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Centrifuge modelling is an effective tool to assess the response of reduced-scale structures subjected to earthquakes
under increased gravity. Space limitations, however, force the model to be contained within relatively small boxes,
whose boundaries may affect the seismic performance of the structure under consideration. In this paper, the
influence of the proximity of the boundaries of an equivalent shear beam (ESB) container during dynamic centrifuge
tests of an onshore wind turbine resting on liquefiable soils is evaluated. To this end, numerical modelling of the ESB
box was implemented in the finite-element framework OpenSees, to replicate the results observed in the
experiment. The hydraulic and mechanical soil parameters were calibrated against far-field centrifuge results only.
From this calibration, the seismic performance of the raft foundation turned out to be in good agreement with the
experimental results for a seismic input capable of triggering liquefaction. A larger numerical model, where
boundaries do not play any role, was then built, to compare its outcomes with those of the small model, thus
allowing the effect of ESB boundaries to be assessed.
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Notation
ax

inp
max peak acceleration of the seismic input

ax
top
max peak acceleration at the top of the wind turbine

D diameter of the raft foundation
DR relative density
emax maximum void ratio
emin minimum void ratio
fs fixed-base natural frequency of the wind turbine

( = 0.30 Hz)
G0 small-strain shear modulus of soil
Gs specific gravity
g gravitational acceleration ( = 9.81 m/s2)
H1 thickness of the clay layer ( = 3.2 m)
H2 thickness of the loose sand layer ( = 15 m)
H3 thickness of the dense sand layer ( = 12 m)
hs height of the wind turbine ( = 48 m)
JHEAD rotational inertia at the tip of the wind turbine
k isotropic hydraulic conductivity of soil

mHEAD mass at the tip of the wind turbine
mtot total mass of the wind turbine
N scaling factor adopted in the centrifuge test ( = 80)
PSa pseudo-acceleration
p pore-water pressure
q bearing pressure exerted by the structure on the loose

sand layer ( = 58.8 kPa)
s thickness of the raft foundation
VS,0 small-strain shear wave velocity of soil
wff far-field settlement
Δp excess pore-water pressure
Δt time increment
Δy vertical distance between two adjacent nodes in the

finite-element (FE) model
θ rigid rotation of the raft foundation
λmin minimum wavelength travelling into the FE model
ν Poisson’s ratio
ξ damping ratio
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ρ mass density
ϕ′cv constant-volume friction angle

1. Introduction
Dynamic centrifuge modelling is a powerful tool for evaluating
the seismic performance of structures subjected to strong
seismic events. This is particularly true when assessing the
liquefaction hazard of structures resting on loose, saturated
sandy soils, as pointed out by several authors (Adamidis and
Madabhushi, 2022; Dashti et al., 2010; Esfeh and Kaynia,
2020; Karimi, 2016; Manzari et al., 2018). Moreover, centri-
fuge testing is often adopted to calibrate numerical finite-
element (FE) or finite-difference (FD) models that are sub-
sequently used to perform extensive parametric studies (Chen
et al., 2021; Ramirez, 2019; Ramirez et al., 2018).

Although very useful and widely adopted, the reliability of
dynamic centrifuge testing still needs to be carefully evaluated
and understood. Indeed, a major concern about centrifuge
tests is the presence of the boundaries of the container the
reduced-scale model is placed into, as they could play a role
and affect the results obtained in the laboratory. In this
context, Teymur and Madabhushi (2003) performed an exper-
imental study in which the boundary effects generated with a
previous version of the equivalent shear beam (ESB) container
used at Cambridge University (Schofield and Zeng, 1992) were
investigated. Their results indicate that these effects mainly
induce amplification of motion caused by P-wave generation at
the lateral walls, due to the stiffness contrast between the
boundaries and the soil sample. In their study, boundary
effects turned out to be minimal for dry and medium-dense
sands (relative density DR=50%) – that is, when the sandy
sample is characterised by a stiffness similar to that the ESB
container was designed for. However, in the presence of loose,
saturated sand layers subjected to strong seismic shaking lique-
faction may occur, thus increasing the stiffness contrast
between the liquefied soil and the end walls. In this case,
boundary effects may play a major role. The authors con-
cluded that, in the presence of loose and saturated sandy soils,
an estimation of the influence of the boundaries is necessary.

In this paper, the boundary effects of the most recent ESB con-
tainer adopted at the University of Cambridge (Brennan and
Madabhushi, 2002) are assessed. The results of a centrifuge test
where an onshore wind turbine (OWT) on a raft foundation
resting on liquefiable soils was subjected to one-directional
ground motions were first taken as a reference. Numerical mod-
elling of the ESB box containing the OWT and soil deposit was
then performed using a three-dimensional (3D) FE numerical
model implemented in the open-source OpenSees framework v
3.3.0 (McKenna et al., 2000; Tarque Ruiz, 2020), so as to repro-
duce accurately the results obtained in the centrifuge. The two-

phase nature of saturated soils was accounted for through the
u–p formulation, based on the assumption of negligible soil–
fluid relative acceleration (Zienkiewicz et al., 1980). Cyclic sand
behaviour was described through the advanced constitutive
model Sanisand04 (Dafalias and Manzari, 2004), for which a
calibration of Sanisand04 parameters for Hostun sand is not
available in the literature, although being adopted for research
purposes (Tsinidis et al., 2015). The capability of Sanisand04
model to predict accurately sand behaviour in fully coupled
problem has been clearly shown in the literature (Chen et al.,
2021) by a comparison with the PM4Sand model (Boulanger
and Ziotopoulou, 2013), which provided quite similar results for
high-intensity seismic shakings; further improvements may be
anticipated thanks to new updates (Liu et al., 2021; Yang et al.,
2022) The mechanical and hydraulic parameters of the soils
were calibrated against the far-field centrifuge results only and
they were then successfully used to reproduce the observed
seismic performance of the structure. A larger numerical model
was then built, in which the boundaries are far enough not to
affect the response of the system, to compare its outcomes with
those coming from the smaller numerical model. This permitted
to assess the effects of ESB boundaries in a quantitative manner.

The findings presented in this study may be useful for engin-
eers to interpret the results coming from centrifuge tests where
liquefaction is triggered more confidently and with an
increased awareness. Calibration of Sanisand04 parameters for
Hostun sand against centrifuge tests is a further novel aspect
of the paper.

2. Problem layout
Figure 1 shows the layout of the problem. An onshore wind
turbine of height hs = 48 m rests on a circular raft foundation
with diameter D=15.4 m and thickness s=1.6 m. The tower is
characterised by a total mass mtot = 435.8 Mg (tons) and a fixed-
base natural frequency fs≈ 0.3 Hz, while the raft foundation
rests on a fully saturated loose sand layer (DR=43%) of thick-
ness H2 = 15 m, underlain by a dense sand layer (DR=90%) of
thickness H3 =12 m. The average contact pressure exerted by
the structure on the sand layer is q=58.8 kPa. The surface layer
consists of a partially excavated clay (H1 =3.2 m), replaced with
gravel in the vicinity of the foundation. The above-mentioned
properties were selected to represent a typical configuration for
an OWTon liquefiable soils.

The system is subjected at the base (y=−30.2 m) in the hori-
zontal x-direction to a seismic motion intense enough to
trigger liquefaction of the loose sand layer.

3. Dynamic centrifuge testing
A scaled model of the OWTwas produced to simulate the pro-
totype structure behaviour on the Turner beam centrifuge of
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the Schofield Centre at the University of Cambridge, UK. The
centrifuge model was prepared and spun at a nominal centrifu-
gal acceleration of 80g.

The model container used was the most recent ESB box. In
the reduced-scale model, the raft foundation is simulated by a
circular aluminium plate, while the OWT is modelled using a
steel hollow tube with a brass lumped mass at the top. At
model scale, the raft foundation has a diameter of 192 mm
(15.36 m at prototype scale) and a thickness of 20 mm
(1.6 m), whereas the steel hollow tube has an outer diameter
Dout = 17.5 mm (1.4 m) and a wall thickness sw= 2.5 mm
(0.2 m), thus being characterised by a bending stiffness
EI=0.72 kN m2 (29.29 GN m2). The head mass is mHEAD=
300 g (153.6 Mg). To produce the composite layer of sand,
clay and gravel, the soil model was created in three steps. First,
the sand layers were deposited in the box using a sand pourer.
Second, the clay layer was made using pre-cut clay blocks.
Third, gravel was placed in the gap where the raft foundation
was located.

Hostun HN31 sand was adopted for the sand layers, whose
physical properties are specific gravity Gs = 2.65, maximum
and minimum void ratio, emax = 1.011 and emin = 0.555,
respectively, and constant-volume friction angle ϕ′cv = 33°. The
target relative densities were obtained by air pluviation using
the sand pourer available at the Schofield Centre (Madabhushi
et al., 2006). After pouring, the sand layers were fully saturated
using an aqueous solution of hydroxypropyl methylcellulose
(Adamidis and Madabhushi, 2015), with a viscosity of
80 MPa s.

The model layout is shown in Figure 2(a) together with
the location of sensors. Arrays of piezo-electric accelerometers
(red arrows in Figure 2) and pore-pressure transducers
(PPTs, blue ellipses in Figure 2) were installed in the centre of
the box beneath the structure and along a vertical between
the structure and the side wall, meant to represent far-field
conditions. Sensors located in the same position were installed
at a distance of at least 25 mm (2 m) from one another to
reduce the interference from the sensor body. A linear variable
differential transformer (LVDT) was positioned at the clay
surface to measure the far-field settlement wff and an air
hammer was installed at the bottom of the box to perform air
hammer tests (AHTs; Ghosh and Madabhushi, 2002) in flight,
to obtain the shear wave velocity VS,0 of the soil deposit and
its small-strain shear modulus G0, through the well-known
relation:

1: G0 zð Þ ¼ ρ� VS;0 zð Þ� �2

where ρ is the mass density of soil. The experimental values of
the small-strain shear modulus obtained along the far-field
alignment are plotted in Figure 2(b) (black crosses).

Horizontal (H1, H2, H3 and H4 in Figure 2(a)) and vertical
(V1, V2, V3 and V4) accelerations were also measured on both
the model structure’s head and foundation using micro-electri-
cal-mechanical systems (MEMS) accelerometers. Two LVDTs
were positioned on the foundation, each at a distance of
70 mm (5.6 m) on either side of the central axis, to measure
both the settlements and the rigid rotation of the foundation
during the test.

4. 3D FE modelling
In this section, the results of 3D non-linear dynamic FE ana-
lyses performed in the time domain are shown and discussed.
First, the characteristics of the FE model reproducing the
experimental set-up with the ESB container size (small model
in the following) are reported. This model was adopted to cali-
brate both the hydraulic and mechanical parameters of the
sand layers, so as to be representative of the centrifuge test.
Then, a much larger numerical domain (large model), where
wall ends do not affect the seismic performance of the OWT,
was developed, to quantify the boundary effects of the ESB
container. Unless otherwise stated, all dimensions in the fol-
lowing are given at prototype scale.

4.1 Small model reproducing the ESB container
The small 3D model is represented in Figure 3(a). Following
the centrifuge test, the seismic input was applied in the x-direc-
tion only, making it possible to consider half of the domain
thanks to problem symmetry. Model dimensions are the same
as the ESB container at prototype scale (N=80), that is

48.0

Gravel

15.4
Loose sand
(DR = 43%)

Dense sand
(DR = 90%)

20.0

3.2

15.0

12.0

Clay

y

x

1.6

Figure 1. Schematic layout of the problem (dimensions in metres)
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y = –6.2 m

1.6 m

48 m
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Figure 2. Model layout for the centrifuge test: (a) layout of instrumentation and (b) far-field small-strain shear modulus profile from AHT
and calibrated Sanisand model (prototype units)
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Figure 3. Small 3D FE domain: (a) overall mesh and (b) detail of the tower and the raft
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X=51.6 m (≈ 3.4�D), Z=9.12 m (≈1.2�D/2) and
Y=30.2 m (≈2�D). The FE mesh is made of 2401 elements
and 3121 nodes, with a progressively finer mesh approaching
the raft foundation, and particularly at the soil–foundation
interface, where thin continuum layers were placed
(Figure 3(b)) to assign materials of ‘degraded’ mechanical
properties (Griffiths, 1985). Thickness of the interface layers
was imposed equal to 5%D≈ 0.8 m (Pisanò, 2019).

BrickUP elements were adopted to discretise the whole domain
(Yang et al., 2008). These are hexahedral linear isoparametric
elements that were developed on purpose for saturated soils,
for which the u–p formulation (Zienkiewicz and Shiomi, 1984)
is adequate when soil–fluid relative acceleration can be neg-
lected. The size of the finite elements adopted for soils were
selected to fulfil the requirement provided by Kuhlemeyer and
Lysmer (1973), therefore avoiding numerical distortion of
waves propagating into the model. To this end, it was checked
that the vertical distance between two adjacent nodes, Δy,
satisfies at every depth, the condition:

2: Δy � λmin

6
¼ VS

6� fmax

where λmin is the minimum wavelength expected within the FE
model, VS is the soil shear wave velocity and fmax = 4 Hz is the
maximum frequency of the seismic input. At every depth, the
shear wave velocity was evaluated from the profile obtained
from the Sanisand04 constitutive model, calibrated against the
AHT results (Figure 2(b)).

In the initial static (gravity) calculation phase, standard bound-
ary conditions were applied to the model – that is, ux=0 along
the lateral y–z boundaries, uz=0 along the x–y boundaries and
fixed nodes at the base of the mesh (ux= uy= uz=0). When
switching to the dynamic calculation phase, the restraints on
the horizontal displacements at the base of the mesh were
removed and the seismic input was applied in terms of the
horizontal acceleration time history – that is, assuming that
the bedrock is infinitely rigid (fully reflecting boundary). The
seismic input, shown in Figure 4(c), is the same as that applied
in the centrifuge test, representing a high-intensity sinusoidal
acceleration time history characterised, at prototype scale, by a
peak acceleration ax

inp
max≈ 0.2g, a frequency f=1 Hz and a

total duration of 10 s (i.e. ten cycles). During the dynamic cal-
culation phase, periodic constraints (Zienkiewicz et al., 1988)
were applied to the nodes on the lateral y–z boundaries of the
mesh – that is, the nodes were free to move in the horizontal x-
direction, while tied to one another in order to enforce the
same displacements of the two boundaries (Δux=0). This cor-
responds to imposing free-field pure-shear conditions at the
lateral boundaries, such as those applied by the end walls of
the ESB container.

Hydraulic boundary conditions were set with the water table
located at the top of the loose sand: pore-water pressures were
allowed to fluctuate freely for all nodes within the sand layers
(y≤−3.2 m), while both steady and excess pore-water press-
ures were inhibited in the clay and gravel layers (p=Δp=0) –
that is, any capillary suctions were neglected.

Soil constitutive models and relevant parameters were calibrated
against the far-field centrifuge results, as discussed in the follow-
ing section (Section 4.1.1), while the mechanical behaviour of
both the aluminium raft and the steel tower was prescribed
using an isotropic linear-elastic model, whose parameters are
listed in Table 1, where ρ is the mass density, E is the Young’s
modulus and ν is the Poisson’s ratio. The tower was modelled
through 60 0.8 m-long Timoshenko beam elements. Because of
symmetry, the lumped nodal mass at the tip of the tower is half
the mass in the physical model (mHEAD=153.6/2=76.8 Mg).
Moreover, the node at the tip was assigned the rotational inertia
of the brass mass (JHEAD=480.06/2=240.03 Mg m2), in order
to reproduce the centrifuge test as closely as possible.

The 3D non-linear dynamic analyses were performed selecting
as a maximum time increment Δt=0.0133 s and varying it
during the computation to obtain convergence and fulfil the
criterion proposed by Haigh et al. (2005). This required
that the time increment be subdivided up to 32 times (i.e.
down to Δt≈ 0.0004 s) when soil approached liquefaction. The
dynamic analyses lasted for up to 15 s. Newmark’s time-
stepping method (Newmark, 1959) was used to integrate the
equations of motion with values β=0.60 and γ=0.3025, while
the Krylov–Newton solution algorithm (Scott and Fenves,
2010) was selected to handle non-linear soil behaviour.

4.1.1 Soil constitutive models and calibration of
hydro-mechanical parameters

The mechanical behaviour of the soils was modelled
using three different advanced constitutive models, namely the
pressure-independent multi-yield (PIMY) model for the clay
layer, the pressure-dependent multi-yield (PDMY) model
(Yang et al., 2003) for the gravel layer, and Sanisand04
(Dafalias and Manzari, 2004) for the loose and dense sand
layers. For the clay and gravel layer, the values of model par-
ameters provided by Yang et al. (2008) were adopted, assum-
ing a soft clay and a medium-dense sand (DR=65–85%)
behaviour, respectively (Tables 2 and 3).

For the loose and dense sand layers, Sanisand04 model par-
ameters were first obtained from Salvatore et al. (2017), who
calibrated the constitutive parameters against triaxial tests on
samples of Hostun sand, and then further calibrated to match
the excess pore-water pressure build-up and dissipation
measured during the centrifuge test along the far-field array
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(Table 4). The value of G0 turned out to be in agreement with
that provided by Azeiteiro et al. (2017). The hydraulic conduc-
tivity, k, is a property of the BrickUP finite elements and not
of the Sanisand04 constitutive model. This was reduced by
about six times with respect to Kassas et al. (2021) to match
the excess pore-water pressure dissipation after the end of the
earthquake; adjustments to permeability to account for micro-
structural changes taking place during liquefaction have been

previously investigated by Haigh et al. (2012). In particular, k
was taken to be 1.48� 10−4 and 6.74� 10−5 m/s for the loose
and dense sand, respectively. For both gravel and loose sand
interfaces, stiffness moduli were reduced by a factor of 2/3,
while the shear strength was reduced by a factor of 3/4
(Kementzetzidis et al., 2019).

A small amount of damping (ξsoil = 1%) was added through
the Rayleigh formulation to attenuate the effect of spurious
high frequencies that may arise in the domain. The raft foun-
dation and the turbine were assigned damping ratios ξraft = 1%
and ξturbine = 3%, respectively, the latter being calibrated
against experimental free vibrations.

Following this calibration process for soil parameters, the
results of the numerical analyses obtained from the small

Table 1. Values assumed for the isotropic linear elastic media
adopted for the raft and the tower

Body ρ: Mg/m3 E: GPa ν: dimensionless

Raft 2.70 70.0 0.15
Tower 7.80 210.0 0.30

y = –6.2 m

y = –10.2 m

y = –14.2 m

y = –18.2 m

y = –22.2 m
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Figure 4. Time histories of total horizontal acceleration and excess pore-water pressure in the far field for: (a–b) loose sand layer (depth
y=−10.2 m) and (c–d) dense sand layer (y=−30.2 m)
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numerical model were in good agreement with the results of
the centrifuge test carried out in the ESB container. Figure 4
shows the time histories of the total horizontal acceleration (a)
and excess pore-water pressure (b, d) obtained into the loose
(depth y=−10.2 m) and dense (y=−30.2 m) sand layers along
the experimental and numerical far-field array. The main aim
of the calibration of Sanisand04 mechanical parameters and
hydraulic soil parameters was to reproduce the time history of
excess pore-water pressure, Δp (t) developed into the loose
sand layer (Figure 4(b)). Although the computed seismic-
induced pore-pressure build-up is slightly faster than in the
centrifuge test, both the peak values of excess pore-water
pressure (≈80 kPa against 100 kPa, with a difference of about
20%) and the frequency content are well reproduced by the
numerical analyses. The beginning of post-seismic re-consoli-
dation, corresponding to the final part of the plots in
Figure 4(b), in which the numerical and experimental time his-
tories are almost parallel, is also adequately reproduced.
Similar conclusions may be drawn for the excess pore-water
pressures in the dense sand layer (Figure 4(d)), even if the final
value of the computed excess pore-water pressure in this layer,
105 kPa, is somewhat smaller than the observed value
(140 kPa). The acceleration time histories recorded into the
loose sand layer were satisfactorily captured as well
(Figure 4(a)), except for some spikes obtained in the centrifuge
between 2.5 and 5 s, which may be attributed to densification
occurring into the loose sand and which cannot be reproduced
by the numerical model. The proposed calibration was verified
against the results obtained for other seismic inputs, corre-
sponding to acceleration time histories recorded during real
earthquakes, which were applied in the centrifuge tests.
However, for the sake of brevity, the comparisons are not
shown in this paper.

The above-mentioned calibration of soil parameters supported
the ‘blind’ prediction of the wind turbine seismic performance
(Figure 5). The observed absolute settlement, w, of the raft
foundation was almost perfectly matched by the FE analysis
on the left side (Figure 5(a)), in terms of both its permanent
value (0.34 m in the FE analysis and 0.33 m in the centrifuge)
and rate of accumulation, whereas slight differences are
observed in its frequency content. Unfortunately, LVDT_2
malfunctioned during the test, so that the experimental values
of the settlement of the foundation on the right side were not
available. The data reported in Figure 5(b) are an estimate of
the settlement of the foundation on the right side, obtained
from the measurement of LVDT_1, assuming that the

instantaneous point of rotation of the foundation was the same
as the numerical one. The seismic performance of the raft is
given in Figure 5(c) in terms of the relative average settlement
with respect to the far-field settlement, the latter measured at
ground surface. Here, the numerical time history shows some
deviation from the experimental one, but the comparison is
still satisfactory (0.42 m from the FE model against 0.45 m
obtained experimentally, a difference of 7%). Finally, the
counter-clockwise rotation of the raft foundation (Figure 5(d))
was computed as

3: θ tð Þ ¼ w1 tð Þ � w2 tð Þ½ �
d12

where w1 and w2 are the settlements at the left and right side
of the foundation and d12 = 11.2 m is the distance between the
two LVDTs. Overall, the experimental time history of foun-
dation rotation is captured satisfactorily by the numerical
analysis. A peak value of rotation of −0.2° is computed both
from the experimental results and in the numerical analysis,
even if the frequency contents of the numerical and experimen-
tal time traces are somewhat different.

Figure 6 shows the experimental and numerical values of the
excess pore-water pressures developed beneath both sides of
the raft foundation. The numerical predictions obtained for
the left side of the foundation (Figure 6(a)) are in very good
agreement with the observations, with almost the same final
value and a closely matched time history. In contrast, even if
the final value of the excess pore-water pressure computed
beneath the right edge of the foundation is similar to the
experimental value, in this case the numerical FE small model
predicted a faster development of excess pore-water pressures
(Figure 6(b)). This may explain why, although the computed
permanent settlement and rotation were very similar to the
observed ones, the rate of accumulation of raft rotation com-
puted using the small FE model was faster than the observed
one.

Finally, Figure 7 shows the numerical and experimental
horizontal acceleration time histories (Figure 7(a)) and
elastic pseudo-acceleration spectra (damping ratio ξ=5%,
Figure 7(b)) at the top of the wind turbine. Again, the compari-
son is satisfactory in terms of both the peak acceleration (about
0.12g) and the frequency content. As for the latter, the pseudo-
acceleration spectra show two peaks at periods T=0.44 s and
T=1.00 s, corresponding to the second eigen-period of the

Table 2. Values of PIMY parameters assumed for the clay layer

ρ: Mg/m3 Gref: MPa Kref: MPa c: kPa γmax: dimensionless ϕ: ° d: dimensionless

1.3 13.0 65.0 18.0 0.1 0.0 0.0
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system and to the main period of the seismic input, respectively;
the fundamental period of the system, Ts = 0.30 s, is not excited
by the applied seismic input. However, non-negligible differences
are observed in the acceleration time histories of the tower
during the free-oscillations at the end of the seismic input
(t=12.5–15 s) and in the pseudo-acceleration spectra at the
above-mentioned periods. This may be attributed to the
Rayleigh damping formulation adopted for the turbine, which
underdamps the system in between the selected controlling fre-
quencies while overdamping out of this frequency range: here
the choice of the target frequencies was directed towards the
correct simulation of the peak acceleration (i.e. PSa at T=0),
which is well reproduced in the numerical analyses indeed.

4.2 Dynamic analysis using the large numerical
model

The boundary effects of the ESB container in the presence of
loose, saturated sandy soils were assessed through the compari-
son of the results obtained with the small numerical model,
deemed representative of the ESB container, with those
obtained from the large 3D model shown in Figure 8. This
domain simply constitutes an extension of the small model in
the x and z direction: new dimensions are equal to X=150 m
(≈10�D) and Z=75 m (≈5�D), which were selected to
ensure that model boundaries were far enough from the struc-
ture not to affect its dynamic behaviour. The FE mesh now
consists of 12 013 elements and 13 780 nodes, with the same
hydraulic and mechanical boundary conditions as those
already discussed in Section 4.1.

As shown in Figure 9, the results of the numerical analysis
with the large model were extracted at the same locations of
the instruments in the centrifuge test (Figure 2) with the
addition of a free-field alignment (x=−39.0 m), which is likely
not to be affected by either the structure or the boundaries of
the large numerical model. The original far-field alignment
(x≈−17.0 m) is not likely to be affected by the boundaries of
the large model, but it might be affected by the structure.
Therefore, a comparison of the results obtained along the free-
field and far-field alignments in the large model can be used to
quantify the influence of the structure on the far-field results.
In contrast, a comparison between the results of the large and
small models along the far-field arrays can shed some light on
the influence of the boundaries on the far-field results in the
small model (and therefore on the ESB box).

Figure 10 shows the time histories of the horizontal acceleration
and excess pore-water pressure computed in the free field and
far field using the large FE model. It is evident that the results
almost overlap at all depths, with some acceptable discrepancies
in the peak values of horizontal acceleration at ground surface
(Figure 10(a)), of the order of 10%. The same results are shownTa
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in Figure 11 in terms of profiles of peak quantities. In particu-
lar, Figure 11(a) shows the profile of the ratio of the peak
acceleration, ax max, to the peak acceleration of the input
motion, ainpx max, while Figure 11(b) shows the profile of the
maximum computed excess pore-water pressure. The compari-
son between the free field and far field is very good even in
terms of peak values of acceleration ratio and excess pore-water
pressure, confirming that, despite its proximity to the structure
(about 10 m or ≈0.6�D, see Figure 2), the far-field alignment
is representative of the free-field soil response.

5. Assessment of boundary effects on the
OWT seismic performance

The results obtained using the large and small numerical
models can be used to assess the significance of boundary
effects in the ESB container.

Figure 12 shows the contours of the norm of the displacement
relative to the base |u| computed using the two models at the
end of the dynamic calculation phase (t=15 s). The results in
Figure 12(b) are only those in the centre of the large model,
corresponding to the dimensions of the small model. The dis-
placements obtained using the small FE model (representative
of the ESB container) are slightly larger than those obtained
using the large FE model, particularly close to the boundaries
and at left the edge of the foundation, which may cause
slightly higher raft rotations. Figure 13 shows the contours of
the excess pore-water pressure accumulated at the end of the
dynamic calculation phase (t=15 s), as computed using the
small and the large model. As before, Figure 13(b) shows only
the central portion of the large model. Larger values of excess
pore-water pressures can be observed in the small model at the
loose–dense sand interface, possibly caused by higher shear
strains γ due to the ratio of impedances between the two sand
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layers. Despite the small differences described above, however,
overall the results obtained from the small and large models
are quite similar throughout the numerical domain. This
implies that, on average, boundary effects did not affect signifi-
cantly the OWT response.

Similarly, a good agreement between the small and large FE
model results is seen in Figure 14, where the time histories of
horizontal acceleration (Figure 14(a)) and excess pore-water
pressure (Figure 14(b)) computed into the loose sand layer
along the far-field alignments are shown together with the
results from the centrifuge test. The predictions obtained from
the large model resemble strongly those from the small model,
although some modest deviation is observed in terms of the
values of Δp at the end of the dynamic calculation phase.

The main difference in the results from the small and large
models resides in the predicted values of the absolute settle-
ment experienced by the clay at the far-field ground surface,
wff (Figure 15(a)). Heave of about 0.1 m is both observed
in the centrifuge test and predicted by the FE analysis
using the small model, whereas a settlement of about 0.03 m
is computed using the large FE model. The surface heave
in the far field is due to boundary effects affecting both the
small FE model and the centrifuge physical model and
causing excess pore-water pressures at the loose–dense sand
interface.

The observed discrepancy in the far-field settlement implies a
different evaluation of the OWT seismic performance, as
shown in Figure 15(d) in terms of the relative average settle-
ment w–wff. In fact, permanent relative settlements from the
small and the large models are equal to 0.42 and 0.31 m,
respectively, corresponding to a difference of about 27%. This
difference is only due to the already-discussed differences in
the computed values of the free-field settlement, as confirmed
by the prediction of the absolute raft settlement shown in
Figures 15(b) and 15(c), where the results obtained with the
small and large FE models are practically the same. The final
rigid rotation of the raft (Figure 15(d)) computed with the
large model was also smaller than that predicted using the
small model, with a value of 0.12° compared to 0.20°, or a
difference of about 40%. Although boundary effects affected
the evaluation of the seismic performance of the OWT, the
absolute difference of the predicted rotation is only 0.08°,
which can be deemed negligible if compared with the threshold
permanent tilt of about 0.50–0.75° typically allowed for wind
turbines (Kaynia, 2019).

The OWT seismic performance can be assessed in terms of
the peak horizontal acceleration acting at the top of the
tower, ax

top
max, which can be retrieved from both the time

history of horizontal acceleration and from the elastic pseudo-
acceleration spectra plotted in Figure 16, and is equal to
0.11g and 0.10g with the small and large models, respectively
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(≈10% difference). The results show that the acceleration
time history and long-period response of the wind turbine pre-
dicted using the small and large models are nearly identical,
whereas the short-period (i.e. high-frequency) behaviour is
slightly influenced by the presence of the boundaries. Indeed,
the horizontal acceleration detected at the first peak of
the spectrum (T=0.44 s) is moderately amplified in the
small model, with a value of 0.61g compared to the value of
0.51g computed using the large model. This confirms that
boundary effects were responsible for an increase of high-
frequency components of inertial forces transmitted to the
wind turbine.
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The values attained by the seismic performance indexes dis-
cussed above are summarised in Table 5, where the ratio
large/small is also listed to give an insight of the influence of
boundaries on the seismic performance. These values are
plotted in Figure 18 as well, for (a) the raft foundation and
(b) the wind turbine: in this figure it is pointed out that the best
prediction is obtained for the wind turbine, while the perform-
ance of the foundation results to be affected by the presence of

the boundaries: this is particularly true for the rigid rotation of
the raft. However, values from the small model (and then from
the ESB container adopted in the centrifuge) are always higher
than those from the rigorous large model, thus providing an
estimate of the seismic performance to be on the safer side.

Similar conclusions can be drawn from the results obtained
applying two additional seismic inputs at the base of the small
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and large FE models, namely the scaled Imperial Valley (I)
and Kobe (K) acceleration time histories, characterised by
peak accelerations ax

inp
max≈ 0.07g, and ax

inp
max≈ 0.03g, respect-

ively (Figure 17). These seismic inputs had been applied in the
centrifuge tests and had not triggered liquefaction in the loose
sand layer, due to their low intensity. As already discussed for
the sinusoidal motion, the comparison of results obtained with
the small and large FE models shows that the boundary effects

caused an increase of both the peak relative settlement and
rotation of the raft foundation (Figure 18(a)). Therefore, the
predictions obtained with the small model (and the results of
the centrifuge tests) are on the safe side, but the difference with
the proper large model are quite low, and they reduce with
decreasing amplitude of the seismic input. A clear trend
cannot be established for the seismic performance of the tower
(Figure 18(b)). However, the difference between the results of
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Figure 13. Contours of excess pore-water pressure computed at the end of the dynamic calculation phase (t=15 s) close to the raft
foundation: (a) small and (b) large FE models
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the small and big FE model is of the order of 18%, as con-
firmed by the ratios large/small listed in Table 5.

6. Concluding remarks
In this paper, the influence of flexible boundaries of the ESB
container has been assessed, to gain more awareness of results
coming from centrifuge testing, which has been established as a
powerful tool in the field of physical modelling in geotechnics.

To this end, a case example of an onshore wind turbine resting
on liquefiable soils and subjected to a strong sine wave, capable
of triggering liquefaction into the loose sand layer, has been first
tested in the Turner beam centrifuge available at Schofield
Centre, University of Cambridge. Experimental results have been
therefore reproduced by a 3D numerical FE model implemented
in the OpenSees framework, reproducing the ESB box size and

boundary conditions. Mechanical behaviour of foundation soils
has been simulated through the advanced Sanisand04 constitu-
tive model, while the bi-phase nature of soils has been repro-
duced through the u–p formulation: hydro-mechanical soil
parameters have been calibrated against the far-field results
obtained in the centrifuge, and this turned out to provide a sur-
prisingly good ‘blind’ prediction of the seismic performance of
the structure at hand. Boundary effects on the OWT seismic per-
formance have then been evaluated by comparing the numerical
results computed with the numerical model reproducing the ESB
box (small model) with those obtained with a much larger and
rigorous domain (large model), where wall ends affect neither
the results at the far-field array nor the structure behaviour.

The comparison showed that the array usually taken as far
field in the ESB container is not significantly affected by the
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presence of the vertical boundaries when looking at horizontal
accelerations and excess pore-water pressures, whereas settle-
ment at ground surface shows non-negligible deviation caused
by the proximity of wall ends. Nevertheless, displacements of
the raft foundation and inertial forces transmitted to the super-
structure are very slightly influenced by the presence of the end
walls, except for some high-frequency components which can
be attributed to P-waves generated at the soil–boundary con-
tacts. Boundary effects were quantified in terms of the differ-
ence between the values attained by some selected seismic
performance indexes evaluated with the small and large
numerical models, namely: the peak values of the relative
settlement between the raft foundation and the far-field
ground surface, of the rigid rotation of the foundation, and of

the horizontal acceleration transmitted to the top of the OWT.
Without considering the very-low intensity seismic input, for
which permanent displacement and tilting of the raft foun-
dation were almost zero, a maximum difference of about 40%
was obtained for the settlement of the raft foundation for a
low-intensity seismic shaking, for which liquefaction in the
saturated sandy soil did not occur. Conversely, for the high-
intensity seismic input, which triggered liquefaction in the
sandy soil, a maximum difference of about 38% was computed
for the raft rotation. This corresponds to a modest deviation,
of 0.08°, which can be considered negligible if compared with
the permanent tilt of about 0.50–0.75° typically allowed for
wind turbines. As for the remaining seismic indexes adopted in
this study, the average difference is less than 20%, which
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Table 5. Comparison of seismic performance indexes from the small and large models

Input Sinusoidal (S) Scaled Imperial Valley (I) Scaled Kobe (K)

Index Small Large Large/small Small Large Large/small Small Large Large/small
(w–wff )max: m 0.42 0.31 0.73 0.13 0.08 0.60 0.01 0.00 0.37
θmax: ° 0.20 0.12 0.62 0.05 0.04 0.94 0.01 0.00 0.51
ax

top
max: g 0.11 0.10 0.87 0.16 0.17 1.07 0.03 0.04 1.12

PSa (T=0.44 s): g 0.61 0.51 0.83 0.54 0.67 1.25 0.17 0.22 1.32
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confirms the reliability of dynamic centrifuge testing when
assessing the seismic performance of structures even on liquefi-
able soils. However, boundaries affected also the vertical dis-
placements experienced by ground surface in the far field,
where a noticeable heave was recorded in the centrifuge and
obtained from the small FE model, while a slight settlement
was calculated using the large FE model.

The novelty of this paper lies in the evaluation of boundary
effects in the presence of soft and saturated sandy soils sub-
jected to both strong and weak seismic events, the former
capable of making the stiffness ratio between end wall and
foundation soils strongly increase due to liquefaction. The
results obtained in this study may be taken as a reference when
interpreting results coming from dynamic centrifuge tests, as
they provide a quantitative measurement of boundary effects
on the seismic performance of slender structures on liquefiable

soils. Moreover, calibration of Hostun sand parameters for the
Sanisand04 model against dynamic centrifuge tests constitutes
a novel and useful outcome as well, as Hostun HN31 sand is
widely used for research purposes.
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