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Abstract. The seismic performance of offshore wind turbine (OWT) becomes 
increasingly critical as more wind farms are built/planned in sites subjected to 
active seismic events. Time-domain, continuum-based methods can provide 
comprehensive analyses of OWT during seismic shaking yet its application in 
engineering practice can be restricted by the complexity of soil constitutive 
models. This work presents a constitutive model for undrained clay that is sim-
ple yet replicates the essential soil behavior, including mechanical anisotropy, 
cyclic degradation of stiffness and strength, and path-dependent stiffness non-
linearity at small strains. The capacity of the soil model is assessed at various 
levels, by simulating soil element tests, the response of cyclically-loaded pile in 
centrifuge test, and the response of caisson-supported OWT in seismic centri-
fuge test. These assessments show that the seismic response of OWT can be 
reasonably represented by the proposed method. Based on the soil model, dy-
namic finite element analyses are performed to explore the seismic response of 
OWT supported by different foundation types: monopile and caisson. This in-
vestigation highlights: (1) the dynamic response of OWT foundation is gov-
erned by the kinematic-inertia interactions between soil, foundation, and super-
structures; (2) the resonance of OWT structure system (including higher modes) 
can be a critical mechanism behind the developments of excessive foundation 
movements. 

Keywords: Offshore wind turbine foundations, Monopile, Caisson, Seismic re-
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1 Introduction 

The offshore wind sector represents an essential component for delivering large-scale, 
affordable, and clean energy [1]. Due to their harsh working environments, the foun-
dation of offshore wind turbine (OWT) is required to sustain substantial cyclic lateral 
loading, e.g., wind and wave actions. Accordingly, the above aspect has been subject-
ed to substantial investigations (e.g., see [2-4]). In the contrast, the seismic response 
of OWT foundations was traditionally considered secondary, largely due to the intrin-
sic flexibility of OWT structures and the typical frequency contents of earthquakes 
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[5]. This aspect, nevertheless, has begun to gain increasing attention from both aca-
demics and practitioners [6-12], due to the exponential expansion of offshore wind 
farms worldwide and, consequently, more frequent overlap between the active seis-
mic regions and wind farms sites [6]. This paper has been focused on the seismic 
response of OWT supported by monopile and suction caisson, i.e., predominant OWT 
foundation types [3, 13-18].  
 
Literature on the seismic response of OWT is not as extensive as that for the case of 
cyclic lateral response. Nevertheless, several trends have been gradually recognized. 
The OWT structures display inherent flexibility and their fundamental natural fre-
quency typically is around 0.25 to 0.75 Hz [3, 6]. This range circumvents the frequen-
cy content of typical earthquakes that corresponds to the strongest excitation and 
makes the risk of earthquake-induced catastrophic collapse relatively low. Among 
180 real earthquake records, De Risi et al. [6] show that only two lead to structural 
failure of OWT. Similar behavior is reported by other seismic fragility analyses [19, 
20]. On the other hand, it should be emphasized that higher vibration modes can play 
important roles in affecting the seismic response of OWT [6, 10, 21, 22], because the 
corresponding resonance frequencies can coincide with those characterized by strong 
ground motions. The involvement of higher vibration modes can potentially shift the 
distributions and patterns of internal force demands [21, 22] and require special care 
in OWT structure design.  
 
While the chance of the collapse of OWT during earthquake might be low, excessive 
deformation of OWT and exceeding the serviceability limit state (SLS) can be an 
important issue [6, 7, 10, 23]. For instance, Gao et al. [23] show that, in the liquefia-
ble ground, OWT caisson foundation can develop considerable residual rotation (i.e., 
up to 40% of SLS) solely due to earthquakes. Kourkoulis et al. [7] and Anastasopou-
los and Theofilou [10] show that, in undrained clay, OWT caisson and monopile 
foundation can rotate significantly during seismic shaking, however, it is transient and 
largely recoverable by the end of earthquake. An important factor that affects the 
deformation of OWT during earthquake is the coupling between seismic excitation 
and environmental actions. Kourkoulis et al. [7] and Anastasopoulos and Theofilou 
[10] show that the presence of wind and wave loads can significantly enlarge the ac-
cumulation of OWT foundation rotations during earthquake. Zheng et al. [24] and 
Yang et al. [25] show that the inclusion of wave actions can increase the seismic re-
sponse of OWT structures. Another factor that can influence the OWT deformation is 
the frequency contents of seismic excitations. The foundation deformation and struc-
ture response can both be amplified when earthquake displays more intense motion at 
the natural frequency of OWT structure system [6, 26]. 
 
The seismic behavior of OWT is complex and governed by many factors. Among 
them, accurate modeling of soil-structure interaction (SSI) has been shown essential 
for predicting the performance of OWT during earthquake. The latter aspect has been 
considered by two main approaches: Winkler spring-based models [6, 25, 27] and 
continuum-based models [7, 10, 26]. The former method is attractive from the per-
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spective of simplicity. Nevertheless, its reliability highly depends on the employed 
soil reaction curves, which can be empirical and limited to certain applications. 
Moreover, Winkler spring-based models often cannot accurately consider the near-
field ground shaking that is affected by the presence of foundation.  
 
Time-domain, continuum-based approaches (e.g., finite element analysis (FEA)) can 
naturally account for the seismic wave propagations in the ground and the kinematic-
inertia interactions between soil, foundation, and superstructures. Despite these ad-
vantages, the investigations using continuum analysis are limited, compared to the 
counterparts of Winker spring-based methods. This at least partially results from the 
complexity of the method, which might be to a large extent attributed to the complexi-
ty of the constitutive models for soils. The goal of this paper is to show the possibility 
of delivering realistic and efficient FEA of the seismic response of OWT based on the 
constitutive models that are simple yet captures essential features of soil behavior. In 
the following, one of such models for undrained clay will be described, followed by 
the assessment of its capacity to represent cyclic soil-structure interactions against 
cyclic lateral loading and seismic shaking centrifuge tests. Lastly, dynamic FEA 
based on the soil model is performed to explore the seismic response of OWT sup-
ported by different foundation types: monopile and caisson. 

2 Total stress-based constitutive model for undrained clay 

In many built and planned OWT farms, fine-grained soils constitute the primary sea-
bed [13, 17, 28]. Given the low permeability of the clayey soils, undrained conditions 
are often prevailing during earthquake. This study idealizes undrained clay as a sin-
gle-phase material governed by total stresses. The formulation of the total stress mod-
el will be briefly described in this section, followed by examples illustrating its capac-
ity to represent the behavior of cyclically-loaded undrained clay. 

 
2.1 Model formulation 

The employed total stress soil model (hereafter referred to as AUC-Clay-Small) can 
capture the salient features of undrained clay, including mechanical anisotropy, cyclic 
degradation of stiffness and strength, and path-dependent nonlinear variation of stiff-
ness at small strains. More detailed description of the constitutive model can be found 
from the authors’ previous publications [29-31]. 

The AUC-Clay-Small model employs a Mises type yield surface (see f = 0 in Fig. 
1): 
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where ijS  indicates the deviatoric stress, ij denotes the backstress controlling the 

translation of the yield surface, while the constant A indicates the size of the yield 
surface.  

 

Fig. 1. Schematics illustrating yield surface f = 0 and anisotropic strength surface F = 0. 

The evolution of the backstress is controlled by a nonlinear kinematic hardening 
law proposed by Huang et al. [29] that accounts for the anisotropy of undrained clay 
and its cyclic softening: 
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In Eq. (2),   indicates the plastic multiplier, while C  and  are material constants. 

The tensor ij  in Eq. (2) accounts for the anisotropic shear strength in that it implies a 

strength surface that is centered around ij (see F = 0 in Fig. 1). The variables e  and 

s  are included to consider the cyclic degradation of soil stiffness and strength (see 

Huang et al. [29] for detailed discussion). 
The elastic response of undrained clay is described by an intergranular strain elas-

tic model [30]: 
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where G  indicates the elastic shear modulus, while 0G  and eG  indicate the value of 

G  at very small strains (e.g., less than 1×10-5) and relatively large strains (e.g., 

greater than 1×10-2), respectively. The transition from 0G  to eG  depends on both the 

magnitude of shear strains and the rotation of current loading path from the previous 
history, as observed from experiments [32, 33]. This objective is realized by employ-
ing the intergranular strain ij  as a state variable for memorizing deformation history. 



5 

In general, the modulus G  computed by Eq. (3) will decrease from 0G  to eG  during 

monotonic loading, attain enhanced stiffness upon strain path rotation, and regain the 
highest stiffness, i.e., 0G , upon full stress reversal. More detailed discussion of the 

intergranular strain elastic model can be found from [30, 31].  

2.2 Simulation of soil element tests 

Figure 2 compares the measured and simulated response of Cloverdale clays from 
undrained triaxial cyclic shear tests [31, 34, 35]. It is seen that the soil model can well 
represent the cyclic softening observed in the tests (i.e., enlarged and rotated stress-
strain hysteresis loops). Moreover, the model can reasonably capture the soil response 
under cyclic loading with different amplitudes. This feature is further illustrated in 
Fig. 3, which depicts the observed and computed residual strains (i.e., those attained 
at the end of each cycle) versus the number of cycles. 

 

Fig. 2. Measured and simulated response of Cloverdale clay from undrained cyclic triaxial 
tests: (a)-(b) cyclic shear stress qcyc = 78 kPa; (c)-(d) qcyc = 85 kPa; (e)-(f) qcyc = 90 kPa. 

3 Analyses of cyclically-loaded pile in centrifuge test 

The application of the total stress model in cyclic soil-structure interaction is demon-
strated by simulating a series of centrifuge tests where pile foundations are subjected 
to cyclic lateral loading [36, 37]. The soils used in the tests are Malaysia kaolin clays. 
The variation of shear modulus and damping ratio of the soils at small strains, meas-
ured by using resonant column tests, are given in Fig. 4. This figure also includes the 
corresponding model simulations [31]. 
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Fig. 3. Measured and computed residual strain versus number of cycles. 

 

Fig. 4. Small-strain characteristics of Malaysia kaolin clay: (a) shear modulus; (b) damping. 

Figure 5 presents the load-displacement relationships at pile head measured from 
centrifuge tests and computed by FEA based on the AUC-Clay-Small model (detailed 
discussion on the FEA mesh and boundary conditions can be found from [29]). The 
graphs (a) and (b) show the response of the semi-rigid pile with a free head subjected 
to small and large magnitudes of cyclic pile head displacements, respectively, while 
the graphs (c) and (d) show the counterpart for the rigid pile with a fixed head. It is 
seen that the measured hysteresis can be reasonably represented by the FEM simula-
tions, as well as the gradual drop of pile head reactions at peak displacement during 
cyclic loading (i.e., the softening of pile foundation stiffness).  
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Fig. 5. Measured and computed load-displacements at pile head from centrifuge test. 

4 Analyses of caisson supported OWT in seismic 
centrifuge test  

The total stress soil model described in Section 2 is incorporated into time-domain, 
dynamic finite element analysis (FEA) and is applied to simulate a seismic centrifuge 
test of OWT. The test is conducted at TJL-150 centrifuge facility at Tongji Universi-
ty. A laminar box (550 mm in height, 500 mm in both length and width) is used to 
contain the soils (see Fig. 6(a)). The earthquake loading is applied under a centrifuge 
acceleration of 50 g. The model OWT is simplified as a one-degree-of-freedom sys-
tem, where an aluminum tube (inner and outer diameters are 0.9 m and 1.0 m, respec-
tively, in prototype size) and a concentrated mass (5.47×103 kg, in prototype size) 
are used to represent the turbine tower and the rotor-nacelle head, respectively. The 
OWT foundation is a caisson with a diameter of 4.2 m and an embedment depth of 
4.2 m (prototype size). The test is instrumented by accelerometers (A1 to A4 in Fig. 
6(a)) and LVDTs (L1 and L2 Fig. 6(a)). The soils used in the centrifuge test are the 
normally consolidated Malaysia kaolin clays discussed in the previous section.  
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Fig. 6. Layout of (a) seismic centrifuge test and (b) dynamic FEA. 

Figure 6(c) shows the mesh used in the FEA. To simulate the laminar box, the de-
grees of freedom at the same elevations along the opposite sides of the model perpen-
dicular to the excitation direction are tied together (i.e., symmetric boundary). The 
degrees of freedom at the nodes along the other two sides are fixed along the normal 
direction. At the base of the FEA model, all degrees of freedom are fixed except the 
one along the direction of earthquake excitation, for which the acceleration input in 
the centrifuge test (see Fig. 7) is prescribed. 
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Fig. 7. Input acceleration in centrifuge test: (a) time history; (b) spectrum. 

Figures 8 to 10 show the measured acceleration at the ground surface (A2 in Fig. 
6(a)), caisson foundation near mudline (A3 in Fig. 6(a)), and the OWT tower header 
(A4 in Fig. 6(a)), respectively. The comparison between Fig. 8(a) and 9(a) shows that 
the ground motion is attenuated during upward propagation, in particular, high fre-
quency contents. This might be attributed to the low shear strength of normally con-
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solidated clays near ground surface. Fig. 9 shows that the acceleration of the caisson 
foundation is de-amplified relative to ground motion. In contrast to the foundation 
response, Fig. 10 shows that the OWT tower head exhibits considerable amplification 
in relative to that of the ground surface. The FEA computations are also included in 
Figs. 7 to 9, which can reasonably represent the above general trends observed from 
the experiments. It is noted that the FEA can reasonably capture the frequencies of 
local peak response of the OWT header (see Fig. 10(c) and (d)), but tends to over-
estimate the overall amplitudes. This discrepancy might suggest that the adopted soil 
parameters (i.e., determined solely based on the cyclic loading centrifuge test dis-
cussed in Section 3) can over-estimate the stiffness and strength of the soils used in 
the seismic centrifuge test.  
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Fig. 8. Measured and computed acceleration response at ground surface: (a)-(b) time history; 
(c)-(d) spectrum. 
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Fig. 9. Measured and computed acceleration response of caisson near mudline: (a)-(b) time 
history; (c)-(d) spectrum. 
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Fig. 10. Measured and computed acceleration response of OWT tower header: (a)-(b) time 
history; (c)-(d) spectrum. 

Figure 11 presents the measured and computed ground settlement and lateral 
movement of OWT header during seismic shaking. The FEA can reflect the gradual 
development of surface settlement and OWT displacement observed from the centri-
fuge test, but under-estimate the overall magnitude. This mismatch is consistent with 
those regarding the acceleration response (e.g., Fig. 10) and, as discussed above, 
might be explained by that the actual soil properties in the centrifuge test are weaker 
than those implied by the soil parameters adopted in the FEA. 
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Fig. 11. Measured and computed time history of (a) ground surface settlement and (b) OWT 
header lateral movement (prototype scale). 

5 Seismic response of OWT supported by different 
foundation types 

Previous sections show the capacity of FEA based on the simple soil model to rep-
resent the performance of OWT during earthquake loading. In this section, this nu-
merical tool is used to explore the influences of foundation types on the seismic re-
sponse of OWT. For this purpose, monopile and caisson foundation are considered 
(see Fig. 12). The superstructure is a simplified representation of typical 5 MW OWT 
installed in China. The tower is modeled as a steel hollow cylinder (outer and inner 
diameters are 6 m and 5.84 m, respectively; the density is 7.8×103 kg/m3), while the 
rotor-nacelle head is simplified as a concentrated mass (267.8 Tons). The sizes of the 
caisson foundation are chosen in accordance with those adopted in an OWT farm in 
China. The sizes of the monopile are adjusted to match the lateral stiffness of the 
caisson foundation near the mudline in preliminary static elastic analysis. Infinite 
elements are prescribed along the lateral sides of the FEA mesh to minimize wave 
reflections. The acceleration time history prescribed at the bottom of the model is 
given in Fig. 13. The soils adopt the parameters used in the above centrifuge test but 
follow a different profile of shear modulus G0 = 7 + 4.35z MPa/m and undrained shear 
strength Su = 20 + 2z kPa/m, respectively. The gradient of these profiles is close to in 
situ measurements in Shanghai area. To reduce the computational cost, the proposed 
total stress model is approximated by a built-in kinematic hardening model in Abaqus, 
in conjunction with a user-defined field for cyclic softening of stiffness and strength. 
By doing so, the mechanical anisotropy of undrained clay and the path-dependent 
non-linearity at small strains is neglected. Figs. 14 and 15 suggest that such a simpli-
fication (denoted by AUC-Clay) does not lead to significant alteration of the general 
patterns of computed response. 
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Fig. 12. FEA model of OWT supported by: (a) caisson; (b) monopile. Note that only half of the 
model is depicted to show the location of the foundations. 
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Fig. 13. Input acceleration at the base of FEA model: (a) time history; (b) spectrum. 
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Fig. 14. Acceleration response of monopile at mudline computed by two soil models: (a) AUC-
Clay; (b) AUC-Clay-Small. 
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Fig. 15. Rotation of monopile at mudline computed by using AUC-Clay and AUC-Clay-Small 
model. 

Figures 16 and 17 show the acceleration response of the ground surface (at loca-
tions relatively far from the foundation) and the two types of foundation at the mud-
line, respectively. In general, the presence of foundation de-amplifies the ground mo-
tion, similar to that observed from the centrifuge test. The comparison between Fig. 
16(b), 17(d) and 17(d) shows that the above filtering is more significant for high-
frequency contents, indicating that it is caused by the kinematic interaction between 
foundation and ground, i.e., the high stiffness of the foundation in relative to the 
ground makes it cannot follow the high-frequency vibration of the ground [38]. 
Moreover, the monopile has stronger filtering effects than the caisson foundation (see 
Fig. 17(b) and (d)), suggesting that the former foundation is stiffer. Fig. 18 shows the 
ratio between the displacement amplitude of foundation and ground surface under 
different excitation frequencies. It is seen that, despite the above filtering effects, the 
response of foundation is amplified under certain frequencies.  

Fig. 19 shows the acceleration response of the OWT header. For the caisson-
supported OWT, local peak amplifications are seen at 0.2 Hz and 2.05 Hz, close to the 
range of the first and second natural frequency of typical OWT structure system [6], 
indicating these local peaks are caused by the resonance. Moreover, Fig. 19(b) shows 
that the resonance at the second mode leads to a greater OWT response than that of 
the first mode, thus suggesting that sufficient attention should be paid to higher modes 
of OWT structure during seismic analysis. Similar trends are also observed for the 
monopile-supported OWT (i.e., Fig. 19(c) and (d)), except that the natural frequencies 
tend to be greater. This is consistent with the above-mentioned fact that the monopile 
is stiffer than the caisson. Comparing Figs. 18 and 19 shows that, under excitation 
frequencies close to the second natural frequency of OWT structure, the foundation 
response is amplified relative to the reference free-field conditions, i.e., the inertial 
interaction between foundation and superstructures [38].  
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Fig. 16. Free-field ground surface acceleration: (a) time history; (b) spectrum. 
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Fig. 17. Acceleration response of foundation at mudline. 

0 1 2 3 4 5 6 7 8 9 10
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6

u f
ou

nd
at

io
n/

u m
ud

li
ne

f (Hz)

(a) caisson
f =1.95Hz

0 1 2 3 4 5 6 7 8 9 10
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6

u f
ou

nd
at

io
n/

u m
ud

lin
e

f (Hz)

(b) monopilef =2.5Hz

 
Fig. 18. Ratio between displacement amplitude of foundation and ground surface. 
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Fig. 19. Acceleration response of OWT header. 

Figure 20(a) shows the time history of the ground settlement and foundation set-
tlement during seismic shaking. The caisson foundation settles following that of its 
surrounding soils. In contrast, the monopile settles less than the ground. Fig. 20(b) 
shows the time history of foundation rotation. It should be emphasized that, despite 
that the monopile displays greater stiffness than the caisson (i.e., larger natural fre-
quency in Fig. 19), it develops considerably greater residual rotation than the caisson. 
This response can be attributed to the relationships between the frequency contents of 
the ground motions and the natural frequency of the OWT system. The comparison 
between Fig. 16 and 19 shows that the ground shaking at the second natural frequency 
of the monopile-supported OWT (f=2.35 Hz) is larger than that of the caisson-
supported OWT (f=2.05 Hz). Therefore, avoiding resonance of OWT system includ-
ing higher modes can be important for preventing excessive deformation of OWT 
foundations. 
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Fig. 20. Time history of (a) foundation and ground settlements and (b) foundation rotation. 

6 Conclusions 

The seismic performance of offshore wind turbine (OWT) becomes increasingly criti-
cal as wind farms expand to seismically active areas. Time-domain, continuum-based 
methods (e.g., finite element analyses, FEA) can provide comprehensive analyses of 
the performance of OWT subjected to earthquake loading, yet their practical applica-
bility can be restricted by the complexity of the soil constitutive models. This work 
illustrates the possibility of delivering realistic and efficient continuum analysis based 
on constitutive models that are simple but capture the essential features of soil behav-
ior. For this purpose, undrained clay is idealized as single-phase material governed by 
total stresses. Non-linear kinematic hardening is used to reflect mechanical anisotropy 
and the cyclic degradation of soil stiffness and strength, while intergranular-strain 
based elastic model is employed to reflect path-dependent stiffness non-linearity at 
small strains. The soil model is verified at different levels, by simulating soil element 
tests, the response of cyclically-loaded pile foundation in centrifuge test, and the re-
sponse of caisson-supported OWT in seismic centrifuge test. Lastly, the soil model is 
applied to analyze the influences of foundation types, i.e., monopile and caisson, on 
the seismic performance of OWT. The main conclusions that can be drawn from this 
study include: 

 The proposed continuum method can reasonably represent foundation load-
displacement hysteresis and stiffness degradation during cyclic loading, as well as 
the response of OWT during seismic loading. 

 The kinematic-inertial interactions between soils, foundations, and superstructures 
can govern the response of OWT foundation during seismic loading. 

 Higher vibration modes can be important for the dynamic response of OWT and 
the accumulation of foundation deformation. 

 Foundations displaying high stiffness during static loading might, otherwise, lead 
to a more intense dynamic response of OWT and larger foundation deformation, 
depending on the frequency contents of seismic shaking.  

 Avoiding resonance of OWT structure system (including higher modes) can be 
important for preventing excessive foundation deformation. 
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