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Centrifuge modelling of a laterally cyclic loaded pile

R.T. Klinkvort, C.T. Leth & O. Hededal
Technical University of Denmark, Copenhagen, Denmark

ABSTRACT: A total number of 9 monotonic and 6 cyclic centrifuge tests on laterally loaded piles in 
very dense, dry sand was performed. The prototype dimensions of the piles were 1 meter in diameter 
and penetration depths varying from 6 to 10 meters. The static tests were used to investigate the initial 
subgrade reaction modulus and as a reference for cyclic tests. For the cyclic tests the accumulation of 
deflections and the change in secant stiffness of the soil from repetitive loading were investigated. From 
all the tests carried out accumulations of deflections were seen. From the centrifuge tests it was seen that 
no reduction occurs of the overall bearing capacity and that deflections accumulate due to cyclic loading. 
This paper presents test results and discusses the effects from load eccentricity and effects from cyclic 
loading with focus on accumulations of the deflection and the change in secant stiffness.

and one due to the waves and ice at sealevel. The 
purpose of the research carried out is to investi-
gate the pile behavior when changing the location 
of force resultant and the penetration depth. The 
investigation will for the static tests focus on the 
initial stiffness of the pile-soil response. The cyclic 
tests will focus on the gradual change in secant 
stiffness and the accumulation of deflection as a 
function of the number of load cycles.

3 DESIGN METHODOLOGY

The method for sand presented here is the one used 
in API (1993), which is based on the formulation 
proposed by Murchison & O’Neill (1984).

The p-y relationship for sand is typically approx-
imated by

p A p
k X

A p
yu

u

⋅A
⎡

⎣
⎢
⎡⎡

⎣⎣

⎤

⎦
⎥
⎤⎤

⎦⎦
tanh  (1)

The value k represents the initial modulus of 
subgrade reaction and X is the distance to soil sur-
face. pu is the ultimate soil resistance and is found 
using plasticity theory. A is an empirical constant 
which is used to fit the test results with theory. 
For static loading A = ( )X
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loading A = 0.9.

The initial stiffness of the p-y relationship can 
be found if  p is differentiated with respect to y,
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1 INTRODUCTION

Over the last decades there has been an increas-
ing focus on alternative sustainable energy. One of 
these alternative sources is energy from wind tur-
bines. The most widely used foundation method 
for offshore wind turbines is single large diameter 
tubular steel piles commonly denoted monopiles. 
The monopile design has been used in Denmark at 
the wind turbine parks at Samsø and Horns Rev. 
The design of monopiles is commonly based on the 
theory of laterally loaded piles. This theory relies 
on empirical data originated from the oil and gas 
industry, Reese & Matlock (1956) & McClelland & 
Focht (1958). The design for the lateral capacity is 
carried out by modelling the pile as a beam and the 
soil as a system of uncoupled springs, known as a 
Winkler model. The springs are described by p-y 
curves which defines the load displacement rela-
tionship for the interaction between soil and pile, 
API (1993). The formulation of these curves was 
originally calibrated to slender piles, but is today 
even used for design of large diameter monopiles. 
However, the monopiles used for wind turbine foun-
dations act as stiff  piles. Therefore it is relevant to 
investigate the behavior of stiff  piles in more detail. 
The current test program comprises piles with a 
prototype diameter of 1 m and penetration depths 
up to 10 m and is intended to investigate the behav-
ior of the larger monopiles used offshore today.

2 SCOPE OF WORK

Two major loads act on an offshore wind turbine. 
One due to the wind at the top of the wind turbine 
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From Equation 2 it can be seen that the design 
codes uses a initial stiffness of the p-y relationship 
which is increasing linearly with depth.

4 EXPERIMENTS

The centrifuge test program was performed on 
solid steel piles with a diameter d = 16 mm and 
penetration depths between 96–160 mm. The grav-
ity field was increased to obtain a scaling factor of 
approximately N = 62.5. This resulted in prototype 
piles with a diameter of d = 1 m and penetration 
lengths between L = 6–10 m.

The different definitions are shown in Figure 1. 
The test program for the static and cyclic tests can 
be seen in Table 1. Here L is the penetration depth, 
e is the load eccentricity, while m and c indicate 
monotonic and cyclic test, respectively. All static 
and cyclic tests were performed in dry Fontaineb-
leau sand. Leth et al. (2008) has collected classi-
fication parameters for the Fontainebleau sand 
which can be seen in Table 2. The average grain 

size of the Fontainebleau sand is 0.18 mm. The 
test piles have a diameter of 16 mm. This leads to 
a “model diameter/grain size diameter” ratio of 
16/0.18 = 88. This ratio should be large enough to 
avoid particle size effects when applying the arti-
ficial gravity field according to the observations 
described in Fuglsang & Ovesen (1988).

A spot pouring hopper (SPH) was used for the 
preparation of the sand sample. This equipment 
was developed according to a setup described in 
Huei-Tsyr et al. (1998). Due to the geometry of 
the container and pile the sand is prepared using a 
circular travelling loop as described in Zhao et al. 
(2006). CPT tests have been carried out to validate 
the pouring method. All these CPT tests showed 
the soil sample has a good homogeneity in the 
container, Gottlieb et al. (2005). After the sand is 
prepared, the pile is installed at 1 g.

A total of 15 centrifuge tests have been per-
formed: nine monotonic and six cyclic. For all the 
tests the relative density was found to vary in the 
range 0.9–0.95 The relative densities are calculated 
by measuring the weight and the volume of the 
sand sample. The average value for both the static 
and cyclic tests is ID = 0.924 and a void ratio of 
e = 0.57. It is assessed that the small variation of 
the density not will affect the results significantly.

4.1 Monotonic tests

The force and deflection are normalized to facili-
tate comparison between the different tests. The 
normalized force is defined as

P
H

d
=

γ . 3
 (3)

and normalized deflection is defined as

U
u

d
=  (4)

In Figure 2 the observation on the change 
between load with an eccentricity on 6.5d and 4.5d 
or 2.5d is clear. The tendency is that for load eccen-
tricity of 6.5d and 4.5d the normalized lateral bear-
ing capacity is nearly identical. This indicates that 
a change in failure mechanism occurs.

More tests have to be conducted in order to clar-
ify how the load eccentricity and pile penetration 
depth affects the pile-soil failure mechanism.

The design codes assume a linear increase in the 
initial stiffness with depth as indicated by Equa-
tion 2. Several authors have, however, proposed 
alternative distributions e.g. Lesny & Wiemann 
(2006) and Haahr (1989). Therefore the increase in 
initial stiffness is investigated further.

Figure 1. Sketch of pile.

Table 1. Test program for the centrifuge tests.

e\L 6d 8d 10d

2.5d m c m c m c
4.5d m c m c m
6.5d m c m m

Table 2. Classification parameters for the Fontainebleau 
sand.

Specific gravity of particles Gs 2.646
Minimum void ratio emin 0.548
Maximum void ratio emax 0.859
Average grain size d50 0.18
Coefficient of uniformity Cu 1.6
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At initial loading the pile is assumed to behave 
as a rigid pile and only elastic deformations occur 
in the sand. This implies that the pile deflection 
can be described knowing the pile head deflection 
and the rotation.

y(z) = u – θ (e + z) (5)

In the present setup, the pile may be assumed 
to behave rigidly if, according to Equation 6 by 
Poulos & Hull (1989), the stiffness of the sand is 
less than Es = 100 MPa.
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The soil reaction on the pile can be described as 
an initial stiffness times the deflection of the pile.

p(z) = –Epy, ini (z) y(z) (7)

The initial stiffness may be assumed to have a 
nonlinear variation with depth as e.g. given in 
Equation 8. Here n = 1 corresponds a linear dis-
tribution and n = 0.5 corresponds to a parabolic 
distribution.
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Considering moment and horizontal equilib-
rium, the constant An can be found to be
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For the nine static tests the constant An has 
been calculated using both relations for the devel-
opment of the initial stiffness. The applied force 
has been found for the entire test series at an initial 
deflection of u/d = 0.1. The results are presented in 
Table 3. It must be expected that the soil has the 
same subgrade modulus for all the tests. Therefore, 
considering the smaller variation of the constant 
An for n = 0.5, it is assessed that the parabolic dis-
tribution gives a better description of the initial 
subgrade modulus. This parabolic distribution 
is also observed by Haahr (1989) and a distribu-
tion with n = 0.6 is observed by Lesny & Wiemann 
(2006).

The design codes prescribe a linear distribution 
of the initial subgrade reaction. This distribution 
was found using data from tests on long slender 
piles. For long slender piles only deformation on 
the upper part of the pile is seen and it is therefore 
only in the upper part of the pile data can be with-
drawn. The tendency according to initial stiffness 
seen in the upper part is then extrapolated to the 
lower part. A linear distribution and a parabolic 
distribution may be nearly identical in the upper 
part of the pile but yield large differences in the 
lower part. The effects on a long slender pile from 
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Figure 2. Normalized plot with the nine monotonic tests.

Table 3. Calculated subgrade reaction modulus for the 
nine monotonic tests.

L
[d]

e
[d]

An = 1
[kPa]

An = 0.5
[kPa]

10 2.5 3962 6883
10 4.5 3994 7105
10 6.5 4845 8753
 8 2.5 4851 7603
 8 4.5 4908 7883
 8 6.5 5211 8595
 6 2.5 6532 8972
 6 4.5 6015 8466
 6 6.5 6268 8943
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assuming a wrong distribution will therefore not be 
critical. This is not the case for a short rigid pile.

Sørensen et al. (2009) compared FLAC 3D cal-
culations with the p-y approach recommended 
by design codes. They adopted a distribution pro-
posed by Lesny & Wiemann (2006) which is identi-
cal with Equation 8 with n = 0.6. They observed 
that the use of this distribution gave a better fit 
to the results from the three dimensional numeri-
cal model, but more tests have to be conducted in 
order to clarify the distribution of the initial sub-
grade reaction.

In Table 4 different values of initial subgrade 
modulus for dense dry sand is presented. For these 
values proportional distribution is expected. From 
this table it can be seen that the values proposed 
by API (1993) and Reese & Impe (2001) are much 
larger than the values found by Remaud (1999).

Some of the tests presented here were numeri-
cally modelled using the Winkler method by 
Klinkvort (2009). The best fit to the monotonic 
curves was done using an initial subgrade modulus 
of k = 2.7 MN/m3.

This study and the study by Remaud (1999) 
both used centrifuge modelling where the deflec-
tion is scaled with a factor of N and the force is 
scaled with a factor of N2. The scaling factors are 
found using dimensional theory. More tests have to 
be conducted in order to clarify results from cen-
trifuge modelling in order to determine the magni-
tude and distribution of the initial stiffness.

4.2 Cyclic tests

In the cyclic tests the pile was subjected to 100 force 
controlled load cycles. To investigate the influence 
from previous loading three of the tests were per-
formed in three phases. The first phase with large 
cycles, second phase with smaller cycles and the 
third phase with cycles equal to cycles in the first 
phase. To investigate the effects from cyclic load-
ing this paper uses methods described in LeBlanc 
(2009) to account for accumulation of deflections 
and the change in secant stiffness.

A set of load characteristic constant are used to 
describe the cyclic loading. The load characteris-
tics are denoted ζb and ζc. They are determined as 
shown in Equation 10.

ζ ζb cζ ζζ ζH H

static

miHH n

maxH Hcζζ
static m

 (10)

Here Hmax and Hmin are the maximum and mini-
mum applied force in the cyclic loading. Hstatic is the 
maximum bearing capacity found from the static 
test. ζb describes how close the cycles are carried 
out to the static bearing capacity. ζb = 1 is therefore 
cycles carried out to the maximum bearing capac-
ity. ζc describes the direction of the loading. For 
one-way loading ζc = 0 and for two-way loading 
ζc = −1.

In all of the 6 cyclic tests, accumulation of the 
deflection was seen. The best fit in all the tests was 
with a power fit as proposed by Long & Vanneste 
(1994) and LeBlanc (2009), cf. Equation 11.

Δu(N) = u0 ⋅ Nδ (11)

Here u0 is the accumulated deflection at the 
first cycle and δ is an empirical coefficient which 
control the shape of the curve. The accumulated 
deflection for a given cycle is defined as the average 
value for the cycle.

A small increase in secant stiffness was observed 
for the first 100 cycles for all the tests. The best fit 
to the change in secant stiffness was done with a 
exponential function cf. Equation 12.

κ (N) = κ 0 ⋅ eκN (12)

κ0 describes the initial secant stiffness in the first 
cycle. κ describes the change in secant stiffness.

Figure 3 shows the results for cyclic testing on 
the pile with a load eccentricity e = 2.5d and a pen-
etration depth L = 10d. This way of analyzing the 
cyclic tests has been done for all the performed 
tests.

As it can be seen from Figure 3, the determi-
nation of the secant stiffness and accumulation of 
the deflection involves a great scatter of data. This 
was also reported by LeBlanc (2009). This is to a 
some extent attributed the fact that measurements 
involves differences of small displacements.

The results from the cyclic tests are shown in 
Table 5. No clear relationship for the coefficients 
can be seen concerning load eccentricity and pene-
tration depth. Neither do the results show any clear 
correlation to the loading characteristic constants 
ζb and ζc. Table 5 shows that the loading charac-
teristic constants ζb and ζc has a large difference 
from test to tests. Therefore it is not possible from 
the performed test to conclude on the effect of the 
loading eccentricity and pile penetration, and fur-
ther tests need to be conducted.

It seems like the development of the secant 
stiffness can be expressed in a more simple form 

Table 4. Comparison of modula of initial 
subgrade reaction.

kpy [MN/m3]

API (1993) 83
Reese & Impe (2001) 61
Remaud (1999)  8
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than proposed in Equation 12. In the last column 
in Table 5 κ is shown. For all the tests except the 
test e = 4.5 L = 10d, this value is very small. This 
indicates that the change in secant stiffness is very 
small and it may be sufficient to described the 
change in secant stiffness in a linear fashion. For 
three of the cyclic test (e = 4.5d L = 8d, e = 4.5d 
L = 6d & e = 6.5d L = 6d ) new cyclic loading was 
done after the first 100 cycles. The new cyclic test-
ing was done with a smaller amplitude than the 
first. Only in the test with a load eccentricity of 
4.5d a decrease in the secant stiffness was seen. It 
must be expected that when performing a loading 
series with a smaller amplitude the secant stiffness 
will decrease as long as no equilibrium in the cyclic 
loading is found. When the pile has compacted 
the sand around the pile in a constant manner, the 
cyclic behavior will stabilize and the secant stiff-
ness will increase. When performing cyclic loading 

again with a larger amplitude the secant stiffness in 
all the tests shows an increase.

An example of a cyclic tests series is shown in 
Figure 4. The plot contains two different tests; 
the monotonic test and the corresponding cyclic 
test series. The cyclic test series contains of first 
100 cycles, followed with 100 cycles with smaller 
amplitude. After these cycles, the pile is loaded to 
failure and unloaded, then 100 cycles are applied 
again with a monotonic loading to failure at
the end.

The pile is loaded to failure twice and it can be 
seen that the pile reaches a higher bearing capacity 
than the monotonic test. Cyclic loading is handled 
in the design codes by a reduction of the static soil 
resistance. This leads to a reduction of the bear-
ing capacity and the pile—soil stiffness. These tests 
indicate that no reduction of the bearing capacity 
will occur.

From the cyclic load series it can also be seen 
that the secant stiffness increases for the cyclic 
loading in the investigated cases.

5 CONCLUSIONS

The monotonic tests revealed a relationship 
between the lateral bearing capacity of the pile and 
the load eccentricity. This indicates that there are 
different failure mechanisms for piles with large 
load eccentricity and piles with smaller load eccen-
tricity. In practise this may be of importance for 
offshore wind turbines subjected to a combination 
of wind load from the rotor acting 60–100 m above 
seabed level and wave forces acting relatively closer 
to the seabed.

The centrifuge modelling indicates that using 
the design code recommendations to generate p-y 
curves led to a overestimation of the pile—soil 
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Table 5. Dimensionless results from the cyclic testing.

L e ζb ζc Δu0 δ κ0 κ

10 2.5 0.3 −0.5 0.02 0.46 37 0.002
10 4.5 0.3 −0.8 0.04 0.11  6.6 0.018
10 6.5 0.7 −0.6 0.02 0.72 11.4 0.003
 8 4.5 1.0 −0.6 0.1 0.31  4.1 0.006
 8 6.5 0.8 −0.9 0.1 0.01  2.2 0.000
 6 6.5 0.6 −0.8 0.1 0.45  5.7 0.004
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stiffness. Due to this observation it is believed that 
the recommendations to generate the distribution 
and magnitude of the initial subgrade modulus 
should be changed. Further research is needed to 
gain knowledge about this.

From all the cyclic tests carried out, accumula-
tions of deflections were seen. The secant stiffness 
of every cycle was measured revealing that the 
cyclic loading led to an increase in secant stiffness. 
From the centrifuge tests it was clearly seen that 
no reduction of the bearing capacity of dry sand 
occurs due to cyclic loading.

It seems like the influence of the location of the 
applied force on a laterally loaded pile was most 
critical for the monotonic bearing capacity. It is 
believed that this also affects the accumulations of 
deflection and the change in secant stiffness but it 
was not clearly seen in this research.
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