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ABSTRACT

Cyclic loading of saturated sand under partially drained condition may lead to accumulated
strains, pore pressure build-up and consequently reduced effective stresses, stiffnesses and shear
strengths. This will affect the ultimate limit state (ULS) capacity of monopile foundations in sand
for offshore wind turbines (OWTs). This paper calculates the performance of a large diameter
monopile foundations, which is installed in a uniform dense sand, subjected to a storm loading
using the Partially Drained Cyclic Accumulation Model (PDCAM). The simultaneous pore pres-
sure accumulation and dissipation is accounted for by fully coupled pore water flow and stress
equilibrium (consolidation) finite element analyses. Drainage and cyclic load effects on monopile
behaviour are studied by comparing the PDCAM simulation results with simulation results using
Hardening Soil model with small strain stiffness (HS-Small). At the end, a simplified procedure
of PDCAM - named as PDCAM-S is proposed and the results using this approach together with

PLAXIS 3D and the NGI-ADP soil model are compared with the PDCAM results.
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INTRODUCTION

In design of monopile foundations for offshore wind turbines (OWTs), the Ultimate Limit State
(ULS) condition, i.e., sufficient capacity or tolerable displacements, needs to be checked. Origi-
nally, this was done using API (API 2014) soil support springs developed for design of other types
of offshore structures as, for instance, jacket platforms used in the oil and gas industry. However,
it is well accepted nowadays that the API soil support springs developed for long slender piles are
not suitable for large diameter piles with length to diameter ratios (L/D) typically smaller than 5
(DNV 2016). New formulations for soil supports were developed based on large-scale model tests
together with finite element analysis (FEA) in, for instance, the PISA project (Byrne et al. 2019).
The PISA soil support springs are calibrated based on the push-over analyses results, where the
non-linear stress-strain relationship of clay layers is modelled by the stress-path dependent NGI-
ADP soil model (Grimstad et al. 2012) and sand layers by the Hardening Soil model with small
strain stiffness (HS-Small) (Schanz et al. 1999). There, the clay layers are assumed to be undrained
while the sand layers are assumed to be drained.

In many 3D FE analyses on OWT foundation cyclic behaviour, fully drained conditions are
assumed (Liu et al. 2021). However, it has been demonstrated by FEA (Li et al. 2019; Erbrich
etal. 2010; Jostad et al. 2020) that the behaviour of sand during at least a single load cycle is closer
to be undrained. Furthermore, for fine sand and sand with fines content, the behaviour is even
close to undrained during several load cycles. This may therefore lead to pore pressure build-up,
and consequently reduced effective stresses, stiffnesses and shear strengths. DNV (2016) requires
that the effect of cyclic loading should be considered in the design of monopile foundations. The
effect of cyclic loading under partially drained conditions may give increased or reduced capacity

compared to the drained capacity depending on the sand (relative density D, grain size distribution,
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fines content, etc.) and the actual storm loading history. ‘Partially drained’ in this paper is used to
describe the situation where pore pressure accumulation and dissipation occurs simultaneously —
which is different from the fully drained and perfectly undrained conditions.

To account for the effect of cyclic loading in clay and sand layers, NGI has developed two
finite element calculation procedures, namely the Undrained Cyclic Accumulation Model (UD-
CAM) (Jostad et al. 2014) and Partially Drained Cyclic Accumulation Model (PDCAM) (Jostad
et al. 2015). UDCAM and PDCAM are based on a methodology developed from the beginning of
the 1980s to consider the effect of cyclic loading due to waves on gravity-based structures (GBS)
used by the oil and gas industry (Andersen et al. 1988). A key parameter in the two methodologies
is the equivalent number of undrained cycles (N,4) of the largest cyclic shear stress that accounts
for the effect of the cyclic stress history of the entire storm.

The main purpose of this paper is to demonstrate the effect of cyclic loading on the capacity of a
large diameter monopile foundation in a uniform dense sand under partially drained and undrained
conditions for the DTU 10-MN reference wind turbine in the North Sea, subjected to a representa-
tive peak storm history (Bachynski et al. 2019). The lateral displacement of the monopile founda-
tion (used to check monopile capacity in this work) is calculated by PDCAM. To check the validity
of the assumptions in some well accepted design methods — for instance assume fully drained be-
haviour for sandy soil layer and not fully address the effects of cyclic loading, the PDCAM simula-
tion results are compared with the conventional drained push-over analysis using PLAXIS 3D and
the HS-Small model (Brinkgreve et al. 2016; Schanz et al. 1999).

Finally, a simplified calculation procedure that accounts for cyclic loading under partially drained
condition, named PDCAM-S, is proposed as a practical monopile design tool.Use of PDCAM and
PDCAM-S requires a constitutive model can capture reliably soil undrained stress-strain response
at a given number of cycles. Constitutive models such as hypoplasticity model (Niemunis and Herle
1997) and bounding surface model (Liu et al. 2020) can also be used for the purpose. In this work,
NGI-ADP model (Grimstad et al. 2012) is selected. The advantage of using NGI-ADP model is

that the model can capture the change of the direction of the major principal stress in different
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soil elements adjacent to the pile shaft (as shown in Grimstad et al. (2012)). Besides, this paper
aims to provide a convenient simulation tool for industrial design. NGI-ADP model is available
in the widely used FE software PLAXIS 3D. However, the validation of PDCAM and PDCAM-S
procedures (as well as 3D FE analysis using both implicit and explicit constitutive models) suffer
from the lack of suitable model tests with combined pore pressure accumulation and dissipation
representative for the soil around monopiles. PDCAM and PDCAM-S procedures are considered
as reasonable based on the facts that: (1) the undrained stress-strain and pore pressure responses of
the soil at different cyclic and average shear stresses and number of cycles are directly from the lab
test data and their interpolation; (2) the dissipation of the generated pore water pressure is taken in

account through the well-accepted consolidation theory.

BRIEF DESCRIPTION OF PDCAM

The PDCAM model described in Jostad et al. (2015) may be used to calculate strain accu-
mulation, pore pressure build-up, reduction in cyclic shear modulus and shear strength of a sand
subjected to an idealised load history. The pore pressure accumulation procedure (Andersen 2015)
is used to calculate the number of undrained cycles, N,,, of a cyclic shear stress 7., that generates
an accumulated pore pressure u,.., as illustrated in Fig. 1 and being explained in Stewart (1986)
(for the accumulation strains).

The key assumption of the principle of equivalent number of cycles can be described as follows:
for a given normalised average shear stress 7,/ p(, (where py, is the initial mean effective stress prior
to cyclic loading), all combinations of normalised cyclic shear stress 7. /p(, and number of cycles
N (i.e., Tcy/p;, and N pair) that give the same normalised accumulated pore pressure g/ py), are
assumed to be at the same state. This assumption is used to transfer an idealised composition
of parcels of different constant 7.y /p;, to an equivalent number of cycles (N,,) of the normalised
largest cyclic shear stress (as illustrated in Fig. 1).

At this equivalent stress state, the average (y,), accumulated (y,c.) and cyclic (y.y) shear strain
are assumed to be the same as the corresponding strain components after the entire shear stress

history was applied (i.€., Yo = Ya,eq» Yace = Yacceq A0 Yey = Veyeq).- The cyclic shear stress
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T,y is defined as 7cy = (Tpeak — Trrough)/2, Where the subscripts ‘peak’ and ‘trough’ represent the
peak value and the trough value of the corresponding variables. Similarly, the cyclic shear strain
Yey = (¥Ypeak = Yirough)/2; the average shear stress 7, = (Tpeak + Tirough)/2 and the average shear
strain ¥, = (Ypeak + Yirough)/2 are defined. The accumulated shear strain (y4c.) is the increase in
average shear strain due to cyclic loading. In triaxial condition, shear stress 7 = (0, — 07)/2; shear
strain y = g, — &, where o7, 07, €, and &, denote the axial effective stress, radial effective stress,
axial strain and radial strain, respectively.

The accumulated pore pressure, average and cyclic shear strains as function of number of
undrained cycles of constant normalised cyclic shear stress under a given normalised average shear
stress are presented in contour diagrams (Andersen 2015) that are established from a set of cyclic
tests consolidated to different average shear stresses 7, and mean effective stress py,, and then sub-
jected to a cyclic shear stress 7., under undrained condition. An example of a contour diagram
cross-section is shown in Fig. 2a, namely, normalised accumulated pore pressure, uqcc/pj,, as a
function of number of cycles and normalised cyclic shear stress, 7.,/p;. A similar diagram of
contours of cyclic shear strain is shown in Fig. 2b. These diagrams are based on results from tri-
axial tests on clean Dogger Bank sand with a relative density D, = 80% presented in Blaker and
Andersen (2019), where a ratio 7,/pj, = 0.43 was used.

The simultaneous reduction in the accumulated pore water pressure u, . due to pore pressure
dissipation is accounted for by a fully coupled stress equilibrium and pore water flow (consolida-
tion) formulation (Jostad et al. 2015). The analyses are run in time domain, with time increments
corresponding to a specified number of cycles of constant global cyclic load. The normalised cyclic
shear stress (7., /p) in all integration points around the monopile under the global loads is calcu-
lated in an independent FEA. The u,.. under undrained condition in each integration point is found
from the pore pressure contour diagram based on the updated number of cycles (current equivalent
number of cycles, N, plus the additional number of cycles Ny due to the change of 7.,/pj, in
the time increment) as shown in Fig. 1.

The pore pressure increment Au,.. 1s transferred to a volumetric strain increment A&,/ 4cc
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by dividing it by a mean-effective-stress-dependent reloading bulk modulus K, i.e., A&ypigcc =

Aug,e./K,. The mean effective stress change Ap’ for the actual time increment is than calculated as:
AP’ = K, (Agyo1 — Augec/Ky) (D

The resulting mean effective stress reduction Ap” and volumetric strain increase Ag,,; are auto-
matically found by the coupled consolidation formulation. It is seen from the above equation that
Ap’ = —Aug,. for perfectly undrained condition (Ag,,; = 0) and Ae,»; = Auyec/ K, for fully drained
condition (Ap’ = 0).

For non-linear consolidation problems (e.g. K, ~ k ~ nonlinear average shear stress-strain
relationship, where k is the void-ratio-dependent permeability), a global iteration scheme is used to
satisfy stress equilibrium and ensure consistency in the amount of pore water flow within the time
increment (Potts et al. 2001). The increase in pore pressure accounting for pore pressure dissipation

(Au) and volumetric strain increase (Ag,,;) can be calculated as:

_ Augee
Au = W (2)
1+

wastoil

AH _ Augee — Au

3)
Hsoil Mr

Agyo1 =

where L, is the one-way drainage distance, At is the time increment, Hy,;; is the soil sample
height. In this calculation, it is assumed that the amount of pore water flow is given by the pore
pressure gradient at the end of the time increment (i.e., an implicit formulation). Detailed discussion
to the equation can be found in Jostad et al. (2021).

Knowing N,, at a given integration point, the cyclic and average stress-strain relationships
are also established from contour diagrams. The shear stress-strain relationships defined by the
triaxial contour diagram are transferred to a general 3D stress state by assuming same orientations

(coaxiality) between principal total strains and principal effective stresses.
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Due to the coupling between average and cyclic shear stresses and strains for a given N, when
calculating the shear strains, the analysis of an idealised storm history in PDCAM is carried out
by altering between average and cyclic calculation phases for each load parcel. An average phase
is a consolidation analysis starting from the previous cyclic phase. A cyclic phase is an undrained
analysis starting from the last average stress state. In this process, N4, p; and 7,/ p;, within each
integration point are transferred from an average phase to a cyclic phase, while 7., /pj, in each
integration point is transferred from a cyclic phase to an average phase. The detailed description
about this coupled calculation procedure can be found in Jostad et al. (2015). This procedure makes
it possible to calculate the total (sum of average plus cyclic) displacements of the monopile at the
maximum loads, accounting for the effect of pore pressure build-up and accumulation of strains

due to the storm loading prior to the maximum loads.

PDCAM ANALYSIS

Storm loading

A one-hour peak history (including the maximum loads) during a 35-hour storm load sequence
at a water depth of 30 m in the North Sea (Bachynski et al. 2019) is considered. The significant
wave height, peak wave period and wind speed at the location are based on hind-cast data. The
calculated time history of bending moment and horizontal force at seabed are for the DTU 10-MW
reference wind turbine with a hub height of 119m above seabed during idling (shut down). The
wave and wind directions are assumed to be aligned. The loads are calculated for a monopile with
a diameter of 9m that extends 36 m beneath seabed. Any effects of cyclic degradation of the soil are
neglected in the calculations of the loads. Thus, the coupling between seabed loads and foundation
stiffness is neglected in the analyses.

From the one-hour peak storm history, an idealised load composition containing 12 load parcels
with increasing constant cyclic load amplitude is established by the Rainflow counting method
(Matsuishi and Endo 1968). The maximum resultant cyclic horizontal force is 13.8M N, acting 27
m above seabed and the resulting cyclic bending moment at seabed is 372M Nm. The number of

load cycles (N) at different load levels (expressed as a fraction of the maximum cyclic load) within
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the different parcels is presented in Table 1. The average loads in this load history are small and,
therefore, for simplicity taken equal to zero. The dominating cyclic load frequency of the history
is about 0.25H7z (i.e., cyclic loading period of T,, = 4s). Thus, the duration of the idealised load

composition is 1.3 hour instead of one-hour.

Material properties

Test results from drained monotonic and cyclic undrained triaxial tests on a clean Dogger Bank
sand with a relative density of 80% were used to establish contour diagrams of cyclic and average
shear strains and normalised accumulated pore pressure as a function of number of undrained cycles
of different normalised cyclic shear stress (Blaker and Andersen 2019). Examples of representative
triaxial cross-sections at an average normalised shear stress 70/p; = 0.43, based on a horizontal
earth pressure coeflicient of Ky = 0.45, are shown in Figs 2a and 2b. These contour diagrams are
digitised (points of 74/pj,, Tey/Pgs Yeys Ya» Hace/Pfy and N) and used as input in PDCAM. From
these figures one may extract non-linear normalised shear stress-strain curves for different cycles
as shown in Fig. 3 and normalised accumulated pore pressure curves versus number of cycles
for different normalised cyclic shear stresses. However, PDCAM interpolates directly between the
digitised points.

A representative reloading bulk modulus K, = 100M Pa is established from the oedometer
tests on the sand using the interpretation presented in Jostad et al. (2020). To transfer the odometer
modulus to the bulk modulus, a Poisson ratio v = Ky/(1 + Ky) = 0.31 is used (i.e., Ky = 0.45). An
isotropic coefficient of permeability, k = 5 x 10™%m /s, is taken from Blaker and Andersen (2019).

To ease comparison of the results obtained, for instance, against the dissipation data presented
in Li et al. (2019) is used — that is, a coefficient of consolidation ¢, = 0.079m?/s is adopted in
PDCAM-S simulation as presented in the following part of this paper. For PDCAM simulation,
same ¢, value is achieved by using a constant oedometer modulus of M, = 158M Pa. However,
PDCAM can use a general mean effective stress dependent bulk modulus that varies from virgin

loading, to unloading and reloading (Jostad et al. 2020).
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Finite element model

NGI’s in-house FE program, Bifurc3D, is used in the analyses in order to streamline the PDCAM
calculation process, i.e., the coupling between the average and cyclic calculation phases for the
different load parcels and manual control of the time increments within the different load parcels.

The finite element model is generated by the pre-processor Femgv (Femsys Limited 1999). An
example of a finite element mesh is shown in Fig. 4. Due to the symmetry, only half of the boundary
value problem is modelled. The distance to the outer boundaries from the vertical centre line is
45m (5 times the pile diameter D). The presented mesh contains 1072 20-noded iso-parametric
brick elements with reduced (2x2x2) Gaussian integration. The soil elements have excess pore
pressure degrees of freedom in the 8 corner nodes, besides the 3 displacement degrees of freedom
in all nodes. The nodes at all vertical boundaries are fixed in the direction normal to the boundary
surface, and at the bottom boundary in all directions. Free drainage (i.e., zero excess pore pressure)
is prescribed at the top and vertical outer boundaries. The horizontal load (half of the total load) is
applied to the monopile at 27m above seabed.

The monopile has the following properties: outer diameter D = 9m, constant wall thickness of
0.1m and Young’s modulus E = 210G Pa. In Bifurc 3D, the monopile is modelled as a solid pile.
To maintain the same bending stiffness (i.e., EI = 5538GNm?) as the actual tubular pile, the solid
pile has an equivalent Young’s modulus E* = 17.2G Pa and Poisson’s ratio 0.3. The contribution
of the stiffness and drainage of the soil within the monopile is for simplicity neglected. Pile head
displacements calculated using solid pile and tubular pile are compared — a difference of about 10%
is expected under the same ULS load level. Such a difference is not important under the premise
of qualitative comparisons.

Both physical modelling results (Fan et al. 2021) and numerical simulation results (Staubach
etal. 2021) reveal that pile installation affects pile stiffness and bearing capacity to an extent. In the
current work, the soil-steel interface is for simplicity simulated as a rough interface since the effect
of installation may increase or decrease the actual interface strength depending on the installation

method together with the sand properties. To include any effects from the installation, the actual
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installation process needs to be considered and its effect to be accounted for in the analysis. Due to
the rapid two-way cyclic loading, no tensile gaps are assumed along the monopile. However, in an
actual design situation, the validity of this assumption, together with the limitation due to cavitation

cut-off in the pore water need to be considered (Jostad et al. 2020).

Results
Reference cases with constant N,

As references, the cyclic lateral displacements of the monopile with embedded length L = 15m
(L/D =1.667) and L = 18m (L/D = 2) are first calculated with different assumed uniform N, =
1, 10 and 25 (simulation case N,,=25 only applies to the pile with L/D = 2) of the maximum cyclic
storm load within the entire soil volume. Thus, only the cyclic phase with the load in parcel 12 (see
Table 1) is analysed with input of the initial effective mean stress, pg = %y’z = 6.33z kN /m?,
74/ Py = 0.43 and the considered N, in each integration point.

The cyclic shear strain 7y, versus normalised cyclic shear stress 7.y/p;, for N = 1, 10 and
100 are provided in Fig. 3, for undrained cyclic triaxial test. The curves are extracted from the
contour diagram in the cross section shown in Fig. 2b. It should be noted that the upper part of the
curves (above 7., /p(, = 1.2) atlow N (< 10) is uncertain, since the curves are extrapolated beyond
the tested cyclic shear stress range from the laboratory tests. Therefore, also the results from the
undrained monotonic triaxial compression and extension tests shown in Jostad et al. (2020) are
included. Based on these results, it is believed that the extrapolations give cyclic shear strengths on
the low side at low N-values.

Fig. 5 shows the calculated cyclic lateral displacement at seabed versus the cyclic horizontal
load. In the figure, a vertical line corresponding to 0.1D = 0.9m is also shown. The cyclic lateral
displacement is increasing from about 0.12m to 1.24m when N, is increasing from 1 to 10 for
L = 15m (L/D = 1.667, Fig. 5a). For L = 18m (L/D = 2), the cyclic lateral displacement
increased from 0.07m to 1.03m from N, = 1to N,, = 25 (Fig. 5b). This demonstrates the
importance of evaluating the effect of cyclic loading (e.g. equivalent number of undrained cycles)

on the capacity (or displacement) of large diameter monopiles in sand.
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One-hour peak storm load history

PDCAM analyses of the one-hour peak storm are performed for three different embedded
monopile lengths over diameter ratios L/D = 1.667, 2 and 2.22. Each load parcel is analysed
by an average and a cyclic phase as described before. As reference, the response assuming per-
fectly undrained conditions is also analysed for the different monopile embedded lengths. The
calculated cyclic lateral monopile displacement at seabed under the maximum load at the end of
the load history for the different L/D-ratios and drainage conditions are shown in Fig. 6. To sat-
isfy a displacement criteria of less than 0.1D, the required embedded length is about L/D = 1.75.
For undrained conditions, this length had to be increased to about L/D = 2.15 (based on linear
interpolation between the two data points available).

The calculated cyclic lateral displacement of 0.29m for L /D = 2 corresponds roughly to a con-
stant uniform equivalent number of undrained cycles of N,, = 9 based on logarithmic interpolation
in N between the curves in Fig. 5b. This value (N, = 9) could be compared with the calculated
distribution of the equivalent number of cycles before application of the maximum load shown in
Fig. 7. Itis seen that N < 10 in a large volume around the monopile. The equivalent number of
cycles for the undrained case is much larger at the end of the load storm — which is in line with
larger pore water pressure.

The corresponding accumulated pore pressure distributions are shown in Fig. 8. The undrained
and partially drained simulations give similar pore water pressure distribution pattern. Only, the
pore pressure under partially drained condition is slightly smaller than the pore pressure accumu-
lated under undrained condition.In the plot, the color change ‘inside’ the monopile is due to the
plotting issue of the software — no pore water pressure should be accumulated inside the equivalent
solid pile in this work.

The reduction in effective mean stresses p” around the monopile is therefore also rather similar
for the partially drained and undrained case as shown in Fig. 9 at four depths (z/D = 0.375, 0.625,
0.875 and 1.13) at integration points close to the centerline in the front of (i.e., along the primary

loading direction) the monopile.
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The normalised accumulated pore pressure at the end of the storm (loci of end points) for these
four points, both partially drained and undrained, are included in the pore pressure contour diagram
in Fig. 10. Based on these points, the equivalent number of cycles (N, ) is varying between 9 and

30 for the partially drained condition and between 30 and 50 for the undrained condition.

ANALYSES USING THE HS-SMALL MODEL

The PISA project (Byrne et al. 2019) aimed to propose monopile design method for relative
small L/D (under 6) ratio. To calibrate PISA soil springs, PLAXIS has developed a numerical
tool - MoDeTo (Monopile Design Tool) (Brinkgreve et al. 2020). In PISA method, the sand layer
is assumed to be drained. Hardening Soil Small Strain model (i.e., HS-Small model proposed by
Schanz et al. (1999)) is suggested to be the simulating consitutive model for the purpose.

To study the possible effects of cyclic loading and pore water pressure, the above lateral monopile
displacements obtained using PDCAM is compared with a ‘PISA’ type analysis for sand. In detail,
drained push-over analyses of the same pile are performed using PLAXIS3D and HS-Small model.
The same DoggerBank sand are used. The maximum cyclic load within the entire load history is
applied 27m above seabed but neglecting any excess pore pressure response during application of
the maximum cyclic loads, even for the case with a period for the storm history considered here of
only 4 seconds. These analyses also neglects any changes in void ratio or redistribution of average
effective stresses due to the cyclic loads prior to the peak storm loads.

The material properties of the model are calibrated based on drained monotonic triaxial com-
pression and extension tests presented in Blaker and Andersen (2019), together with the oedometer
test as reported by Jostad et al. (2020). The parameter set used in the analyses are shown in Table 2.
The finite element model for L/D = 2 is shown in Fig. 11. The model consists of 18049 10-noded
tetrahedral elements. In this case, only half of the problem is modelled due to geometry symmetry.

The calculated lateral displacements at seabed of monopiles with L/D of 1.5, 1.67, 2.0, 2.22
and 2.5 versus the horizontal load applied 27m above seabed are shown in Fig. 12a, whereas Fig.
12b shows the peak load assumed at the maximum lateral displacement allowed of 0.1D = 0.9m,

versus the normalised monopile length. Based on linear extrapolation of these results, the required
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monopile length is only 12.5m (L/D = 1.39, as indicated by the red star in Fig. 12b). This is
shorter than compared to the results obtained by PDCAM (which required L/D = 1.75), since
build-up of excess pore pressure due to cyclic loading is entirely neglected.

The comparison between PDCAM simulation results and HS-Small results suggests that ne-
glecting the cyclic load and pore water pressure effects may lead non-conservative design of monopile

in terms of ULS check.

SIMPLIFIED PDCAM PROCEDURE (PDCAM-S)

The PDCAM method can practically consider the cyclic load effects and gives detailed pore
water pressure distribution in the soil domain. However the PDCAM program so far is only serving
as a NGI in-house program and has relatively high computational cost. To easily consider partial
drainage consideration in monopile industrial design, a more practical and light tool is developed

based on the same theoretical framework — i.e., the simplified PDCAM procedure PDCAM-S.

Procedure

In this proposed simplified procedure, the soil domain is divided into multiple sub-layers. PDCAM-
S is a simplification of the PDCAM approach, where N, is calculated at each integration point.
This simplification results in a significant reduction of computational time. The load composition,
here taken as a number of cycles of different cyclic lateral soil reaction for each sub-layer is derived
from non-linear 3D finite element analyses. The cyclic non-linear shear stress-strain relationship
within each sub-layer is fitted to the data in the cyclic shear strain contour diagram for an equiva-
lent number of cycles. Due to the coupling between the cyclic soil reactions used to calculate N,
and the cyclic shear stress-strain relationship, these analyses need to be repeated until the solution
converges to an accepted accuracy. The pore pressure accumulation for undrained condition is
determined from a representative pore pressure contour diagram as, for instance, shown in Fig. 2a.

The simultaneous pore pressure dissipation within each sub-layer is accounted for using curves
of degree of drainage, for instance established from finite element analyses. Fig. 13 shows an ex-

ample of the degree of drainage within a horizontal disc with the cross-section of the impermeable
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monopile in the middle, as function of the normalised time, 7" = t%, where ¢ is the time of dissipa-
tion, ¢, = kM, /vy,, is the consolidation coefficient for reloading. This curve was established based
on finite element analyses presented in Li et al. (2019). However, more site-specific dissipation
curves accounting for soil layering and drainage toward seabed (i.e., combining vertical and hor-
izontal pore water flow) may be established using a full 3D finite element model of the monopile
and the surrounding soil. The pore pressure accumulation, i.e. calculation of equivalent number
of undrained cycles for the established load composition, may be performed manually or using the
method described in Andersen (2015).

The cyclic lateral soil reaction composition for each sub-layer is extracted from the FEA by
applying the cyclic loads in increments of the peak values according to the load levels in the actual
load composition (Table 1). The resultant lateral soil reaction forces are extracted as the difference
in shear force in the monopile at the top and bottom of each sub-layer at each load level.

At the end of the analysis, the seabed loads may be increased until the maximum cyclic lateral
capacity H,;; of almost all sub-layers are mobilised. The calculated lateral reaction forces may
then be normalised by H,;; for each sub-layer. Alternatively, the reaction forces for each sub-layer
are normalised by the maximum value (like the global load composition in Table 1). These load
compositions are used to calculate the equivalent number of undrained cycles within each sub-layer.
This process is repeated until the solution converges to an accepted accuracy.

In detail, the PDCAM-S procedure can be described as following:

1. Rearrange the irregular storm load into regular load history as presented in Table 1 (the
global load), get N, values for each layer using global load,;

2. Extract from contour diagram the stress-strain response at a representative cyclic over av-
erage stress ratio (one can usually assume the cyclic over average stress ratio equals to the
largest cyclic load in the load history) at the determined N,,.

3. Calibrate the constitutive model (in this paper, NGI-ADP model in PLAXIS 3D is adopted)
against the extracted stress-strain curve and the calculated cyclic strength.

4. Perform finite element analysis. Apply each load parcel from the load history in a calculation
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phase for extracting reaction forces P, in each layer.

5. The calculated reaction forces for a given layer are normalized by the maximum cyclic lat-
eral load H,;; of that layer and construct a local load history/parcel by arranging them in
ascending order.

6. The local load history/parcels are used to obtain an updated N,, value. The N,, value is
determined at the representative mobilization which is defined by P, /H,;;. This procedure
should be done for each layer.

7. Repeat procedures from Step 2 to Step 6 until pile deflection and N, for each layer con-

verges.

PDCAMS-S analyses

The proposed simplified Partially Drained Cyclic Accumulation procedure (PDCAM-S) is used
to calculate the cyclic lateral displacement of the monopile for the same load condition and soil
condition as used in PDCAM. The analyses are carried out using PLAXIS 3D where the cyclic
undrained shear stress-strain curves for the different equivalent number of cycles N, are fitted with
the NGI — ADP model (Grimstad et al. 2012). The shape of the stress-strain curves is given by
a mathematical equation, where (i) the normalised initial shear modulus G¢/s,, (ii) the undrained
shear strength s, and (iii) the shear strain at failure, yr, are used to fit the actual curves. Fig. 14
shows the fitted curves for N = 1, 3, 10 and 30. Since it was difficult to obtain a good fit of the
entire curves, the part with relatively small strain level (y < 5%) of the actual curves was given the
largest weight, based on previous experience on monopile analysis. For more accurate analyses, it is
therefore recommended that a more suitable material model be adopted, which can give a better fit
to the entire curve. The values used to fit the curves are presented in Table 3 and the corresponding
NGI-ADP parameters where the curves are normalised by the cyclic undrained shear strength for
the actual N,, in Table 4. Isotropic conditions were adopted in the analyses, i.e., identical cyclic

shear stress-strain curves from triaxial compression, triaxial extension and DSS stress paths.
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Pore pressure accumulation

The analysis for any monopile length starts by first calculating the equivalent number of cycles
based on the global load composition in Table 1. It is then assumed that the same shear stress
mobilisation is achieved in all sub-layers at a given global load. In addition, it is assumed that all soil
elements reach the failure contour (here taken at y., = 10%) at the peak loads. The inconsistency in
these assumptions will be updated later by the iterative procedure described in the previous section.
The normalised accumulated pore pressure u../ p;, as function of the normalised cyclic shear stress
Tey/ Py, and number of cycles N under undrained condition is given by the pore pressure contour
diagram in Fig. 2a. The simultaneous reduction in pore pressure due to pore pressure dissipation
is found from the curve in Fig. 13. Then u,../py, is calculated by stepping forwards in time with a
time increment, for instance, equal to either a period of ten cycles (At = 40s) if N > 10 within the
parcel, or equals to the real time period of the parcel (At = 4s) if N < 10 within the parcel.

Fig. 15 shows the calculated normalised pore pressure u,../py, as function of time for four
different normalised cyclic shear stresses (7, / p6 =0.68, 0.85, 1.022, 1.193) at the peak load. The
results at the end of the load history for these four calculations are plotted as a loci of end points
in Fig. 16. The corresponding equivalent number of undrained cycles (N, = 4, 3, 4.1 and 4) is
then found by moving vertically down to the x-axis (N). Different values of normalised cyclic shear
stress at the peak load are selected until the loci of end points reach the failure line (here taken at
Yey = 10%).

To demonstrate the effect of drainage, the analyses are repeated assuming partially drained con-
dition. The development of normalised pore pressures under this condition is shown as dotted lines
in Fig. 15, and the corresponding loci of end points in Fig. 16. For undrained conditions, the
obtained values are consistently higher than the partially drained cases.

The NGI-ADP model parameters for the obtained N values under partially drained condition
are then selected based on logarithmic interpolation of the parameters adopted for N = 1, 3, 10 and
30. Once the stress-strain curves of all sub-layers have been calibrated, the peak storm loads are

applied to the finite element model.
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The adjusted equivalent number of cycles for each sub-layer is then calculated in a similar way
as done using the global load composition. The results from these pore pressure accumulation
calculations are presented in Table 5. It is seen that after the first iteration, N, increases from the
originally calculated value in the layers near the sea bed and below the pile base (sub-layer 1, 2 and
7) whereas it reduces slightly around the rotation point (sub-layer 4, 5, 6). The almost identical
results after iteration 1 and 2 are indicative of convergence of the procedure.

The calculated shear force distribution along the monopile for the load levels given in Table 1
are shown in Fig. 17. These distributions are used to calculate the lateral soil reaction forces in each
sublayer. The composition of lateral soil reaction force normalised by the value at the maximum
load (i.e., when H,,,, is applied) for each sublayer (i.e., Rp) is presented in Table 6. It is seen that
the mobilised Rp value in general increases with increasing global load ratio. On the other hand,
the shallower soil layers have larger Rp values than that of deeper layers. The number of cycles
at high shear mobilisation (large Rp value) is increasing toward seabed which is the reason for the
increased N, in the upper soil layers (as indicated in Fig. 7). By comparing these compositions
with the global load composition, it is seen that the mobilised R, value in general increases with
increasing global load ratio. On the other hand, the shallower soil layers have larger R, values than
that of deeper layers. The number of cycles at high shear mobilisation (large R), value) is increasing
toward seabed which is the reason for the increased N, in the upper soil layers (as indicated in Fig.
7).

After 2 repetitions (iterations) the cyclic lateral displacement at seabed has stabilised at a lateral
displacement of 0.24 m. This result is somewhat smaller than the displacement of 0.31 m obtained
by PDCAM, but closer to PDCAM than compared to HS-small that only gave a lateral displacement
of 0.06m. The main reason why PDCAM-S gave smaller displacement than PDCAM is expected to
be due to the difficulties of fitting the stress-strain curves by the NGI-ADP model, as shown in Fig.
14. In design, one should therefore use input data to PDCAM-S that gives conservative results.

The main advantage of PDCAM-S is that the calculations are more robust and computationally

significantly faster than using PDCAM, albeit sacrificing some accuracy in the results. In addition,
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it may be used together with any suitable finite element programs.

DISCUSSIONS

The Partially Drained Cyclic Accumulation Model (PDCAM) or similar explicit calculation
models may be used to account for the effect of cyclic loading on the capacity of monopiles in sand
during storm loading. As shown, the effects of cyclic loading are pore pressure build-up, reduction
in effective mean stress, cyclic stiffness and capacity — at material level (Liu et al. 2022) and/or
foundation level. In addition, for other load conditions, including average load components, it will
be accumulation of lateral displacements. PDCAM accounts for these effects based on the local
cyclic shear stress levels, average shear stress levels, effective mean stress, degree of drainage and
the cyclic load composition.

However, PDCAM does not take into account any changes in fabric (i.e. change in void ratio,
reorientation of grains, etc.) that may change the behaviour of the sand compared to the response
obtained during the undrained cyclic laboratory tests. For instance, the effect of drainage (small
volumetric strains) may affect the rate of pore pressure accumulation, as shown in Jostad et al.
(2020), While neglecting the fact that the soil is close to undrained conditions during application of
the maximum load within a storm, as generally considered in model tests and assumed in existing
soil-spring expressions as APl and PISA, may lead to a significant underestimation of the monotonic
push-over capacity in dense sand, as shown in Jostad et al. (2020). While neglecting the effect of
cyclic loading and pore pressure build-up may overestimate the capacity as shown in this work and
in Liu and Kaynia (2021). It is therefore important to estimate the effect of partial drainage and
pore pressure build-up due to cyclic loading, whether this is achieved with a more advanced model

(see PDCAM) or a more computationally efficient one (see PDCAM-S).

CONCLUSIONS
Monopile response under cyclic loading in saturated sand under partially drained condition may
be largely affected by the accumulated strain, pore pressure build-up and consequently reduced ef-

fective stresses, stiffnesses and shear strengths within the soil. In addition, the response during a
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single load cycle may be close to undrained, which for dense sands may result in a significant in-
crease in the shear strength due to shear-induced negative excess pore pressure (dilatancy). There-
fore, the capacity of a monopile in sand or a soil profile dominated by sand may be higher or lower
than obtained by methods assuming monotonic loading under drained condition, depending on the
actual sand (e.g. grain size distribution and relative density) and storm load history. This paper
considers calculation of the Ultimate Limit State (ULS) capacity of monopiles. It is acknowledged
that the actual dimensions of the monopile may be governed by other design states and require-
ments. It is shown that the Partially Drained Cyclic Accumulation Model (PDCAM) may account
for the effects of cyclic loading and dilatancy in the calculation of the capacity (here defined as a
lateral cyclic displacement at seabed equal to 10% of the diameter). For an example calculation of
a large diameter (D = 9m) monopile foundation into a homogeneous dense sand (Dr = 80%) for
a I0OMW wind turbine at about 30 m water depth in the North Sea, a two-way peak storm loading
condition (idling) needs an embedded depth of more than 15.8m (L/D > 1.75) to satisfy the dis-
placement criterion. The corresponding required embedded depth found from a drained push-over
analyses using the Hardening Soil Small strain (neglecting the effect of cyclic loading) is 12.5m
(L/D > 1.4).

A simplified procedure PDCAM-S for evaluating the effect of cyclic loading under partially
drained condition is also proposed. This procedure may be used together with almost all non-linear
finite element programs. The main advantage of PDCAM-S is that the calculations are more robust
and computationally more efficient than using PDCAM, albeit sacrificing some accuracy in the
results. The input parameters to PDCAM-S should therefore be selected carefully to obtain results

on the conservative side.
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TABLE 1. Load parcels of bending moment and horizontal force at seabed

Parcels | Cycles | Storm moment M (kNm) | Loading ratio | Time (s)
1 421 18575 0.05 1684
2 209 55727 0.15 2520
3 218 92879 0.25 3392
4 142 130030 0.35 3960
5 79 167181 0.45 4276
6 38 204333 0.55 4428
7 19 241484 0.65 4504
8 11 278636 0.75 4548
9 2 306500 0.825 4556
10 2 325075 0.875 4564
11 1 343651 0.925 4568
12 1 371515 1 4572
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TABLE 2. Material parameters for HS-Small model

Eref

Eref

Eref

r N re
Ny | ey | gy | e | R G
60000 55000 160000 | 0.5 | 0.2 0.45 200000
Y07 | Ches o ¥ [, |POP
(%] | kN/m?1 | [F1 | [°1| | (kN/m?)
2 0 43.6 12 | 0.9 10000
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TABLE 3. Stress-strain curve fitting parameters

2\ ¥ (YPSf)* 7\ * (Tcy/p,o)max ’ (Tcy /pz))max (Tcy/pz))max

500 21 0 4.4 3.6 2.2 1.5

*: The values are the same across N = 1, 3, 10, 30.
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TABLE 4. NGI-ADP model parameters

ot B T e
[%0] [%o] [Fo] [o]
%/ 21 21 21 099 | 0.1
A
| e L stisi | wolsi | sPSIsE ] v
0 * [ 1 0 1 0.49
+/: Depends on the 7.y/p;, values in Table 3
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TABLE 5. Equivalent number of cycles for each sublayer after iteration in PDCAM-S

Layer 112|3(4]5]|6]7

N4 for initial estimation | 6 {6 |6 |6 |6 | 6| 6

N4 after iteration 1 818165558

N4 after iteration 2 8187|5558
*: The soil layer below pile tip
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TABLE 6. Soil reaction force ratio R, with embedded length for all load parcels and global load
ratio after each parcel. L = 18m (L/D = 2).

Layer 1 | Layer 2 | Layer 3 | Layer 4 | Layer 5 | Layer 6 | global load ratio

Parcel 1 0.07 0.06 0.05 0.03 0.01 0.04 0.05
Parcel 2 0.21 0.18 0.15 0.12 0.08 0.11 0.15
Parcel 3 0.35 0.29 0.24 0.20 0.15 0.19 0.25
Parcel 4 0.48 0.40 0.34 0.28 0.23 0.26 0.35
Parcel 5 0.60 0.52 0.45 0.37 0.31 0.34 0.45
Parcel 6 0.70 0.64 0.55 0.46 0.39 0.42 0.55
Parcel 7 0.78 0.75 0.66 0.55 0.48 0.51 0.65
Parcel 8 0.84 0.84 0.77 0.65 0.58 0.63 0.75
Parcel 9 0.89 0.89 0.86 0.74 0.66 0.72 0.825
Parcel 10 | 0.92 0.92 0.91 0.80 0.73 0.80 0.875
Parcel 11 | 0.96 0.95 0.95 0.88 0.82 0.87 0.925
Parcel 12 1.00 1.00 1.00 1.00 1.00 1.00 1

29 Liu et al., September 28, 2022



578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

List of Figures

1

Accumulated pore pressure u .. versus number of loading cycles N and normalised

cyclicshear Stress 7ey . . . . . . . . ... 32
Examples of cross-sections of contour diagrams. . . . . . .. ... ... ... .. 33
2a Pore pressure contour diagram. . . . . . . ... .. ..o 33
2b Cyclic shear strain contour diagram. . . . . . . . ... ... ... ..... 33

Cyclic stress strain curves for N = 1, 10 and 100 extracted from cyclic strain contour
diagram, compared with undrained monotonic triaxial compression and extension
tests results. Test conditions: initial mean effective stress pj, = 200kPa, relatively
density D, = 80%, Ko =0.45. . . . . . . .. 34
Bifurc 3ADFEmodel. . . . . . .. ... .. 35

Cyclic lateral displacement at seabed level. Cyclic horizontal load applied at 27m

above seabed, N, =1land 10. . . . . .. ... ... .. ... L. 36
Sa Pile length L = 15m (L/D =1.667) . . . . . . . .. . ... ... ..... 36
5b Pilelength L=18m (L/D =2) . . . . . . . . . . ..., 36

Cyclic lateral displacement at the end of the storm history against different pile
aspectratios (L/D). . . . . . . .. e 37

Contours of equivalent number of cycles in a cross section cut along axis of sym-

metry (along loading direction), at the end of the storm. L = 18m (L/D =2). . . . 38
7a Partially drained . . . . . . . . . . ... ... ... 38
7b Undrained . . . . . . . ... .. L 38

Contours of accumulated pore water pressure (in the unit of kPa) in a cross section

cut along axis of symmetry (along loading direction), at the end of the storm. L =

18m (L/D =2). . . . e e 39
8a Partially drained . . . . . . . . . ... L Lo 39
8b Undrained . . . . . . . . . . L 39

30 Liu et al., September 28, 2022



604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

10

11
12

13
14
15
16

17

Mean effective stress change against time at four different depths, at the end of the

storm. L =18m (L/D =2).. . . . . . . . e e 40
9a Evolution of mean effective stress p” . . . . . . .. .. ... ... ..... 40
9b Evolution of mean effective stress reductionratio . . . . . . . . . .. ... 40

End points in pore pressure contour diagram from pore pressure accumulation using
PDCAM. L =18m (L/D =2). . . . . . e i e et et 41
Finite element model used in the PLAXIS model. . . . . . . ... ... ... ... 42
Cyclic lateral displacement at the end of the storm history. Simulation conditions:

fully drained domain, HS small model results. Pile lateral capacity defined as the

load to cause 0.1D pile displacement at seabed level. . . . . .. ... ... .... 43
12a  Pile displacement against applied load . . . . . . .. ... ... ... ... 43
12b  Pile lateral capacity against pile L/Dratio. . . . . . . .. ... ... ... 43
Degree of drainage with normalised time. . . . . . . . ... ... ... ...... 44
Fitted cyclic shear stress-strain curves for N=1, 3, 10 and 30 using NGI-ADP. . . . 45
Normalised pore pressure against time under different stress levels. . . . . . . . .. 46

Loci of end points in pore pressure contour diagram from pore pressure accumula-
tionusing PDCAM-S. . . . . . . . o L 47
Variation of shear force with embedded length for all load parcels. L = 18m

(LID =2). o oo e 48

31 Liu et al., September 28, 2022



Uacc

Uy

Tcy, 4

rcy, 3

cy, 2

ch, 1
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(a) Pore pressure contour diagram. (b) Cyclic shear strain contour diagram.

Fig. 2. Examples of cross-sections of contour diagrams.
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Fig. 3. Cyclic stress strain curves for N = 1, 10 and 100 extracted from cyclic strain contour
diagram, compared with undrained monotonic triaxial compression and extension tests results. Test
conditions: initial mean effective stress p;, = 200kPa, relatively density D, = 80%, K¢ = 0.45.
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Fig. 5. Cyclic lateral displacement at seabed level. Cyclic horizontal load applied at 27m above
seabed, N, = 1 and 10.
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Fig. 6. Cyclic lateral displacement at the end of the storm history against different pile aspect ratios
(L/D).
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Fig. 7. Contours of equivalent number of cycles in a cross section cut along axis of symmetry
(along loading direction), at the end of the storm. L = 18m (L/D = 2).
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Fig. 8. Contours of accumulated pore water pressure (in the unit of kPa) in a cross section cut
along axis of symmetry (along loading direction), at the end of the storm. L = 18m (L/D = 2).
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Fig. 9. Mean effective stress change against time at four different depths, at the end of the storm.
L=18m (L/D =2).
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Fig. 10. End points in pore pressure contour diagram from pore pressure accumulation using PD-
CAM. L =18m (L/D =2).
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Fig. 11. Finite element model used in the PLAXIS model.
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Fig. 12. Cyclic lateral displacement at the end of the storm history. Simulation conditions: fully

drained domain, HS small model results. Pile lateral capacity defined as the load to cause 0.1D
pile displacement at seabed level.
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Fig. 13. Degree of drainage with normalised time.
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Fig. 14. Fitted cyclic shear stress-strain curves for N=1, 3, 10 and 30 using NGI-ADP.
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Fig. 15. Normalised pore pressure against time under different stress levels.
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Fig. 16. Loci of end points in pore pressure contour diagram from pore pressure accumulation
using PDCAM-S.
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Fig. 17. Variation of shear force with embedded length for all load parcels. L = 18m (L/D = 2).
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