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Monopile installation in clay and subsequent
response to millions of lateral load cycles

Patrick Staubach*; Lisa Tschirschky�; Jan Machaček�; Torsten Wichtmann§

Abstract: The installation-induced changes in the state of clayey soils caused by pile driving processes
are investigated numerically. Hydro-mechanically coupled Coupled-Eulerian-Lagrangian analyses are car-
ried out for this purpose. After installation, the piles are subjected to one million lateral loading cycles
using a novel high-cycle accumulation (HCA) model for clay implemented in an in-house code, modelling
loading conditions to which piles are subjected in the offshore environment. Consistent with the results
of field tests, it is found that higher values of initial overconsolidation ratio result in a greater increase in
radial effective stress during the installation process. Compared to simulations neglecting the installation
process, jacked piles show less accumulation of deformations when subjected to lateral cyclic loading,
especially for a larger number of load cycles and for initially overconsolidated soil. It is concluded that
the assumption of wished-in-place conditions is conservative in terms of pile rotation in most cases, while
the stiffness of the soil-pile system at small rotations is comparable for jacked and wished-in-place piles.

Keywords: pile installation; high-cyclic loading; clay; high-cycle accumulation model; large deforma-
tions; offshore

1 Introduction

In current practice, the effects of the installation process of piles on their response to subsequent (lat-
eral) loading are usually neglected in numerical studies. Recent numerical studies have investigated the
influence of installation-induced changes in soil conditions for laterally loaded piles in sand by large-
deformation finite element (FE) analysis (Heins and Grabe, 2017; Staubach et al., 2020; Bienen et al.,
2021; Fan et al., 2021c; Le et al., 2021). In general, all studies concluded that the pile response is signifi-
cantly altered by the installation process. In most cases, the current practice of neglecting the installation
process (wished-in-place (WIP) conditions) leads to a less stiff response of the pile and to higher defor-
mations when subjected to lateral or (in particular) vertical loads. In agreement with these findings, the
results of centrifuge tests suggest that the consideration of the installation process leads to higher pile
stiffness (Dyson and Randolph, 2001; Klinkvort, 2013; Fan et al., 2021b; Li et al., 2021).
Obviously, these trends do not necessarily apply to piles in clay, where it is to some extent unclear how

the installation process will affect the pile’s response to subsequent loading. It is also unclear whether
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current practice, which assumes WIP conditions, is conservative or not. From field tests, in which primarily
jacking was used as installation technique, it is known that the installation process changes the state of
clayey soils considerably. During installation, an increase in (total) stresses and pore water pressure close
to the open-ended pile tip occurs in clays (Lehane and Jardine, 1994a; Lehane and Jardine, 1994b). While
installation in overconsolidated soils results in an increase in total and effective radial stresses at the tip
(Bond and Jardine, 1991), there is little or no increase in effective radial stress at low values of initial
overconsolidation ratio (OCR) (Lehane and Jardine, 1994b). For larger values of initial OCR, negative
excess pore water pressures may develop near the pile shaft in greater distances from the pile tip (Bond
and Jardine, 1991; Randolph, 2003). As the distance h of the soil from the pile tip increases (i.e. the pile
is driven deeper into the soil), the total stress decreases. The change in the soil state with h is referred
to as h/R effect (Karlsrud and Haugen, 1986; Coop and Wroth, 1989; Bond and Jardine, 1991; Lehane
and Jardine, 1994a; Lehane and Jardine, 1994b), where h is normalised by the radius R of the pile. In
contrast to the installation in sand (White and Lehane, 2004; Jardine et al., 2013), the h/R effect does
not necessarily describe a reduction of effective radial stress with increasing h/R for piles in clay (Coop
and Wroth, 1989; Lehane and Jardine, 1994a). The aforementioned effects during the installation process
are schematically shown in Fig. 1, which qualitatively depicts results obtained from analyses presented
later. As the pile tip passes (h/R = 0), the effective radial stress increases significantly, which is more
pronounced at higher values of initial OCR. Once the pile tip has passed the soil, the effective radial
stress reduces considerably in greater distance r/R from the pile shaft. Close to the pile shaft, however,
negative excess pore water pressures (∆pw) may develop, which leads to an increase in the effective radial
stress. Larger negative excess pore water pressures are obtained for larger values of initial OCR.
After the installation is finished, the total stresses decrease, in particular close to the pile tip (Lehane

and Jardine, 1994b). The change of the soil state with time following the installation is often referred to as
equalisation or equilibration (Randolph, 2003). The dissipation of excess pore water pressure after instal-
lation results in an increase in effective radial stresses in normally consolidated or slightly overconsolidated
clay once the consolidation process is complete (Lehane and Jardine, 1994b). In contrast, a reduction in
effective radial stresses may occur in highly overconsolidated clay during the consolidation phase (Bond
and Jardine, 1991; Lehane and Jardine, 1994a). Results of field tests comparing open and closed-ended
piles indicate that the effective radial stresses are not influenced by the different pile configurations (Do-
herty and Gavin, 2011). So far, pile installation processes in clay have mainly been investigated using
analytical or simplified numerical methods. Particularly noteworthy are the cavity expansion methods
(see, for example, (Randolph et al., 1979; Lehane and Gill, 2004; Ali et al., 2011; Rezania et al., 2017;
Cui et al., 2019; Gong et al., 2020)), which assume changes in soil state due to the installation process
in radial direction only, and the strain path methods (see, for example, Baligh, 1985; Sagaseta et al.,
1997; Xu et al., 2006; Ni et al., 2010), which additionally consider a dependence in vertical direction.
Cavity expansion methods are known to predict unrealistic strain paths in the vicinity of the pile (Baligh,
1985), which is improved by the strain path method. De Chaunac and Holeyman, 2018 presented an
approach using thin plane strain discs, modelling the soil with a rather sophisticated hypoplastic clay
model and assuming ideally undrained conditions. Earlier application of FE techniques to the analysis
of cone penetration tests, considering the ”complete” installation process in one model, can be found
in (Sheng et al., 2005). Recent studies of cone penetration tests in clay utilising particle FE techniques
are reported in (Monforte et al., 2018; Hauser and Schweiger, 2021; Zhang et al., 2021). Rather sophis-
ticated analyses of the installation of open-profile piles using the Coupled Eulerian-Lagrangian (CEL)
method and assuming ideally undrained conditions are documented in (Chen et al., 2022). An alternative
to using large-deformation schemes to investigate pile installation effects are the so-called Press-Replace
techniques (Engin et al., 2015). However, similar to the cavity expansion methods, the soil flow around
the pile tip is not fully captured.
Despite a large number of numerical studies on piles in clay subjected to lateral loading (see, for

example, (Lin et al., 2016; Page et al., 2018; Zdravkovic et al., 2020)), the assumption of WIP conditions
has never been shown to be justified, but has been adopted nevertheless. As mentioned in (Truong and
Lehane, 2018), there is neither a comprehensive experimental nor a numerical study quantifying the
influence of the installation process on the lateral loading behaviour of piles in clay. In centrifuge tests on
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Figure 1: Schematic of the change in effective radial stress with respect to the normalised distance from
the pile shaft r/R for different values of h/R

piles in clay, the installation is usually performed at 1 g (Hong et al., 2017; Yang et al., 2019; Lai et al.,
2020; Kong et al., 2022), often justified by referring to earlier work adopting the same procedure. The
installation at 1 g of course reduces the uncertainty, in particular relevant for numerical back-analysis of
the tests (Duque et al., 2021), but does not reflect the processes taking place in reality. With regard to
axially loaded piles, Randolph, 2003 argues that any approach predicting the shaft capacity of a driven
pile must consider: (1) the installation-induced changes in the soil state, (2) the following dissipation of
excess pore water pressure and (3) the load-induced changes in the soil state.
No attempt has yet been made to simulate the complete installation process of open-profile piles in

clay considering partially drained conditions by solving the balance equations of mass of the soil-water
mixture and linear momentum of the pore water phase (i.e. generation of excess pore water pressure and
dissipation by consolidation is considered alongside effects resulting from inertia).
In this paper, the pile installation process by jacking and the subsequent (high-)cyclic lateral loading

are numerically investigated. Lateral loading with a large number of load cycles is of particular impor-
tance for piles of offshore wind turbines (OWTs), which are subjected to millions of load cycles during
the operational phase. This loading can lead to permanent deformation of the soil and thus to tilting of
the structure, which must be within a narrow range of tolerable values. However, as mentioned above, it
is unclear whether current practice, which neglects the installation process, leads to conservative results
in terms of pile rotation. Furthermore, it is of interest whether long-term cyclic loading could completely
erase the influence of the installation process, such that at a certain point in time it does not matter
whether the installation is taken into account or not. The installation process is carried out using an
extended CEL method considering partially drained conditions. This method allows to model the large
soil movements during the installation process such that the full process can be modelled without any
simplifications. After the installation, the state variables are transferred to a second, fully Lagrangian
model. The consolidation process is considered before the lateral loading starts such that the aforemen-
tioned equalisation in the soil state may occur. The transfer is necessary since for the lateral loading
a precise discretisation of the continuum using Lagrangian elements is beneficial and an implicit time
integration scheme is required, whereas CEL methods usually adopt explicit time integration schemes.
One million load cycles are then simulated using the high-cycle accumulation (HCA) model for clay
(Wichtmann, 2016; Staubach et al., 2022b), which is a constitutive model specifically tailored to predict
the mechanical response of clay to a large number of load cycles. In this paper, the HCA model is applied
for the investigation of the long-term response of foundations for OWTs subjected to millions of load
cycles for the first time. Up to now, no general continuum mechanics approach for the modelling of the
response of piles in clay subjected to a large number of load cycles exists. The paper aims to close this
gap in research.
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2 Numerical analysis of the pile installation process in clay

2.1 Numerical model for the installation process

As mentioned in the introduction, an Eulerian FE technique is adopted in this work. In an Eulerian
analysis, the mesh is fixed in space and the material moves through the mesh. Unlike a Lagrangian anal-
ysis, the elements are not necessarily fully occupied by material. An Eulerian approach is advantageous
when large deformations are modelled since no mesh distortion occurs. In most Eulerian codes, a cal-
culation increment is conceptually divided into two steps. In the first step, the solution is progressed in
time analogous to a Lagrangian analysis. In the second step, the solution is then mapped back to the
Eulerian mesh, which is called the remap or advection step. The strategy of solving the problem in two
separate steps is often referred to as operator split since the underlying differential equations are solved
term-by-term (see, for example, (Benson, 1992; Benson and Okazawa, 2004; Waltz, 2013; Aubram et al.,
2015)). A method in which both Lagrangian and Eulerian elements are present and interact with each
other is referred to as Coupled Eulerian-Lagrangian (CEL) method. In the commercial program package
Abaqus the CEL method is implemented with an explicit time integration scheme. Successful applications
of the CEL approach to geotechnical boundary value problems (BVPs) have been reported e.g. in (Qiu
et al., 2011; Heins and Grabe, 2017). Based on the work of Hamann et al. (Hamann et al., 2015; Hamann,
2015), Staubach et al. (Staubach et al., 2021b) extended the CEL approach to hydro-mechanically cou-
pled analyses, solving the balance of linear momentum of the soil-water mixture and the mass balance of
the water simultaneously. Therefore, the displacement of the solid phase and the pore water pressure are
spatially discretised, i.e. the u-p element formulation is used (Zienkiewicz et al., 1980). The u-p element
formulation neglects the relative acceleration between the solid and the water phase. However, for soils
with a low hydraulic conductivity, such as considered here, this assumption is valid (Zienkiewicz et al.,
1980; Staubach and Machaček, 2019).
The numerical model is shown in Fig. 2. To consider relevant conditions for OWTs, piles with a

diameter of D = 4 m are modelled, which might be judged as rather small dimensions considering piles
being currently installed. However, with current numerical schemes only a limited penetration depth (8 m
in the present case) can be simulated within reasonable time. Therefore, in order to consider realistic L/D
ratios of monopiles, a smaller diameter is modelled. In line with this, a shallow water depth with the water
level 10 m above the seabed is assumed. The total pore water pressure plays a vital role in the present
analyses because effects resulting from cavitation are taken into account. The pile has a wall thickness of
0.08 m. The soil is discretised with Eulerian elements, while the pile is modelled with Lagrangian elements.
To avoid artificial reflections of outward travelling waves at the fixed boundaries of the model, a distance
of 80 m (= 20D) from the pile to the outer boundary and a height of the model of 200 m (= 50D) are
chosen. The nodal spacing increases with increasing distance from the pile, resulting in a progressive loss
of higher frequency waves. As can be seen from the acceleration field on the left-hand side of Fig. 2, the
waves caused by the pile installation process do not reach the fixed boundaries of the model, proving
that the results of the simulations are not altered by artificial reflections. As the installation process can
lead to a heave of the soil surrounding the pile, an additional, initially material-empty volume above the
seabed is considered (red area in Fig. 2). This additional volume can be filled with material during the
installation process. The upper part of the model allows for drainage during installation by prescribing
zero excess pore water pressure.
The Modified-Cam-Clay (MCC) model (Roscoe and Burland, 1968) is adopted as the constitutive

model. The MCC model performs well for normally to lightly overconsolidated soils but overestimates
the peak shear strength for more strongly overconsolidated clays (Mita et al., 2004). To resolve this
issue, an additional failure surface, the Matsuoka-Nakai (Matsuoka and Nakai, 1974) bounding surface,
is introduced in the MCC model. In the super-critical regime, the additional failure surface prevents
the shear stress to reach unrealistic values. Since only monotonic jacking is considered as installation
technique, the MCC model is considered sufficient to investigate the installation-induced changes in the
soil state. Obviously, only unstructured clays can be studied using the standard MCC model. The MCC
model is implemented by the authors using a radial-return mapping algorithm as proposed in (Borja and
Lee, 1990).
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Figure 2: Model for the simulation of the pile installation process and spatial distribution of the acceler-
ation magnitude (gravity is subtracted) during the installation process at a pile penetration of approxi-
mately ∆z = D

”Karlsruhe kaolin” is considered as soil. ”Karlsruhe kaolin” is chosen because the parameters of the
HCA model for clay, introduced in Section 3.1, were determined for this material. ”Karlsruhe kaolin”
has a liquid limit wL = 47.2 %, a plastic limit IP = 12.2 % and a viscosity index Iv = 1.5 %. It is
characterised in more detail in (Wichtmann, 2016). As shown in (Wichtmann, 2016; Staubach et al.,
2022b), ”Karlsruhe kaolin” shows almost no rate effects, which is due to the low value of Iv. Therefore,
the application of the MCC model, which does not incorporate any strain rate dependence, is justified.
The material properties of ”Karlsruhe kaolin” for the MCC model are summarised in Table 1. The same
critical stress ratio M = 1 (φc = 25◦) is used for compression and extension, respectively.
Different values of initial OCR are studied by defining the pre-consolidation pressure pc used in the

MCC model. In overconsolidated soils, the initial stress state depends on OCR, via the lateral stress
coefficient K0 calculated as

K0 = [1− sin(φc)] ·OCRsin(φc). (1)

This relation has been proposed in (Mayne and Kulhawy, 1982) and has been applied in (Silva et al.,
2006; Lehane et al., 2009) as well. A hydraulic conductivity of kw = 10−8 m/s is assumed. The installation
is performed velocity controlled with a value of 0.3 m/s. The jacking velocity influences only the inertia
forces and the consolidation. The jacking velocity is high compared to values typically found in practice,
which is why effects resulting from inertia occur in the analyses. The accelerations close to the pile are
approximately 2 m/s2 in magnitude.
Note that the choice of the height of free water table is of great importance for the simulation of the

installation in clay, since cavitation has to be accounted for. Numerically, cavitation is considered by the
following equation:

n

Kw
ṗw =

−div

{
KPerm

ηw

[
− grad(pw) + ρw (b− üs)

]}
− div(u̇s) if pw + ṗw∆t ≥ −100 kPa

0 if pw + ṗw∆t < −100 kPa
(2)
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λ κ ν M
0.13 0.05 0.3 1

Table 1: Material parameters of ”Karlsruher kaolin” for the MCC model

Eq. (2) is essentially the mass balance of the pore water (Ehlers and Bluhm, 2013). Therein, n is the
porosity, Kw is the bulk modulus of the pore water, ṗw is the rate of pore water pressure, KPerm is the
permeability of the soil, ηw is the dynamic viscosity of the water, pw is the pore water pressure relative to
the atmospheric pressure (assumed to be 100 kPa), ρw is the density of water, b is the gravity vector, üs

is the acceleration of the solid phase, u̇s is the velocity of the solid phase and ∆t is the time increment.
As is visible from Eq. (2), the change of pore water pressure is zero if adding the current increment of
pore water pressure would lead to cavitation. Eq. (2) is implemented in the VUMAT subroutine used for
the hydro-mechanically coupled CEL method.

2.2 Results of the simulations of the pile installation process

In Fig. 3a the pile penetration versus the jacking force is shown for different initial OCR values. All
four simulations are performed assuming frictionless contact (µ = 0) and a water level above the seabed
of Hw = 10 m. Frictionless contact is preferred due to improved numerical stability and accuracy. As
expected, the higher the initial value of OCR, the higher is the jacking force required to reach the targeted
penetration depth. A comparison with a simulation considering a friction coefficient of µ = 0.25 for an
initial OCR of 3 is shown in Fig. 3b. The influence of the friction of the pile shaft is rather small, which
justifies the use of a frictionless contact for this value of initial OCR. The reason for the low influence of
friction is that the normal contact stress at the pile shaft is very low for greater vertical distances from
the pile tip due to negative excess pore water pressures allowing for a ”free standing height” of the soil
without needing the pile as support (no earth pressure). This is particular the case for the simulations
with a higher initial value of OCR. Results of a numerical study (not presented in this paper) indicate
that the influence of friction is more pronounced in case of OCR0 = 1. In this special case the assumption
of frictionless contact becomes questionable, but was adopted nevertheless in order to allow for a clear
comparison with the other simulations. To investigate the influence of cavitation, Fig. 3c depicts the
results of a simulation where the water table is assumed to be at ground surface level (Hw = 0 m) for
an initial OCR of 6. Since the negative excess pore water pressure can reach smaller values in the case of
Hw = 10 m compared to Hw = 0 m, a higher pile resistance is observed for Hw = 10 m.
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Figure 3: Pile penetration vs. jacking force for different values of initial OCR (a), different values of
friction coefficient µ (b) and different heights Hw of water table above the seabed (c)

The spatial distributions of excess pore water pressure, effective radial stress and OCR are shown in
Fig. 4 for initial values of OCR of OCR0 = 2 and OCR0 = 6. Note that the geotechnical sign convention
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is used for the effective radial stress. For OCR0 = 6, a much larger area with negative excess pore water
pressures is observed at the pile shaft. In addition, slightly larger positive excess pore water pressures are
generated below the pile tip. The soil inside the pile tends to move downwards with the pile in the case of
OCR0 = 6, which is not the case for OCR0 = 2. This is due to the aforementioned negative excess pore
water pressure. Large differences between the two simulations are also observed for the field of effective
radial stress. In the case of OCR0 = 6, much higher values occur near the pile. While the effective stress
below the pile tip is reduced for the lower value of the initial OCR, opposite trends are observed for the
higher initial OCR. The higher values of effective radial stress and negative excess pore water pressure
are not unexpected considering that the jacking force given in Fig. 3a is also much higher for OCR0 = 6.
Due to the larger negative excess pore water pressure at the pile shaft for OCR0 = 6, the effective radial
stress at the pile shaft increases much more compared to the simulation assuming OCR0 = 2. However,
for a larger distance from the pile shaft, both simulations show a strong decrease of the effective radial
stress compared to the initial value (h/R effect). The reduction of the radial stress with increasing h/R is
more pronounced in the case of OCR0 = 2. For the installation of piles in sand (White and Lehane, 2004;
White and Bolton, 2004; Jardine et al., 2013; Yang et al., 2020), the negative excess pore water pressures
tend not to be as large as in clay (or are not existent at all), for why the effective radial stress is lowest
at the pile shaft. This is not the case for an installation in clay, where in particular the simulation with a
higher initial value of OCR shows large values of effective stress at the pile shaft due to negative excess
pore water pressure. This is in line with the general trend observed in field tests (Bond and Jardine, 1991;
Randolph, 2003) and results from the tendency of the overconsolidated soil to show dilatant behaviour
when subjected to shearing in the super-critical regime. The spatial distribution of OCR shows that the
installation process drastically reduces the initial OCR below the pile tip for both the initially slightly
overconsolidated (OCR0 = 2) and the initially more overconsolidated (OCR0 = 6) soil. This is due to
the fact that the mean effective stress increases significantly below the pile tip for both simulations,
particularly the vertical component of the effective stress tensor. In agreement with the observed effective
stress ratios at the pile shaft, larger OCR values relative to the initial values are observed for OCR0 = 2
as the effective stresses decrease. This is less pronounced in the simulation with OCR0 = 6, which is due
to the larger negative excess pore water pressures already mentioned.

Excess pore water pressure [kPa]
<-1000>100

Effective radial stress [kPa]
>200100<0

OCR [-]
12>3

OCR0=6OCR0=2OCR0=6OCR0=2OCR0=6OCR0=2

Figure 4: Spatial distributions of excess pore water pressure, effective radial stress and OCR at a pile
penetration depth of 8 m for an initial OCR of OCR0 = 2 and OCR0 = 6, respectively

Plots of the normalised effective radial stress σr/σr,0 and normalised excess pore water pressure pw/pw0
(including the pressure from the free water table Hw = 10 m above the seabed) with distance to the
(outer) pile shaft for a depth of 5.2 m below the seabed are given for different values of h/R in Fig. 5
for initial values of OCR0 = 2 and OCR0 = 6. For each value of h/R, the spatial distribution of effective
radial stress for OCR0 = 2 is given. In addition, the line along which σr/σr,0 and pw/pw0 are evaluated is
depicted in Fig. 5.
When passing the pile tip (h/R = 0), the effective radial stress increases significantly at greater distance
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Figure 5: Spatial distribution of effective radial stress and corresponding plots of normalised effective
radial stress σr/σr,0 (solid) and normalised excess pore water pressure pw/pw0 (dashed) vs. normalised
radial distance r/R from the pile shaft in a depth of 5.2 m at different values of h/R for an initial OCR
of OCR0 = 2 and OCR0 = 6

from the pile shaft for both initial values of OCR. In the immediate vicinity, however, there is a sharp
decrease, which is limited to a very small soil zone. At greater distances from the pile tip, values greater
than the initial effective radial stress are reached, which is more pronounced in the case of the simulation
with a higher initial OCR. In the case of OCR0 = 6, the trend of the normalised pore water pressure
pw/pw0 is qualitatively very similar to that of the effective radial stress. For OCR0 = 2 and for larger values
of h/R, opposite trends are observed, as can be seen from the plots for h/R = 0.7. For this depth, both
simulations show qualitatively similar trends for both the effective radial stress and the excess pore water
pressure. As observed earlier, the higher initial OCR value leads to higher negative pore water pressures
and thus higher effective radial stresses near the pile shaft. This tendency is also obtained using the
strain path method (De Chaunac and Holeyman, 2018). At greater distance from the pile shaft, almost
no excess pore water pressures occur in either simulation and the effective radial stress decreases from
h/R = 0 to h/R = 0.7. The decrease with increasing distance from the pile continues as pile penetration
progresses, as can be seen from the diagram for h/R = 1.7. While in the simulation with OCR0 = 2 the
values of the effective radial stress are almost identical to the initial values even near the pile shaft, the
effective radial stress near the pile shaft continues to increase in the case of OCR0 = 6. This increase
occurs despite a decrease in the negative excess pore water pressures. Figure 5 also demonstrates that the
h/R effect will influence the lateral response of the pile considering that the stresses are changing with
h/R even in a distance r/R > 1.
Compared to the pile installation process in sand, where the effective radial stress tends to decrease

near the pile shaft with increasing h/R, piles in clay show an opposite tendency, especially for higher
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values of initial OCR. This is consistent with research reported in (Lehane and Jardine, 1994b; Bond
and Jardine, 1991; Lehane and Jardine, 1994a) which found higher effective stresses for higher values of
initial OCR prior to installation.

3 High-cyclic lateral loading following the installation process

3.1 The HCA model for clay

For a simulation with a very large number of loading cycles, the calculation of each individual cycle is
not useful as it leads to an accumulation of numerical errors and the computational effort becomes very
large (Niemunis et al., 2005). Therefore, when calculating with a high-cycle accumulation (HCA) model,
only the trend of the deformation with increasing number of cycles is predicted. The different calculation
strategies are schematically shown in Fig. 6. For calculations with the HCA model, the cyclic strain
amplitude, retrieved from the strain path of a single load cycle, calculated with a conventional constitutive
model, is required as input. Typically, two single load cycles are simulated with a conventional constitutive
model, of which the second cycle is used to record the strain path, from which the strain amplitude is
calculated. This is schematically shown in Fig. 6b. During the high-cycle mode, the strain amplitude
is a function of the soil stiffness using a so-called adaptive strain amplitude definition (Staubach et al.,
2022a), which takes into account changes in stiffness caused by the cyclic loading. Therefore, so-called
update cycles, which are used to update the strain amplitude simulating an individual load cycle at some
point during the high-cycle phase, are not necessary. Details on the procedure adopted by the adaptive
strain amplitude definition can be found in Appendix A.
The HCA model for sand by (Niemunis et al., 2005) is an established model for the analysis of a large

number of load cycles (see, for example, (Zachert et al., 2020; Jostad et al., 2020; Page et al., 2021; Le
et al., 2021)). The recently proposed HCA model for clay (Wichtmann, 2016; Staubach et al., 2022b) is
based on data from an extensive laboratory testing program on kaolin under undrained cyclic loading
(Wichtmann and Triantafyllidis, 2018) and adopts the general framework of the HCA model for sand.
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Both HCA models utilise the same basic, elasto-plastic, stress-strain rate relationship given by

σ̊ = E : (ε̇− ε̇acc − ε̇pl). (3)

Therein, the (objective) stress rate σ̊ of the effective Cauchy stress σ (compression positive), the strain
rate ε̇ (compression positive), the accumulation rate ε̇acc, a plastic strain rate ε̇pl (necessary only for
stress paths touching the yield surface) and the pressure-dependent elastic stiffness E. In the context of
HCA models, the dot above a symbol denotes a derivative with respect to the number of cycles N , i.e.
⊔̇ = ∂ ⊔ /∂N . In transient analyses, i.e. analyses performed in physical time, the integration of Eq. (3) is
performed using ∆N = ∆t/tcycle, where ∆t is the time increment applied by the FE program and tcycle
is the duration of a single cycle.
The key aspect of the HCA models is the accumulation rate ε̇acc, which corresponds to the perma-

nent strain due to the cyclic loading. For the HCA model for clay, ε̇acc is calculated by the following
multiplicative approach

ε̇acc = ε̇acc m = fampl ḟN fe fη fOCR ff m. (4)

The factors f⊔ of the intensity of accumulation ε̇acc take into account the influence of the strain amplitude
εampl (fampl), the cyclic preloading (ḟN , using the preloading variable gA which weights the number of
applied cycles N by the strain amplitude εampl of these cycles), the average void ratio eav (fe), the average
stress ratio ηav (fη), the average overconsolidation ratio OCRav (fOCR) and the loading frequency f (ff ).m
is the direction of accumulation (unit tensor), analogous to the direction of plastic strain in conventional
elasto-plastic models. The functions and corresponding material constants are given in Table 2. Since
”Karlsruhe kaolin” shows almost no strain rate effects, the function ff is equal to one. An overview
of the complete model including the derivation of the constitutive equations, the determination of the
parameters and the simulation of element tests is given in (Wichtmann, 2016; Staubach et al., 2022b).
Because the model is formulated in terms of effective stresses, and the factors in Eq. (4) depend on the
change of effective stress, the HCA model is also suitable for analyses with partially drained conditions.

Function Material constant Ref. quant.

fampl =

(
εampl

εampl
ref

)Campl

Campl εampl
ref

ḟN = ḟA
N + ḟB

N CN1

ḟA
N = CN1CN2 exp

[
− gA

CN1fampl

]
CN2

ḟB
N = CN1CN3 CN3

ġA = ḟNfampl

fe =
(Ce − eav)2

1 + eav
1 + eref

(Ce − eref)2
Ce eref

fη = exp (Cη |ηav|/M) Cη, M

fOCR = exp[−COCR(OCRav − 1.0)] COCR

ff = 1 -

Table 2: Functions, material constants and reference quantities of the HCA model for clay (Wichtmann,
2016; Staubach et al., 2022b)

Eq. (3) incorporates a plastic strain rate to avoid the stress state to reach un-physical values during
the high-cyclic loading (e.g. far outside the failure locus). The isotropic yield surface of the MCC model
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Campl CN1 CN2 CN3 Ce Cη COCR

0.8 0.00125 0.5 0.0 -0.97 2.9 0.5

Table 3: Adopted HCA clay parameters for ”Karlsruhe kaolin”

is used, which is given by

F = pav(pav − pave ) +

(
qav

M

)2

≤ 0, (5)

with the average mean effective stress pav, the average deviatoric stress qav and the average value of
equivalent pressure pave . The average overconsolidation ratio during the high-cycle phase is calculated by

OCRav =
pave
p+e

. (6)

p+e is calculated from Eq. (5) enforcing F = 0, viz.

p+e = pav
[
1 +

(
qav

M pav

)2 ]
. (7)

An isotropic stiffness is used for E in Eq. (3), which is defined by

E = K1⊗ 1+ 2GI, (8)

where the scalar factors are given by

K =
1 + eav

κ
pav and G =

3K(1− 2ν)

2(1 + ν)
. (9)

In Eq. (9), ν is the Poisson’s ratio and eav is the average void ratio. 1 in Eq. (8) is the second-order unit
tensor and I is the fourth order unit tensor.
The flow rule of the MCC model is chosen as direction of the accumulation m. It is given by

m =

[
1

3

(
pav − (qav)2

M2pav

)
1+

3

M2
(σav)∗

]→
, (10)

where (σav)∗ = σav − tr(σav)/3 1 denotes the deviatoric part of the average stress tensor and ⊔→ =
⊔/∥ ⊔ ∥ the normalisation. The suitability of this definition for m has been shown in (Wichtmann, 2016;
Wichtmann and Triantafyllidis, 2018).
The model has been validated for the range of magnitudes of soil state variables (OCR, stress ratio and

mean effective stresses) considered in this paper. In addition, the back-analysis of a centrifuge test on
monopiles subjected to cyclic lateral loading under partially drained conditions (cyclic loading frequency
of 0.2 Hz in model scale and hydraulic conductivity of approximately 2 · 10−6 m/s at 100 g) showed a
good performance of the HCA model for clay (Staubach et al., 2022b). The parameters of ”Karlsruhe
kaolin” for the HCA model for clay have been determined based on a large number of undrained cyclic
triaxial tests documented in (Wichtmann, 2016). They are given in Table 3. The reference values are

εampl
ref = 10−3 and eref = 1.25.

3.2 Numerical model for the high-cyclic loading

A schematic representation of an offshore wind turbine founded on a monopile is shown in Fig. 7a. The
load due to wind and water waves is assumed to act at identical frequency, so it is sufficient to consider
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only a total horizontal force acting 8 m above the seabed. The adopted FE model is given in Fig. 7b.
Initial sensitivity analyses on the required fineness of the mesh confirmed that the adopted model results
in mesh-independent results. The field of excess pore water pressure following the installation with an
initial OCR of 3 is depicted.
To investigate the long-term behaviour of the piles after installation, the FE program numgeo1 is used.

The HCA model for clay is implemented in numgeo. Since comparatively small deformations occur and
high accuracy of the numerical solution is required, a fully Lagrangian FE model with implicit time
integration is used for the analyses. For the soil, three-dimensional u-p finite-elements with 27 nodes
are used to discretise the displacement u of the solid phase and 8 nodes to discretise the pore water
pressure pw. Standard (tri-)quadratic Lagrangian interpolation functions for the solid displacement and
linear interpolation functions for the pore water pressure are used (i.e. Taylor-Hood element formulation
(Taylor and Hood, 1973)). During the analyses, all boundaries of the model except the symmetry-plane
allow for the dissipation of any excess pore water pressures.
For the pile, 27-noded single-phase elements are used, which are well suited for the analysis of bending

of stiff materials. The pile is modelled elastically, with a stiffness of 210 GPa and a Poisson’s ratio of
0.3. An extension of 5 cm above the seabed is considered, which is modelled with a stiffness 1000-times
higher to distribute the concentrated loads acting on the pile head. The bending moment M tot (see Fig.
7b) is applied as a pair of vertical forces acting in opposite direction on two nodes lying on the symmetry
plane. The contact between the soil and the pile is discretised using an element-based mortar contact
discretisation method with nine integration points per FE surface. The implementation of the mortar
technique in numgeo is discussed in detail in (Staubach et al., 2022c). The penalty method is used to
enforce the normal contact constraint. In numgeo, the penalty factor is determined based on the stiffness
of the material adjacent to the contact and is 30-times the trace of the stiffness tensor. A simple Coulomb
friction model with a friction coefficient of µ = 0.25 and a dilatancy angle of zero is used. Typically,
however, the friction coefficient has only very limited influence on the response of piles to lateral loading
(Klinkvort, 2013). Creation of a normal gap between the soil and the pile is prohibited, as long as no
cavitation occurs. Since a water level of 10 m above the seabed is assumed for all simulations, no cavitation
and hence no opening of the soil-pile interface was observed in any analysis. The analyses are performed
geometrically non-linear, using the Zaremba-Jaumann stress rate to ensure the objectivity of the stress
rate. The Hughes-Winget algorithm is used to integrate the stress rate (Hughes and Winget, 1980).
The state variables, i.e. the void ratio, the OCR (by means of the pre-consolidation pressure), the

effective stress tensor and the excess pore water pressure of the soil after installation are imported
into the Lagrangian model by a nearest neighbour search of the integration points of both models.
The same mapping procedure as in (Heins and Grabe, 2017; Staubach et al., 2020; Fan et al., 2021a)
is used. The nearest neighbour search is performed for each of the 27 integration points of the u27p8
elements individually. Note that the deformation of the soil is not transferred, as its influence is considered
insignificant compared to the influence of the change in state variables. In addition to the previously
mentioned studies, the excess pore water pressure is transferred to the Lagrangian model.
In addition to the simulations that take into account the installation-related soil changes, WIP simula-

tions are carried out (no consideration of installation effects, i.e. current practice). For these analyses, a
constant density, a K0-stress state and a hydrostatic pore water pressure distribution are assumed. The
same relationship between initial OCR and K0 given by Eq. (1) is used.
In case of the simulations considering the installation-induced soil changes, the consolidation process

prior to lateral loading is taken into account as it is assumed that there is sufficient time for the excess
pore water pressure to dissipate between the installation of the piles and the start of use of the structure.
Lateral loading begins as soon as hydrostatic conditions are reached. This assumption can be questioned,
since for a hydraulic conductivity of kw = 10−8 m/s, it takes about 25 days for most of the excess pore
water pressure to dissipate in the case of OCR0 = 3. The average time to install the pile and turbine of the

1numgeo (Machaček & Staubach, see (Machaček, 2020; Machaček and Staubach, 2021; Machaček et al., 2021; Staubach et
al., 2021a; Staubach et al., 2022b; Staubach et al., 2021c; Staubach et al., 2021b; Staubach et al., 2022a) and www.numgeo.de)
is a stand-alone FE program developed by the third and first author to solve nonlinear coupled (dynamic) geotechnical
boundary value problems.
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Figure 7: a) Schematic of an offshore wind turbine and assumed lever arm h of the combined horizontal
force of wind and water waves. b) Numerical model to analyse the lateral loading of the pile after
installation and the transferred spatial distribution of the excess pore water pressure after jacking with
an initial OCR of 3. c) Spatial distributions of normalised OCR and normalised horizontal effective stress
σr/σr,0 before and after the consolidation process for the jacked pile with OCR0 = 3.

offshore wind turbine in reality is about 5 days (Lacal-Arántegui et al., 2018). Therefore, the pile could
be loaded by wind and water waves before the hydrostatic conditions are reached. Such a scenario is not
considered in order to allow a clear comparison with the WIP simulations, which also assume hydrostatic
conditions.

3.3 Monotonic lateral loading following the installation

Prior to the simulations considering high-cyclic loading, monotonic load tests are performed to determine
the maximum moment resistance of the piles with different initial OCR values. The following steps are
performed:

1. After transferring the void ratio, effective stress and excess pore water pressure, a consolidation
analysis is performed before loading the pile. 2 · 106 s ≈ 25 days are considered, which is sufficient
time for the dissipation of all excess pore pressure. The soil-pile system is allowed to deform such
that static force equilibrium is achieved. This is necessary because the system is not in static force
equilibrium at the end of the installation process due to inertial forces (close to the pile, acceleration
magnitudes of approximately 2 m/s2 exist at the end of the installation process). As a result, the
soil shows a maximum displacement of ≈ 5 mm in this calculation phase. For the WIP simulation,
only the contact between pile and soil is initialised in this step.

2. The pile is loaded vertically with a magnitude of 0.2 MN to account for the weight of the structure
supported by the pile. Compared to the vertical loads in real wind farms, this load is rather small,
even if the lower embedment length is accounted for. This is because in the WIP simulations, larger
values of vertical load lead to very large vertical displacements of up to 1 m for OCR0 = 1, indicating
a failure of the pile that cannot be modelled with a fully Lagrangian model. This is not the case
for the jacked pile, where only small vertical displacements are observed (≈ 4 cm for the jacked
pile vs. ≈ 40 cm for the WIP simulation in case of OCR0 = 1 and a load of 0.2 MN). These results
already demonstrate the importance of considering the installation process, since the application of
a realistic vertical load is not possible in case of the WIP simulations.

3. The moment applied at seabed level, see Fig. 7a, is linearly increased until a rotation of 4◦ is
reached at the pile head. Assuming a lever arm of 8 m, the horizontal load is increased linearly
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at the same time. This step is carried out either assuming ideally drained conditions or partially
drained conditions with a hydraulic conductivity of kw = 10−8 m/s. In the latter case, the loading
required for a pile head rotation of 2◦ is approximately reached at 10 s of loading, resulting in nearly
ideally undrained conditions during loading.

In analogy to the simulation of the installation process, the MCC model and the parameters of ”Karlsruhe
kaolin” are utilised for these steps.
Figure 7c shows the spatial distributions of normalised OCR (OCR/OCR0) and normalised horizontal

effective stress σr/σr,0 before and after the consolidation phase performed in step 1 for the simulation
assuming an initial OCR of 3. The fields before consolidation correspond to the transferred fields from
the installation simulation. The consolidation process changes both fields significantly. As the negative
excess pore water pressure dissipates at the pile shaft, the effective radial stress decreases, leading to an
increase in OCR, especially inside the pile. At greater distances from the pile shaft, values greater than
OCR0 = 3 are also achieved. In addition, an increase in OCR below the pile tip is observed. Here, two
opposing effects are at work, namely the increase in effective stress due to dissipation of the positive
excess pore water pressure and the decrease of the effective stress due to the unloading of the pile by
releasing the jacking force. Apparently, the second effect outweighs the first. Figure 7c shows that strong
installation-induced changes in the soil state are present even after consolidation is completed.
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Figure 8: Comparison of moment vs. rotation plots of jacked and WIP piles assuming ideally drained
conditions (left-hand plot) and partially drained conditions (right-hand plot), respectively, for different
values of initial OCR (moments are given for a full 3D model)

The results of the monotonic load tests are shown in Fig. 8. Two different loading scenarios are in-
vestigated. Either the load is increased linearly, assuming ideally drained conditions (left-hand plot) or
partially drained conditions (right-hand plot). Note that some simulations do not converge when the
load is increased further, which is why not all results are shown up to a rotation of 4◦. Not surprisingly,
accounting for partially drained conditions (including the change in pore water pressure) results in higher
pile head moments, as negative excess pore water pressure significantly increases resistance. This is more
pronounced for larger values of OCR0. Very similar responses for jacked and WIP piles are observed for
the initial phase of monotonic loading for both drainage conditions. However, at high values of rotation,
the WIP piles exhibit lower resistance than the jacked piles. This is true for all values of OCR0 and be-
comes even more evident for higher values of initial overconsolidation ratio. The larger OCR0, the greater
is the rotation at which the jacked piles and the WIP piles begin to diverge. These results indicate that
the assumption of WIP conditions is conservative with respect to pile rotation and that the stiffness
of the soil-pile system at small rotations, an important aspect for the design of offshore wind turbine
foundations, is not significantly affected by the installation-related changes in soil state.

3.4 High-cyclic lateral loading following the installation

After the first and second step in which the vertical load is applied (see Section 3.3), the simulations with
high-cyclic lateral loading are performed in the following steps:
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3. Application of the average value of the moment Mav and the average value of the horizontal load
Hav. Both the moment and the horizontal load are applied at the level of the seabed, see Fig.
7a. Depending on the initial value of OCR, different load magnitudes are studied. The considered
loading scenarios are listed in Table 4. For each case, the ratio of the average value of moment
Mav to the moment resistance MR at a rotation of 2◦ for the jacked pile is given. MR is obtained
from the drained monotonic tests displayed in Fig. 8. The magnitudes of Mav and Hav are identical
for both the jacked and WIP piles. This step is performed ideally drained, assuming that there is
sufficient time for any excess pore water pressures caused by the average loading to dissipate before
the cyclic loading starts.

4. Application of the first load cycle with a horizontal load amplitude Hampl = Hav and a moment
amplitude of Mampl = Mav (see Table 4). This and all subsequent steps are carried out consid-
ering partially drained conditions, i.e. excess pore water pressures and consolidation processes. A
frequency of 0.1 Hz for the cyclic loading is assumed.

5. Repetition of the previous step, recording the strain path at each integration point of each soil
element of the model. The strain amplitude is calculated at the end of the step based on the
recorded strain path.

6. Simulation of 106 additional load cycles using the HCA model, applying only the average load Hav

and Mav. To simulate N = 106 cycles with a frequency of 0.1 Hz, a total time of 107 s is considered.
The strain amplitude is updated in every 10th calculation increment. This corresponds to updates at
N ≈ {3, 5, 12, 30, 100, 300, 103, 3·103, 104, 3·104, 8·104, 2·105, 4·105, 5·105, 6·105, 6·105, 8·105}.
For a discussion of the importance of updating the strain amplitude and a more detailed explanation
of the procedure, see Appendix A.

According to (DNV, 2021), the serviceability limit design needs to prove that the tilting at seabed resulting
for a load level that is exceeded in 1 % of the lifetime of the structure is within a tolerable range. In
addition, two other cases with a lower number of cycles need to be considered for which application of a
high-cycle model is not mandatory and which are therefore not discussed further. Considering 25 years of
operation, a load level that is exceeded in 1 % of the lifetime covers a time span of nearly 100 days (which
is slightly less than 106 cycles with a duration of 10 s, being equivalent to approximately 115 days). In the
simulations performed, this means that any load case resulting in a tilting exceeding θ = 0.25 to θ = 0.5
(depending if the tolerated tilting due to installation is included or not) at N = 106 is critical. Since the
load is applied continuously in the simulations, without intermediate consolidation phases, the worst case
scenario is modelled. Of course, the arrangement of cyclic loads for piles in water-saturated clay is an
important influence (see e.g. the recent work reported in (Liu et al., 2022)), the further investigation of
which is subject of future work.
For the first five steps, the MCC model and the parameters of ”Karlsruhe kaolin” are used (see Table

1). Although the MCC model is not suitable for investigating cyclic loading in general, it is a sufficient
model to calculate the strain amplitude required for the HCA model. This is because the model is not
required to correctly describe cumulative effects. Even a simple fully elastic model would be sufficient to
calculate the strain amplitude if the stiffness is properly defined. Due to its barotropic stiffness, the MCC
model, unlike a simple elastic model, accounts for the influence of the mean effective stress on the strain
amplitude.
The normalised horizontal pile head displacement u/D as a function of time for the simulations with

an initial OCR of 1 is shown in the left-hand plot of Fig. 9 and for an initial OCR of 2 in the right-
hand plot of Fig. 9 for the jacked and the WIP piles, respectively. Two different values for the moment
Mampl = Mav (and thus the horizontal loadHampl = Hav) are compared. In the simulation with OCR0 = 1
and Mampl = Mav = 0.25 MNm, the installation process influences both the short-term (N ≤ 10) and
the long-term (N > 10) response only insignificantly. However, the simulation taking into account the
installation process leads to slightly larger pile head displacements in the long term. For the simulation
with OCR0 = 1 and Mampl = Mav = 0.5 MNm, the assumption of WIP initial conditions leads to larger
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OCR0 MR(θ = 2◦) Mav = Mampl Mav/MR(θ = 2◦) θ(N = 105) θ(N = 105)
[MNm] [MNm] WIP [◦] Jacking [◦]

1 2.5
0.25 0.1 1.43 1.62
0.5 0.2 > 3 > 3

2 4.2
0.25 0.06 0.5 0.22
0.5 0.12 1.71 0.74

3 5.5
0.5 0.09 0.72 0.33
0.75 0.14 1.57 0.65

6 6.5
0.75 0.12 0.3 0.29
1.5 0.23 1.45 0.73

Table 4: Values of the average moment Mav and the amplitude of the moment Mampl used for the analyses
of the high-cyclic loading of the piles. Two different cases are considered for each initial value of OCR0.
The moment resistance MR at a rotation of θ = 2◦ (see left-hand plot of Fig. 8) for the jacked piles
and the corresponding ratio of Mav/MR are given. In addition, the rotation at N = 105 for each loading
scenario and different initial condition (WIP, jacking) is provided.

short- and long-term displacements. Very large values of pile head rotation are already reached at N = 102

(103 s), leading to non-convergence of the simulation.
A much larger influence of the installation process is found for an initial OCR value of 2, as can be

seen from the right-hand plot of Fig. 9. While both jacked and WIP piles result in similar pile head
displacements for both load magnitudes in the short-term, the WIP simulations predict much greater
deformations in the long-term. This is more pronounced for the higher load magnitudes.
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Figure 9: Comparison of normalised horizontal displacement u/D vs. time plots of jacked and WIP
piles for an initial OCR of 1 (left-hand plot) and 2 (right-hand plot). The load magnitudes are either
Mampl = Mav = 0.5 MNm and Hampl = Hav = 0.5/8 MN (solid lines) or Mampl = Mav = 0.25 MNm and
Hampl = Hav = 0.25/8 MN (dashed lines). The pile head rotation θ is given at N = 2 and at the end of
the HCA phase.

Very similar observations can be made for the simulations with OCR0 = 3, as can be seen from the left-
hand plot of Fig. 10. The omission of the installation process leads to significantly larger deformations in
the long-term for both load magnitudes. In contrast to the simulation with OCR0 = 2, however, the WIP
simulations result in somewhat smaller deformations in the short-term (N ≤ 10). This is also evident
from the results of the simulation with an initial OCR of 6, given in the right-hand graph of Fig. 10. The
WIP simulations result in lower pile head displacement up to N = 102 (103 s) for Mampl = Mav = 1.5
MNm, but a much higher accumulation of deformations for larger number of load cycles. Similar but less
pronounced tendencies are observed for the simulations with lower load magnitude. However, more load
cycles are required before the WIP simulation shows larger deformations compared to the jacked pile.
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Overall, the simulations show that the installation has a significant influence on the long-term behaviour
of the pile, especially for overconsolidated soils. The assumption of WIP conditions tends to lead to higher
accumulation rates and is therefore judged conservative with respect to the long-term cyclic behaviour of
the pile. However, with increasing OCR, WIP conditions result in lower pile head displacements in the
short term. Compared to the long-term cyclic behaviour, these differences between the two simulation
types are smaller in the short-term. These tendencies are similar to those observed for monotonic loading,
where only in case of large rotations significant differences between WIP and jacked piles were observed.
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Figure 10: Comparison of normalised horizontal displacement u/D vs. time plots of jacked and WIP
piles for an initial OCR of 3 (left-hand plot) and 6 (right-hand plot). For OCR0 = 3, the load magnitudes
are either Mampl = Mav = 0.75 MNm and Hampl = Hav = 0.75/8 MN (solid lines) or Mampl = Mav =
0.5 MNm and Hampl = Hav = 0.5/8 MN (dashed lines). For OCR0 = 6, the load magnitudes are either
Mampl = Mav = 1.5 MNm and Hampl = Hav = 1.5/8 MN (solid lines) or Mampl = Mav = 0.75 MNm and
Hampl = Hav = 0.75/8 MN (dashed lines). The pile head rotation θ is given at N = 2 and at the end of
the HCA phase.

To investigate by which effects the differences between the two simulation types are caused, the spatial
distributions of the normalised mean effective stress (p/p0) and OCR/OCR0 at different times and num-
bers of cycles of the analyses, respectively, are given in Fig. 11a,b for the simulations with OCR0 = 3.
At N = 2, the mean effective stress in the case of the jacked pile is much higher at the pile tip and at
the mean height of the pile compared to the WIP simulation. At N = 105, the mean effective stress is
reduced significantly in the vicinity to the pile shaft for both analyses, but less for the jacked pile. At the
same time, the spatial distribution of OCR shows much larger values around the pile shaft for the jacked
pile as well. Since the mean effective stress at the outer pile shaft is initially larger in the case of the
jacked pile, the potential increase in OCR is much larger with continued cyclic loading. Considering that
the installation in clay with a higher initial OCR results in a large increase in effective stresses (see Fig.
4), but subsequent cyclic lateral loading results in a similarly large decrease in mean effective stresses,
the OCR under cyclic lateral loading increases more for the jacked pile compared to the WIP simulation.
This is underpinned by Fig. 12, which shows the time history of OCR/OCR0, σr/σr,0 and p/p0 for jacked
and WIP piles. In case of the jacked pile, OCR tends to increase stronger with ongoing cyclic loading.
This occurs despite a similarly large decrease in p/p0, as explained before. Interestingly, Fig. 12 reveals
that the change in σr/σr,0 is very different between the two simulations and a much lower reduction with
increasing number of cycles is observed for the jacked pile. The decrease in p/p0 for the jacked pile is
predominantly a result from a decrease of the vertical and circumferential stress components. Such a
decrease in mean effective stress under cyclic lateral loading of piles in clay is also frequently observed
in experiments and field tests, resulting in a reduction in the stiffness of the soil-pile system (Puech and
Garnier, 2017; Liao et al., 2018; Lai et al., 2020).
The spatial distributions of the strain amplitude at different numbers of load cycles are given in Fig.

13 for the jacked and WIP pile with OCR0 = 3. As mentioned earlier, the strain amplitude is calculated
from the second load cycle and updated several times during the high-cycle phase using the adaptive

17



p
/p
0

0
1

>
2

WIP WIP WIP

Jacking

Initial N = 2 N = 105

Jacking Jacking

a)

N = 2 N = 105

 O
C

R
/O

C
R

0
0

1
.6

>
3

.3

WIP

Jacking

WIP

Jacking

b)

Figure 11: a) Spatial distributions of normalised mean effective stress p/p0 for jacked and WIP piles
at different times of the analyses. b) Spatial distributions of OCR/OCR0 for the same simulations at
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below the ground surface during the high-cycle phase (OCR0 = 3 and Mampl = Mav = 0.75 MNm for
both simulations)

strain amplitude definition. This definition takes into account the change in soil stiffness due to changes
in effective stress and void ratio. Eq. (8) defines the soil stiffness as a function of the void ratio and the
mean effective stress. Since both the mean effective stress and the void ratio decrease during the high-
cyclic loading (see Fig. 11 for the mean effective stress), the stiffness decreases as well. This results in a
continuous increase of the strain amplitude with increasing number of load cycles. In accordance with the
spatial distribution of the normalised mean effective stress given in Fig. 11, the strain amplitude for the
jacked pile increases less compared to the WIP simulation. This is especially the case in the lower third
of the pile. Around the pile head, the differences in the change in strain amplitude are less pronounced,
with both distributions being comparable at N = 104. Therefore, the large differences between the two
simulation types in the long-term behaviour of the pile observed in the left-hand plot of Fig. 10 are not
due to differences in strain amplitude, but to differences in OCR, as mentioned earlier.
The spatial distributions of the normalised excess pore water pressure ∆pw/pw0 (including the pressure

from the free water table 10 m above the seabed) at different numbers of load cycles are given in Fig.
14 for OCR0 = 3. The WIP simulation predicts a higher accumulation of excess pore water pressures
compared to the jacked pile. This is most prominent for the soil below the pile tip, where the jacked pile
shows initially much higher values of mean effective stress compared to the WIP simulation (see Fig. 11).
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4 Conclusions

Simulations of the jacking process of large open-profile piles (D = 4 m) in clay were presented. Using the
HCA model for clay, the piles were subsequently subjected to 106 lateral load cycles and the predicted
pile deformations were compared with simulations neglecting the installation process. The following con-
clusions can be drawn from these investigations:

� The pile installation process in clay reduces the initial OCR values in overconsolidated soils con-
siderably, in particular below the pile tip. Large values of negative excess pore water pressure are
observed close to the pile shaft, which are larger at higher values of initial OCR. The effective radial
stress increases significantly below the pile tip for initially overconsolidated soils, but much less for
normally consolidated conditions. The h/R effect, i.e. the reduction in effective radial stress at the
pile shaft with increasing pile penetration depth, is more pronounced at lower values of initial OCR,
but much less than in sandy soils due to the aforementioned negative excess pore water pressures
at the pile shaft.

� Cavitation can limit the pile resistance during installation and is important to be accounted for.
This is more important for larger values of initial OCR.
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� The consolidation process after installation leads to a decrease in effective stress near the pile shaft
as negative excess pore water pressures dissipate in case of initially overconsolidated soils. At the
same time, OCR increases, even at a greater distance from the pile shaft.

� Compared to the simulations neglecting the installation process, the monotonic lateral loading
behaviour of jacked piles was found to be comparable for smaller values of pile head rotation.
However, higher resistance was found for larger rotations in the simulations that considered the
installation process. The greater the initial OCR prior to installation, the greater the rotation at
which jacked and WIP piles began to diverge.

� When the pile was subjected to 106 lateral load cycles, simulations that neglected the installation
process resulted in a much higher accumulation of lateral pile deformations for a larger number
of load cycles (N > 100). This was especially pronounced for initially overconsolidated soils. For
initially normally consolidated soils, installation did not change the pile response as much.

� With increasing initial OCR, neglecting the installation process resulted in lower pile deformations
at a low number of load cycles (N ≤ 100).

� The cyclic lateral loading after the consolidation process further reduced the effective stresses on
the pile shaft while OCR increased. The increase in OCR is much more pronounced when the pile
installation process is taken into account. This is particularly the case for initially overconsolidated
soils, as the effective stress increased more during the installation process compared to normally
consolidated initial conditions.

These results indicate that the practice of neglecting the installation process, i.e. assumption of wished-
in-place conditions, is not necessarily justified. This is especially true for initially overconsolidated soils
and a larger number of lateral load cycles, as is the case with piles in the offshore environment. How-
ever, in almost all cases investigated, neglecting the installation process resulted in slightly higher pile
displacements and is therefore conservative.
Future work will focus on the application of more sophisticated constitutive models for the analysis

of the pile installation process and the first two lateral loading cycles. In addition, different installation
techniques could be investigated, since field tests have shown an influence of the installation method on
the development of the decisive soil state variables during driving (Gavin et al., 2010).

Data availability statement

Some or all data, models, or code that support the findings of this study are available from the corre-
sponding author upon reasonable request. numgeo can be freely downloaded from www.numgeo.de.
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List of symbols

1 second order unit tensor
b gravity vector
Campl parameter of the HCA model in function fampl

Ce parameter of the HCA model in function fe
Cη parameter of the HCA model in function fη
CN1 parameter of the HCA model in function fN
CN2 parameter of the HCA model in function fN
CN3 parameter of the HCA model in function fN
COCR parameter of the HCA model in function fOCR

D pile diameter
E fourth order stiffness tensor
eav average void ratio
eref reference void ratio
F scalar value of yield surface
f loading frequency
fampl function of the HCA model considering the strain amplitude
fe function of the HCA model considering the void ratio
ff function of the HCA model considering the loading frequency

ḟN function of the HCA model considering the cyclic history

ḟA
N N-dependent function of the HCA model considering the cyclic history

ḟB
N constant function of the HCA model considering the cyclic history
fOCR function of the HCA model considering the overconsolidation ratio
fη function of the HCA model considering the average stress ratio
G scalar shear stiffness
g gravity of earth
gA cyclic history state variable of the HCA model
ġA rate of the cyclic history state variable of the HCA model
Hampl amplitude of horizontal load
Hav average horizontal load
Hw height of water table above seabed
h distance from the pile tip
I fourth order unit tensor
IP plasticity index
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Iv viscosity index
K bulk modulus of soil
K0 lateral stress coefficient
KPerm permeability
Kw bulk modulus of water
kw hydraulic conductivity of water
M critical stress ratio
Mampl amplitude of moment
Mav average moment
MR moment required for 2◦ rotation
M tot total moment applied at seabed level
m direction of accumulation
N number of load cycles
n porosity
OCR overconsolidation ratio
OCRav average overconsolidation ratio
OCR0 initial overconsolidation ratio
patm atmospheric pressure
pav average mean effective stress
p+e average equivalent mean effective stress for F = 0
pave average equivalent mean effective stress
pw pore water pressure
pw0 initial pore water pressure
ṗw rate of pore water pressure
qav average deviatoric stress
R pile radius
r radial distance from pile shaft
t physical time
tcycle duration of a single cycle
u horizontal pile head displacement
u̇s velocity of the solid phase
üs acceleration of the solid phase
wL liquid limit
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∆pw excess pore water pressure
∆t time increment
ε̇ strain rate
ε̇acc strain accumulation rate
εampl strain amplitude

εampl
ref reference strain amplitude
ε̇pl plastic strain rate
ηav average stress ratio
ηw dynamic viscosity of water
θ pile head rotation
κ swelling index
λ compression index
µ friction coefficient
ν Poisson’s ratio
ρw water density
σ effective stress
σ̊ objective effective stress rate
σr effective radial stress
σr,0 initial effective radial stress
σav average effective stress
(σav)∗ deviatoric average effective stress
φc critical friction angle
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A Update of the strain amplitude using the adaptive strain
amplitude definition

The adaptive strain amplitude definition proposed in (Staubach et al., 2022a) is used to account for the
influence of the change in soil stiffness during the high-cycle phase on the strain amplitude calculated
from the second load cycle. The significance of updating the strain amplitude is discussed in the following.
Figure 15 shows the normalised horizontal displacement u/D of jacked piles with an initial OCR of 3
assuming a constant strain amplitude during the high-cycle phase (const. εampl) or using the adaptive
strain amplitude definition (εampl(N)). As explained in Section 3.4, the strain amplitude is updated every
10th calculation increment during the high-cycle phase, giving a total of almost 20 updates. As explained
in (Staubach et al., 2022a), the spatial distribution of the strain amplitude is smoothed after the update
by a nonlocal smoothing algorithm. The characteristic length lc, which influences the number and the
weighting of the neighbouring integration points considered in the smoothing of the strain amplitude
field, is set to 1 m. In (Staubach et al., 2022a) it was demonstrated that for similar pile specifications as
considered here, lc = 1 m is an appropriate choice.
Figure 15 shows that the assumption of a constant strain amplitude up to N = 104 (105 s) is justified,

but leads to a much smaller accumulation of permanent pile head displacements for a larger number
of load cycles. This is consistent with the spatial distribution of the strain amplitude given in Fig. 13,
which shows the largest increase from N = 103 to N = 104. As explained earlier, the increase in strain
amplitude is due to the decrease in mean effective stress and void ratio during the high-cyclic loading,
which leads to a decrease in soil stiffness (and hence in stiffness of the soil-pile system as well). Figure
15 demonstrates that the assumption of a constant strain amplitude is not conservative, especially for
a larger number of load cycles. Therefore, updating the strain amplitude for the HCA model for clay is
considered mandatory when a large number of load cycles must be considered.
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Figure 15: Comparison of normalised horizontal displacement u/D vs. time plots of jacked piles for an
initial OCR of 3 assuming a constant strain amplitude during the high-cycle phase (const. εampl) or using
the adaptive strain amplitude definition (εampl(N)). The load magnitudes are Mampl = Mav = 0.75 MNm
and Hampl = Hav = 0.75/8 MN.
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