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ABSTRACT 

 

The aim of this paper is to summarize the different identified failure mechanisms of piles in seismic areas: 

bending, buckling instability, settlement, shear, dynamic and their combination. Performance of few cases 

of piled-supported bridges in liquefiable soils is studied in the light of the different identified failure 

mechanisms. The period of study included failure of bridges from the 1948 Fukui earthquake to the recent 

2010 Chile earthquake. Emphasis is given to the failure of bridges over Bio-Bio river during the 2010 

Chile earthquake. The study showed that the most often pile-supported piers (intermediate supports) 

collapsed whereas the pile-supported abutments remained stable. This is in contrast to the current 

understanding that liquefaction induced lateral spreading is the cause of failure of these bridges. It has 

been shown that the middle of the bridge has the least lateral stiffness making it prone to failure. Also, as 

soil liquefies, the reduction in the supporting lateral stiffness of the soil can cause a buckling failure of the 

pile (static instability) which can be initiated by lateral spreading loads or inertia load or out-of-line 

straightness or any other form of imperfections.  

 

Keywords: Pile foundation, failure, liquefaction, lateral spreading.  

 

INTRODUCTION 

 

Severe damage of pile-supported structures founded in liquefiable soils has been observed in most major 

earthquakes; see for example the 1964 Niigata earthquake, 2001 Bhuj earthquake, and 2010 Chile 

earthquake. There are different identified failure mechanisms of piles observed in liquefiable soils: (a) 

Settlement of pile foundation due to loss of axial load bearing capacity in liquefiable soils causing 

excessive tilting/ settlement of the structure; (b) Shear failure of the material of the pile which may be 

common in hollow circular concrete pile; (c) Bending failure due to induced bending moment exceeding 

the bending capacity of the pile section; (d) Dynamic failure due to amplification of bending moment due 

to frequency of the pile-supported structural system interacting with the earthquake frequency i.e. 

resonance type failure; (e) Buckling instability due to axial loads exceeding the Euler critical load of the 

pile in the liquefiable zone. Many of these failure mechanisms are discussed in Bhattacharya et al. (2004, 

2005, and 2009).  While each of the above failure mechanisms mentioned earlier can cause severe damage 

and/or complete/partial collapse to a structure, failure can also occur be due to a combination of above 

failure mechanisms i.e. combination of settlement and bending. In other words, these mechanisms interact 

and this is a focus of study for many research groups. Dash et al. (2010) studied the interaction of bending 

and buckling mechanism through the analysis of Showa Bridge failure during the 1964 Niigata 

earthquake. The interaction of settlement and bending mechanism has been studied by Dash et al (2009) 

through the analysis of the Kandla port tower building during the 2001 Bhuj earthquake.    

 

 Roads and bridges are vital parts of the infrastructure and therefore should remain in working condition 

even after any natural disaster such as an earthquake.  This is to facilitate the relief operations. Most small 

                                                 
1
 Research Student, University of Bristol, E-mail: Daniella.EscribanoLeiva@bristol.ac.uk 

2
 Senior Lecturer in Dynamics, University of Bristol, Email: S.Bhattacharya@bristol.ac.uk  



5th International Conference on Earthquake Geotechnical Engineering 

January 2011, 10-13 

Santiago, Chile 

to medium span bridges founded on seismically liquefiable deposits (loose to medium dense saturated 

sands) are supported by pile foundations. Piled foundations are designed to penetrate through weak or 

liquefiable layers of soil and reach a stiffer or denser stratum. However, there are many cases of piled-

foundation bridges that have failed due to liquefaction effects. Failure of these pile foundations has been 

observed in the aftermath of the majority of recent strong earthquakes such as the 1995 Kobe earthquake 

(JAPAN), the 1999 Kocheli earthquake (TURKEY) and the Bhuj earthquake (INDIA). It has widely been 

accepted that liquefaction-related effects are the cause of these failures.  

 

Aim of this paper 

Study of field case histories can be very important for understanding the complex soil-structure 

interactions between the superstructure and the foundations of a bridge. While post-earthquake 

reconnaissance survey provides qualitative account of bridge failures, Bhattacharya et al. (2004, 2005), 

Dash et al (2009, 2010) attempted quantitative analysis of some case studies to understand predominant 

failure mechanisms.  

 

 The aim of this paper is twofold: (a) Summarize the various failure mechanisms of bridge failure; (b) 

Study of some of bridge failures observed in the past earthquakes. Emphasis is given on the bridge failures 

during the recent 2010 Chile earthquake. Parallel is drawn with the bridge failures observed in the 

previous earthquakes such as 1964 Niigata earthquake.   

 

 

MECHANISMS OF FAILURE OF PILE-SUPPORTED STRUCTURES IN LIQUEFIABLE SOILS 

DURING EARTHQUAKES 

 

Figure 1 shows a schematic diagram of the loads acting on a pile-supported structure during earthquakes. 

Structurally, piles are slender columns with lateral support from the surrounding soil. Pile foundations 

transfer the load applied through friction due to the shear generated along the shaft and by the bearing at 

the pile tip generated by the normal stresses at the base. The loads applied to a pile are transferred to the 

soil-pile friction generated in the piles shaft, and the remaining to the tip of pile. These two components of 

pile capacity are called: shaft resistance and end-bearing resistance, respectively. The predominant loads 

acting on a pile in liquefiable soil are (see Figure 1): 

• The axial static loads (Pstatic). This axial load may change, decreasing or increasing, due to inertial 

effects of the superstructure and kinematic effects of the soil (Pdynamic). 

• Inertial lateral loads due to the movement of the superstructure (Plateral). 

• Kinematic loads produced by the ground movement, which can be transient (during the 

earthquake) and residual (when the earthquake ceased, the soil flows known as lateral spreading). 

 

Liquefaction phenomenon can reduce shaft capacity of a pile and may lead to pile settlement (Stage III in 

Figure 1). During liquefaction, the axial loads are transferred to a stiffer or denser layer of soil below the 

liquefiable soil. In addition, lateral loads acting on the pile can lead to structural failure (Stage II or Stage 

IV). Bending failure can be produced by lateral spreading of the soil (Stage IV) which produces a bending 

moment generated by kinematic and/or lateral loads due to inertia of the superstructure. Buckling 

instability can occur due to decrease of confining pressure around the pile due to the loss of 

strength/stiffness of the liquefied soil, which is no longer able to support the pile (Stage III). Therefore, 

large transversal deflections are produced by the axial loads acting on the pile. Recently, bending-buckling 

interaction of pile-foundations in seismically soil deposits has been studied by Dash et al. (2010), where 

the interaction between the axial and lateral loads is studied.  

 

There are many different mechanisms and hypothesis adopted to understand and analyse pile failure 

during earthquakes. One of the most currently adopted hypothesis of pile failure in liquefiable soils is 
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based on bending mechanisms, stating that large kinematic lateral loads produce bending moments which 

exceed the capacity of the pile. Bhattacharya et al. (2004) proposed a failure mechanism suggesting that 

axially loaded piles may collapse as a result of buckling instability due to the removal of the soil bracing 

effects. This hypothesis has been verified using dynamic centrifuge testing and analysis of field case 

records. A brief description of failure mechanisms of pile foundations are indicated as following. 
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Figure 1. Loads applied to a pile foundation and failure mechanisms, Bhattacharya et al. (2009) 

 

Shear Failure 

This type of failure may occur due to lateral loads such as inertia or kinematic loads or a combination of 

the above. Low shaft capacity piles are the most affected by this type of failure.  

 

Bending Failure 

Inertial and/or kinematic loads will produce bending failure, depending on the earthquake characteristics, 

the initiation of soil liquefaction, and regaining of strength after the earthquake has ceased.  Many authors 

have referred to bending failure as a cause of bridge failure due to lateral spreading of the soil (O’Rourke 

& Hamada (1992), Ishihara (1997), Tokimatsu et al. (1998), Abdoun & Dobry (2002), and Finn & Fujita 

(2002)).  

 

Buckling Instability 

Buckling failure in slender piles may occur due to the effect of axial load acting on the pile and the loss of 

surrounding confining pressure offered by the soil owing to liquefaction, see Bhattacharya (2003), 

Bhattacharya et al. (2004). Lateral loading due to slope movement, inertia or out-of-line straightness in the 

pile will increase lateral deflections, which in turn can increase the chances of instability failure even at 

lower axial loads. This may cause plastic hinges in the piles leading towards collapse of the structure. 
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Dynamic Failure 

The three failure mechanisms i.e. shear or bending or buckling can be taken care of on design through 

pseudo-static procedures. However, during earthquakes the dynamic soil-pile interaction becomes much 

complicated and has significant effect on the pile response. The dynamic properties of soil and pile and 

their interaction properties change during the earthquake. This change can lead to amplification of 

structural response and may lead to the failure of structure. Some effects identified in dynamic failure of 

piles are: 

1. Changes in natural frequency of vibration of the pile-supported structure during the process of 

liquefaction. The frequency of a pile-supported structure will change with the stiffness 

degradation of the soil surrounding the pile 

2. Changes in the behaviour of the structure. Due to loss of lateral soil stiffness in liquefiable soil, 

stiffness ratio between superstructure and stiffness of pile group becomes large. This stiffness 

change along with long unsupported length of piles may induce large lateral displacement at pier 

cap level.  

3. Changes in soil properties. Due to liquefaction, soil stiffness reduces drastically, and the depth of 

fixity of pile increases. In other words, the point of fixity goes deeper which increases the 

unsupported length of pile-supported structure. Liquefied soil also acts as a damper to the 

vibration of the pile. 

 

The above mentioned failure mechanisms may interact with one another depending on the type of strong 

motion experienced by the earthquake. For example, it is believed that the analysis of the interaction 

between bending and buckling failure modes is of great importance of pile foundations in liquefiable soils; 

see for example Dash et al. (2010). However, most codes of practice incorporate bending mechanism for 

laterally loaded piles failure without incorporating the effects of axial loads.  

 

 

CASE STUDY OF PILE-SUPPORTED BRIDGES FAILURE (1948-2010) 

 

Examination and analysis of case histories of pile-supported bridges failure revealed important aspects in 

the failure mechanisms. Since the Niigata 1964 Earthquake, liquefaction-induced damage has been an 

important design consideration in infrastructure and building design. There have been several case studies 

of bridge failures related to liquefaction phenomena analyzed since 1964. This section reviews historical 

cases of collapsed bridges during earthquakes founded on piles in liquefiable soils since 1964 to 2010. 

Table 1 includes a list of some pile-supported bridges that failed due to earthquake induced soil 

liquefaction and/or ground response. 

 

From the study of case histories the following observations can be made: 

1. Piers i.e. the intermediate supports collapsed while the abutments remain stable. A brief review of 

the design aspects of the foundations of piers and abutment will be presented in the next section. 

2. Bridges with non-continuous deck may fall due to rotation of pile-supported piers settlement. 

Liquefaction and lateral spreading is observed in many of the cases. Plastic hinges formed in the 

piles 

3. Structures supported in grounds in the vicinity of geological faults produce severe damage.    

4. The stiffness of the structure may change during a seismic event generating changes in its 

response. 

 

It is a common observation in liquefaction-related bridge failure that piers (intermediate supports) 

collapse, whilst the abutments (end supports) remain stable, see for example Figures 2 and 4, 5 and 6. 

Figure 2 shows the collapse of the Showa Bridge after the 1964 Niigata earthquake, while Figure 4 shows 

the collapse of the Million Dollar Bridge after the 1964 Alaska earthquake. Similar observations were also 
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observed in Nakatsuno bridge and Magsaysay Bridge (see Figures 5 and 6). The next section discusses the 

observed failure of bridges during the 2010 Chile earthquake.  

 

 

2010 CHILE (MAULE) EARTHQUAKE 

 

A large magnitude (8.8Mw) earthquake strike Chile on 27th Feb 2010. The epicentre of the earthquake 

was located in the offshore Maule VII Region of Chile at a depth of 35 km. as reported by Bray et al. 

(2010). It ruptured at the boundary between the subducting Nazca and South American tectonic plates 

which are converging at a rate of 80mm per year (Bray et al. 2010). The extension of the rupture area was 

approximately 500 km. producing damage from the V Region of Valparaiso in the North to the IX Region 

of Araucania in the South. Many aftershocks over 5.0 Mw were recorded after the earthquake, located 

over the extension of the rupture area.  

 

Table 1. Case studies of pile and/or pier-supported bridges in liquefiable soils 
Earthquake Bridge Type of pile Analysis of Failure 

Niigata, 
Japan 
1964 

Showa Driven steel 
pipe piles 

Failure caused by structural instability. The bending caused 
by lateral spreading was twice smaller than their plastic 
moment capacity, suggesting that the lateral spreading alone 
did not cause the collapse of the bridge. Assuming that the 
liquefied soil possesses no lateral restraint the Euler Critical 
load is found to be closely equal to the load supported by the 
piles (Bhattacharya et al., 2005) 
 

Niigata, 
Japan 
1964 

Yachiyo R.C. piles 
(D=30 cm, 
L=10 m.) 

Lateral spreading pushed the foundations of the piers toward 
the river while the tops of the piers were restrained because of 
the resistance of the girders. This shows that the critical 
locations in the shear and bending response of pile 
foundations to lateral spreading are the head of the foundation 
and the bottom of the liquefied layer (Abdoun & Dobry, 2002). 
 

Luzon, 
Indonesia 
1990 

Magsaysa
y 

Concrete 
piles (L=10 
m.) 

Lateral movement of piers due to lateral flow and pier 
settlement due to loss of bearing capacity of the liquefied 
riverbed deposit (Ishihara et al., 1993). 
 

Costa Rica 
1991 

Hankyou 
Railway  

R.C. cast-in-
place piles. 

Rotation of Abutment due to liquefaction and lateral spreading 
(Moele, & Eberhard, 2000). 
 

Chi-Chi, 
Taiwan 
1999 

Wushi  R.C. piles. Different damaged characteristics were exhibited due to a 
geological fault crossing the bridge. Severe shear failure at 
the pier walls and/or caissons under the strong motion and 
fault rupture. Settlement of the southbound super-structure 
due to sliding down of the piers and caissons along their 
diagonal cracks (Chang et al., 2000). 
 

Bhuj, India 
2001 

Bhachau-
Vondh  

R.C. piers 
supported by 
caissons. 

Rotation of the piers due to liquefaction. Stiffness of the 
superstructure of the bridge can dictate the failure mechanism 
once the foundation soil has suffered extensive liquefaction 
(Madabhushi & Haigh, 2005).  
 

Maule, Chile 
2010 

Juan Pablo 
II 

R.C. bents 
with drilled 
piers 
supports. 

Lateral spreading in the North-East side of the Bridge with 
shear failure in columns. Liquefaction-induced settlements 
along the Bridge (Bray et al., 2010).  
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Three bridges over Bio-Bio River (in Concepcion city) were severely damaged (see Figure 7 for the 

location map). The city of Concepcion located at 105 km. from the Earthquakes epicenter, suffered severe 

damage to infrastructure and buildings. A reconnaissance survey made by the British Earthquake 

Engineering Field Investigation Team (EEFIT) was conducted for 10 days to investigate structural and 

geotechnical damage between the Metropolitan region (RM) and VIII Region. Soil liquefaction evidence 

was observed in the North side of the river Bio-Bio. In this paper, possible causes of pile-supported 

bridges failure in Concepcion are indicated comparing with case histories with similar failure patterns. A 

preliminary liquefaction susceptibility analysis is performed for some sites in Concepcion. 

 

 

    
 

 

 

 

  
 

 

 

 

 

Concepcion 

The city of Concepcion is the second largest city of Chile, located in the coast of VIII Region of Chile 

parallel 36°37’S and meridian 73°07’W. This city and the entire Bio-Bio Region, as it is called by the 

river of the same name have a vast history of large earthquake events which have affected the 

geomorphology and even the present location of the city. Historic seismic events for Magnitudes over 7.0 

have occurred in different locations of the VIII region.  

 

Figure 2. Collapse of Showa Bridge during the 1964 

Niigata earthquake. (National Information Services 

for Earthquake Engineering NISEE) 

Figure 3. Wushi Bridge, Taiwan 1999.  

(Chang et al., 2000) 

Figure 4. Million Dollar Bridge during the 

1964 Alaska earthquake.  (U.S. Geological 

Survey data Series 1995) 

Figure 5. Collapse of the Nakatsuno Bridge, Japan 

1948.  (National Information Services for 

Earthquake Engineering NISEE) 
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Figure 6. Collapse of Magsaysay Bridge during the 1990 Luzon earthquake. (Ishihara et al. 1993) 
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Figure 7. Location map for the three bridges in Concepcion and location of boreholes. 

 

Sub-soil conditions and preliminary depth of liquefaction analysis 

The information obtained by 9 boreholes with SPT tests, performed before the Earthquake, is used to 

characterize soil conditions in some sites of the city centre of Concepcion, where most of the damage was 

observed. The most predominant soil, previously called Bio-Bio sediments is composed by loose to dense 

sands and silty sands, and some isolated layers of silts and clays. Figure 8 shows three results of SPT tests 

in the city of Concepcion, showing the corrected value of NSPT for energy ratio. Most of the soil profiles 

examined contain silty sand with fine content increasing with depth, with values over 5% and inclusive 

reaching values near 50%, which are considered to have more resistance to liquefaction. However, most of 

the fine content is non-plastic or with very low plasticity index. The water table for the nine soil profiles 

considered varies between 2 m. and 7 m. of depth.  

 

 A preliminary liquefaction susceptibility analysis for the city of Concepcion using Eurocode 8, Part 5 

method indicates that the susceptible liquefiable soil layer varies between 3.00 to 10.00 m. of depth. Near 
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the shoreline of the river Bio-Bio, in borehole N1 (Figure 7 and 8) the depth of liquefaction varies 

between 5.00 and 9.80 m. 

 

Observed Bridge damage in Concepcion  

Evidence of lateral spreading was observed in the north Coast of Bio-Bio River (Figure 9).  Large masses 

of soil moved towards the river producing cracks which extended up to 70 m. from the shoreline and 

lateral displacements over 1 m. The lateral deformations of the ground in the north side of the river caused 

severe damage to the three bridges that cross to the City of San Pedro de la Paz (location in Figure 6). 

Llacolen Bridge (Figure 10) suffered less damage, with the collapse of one span and already has been 

repaired for its use. Extensive damage to buildings was observed in the downtown city of Concepcion. 

However, this area will not be covered in this work. A detailed analysis is given for the most damaged 

bridges: Bio-Bio and Juan Pablo II Bridge.  
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Figure 8. Soil profiles Boreholes N1, N9 and N6 with SPT data, Concepcion.  

 

Bio-Bio Bridge 

The Bio-Bio Bridge indicated in Figure 11 was the most damaged bridge with failure of multiple spans 

and already has been demolished by the authorities. This bridge was inaugurated to the public in the year 

1943 and was closed to traffic in 2002 as it was deemed to be a safety risk due to its deteriorated 

condition. For the 1960 Valdivia Earthquake, the bridge suffered similar damage to spans and was 

repaired with a steel beam covering a length of 45 m. in the north side of the bridge and maintaining the 

same foundations made of wood piles. Lateral spreading could induce strength degradation and bending 

failure in the bridge. However, the previous doesn’t necessarily explain the failure of spans in the middle 

extension of the bridge.  
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A similar type of failure in piles founded in liquefiable soils has been observed in other seismic events, as 

discussed in the earlier section. The collapse of spans in the middle of the bridge can be associated to the 

least lateral stiffness in the middle of the bridge which makes it prone to large displacements causing the 

girders to fall of the pier cap (Kerciku, 2007). This observed failure pattern is inconsistent with the general 

bridge design, which considers partial lateral loads which govern the abutments design, vertical loads for 

the deck, and the bridge piers predominantly governed by vertical loads.  

 

 

  
 

 

 

 
Figure 11. Bio-Bio Bridge damaged during the 2010 Chile earthquake. 

 

Kerciku (2007) developed a simplified method for calculating the stiffness of bridge supports by 

combining the lateral stiffness of the pier piles, lateral stiffness of the abutment piles, and the longitudinal 

stiffness of the Bridge deck. The bridge is modeled as a multi-frame system as shown in Figure 12, where 

each Pi element represents the i-th pile from the left side. The piles are modeled as fixed-sway cantilevers, 

experiencing restraint to lateral movements (longitudinal direction) due to the lateral stiffness imposed by 

the other piles and by the longitudinal stiffness of the deck. In Figure 12, ω and ω* represent the lateral 

stiffness (load required to produce a unit lateral displacement of the head) of the pier piles and the 

abutment piles respectively. λ represents the longitudinal stiffness of the bridge deck. Figure 13 shows the 

stiffness of the bridge along the span. The pattern shown in Figure 13 shows that the abutment stiffness is 

much higher than the pier-pile lateral stiffness. As a result, the middle of the bridge is more prone to 

failure. This has been observed in piled-supported bridges, as in the Bio-Bio bridge (Fig. 11) and the 

Showa Bridge (Fig. 2) where multiple span failures may have occurred due to differences in the structures 

stiffness. 

Figure 9. Lateral spreading North side 

Bio-Bio river. 

Figure 10. Llacolen bridge over Bio-Bio 

river. 
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Figure 12. Multi-frame structure; (a) Bridge in liquefiable soil. (b) Bridge model. (c) Equivalent for 

model of (b). 
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Figure 13. Bridge piles lateral stiffness variation. 

 

Juan Pablo II Bridge 

With a total length of 2310 m. this bridge was opened to traffic in 1974. Its structure is made of 70 spans 

each one composed of 7 reinforced concrete girders and a concrete slab. The spans lie over reinforced 

concrete bents and supported by drilled piers. Pier settlement was observed in two areas of the bridge with 

an approximate value of 0.50 m. (Figure 14 and 15) and shear failure of the north side. A side view of the 

observed damage to the bridge is shown figure 16. Lateral spreading and sand ejection were observed in 

the north approach of the bridge. As the soil liquefied, shaft resistance of the pile decreased. In the case of 

Juan Pablo II Bridge, pier settlement in specific zones of the bridge could be produced by this decreasing 

shaft resistance.   
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         Figure 14. Juan Pablo II Bridge.               Figure 15. Juan Pablo II Bridge (Bray et al., 2010). 

 

 

Lateral spreading
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Figure 16. Observed damage in Juan Pablo II Bridge. 

 

 

CONCLUSIONS 

 

Roads and bridges are vital parts of the infrastructure and therefore should remain in working condition 

even after any natural disaster such as an earthquake. Study of Pile-supported bridges in liquefiable soils 

during the 2010 Chile Earthquake showed similarities with previous earthquakes in other countries. This 

revealed the weaknesses in the design. It has been observed that the pile-supported piers collapse while 

pile-supported abutments remain stable. The reason behind this is that the middle of the bridge has the 

least lateral stiffness and is therefore prone to failure. Various failure modes of bridges are also discussed 

in this paper. 
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