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A B S T R A C T   

Monopile has been the most widespread foundation type for Offshore Wind Turbines (OWTs) in shallow waters. 
Caisson (skirted) foundations have also been evaluated in some projects as an economical alternative. While the 
main concern in design of offshore foundations has been the environmental loads, the recent growth in con
struction of OWTs in seismic regions with the possibility of soil liquefaction has necessitated evaluation of the 
impact of earthquake and liquefaction from strong shakings on these structures. Several studies have reported the 
consequences of soil liquefaction for buildings and onshore structures; However, the effects of liquefaction on 
offshore foundations have not been sufficiently studied. This paper investigates the use of advanced liquefaction 
modeling in assessment of the response of monopiles and caissons for offshore wind turbines. The software 
FLAC3D and the SANISAND constitutive model are used to conduct the nonlinear dynamic analyses for OWTs. 
Excess pore water pressure during earthquake shaking and earthquake-induced displacements are computed at 
various points in the soil medium around the considered monopile and caisson foundations. The analyses reveal 
that SANISAND model is capable of simulating the pore pressure generation in the free-field as observed in a 
recent centrifuge test. The numerical results also indicate that both monopile and caissons in liquefiable soil 
deposits experience considerable rotations under the combined action of wind loads and earthquake shaking 
when liquefaction occurs.   

1. Introduction 

The interest in replacing fossil energy with renewable energy is 
constantly increasing. The offshore wind energy has become highly 
attractive over the past few years thanks to the higher and more stable 
wind speeds available offshore compared to onshore resulting in higher 
electricity generation. To highlight this fact, it is worth noting that the 
global offshore wind capacity grew to over 20 GW in 2018 [1] and the 
investment in offshore wind energy has continued to be massive. The 
interest in this source of energy has provided a significant incentive to 
evaluate use of various types of foundations for Offshore Wind Turbines 
(OWTs) in different water depths. Monopiles have been by far the most 
common foundations for OWTs in shallow waters (water depths less 
than about 50 m) (Fig. 1a). However, the use of monopiles in deeper 
waters could be conditional upon the weight of the pile and installation 
capabilities. For larger OWTs and deeper water, more cost-effective 
foundation types such as large diameter caissons (Fig. 1b), and 

moored floating structures have been investigated in recent years. 
Since the majority of OWTs have been installed in areas with low 

seismicity (e.g. Northern Europe), the seismic analysis and liquefaction 
assessment have not been the primary concerns in design of these 
structures. However, the recent developments of OWT farms in seismi
cally active areas with the possibility of soil liquefaction (e.g. East Asia, 
Southern Europe and USA) have necessitated a more critical evaluation 
of the effect of seismic loads and liquefaction due to strong shakings on 
these structures [2]. Several recent studies on the dynamic response of 
OWTs to the combined action of wind and earthquake shaking have 
reported the importance of seismic loading in design of these structures 
(e.g. Ref. [3–5]). Liquefaction could have a significant impact on OWT 
foundations in liquefiable sand deposits. 

The permanent rotation (tilt) of OWT foundations resulting from the 
wind and wave loads acting on the turbine structure has been the 
paramount factor in the design of these structures. In earthquake-prone 
areas, earthquake shakings and soil liquefaction could lead to a 
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combination of permanent translational displacement and tilt of the 
foundations and threatening their stability and serviceability [2]. 
Moreover, pore pressure buildup produced in sand during the earth
quake shaking may give rise to variation in soil stiffness and accordingly 
modifying the dynamics of the structure. The effect of liquefaction is 
believed to be more dramatic on bucket/caisson foundations since they 
have a smaller contact with the soil which might lead to significant 
permanent displacements/rotations in these foundations. 

In the past few decades, laboratory tests (e.g. Ref. [6,7]), CPT-based 
and SPT-based liquefaction assessment procedures (e.g. Ref. [8,9]) and 
numerical modeling (e.g. Ref. [10–12]) have been carried out to eval
uate liquefaction potential. However, despite extensive research on the 
topic, the number of studies on the effect of liquefaction on structures, 
specially OWT structures/foundations, is very limited. 

Several studies have been conducted in recent years to improve the 
understanding of soil-monopile interaction under cyclic loading due to 
wind and wave loads. These studies have generally addressed soil- 

monopile lateral stiffness (e.g. Ref. [13–23]) and dis
placement/rotation accumulation after many loading cycles (e.g. Refs. 
[24–27]). Several of these studies have tried to improve the p-y methods 
with respect to the diameter effect and stiffness at small strains [23]. The 
p-y methods have been extended to dynamic analyses by determining 
proper hysteretic cyclic behavior for the springs (e.g. Ref. [28]) and 
considering additional elements to account for free-field response under 
seismic loading [29]. 

Finite Element/Finite Difference (FE/FD) methods have been 
employed for prediction of the pore pressure buildup in the liquefiable 
soil around OWT foundations and anchors by considering the effects of 
hydromechanical coupling in the saturated sand (e.g. Ref. [30–36]). In 
most of these studies, pore pressure generation has been assessed only 
under wind or wave loads [30,31,33,34] while only a few studies have 
focused on either the liquefaction and its consequences for OWT struc
tures due to strong ground shaking or the performance of these struc
tures under a combination of seismic and environmental loads (e.g. Refs. 
[32,35,36]). Corciulo et al. [31] and Kementzetzidis et al. [33] inves
tigated the OWT-monopile-soil interaction and the effect of soil 
nonlinearity on the dynamic response of OWT structures founded on 
large monopiles. In these studies, the pore pressure buildup, stress paths 
and shear stress-strain responses were assessed in medium-dense/dense 
sand for different wind/wave loading conditions. Yang et al. [32] 
investigated the dynamic response of Lely OWT supported by a 
monopile with a diameter of 3.7 m under combined actions of wind 
loading and earthquake shaking. However, the monopiles currently used 
for OWTs have diameters ranging from 5 to 8 m supporting large OWTs 
with the power typically in the range 5–8 MW. Since the pile’s diameter 
considerably affects the way in which the monopile interacts with the 
surrounding soil [23], investigation of the performance of larger OWT 
monopiles during liquefaction under various loading conditions is 
essential. Moreover, a sensitivity analysis highlighting the influence of 
the pile’s length on the dynamic response of monopiles is of high in
terest. Fewer studies have been reported on the response of caissons 
subjected to earthquake loading and liquefaction. Research on caisson 
foundations have primarily focused on external cyclic loading, and 
considerable uncertainties hang over the performance of caissons under 
earthquake loading, especially during liquefaction. Kazemi Esfeh and 
Kaynia [35] focused on establishing a reliable computational model for 
liquefaction response of anchor piles. They investigated several 
modeling features including mesh size, lateral boundary conditions, 
solution using large displacements, and presented a verification of the 
calibrated material parametersin different soil tests. 

A robust numerical modeling of liquefaction and its impact on 
structures requires advanced constitutive models. In recent years, 
several nonlinear elasto-plastic models have been developed for nu
merical simulation of site response, excess pore pressure and accumu
lation of shear/volumetric strain in soils susceptible to liquefaction (e.g. 
Ref. [37–41]). In this study, the Simple Anisotropic model for sand 
(SANISAND) developed by Dafalias and Manzari [38] and implemented 
in the finite difference software FLAC3D is used for performing dynamic 
analyses. The success of this constitutive model to simulate the response 
of saturated sand under cyclic loading has been demonstrated by 
element-level tests and centrifuge experiments in recent years (e.g. 
Ref. [42–46]). 

Ziotopoulou [44] performed numerical predictions of the LEAP 
centrifuge tests [47] using the finite difference software FLAC and 
PM4Sand constitutive model [40]. The PM4Sand model parameters 
were calibrated against the centrifuge tests. The results of numerical 
simulations have indicated that PM4Sand is capable of simulating the 
dynamic response of sloping ground. Ramirez et al. [46] evaluated the 
predictive capabilities of SANISAND and PDMY02 [48] constitutive 
models used in the two numerical platforms OpenSess and FLAC. In their 
study, they validated the model parameters by using the results of 
element-level tests and a centrifuge experiment simulating the field 
response in a multi-layered liquefiable soil deposit. 

Fig. 1. Foundations for offshore wind turbines considered in this study: a) 
monopile b) caisson. 

Table 1 
Summary of soil sample properties used in triaxial tests [49].  

Property Relative density Dr (%) 

40 60 90 

Void ratio, e 0.69–0.7 0.64–0.65 0.55–0.56 
Hydraulic conductivity, k (m/s) 1.41 � 10� 4 1.36 � 10� 4 1.19 � 10� 4 

Peak friction angle, φp (degrees) 32–32.5 34.8–36.5 41.5–42.1 
Phase transformation angle φPT 

(degrees) 
25.1–31.2 24.5–30 22.2–28.5  

Table 2 
Summary of initial soil conditions in the centrifuge experiment [50].  

Thickness/Dr/Layer e γsat (kN/m3) k (m/s) 

2 m/90%/Monterey 0.57 19.8 5.30 � 10� 4 

6 m/40%/Ottawa sand F65 0.7 19.1 1.41 � 10� 4 

10 m/90%/Ottawa sand F65 0.56 19.9 1.19 � 10� 4  
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In the present study, the finite difference software FLAC3D and 
constitutive model SANISAND with the same parameters proposed by 
Ramirez et al. [46] are used to conduct dynamic soil-structure interac
tion analyses of OWTs. The study builds on the computational model in 
Ref. [35] and investigates the influence of liquefaction on the seismic 
response of large OWTs on both monopiles and caissons with different 
dimensions subjected to a combination of static/cyclic wind load and 
earthquake shaking. To gain insight into the performance of monopiles 
and caissons during liquefaction, the pore pressure buildup, the shear 
stress-strain responses and the earthquake-induced displacements at 
several points in the soil medium are computed and presented. 

2. Validation of numerical model 

Ramirez et al. [46] calibrated the SANISAND constitutive model 
parameters in FLAC with a series of strain-controlled undrained/drained 
monotonic/cyclic triaxial tests together with a centrifuge experiment 
simulating the site response in a liquefiable sand deposit. In the present 
study, FLAC3D was employed to confirm these model parameters by 
comparing the experimental and numerical results of a series of 
monotonic/cyclic triaxial tests. Consequently, the 3D site response was 
evaluated using the results of the centrifuge experiment. The main 
objective was to use the calibrated model parameters in the numerical 
simulation of the earthquake responses of monopiles and caissons dur
ing liquefaction. 

2.1. Triaxial tests 

A series of strain-controlled undrained/drained cyclic/monotonic 
triaxial tests on Ottawa sand F65 (silica sand classified as SP based on 
USCS) was conducted by Ramirez et al. [49]. The results of these tests 
were used by Ramirez et al. [46] to calibrate the SANISAND constitutive 
model parameters. All sand specimens were prepared by air pluviation 
at three relative densities Dr ¼ 40%, 60% and 90%. For the drained 
monotonic triaxial compression tests, all specimens were isotropically 
consolidated to three levels of confining pressures 100, 200 and 300 kPa. 
For the undrained monotonic triaxial compression tests with the same 
set of relative densities, the isotropic effective stresses were 50, 100 and 
200 kPa. All samples for cyclic undrained triaxial tests were isotropically 
consolidated to a confining pressure of 100 kPa. Table 1 summarizes the 
soil properties used in the triaxial tests. 

2.2. Centrifuge experiment 

Results of the centrifuge test with the free-field condition (i.e. no 
structure) conducted at the University of Colorado Boulder’s 5.5 m 
centrifuge facility [50] were used to validate the numerical model of the 
site response during earthquake shaking. The 18-m soil profile contains 

Fig. 2. Acceleration time history of Kobe-L earthquake applied at a) base of container [50] b) base of caisson/monopile numerical models and c) corresponding 
acceleration response spectrum (5% damping). 

Table 3 
SANISAND constitutive model parameters calibrated for Ottawa sand F65 [46].  

Parameter Value 

Ottawa Monterey 

Nondimensional elastic modulus factor, G0 125 130 
Poisson’s ratio, υ 0.05 0.05 
Critical state stress ratio, M 1.26 1.27 
Ratio of critical-state stress ratio in extension and 

compression, c 
0.735 0.712 

State line constant, λc 0.0287 0.02 
Void ratio at p ¼ 0, e0 0.78 0.858 
State line constant, ξ 0.7 0.69 
Yield surface constant, m 0.02 0.02 
h0 5 8.5 
ch 0.968 0.968 
nb 0.6 1.05 
A0 0.5 0.6 
nd 0.5 2.5 
zmax 11 4 
cz 500 50 

ep
eq  0.01 0.01 

N 1 1  
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10 m of dense Ottawa sand with Dr ¼ 90% at the bottom, 6 m of loose 
Ottawa sand with Dr ¼ 40% as the liquefiable layer in the middle and 2 
m of Monterey sand with Dr ¼ 90% on the top. The soil properties used in 
the centrifuge test are listed in Table 2. Accelerograms, pore-pressure 
transducers and vertical LVDTs were installed at different depths in 
the soil profile (z ¼ � 18, � 13, � 8, � 5 and � 2 m) to measure the ac
celerations, pore pressures and vertical displacements during the 
shaking. The model was spun to a nominal centrifugal acceleration of 
70g. 

A series of horizontal earthquake motions were applied to the base of 
the container among which the Kobe-L earthquake was considered for 

the numerical simulation in the present study. This earthquake record is 
a scaled version of the north-south fault normal horizontal component of 
the 1995 Kobe, Japan, earthquake recorded at the Takatori station with 
PGA ¼ 0.41g. The acceleration time history and its corresponding ac
celeration spectrum (for 5% damping) are illustrated in Fig. 2a. 

2.3. Numerical analyses 

The fully dynamic analyses in this paper were performed using the 
finite difference software FLAC3D. The calculation was based on the 
explicit finite difference scheme to solve the equations of motions using 

Fig. 3. Comparison between numerical and experimental results for simulations of monotonic drained triaxial tests on loose Ottawa sand with Dr ¼ 40%.  
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the lumped gridpoint masses of the surrounding zones. The dynamic 
analyses in FLAC3D can be coupled with groundwater flow analyses to 
predict time-dependent pore pressure changes during the liquefaction. 
FLAC3D follows the coupled formulations of poro-mechanics proposed 
by Biot [51], extended to finite elements by Zienkiewicz and Shiomi 
[52] and presented for application in FLAC by Detournay and Cheng 
[53]. The bulk modulus and density of water were respectively taken as 
2 GPa and 1000 kg/m3 in the simulations. 

The SANISAND constitutive model was used in FLAC3D to simulate 
the soil’s behavior under cyclic loading. SANISAND refers to a family of 
simple anisotropic constitutive models for sand extended from the two- 
surface plasticity model which was first developed by Manzari and 
Dafalias [54]. The model was later extended by other researchers to 
consider additional features of sand’s behavior in various loading con
ditions. The SANISAND constitutive model that was extended by Dafa
lias and Manzari [38] to account for the effect of fabric change was 
employed in the present study. Despite the principal merits of SANI
SAND (e.g. capturing the effects of varying confining pressures and void 
ratios, modeling fabric changes due to load reversal, and simulating 
contractive and dilative behavior of sand), this constitutive model has 
certain intrinsic shortcomings. For instance, the model is known to 
overpredict the pore pressure buildup rate in medium-dense and dense 
sand as well as strain accumulation under high-cyclic loading. There
fore, although the trends of the results presented in this study are 
believed to be correct, the numerical values should primarily be used in 
a comparative sense. Table 3 lists the SANISAND model parameters 
calibrated by Ramirez et al. [46] for both Ottawa and Monterey sand. 

2.4. Calibration of model parameters 

Ramirez et al. [46] calibrated the SANISAND model parameters 

against monotonic/cyclic (drained/undrained) triaxial tests [49] and 
the centrifuge experiment [50]. In the present study, these model pa
rameters were confirmed using FLAC3D. A sample of the results of some 
of the verifications carried out in this study is presented below. 

A comparison of numerical and experimental results of monotonic 
drained triaxial tests for loose Ottawa sand performed in the present 
study is illustrated in Fig. 3. It can be observed that SANISAND correctly 
captures the initial stiffness, peak deviatoric strength and softening 
behavior of loose sand under the considered range of confining pres
sures. In general, the stress-strain responses predicted in the present 
study using FLAC3D are close to those reported in Ref. [46] . 

Fig. 4 presents a comparison between numerically computed and 
experimentally measured results of cyclic undrained triaxial tests for 
loose sand. There is a reasonably good agreement between the two re
sults in terms of excess pore water pressure and stress-strain response for 
loose sand. A closer look at Fig. 4 also confirms that the results of the 
present study using FLAC3D are very similar to those obtained by 
Ramirez et al. [46] . For more information about the model validations 
see Ref. [35]. 

2.5. Simulations of centrifuge test 

To simulate the elasto-plastic site response of the soil in the centri
fuge experiment, a soil column with tied boundary conditions was used 
in FLAC3D. While the tied boundary condition represents best the 
laminated box in the centrifuge and it produced the most accurate re
sults, the effect of quiet (viscous) boundaries was also examined. The 
latter boundary condition did not consistently reproduce the site 
response measured in the centrifuge test. The SANISAND model pa
rameters summarized in Table 3 were assigned to the soil layers. A 
Rayleigh damping with damping ratio ξ ¼ 3% at the first and third 

Fig. 4. Comparison between numerical and experimental results for simulations of cyclic undrained triaxial tests on Ottawa sand with Dr ¼ 40%.  
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natural frequencies of the soil deposit, fn,1 ¼ 2.5 Hz and fn,3 ¼ 12.3 Hz, 
was used for the dynamic analysis of the soil in the centrifuge test. The 
acceleration time history in Fig. 2a was applied at the base of the model. 

Fig. 5 compares the numerical and experimental excess pore pres
sures at several points in the soil profile together with the results in 
Ref. [46]. The excess pore pressure is also presented in terms of excess 
pore pressure ratio ru ¼ Δu=σ’v0(where σ’v0 is the initial effective ver
tical stress). The limit ru ¼ 0.95 was regarded as liquefaction criterion. A 
closer look at Fig. 5 reveals that pore pressures recorded in the centri
fuge experiment of Kirkwood and Dashti [50] lag at depth 13 m. This 
might be due to an error in the data acquisition at this particular sensor. 

3. Numerical modeling of OWTs on caisson and monopile 

3.1. Model parameters and loading 

The constitutive model and finite difference scheme described in the 
previous sections were employed to assess the dynamic response of 
caisson and monopile foundations for OWTs in a liquefiable sand deposit 
due to earthquake shaking. The representative wind turbine considered 
for this study was the NREL 5-MW offshore baseline wind turbine (Fig. 6). 
This is a reference offshore wind turbine defined by National Renewable 
Energy Laboratory (NREL) for researchers to use as a common reference 
model in their studies [55]. It is a three-bladed upwind horizontal axis 
wind turbine (HAWT) with a monopile support structure. The data for 
this wind turbine are summarized in Table 4. 

The quadrilateral element in FLAC3D was used to model the soil, 
caisson, monopile and the tower of the wind turbine. Due to symmetry, 
only half of the soil medium, foundation and OWT model was consid
ered with appropriate boundary conditions specified on the symmetry 
plane. The mesh size was based on the sensitivity studies in [35] and 

aimed at allowing 10 elements in a wavelength corresponding to a fre
quency of 10 Hz (period of 0.1 s in Fig. 2c) and elastic shear modulus. 
Once the soil liquefies, the effective shear modulus reduces but the 
dominant frequency reduces as well. This is a complicated process; 
however, considering that the dominant frequency range of input mo
tion is in the range 0.7–2 Hz (see Fig. 2c), the selection of maximum 
frequency 10 Hz was considered to be satisfactory also during the 
liquefaction as comparisons with centrifuge results confirm. Tied 

Fig. 5. Comparison of numerically calculated and experimentally measured 
time histories of excess pore pressures for simulations of site response in 
centrifuge experiment. 

Fig. 6. Schematics of NREL 5-MW offshore baseline wind turbine founded on 
monopile (left) and caisson (right). See Table 4 for parameters. 

Table 4 
Properties of NREL 5-MW baseline wind turbine.  

Property Value 

Rating 5 MW 
Rotor orientation, configuration Upwind, 3 blades 
Rotor diameter, hub diameter 126 m,3 m 
Hub height 90 m 
Cut-in, rated, cut-out wind speed 3 m/s, 11.4 m/s, 25 m/s 
Cut-in, rated rotor speed 6.9 rpm,12.1 rpm 
Rated tip speed 80 m/s 
Rotor mass 110 000 kg 
Nacelle mass 240 000 kg 
Tower mass 347 466 kg 
Tower height 87.6 m 
Tower top diameter, wall thickness 3.87 m, 0.019 m 
Tower base diameter, wall thickness 6 m, 0.027 m 
Substructure base diameter, wall thickness 6 m, 0.06 m 
Support structure steel density 8500 kg/m3 

Steel Young’s modulus 210 GPa  
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boundary conditions were found to provide the most stable results [35]. 
With the purpose of evaluating the effect of liquefaction on the 

performance of common foundation concepts for OWTs, the caissons 
and monopiles (Fig. 6) with typical dimensions listed in Table 5 were 
considered in this study (see discussion in the next paragraph for the 
material parameters). Similar caisson and monopile sizes were used in 
[56]. Sensitivity analyses were carried out to determine the optimum 
size of the models for the best performance (Figs. 7 and 8). The same soil 
profile as in the centrifuge test was used when assessing the OWT on 
caissons. On the other hand, the soil profile considered for OWT on 
monopile included 26 m of loose Ottawa sand on the top and 8 m of 

dense Ottawa sand at the bottom. For the pile model with length L ¼ 35 
m (see analysis cases described in the next section), the thickness of the 
dense Ottawa sand layer was extended to 13 m. The Rayleigh damping 
was defined based on 3% damping at the first and third natural fre
quencies of the soil deposit which were computed equal to fn,1 ¼ 1.25 Hz 
and fn,3 ¼ 6.25 Hz, respectively. 

The linear elastic model with Young’s modulus Esteel ¼ 210 GPa and 
density ρsteel ¼ 7800 kg/m3 was assigned to the steel parts (i.e. foun
dation and wind turbine structures). To avoid large aspect ratios of el
ements, the wall thickness of the pile was increased from 4 cm to 50 cm 
and correspondingly the elastic modulus and mass density of the pile 
were reduced. The equivalent elastic modulus Eeq and mass density ρeq 
were determined such that the bending rigidity and total mass of the 
equivalent pile (and skirt in the case of caisson) are equal to those of the 
real foundations (see [35] for details of the model adjustements). 
Different equivalent elastic moduli and unit masses resulted from this 
procedure depending on the diameter of the foundations, as listed in 
Table 5. 

A fully bonded soil-pile interface was considered in all simulations 
such that nonlinearity at the interface occurs only due to loss of strength 
in sand during liquefaction. In [35] it was observed that the reduction of 
the shear strength at the soil-structure interface to 80% had only a minor 

Table 5 
Properties of caisson and monopile foundations.  

Foundation 
type 

Diameter,  
D (m) 

Length,  
L (m) 

Equivalent unit 
mass, ρeq  

(kg/m3) 

Equivalent elastic 
modulus, Eeq (GPa) 

Caisson 10 5 2480 19.4 
15 5 2480 18.5 

Monopile 6 20 2500 21.3 
6 25 2500 21.3 
6 35 2500 21.3  

Fig. 7. a) Finite difference mesh of caisson model, b) monitoring points for computing excess pore pressures, shear stress-strain responses and displacements 
of caisson. 
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effect on the results. Therefore, the soil-pile interface condition was not 
studied any further in this study. 

The tapered cylindrical tower of the wind turbine with properties 
summarized in Table 4 was modelled as a uniform square column of 
solid zones in FLAC3D with dimensions of 2 m and element size of 1 m 
The elastic modulus Eeq and unit mass ρeq of the square column 
(equivalent tower) were established in a way to maintain the same 
lateral stiffness and total mass as those of the real tapered cylindrical 
tower. To this end, the elastic modulus Eeq of the equivalent tower was 
defined in a way that its deflection due to a lateral force on top is equal 
to that of the real tower. The unit mass ρeq of the equivalent tower was 
determined to match the real tapered tower. The mass of the hub 
(including nacelle and blades) was modelled as a lumped mass at the top 
of the tower by increasing the density of the last row of zones at the top 
of the tower. 

The following loading scenarios were used for dynamic simulations. 

Type A: combination of earthquake shaking and static wind loads 

Type B: combination of earthquake shaking and simplified cyclic 
wind loads 
Type C: only earthquake shaking (no wind load). 

Loading types A and B were chosen to represent extreme loading 
scenarios that can occur in a highly seismic region, resulting in excessive 
lateral and rotational displacements due to simultaneous action of 
lateral loads. Loading type C was selected to highlight what portion of 
the computed permanent lateral displacement and tilt of the OWT 
foundation is due to the wind load. 

Moreover, to assess the response of OWT foundations in liquefiable 
sand due to less severe earthquake shaking, which could represent 
moderate seismicity, the response of one of the cases considered in this 
study was also computed by reducing the shaking by 70%. 

The Kobe-L earthquake record, which was applied at the base of the 
container in the centrifuge test, was used in dynamic simulations of the 
caisson and monopile models after baseline-correction and filtering 
(Fig. 2b). A static wind load of H ¼ 1 MN (load Type A) and a simplified 

Fig. 8. a) Finite difference mesh of monopile model, b) monitoring points for computing excess pore pressures, shear stress-strain responses and displacements 
of pile. 

P.K. Esfeh and A.M. Kaynia                                                                                                                                                                                                                  



Soil Dynamics and Earthquake Engineering 136 (2020) 106213

9

cyclic wind load 0.7 þ 0.3sin(2πft) MN (load Type B) with a frequency f 
¼ 0.1 Hz (Fig. 9) were applied to the top of the tower simultaneously 
with the earthquake motion at the base of the model. Wind load is 
generally complex due to its static and turbulent components and has a 
large spectrum of frequencies. The intention of selecting the frequency f 
¼ 0.1 Hz for the cyclic load was primarily to perform a sensitivity 
analysis on the effect of external load variation rather than attempting 
an exact representation of the wind load. The cyclic wind load was 
applied for 20 s while the earthquake shaking ends at 18 s. 

In the computations, first, the flow mode was activated to establish 
the initial pore pressure distribution in the free-field. Afterward, flow 
mode was turned off during the application of wind load and earthquake 
shaking for the proper generation of pore water pressure. This means the 
response is considered undrained. In reality, the pore water pressure 
could change due to drainage; however, this is considered to be negli
gible in most sands during the short time of earthquake shaking. In all 
the simulations, monopile and caisson were considered impermeable; 
therefore, the null fluid constitutive model and zero porosity were 
assigned to their zones. In a sensitivity analysis performed in [35], the 
results of dynamic simulations in both small-strain and large-strain 
modes were compared. These results were found out to be very similar 
indicating that the small-strain assumption is satisfactory for the range 
of response computed in this study. Therefore, the dynamic simulations 
were conducted using small-strain solution to reduce the computational 
time. 

3.2. Analysis cases and monitoring of response 

To follow the soil response as the shaking continues and liquefaction 
develops, the excess pore water pressures at monitoring points P1–P4 
(perpendicular to the shaking direction, as shown in Figs. 7b and 8b) 
were computed. In addition, in two of the analysis cases, the excess pore 
water pressures at two points behind and in front of the pile (located at a 
distance of 1.3 m from the pile) were computed. The average of the 
effective vertical stresses computed at monitoring points was used as the 
initial effective vertical stress (σ0v0) before the earthquake shaking to 

calculate excess pore pressure ratios at each depth These stress values 
are listed in Table 6. 

The soil inside the pile or caisson is under greater confining pressure 
and is therefore capable of generating larger pore pressures for suffi
ciently strong shaking; however, the normalized exces pore pressure 
could reduce because of the larger effective vertical stress. At the same 
time, a different mechanism, namely the kinematic confinement of the 
soil due the large stiffness of the foundation, which could inhibit/reduce 
the shear strains in the soil inside the foundation, is expected to reduce 
the excess pore pressures. Point P4 was thus chosen to investigate the 
possible reduction in pore pressure build-up within the inner soil due to 
the kinematic confinement by the monopile/caisson. 

To assess shear strain accumulation around and inside the monopile/ 
caisson during liquefaction, the shear stress-strain responses were 
computed at the points S1–S4. Similarly, horizontal and vertical dis
placements at points D1-D3 on top of the caisson/monopile were 
monitored to evaluate the transient and permanent displacements of the 
foundations during the earthquake. The foundation tilt was calculated 
using vertical displacements at points D1 and D3. Although during the 
shaking an OWT foundation can experience a considerable settlement, it 
is the rotation of the foundation that is the main cause of concern about 
its performance. Permanent rotation in the range 0.25–0.5 degrees is 
often acknowledged by design guidelines as the allowable range. 

To gain insight into the performance of caissons and monopiles with 
different dimensions in a liquefiable soil, the following analysis cases 
were considered. 

Caisson Case 1: diameter D ¼ 10 m, loading type A 
Caisson Case 2: diameter D ¼ 10 m, loading type B 
Caisson Case 3: diameter D ¼ 15 m, loading type A 
Monopile Case 1: length L ¼ 20 m, loading type A 
Monopile Case 2: length L ¼ 25 m, loading type A 
Monopile Case 3: length L ¼ 25 m, loading type B 
Monopile Case 4: length L ¼ 35 m, loading type A 
Monopile Case 5: same as Monopile Case 1 with Monterey sand on 
top 
Monopile Case 6: length L ¼ 25 m, loading type C (i.e. no wind 
loading). 

In the last case, a section of the liquefiable sand with a depth of 2 m 
from the top and a radius of 9 m from the center of the model was 
replaced with dense Monterey sand before the monopile installation. 
The intention with this case was to investigate the impact of a non- 
liquefiable scour protection layer around the monopile. Moreover, the 
higher hydraulic conductivity of Monterey sand compared to that of 
Ottawa sand could facilitate the pore pressure dissipation after the 
earthquake, thereby reducing the consequences of pore pressure buildup 

Fig. 9. Cyclic wind load applied to top of tower in numerical simulations.  

Table 6 
Average effective overburden stresses at different depths in soil model in 
Monopile Case 1 before earthquake shaking.  

Depth 
(m) 

Average original 
effective overburden 
stress (kPa) 

Average additional 
effective overburden 
stress (kPa) 

Average initial 
effective overburden 
stress (kPa) 

4 38.52 0.48 39 
8 74.7 � 3 71.7 
16 122.9 7.26 130.2 
24 154 48.9 202.9 
30 252.6 5.28 257.9  
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during earthquake. 
The dynamic analyses were carried out using a PC with a 3.5 GHz 

processor. The simulations were speeded up by optimizing the model 
and mesh sizes as well as using small-strain solution. Increasing the 
thickness of the pile wall and caisson skirts, on the other hand, assisted 
in reducing the run times remarkably. With these measures, each 
simulation took from 20 to 30 h depending on the size of the model. 

4. Results and discussions 

The performance of monopile and caisson foundations during the 
liquefaction was evaluated in terms of pore water pressure buildup and 
shear stress-strain responses in the soil as well as the horizontal, vertical 

and rotational movements of the foundations. 

4.1. OWT on caissons 

Fig. 10 displays the time histories of the excess pore water pressures 
at different points and depths in the soil medium for Case 1. As the plots 
in the figure indicate, excess pore pressure ratios at all points and depths 
tend to one. Fig. 11 displays profiles of ru at monitoring points and four 
instances 4, 8, 12 and 16 s for the same case. It can be observed that the 
excess pore water pressure is almost all the time lower inside the caisson 
which is believed to be due to the kinematic confinement provided by 
the caisson. 

Fig. 12 presents the computed acceleration time history together 

Fig. 10. Time histories of excess pore pressure at monitoring points in Caisson Case 1.  
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with its response spectrum at top of the tower. A de-amplification of 
acceleration is observed which reflects the low spectral acceleration of 
the earthquake record at the natural period of the OWT-soil-caisson 
system [57] being around 3 s. 

Figs. 13 and 14 display the shear stress-strain responses at 

monitoring points at depths z ¼ � 4 m and z ¼ � 2 m during the ground 
shaking. Different colors are used to differentiate between the responses 
in the time windows 0–6 s, 6–12 s and 12–18 s. The plots clearly show 
the shift in the response pattern from more conventional hysteretic and 
symmetrical responses (blue segments) to more yielding response due to 

Fig. 11. Profiles of ru at different monitoring points and time instances in Caisson Case 1.  

Fig. 12. Acceleration response at top of tower in Caisson Case 1.  
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Fig. 13. Shear stress-strain responses at monitoring points and depth z ¼ � 4 m in Caisson Case 1 for different time periods.  

Fig. 14. Shear stress-strain responses at monitoring points and depth z ¼ � 2 m in Caisson Case 1 for different time periods.  
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Fig. 15. Caisson Case 1 – Time histories of horizontal, vertical and rotational displacements of caisson.  

Fig. 16. Caisson Case 2 – Time histories of horizontal, vertical and rotational displacements of caisson.  

Fig. 17. Caisson Case 3 – Time histories of horizontal, vertical and rotational displacements of caisson.  
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intensification of shaking and pore pressure generation (red segments) 
and finally to small cyclic loops reflecting the full liquefaction state and 
reduction of shaking (black segments). 

Fig. 15 shows the time histories of the horizontal, vertical and 
rotational displacements of the caisson in Case 1. It can be observed that 
the permanent rotation of the caisson (about 4 deg.) exceeds by far the 
acceptable tilt (0.25–0.5 deg.). Also, one can observe the permanent 
horizontal displacement of about 30 cm and downward sinking of 10 cm 
during the shaking. 

Figs. 16 and 17 illustrate the same set of results for caissons Case 2 
and Case 3. As shown in Fig. 16, both displacements and tilt initiate 
faster when the cyclic wind load is applied to the model in Case 2. 
Nonetheless, almost the same permanent rotation and horizontal 

displacements are reached in Cases 1 and 2 whereas, the caisson expe
riences slightly higher sinking in Case 2. As expected, increasing the 
diameter of the caisson to 15 m in Case 3 leads to lower rotations 
(Fig. 17) compared to the other cases. 

4.2. OWT on monopiles 

Fig. 18 illustrates the computed time histories of excess pore water 
pressure at different points and depths in the soil medium for Case 1. The 
plots in the figure confirm that the excess pore pressure is always lower 
inside the pile (point P4) which as discussed earlier is believed to be due 
to the kinematic confinement by the monopile. The figure also includes 
the pore water pressures at the points Pb and Pf at the back and front of 

Fig. 18. Time histories of excess pore pressure at monitoring points in Monopile Case1 (Pb and Pf are monitoring points at 1.3 m behind and in front of the pile).  
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Fig. 19. Profiles of ru at different monitoring points and time instances in Monopile (Pb and Pf are monitoring points at 1.3 m behind and in front of the pile).  
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the monopile. Fig. 19 displays the profile of ru with depth at the moni
toring points at four instances 4, 8, 12 and 16 s for Case 1. This figure 
gives a useful insight into the progression of pore pressure generation 
during ground shaking. 

Figs. 20 and 21 display the shear stress-strain responses at 

monitoring points at depths z ¼ � 4 m and z ¼ � 2 m during the earth
quake shaking. As in the case of caissons (Figs. 13 and 14), different 
colors are used to differentiate between the responses in the time win
dows 0–6 s, 6–12 s and 12–18 s. The plots show clearly again the shift in 
the response during shaking from more conventional hysteretic and 

Fig. 20. Shear stress-strain responses at monitoring points and depth z ¼ � 4 m in Monopile Case1 for different time periods.  

Fig. 21. Shear stress-strain responses at monitoring points and depth z ¼ � 2 m in Monopile Case1 for different time periods.  
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symmetrical responses to large yielding due to intensification of pore 
pressure generation and finally to small cyclic loops reflecting full 
liquefaction state and lower shaking. 

Fig. 22 presents the horizontal, vertical and rotational displacements 
of the monopile in Case 1. The permanent rotation of the pile (about 3 
deg.) exceeds the allowable tilt (0.25–0.5 deg.) which means that 
although the structure does not collapse by the shaking and liquefaction, 
it is considered unfit for use after the earthquake. While similar 

permanent lateral and rotational movements have resulted in this case 
and caisson model with D ¼ 15 m (Case 3), larger sinking can be 
observed in Monopile Case 1. The reason is believed to be due to the 
higher weight of the monopile . To provide an insight into the evolution 
of pile deformation during the earthquake, the profile of the horizontal 
displacements of the pile with depth is presented in Fig. 23 at time in
stances 4, 8, 12 and 16 s. The figure clearly shows the gradual tilt of the 
pile and its rotation around a point close to the pile tip as the shaking 
continues. 

Figs. 24 and 25 present the results of analysis for Monopile Case 2. 
They indicate slightly lower permanent rotation of the pile in this case 
(2.4 deg. vs. 2.8 deg. in Case 1), which is believed to be due to the higher 
length of the pile; however, the permanent horizontal displacement has 
increased from 70 cm to 80 cm. 

Fig. 26 displays the results of analyses for monopile Case 3. The 
figure indicates lower rotational and lateral displacements in this case 
where cyclic wind load is applied to the top of the tower. From these 
results one can conclude that representation of wind load by a constant 
load during earthquake shaking might present a more critical condition 
than inclusion of the cyclic component of the wind load. On the other 
hand, it is interesting to note that the cyclic component has slightly 
increased the sinking (from 10 to 13 cm). 

Fig. 27 shows the same set of results for the monopile in Case 4 where 
the pile length is increased such that it penetrates 9 m into the dense 
Ottawa sand layer. This case indicates the lowest transient and perma
nent rotations (1.6 deg.) while the calculated permanent horizontal 
displacement is close to that in Case 2. Moreover, a lower sinking can be 
observed in this case in comparison with the other cases. This is because 
the pile tip rests on a dense sand layer which provides more resistance to 
vertical downward displacement of the structure. 

The results for Case 5 (which includes a layer of surficial non- 
liquefiable sand representing s scour protection around the monopile) 
indicate that this measure reduces both the horizontal and rotation of 
the pile (for brevity, the figures of the results are not included). The 
permanent rotation decreases to the same level as in Case 2 (2.5 deg.) 
where the pile’s length is 25 m and horizontal displacements at the 
mudline decrease to 1, 36, 50 and 60 cm at times 4, 8, 12 and 16 s, 
respectively. These are encouraging results that point to the use of scour 
protection in sandy sites as a potential measure against excessive tilt of 
monopiles in liquefiable soils. Dedicated numerical studies, preferably 
backed by model testing in centrifuge, are needed to assess more accu
rately the potential benefits of soil replacement in liquefiable soil. 

As discussed earlier, in all the above cases excessive rotation of the 
foundation occurs due to liquefaction. This is primarily caused by the 

Fig. 22. Monopile Case 1 – Time histories of horizontal, vertical and rotational displacements of monopile.  

Fig. 23. Monopile Case 1 - Profile of horizontal displacement of monopile with 
depth at four time steps. 

P.K. Esfeh and A.M. Kaynia                                                                                                                                                                                                                  



Soil Dynamics and Earthquake Engineering 136 (2020) 106213

18

static lateral wind load, which makes the loading unsymmetrical. To 
confirm this, Case 6 was considered in which the response of the 
monopile in Case 2 subjected to solely earthquake shaking (loading type 
C) was computed. The results of analyses for monopile Case 6 are shown 
in Fig. 28 that indicate that the permanent lateral and rotational dis
placements of the OWT subjected to only earthquake loading are very 
small (a similar analysis was carried out for the caisson Case 3; the re
sults for the caisson are comparable and are thus not shown for brevity). 

It is unlikely that a strong earthquake occurs during a heavy storm; 
therefore, in view of these results, it is important to use a realistic wind/ 
wave loading representative of normal operating conditions in a seismic 
design. 

Figs. 29 and 30 display the excess pore pressures and displacements 
of the pile in Case 2 for an earthquake shaking reduced to 30% of the 
cases considered above. The results in Fig. 29 show that Although the 
soil still liquefies at most of the points even under the reduced shaking, 
the pore pressure is generated more slowly in this case and it takes 
longer for the soil to reach the full liquefaction state. As shown in 
Fig. 30, the permanent tilt of the pile is remarkably lower (by about 
80%) than when the maximum earthquake shaking is applied. Although 
the rotation has not exceeded the maximum allowable value (i.e 0.5 
deg), it is very close to the limit, revealing that asymmetrical loading 
due to the wind load results in considerable rotational displacements of 
OWT foundations in liquefiable soil even under moderate ground 
shakings. 

5. Summary and conclusions 

The effect of liquefaction on the performance of shallow (caisson) 
and deep (monopile) foundations for OWTs under combined actions of 
ground shaking and static/cyclic wind loads has been studied in this 
paper. To compare the results of the considered cases, the excess pore 
water pressure and shear stress-strain responses in the soil medium, as 
well as horizontal and rotational movements of the caisson/monopile, 
have been computed and presented. 

The analyses indicate that the pore pressure generation inside the 
pile/caisson is lower than outside. This is believed to be due to the ki
nematic confinement provided by the foundation. 

The numerical results indicate that extensive permanent rotations of 
caissons could occur due to liquefaction; however, the rotational 
movements diminish as the diameter of the caisson increases. Similarly, 
it has been observed that the rotation of monopiles during the earth
quake shaking diminishes as the length of the pile increases. In partic
ular, when the monopile has an embedded length in a nonliquefiable 
soil, like a dense sand layer, both rotation and downward sinking of the 
pile decrease considerably. Generally, vertical displacements of 
monopiles have been higher than those of caissons during the ground 
shaking due to their larger weight. Both permanent rotational and 
horizontal displacements of monopiles decrease because of replacing the 
liquefiable sand around the pile with non-liquefiable sand. The 
replacement can be in conjunction with the use of non-liquefiable sand 
for scour protection. The asymmetrical loading due to the action of wind 

Fig. 24. Monopile Case 2 – Time histories of horizontal, vertical and rotational displacements of monopile.  

Fig. 25. Monopile Case 2 - Profile of horizontal displacement of monopile with 
depth at four time steps. 
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Fig. 26. Monopile Case 3 – Time histories of horizontal, vertical and rotational displacements of monopile.  

Fig. 27. Monopile Case 4 – Time histories of horizontal, vertical and rotational displacements of monopile.  

Fig. 28. Time histories of horizontal, vertical and rotational displacements of monopile in Case 6 subjected to loading type C (only earthquake shaking).  
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Fig. 29. Time histories of excess pore pressure at monitoring points in Monopile Case 2 subjected to shaking reduced to 30% (Pb and Pf are monitoring points at 1.3 
m behind and in front of the pile). 
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load during earthquake shaking can lead to large rotation of OWT 
foundations in liquefiable soil even under moderate ground shakings 
threatening the functionality and stability of these structure. 
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