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This paper discusses an alternative to compute and analyze pile buckling in liquefiable ground dur-ing seismic
shaking. This study is undertaken based on three-dimensional finite element (FE) simulations using OpenSeesPL.
To explore the effect of shaking, soil and pile behaviors are observed at different axial loading conditions. The
results reveal insights of axial load influence due to soil liquefaction in both near-field and free-field grounds.
Analysis results show that an increase in axial load would generally decrease the lateral displacement and increase
the bending moment of piles, as well as reduce the acceleration and excess pore pressure responses in soils by
seismic shaking and soil liquefaction. From the case examined in this study, we notice the computed bending
moments in piles are less than that of the yielding or ultimate moment, which appear dissimilar results by using
Bhattacharya (2015)’s approach that would indicate the buckling of piles under the dynamic axial loads and soil
liquefaction in seismic shaking. Further studies would therefore be warranted to justify the capability and suitability
of the numerical simulations conducted herein. Nonetheless, the revealed insights by numerical simulations provide

a good basis for understanding and analysis on the buckling of piles in liquefiable ground.

m pile buckling; seismic shaking; soil liquefaction; numerical simulation; OpenSeesPL

Introduction

Soil liquefaction is one of complex phenomena that
causes many damages during earthquakes. In addition,
liquefaction represents one of the biggest contributors to
the damage of constructed facilities during earthquakes;
for instances, settling, tilting, and sliding of building
structures due to soil liquefaction.

Liquefaction of soils has caused considerable dam-
ages to pile-supported structures such as bridges and
buildings. Liquefaction was reported as the main cause
of damages to pile foundations during major earth-
quakes, such as 1964 Alaska, 1989 Loma-Prieta, 1995
Hyogoken-Nambu (Kobe), 1999 Chi-Chi, 2011 Tohoku
earthquakes (Kramer, 1996; Finn and Fujita, 2002;
EERI, 1999; Bhattacharya et al., 2013). Recently, Palu

earthquake, Indonesia, on 28 September 2018 with a
magnitude (M,,) of 7.5 caused strong shaking, generat-
ing a tsunami and massive liquefaction (GEER, 2019).

The strength and stiffness of soils decrease due to the
increase in pore pressure by earthquake shaking and
would seriously affect the embedded piles, causing large
bending moments and shear forces and eventually
threatening structural stability of the piles.

Generally, soil profiles encountered for piles consist
of a liquefied layer sandwiched between a non-liquefied
crust and a non-liquefied base layer (Cubrinovski and
Ishihara, 2005).

The collapse of pile structures is observed after many
strong earthquakes due to lack of safety factor against
bending failure by the lateral or axial loading. Several
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methods are available for calculating the bearing capac-
ity of pile foundations, such as theoretical formulas
based on static analysis (Kulhawy, 1984; Poulos, 1989),
in-situ testing (Meyerhof, 1976; Schmenrtmann, 1978;
Eslami and Fellenius, 1997), dynamic approach (Goble
and Rausche, 1979; Rausche et al., 1985; Fellenius,
2006), or through interpretation of full-scale pile load
tests (Fellenius, 1990).

Piles must be designed to sustain axial (vertical) and
lateral (horizontal) loads without suffering structural
damages, bearing capacity failures and excessive settle-
ments or deflections.

Terzaghi (1943) has proposed a theory for calculating
the bearing capacity of shallow foundations by the
following:

quir=cNe+qNy+0.5yBN, (1)

where g, is the ultimate bearing capacity, c is cohesion,
q is surcharge pressure, B is the foundation width, y is
the soil unit weight, and N, N;, and N, are bearing
capacity factors that are the functions of soil friction
angle. For deep (pile) foundations the third term can
usually be neglected because of relatively small width
(diameter) of the pile (Bowles, 1996). Thus, the ultimate
base capacity of pile is regarded as cN.+¢gN,. Except for
pre-consolidated clays and cemented sands, the above
equation can take the form gN,,.

A pile under axial load derives its load-carrying
capacity through the friction or adhesion along the pile
shaft and by the compressive resistance at the pile base
with underlying soils (Salgado, 2008). The ultimate
bearing capacity O, of single pile may be expressed as:

OQui= O+ Os=qp AptY i =1 qsAs )

where @y is base resistance, Qg is limit shaft resis-
tance, ¢p 1S unit base resistance, ¢ is limit unit shaft
resistance, Ay is area of pile base, and A, is pile shaft
area.

Bhattacharya and Madabhushi (2008) suggested that
the bending moment or shear force experienced by the
failed piles due to soil liquefaction of lateral spreading
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would exceed the bending or shear carrying capacity of
the piles.

Pile foundations in liquefiable soils subjected to seis-
mic shaking may also due to excessive settlements. The
mechanism of buckling instability in liquefiable soils
has been proposed (Bhattacharya, 2003; Bhattacharya
et al., 2004; Knappett and Madabhushi, 2005; Kimura
and Tokimatsu, 2005; Shanker et al., 2007). During lig-
uefaction, the pile would suffer a significant loss lateral
support in the liquefied zone. Therefore, if the axial load
is close to its critical buckling load, then buckling insta-
bility of piles may occur, which would be promoted by
the actions of lateral load or material imperfection.

Bhattacharya (2015) described that prior to shaking
the axial load acts on pile beneath a building is equally
distributed under static conditions without any eccen-
tricity of loading. During earthquake shaking, the iner-
tial action of superstructure imposes dynamic axial
loads on the piles, which can be given by the following:

denamic: static PAP=(1+0) Pyaric 3

where o is the dynamic axial load factor, which is a
function of the type, dimension and mass of the super-
structure, the characteristics of seismic shaking, as well
as material properties and geometry of the pile
foundation.

In the following, a brief description will be given on
the geotechnical problems and code requirements for
pile design under static and seismic loadings. In such
cases, modification methods would be called upon to
reach the level of improvement that is needed. Attaining
necessary improvements against buckling instability in
liquefiable ground may sometimes be difficult and
expensive.

In this regards, numerical simulations can provide an
important role for the development of an economical
and effective solution. This paper proposes numerical
simulations to evaluate soil-pile responses due to seis-
mic shaking, and behaviors of pile buckling during soil
liquefaction.
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Literature review

JRA (1996) describes that certain soils liquefy during
earthquake shaking, losing their shear resistances and
causing flow with overlying non-liquefied crust. The
mechanism and criteria to be used by practicing engi-
neers are usually specified by prevailing codes. An
example is the bending failure of piles by assuming
non-liquefiable crust offers passive resistance and lique-
fied soil layer offers restraint equal to 30% of the over-
burden pressure.

Bhattacharya et al. (2004) proposed an alternative
mechanism of pile failure in liquefiable deposits during
earthquake. It has been demonstrated that the end-bear-
ing piled foundations can be vulnerable to buckling
instability during seismic liquefaction based on the
results of centrifuge tests. Their works considered that
the pile becomes unstable under axial load from loss of
support from the surrounding liquefied soil, provided
the slenderness ratio of the pile in unsupported zone
exceeds a critical value. The instability causes the pile
to buckle and causes a plastic hinge in the pile. In a soil-
pile interaction term, the method assumes that, during
instability, the pile pushes the soil. Consequently, the
lateral load effect is considered secondary to the basic
requirements that piles in liquefiable soils must be
checked against Euler’s buckling.

If the pile buckles due to diminishing effective stress
and shear strength of soils owing to liquefaction, buck-
ling instability can be a possible failure mechanism irre-
spective of level or sloping ground.

Foundations directly supported on soil are particu-
larly vulnerable to liquefaction. This phenomenon is
well understood and studied. Piled foundation responses
to liquefaction and buckling are less studied.

Designing piles with column buckling and beam
bending criteria require different approaches. Dash et
al. (2010) described the former is based on strength and
the latter is on stiffness. Bending failure depends on the
bending strength, such as moment at first yield (), and
plastic moment capacity (M) of the pile. While buck-
ling represent a sudden instability of the pile when axial
load reaches the critical value (P,,).

Bhattacharya and Goda (2013) proposed the

probabilistic evaluation of liquefaction-induced pile
foundation buckling failure due to a scenario earth-
quake. By comparing critical pile length (H.) and unsup-
ported pile length (Dy), the potential failure of the pile
due to buckling is indicated when H.<D;. The unsup-
ported length (Dy) can be assessed based on the depth
interval of liquefied soils plus some fixity (normally 3~5
times the pile diameter). The critical pile length (H,.) can
be computed by the Euler’s theory as below:

/ 2
K denamic

where K is the Euler’s effective column length coeffi-
cient, depending on the boundary condition of column.
Finally, buckling index (G) can be defined by
following:

G=Hc-D; ®)

Based on Eq. (5), if G is greater than zero (i.e.,
Hc>Dy), then pile is considered safe. Otherwise, the pile
will be buckling due to seismic loading and soil
liquefaction.

On the other hand, some researchers use numerical
simulations to model the liquefaction-induced pile fail-
ure during shaking, with aims to mitigate detrimental
liquefaction effects with various kinds of modification
techniques (Mitchell et al., 1998; Adalier and Elgamal,
2004). Installation of piles to mitigate lateral spreading
effects has been proposed (Boulanger and Tokimatsu,
2005; Boulanger et al., 2007). During and after earth-
quake shaking, liquefaction of mitigated ground would
be affected by several key parameters (e.g. area replace-
ment ratio, soil and stone column permeability, pile or
stone column diameter, mass of the superstructure and
ground motion characteristic) and may result in local-
ized deformation (Kokhuso, 1999; Yang and Elgamal,
2002; Asgari et al., 2013).

Elgamal et al. (2009) conducted simulations by using
OpenSeesPL to evaluate mitigation of soil liquefaction
by stone column (SC) and pile-pinning approaches on
the basic of a systematic parametric study. Recently, the
simulation of pile buckling is considered due to axial
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loading during seismic excitation. It is important to
know the behaviors surrounding soil and pile during the
seismic excitations.

Numerical simulations
Analysis framework

The simulations are carried out by using the open-
source computational platform, OpenSees (Mazzoni et
al., 2006; McKenna et al., 2010). The platform allows for
developing application to simulate performance of
structures and geotechnical systems subjected to static
and seismic loadings. The 3D finite-element modeling
of the soil is represented by 20-8-node brick elements.
The nodal element is based on the solid-fluid formula-
tion with saturated soil implementation in OpenSees.

The OpenSeesPL approach is adopted in this study
(http://soilquake.net/openseespl/). It has particular capa-
bilities for carrying out a large variety of 3D finite-ele-
ment simulations based on the OpenSees computational
platform (Lu, 2006; Elgamal et al., 2009). In addition to
static analysis, the software allows for dynamic and
cyclic earthquake simulations with linear, bilinear, or
advanced (i.e., nonlinear fiber) element formulations.

Wang (2015) described that OpenSeesPL allows for
simulating with considerations to: (1) convenient gener-
ation of the mesh (e.g., surface load/axial/footing, single
pile, pile group) and associated boundary condition; (2)
simplified selection of soil/pile linear/non-linear mate-
rial modeling parameters in finite-element input file
(Yang et al., 2003; Elgamal et al., 2008); (3) execution of
simulation using an OpenSees platform; (4) single pile
and pile group computations under seismic shaking as
well as studies in prescribed displacement or prescribed
force modes; (5) numerical studies in various ground
modification scenarios by using certain specification of
material within pile zone (Elgamal et al., 2009; Asgari
et al., 2013; Lu et al., 2019); (6) graphical display of the
results for footing or pile and ground system.

Analysis procedure

The model adopted in numerical analyses is shown
in Fig. 1. All simulations were developed and executed
using interface OpenSeesPL based on u-p formulation.
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The 3D finite-element soil domain is represented by
8-node, fully-coupled (solid-fluid) brick elements. In
this scenario, an 18-m thick saturated sand layer was
studied, with a permeability k£ = 6.6x10-> m/s based on
Nevada sand properties at a medium relative density D,
of approximately 40% (Elgamal et al., 2009; Asgari et
al., 2013; Lu et al., 2019) and performed with a ground-
water level of 0.9 m below ground surface. The ground
surface was assumed level.

In the following, the plane area of simulation was 4.6
m %X 4.6 m (square area), and the scenarios were ana-
lyzed using same meshes with spacing of 1 m in longi-
tudinal (x), transverse () and vertical (z) directions. In
terms of base excitation (embedded at 18-m depth), the
downhole north-south (N-S) acceleration record from El
Centro earthquake (1940) was adopted along the x-axis,
as shown in Fig 2.

To explore the effect of seismic shaking on soil and
pile behaviors, different axial loadings on the pile were
considered, including 0, 1500, 3000, and 6000 kN. In
addition, simulation results were examined for the
behavior of soils in near-field and free-field.

Example case description

In this study, a series of numerical analysis was car-
ried out to investigate various factors affecting on the
liquefaction potential of saturated soil, the axial load
transfer mechanism, and the seismic performance of
pile foundation. Therefore, using a comprehensive con-
stitutive soil model is one of the most important parts of
numerical simulation of dynamic behavior of liquefiable
soils.

In view of symmetry, only half-mesh was performed
with lateral loads applied along the longitudinal of the
model. According to Tang et al. (2015), the following
aspects were considered: (1) the penalty method was
used to set equal degree-of-freedom (DOF) of displace-
ments for the left and right boundaries at any spatial
location in horizontal and vertical directions (i.e., peri-
odic-boundary); (2) due to symmetry, the inner and
outer boundaries were fixed against out-of-plane dis-
placement but free to move longitudinally and verti-
cally; (3) the ground surface was stress-free; (4) the
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seismic excitation was imposed at the base along the
x-axis (longitudinal) direction.

One of the parameters in this modeling lies in soil
type. The physical and mechanical properties of soil
layer and reinforced concrete pile are presented in
Tables 1 & 2, respectively. The exterior and interior
diameters of reinforced concrete pile are 600 mm and
400 mm, respectively. Rigid beam-connections, normal
to the pile longitudinal axis, were used to represent the
geometric space occupied by the pile. The soil domain’s
3D brick elements are connected to the pile geometric
configuration at the outer nodes of these rigid links
using the equal DOF constrain in OpenSees for transla-
tion only (Asgari et al., 2013).
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Fig. 1. FE mesh for the ground modification study: (a)
schematic plan view; (b) side view; (c) 3D isometric
view (soil stratum with half mesh employed due to
symmetry).
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Fig. 2. Base input motion (El Centro earthquake of 1940)

Table 1. Soil parameters

Parameters Medium
Mass density y,, 1900 kg/m3
Low-strain shear modulus G, 78.5 MPa
Friction angle ¢ 31.4°
Liquefaction yield strain y, 1%
Contraction parameter c; 0.3
PT angle ¢pr 26.5°
Dilation parameter d; 0.4
Dilation parameter d, 2.0

Table 2. Reinforced concrete pile parameters

Parameters Reinforced concrete pile

Weight of concrete y,. 2.5 Mg/m?
Yielding moment M, 908 kN-m
Plastic moment M,, 1317 kN-m
Flexural rigidity E/ 178x10° kN-m?
Shear rigidity GA 228x10* kN
Torsional rigidity GJ 23x10° kN-m?
Axial rigidity EA 546x10* kN

Table 3. Earthquake data

Earthquake motion parameters El Centro (USA)/N-S

Date of occurrence 18/05/1940
Recording station 117 EL Centro
Moment magnitude of earthquake M,, 7.1

Max. horizontal acceleration MHA 0314 g
Predominant period 7, 0.5 sec
Bracketed duration 28.78 sec
Significant duration Ds_gs 23.84 sec
Time of MHA 1, 2 sec
PGV/PGA 0.113 sec
Arias intensity for scaled PGA=0.35 g 2.175 m/sec
Energy flux for scaled PGA=0.35 g 2469 Jm?sec’!
No. of significant excitation cycles N, 14.5

The numerical simulations were performed with dif-
ferent the axial loads (i.e. vertical dead loads) at the
center of pile head, with 0, 1500, 3000, and 6000 kN, to
demonstrate the effect of non-linear soil response and to
compare their in-fluences on soils in the near and free
fields.
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To examine the characteristics of input mo-tions, we
adopted a strong shaking phase of the downhole N-S
acceleration record and embedded at an 18-m depth of
the model. The shaking data was based on El Centro
earthquake (1940), which had caused large ground fail-
ures and ex-tensive liquefaction phenomena. The earth-
quake data for this study are shown in Table 3.

Simulation results
1) Soil response of shaking

Acceleration amplitude appears to increase as the
depth of soil becomes shallower, as shown in Fig. 3. It is
also noticed that the increase in axial load of pile would
generally decrease the acceler-ation responses in soil.
The acceleration responses does not differ much, how-
ever, for the soils in near-field (i.e., at the contact with
pile) and free-field (i.e., at the edge of model). A more
“rigor oscillation” would appear noted for soils in the
near-field of this study.

The study here demonstrates the soil deposit would
tend to amplify the seismic shaking. As the increase in

the axial loading on pile, a situation similar to a heavier
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Fig. 3. Acceleration time histories at surface and 6-m deep
for soils in near and free fields.
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superstructure, the natural period of the pile structure
would be increase, and hence less interaction between
pile and soil. In accordance, the increase in axial load-
ing on pile would reduce the acceleration response in
soil. It can be perceived that the soil along the contact of
pile (i.e., near-field) would be subjected to more interac-
tion effect than that of the soil in a distance away (i.e.,
free-field). And hence the response of soil in free-field
would tend to be smoothened.

2) Behavior of sail
Fig. 4 shows excess pore pressure responses in soils.

Generally, the excess pore pressures reach their original
effective stresses (i.e., soil liquefaction) at shaking times
of approximately 5 and 10 seconds, respectively, for
soils at depths of 6 and 12 meters, indicating soil lique-
faction would be generated at a shallower depth and
then propagated downwards. Through a series of excess
pore pressure response with depth, we would be able to
determine the depth interval of liquefied soil or the
unsupported length of pile (Dy).

It is noticed that the near-field responses in excess

80
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— N
re LA00KN
—_—— 3000kN
—_— = G0N

12m depth (Free-field) |

o 10 20 L) 40 50 60 T0
Time (sec)

Fig. 4. Excess pore pressure time histories at surface and
6-m deep for soils in near and free fields (initial
effective stresses at 6 and 12 m depths are 64 and
119 kPa, respec-tively).
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pore pressure are apparently more “rigorous” than that
in the free-field. Due to the interaction effect as men-
tioned previously, the excess pore pressure responses
would be smoothened for the soils in a distance away
from the pile.

In the figure, we also observe a delayed response in
excess pore pressure as the increase in axial load on pile.
The increase in axial load of pile would postpone the
development of excess pore pressure, and thus the
occurrence of soil liquefaction. For instance, liquefac-
tion of soil in free-field and at a depth of 12m occurs at
shaking times of approximately 10, 12 and 18 seconds,
respectively, for axial loads of pile of 0, 1500 and 3000
kN. For the axial load of 6000 kN, however, the free-
field soil at 12m deep would never liquefy during the
course of input seismic shaking.

Fig. 5 shows the shear stress vs. shear strain relation-
ships of soils in the near and free fields and with differ-
ent axial loads of pile. The stress-strain hysteresis loops
will become flattened as the soil is weakened or soft-
ened as due to the developed excess pore pressure in
soil. Eventually, the sandy soils would be liquefied and
the corresponding stress-strain curves will show large
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Fig. 5. Shear stress-strain relationships at surface and
6-m deep for soils in near and free fields.

strains with negligible shear resistances.

As shown in the figure, the increase in pile axial load
would generally reduce the aforementioned interaction
effect, a less response in excess pore pressure, and thus
a stiffer stress-strain relationship in soil. It is also noticed
that the deeper the soil the stiffer would be the stress-
strain relationship for soil, a situation can also be
explained by the de-layed development of excess pres-
sure with depth during seismic shaking.

Due to its close proximity to the pile, the near-field
soil would suffer more interactive effect, higher response
in excess pore pressure, and thus less stiff in the stress-
strain relationship of soil, as shown in the figure.

3) Behavior of the pile

Lateral displacement of pile during seismic shaking
is examined for the cases with various axial loads and at
different depths of concern. As indi-cated in Fig. 6, the
lateral displacement of pile would be decreasing with
the depth of concern, suggesting the lateral displace-
ment of pile due to shaking would be amplified or max-
imized at the pile head.

As far as the effect of axial load, we notice that the

increase in the pile axial load would tend to reduce the
lateral displacement of the pile. Since the increase in
axial load of pile would be similar to the increase in the
weight of superstructure, the lateral displacement of pile
would therefore be reduced as due to the increasing
axial pile load. The effect of axial pile load will be fur-

ol

Displacement (m)
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A£.10 -

6 m depth
.15 - : - . :
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Fig. 6. Displacement vs. time histories of pile at the sur-
face and a depth of 6-m.
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ther discussed in the following paragraphs.

The weights from superstructure are trans-ferred to
the pile, which is eventually considered as the axial or
pile head loads. The pile head load will affect the
responses of pile during seismic shaking in terms of lat-
eral displacement, shear force and bending moment pro-
files. Figs. 7 and 8 show the results of pile response
profiles due to various axial pile loads at the end of
shaking and the maximum profiles during the shaking,
respec-tively.

As shown, the increase in axial loading would
generally decrease the lateral displacement of pile, both
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Fig. 7. Pile response profiles at the end of shaking.
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at the final stage of shaking and the maximum profile
throughout the shaking history.

Results indicate the increase in pile axial loading
would normally increase the shearing force in pile due
to the shaking. The maximum shear would appear to
locate at the fixed-end pile tip.

For the bending moment in pile, we observe that the
maximum moments would also occur at the fixed-end
pile tip, same as for the maximum shears. Except for the
zero-axial-load case, the maximum moment vs. depth
profiles would be similar for the piles with axial
loading

4) Comments on buckling load

For all the cases examined in the above numerical
simulations, we notice the computed maximum bending
moments in pile are not exceeding the yielding or plastic
moments of the pile as shown in Table 2. This is indica-
tive that the numerical simulations by OpenSeesPL do
not predict the buckling of pile with the various assigned
axial loadings (0~6000 kN).

As mentioned in the literature review, the buckling of

piles in liquefiable ground can also be assessed by
Bhattacharya’s approach (2015), which considers the
unsupported pile length (Dy) due to soil liquefaction and
the critical pile length (H¢) based on Euler’s theory.

Results of the numerical simulations show the deposit
soil will liquefy from the ground surface up to a depth
of 12~18 m due to the assigned seismic shaking for the
pile axial loads of 0~3000 kN. For the pile axial load of
6000 kN, the liquefied soil will reach to a depth of 6~12
m. In accordance, it can be estimated the unsupported
pile lengths (Dy) would be approximately 18 m and 12
m, respectively, for the pile axial loadings of <3000 kN
and 6000 kN.

By applying Eq. (4), the critical pile lengths (H¢) can
be computed with the values of o0, 20.2, 14.3 and 10.1 m,
respectively, for the pile axial loads of 0, 1500, 3000 and
6000 kN.

Hence, Bhattacharya’s approach would predict no
buckling failure for piles with axial loads less than 3000
kN (i.e., Hc>Dy). For axial loads greater than 3000 kN,
however, the piles will be buckling (i.e., Hc<Dy).
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It is apparent that the predictions by numerical simu-
lations using OpenSeesPL are not consistent with those
of Bhattacharya’s approach. As mentioned previously,
OpenSeesPL consists of a 3D formulation of finite ele-
ment method which considers interaction of pile and
surrounding soil due to seismic shaking. Although the
application of axial load on pile is permitted, if the axial
load on pile deflection or buckling being properly con-
sidered in the software is still uncertain. On the other
hand, Bhattacharya’s approach neglects the confining
effect of the liquefied soil and assumes a pseudo-static
way for the dynamic inertial forces. It is not sure, how-
ever, if Bhattacharya’s approach would be too conserva-
tive. Hence, further studies are warranted to justify the
queries raised above.

Conclusions
This study was conducted to explore the influence of

pile axial load on the responses of pile and surrounding

soil due to seismic shaking. A 3-D finite element soft-
ware, OpenSeesPL, was employed for the numerical
simulations. Results of the study are listed below:

a. An increase in axial loading would generally
decrease the lateral displacement and increase the
bending moment of piles.

b. An increase in axial loading would reduce the accel-
eration and excess pore pressure responses in soils
during seismic shaking and soil liquefaction.

c. Numerical simulations using OpenSeesPL indicate
the piles with various assigned axial loads will be
safe from buckling failure, with computed bending
moments less than the yielding and plastic moments
of the pile. However, these predictions are dissimilar
with those by Bhattacharya’s approach, indicating
more studies are warranted for the analysis of pile
buckling issue in liquefiable ground due to seismic
shaking.
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