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Abstract

The seismic vulnerability of skewed bridges has been found to be caused by several factors, including the skew angle of the
bridge, pounding between adjacent superstructures, and soil-structure interaction (SSI). In this paper, a straight and 30°
skewed bridge-abutment model were considered to investigate the effects of skew angle on the seismic response of the
bridge. The influence of pounding and SSI were also investigated. The bridge segments were allowed to collide with the
abutments and spaced apart so that collision does not happen. The bridge was also fixed on the shake table and founded on
sand to study the effects of SSI. This paper focused on the bending moments of the bridge pier and in-plane rotations of the
bridge girder. It was found that pounding reduced the bending moments of bridges by up to 23%. When pounding was not
considered, the bending moment of the skewed bridge was 0.60 times that of the straight in the fixed base case, but was 1.20
times that of the straight when SSI was introduced. The maximum rotation induced in the bridge girder of the skewed bridge
in the SSI case was 2.25 times that of the fixed base case when pounding was not considered. When pounding was
introduced, SSI did not have much effect on the maximum rotation induced.
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1. Introduction

The need for construction of skewed bridges could arise from several reasons such as the presence of obstacles,
bridges spanning over complex intersections, and space or terrain restrictions. They have been found to be more
prone to damage during seismic events, as was seen during the 1971 San Fernando earthquake ™, 1994
Northridge earthquake ¥, 1995 Kobe earthquake !, and the 2010 Chile earthquake .

Damage to bridges, and in worse cases, collapse of bridges could cause loss of functionality and loss of
lives. Some studies have found one of the primary causes to be pounding at the location of the bridge expansion
joint. Pounding happens when adjacent superstructures move out-of-phase from each other and closes the size of
the gap provided. These out-of-phase movements could be due to several reasons like the spatial variation of
ground motions, adjacent superstructures with different fundamental frequencies, and soil-structure interaction
(SSI), or a combination of these factors ¥,

The vulnerability of skewed bridges has been associated to the rotations induced by the bridge girder,
especially when pounding occurs. Some studies have been done to investigate the torsional response of skewed
bridges. Maragakis™® studied the rigid body motions of short-spanned skewed bridges, focusing on the in-plane
rotations. The study found that the rigid body motions of skewed bridges arise from the skew of the bridge deck
and impact between the deck and abutments.

Another study by Wakefield et al. [ shows that the dynamic response of the short and stiff skewed bridges
is dominated by rigid body motions, including rotations if the bridge deck is not rigidly connected to the
abutments. Their findings also match with observations of failures from the 1971 San Fernando earthquake.
Deepu et al. © found that an increase in skew angle causes the structure to become stiffer and has larger
responses compared to a straight bridge of the same dimensions.

The effects of SSI on the response of structures have been vigorously debated since the past, where some
researches claim SSI to be detrimental to the response of structures I ** ™1 "and others claiming otherwise *2 .
Conventionally, the latter assumption that SSI is beneficial in reducing structural responses has been adopted.

Most of the studies on skewed bridges have been conducted numerically or analytically. Experimental
investigations have been scarce, and none of them has included the effects of pounding and SSI. In this study, a
1:20 scale bridge-abutment model was constructed and a series of shake table tests were carried out. A straight
bridge and 30° skewed bridge were used to investigate the effects of skew angle on the bridge response. To study
the influence of SSI, a rigid sand box was used to simulate the bridge being founded on sand.

2. Methodology
2.1 Prototype and model

A 100 m segment of the Newmarket Viaduct Replacement Bridge was chosen as the prototype bridge. The
dimensions of the bridge are shown in Table 1.

Table 1 — Dimensions of the Newmarket Viaduct Replacement Bridge

Parameter Dimensions
Pier-to-pier distance 50 m
Pier height 155m
Pier width 3.44m
Pier thickness 1.48 m
Seismic mass 1.9 tons
Longitudinal frequency 0.98 Hz
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" The bridge was scaled based on the principles of similitude outlined by Dove and Bennett ™. The length
and time scale factors obtained were 20 and 1, respectively. The dimensions of the straight bridge model are
shown in Table 2.

Table 2 — Dimensions of straight bridge model

Parameter Scale factor
Bridge span 5000 mm
Pier height 775 mm
Pier width 100 mm
Pier thickness 6 mm
Seismic mass 487 kg
Longitudinal frequency 0.98 Hz

2.3 Ground motion

The ground motion used in this study was stochastically simulated based on the New Zealand design spectrum
for shallow soil conditions and was subsequently scaled according to the aforementioned scale factors. The
acceleration time history of the ground motion applied was shown in Fig. 1.
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Fig. 1 — Acceleration time history of ground motion applied to model
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2.4 Bridge setup

The straight and skewed bridges were fixed on the shake table or placed on compacted sand. The bridge and
abutments were allowed to collide in the case where pounding was considered, and were arranged or spaced
sufficiently apart when pounding was not considered. Fig. 2 shows the setup of the straight bridge for SSI case
when pounding was not considered. The bridge segment and abutments experience uniform ground motions.
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Fig. 2 — Setup of straight bridge for SSI case without considering pounding
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3. Results and discussion
3.3 Bending moment development of bridge pier

The bending moment developed in the pier of the straight bridge was compared in Fig. 3 for the fixed base and
SSI cases without considering pounding. It can be seen that SSI was beneficial in reducing the bending moment
from about 24.58 Nm to 18.87 Nm, by about 23%.
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Fig. 3 — Bending moment of straight bridge for fixed base and SSI case without considering pounding

However, when pounding was considered, the influence of SSI on the magnitude of bending moment was
not as significant. The restriction of girder movement due to pounding with adjacent abutments limits the
bending of the bridge pier in both the fixed base and SSI cases. When the bridge was fixed on the shake table,
the maximum bending moment was 8.4 Nm, whereas when it was founded on sand, a slight increase in the
maximum bending moment to 9.41 Nm was observed.
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Fig. 4 — Bending moment of straight bridge for fixed base and SSI case when considering pounding
Interestingly, when a 30° skew angle was introduced, the bending moments for the fixed base and SSI

cases did not show similar trend to that of the straight bridge. From Fig. 5, it can be clearly seen that SSI
significantly increases the bending moment from 14.64 Nm to 22.72 Nm.
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Fig. 5 — Bending moment of 30° skewed bridge for fixed base and SSI case without pounding
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However, when pounding was introduced to the skewed bridge, similar to findings from the results of the
straight bridge, SSI did not have much effect on the bending moment of the pier due to the restriction from
adjacent abutments. The maximum bending moment for fixed base was found to be 8.69 Nm, whereas for SSI it
was only slightly larger at about 9.26 Nm.
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Fig. 6 — Bending moment of 30° skewed bridge for fixed base and SSI case considering pounding

A summary of the maximum bending moments of the straight and skewed bridges with and without
considering pounding is shown in Table 3. For both bridges, pounding significantly reduced the bending
moments in both the fixed base and SSI cases due to the restrictions of girder movement by the abutments. When
pounding was not considered, the presence of the 30° skew angle affected the maximum bending moment
differently depending on whether SSI was considered. For the fixed base case, the maximum bending moment of
the bridge was less for the skewed bridge, but when SSI was introduced, a significant increase was seen.

Table 3 — Maximum bending moments of straight and skewed bridge with and without pounding

Fixed base SSI
No pounding | Pounding | No pounding | Pounding
Straight bridge 24.58 Nm 8.4 Nm 18.87 Nm 9.41 Nm
30° skewed bridge 14.64 Nm 8.69 Nm 22.72 Nm 9.26 Nm

3.3 In-plane rotations of skewed bridge girder

A possible reason for the increase in bending moments of the skewed bridge for the SSI case without
considering pounding can be seen by investigating the in-plane rotations of the skewed bridge deck shown in Fig.
7. When SSI was considered, the maximum rotation induced was 0.09° for the SSI case, whereas when the
bridge was fixed to the shake table, it was significantly less at only about 0.04°.

This torsional response not only increases the loading demands on the bridge piers, it also significantly
increases the girder unseating potential of the skewed bridge. This is because the increased rotations would
likely result in larger relative displacements between the bridge segment and abutments, especially in the out-of-
plane direction.
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In-plane rotations of 30° skewed bridge for fixed base and SSI case without pounding

Fig. 8 shows the rotation of the skewed bridge deck when considering pounding. As was found with the
bending moment and relative displacement, a similar trend was observed with the maximum rotation of the
girder. The maximum rotations induced for the fixed base and SSI cases were very similar at about 0.1° and
0.09°, respectively.
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Fig. 8 — In-plane rotations of 30° skewed bridge for fixed base and SSI case with pounding

4. Conclusions

A 1:20 scale bridge-abutment model was constructed and subjected to shake table tests. Two bridges - straight
and 30° skew were constructed. The bridge segment and abutments were subjected to uniform ground motions
simulated based on the New Zealand design spectrum for shallow soil conditions. A rigid sand box was used to
simulate SSI conditions and the results were compared with that of the fixed base case, where the bridge was
fixed on the shake table. The results reveal:

o Without pounding:

(0]

(0}

When both the straight and skewed bridges were fixed on the shake table, the skewed bridge had
smaller bending moments.

In the SSI case, the opposite was found, where the skewed bridge had larger bending moments.
SSI significantly increased the in-plane rotations of the skewed bridge girder.

SSI was beneficial in reducing the bending moments of the straight bridge compared to when
the bridge was fixed to the shake table, but was detrimental for the skewed bridge.

¢ With pounding:
0 The maximum bending moments of both the straight and skewed bridge for fixed base and SSI

cases were significantly reduced.

0 SSI had little effect on the maximum rotations induced in the bridge girder.
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