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a  b  s  t  r  a  c  t

As  the offshore  wind  energy  production  units  move  to deeper  waters  the  design  of their  foundations
demand  more  creative  and complex  approaches  especially  for large  turbines  (i.e. ∼5–7 MW).  In this  arti-
cle,  a novel  piled  foundation  alternative  with  closely  spaced  double  piles  at the  edges of  the  jacket  is
studied  for  various  pile spacing  and  lengths.  A numerical  parametric  study  was  carried  out  to  understand
the  effects  of pile  spacing  and pile  length  on the  behavior  of  the  novel  supporting  system  under  monotonic
combined  loading  in very  dense  sand.  Prior  to the  analysis,  the  numerical  model  is  validated  in  field  tests
with  single-pile  and  double-pile  configurations.  The  contribution  of  closely  spaced  double  piles  to the
overall  foundation  response  and  load  distribution  among  the  piles  were  investigated.  The  response  of  the
foundation  was  evaluated  considering  the  horizontal  load-head  displacement,  moment-head  rotation,
and  initial  stiffness  of  the  soil-pile  system.  It is  found  that  the  response  of  the  recommended  foundation
system  is  superior  to  that  of a rather  conventional  system  with  single  piles  at  the edges.  The  results

indicate  that  the piles  on  the  tension  loading  side  evidently  carried  lower  loads  than  those  on  the  com-
pression  side.  Moreover,  the  disposition  of  the  piles  is more  important  on  the  tension  side,  as  the  trailing
piles  carried  considerably  lower  loads  than  the leading  piles.  It  is found  that  the  double  pile  system  with
a pile  embedment  length  L/2 and a pile  spacing  of S =  5D, 6D provides  better  response,  where  L  is the
embedded  pile  length  of  conventional  system  and D is  the  diameter  of  pile.

© 2016  Elsevier  Ltd.  All  rights  reserved.
. Introduction

The importance of renewable energy is significantly increas-
ng, and the utilization of offshore wind energy has been growing.

ithin the next few decades, a vast number of offshore wind
nergy converters (OWECs) shall be erected to supply a large
ortion of our energy needs [1]. It is stated in the report of Euro-
ean Wind Energy Association [2] that the next step for wind
nergy is offshore wind farms in deep waters, and projects of deep
WECs are being developed in Europe. In this respect, selecting
nd designing an appropriate OWEC foundation type is an essen-
ial challenge for geotechnical engineers, as the foundation is the
ritical part of the design of OWECs. Therefore, the design of OWEC
oundations has been the focus of several studies [3–5]. Gravity,

onopile, and monopod suction bucket foundations are suitable
Please cite this article in press as: C.T. Akdag, Behavior of closely spa
energy converters, Applied Ocean Research (2016), http://dx.doi.org/1

or shallow and moderate water depths up to 25 m.  Conversely,
here is a need to enhance existing foundation systems for large
ind turbines in deep waters (deeper than 30 m).  Thus, innovative
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141-1187/© 2016 Elsevier Ltd. All rights reserved.
substructure concepts regarding multi-footing configurations have
recently been under research and development [6,7]. Kim et al. [6]
performed a parametric study to understand the group effect of
tripod bucket foundations on the bearing capacity. The behavior of
a three-bucket jacket substructure under long-term cyclic loading
was investigated by Lupea et al. [7]. Shi et al. [8] stated that the
jacket foundation is becoming progressively more interesting and
is a good option for water depths between 30 and 80 m.  Achmus
et al. [9] indicated that for larger water depths, tripod and jacket
foundations are more appropriate. However, the combined hor-
izontal and vertical loading applied to individual piles of tripod
and jacket foundations significantly increase with the water depth.
In this regard, the foundation of wind turbines should ensure an
adequate bearing capacity against such loading conditions in deep
waters. Consequently, this study is focused on a novel supporting
system of the jacket foundation for OWECs in deep waters. The con-
ventional jacket foundation is supported by four piles positioned
at the edges of the construction (Fig. 1a). For the recommended
ced double-pile-supported jacket foundations for offshore wind
0.1016/j.apor.2016.04.008

innovative foundation, the available jacket foundation system was
supported using closely spaced double piles for each edge (Fig. 1b).
To keep the symmetry of the foundation system on both the x-
and y-axes, each leg was designed with closely spaced double piles
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ig 1. Schematic sketch of OWEC on foundation systems: (a) conventional pile-sup

rranged diagonally. In some cases, the depth profile of the seabed
hows that chalky soil layers can exist beneath the sand/clay layers,
.e., in the Baltic Sea north of Ruegen, large chalk deposits are found
eneath the glacial till [12]. It is noted in the study of Dührkopf and
arbosa [13] that the pile destroys the chalk during installation,
nd it is estimated that the destroyed chalk around the pile charac-
erizes the response of the foundation system under cyclic loading.
he results of a cyclic test on chalk obtained from the Wikinger Site
how an obvious decrease in the shear stress during cycling [13],
hich demonstrates the dilative nature of chalk when sheared. In

his respect, the recommended relatively short closely spaced piles
romise a fine solution to avoid installing the piles into chalky soil.

Moments arising from wind and wave loading are transferred to
ertical loads on the individual piles. Thereby, the individual piles of
he jacket foundations are exposed to horizontal and vertical com-
ined loading, that is, combined tension and compression loading.
he effects of combined loading on the behavior of piles are scarce

n the literature, especially for offshore structures, and have not
een studied yet for closely spaced piles. The study of Achmus and
hieken [10] regarding monopile behavior under combined hori-
ontal and vertical loading indicates that combined compression
oading leads to favorable and combined tension loading mostly
nfavorable influences on the system stiffness. Akdag and Özden
Please cite this article in press as: C.T. Akdag, Behavior of closely spa
energy converters, Applied Ocean Research (2016), http://dx.doi.org/1

11] found that a vertical load significantly improved the perfor-
ance of the reinforced concrete (RC) and RC-with steel fiber piles,

ccording to lateral loading and lateral + axial loading model pile
est results.
 jacket (L1 = 12.5D); (b) jacket with closely spaced double piles (L2 = 6.25D, S = 3D).

Although there have been several experimental and numeri-
cal based studies on the behavior of closely spaced piles [14–16],
the response of closely spaced piles for an OWEC foundation has
not been studied yet. It is well known that the efficiency of the
pile is considerably affected when the piles are installed close to
each other due to overlapping soil reaction zones. McVay et al. [14]
found that the group efficiency at pile spacing (S) of 3D was  22% less
than the group efficiency at a spacing of 5D according to centrifuge
tests conducted on the closely spaced piles, where D and S are the
pile diameter and the center-to-center distance between the piles,
respectively. The influence of the pile spacing and the number of
piles on the behavior of closely spaced piles was  investigated using
the finite element method [15]. The behavior of the piles in the
group was  compared with the behavior of a single pile, and the vari-
ation of the displacement amplification factor was quantified. It was
determined that the displacement amplification factor depends on
the horizontal load level, and the factor attains its maximum value
at the initial load level [15]. Model pile tests were performed in
various closely spaced pile layouts by Kim and Yoon [16]. It was
emphasized that group interaction effects in closely spaced piles
reduce the load-carrying capacity for all rows (i.e., trailing row,
middle row, and leading row) relative to the single pile response.
It was  also observed from the tests that the soil reaction strongly
ced double-pile-supported jacket foundations for offshore wind
0.1016/j.apor.2016.04.008

depends on the closely spaced pile layout and pile spacing. It was
remarked that load reduction factors to compute the load carried
by each pile depend on the pile position in closely spaced piles [17].
Brown et al. [18] found that the piles in the leading row supported

dx.doi.org/10.1016/j.apor.2016.04.008
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Table 1
Very dense sand parameters considered for the back-calculation of the Mustang
Island field test and a parametric study.

Parameter Sand

Buoyant unit weight, �′ 10.37 kN/m3

Poissonı́s ratio, � 0.20 [–]
Power for stress level dependency of stiffness, m 0.50
Internal friction angle, j′ 39.0◦

Dilation angle, y 9.0◦

Cohesion, c′ 0.1 kN/m2

Initial void ratio, einit 0.4[–]
Secant stiffness in the standard drained triaxial test, E50

ref 8.0 × 104 kN/m2

Tangent stiffness for primary oedometer loading, Eoed
ref 5.3 × 104 kN/m2

Unloading/reloading stiffness at engineering strains, Eur
ref 2.4 × 105 kN/m2

Reference shear modulus at very small strains, Go
ref 1.55 × 105 kN/m2

Shear strain at which, Gs = 0.722Go, �0.7 0.1 × 10−3 [–]
66 C.T. Akdag / Applied Ocea

 large proportion of the total load and responded similarly to a
ingle pile according to field tests on a group of piles.

Behavior of piled jacket foundations of OWECs is a rather
omplex phenomenon comprising the structural and geotechnical
esign aspects. One may  notice that particularly fatigue behavior of
he jacket portion has been studied under aerodynamic and hydro-
ynamic loading conditions [19,20]. In such studies researchers did
ot pay attention to the nonlinear soil-pile interaction. For instance,
lati et al. [19] just assumed linear soil response giving emphasis to

he structural behavior. In this study, however, nonlinear pile-soil-
ile interaction and overlapping of heavily stress soil zones around

aterally displacing piles are taken into consideration.
A numerical-based parametric study was conducted to under-

tand the effect of pile spacing and pile length on the behavior of
 jacket foundation supported by closely spaced double piles in
ery dense sand. The results such as the load-head displacement,
he moment-head rotation, and the initial stiffness of the founda-
ion system are assessed. Ultimate load capacity of the reference
oundation systems was determined. The soil reaction along the
ndividual pile length is determined, and the influence of the pile
pacing and pile length on the load distribution is presented. The
ffect of the combined compression and tension loading on the load
istribution among the piles is evaluated in this study.

. Numerical model

A three-dimensional finite element (FE) model of a conven-
ional pile-supported jacket and a jacket supported with a closely
paced double-pile foundation system was developed and utilized
n the scope of a parametric study for large (5–7 MW)  offshore

ind turbines. This numerical-based study was implemented using
he finite element program PLAXİS 3D [21]. Preliminary analyses
ere performed for the determination of mesh fineness and model

imensions for the purpose of achieving an adequate accuracy of
he results and avoid the influence of boundary condition. Conse-
uently, the depth of the soil under the pile was left five times the
ile diameter (5D), and the soil was extended 13D in the x- and y-
irections around the supporting system. An exemplary mesh of the
nite element model for closely spaced double piles configuration is
resented in Fig. 2. The finite element model plan view of the single-
ile configuration and the plan view and cross-section of the closely
paced double-pile configuration along with the geometrical prop-
rties and loading method are shown in Fig. 3. It should be noted
n Fig. 3 that the soil was divided into volumes in order to obtain

 finer mesh around the piles. The volumes around the piles were
efined by surfaces located within an area of 5D × 5D around each
ile for the single-pile configuration. The distance of the defined
olume surfaces was set to 2D in the x- and y-directions from the
ile surface around each leg of the double-pile configuration, as
een in Fig. 3a and b.

The hardening soil model with a small strain stiffness (HSsmall)
ccording to Benz [22] was utilized for the simulation of very dense
and in this study. It is stated in the current studies that the HSsmall
odel is an advanced constitutive soil model and that prediction

f the behavior is more accurate under small strain [23,24]. The
Ssmall model can be determined as an extension of the Hardening
oil (HS) model. In contrast to an elastic perfectly plastic model, the
S model utilizes an elasto-plastic behavior and takes into account

he stress-dependent stiffness of the soil. In addition to all features
f the HS model, the HSsmall model considers the very small strain
nd its non-linear dependency on the strain amplitude. Therefore,
Please cite this article in press as: C.T. Akdag, Behavior of closely spa
energy converters, Applied Ocean Research (2016), http://dx.doi.org/1

t was decided to use the HSsmall soil model in the scope of this
tudy.

Before the parametric study, the numerical model was  validated
y comparison with the field test results presented in detail in
Failure ratio, Rf 0.90 [–]
Interface, Rinter 0.67[–]

Section 3. The “Mustang Island” field test was  performed in very
dense sand conditions, and it was  stated that the water table was
maintained above the ground surface during lateral loading to sim-
ulate offshore conditions [25]. Considering the features of the test,
the very dense sand properties that were used for the validation
of the numerical model were also used in the simulation of para-
metric study. The soil parameters for very dense sand used in the
model are presented in Table 1.

The piles were modeled using open tubular steel piles made of
structural plate elements. The planar plate elements are 6-node
triangular elements based on the theory of plates with transverse
shear deformations included. The plate deflects due to shear forces
and bending moments according to this theory. Besides, elongation
of the plate as a result of axial force is taken into consideration. In
the modeling of the pile, a diameter D = 2m,  a wall thickness of
tpile = 0.05m and various lengths were considered. The modulus of
elasticity E = 210GPa, the Poisson’s ratio � = 0.2, and the buoyant
unit weight �′ = 68kN/m3 were set for the pile material proper-
ties. The pile head is extended 0.5D above the soil surface. The
jacket structure over the piles was assumed to be quite rigid and
was modeled with an almost stiff upper plate. The upper plate was
combined at the pile head with a very large modulus of elasticity
E = 1 × 1010GPa, considering that the connection between the pile
head and jacket structure is constructed quite stiff. The thickness
of the upper plate was set to tplate = 0.05m,  and the unit weight of
plate was  adjusted to provide a constant plate weight (1MN)  for
each model.

Analyses were performed under combined vertical (V),  horizon-
tal (H), and moment (M) actions for monotonic loading conditions.
The loads acting on the foundation system were represented in the
numerical model in such a manner that the moment (M) arising
due to the distance of the horizontal load to the upper plate (h)
(Fig. 1) was  represented by lateral load (H) and moment (M = H · h)
by defining a pair of vertical loads in opposite directions and dead
load (V) at the upper plate level as shown in Fig. 3b. A typical ver-
tical load for large offshore wind energy converters was  applied
to the center of the upper plate. The modeled upper plate weight
on the piles was also considered while applying the vertical load
V = 10MN to simulate the total weight of wind turbine above the
supporting system. A constant distance of the horizontal load to the
upper plate h = 50m was  set in the scope of this study. The hori-
zontal load H = 8MN was  applied in the x-direction to the center
of the plate in the parametric study.

Numerical analyses were conducted in several calculation steps.
In the first step, the geostatic stresses in the model consisting of
ced double-pile-supported jacket foundations for offshore wind
0.1016/j.apor.2016.04.008

soil elements only were calculated by the application of gravity
loading. In this step, a coefficient of earth pressure at rest,k0 =
1 − sin�′, was utilized. Subsequently, the predefined steel elements

dx.doi.org/10.1016/j.apor.2016.04.008
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ig. 2. Example of a finite element model used in the simulations: L = 12.5D; S = 3D 

nd  meshing detail of pile.

odeling the pile supporting system were placed in the model in
he construction step. Interaction between the pile surfaces and the
oil were activated with the predefined interface elements in this
tep. The interface shear strength was set to two-thirds of the soil‘s
hear strength. In the third step, combined loading (V, H, M) was
pplied.

. Validation of the numerical model

In principle, the validity of the numerical model should be veri-
ed with experimental results prior to the parametric study. It was
hosen to use large-scale field tests in order to validate the model
nstead of small-scale laboratory tests. The field test at Mustang
sland [25] was used to validate the numerical model of a single
ile. The reports based on large-scale fixed-head pile group tests
re scarce in the literature. A closely spaced fixed-head two-pile
eld test carried out at Hollingside lane was used for the validation
f the model developed for closely spaced double piles [26].

A back-calculation of pile test under static loading at Mustang
sland near Corpus Christi, Texas, was carried out to validate the sin-
Please cite this article in press as: C.T. Akdag, Behavior of closely spa
energy converters, Applied Ocean Research (2016), http://dx.doi.org/1

le pile numerical model [25]. The details of the test were reported
n the studies of Reese et al. [25] and Reese and Van Impe [27].
he soil consisted of very dense sand with an averaged relative
ensityID = 0.90, a friction angle �′ = 39◦, and a buoyant weight
ndation system with soil; (b) typical mesh of closely spaced piles with upper plate

�′ = 10.37kN/m3. The overall soil parameters considered for the
back-calculation of the test are presented in Table 1. A driven
open-ended steel pile with a diameter Dptest = 0.61m,  an embed-
ded length Lptest = 21m and a thickness tptest = 9.505 × 10−3m was
tested. The load was  executed at 0.305 m above the mudline. An
almost rigid plate was modeled at the pile head, and a horizon-
tal load was  applied to the center of the top plate to distribute
the load uniformly onto the pile head. The load-pile head displace-
ment relation of the field test results was compared with the results
of numerical analysis, as presented in Fig. 4. The load-pile head
displacement curve obtained by means of 3D finite element anal-
yses of the field test was  found to be in good agreement with the
experimental curve.

Arta [26] investigated the response of laterally loaded single-
pile and two-pile groups by performing a series of large-scale field
tests at the Hollingside lane site. The group pile tests were imple-
mented at various pile spacings and cap overhangs. Within the
purpose of this study, a laterally loaded closely spaced double pile
test with a three-pile width (S=3D) spacing at h = 0.15m cap over-
hang was  modeled for validation. The tests were performed in a
sand trench. The trench was  excavated with 6m × 1.2m plan dimen-
ced double-pile-supported jacket foundations for offshore wind
0.1016/j.apor.2016.04.008

sions and a depth of 2.1m. Then, it was  backfilled with compacted
“yellow Permian sand”. The compacted sand layer was  underlain by
“yellow firm clay”. It was  recorded that the water level was 0.48 m.

dx.doi.org/10.1016/j.apor.2016.04.008
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Fig. 3. Finite element model plan view, geometrical properties, and loading of foundation system: (a) Plan views of single-pile and closely spaced double-pile configurations;
(b)  Cross-section of closely spaced double-pile configurations.

Fig. 4. Comparison of FEM and field test result for a single pile at ‘Mustang Island’.

Table 2
Dense sand and firm clay parameters considered for the back-calculation of a fixed-head closely spaced double-pile field test at the “Hollingside lane site”.

Parameter Sand Clay

Average unit weight, � 18.70 kN/m3 20.00 kN/m3

Poissonı́s ratio, � 0.30 [–] 0.20 [–]
Power  for stress level dependency of stiffness, m 0.65 0.50
Internal friction angle, j′ 36.50◦ 18.0◦

Dilation angle, y 6.50◦ 0◦

Cohesion, c′ 0.1 kN/m2 10 kN/m2

Initial void ratio, einit 0.5[–] 0.4[–]
Secant stiffness in the standard drained triaxial test, E50

ref 6.0 × 104 kN/m2 3.0 × 104 kN/m2

Tangent stiffness for primary oedometer loading, Eoed
ref 3.97 × 104 kN/m2 2.0 × 104 kN/m2

Unloading/reloading stiffness at engineering strains, Eur
ref 2.1 × 105 kN/m2 0.9 × 105 kN/m2

Reference shear modulus at very small strains, Go
ref 1.35 × 105 kN/m2 2.70 × 105 kN/m2

Shear strain at which, Gs = 0.722Go, �0.7 0.1 × 10−3 [–] 0.12 × 10−3 [–]
Failure  ratio, Rf 0.90 [–] 0.90 [–]
Interface, Rinter 0.67[–] 0.67[–]

dx.doi.org/10.1016/j.apor.2016.04.008
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Fig. 5. Comparison of FEM and field test result for fixed-head cl

he friction angle and average unit weight of the compacted sand
ere reported to be �′ = 36.5◦, � = 18.70kN/m3, respectively. Soil

arameters of sand and clay considered for the back-calculation of
eld test is presented in Table 2. A hollow square pile with dimen-
ions of 0.154m × 0.154m, thickness of tptest = 5.5 × 10−3m,  and an
mbedded length of 3.35 m was driven into the soil. The unit weight

 = 78kN/m3 was set for the pile portion above the water level. The
ile heads were connected using a steel cap. An almost rigid plate
as modeled for the cap. The determined numerical analysis-based

oad-head displacement relation was compared with the experi-
entally based result, as shown in Fig. 5. This comparison shows a

ood agreement of the numerical results with the field test results.

. Simulation results for reference systems

Detailed simulation results for the two reference systems are
resented and discussed in this section. The reference systems con-
ist of jackets supported by single piles with an embedded length of

 = 25m (12.5D) and jackets with closely spaced double piles with
n embedded length of L/2 = 12.5m (6.25D) in the case of a pile
pacing of S = 5D, where the total length of all piles is same. The
ile diameter D = 2m was set in the simulations, as mentioned in
ection 2.

First, the results of the simulations of reference systems are
resented in terms of the load-head displacement relation and
he moment-head rotation relation (Fig. 6). The head displace-

ent and rotation of the foundation system during the analyses
ere obtained by recording the horizontal displacement at the

enter of the upper plate and the vertical displacements of the
pper plate edges, respectively. It can be seen from Fig. 6a that
he lateral stiffness of the foundation with closely spaced double
iles is considerably higher than that of the reference foundation
ith single piles. Utilizing a closely spaced double pile significantly

educed the head displacement, where the displacement reduction
ate varies in a bandwidth of 33–52%. The moment-head rotation
elation shows that the rotational stiffness of the jacket with closely
paced double piles was larger than that of the reference foundation
ith single piles, except the moment values M = 125 − 240MNm

Fig. 6c). The rotation reduction is noticeable, especially for fur-
her moment loads above M = 240MNm, which means that the
eduction rate started to increase and reached a satisfactory level of
Please cite this article in press as: C.T. Akdag, Behavior of closely spa
energy converters, Applied Ocean Research (2016), http://dx.doi.org/1

5%. The results show that the response of the jacket supported by
losely spaced double piles with a pile spacing of S = 5D is superior
o that of the jacket supported by a single pile, although the total
ength of the piles is same.
spaced double-pile configuration at the “Hollingside lane site”.

The simulations for the reference systems were conducted
under H = 11MN horizontal loading in order to reach large head
displacements and capture the response towards the ultimate load
capacity Hu. The hyperbolic method suggested by Manoliu et al. [28]
was used for this purpose. The ultimate load capacity is defined as
the inverse slope of the linear part of the y/H to y relationship in
this method as shown in Fig. 6b. Consequently, it was obtained that
the ultimate horizontal load capacity of the reference jacket with
closely spaced double piles (Hu = 17.09MN) was  approximately
15% larger than that of the reference foundation with single piles
(Hu = 14.90MN).

The efficiency of individual piles is affected by pile spacing due
to overlapping of the resisting zones. Because closely spaced piles
are displaced, the resistance zones for the individual piles overlap.
Although the displacement of the piles in group is the same due
to the fixed head condition, there is a tendency for the trailing pile
(back) to display less resistance than the leading pile (front) as a
result of “shadowing” and pile-soil-pile interaction, as illustrated
in Fig. 7. The effective stress (�′

xx) derived from at the load stage
H = 8MN is applied in the parametric study at a depth of z = 5 m
for the reference systems is presented in Fig. 8. It can be seen from
Fig. 8a that the stress overlapping did not take place in the active
zone of loaded jacket with single piles due to enough large pile-
spacing (S = 15D). Conversely, Fig. 8b reveals that the overlapping of
stress zones occurred between each leg of the double piles (S = 5D).

The results presented in Fig. 8 indicate that the soil reaction is
related to pile spacing because of a “shadow-effect”. Hence, the
“shadow-effect” varies the distribution of the total load to each
pile when the piles are installed close to each other. In addition,
the distribution of the total load to each pile depends on the posi-
tion of the pile in the closely spaced pile configuration. In this
study, the closely spaced double piles were arranged diagonally
for each leg of the jacket foundation. In this diagonal design, it is
expected that the leading (front) and trailing (back) piles, accord-
ing to the loading direction, carry different loads due to overlapping
stress zone phenomena. To determine the load distribution to each
pile, the soil reaction along the pile length was  evaluated at the
load stage H = 8MN. The soil reaction was  determined using the
method of extracting stress data from the interface elements, which
is well documented in the study of Ibsen et al. [29]. Stress extraction
from the nearby soil elements and interface element methods were
compared, and consequently, it is stated that the best response is
ced double-pile-supported jacket foundations for offshore wind
0.1016/j.apor.2016.04.008

acquired by extracting the data from the interface [29].
The stresses were extracted at 0.5m intervals along the pile,

and only the lateral resistance of the soil was considered. For this
purpose, the effective normal stress (�′

N) acting normal to the

dx.doi.org/10.1016/j.apor.2016.04.008
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Fig. 6. Horizontal load-head displacement and moment-head rotation relations for the reference systems.
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Fig. 7. Illustration of overlapping stress zo

nterface surface and the shear stress (�1) acting along the circum-
erence of the pile data was extracted from the FE model. Then,
onsidering the horizontal loading direction, the soil reactionp
as obtained with the sum of the computed x-component of the

tresses (�′
N, �1). The shear stress acting vertically along the pile

ength (�2)was not taken into consideration in this study. To vali-
ate the method, the stress extraction process was applied to the
Please cite this article in press as: C.T. Akdag, Behavior of closely spa
energy converters, Applied Ocean Research (2016), http://dx.doi.org/1

eference single pile configuration model. It can be seen from Fig. 9
hat the soil reaction along the pile depth was quite similar for each
ile, where the spacings of the piles (15D) are large enough. The sum
r closely spaced double-pile configuration.

of the lateral soil reactions along the pile, which means the load car-
ried by each pile, was  found to be Ps1 = 1.95MN; Ps2  = 2.00MN;
Ps3 = 2.01MN; Ps4  = 1.94MN, which implies that the distribution
of the total lateral load to each pile is quite equal. Moreover, the
total lateral soil reaction (carried load) obtained from the FE anal-
ysis within the extraction data method

∑
H7.9MN was  sufficiently

approximated 99% to the applied horizontal loading (H = 8 MN).
ced double-pile-supported jacket foundations for offshore wind
0.1016/j.apor.2016.04.008

( )
For jacket foundations, the moment loading arising from hor-

izontal load eccentricity is transferred to vertical loads consisting
of tension and compression on the individual piles depending on

dx.doi.org/10.1016/j.apor.2016.04.008
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Fig. 8. Effective stress (�′
xx) derived from at the final load stage at a depth of z = 5 m for the reference systems.

0.00

2.50

5.00

7.50

10.00

12.50

15.00

17.50

20.00

22.50

25.00

-10 0 -50 0 50 100 150 200 250 300

D
ep

th
, m

Soil reaction, p (kN/m)

Pile:Ps1  

Pile:Ps2  

Pile:Ps3 

Pile:Ps4

F
D

t
t
t
o
d
i

c
s
(
e
w
r
L
o
(
n
s
I
p

P

0.00

2.50

5.00

7.50

10.00

12.50

15.00

17.50

20.00

22.50

25.00

-1200 -900 -600 -300 0 300

D
ep

th
, m

Soil reaction, p (kN/m)

Pile:Ps1  

Pile: Pcs1

Pile: Pcs2

0.00

2.50

5.00

7.50

10.00

12.50

15.00

17.50

20.00

22.50

25.00

-20 0 -15 0 -10 0 -50 0 50 100 150 200 250 300

D
ep

th
, m

Soil reaction, p (kN/m)

Pile:Ps2  

Pile: Pcs3

Pile: Pcs4

(a)

(b)

Fig. 10. Comparison of soil reactions along the pile depths of reference systems at
the end of the last loading step.
ig. 9. Soil reaction along the piles for reference single pile configuration (L = 12.5D,
 = 2 m).

he direction of the load. According to the load distribution results,
he piles on the tension loading side, Ps1 and Ps4, carried 49% and
he piles on the compression loading side, Ps2 and Ps3, carried 51%
f the total applied load, which shows that the effect of the load
istribution among the piles on the compression and tension sides

s insignificant in the single-pile configuration.
Soil reactions along the pile depth of the reference systems are

ompared and presented in Fig. 10. The figure indicates that the
oil reaction along the pile strongly depends on the pile length
Fig. 10). The response of the soil reaction achieved in the refer-
nce jacket with closely spaced double pile configuration designed
ith length L/2 for each pile is considerably different from the soil

eaction-depth relation of the single pile designed with pile length
. It should be noted that the reactions in the tension piles were
btained noticeably different from those of the compression piles
Fig. 10). The results show that overlapping of soil resistance sig-
ificantly affected the soil reaction of tension piles (Pcs1; Pcs2) and
lightly affected the soil reaction of compression piles (Pcs3; Pcs4).
n the tension piles, the soil reaction along the depth of the trailing
Please cite this article in press as: C.T. Akdag, Behavior of closely spaced double-pile-supported jacket foundations for offshore wind
energy converters, Applied Ocean Research (2016), http://dx.doi.org/10.1016/j.apor.2016.04.008

ile is apparently less than that of the leading pile (Fig. 10a).
According to load distribution results, the tension piles Pcs1 and

cs2 carried 40% and compression piles Pcs3 and Pcs4 carried 60%

dx.doi.org/10.1016/j.apor.2016.04.008
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f the total applied lateral load, which shows that the effect of load
istribution among the piles on the compression and tension sides

s significant in the closely spaced double-pile configuration. The
esult indicates that the horizontal stiffness of the tension piles is
maller than that of the compression piles in the closely spaced
ouble-pile configuration.

. Parametric study

The contribution of utilizing closely spaced double piles on
he response of the jacket foundation was investigated in this
tudy. The second essential goal of the research is to investi-
ate the distribution of the total load to each pile in the closely
paced double pile configuration. Therefore, a parametric study
as executed for the conventional pile-supported jacket and

losely spaced double-pile-supported foundation systems. Vari-
us pile spacings (S : 3D, 4D, 5D, 6D) and embedded pile lengths
L : 6.25D, 8D, 10D, 12.5D) were modeled in the closely spaced
iled configuration, and its response was compared with that of
he reference jacket supported with single piles (L = 12.5D), where
=2 m is the diameter of the pile.

.1. Effect of pile spacing and pile length on the behavior of the
oundation system

The effect of the pile length and pile spacing on the load-head
isplacement relation, the moment-head rotation relation, and ini-
ial stiffness of the foundation system are presented in the following
aragraphs.

The load-head displacement and the moment-head rotation
elations were obtained from the parametric study, as shown
n Fig. 11. According to Fig. 11a, the displacements significantly
ecreased in the configuration of closely spaced double piles, which

mplies a stiffer behavior in comparison with the single-pile con-
guration. The same manner was observed in the comparison of

he moment-head rotation relations in general (Fig. 11b). Rota-
ions of the closely spaced double-pile jacket were apparently less
han those of the single-pile-supported jacket with the increase
f the moment, especially for foundations with pile lengths L =
D, 10D, 12.5D. An exception was found for the rotations of closely
paced double pile configuration with an embedded length L/2 =
2.5m (6.25D). In a particular range of moments depending on
he pile spacing, rotations were obtained that were larger than
hose of the single-pile configuration, i.e., between the moments

 = 100 − 270MNm for pile-spacing S : 3D. The above-mentioned
oment range and the increase in the rotation decreased with the

ncrease in the pile spacing. For instance, the rotations slightly
ncreased between the moments M = 125 − 215tm for the pile
pacing S = 6D.

It should be noted that the displacements and rotations signif-
cantly decrease with increases in the pile length in the closely
paced pile configuration. This implies that the load-head displace-
ent and the moment-head rotation are strongly dependent on

he pile length. The effect of the pile spacing on the load-head
isplacement and the moment-head rotation were secondary but
till notable, especially for the pile lengths L = 10D, L = 8D, and

 = 6.25D. The behavior of the double-pile configuration with pile
ength L = 12.5D shows a very rigid behavior and was  slightly
ffected by the pile spacing.

The displacement reduction
(
Ry

)
and rotation reduction (R�)
Please cite this article in press as: C.T. Akdag, Behavior of closely spa
energy converters, Applied Ocean Research (2016), http://dx.doi.org/1

actors were obtained according to the load-head displacement
nd moment-head rotation relations. The factors determination
ethod is shown in Fig. 12. The Ry and R� factors can be defined

s the ratios of the displacement ycs and rotation �cs of the closely
Head rotation , degree

Fig. 11. Horizontal load-head displacement and moment-head rotation relations.

spaced double-pile configuration to the displacement ys and rota-
tion �s of the single-pile configuration, respectively:

Ry = ycs
ys

(1)

R� = �cs
�s

(2)

The relations of the displacement reduction factor to the hor-
izontal load (Ry − H) and the rotation reduction factor to the
moment (R� − M)  are presented in Fig. 13. The initial stiffness
which is considered approximately linear and the transition to non-
linear soil response are indicated in Fig. 12. It should be noted that
the transition to nonlinear soil response have a large influence on
the characteristics of the Ry − H and R� − M curves. In other words,
the characteristics of the curves vary with an increase in the hori-
zontal load. The curves in all cases change abruptly at the particular
horizontal load level H ∼= 3.60MN (Fig. 12), which corresponds to
the transition to nonlinear soil response of the reference single-
pile configuration, which is shown by a vertical dashed line in the
figure. The Ry and R� factors decrease in general with increases in
the horizontal load in the cases L = 12.5D, L = 10D, and L = 8D. In
other words, the reduction rates for the displacements and rota-
tions increase. The characteristics of the Ry − H and R� − M curves
ced double-pile-supported jacket foundations for offshore wind
0.1016/j.apor.2016.04.008

are quite different from the other curves in the case L = 6.25D. In
the case L = 6.25D, the Ry and R�factors changed slightly up to the
transition to nonlinear soil response H ∼= 1.80MN − 1.95MN. After-
wards, the factors almost linearly increase up to a horizontal load

dx.doi.org/10.1016/j.apor.2016.04.008
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Fig. 12. Displacement and rotation 

∼= 3.60MN and then decrease parabolically in further loadings
Fig. 13).

When focusing on the double-pile configuration with L = 8D, it
an be seen that the displacement reduction factor varies with a
andwidth of Ry = 0.57 − 0.40 or a reduction rate of 43 − 60% for
arious horizontal loads and pile spacings, which is significantly
igh. The factor Ry varies from 0.81 to 0.50 with a reduction rate of
9 − 50% for the shortest pile configuration L = 6.25D. The R� fac-
ors in the configuration with pile length L = 8D are considerably
ess than those in the configurations with pile lengths of L = 12.5D
nd L = 10D. Moreover, for the L = 8D configuration, the rotation
eduction factor varies in a bandwidth R� = 0.98 − 0.55. In other
ords, the rotation reduction rate varies between 2 and 45% for

arious moments and pile spacings, which is also remarkable. For
he shortest pile configuration, L = 6.25D, the rotation reduction
actor obtained was more than R� > 1.00 between the particu-
ar moment ranges (i.e., M = 100 − 270MNm in the case S = 3D
nd M = 125 − 215MNm in the case S = 6D), which indicates an
ncrease of rotation. It can be seen that the moment range where an
ncrease in the rotation occurs is reduced with an increase in the pile
pacing. Apart from the moment range M = 125 − 215MNm, the
btained rotation reduction factors reach R� = 0.51, which corre-
ponds to a rotation reduction rate of 49% in the case withL = 6.25D
nd S = 6D.
Please cite this article in press as: C.T. Akdag, Behavior of closely spa
energy converters, Applied Ocean Research (2016), http://dx.doi.org/1

The results show that Ry − H and R� − M relations are strongly
ependent on the pile length. The Ry and R� factors considerably
ecrease with an increase in the pile length with identical pile spac-

ngs. Moreover, the Ry and R� factors decreases with an increase
ce ment, cm

tion factors determination method.

in the pile spacing. It was observed that the influences of pile spac-
ing on the reduction factors are more effective in the shortest pile
configuration than the others.

The stiffness under small (operational) loads is an essential
aspect in the design of offshore wind energy foundations because
initial stiffness affects the natural frequency of the wind energy
tower. Therefore, the effect of the pile spacing and the pile length
on the initial stiffness of the single-pile and closely spaced double-
pile configurations for the foundation were also focused on in the
executed parametric study. For this purpose, in addition to the ref-
erence system, the initial stiffness of single pile configuration with
pile length sL = 8D, L = 10D, and L = 6.25D were also determined.

The initial lateral stiffness (kx) and rotational stiffness (k�)were
obtained according to the normalized pile spacing, as shown in
Fig. 14, where kx and (k�) can be defined as follows:

kx = �H

�y
(3)

k� = �M

��
(4)

It can be seen from Fig. 14 that the initial lateral stiffness is
slightly dependent on the pile length but significantly dependent
ced double-pile-supported jacket foundations for offshore wind
0.1016/j.apor.2016.04.008

on the pile spacing. The initial rotational stiffnessk� is significantly
dependent on both the pile length and the pile spacing. A visible
increase in k� was obtained with an increase in the pile length and
pile spacing in general (Fig. 14).

dx.doi.org/10.1016/j.apor.2016.04.008
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.2. Effect of pile spacing and pile length on the load distribution

After the validation of the stress extraction method expressed in
ection 4, the total load distribution to the each pile was obtained
or closely spaced double piles configuration according to the para-

etric study. The load distribution factor fLd was determined from
he ratio of the soil reaction to the applied lateral load at the
nal load stage divided by the number of piles. The factor fLd was
btained to compare the load carried by each pile and evaluate the
ffect of pile-spacing and pile length on the load distribution (Eq.
6)):

p = fLd × 1
n

× pt (6)

Here, Lp indicates the load carried by each pile; fLd is the load
istribution factor; pt is the total soil reaction or total load and n
escribes the number of piles

(
n = 8; 1

n = 0.125
)

in the configura-
ion.

The load distribution factor fLd versus normalized pile spacing) ( )
Please cite this article in press as: C.T. Akdag, Behavior of closely spa
energy converters, Applied Ocean Research (2016), http://dx.doi.org/1

S/D is presented for each pile in Fig. 15. The fLd − S/D rela-
ions of the piles on the compression and tension loading sides are
resented in detail in Fig. 15c and Fig. 15d, as the tension and com-
ression loadings arising from the moment differently affect the
g and rotation reduction factor-moment relations.

relation. The piles in compression loading side and tension load-
ing side are defined as compression piles and tension piles in this
study (Fig. 15b). Considering the symmetry of the x-axis, the pile
pairs Pcs1 and Pcs8, Pcs2 and Pcs7, Pcs3 and Pcs5, and Pcs4 and
Pcs6 have identical value load distribution factors (Fig. 3). There-
fore, the subsequent evaluations are made for the piles Pcs1, Pcs2,
Pcs3, and Pcs4, which are also valid for the corresponding piles in
symmetry.

First, the load distribution factor fLd is strongly dependent on
the pile length according to the results. Second, tension loading and
compression loading have a significant influence on the fLd. Third,
the position of the pile, leading pile and trailing pile for both the
tension piles and compression piles considerably changed the load
distribution factor fLd. While the pile-spacing has almost no influ-
ence on the load distribution factor of the tension piles (Fig. 15c),
the factors of compression piles are noticeably affected by the pile
spacing (Fig. 15d).

The results show that the factors fLd of the leading piles are
evidently higher than the factors of trailing piles in all cases in
ced double-pile-supported jacket foundations for offshore wind
0.1016/j.apor.2016.04.008

tension piles (Fig. 15c). The factors of the leading piles are found
to be 2.2–6.9%, 15–18%, 42–47%, and 83–95% higher than those
of the trailing piles on the tension loading side for the cases
with L = 12.5D, L = 10D,L = 8D, and L = 6.25D, respectively. It is

dx.doi.org/10.1016/j.apor.2016.04.008
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Fig. 14. Initial lateral stiffness-normalized pile spacing and initial rotational stiffness-normalized pile spacing relations.

Fig. 15. Load distribution factor- normalized pile spacing relations.
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ossible to present the relation of the average load distribution fac-
or to the normalized pile length fLd −

(
L/D

)
for tension piles with

arious lengths (Fig. 16), as the factors are nearly independent of
he pile-spacing, as can be seen in Fig. 15c. The results indicate that
he shorter the pile is, the greater is the difference between the
actors for the tension piles.

In the compression loading side, the load distribution factors of
he leading piles were slightly higher than the factors in the trail-
ng piles: 1–12% except in the case L = 8D; S = 4D, S = 5D, where the
actors of the leading piles were found to be slightly smaller than
hose of the trailing piles (Fig. 15d)

The load distribution factors of the trailing piles on the compres-
ion loading side are considerably higher than those on the tension
oading side, i.e., between 92 and 120% in the case L = 6.25D. Con-
ersely, the load distribution factors of the leading piles on the
ompression loading side are moderately higher than those on the
ension loading side, i.e., between 4.5 and 19% in the case L = 6.25D.

It should be noted that the load distribution factors were larger
han one, that is, fLd > 1.00, for the piles (Pcs3 and Pcs4) on the
ompression loading side (Fig. 15d), which implies that the piles
arried more load than the tension piles; this is in line with the
ndings of Achmus and Thieken [10]. The average load carrying
istribution according to the normalized pile length (L/D) relation

s shown in Fig. 17. The results show that the compression piles Pcs3
nd Pcs4 together carried more load (59% for shortest pile − 53%)
han the sum of the load carried by tension piles Pcs1 and Pcs2 (41%
or shortest pile − 47%). According to the average load distribution
esults, the leading piles, Pcs4 and Pcs6, carried an average of 51%
nd the trailing piles, Pcs3 and Pcs5, carried an average of 49% of
otal load on the compression side. The results indicate that the load
arrying distribution of the compression piles on average is slightly
ependent on the pile length (Fig. 17). Conversely, the average load-
arrying distribution between the leading and trailing piles on the
ension loading side is strongly dependent on the pile length, and
ith an increase in the pile length, the difference decreases. While

he leading pile carried 65% and the trailing pile carried 35% of total
oad on the tension side in shortest pile case, with L = 6.25D, the
arrying load distribution was found to be 51% and 49% for longest
ile case, with L = 12.5D (Fig. 17). Consequently, the leading piles,
cs2 and Pcs4, carry more load than the trailing piles, Pcs1 and Pcs3,
n both the compression and tension sides in almost all simulations
Please cite this article in press as: C.T. Akdag, Behavior of closely spa
energy converters, Applied Ocean Research (2016), http://dx.doi.org/1

ue to overlapping of the resisting zones.
Finally, the results indicate that tension loading signifi-

antly affected the load distribution factor. The load distribution
Fig. 17. Average load-carrying distribution-normalized pile length relations.

factors of the tension piles were determined to be less than
those of the compression piles, which implies that the piles on
the tension-loading side carried considerably less load than the
piles on the compression side. Moreover, the position of the
piles is more important on the tension side because the differ-
ence in the factors between trailing and leading piles on the
tension side evidently contributed more than the compression
piles. This shows that the “shadow effect” evidently occurs, espe-
cially for the piles on the tension loading side. It is revealed
from all of these results that combined tensile loading caused a
reduction in the horizontal soil-pile stiffness. During the uplift
of the pile, due to the combined tension loading, the soil-pile
stiffness is reduced. The shear stresses acting around the pile
occurred in an upward direction because the tension loading
reduced the mobilizable passive earth pressure. Similar findings
were also reported in the study of Achmus and Thieken [10] related
to the behavior of piles under combined tensile loading. These
researchers stated that the reduction in the system stiffness is
caused by the negative influence of skin friction stresses on the
mobilizable passive earth pressure. This response is more visible
in the analysis results of the shortest pile with L = 6.25D. The
shorter the pile is, the greater the effect is on the load distribu-
tion factor between the leading and trailing piles on the tension
loading side. The resistance to the tension load decreases, and
the shortest pile is rotated and moves up more than the other
piles. Moreover, the trailing piles subjected more tension load
than the leading piles, which resulted in a great reduction in the
system stiffness. Therefore, the load distribution factors of the trail-
ing piles were determined to be less than those of the leading
piles.

6. Conclusions

A numerical-based parametric study was carried out for a novel
supporting system consisting of a jacket with closely spaced double
piles for large offshore wind energy converters in deep waters. The
effects of pile spacing and embedded pile length on the response
of the foundation and load distribution among the piles were
investigated. The response of the foundation was investigated in
the context of load-head displacement and moment-head rota-
ced double-pile-supported jacket foundations for offshore wind
0.1016/j.apor.2016.04.008

initial lateral and rotational stiffness. The ultimate horizontal load
capacity was  found for only the reference foundation systems.
The influence of pile spacing and pile length on the ultimate

dx.doi.org/10.1016/j.apor.2016.04.008
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apacity will be evaluated in the further studies. The following main
onclusions can be drawn from the results:

The back-calculation of large-scale field tests consisting of single-
pile and closely spaced fixed-head double-pile tests reported in
the referenced literature indicated that the response of these
foundation systems in sand under monotonic loading can be well
simulated using the hardening soil model with a small strain
stiffness (HSsmall).
The results show that stress extraction from interface elements
is an efficient method [29], as the total lateral soil reaction along
the pile acquired from the FEM was sufficiently approximated to
the applied head horizontal loading.
It can be revealed from the results that the response of the foun-
dation with closely spaced double piles is generally considerably
stiffer than the reference foundation system with single piles with
respect to the load-head displacement and the moment-head
rotation results.
It is remarkable that designing a jacket foundation with closely
spaced piles with an embedded length of L/2 and a pile spacing
of S (S = 5D, 6D; D: pile diameter) provides a significantly better
response in the above-mentioned context than the response of a
single-pile configuration with embedded length L, although the
total length of the piles is same.
It was obtained that the ultimate horizontal load capac-
ity of the reference jacket with closely spaced double piles
(L/2 = 12.5m(6.25D and S = 5D)) was approximately 15% larger
than that of the reference foundation with single piles
(L = 25m (12.5D)).
The parametric study results show that the responses of the foun-
dation and load distribution to each pile are strongly dependent
on pile length and remarkably dependent on pile spacing. The
shorter the pile is, the greater the effects of the pile length and
pile spacing on the specified relations and factors are.
In contrast, the initial lateral stiffness is nearly independent of
the pile length.
Pile spacing has almost no influence on the load distribution fac-
tor of tension piles.
Tension loading considerably affected the load distribution factor.
The piles on the tension loading side carried clearly less load than
the piles on the compression side. It is revealed that combined
tensile loading caused a reduction in horizontal soil-pile stiffness.
The position of the piles becomes more important on the tension
side, as the trailing piles carried considerably less load than the
leading piles.
The difference in the factors between trailing and leading piles
on the compression piles is small. This shows that the “shadow
effect” evidently occurs, especially for the piles on the tension
loading side.

This parametric study enables us to understand the behavior of
he recommended supporting system designed with closely spaced
ouble piles and to estimate its load distribution among the piles.
he results of the study were presented with various parameters or
actors to estimate the design of a foundation for offshore structures

ith closely spaced double piles in very dense sand. It is concluded
hat the recommended configuration enables the reduction of each
ile length and the considerable improvement of the load-bearing
ehavior of the system. It should be noted that further research is
eeded at various soil relative densities, horizontal load levels and
xperimental and numerical investigation under cyclic loadings.
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