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ABSTRACT

This paper analyzes the long-term monopile foundation that undergoes numerous mechanical cycles.
The semiempirical scheme is adopted to involve a mechanical constitutive model to extract stress and
strains at the first cycle and polynomial-type strain accumulation functions to track the progressive plastic
deformation. In particular, the strain function contains the fundamental features that require simulating
the long-term response of geomaterials: volumetric strain (terminal void ratio) and shear strain
(shakedown or ratcheting), the strain accumulation rate, and stress obliquity. The numerical simulation
shows evolution of displacements, pile rotation, and stress redistribution along the embedded pile as the
number of load cycles increases. The analysis highlights that the pile rigidity affects the pattern of
horizontal stress and displacement. The repetitive lateral load enhances the lateral load resistance due to

soil densification along the pile.

Introduction

Renewed attention is rapidly driven by the long-term pile foun-
dation for offshore wind turbines to benefit from the use of
wind as renewable energy. The selection of offshore foundation
mainly depends on water depth, sediment properties, loading
types, and available construction method. Among offshore
foundations such as gravity base, suction caisson, and tripod,
a monopile has been the most commonly selected foundation
type due to its lower cost, simple construction, and appropri-
ateness for shallow water (AWS Truewind 2009; Malhotra
2010). Soils around monopile foundation subjected to numer-
ous mechanical loading experience progressive accumulation
of plastic deformation. The progressive displacement that
occurs during long-term operation of wind turbine can inflict
serious damage to the offshore foundation performance.
(Niemunis, Wichtmann, and Triantafyllidis 2005; Achmus,
Kuo, and Abdel-Rahman 2009). Thus, the numerical simula-
tion of monopile foundation can help to evaluate and predict
the surrounding soil response during large number of cycles.
This study focuses on analyzing the long-term response of
monopile foundation. The numerical approach follows the
semiempirical explicit scheme that combines modified Cam-
Clay (MCC) model to extract the stress and strains at the end
of the first cycle and empirical strain accumulation functions
to track the progressive plastic deformation. In particular, the
polynomial-type function is implemented to save the computa-
tional cost by avoiding the cumbersome process at every
incremental cycle and contains the fundamental features of
long-term soil response that require simulating the long-term
response of geomaterials: volumetric strain (terminal void
ratio) and shear strain (shakedown and ratcheting), the strain
accumulation rate, and stress obliquity. This paper begins with
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a review of long-term numerical modeling scheme, followed by
a model calibration and monopile foundation simulation.

Numerical modeling of boundary value problems
Numerical scheme

Classical constitutive models that can cause plastic strain
during few cycles (i.e., loading and unloading) fail to yield
cumulative plastic strains in every loading cycle. The geostruc-
tures subjected to cyclic load can be simulated by tracking each
cyclic response. In the implicit calculation of accumulation
strains, each cycle is incrementally calculated with complicated
constitutive model and produces unclosed loop in the stress-
strain response. But, the implicit approach hinders capturing
physical deformation response due to larger accumulation of
numerical errors compared to incremental strain rate; it is lim-
ited to predict the long-term response (Wichtmann, Niemunis,
and Triantafyllidis 2005; Achmus, Kuo, and Abdel-Rahman
2009). The strain accumulation can be tracked with empirical
approaches that fit experimental results with number of load
cycles, yet their use is restricted to boundary value problems
that need to satisty with force equilibrium and strain compati-
bility. Semiempirical scheme that the current step is calculated
with values from the previous converged step has been used by
incorporating classical constitutive model into empirical
accumulation functions to overcome those limitations (Suiker
and de Borst 2003; Niemunis, Wichtmann, and Triantafyllidis
2005; Francois et al. 2010; Kuo, Achmus, and Abdel-Rahman
2012; Pasten, Shin, and Santamarina 2014). Strain accumu-
lation function in explicit calculation is closely related to com-
putational cost. The previously suggested accumulation
functions require a numerical cutoff criterion to stop
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accumulating plastic strain when cyclic strain drops below
elastic threshold or when the void ratio reaches the terminal
void ratio. For example, accumulated volumetric strain in
log-linear-type  function is  asymptotically incorrect
(&3 — 00 as N > o) and the criterion at every incremental
cycle should be checked with strains for all nodes. Accord-
ingly, the computational complexity requires higher compu-
tation cost during large number of cycles. As an alternative
function, the polynomial-type model involved the criterion
itself is suggested to (1) save the computational cost by avoid-
ing the cumbersome process at every incremental cycle and (2)
contain the fundamental features of long-term soil response
that require simulating the long-term response of geomater-
ials: volumetric strain (terminal void ratio) and shear strain
(shakedown and ratcheting), the strain accumulation rate,
and stress obliquity. Possible strain accumulation functions
are listed in Chong and Santamarina (2016).

Semiempirical explicit scheme used in this study mainly
consists of two parts (Figure 1). In the first part (Step 1: stage
O-stage C), the geostatic stress and the first cyclic load are
applied at the monopile head using MCC model built in
ABAQUS 6.14 program; the average horizontal load (H,yg)
and its amplitude (AH) exerted to the pile head are defined
by the lateral resistance (H,;;) and amplitude ratio. The stress
and strain induced by the first loading-unloading cycle are
calculated for the initial condition of second part (Step 2-
Step 4). The second part is implemented using UMAT subrou-
tine in ABAQUS to track the volumetric and shear strains that
accumulate during repetitive loading using polynomial-type
empirical accumulation functions. Cumulative strains at N +
AN are predicted and imposed for each element, the stress
increment is obtained from the accumulated strain vector
defined by plasticity, and then numerical iteration is applied
until the system can satisfy compatibility and force equilib-
rium (for more details, refer to Pasten, Shin, and Santamarina
2014).
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Table 1. Calibrated model parameters from this study. Initial k, value is
obtained from other parameters of modified Cam-Clay model (details in Muir
Wood 1990).

Symbol Value

(@) Modified Cam-Clay parameters

Unit weight [kN/m?] y 18.0
Isotropic compression [-] A 0.01
Isotropic recompression [-] K 0.001
Drained Poisson’s ratio [-] v 0.3
MCC strength (for AC) M 1.42
Void ratio at 1 kPa €1 kpa 0.955
Coefficient of earth pressure at rest ko 0.58
(b) Empirical accumulation functions
Accumulated strain-rate parameter a 1.14
Accumulated volumetric strain Agl|, al 1.34
a2 0.5
Accumulated shear strain Agl|y b1 —6.21
b2 0.0
cl 0.0

MCC, modified Cam-Clay.

Model calibration

A simple constitutive model is sought for this study, which can
capture the stress-dependent soil stiffness and strength and
prefailure plastic strain. MCC model built in ABAQUS pro-
gram is selected herein. The model is calibrated using the pub-
lished data obtained from the oedometer cell and vertical load
cycles. The results show the evolution of void ratio against the
event number for different initial packing densities (Chong
and Santamarina 2016). The constitutive parameters are
defined by formal inversion (Table 1). The stress path associa-
ted to cyclic loading under a zero-lateral strain condition is
presented in Figure 2. The static loading O follows the ko-
compression line. An additional vertical stress increment
(i.e., from state O to A) pushes the grains between each other
and locks the horizontal movement. As a result, the increased
horizontal stress causes a reduction of the deviatoric
stress upon vertical stress unloading from state A to B. The

1. Impose first Load Cycle (O 2 C)

Stress (o) and Strains (€ ) are obtained at each stage

€00 > g |y=r and ggln=
O, 2 Nay=0JP%
2. Accumulate strain

Ae
NE>° = %AE:” 4|+§ qq (GN -Pi ,I)
N

where

Volumtric strain Shear strain
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3. Check compatibility and Equilibrium
Stress and Strain at N+AN
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N+AN aiN

b

aco
7| =¢,
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4. Track accumulated strain as incremental cycle AN
Return to 2

Stress and Strains induced by first stress cycle are calculated

= E“|N 1[‘I+l—(N‘ “_1)+c(N ~I)}

I

Applied load at first cycle

Loading stages

O: Static loading

A: 13t maximum unloading
B: 15t minimum loading

C: Average Loading

Notation:

o'y = stress state at N-step

p'c = preconsolidation pressure

| [6x1]= Identity vector

De [6x6] = elastic stiffness matrix
Ae [B6x1]= plastic strain increment

Figure 1. Numerical algorithm that combines a modified Cam-Clay model to extract the stress and strain from the static load (step O) to average load (step C) into
polynomial-type strain accumulation function to track deformation response during repetitive loading. The semiempirical explicit scheme is implemented using

ABAQUS (step 1) and UMAT subroutine (step 2-step 4).
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Figure 2. Stress path defined by repetitive loading under zero-lateral strain
condition. Note that CSL is critical state line.

“lock-in porosity” that occurs under the repetitive ko-loading
produces more plastic strains. Figure 3 shows the comparison
between experimental data and numerical simulation for volu-
metric and deviatoric strain. The model captures experimental
results well with the adopted densification rate parameter. In
addition, the parameters calibrated under ko-conditions can
be tested in triaxial conditions to verify the rate of strain
accumulation for different stress obliquity values.
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Figure 3. Calibration of the strain accumulation function using repetitive
loading test under zero lateral strain condition. (a) accumulated volumetric strain;
(b) accumulated shear strain. The average stress obliquity n,.q is 0.26. Case
is Blasting sand (initial static stress o', = 100kPa and vertical cyclic stress
amplitude Ad’, = 100 kPa). Data from Chong and Santamarina (2016).

Simulation of monopile foundation
Static load

Finite element software ABAQUS is used to simulate Mono-
pile response, and plane strain boundary condition is applied
with four-node full integration elements. Vertical displace-
ment is allowed on side boundaries, the bottom boundary is
pinned, and the top surface is free. The lateral boundary effects
are investigated for a large number of cycles as worst case.
Displacement field (Figure 4a) shows that the far-field surface
settlement profile is zero at the end of cycle (N=9,100).
Thus, we confirm the proper domain size for the long-term
simulation. The pile is modeled as linearly elastic material: pile
made of concrete unit weight y..,=25kN/m’, Young’s
modulus E_,, =200 GPa, and Poisson’s ratio v, =0.3.
Contact elements based on coulomb friction theory are used
to improve contact interaction between the pile and soil
elements. The value of 6/¢' varies between 0 and 1, depending
on surface roughness, mean particle size of the sand, and the
method of installation (Tiwari and Al-Adhadh 2014). As in
the case of smooth steel pipe pile,  (~23.3°) is taken as
two-thirds of the critical friction angle.

Numerically computed load resistance is obtained from
formal load control that increases the applied horizontal
load on the pile head until numerical instability occurs.
Numerically computed load matches well with Zhang’s
method that assumes the nonlinear-horizontal stress trend
along the pile (Zhang, Silva, and Grismala 2005).

Repetitive load

A monopile foundation on sand is simulated by imposing a
static load (H,yg) followed by repetitive lateral load (H,yg £
AH). The numerically predicted lateral resistance is
Hy=21.5MN. The allowable average static load H,,=
3.6 MN (FS=6) and cyclic load amplitude AH = 0.54 MN
(0.15 - Hyyg) are applied on the node at pile top. Figure 3 pre-
sents the redistribution of stress and strain fields with number
of cycles. The horizontal repetitive load produces horizontal
displacements (Figure 4a). The plastic displacement initiates
at soil elements located on the ground surface, yet propagates
along the soil elements up to neighboring toe of pile. The
repetitive loads produce additional horizontal displacement
of 7cm after N=9,100. Correspondingly, void ratio field
shows “soil densification effect” (Figure 4b). The void ratio
is gradually decreased at the passive side and the end of pile.

Horizontal load amplitude that plays a crucial role in
predicting long-term pile response has pronounced effect on
the accumulation of vertical and horizontal displacements
(Figure 5). Both displacements increase proportional to the
repetitive load amplitude; horizontal displacement is larger than
vertical displacement. Most of the displacements occur during
early cycles (N < 100), yet their accumulation rate is decreased
for a large number of cycles. The asymptotic displacement
increases with higher horizontal load amplitude. Figure 6 shows
the effect of pile geometry on evolution of displacements. The
longer and larger pile produces larger displacements. The
repetitive lateral load yields an additional horizontal displace-
ment. As anticipated, the cumulative displacements could be
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Figure 4. Monopile foundation response to horizontal repetitive load: (a) accumulation of horizontal displacement; distribution of (b) void ratio for load cycles N =1,
100, and 9,100. The average and cyclic loads are H,,q = Hyi/6 ~ 3.6 MN and AH = 0.15-H,,4 ~ 0.54 MN for an ultimate lateral resistance Hy; ~ 21.5 MN. Note that the

deviatoric stress follows octahedral definition.

more pronounced as the factor of safety decreases. Note that if

the same magnitudes of horizontal load are applied to different
piles, the longer embedded pile undergoes less displacement
and lower accumulation rate.
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Figure 5. Effect of horizontal load amplitude on the displacement evolution of
a pile foundation subjected to repetitive loading: (a) horizontal displacement; (b)
vertical displacement. The displacements are measured at the ground surface
(point A). The horizontal load amplitudes AH are defined by 5, 10, and 15% of
average horizontal load H,yg ~ 3.6 MN (FS = Hyi/Haug ~ 6).

Figure 7 presents the evolution of horizontal displace-
ments along the pile. The pile after the first cycle experiences
a displacement transition from compression to extension. In
Figure 7a, the critical depth (distance from ground surface to
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Figure 6. Effect of pile geometries (embedded pile depth L and diameter D) on
the displacement evolution of a pile foundation subjected to repetitive loading:
(@) horizontal displacement; (b) vertical displacement. The horizontal load
amplitude ratio AH/H,,q is 10% in all cases.
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Figure 7.
(N =9,100). The displacements are measured at nodes along the pile.

the transition point) remains constant after the number of
cycles while the horizontal displacement gradually evolves
from the zero displacement point. Higher horizontal load
amplitude increases the displacement along the pile
(Figure 7b). The trends of horizontal displacement are sig-

Horizontal displacement [cm]

Evolution of horizontal displacement along a monopile foundation: (a) number of cycles (D =6 m and AH/H,,q = 10%); (b) horizontal load amplitudes

nonlinear pattern of displacement where the incremental
rate of displacement largely increases toward the ground
surface. Note that this study uses the pile geometric ratio
to identify pile response; L/D > 10 (longer pile embedded
length) behaves as flexible pile, otherwise it behaves as a rigid

nificantly affected by the relative pile geometry ratio. A low pile (Peng, Clarke, and Rouainia 2011; Arshad and O’Kelly

L/D ratio (L/D~ 6.7) exhibits a rigid pile response where
the displacement linearly increases from the embedded pile
depth. Meanwhile, a flexible pile (L/D~13.3) shows a

Horizontal stress [kPa]

2016).
The variation in horizontal stress along the pile is explored
as shown in Figure 8. The rotation point in both piles moves
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Figure 8. Change in lateral stress along a monopile foundation subjected to repetitive lateral loads: redistribution of lateral stress with (a) D = 3 m (flexible pile); (b)
D =6 m (rigid pile) for load cycles N =1, 100, 9,100; (c) evolution of lateral load resistance. Continuous line in (a) and (b) is obtained from ultimate lateral resistance

(Zhang, Silva, and Grismala 2005) divided by FS = 6.
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Table 2. The merits and demerits of the semiempirical scheme that incorporates modified Cam-Clay model into polynomial strain function.

Merits

The explicit scheme helps to avoid larger accumulation of numerical errors compared to physical deformation
Empirical strain function contains the fundamental features for the long-term soil response of geomaterials: volumetric strain (terminal void ratio) and shear strain

(shakedown or ratcheting), strain accumulation rate, and stress obliquity

The use of polynomial-type function saves the computational cost by avoiding a cumbersome numerical cutoff criterion
The modified Cam-Clay (MCC) model can capture the stress-dependent soil stiffness and strength

Demerits

The associate flow rule in MCC model cannot capture the peak deviatoric stress that has been commonly observed in normally consolidated clays
Soil around the monopile subjected to numerous cyclic loading undergoes different stress paths, and thus the selection of mobilized friction angle along the

monopile involves large uncertainty.

downward for large number of cycles. The initial regime of
active pressure decreases and its magnitude increases around
pile end, however, the pile rigidity results in the distinct
pattern on passive side. The horizontal stress decreases until
the upper part of pile, yet it increases from middle part of pile.
The rigid pile (larger diameter) shows that local reduction of
the horizontal stress takes place around the middle of the pile.
The lateral load resistance in each cycle is calculated from
numerical integration of net lateral stress by subtracting the
active stress from the passive stress. The lateral load resistance
is evaluated in terms of dimensionless ratio

= Hy—; — Hy—
” Hy-1

(1)

Figure 8c shows the evolution of lateral load resistance
with the number of cycles. The repetitive lateral load enhances
the lateral load resistance due to soil densification along the
pile. In fact, the previous experimental investigation into the
long-term pile response revealed that the sediment surround-
ing the pile subjected to cyclic horizontal load undergoes the
densification with granular convection related to particle
rearrangement and constant sliding (Cuéllar, Baefller, and
Riicker 2009). Thus, we confirm that finite element analysis
involved with the fundamental features is capable of simulat-
ing the grain migration and soil convection.

Conclusion

This paper analyzes offshore monopile foundation subjected to
repetitive loads. Table 2 summarizes the merits and demerits
of the semiempirical numerical scheme. The simple and robust
numerical scheme used in this paper presents some clear
advantages. The semiempirical explicit scheme is used to cali-
brate under zero-lateral strain boundary condition by relaxing
four model parameters. The long-term monopile simulation
shows the horizontal repetitive loads accumulate the vertical
and horizontal displacements related to pile rotation while
the cyclic horizontal load amplitude AH is smaller than
ultimate lateral load H,;,. The most pronounced displacements
occur during early cycles (N < 100), yet their incremental
rate approaches an asymptotic value. The stable deformation
state indicates that the soil around monopile foundation
undergoes plastic shakedown.

The pile rigidity affects the pattern of horizontal stress and
displacement during number of cycles. In particular, the
repetitive lateral load enhances the lateral load resistance fol-
lowed by soil densification along the pile. Thus, the analysis

highlights that there is the need to investigate the change of
ultimate load induced by long-term movements of the pile.
As further study, extensive parametric cases including pile
geometry will be simulated and summarized for design
practice of offshore foundations.
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