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ABSTRACT: Numerical simulations of the cyclic loading can be distinguished of two types, implicit and explicit. While
the implicit cyclic loading approach integrates each individual cycle in its full length separately, the explicit cyclic loading
simulation is concerned only with average values of the loading cycles. Consequently, performing a robust implicit cyclic
loading simulation spanning over tens or hundreds of cycles is very time consuming and therefore, the explicit cyclic loading
provides a suitable alternative. Nonetheless, the explicit cyclic loading provides only accumulation of strains and related
state variables. This paper introduces a new approach to the implicit cyclic loading designated as accelerated which can
significantly reduce computational time. The proposed approach is applied on a simple axisymmetric numerical model first.
Later a simple model of monopile subjected to the cyclic loading is performed with the fully implicit and accelerated
approach and compared.

RESUME: Les simulations numériques du chargement cyclique peuvent étre distinguées en deux types, implicites et
explicites. Alors que l'approche implicite du chargement cyclique intégre séparément chaque cycle individuel sur toute sa
longueur, la simulation explicite du chargement cyclique ne s'intéresse qu'aux valeurs moyennes des cycles de chargement.
Par conséquent, la réalisation d'une simulation de chargement cyclique implicite robuste couvrant des dizaines ou des
centaines de cycles prend beaucoup de temps et le chargement cyclique explicite constitue donc une alternative appropriée.
Néanmoins, le chargement cyclique explicite ne fournit qu'une accumulation de déformations et de variables d'état connexes.
Cet article présente une nouvelle approche du chargement cyclique implicite désigné comme accéléré, qui peut réduire de
maniére significative le temps de calcul. L'approche proposée est d'abord appliquée a un modéle numérique axisymétrique
simple. Ensuite, un modéle simple de monopieu soumis a une charge cyclique est réalis€ avec l'approche enti¢rement
implicite et accélérée et comparé.
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1  INTRODUCTION

Numerical and experimental investigation of a cyclic
loading received a significant attention due a rapid
development of wind turbines installations. This
process was started due to a transformation to the
green energy to which the wind energy is a significant
part of.

The common approach to the simulation of the
cyclic loading, designated as implicit, is based on
integrating each cycle in its full length. While this
approach is appropriate in the case of low number o
cycles, typically 1-1000 cycles, it loses its relevance
once we approach tens of thousands of cycles due to
its significant computational time. Furthermore,
undesired consequence of the implicit approach is
accumulation of the integration error when subjected
to large number of cycles which can impact the results.

Alternative approach, called explicit (Niemunis,
2005), focuses on integration of average values of the
cyclic loading and thus significantly decrease

computational time. However, the constitutive models
used for the explicit cyclic loading provides only
accumulation of the strains and state variables and thus
can be viewed as a type of creep-like constitutive
model, where integration is performed with respect to
number of cycles instead of time. Therefore, any
change of stress state is related to the soil/structure
interaction. This fact can hinder a proper analysis at
the failure state.

In this paper we introduce a new approach to the
cyclic loading simulation designated as accelerated
implicit. This approach tries to remedy problems
associated with both implicit and explicit modelling
approaches, namely: decreasing computational time of
implicit cyclic loading, and enabling stress
accumulation during the cyclic loading while
guaranteeing that the failure condition is satisfied. On
the other hand, any shortcoming of cyclic modelling at
the constitutive model level will be inherent to the
accelerated implicit approach as well.
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2 ACCELETERATED CYCLIC LOADING

The main idea of the accelerated cyclic loading
originates in the extrapolation of the accumulated
properties such as stresses, strains and other state
variables. The extrapolation is performed on the local
level in the integration points as well as on the global
level on the finite element (FE) mesh.
The accelerated cyclic loading is performed in three
steps:
1. First, the implicit cyclic loading is performed.
2. At the designated cycles, the accumulated
stresses AG ., strains Ag,.. and other state
variables are recorded in the integration points
(local level) and also the displacements of the
FE mesh Au,, in the nodes (global level). The
accumulation can be recorded for one or
multiple cycles for more precise extrapolation.
3. The displacements are extrapolated in the FE
nodes for the desired number of cycles. These
displacements are converted to strains in the
integration points. During the acceleration,
different than the constitutive model stiffness
tensor M has to be used since the response of
the constitutive model would not match the
desired  extrapolation. = Therefore,  the
acceleration stiffness tensor M .. must be
expressed from the extrapolated strains and
stresses. In general, the constitutive equation
can be expressed as follows:

Aogee = Mgec: Aggee, (1

in this case, however, the unknown is the
acceleration stiffness tensor M. and
therefore, the M .. has to be derived as

Macc = AGaCC ® Asacc/(Asacc:Asacc)-(z)

The tensor M. 1is strain-rate direction
dependent, that is, it can be applied only for the
loading direction from which it was derived.

In the present study, only a linear extrapolation is
used based on one implicit cycle, however, a nonlinear
extrapolation can be applied too when fit through
multiple recorded cycles.

Tremendous benefit of the accelerated approach is
that the entire acceleration can be performed in one
step without any iteration needed since all the FE
nodes are loaded with prescribed displacements. It
should be also noted that the numerical simulation of
the cyclic loading can be performed while combining
implicit, accelerated and explicit approaches in
sucession.
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3 CONSTITUTIVE MODELS

In this paper, two constitutive models are used. The
hypoplastic sand model (Von Wolffersdorff, 1996)
defines the behaviour of the soil and linear elastic
model is applied to the structure of a monopile.

3.1 Hypoplastic sand model

The hypoplastic sand is a nonlinear constitutive model
defined in the form of rate equation and defines these
8 parameters:

hg — Granular hardness

n — Exponent of normal compression line

e;o — Initial void ratio of the isotropic state

e — Initial void ratio of the critical state

egqo — Initial void ratio of the densest state

a — Peak state controlling exponent

[ — Stiffness controlling exponent

@, — Critical state friction angle

The small strain enhancement (Niemunis, 1997)

defines additional state variable § designated as
intergranular strain and 5 parameters:

R — Elastic strain range

my — Stiffness factor for 90° strain path change

mp — Stiffness factor for 180° strain path

reversal

x — Controls stiffness degradation

B, — Controls nonlinearity of small strain

evolution

The simulations undertaken in this paper were

conducted with the parameters presented in Table 1
and Table 2. Unit weight of the soil was defined
asy = 20 kN/m3.

Table 1. Hypoplastic sand parameters.
h n €op €p €g « B P
(kPa] [-] [-] [1 [-] [-1 [1 [0]
3x10® 02 12 10 06 03 30 30

Table 2. Small strains enhancement.
R[-] my[-] mg[-] X[-] B[]
1x10°° 2.5 5.0 5.0 1.0

3.2 Elastic model

The monopile is assigned a linear elastic constitutive
model which defines two parameters, namely:
Young’s modulus E and Poisson’s ratio v. The
parameters values are gathered in Table 3.

Table 3. Linear elastic model.
E [kPa]
3.107
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4 VALIDATION

4.1 SIMPLE AXISYMMETRIC CASE

The proposed approach was first tested with the
axisymmetric elements test subjected to various
loading conditions in FE model discretised to 64 FE
elements.

The example of drained triaxial with a strain driven
loading is shown in Figure 1. Initially, the sample was
isotropically consolidated to 100 kPA. The cyclic
loading was performed with the wvertical strain
amplitude Ae,, = 0.05%. As a benchmark, 100
implicit cycles were undertaken (red). The accelerated
cyclic loading was performed with a combination of
10 implicit cycles and 10 (green) and 20 (black)
accelerated cycles, respectively. The extrapolation
was based on the accumulation of the last implicit
cycle. While the differences in strains and void ratios
between the implicit and accelerated loading are
relatively small, the evolutions of the accelerated axial
stresses 0., show initially significant deviations.
Nonetheless, accelerated o, asymptotically converge
at 100™ cycle due to a well approximated void ratios e.
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Figure 1. Element testing of the accelerated approach.

4.2 MONOPILE SIMULATION

We chose to simulate a monopile under a cyclic
loading corresponds well with a current focus on wind
farms and renewable energy. It is important to note
that there was no contact defined on the soil/structure
boundary since all constitutive models used during the
acceleration must be implemented as accelerated. To
remedy a problem with local tension at the soil/pile
boundary, additional hypoplastic parameter p; =
50 kPa was used, which extends admissible states to
tension.

The geometry of the monopile is depicted in Figure
2 with rather coarse mesh counting 4004 tetrahedral
elements. The pile is loaded on the top in the direction
of the x-axis with force amplitude.

o<
Elastic pile
£
g
Hypoplastic sand
K
£
g
)(

¥ g0 ™

Figure 2. Geometry of the simple monopile model
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As a benchmark, a fully implicit cyclic loadings were
performed. Furthermore, different combinations of the
implicit and accelerated cycles were simulated. In this
study, a combination of 10 accelerated and 5 implicit
loading cycles is presented with the cyclic amplitude
10 kN. At the beginning, 20 cycles were performed
fully implicit in order to stabilize values of state
variables. Comparison of the accelerated cyclic
loading and the fully implicit cyclic loading is
displayed in Figure 3.
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Figure 3. Simple monopile model.

Simulating results are plotted for a point with
coordinates P [55, 40, 80]. Similarly to the elements
testing, the extrapolation is based on the accumulation
over one cycle, which resulted in small deviations of
the explicit loading from the implicit loading. The
intergranular strain tensor & is shown in Figure 4. For
the sake of clarity only components 8,1, §,, and 833
are displayed. It was shown that after 15-20 initial
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cycles the intergranular strains values at the end of
cycles stabilize and thus can be extrapolated with a
constant value since the fully implicit and accelerated
intergranular strains reach comparable values.
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Figure 4. Small strains §.

5 CONCLUSIONS

In this paper, a new approach to the simulation of
cyclic loading was introduced which can significantly
reduce computational time of the implicit cyclic
loading. The approach is based in extrapolation of
displacement, stresses, strains and state variables over
prescribed number of cycles.
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