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Abstract. Damage and seismic movements observed in bridges in recent earthquakes have
indicated that the response and failure modes of bridges with skew-angled abutments are sig-
nificantly different from those of bridges with normal abutments. One significant manifesta-
tion of this difference is the inherent tendency of skewed bridges to rotate about their vertical
axes under seismic excitation. In this study, with the aforementioned field observations in
mind, we have conducted parametric response-sensitivity analyses in an effort to identify the
key parameters that control the seismic behavior of skewed bridges. This paper describes our
simplified modeling technique, which takes bridge-abutment interaction into account, along
with the analysis results. Three short bridges located in California were used as subjects.
These bridges have different arrangements of number of spans and number of columns per
bent; and through nonlinear time-history analyses, we investigated the sensitivity of their var-
ious responses to variations in parameters such as torsional stiffness, span arrangement, col-
umn height, abutment skew angle, and ground motion characteristics.
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1 INTRODUCTION

Bridge with skew-angled abutments (“skewed bridges”) are constructed to accommo-
date geometry constraints resulting from the alignment of a waterways or roadway cross-
ing that occurs at an angle that is different form 90 degrees. In the present study we
consider only “seat-type” abutments, which are very common in construction practice in
California. A seat-type abutment is simpler to construct compared to an “integral abut-
ment.” It reduces service and seismic demands on foundations and allows the superstruc-
ture to move freely under thermal, and low-intensity mechanical (service or seismic) loads
[1]. Despite having a fair amount of knowledge on the response of bridges with normal
abutments [2], the engineering community still lacks quantitative knowledge on the seis-
mic performance of skewed bridges with adequate certainty. As a result, somewhat gross
approximations are employed in their design, and the implications of these approxima-
tions are not completely understood [3]. There has been a recent surge of studies that were
aimed at providing guidelines for nonlinear seismic response-history analysis of regular
bridges, primary motivated by developments in performance-based earthquake engineer-
ing (PBEE) [4-8]. The present study follows in the footsteps of these efforts, and provides an
initial attempt at applying PBEE concepts to skew-angled bridges.

In a seat-type abutment (Figure 1), exterior shear keys are used to counter the deck
movement along the transverse direction. They are proportioned and detailed to act as fus-
es that will break off under the design earthquake [9]. In the longitudinal direction, a
backwall that holds an engineered backfill in place is designed to break off and allow the
mobilization of the soil mass, which, in turn, generates passive resistance. Observations
from past earthquakes indicate [10-12] that one of the primary causes of unseating of the
skewed bridges is the pronounced in-plane rotation caused by the eccentric passive resistance
of the backfill [13-16]. Post-earthquake reconnaissance reports also suggest that this rotational
mode of response is exacerbated once the bridge is subjected to near-field motions [17]. How-
ever, there still remains significant uncertainty in predictive models that needs to be alleviated
and addressed in order to better quantify such behavior.

In the present study, we adopt a performance-based seismic assessment approach, which
starts with the selection of a representative suite of critical ground motions and repeated non-
linear response-history analyses of models with varied parameters. The output is a statistically
scattered collection of response metrics. The trends in these measures are what we seek to
identify. In what follows, we first describe the details of our modeling approach and the
ground motion selection procedures. We then summarize and discuss the results.
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Figure 1: Configuration of typical seat-type abutment (adopted from [2]).
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2 ANALYTICAL MODEL

For the present study, we have selected three actual bridges as seeds for our parametric re-
sponse-sensitivity analyses. These bridges are recently designed and built (ca. 2000) in South-
ern California, at regions with high seismicity. The first bridge is the Jack Tone Road
Overcrossing, which over-crosses Route 99 at the City of Ripon. It has a typical configuration
encountered frequently in California. Its total length is 67.2 m, consisting of two (33.1m and
34.1 m) spans with a single column. It has seat-type abutments with four elastomeric bearing
pads on each seat. The superstructure is a three-cell continuous reinforced concrete box-girder.
The bent-cap is integral with the deck and the concrete column. The column has a 1.68-m di-
ameter and is supported on steel piles. Its longitudinal reinforcing steel ratio is approximately
2%.

The second bridge is the La Veta Avenue Overcrossing. It is also a two-span structure; but it
is supported on a multi-column bent. As such, it has a larger global torsional stiffness than the
single-column Jack Tone Road Bridge. The third bridge is the Jack Tone Road Overhead. It is
a three-span and multi-column bridge, and has the largest global torsional stiffness among the
three bridges studied here.

A representative analytical model used in the parametric studies is displayed in Figure 2.
The modeling platform is OpenSees [18], which provides an adequate element and material
response library, and enables scripted execution of repetitive nonlinear response-history ana-
lyses in which the model parameters and input ground motions can be systematically varied.
The present modeling assumptions follow the general guidelines suggested in Caltrans’ Seis-
mic Design Criteria document [3], and the studies by Aviram et al. [6] and Kaviani et al. [19-
20].

The superstructure is modeled as a three-dimensional spine that follows the alignment of
the bridge with line elements located at the centroid of the cross-sections. The model features
various nonlinear elements, which capture the behavior of components that significantly im-
pact the response. These include column plastic hinges, transverse and longitudinal springs
that mimic passive abutment reaction, and abutment gap elements. As no damage or signifi-
cant nonlinear behavior is expected within the superstructure and the foundation system, the
superstructure elements, the cap beam, and the foundation springs are all considered as linear
elastic elements.

2.1 Column Bent Modeling

Progression of column yielding and damage is expected under strong ground motions, and
thus nonlinear fiber-based force-based beam finite elements are used to represent the columns
(Figure 3). In order to achieve a more realistic representation of their response, the beam finite
elements representing them are endowed with the ability to respond inelastically at every qua-
drature point. All fiber sections are assigned with the UniaxialMaterial model tag of Open-
Sees [18]. Three different constitutive rules are used depending on which material a given
fiber of the cross-section represents—viz., (i) confined concrete, (ii) unconfined concrete, and
(iii) steel rebar.

The specific beam finite element of the OpenSees library used in the simulations is the
NonlinearBeamColumn, which has a force-based formulation that enables a more accurate
accounting of the moment distribution within the element [21]. A single force-based element
with 10 quadrature points is used per column, and this is usually deemed to provide adequate
accuracy. In order to model the portion of the column-bent embedded in the superstructure, a
rigid element is attached to the top of the nonlinear beam-column element. The length of this
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rigid element was set equal to the distance between the centroid of the soffit-flange of the su-
perstructure box-girder and the column top.
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Figure 2: Typical analytical model used for nonlinear time-history analysis of skewed bridges.
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Figure 3: Column analytical modeling scheme.

2.2 Abutment Modeling

The model of the abutments is adopted from a simplified modeling technique (Figure 4) as
recommended by Preistley et al. [22] and Aviram et al. [6]. Each abutment is modeled with a
massless rigid element of length equal to the superstructure width, connected through a rigid
joint to the superstructure centerline, and with a zero-length element at each.

In the longitudinal direction, the response is governed by a zero-length, tension-free (gap)
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element. In compression, it behaves as an elastic-perfectly-plastic material once the gap is
closed. The gap size is proportional to the expansion joint detail as shown on the bridge
as-built plans. The stiffness and the equivalent yield strength are defined according to Section
7.8 of Caltrans SDC [3]. The rotation about the longitudinal direction is not allowed.

In the transverse direction, the behavior is characterized as elastic compression-only re-
sponse. The abutment stiffness and the backwall strength for the longitudinal direction are
modified by corresponding wall effectiveness factor (C.) of 2/3 and participation factor (Cy)
of 4/3. The wingwall length is assumed to be 1/3 times the back wall length.

In the vertical direction, only simple elastic material properties associated with the bearing
pads are included upon assuming that the response in this direction does not significantly im-
pact the horizontal movements,
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Figure 4: Simplified abutment model

3 GROUND MOTIONS

To investigate the sensitivity of bridge responses to a sufficiently diverse range of ground
motions that are representative of those recorded in California, three sets of ground motions
were selected from the “EQ Library” that was developed as part of the PEER Transportation
Research Program [23]. These sets are denoted as “Soil,” “Rock,” and “Pulse.” Each set
comprises forty ground motions. Figures 5, 6, and 7 show the fault-normal and fault-parallel
spectra for these three ground motion sets, respectively. The EQ Library motions do not
represent motions that are specific to the site of the bridges considered in this study; they are
generic and are merely used to observe the general trends within the seismic responses. The
ground motions in the EQ Library are originally selected from a subset of the PEER NGA
Project ground motion library [24] representing mid- to large-magnitude earthquakes occur-
ring at close distances. Selected motions have a variety of spectral shapes, durations, and di-
rectivity periods. For each set, the mean and variance of the natural logarithm of spectral
acceleration match the generic M,, = 7 and R = 10 km scenario for California.
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Figure 5: Response spectra of Soil-type ground motions:
(a) Fault-normal component, (b) Fault-parallel component
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Figure 6: Response spectra of Rock-type ground motions:
(a) Fault-normal component, (b) Fault-parallel component
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Figure 7: Response spectra of Pulse-type ground motions:
(a) Fault-normal component, (b) Fault-parallel component

4 OBSERVATIONS

We investigated the sensitivities of seismic responses of the specimen skewed bridges to
variations in their structural properties by analyzing each instance of the models under each
ground motion. The four response measures—henceforth referred to as Engineering Demand
Parameters (EDPs)—that we selected were the maximum values of deck rotation, column
drift ratio, abutment unseating, and transverse abutment displacement.
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4.1 Deck Rotation

The results indicate that deck rotation is highly sensitive to bridge structural properties
and ground motion characteristics. Figure 8 shows the variation of deck rotation as a function
of abutment skew angle of the Jack Tone Road Overcrossing for different types of ground mo-
tion. The solid lines show the estimated median, and the individual data points are depicted
with solid dots on the plot. Figures 8(a) and 8(b) show deck rotation variation due to the ab-
utment skew angle increment; however, they differ in span arrangement. In the asymmetrical
span arrangement of the bridge (Figure 8(b)), the span lengths differ by 20%.

Results in Figures 8(a) and 8(b) indicate that by increasing the abutment skew angle from
0° to 30° the median estimate of deck rotation increases, regardless of the type of applied
ground motion or span configuration. However, for higher skew angles ranging from 30° to
60°, the deck rotation increases for the symmetric-span configurations (i.e., Jack Tone Over-
crossing); whereas the increasing trend continues on for the asymmetrical one. This behavior
is particularly pronounced for pulse-like ground motions.
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Figure 8: Deck Rotation Sensitivity to span arrangement: (a) Symmetrical spans, (b) Asymmetrical spans

The effect of abutment gap-size variation on the selected EDPs is shown in Figure 9. Four
abutment gap-sizes (0.25, 0.5, 1.0, and 2.0 in.) are investigated. For deck rotation, it is ob-
served that for skew angles less than 40°, the curves corresponding to different abutment
gap-sizes are approximately matched. However, for larger skew angles the bridge with the
0.25-in. gap distance rotates more, in comparison to that with a 2-in. gap. This trend indicates
that with reducing gap-distance, the bridge rotates more for higher skew angles. Less
gap-distance between the deck and the backwall results into more effective impact forces im-
pose to the superstructure by backfill soil.
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Figure 9: Deck rotation sensitivity to abutment gap size
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Considering the variations in column height, the general observation is that for a given
skew angle, bridges with taller and more flexible columns tend to have larger deck rotations.
Figure 10 shows this general trend.
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Figure 10: Deck rotation sensitivity to column bent elevation: (a) Lower column, (b) Higher column

4.2 Column Drift Ratio

Results for the two-span single-column bridge (i.e., Jack Tone Overcrossing) indicate that
the column drift ratio (CDR) for smaller values of column height is insensitive to abutment
skew angle (Figure 11). This behavior is likely due to the particular mode shape of vibration
for the single column bridge in which the rotation of the deck increases as the skew angle in-
creases, but the column usually remains near the center of rotation. However, for higher col-
umns (Figure 12), CDR increases with increasing skew angle. For instance, for lower values
of column height (the actual height of the Jack Tone Overcrossing), the CDR varies smoothly
around 4%. However, for higher values (as a common assumption in design practice, we con-
sidered higher-level height of the columns as eight times its diameter), the CDR ranges from
2.5% to more than 4%; and it has greater values for the 60° skew angle. This trend demon-
strates that if column stiffness is decreased, then the sensitivity of CDR to abutment skew an-
gle increased.
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Figure 11: Column drift ratio sensitivity (lower column) to span arrangement:
(a) Symmetrical spans, (b) Asymmetrical spans
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Figure 12: Column drift ratio sensitivity (higher column) to span arrangement:
(a) Symmetrical spans, (b) Asymmetrical spans

4.3 Abutment Unseating

As displayed in Figure 13, incidence of the unseating of abutment is increased by skew an-
gle, particularly for the higher range of skew angles. As expected, the abutment unseating in-
creases with increasing skew angles, because the effective stiffness of the abutment in the
longitudinal direction is reduced for larger skew angles.
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Figure 13: Abutment unseating for symmetrical span arrangement (recorded form the ZeroLength elements,
located at each abutment corner)
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Figure 14: Transverse abutment displacement for symmetrical span arrangement (recorded form the ZeroLength
elements, located at each abutment corner)

4.4 Transverse Abutment Displacement

As the deck rotational response here is calculated by dividing the difference between ab-
utment transverse displacements at both ends of the bridge to the bridge length, the abutment
transverse displacement is expected to follow a similar trend as the deck rotation. As expected,
the transverse abutment displacement increases with increasing skew angle from 0° to 30°,
but slightly decreases thereafter, particularly for symmetrical span arrangements (Figure 13).

5 SUMMARY

In this study, we investigated the sensitivity of seismic response of skewed bridges to vari-
ations in critical parameters using simulations carried out as nonlinear time-history analyses.
Seismic response parameters that we looked into include deck rotation, column drift ratio, ab-
utment unseating, and transverse displacement of abutment. We used three bridges located in
California as seeds for our parametric study. These bridges mainly differ in their global tor-
sional resistance. Multiple analytical bridge models were generated from each of three seed
bridges by varying the original bridges’ geometrical properties, which included abutment
skew angle, span arrangement, and column height. In addition, we studied effects of ground
motion characteristic on the seismic response of skewed bridges by introducing three types of
ground motions into our response-sensitivity analyses. These were soil-site, rock-site, and
pulse-like ground motions. We observed that less gap size between the deck and the backwall
results in more effective impact forces that mobilize the backfill soil and leads to higher deck
rotation; especially when the bridge is subjected to pulse-like ground motions. Column drift
ratio is significantly sensitive to the column height, abutment skew angle, and number of col-
umns in each bent. Abutment unseating increases by increasing skew angle, particularly for
bridges with tall columns.

10



P. Kaviani, F. Zareian, E. Taciroglu and M. Sarraf

ACKNOWLEDGEMENTS

This study is based on work supported by the by the PEER Transportation Research Pro-
gram under Grant No. UCLA-45782. This financial support is gratefully acknowledged. Any
opinions, findings, and conclusions or recommendations expressed in this paper are those of
the authors and do not necessarily reflect the views of sponsors.

REFERENCES

[1]
[2]

3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

Caltrans, Memos to Designers 5-1. California Department of Transportation, Sacramen-
to, 1996.

A. Shamsabadi, P. Khalili-Tehrani, J.P. Stewart, E. Taciroglu, Validated simulation
models for lateral response of bridge abutments with typical backfills. ASCE Journal of
Bridge Engineering, 15(3), 302-311, 2010.

Caltrans SDC (ver. 1.4), Caltrans Seismic Design Criteria Version 1.4. California De-
partment of Transportation, Sacramento, 2006.

A. Kotsoglou, S. Pantazopoulou, Response Simulation and Seismic Assessment of
Highway Overcrossings. Earthquake Engineering and Structural Dynamics, 39(9), 991-
1013, 2010.

N. Johnson, M.S. Saiidi, D. Sanders, Nonlinear Earthquake Response Modeling of a
Large-Scale Two-Span Concrete Bridge, ASCE Journal of Bridge Engineering, 14(6),
460-471, 20009.

A. Aviram, K. R. Mackie, B. Stojadinovi¢, Guidelines for Nonlinear Analysis of Bridge
Structures in California. PEER Report 2008/3, Pacific Earthquake Engineering Re-
search Center, 2008.

K. R. Mackie, B. Stojadinovic, Performance-Based Seismic Bridge Design for Damage
and Loss Limit States, Earthquake Engineering and Structural Dynamics, 36(13), 1953-
1971, 2007.

T. S. Paraskeva, A. J. Kappos, A. G. Sextos, Extension of Modal Pushover Analysis to
Seismic Assessment of Bridges. Earthquake Engineering and Structural Dynamics,
35(10), 1269-1293, 2006.

A. Bozorgzadeh, S. Megally, J. I. Restrepo, S. A. Ashford, Capacity Evaluation of Exte-
rior Sacrificial Shear Keys of Bridge Abutments. ASCE Journal of Bridge Engineering,
11(5), 555-565, 2006.

M. Yashinsky, Performance of highway and railway structures during the February 27,
2010 Maule Chile earthquake. EERI/PEER/FHWA Bridge Team Report,
2010. http://peer.berkeley.edu/publications/chile_2010/reports_chile.html

K. Kawashima, S. Unjoh, J. Hoshikuma, K. Kosa, Damage of transportation facility
due to 2010 Chile earthquake (April 5, 2010). Bridge Team Dispatched by Japan Socie-
ty of Civil Engineers,
2010. http://peer.berkeley.edu/publications/chile _2010/reports_chile.html

P. C. Jennings, J. H. Wood, Engineering Feature of the San Fernando Earthquake.
EERL 71-02, Pasadena, California, 1971.

11


http://peer.berkeley.edu/publications/chile_2010/reports_chile.html�
http://peer.berkeley.edu/publications/chile_2010/reports_chile.html�

P. Kaviani, F. Zareian, E. Taciroglu and M. Sarraf

[13]
[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]
[22]
[23]

[24]

J. Y. Meng, E. M. Lui, Seismic Analysis and Assessment of a Skew Highway Bridge.
Engineering Structures, 22, 1433-1452, 2000.

R. R. Wakefield, A. S. Nazmy, D. P. Billington, Analysis of Seismic Failure in Skew
RC Bridge. ASCE Journal of Structural Engineering, 117(3), 972-986, 1991.

A. A. Ghobarah, W. K. Tso, Seismic Analysis of Skewed Highway Bridges with Inter-
mediate Supports. Earthquake Engineering and Structural Dynamics, 2(3), 235-248,
1974,

P. C. Jennings, J. H. Wood, Engineering Feature of the San Fernando Earthquake.
EERL 71-02, Pasadena, California, 1971.

A. Shamsabadi, K. M. Rollins, M. Kapuskar, Nonlinear Soil-Abutment—Bridge Struc-
ture Interaction for Seismic Performance-Based Design. ASCE Journal of Geotechnical
and Geoenvironmental Engineering,133(6), 707-720, 2007.

F. McKenna, G. L. Fenves, M. H. Scott, Open System for Earthquake Engineering Si-
mulation. University of California Berkeley, California,
2000. http://opensees.berkeley.edu

P. Kaviani, F. Zareian, M. Sarraf, Comparison of Seismic Response of skewed Bridges
to Near vs. Far Field Motions. 7" International Conference on Urban Earthquake Engi-
neering & 5" International Conference on Earthquake Engineering, Tokyo, Japan,
March 3-5, 2010.

P. Kaviani, F. Zareian, M. Sarraf, P. Pla-Junca, Sensitivity of Skewed-Bridges Response
to Seismic Excitations. 14™ European Conference on Earthquake Engineering, Ohrid,
Republic of Macedonia, August 30- September 3, 2010.

A. Neuenhofer, F. C. Filippou, Evaluation of Nonlinear Frame Finite-Element Models,
Journal of Structural Engineering, ASCE, 123(7), 958-966, 1997.

M. J. N. Priestly, F. Seible, G. M. Calvi, Seismic Design and Retrofit of Bridges. John
Wiley & Sons, Inc., New York, 1996.

N. Jayaram, S. Shahi, J. Baker, Ground Motion for PEER Transportation Research
Program, 2010. http://peer.berekeley.edu/transportation/gm_peer_transportation.htmi

PEER, Pacific Earthquake Engineering Research Center: PEER NGA Database. Uni-
versity of California, Berkeley, 2010. http://peer.berkeley.edu/nga

12


http://opensees.berkeley.edu/�
http://peer.berekeley.edu/transportation/gm_peer_transportation.html�
http://peer.berkeley.edu/nga�

	1 INTRODUCTION
	2 Analytical model
	2.1 Column Bent Modeling
	2.2 Abutment Modeling

	3 ground motions
	4 observations
	4.1 Deck Rotation
	4.2 Column Drift Ratio
	4.3 Abutment Unseating
	4.4 Transverse Abutment Displacement

	5 summary

