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Damage investigation of girder bridges under the Wenchuan earthquake
and corresponding seismic design recommendations

Li Jianzhong', Peng Tianbo* and Xu Yan'*

State Key Lab for Disaster Reduction in Civil Engineering, Tongji University, Shanghai 200092, China

Abstract: An investigation of girder bridges on National Highway 213 and the Doujiangyan-Wenchuan expressway
after the Wenchuan earthquake showed that typical types of damage included: span collapses due to unseating at expansion
joints; shear key failure; and damage of the expansion joint due to the slide-induced large relative displacement between the
bottom of the girder and the top of the laminated-rubber bearing. This slide, however, can actually act as a form of isolation
for the substructure, and as a result, the piers and foundation of most of the bridges on state route 213 suffered minor damage.
The exception was the Baihua Bridge, which suffered severe damage. Corresponding seismic design recommendations are

presented based on this investigation.
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1 Introduction

The economic losses caused by the Wenchuan
earthquake, which occurred on May 12, 2008, are
enormous. Roads and infrastructure in Wenchuan Town
near the epicenter were heavily damaged, especially the
bridges on National Highway 213 (see Fig. 1) and on the
Doujiangyan-Wenchuan expressway. Most bridges on
National Highway 213 are girder bridges, either simply
supported (including those with continuous bridge deck)
or continuous. Laminated-rubber bearings are usually
placed directly under the main girder of these bridges.
The investigation of the performance of girder bridges
on National Highway 213 after the Wenchuan earthquake
shows that typical damage includes: span collapse,
bearing displacement, shear key failure, destruction
of the expansion joint, pounding of adjacent girders,
and cracking of abutments. These damage phenomena
are similar to those observed in Chi-Chi earthquake in
Taiwan (Liu and Chang, 2006).

These types of earthquake damage to bridges on
National Highway 213 and the Dujiangyan — Wenchuan
expressway are described and discussed in this paper,
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and corresponding seismic design recommendations are
proposed.

2 Span collapses

2.1 Miaoziping Bridge

The Miaoziping Bridge is a long span-high pier
bridge (see Fig. 2) near the Dujiangyan Ziping Dam,
located 29 km from Yingxiu town, the epicenter of
the Wenchuan earthquake. The main span consists
of a continuous rigid frame 1.436 km long, with the
highest pier over 108 m. The approach span consists of
50mx19 spans simply supported girder with a continuous
bridge deck. Each span was assembled with 10 pieces
of T-shaped girder, weighing 140 t each. When the
earthquake occurred, this bridge was not yet ready for
traffic, as only the main structure had been completed.
Due to the arge relative displacement induced by the
earthquake between the girder and the piers, the girder
at the expansion joint of the fifth span of the approach
bridge fell off, as shown in Fig. 3.

As shown in Figs. 3(b) and 3(c), laminated-rubber
bearings were placed on the supporting concrete pads,
the seating width between the girder and the pad is
about 60 cm, and no longitudinal restrainers were used
to prevent unseating. Since there was no connection
between the bottom of the girder and the bearing, when
the inertial force of the girder became larger than the
friction force provided by contact between the girder and
the bearing, relative sliding occurred. When the relative
displacement became larger than the seating width, the
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Fig.1 National Highway 213 in Wenchuan earthquake
affected area

‘Wenchuan 50mx 17

fifth span of the approach bridge fell off during the
earthquake. Figure 3(c) also shows the damage at the
supporting concrete pads and the edge of the pier caused
by pounding due to collapse of the span.

Other parts of the Miaoziping Bridge also suffered
damage due to this earthquake. The damaged shear keys
and bearings at the link pier are shown in Fig. 4.

The span collapse of Miaoziping Bridge was mainly
due to the large relative displacement between the girder
and the pier induced by the earthquake. However, the
structural configuration details of the supporting system
may also have had some influence on the span collapse.
Since the bearings were placed on the supporting
concrete pads, the seating widths between the girder and
the pad were much less than between the girder and the
pier, causing the span to collapse once the displacement
of the girder exceeded the seating width between the
girder and the pad.

Dujiangyan

Detail A/detail B
(a) Collapse of the fifth span

(b) Detail A (at expansion joint)

(c) Detail B (at bridge deck)

Fig. 3 Span collapse of the Miaoziping Bridge
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(a) Shear key damage

(b) Bearing damage

Fig. 4 Damaged shear keys and bearings at the link pier

2.2 Baihua Bridge

The Baihua Bridge is located at K1009 + 1009 +
691 km on the National Highway 213, at the upper
wall of the main central fault (Beichuan-Yingxiu
fault), only 2 km from Yingxiu Town. This bridge was
constructed in December, 2004; the substructure was
designed with the column pier connected by lateral
braces. The bridge is 495.55 m long and its highest
pier is 30.87 m. The superstructure is composed of
25 m x 4 Reinforced Concrete (RC) continuous spans,
25 m x 5 RC continuous spans, 50 m simply supported
T beam, 25 m x 3 RC continuous spans, 20 m x 5 RC
continuous spans, and 20 m % 2 RC continuous spans,
as shown in Fig. 5. The horizontal line shape of the
bridge consists of a 150 m radial curve (left) and a
66 m radial curve (right). The fifth segment, i.e., the
20 m x 5 RC continuous spans, completely collapsed
(see Fig. 5). Other piers and joints where the lateral
braces meet were also damaged, and large girder
displacements and destruction of the expansion joints
were observed. Typical damage is shown in Figs. 6 and 7.

The Baihua Bridge is located at N31.044°,
E103.475°, 10.6 km from the epicenter, which was
located at N31.021°, E103.367 °. The direction of the
Beichuan-Yingxiu fault is 229 °. Obviously, the strong

earthquake caused the collapse of the bridge; however,
its design and geometrical configuration exacerbated the
damage.

Figure 8 shows the plane configuration of the fifth
and sixth segments of the Baihua Bridge. The sixth
segment consists of 20 m x 2 RC beams, with bilateral
sliding bearings on the abutment and a fixed bearing on
the 19th pier. The fifth segment consists of 20 m x 5 RC
beams with a fixed bearing on the 16th pier, located on
a 66 m radial curve. The left end of the fifth segment is
supported on the in- span hinge with seat type located
1.73 m from the 18th pier, and the right end is supported
by bilateral sliding bearings on the top of the 13th pier.
Table 1 shows the heights of each pier of the fifth and
sixth girder segments.

As seen in Table 1, the pier placed on the fixed
bearing of the fifth segment is nearly three times higher
than the sixth segment, which can result in a large
difference in stiffness and dynamic characteristics. The
out of phase vibration between the fifth segment and the
sixth segment caused the large relative displacement at
the in-span hinge.

Once the displacement exceeded 60 cm, the end
of the girder collapsed; meanwhile, due to a very
low ratio of hoop reinforcement in the piers of this
bridge (0.048%-0.067%, far less than required by

Fig. 5 Failure of the Baihua Bridge
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the specification (1990) and larger than 0.3% at the
bottom of the pier), the 17th pier could not handle the
added axial force and bending moment caused by the
imbalance created when the girder fell, so the entire fifth
segment collapsed.

Although the strong earthquake is the main cause of
this severe damage, the non-uniform distribution of mass
and stiffness, the lack of longitudinal and transverse
restrainers to prevent unseating at the in-span hinge,
and the low hoop reinforcement ratio also significantly
contributed to the damage. AASHTO (2007) has very
clear requirements of less than 0.5 for the stiffness ratio
of all piers in one segment and 0.7 for any two segments,
and requires longitudinal and transverse restrainers to

Fig. 6 Column joint failure

(a) Confinement failure (b) Shear failure

Fig. 7 Failure at the bottom of a column

Abutment

Detail A

Fig. 8 Plan view of the fifth and sixth segments of the Baihua Bridge

Table 1 Height of piers for the fifth and sixth segments of the Baihua Bridge

Segment Sth 6th
Pier order 13 14 15 16 (fixed) 17 18 19 (fixed) 20
Height (m) 303 299 297 26.9 222 181 7.1 abutment
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prevent unseating at the in-span hinge. However, these
requirements were not considered in the design of the
Baihua Bridge.

3 Bearing displacement and girder movement

Laminated rubber bearings are normally used
on short to medium bridges in the seismic areas
of Wenchuan. The girder is placed directly on the
bearings, and no additional connecting components

(c) Exposed bearings (at location A)

are used. During the earthquake, sliding between the
girder and bearings was very common, which caused
large displacements of the girders. However, on the
other hand, this sliding can actually isolate the seismic
response of the superstructure, therefore providing some
protection to the piers and the foundation.

3.1 Minjiang Bridge, Yingxiu

The Minjiang Bridge is a skewed prestressed

[ S - ™ ™

(b) Downstream at Wenchuan side

e
(d) Exposed bearings (at location B)

Fig. 10 Girder rotation of the Minjiang Bridge in Yingxiu
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continuous RC slab bridge as shown in Fig 9. The
skew angle is 80°, which refers to the angle between
the longitudinal continuous main slab and the lateral
pier cap. During the earthquake, the slab on the Yingxiu
side (left side of the figure) moved 0.8 m in the upstream
direction, and the slab on the Wenchuan side moved
about 2.0 m in the downstream direction. The slab
moved totally off the bearings, and the shear key was
also damaged (see Fig. 10).

3.2 Shoujiang Bridge

The Shoujiang Bridge, shown in Fig. 11, is a six span
prestressed hollow slab bridge, with a span arrangement
of 30mx3 +50mx3 + 13 m, and is 263.3 m long.

After the earthquake, the left abutment moved
laterally, causing lateral and longitudinal displacements
of the 30 m span, causing it to be in danger of collapse.

The left and right ends of the T-shaped girder of this
span moved 50 cm and 60 cm, respectively, toward the
abutment. The T-shaped girder fell off the bearings on
the top of pier No. 1 and did not have any support on the

right side, and was supported by a length of less than 10
cm in the middle by the pier cap, as shown in Fig. 12.

3.3 Other bridges

The most common damage to bridges caused by the
Wenchuan earthquake was sliding between the girder
and the bearing and large displacement of the girder, as
shown in Fig. 13.

4 Damage to shear keys and expansion joints

Due to the large displacement induced by sliding
between the girder and the bearing, most lateral shear
keys and expansion joints of the bridges described in this
paper suffered some damage. Typical damage is shown
in Figs. 14 and 15.

However, damage to the shear key can be beneficial
to the pier and foundation. If the shear key was designed
to be very strong, the inertial force of the superstructure
will be transferred directly to the pier and foundation,
causing more damage to the substructure. Of course,

Fig. 11 Shoujiang Bridge

(a) Lateral displacement of girder at abutment

(b) Collapse of the bearing of girder at pier 1

Fig. 12 Girder displacement of the Shoujiang Bridge
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(b)

(d)
Fig. 13 Sliding between the top of the laminated-rubber bearing and the bottom of the girder

Fig. 14 Typical shear key damage

Fig. 15 Typical expansion joint damage
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if the shear key was not strong enough to prevent the
girder from falling of the span, the design would not be
appropriate. Therefore, finding a method to determine
the appropriate stiffness and strength of the shear key in
seismically active areas needs further research.

5 Damage to abutments

Typical damage to abutments included cracking
of the abutment itself and damage to the back fill and
retaining wall, as shown in Fig. 16.

Fig. 16 Abutment damage

6 Conclusions and recommendations

Based on the observations detailed in this paper,
typical damage to girder bridges on National Highway
213 from the Wenchuan earthquake are span collapses,
sliding between a bearing and girder, shear key
failure, destruction of the expansion joint, pounding
of adjacent girders, and cracking of abutments. All
this damage was caused by sliding between the girder
and bearing, which induced large girder displacement,
and caused span collapse and damage to the shear key
and expansion joints. However, as discussed above,
this sliding can actually act as a type of isolation for
the substructure. Not much damage was observed to
the piers and foundations of the bridges on National
Highway 213, except for the Baihua Bridge. In this
case, severe damage was not only related to high seismic
intensity levels, but also to a highly irregular structural
configuration and inappropriate design details, such
as a lack of restrainers at the in-span hinge and very
low hoop reinforcement ratio in the piers. Based on
this investigation, the following recommendations are
offered for seismic design of bridges in areas susceptible
to strong earthquakes:

(1) Adopt symmetric, regular structural geometrical
configurations to have uniform mass and stiffness
distribution.

(2) Select appropriate connection types between the

superstructure and the substructure. For bridges with
high piers, rigid connections at suitable locations are
suggested; for bridges with short piers, bearings are
suggested to connect the superstructure and substructure
using carefully designed seating widths.

(3) For bridges with laminated rubber bearings
without connections between the bearing and the girder,
the shear key should be designed as a fuse to mitigate
the seismic response of the substructure. However for
these bridges, it is difficult to design the restrainers
and provide adequate seating widths to prevent span
collapse, while at the same time mitigating the seismic
response of the piers.

References

American Association of State Highway and
Transportation Officials (2007), The AASHTO Guide
Specifications for LRFD Seismic Bridge Design.

Liu KY and Chang KC (2006), “Parametric Study
on Performance of Bridge Retrofitted by Unseating
Prevention Devices,” FEarthquake Engineering and
Engineering Vibration, 5(1): 111-118.

Ministry of Communication of P. R. China (1990),
“Specification of Earthquake Resistant Design for
Highway Engineering”, J7J004-89, Beijing: People’s
Communications Press.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


