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Skewed bridge piers are suspected to be susceptible to seismic torsion during an earthquake because
the inplane rotation of skewed bridge deck, due to the collision with the abutments or the adjacent spans,
possibly causes the torsional rotations in the piers. An analytical study is carried out in order to
investigate the seismic torsion response of skewed bridge piers. A 4 span continuous skewed bridge is
analyzed by using the finite element method. Various conditions; skewed angle, pounding gap and the
locking of steel bearing after failure, are taken into consideration. The analytical results indicate that the
locking of bearing movement can cause sharp peak seismic torsion in skewed bridge pier.
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1. INTRODUCTION

During an earthquake, it is obvious that bridges are
subjected to the multi-directional ground motions.
The effect of bilateral excitation and vertical
earthquake component can result in the combination
of axial force, biaxial bending moment and shear
force in bridge columns. However, special seismic
design consideration is required for some specific
bridges; such as bridges supported by c-bent
columns, curved bridges and skewed bridges
because of their irregular structural placement. In
skewed bridges, the rotation of bridge deck about
the wvertical axis possibly takes place when it
collides with the abutments or the adjacent spans
during an earthquake®. This may possibly induce
the torsional moment coupling with other internal
force components in skewed bridge piers.
Furthermore, the available experimental
investigations indicate that the structural capacities
of bridge piers significantly decrease when bridge
piers are subjected to the combination of bending
moment and torsion?" 3 % Therefore, it is
necessary to clarify the effect of seismic torsion in
skewed bridge piers.

Torsion, Skewed bridge, Reinforced concrete column, Seismic performance, Pounding,
Steel bearing support, Bearing failure

2. REPRESENTATIVE BRIDGES

A 40-degree continuous span skewed bridge as
illustrated in Figure 1 is selected to be the
representative structure in this study. This bridge
is 160-meter long and composed of 4 equal spans.
The superstructure is composite type and supported
by 3 concrete piers and 2 abutments. All piers are in
T-shape with 10-meter height and both abutments
are wall type with 5.1-meter height. 5 Steel bearings
are employed at the top of each pier and abutment in
order to support the superstructure. The types of
steel bearings are also shown in Figure 1. “FB” and
“MB” represent the fixed steel bearings and the
movable steel bearings, respectively. The fixed steel
bearings are employed at the tops of all piers and
they do not allow the deck movement in
longitudinal and transverse directions. In addition,
the movable steel bearings are installed at the tops
of both abutments and they permit the deck
movement only in the longitudinal direction.
Furthermore, cable restrainer systems are employed
at both ends of this bridge. They are installed at 2
outermost and the center girders of the
superstructure section.

A non-skew continuous span bridge with the
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Figure 2. Finite element modeling of the skewed bridge

similar condition to the skewed bridge is also
investigated in order to compare the effect of
seismic torsion in its piers with that in the skewed
bridge.

3. ANALYTICAL IDEALIZATION AND
GROUND MOTION

In this study, the finite element method is applied to
analyze the behavior of skewed bridge. Both
superstructure and substructure are modeled by
using beam elements as presented in Figure 2. In
order to include the nonlinear behavior in the plastic
hinge region of bridge piers, Takeda deteriorating
model as shown in Figure 3(a) is employed to the
weak axis of pier section. Moreover, the pier
cracking torsional stiffness is assumed to be 20% of
that of full section.

Furthermore, the nonlinearity of pounding
mechanism is taken into the consideration by using
a spring element with the force-displacement
relationship as shown in Figure 3(b). The direction
of spring element is normal to the edge of skew and
the pounding gap width is set to be 50 mm. The
pounding springs connect the obtuse and acute

angles of bridge deck to the tops of abutments as
shown in Figure 2. The stiffness of pounding spring,
k, can be calculated as" ©.

ynNEA
== 1)
where EA and L are the axial stiffness and the
length of bridge deck, respectively; n is the total
number of beam elements on the length L;and y

is the stiffness ratio which is equal to 1.

The cable restrainer systems are idealized by
spring elements with the force-displacement
relationship shown in Figure 3(c). The restrainer
gap width is set to be 50 mm along the longitudinal
direction of bridge. The design force of cable
restrainer, Hg is evaluated as”

Hg =1.5R (2
in which R is the reaction due to superstructure
dead load at abutment.

The nonlinearity of steel bearing is taken into the
consideration. Figure 4(a) shows the configuration
of the fixed steel bearing. The fixed steel bearing is
modeled by a set of spring elements in the
longitudinal and transverse directions including the
nonlinear hysteretic model as shown in Figure 4(b).
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The fixed steel bearing is assumed to behave
elastically before failure. The strength, F,, of a

fixed steel bearing is evaluated as

knRpL (3)
Tallow

in which oy and oy are the allowable stress

Fy =

and the yield strength for the steel design. The ratio
of the yield strength and the allowable stress is set to
be 1.7. ky, is the seismic coefficient which is equal

to 0.25 in this study and Rp, is the reaction in

bearing due to dead weight of superstructure.

Due to the lack of the information about the force
displacement relationship of fixed steel bearing, the
failure displacement is assumed to be 1 mm for
whole fixed steel bearings. After this displacement,
the fixed bearing is assumed to suffer damage and
its lateral force capacity decreases and becomes

dependent on the friction force, Fgy , between the

upper and the lower parts of bearing. The friction
force is assumed as

Far = #RpL (4)
where 4 is the friction coefficient which is

assumed to be 0.15 in both transverse and
longitudinal directions.

When a fixed steel bearing suffers damage, the
locking of bearing movement possibly occurs
because smooth displacement between the upper
and the lower parts of bearing does not take
placement. In this study an additional spring
element with the force-displacement relationship as
shown in Figure 4(c) is provided. The locking of
bearing movement is assumed to take place when
the bearing displacement fills the movement gap in
positive or negative direction. After that the steel
bearing is supposed to have a very high stiffness,
assuming to be equal to the pounding spring



Figure 6. Contribution of pile lateral stiffness to the torsional stiffness of foundation
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Figure 7. IMA Kobe ground motion records for the time history analysis

stiffness, in order to restrain the
displacement.

Figure 5(a) shows the PTFE movable steel
bearing used in this study. The behavior of movable
steel bearing in the transverse direction is assumed
to be the same as that of the fixed steel bearing
(refer to Figure 5(b)). However, the bilinear
hysteretic model as shown in Figure 5(c) is used to
simulate the behavior of the movable steel bearing
in the longitudinal direction since its capacity is
directly dependent on the friction force. The initial
movable bearing stiffness in the longitudinal
direction is assumed to be equal to that in the
transverse direction. The friction force of steel
bearing can be calculated by Equation (4) and the
friction coefficient is assumed to be equal to 0.10.
The same value of friction coefficient is applied to
the nonlinear model in the transverse direction of
movable steel bearing. For the vertical direction,
both fixed steel bearing and movable steel bearing
are assumed to be rigid.

In the traditional way of seismic analysis of
typical bridge structure, the torsional stiffness of
bridge foundation is usually neglected.  This
results in the disappearance of the internal torsion in
bridge piers. In fact, the torsional stiffness of bridge
foundation exists. In this study, the foundation with
reinforced concrete piles is employed and its
torsional stiffness is contributed from the lateral
stiffness of each pile as shown in Figure 6. The
torsional stiffness of bridge foundation is calculated
as

bearing

n
p
Koz =D Kii i (5)
i-1

where Ky7 is the torsional stiffness of bridge
foundation; Np is the total number of piles in the

foundation; Kj; and r; are the lateral stiffness of

i-th pile and the distance from the center of
foundation to i-th pile, respectively.

In order to investigate the behavior of skewed
bridges during an earthquake, NS and EW
components of the JMA Kobe and JR Takatori
ground motions which were measured during the
1995 Kobe earthquake are imposed to the bridge
models in the longitudinal and transverse directions
simultaneously. Because of space limitation,
response under JMA Kobe as shown in Figure 7 is
mainly presented here. The time history analysis is
conducted by using the Newmark- method. The
constant acceleration is assumed in each step of
numerical integration and the time interval of
integration is 1x10™ seconds.

4. NATURAL PERIODS AND MODE SHAPES
OF SKEWED AND STRAIGHT BRIDGES

The natural periods and the effective mass ratios of
skewed bridge and straight bridge are shown in
Tables 1 and 2. The fundamental modes of both
bridges are in the transverse direction. The
fundamental periods are 0.624 seconds and 0.571
seconds in the skewed bridge and the straight bridge,
respectively. The natural mode shapes of skewed
and straight bridges are presented in Figures 8 and
9, respectively.



Table 1 Natural periods of skewed bridge

Mode Direction Ngtural Effec’give
no. periods (s) | mass ratio (%)
1 Transverse 0.624 47
Longitudinal 0.367 44
7 Vertical 0.233 31

(c) 7th mode: Vertical direction
Figure 8. Natural mode shapes of skewed bridge
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Figure 10. Seismic torsions of the piers in skewed and straight
bridges

5. EFFECT OF SKEWNESS, POUNDING AND
RESTRAINER SYSTEM ON THE
PERFORMANCE OF BRIDGES

Figure 10 compares the seismic torsion occurring in
each pier of skewed and straight bridges. It is
assumed that no locking of steel bearing occurs in
these analyses. It is found that the maximum seismic

Table 2 Natural periods of straight bridge

Mode Direction Natural Effective
no. periods (s) | mass ratio (%)
1 Transverse 0.571 51
3 Longitudinal 0.393 41
8 Vertical 0.233 34
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Figure 9. Natural mode shapes of straight bridge
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Figure 11. Inplane rotations of the deck in skewed and straight
bridges

torsions at all piers in skewed bridge are larger than
those in straight bridge. In piers P1 and P3 of both
skewed and straight bridges, seismic torsion occurs
dependently on the inplane rotation of the deck as
shown in Figure 11. Moreover, pier P2 in skewed
bridge has two peaks of sharp torsion while the
magnitude of torsion is much smaller at the same
pier in straight bridge. This corresponds to the
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Figure 13. Seismic torsions of the piers in skewed bridges with
and without pounding and restrainer

inplane rotation of bridge deck at pier P2 as shown
in Figure 11(b). Both the sharp torsion peaks and
the deck inplane rotation are resulted from pounding
between the bridge deck and the abutments. Also,
Figure 11 indicates that the residual inplane rotation
of skewed bridge deck takes place while the straight
bridge deck almost has no the residual inplane
rotation.

Figure 12 exhibits the moment-curvature
hystereses in the weak axes at three piers in the
plastic hinge zones in skewed and straight bridges.
It can be clearly seen that the maximum curvatures
of three skewed bridge piers are larger than those of
straight bridge piers. This is because the inplane
rotation of the skewed bridge deck can have larger
deck displacement than the straight bridge deck. It
also implies that piers of a bridge with skewness
have higher ductility demands than those of a

Figure 14. Inplane rotations of the deck in skewed bridges with
and without pounding and restrainer

straight bridge. The same tendencies in torsions and
curvatures in the piers and inplane deck rotations are
observed under JR Takatori earthquake as well.
Next, the effect of pounding and cable restrainer
system is evaluated. Two skewed bridge models,
one with 50mm pounding gap and another without
the pounding effect and restrainer systems, are
analyzed. Figure 13 shows the seismic torsions of
three piers in both bridges. The time histories of
seismic torsions in pier P1 of both bridges are very
similar. The peak torsions are 3.77 MNm and 3.29
MNm in pier P1 of bridge with 50 mm pounding
gap and bridge without pounding and restrainer
system, respectively. However, there is some
difference in seismic torsion response at pier P3 in
both bridges during the first 5 seconds. Pier P3 of
bridge with 50 mm pounding gap gives smaller peak
seismic torsion, 2.38 MNm, than the bridge
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Figure 16. Seismic torsions of the piers in skewed bridges with
and without locking of bearing

response without pounding and restrainer, 3.29
MNm. Nevertheless, seismic torsion in Pier P2 in
bridge without pounding effect and restrainer
system is nearly zero along the time history and this
is similar to that of straight bridge. This corresponds
to the inplane rotations of bridge deck presented in
Figure 14. It is obvious that the effect of pounding
causes the inplane rotation of bridge deck.

Figure 15 presents the moment-curvature
hystereses in the pier weak axes in the plastic hinge
regions of bridge with 50 mm pounding gap and
bridge without pounding effect and restrainer
system. It can be observed that the maximum
curvatures at three piers in bridge with 50 mm
pounding gap are slightly larger than those of bridge
without pounding effect and restrainer. However,
the opposite results were obtained under JR Takatori
ground motion. It is said that the pounding is limited
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Figure 17. Inplane rotations of the deck in skewed bridges with
and without locking of bearing

on the maximum curvature of the column

6. EFFECT OF LOCKING OF BEARING
AFTER FAILURE

After the failure of steel bearings, the locking of
bearing movement probably occurs due to the
bearing damage. In order to evaluate the effect of
locking of bearing, the rightmost fixed steel bearing
on the top of pier P2 is assumed to lock in the
longitudinal direction after damage (refer to Figures
1 and 2). Thus, the bearing locking spring element
mentioned in section 3 is introduced to the
longitudinal direction of that fixed steel bearing.
The movement gap is assumed to be 10 mm in both
positive and negative directions.
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Figure 18. Force-displacement hystereses of the rightmost fixed steel bearing on pier P2 in skewed bridge with locking of bearing
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Figure 19. Force-displacement hystereses of the rightmost fixed steel bearing on pier P2 in skewed bridge without locking of bearing
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Figure 20. Moment-curvature hystereses in the weak axis of the piers in skewed bridges with and without locking of bearing

Figure 16 compares the seismic torsions in three
piers of skewed bridges with and without bearing
locking. It is seen that the time histories of seismic
torsions and the peak torsion responses of piers P1
and P3 of both bridges are very close to each other.
However, much higher torsion occurs at pier P2 in
skewed bridge with bearing locking compared to
that of without bearing locking. It is interesting to
note that the deck inplane rotations of both bridges
are very similar as shown in Figure 17. The reason
is the locking occurs in the bearing support as
shown in Figure 18 and the large eccentric impact

force causes the sharp peak torsion in pier P2.
Figure 19 shows the force-displacement hystereses
of the same fixed steel bearing when bearing
locking does not take place. Under JR Takatori
earthquake, torsion in pier P2 has the same trend as
well.

Figure 20 shows the comparison of moment-
curvature hystereses about the weak axes at three
piers in the plastic hinge regions in bridges with and
without bearing locking spring. The maximum
curvatures in piers P1 and P3 of both bridges are
very close to each other. The maximum curvature in
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and without pounding and restrainer, considering the locking of
bearing

[e}
o
o

ey
o
o
T

1

800 T T T T T T [} 1L_\ T T
<
~—~ B 7 N 101
< 4001 4 @
> |l ] & s
o
s 0 [ 1] 2o
> ] g .
— B T o -9k
g0 1 £ 10l
o B ]
[«5]
[ad]

g force (kN)

-

Bearin
B
o
o
T

-800 T T |
-0.02 -001 0 0.01 0.02
Displacement (m)

-15 1 1 1 1 1 1
-0.02 -001 0 0.01 0.02
Displacement (m)

(a) Longitudinal bearing spring (b) Bearing locking spring (Longitudinal direction)

0 T T
-01 -005 0 005 0.1
Displacement (m)

(c) Transverse bearing spring

Figure 23. Force-displacement hystereses of the rightmost fixed steel bearing on pier P2 in skewed bridge without pounding and

restrainer, considering the locking of bearing

pier P2 with bearing locking and that of bridge
without locking of bearing are virtually the same.
This means that the effect of bearing locking is not
significant on the column curvatures.

The effect of pounding and restrainer system on
the seismic torsions at the piers in bridges with
locking of bearing is also investigated. Figure 21
exhibits the comparison of seismic torsions at the
piers in skewed bridge with 50 mm pounding gap
and skewed bridge without pounding effect and
restrainer system. It can be noticed that the
maximum seismic torsion at pier P1 in skewed
bridge with 50 mm pounding gap, 3.72 MNm, is
larger than that in skewed bridge without pounding
effect and restrainer, 3.05 MNm. This phenomenon
is reverse in pier P3. Nevertheless, the peak seismic
torsion of 23.3 MNm at pier P2 in skewed bridge

without pounding effect and restrainer are larger
than that in skewed bridge with 50 mm pounding
gap, 16.9 MNm. This is opposite to the results in
section 5 (refer to Figure 13). In Figure 22, the
deck inplane rotation at pier P2 in skewed bridge
without pounding effect and restrainer are much
smaller than that in skewed bridge with 50 mm
pounding gap. This indicates that the occurrence of
peak seismic torsion in pier P2 in bridge without
pounding effect and restrainer is resulted from the
locking of bearing as shown in Figure 23. It is not
dependent on the deck’s inplane rotation. Under JR
Takatori ground excitation, pier P2 of skewed bridge
without pounding gives larger torsion as well.



7. CONCLUSIONS

A finite element analysis is conducted in order to
investigate the seismic torsional response of skewed
bridge piers. Based on the results presented herein,
the conclusions may be deduced as follows:

1) The seismic torsions in skewed bridge piers are
larger than those of straight bridge piers. Moreover,
skewed bridge piers have higher ductility demands.
2) The effect of pounding can be seen clearly in pier
P2 which locates at the center of skewed bridge. The
inplane deck rotation occurs due to the pounding
between the skewed bridge deck and the abutments
and it causes the seismic torsion in the piers.

3) The effect of pounding on the ductility demands
of the piers in both skewed bridges with and without
locking of bearing after failure is limited.

4) The seismic torsion in the middle pier of skewed
bridge with locking of bearing after failure sharply
increases compared to that without bearing locking.
This torsion tends to decrease when pounding
occurs between the deck and the abutments.
However, the effect of bearing locking is less on the
column curvature.
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