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ABSTRACT: Pile foundation is preferred for bridges in case of liquefiable soil as it is required
to transfer the vertical and lateral load to a deeper non-liquefying stratum. But this liquefaction
poses a special kind of threat to the pile foundations. The pile usually becomes vulnerable to vari-
ous failure mechanism in liquefiable soil if it is not properly designed. The major failure mechan-
isms can range from bending failure, buckling failure, settlement failure, shear failure and failure
due to elongation of natural period of piers. It has been recently found that the bridge pier can be
susceptible to fail due to elongation of its natural period. A quantitative analysis for the failureof-
Gaoyuan Bridge (Wenchuan Earthquake, 2008) has been done for verifying such failure mechan-
ismin this study. It has been observed that the displacement demand on the pier had increased by
more than 100% due to elongation of natural period, which led to its collapse.

1 INTRODUCTION

Bridges in the modern world are called lifeline structures as they are critical for a community
to function. Recent earthquakes like 2011 Tohoku earthquake (Japan), 2010 Maule earth-
quake (Chile), 2008 Wenchuan earthquake (China), 2001 Bhuj earthquake (India), 1995 Kobe
earthquake (Japan) etc. have caused collapse, and in many cases considerable damage to
many bridges. Sometimes, the liquefaction in soil seems to have caused the failure. As a
matter of fact, the liquefaction problem in soil started gaining attention after 1964 Niigata
earthquake, where many structures and bridges had suffered due to the loss of soil strength
due to soil liquefaction. Since then, many case histories have documented the damage to pile
supported bridges due to liquefied soil (Berrill et al., 2001; Hamada, 2000; Hamada and
O’Rourke, 1992; Ishihara, 1997). Some researchers have carried out shake table tests on single
piles and pile groups in liquefied soil to understand their behavior in such soil (He et al., 2009;
Motamed and Towhata, 2010). Scaled down model piles in liquefied soil have been tested in
centrifuge tests at higher confining stress to simulate the field condition (Brandenberg, 2005;
Brandenberg et al., 2007; Tokimatsu et al., 2005; Wilson et al., 2000). The behavior of flexible
pile in liquefied soil is not completely understood yet. Therefore, the bridges continue to fail
even in the recent major earthquakes. In case of earthquakes, these piles may become vulner-
able to various major failure mechanisms. The major failure mechanisms are: bending failure
due to laterally spreading soil and inertial load from the superstructure, uneven and excessive
settlement due to reconsolidation and shear deformation of soil , buckling failure due to the
loss of lateral support from the surrounding soil, shear failure due to high inertial load from
the superstructure and failure due to the elongation of natural period of piers (Mohanty et al.,
2017; Mohanty and Bhattacharya, 2019).

The collapse of a pile supported pier of a bridge due to the elongation of natural period has
been explained in this study with the example of Gaoyuan bridge. This bridge support has
been modelled in FEM to observe and to draw conclusions.
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2 FOUNDATION FAILURE OF GAOYUAN BRIDGE DUE TO 2008 WENCHUAN
EARTHQUAKE

2.1  Brief earthquake details

On May 12, 2008, a big earthquake occurred in Wenchuan County, Sichuan Province of China.
The magnitude of earthquake was reported as 8.0 Mg by CEA (China Earthquake Administra-
tion) and 7.9 M,, by USGS (Kawashima et al., 2009). The earthquake had occurred due to the
rupture of Longmen Shan fault. It was also observed that the thrust fault rupture was quite
close to the north side abutment. The earthquake’s epicenter was located around 80 km west-
northwest of Chengdu City with a shallow focal depth of 19 km. The earthquake was so intense
that the tremors were also felt in distant places like Beijing and Shanghai as shown in Figure 1.

2.2 Bridge and foundation configuration

The construction of Gaoyuan Bridge was completed in May 2005. This bridge was just 59.7
kilometer away from the epicentre and thus massive damage was observed in this bridge.
According to the new seismicity map of China, the bridge was situated in the seismic intensity
9 area. It was a simply supported bridge with 4 equal spans, each being of 23.45m long (see
Figure 2). The clear width of the deck was around 8m. It had pre-stressed hollow-slab girders
of 1.1m thickness (Zhao and Ding, 2012). Each span was simply supported by double bent
column with one tie beam in between them (see Figure 3 and Figure 4). Each pier was of 1.5m
diameter with a height of around 13m. The dual pier of each support was in turn supported
by two piles of around 17m length of 1.8m diameter. The dimension of the superstructure has
been taken from the information given by Xie et al. (2009).

2.3 Earthquake damage to bridge

The third span (G3, see Figure 2) had collapsed completely and fell in to the river. The picture
of the collapsed bridge is shown in Figure 3. Besides the fallen spans, there were a huge
number of cracks observed on piers and abutments. The overall clear length of the bridge had
reduced by 1.78m after the earthquake. The right abutment had moved by 1.8m. in NW direc-
tion. As the overall superstructure length was reduced, the superstructure had pushed the
abutments. This may have caused the back rotation of the abutments. The azimuth directions
of the bridge have been indicated in Figure 2. Out of these two abutments, Al on the left bank
had a very strong backfill while A2 on the right bank had a relatively soft backfill. The
damage to the Pier No 3( P3) due to the liquefaction in soil has been studied in this work.

Figure 1. Location of epicenter of past major earthquakes in China
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Figure 2. Schematic diagram of Gaoyuan Bridge before and after 2008 Wenchuan earthquake (adapted
from the study by Xie et al. (2009)

Figure 3. Photograph of the collapsed Gaoyuan bridge after Wenchuan earthquake of 2008

2.4  Subsurface conditions

There is no site investigation reported after earthquake as the site got destroyed due to the
earthquake. Thus, the SPT data of the soil remains unknown. The site was mainly composed
of gravel layer overlying the shale and sandstone layer as can be seen from Figure 2. The
depth of gravel was varying along the bridge. The gravel layer varied from few meters deep
near Pier No 1 (P1) to around 9.2m for the Pier No 3( P3).

2.5 Evaluation of liquefaction triggering

The stratigraphy information provided by Xie et al. (2009) has been used for evaluating lique-
faction at the site. The criteria proposed by Cetin et al. (2018) and Idriss and Boulanger (2006,
2008) is generally used for estimating the liquefaction susceptibility at the site by different
researchers. As the SPT and CPT values at the site are not mentioned in any literature, these
criteria could not be used for this study. The gravel layer, at the surface as shown in Figure 3,
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Figure 4. FEM Model of the substructure of P3 of Gaoyuan Bridge(unscaled) in SAP2000(a) Extruded
Model; (b) Corresponding line model of the bridge at pre-liquefaction condition ; (b) Corresponding line
model of the bridge at full liquefaction condition.

was found to have liquefied during the earthquake as per the study by Hou et al. (2011).
Hence, the depth of liquefaction is taken as the thickness of gravel layer at different locations;
e.g. 9.2m for the P3.

2.6  Estimation of natural period of the pier P3 in case of liquefaction

The natural period the bridges and its piers is generally estimated by following the formula-
tion described in various regional codes, e¢.g. Eurocode 8: Part 2 (2011); IRC:6 (2014). Based
upon IRC-6 (2014), the natural period of the pier-pile system can be obtained using equation
(1) where the pier-pile system is idealized as a single cantilever beam carrying the superstruc-

ture mass, resting on a foundation.
/| D
r= 1000F ()

where D= Appropriate dead load of the superstructure and live load in kN and F= Hori-
zontal force in kN required to be applied at the top of the bearings in the longitudinal direc-
tion for one mm horizontal deflection at the top of the pier/abutment.

However, Eurocode 8: Part 2, (2011) recommends that the natural period of the pier-pile
system can be evaluated by Flexible Deck Model as shown by equation (2).

M; ;2
T = 2y /% (2)

where M; = mass at the i nodal point of the pier as discretized and d; = displacement in
the direction under examination when the structure is acted upon by force gM; (inertial load)
acting at all nodal points in the horizontal direction.

As can be observed, the above equations require prior evaluation of stiffness of the struc-
ture. In addition, the formula proposed by the Eurocode 8 requires the estimation of displace-
ment at different nodal points of the structure due to the inertial load in the horizontal
direction, which is usually unknown. Hence, the pier-pile system of P3 has been modelled in
FEM software package SAP2000 for the evaluation of natural period as can be seen in the
Figure 4. It can be observed from the above that in case of eigen value analysis, it is quite
essential to model the geometric section and the superstructure load acting on top of the piers
accurately. These are determined by taking careful assumptions and the methodology is
described as follows.
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2.6.1 Structural details of the bridge substructure and foundation

The structural details and the geometrical section details have been taken from the study by
Xie et al. (2009). The piles as well as the piers were of the C30 grade of concrete. The bent
comprised of two piers, spaced 3m apart and were connected by a tie-beam and a cap beam as
shown in the Figure 4. The piers were modelled to be of 13m high with 1.5m diameter concrete
section. For the piles of support P3, they have been modelled to be of 17 m long with 1.8m
diameter. The pile cap has been modelled with the help of grillage model by diving the pile
cap into several overlapping tendons. The tie beam and the pier cap beam has been modelled
as beam of Im wide and 1m deep. The line model and the extruded model of the pier-pile
system P3 has been given in Figure 4.

2.6.2 Estimation of dead load acting on the bridge

The superstructure load acting on top of the piers has been evaluated by taking reasonable
assumptions about the various components of the superstructure, depending upon the given geo-
metric dimensions. The dead load acting on the top of the pier has been estimated as follows.

The Gaoyuan bridge deck has hollow core slabs. It is found in the literatures and is quite
understood that the self-weight of a hollow core unit is about half of that of the solid section of
the same dimension. So once the dead load has been calculated for the solid section, the same is
halved for the hollow core slab of the bridge. The dead load thus calculated is imposed at the
center points of both the piers at the top. The assumed geometric section and their correspond-
ing weight of different components of the bridge superstructure has been given in Table 1.

2.6.3 Pre-liquefaction condition

The natural period of pier P3 before the liquefaction has been estimated by modelling it in the
FEM software SAP2000 based upon its structural details as mentioned in the literature. The
SPT/CPT data for the in-situ soil condition are unavailable in all the literature. Therefore, it
was difficult to represent the soil support in terms of p-y springs as done in case of Beam on
Non-Linear Winkler Foundation (BNWF)models. Hence, the simplified design approach has
been adopted. In such an approach, the pier along with the pile cap and the pile has been
modelled up to its point of fixity in the soil. The point of fixity has been determined from the
study of Bhattacharya and Goda (2013) and is assumed to be located at a point 3d (d=diam-
eter of the pile) below the ground surface; at around 5.5m from the ground surface (see
Figure 4(b)). Hence, the depth of fixity of each pile is taken to be around 5.5m. This point of
fixity goes down into the soil further in the case of liquefaction. The natural period is used to
find out the peak acceleration (spectral acceleration) at the top of the pier using the relation-
ship given in seismic code of China (GB50011, 2010). It is to be noted here that the bridge was
built for maximum earthquake intensity 7 with PGA of 0.1g , which led to the selection of
maximum value of horizontal seismic coefficient (0,ax) as 0.12. The natural period of the pier
and the corresponding peak acceleration is further used to estimate the lateral displacement of
the pier before liquefaction. The following relationship is used to find out the peak displace-
ment of the pier, as shown in equation (3).

Table 1. Estimation of superstructure load for Gaoyuan Bridge, China

Superstructure items Item Details Load(in kN)

Slab and asphalt top Assuming 200mm slab thickness and 50 mm asphalt 1125
thickness =23.45m*8m*0.25m*24kN/m3

Crash barrier Assuming crash barriers of size 1.5m height and 0.1m 168
wide =2*1.5m*0.1m*23.45m*24kN/m3

Kerb Assuming 1m wide kerb of 0.15m height on each 168
side =2m*0.15m*23.45m*24 kN/m3

Hollow slab girder 1.1m thick(50% of the solid slab girder) 2476
=0.5%8%23.45m*1.1m*24 kN/m3

Total: 3938

* The unit weight of concrete frame sections has been taken as 24 kN/m®,
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A Tpre?
Dy =S (3)

where D, = peak displacement of the pier before liquefaction, 4,,. = peak acceleration at

the top of the pier before liquefaction, 7T}, = natural period of the pier before liquefaction.

2.6.4 Post-liquefaction condition
The natural period of the pier-pile system P3 at full liquefaction has been estimated by the
simplified design approach. As the top gravel layer had liquefied in case of Wenchuan earth-
quake, the point of fixity has been taken further down below the gravel-shale interface layer.
Further a depth of fixity is further added, which was estimated by the study of Bhattacharya
and Goda (2013). At full liquefaction, the depth of fixity of the pile is increased to 14.7 m as
the depth of liquefaction is around 9.2m for this case (see Figure 4(c)). The peak acceleration
for pier is estimated from expressions proposed in seismic code of China (GB50011, 2010). It
is to be further added here that: the Wenchuan earthquake had an intensity of 9 with PGA of
around 0.4g for this bridge site (Kawashima et al., 2009). Hence, this earthquake incident is
treated as rare earthquake event with maximum value of horizontal seismic coefficient (yyax)
as 1.4 as per Seismic Code of China (GB50011, 2010).

The natural period and the corresponding peak acceleration (spectral acceleration) values are
used to estimate the peak lateral displacement at the top of the pier, following the equation (4).

2
Apast X Tpost
472

Dpost = 4)

where D,,,,, = peak displacement of the pier top at full liquefaction, 4,,, = peak acceleration
at the top of the pier at full liquefaction, 7,,,,, = natural period of the pier at full liquefaction.

2.6.5 Results and discussion

The natural period of individual piers increases due to the liquefaction. For ground profile
with higher depth of liquefiable soil, the margin of increase also becomes higher. The natural
period and the corresponding lateral displacement of the pier P3 at the two extreme conditions
has been calculated and given in Table 2.

It is interesting to note that the gravel layer liquefied in 2008 Wenchuan earthquake,
which increased the natural period of the bridge piers. For pier P3, the natural period had
increased almost by two times from 1.1 seconds to 2.25 seconds as shown in Table 2. As a
result, the resultant lateral peak displacement had also increased. The estimated natural
period of the Gaoyuan Bridge before liquefaction was found to be commensurate with the
findings of Han et al. (2009).

Secondly, Gaoyuan bridge was initially designed considering the site as of earthquake inten-
sity 7 during its construction. But after the earthquake, the site was upgraded to intensity 9
(Han et al., 2009). It can be observed the lateral displacement of P3 increases to 0.44m from its
pre-liquefaction value of 0.017m. Due to the assumptions used in the analysis and considering
the fact that liquefied soil may offer some resistance, the actual pierhead displacement may be
less.

The interesting fact in this case is: the natural period of the different piers increases by a
margin, depending upon their corresponding unsupported length of the pier-pile system. The
natural period of a pier-pile system can be estimated by the simplified relationship given in

equation (5) as follows:
IM
T =2m\/— 5

where 7= natural period of the pier-pile system, M=superstructure mass acting on the top
of pier, K=Lateral stiffness of the pier-pile system,
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Table 2. Estimation of natural period and peak lateral displacement of pier P3

Pre-liquefaction Scenario (Original Design Post-liquefaction scenario (as per latest Seismic Code
Criteria as per the design document) of China (GB50011, 2010)

Intensity PGA Olmax Intensity PGA oy

7 0.1g 0.12 9 0.4g 1.4(for rare earthquake)
Tpre= 1.1 seconds (estimated from the eigen Tpost= 2.25 seconds (estimated from the eigen value
value analysis of SAP2000 program) analysis of SAP2000 program)

D;re=0.0173 m (estimated using the analytical ~ Dpos = 0.44 m (estimated using the analytical relation-
relationship given in equation (3)) ship given in equation (4))

The pier-pile system can be idealized as a cantilever beam fixed in the soil at its point of
fixity, as has been done in this exercise, for preliminary analysis. The lateral stiffness of the
pier-pile system can be estimated by the following relationship as given in equation (6):

K="+ (6)

where EI= flexural rigidity of the pier-pile system, L=Unsupported length of the pier-pile
system, which usually comprises the height of the pier and the corresponding depth of fixity of
the pile.

It can be observed from the above relationships that the natural period of the pier-pile
system increases as the unsupported length of the pile increases. As various piers of a bridge
can have different unsupported length in a typical field case, they can have differential lateral
displacement as compared to each other, which may unseat the deck.

3 CONCLUSION

The bridges are called lifeline structures and they need to operate even after the earthquake
for the emergency services to continue. It has been seen in the recent earthquakes that soil
liquefaction had caused unrepairable damage to the important bridges as its failure mechan-
isms has not been fully understood. The failure of the bridges due to elongation of natural
period of the pier has been studied in this work with the example of collapse of Gaoyan
Bridge in case of Wenchuan earthquake (2008). It is observed that the natural period of the
bridge had increased by almost two times, which increased its lateral displacement.

The failure of bridges due to the elongation of natural period of the piers has not been con-
sidered in any of the regional design codes of pile foundation. Hence, this failure mechanism
must have been overlooked in the design of many bridges. The pile foundations can be add-
itionally stiffened to avoid the elongation of its natural period in case of liquefaction, which
needs further research to corroborate.
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