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Abstract Pile-supported structures founded on liquefi-

able soils continue to collapse during earthquakes despite

being designed with required factors of safety against

bending due to lateral loads and axial capacity (shaft

resistance and end-bearing). Recent research identified a

few weaknesses in the conventional design approach:

(a) when soil liquefies it loses much of its stiffness and

strength, so the piles now act as long slender columns, and

can simply buckle (buckling instability) under the com-

bined action of axial load and inevitable imperfections (e.g.

out-of-line straightness, lateral perturbation loads due to

inertia and/or soil flow). In contrast, most codes recom-

mend that piles be designed as laterally loaded beams;

(b) Natural frequency of pile supported structures may

decrease considerably owing to the loss of lateral support

offered by the soil to the pile and the damping ratio of

structure may increase to values in excess of 20 %. These

changes in dynamic properties can have important design

consequences. The immediate need is not only to rewrite

the design code to incorporate these effects, particularly

buckling instability but also to requalify and, if necessary,

strengthen the existing important piled foundations in liq-

uefiable soils. This paper aims to provide a methodology

for carrying out requalification studies. A practical example

is taken to show the application of the methodology.

Keywords Pile foundations � Requalification �
Liquefaction � Constitutive model

Introduction

Pile-supported structures still collapse and/or get severely

damaged during most major strong earthquakes. This is despite

the fact that a large factor of safety is apparently employed in

the design. Case histories of failure of pile- supported struc-

tures during earthquakes indicated that the pile foundations

were damaged. Superstructures were intact/undamaged and

they as a whole tilted or rotated rendering them useless fol-

lowing an earthquake (Yoshida and Hamada [1], Kawamura

et al. [2]). This strongly indicates that the correct failure

mechanisms governing the failure of pile foundations have not

been properly taken/followed while designing these structures.

Overview of a Typical Loading on a Pile Foundation

Figure 1 shows a schematic diagram of the various stages of

loading on a pile-supported structure during a seismic liq-

uefaction process. Pstatic (Stage I) represents the axial load on

the piles in normal condition and this axial compressive load

may increase/decrease further due to inertial effect of the

superstructure (Vinertial) as shown in Stage II. When soil

liquefies, the pile becomes unsupported and acts like a long

slender column as described in Stage III condition. Ground

movement such as flow failures or lateral spreading can also

induce additional kinematic loads on the pile foundations

and is shown in Stage IV loading. A detailed discussion
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including validation of the aforementioned stages of loading

through experiments and analytical solutions can be found in

[1–5]. Apart from the loading, the modal parameters i.e. the

dynamic properties of the building (first resonant frequency

and damping) in Stage II will be very different from Stage III.

In most cases, the time period of the building will increase a

few times during the transition from Stage II to Stage III.

Damping of the structure, on the other hand, will also

increase a few times and in some instances can go up to 20 %.

Details of this change in dynamic properties can be found in

Lombardi and Bhattacharya [5] and a simple model (see

Fig. 2) is proposed and is discussed later in the paper.

It is clear that a design method or a requalification study

should ensure that the stresses in the pile should not exceed

the yield stress of the pile material at any point during the

whole earthquake and also during the transition from ‘‘no-

liquefaction’’ to ‘‘full-liquefaction’’. It is of interest to

review the codes of practice in this regard and it will

become apparent that not all the worst load combinations

are taken into consideration and that seismic requalification

is necessary for important lifeline structures.

A Short Review of the Codes of Practice

The Japanese Highway Code of practice (JRA) advises prac-

ticing engineers to consider two different loading conditions:

(i) Inertial force due to the oscillation of the superstruc-

ture i.e. Stage II loading in Fig. 1;

(ii) Kinematic loading exerted by the lateral pressure of

the liquefied layer and any non-liquefied crust resting

on the top of the liquefied deposit i.e. Stage IV

loading in Fig. 1. The code also suggests designers to

check against bending failure due to kinematic and

inertia forces separately.

Similarly, Eurocode 8 [6] advises engineers to design

piles against bending due to inertia and kinematic forces

arising from the deformation of the surrounding soil. In the

event of liquefaction, Eurocode 8 [6] also suggests that

‘‘the side resistance of soil layers that are susceptible to

liquefaction or to substantial strength degradation shall be

ignored’’. Other provisions, such as the NEHRP code [7]

and Indian Code [8] also focus on the bending strength of

the piles. In summary, the codes of practice simply treat

piles as laterally loaded beams and assume that the lateral

load due to inertia and soil movement causes bending

failure.

Importance of Inclusion of Axial Load and P-delta

Effect

This section shows the implication of axial load consider-

ations in pile design. Figures 3 and 4 show the effect of the

axial load on the bending response of a pile foundation, in

terms of normalised pile displacement y/D and pile bending

moment. In these figures y is the lateral pile head dis-

placement evaluated considering the effect of axial load

gravityP
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Fig. 1 Different loads acting on

a pile
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against either Dsoil/D in displacement based analysis

method or F/Fmax in force based analysis method. Clearly,

Figs. 3 and 4 show that when the axial load is higher with

respect to critical buckling load of the pile, the pile head

deflection (y) and maximum bending moment in pile get

larger. During liquefaction, as the soil loses its stiffness, the

elastic buckling load (Pcr) also reduces. If a constant static

axial load on pile is assumed, it can be seen that P/Pcr ratio

increases. With the increasing P/Pcr, the pile head deflec-

tion and bending moment in pile also increase. When this

ratio is close to 1, i.e., axial load is close to the buckling

load, the bending moment amplification factor becomes

very high, which leads the bending moment in pile to reach

its plastic moment capacity, Mp, at a much lower value of

lateral load. The sudden rise in pile head deflection dem-

onstrates the failure of the pile where bending moment

reaches Mp and pile continues to deflect without any

additional loading. This clearly shows the importance of

considering axial load in the pile design. Elastic critical

load (Pcr) of a pile can be computed using the concept of

effective length (Leff) of the pile in the liquefiable zone and

is a function of boundary condition of the pile at the top

and bottom of the liquefiable zone and depth of liquefiable

zone. A table for calculating the effective lengths of pile

can be found in Bhattacharya and Goda [9].

Importance of Considering Dynamics and Constitutive

Behavior of Liquefied Soil

The dynamics of the problem can be considered in a simpli-

fied way as described in Fig. 2. A pile can be modelled as a

free-standing column fixed at some depth below the ground

surface and it is often referred to as depth of fixity (Df). Fig-

ure 2 shows a schematic diagram of the simplified pseudo-

static analysis, in which the pile-supported structure (in Stage

II loading as shown in Fig. 1) is modelled as a Single Degree

of Freedom system and the seismic action is represented by an

Fig. 2 Changes in modal

parameters of a pile-supported

structure

Fig. 3 Pile head deflection response due to lateral and axial load

Fig. 4 Pile bending moment response due to lateral and axial load
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equivalent shear force, Feq, that is proportional to the total

mass of the superstructure and spectral acceleration. The

equivalent force is applied to the centre of mass of the

superstructure, and hence generates an overturning moment,

M, at the point of fixity, which is given by Eq. (1).

M ¼ Feq � ðDf þ hiÞ ð1Þ

where hi is the height of application of the shear force

measured from the foundation level. For equilibrium, the

overturning moment must be counterbalanced by two axial

loads, which are indicated in the Fig. 2 with the symbol

Adyn, in which the subscript dyn stands for dynamic, and it

highlights the fact that Adyn are a result of the overturning

moment rather than the weight of the superstructure.

Effects of Depth of Fixity

With the onset of liquefaction and the subsequent reduction

in the stiffness of the soil layer, the depth of fixity can

increase significantly which primarily depends on the depth

of liquefaction and is shown schematically in Fig. 2b

denoted by Df_liq.

Depth of fixity may be calculated following the procedure

stipulated in IS 2911 [8] or Davisson and Robinson [10] with

the simplified assumption to consider the lower end of the pile

as fixed at some depth in the non-liquefied soil layer below the

liquefied layer. After a certain value of the depth of liquefaction,

the depth of fixity can be approximated by a constant value

depending on the amount of the degradation of the liquefiable

layer (Lombardi et al. [11]). Davisson and Robinson [10]

concluded that the depth of fixity is insensitive to the embed-

ment ratio after a certain exposed length for constant soil

stiffness. This observation was also reaffirmed by Kerciku et al.

[12]. It is observed that depth of fixity of 5–7 times the diameter

of the pile is enough as the anchorage in the non-liquefied layer.

Since the total shear force will now be carried by the pile

section, one need to check the capacity of the pile section at

the bottom of the liquefiable soils for the combined stresses

for bending moment (M), shear force (V) and axial force (P).

For this, simplified procedures are based on an approxima-

tion of interaction surface which may be visualized in 3D plot

of P–V–M as shown in Fig. 5. The surface may be generated

as the envelope of a number of design interaction curves. The

pile section may be considered to be safe for the loads falling

within the interaction surface.

Consideration of Pile Groups

For group of piles, the resistance force after liquefaction,

Adyn_liq (as shown in Fig. 2) needs to be evaluated. Dis-

tribution of forces in the individual piles may be deter-

mined by simple static analysis. The steps may be

summarized as following

(a) The superstructure can be replaced by an equivalent

single degree of freedom (SDOF) system so as to have

the same dynamic effects on the foundation. The mass

of the equivalent SDOF system may be calculated by

equating the base shears and may be represented as

following (Wolf [13]) Eq. (2)

m ¼

P

j

ðmjujÞ2

P

j

mju2
j

ð2Þ

where mj is the mass at story j and /j is the mode

shape at story j.

Once we know the fundamental time period of the

superstructure (for normal buildings, the period may

be taken as 0.1n, where n is the number of stories) and

the most dominant modes, we can calculate the mass

and stiffness of the equivalent SDOF system.

(b) The next step is to model the piles and the raft or

grade beams and place the SDOF on the centre of

mass of the raft. Then evaluate the forces on the piles

by simple static analysis.

For illustration purpose, a typical soil–pile-structure

system with pile groups is shown in Fig. 6. The considered

building was the Port and Customs Tower situated at the

Kandla Port area, Gujarat, India. This building had tilted

during the Jan 26th 2001 Bhuj Earthquake and liquefaction

have been observed around the building. The building,

foundation and soil data used may be found in Dash et al.

[14]. The superstructure is modelled as an equivalent

SDOF system which gives the same fundamental period of

the actual building.

Effects of Liquefaction on the Overall Response

Clearly the time period of the building/structure will

increase and so does the damping of the structure. The

simplified depth of fixity approach incorporates two

important features related to the reduction in soil stiffness

caused by liquefaction: (a) reduction in inertia force and

consequently the change in maximum bending moment,

due to the lengthening of the fundamental period of the

models; (b) lowering of the location of the maximum

bending moment i.e. location of maximum bending

moment moves to deeper locations along with the point of

fixity. The transient bending moment is also to be con-

sidered and is explained in the next section through an

example.

A typical 5-storey building supported on piled founda-

tions will have a period of 0.5 s and is mainly dictated by

the building dimensions. If the soil at the site liquefies to a

reasonable depth, the period of the building may increase
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and let us assume in this example that this increases to 5 s.

Of course, the lengthening of the time period of the

structure (in this case from 0.5 to 5 s) depends on many

factors including EI (bending stiffness) and length of the

pile, depth of liquefaction, stiffness of the soil beneath the

liquefied layer. As the structure transits from 0.5 s (Stage II

in Fig. 1) to 5 s (Stage III in Fig. 1), the bending moment

profile in the pile will constantly change and this transition

Fig. 5 Interaction surface for

combined action of axial force

(P), shear (V) and moment (M)

Fig. 6 Schematic of the soil–pile-structure interaction model
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time may vary and in most cases may, depending on the

input motion and the soil profile, range between 8 and 20 s.

In some cases, during the transition, the frequency of the

structure may get tuned with the frequency of the earth-

quake causing amplification of the bending moments.

However, due to enhanced damping of the structure owing

to liquefaction the amplification of the responses will be

limited. While depth of liquefaction can be obtained from

empirical methods, the time to reach full liquefaction is

very important for predicting transient bending moments in

the pile. Therefore seismic requalification studies require

constitutive modelling of liquefied soil.

It must be mentioned that through analysis of pile

foundations from recent earthquakes, Bhattacharya et al.

[15] showed that large diameter piles performed better than

a group of small diameter piles. As diameter of the pile

increases, the stiffness of the pile section increases by four

folds and many of the static (buckling) and dynamic

(tuning of the structure and the earthquake) instabilities

disappear. However how large is large enough is a scien-

tific question that needs to be addressed in a new design

method and is beyond the scope of the current paper.

The present paper evaluates the seismic safety of a pile

foundation in Haldia due to a scenario earthquake using the

various analysis methods such as Beam on Nonlinear

Winkler Foundation (BNWF) and three-dimensional finite

element.

An Example Application to Show the Requalification

Studies

A pile-supported building at Haldia (a small industrial

town in the eastern part of India) is considered for the

requalification studies. According to IS 1893 (Part 1):

2002 [16] Haldia is placed in Zone IV which has an

associated zone factor of 0.24. As per the code, the zone

factor is a reasonable estimate of the peak ground accel-

eration (PGA) of the site. Hence PGA of 0.24 g is

assumed for the study.

Geotechnical Data Considered for the Study

The present study has been carried out for a project site at

Haldia in West Bengal, India. The site is very near to a

river and the ground conditions at the site comprise

superficial deposits (Alluvium and River Terrace Deposits)

underlain by the clay formation. The generalized soil

profile and the soil parameters recommended in the geo-

technical investigation are provided in Table 1.

Evaluation of Liquefaction Potential for the Site

It is essential to be able to identify whether or not a soil at a

site is susceptible to liquefaction. In order to liquefy, soils

must be saturated, able to contract under shear and its

permeability must be low during shaking i.e. undrained

condition (rules out coarse gravels). Factor of safety (FOS)

against liquefaction for the present site is then evaluated by

the approaches developed by Idriss and Boulanger [17] or

Boulanger and Idriss [18]. When FOS at any depth of a soil

layer is less than 1.0 then that layer is assumed to be sus-

ceptible against liquefaction and vice versa. It may be

mentioned that in absence of real data, static shear stress

correction factor Ka has been considered to be 1.0. The

factor of safety with depth of the soil layers is shown in

Fig. 7 and it is clear that the layers IIIA, IIIB and IV are

potentially liquefiable since the FOS against liquefaction is

much less than 1.0.

Details of Pile Foundation

Based on the recommendations of the geotechnical inves-

tigations report, driven cast in situ piles were used to

support the structure. Following are the details of the pile.

• Type: Driven cast in situ concrete piles (Concrete grade

M25)

• Diameter, D: 600 mm

Table 1 Generalised soil profile with soil parameters

Strata no. Basic description Thickness

(m)

(N1)60-value Unit weight,

c (kN/m3)

Cohesion,

cu (kPa)

Friction

angle, / (�)

I Soft silty clay 2.0 3 19.1 40 –

II Soft clayey silt 5.0 2 18.2 23 –

IIIA Loose sandy silt 12.5 8 18.0 – 28

IIIB Medium dense silty sand 3.0 8 19.0 – 30

IV Stiff clayey silt 2.5 8 18.4 49 –

V Medium dense silty sand 3.0 28 19.0 – 32
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• Length: 26.5 m below the cut-off level terminating at

Strata-V

Vertical Pile Capacity

The pile capacity has been determined based on the codal

stipulation of IS 2911 (Part-I/Sec-1) 1979 [19]. Strata-I has

been neglected for computation of the pile capacity. Safe

vertical pile capacity (P) of 1,100 kN is adopted for the

study.

Expected Ground Motion at the Site

During the liquefaction process (i.e. from the onset of

liquefaction to the stage when the soil is fully liquefied in

the transient phase), the intrinsic properties of the soil-

structure system change. The dynamic behavior of the pile

i.e. the change in bending moment is dependent on the time

required to reach full liquefaction. Usually, this time will

vary depending on the earthquake motion at the site and the

properties of the soil profile. So it is necessary to adopt

appropriate time history as input bed rock motion. Engi-

neers often need to choose a time-history motion at a site

where such information is unavailable. An approach for

selecting an input motion under such condition is described

below. This method is based on spectral matching whereby

the spectrum of the input motion is matched with the code-

specified response spectrum.

Generation of Spectrum Compatible Time History

Traditionally seismic hazard at a site for design purposes

has been represented as design spectra. Thus all seismic

codes and guidelines require scaling of selected ground

motion time histories so that they match the controlling

design spectrum within a period range of interest. Several

methods of scaling time histories have been proposed. For

example, an input motion is selected first and the motion is

manipulated to obtain a motion that matches design spec-

tra. Many programs are available to carry out the spectral

matching: WAVEGEN (Mukherjee and Gupta [20]), RSP-

Match2005 (Abrahamson [21] and Hancock et al. [22]),

SPEC3 (Kumar [23]). In this paper, scaling of the time

histories to match the target design hazard spectra (target

spectrum) was carried out using SPEC3. Spectrum com-

patible time history has been generated for the Haldia site

and is discussed below.

Spectrum Compatible Time History for Haldia Site

No strong motion records are available for Haldia site.

Hence a strong ground motion recorded has been selected

based on the PGA value of the site and then the software

SPEC3 has been employed for generating spectrum

compatible time history. Details of the program may be

found in Kumar [23] and the program may be downloaded

free. Based on the expected PGA at the site, the recorded

earthquake motion data from the September 20, 1999 Chi–

Chi Earthquake having a magnitude of 7.6 with PGA of

0.25 g from TCU122 station was selected. This time his-

tory is then modified using SPEC3 program to obtain the

spectrum compatible time history to be used for the study.

The target spectrum was considered as per IS 1893 (Part

1: 2002) [16] with medium soil condition. The comparison

of different spectra is shown in Fig. 8a, b shows the

spectrum compatible acceleration time history for the

particular site of for damping of 5 %. This time history

may be adopted for input bed rock motion for ground

response analysis and also may be useful for evaluation of

liquefaction potential and seismic analysis of pile foun-

dations considering soil-structure interaction effects. It

may be noted that if the free field time history is used for

generating spectrum compatible time history then the

generated time history must be de-convoluted at the

required depth of input motion.
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Check Against Buckling Instability

When the soil medium is liquefiable, the pile section needs

to be checked against the buckling instability criterion

(Bhattacharya [24], Bhattacharya et al. [25]). The thickness

of the liquefiable soil layer (L0) is considered to be as

unsupported length of the pile foundation. For buckling

analysis, each pile needs to be evaluated with respect to its

end conditions i.e. fixed, pinned or free. Since the

embedment depth of the pile in the bottom non-liquefied

soil layer (Layer V) is less than the 5 times diameter of the

pile section, the bottom boundary may be considered as

pinned boundary. If we consider the pile head to be free,

then the effective length of the pile section (Leff) may be

considered to be 2L0.

The Euler’s buckling load of the pile (Pcr) may be cal-

culated from the well known formula given by Eq. (3).

Pcr ¼
p2

L2
eff

EI ð3Þ

Where EI is the flexural rigidity of the pile section and for

the considered section Pcr calculated from Eq. 3 is equal to

1,211 kN. Hence the ratio of the vertical load and the

critical load (P/Pcr) is 0.91. As discussed in Bhattacharya

[26], Bhattacharya and Madabhushi [27] and Bhattacharya

and Goda [9], a pile should not be close to its critical load

at full liquefaction. The actual failure load (Pfailure) is some

factor, w (w\ 1) times the theoretical Euler’s buckling

load given by Eq. (3). It was inferred that instability may be

expected at around 0.35, i.e. w is taken as 0.35. However,

this factor will depend on the axial load, imperfections or

the residual stresses in the pile due to driving. Hence based

on the above discussion, it may be stated that the pile

section considered for the study needs to be revised to

avoid buckling instability during full liquefaction

condition.

Estimation of Lateral Inertial Load

For an efficient seismic design of the foundation, it is

important to estimate the loads that are being transferred to

the foundation during an earthquake. These loads depend on

the seismic loads that act on the superstructure during an

earthquake. Different codes around the world propose dif-

ferent methods of estimation of these seismic loads on the

super structure (e.g. Indian standard IS 1893–2002 [16],

Eurocode EN 1998–2004 [6]). In absence of availability of

the super-structural details, 10 % of the vertical capacity (i.e.

110 kN) is adopted as inertial force acting on the pile head.

Simplified Analysis Procedure

A relatively simple but detailed nonlinear BNWF (Beam

on Nonlinear Winkler Foundation) model is prepared to

study the response of a typical pile foundation subjected to

a combination of axial load and lateral inertial load

(Fig. 9a). The analysis of the BNWF model is carried out

by a finite element based structural analysis program SAP

2000 (CSI 2004) [28]. The soil surrounding the pile is

modeled as lateral soil springs (p-y spring). The present

analytical model considers the boundary condition at pile

head as free. Present analysis also assumes that the pile is

stable under vertical settlement, hence the support condi-

tion is considered as a hinged support at the tip of the pile.

From the evaluation of liquefaction potential, it is clear

that the soil layers IIIA, IIIB and IV are liquefiable in case

of earthquake loading. The nonlinear spring properties (p-y

curve) to represent the non-liquefiable soil layers are cal-

culated according to the API (2003) [29] guidelines. The

in situ relative density (Dr) of the soil is established from

the experimental value of ‘N’ of standard penetration test

as per the correlation reported in (Meyerhof [30]).
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The p-y springs of the liquefied soil are modeled by

reducing the strength and stiffness of the springs using a

reduction factor, the p-multiplier. This study uses repre-

sentative (N1)60 value of 10 for the liquefied soil to obtain

the p-multiplier value. Though many p-multiplier values

are reported in literature, p-multiplier value of 1/50 as

suggested by Brandenberg [31] has been adopted.

A nonlinear pseudo-static analysis was performed by

using SAP 2000 (CSI, 2004) [28], which is essentially a

modified time history analysis. The axial load is present

throughout the lateral loading phase. In the time history

analyses, the damping and mass of the system was forced

to be near zero value to make it pseudo-static. As shown in

Fig. 9b, the pile is first subjected to the full axial load

(Pmax) and then the lateral pile load was applied by

increasing linearly up to its maximum (Hmax), keeping the

axial load constant. To ensure slow gradual increase of

loading, time values at A, B and C in Figs. 9b, c were

defined arbitrarily as 0, 60 and 400 s for both axial and

lateral loading for the nonlinear pseudo-static analysis

carried out in the study. The analysis includes P-delta and

large displacement effects. Details of the methodology of

analysis can be found in Dash et al. [32].

Combined Action of Axial Load and Bending Moment

If a hinge forms under the combined action of bending

moment (M) and axial load (P), the yield condition for a

circular section may be represented by the following

equation (Heyman [33]).

P

PY

� �3=2

þ M

MP

� �

¼ 1 ð4Þ

where PY: Squash load in absence of bending, i.e. the pile

fails in compression; MP: Plastic moment capacity in

absence of axial load i.e. the element fails in pure bending.

Figure 10a shows the plot of the Eq. (4), which is often

termed as ‘‘yield surface for a plastic hinge under bending

and compression’’. Any point within the yield surface

would imply that the stress in the section has not exceeded

the yield stress. For the pile section considered in the

analysis, the available plastic moment capacity (i.e.

356.5 kN m) is also marked in the figure for the axial load

of 1100 kN.

The distribution of bending moment along the depth of

the pile obtained from the pseudo-static analysis as stated

in the previous section is shown in Fig. 10b. It may be

observed that the moment induced in the pile section at

the depths from around 2.5 to 7.5 m is more than the

available plastic moment capacity of the section. This

indicates that at these depths the factor of safety against

formation of plastic hinge will be less than 1.0; hence

initiating the failure of the section. Thus when we con-

sider the liquefaction of soil medium for the generated

ground motion of the site the pile section of 600 mm

seems to be inadequate.
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Continuum Approach for Soil–Pile System Analysis

When a soil layer undergoes ground acceleration and

liquefies subsequently, the effective stiffness of the soil

decreases to near zero because the pore pressure in the

liquefiable layer increases. The reduction in soil stiffness

reduces the overall stiffness of the foundation. The

foundation stiffness will not fall to zero as there will be

residual stiffness in the soil and of course the stiffness of

the unsupported piles. Along with the change in stiffness,

the mass will also decrease. The liquefiable soil layer

behaves similar to a liquid during liquefaction. In addi-

tion to the stiffness and mass reduction, the damping will

increase as liquefaction occurs and can reach as high as

20 %. If we assume the stiffness, mass and damping in

the superstructure to be constant throughout, the period

the soil–pile system changes with change of stiffness,

mass and damping of the foundation system. But it does

not happen instantaneously but over a time. Hence the

dynamic behaviour of the pile i.e. the change in bending

moment, shear force, time period and damping are

dependent on the time required to reach full liquefaction.

Usually, this time will vary depending on the earthquake

motion at the site and the properties of the soil profile.

Stages of liquefaction may be reasonably determined by

implementing three-dimensional finite element model

with a reasonable constitutive model of soil which can

simulate soil behaviour during liquefaction with certain

accuracy.

Application of 3-D Finite Element Model

Two/three dimensional behavior of the soil–pile system

especially under dynamic condition can be studied by FE

modeling of the soil–pile system. Advanced soil plasticity

models can also be employed in these analyses. Bentley

and El Naggar [34] have reported nonlinear analysis for

single piles with a particular reference to Loma Prieta

Earthquake (1989) time history for sandy soil. Wu and Finn

[35, 36] proposed a quasi three dimensional finite element

method of analysis for the dynamic response of the pile

foundations feasible for practical applications. The method

was presented for elastic response and was validated

against Kaynia and Kausel [37], Novak et al. [38] and Fan

et al. [39]. Finn and Fujita [40] have investigated the

behavior pile foundation under liquefying soil conditions

with 2D finite element formulations. Manna and Baidya

[41] investigated vertical vibration of a full-scale pile

experimentally as well as 2D FE analyses. Sarkar and

Maheshwari [42] and Maheshwari and Sarkar [43] inves-

tigated the three-dimensional behavior of single pile and

pile groups considering liquefaction of the soil medium

with work hardening Drucker–Prager soil model.

Sarkar [44] developed a 3D finite element code in

MATLAB with Drucker–Prager plastic cap model with

Byrne [45] approach to evaluate the effect of soil plasticity

and liquefaction on the behaviour of the soil–pile system.

The present soil–pile system of Haldia is analyzed in the

developed program considering single-pile configuration.
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Taking the advantage of symmetry, only one-half of the

actual model is built (it may be noted that a quarter model

is not suitable for nonlinear analyses). This significantly

improved the efficiency of computation. Radiation

boundary condition is imposed at all the lateral boundaries

of the soil–pile subsystem. Square cross section with each

side equal to 0.5 m was used for piles. The length (L) of the

piles considered is 26.5 m. The size of the full model was

52 9 26 m2 in plan and 26.5 m height. In plan, elements of

fine size are used near the pile and the mesh size is

increased gradually towards the boundary. The element

size is kept uniform in the vertical direction to allow for an

even distribution of vertically propagating shear waves.

Kelvin elements (Novak and Mitwally [46]) were used at

the boundary of the soil–pile system as the radiation

boundary condition. Drucker–Prager soil model has been

used for soil plasticity with the properties shown in the

Table 1. The Young’s modulus values for the soil layers

have been computed using empirical relationship based on

SPT-N values proposed by Bowles [47]. Finite element

mesh of the developed model is shown in Fig. 11. Various

feature of finite element modeling may be found in Ma-

heshwari and Sarkar [43] and Sarkar and Maheshwari [42].

The spectrum compatible time history for Haldia project

site as generated and shown in Fig. 8b was applied as the

input base acceleration for soil–pile system and the

responses of the soil–pile system were computed.

The pile head displacement time history is shown in

Fig. 12a. It may be observed that the pile cap displacement
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Fig. 12 a Pile head displacement time history for spectrum compat-

ible time history. b Pore pressure ratio at depth 5 m
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reaches maximum at around 40 s of the time history. The

pore pressure ratios (ratio of excess pore pressure and

effective stress) were calculated at different depths from

the ground level for the spectrum compatible time history

to investigate the extent of liquefaction along the depth.

The soil medium is assumed to be liquefied when the pore

pressure ratio reaches 1.0. The time history of pore pres-

sure ratio at depth 5.0 m is shown in Fig. 12b. The pore

pressure ratio reaches 1.0 at about 40 s of the earthquake

indicating that the soil medium is completely liquefied at

this time. The pile head displacement is also at the peak at

this time (Fig. 12a). From the pore pressure time histories,

it was also observed that the pore pressure ratio reaches 1.0

only up to a depth of 7.5 m from the ground surface. It

means that the soil medium gets completely liquefied up to

the depth 7.5 m for the applied time history. Permanent

pile head displacement of about 2.5 mm is observed during

post-liquefaction phase.

It may be noted here that the material behaviour is not

affected by the orientation for the soil plasticity model

considered here i.e. the model is applicable for isotropic

material. The plastic cap model in general cannot predict

the pore pressure build-up in the post-liquefaction phase.

Hence study with more advanced soil plasticity model (viz.

multi-surface plasticity model, bounding surface models

etc.) is envisaged for better prediction of behaviour of soil–

pile system under liquefying soil condition.

Summary and Conclusion

Recent research highlighted various limitations of the con-

ventional pile design and calls for seismic requalification. It

is shown that a typical requalification study involves gen-

eration of site specific synthetic input motion compatible

with the seismic hazard, estimation of depth of liquefaction,

time required to reach full liquefaction, estimation of inertial

and kinematic loading on structure at various stages of the

earthquake and the determination of the bending moment

and shear force profiles under the expected loading, which

will lead to checking against various failure mechanisms.

This paper presents a comprehensive requalification study of

a typical pile-supported foundation at a site in Haldia. Dif-

ferent failure mechanisms were evaluated using simplified

and FE analysis. Dynamic behaviour of the soil–pile system

is very much dependent on the time required to reach full

liquefaction. To demonstrate the applicability of continuum

approach in determining the effect of stages of liquefaction, a

three-dimensional finite element model has been developed

and analyzed for the spectrum compatible time history

generated for the Haldia site. The methodology presented

can be used to carry out similar studies.

Acknowledgments The first and second author would like to

acknowledge the support received from Engineering and Physical

Sciences Research Council (EPSRC) under the Grant Title ‘‘Study of

lateral-pile-soil-interaction (LPSI) in seismically liquefiable soils’’

having the code EP/H015345/2 in carrying out some of the work.

References

1. Yoshida N, Hamada M (1990) Damage to foundation piles and

deformation pattern of ground due to liquefaction-induced per-

manent ground deformation. In: Proceedings of 3rd Japan-US

workshop on Earthquake Resistant design of lifeline facilities and

countermeasures for soil liquefaction, pp 147–161

2. Kawamura S, Nishizawa T, Wada H (1984) Damage to piles due

to liquefaction found by excavation twenty years after earth-

quake. Nikkei Architecture, 27 May, pp 130–134

3. Tokimatsu K, Oh-oka Hiroshi, Satake K, Shamoto Y, Asaka Y

(1998) Effects of Lateral ground movements on failure patterns

of piles in the 1995 Hyogoken-Nambu earthquake. In: Proceed-

ings of a speciality conference, Geotechnical Earthquake Engi-

neering and Soil Dynamics III, ASCE Geotechnical Special

publication No 75, pp 1175–1186

4. Bhattacharya S, Dash SR, Adhikari S (2008) On the mechanics of

failure of pile-supported structures in liquefiable deposits during

earthquakes. Curr Sci 94(5):605–611

5. Lombardi D, Bhattacharya S (2014) Modal analysis of pile-sup-

ported structures during seismic liquefaction. Earthq Eng Struct

Dyn 43(1):119–138

6. EN 1998-1 (2004), Eurocode 8: design of structures for earth-

quake resistance—Part 1 and Part 5, BSI, London

7. National Earthquake Hazards Reduction Program (NEHRP)

(2000) Commentary for Federal Emergency Management

Agency (FEMA, USA 369) on seismic regulations for new

buildings and other structures

8. IS 2911:1979 Code of practice for design and construction of pile

foundations, BIS, New Delhi, India

9. Bhattacharya S, Goda K (2013) Probabilistic buckling analysis of

axially loaded piles in liquefiable soils. Soil Dyn Earthq Eng

45:13–24

10. Davisson MT, Robinson KE (1965) Bending and buckling of

partially embedded pile. In: Proceedings of 6th International

Conference on Soil Mechanics and Foundation Engineering,

Canada, 2: 243–246

11. Lombardi D, Durante MG, Dash SR, Bhattacharya S (2010)

Fixity of piles in liquefiable soils. In: Proceedings of 5th Inter-

national Conference on Recent Advances in Geotechnical Engi-

neering and Soil Dynamics and Symposium in Honor of

Professor I.M. Idriss

12. Kerciku AA, Bhattacharya S, Burd HJ, Lubkowski ZA (2008)

Fixity of pile foundations in seismically liquefied soils for

buckling calculations—an eigenvalue analysis. In: Proceedings of

14th World Conference on Earthquake Engineering, Beijing,

China

13. Wolf JP (1985) Dynamic soil–structure interaction. Prentice-Hall,

Englewood Cliffs

14. Dash SR, Govindaraju L, Bhattacharya S (2009) A case study of

damages of the Kandla Port and customs office tower supported

on a mat-pile foundation in liquefied soils under the 2001 Bhuj

earthquake. Soil Dyn Earthq Eng 29(2):333–346

15. Bhattacharya S, Hyodo M, Goda K, Tazoh T, Taylor CA (2011)

Liquefaction of soil in the Tokyo Bay area from the 2011 Tohoku

(Japan) earthquake. Soil Dyn Earthq Eng 31(11):1618–1628

16. IS 1893 (Part 1): 2002 Criteria for earthquake resistant design of

structures, BIS, New Delhi, India

194 Indian Geotech J (April–June 2014) 44(2):183–195

123



17. Idriss IM, Boulanger RW (2004) Semi-empirical procedures for

evaluating liquefaction potential during earthquakes. In: Pro-

ceedings 11th International Conference on Soil Dynamics and

Earthquake Engineering, vol 1, pp 32–67

18. Boulanger RW, Idriss IM (2005) Evaluating cyclic failure in silts

and clays. In: Proceedings of Geotechnical Earthquake Engi-

neering Satellite Conference, Osaka, Japan

19. IS 2911 (Part-I/Sec-1):1979 Code of practice for design and

construction of pile foundations, BIS, New Delhi, India

20. Mukherjee S, Gupta VK (2002) Wavelet-based generation of

spectrum-compatible time-histories. Soil Dyn Earthq Eng

22(9):799–804

21. Abrahamson NA (1992) Non-stationary spectral matching. Seis-

mol Res Lett 63(1):30

22. Hancock J, Watson-Lamprey J, Abrahamson NA, Bommer JJ,

Markatis A, McCoy E, Mendis E (2006) An improved method of

matching response spectra of recorded earthquake ground motion

using wavelets. J Earthq Eng 10(1):67–89

23. Kumar A (2006) Software for Generation of Spectrum Compat-

ible Time History Having Same Phase as of a Given Time His-

tory. In: Proceedings of the 8th U.S. National Conference on

Earthquake Engineering, San Francisco, California, USA. Paper

No. 172

24. Bhattacharya S (2003) Pile Instability during earthquake lique-

faction. Ph.D. Thesis, University of Cambridge, UK

25. Bhattacharya S, Madabhushi SPG, Bolton MD (2004) An alter-

native mechanism of pile failure in liquefiable deposits during

earthquakes. Geotechnique 54(3):203–213

26. Bhattacharya S (2006) Safety assessment of existing piled foun-

dations in liquefiable soils against buckling instability. ISET J

Earthq Technol 43(4):133–147 Technical Note

27. Bhattacharya S, Madabhushi SPG (2008) A critical review of

methods for pile design in seismically liquefiable soils. Bull

Earthq Eng 6:407–446

28. SAP 2000: V10.1. Integrated Software for Structural Analysis

and Design, Computer and Structures Inc (CSI), Berkeley, Cali-

fornia, USA, August 2004

29. API (2003) American Petroleum Institute, Recommended Prac-

tice for planning designing and constructing fixed offshore

platforms

30. Meyerhof GG (1957) Discussion on soil properties and their

measurement. In: Proceedings of 4th International Conference on

Soil Mechanics and Foundation Engineering

31. Brandenberg SJ (2005) Behaviour of pile foundations in liquefied

and laterally spreading ground. Ph.D. Thesis, University of Cal-

ifornia at Davis, California, USA

32. Dash SR, Bhattacharya S, Blakeborough A (2010) Bending-

buckling interaction as a failure mechanism of piles in liquefiable

soils. Soil Dyn Earthq Eng 30:32–39

33. Heyman J (1996) Elements of the theory of structures. Cambridge

University Press, Cambridge

34. Bentley KJ, El Naggar MH (2000) Numerical analysis of kine-

matic response of single piles. Can Geotech J 37(6):1368–1382

35. Wu G, Finn WDL (1997) Dynamic elastic analysis of pile

foundations using finite element method in the frequency domain.

Can Geotech J 34:34–43

36. Wu G, Finn WDL (1997) Dynamic elastic analysis of pile

foundations using finite element method in the frequency domain.

Can Geotech J 34:44–52

37. Kaynia AM, Kausel E (1982) Dynamic stiffness and seismic

response of pile groups. Research Report R82-03, Order No. 718,

Cambridge, Massachusetts

38. Novak M, Sheta M, El-Hifnawy L, El-Marsafawi H, Ramadan O

(1990) DYNA3: A computer program for calculation of foun-

dation response to dynamic loads. Geotechnical Research Centre,

University of Western Ontario, London

39. Fan K, Gazetas G, Kaynia AM, Kausel E, Shahid A (1991)

Kinematic seismic response of single piles and pile groups.

J Geotech Eng ASCE 117(12):1860–1879

40. Finn WDL, Fujita N (2002) Piles in liquefiable soils: seismic

analysis and design issues. Soil Dyn Earthq Eng 22:731–742

41. Manna B, Baidya DK (2009) Vertical vibration of full-scale

pile—analytical and experimental study. J Geotech Geoenviron

Eng ASCE 135(10):1452–1461

42. Sarkar R, Maheshwari BK (2012) Effects of separation on the

behaviour of soil–pile interaction in liquefiable soils. Int J Geo-

mech ASCE 12(1):1–13

43. Maheshwari BK, Sarkar R (2011) Seismic behaviour of soil–pile-

structure interaction in liquefiable soils: a parametric study. Int J

Geomech ASCE 11(4):335–347

44. Sarkar R (2009) Three dimensional seismic behaviour of soil-pile

interaction with liquefaction. Ph.D. Thesis, IIT Roorkee, India

45. Byrne PM (1991) A cyclic shear-volume coupling and pore

pressure model for sand. In: Proceedings of the 2nd International

Conference on Recent Advances in Geotechnical Earthquake

Engineering and Soil Dynamics, St Louis, Report 1.24, pp 47–56

46. Novak M, Mitwally H (1988) Transmitting boundary for axi-

symmetrical dilation problems. J Eng Mech 114(1):181–187

47. Bowles JE (1997) Foundation analysis and design. McGraw-Hill,

New York

Indian Geotech J (April–June 2014) 44(2):183–195 195

123


	Seismic Requalification of Pile Foundations in Liquefiable Soils
	Abstract
	Introduction
	Overview of a Typical Loading on a Pile Foundation
	A Short Review of the Codes of Practice
	Importance of Inclusion of Axial Load and P-delta Effect
	Importance of Considering Dynamics and Constitutive Behavior of Liquefied Soil
	Effects of Depth of Fixity
	Consideration of Pile Groups
	Effects of Liquefaction on the Overall Response

	An Example Application to Show the Requalification Studies
	Geotechnical Data Considered for the Study
	Evaluation of Liquefaction Potential for the Site
	Details of Pile Foundation
	Vertical Pile Capacity

	Expected Ground Motion at the Site
	Generation of Spectrum Compatible Time History
	Spectrum Compatible Time History for Haldia Site

	Check Against Buckling Instability
	Estimation of Lateral Inertial Load
	Simplified Analysis Procedure
	Combined Action of Axial Load and Bending Moment

	Continuum Approach for Soil--Pile System Analysis
	Application of 3-D Finite Element Model

	Summary and Conclusion
	Acknowledgments
	References


