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Numerical modeling of centrifuge cyclic lateral pile load experiments
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Abstract:  To gain insight into the inelastic behavior of piles, the response of a vertical pile embedded in dry sand 
and subjected to cyclic lateral loading was studied experimentally in centrifuge tests conducted in Laboratoire Central des 
Ponts et Chaussées. Three types of cyclic loading were applied, two asymmetric and one symmetric with respect to the 
unloaded pile. An approximately square−root variation of soil stiffness with depth was obtained from indirect in−fl ight 
density measurements, laboratory tests on reconstituted samples, and well-established empirical correlations. The tests were 
simulated using a cyclic nonlinear Winkler spring model, which describes the full range of inelastic phenomena, including 
separation and re-attachment of the pile from and to the soil. The model consists of three mathematical expressions capable of 
reproducing a wide variety of monotonic and cyclic experimental p−y curves. The physical meaning of key model parameters 
is graphically explained and related to soil behavior. Comparisons with the centrifuge test results demonstrate the general 
validity of the model and its ability to capture several features of pile−soil interaction, including: soil plastifi cation at an early 
stage of loading, “pinching” behavior due to the formation of a relaxation zone around the upper part of the pile, and stiffness 
and strength changes due to cyclic loading.  A comparison of the p–y curves derived from the test results and the proposed 
model, as well as those from the classical curves of Reese et al. (1974) for sand, is also presented.  
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1   Introduction: empirical and analytical p–y 
      curves for laterally loaded piles

The response of piles subjected to cyclic lateral 
loading is governed by the strong nonlinearity of the 
stress−strain soil behavior that occurs even at low levels 
of applied load.  The problem becomes much more 
diffi cult with the appearance of geometric nonlinearities, 
such as separation of and sliding between pile and soil—
phenomena unavoidable under strong excitation.  

The methods of lateral pile response analysis are 
classifi ed into three broad categories: 

• limit analysis methods in which the ultimate soil 
reaction is predetermined from the assumed shape of 
the pile displacement profi le at its ultimate state, i.e., 

after plastic hinging has transformed the pile into a 
mechanism (Hansen, 1961; Broms, 1964 a,b). 

• Clastic (and inelastic) continuum-based methods 
which rarely lead to analytical solutions, but are usually 
materialized through boundary-element, fi nite-element, or 
fi nite-difference type numerical formulations (Banerjee, 
1978; Banerjee and Davies, 1978; Poulos and Davis, 1980)

• Linear and nonlinear Winkler spring methods, the 
most successful of which is the p−y method (McClelland 
and Focht, 1958; Matlock, 1970; Reese et al., 1974, 
1975; Reese, 1986)

A fi nite element analysis requires discretization 
of the pile and the surrounding soil in 3 dimensions 
(3-D). Equivalent−linear as well as advanced 
constitutive models based on the theory of plasticity 
and hypoplasticity have been utilized to reproduce the 
nonlinear stress−strain soil behavior (Angelides and 
Roesset, 1981; Trochanis et al., 1991; Kimura et al., 
1995; Wakai et al., 1999). However, even today, a 
3-D fi nite element analysis is not a computationally 
trivial task and is thus infrequently used in engineering 
practice. Modeling pile−soil separation and gap 
formation as well as other interface nonlinearities can 
prove to be especially formidable tasks. Additionally, 
a 3-D elastoplastic fi nite-element model would not be 
easily combined with many structural codes to compute 
the response of the superstructure.
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In contrast, Winkler-spring modeling is a versatile 
and economical approach since the analysis of soil-pile 
interaction is effectively reduced to a one-dimensional 
problem. It is in essence a semi-empirical method, in 
which soil resistance is represented by independent 
springs distributed along the pile. The Winkler-spring 
model for laterally-loaded piles owes its popularity to 
the well known semi-empirically derived p−y curves. 
Obtained on the basis of full-scale experiments, they 
relate soil reaction (the horizontal result of the soil 
stresses) with pile defl ection at each point of the pile. The 
main advantages of the p−y method are that it can easily 
accommodate other experimental results, as necessary; it 
(indirectly) accounts for soil separation from the pile and 
sliding at the pile-soil interface; and it can even account 
for the method of pile installation.  The development of 
p−y curves has been addressed by several researchers 
(Matlock, 1970; Reese et al., 1974; Reese,1986; Yegian 
and Wright, 1973; Stevens and Audibert, 1979; O’ Neill 
and Murchinson, 1983; Murchinson and O’ Neill, 1984; 
Wu et al., 1998; Ashour and Norris, 2000; Kim et al., 
2004), and the p−y method constitutes the current state 
of the art. Its success stems from the fact that even 
though the p−y curves do not accurately model the soil 
continuum, they are based on results of fi eld load tests 
where the continuum is fully satisfi ed (Reese, 1997).

Note that numerous (mostly successful) attempts 
have also been published developing cyclic p−y 
curves for different soils, starting from the conceptual 
framework of Matlock et al. (1978) to the development 
of the composite centrifuge-based p−y macro-element of 
Curras et al. (1999) and Curras ( 2000), which consists 
of viscoelastic, plastic and gap components in series, and 
can thus model gapping effects, strength degradation, 
and radiation damping (Boulanger et al., 1999). Similar 
models were presented by Nogami et al. (1992).

Several other approximate nonlinear methods of a 
different philosophy have also been developed over the 
years.  They are of signifi cant engineering interest, but 
are beyond the scope of this paper. For more information, 
refer to Duncan . (1994), Budhu and Davies (1987) 
and Kucukarslan and Banerjee (2004) for monotonic 
loading conditions, and to Tabesh and Poulos (2001) for 
seismic response, among several other publications. A 
comprehensive review on the subject was compiled by 
Pender (1993).

Most of the aforementioned p−y methods employ 
a semi-empirical approach to developing p−y curves; 
essentially, the proposed curves are a judicious 
curve fi tting to appropriate full-scale (or centrifuge) 
experiments. (Judicious meaning with the help of soil 
mechanics and engineering judgment.)

A different semi-theoretical methodology to 
developing cyclic p−y curves is also possible.  One starts 
with a mathematical model (a p−y “macro-element”) 
and then calibrates its parameters with the help of full-
scale and centrifuge experiments, or even with rigorous 
3-D numerical results, if available. Validation of the 

resulting method against other test results would then be 
necessary before such a method is adopted in practice.

Among a number of such mathematical models 
proposed over the last twenty years, particularly fruitful 
has proved the so-called Bouc-Wen model (Bouc, 1971; 
Wen, 1976). Originally applied to describe inelastic 
cyclic force-displacement relationships in probabilistic 
structural dynamics (Baber and Wen, 1981), it was 
subsequently applied to soil liquefaction analysis as a 
constitutive τ−γ relationship in simple shear (Pires et al., 
1989; Loh et al., 1995) and to the analysis of laterally 
loaded piles as a monotonic or cyclic p−y relationship 
(Trochanis et al., 1994; Badoni and Makris, 1995). The 
latter references are of particular interest in the work 
presented here, as they showed that a Bouc-Wen model 
is capable of describing the response of a pile under 
cyclic and dynamic loading in suffi cient engineering 
detail — at least in cases of “simple” soil conditions.

Recently, Gerolymos and Gazetas (2005 a, b) 
presented an extension-modifi cation of the original 
Bouc-Wen model, and they applied it to describe dynamic 
simple shear τ−γ relationships for wave-propagation 
site-response analyses and p−y relationships for laterally 
loaded piles (Gazetas, 2005) and Caissons (2006a, 
b). Designated as a “BWGG” model, this extended 
Bouc-Wen model is capable of reproducing complex 
features of pile-soil interaction, such as: (i) soil and 
pile nonlinearities; (ii) soil-pile interface nonlinearities; 
(iii) coupling between radiation damping and hysteretic 
soil response; and (iv) stiffness and strength hardening 
(or degradation) with cyclic loading. The model was 
validated against available experimental data. The need, 
however, for further calibration/validation of the model is 
unquestionable — hence the work presented in this paper.

The objectives of this paper are: (i) to briefl y 
introduce the key features and some capabilities of the 
developed BWGG model; (ii) to present the results of 
cyclic centrifuge experiments on a pile in sand; (iii) 
to outline the methodology for calibrating the model 
parameters using the results of one of the tests; and (iv) 
to apply the method to the other tests and compare them 
with the centrifuge experiments as well as the “classical” 
p−y curves of Reese et al. (1974).  It is hoped that, in 
the process, some valuable insight into the nature of pile 
lateral response will be gained. 

2   Centrifuge experiments  

The centrifuge tests reported here were conducted 
for the dissertation of Rosquoёt (2004) at Laboratoire 
Central des Ponts et Chaussées [LCPC]; see also 
Rosquoёt et al. (2003, 2004). The tests were performed 
on a single pile subjected to cyclic horizontal loading.  
The centrifuge models, 1/40 in scale, involved pile head 
loading with three different force time histories. The 
experimental set up and the loading time histories (in 
prototype scale) are shown in Fig 1.
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Fig. 1    (a) Experimental setup of the centrifuge tests conducted in LCPC. (b) Load time histories of the three tests (P32, P344 and 
             P330). All dimensions refer to the modeled prototype.
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2.1  Centrifuge modeling

It is well known that since soils have stress-
dependent stiffness and strength characteristics, the 
application of N times the gravitational acceleration to 
a model with length dimensions 1/N, causes the stresses 
and mechanical properties of the model to become 
similar to those of the prototype. Schofi eld (1980, 1981) 
and Whitman et al. (1981), among several others, have 
discussed the scaling laws which relate the behavior of a 
model under static and seismic shaking to the prototype 
behavior in the fi eld. Over the past decade, dynamic 
centrifuge techniques have been established as a useful 
tool for the engineer to investigate the dynamic behavior 
of geotechnical structures and to calibrate advanced 
numerical models and procedures.

The centrifuge facility of the LCPC, in Nantes, has 
a radius of 5.5 m, a maximum model mass of 2000 
kg at a centrifuge acceleration of 100 g, and platform 
dimensions of 1.4 m × 1.15 m. It is currently capable of 
producing 200 g’s of centrifugal acceleration, although 
of course at a much reduced “payload.” The recent 
acquisition of a servo-hydraulic earthquake actuator has 
extended the scope of its activities.

2.2  Model description

The presented cyclic lateral load tests were conducted 
on a vertical friction pile placed in a sand mass of uniform 
density. The Fontainebleau sand centrifuge “specimens” 
were prepared by the air sand-raining process into a 
rectangular container (80 cm wide by 120 cm long 
by 36 cm deep), with the use of a special automatic 
hopper developed at LCPC (Garnier, 2002). The desired 
density of the dry sand was obtained by varying three 
parameters: (a) the fl ow of sand (opening of the hopper), 
(b) the automatically maintained drop height, and (c) the 
scanning rate. The unit weight and the relative density 
of the specimen were measured to be γd ≈ 16.5 ± 0.04 
kN/m3 and Dr = 86% samples, respectively. Laboratory 
results from (drained and undrained) torsional and 
direct shear tests on Fontainebleau sand reconstituted 
specimens indicated mean values of peak and critical-
state angles of φp = 41.8ο and φcv = 33ο, respectively.  The 
reader is referred to the offi cial site of the Quaker (2002) 

research program for details on the aforementioned tests. 
The soil properties used for the centrifuge tests 

are shown in Fig 2, with emphasis on a probable but 
idealized profi le of the shear modulus Go at small strains. 
The accuracy of this profi le does not have a substantial 
effect on our numerical results since one of the tests 
was used to calibrate the model.  Evidently, in such 
relatively-dense sand, the pile used may be considered 
as fl exible (Rosquoet, 2004; Randolph, 1981).

The model pile (scale 1/40) is an aluminium hollow 
cylinder of 18 mm external diameter, 3 mm wall 
thickness, and 365 mm length. The fl exural stiffness of 
the pile is 0.197 kN m2 and the elastic limit stress of the 
aluminium is 245 kPa. The model and prototype pile 
characteristics are given in Table 1 (centrifuge tests were 
carried out at 40 g).

Table 1   Pile characteristics

                   Name Symbol Model scale Prototype scale (40g)
Length L 38 cm 15.2 m
Depth of pile tip from ground 
surface D 30 cm 12 m

External diameter B 1.8 cm 0.72 m
Internal diameter 1.5 cm 0.6 m
Young’s modulus E 7.4 x 104 MPa
Moment of inertia I 2.67 x 10-9 m4 6.83 10-3 m4

Bending stiffness EI 197 N m² 505 MNm2

Elastic limit σe 245 MPa

Fig. 2  Pile confi guration and soil properties of the three 
              centrifuge tests
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The instrumentation included two displacement 
sensors, located at the section of the pile above the 
ground line, and 20 pairs of strain gauges, positioned 
along the length of the pile so that the bending moment 
profi le M(z) could be measured during the tests.  The 
resulting earth pressure p = p(z), per unit length along 
the pile, was obtained by double differentiation of M(z) 
as established by Matlock and Reese (Reese and Van 
Impe, 2001).  The strain gauges were spaced at 0.6 m 
(prototype scale) starting from the ground level to the 
pile tip.  This single pile was driven into the sand before 
rotating the centrifuge (i.e., at 1 g). In fl ight, the single 
pile was subjected quasi-statically to horizontal cyclic 
loading through a servo-jack connected to the pile with 
a cable. With such a confi guration, the pile head is not 
submitted to any parasitic bending moment. 

Three cyclic load tests were performed as shown 
in Fig. 1 and are discussed later in this paper.  The test 
results were obtained in the form of horizontal force-
displacement time histories at the head of the pile, 
as well as of bending moment, shear force, and soil 
reaction profi les.

3 Description of the theoretical model: 
      equations and parameters

The BWGG model is a versatile one-dimensional 
action-reaction relationship, capable of reproducing 
an almost endless variety of stress-strain or force-
displacement or moment-rotation relationships, 
monotonic as well as cyclic. It is being applied here 
to model the monotonic and cyclic response of piles, 
expressing the p−y relationship. A simple version of the 
model is outlined below. More details can be found in 
Gerolymos and Gazetas (2005 a, b), although the model 
utilized here is a slightly improved−simplifi ed version of 
the model in the latter reference.

The constitutive relationship for the lateral soil 
reaction against a defl ecting pile is expressed as the sum 
of an elastic and a hysteretic component according to:

p k y p= + −( )α α ζ1 y                (1) 

where ζ is a dimensionless inelastic parameter expressed 
in the following differential form:

d
d

sign dζ
ζ ζ

y y
b g yn= − + ( )⎡⎣ ⎤⎦{ }1 1

0

         (2)

p is the result (in the direction of loading) of the normal and 
shear stresses along the perimeter of a pile segment of unit 
length;  y is the pile defl ection at the location of the spring;  
k is a reference spring stiffness; α is a parameter governing 
the post yielding stiffness;  py is a characteristic value 
of the soil reaction related to the initiation of signifi cant 
inelasticity (yielding); y0  is a characteristic value of 
pile defl ection related to the initiation of yielding in soil 

reaction; and  n, b and g, are dimensionless quantities 
that control the shape of the hysteretic soil reaction−pile 
defl ection loop as described below.  

Parameter n governs the sharpness of the transition 
from the linear to the nonlinear range during initial 
virgin (monotonic) loading.  It can take values between 0 
and ∞. A large value of n (> 10) models approximately a 
bilinear hysteretic curve; decreasing n leads to smoother 
transitions, with plastic behavior occurring at lower 
loading levels. Parameter α is the ratio of steady-state 
post yielding to the initial elastic stiffness. The larger the 
parameter α , the larger the component of the lateral soil 
reaction resulting from constrained soil dilatancy. When 
these two parameters, n and α , are properly calibrated, 
the following can be approximately matched: (a) most 
lateral p−y curves, such as those proposed by Reese et al. 
(1974, 1975) and Matlock (1970), and (b) almost any 
experimental soil reaction curve. Figures 3 and 4 illustrate 
the signifi cance of a and n on the resulting p−y curves.

Parameters b and g control the unloading-reloading 
rule.  Four basic shapes of hysteresis loops can be 
generated depending on the relationship between b and 
g.  When b = g = 0.5, the stiffness upon reversal equals 
the initial (maximum) stiffness and, the Masing criterion 
for loading-uploading-reloading is satisfi ed. As b tends 
to 1, the reversal stiffness tends to be equal to the post 
yielding stiffness right before the reversal point, which 
implies a strongly nonlinear but near elastic behavior. In 
the special case where b = 1 and g = 0 , the hysteretic 
loop degenerates to the monotonic loading curve 
(nonlinear but elastic behavior). On the contrary, as g 
tends to 1, the reversal stiffness becomes larger than the 
initial stiffness (at virgin loading). When g = 1 and b 
= 0, the reversal stiffness is two times larger than the 
initial one. The unloading-reloading parameters b and g 
can either be constants or variable in the course of cyclic 
loading. The condition b + g = 1 along with a = 0 imply 
a constant ultimate resistance under cyclic loading.

From Equations (1) and (2), the parameter ζ can 
be eliminated through a straightforward step-by-step 
numerical integration, which is readily implemented 
within the framework of codes such as Mathcad and 
Matlab.  

3.1 Modeling separation/gapping of the pile from the 
      soil

A signifi cant issue in pile-soil interaction under 
cyclic lateral loading is the separation (gapping) of the 
pile from the soil and the subsequent re-attachment.  
Separation at the pile-soil interface is implemented in 
the proposed constitutive law for lateral soil reaction, 
through the introduction in the differential expression for 
ζ (Eq. (2)) of a multiplying “pinching” function of  ζ , hp:

h
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such that Eq. (2) becomes:
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In Eq. (3), ζ0, δ, and Δ are dimensionless parameters 
that control the gap growth and the sharpness of the 
transition from the no-contact to the contact region of 
the lateral soil reaction.

The continuous nature of the pinching function 
produces smooth hysteresis loops with gradual transition 
from almost zero stiffness at complete separation to 
the maximum stiffness when re-attachment occurs. 
Parameter δ in Eq. (3) controls the gap growth during 
cyclic (repeated) loading of the pile. Parameter ζ0, 
determines the “drag” (i.e. side shear) resistance within 
the gap. It takes values between 0 and 1, with the drag 
resistance becoming negligible (sharp separation) 
when ζ0 approaches 1. In case of a stiff cohesive soil, 
a value of ζ0 ≈ 1 could be adopted if loading in two 
directions generates a complete gap around the pile 

(sharp separation, negligible drag forces). On the other 
hand, when the pile is embedded in a cohesionless soil, 
the formation of a relaxation zone around the pile is the 
most possible local failure mechanism near the ground 
surface (diffuse failure), rather than the opening of a 
clear gap (as in a cohesive soil). In that case, values of ζ0  
< 1 close to 0 should be used.  

Parameter Δ = Δ (y) is the maximum attained 
displacement when y is positive, or the minimum 
attained displacement when y is negative. 

A simplifi ed but reasonable hypothesis is that 
separation takes place when the net tensile stress at 
a point of pile-soil interface becomes larger than the 
product of the difference between the earth pressure 
at rest σ΄h0 and the lateral active earth pressure σ΄ha , 
multiplied by the pile diameter d, i.e.:

σ σh ha
’

0
’ −( ) <d p                          (5)

Figure 6 portrays lateral soil reaction versus pile 
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Fig. 5   Normalized hysteresis loops of soil reaction versus pile defl ection for n = 1 and different values of b and g. The Masing 
             criterion for unloading–reloading is recovered for b = 0.5, g = 0.5.
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defl ection hysteresis loops with gapping effect, for 
different values of parameters ζ0 and δ. Evidently, the 
model can reproduce a variety of situations in which 
gapping dominates.

3.2   Stiffness and strength parameters for cohesionless 
       soil

The following expression for the small-amplitude 
stiffness k (= py / y0 ) in Eq. (1) is adequate:

k E= 1 2. s                                     (6)

where Es is the Young’s modulus of the soil (Gazetas 
and Dobry,1984). Note that k has units of stiffness per 
unit length of the pile, corresponding to the traditional 
“subgrade modulus” (in units of pressure per unit length) 
multiplied by the diameter d of the pile. Eq. (6) has been 
derived by matching the dynamic head displacement of 
the Winkler model with the one computed through fi nite 
element analyses of a soil with Poisson’s ratio ν = 0.4. 
Other expressions for the subgrade modulus could also 
be used in other cases, such as those by Matlock and 
Reese (in the aforesaid publications) from the scaled 
fi eld tests.

In case of a pile embedded in cohesionless soil, 
the strength parameter py in Eq. (1) can be calculated 
through the analytical expression of Broms (1964) for 
the ultimate soil  reaction:

    
p dy = +⎛

⎝⎜
⎞
⎠⎟

°3 45
2

2σ
φ’ tanν             (7)

in which σ΄v  is the effective vertical stress and φ is the 
friction angle of the soil. Eq. (7) is very often preferred 
in practice from other more rigorous expressions for its 
simplicity and suffi cient engineering accuracy, in view 
of its accord with experimental and numerical results. It 
is used in all the subsequent analyses as well.

3.3   Numerical formulation for pile–soil system

With the constitutive model for lateral soil reaction 
developed in the previous sections, the pile-soil 
interaction problem under cyclic lateral loading reduces 
to the analysis of a beam supported on a nonlinear 
Winkler foundation.  Equilibrium of the pile gives:

 ∂
∂

∂
∂

⎛

⎝
⎜

⎞

⎠
⎟ + =

2

2

2

2 0
z

E I y z t
z

p z tp p
( , ) ( , )           (8)

where Ep and Ip are the pile modulus of elasticity and 
cross-sectional moment of inertia, respectively.  Equation 
(9) forms a system of (coupled) ordinary and differential 
equations with Eqs. (1), (3), and (4). An explicit fi nite-
difference scheme is used for the solution of this system, 
with the possibility of considering the variation of pile 
and soil properties along the pile length. Head and tip 

boundary conditions are properly taken into account.
The proposed model for piles is next applied to 

simulate the pile response in the centrifuge cyclic lateral 
load tests described in the beginning.

4  Numerical simulation of the centrifuge tests

The proposed model is fi rst calibrated against 
the results of one of the tests (designated as P32). 
Subsequently, it is applied to predict the measured 
data of the other two tests (P330 and P344). The three 
tests differ by the characteristics of the cyclic loading 
sequences as shown in Fig. 1 (one-way and two-way 
loading at different load amplitudes). It should be noted 
that the applied loads always stay in the domain of 
service loads. The maximum applied load of 960 kN 
is indeed just about one third of the maximum lateral 
resistance of the pile (Rosquoet, 2004; Broms, 1964a, b).

The bending moment distribution with depth M(z), 
obtained from the bending strains measured during each 
test through the strain gauges, were utilized to calculate 
the shear force, Q(z), and soil reaction, p(z), diagram:

 Q z M z
z

( ) ( )= d
d

                       (9a)

and

 p z M z
z

( ) ( )= d
d

2

2
                      (9b)

High-order spline functions which interpolate between 
two successive pairs of experimental points (Mi, zi) and 
(Mi+1, zi+1) were utilized to this end. The experimental
M = M(z) curves were also integrated twice to get 
the pile defl ection diagram y = y(z) and the boundary 
conditions (head and tip pile displacement) were used to 
determine the needed two constants. 

4.1 Calibration of model parameters against test P32; 
      comparison with empirical p−y curves

The calibration of the model parameters was 
based on matching the calculated with the recorded 
force-displacement curve at the pile head (calculated 
displacement DPC in Fig 1). Only density measurements 
were performed and Hardin’s (1978) formula was 
applied to evaluate the soil shear modulus at low-
amplitude strains:

G
S K p

e0
0

0
2

1 2

2 3 1 0 3 0 7
=

+( ) ′

+( ) +( )
a vσ

ν . .
              (10)

in which the stiffness coeffi cient S varies in the range of 
1200 and 1500 for clean sands, K0 is the coeffi cient of 
earth pressure at rest, e0 is the initial void ratio, and pa is 
the atmospheric pressure. For e0 ≈ 0.59, and assuming K0 
= 0.5, ν = 0.4, and S = 1400, the maximum shear modulus 
at the effective stress level of 0.1 MPa is approximately 
equal to 75 MPa. The distribution of G0 with depth is 
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shown in Fig. 2. The initial subgrade modulus of the 
nonlinear Winkler springs is calculated from Eq. (6), 
whereas Brom’s formula [Eq. (7)] is utilized to estimate 
the ultimate soil reaction. The unloading-reloading 
parameter b is taken to be equal to 0.50.

A trial-and-error method was used to adjust the 
values of the pinching parameters ζ0 and δ, and the 
monotonic loading parameters n and α. The following 
combination was found to give the best results: (a) n 
= 0.05 and α = 0.03 for monotonic loading; and (b) n 
= 0.15 and α = 0.025 for cyclic loading. The pinching 
parameters were calculated as ζ0 = 0.95 and δ = 0.054. 
Note that the parameter n is not kept constant;  its initial 
value of 0.05 changes to 0.15 after the fi rst reversal in the 
loading history, refl ecting the stiffness hardening of the 
pile response under cyclic loading due to densifi cation 
of the sand. 

Figure 7(a) compares the p−y curves at depths of 
6 m, 3.6 m, and 1.8 m computed with the proposed 
model to those of Reese (1974) for the particular sand. 
The calculation of the p−y curves is based on the best 
fi tting of: the P32 test, and (b) Reese’s curves. In 
order for the p−y curves to be in a comparable form, 
Eq. (6) for the initial subgrade modulus of the spring and 
Eq. (7) for the ultimate lateral soil reaction, have also 
been implemented for calculation of slightly modifi ed 
Reese curves. It is interesting to note that the inelastic 
component of the lateral soil reaction is underestimated 
with Reese’s curves, while the initial stiffness is 
overestimated.  Different p−y curves would result from 
the proposed model if a direct fi tting onto Reese’s p−y 
curves is performed. Such fi tting is shown in Fig 7(b), 
only for comparison purposes.

Figure 8 shows the comparison between measured 

Fig. 7   (a) Comparison of the p–y curves at three different depths derived with the proposed model (solid lines) after calibration 
with test P32, and those developed by Reese & Matlock for sand (dashed lines). Based on best fi tting the recorded force-
displacement curve at sensor DPC. (Derived model parameter values: n = 0.05, α = 0.03 ).  (b) Comparison of the p–y curves 
at the same three depths derived with the proposed model (solid lines) by fi tting Reese’s (1974) curves. (Derived model 
parameter values: n = 0.2–0.3, α = 0)

Fig. 8   (a) Experimental and (b) computed total force-displacement curve at sensor DPC for test P32 which was utilized in the 
              calibration
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and computed (from the calibrated model) force-
displacement curve at the head of the pile. The good 
agreement attests only to the capability of this model 
to reproduce the cyclic p−y curves. Figures 9 and 10 
compare computed versus recorded bending moment, 
shear force, and soil reaction profi les at different 
stages of loading. The success of this comparison is an 
indication of proper calibration of the model against this 
centrifuge test; it is encouraging only in view of the well 
known diffi culty to simultaneously match detailed force-
displacement time history, internal pile forces, and soil 
reaction profi les.

4.2 Comparison of numerical results with two cyclic 
       experiments

The calibrated model (from the P32 test) is utilized 
to predict the results of the P344 test (cyclic loading 
without sign reversal) and the P330 test (fully cyclic 
loading with sign reversal). 
4.2.1 Test P344: asymmetric cyclic force ranging from 
          960 to 0 kN

The computed force-displacement curve at the pile 
head is compared to the experimental data from the 
P344 test in Fig. 11. The comparison of the predicted 

Fig. 9   Comparison of computed (solid lines) and recorded (circles and triangles) bending moment distributions at different stages 
            of loading, for test P32 which was utilized in the calibration

Fig. 10   Comparison of computed (solid lines) and obtained from spline interpolation and differentiation of the M-z experimental 
data (dashed lines) shear force and soil reaction distributions at different stages of loading, for test P32 which was utilized 
in the calibration
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Fig. 12   Comparison of computed (solid lines) and recorded (circles and triangles) bending moment distributions at different 
               stages of loading, for test P344 (asymmetric cyclic force, ranging between 960 kN and 0 kN)

to the measured bending moment, shear force, and soil 
reaction distributions with depth is presented in Figs 12 
and 13 for various stages of loading

The agreement between measurements and 
computations is in general quite satisfactory for the 
force-displacement curve at the pile head, as well as 
for the bending moment and shear force diagrams with 
depth. The model is capable of reproducing: 

(a) the highly nonlinear soil behavior even at low 
loading levels, 

(b) the stiffer reversal stiffness of the pile response 
compared to the virgin loading (initial) stiffness, and 

(c) the strength relaxation of the pile response with 
cyclic loading. The displacement at which the maximum 
applied external force occurs, increases with increasing 

cycle number. 
The shapes of hysteresis loops, although not in very 

good agreement with the experimental curves, reveal 
the beginning of a pinching behavior — apparently the 
result of pile-soil separation and re-attachment near the 
top.

Some differences are also noted between computed 
and measured soil reaction profi les. More specifi cally, 
the maximum soil reaction is underestimated by the 
proposed model, whereas soil yielding at greater depths 
is overestimated. This discrepancy may be attributed to 
several factors, including: (a) the approximate nature of 
the Go profi le which, after all, was not obtained from 
direct in-fl ight measurements, and (b) the conservatism 
in Brom’s formula for ultimate soil reaction (Eq. (7)).  

Fig. 11   (a) Experimental and (b) computed force-displacement curve at sensor DPC for the independent-of-calibration test P344 
              (asymmetric cyclic force, ranging between 960 kN and 0 kN)
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Nevertheless, it is very good that the model captures the 
downward “migration” of the maximum soil reaction 
with increasing loading intensity — apparently the 
result of progressively increasing depth of soil yielding 
near the top.
4.2.2 Test P330: symmetric cyclic force ranging 
           between ± 960 kN

Similarly satisfactory are the comparisons between 
theoretical predictions and the results of the P330 test 
presented in Figs 14, 15 and 16. Specifi cally, it is seen 
that the model adequately predicts the following detailed 
trends: 

(a) the stiffness hardening of the pile  under cyclic 
loading, possibly due to densifi cation of the sand in 
the vicinity of the pile. (Notice that the secant stiffness 
increases slightly with increasing number of cycles.)

(b) the narrowing of the force-displacement 
hysteretic loop, which could possibly be attributed to the 
beginning of formation of a relaxation zone (gapping) 
around the pile and near the ground surface.

Note also that the maximum bending moment is 
slightly underpredicted, whereas the soil reaction with 
depth is better captured than in the P344 test.

Fig. 13   Comparison of computed (solid lines) and obtained from spline interpolation and differentiation of the M–z experimental 
data (dashed lines) shear force and soil reaction distributions at different stages of loading, for test P344 (asymmetric 
cyclic force, ranging between 960 kN and 0 kN)

Fig. 14   Comparison of computed (gray solid line) and experimental (black solid line) force-displacement curve at sensor DPC for 
              test P330 (symmetric cyclic force, ranging between 960 kN and −960 kN)
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Fig. 15   Comparison of computed (solid lines) and recorded (circles and triangles) bending moment distributions at different stages 
              of loading, for test P330 (symmetric cyclic force, ranging between 960 kN and −960 kN)

5   Conclusions

A nonlinear Winkler model is applied to obtain 
the response of a vertical pile subjected to cyclic 
lateral loading during three centrifuge tests conducted 
at LCPC, Nantes. A new soil reaction-displacement 
(p−y) relationship is utilized to model the soil reaction, 
including separation and gapping of the pile from the 
soil. The model parameters are related to physical 
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Fig. 16   Comparison of computed (solid lines) and obtained from spline interpolation and differentiation of the M–z experimental 
data (dashed lines) shear force and soil reaction distributions at different stages of loading, for test P330 (symmetric cyclic 
force, ranging between 960 kN and −960 kN)
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soil properties. Calibrated to match the results of one 
centrifuge test, the model is subsequently utilized to 
predict the recorded data of two other tests. A comparison 
is given between the calculated p–y curves and those 
proposed by Reese (1974). The model adequately 
reproduces the soil yielding that occurs even at very 
low loading levels. The bending moment and shear 
force distribution with depth are predicted very well, 
whereas there is a small discrepancy between computed 



and measured soil reactions. Finally, the model is shown 
to be capable of predicting some complicated features 
of the experimental results arising from counteracting 
phenomena such as strength relaxation and stiffness 
hardening of the pile with cyclic loading, as well as the 
reduction in hysteretic damping due to the development 
of a relaxation zone around the upper part of the pile.

The maximum lateral load applied in the studied 
tests was in all cases only 1/3 of Pult.  The next phase of 
this research program will feature loads up to 80% of 
Pult. At such intense loading, the nonlinear phenomena 
described in this paper will dominate the pile response; 
and they will provide an extreme test for the proposed 
method.
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