation system with well established displacement based procedures. Using as a bench-
mark case two typical instrumented U.S. highway bridges located in California, the proposed
method is implemented and provided results from this analysis are correlated successfully
with available field data. Results obtained from the analysis indicate excessive displacement
demands for the entire bridge–embankment system owing to the embankment contribution
and the soil degradation under increasing shear strains. Furthermore, seismic performance
is strongly related to the central bent deformation capacity, with soil–pile interaction effects
being of critical importance.
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List of symbols
u(x, y) Embankment displacements as a function of x and y

coordinates
ρ, G(z) Soil density and Soil shear modulus as a function of depth z
Bc, Lc Effective Embankment Crest Width, Embankment Critical

Length
H, L Embankment Height, Embankment Length
fs, D Pile skin resistance, Pile diameter
x, y, z Transverse, Longitudinal and Vertical axes

(Embankment model)
�(y, z) Deformation shape as a function of y and z coordinates

(Embankment model)
M∗

tot, K ∗
tot, C∗

tot Generalized mass, Stiffness and Damping Coefficient (for the
generalized SDOF representation of the Embankment)

�∗
tot, ξ Generalized system excitation factor, damping ratio of the

consistently-linearized Embankment model
Y (t) A time dependent generalized coordinate

(Embankment model)
ug Imposed ground displacements
Mcenter, Medge Deck mass (center), Deck mass (edge) (Deck–pier–abutment

substructure model)
Memb, Cemb Embankment lumped mass attached on the deck, lumped

damper property attached on the deck to represent the
embankment contribution (Deck–pier–abutment substructure
model)

Kdeck, Kbent, Kabut Kemb Deck stiffness, Bent stiffness, Abutment stiffness and
Embankment stiffness contributions to the deck–pier–abutment
substructure model.

utot, u1, α1 Total transverse displacements, Bent relative transverse
displacements, Bent–abutment displacement ratio

uy, u D, µd Apparent Yield Displacement, Displacement Demand,
Displacement ductility (bridge–embankment system)

pl , ph
s,vol, P/Ag fc Longitudinal reinforcement ratio, transverse volumetric steel

ratio of the column cross-section, axial load ratio.

1 Introduction

Appropriate modeling and seismic assessment of typical integral highway overcrossings are
the main issues investigated in this paper, with particular emphasis on the modification of
dynamic response effected by the supporting soil conditions and soil–superstructure inter-
action (Priestley et al. 1996; Mackie and Stojadinovic 2003; Kappos et al. 2007 ). Clearly,
stiff soil conditions are approximated adequately by the assumption of fixed bridge supports;
such an assumption would be realistic in the case of small intensity excitations. However,
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due to the propensity of the soil to undergo stiffness degradation under increasing deforma-
tion, soil compliance becomes increasingly important with the intensity of seismic demand.
Therefore, in order to obtain a consistent representation of bridge response to a wide range
of imposed ground excitation intensities, it is important to account for the significance of
soil–pile and abutment–embankment interaction in an expanded bridge deck–pier–abutment
superstructure model. Of these two types of interaction, the embankment–abutment interac-
tion has received attention only recently; here the soil mass is considered to interact inertially
and kinematically with the entire system (deck–pile foundation–abutments–bents) and this
kind of interaction may have significant effects especially during strong intensity ground-
excitations.

A few simplified models have been used to approximate the dynamic response of high-
way overcrossings when accounting for embankment–bridge interaction. The basis for most
of these approaches has been the so-called “shear wedge” approximation for the approach
embankment (Wilson and Tan 1990a,b; Wissawapaisal 1999; Inel 2001; Inel and Aschheim
2004). In order to approximate the embankment mobilization with a lengthwise uniform
shear wedge in these studies, values of “embankment effective length-Leff “ were identified
through correlation of analysis results with recorded responses. Zhang and Makris (2001,
2002a,b) also investigated the problem and proposed simplified stick models for the estima-
tion of the seismic response of highway overcrossings based on a one dimensional analytical
model for the approach embankments (Gazetas 1987). Springs and dashpots were attached
on the bridge deck to simulate the bent and abutment contribution to the response of the entire
system. Values of “embankment critical length-Lc” were provided by a derived closed form
relationship, dependent only on the embankment cross-sectional geometry. Factors contrib-
uting to bridge–embankment interaction were also studied by Price and Eberhard (1998) who
proposed a modeling method based on detailed 3D equivalent elastic analysis. Other studies
quantified the embankment contribution through various identification procedures from the
recorded field data of instrumented bridges (McCallen and Romstad 1994; Goel and Chopra
1997).

Clearly, bridge–embankment interaction is a problem of considerable complexity. Despite
the notable number of models published in this field, a pressing need still remains for a gen-
eral procedure applicable to a wide range of bridge systems and soil conditions. The basis
for development of a generalized procedure lies in the solution of the field equations of the
embankment’s dynamic response (Kotsoglou and Pantazopoulou 2007a). To use this solution
in the context of an overall bridge model, bridge–embankment inertial and kinematic interac-
tion was simulated through appropriate masses, springs and dashpots (to account also for the
increased energy dissipation of the soil mass owing to its hysteresis), whereas the embank-
ment contribution to the bridge response was quantified explicitly through the critical length
evaluation based on the derived field equations, given as a function of many contributing
factors (i.e. imposed boundary conditions, soil shear modulus, and embankment geometry).
In implementing the proposed two dimensional modeling approach, there is no requirement
for prior knowledge of any participating factor that may contribute to the overall dynamic
response of the system.

Using this general approach to quantify soil–structure interaction and embankment mobili-
zation, the present paper is focused on assessment and design guidance for highway overcros-
sings. The capacity curve of the entire system is established through Incremental
Dynamic Analysis (I.D.A., Vamvatsikos and Cornell 2004), in order to account for the
dependence of the system’s dynamic characteristics on the magnitude of shear deforma-
tion as induced by ground excitations of different intensity. Seismic assessment and design
of highway overcrossings is based on a simplified ESDOF representation in conjunction with
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Fig. 1 a Bridge abutment supported on earth embankment (assembly), b Stiff bridge abutment and c Abutment
on shallow foundation

acceleration-displacement response spectra. The proposed assessment and design method is
implemented in the case of two well documented and instrumented integral bridges under a
wide range of earthquake records. The analysis results show that a significant degree of non-
linearity, evident in the overall response of the system, is owing to the bridge–embankment
interaction and the progressive embankment-soil shear-modulus degradation. In the case
studies considered, in light of the imposed excessive displacement demands, the capability
of the central bent columns to undertake successfully the superstructure loads is strongly
dependent on the soil foundation properties and soil–pile interaction effects.

2 Seismic assessment of highway overcrossings

The model bridge structure considered in the present paper is a typical highway overcrossing
with abutments supported on approach embankments through a flexible pile foundation (typ-
ical of US highway construction, Fig. 1a). Owing to soil nonlinearity, embankments exhibit
increasingly compliant performance under high shear deformation levels and therefore soil
displacements at bridge abutment supports may be significant, particularly in the transverse
direction. At that stage, the integral superstructure is driven almost as a rigid body by the
embankment motion (Inel 2001). This response drives also the central bent piers which
undergo significant deformation demands. The type of response described is less prevalent
in the European typical bridge structure, where usually stiff abutments supported on stiff,
large diameter piles are constructed. Nevertheless, even in these cases, inertial and kinematic
bridge–embankment interaction can still become significant, the more so in the longitudinal
direction of the bridge. Appreciable soil–structure interaction is expected in case of abut-
ments founded on large pilecaps due to mobilization of the supporting soil (Fig. 1b) but
also in case of flexible shallow foundations (Fig. 1c) where embankment inertial and kine-
matic contributions to the overall response become significant as the foundation flexibility
increases.

3 Bridge–embankment interaction under transverse ground excitation

In the proposed approach, the bridge–embankment system is idealized as a series of substruc-
ture models which are interacting at the contact degrees of freedom (Fig. 2). In each of these
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Fig. 2 Simplified deck–pier–abutment substructure and embankment models

models, the effect of the adjacent interacting substructure is represented through lumped
masses, springs and dashpots attached at the point of contact. In the case of the embankment
model, the lumped properties represent the contribution of the deck–bent–abutment substruc-
ture, whereas in the case of the deck–bent–abutment model, the lumped properties represent
the contribution of the embankment substructures (to the left and right of the bridge).

For the embankment substructure, explicit analytical solutions are provided based on the
two dimensional analytical model originally developed from first principles (Kotsoglou and
Pantazopoulou 2007a). According to the model, the equation of motion of the embankment
is:

−ρ · ütot + d

dz

(
G(z) · du

dz

)
+ d

dy

(
G(z) · du

dy

)
= 0 (1)

The above is reduced to the response of an ESDOF system vibrating in a single mode, which
here is approximated by the fundamental mode of vibration of the embankment, �(y, z). In
the embankment model, properties of the lumped elements at the contact node are estimated
from the deck–pier–abutment substructure model. For this purpose, a set of three degrees
of freedom are considered on the deck: u1 is the transverse displacement at the center of
mass, and u2, u′

2 the transverse displacements at the points of contact with the embankment,
taken here proportional to u1 through coefficient a1 (i.e.,u2 = a1 · u1), (Fig. 3). With ref-
erence to the simplified embankment model shown in Fig. 2, and after consideration of the
boundary conditions imposed by the bridge (Fig. 3), the general equation of motion for the
bridge–embankment system is provided through virtual work analysis:

1/2Mcenter · ütot,1 + a1 · (Medge + Memb) · ütot,2 + Cemb · a2
1 · u̇1 + 1/2Kbent · u1

+a2
1 · (Kemb + Kabut) · u1 + Kdeck · u1 · (1 − a1)

2 = 0

which is further expanded to:

1/2Mcenter · (ü1 + üg) + (Medge + Memb) · (a2
1 · ü1 + α1 · üg) + Cemb · a2

1 · u̇1

+1/2Kbent · u1 + (Kemb + Kabut) · α2
1 · u1 + Kdeck · u1 · (1 − a1)

2 = 0
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Fig. 3 Simplified deck model

Thus, to approximate the complex bridge response through the response of its center of deck
mass, the following generalized SDOF equation of motion need be solved in time:

[1/2Mcenter + α2
1 · (Medge + Memb)] · ü1 + Cemb · a2

1 · u̇1

+[1/2Kbent + α2
1 · (Kemb + Kabut) + (1 − a1)

2 Kdeck] · u1

= −[1/2Mcenter + a1 · (Medge + Memb)] · üg (2)

From (2) and assuming the case of uniform displacement distribution along the deck (a1 = 1,
as is usually observed in short bridges with symmetric spans), the contributing dynamic prop-
erties of the superstructure are carried over in equal amounts to both embankments (Eq. 3):

[1/2Mcenter + Medge + Memb] · ü1 + Cemb · u̇1 + [1/2Kbent + Kemb + Kabut] · u1

= −[1/2Mcenter + Medge + Memb] · üg (3)

Based on the general case study (Eq. 2) and selecting the central bent coordinate as a refer-
ence point, dynamic characteristics of the embankment model of Fig. 2 are provided in (4):

M∗
tot = 1/2Mcenter + α2

1 · (Medge + Memb) = 1/2Mcenter

+ a2
1 ·

(
Medge + Bc ·

∫ Lc

0

∫ H

0
ρ · �2(z, y) · dz · dy

)
(4a)

�∗
tot = [1/2Mcenter + a1 · (Medge + Memb)] = 1/2Mcenter

+ a1

(
Medge + Bc ·

∫ Lc

0

∫ H

0
ρ · �(z, y) · dz · dy

)
(4b)

K ∗
tot = 1/2Kbent + α2

1 · (Kabut + Kemb) + (1 − a1)
2 Kdeck

= 1/2Kbent + (1 − a1)
2 Kdeck + a2

1 ·
[

Kabut − G · Bc

×
(∫ Lc

0

∫ H

0
�(z, y) · d2�(z, y)

dz2 · dz · dy+
∫ Lc

0

∫ H

0
�(z, y) · d2�(z, y)

dy2 · dz · dy

)]

(4c)

where, Bc is the embankment average width, and G the embankment soil average shear
modulus. These properties along with the damping coefficient C∗

tot = a2
1 · Cemb (note that

the embankment contribution is considered a major source of damping), are used to formu-
late the equation of motion of the generalized ESDOF system representing the embankment
substructure:
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M∗
tot · Ÿ (t) + C∗

tot · Ẏ (t) + K ∗
tot · Y (t) = −M∗

tot · �∗
tot

M∗
tot

· üg (5)

where Y (t) is the response amplitude of the reference node and M∗
tot is the generalized mass

of the embankment substructure. From (5) it follows that the response Y (t) is calculated
for a ground acceleration record scaled by parameter �∗

tot/M∗
tot (alternatively if a spectral

approach is used, accelerations, velocities, and displacements obtained from the spectrum
are to be divided by the same parameter).

Terms m1 = 1/2Mcenter+α2
1 ·Medge and K1 = [1/2Kbent + α2

1 · Kabut + (1 − a1)
2 Kdeck]

represent the mass and stiffness contribution of the bridge deck, attached on the embankment–
deck contact node, with coordinates (y, z) = (0, 0) (embankment model of Fig. 2). During
analysis of the entire system, the central bent coordinate is considered as the reference node.
For typical highway overcrossings with flexible bents and abutments, the fundamental mode
of vibration of the embankment is: �(z, y) = cos(z ·√−µ) · (ey

√
λ + e2Lc

√
λ · e−y

√
λ)/(1 +

e2Lc
√

λ), where the coefficients λ,µ are evaluated analytically (Kotsoglou and Pantazopou-
lou 2007a). In the present work, the dynamic response of the embankment model is evaluated
by solving (5) in time, using standard time integration techniques. The result obtained for the
response of the reference node is then correlated with the response obtained for the same ref-
erence point but from the other substructure assembly of the bridge idealization, comprising
the abutments, bent and pile foundations (Fig. 2). Thus, the responses of the two substructures
referring their point of contact are correlated through an iterative process in order to attain
compatible displacement time histories at that interacting degree of freedom. In this process,
the model of the embankment substructure is evaluated first, based on realistic assumptions
for the superstructure properties attached to the embankment–deck contact node (Kotsoglou
and Pantazopoulou 2007a). Then the deck–pier–abutment substructure model is re-calculated
using the simplified frame representation of Fig. 2, with the embankment properties that were
estimated in the previous step being attached to the embankment–deck contact node in order
to verify the initial assumptions made. Note that a primary result of this analysis segment,
which is of particular importance for the relevance of the successive iteration cycle, is the
estimation of the shape of transverse vibration of the deck and in particular the ratio of dis-
placement at the contact node, to that of the center of mass, a1. This is needed in order to
estimate the work-equivalent properties for the lumped mass and spring which are attached
at the embankment–abutment contact point in order to represent the impedances imposed
by the bridge–substructure on the embankment model. Another important ingredient for the
same purpose is the pushover curve of all individual participating components of the deck–
bent–abutment system wherever inelasticity is expected to occur, such as the central bent
and the abutment pile foundation sub-system. Secant-to-yield stiffness values are initially
assumed to represent each substructure. Furthermore in the deck–bent–abutments substruc-
ture assembly, properties of the lumped elements at the contact node are estimated from the
embankment terms of Eq. 4:

Kemb = a2
1 ·

[
−G · Bc ·

(∫ Lc

0

∫ H

0
�(z, y) · d2�(z, y)

dz2 · dz · dy

+
∫ Lc

0

∫ H

0
�(z, y) · d2�(z, y)

dy2 · dz · dy

)]
,

C∗
tot = a2

1 · Cemb Memb = a2
1 · Bc ·

∫ Lc

0

∫ H

0
ρ · �2(z, y) · dz · dy
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Fig. 4 a Evaluated and recorded dynamic response of the PSO during the 1992 Petrolia, Cape Mendocino
main event, considering bridge–embankment interaction and b Calculated response obtained from conven-
tional model without considering SSI effects (note the scale difference between (4a) and (4b))

4 Application to instrumented U.S. highway overcrossings

The model is used to calculate the dynamic responses of two well documented U.S. high-
way two-span bridges located in California, known in international literature as the PSO (for
Painter Street Overcrossing) and the MRO (for Meloland Road Overcrossing). Both bridges
are located in high seismicity regions near major faults and were instrumented as part of
the California Strong Motion Instrumentation Program (CSMIP) in 1977. Since then, a sig-
nificant database has been assembled from recorded responses during strong or moderate
intensity excitations. Additional information regarding the geometry and material properties
is provided elsewhere (Wissawapaisal 1999).

4.1 Dynamic response of the PSO during the Petrolia, Cape Mendocino Earthquake, 1992

The PSO is a prestressed concrete box-girder bridge (located in Rio Dell, California) having
two spans of 44.5 and 36.3 m, supported on end abutments that are monolithically connected
to the deck and a two column central bent. Both abutments and the central bent rest on
driven concrete friction piles and are skewed at an angle of 39 degrees measured from the
transverse direction. In 1992, the bridge was subjected to the Cape Mendocino, Petrolia
Earthquake. Based on the recorded free-field accelerations, extensive analytical studies were
conducted using the proposed model (Kotsoglou and Pantazopoulou 2007a) and displace-
ment time histories of the entire bridge were evaluated providing excellent agreement with
recorded responses (Fig. 4a). For the ground excitation intensity level under examination,
the convergent value for the soil shear modulus G was 8 MPa and the corresponding modal
damping value ξ was 26%. The estimated embankment critical length value was Lc ≈ 11 m.
The PSO response estimated with conventional modeling procedures that neglect bridge–
embankment interaction effects is also plotted in Fig. 4b. Standard P −x and F −z horizontal
and vertical soil–pile springs were utilized based on the soil properties, while the adopted
modal damping value during analysis was 5%. Evidently, neglecting bridge–embankment
interaction effects leads to significantly underestimated displacement demands. This, from
an assessment perspective, is rather unconservative.

4.2 Dynamic response of the MRO during the Imperial Valley Earthquake, 1979

The MRO is a concrete box-girder bridge having two equal spans of 31.7 m, supported on
end abutments monolithically connected to the deck and a single-column central bent. Both
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Fig. 5 Evaluated and recorded dynamic response of the MRO during the 1979 Imperial Valley main event,
considering bridge–embankment interaction

abutments and the central bent rest on driven timber piles. The bridge is located near El
Centro, California and in 1979 was subjected to the Imperial Valley Earthquake. Along the
same line with the PSO, based on the recorded free-field accelerations, extensive analytical
studies were conducted implementing the proposed model. Despite the satisfactory conver-
gence between alternative models for the case of the PSO, significant variations are found
in the literature between different investigations, regarding the estimation of the initial soil
shear modulus Gmax for the MRO. Conflicting initial soil shear modulus values are reported
ranging from 19.4 MPa (Zhang and Makris 2002a) to 77MPa (Price and Eberhard 1998).
From calibration of analysis with field records, Inel (2001) suggested a value of 43.2 MPa
in order to provide compatible results with recorded responses. In the present study, from
calibration of calculated results obtained with the model for the Imperial Valley 1979 strong
motion record, very good agreement with recorded responses was found for Gmax = 35 MPa
(Fig. 5). From implementation of the proposed analytical model (Kotsoglou and Pantazopou-
lou 2007a), the convergent value for the degraded soil shear modulus G was 3.8 MPa and
the corresponding modal damping value ξ was 26%. Furthermore, the critical length value
was estimated at Lc ≈ 9 m.

5 Capacity curve evaluation

To use the proposed modeling procedure with established displacement-based seismic assess-
ment methods, an adequate representation of the system’s Capacity curve is required. Al-
though in ordinary structures a conventional Pushover Analysis is appropriate, in case of
highway overcrossings, significant uncertainties may be introduced due to the considerable
modification of the system’s dynamic characteristics as a result of ground excitation intensity.
Increasing embankment mobilization during strong intensity ground excitations and the soil
degradation under increased shear deformation levels, are identified as major sources of this
irregularity. Therefore, in studying the dynamic response of approach embankments, contrib-
uting factors such as the degree of soil mobilization (described by the term “critical length
Lc”), the stiffness and the deformation shape, may vary significantly during the response
of the system. Under these circumstances, even well known conventional force reduction
factors (R-factors) that are used widely for seismic assessment may not be applicable.

In the present study, an adaptive capacity curve of an ESDOF bridge–embankment approx-
imation is defined, that incorporates the variation of the system’s dynamic characteristics
under different performance levels. Calculations are performed using Incremental Dynamic
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Analysis—IDA (Vamvatsikos and Cornell 2004). Thus, to define the dynamic characteristics
of the system and the capacity curve, equivalent elastic analysis is conducted iteratively for a
wide range of earthquake intensity levels. (Iteration is needed so that the level of deformation
demand attained at maximum response is compatible with the assumed degraded material
moduli). Earthquake intensity is controlled by scaling up or down a set of representative ac-
celerograms so as to attain different levels of peak acceleration. Note that within the context
of analysis of the systems’ resistance, IDA enables comparison of bridge responses to differ-
ent ground motion records at the same level of peak acceleration as well as calculation of the
pushover curve without requiring prior assumptions as to the pattern of applied forces; how-
ever, from a seismological perspective, there are objections to scaling down strong motion
records in order to represent low intensity ground motions, as such an approach overlooks the
differences in frequency content that characterize low intensity from large intensity ground
motions.

For every level of ground acceleration considered, the critical embankment length Lc

and the dynamic characteristics of the corresponding ESDOF system are evaluated after
convergence of the iteration, and therefore the dynamic response of the entire bridge sys-
tem is determined based on the proposed simplified deck model. The capacity curve of the
system is generated from the evaluated pairs of peak “Force-Displacement” values (total
base shear vs central bent relative displacement at the top) (Kotsoglou and Pantazopoulou
2007a,b). Separate pushover analysis was conducted in order to obtain the resistance curve
of the bent-columns substructure (Fig. 6). Since the embankment–abutment system and the
pier–bents function as springs in parallel in resisting the lateral motion of the superstruc-
ture, with the bent being usually the weakest mechanism, it is assumed that the ultimate
displacement capacity of the overall system is controlled by this particular substructure.
During design, the assumption of fixed base support for the bent columns yields conser-
vative estimates of force demands. In the present case however, force resistance is not the
main objective; rather, central bent columns need be designed to undertake the displacement
demands of the entire bridge system. Here it is of great interest to investigate the actual
seismic performance of the PSO bent, based on a simplified approach (more sophisticated
modeling approaches may be found elsewhere (Mylonakis et al. 1997)). According to the
geotechnical investigation (Heuze and Swift 1991), the soil profile at the location of the bent,
consists of moderately compacted layers, with clayey silt and sand, silty sand with clay,
sandy silt with clay and a very stiff brown clayey fine sand stratum. The underlying stratum
consists of very dense gravelly, silty sand. From the above it is concluded that the undrained
soil shear strength is ranging between 25 and 400 KPa depending on the soil stratum of
interest.

A frame model is used in order to conduct the pushover analysis of the central bent (Fig. 6).
Beam-column elements were used for the simulation of the bent columns, while appropriate
plastic hinges were applied at each element node based on the moment curvature diagram
of the column cross section (Fig. 7). Soil horizontal and vertical impedances acting on the
pile foundation were represented through the use of appropriate P − x and F − z springs.
Standard P − x spring values may be derived based on the well known soil subgrade reaction
modulus Ko, as a function of the soil type and depth (Bowles 1996), whereas F − z springs
representing the soil–pile contact (skin) resistance fs , were evaluated based on the Tomlinson
(1971) method. The total capacity of each pile group is estimated introducing the simplifying,
well known Converse-Labarre (Bowles 1996) group efficiency coefficient, (Eg ≈ 0.62), for
friction piles. The resistance of the surface contact (skin resistance) is given by:

fs = aadh · c + q̄ · Klat · tan δ (6)
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Fig. 6 PSO central bent capacity curve evaluation accounting also for soil–pile interaction

Fig. 7 Bent-column Moment-Curvature diagram of a typical California Overpass

where aadh is the adhesion factor, c is the average cohesion (or su the undrained shear
strength) for the stratum of interest, q̄ is the effective stress, Klat is the coefficient of lateral
earth pressure and tan δ the effective friction angle.

Based on the above, the ultimate surface pile capacity is evaluated approximately equal
to Ps ≈ 400K N . In order to account for the surface friction impedances, vertical F − z
inelastic springs were also attached on the model of Fig. 6. The ultimate F − z spring force
is considered to be fully utilized at a pile displacement of 0.05D. The pushover curve of the
entire bent is also plotted in Fig. 6. On the plot the estimated first yield of the concrete bent
column is marked, indicating that the first plastic hinge is formed at a bent displacement value
of 60 mm. Considering that the bent column yield displacement for the case of fixed supports
is approximately 23 mm, it is concluded that the bent columns during the Petrolia Earthquake
remained essentially elastic owing to the soil compliance and rotation of the foundation. This
conclusion is in agreement with the field observations after the earthquake but also with
studies by other investigators (Goel and Chopra 1997). The soil structure interaction altered
dramatically the expected seismic performance by alleviating the flexural rotation demands
of the column. It should be emphasized that in case of fixed support conditions, the displace-
ment demands of the entire system are expected to be undertaken by the reinforced concrete
columns. Therefore during design, it is realistic to recommend detailing of the bent columns
based on the assumption of fixed supports (Inel and Aschheim 2004). Explicit models for the
estimation of column rotation capacity may be used for assessment (Panagiotakos and Fardis
2001) (here, ultimate displacement capacity of the bent substructure is associated with loss
of lateral load resistance). Based on tests it appears that the vertical load carrying capacity
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Table 1 Imposed Ground Motion Records, [Mw = Magnitude, MF = Magnification Factor]

Ground-motion MF Date PGA (g) Mw Geologic Fault Type/Comments

USA_Petrolia 1.0 25/4/1992 0.472 6.4 –

Japan_Kobe-Takatori 1.0 16/1/1995 0.616 6.9 Near fault-Strike slip

Japan-(EW) Off Iwate Pref. 1.0 6/12/1968 0.167 7.2 Strike-slip

Japan-(NS) Off Iwate Pref. 1.0 6/12/1968 0.195 7.2 Strike-slip

Japan-(EW) Off Iwate Pref. 3.0 6/12/1968 0.501 – Strike-slip

Japan-(NS) Off Iwate Pref. 3.0 6/12/1968 0.585 – Strike-slip

IRA-A 1.0 – 0.453 7.8 Strike-slip with a thrust component

IRA-B 1.0 – 0.351 7.8 Strike-slip with a thrust component

IRA-C 1.0 – 0.552 7.8 Strike-slip with a thrust component

Fig. 8 Pushover Curve Estimation implementing the proposed method a PSO and b MRO

of the system is significantly impaired past that point (Elwood and Moehle 2004 ). For this
reason, exceedance of the ultimate displacement capacity of the bent is identified as failure
for the system. Target displacement demands provided by bridge codes may be used in pier
design (CALTRANS 2006), (for example, current CALTRANS (2006) provisions, suggest
target displacement ductility for single column bents and for multi-column bents equal to
µd = 4 and µd = 5, respectively).

An objective of the present section is to evaluate the capacity curves of the entire bridge–
embankment system. Again, here the well documented PSO and MRO records are used as
benchmark and the capacity curves of these systems were evaluated by implementing the pro-
posed procedure. A considerable number of characteristic ground-motions were used during
analyses in order to cover a wide range of expected excitations. Some major ground-motions
that were used among others for the evaluation of the PSO Capacity Curve are listed in
Table 1. The Japan_Kobe-Takatori record is considered a representative near-fault excitation
while the Japan-EW and Japan-NS events are records with unusually high frequency in the
major loading cycles (Japan-Off Iwate Pref 1968). Additionally, the use of an artificially gen-
erated accelerogram set, corresponding to a strike-slip fault with a thrust component would
be relevant (IRA-A, IRA-B, IRA-C), (Mori and Crouse 1981; Papazachos 1996; Theodulidis
2002). Generated capacity curves of the PSO and the MRO are plotted in Fig. 8a and b in
terms of base shear vs. central bent displacement, based on convergent soil shear strains for
the embankments.
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A set of “Force-Displacement” pairs is obtained in response to the various records. A
single representative capacity curve is then drawn as the statistical average of the available
sample. Results are shown for the two bridges by the dashed trend lines in Fig. 8a and b and
are used in the remainder for demonstration of the intended method of seismic assessment.
Also plotted in Fig. 8a is the pushover curve for the PSO provided by Inel and Aschheim
(2004), obtained after estimation of the effective embankment length through calibration of
calculated with recorded responses. Pushover curves obtained from the two approaches for
the PSO system are in good agreement with consistent estimates for the yield displacement
of the entire system. Significant strain-hardening is obtained in both cases considered, owing
to the stabilization of the G/Gmax ratio to an almost constant residual value for very large
strains following the abrupt degradation from the peak. Thus, at that stage of response, the
embankment system participates to the response almost through constant kinematic imped-
ances as a function of the embankment critical length. Also plotted in Fig. 8a and b are the
target displacement ductility demands estimated according to CALTRANS (2006) for the
conservative case of stiff pile–foundation (fixed supports).

Estimation of the critical embankment length is considered an important step, since this
variable quantifies the mobilization of the embankments to the bridge response. Increased
embankment length, leads to significant post-elastic stiffness for the entire bridge–embank-
ment system.

6 Displacement based assessment

Given the capacity curve of the ESDOF approximation of the entire bridge system also
accounting for soil–structure interaction, familiar methods to estimate the system’s perfor-
mance are applicable (e.g. the “Capacity Spectrum” method (Fajfar 1999), the “N2” method
(Fajfar 2000) and the “Yield Point Spectra” method Aschheim and Black 2000). In all cases
mentioned, the performance point (i.e. the anticipated displacement and force demand under
a given seismic hazard) is determined by superimposing the capacity curve (properly scaled
bilinear approximation through use of the equal area rule) on the response spectrum of the
design hazard (eg. design spectra, or any ground motion spectra drawn in ADRS format,
either elastic with high damping when using the capacity-spectrum approach, or isoductile
Yield Point Spectra, when using the YPS approach, Fig. 9). For simplicity, the Newmark and
Hall (1973) R −µ− T relationships were used to construct the YPS Spectra. For compatible
units, the capacity curve is normalized with respect to weight. In the problem considered,
where the degree of embankment mobilization depends on the level of earthquake intensity,
the resulting modifications of the generalized mass of the ESDOF according with Eq. 2 should
be also considered.

Displacement demands for the PSO and the MRO are estimated under a wide range of
actual earthquake excitation events recorded in California (Fig. 10). A general design and
assessment procedure for highway overcrossings using the YPS is as follows:

• Based on the seismicity of the bridge region select an adequate number of representative
ground-motions (intensity, duration, fault type, distance from the epicenter, etc).

• Through IDA of the generalized ESDOF representation of the bridge–embankment sys-
tem (Eq. 2) evaluate the pushover curve of the entire system, and consistently convert to a
bilinear statistical average curve. In defining the knee point in the bilinear curve, owing to
the significant strain hardening that characterizes embankment participation under large
strains, the equal-areas rule should be used.
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Fig. 9 The Yield Point Spectra-YPS method (Aschheim and Black 2000)

Fig. 10 Imposed excitations considered in application of the proposed model to the PSO and MRO examples

• The apparent yield force and associated displacement characterize the entire bridge–
foundation–embankment system. In this context, the “yield” point is the point of abrupt
slope change in the approximated bilinear pushover curve, and thus, it may correspond
to a displacement level past the occurrence of significant nonlinear events in some of the
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individual components of the system (possible sources of nonlinearity are the rotation
of the foundation support due to soil compliance, embankment soil degradation, and
yielding of the piers). This method of defining an apparent yield point is meaningful for
bridge–embankment systems with significant post-elastic stiffness.

• Based on the elastic branch of the bilinear curve and the estimated yield displacement,
evaluate the corresponding soil shear strain γ and therefore the damping ξ using appro-
priate “damping-shear strain” curves provided in the literature for a wide range of soil
types (AASHTO-83 1988; Iwasaki et al. 1978; Tatsuoka et al. 1978; Vucetic and Dobry
1991; Seed and Idriss 1970).

• Obtain the bundle of YPS curves for any ground-motion spectrum that describes the refer-
ence seismic hazard for various ductility levels. For simplicity well known R−µ−T rela-
tionships are used (eg. Newmark and Hall 1973). Damping is provided from the previous
step.

• Scale the pushover curve (as described in Sect. 6.1) and evaluate the seismic demands in
terms of displacement ductility by plotting the scaled pushover curve on the YPS system
of coordinates, as explained in Sect. 6.1 (Fig. 9).

6.1 ESDOF transformation

Equation 2 is developed further as follows:
⌊

1/2Mcenter + α2
1 · (Medge + Memb)

⌋ · ü1 + Cemb · a2
1 · u̇1

+ ⌊
1/2Kbent + α2

1 · (Kemb + Kabut) + (1 − a1)
2 Kdeck

⌋ · u1

= −
⌊

1/2Mcenter + a1 · (Medge + Memb)
⌋

[1/2Mcenter + α2
1 · (Medge + Memb)]

· [1/2Mcenter + α2
1 · (Medge + Memb)] · üg

(7)

Considering that �1/2Mcenter + a2
1 · (Medge + Memb)� is the generalized mass of the sys-

tem, accelerations, damping and displacements obtained are divided by parameter α =
�1/2Mcenter+a1·(Medge+Memb)�
[1/2Mcenter+a2

1 ·(Medge+Memb)] .

Therefore, forces and displacements provided by the initially evaluated pushover curve
are normalized by parameter a prior to superposition on the YPS. From the above, it can be
observed that the parameter a of a certain system may vary for different imposed ground accel-
eration intensities owing to the expected modification of its dynamic properties. Nevertheless,
average values of this parameter may be adopted in case of systems that are characterized by
the same order of evaluated contributing modal mass values under successively increasing
earthquake loads (eg. PSO and MRO). The method is used to evaluate the response of the
PSO and the MRO under a suite of five different ground motions recorded in California
(Fig. 10). Estimated ductility demands are obtained as per Fig. 11 using the YPS method
for the five strong motion spectra. Estimated maximum displacements for the transformed
ESDOF approximation (uSDOF) and also for the entire bridge system (uGlobal) are summarized
in Table 2. Generalized mass for the two overcrossings was found approximately constant
and therefore a single value of the parameter a is used for both cases without introducing
considerable errors to the analysis.

As shown in Table 2, the PSO and MRO behavior under seismic accelerations of 0.15 ÷
0.20 g (i.e. San Fernando 1971, El Centro 1940 and Kern County 1952 records depicted in
Fig. 10) is considered essentially elastic as the induced low soil shear strain levels imply
stiff embankment response. Under strong intensity ground excitations (0.40 ÷ 0.50 g, i.e.

123



358 Bull Earthquake Eng (2009) 7:343–361

Fig. 11 Yield Point Spectra method implementation for the PSO ξ = 13% and the MRO ξ = 15% bridge–
embankment systems

Table 2 Estimated displacement demands of the MRO and the PSO bridge–embankment system

Ground-motion MRO: α = 1.39 and uy,SDOF = 8.63 mm PSO: α = 1.35 and uy,SDOF = 9.25 mm

µd u D,SDOF(mm) u D,Global(mm) µd u D,SDOF (mm) u D,Global(mm)

Petrolia 7.0 60.41 83.97 5.2 48.1 64.94

Northridge 7.1 61.27 85.16 4.8 44.4 59.94

El Centro 1.5 12.95 17.99 1.2 11.1 14.99

Kern County 1.0 8.63 12.00 0.92 8.51 11.49

San Fernando 1.8 15.54 21.60 1.6 14.8 19.98
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Petrolia 1992 and Northridge 1994 records depicted in Fig. 10) the soil-shear modulus deg-
radation introduces significant nonlinearities to the global response. From the above ana-
lytical results, the influence of the frequency content of the imposed ground-motion should
be underscored, as moderate acceleration amplitudes (≈ 0.25 g) may introduce excessive
displacement demands in case of near fault excitations (Fig. 5-Imperial Valley 1979).

Furthermore, since the initial soil shear modulus Gmax of the MRO (34 MPa) embank-
ment is considerably lower as compared to that of the PSO (60 MPa), the MRO response is
expected to be marked by increased soil shear strains under significant excitations. These
trends are confirmed by the results listed in Table 2. The MRO bridge–embankment response
corresponds to increased displacements under significant imposed accelerations (i.e. Cape-
Mendocino, Petrolia 1992 and Northridge 1994 earthquakes). Therefore, global displacement
ductility demands of 7.0 (Petrolia 1992) and 7.1 (Northridge 1994) were estimated for the
MRO under strong intensity excitations, while the global displacement ductility demands
for the PSO were estimated as 5.2 (Petrolia 1992) and 4.8 (Northridge 1994). Yield dis-
placement for both studied bridge–embankment ESDOF systems was found in the range
of uy ≈ 0.1%H . According to Fig. 11 and with respect to Table 2, peak accelerations for
the global bridge–embankment system during the Petrolia earthquake for the PSO were
estimated as 0.75 g. Acceleration estimations of the PSO deck based on the proposed pro-
cedure (Fig. 11), are in good agreement with the recorded response at the PSO central bent
(≈ 0.75 g) reported by Inel (2001). Significant seismic demands in terms of central bent dis-
placements were identified during the Cape Mendocino/Petrolia and Northridge records due
to the bridge–embankment interaction and embankment flexibility under increased soil shear
strains. The seismic performance of the central bent–pile foundation system is considered
of critical importance, as the soil–pile–foundation response determines the behavior of the
bent-columns. Therefore, in case of fixed column supports, significant column displacement
ductility demands are anticipated with µd ≥ 2.5 ÷ 3 for the PSO and the MRO, respectively,
during the Petrolia 1992 and the Northridge 1994 earthquakes, whereas for piers with a com-
pliant foundation system, nonlinear behavior is expected to occur in the foundation past the
elastic limit.

As discussed earlier and also shown in Table 2, it is emphasized that the estimated yield
displacements corresponding to the global bridge–embankment system when accounting for
soil–structure interaction, differ significantly from those obtained when considering yielding
of the central bent column alone. The bridge–embankment system is performing inelastical-
ly while the bent columns and the deck remain elastic. This kind of response is attributed
to the embankment inelastic behavior and the degradation of the soil shear modulus under
significant soil shear strains. Therefore it is evident that the implementation of R − µ − T
relationships in the case of integral bridges with embankment mobilization is only valid
when used through implementation of methods that account for the bridge–embankment
interaction, such as those presented in this paper.

7 Conclusions

Soil–structure interaction is a factor of critical importance during design and assessment of
integral R.C. bridges. Recent results indicate that embankment flexibility and soil mobiliza-
tion under strong intensity ground excitation may considerably affect the seismic performance
of the entire system and may result in increased displacement demands in the ductility con-
trolled structural elements (such as bridge piers). In the present paper, an explicit procedure
is developed, based on proposed modeling and analysis approaches and also on established
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design and assessment methods. A basic step of the method is transformation of the entire
bridge–foundation–embankment system to a generalized ESDOF. Through application of
this model and consistent linearization of system’s properties, the capacity curve of the sys-
tem is evaluated with Incremental Dynamic Analysis-IDA. Demands for bridge assessment
to a specific design hazard are established using the YPS approach on the ADRS spectrum.

Extensive studies were conducted for two well-documented U.S. overcrossings, the PSO
and the MRO. Significant hardening in the post-elastic branch of the entire system’s push-
over curve owing to the embankment contribution was identified in both case studies used
for verification. Seismic demands were calculated for a wide range of acceleration records,
highlighting the excessive displacements that may be imposed on bridge piers owing to mobi-
lization of the embankments. Excessive displacement demands are also expected in case of
near fault excitations with long period pulses (Imperial Valley 1979) even during moderate
imposed accelerations. It is worth noting for comparison than conventional modeling of the
bridges considered (by ignoring the bridge–embankment interaction effects), significantly
underestimate the displacement demands.

Soil–pile interaction effects and foundation flexibility at the central bent are factors of crit-
ical importance controlling the extent of damage in the pier: foundation flexibility relieves
the pier deformation required to develop the imposed displacement demands. For example,
owing to soil compliance and soil–pile interaction the PSO bent columns remained elastic
despite the significant displacement experienced by the deck during earthquake, but pullout
slip of the piles exceeded the elastic limit of that group of elements, which in the context of
design is considered a type of foundation failure; similarly, the situation of a stiff foundation
system for the central pier would lead to excessive damage estimates for that element when the
embankment compliance is considered, as the global effect of embankment mobilization gen-
erally is increased deck displacements. Thus, the need to detail the pier and pier–foundation
system with displacement-based procedures when bridge–embankment interaction effects
are anticipated cannot be overemphasized, particularly in the case of bridges supported on
earth embankments.
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