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ABSTRACT 
Earthquakes have often caused failure of piles even when designed conforming to the latest codes of practice. The study in this paper
focuses on the possible failure of piles in the event of seismic liquefaction. A pile supported building is considered for study in a
cohesionless soil. The liquefaction susceptibility of cohesionless soils during earthquake of a particular magnitude and peak ground 
acceleration have been predicted using state-of-the-art knowledge. These predicted values have been made use of to examine the
performance of the piles under seismic condition. The possibilities of failure of piles due to alternative failure mechanisms which are 
not explicitly mentioned in the relevant Indian codes practice have been studied and it has been observed that the piles in the example
problems are potentially prone to failure by the mechanism of buckling instability of the pile in cohesionless soil. 

RÉSUMÉ
Les tremblements de terre ont souvent causé l'échec des piles, même lorsqu'elle vise conforme aux codes de pratique plus tard. L'étude
dans le présent document se concentre sur l'éventuelle absence de piles dans le cas de la liquéfaction sismique. Une pile a appuyé la 
construction est considérée pour l'étude des cas moins couches de sol, à savoir dans un tas cohesionless. La liquéfaction de la
susceptibilité des sols et de la cohesionless au cours du tremblement de terre d'une magnitude de pointe et l'accélération au sol ont été 
prédits par l'état de l'art des connaissances. Ces prévisions ont été faites pour examiner l'utilisation de la performance des piles
sismique sous condition. Les possibilités de panne de piles à cause de l'échec des mécanismes de substitution qui ne sont pas
explicitement mentionnés dans les codes de pratiques indiennes ont été étudiées et il a été observé que les piles dans l'exemple, les
problèmes sont potentiellement exposés à l'échec par. 
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1 PREFACE 

Piles are a particular type of deep foundations generally chosen 
at a construction site where the soils at shallow depths are weak 
and have low bearing capacity. It is not an overstatement to say 
that piles are used in most of the heavily loaded structures such 
as multi-storied buildings, bridges, flyovers or oil platforms, 
etc. In seismic prone zones having loose to medium dense sandy 
soil, structures are often founded on piles because the sand is 
not strong enough to support the load of the structure through 
conventional shallow footing. If these sands are saturated (due 
to shallow water table) they lose their strength and stiffness 
during earthquake shaking. Essentially, the soil behaves like a 
thick fluid quite similar to “quick sand”. The soil which was 
solid before earthquake transforms into a fluid-like-material 
during shaking. This phenomenon is termed as “liquefaction” 
and has been reported to be one of the main causes of 
destruction to the built environment; see for example the 1964 
Niigata earthquake, 1964 Alaska earthquake, 1995 Kobe 
earthquake or the 2001 Bhuj earthquake. The soils that liquefy 
are termed as “liquefiable soils”. 
 Pile-supported structures still collapse and/or get severely 
damaged in liquefiable soils after strong earthquakes, for 
example the 1995 Kobe earthquake, the 1999 Koceli 
earthquake, the 2001 Bhuj earthquake and the 2004 Sumatra 
earthquake. This is despite the fact that a large factor of safety is 
apparently employed in their design.  

Post-earthquake survey shows that the superstructure (the 
part of the structure above the ground) is intact/ undamaged and 
it tilts or rotates as a whole rendering it useless following an 
earthquake. This suggests that the foundations may have been 

damaged. It is also clear that not only in the developing 
countries (such as India) but also in the first world countries 
(such as Japan) the same kinds of failures are being observed. It 
can be argued that the construction in the first world countries 
maintain higher degree of quality control in design and 
construction. This is a strong evidence that the correct failure 
mechanism/ mechanisms governing the failure have not been 
properly taken care of while designing them.  

This paper, therefore, has two aims: 
1. To describe and summarise the plausible failure 

mechanisms of pile-supported structures in liquefiable 
soils that has been identified in recent research. It 
must be mentioned that seismic pile design is a 
constantly evolving subject. Earthquakes in the past 
have shown the shortcomings of current design 
methodologies and construction practices, at the cost 
of structural failures and loss of lives. Post earthquake 
investigations have led to improvements in 
engineering analysis, design and construction 
practices. It is therefore necessary to summarise the 
recent findings and it is expected that this paper will 
serve the purpose. 

2. To show the design calculations that engineers need to 
perform while designing pile foundations.  This is 
carried out by taking an example.  



G. Adak et al. / Failure Mechanisms of Piles in Liquefiable Soils 1178

2 FUNDAMENTAL FAILURE MECHANISMS OF PILE 
FOUNDATION IN LIQUEFIABLE SOILS 

This section describes the fundamental mechanisms that may 
cause yielding/failure of the pile. The failure of the Kandla Port 
tower building shown in Figure 1(a) has been used as an 
example to discuss the various mechanisms. The building is 
located in laterally spreading ground in the city of Kachchh 
(Arabian Sea). The lateral dimension of the building is 13m and 
it is 22m high supported on 18m long piles. Figure 1(b) shows 
the schematic diagram of the failure of the Kandla Port tower 
building following 1(a). 

Figure 1(a): Kandla Port building following the 2001 Bhuj earthquake 

Figure 1(b): Schematic diagram of the final configuration of Kandla 
Port building, Figure 1(a) following the 2001 Bhuj earthquake 

The feasible failure mechanisms are: 

2.1 Shear failure  

Shear failure of pile may occur due to the lateral loads such as 
inertia or kinematic loads or a combination of the above. Figure 
2 shows this mechanism of pile failure due to inertia load. This 
is particularly damaging to hollow circular concrete piles (non-
ductile) with a low shear capacity.  

2.2 Bending failure  

Bending failure of piles may occur due to the lateral loads either 
due to inertia or due to kinematic loads or a combination of the 

two. This would depend on the type of earthquake motion, the 
time of onset of liquefaction and the regaining of the strength of 
the soil after liquefaction. Bending in the pile due to lateral 
spreading of ground is often regarded as the root cause of many 
bridge failures. Japanese Bridge Code of Practice JRA (1996, 
2002) has codified this mechanism. They advise the practicing 
engineers to design the pile considering passive earth pressure 
for non-liquefied crust and 30% of the total overburden pressure 
for the zone of liquefied soil. 

2.3 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, 
(Bhattacharya et al. 2004), (Bhattacharya et al. 2008). 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. 

2.4 Dynamic failure 

All the above failures (shear, bending and buckling) may occur 
due to static loads. During the earthquake, 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, see Figure 
2(e). The following effects have been identified. 

Figure 2: Different failure mechanisms: (a) Kandla Port building in 
Figure 1 with pile foundations; (b) Shear failure mechanism; (c) 
Bending failure mechanism, (d) Buckling mechanism, and (e) Dynamic 
amplification mechanism. 

2.4.1 Change 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. Usually, 
the time period of vibration of a pile-supported structure is 
estimated based on formulas which are derived from 
internationally calibrated data IS: 1893 (2002). This time period 
depends on the dimension of the superstructure without any 
consideration to the foundation. However, during and after 
liquefaction, as the pile loses its lateral confinement, it becomes 
an integral part of the superstructure. The frequency of the 
structure may alter substantially and in most cases will reduce. 
Reduction in fundamental frequency of the structure will 
increase its flexibility and the structure may suffer more lateral 
deformation. The bending moment in the piles may increase 
significantly if the altered natural frequency of structure comes 
close to the driving frequency of the earthquake. The designers 
must therefore ensure that the frequency of the structure at full 
liquefaction should not come close to the driving frequency of 
the earthquake to avoid resonance effect. 

2.4.2 Change in the behaviour of structure 

The structure in fully liquefied soil behaves like inverted 
pendulum/open ground story structure with piles resembling the 
long ground columns which is not considered an ideal design 
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for seismic vibration. This situation is also similar to the soft 
ground storey phenomena. 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.  

2.4.3 Change in soil properties  

A pile supported structure must be embedded in a competent 
soil layer to ensure fixity and avoid sliding. 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 designer should consider the 
stiffness and damping of liquefied soil while analysing the 
pile foundation system. 

The above four forms of failure can be described as “Limit 
State of Collapse”. Each of these failure mechanisms can cause 
a completely collapse of the foundation. However, a real failure 
is perhaps a nonlinear combination of the above mechanisms.  

It is worth noting that the pile will also lose its shaft 
resistance in the liquefiable region due to the loss of effective 
stress, and thus have to settle for vertical equilibrium. In order 
to be functional after the earthquake, the settlement of the piled 
foundation should be within the acceptable limits for the 
structure. This can be termed as “Limit-State of Serviceability”. 
Some details of the analysis for serviceability requirements can 
be found in Raman et al (2008). A simple model for analyzing 
settlement is shown in Figure 3. 

Figure 3: Model for predicting the settlement of piles in liquefiable 
soils, (Raman et al. 2008). 

The next section of the paper takes an example of the of a 
multi storey pile-supported building .The design steps and some 
guidelines are shown below. The first step is to classify the pile 
foundation in one of the four configurations shown in Figure 4. 

3 EXAMPLE:  PILES IN COHESIONLESS SOILS 

3.1 Description of Building and Soil Profile 

For piles in cohesionless soils, a pile supported eight storeyed 
building located in Seismic Zone V (as per Indian code IS: 1893 
–2002) is considered. The building frame and the underlying 
soil profile assumed for the site is shown in Figure 5. 

The building falls under Case II in Figure 4. 

Figure 4: Different configurations of pile foundations 

3.2 Axial load on the column 

Analysis of the above structure reveals that the central column 
is severely loaded and the vertical load in a pile under the 
column for the most critical load combination is 863.48 kN 
(considering four piles under the column). The maximum 
bending moment in the pile is 21.5 kNm. 

Fig 5:  Building frame and soil profile 

3.3 Assessment of Depth of Liquefaction 

The assessment of depth of liquefaction is made following Seed 
and Idriss (1971). The earthquake parameters considered are: 
Magnitude of design earthquake M = 7.9 and Peak horizontal 
ground acceleration amax = 0.2 g. The calculations for factor of 
safety against liquefaction are shown in Table 1. 
 From Table 1 it is evident that the depth of soil from 1 m to 
13 m below ground level is clearly liquefiable (FOS<1) and 
beyond this depth the soil is non-liquefiable. 

3.4 Clauses in IS 1893:2002 regarding design of piled 
foundation 

The only available guideline for pile foundations in liquefiable 
soils, given in IS: 1893-2002, states: “The piles should be 
designed for lateral loads neglecting lateral resistance of soil 
layers liable to liquefy”. Hence in this analysis the piles are 
considered to have no lateral resistance in the zone of 
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liquefaction. As discussed in the earlier section, the axial 
instability of the pile may be enhanced due to the effect of 
lateral disturbing forces, i.e., force due to lateral spreading if the 
ground is on a slope.  

As the water table lies 1m below the G.L, the top 1 m non-
liquefiable crust may laterally move along with the underlying 
soil in case of lateral spreading and may exert passive thrust on 
the pile. However for simplicity, these lateral disturbing forces 
are neglected in this analysis. Designers may however prefer to 
carry out this combined analysis by considering the piles under 
“Combined axial and bending”. Other methods that can be 
adopted are JRA code of practice or the Poulos (1973). 

Table-1. Calculation of Factor of Safety 

Cyclic Resistance Ratio 
(CRR)  

Depth 
(m)

Cyclic Stress 
Ratio 
(CSR) M = 7.5 M = 7.9 

      
FOS = 
CRR/CSR      

0-1 0.128 0.23 0.204 1.25 

1-3 0.202 0.13 0.115 0.56 

3-6 0.236 0.11 0.097 0.41 

6-9 0.243 0.14 0.124 0.51 

9-13 0.238 0.22 0.195 0.82 

13-16 0.213 0.4 0.356 1.54 

16-20  ---- ---- High 

3.5 Determination of Depth of Fixity of pile in the event of 

full liquefaction 

It is required that the points of fixity of piles lie in the non-
liquefiable zone. The procedure laid down in Appendix C of IS: 
2911-1979 (Part 1), is followed for determination of the depth 
of fixity which comes out to be 2.12 m. From Table 1, it is seen 
that 12 m length of the pile is in liquefiable zone; hence in the 
analysis the piles are considered to be fixed at the level which is 
12 + 2.12 = 14.12 m below the pile cap. Hence the unsupported 
length of the pile during liquefaction is taken as 14.12 m.  

3.6 Pile Design and Critical Review 

3.6.1 Vertical Load Capacity of Piles 
As a first trial, 25 m long R.C. bored pile of 400 mm dia is 
considered. Due to liquefaction of the adjacent soil, confining 
pressure around the pile will start to drop, and the pile will start 
losing its shaft resistance in the liquefied layer hence in  
determining the safe load on piles, the skin friction for the 
length the pile in the liquefiable zone has not been considered.. 
The safe load on a pile as per IS:2911 (Part 1) is calculated as 
866 kN. So provision of four R.C. bored piles of 0.4 m diameter 
and 25 m length is adequate. 

3.6.2 Formation of Plastic Hinge in the Pile. 

A plastic hinge will form at a location where the plastic moment 
capacity (MP) of the section is exceeded by the applied bending 
moment. For M 20 grade concrete, yield strength in bending = 
0.446 fck = 8.92 N / mm2. MP of the section of pile in absence of 
axial load = (0.43 / 6) x 8.92 x 103 = 95.1 kNm. This plastic 
moment capacity is reduced as per equation 1 for a circular 
section due to combined action of bending moment M and axial 
load P. 

1
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P
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2
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Y
=+                                                                      (1) 

Where, PY= Squash load in absence of bending, i.e. the element 
fails in pure compression by crushing of the material. Available 
plastic moment capacity in accordance with equation 1 is 60 
kNm. Therefore, the Factor of Safety against formation of 
plastic hinge = 60/ 21.5 = 2.8. Thus factor of safety against 
bending failure is high, indicating that there will not be any 
plastic hinge formation. 

3.6.3 Axial Instability of the Pile (Buckling Condition) 

The bottom of the pile is assumed to be fixed and the top of the 
pile is considered to be restrained against rotation but not held 
in position, which is feasible as the top non-liquefiable layer 
may actually move with the liquefied soil underneath thereby 
offering less restraint against lateral movement. Thus, 
considering the above boundary conditions, from Table 28 of 
IS: 456-2000, Effective length of the pile = 1.2 x 14.12 m = 
16.94 m. The buckling load (Pcr) for the pile with 400 mm 
diameter and 16.94 m effective length is calculated from 
equation 2 
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=
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Pcr as obtained fom equation 2 is 966 kN. Thus the factor of 
safety against buckling failure = 966/ 863.48 = 1.12. 

Generally, a factor of safety of at least 3 against linear elastic 
buckling is required to guard against eccentricities, reduction of 
stiffness due to yielding and pile section imperfections. In this 
case the factor of safety (1.12) is too low. The pile is supposed 
to have failed in buckling instability and it may be mentioned 
that the present codal provisions do not provide safety against 
such failure.   

4 CONCLUSIONS 

Some alternative failure modes of the piles during earthquake 
have been studied in this paper. In cohesionless soils, the 
observations based on this paper indicate that the failure due to 
buckling instability of the axially loaded pile is the predominant 
failure mechanism during liquefaction. 

REFERENCES

Bhattacharya, S., Madabhushi, S.P.G. & Bolton, M.D. 2004. An 
alternative mechanism of pile failure during earthquake 
liquefaction. Geotechnique 54, No.3, pp 203 – 213. 

Bhattacharya, S., S.R.Dash and S.Adhikari. 2008. On the mechanics of 
the pile-supported structures in liquefiable deposits during 
earthquakes, Current Science, Vol 94, No 5, 10th March 2008, pp 
605-611.  

IS:456 – 2000. Indian Standard Code of Practice for Plain and 
Reinforced Concrete. 

IS: 2911 (Part 1 / Sec 2) – 1979. Indian Standard Code of Practice for 
Design and   Construction of Piled Foundations, Bored Cast in situ 
Concrete Piles. 

IS: 1893(Part 1) – 2002. Indian Standard Criteria for Earthquake 
Resistant Design of Structures. 

Poulos, H. G. 1973. Analysis of Piles in soils undergoing lateral 
movement. Journal of S.M.F.E., ASCE, vol 99, SM 5, pp 391 – 406. 

Raman, C.R, Bhattacharya, S. and Blakeborough, A. 2008. Settlement 
prediction of pile supported structures in liquefiable soil, 
Proceedings of the 14th World Conference on Earthquake 
Engineering. 

Seed, H. B. & Idriss, I. M. 1971. Simplified Procedure for Evaluating 
Soil Liquefaction Potential. Journal of S.M.F.E., ASCE, Vol. 107, 
No. SM 9, pp. 1249 – 1274. 


