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ARTICLE INFO ABSTRACT
Keywords: Large-diameter monopiles are widely used as the foundation to support offshore wind turbines (OWTs) in
Finite-element modeling shallow coastal waters. The benefits of small-to-medium diameter tapered piles have been reported in the past.

Piles & piling
Impact driving
Offshore wind turbines

The potential use of large-diameter tapered monopiles installed by impact driving to support OWTs is thus
presented, and then comparatively assessed by numerical analyses in terms of energy balance and installation
Energy balance mechanisms. A three-dimensional large deformation finite element (3D-LDFE) model of monopiles driven in clay
Installation mechanism was developed using a Coupled Eulerian-Lagrangian (CEL) approach. An advanced user-defined hypoplasticity
Drivability performance clay (HC) model was employed to model undrained kaolin clay, featuring nonlinear behavior from small strain to
large strain. The force-time curve defined by the operating data of a state-of-the-art hammer in the offshore
industry was inputted to explicitly model impact driving. Better agreement between the measured and the
simulated results was observed to validate the accuracy of the numerical model. The numerical results obtained
give greater confidence to the future use of large diameter tapered monopiles for OWTs.

while the semi-tapered pile is known as a pile that has only part of its
section tapered (usually the part which is submerged). There has been a
lot of evidence showing that the geometric configuration of monopiles
can be optimized toward the practical design from a straight-sided cy-
lindrical shape to a fully or partly conical type. In this context, we first
present a study of large diameter tapered monopiles potentially used for
supporting OWTs.

Reliable pile driving predictions and a thorough understanding of the
factors that influence the process are indispensable for the development
of an accurate practical design methodology, also for optimal hammer
selection. Numerous researchers have investigated the installation ef-
fects of tapered piles. Sakr and El Naggar (2003) first performed
centrifuge tests to model tapered and cylindrical piles driven into loose
sand, the observed taper effect was further compared with the analytical
solutions using the cavity expansion method (CEM). They reported that
the axial load capacity of tapered piles would be higher than that of

sive experimental observations and theoretical developments (Kodikara .cylindrical [.)iles. with ) equal average diamet.er, and the difference
and Moore, 1993; Kurian and Srinivas, 1995; El Naggar and Wei, 1999; increased with increasing tapered angle. Kodikara et al. (2006) pre-
Kodikara et al, 2006; Tavasoli and Ghazavi, 2019, 2020), from a sented a two-dimensional (2D) numerical evaluation of the skin resis-

tance of bored tapered piles in mudstone to assess their feasibility
against cylindrical piles, the effects of taper angle, mean pile diameter,

1. Introduction

Offshore wind energy provides a key component of the renewable
and sustainable energy mix. Offshore developments are gaining traction
worldwide, with a rapid expansion of offshore wind turbines (OWTs)
being constructed in recent years. Monopiles are currently the preferred
foundation solution for supporting OWTs in shallow coastal water
(Byrne et al., 2020a, 2020b; Chortis et al., 2020; Zdravkovic et al., 2020;
Fan et al., 2021; Sunday and Brennan, 2021), benefiting from the ease of
fabrication and installation offshore. The bearing capacity characteris-
tics of monopile have been required to be improved as the cumulative
power of OWT increases, leading to an increase in monopile diameter
larger than 10m with most OWTs being installed using impact driving,
see Fig. 1. The potential of piles with a tapered section (known as
tapered or semi-tapered piles) has been confirmed through both exten-

viewpoint of bearing capacity. Typically, the tapered pile is defined as a
pile that has a taper over the full length or in the embedded section,
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List of notations

AArea of pile headA,Parameter controlling the stiffness
magnitudec Area of pile headA,Parameter controlling the
stiffness magnitudecSoil cohesion

DlInner diameter of single pile foundationD, Inner diameter of single
pile foundationD Diameters of equal diameter monopile

D, Diameters of monopile top

Dy Diameters of monopile bottom
Deq Equivalent diameter of monopiles
D, Reference rate

e Void ratio

eolnitial void ratioEYoung’s modulusE¢ Initial void ratioEYoung’s
modulusEcEnergy dissipated by time-dependent

deformation

Ep Energy dissipated by contact force

E; Internal energy

Ep Energy dissipated by plastic strain

E Young’s modulus

Eg Applied elastic strain energy

Ey Energy dissipated by viscous effects

Ew Cumulative driving energy delivered by hammer impact on
the pile head

Ewc Maximum cumulative driving energy of MP-C

EpaanceConstant representing energy balanceEgInstantaneous kinetic
energy of the pile-soil systemf,,xMaximum instantaneous
impact driving forcef; Constant representing energy
balanceEgInstantaneous kinetic energy of the pile-soil
systemfi,cMaximum instantaneous impact driving
forcef;Unit sleeve friction resistance

FDriving force varies with time under 1g conditionF,Base
resistanceF,Total imposed driving loadF; Driving force
varies with time under 1g conditionFyBase
resistanceF,Total imposed driving loadF;Skin resistance

F,Total resistancegGravitational accelerationG, Total
resistancegGravitational accelerationGySmall-strain
stiffness

hDropping height of ramhoHeight of void layerh, Dropping height of
ramhyHeight of void layerh,Hammer penetration depth

HPenetration depthl, Viscosity indexk Penetration depthl,Viscosity
indexkPermeability coefficient

Ko Coefficient of earth pressure at restLLength of
monopilesL, & L; Coefficient of earth pressure at
restLLength of monopilesL, & L;Length of various sections
for monopiles with various geometries

m Quality of ram

Mpite Quality of pile body

Myat Parameter controlling the initial shear modulus
My Mass density of soil particles

MQuality of hammerNParameter controlling the slope of the
isotropic unloading lineNpgmmer & Nspr Quality of
hammerNParameter controlling the slope of the isotropic
unloading lineNpgmmer & NgprBlow counts of hammer and
SPT

Ny, Cone factor

ng Curvature of the Gy — p line

p:Reference stressqm,xMaximum uniform loadq. Reference
stressqa Maximum uniform loadg.Measured cone
resistance

Rinitial size of the elastic rangeS Initial size of the elastic
rangeSRadial distance

Su Undrained shear strength

t Wall thickness

t. & t; Wall thickness of various sections for monopiles with
various geometries

up Pore pressure measured behind cone

v Falling speed of Ram

Vhammer Velocity generated from the motion of a free falling
massx,y. Velocity generated from the motion of a free
falling massx,;.Monopile velocity history

Xsoil Relative velocity of soil particles

z;Buried depth of soilOCR" Buried depth of
s0ilOCR " Overconsolidation ratio

a Frictional coefficient of pile-soil interface

B Taper angle

pr &y Parameter controlling the rate of degradation of the
stiffness with strain

y Unit weight

Ysat Saturated unit weight

€ Composited strain rate

e Creep strain rate

& Elastic strain rate

& Relative strain rate between pile body and soil particles
around

& Plastic strain rate

x*Parameter controlling the position of the isotropic normal
compression lineA*Parameter controlling the slope of the
isotropic normal compression liney Parameter controlling
the position of the isotropic normal compression
linel*Parameter controlling the slope of the isotropic
normal compression lineuPoisson’s ratio

vParameter controlling the shear modulus¢ Parameter controlling
the shear moduluséDamping ratio

p Density

i Interface adhesion under undrained condition
o’ Viscous stresses

or Radial stresses

@ Peak friction angle

@, Critical state friction angleL. Critical state friction angleLFourth-
order tensor

NSecond-order tensor?Represents the direction of inter-granular
straind Second-order tensor?Represents the direction of
inter-granular straindEquation of inter-granular strain

D&T

D"is Viscous strain rate

Jaumann’s strain-rate tensor and stress-rate tensor

and pile length was taken into consideration. It was numerically
confirmed again that the use of taper angle can provide a higher axial
load capacity in comparison to cylindrical piles. Ghazavi et al. (2012)
carried out three-dimensional (3D) numerical modeling of the installa-
tion of tapered piles in clayey soil, and presented that the displacements
of pile toe and tip increase with increasing the taper angle, resulting in
the improvement of the pile driving efficiency. The driving performance
was also theoretically evaluated by Sormeie and Ghazavi (2018) using

CEM combined with wave equation analyses. The results show that
tapered piles are driven easier than cylindrical piles with the same
length and volume. As such, the numerical and analytical evidence both
confirmed that tapered and semi-tapered piles can provide better driv-
ability performances than cylindrical piles. Tavasoli and Ghazavi
(2018); Tavasoli and Ghazavi (2019); Tavasoli and Ghazavi (2020)
subsequently conducted a series of numerical and experimental in-
vestigations into drivability performances of tapered piles. The emphasis
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was placed on the establishment of a correlation between pile shapes
and hammer below counts. Tapering the pile was proven to efficiently
decrease the cumulative hammer blow counts. For small-to-medium
diameter pile, the use of tapered piles not only reduce energy con-
sumption by at least 25%, the pile driving efficiency significantly
increases.

The aforementioned studies mainly focused on the drivability per-
formance of small-to-medium diameter tapered piles in the ground. The
paper first presents the concept of large-diameter tapered OWT
monopiles. The drivability of such monopiles with a tapered section is,
therefore, comparatively explored against cylindrical monopiles. The
energy balance analyses and associated installation mechanisms during
impact driving are necessary for optimal hammer selection. For such
purposes, field testing is typically consuming a lot of resources (material,
equipment and manpower), and is hence very expensive. Although
laboratory tests can provide a better understanding of installation
mechanisms of piles on a reduced scale, they are often limited for large
diameter long piles under 1g condition. Moreover, energy balance an-
alyses are difficult to perform through field observations and laboratory
tests. The widely-accepted numerical modeling technique, known as
finite element method (FEM) for continuous medium or discrete element
method (DEM) for granular medium, is likely a preferred option to study
the large deformation problem related to the installation mechanisms
and the energy balance in the system. Correspondingly, the Coupled-
Eulerian-Lagrangian (CEL) approach is a powerful FEM tool to numer-
ically simulate the installation process of large diameter monopiles in
clays.

It is not the purpose of this study to provide a design procedure for
monopiles, but it is a fundamental study to explore the use potential of
large diameter tapered monopiles by impact driving in the offshore in-
dustry. In what follows, the driving performances of various monopiles
(tapered/semi-tapered/cylindrical piles) are comparatively assessed in
terms of energy exchange and installation mechanisms. An advanced
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user-defined hypoplasticity clay (HC) model is first employed to simu-
late the undrained kaolin clays. The whole installation process of various
monopiles in clays is modeled using the Coupled-Eulerian-Lagrangian
(CEL) approach. The energy balance analyses during the whole instal-
lation process and each hammer blow are presented, respectively. The
installation mechanisms associated with hammer blow counts, pene-
tration resistances, and radial stresses are finally investigated.

2. Numerical modeling details
2.1. CEL approach for large deformation problems

3D large deformation finite-element (LDFE) problems have been
widely studied using the Coupled-Eulerian-Lagrangian approach incor-
porated in the commercial finite element program ABAQUS/Explicit.
The feasibility and applicability of the CEL approach have been also
proven for various geotechnical penetration problems such as the in-
stallations of piles (Fan et al., 2021; Li et al., 2021), caissons (Lai et al.,
2020, 2021, 2022a, 2022b; Harireche et al., 2021), spudcans (Li et al.,
2018) and CPTs (Wang et al., 2019; Gavin et al., 2021), etc.

CEL approach possesses the advantages both of Lagrangian and
Eulerian formulations. The Lagrangian formulation yields the deform-
able mesh that moves in sync with materials, implying that the
displacement of the continuum can be expressed as a function of time
and material coordinates. The geo-structures (e.g. piles) are typically
discretized as Lagrangian elements Nonetheless, for Eulerian formula-
tion, the displacement of the continuum is characterized by a function of
time and spatial coordinates. As such, the materials and meshes are
mutually independent, which enables the meshes to avoid distortion,
hence being capable of ensuring computational stability. The Eulerian
element is always used to model soils with large deformation. The
definition of Eulerian volume fraction (EVF) representing the portion of
that element filled with a specified material is introduced to track the

Fig. 1. Offshore wind turbine founded on monopiles: (a) Structural components(Charlton and Rouainia, 2020); (b) Construction site (https://iqip.com) (c) Hammer

impacting process (https://iqip.com).


https://iqip.com
https://iqip.com
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material flow. EVF = 1 indicates that meshes are fully filled with ma-
terials, EVF < 1 means that the meshes are partially occupied by ma-
terials, and the rest are filled by void elements. Hence EVF = 0
represents that no material is filled in the meshes. More details of the
CEL approach can be found in (Lai et al., 2020) and omitted here.

2.2. Force-time input

Hydrohammer® S-4000 (free access on https://www.ihcigip.com), a
state-of-the-art hydraulic impact hammer, is selected for driving steel
large diameter offshore piles in this study. The detailed composition of
the equipment is sketched in Fig. 2(a). The operating principle of such a
hydraulic hammer is presented in Fig. 2(b), all the accessories are
simplified as a steel holder and energy accumulator to transfer the dead
weight and transport the hammer ram with deadweight m = 200 tons.
The cycle operation begins with the lifting phase of the ram, denoted as
Phase 1. In this phase with the duration t; ~ 2 s, the hammer ram can be
lifted at a specific height h = 2 m and prepared for the next blow. In the
next phase (here defined as Phase 2), the pile head and hammer ram are
fully in contact with the impact driving duration t; ~ 0.02 seconds
(Vantomme et al., 2019). The total imposed driving load on the pile head

can be calculated as:
F.=F(t) + Mg @

where F(t) is the impact driving force varies with time under 1g con-
dition, Mg is the total deadweight of the hydraulic hammer with ram and

HYDROHAMMER?®

1. Connection plate 7. Upper leader aitachmenj}

2. Piston 8. Ram
3. Accumulator

4. Upper bearing

5. Valve ning

6. Hammer housing
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mounting on the pile head. Constant loadMg = 430 tons, documented on
the above website, can be defined as the self-weight of the whole
equipment.

Fig. 2(c) shows the variation of impact driving force with time
following an ideal sinusoidal function. Therefore, we can present the
following functional relationship:

e
F (1) =fmax Sin (t_) 2)
2
o+ t mt]”? 2t,
F(t)dt = — frax— | T Jmax—_ 3
| Fwd= o] —fu ®

where f,..« is the maximum instantaneous impact driving force.
Under the gravity, considering the kinetic energy formula, we have

1
/ F(t)dt: MY hammer = MA/ Zgh (4)
0

where Vhgmmer 1S the velocity generated from the motion of a free-falling
mass.
Combining Eq. (3) and Eq. (4), we obtain

amy/2gh

Fone = /2gh = o =
maxﬂ__ g max — 2t2

)

For Hydrohammer® S-4000, we can transfer input parameters as the
driving force from Eq. (5), as below:

9. Lower bearing

10. Lower leader attachment

11. Shock absorber s b
12. Pile sleeve

13. Anwil
14. Pile
(a)
Energy
accum
3 F(r) &
Flya [ === ====p==—=---- N~"TTTTHT
i it
H ]
h F@) i i
i b
i1 P
i} i}
Phase2 Phase2 } i Phase2 | 1
Pl 1l
H N
y . [
) L P
1
Phasel Phasel | | Phasel | | t
O /i — -
st 5]

Phasel

Phase2

(b)

(c)

Fig. 2. Hydraulic hammer simulated in the numerical model: (a) details of Hydrohammer® S-4000; (b) operating principle and (c) force-time curve.
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£ _mmy/2gh 7 x 200 x /2 x 9.81 x 2
T2 2 % 0.02

= 98347.69 kN 6)

Postulating OWT monopile has a wall thickness of 0.1 m and an in-
ternal diameter of 10.0 m (as mentioned below), the maximum uniform
load can be obtained:

g fmax 4% 98347.69

A xx (1022 - 10?) @

In the model, we only input a force-time curve shown in Fig. 2(c) into
ABAQUS/Explicit to numerically define the hammer impact.

Note that the interval t; means a long duration for a hammer blow as
the hammer ram has to be lifted and prepared for the next blow. In the
model, this duration of around 30 min is computationally expensive.
Such intervals need to be reduced to a lower computational cost.
However, the blow intervals are not placed overly closely, which might
result in a significantly varied piling acceleration. That is, the next blow
should be imposed at a time that can ensure the pile is in mechanical
equilibrium. The interval of 0.18 s can be assumed to be large enough to
avoid overlapping in the piling acceleration (Daryaei et al., 2020).

2.3. Geometric configuration and numerical model generation

To examine the effect of the geometric configuration of tapered
monopiles on drivability performance, four different geometries are
considered in the numerical model, as shown in Fig. 3(a)-3(d). A stan-
dard straight-sided cylindrical shape, MP-C, and a fully tapered, MP-T
are considered. In addition, two partially-tapered monopiles, MP-CT
and MP-TC (Tavasoli and Ghazavi, 2020), are analyzed. MP-CT is
composed of an upper cylindrical part with a length of 30m and a lower
tapered part with a length of 30m. MP-TC has an upper tapered part
connected by a cylindrical part. It is postulated that these monopiles
have equal material volume and penetration depth. In the model, the
total penetration depth L for four monopiles is 60m, the diameter is 10m,
the wall thickness is t = 1%D and a taper angle of 2° is assumed. The
other geometric configurations can be calculated and summarized in
Table 1.

Based on the geometric configurations an 8°-slice numerical model
can be considered in Fig. 4, for the sake of reducing the computational
cost. The homogeneous kaolin clay was chosen as seabed soil with un-
drained installation conditions assumed. The monopiles were made of
ST37 steel (ASTM-A252, 2010). An advanced user-defined HC model
was programmed to model undrained clay and rigid body behavior is
assumed for the monopile (Daryaei et al., 2020; Lai et al., 2020; Wang
et al., 2020; Soleimani and Weienfels, 2021). The principal advantage to

Ocean Engineering 266 (2022) 113017

Table 1
Geometric configurations of various monopiles.

Pile Total pile Tapered angle  Diameter D (mm)  Pile thickness
t length ©
ype ength (mm) ) Top Toe (mm)
D) (Dy)
MP-C L. = 6000 - 1000 1000 t. =100
MP-T L, = 6000 2 1229 810 t; = 1%D,
MP- L+ L. = 2 1072 862 t. =107, =
CT 3000 + 3000 1%D,
MP- L+ L. = 2 1176 966 te =97.t =
TC 3000+ 3000 1%D,

simulating monopiles with rigid bodies rather than deformable finite
elements is computational efficiency and numerical stability (strongly
oscillating results in elastic body). It should be, however, noted that the
assumption of rigidity may not precisely predict the wave transmission
within the monopile itself, which somehow causes a deviation to from
reality for energy exchange as the compression wave cannot be well
captured in a rigid body. Moreover, rigid body assumption means the
hammer blow must mobilize the full mass of the pile at the same time,
rather than progressively as the force wave moves down the pile (elastic
body). As such, the use of a rigid body may underestimate the pene-
tration resistance of monopiles. In this paper, emphasis is put on the
installation mechanisms rather than a design procedure, so the deviation
arising here can be acceptable.

The soil domain was extended to 24 radii, R radially, and 2L verti-
cally to eliminate the boundary effect during the piling. A 5-m-thickness
(i.e. H/12) void layer was placed above the intact clay surface, allowing
the clay to heave by flowing into the empty Eulerian elements. Both the
void and the clay layers were discretized as EC3D8R elements, while the
monopile was simulated using C3D8R elements. The velocity as a vari-
able was used for controlling the initial boundary conditions of the
axisymmetric model. Symmetric boundary conditions are fixed on the
two lateral planes (t-direction) by prescribing zero flow velocity normal
to these two planes. The model base with fully restraint against the flow
is defined. For the far-field boundary (curved face, r-direction), radial
flows are constrained. During the penetration, monopile is fully con-
strained other than z-direction under impact driving.

2.4. Mesh convergence studies

Mesh convergence studies were conducted to guarantee that the FE
meshes are sufficiently fine to attain accurate results. Fine meshes
around the monopiles also enable the pile-soil interface to maintain
computational stability. A fine zone with 3R x 2L was first created with

~0.Im (=0.123m t~0.107m (~0.118m
X
EYN » D=10m —“@ D=12.29 m 7;@&:10,72111 - D~11.76m
N N
Lc=30m c L=30m
p=2°
Lc~60m| C L=60m| T 1‘% ,':‘ﬁ —==:)\ _}
_ 2 " R CTy ed
U s B=2°
L=30m T L£,=30m
=0.081m #,=0.086m 1,=0.097m
L YW@ ZYD =8 10m 93D -geom - D,=9.66m
;\w}j N >, JLW b b 7
©)] (b) (¢

Fig. 3. Geometric configurations of monopiles with various geometries: (a) MP-C; (b) MP-T; (c¢) MP-CT and (d) MP-TC.
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MP: Lagrange clement
(C3D8R) e

=

R

structured meshes and the rest zone that has lesser influence on the
results possesses the non-structured meshes (Fig. 4). The mesh density
progressively increases from Mesh 1 to Mesh 3 with Mesh 1 (2t x t) being
the coarsest, followed by Mesh 2 (t x 0.33t), and Mesh 3 (0.5t x 0.025t)
being the finest. Fig. 5 presents a mesh convergence study showing the
relationship between hammer blow counts (Npgmme) and penetration

0.0

putation time
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- Soil: Euler element(EC3D8R)

|:| Void: Euler element (EC3D8R)
3R 21R

o hy_ >
L

le

I«

Fig. 4. Numerical model and finite-element mesh strategy.

depth (H/L), the comparison of computation time is also given. It follows
that Mesh 2 and Mesh 3 yield the approximate Npgmmer — H/L curves,
nonetheless the computation time of Mesh 2 is around four times that of
Mesh 3 (98.41 h and 364.40 h). Therefore, Mesh 2 is chosen for the
following numerical simulation to balance both accuracy and efficiency

of the simulation.
2.5. Constitutive law and material parameters

Impact driving of piles is a cyclic loading-unloading process, leading
to an extremely complex stress-strain relationship. During installation,
degradation in clay stiffness from very small to large strain and the
incrementally non-linear behaviors of clay and unloading-reloading can
be observed. Hypoplaticity (Masin, 2014; Stutz et al., 2017; Kadlicek

and Masin, 2020), is introduced to realistically describe the clay be-
haviors from medium to large strain. The concept of inter-granular
strain is further presented to consider small-strain behavior. In hypo-
platicity clay (HC) model, the yield surface and plastic potential do not
have to be captured, which is entirely different from the conventional
elastoplastic model. The elasticity and plasticity of clay are also not
distinguished owing to the use of strain rate. The general constitutive

law can be mathematically described as (Masin, 2019):
(8)

0.4 H
\ com
< 11.23h | 98.41h[346.40h
T L\
N T o 02x01 (m)
0.6 I N em—().1x0.033 (m)
- Y\ —-— 0.05%0.025(m)
B N

0.8

1.0 =
1500

0 500 1000

N, hammer

Fig. 5. Hammer blow counts-penetration depth curves for three different

mesh densities.

2000

T=/(L:D+/fN|DJ|)
where T and D are Jaumann’s stress-rate tensor and strain-rate tensor,
soil strength and general asymptotic responses are controlled by a
fourth-order tensor L and a second-order tensor N.
The equation of inter-granular strain can be written as (Masin,

2019):
. [(r-3®8p):Ds:D>0
8=1¢ \'_ ©)]
D&:D<O
where 8 represents the direction of inter-granular strain, 8, controls the
slope of the rate curve inter-granular strain tensor.
Masin (2014) suggested that the small-strain stiffness Gy can be

described as:
(10$)

ng
Gy :prAg (PE)

where, p and p; are the mean and reference stress, respectively; A; and ng
are the parameters controlling the stiffness magnitude and curvature of

the Gy — p line, respectively.
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The viscous (strain rate) effects during shearing are is very funda-
mental, of course also introduced in the HC model. The expression
reflecting the viscosity of the HC model can be written as (Masin, 2019):

T=fL: (D-D") an

where D* is the viscous strain rate:

| 1/1,
12
OCR+> 12

Dvis — D,ﬁ(

where D, is the reference rate, I, is the viscosity index and OCR™ is the
overconsolidation ratio. Herein, the normal consolidation is considered
(i.e. OCR =1).

The material parameters of the HC model for the Kaolin Clay are
summarized in detail and calibrated by Lai et al. (2020), and further
given in Table 2. HC model has five basic parameters of HC model (¢,,
A%, N, * andv), and all the associated definitions of parameters used have
been given in Table 2. The model requires another set of six parameters
capturing the small-strain behavior (4,, y, ng, Ag, My and R). An addi-
tional set of four physical parameters are also required as the input (e,
Ysat» Ko andk). It should be emphasized that four out of the 11 parameters
for kaolin clay have been extensively reported ((p'c, A*, N andx*). The
other seven model parameters controlling soil stiffness from small to
large strain have been calibrated in previous experimental studies.

A linear-elastic model was used to model the monopiles. Table 3 lists
the associated model parameters (ASTM-A252, 2010). The interaction
between the monopile and the clay was modeled using a general contact
algorithm that is based on a penalty contact method. The pile-soil
interface was thus modeled as frictional contact using this algorithm
and specifying a reduction coefficient (adhesion factor for clay). The
value of reduction coefficient a of the pile-soil interface is typically
between 0.2-0.4 (Pucker and Grabe, 2012; Lai et al., 2020). A lower
bound of 0.2 was adopted in this simulation to do a conservative esti-
mation as the CEL approach implemented in Abaqus/Explicit does not

Table 2
Model parameters of kaolin clays adopted in 3D LDFE analyses (Lai et al., 2021).

Category Description Symbol Value
(Unit)
Basic parameters Critical state friction angle . () 27.5
Parameter controlling the slope of A 0.065

the isotropic normal compression

line in the In(1 +e) — In p plane

Parameter controlling the slope of N 0.918
the isotropic unloading line in the

In(1 +e) — In p plane

Parameter controlling the position K* 0.01
of the isotropic normal compression

line in the In(1 +e) — In p plane

Parameter controlling the shear v 0.35
modulus
Intergranular strain Parameter controlling the rate of Br 0.1
concept degradation of the stiffness with
parameters strain
Parameter controlling the rate of z 0.7
degradation of the stiffness with
strain
Curvature of the Gy — p line(Gy is ng 0.5
shear modulus)
Parameter controlling the stiffness Ay 5300
magnitude
Ratio of parameter mr controlling Myqr 0.7
the initial shear modulus
Initial size of the elastic range R le-5
Physical parameters Initial void ratio e 1.15

Saturated unit weight of soil Ysar (RN/ 17.4
3

m”)

Coefficient of earth pressure at rest Ko 0.54

Permeability k (m/s) le-9
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Table 3
Model parameters of steel monopile.
Description Symbol  Value  Unit Reference
Young’s modulus E 210 Gpa Data from (ASTM-A252, 2010)
Poisson’s ratio u 0.16 -
Density ) 7.85 kg/m?

allow us to introduce a user-defined contact algorithm where the friction
fatigue can be modeled. Moreover, the impact driving monopile is a
dynamic process in essence. Rayleigh stiffness ratio damping was thus
introduced in the model to lower the vibration wave transmission to the
far-field boundary. A damping ratio (¢ = 0.03) of the viscous materials
can be inputted into the model (Ekanayake et al., 2013).

3. Validation

The developed numerical model was validated, in terms of hammer
blow count with installation depth, against field observations conducted
in Tilbury, UK. On the site, two driven cast-in-situ (DCIS) piles with a
diameter of 610 mm, denoted as Pile-SE6 and Pile-SE8, were installed
using a hydraulic hammer. The lengths of the piles are 14.75m and
14.80m, respectively. The hammer type was Junttan HHK5A, of which
operational details were reported by Flynn and McCabe (2019). The soil
classification and characterization were based on Piezocone Tests
(CPTu). The CPTu data indicates that the soil profile includes 3m of
made ground overlying a thick layer of soft clay (between 3m deep and
14m deep), followed by medium dense sand (Fig. 6).

For simplification, the sand layer at the bottom is neglected in the
numerical model as the piles are only partially embedded in this layer
(around 0.8m). On this account, we only calibrated the model parame-
ters of the top two soil layers using the CPTu data. Undrained shear
strengths for made ground and soft clays are determined from piezocone
tests using a cone factor Ni, of 11.6 calibrated using shear vane tests
carried out by Skempton (1953) at Tilbury, UK, which is presented in
Fig. 6 (e). As such, a linearly increasing undrained strength profile of soft
clays with depth can be approximated as

s.=181z+7.83 13)

An empirical relationship of E, = 350S, is further adopted to esti-
mate the undrained Young’s modulus (Lunne et al., 2002) such that the
so-called Gibson’s foundation soil is approximately modeled (Daryaei
et al., 2020). Additionally, the mean cone penetration resistance of a
thinner layer of made ground is used to estimate the corresponding
undrained strength and Young’s modulus. Detailed parameters are
presented in Table 4. In the model, to consider the potential energy
losses during hammer impacting due to some avoidable factors such as
noise and heat, a lower bound value of hammer efficiency of 0.8 sug-
gested by Rausche and Klesney (2007) is selected to calculate the total
driving energy E,, which can be achieved by defining the force-time
curve with f,,,, = 1523.60 kN, as mentioned above.

Fig. 7 shows comparisons of hammer blow count (N) between the
numerical and the observed results with the normalized installation
depth for Pile-SE6 and Pile-SE8. It is clear that the numerical results
obtain a better agreement with the observed results. The reasons why
the slight overestimation of Npgmmer Value in soft clays is found can be
given as follows: (a) the hammer efficiency is over-estimated, and the
realistic driving energy may have been more than 80%; and (b) a direct
use of reduction coefficient to estimate the strength of pile-soil interface
such that softening effect-enabled residual value was not realistically
considered here. In all, the developed numerical model is capable of
providing an acceptable estimation for the hammer blow count.

4. Energy balance analyses

The hammer energy needs to cover the required driving energy to
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Fig. 6. The CPTu soundings and interpretation results at Tilbury site: (a) soil profile; (b) corrected cone resistance; (c) sleeve friction; (d) pore water pressure; (e)

interpreted undrained strength.

Table 4
Soil parameters used in the numerical model for field-test.
Parameter Top- Unit Undrained Young’s Posson’s
level weight y strength s, modulus E ratio v (—)
(m) (kN/m®) (kPa) (Mpa)
Made 0 20.5 196 68.6 0.495
ground
Clay 3 19.63 13.3-33.2 4.65-11.62° 0.495

Note:  E, = 350s,

overcome the soil resistance, wall-soil interface contact, and energy
losses resulting from the water column, heat, and noise. The proportion
of energy losses during impact driving can reach around 5.0-10.0% for
large diameter offshore monopiles (Vantomme et al., 2019). This work
mainly focuses on the hammer energy dissipation process in the soil, the
associated energy losses are thus not involved as the water domain needs
to be modeled using the complex acoustic elements, also the effect of
noise is not considered in the numerical model (Flynn and McCabe,
2019). This section will provide insights into the dissipation and ex-
change of different energy terms during a hammer blow and during the
whole process.

4.1. Cumulative driving energy

The cumulative driving energy delivered from hammer energy on the
pile head for four monopile geometries considered (here denoted as the
work done, Ey), is plotted in Fig. 8.

Eyw increases in a parabolic shape as the monopiles penetrate into the
seabed. The clear differences in Eyy among the various monopiles can be
found, in particular as the penetration depth increases. The cylindrical
monopile, MP-C requires the largest energy to reach a given penetration
depth, whilst the fully-tapered pile, MP-T requires the lowest. In essence,
the change of cumulative driving energy provided from hammer impact
should be consistent with that of the required hammer blow counts, as
will be discussed later.

4.2. Dissipation process of driving energy

To identify the dissipation process of driving energy and capture the
energy exchanges of hammer impact for the monopiles with various
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Fig. 7. Validation against field observations for Pile SE-6 and Pile SE-8.

geometries, energy balance analyses involving the different energy
terms for monopiles by impact driving into clays are carried out. The
equation of energy balance can be written, at any time, as

Epaance =Er + Er + Ev + Ex — Ew 14)
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Fig. 8. Cumulative driving energy during the whole installation process for
monopiles with various geometries.
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where Epgance is the total energy balance; E is the internal energy of the
system; Ep is the energy dissipated by contact force between pile-soil
interfaces; Ey is the energy dissipated by viscous effects of materials
(soil viscosity and interface adhesion); Ex is kinetic energy transferred
for pile impact driving and Ey is the total driving energy from hammer
impact. More details of energy components in the system can be found in
the Appendix. It needs to be emphasized that Epggn could be only
approximating a constant. The approximation is due to a fact that the
recoverable strain energy (the term of components of internal energy) is
computed by a modified trapezoidal rule in Abaqus/Explicit, rather than
an exact trapezoidal rule. Such behavior is common in geometrically
nonlinear problems, and one can only assess that the variation in Epggnce
only has a slight fluctuation below and above zero in the system with
exergy balance. It means that Epgqnce ~ O represents the energy balance
of the system.

For comparison, the maximum cumulative driving energy of MP-C
(denoted as Ewc) is used to normalize all the energy components in
the systems of MP-T, MP-CT, and MP-TC. The energy dissipation process
of various monopiles is shown in Fig. 9. It can be observed that all the
traced Epgance @approximately iterates below or above zero, hence con-
firming the energy balance of the system in the whole installation pro-
cess. During the installation process, the Ey delivered from hammer
energy on the pile head is more readily transferred as E;, which is
composed of elastic, plastic and time-dependent strain energy of clays.
The role of E; in the monopile installation process can be displayed as the
mobilization of soil resistance, as it is closely related to the elastic and
plastic strain energy of soils. The other gradually-cumulative energy
components transferred from Ey are Ey and Er used for providing pile-
soil interface contact force. Regarding the kinetic energy (Ex), direct use
2 03 04 05 06 07 08 09 10 for driving piles, it is a variable with cyclic change linking closely with

H/L the penetration velocity of piles, and generated at the start and fully
dissipated at the end of a hammer blow. Namely, the monopiles are at-
rest when Ex = 0. Therefore, it can be initially observed in Fig. 9. For
deeper penetration, as Ey accumulates and increases gradually, the

~
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Fig. 9. Dissipation process of different energy terms during monopile driving: (a) MP-C; (b) MP-CT; (c) MP-TC and (d) MP-T.
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value of Ex becomes very small relative to Ey.

The comparison indicates that the normalized values of Ey/ Ewc, Er/
Ewc, Ev/Ewc, Er/Ewc are the smallest for MP-T, followed by MP-TC, MP-
CT, and MP-C. This highlights the benefits in the use of tapered
monopiles. To quantify this benefit, taking MP-C as a benchmark, the
comparisons of the different energy terms normalized by Ey for various
monopiles at the end of the installation are tabulated in Table 5. It can be
seen that Pile-T dramatically reduces the required driving energy, in
which the Ey of MP-T required is approximately half of the Ey¢. From
Table 5, we can also find that the internal energy in the system is where
the most driving energy goes, and the sum of energy lost in the interface
contact and soil viscosity is just about 30% for various pile types. It
should be noted that the energy losses of 30% on interfaces may be
somewhat underestimated as the energy losses from the water column,
heat, and noise are neglected here. The realistic energy losses may be up
to 40%. It can be, however, still concluded that for large-diameter
monopiles with a diameter up to 10m in undrained clays, the hammer
energy is more transferred to the soils around monopiles in a form of
internal energy.

4.3. Energy exchanges during a hammer blow

The energy exchange during a hammer blow (i.e. a loading step with
a duration of 0.2s) is studied in this section. The different energy terms
during a hammer blow for various monopiles at H = 0.5L and H = L are
given in Figs. 10 and 11, respectively. The rated output (maximum net
energy) of the Hydrohammer® S-4000 is 4000 kJ. Note that, from these
two figures, all the running results show the transferred energy traced on
the pile head (cumulative driving energy) is slightly lower than the rated
output of the hammer after 0.02s (impacting time of hammer). Such a
difference is due to the discrepancies in the modeling details (the
hammer and anvil impedances are not present in the ABAQUS model)
(Vantomme et al., 2019).

During a hammer impact (0-0.02s), the cumulative driving energy
Ew and the transferred kinetic energy Ex gradually increase to drive the
monopiles, and the soil strength and interface contact are mobilized
continually. Note that this process is not statically equilibrium from a
viewpoint of force analysis. After 0.02s, the Ey is no longer increasing,
hence Eg gradually dissipates to zero at around 0.1s which corresponds
to the time that the monopile driving is suspended. At 0.10s, the system
reaches static mechanical equilibrium. It is noted that, from 0.02 to
0.10s, the Ej, Ey, and Ep are still accumulated to resist pile driving. From
0.10 to 0.20s, all the energy terms remain constant and the hammer has
been lifted for the next blow. Therefore, the energy exchanges of the
system from 0.1-0.2s are not given in the figures.

The comparisons of energy terms among various monopiles during a
hammer blow in Figs. 10 and 11 show that, under the same rated output
of hammer, tapered monopiles have the larger kinetic energy Eg, indi-
cating they have higher efficiency of energy transfer (Ex/ Ew). In addi-
tion, the taper treatment reduces the energy dissipation of Er due to the
contact forces between pile-soil interfaces as tapering monopiles are
beneficial to reducing the radial stresses on both the outside and the
inside pile-soil interfaces (Tavasoli and Ghazavi, 2020). The values of E;
and Ey are approximate for various shapes’ monopiles as they are mainly
governed by material behaviors. The further comparison between
Figs. 10 and 11 for the same monopile implies that Ex/ Ew will reduce as
monopile advances into deeper soils, as a result of gradually-increased

Table 5

Comparisons of different energy terms for monopiles with various geometries.
MP-type Ew/ Ewc E1/Ewc Er/Ewc Ev/Ewc E;r+ Er+ Ev/Ewc
C 100.00% 70.50% 11.70% 17.35% 99.55%
CT 79.13% 54.29% 9.20% 14.38% 77.87%
TC 61.26% 42.52% 7.84% 9.16% 59.52%
T 50.71% 36.30% 4.71% 9.13% 50.14%

10
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penetration resistances. Therefore, it is always very difficult for pene-
tration in the later installation, in practice.

5. Installation mechanisms
5.1. Hammer blow counts

Fig. 12(a) and (b) show the variations in hammer blow counts
(Nhgmmer) and driving depth per blow (h,) with normalized penetration
depth (H/L) for monopile with various geometries (MP-C, MP-T, MP-TC
and MP-CT), respectively. The self-weight penetration phase of large
diameter monopiles for OWTs, where the self-weight is not smaller than
penetration resistance, needs to be considered before the impact driving.
However, limited by the computational cost (taking a very long time
during self-weight penetration), we drove the pile using hammer impact
at the beginning of the installation. As shown in Fig. 12(a) and (b),
hammer blow counts increase with an increase in the penetration depth,
following an inverted-parabolic curve, while penetration depth per blow
gradually decreases in the shape of a parabola. This is because the
penetration resistance (radial stress on the interface) gradually increases
as the piling advances.

It can be also found from Fig. 12(a) that at very lower hammer blow
counts, the monopiles are rapidly driven to a penetration depth around
0.3L that approximately corresponded to the expected self-weight
penetration depth. The driving depth per blow h, (corresponding to
installation efficiency) is also comparatively high in this phase (Fig. 12
(b)). Such rapid penetration in the initial phase is due to the much larger
driving impact force and very smaller penetration resistance that the
pile is subjected to.

The comparisons of N of monopiles with various shapes indicate that
MP-T has the smallest Npgmmer value of 866, followed by MP-TC
(Nnammer = 1031), MP-CT (Nhgmmer = 1036), and MP-C (Npgmmer =
1661). This change law of hammer blow counts is similar to that of
cumulative driving energy (Fig. 8). The hammer blow counts of MP-C
required are approximately twice that of MP-T. It shows that for the
same material volume and penetration depth, the taper treatment
(tapered/semi-tapered piles) can remarkably reduce the hammer blow
counts. This phenomenon is resulted from that the inclined tapered
angle reducing the normal and shear stiffness of monopiles’ base and
shaft (Tavasoli and Ghazavi, 2020). This demonstrates the feasibility of
tapered/semi-tapered monopiles. It is of interest that this so-called
optimized effect is gradually weakened as the penetration depth in-
creases (Fig. 12(b)), in particular, H/L > 0.8 since the required driving
force is very large.

5.2. Penetration resistances

The drivability performances can be more clearly characterized by
distributions of penetration resistances of piles. Fig. 13 depicts the dis-
tributions of skin resistance F; and total penetration resistance F, with
normalized penetration depth (H/L) during the impact driving for large
diameter monopiles of various shapes. The base resistance (i.e. end-
bearing resistance, F;) can be thus obtained using F; — F; (i.e. horizon-
tal spacing between the envelopes). All the resistances extracted from
numerical models are normalized by the maximum instantaneous
impact driving force (fi,.x) for comparison. The same inputted load-time
curve is defined to ensure the loading frequencies of monopiles of
various shapes. Fig. 13 observes some interesting phenomena as follows:
(1) The smaller number of cycles per depth can be found for tapered
monopile MP-T, MP-TC, and MP-CT owing to the less Njgmumer required.
Similarly, for four large-diameter monopiles studied, all the required
Nhammer are very small in the self-weight penetration phase, resulting in a
very small number of cycles per depth at the installation beginning. (2)
The amplitudes of resistances are closely relevant to monopiles’ geom-
etries. It is observed that MP-T has the smallest amplitude representing
the lowest penetration resistances provided by foundation soils. (3) The
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Fig. 13. Variations in total penetration resistance and skin resistance with penetration depth for monopiles with various geometries.

differences among total penetration resistances at H/ L = 1 for various
monopiles are relatively smaller, with F;/fu. =~ 0.9 in this study. This
explains why the penetration depth per blow h, ~ 0.03m at H/ L =1 for
various monopiles (Fig. 12(b)).

The skin resistance differences between the outside and the inside for
four monopiles of various geometric shapes are given in Fig. 14. As seen,
we can roughly capture the self-weight penetration depth of various
monopiles, corresponding to the smaller skin resistance and cycle
number per depth, denoted as Phase I. Here we can also find that the self-
weight penetration depths are 0.29L for MP-C, 0.31L for MP-TC, 0.34 L
for MP-CT, and 0.35 L for MP-T, respectively. This shows that the
tapering pile is beneficial for increasing the self-weight penetration

12

depth of monopiles.

It can be also found from Fig. 14 that the skin resistance difference
between on the outside and the inside is very small for MP-C, implying
that the role of the soil plugging effect inside super-large-diameter
monopiles (Di, = 10 m) on the skin resistance is very small. It is of in-
terest that the impact driving process of such cylindrical monopiles does
not appear to cause the additional degradation of inside skin resistance,
which is unlike that for small-to-medium diameter monopiles. The
relatively obvious differences between tapered and semi-tapered
monopiles are attributed to that the taper angle increases the normal
pressure on the monopile shaft. This can be explained by the fact that,
for MP-T and MP-CT, the use of taper increases the outside skin
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Fig. 14. Differences between outside and inside skin resistances with penetration depth for monopiles with various geometries.

resistance as the outside pile-soil interface with the tapered section
would be additionally subjected to radial expansion resistance. More-
over, both the increments of the outside and the inside skin resistances
gradually decrease with the increase of penetration depth since the
seismic shear strength of clays is weakened as the cycle number
increases.

It should be noted that the friction fatigue problem of pile-soil

interfaces induced by cyclic loading is not modeled here as the CEL
approach implemented into Abaqus/Explicit does not allow the user-
defined contact models to modify the calculation of contact forces
(Daryaei et al., 2020; Staubach et al., 2021). From Fig. 14, for a tapered
pile with a lower tapered angle (e.g. 2 deg), the influence of neglecting
friction fatigue on the differences of skin resistances on the inside and
outside should be limited. However, it is not the case if tapering the pile
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Fig. 15. Variations in the normalized radial stress around the base of monopiles with various geometries along with the normalized radial distance at various

penetration depths.
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with a larger angle. In this case, neglecting the friction fatigue may
significantly influence the magnitude of skin resistances, which would
be more pronounced for cylindrical pile as it is subjected to larger radial
stress than tapered piles. Therefore, more numerical works are required
in the future for such purposes.

5.3. Radial stresses

The equivalent diameter (D,4) of monopiles, obtained using the pile
material volume divided by pile depth, is introduced to normalize the
radial distance to axis of symmetry (S). The D, obtained is 10.0m in this
study. Fig. 15 shows the variations in the radial stresses o,/ y,,H around
the base of monopiles with various geometric shapes along the
normalized radial distance S/D,, at various penetration depths (z;/ H =
0.25, 0.50, 0.75, 1.00), respectively. It follows from Fig. 15 that the
radial stresses inside and outside the shaft increase with advancing the
monopiles due to the gradual increase in downforce, the maximum
radial stresses are located on the monopile toe due to the stress con-
centration. The observed distribution of ¢, /y,,H around the base follows
the inverted-parabolic curve. Interestingly, the radial stress of clays in-
side the large-diameter monopile does not show the effect of rapidly
increasing due to the so-called soil plugging effect (Ko et al., 2016). This
means that the soil plugging effect for such large diameter monopiles
(Din > 10 m) might be neglected in design, at least in clays. The com-
parison among various monopiles gives that the maximum radial
stresses (solid points in the figure) at each penetration stage for MP-T,
MP-CT, and MP-TC are lower than that for MP-C, highlighting the su-
periority of taper treatment used in OWT monopiles.

Fig. 16 describes the variations in the radial stresses o,/ y,,.H around
the shaft of monopiles with various geometric shapes along with soil
buried depth at various penetration depths (H/L = 0.25, 0.50, 0.75,
1.00), respectively. Pile driving is a process of cavity expansion, leading
to an stress concentration around pile toes. Therefore, the radial stresses
of clays around the pile toe rapidly increase (Fig. 16). This phenomenon
is more significant as advancing monopiles, therefore, the maximum
radial stresses (solid points in the figure) also increase gradually. The
distribution of radial stress along the monopile shafts shows a convex
curve. In addition, the effect of stress relaxation in clays can be found far
from pile toe, compared to the Koy, H stress line. The comparisons of
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induced maximum radial stress around the pile toe also highlight the
advantage of tapered/semi-tapered monopiles, as emphasized above.

It can be further seen from Fig. 16 that for MP-T and MP-CT of which
the upper section has a larger diameter, radial expansion resistance will
be enhanced such that the larger outside skin resistance is generated,
compared to that of MP-C. The tapered monopile base with a smaller
diameter behaves oppositely. In all, Fig. 16 comprehensively shows that
tapered piles would not experience much greater radial stress than a
straight pile.

To assess the risk of pile buckling, the differences between the inside
and outside skin resistances when the various monopiles are driven at
designed depth are highlighted in Fig. 17. It demonstrates that the
contact force on the inside of tapered piles is slightly lower than that on
the outside. This would be more pronounced for MP-T and MP-CT of
which the upper section has a larger diameter. It follows that tapering
monopiles may increase the risk of propagation buckling in pile im-
perfections as it will obtain better driving performance. As such, the
emphasis of future works also should be placed on the optimization of
taper angle for tapered piles used in the offshore industry.

6. Limitation

Limited by computational costs and inherent flaws of the CEL tech-
nique, it is currently difficult to fully realistically model the dynamic
installation process of monopiles. For example, in offshore engineering,
the modeling of seawater is of significance for the interpretation of
installation mechanisms. The water column would lead to some energy
losses. The simulation of noise and heat produced in the installation
process was also hindered by the unattainable use of acoustics and heat
elements. The cyclic loading-enabled friction fatigue is unable to be
stimulated due to the inability to implement an interface subroutine in
the CEL approach. In addition, the assumption of a rigid body means a
hammer blow must mobilize the full mass of the pile at the same time,
rather than progressively as the force wave moves down the pile. In
other words, the use of a rigid body may provide too optimistic results, e.
g., underestimating skin resistance and hammer blow count. Therefore,
doing a robust design through numerical analysis may require the
assumption of an elastic body made. In the opinion of the authors, the
use of deformable finite elements may yield strongly oscillating results
under a high impacting force (numerical instability). These may be one
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Fig. 16. Variations in the normalized radial stress around the shaft of monopiles with various geometries along with soil buried depth at various penetration depths.
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Fig. 17. Comparison of inside and outside radial stresses around the shafts of monopiles with various geometries at designed depth.

of the obstacles that explain the research paucity regarding the energy
balance analyses of large diameter piles driven by hammer impact and
quantitatively predicting skin resistance of pile-soil interface. These
drawbacks should be addressed in the follow-up research.

7. Conclusions and discussion

This numerical work described in this paper investigated the tem-
poral evolution of the energy balance during the installation process of
large diameter tapered monopiles, and studied the associated installa-
tion mechanisms. An important aim of the paper was to explore the
potential use of tapered piles in offshore engineering. The widely-used
installation method of impact driving using a hydraulic hammer was
chosen to drive the monopiles. A 3D-LDFE model using the CEL
approach was established to simulate impact driving of tapered and
semi-tapered monopiles with various geometries (MP-C, MP-T, MP-TC,
MP-CT). The seabed soil was considered as undrained kaolin clay, which
was simulated by an advanced user-defined HC model. The hammer
blow was characterized in the numerical model as a force-time curve
defined by the operating data of a state-of-the-art Hydrohammer® S-
4000. The whole installation process of various monopiles was simu-
lated. The developed model was validated by field tests with reasonably
good agreement. The main findings of this work can be noted as follows:

. Tapering piles can enhance the driving performance with less driving
energy and a higher energy transfer rate. MP-T is proven to have the
most remarkable optimized effect on the installation, followed by
MP-CT, MP-TC, and MP-C. The feasibility of tapered large-diameter
monopiles supporting OWTs is demonstrated.

. Around the energy losses of 30% to interface for large-diameter
monopiles with a diameter up to 10m in undrained soft clays can
be documented, the hammer energy may be more transferred to the
ground in a form of internal energy. The kinetic energy transferred
from hammer energy during a hammer blow is gradually reduced as
monopile advances into deeper soils, corresponding to the change of
penetration velocity.

. The use of taper is beneficial to reduce the penetration resistances
from the outside and the inside pile-soil interface but the outside one
with a tapered section would be additionally subjected to radial
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expansion resistance. Therefore, tapering monopiles may somehow
increase the risk of propagation buckling in pile imperfections.

. During the impact driving, the hammer blow counts increase in the
shape of an inverted parabola as advancing monopiles, and the
associated penetration depth per blow gradually decreases,
following a parabolic curve. The frequency of hammer impacting is
higher and higher as the installation progresses, being subjected to
larger and larger penetration resistances. The soil plugging effect on
the installation of such super-larger-diameter monopiles (D;, > 10
m) is almost negligible.

Although tapered monopiles have shown great superiority for
reducing penetration resistance, some practical factors have to be
highlighted. Since the maximum bending moment occurs near the
mudline such that a larger top diameter generates high wave loading,
the structural benefits would be weakened for the cases of MP-T and MP-
TC. As a result, MP-CT may be more practical, making a compromise
between installation efficiency and working performance.

The studied installation mechanisms and energy balance analyses
provide a theoretical guideline for the future use of tapered monopiles in
offshore engineering. However, limited by article length, some referable
indicators to interpret the installation mechanisms, e.g., plastic zone,
soil deformation, and displacement, as well as deformed soil flow are not
given here, which will be discussed in subsequent research.
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Appendix. Energy components in the system

Dynamic piling is an energy-dissipating process where the soil assembly transits in between two equilibrium [from the at-rest position before
hammer release (at time t = 0) to the at-rest position after penetration ends (at time t = t,,). In this installation process, energy exchange and
dissipation occur in the system. All related energy terms can be traced during each computation step (a loading cycle). For energy balance analysis, it is
clearer for the equation establishment of energy balance to consider separately three sub-systems: the driven monopiles and the clays as well as the
pile-soil interfaces.

The energy balance can be written as

Eaance =E; + Ep + Ey + Ex — E,, (A. 1)

where the definition of each energy term has been given above and will be again highlighted below.
The monopile is assumed as rigidity and, hence, the driving energy E,,; delivered by hammer impact on the pile head can be theoretically computed
for each blow with loading duration of t; by integrating the total driving load multiplied by the simulated monopile velocity history x.:

li
Ey, = / Fo(1)% (1) dt (A. 2)
0
The cumulative driving energy in the installation process can be summed over the whole driving process:
Nhammer
Ey = Ey, (A.3)

Ek is the instantaneous kinetic energy of the pile-soil system, which can be determined by taking into account the velocities of monopile and soils:

1
Ex=35 |:ml7”€'v;ile(t) +msoz1xfm-/(’)] (A4

where x,,; is the relative velocity of soil particles; m,;;, and m,,; are the mass density of monopile and soil particles, respectively. Due to the smaller
velocities and masses of soil particles, the kinetic energy of the system is governed by monopiles.
The energy dissipated by contact stress ¢/ between the contact surfaces can be expressed as

EF:/1</6f:ede>dt (A. 5)
0 14

where ¢ is the interface adhesion under undrained conditions, ¢ is the relative strain rate between pile body and soil particles around, and V denotes a
volume occupied by a part of the body (soil or interface) in the current configuration.

The energy dissipated by viscous effects (Ey) can be generated from material viscosity, material damping (soils and interfaces), and dashpots,
respectively. The Ey can be determined using

ioal
Ey= / </0‘V :é‘dV)dt (A 6)
0 v

where 6" is the viscous stresses defined for bulk viscosity, material damping, and dashpots, which could be occurred in soils and pile-soil interfaces; ¢ is

a concept of composited strain rate and & = £ + &' + £ (&%, &” and ¢ are elastic, plastic, and creep strain rates, respectively).
The internal energy (i.e. remaining energy) can be considered as mainly generated by the strain energy of soils involving elastic, plastic and creep
strain of material under stresses 6¢ derived from constitutive equations, without viscous dissipation effects included. Therefore, we have

Trotal
b= [ [ seav]a
0 1
' 1 1 (A.7)
:/ </o" : éddV)dhL / (/o‘" :é‘”ldV>dt+ / (/o‘" :é‘"dV)dt
0 14 0 Vv 0 v

=FEs+Ep+Ec

where Eg, Ep and E( are the applied elastic strain energy, the energy dissipated by plasticity, and the energy dissipated by time-dependent deformation
(creep, swelling, and viscoelasticity), respectively. Since this study focuses on the remaining energy transferred to the ground, the energy terms are not
split off in the main text.
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Supplementary data to this article can be found online at https://doi.org/10.1016/j.0ceaneng.2022.113017.
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