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Abstract
In offshore technology, especially in offshorewind energy converters, permanent
deformations of the structures must be limited. For that purpose, the accumu-
lation of permanent deformation due to cyclic loading must be predicted as
accurately as possible. To account for this accumulation in non-cohesive soils,
different approaches such as semi-empirical methods, p-y curve methods and
numericalmethods are available. Among the numerical approaches, the Stiffness
DegradationMethod (SDM) has the advantage of practical feasibility. However, it
is only compatible with a relatively simple constitutive law and does not consider
the influence of un- and reloading stress paths in the soil. With the basic concept
of SDM, a new method termed Cyclic Strain Accumulation Method (CSAM) is
proposed. In CSAM, the weaknesses of SDM, especially its incompatibility with
advanced constitutive laws, are overcome,while retaining the practical feasibility
as the main advantage of SDM. Through numerical calculations of a monopile,
it is found that the CSAM is able to reproduce SDM results if the same material
law is applied. The results of SDM and CSAM for the case of a vertical loaded
strip footing have been presented. The comparison shows that the CSAM results
are more realistic than the SDM results. Besides, CSAM is computationally more
efficient and open for further optimisation. The effects of sophisticated mate-
rial law and the consideration of un- and reloading are investigated. Results
show that CSAM is a promising new approach to account for the deformation
of foundations under cyclic loading in non-cohesive soils.

KEYWORDS
cyclic deformation, cyclic strain accumulationmethod (CSAM), finite element method (FEM),
monopile, offshore wind energy converter, stiffness degradation method (SDM)

1 INTRODUCTION

During its design lifetime, offshore wind energy converters (OWECs) are subjected to a high number of cyclic loads result-
ing fromwinds and waves, thus undergoing increasing permanent deformations of the foundation structure. These cyclic
loads are of special relevance because the vertical loads, which for usual offshore structures govern the design, are small
relative to the eccentric loads caused by the large lever arm between the nacelle andmudline.With regard to serviceability,
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F IGURE 1 System of offshore wind energy converter
founded on a monopile.

it is often required in offshore wind projects that the permanent rotation of the foundation structure shall be limited to
0.5◦, including an installation tolerance of 0.25◦, which means that the additional accumulated rotation due to lateral
cyclic loading must be limited to less than 0.25◦. Therefore, predicting the permanent deformation and rotation due to
cyclic eccentric loads is greatly important (Figure 1).
Under proper water depth and subsoil conditions, the foundations for OWECs are often built in the form of monopiles.

In the practical design ofmonopiles, the cyclic deformation is often estimated using semi-empirical equations derived from
small-scale experiments in terms of head displacement or head rotation. These approaches are simple for the application,
but their weaknesses are that they do not consider site-specific conditions, which the so-called cyclic p-y curve approaches
addressed. In the cyclic p-y curve approaches, the pile is treated as a beam and the soil structure interaction is described
through non-linear springs, with the soil contribution considered only in an integrated sense. This simplification also
makes the accuracy of p-y curve methods inherently limited.
These weaknesses are overcome using numerical approaches that distinguish between implicit and explicit methods

of cyclic deformation. The implicit method is an extension of classical plasticity theory in that the real load scenario, that
is, every single loading cycle, is followed in the numerical model, and the cyclic deformation is computed based on the
plasticity theory. A typical example of a material law applied here is the SANI-Sand model after Dafalias et al. and Liu
et al.1,2 Since the exact loading scenario is followed and computed, the implicit method is computationally costly and
can normally only be applied for a low number of cycles (maximal up to several hundred), as for large cycle numbers,
the numerical errors become too great and make the system difficult to converge. In practical cases, however, it is often
required to compute the cyclic deformation after millions of cycles. In this sense, it may not be possible to utilise the
implicit method, but only the explicit method. The explicit method, in contrast, does not concentrate on a single loading
cycle. Here the mechanical effect of cyclic loading, that is, the cyclic deformation of a given cycle number, is computed
directly through the accumulation laws derived from cyclic laboratory element tests (such as cyclic triaxial tests) with the
assumption that the stress state keeps basically unchanged during the cyclic loading. In this way, numerical simulation
to a high cycle number is possible. Examples of explicit methods are High-Cycle Accumulation Method (HCA) after
Wichtmann et al. and Niemunis et al.3,4 and the Stiffness Degradation Method (SDM) after Achmus et al.5
In the HCA model, a hypoplastic material law is applied and the strain accumulation due to cyclic loading of a soil

element is determined by an equation considering load history, strain amplitude, void ratio, confining pressure, stress
ratio and load cycle number. In the numerical simulation, the accumulated strain is considered as pseudo-creep strain.
The method is capable to deal with general cyclic loading conditions, but the simulation is complex and a large number
of cyclic soil tests is necessary to identify the numerous input parameters.
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1878 CAO et al.

In the Stiffness DegradationMethod (SDM) (Achmus et al.5), the cyclic deformation is generated by applying the results
of cyclic triaxial tests through the degradation of elastic soil stiffness specifically, depending on the cycle number and
local load intensity, as detailed in Section 2.2. An important advantage of SDM is its practical feasibility compared to
other more rigorous numerical methods such as SANI-Sand and High Cycle Accumulation (HCA) methods. The SDM is
built based on the elasto-plastic constitutive law, Mohr-Coulomb’s perfect plasticity, whose parameters can be estimated
throughwell-known empirical values andwhose cyclic soil behaviour is described through only two regression parameters
derived from cyclic triaxial testing. Several studies and comparisons with experimental data showed that it is possible
to achieve a realistic estimation of the cyclic behaviour of monopiles through the SDM (see Achmus et al.,5 Albiker,6
Westermann et al.,7,8 and Yang et al.9). However, a disadvantage of SDM is that the conceptual approach of elastic stiffness
degradation requires using a simple material law with elastic stiffness, in which the elastic deformation shall be decisive:
the elasto-plastic constitutive law with perfect plasticity. A more accurate characterisation of the soil behaviour by an
advanced material law is thus impossible within the framework of the SDM. The numerical degradation procedure in soil
stiffness also indicates that SDM can only be used for the monopile under horizontal loading. If, as in the case of a gravity
foundation, the cyclic vertical deformations are to be investigated, the degradation of the soil stiffness not only leads to an
increase in deformation as a result of cyclic loads, but also as a result of permanent (gravity) loads.
Another inaccuracy of the SDM lies in the fact that the material law does not distinguish between the primary loading

and reloading path. Hence, the stress state of the soil element, which serves as the basis for the explicit method, can only
be determined from the primary loading path in the system. In fact, the stress state in a load cycle is more representative
by considering the unloading and reloading path of the system.
In this paper, a new method termed ‘Cyclic Strain Accumulation Method (CSAM)’ is presented in which accumulated

strains derived from cyclic tests are applied directly (instead of indirectly via stiffness degradation) in the numericalmodel.
The CSAM adopts essential aspects of the SDM but allows the consideration of more advanced material models. In the
comparison computations, the CSAM results are compared with the SDM results using the same constitutive law as the
SDM. Furthermore, the CSAM is applied with a more sophisticated constitutive law, viz. Hypoplasticity, to investigate the
influence of material law and of un- and reloading stress path on cyclic accumulation behaviour of the monopile.

2 CURRENT DESIGNMETHODS FOR LATERALLY LOADEDMONOPILES

As already mentioned, the cyclic behaviour of laterally loaded monopiles can be described through semi-empirical
approaches, cyclic p-y curves, and numerical methods. In the following, these methods are described briefly.

2.1 The semi-empirical approaches and p-y curve methods

Typical semi-empirical approaches, as summarised in Table 1 (taken from10), describe an increase of cyclic deformation
relative to the deformation after the first loading in terms of pile head displacement or rotation. These approaches are
derived from various experiment conditions; thus, they have a wide range of fitting parameters. Consequently, quanti-
fying the cyclic behaviour through semi-empirical approaches is difficult, as the site-specific conditions, such as subsoil
conditions and actual soil pile interaction, are not taken into account.
The cyclic p-y curves of non-cohesive soils are often derived by modifying static p-y curves. In the cyclic approach after

API (American Petroleum Institute),11 the cyclic p-y curve is expressed as:

𝑝 = 𝐴 ⋅ 𝑝𝑢 ⋅ tanh

(
𝑘 ⋅ 𝑧

𝐴 ⋅ 𝑝𝑢
⋅ 𝑦

)
(1)

In this equation, 𝑝𝑢 is the ultimate resistance depending on depth 𝑧 and friction angle 𝜑 of the soil; 𝑘 is a stiffness
parameter also depending on 𝜑. The calibration factor A shall be set to A = 0.9 for the case of cyclic loading. It is usually
assumed that this factor applies to a cycle number of N ≈ 100 (cf.12).
Based on this concept, Dührkop (2009)12 proposed a modified formula based on small-scale 1 g test:

𝑝 = �̃�𝑐𝑦𝑐 ⋅ 𝑝𝑢 ⋅ tanh

(
𝑘 ⋅ 𝑧

0.9 ⋅ 𝑝𝑢
⋅ 𝑦

)
(2)
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1880 CAO et al.

F IGURE 2 Results of a cyclic triaxial compression
test and formulation evaluation after Huurman (1996).16

with

�̃�𝑐𝑦𝑐 = 𝑟𝐴 ⋅
(
3 − 1.143 ⋅

𝑧

𝐷

)
+ 0.343 ⋅ 𝑧∕𝐷 (3)

Here 𝑟𝐴 is a factor depending on the load cycle number. For the static case, 𝑟𝐴 = 1 applies, for N = 100 𝑟𝐴 = 0.3 and for
N = 105 𝑟𝐴 = 0. This modification yields p-y curves that depend on the actual number of load cycles.
Recently, Song et al.13 proposed an ‘overlay model’ that transfers an arbitrary static p-y curve to a cycle p-y curve for

a given number of cycles using y-multipliers. This overlay model is derived based on the Stiffness Degradation Method
(SDM) introduced in Section 2.2.

2.2 The stiffness degradation method

The stiffness degradation method (SDM) presented in5 and6 is a simplified explicit method that concentrates on the prac-
tical feasibility, with the purpose of keeping the number of required input parameters as small as possible. The SDM is
built based on the elasto-plastic constitutive law of Mohr-Coulomb’s perfect plasticity with the stress-dependent stiffness
after Ohde14:

𝐸𝑠 = 𝜅 ⋅ 𝜎𝑎𝑡 ⋅

(
𝜎𝑚
𝜎𝑎𝑡

)𝜆

(4)

Here, 𝐸s represents the oedometric stiffness of the soil and 𝜎m the mean normal stress. 𝜎at is the reference stress equal
to 100 kPa. The parameters 𝜅 and 𝜆 describe the stress-dependency of the soil stiffness, which for non-cohesive soils can
be estimated through semi-empirical values depending on the relative density, for example, after EAU (2012).15
The governing equation of the SDM is the semi-empirical equation after Huurman16 which describes the increase of

axial strains in a cyclic triaxial compression test (cf. Figure 2):

𝜀𝑎𝑐𝑝,𝑁

𝜀𝑎
𝑐𝑝,𝑁=1

= 𝑁𝑏1(𝑋)
𝑏2 (5)

Here 𝜀𝑎
𝑐𝑝,𝑁=1

is the axial strain after the first loading, and 𝜀𝑎𝑐𝑝,𝑁 , the axial strain after N-th loading. N is the cycle number,
𝑏1 and 𝑏2 are regression parametersmathematically derived from a series of cyclic consolidated drained triaxial tests (CD).
The parameter 𝑋 is interpreted as the cyclic stress ratio and characterises the load intensity relative to failure stress.

𝑋 =
𝜎1
𝜎1𝑓

=
𝜎1

𝜎3 ⋅
1+sin 𝜑

1−sin 𝜑
+ 𝑐 ⋅

2 cos 𝜑

1−sin 𝜑

(6)

𝜎1 is the maximum stress under cyclic loading in axial direction, and 𝜎1𝑓 represents the static failure stress, which can
be expressed in terms of 𝑐, 𝜑, and confining stress 𝜎3.
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CAO et al. 1881

F IGURE 3 The computation procedure
of SDM.5

Huurman’s semi-empirical equation describes the deformation of a soil element under constant load intensity. In the
SDM, Huurman’s equation is numerically translated indirectly through the degradation of elastic soil stiffness:

𝜀𝑎
𝑐𝑝,𝑁=1

𝜀𝑎𝑐𝑝,𝑁
=
𝐸𝑠,𝑁

𝐸𝑠,1
= 𝑁−𝑏1𝑋

𝑏2 (7)

By assigning different degraded soil stiffnesses to the elements of the system and repeating the numerical simulation,
an interaction of adjacent elements during cyclic loading and a stress redistribution in the system is accounted for. The
regression parameters b1 and b2 are dependent on both the type of a sand and its relative density and must in general be
determined by a series of triaxial tests. Typical ranges of these parameters are reported in Achmus et al.5 and also Albiker.6
According to literature, the b1 varies from 0.10 up to 0.30, while b2 varies from 0.50 to 20.0. Based on literature review and
additional results of cyclic triaxial testing, Albiker6 concluded that with regard to b1 and b2, the type of a sand is much
less important than the relative density. For medium dense sand, he proposed b1 = 0.15 and b2 = 0.5, and for dense sand
the proposed values were b1 = 0.12 and b2 = 0.5.
A problemwith the utilisation of Huurman’s equation for the pile-soil system is that in a system the principal stress axes

rotate during loading and both theminor principal stress σ3 and themajor principal stress σ1 change. Moreover, the initial
stress state before application of the cyclic load portion is in general anisotropic, which means that cyclic stress ratios
before and after load application X(0) and X(1) must be distinguished, which refer to different failure stresses. Therefore,
a characteristic stress ratio XC is defined, which substitutes the X-value in Equation 7. This ratio describes the difference
between cyclic stress ratios in the initial step𝑋(0) and the cyclic stress ratio in the loading step𝑋(1) regarding the maximal
difference between 𝑋(0) and 𝑋(1). In this way, the cyclic load intensity is redefined as follows:

𝑋𝐶 =
𝑋(1) − 𝑋(0)

𝑋
(1)
𝑚𝑎𝑥 − 𝑋(0)

=
𝑋(1) − 𝑋(0)

1 − 𝑋(0)
(8)

For one-way cyclic loaded monopiles, the SDM procedure is carried out in three steps (see Figure 3):

1. Initial step: the initial soil stresses and the dead loads are applied to compute the 𝑋(0) values on every stress point in
the numerical model.

2. First loading with cyclic load: the cyclic loads are applied as static loads in the system to compute the values of 𝑋(1)

on each stress point. Furthermore, the degraded elastic soil stiffness is computed according to 𝑋(0), 𝑋(1), and the given
parameters 𝑏1, 𝑏2, 𝑐 and 𝜑 with respect to the considered cycle number N.

3. Cyclic loading with degraded soil stiffness: new calculations are carried out with the same loading scenario and the
degraded elastic soil stiffness with respect to the required cycle number exported from the second step. Precisely, it
means that, in this step, a constant but non-homogenous soil stiffness is used. For each cycle number to be considered,
a separate new calculation is required.
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1882 CAO et al.

TABLE 2 The input parameters for the comparison computation between SDM and CSAM in accordance with.5,6.

Relative density 𝜿[–] 𝝀[–] 𝒄[kPa] 𝝋[◦] 𝝍[◦] 𝝂[–] 𝒃𝟏[–] 𝒃𝟐[–]
Medium dense 400 0.60 0.1 35.0 5.0 0.25 0.15 0.5
Dense 600 0.55 0.1 37.5 7.5 0.25 0.12 0.5

In the SDM procedure, the first two steps are implicit, serving to compute the variables for the third explicit step. With
these steps, the cyclic deformation is computed indirectly through the degraded elastic soil stiffness.

2.3 Discussion of approaches

Among the introduced approaches, the semi-empirical approaches and cyclic p-y curve methods are mostly used in
practical design for their simple application and satisfying computational efficiency. A major disadvantage of the two
approaches is the inaccurate consideration of the soil-pile interaction. Besides, the available cyclic p-y curves are partially
not experimentally validated or validated for only small cycle numbers.
The Stiffness Degradation Method (SDM), as a simplified numerical method focuses on the practical feasibility instead

of theoretical accuracy; thus, requires only eight input parameters (see Table 2). With the more realistic modelling of the
soil structure interaction and consideration of site-specific soil conditions compared with the semi-empirical approaches
and p-y curves, the computation accuracy with SDM is much improved.
However, the SDM has its weakness due to its indirect numerical translation, that is, the indirect generation of cyclic

deformation through degradation of the elastic soil stiffness. This procedure is programming-friendly and convergence-
friendly but limits its further application as it is only compatible with a constitutive law, in which the deformation mainly
depends on one parameter (the oedometric stiffness modulus). Inmore advanced constitutive laws, such as the Hypoplas-
ticity model17 or the Hardening Soil Small Strain model,18 the deformation depends on several interacting parameters,
which makes the application of the SDM very difficult or even impossible.
Since the Stiffness Degradation Method (SDM) cannot be applied in combination with general sophisticated consti-

tutive laws, it has no potential for further development and optimisation. For instance, applications to the problem
of a cyclic eccentrically loaded footing showed that with the simple constitutive law used in the SDM a realistic
prediction of the tilting of the footing under monotonic load is not possible. Therefore, a new numerical explicit
method is proposed that overcomes the weakness of SDM, and at the same time, keeps the practical feasibility of the
SDM.

3 THE NEWNUMERICALMETHOD

In the newmethod,Huurman’s semi-empirical equation16 still serves as the basic governing equation (see Equation 5), but
the numerical application procedure is modified. Since the weakness of SDM is mainly caused by the indirect numerical
application ofHuurman’s equation, in the newnumericalmethod, the cyclic deformation is generated by directly applying
strain to the soil elements on stress integration points. In otherwords, the term𝑁𝑏1(𝑋)

𝑏2 does not serve as a reduction factor
for soil stiffness, but as a strain amplifier to describe the cyclic effect based on the strains computed from the monotonic
loading. Due to the proposed numerical procedure, the new numerical method is termed ‘Cyclic Strain Accumulation
Method’ and abbreviated as CSAM.
Since the cyclic deformation in CSAM is generated by directly applying strains on stress integration points, it is com-

patible with arbitrary static constitutive laws, and the form of strain application can be modified easily. In the current
version of CSAM, the cyclic strain accumulation due to the cyclic normal loading following a triaxial compression stress
path is considered (by applying Huurman’s equation). If necessary, other strain accumulation mechanisms, such as the
shear strain accumulation due to cyclic direct shearing, can also be taken into account under the framework of CSAM.
In general, the CSAM provides a highly flexible framework and thus shows great potential for further modification and
optimisation.
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CAO et al. 1883

3.1 The first version of CSAM

In the first version of CSAM, the computation conditions are similar to the SDM: This means it utilised Mohr-Coulomb
constitutive law with perfect plasticity, and the stress state, which serves for the derivation of the strain increase rate, is
also read from the first (virgin) loading path. The mechanical effect of the SDM through the soil stiffness degradation can
be illustrated by Hooke’s law and the Huurman equation (see Equations 5 and 7) as

𝜀𝑖𝑖,𝑁 =
1

𝐸𝑁
[𝜎𝑖𝑖 − 𝜈(𝜎𝑗𝑗 + 𝜎𝑘𝑘)] =

1

𝐸1∕𝑁𝑏1(𝑋)
𝑏2
[𝜎𝑖𝑖 − 𝜈(𝜎𝑗𝑗 + 𝜎𝑘𝑘)] = 𝑁𝑏1(𝑋)

𝑏2
𝜀𝑖𝑖,𝑁=1 (9)

𝛾𝑖𝑗,𝑁 =
1

𝐺𝑁
𝜏𝑖𝑗 =

1

𝐺1∕𝑁𝑏1(𝑋)
𝑏2
𝜏𝑖𝑗 = 𝑁𝑏1(𝑋)

𝑏2
𝛾𝑖𝑗,𝑁=1 (10)

Here the subscripts 𝑖, 𝑗, 𝑘 stand for the coordinates 𝑥, 𝑦, 𝑧.
From Equations 9 and 10, it is clear that all six cartesian strain components are amplified through the degraded soil

stiffness. To achieve the same mechanical effect as the SDM, in the first version of CSAM, all six Cartesian strains are
amplified directly with the same amplifier 𝑁𝑏1(𝑋)

𝑏2 without using the soil stiffness as the transfer medium:

𝜀𝑖𝑖,𝑁 = 𝑁𝑏1(𝑋)
𝑏2
⋅ 𝜀𝑖𝑖,𝑁=1 ⇒ Δ𝜀𝑖𝑖,𝑁 =

(
𝑁𝑏1(𝑋)

𝑏2
− 1

)
⋅ 𝜀𝑖𝑖,𝑁=1 (11)

𝛾𝑖𝑗,𝑁 = 𝑁𝑏1(𝑋)
𝑏2
⋅ 𝛾𝑖𝑗,𝑁=1 ⇒ Δ𝛾𝑖𝑗,𝑁 =

(
𝑁𝑏1(𝑋)

𝑏2
− 1

)
⋅ 𝛾𝑖𝑗,𝑁=1 (12)

With these equations, the additional strains induced by cyclic loading can be calculated dependent on the load cycle
number N for each stress point (Gaussian point) of the FE model. In the numerical model, these additional strains are
applied and considered, in the same way, as temperature or creep strains. Whereas in the SDM, the cyclic deformation is
generated ‘indirectly’, in the CSAM, it is generated ‘directly’, as will be discussed with a computation example later.
Like the SDM, the numerical procedure of CSAM in the first version is carried out in three steps. In the first two steps,

the characteristic stress ratio 𝑋c is calculated from the stress conditions, and the applied cyclic strains with respect to
different cycle numbers calculated using Equations 11 and 12. In the third step, cyclic strains are applied directly in the
numerical model. Depending on the expected cycle numbers, the third step can be divided into several substeps. In other
words, to compute the cyclic behaviour with CSAM, only one computation with a stepwise increase of strains is required,
which is computationally more efficient than the SDM, where the cyclic deformation for each cycle number requires a
separate new calculation.
To validate the CSAM, first, two typical monopile geometries in accordance with the examples from Achmus et al.5

are investigated (see Figure 4), which are subjected to a one-way load with complete unloading of 15.0 MN and the
corresponding lever arm to pile head (at the soil surface) of 20.0 m.
Regarding soil parameters, Mohr-Coulomb’s perfect plasticity and stress-dependency on soil stiffness after Equation 4

are kept. The friction coefficient 𝜇 between the monopile and soil is assumed as 𝜇 = 2/3tan 𝜑. The two regression parame-
ters 𝑏1 and 𝑏2 for soil cyclic behaviour are not adopted from Achmus et al.5 but taken from the experimental work done by
Albiker6 and are considered to be more accurate than the mathematical average values from Achmus et al.5 The utilised
soil parameters are summarised in Table 2.
Under the above-mentioned conditions, calculations were done to compare SDM and CSAM using the Finite Element

Software ABAQUS.19 A 3D-model with 8-noded brick elements (C3D8) is used to examine the behaviour of the monopile
in sandy soil under cyclic lateral loading conditions. Due to symmetry in loading and geometry, only half of the system
was examined. The monopile was modelled as open-ended pile. After setting the initial stresses in the soil by means of
a k0-procedure, the pile’s steel elements were inserted by a ‘wished in place’-procedure, which means that the effects of
the installation procedure on the soil around the pile was neglected. The contact interaction between the monopile and
adjacent soil elements was simulated with a penalty method applying Coulomb’s friction law.
Regarding the size of the model domain and the number and size of the elements, a sensitivity study was conducted.

The chosen model dimensions of a width 14-times the pile diameter and a depth of twice the pile length ensure that
the calculation results are not affected by the boundary conditions. A typical finite element mesh chosen for a reference
system is depicted in Figure 4.

 10969853, 2023, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/nag.3542 by C

ochrane G
erm

any, W
iley O

nline L
ibrary on [17/07/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



1884 CAO et al.

F IGURE 4 The used ABAQUS model.

The results are illustrated in terms of deflection curves and pile head displacement in Figures 5–7. Figure 5 shows
deflection lines for amonopilewithD= 7.5mandL= 40mundermaximal loading after different load cycles, as calculated
for SDMandCSAM.As expected, the head displacement of themonopile increaseswith the number of load cycles, and the
rotation point of the pile moves slightly downwards both for the medium dense (Figure 5A) and dense sand (Figure 5B). A
good agreement between the results from SDM and CSAM is detected. The SDM predicts slightly greater deflections than
the CSAM. This slight difference is caused by the different numerical procedures for applying semi-empirical equations
in the system (see Equations 9–12). Due to the assignment of different stiffness reductions for each element in the system
in SDM, a redistribution of stresses compared to the monotonic loading case occurs. Also, in CSAM, stress redistributions
occur due to the assignment of different volume strains to the soil elements. However, the CSAM reaches the cyclic stress
state under a different loading path. The cyclic deformation is generated by ‘directly’ applying strains on soils, whereas in
SDM, the cyclic deformation is generated ‘indirectly’ by reducing the soil stiffness. Therefore, a perfect agreement cannot
be expected. However, for a monopile system, the differences in cyclic behaviour are obviously rather small.
As a second example, deflection lines for a monopile with D= 5.5 m and L= 30 m are considered. The same maximum

load (Hmax = 15MN)with the same lever armwith respect to the soil surface (h= 20m)was applied, whichmeans that the
relative load magnitude for this system is considerably higher than in the first example. Consequently, greater deflections
and a more pronounced cyclic accumulation of displacements result. For this case, the CSAM and SDM results are almost
the same.
Figure 7 shows the pile head displacements extracted from Figures 5 and 6 as a function of the number of load cycles.

Evidently, the agreement between CSAM and SDM in the pile head displacement can be considered satisfying. Thus, it
can be concluded that for monopiles under cyclic lateral loading (which is the system the SDMwas developed for), CSAM
gives approximately the same results as SDM when the same material law of the soil is applied.

3.2 Variation of constitutive law and consideration of un- and reloading stress path

Next, in this study, under the framework of CSAM, the influence of constitutive law on cyclic behaviour is investigated by
comparing the cyclic behaviour using the constitutive laws of Mohr-Coulomb’s perfect plasticity (MC) and Hypoplasticity
with intergranular strain (Hypo), respectively. Furthermore, the effect of considering the un- and reloading stress path
during cyclic loading in contrast to considering only the virgin loading stress path (as in the original SDM) is investigated.
The constitutive theory of Hypoplasticity arose from the attempt to capture the soil behaviour in a mathematical struc-

ture as simple as possible. It is distinctive in that themain characteristics of themechanical behaviour of granularmaterial
are expressed in one single tensorial equation. It differs from elasto-plastic models in that the splitting of the deformation
into an elastic and a plastic part no longer occurs, and neither do the mathematical constructs such as plastic potential,
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CAO et al. 1885

F IGURE 5 Pile deflection curves using CSAM and SDM for the pile embedment length L = 40 m and pile diameter D = 7.5 m. (A)
Medium dense sand. (B) Dense sand.

yield surface, flow rule and consistency condition. In the constitutive law, the influence of the pressure level and the rela-
tive density (void ratio) on the soil behaviour or granularmaterials is taken into consideration. Stiffness, shearing dilatancy
or contractancy, and peak friction result from the current void ratio and stress conditions of the soil elements and from
the direction of the soil deformation. The theoretical basis and deduction of the hypoplastic relationship are described in
detail in.20,21,22,23
Under the triaxial stress path and oedometric stress path, the comparison of static soil response using Mohr-Coulomb’s

perfect plasticity model and the Hypoplasticity model with intergranular strain are illustrated in Figure 8. It can be
observed that the soil response using the two constitutive laws is quite different, especially theMohr-Coulombmodel with
perfect plasticity could not reproduce the typical hardening behaviour of soils and the difference in un- and reloading and
virgin loading paths, which causes inaccuracy in calculating deformation.
For an explicit method, as applied here, an essential requirement to compute the cyclic deformation is an accurate

representation of the stress changes in a load cycle. When the plasticity is taken into account in the system, a considerable
stress redistribution occurs during the primary loading, especially when using constitutive law like Hypoplasticity with
intergranular strain, which can describe the hardening of soil and distinguish the static soil response in the primary and
reloading path. In other words, the stress condition at the primary loading occurs only once in the system; therefore, the
stress at the reloading path should be more representative than at the primary loading. Due to the stated reason, in the
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1886 CAO et al.

F IGURE 6 Pile deflection curves using CSAM and SDM for the pile embedment length L = 30 m and pile diameter D = 5.5 m. (A)
Medium dense sand. (B) Dense sand.

F IGURE 7 The comparison of pile head displacement between SDM and CSAM for two different monopile geometries
(L = 30 m/D = 5.5 m and L = 40 m/D = 7.5 m).
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CAO et al. 1887

F IGURE 8 Loading and unloading cycles according to linear-elastic ideal-plastic material laws (black lines) and according to
Hypoplasticity with intergranular strain (light-grey lines) in the triaxial compression (left) and oedometric stress path (right) (schematic).24

TABLE 3 The input parameters for the cyclic computation using Hypoplasticity model with intergranular strain (taken from
Wichtmann et al.26).

Relative density
𝝋𝒄
[◦]

𝒉𝒔
[MPa] 𝒏 [–] 𝜶 [–] 𝜷 [–]

𝒆𝟎
[–]

𝒆𝒊𝟎
[–] 𝒆𝒄𝟎[−]

𝒆𝒅𝟎
[–] 𝑹 [–]

𝒎𝑻

[–]
𝒎𝑹

[–]
𝜷𝑹
[–] 𝝌 [–]

0.58 (Medium dense) 33.1 4000 0.27 0.14 2.5 0.90 1.212 1.054 0.677 10−4 1.1 2.2 0.1 5.5
0.89 (Dense) 33.1 4000 0.27 0.14 2.5 0.735 1.212 1.054 0.677 10−4 1.1 2.2 0.1 5.5

TABLE 4 The input parameters for the cyclic computation using Mohr-Coulomb perfect plasticity.

Relative density 𝜿 [–] 𝝀 [–] 𝒄 [kPa] 𝝋 [◦] 𝝍 [◦] 𝝂 [–]
0.58 (Medium dense) 550 0.6 0.1 34.0 4.0 0.25
0.89 (Dense) 900 0.55 0.1 40.0 10.0 0.25

following computation, a further variation is added to distinguishwhether the stress state for explicit computation is taken
from the primary or reloading path.
The used Hypoplasticity model with intergranular strain was implemented in ABAQUS in terms of User Material

(UMAT) provided by Tamagnini et al.25 The corresponding input parameters are listed in Table 3, taken from Wicht-
mann et al.26 for Karlsruhe fine sand. In this study, the basic model conditions in Figure 5 are kept. Medium dense sand
and dense sand are again considered with relative densities ID of 0.58 and 0.89, respectively.
The two cyclic input parameters 𝑏1 and 𝑏2 for the two relative densities are also adopted from Table 2. Besides, the

geometry and loading conditions are kept according to Figure 4 (geometry 1, i.e., D = 7.5 m, L = 40 m). The input param-
eters for the case using Mohr-Coulomb with perfect plasticity are summarised in Table 4. For this investigation, the shear
parameters 𝑐 and 𝜑 for the Mohr-Coulomb failure criterion were calibrated such that in a static triaxial compression test,
the same failure stress applies as calculated with the Hypoplasticity model with intergranular strain. With the derived 𝜑

value, the friction coefficients between the monopile and soil are still assumed as 𝜇 = 2/3 tan 𝜑 for all cases. The stiffness
parameters 𝜅 and 𝜆were adjusted such that under the considered load of H= 15MN in the static case (N= 1), the same pile
head displacements occur as for the case with the hypoplastic material law (see Figure 9). This parameter choice enables
an easy comparison of the differences between the model approaches regarding the cyclic behaviour of the monopile. As
can be seen in Figure 9, this procedure leads to slightly different displacements at smaller loads, where the hypoplastic
material law predicts slightly stiffer system behaviour.

3.3 Consideration of the UN- and reloading stress path

To illustrate the influence of the stress path on the cyclic behaviour, the behaviour of the monopile under cyclic loads
using Mohr-Coulomb perfect plasticity was investigated. The stress states used to calculate the characteristic stress ratio
Xc (see Equations 6 and 8) were read from the primary stress path and reloading stress path in two cases, respectively.
For the case ofmediumdense sand, Figure 10 shows the distributions of the characteristic stress ratios. Slight differences

can be seen, but in the most important passive region in front of the pile the distributions are quite similar. It might thus
be expected that the effect of un- and reloading consideration is not too great.
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1888 CAO et al.

F IGURE 9 Comparison of load-displacement curves of the monopile D = 7.5 m/L = 40 m for the cases with hypoplastic and
Mohr-Coulomb material laws.

Figure 11 shows the calculated monopile deflection lines for both medium dense and dense sand, and Figure 13 shows
the development of pile head displacements dependent on load cycle number. It is found that considering themore realistic
cyclic stress path, that is, the reloading stress path, leads to slightly less accumulation rate of cyclic displacements. For the
case of medium dense sand, the static head displacement increased by a factor of 2.33 when reading the stress states from
the primary stress path, whereas with consideration of un- and reloading, the increase factor is 2.07. For the case of dense
sand, the factors are 1.97 and 1.78, respectively. This shows that the consideration of un- and reloading has a significant
effect and should be accounted for. Therefore, in the hypoplastic material law, which distinguishes between virgin loading
and reloading behaviour, the un- and reloading states are considered in determining the cyclic stress level XC.

3.4 Results for the hypoplastic material law

For the effect of different material laws on the cyclic behaviour of a monopile, the results of calculations using the Mohr-
Coulomb andHypoplasticity material laws are presented in Figure 12. For bothmaterial laws, the un- and reloading stress
states were considered. The results clearly show that application of the more sophisticated material law does not enhance
deviations. In medium dense sand, the MCmaterial law gives slightly greater accumulated displacements than the Hypo
material law, while for dense sand, almost identical cyclic displacement increases are obtained.
The comparison of pile head displacements in Figure 13 summarises the gained results. The results of the monopile

system analysed confirmed the argument that the CSAM is compatible with arbitrary material law. In addition to being
independent of material law, the CSAM produces the same results when the system behaviours after the first loading are
identical. Besides, the investigation results show that the stress states after un- and reloading should be considered in
determining a representative cyclic stress level.

4 DISCUSSION

For themonopile systems investigated in Section 3, it comes out that the application of the newCSAMmethod leads only to
marginal deviations from the results gainedwith the SDM.However, this finding applies only to the investigatedmonopile
systems and cannot be generalised. The SDM is not suitable for systems, inwhich the target value is the deformation in ver-
tical direction, that is, in direction of gravity. Due to the applied degradation of stiffness, also deformations induced by the
(non-cyclic) gravity loads are obtained, which is not intended and leads to an overestimation of accumulated settlements.
As an example, Figure 14 shows the results of SDM and CSAM calculations for the case of a vertical loaded strip footing.

The footing dimensions and the loading conditions were taken from a centrifuge test reported by Helm et al. (2000)27
(also described in Wichtmann et al. 2005)28. The results of the test are also depicted in the figure, although the material
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CAO et al. 1889

F IGURE 10 Comparison of Xc distributions for medium dense sand using Mohr-Coulomb (MC). (A) Without consideration of un-and
reloading. (B) With consideration of un-and reloading.

parameters of the sand were not adapted to the soil conditions in the test. Instead, the parameters for medium dense sand
given in the Tables 3 and 4 were applied.
Evidently, the CSAM predicts significantly smaller accumulated settlements than the SDM. The monotonic settlement

must of course be identical and is 2.6 cm in the considered case. However, after 10,000 cycles, the CSAM predicts a
settlement of 4.6 cm, whereas the SDM predicts 7.1 cm. In the centrifuge test, the monotonic settlement was 2.4 cm
and after 10,000 cycles, 5.0 cm was measured. Although no real back-calculation of the centrifuge test was intended
here, the comparison shows that the CSAM prediction in this case is—as to be expected—more realistic than the SDM
prediction.

5 SUMMARY AND OUTLOOK

With the basic concept of Stiffness Degradation Method (SDM) after Achmus et al.,5 a new numerical explicit method
termed Cyclic Strain Accumulation Method (CSAM) is proposed for computing the cyclic behaviour of cyclically loaded
foundations. The essential difference between SDM and CSAM lies in the numerical procedure; whereas, in the SDM, the
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1890 CAO et al.

F IGURE 11 Comparison of pile deflection curves using Mohr-Coulomb (MC) with and without consideration of un- and reloading. (A)
Medium dense sand. (B) Dense sand.

cyclic deformation is ‘indirectly’ generated through the degradation of elastic soil stiffness, in the CSAM, the cyclic defor-
mation is generated ‘directly’ by applying strains to the soil in the system. With this slight modification, some weaknesses
of the SDM can be overcome. More advanced material laws that simulate soil behaviour more accurate can be applied in
CSAM, and makes possible a more realistic consideration of the cyclic stress paths in the system, consisting of un- and
reloading. Besides, CSAM keeps the advantage of practical feasibility of the SDM, and it is even computationally more
efficient since in the cyclic stage of the procedure, only one computation with stepwise increase of strains is required,
whereas, in SDM, for the cyclic deformation of each cycle number, a separate new computation is required.
From the results for a monopile system presented in this paper, the following main conclusions can be drawn:

∙ For the monopile systems considered, the CSAM predicts similar deflections to the SDM. Since it has been shown that
the SDM predicts reasonable results for monopiles in sands,5,6,7,8,9 this conclusion can also be transferred to the CSAM.

∙ The consideration of un- and reloading in the determination of the cyclic stress level in the elements of the system leads
to a smaller cyclic displacement accumulation. Therefore, un- and reloading stress states should be taken into account
in predicting cyclic displacements.

∙ The calculations of the simple MC material law and the sophisticated Hypo material law lead only to marginal devia-
tions. Obviously, the choice of the material law does not considerably affect the prediction of the cyclic performance of
the system.

The newly developed CSAM offers the possibility to investigate the cyclic behaviour not only of monopiles, but also of
other foundation structures (e.g., gravity foundations), which transfer cyclic loads to the subsoil by vertical cyclic stresses.
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CAO et al. 1891

F IGURE 1 2 Comparison of pile deflection curves using Mohr-Coulomb (MC) and Hypoplasticity with consideration of un- and
reloading. (C) Medium dense sand. (D) Dense sand.

F IGURE 13 The comparison of pile head displacement between Mohr-Coulomb (MC) and Hypoplasticity (hypo).

This is not suitable with the SDM since the stiffness degradation leads to increased deformations due to the vertical acting
initial (static) stresses. Moreover, other stress conditions affecting the accumulation of cyclic strains (for instance, cyclic
oedometric compression) can be easily incorporated into CSAM by adding additional cyclic strains. The SDM and CSAM
have been used to predict the settlement of a strip footing under cyclic vertical loading. The numerical results show that
CSAM gives more realistic results compared to SDM.
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1892 CAO et al.

F IGURE 14 Comparison of CSAM and SDM predictions for a cyclically vertical loaded circular footing.27,28

It should be noted that CSAM as well as SDM are simplified explicit models targeted to estimate the increase of defor-
mations of a geotechnical system due to cyclic loading. Themodels presuppose drained loading conditions and a constant
cyclic load intensity during application of the cyclic loads, which might not be suitable for certain systems and loading
conditions. Despite these limitations, it is concluded that the CSAM is a very promising new numerical method to account
for the cyclic deformation of foundations.
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