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A B S T R A C T   

Long-term cyclic loading from environmental conditions can lead to excessive permanent rotation of offshore 
wind turbines (OWTs) due to the ratcheting response of sand. A practical hybrid strain accumulation approach, 
termed the bounding surface stiffness degradation method (B-SDM), for finite element analysis (FEA)-based 
design of OWTs under cyclic loading is presented. This method includes a base elastoplastic constitutive model 
that captures the stress–strain relationship in the first load-unload cycle and a cyclic strain accumulation scheme 
for modelling the subsequent cycles. The presented approach allows for a versatile overlay scheme that calculates 
cyclic strain accumulation to be applied to a range of base elastoplastic models. The base constitutive model 
utilised is established based on the bounding surface concept and considers strain-hardening and plastic volume 
change before failure. The method has been validated by single element test data on sand and used in 
finitesingle-element element modelling of monopile response in cyclic loading. When the monopile response is 
modelled in 3D FEA, the conventional step-by-step modelling approach is used until the end of the first regular 
cycle. Strain accumulation in subsequent cycles is modelled using the B-SDM, in which the plastic modulus and 
dilatancy relationship are scaled based on a strain accumulation law.   

1. Introduction 

Offshore wind power is very important for the world to achieve the 
net-zero target. Numerous offshore wind farms are already in operation, 
with many more being constructed and planned around the world. 
Foundations of offshore wind turbines (OWTs) are a crucial part of the 
windfarms, and they contribute to a significant percentage of the overall 
cost. There are different types of foundations for OWT, such as the 
monopiles, gravity base, jacket and suction caissons (Staubach and 
Wichtmann, 2020; Page et al., 2021). Monopiles are currently the most 
widely adopted fixed-foundation option adopted to support OWTs, in 
water depths typically up to 50 m, due to economic considerations. 
Monopiles are currently being designed with diameters of up to 12 m 
and length-to-diameter (L/D) ratios typically between 2.5 and 5. 
Monopiles are subjected to long-term cyclic lateral loading from the 
wind and waves, which can cause permanent rotation of the OWT 
(Andersen, 2009; Andersen, 2015; Staubach and Wichtmann, 2020). 
The accumulated rotation must be accurately predicted as part of the 
design to ensure it is within the strict operating limits for OWTs. 

Monopiles are now routinely designed based on advanced numerical 
modelling using 3D finite element analysis (FEA) when monotonic 
loading is concerned (e.g. Burd et al. 2020; Byrne et al., 2020; Taborda 
et al., 2020). However, for long-term cyclic ratcheting design checks 
simplified 0D macro element models (LeBlanc et al., 2010; Abadie et al., 
2019) are typically preferred adopting empirical ratcheting functions 
from model scale pile load tests. Although 0D macro element models are 
computationally efficient, parameter calibration is typically intrinsically 
empirical since the cyclic stress–strain element laboratory test data 
cannot be used for calibration directly unless cyclic 3D FEA is performed 
to calibrate the 0D model. Therefore, FEA-based OWT design in cyclic 
loading has also been developed. For FEA-based monopile design in 
cyclic loading, a proper constitutive model is crucial. Many advanced 
constitutive models have been proposed for modelling the cyclic 
behaviour of sand (e.g., Wang et al., 1990; Yang et al., 2003; Ling and 
Yang, 2006; Wang and Xie, 2014; Corti et al., 2016; Liu et al., 2020; Liao 
and Yang, 2021; Liao et al., 2022; Yang et al., 2002; Simonin et al., 
2003). These models can give good prediction for the single-element test 
data under various loading conditions. Though some of them have been 
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used in investigating the monopile response in cyclic lateral loading in 
the literature (e.g., Liu et al., 2021; Liu and Kaynia, 2022), they are 
rarely used in offshore foundation design. There are two major reasons 
for this: (a) These models always have complex formulations and some 
of the key model parameters are hard to determine. The strain-softening 
of these models can make the solution mesh-dependent and nonlocal 
regularization is essential (Gao et al., 2022); (b) It is impractical to use 
these models in step-by-step modelling of offshore foundation response 
subjected to long-term cyclic loading (e.g., number of cycles over 1000) 
due to the excessive computation time required (Whyte et al., 2020; Liu 
et al., 2021; Liu and Kaynia, 2022). Even when computation time is not a 
concern, the numerical error accumulated during many load cycles is 
likely to become unacceptable (Niemunis et al., 2005; Pasten et al., 
2014). Furthermore, for cyclic design analysis of monopiles, the focus is 
on the overall accumulated rotation and not the evolution of stress–-
strain behaviour and in turn the hysteretic material damping at each soil 
element. 

Therefore, within the literature, several practical long-term cyclic 
models have been proposed with a focus on their robustness for FEA- 
based design and calibration to typical laboratory element test data-
sets. These design-focused models are less capable of predicting the 
single element cycle-by-cycle stress–strain relationship of soils than the 
advanced models but have simpler formulations and are more compu-
tationally efficient. Two design-focused modelling techniques: (A) 
Explicit skip-cycle strain accumulation type models (e.g Suiker and de 
Borst, 2003; Niemunis et al., 2005; Wichtmann, 2005; François et al., 
2010; Wichtmann et al., 2010; Pasten et al., 2014; Staubach and 
Wichtmann, 2020); (B) Cyclic stiffness degradation method (SDM) type 
models (Achmus et al., 2009). 

Fig. 1 shows the difference in load application history for a step-by- 
step modelling method and the two design-focused techniques. Explicit 
skip-cycle strain accumulation type model (i.e. approach A) has been 
used to simulate the cyclic response of different geotechnical problems, 
such as railway embankments (Suiker and de Borst, 2003), strip footings 
(Pasten et al., 2014) and offshore monopiles (Staubach and Wichtmann, 
2020). In these methods, the soil response in the first one or two cycles is 
modelled step-by-step using a conventional plasticity model which can 
realistically capture the initial cyclic response (Fig. 1b). The strain 
accumulation in the subsequent cycles is then predicted by a calibrated 
strain accumulation law that is dependent on various factors such as 
number of cycles N, average stress ratio ηav and cyclic stress amplitude 
qamp at each stress point within the FEA mesh. Definition of ηav and qamp 

can be found in Wichtmann (2005) and will be further discussed in the 
subsequent sections. An important feature of these methods is that the 
direction of strain accumulation is determined based on the stress state 
at each integration point, which may not comply with the boundary 
conditions of the boundary value problems modelled. This could thus 
cause divergence in the global equilibrium iteration making robust 
implementation complex in commercial implicit FEA codes. Achmus 
et al. (2009) proposed an alternative simplified approach for modelling 
strain accumulation in cyclic loading, termed the cyclic stiffness 
degradation method (SDM), i.e. approach B (Fig. 1c). In their model, the 
soil response is modelled using a Mohr-Coulomb model with pressure- 
dependent elastic stiffness. After modelling the first cycle step-by-step, 
a second load cycle is then performed with modified elastic stiffness 
that is dependent on a strain accumulation law. 

Though significant research and publications have focused on mod-
ifications to the explicit skip-cycle strain accumulation method (i.e. 
approach A), there have been few studies proposing improvements to 
the original SDM (i.e. approach B). The original model proposed by 
Achmus et al. (2009) was numerically robust, simple to implement and 
allowed for a reasonable prediction of the cyclic strain accumulation 
using a simple SDM approach. However, despite the model’s strength 
and suitability for FEA-based design, it suffers from the following main 
drawbacks: (a) It could not accurately predict the non-linear monotonic 
stress–strain response, and hence the state variables used for the cyclic 

accumulation rule, which are typically dependent on the stress state at 
the end of the first cycle; (b) The initial unload-reload response could not 
be accurately predicted; (c) The application of multiple packets of 
different cyclic amplitudes was not considered and (d) the volumetric 
and deviatoric cyclic strain accumulation could not be individually 
calibrated and instead was intrinsically fixed to the Poisson’s ratio if the 
soil element does not reach failure. 

Therefore, this study presents a modified cyclic SDM approach, 
termed the B-SDM, for modelling the long-term cyclic ratcheting 
response of OWTs in sand (Fig. 2). The proposed model and general 
approach are based on the work by Achmus et al. (2009) but an elas-
toplastic constitutive model that can properly describe the first regular 
cycle stress–strain response and is adopted. The soil response in the first 
regular cycle is modelled using the elastoplastic model via a step-by-step 
approach. A stiffness degradation phase is then carried out to model the 
sand response in subsequent cycles with scaled plastic modulus and 
dilatancy relationship based on a calibrated strain accumulation law. 
This approach can be easily used for cyclic loading with multiple packets 
continuously without restarting the simulation at a certain state 
(Fig. 2b). When the Achmus et al. (2009) method is used, the simulation 
for the N-th cycle involves two separate simulations. In the first simu-
lation, the state variables for stiffness degradation are obtained. 
Following this, a second simulation with scaled elastic stiffness is per-
formed starting at the initial configuration without the external load 
being applied (Fig. 2a). It is thus non-trivial to use this method for 
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Fig. 1. Illustration of the loading history on monopiles for different modelling 
methods: (a) sStep-by-step modelling; (b) Skipped-cycle method with a strain 
accumulation law (method A); (c) Stiffness degradation method (Method B). 

Z. Gao et al.                                                                                                                                                                                                                                     



Computers and Geotechnics 154 (2023) 105157

3

modelling multiple packets with different loading conditions. 
In the following sections, the constitutive model will first be pre-

sented. The constitutive model and cyclic strain accumulation scheme 
are validated by single element test results on sand in the North Sea. 
Implementation of the B-SDM for 3D FEA and application in monopile 
modelling is then presented, highlighting the robustness of the approach 
for practical cyclic design considering a large number of cycles. 

2. Base constitutive model 

2.1. The bounding surface model framework 

The constitutive model is based on the bounding surface model 
proposed by Li (2002). Some modifications have been made to the base 
model for practical applications: (a) The effect of void ratio on sand 
response is not considered to simplify the model formulations. As a 
result, different model parameters should be used for sand with various 
densities, including those for the elastic stiffness, dilatancy and plastic 
hardening. However, this can be easily adopted for offshore applica-
tions, where CPTs are typically performed at all OWT locations and site- 
specific CPT-parameter correlations are derived from twinned labora-
tory test data. A further benefit of this parameterisation approach is that 
the design model parameters are less black box for review, for example, 
there is a peak friction angle design soil profile as opposed to this being 
dependent on many different parameters and the soil state (e.g., void 
ratio and stress level). (b) The strain-softening is not accounted for 
because most soil elements around the OWTs do not reach strain- 
softening under either monotonic or cyclic loading. Besides, a consti-
tutive model with strain-softening makes the finite element solution 
mesh-dependent and in turn, a regularization method has to be 

introduced which costs excessive computation time for 3D modelling (e. 
g., Gao et al., 2022). 

The stress ratio tensor rij expressed as below is used in the model 
formulations 

rij =
sij

p
=

σij − pδij

p
(1) 

where σij is the stress tensor, sij is the deviatoric stress tensor and δij is 
the Kronecker delta (= 1 for i = j and = 0 for i ∕= j). The bounding sur-
face f is expressed as (Li 2002) 

f = R/g(θ) − H = 0 (2) 

where R =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
3/2rijrij

√
with rij being the ‘image’ stress ratio tensor of 

the current stress ratio tensor rij (Fig. 1), H is the size of the bounding 
surface and g(θ) is an interpolation function describing the variation of 
critical state stress ratio with Lode angle θ (Li 2002) 

g(θ) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(1 + c2)
2
+ 4c(1 − c2)sin3θ

√

− (1 + c2)

2(1 − c)sin3θ
(3) 

where c = Me/Mc with Me and Mc representing the peak stress ratio 
in triaxial extension and compression. The same mapping rule as dis-
cussed in Li (2002) is used in the model (Fig. 3). The projection centre αij 

is the same as rij at the initial state. To avoid numerical issues related to 
the projection of rij with rij = αij, αij = 0.99rij should be assumed for 
model implementation at the initial state. Since the focus of this paper is 
the stiffness degradation method, the bounding surface is briefly intro-
duced. More detailed discussion of the bounding surface and projection 
law can be found in Li (2002) and Gao and Zhao (2015). 

The condition of consistency for the bounding surface, df = 0 is 
expressed as 

df = pnijdrij − LKp = pnijdrij − LKp = 0 (4) 

where nij =

∂f
∂rij

− 1
3(

∂f
∂rmn)δmnδij

‖
∂f

∂rij
− 1

3(
∂f

∂rmn)δmnδij‖
is the deviatoric unit tensor defined as the 

norm to f at the image stress ratio state rij, Kp and Kp denote the plastic 
moduli for the ‘image’ and current stress state, L is the loading index 
which is always non-negative. Once L becomes negative, the projection 
centre must be relocated, which has been discussed in Li (2002). The 
bounding surface evolves only when the stress state is on the bounding 
surface and the evolution law is expressed as (Gao and Zhao, 2015) 

dH = L‖
∂f
∂rij

−
1
3

(
∂f

∂rmn

)

δmnδij‖
Kp

p
(5) 

The plastic strain increment dεp
ij is expressed as 

Fig. 2. Comparison between the SDM approaches for modelling cyclic response 
of a sand element in a constant p triaxial test: (a) Achmus et al. (2009) method 
with nonlinear elastic Mohr-Coulomb model and (b) the current B-SDM. 

Fig. 3. The bounding surface and mapping rule (Li, 2002).  
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dεp
ij = dep

ij +
1
3

dεp
vδij (6)  

dep
ij = Lnij (7)  

dεp
v = D

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2
3

dep
ijdep

ij

√

=

̅̅̅
2
3

√

LD (8) 

where dεp
v is the plastic volumetric strain increment, dep

ij is the plastic 
deviatoric strain increment and D is the dilatancy relationship. 

2.2. Dilatancy relationship and plastic modulus 

The dilatancy relationship is expressed as below (Li and Dafalias, 
2000; Li, 2002; Gao et al., 2014) 

D = d1

[
Mdg(θ)

(ρ
ρ

)
− R

]
(9) 

where d1 is a model parameter, Md is the phase transformation stress 
ratio that is assumed a constant for the soil. The definition of ρ and ρ is 
shown in Fig. 3. When the stress state is inside the bounding surface, ρ/
ρ > 1 and Mdg(θ)

( ρ
ρ

)
is typically much bigger than R, and thus, Eq. (9) 

gives a predominantly contractive response, which is consistent with the 
experimental observations (Li, 2002; Wichtmann, 2005). The plastic 
modulus is 

Kp =
Gh
Rd

[

Mcg(θ)
(ρ

ρ

)2
− R

]

(10a)  

Rd =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
3
2
(
rij − αij

)(
rij − αij

)
√

(10b) 

where G is the elastic shear modulus, h is a factor for the plastic 
modulus that is dependent on the loading history (Li, 2002) 

h = hm

(ρ
ρ

)20
+

[

1 −
(ρ

ρ

)20
]

hmhc (11) 

Eq. (11) renders h ≈ hm when ρ
ρ = 1 (virgin loading) and h ≈ hmhc 

when ρρ < 1 (current stress state within the bounding surface). Since sand 
has higher stiffness when the stress state is within the bounding surface, 
the parameter hc is typically greater than 1. At the onset of projection 
centre relocation, ρ

ρ = ∞ because rij = αij, which brings numerical sin-
gularities in Kp and D as they both become infinite. To overcome this 
difficulty, an elastic step is performed when relocation occurs. The 
plastic modulus for the bounding surface can be obtained by setting ρρ =
1 in Eq. (9) 

Kp =
Ghm

Ra
[Mcg(θ) − R ] (12) 

It should be emphasized that Eq. (11) is only suitable for modelling 
the drained sand response in the first cycle. But this is sufficient for the 
present study because the sand response after the first cycle will be 
modelled using the skipped-cycle approach which will be discussed in 
the subsequent section. 

2.3. Elastic shear and bulk moduli 

A pressure-dependent elastic shear modulus expressed below is used 

G = G0pa
̅̅̅̅̅̅̅̅̅̅
p/pa

√
(13) 

where G0 is a model parameter. The elastic bulk modulus K is a 
function of G and Poisson’s ratio ν 

K = G
2(1 + ν)
3(1 − 2ν) (14) 

Derivation of the constitutive equations can be found in the 

Appendix. In the following sections, the stress–strain relationship in 
drained triaxial compression will be presented, which will include the 
cases for both step-by-step and B-SDM modelling. 

3. The bounding surface stiffness degradation model (B-SDM) 

The stiffness degradation method will be presented in this section. 
Focus will be placed on the stress–strain relationship in triaxial 
compression to facilitate the discussion. 

3.1. Single cycle step-by-step stage 

The total strain increment for conventional single cycle step-by-step 
modelling in triaxial compression can be expressed as 

dεq = dεe
q + dεp

q =
dq
3G

+

̅̅̅
2
3

√
pnijdrij

Kp
(15a)  

dεv = dεe
v + dεp

v =
dp
K

+

̅̅̅
2
3

√
pnijdrij

Kp
D (15b) 

where εq is the shear strain and εv is the volumetric strain. The su-
perscripts e and p denote elastic and plastic, respectively. Modelling the 
cyclic response of sand with multiple cycles using a step-by-step 
approach is challenging because a complex constitutive model is al-
ways needed (e.g., Wang et al., 1990; Yang et al., 2003; Ling and Yang, 
2006; Wang and Xie, 2014; Liu et al., 2020). Indeed, the model pre-
sented above is only suitable for modelling the soil response in the first 
cycle. The plastic modulus and dilatancy relationship have to be modi-
fied for modelling multiple cycles, which requires more parameters that 
are difficult to determine (Li, 2002; Gao and Zhao, 2015). Therefore, the 
B-SDM approach will be used in this study for modelling the monopile 
response under long-term cyclic loading. Specifically, the first cycle will 
be modelled step-by-step using the constitutive model (Eq. 15), the 
plastic modulus and dilatancy will be scaled in a cyclic strain accumu-
lation phase to capture the strain accumulation at the end of N (N ≥ 2) 
cycles. This approach is similar to the one proposed by Achmus et al. 
(2009) but is more suitable for modelling the sand response in mono-
tonic loading and cyclic loading with multiple packets, which has been 
discussed above. 

3.2. Stiffness degradation phase 

The B-SDM is illustrated in Fig. 4 for a drained triaxial compression 
test, in which σa is the axial stress, σr is the lateral stress that is kept 
constant at 95 kPa, εa is the axial strain, εr is the lateral strain and Dr is 
the relative density. The results in Fig. 4 and other figures below are for 
fine medium sand in the Dutch Sector, North Sea. There are two steps for 
the B-SDM modelling of a single-element test in cyclic loading: 

Step 1 (A → B): Step-by-step modelling of the soil response in the 
first cycle. The constitutive model with the original parameters is used to 
predict the soil response (Eq. 15). The accumulated strain obtained at 
the end of this cycle is ε1

ij (Point B). 
Step 2 (B → C): B-SDM step for predicting the strain accumulation εN

ij 

at the end of N-th cycle. The same loading condition as Step 1 is repeated 
but the constitutive equation used in the skipped-cycle is expressed as 

dεq =
dq
3G

+ rh

̅̅̅
2
3

√
pnijdrij

Kp
(16a)  

dεv =
dp
K

+ rhrd

̅̅̅
2
3

√
pnijdrij

Kp
D (16b) 

where rh is a variable dependent on ηav and number of cycles N 
(N ≥ 2) and rd is a constant model parameter. The expression of rh is 
proposed as below based on the test data from the Dutch Sector, North 
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Sea and some existing studies (e.g., Suiker and de Borst, 2003; Wicht-
mann, 2005; Pasten et al., 2014) 

rh = ln[1+ a(N − 1) ]+ b(N − 1) (17a)  

b = b1

(
ηav

Mc

)b2

(17b) 

where a, b1 and b2 are three model parameters. Two model param-
eters are scaled with other equations unchanged in implementing Eq. 
(16), including hm to hm/rh for the plastic modulus and d1 to d1rd for the 
dilatancy relationship. 

The bounding surface size H and projection centre αij are reset at the 
beginning of Step 2 to make the initial bounding surface conditions for 
the single cycle step-by-step and cyclic degradation modelling the same. 
Specifically, H is adjusted such that the stress state lies on the bounding 
surface (ρ = ρ) and αij is set at rij. The soil response would be too stiff due 
to the bounding surface expansion if this adjustment is not done. The 
strain accumulation in the stiffness degradation phase is εsN

ij and the total 
strain accumulation at the end of the N-th cycle is εN

ij = ε1
ij + εsN

ij . It 
should be emphasized that the strain accumulation at the end of this step 
(Point C) represents real soil response while the stress–strain curve (dash 
line) in Fig. 4 does not, as per the philosophy of the general SDM 
methodology. 

In cyclic loading with a fixed stress amplitude, the elastic strain is 
fully recovered in one cycle and the accumulated strain is the plastic 
part. Therefore, the following relationship can be obtained based on Eqs. 
(15) and (16) 

εsN
q

ε1
q
=

εN
q − ε1

q

ε1
q

= rh (18a)  

εsN
v

ε1
v
=

εN
v − ε1

v

ε1
v

= rhrd (18b) 

Eq. (18) will be used for determining the strain accumulation pa-
rameters in Eq. (17). 

3.3. Parameter determination and model validation 

There are eight parameters for the model, seven of which can be 
determined based on the monotonic loading test results. All the model 
parameters are listed in Table 1. Fig. 5 shows the model prediction of a 
sand, from the North Sea Dutch Sector, with relative density Dr = 60% 
in drained triaxial compression. The parameter Mc is the stress ratio at 
failure in triaxial compression that can be directly obtained from a 
drained triaxial compression test. c should be determined based on the 

failure stress ratio in triaxial extension. Since there is no data in triaxial 
extension, c = 0.75 is assumed for this sand. Md is the phase trans-
formation stress ratio in triaxial compression that can be readily ob-
tained based on the dilatancy of sand in triaxial compression. The elastic 
stiffness parameter G0 is determined as the maximum shear stiffness at 
very low shear strain levels. As the Poisson’s ratio ν has small influence 
on the sand response under drained loading conditions, it is assumed to 
be 0.2 in this study. The hardening parameter hm is determined by best 
fitting the ε1 − q relationship in drained triaxial compression (Fig. 3a). 
Finally, the dilatancy parameter for dilatancy d1 should be determined 
by best fitting the ε1 − εv relationship (Fig. 5b). Fig. 5b indicates that the 
model gives unlimited volumetric expansion after phase transformation, 
which is not realistic when the shear strain is very large. Therefore, a 
cut-off is implemented for the total volumetric expansion. It is worth 
mentioning that the parameters can also be determined via optimization 
or machine learning (Yin et al., 2017; Yin et al., 2018). 

There is only one parameter for unload-reload which can be deter-
mined based on the stress–strain relationship in the first cycle. For the 
sand used in this study, hc is determined by best fitting the accumulated 
shear and volumetric strain at the end of the first cycle. More strain 
accumulation is predicted as hc decreases. Fig. 6 shows the model pre-
diction of drained triaxial compression test with different ηav and the 
same qamp. Good agreement between the test data and model prediction 
can be observed. 

Eq. (18) indicates that the parameters a, b1, b2 and rd can be deter-
mined using the strain accumulation data in cyclic loading. In this study, 
a, b1 and b2 are determined based on the shear strain accumulation in 
drained cyclic tests with different ηav (Fig. 7). After the parameters for rh 
are determined, rd can be determined to best fit the volumetric strain 
accumulation (Fig. 8). Table 2 shows all the parameters for strain 
accumulation. It is evident that the predicted volumetric strain for tests 
with ηav = 0.24 is higher than the measured data. This can be seen in the 
dilatancy predicted by the model in the stiffness degradation phase, 
which indicates clear over prediction of volumetric strain accumulation 
at ηav = 0.24 at different number of cycles (Fig. 9). In previous studies, it 
is suggested that the dilatancy relationship of the Modified Cam-Clay 
(MCC) model can be used for the skipped cycles or stiffness degrada-
tion phase (Wichtmann, 2005; Pasten et al., 2014). The results in Fig. 9 
shows that the MCC dilatancy relationship gives slightly better 

Fig. 4. Illustration of the skipped cycle modelling for strain accumulation at the end of the 100th cycle in a drained cyclic triaxial test: (a) shear strain and shear 
stress relationship; (b) shear stress and volumetric strain relationship. 

Table 1 
Parameters for the constitutive model.  

Failure Elasticity Dilatancy Hardening 

Mc = 1.39
c = 0.75 

G0 = 1000
ν = 0.2 

d1 = 0.27
Md = 0.9 

hm = 0.18
hc = 2  
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prediction but still not satisfactory at ηav = 0.24. It is worth noting that 
the model by Achmus et al. (2009) gives the least satisfactory prediction 
for dilatancy, because it is only a function of the Poisson’s ratio. 
Therefore, better prediction can be obtained by: (a) using rd that is 
dependent on ηav and N or (b) a new dilatancy relationship for the 
stiffness degradation phase. However, this is not explored in this study 
since there was not extensive cyclic test data available to confirm this 
hypothesis. Finally, since b has significant influence on rd and it changes 
with ηav following a power law (Eq. (17b)), it is important to control the 
upper limit of b for modelling real boundary value problems to avoid 
very large rd and excessively large shear strain accumulation being 
predicted. In this study, the upper limit of b is set at 0.02 due to the lack 
of test data. A more accurate upper limit of b can be obtained for a more 
cyclic test dataset within which larger ηav and qamp are considered. 

4. Implementation of the B-SDM for modelling the monopile 
behaviour 

The constitutive model has been implemented in Plaxis 3D using the 
explicit stress integration method with error control (Sloan et al., 2001). 
The tolerance for stress integration error is set at 10-4. A smaller toler-
ance is found to have little influence on the results but much more 
computation time is required. There are three major phases for model-
ling the cyclic response of monopiles using the proposed method, 
including the step-by-step modelling until the end of the first regular 
cycle, state variable resetting and skipped-cycle modelling (Fig. 10). 
These phases are similar to those for the single element modelling. Two 
consecutive load packets are shown in Fig. 10. In this figure, Hp, Ha and 
Hm denote the maximum, average and minimum lateral force for the 
loading packet. The same modelling procedure as described below 
should be repeated for the other packets: 

Phase 1 (O → B or E → G): Step-by-step modelling until the end of 
the first regular cycle using the sand model with original parameters. At 
the end of the first regular cycle (B or G), the average stress ratio ηav is 
calculated for each integration point and saved as a state variable for Eq. 
(17) that will be used in the cyclic strain accumulation modelling in 
Phase 3. 

Phase 2 (B → C or G → H): Resetting the state variables for the cyclic 
strain accumulation modelling in Phase 3. This is similar to the state 
variable resetting for Step 2 of the single-element simulation described 
above. The external load remains the same as that of B or G in this phase. 
The bounding surface size H is adjusted to make ρ = ρ and the projection 
centre is relocated at αij = rij. When a more complex model of sand is 
used, other state variables such as the void ratio should also be reset. 

Phase 3 (C → D or H → I): Cyclic strain accumulation modelling 

Fig. 5. Model prediction for sand response in drained triaxial compression: (a) εa − q relationship; (b) εa − εv relationship.  

Fig. 6. Model prediction for sand response in drained cyclic triaxial compression (1st cycle): (b) ηav = 0.35; (a)ηav = 0.24.  

Fig. 7. Determination of the shear strain accumulation parameters based on 
drained triaxial compression test results. 

Z. Gao et al.                                                                                                                                                                                                                                     



Computers and Geotechnics 154 (2023) 105157

7

adopting the B-SDM from the end of the single cycle phase. The variable 
rh is calculated based on ηav and N using Eq. (17). Two model parame-
ters, hm and d1, are then scaled following the rule in Step 2 of single 

element modelling discussed above. The same loading condition in 
Phase 1 is repeated. The pile displacement at the end of the N-th cycle 
can be obtained at the end of this phase. 

An intermediate phase is used to reset the state variables at the end of 
each packet by keeping the external load constant (D → E or I → J) and 
resetting the bounding surface and projection centre. This is the same as 
Phase 2 above. Note that the loading history at all stress integration 
points is ‘erased’ in this resetting phase due to bounding surface 
adjustment. At the end of Phase 3 (D or I), the bounding surface has 
expanded for most stress integration points due to loading and unload-
ing in Phase 3, which increases the soil stiffness. Resetting the bounding 
surface means that such stiffness increase is neglected, which leads to 
more pile deformation in the next load packet with higher Hp. Although 
this approach is potentially slightly conservative it is considered robust 
for design calculations. If an optimised whole-life design type approach 
was to be adopted (i.e. Gourvenec, 2022) at the start of stage the 
reloading stages the bounding surface could be updated. 

5. Finite element modelling of rigid monopile response under 
cyclic loading 

The monopile modelled is shown in Fig. 11. The pile diameter is 8.8 
m and the pile length below the seabed is 25 m. The application point of 
the lateral force is 35 m above the seabed (denoted as Lh in Fig. 11). Only 
part of the pile above the seabed (1.5 m) is modelled for simplicity 
(Fig. 11). The vertical force caused by the weight of the turbine and pile 
is neglected because it causes negligible deformation in the soil. 
Therefore, the vertical forces V1 and V2 are simply calculated based on 
the total moment M generated at the centre of the pile by the lateral 

Fig. 8. Model prediction of the strain accumulation on in drained cyclic triaxial compression tests: (a) ηav = 0.35; (b)ηav = 0.24.  

Table 2 
Strain accumulation model parameters.  

Shear strain accumulation Volumetric strain accumulation 

a = 0.06 rd = 6.2 
b1 = 1.44  
b2 = 4   

Fig. 9. Comparison between the measured and predicted strain ratio in the 
stiffness degradation phase. 

Time 
O 

B B C 

Packet 1 

Packet 2 

D D E 

I I J 

A 

F G G H 

O

Fig. 10. Loading history for monopile modelling using the B-SDM model.  
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force H (see equations in Fig. 11). The saturated unit weight of the soil is 
γs = 20kN/m3. The water level is 26 m above the seabed and γw =

10kN/m3. Drained condition is considered. The initial stress state is 
generated using the K0 method with isotropic conditions assumed i.e. 
K0 = 1.0. Effect of K0 on the pile response will be discussed below. 
Interface between the soil and outer surface of the pile is modelled. The 
interface strength is modelled with interface friction angle φi = 28◦ , 
cohesion ci = 1kPa and dilation angle ψ i = 0◦ . Stress-dependent inter-
face stiffness is used with Ei

oed = Eint
̅̅̅̅̅̅̅̅̅̅̅̅
σn/pa

√
, where σn is the normal 

contact stress, Ei
oed is the oedometer contact modulus and Eint (100 MPa) 

is the reference value of Ei
oed at σn = pa. The mesh size and coordination 

system used in the modelling is shown in Fig. 12. A total of 31,660 ten- 
noded tetrahedron elements are used, based on the parametric study on 
mesh size effect below. The bottom of the soil is fully fixed while the top 
surface is free. The displacement in the x and y direction is fixed for the 
vertical sides perpendicular to the x and y direction, respectively. In all 
the simulations here, the effect of pile driving process is neglected. 

5.1. Monopile lateral response in monotonic loading 

Fig. 13a shows the monopile response under monotonic loading with 
different maximum lateral force Hmax with the parameters, mesh size 

and boundary conditions discussed above. Parametric studies on the 
effect of mesh size, contact stiffness and lateral earth pressure coefficient 
are presented in Fig. 13b-c. The mesh size is found to have small influ-
ence on the relationship between lateral force and pile head rotation θ 
once the total element number is above 14,000 (Fig. 13b). The contact 
stiffness is hard to measure and Ei

oed is assumed to be similar to G of the 
soil. Fig. 13b indicates that when Ei

oed reduced by 50%, there is less than 
10% increase in the pile head rotation at the same lateral load. It should 
be noted, although shown not to be critical at the displacement levels 
important for this study, the interface stiffness will influence on the 
results at very small displacement levels, and therefore, should be 
considered carefully for natural frequency analysis or fatigue limit state 
design. The lateral earth pressure coefficient K0 is also not easy to obtain 
in either the laboratory or the field and therefore its potential effect on 
the load-unload response of the monopile was investigated across the 
range of expected values. Fig. 13d shows that as K0 decreases by about 
50% (i.e.K0 = 0.5), there is about 10% increase in pile head rotation at 
H = 23MN. Using lower K0 will thus make the design more conservative 
when K0 < 1. 

5.2. Cyclic pile response in one packet 

The model simulation for a single packet of storm load is shown in 
Fig. 14. During regular cyclic loading, the average lateral force is Ha =

0.4Hp and Hm = − 0.2Hp, with Hp = 10MN. It is important to point out 
that the θ − H relation before the end of the first regular cycle (solid 
curve in Fig. 14) represents the real pile response while that for the 
cyclic strain accumulation stage does not (dashed curves). Only the 
accumulated θ at the end of skipped cycles represent real pile behaviour 
(Points A and B in Fig. 14). This is similar to the single element simu-
lations shown in Fig. 4, where the stress–strain curves in the cyclic strain 
accumulation stage does not represent real soil response while the strain 
accumulation at the end of the B-SDM stage does. The N − θ curve shown 
in Fig. 15 has a similar shape as that in Fig. 8 that shows the cyclic strain 
accumulation for a single soil element. 

Fig. 16 shows the total displacement contour in the soil at the end of 
the 10th, 100th, 500th, and 1000th cycles. There is obvious deformation 
localization near the ground surface, which is consistent with the 
experimental observations (Lai et al., 2020). Fig. 17 shows the lateral 
displacement profile of the pile at the end of different numbers of cycle. 
The pile remains a straight because it is modelled as a rigid body. The 
point of rotation (zero lateral displacement point) moves up slightly as 
the cycle number increases but remain at about 20 m below the seabed 
(80% of the pile length below seabed). This is similar to the centrifuge 
test results in Lai et al. (2020) and numerical results reported in Achmus 
et al. (2009). When the pile head rotation is much larger (e.g., >0.5◦), 

Seabed 

Fig. 11. Dimension and loading condition of the monopile.  

x 
y 

z 

Fig. 12. Finite element mesh for the monopile modelling (31660 elements).  
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the point of rotation can move up to a higher position. 
The cyclic strain accumulation method here is based on the one 

proposed by Achmus et al. (2009), in which the soil dilatancy in the 
stiffness degradation phase is controlled by the Poisson’s ratio only 
before failure. In the current model, the dilatancy during the stiffness 
degradation phase is affected by both the dilatancy model parameters 
(Table 1) and strain accumulation parameters (Table 2). Since the 
dilatancy parameters in Table 1 are determined using monotonic 
loading test results, rd is the main parameter that controls the dilatancy 
in the stiffness degradation phase. Fig. 18 shows the effect of rd on pile 
rotation in cyclic loading. More volumetric strain is predicted at higher 

rd (Fig. 19). Note that negative volumetric strain in Fig. 19 indicates 
volumetric contraction due to the sign conversion used by Plaxis. The 
effect of rd on pile head rotation is more significant at larger number of 
cycles (Fig. 18). This indicates that the cyclic accumulation flow rule 
should be properly considered, especially for the long-term cyclic 
loading. An important feature of the B-SDM approach is that the cyclic 
volumetric and shear strain can be calibrated and modelled in a 
decoupled manner, which from Fig. 18 can be shown to be very 
important. Using the original SDM elastic coupling of volumetric and 
shear strains could result in an incorrect prediction of the pile head 
rotation as shown on Fig. 18. 

Fig. 13. The relationship between pile head rotation and lateral force in loading and unloading: (a) Effect of Hmax; (b) Effect of mesh size; (c) Effect of contact 
stiffness; (d) Effect of.K0 

Fig. 14. Pile head rotation determination in a single load packet with different 
number of cycles. 

Fig. 15. The relationship number of cycles and pile head rotation in a single 
packet of storm load. 
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5.3. Cyclic pile response in multiple packets 

A cyclic load configuration with multiple packets has also been 
simulated. The storm loading history is shown in Table 3. The peak 
horizontal load is Hmax = 15MN. The average and minimum lateral load 
is Ha = 0.4Hp and Ha = − 0.2Hp for each packet, respectively. Two 
loading conditions, one with ascending Hp and the other with 
descending Hp. The packet numbers Np in the brackets are for the case 
with descending Hp. The relationship between θ and number of packets 
is shown in Fig. 20. For the case with ascending Hp, pile head rotation 
increases with Np and is mainly affected by load packets with higher Hp, 
although the number of cycles is lower. There is very little rotation 
accumulation in the first two packets. In the case with decreasing Hp, 

pile head rotation accumulation mainly occurs in the first packet with 
the maximum Hp. There is further small rotation accumulation from 
Packet 2 to Packet 5. There is decrease in the rotation from Packet 6 to 
Packet 8. This is called self-healing by Staubach and Wichtmann (2020), 
which occurs as Hp decreases with the number of packets. Such response 
has also been observed in experiments (Zachert et al., 2015). The reason 
is that there is significant recovery of pile deformation due to unloading 
from a packet with high Hp to one with low Hp. During the cyclic loading 
with low Hp, there will be further deformation accumulation, but this is 
smaller than the elastic recovery before. Therefore, load packets with 
ascending Hp should be used for practical design to guarantee safety 
when this method is used. 

Fig. 16. Total displacement contour of the soil at the end of the (a) 10th cycle, (b) 100th cycle, (c) 500th cycle and (d) 1000th cycle.  

Fig. 17. Lateral displacement profile of the pile at the end of different numbers 
of cycle. Fig. 18. The effect of rd on pile head rotation accumulation.  

Z. Gao et al.                                                                                                                                                                                                                                     



Computers and Geotechnics 154 (2023) 105157

11

6. Conclusion 

A simple and practical cyclic strain accumulation method, termed 
the B-SDM approach, for modelling the drained ratcheting cyclic 
response of offshore monopiles in sand is presented. This method has the 
following features:  

(a) A practical bounding surface model that can predict the sand 
response in the first regular cycle is presented which is suitable 
for design analysis. The state dependency and strain-softening 
behaviour of sand is neglected to facilitate practical applica-
tions. However, different model parameters should be used for 
the same sand with different densities using a CPT-parameter 
calibration approach.  

(b) The monopile response before the end of the first regular cycle is 
modelled using the conventional step-by-step approach. The 
strain accumulation in the soil and pile displacement in the 
subsequent cycles are modelled using a cyclic stiffness degrada-
tion approach, termed the B-SDM after the work by Achmus et al. 
(2009), in which the same loading condition of first regular cycle 
is repeated while scaled plastic modulus and dilatancy relation-
ship are used. The predicted stress–strain relationship during 
skipped cycles does not represent real soil behaviour but the 
strain accumulation at the end does. 

Though a simple bounding surface model is used here, other proper 
sand models can also be used for the B-SDM approach. The base 
constitutive model and B-SDM have been validated by drained cyclic 
triaxial tests on a sand in the North Sea. The cyclic response of monopiles 
in cyclic loading has been analysed using finite element modelling. 
Cyclic loading with multiple packets can be conveniently modelled 
without restarting the simulations. Main features of pile and soil 
displacement can be captured. This represents the first step of the B-SDM 
method development. The model is simple to implement and highly 
stable for numerical analysis, so is considered ideal for monopile design 
calculations and is considered superior to the current industry standard 
approach for long-term cyclic loading which typically considers a macro 
element model with an empirical calibration. This model could be used 
directly for design or to provide a site-specific calibration of a macro 
element model. Further work is required to improve the model in the 
following key areas:  

(a) The strain accumulation formulations need to be further verified 
and potentially updated, which include both the shear strain 
accumulation and dilatancy equations. Both equations used here 
are based on limited test data, which means that it may not work 
for more general cyclic loading conditions with various stress 
amplitudes and average stress ratio. In particular, a new dilatancy 
equation for the stiffness degradation phase can be proposed to 
better model the volumetric strain accumulation.  

(b) The method needs to be validated by either centrifuge or field test 
on monopiles under cyclic loading (Truong et al., 2019; Lai et al., 
2020; Duque et al., 2021), from which corresponding cyclic 
laboratory data is available for calibration of the B-SDM. 

CRediT authorship contribution statement 

Zhiwei Gao: Funding acquisition, Methodology, Software, Investi-
gation. Luoyi Yan: Methodology, Investigation. Scott Whyte: Funding 
acquisition, Methodology, Supervision, Writing – review & editing. 

Declaration of Competing Interest 

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests: 
Zhiwei Gao reports financial support was provided by Royal Academy of 
Engineering. 

Data availability 

Data will be made available on request. 

(a) rd=0 

(b) rd=6.2 

Fig. 19. Effect of parameter rd on volumetric strain accumulation in the soil: 
(a) rd = 0 at the end of 1000th cycle; (b) rd = 6.2 at the end of 1000th cycle. 

Table 3 
Storm loading history (Hmax = 15MN).  

Packet number Np Hp/Hmax Number of cycles 

1(8) 0.05 900 
2(7) 0.17 400 
3(6) 0.35 320 
4(5) 0.55 80 
5(4) 0.66 12 
6(3) 0.77 6 
7(2) 0.9 3 
8(1) 1 1  

Fig. 20. Pile head rotation in a storm load with multiple packets.  
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Appendix. The constitutive equations 

The elastic relation stress–strain relationship is expressed as 

dee
ij =

dsij

2G
=

pdrij + rijdp
2G

(19)  

dεe
v =

dp
K

(20) 

where dee
ij and dεe

v denote the elastic deviatoric and volumetric strain increments, respectively. Since the total strain increment dεij is the summation 
of the elastic and plastic parts (dεij = dεe

ij + dεp
ij), one can get the equation below based on the condition of consistency (Eq. (4)) and Eqs. (19) and (20) 

2Gnij
(
deij − Lnij

)
− nijrijK

(
dεv −

̅̅̅̅̅̅̅̅
2/3

√
LD

)
− KpL = 0 (21) 

The loading index can then be determined from Eq. (21) as below 

L = Θijdεkl (22)  

Θij =
2Gnij − Knpqrpqδij

2G −
̅̅̅̅̅̅̅̅
2/3

√
KDnijrij + Kp

(23) 

The relationship between stress and strain increments is expressed as 

dσij = Eijkldεe
kl = Eijkl(dεkl − dεp

kl) = Eijkl
[
dεkl −

(
dep

kl + dεp
vδkl/3

) ]
(24)  

Eijkl = (K − 2G/3)δijδkl +G
(
δkiδlj + δliδkj

)
(25) 

The plastic strain increment can be obtained based on Eqs. (6)-(8) 

dεp
ij = dep

ij + dεp
vδij/3 = h(L)

(
nij +

̅̅̅̅̅̅̅̅̅̅
2/27

√
Dδij

)
Θkldεkl (26) 

Combining Eqs. (24) and (26), one can get 

dσij = Eijpq

[
δpkδql − h(L)

(
npq +

̅̅̅̅̅̅̅̅̅̅
2/27

√
Dδpq

)
Θkl

]
dεkl (27) 

The constitutive equations for the conventional step-by-step modelling. During the skipped-cycle modelling, the constitutive equations remain the 
same while two model parameters are scaled, one for the plastic modulus (hm) and the other for the dilatancy relationship (d1) as discussed before. 
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