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Due to the correlation of natural vibration modes of skewed bridges, and the
multi-directional nature of the earthquake ground motions; piers of skewed bridges
would be subjected to combined axial, flexural and torsional loadings. The characteristic of combined loading of the piers depends upon several parameters including
the strong ground motion characteristics and the structural system type. In this
research, seismic performance of a group of torsion sensitive skewed bridges
with three different pier-deck connections is studied. Skew angles vary from 0° to
60°. Seismic performance of the bridges is investigated conducting bidirectional
nonlinear time history analysis in OpenSees. Considering the effect of different
pier-deck connection types, combined loading demand on the skewed piers is
compared with those on the straight piers. On the basis of results, for both pinned
and fixed piers, ductility demand increases with the skew angle. Opposed to pinned
piers, fixed piers are subjected to combined torsional-flexural loadings, and the
torsional demand increases with an increase in the skew angle. The value of
torsional demand on fixed piers is limited to one half of cracking torque of the
section (Tcr/2). Concerning the collapse prevention criteria, 30 degree skew angle
is found to be a threshold skew angle. For bridges with skew angles greater than 30
degree, applying monolithic pier-deck connections is more sensible.
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According to the observations of recent
earthquakes, the responses of straight bridges are
significantly different from those of curved and
skewed bridges [1-3]. Common behavior mode in
skewed bridges is composed of transversal and
longitudinal movements plus rotation about the
vertical axis of the deck. This fact may lead to deck
collapse or considerable residual displacements in
the deck. On the other hand, extensive damage is
probable in the substructure of curved and skewed
bridges with monolithic pier-deck connections

(Figure 1). Piers have a vital role in the seismic
performance of the bridges. In order to provide the
adequate capacity, force and displacement demands
on the piers should be estimated properly.
Previous studies were mainly concentrated on the
effect of skew angle on the seismic performance
of skewed bridges. Ghobarah and Tso [5] used
spine-line model to represent bridge deck and
columns. They have observed coupled flexuraltorsional motions of the bridge deck and excessive
compression demands on columns. Meng and Lui [6]
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Figure 1. Shear and flexural failures in fixed piers of Huilan bridge: a) bridge plan (F: fixed connection, M: rubber bearing); b)
damaged fixed P2; c) damaged fixed P4 (left), undamaged pinned P3 (right [4]).

investigated the behavior of Foothill Boulevard
Undercrossing and stated that seismic performance
of the bridge is strongly influenced by column boundary conditions and skew angle. Later, Mohti and
Peckan [7] assessed the seismic performance of a
three-span continuous box girder bridge for skew
angles 0-60°. They compared finite element and
beam-stick modeling approaches. Based on their
studies, coupled lateral-torsional response of
moderate skewed bridges could be captured via
simplified beam-stick models. In a more recent
study, Wilson et al. [8] have examined the effect of
skew angle on the seismic performance of reinforced
concrete bridges and reported that the planar
rotation in the superstructure of skewed bridge
induces coupled demand on the piers. Based on their
findings, responses are proportional to the skew
angle. They have suggested applying more rigorous
modeling approach to capture complex interactions
for high levels of skew angle (exceeding 30 deg.).
At the same time, seismic performance of a group
two-span simply supported bridges with varying
skew angles subjected to a suite of bi-directional
ground motions representing different hazard levels
have been studied by Deepu et al. [9]. They have
reported that a normal bridge suffers negligible
in-plane residual rotation. However, all the skew
models suffer significant (peak and residual)
rotations. Besides, both transverse and longitudinal
deck displacements and deck rotation increase with
an increase in the skew angle.
Beside the aforementioned numerical studies,
several experimental studies have been carried out
on reinforced concrete bridge piers subjected to
combined cyclic torsion and flexure [10-15]. These
experimental tests aimed to investigate the effect of

D
I

A

158

S
f

o
e

v
i
h

c
r

combined torsional-flexural loadings on the flexural
ductility and strength of bridge piers. However, there
is a considerable discrepancy among these tests
concerning the assumed ratio of torsion to flexure in
the sections. Therefore, investigating the behavior of
skewed bridges with regards to characteristic of
combined loadings in the piers has yet to be addressed.
The main objective of this research is to
determine the characteristic of combined loadings in
the piers of skewed bridges, with different pierdeck connections. In this study, a torsion sensitive
bridge with single pier bents is modeled; the skew
angles vary from 0° to 60°. The bridge has four
spans with continuous deck. Three different types of
pier-deck connections are applied in the considered
skew angles. The numerical spine models are
developed in OpenSees [16]. The models have
been subjected to the bidirectional earthquake
excitations. Their seismic performances have been
investigated through nonlinear time history analysis.
The trends in seismic responses are studied considering different skew angles and connection types. The
results of this study provide a significant insight in
to the dynamic responses and seismic vulnerabilities
of skewed bridges with different pier-deck connections, which may be utilized for future design of
bridges similar to those considered in this study.

2. Characteristics of the Torsion Sensitive
Bridge
Multicolumn bent bridges provide relatively
larger global torsional stiffness in comparison to
single-column bent bridges. Consequently, they are
better choices for skewed bridges. However, in this
research, in order to investigate a more crucial case
relating to the rate of seismic demands on the piers, a
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Figure 2. General layout of the skewed bridge.
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Figure 3. Cross sections of deck and piers.
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single-pier bridge has been chosen as the seed
bridge. Pinto et al. [17] have designed the straight
bridge according to Eurocode 8 provisions [18] for
PGA 0.35g. The straight layout is widely studied
before by Kappos et al. [19] and Isakovic et al. [20].
Figure (2) shows the plan, elevation, global axes, and
local longitudinal and transversal axes of the bridge.
Cross section details of the deck and piers are shown
in Figure (3). In order to compare the results, the
identical pier design is applied and models are only
different in the connection types and skew angles.
The abutments are seat-type with bearings under the
webs of box girder; and the piers are supported on
spread footings. The properties of concrete are
selected in accordance with C25/30 and all reinforcing bars are S500.
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the reinforcement bars of the pier are well anchored
into the deck. In the seat-type connections, deck
simply rests on the bearings (fixed or sliding) and
the relative rotation is free between sub- and superstructure. The schematic description of studied
pier-deck connection types is presented in Figure (4).
The behavior of shear keys are considered in
two extreme states: a) fully operational; b) failed. P
models are seat-type bridges with fixed bearings and
fully operational shear keys (pinned piers). In these
connections, relative displacement between pier and
deck is totally eliminated; therefore, shear forces are

3. Pier-Deck Connection types
Both monolithic and seat-type pier-deck connections have already been applied in the reference
bridge by Casarotti and Pinho [21] and Akbari and
Maalek [22]. In the fixed or monolithic connections,
JSEE / Vol. 18, No. 3, 2016

Figure 4. The schematic description of the pier-deck connections of the models.
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transferred by shear keys from superstructure to
the substructure. F models stand for seat-type
bridges with frictional sliding bearings and ineffective internal shear keys. The sliding bearings have
plate interfaces of ploytetrofluoroethylene (PTFE)
and stainless steel.

Table 1. Elastic properties of deck cross section.

4. Numerical Modeling of the Bridges

connected to the top of the pier by a rigid element
(Figure 5). The distributed mass of deck elements is
about 20.2 ton/m. The translational and rotational
nodal masses are computed and assigned based on
the above-mentioned values.

Numerical analyses are carried out in the
OpenSees [16] finite element package. Figure (5)
shows a typical finite element spine model of the
representative skewed bridge, used in the simulations.
Verified and validated modeling approaches are
applied in this study based on previous works of
Casarotti and Pinho [21] and Aviram et al. [23].
Details of modeling process are provided in the
following.

4.2. Modeling and Verifying the Cyclic Behaviour of the Piers

D
I

4.1 Modeling of the Deck
The pre-stressed box girder deck is modeled via
equal length linear elastic-beam-column elements.
Table (1) presents the elastic properties of noncracked cross section. In this table, E is Young's
modulus (25GPa); and G is shear modulus (10 GPa).
The deck element is modeled at the height of its
center of gravity, 1.51 m above the pier, and

Regarding the combined loading of the piers, a
modeling technique should be applied to account
for the interaction between loads. The integrated
fiber section modeling via nonlinear beam-column
ele-ments can inherently accounts for geometric
nonlinearity, material inelasticity, and interaction
between moments and axial load. Torsional and
shear behaviors are modeled by uniaxial elastic
materials and are aggregated with the fiber section
element. According to Caltrans [24], torsional
stiffness of piers is reduced to 0.2Jc concerning the
initial cracking of the piers in torsion. The piers are
modeled via three equal length force based nonlin-
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Figure 5. The numerical skewed bridge model.
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Figure 6. Pier fiber cross section and applied constitutive rules.

ear-beam-column elements. Each element consists
of three integration points with fiber sections.
Steel02 and Concrete02 are used for modeling
uniaxial stress-strain relationship of the fibers,
according to the available constitutive laws [25-26].
The fiber cross section, uniaxial material models,
shear and torsion behavior models are shown in
Figure (6).
Results of the pervious experimental and
numerical studies [17, 21] have been used to verify
the adequacy and accuracy of modeling assumptions
of this study by the authors [27]. Figure (7) presents
the cyclic relation between base shear and displacement at the top of the scaled pier (1:2.5) with a total
height of 8.4 m. Based on this figure, the present
numerical model pretty agrees with the experimental
results of Pinto et al. [17]. Based on Figure (7) the
numerical model prepared by the authors can
satisfactory capture pinching behavior of the specimens, comparing with numerical results of Casarotti
and Pinho [21].

in M models. In order to model seat-type pier-deck
connections, an extra node is defined with the same
coordination at top of the pier. In P models, the extra
node and the node at the top of the pier are
constrained to each other only in the transitional
degrees of freedom. In this way of modeling, the
relative displacement is eliminated, but relative
rotation is allowed between deck and pier. In F
models, sliding bearing is modeled by flat slider
bearing element, a zero length element between the
extra node and the bottom node of the rigid element.
Figure (5) presents the typical friction sliding
bearing and its force-deformation backbone curves.
Friction is modeled by Coulomb Friction model in
which the variation of kinetic friction coefficient is
constant against sliding velocity. According to
Priestley et al. [28], for seismic displacement rates,
friction coefficient of (PTFE) bearings is predicted
to be around 15%.

4.3. Modeling of the Connections

Modal properties of the models are obtained
through Eigenvalue analysis. Dynamic characteristics of the model are compared with those reported
by Akbari and Maalek [22] for the bridge with
monolithic pier-deck connections (B111) (Table 2).
In order to verify the dynamic properties of the
presented model, the boundary conditions in abutments
are assigned along with the assumptions of Akbari
and Maalek. According to Table (2), no significant
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The default connection between elements in
OpenSees is fixed type. This connection is applied

5. Verifying Dynamic Properties of the Straight
Bridge

Table 2. Modal properties of the first three transversal modes
for B111 and M0 model.

Figure 7. Comparing cyclic experimental and numerical
results of a 1:2.5 scaled pier [27].

JSEE / Vol. 18, No. 3, 2016
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difference is seen between the modal properties of
B111 and those of M0 model. This fact confirms
the adequacy of generated model for dynamic
analysis.

restrainers. Concerning the connection types, the
flexibility of the bridges increases as the rigidity of
the sub- and superstructure connection decreases.

7. Nonlinear Time History Analysis
6. Dynamic Properties of the Skewed Bridges

Bidirectional nonlinear time history analyses
have been carried out with seven input ground
motions, on the introduced models, according to EC
8 [18]. Ground motions are chosen from the second
set of broadband motions introduced by Baker et al.
[29] on the rocky sites (Table 6). The records are
scaled to the elastic design spectrum (type 1) of soil
type B with PGA=0.35g according to EC 8. The
resulted scaling factor is 0.5g (Figure 8).
Strong ground motion records are applied along
and perpendicular to the bridge alignment, respectively. As shown in Figure (2), major and minor horizontal components of the ground motions are applied
along the longitudinal and transversal directions of
the bridge, respectively.

The results of Eigenvalue analysis for all of the
generated models are presented in Tables (3) to (5).
Long. and Trans. in Tables (3) to (5) stand for
longitudinal and transversal mode shapes, respectively. For all connection types, the first dominant
mode shape is torsional. Indeed, straight bridges
have similar decoupled mode patterns regardless of
the connection types. However, in the skewed
bridges mode shapes are coupled including both
transversal and longitudinal movements. For all cases
as the skew angle increases, the transversal modes
become more dominant and the natural period of the
system is elongated. The mode shapes are not
coupled in the F models due to the lack of internal
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Table 3. Modal analysis results in M models.
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Table 4. Modal analysis results in P models.

A

Table 5. Modal analysis results in F models.
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selected EDPs are calculated to evaluate the results.
In order to investigate the local behavior of plastic
hinges, the cross-sectional moment curvature
loops are derived. The results are discussed in the
following, considering the effect of skew angle and
different pier-deck connections.

Table 6. The characteristics of strong ground motions.

8.1. Shear Demand on the Piers

Figure 8. Acceleration Response Spectrum (ARS) of the
records scaled to EC8 elastic design spectrum.
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8. Results Evaluation

The characteristic of combined loading on the
piers is investigated by monitoring several engineering demand parameters of the piers including
displacement and force demands. According to Eq.
(1), the force demand ratios are obtained from
dividing the demand D ij (t ) by the nominal capacity
of the section C n - j . It is to be noted that, j stands
for local axis and i is the ground motion label. The
maximum absolute ratio corresponding to each
ground motion is derived according to Eq. (2). The
combined force demand ratios in the time history
domain, is computed according to Eq. (3). The maximum absolute value of the combined force demand
ratio (Eq. 4) is used to depict better the variation of
responses with skew angle.
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RDi j (t ) = D ij (t ) Cn - j

(1)

RDi j = max RDi j (t )

(2)

RDi C (t ) = [(RDi Y (t ))2 + ( RDi Z (t )) 2 ]

(3)

RDi C = max RDi C (t )

(4)

The mean and one standard deviation of the
JSEE / Vol. 18, No. 3, 2016

Mean and one standard deviation of the maximum
shear demand ratios at the base of the piers are
derived along the local axes of the pier sections.
Nominal shear capacity of the section Vn is estimated
according to Caltrans. No significant difference is
seen between the trend of force demands of the
middle and side piers. Figure (9) shows shear demand ratios at the base of the side piers. Based on
Figure (9), though, the demands vary slightly with the
skew angle, the trend of shear ratios is contrariwise
along the local axes of z and y. The increase of RVz
with the skew angle is probably due to the dominating role of z axis in sustaining the transversal demands,
Figure (9a). Based on Figure (9a), RVz in fixed piers
is higher than those in pinned piers, and increases up
to 80% of the nominal capacity. The shear ratio demands along minor y axis RVY slightly decrease with
the skew angle, Figure (9b). Despite fixity provided
in modeling of monolithic piers, fixed piers are in
single curvature pattern along y axes, similar to
pinned piers. Therefore, as shown in Figure (9b),
the shear demand along y axis (RVy) is quite similar
in pinned and fixed piers. In F models, shear demand
is limited to the friction force transmitted by bearings
and is equal along both local axes. Shear ratio along
z axis of F models is twice y axis due to the rectangular shape of pier section, Figures (9a) and (9b).

8.2 Flexural and axial demand on the piers
Moment capacity of the section Mn is determined
through moment curvature analysis. Mean and one
standard deviation of the maximum moment demand
ratios at the base of side piers are presented in
Figure (10). The variation of moment ratio demands
with skew angle is similar to those of shear demands.
Moment demands at the base of the piers of M and
P models are greater than yield moment and plastic
hinges are formed at the base of the piers. According to values presented in Figure (10), the piers of
F models remain elastic. The plastic deformations at
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Figure 9. Mean and one standard deviation of shear demand ratios at the base of the side piers.
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Figure 10. Mean and one standard deviation of moment demand ratios at the base of the side piers.

the base of the piers in M and P models are shown in
Figure (11)
In order to get a better understanding of the
variation of moment demands with the skew angle,
the combined moment ratio RMC is derived according to Eqs. (3) and (4). Mean and one standard
deviation of RMC at the base of the side piers are
presented in Figure (12). Based on Figure (12),
moment demands at the base of fixed piers increase
with an increase in the skew angle. However,
combined moment demand on the piers of P and F
164

models do not change significantly with the skew
angle.
The axial load ratio RN is presented in Figure
(13). No significant variation of the axial demand
with the skew angle can be recognized. It should be
mentioned that the gravity loading is about 7% of
nominal axial capacity Nn of the piers. Axial load is
approximately in the gravity load range concerning
the piers of F models. However, the piers of P and M
models are subjected to 50% additional axial seismic
demand due to the interaction between sub- and
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Figure 11. Moment curvature demand at the base of left pier under Imperial Valley earthquake (1979), P: pinned, M: monolithic.
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Figure 12. Mean and one standard deviation of RMc at the base of the side piers.

Figure 13. Mean and one standard deviation of RN at the base of the side piers.
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superstructure.

8.3. Torsional Demand on the Piers with Monolithic Pier-Deck Connections

torsion on the flexural deformation capacity of
reinforced sections. According to the findings of
this research, the value of torsion in the combined
loading studies could be considered between (Tcr /4)
and (Tcr /2).

Torsional demand of the section Td is evaluated
against cracking torque Tcr of the section. The latter
is estimated according to AASHTO [30]. Based on
the AASHTO, special design and detailing is needed
for sections with torques greater than one-quarter of
the cracking torque (Tcr /4). According to AASHTO,
the effect of torsion on the flexural capacity and
ductility of the section could be ignored, while
torsional demand is lesser than one-quarter of the
cracking torque. Figure (14) shows the torsional
demand ratios on piers with monolithic pier-deck
connections. Since rotational degrees of freedom are
not restrained in F and P models, there is not any
torsional demand on the piers of F and P models.
Standard deviations of torsional demands are about
6-9% in the piers. In the single pier bridges, the
torsional stiffness is mainly provided by the side
piers. As a result of this, torsional demand on the side
piers is higher comparing to the middle ones. Figure
(14) shows that torsional demand on the piers
increases as the skew angle increases. According to
Figure (14), torsional demand on side piers is
approximately twice the threshold defined in
AASHTO. Therefore, side piers should be carefully
designed and detailed for required torsional demand.
It should be noted that the investigated bridges is a
single pier, torsion sensitive bridge. Therefore, for
multi column bent bridges, lower torsional demands
on fixed piers are anticipated. Concerning the value
of combined torsional-flexural loading on the fixed
piers, it is sensible to investigate the effect of

8.4. Moment Curvature Demand on the Piers
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Figure 14. Mean torsional demand ratios on the piers of M
models.
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Moment curvature demand curves are derived for
fixed and pinned piers in order to investigate their
nonlinear behavior in the plastic hinge regions.
As shown in Figure (11), investigated hollow
rectangular piers suffer from considerable pinching
behavior. This observation is consistent with those
reported by Qiang et al. [31-32] in their experimental
and numerical researches on hollow rectangular
bridge columns. Inelastic deformation demand is
significantly higher at the base of piers of P models
comparing to that of M models (Figure 11). This fact
could be due to the deformation concentration at
the bottom of pinned piers. As can be seen in Figure
(11), the plastic deformation demand is higher in the
45°-skewed bridges in comparison with that of
straight bridges, in both connection types. According
to the derived moment curvature curves, it can be
concluded that plastic deformation demand of the
piers increase with the skew angle.

8.5. Displacement and Rotation Demand of the
Deck

Mean transversal displacement demand of the
deck Dd is shown along the bridge (Figure 15). The
standard deviation values are 6-14% for the transversal displacement demand results. Generally, it is
anticipated that Dd decreases as the rigidity of the
pier-deck connection increases. Accordingly, the
smallest and largest displacement demands belong
to M and F models, respectively (Figure 15). Variation of Dd along the bridge is similar to a wide W,
due to the elimination of shear keys in the abutments
during the modeling. Based on Figure (15), the
displacement demand (Dd) is quite similar in P and
M models, for skew angles less than 30°. However,
for the skew angles higher than 30°, the transversal
displacement demand in the P models increases
steeply with the skew angle. In the F models, the
deck has moved considerably over the bearings
like a solid element, due to the lack of internal shear
keys, Figure (15a). Therefore, deck collapse is quite
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Figure 15. Mean transversal displacement demand along the bridge.

probable in seat-type skewed bridges while shear
keys are ineffective. Based on the results presented
in Figure (15), it is reasonable to apply seat-type
connections in bridges with relatively small skew
angles (< 30°). In this case, shear keys should be
designed to be fully operational. For bridges with
skew angles higher than 30°, using monolithic
pier-deck connections can diminish and control the
displacement demand of the deck.
Figure (16) shows mean and one standard
deviation of the rotational demand in the deck.
According to this figure, rotational demand increases
in all models as the skew angle increases. The rate
of this increase steepens in skew angles over 15°.
Based on this figure, the rotational demand value is
up to 30% lower in M models due to the rigidity of
pier-deck connection, comparing to that of P models,
Figure (16a) and (16b). The rotational demand has
the lowest value in F models due to the uniform solid
movement of the deck over the bearings. Comparing
the results obtained from P and M models, it can be
concluded that the deck can experience considerable
rotations regardless the effectiveness of shear keys.
Based on the rotational demand values of the deck

in P models, the shear keys are prone to fail in the
higher skew angles. The deck collapse probability
should be evaluated by combining transversal
displacement and rotational demands. In this regard,
deck collapse is quite probable in the highly skewed
bridges (> 30°) with seat-type connections. Consequently, monolithic pier-deck connections are more
appropriate for highly skewed bridges.
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9. Conclusions

In this study, a torsion sensitive four-span bridge with
single-pier bents has been modeled and verified. The
skew angles vary from 0° to 60°. Seismic demands
of the piers with three different pier-deck connection
types are studied conducting bidirectional nonlinear
time history analysis in OpenSees. Several engineering demand parameters (EDP) have been evaluated
for studying the overall behavior of the bridges. The
obtained results are briefly summarized as follows:
 The ratio of combined flexural demand on the
fixed piers of skewed bridges increases with an
increase in the skew angle. However, no significant increase in the amount of combined flexural
demand of pinned piers is observed due to the

Figure 16. Mean and one standard deviation of rotational demand in the deck.
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increase of skew angle.
The torsional demand in the fixed piers is greater
than the defined threshold in AASHTO design
code. Moreover, its value increases as the skew
angle increases. Therefore, fixed piers should be
carefully designed and detailed for required
torsional demand in the skewed bridges.
Piers of skewed bridges with monolithic pier-deck
connections experience combined flexural and
torsional loading. The value of combined torsional
demand is between (Tcr /4) and (Tcr /2). These
values can be considered in the further studies
about the effects of torsional loading on the
flexural capacity of reinforced sections.
The ductility demand in pinned piers (P models)
is relatively greater than those in fixed piers (M
models). This is due to the concentration of
plastic deformation at the bottom of pinned piers.
For both pinned and fixed pier-deck connection
types, ductility demand of the piers increase with
the skew angle.
The movement is quite controlled in the deck of
seat-type bridges with skew angles up to 30°, if
shear keys are effective and function properly
(as assumed in P models). In the larger skew
angles (> 30°), the displacement demand increases
considerably in the deck of P models. For skew
angles larger than 30°, applying monolithic
pier-deck connections is more sensible.
In all models, the rotational demand increases
with the skew angle. As opposed to P models,
the rotational demand decreases up to 30% in the
M models by providing rigidity in the pier-deck
connections. Therefore, applying monolithic
pier-deck connections is more sensible in the
highly skewed bridges (> 30°).
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