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Abstract

In common engineering practice, foundation—soil-foundation interaction of shallow foundations is frequently ig-
nored. This is presumably due to cost/benefit reasons since computationally demanding finite and/or boundary element
models are required for that purpose, and its effects are usually assumed as negligible. In this sense, the present paper
provides a simple and inexpensive way of incorporating foundation—soil-foundation interaction through a numeri-
cally explicit stiffness matrix formulation. The necessary ingredients for homogeneous and non-homogeneous (shear
modulus power-law variation with depth) half-spaces are given. The proposed approach is then applied to offshore
wind turbines multiple suction caisson foundations (tripod and tetrapod), where it is observed that foundation—soil—
foundation interaction is significant. Its range of validity is also established, and valuable ready-to-use closed-form
formulas for the correction factors of the stiffnesses of tripod and tetrapod groups are also derived. The methodology
is applicable as long as the spacing between foundations is somewhat greater than foundation depth.

Keywords: elasticity footings/foundations offshore engineering soil/structure interaction stiffness

1 Introduction

The problem of determining the static and dynamic stiffnesses of foundations is a classical problem in elasticity. The
knowledge of the soil reaction to excitations arriving to the foundation from the superstructure or the underlaying soil
is key to the appropriate design of the superstructure.

Back in the old days, researchers resorted to analytical and semi-analytical methods applied to canonical problems
(typically a circular footing) which usually lead directly to closed-form formulas or methodologies of great simplicity,
practical utility and physical insight. References to classical works in this field can be found in [Poulos and Davis, 1974].
Nowadays, the use of the numerical methods such as the Finite Element Method (FEM) and the Boundary Ele-
ment Method (BEM) allows the treatment of more general problems, some of which can be found in the works of
[Wolf, 1985] and [Dominguez, 1993]. However, building such models requires some expertise and it is time consum-
ing. For these reasons, some researchers have put efforts in obtaining closed-form formulas and charts for stiffnesses
fitted from numerical results, providing a great resource for engineers. The work of [Gazetas, 1991] is a well-known
reference of this approach.

Compared to problems of isolated foundations, the problem of the interaction between foundations, i.e. Foundation—
Soil-Foundation Interaction (FSFI), has received less attention. One exception is the case of pile foundations, where
pile—to—pile interaction in pile groups, particularly in the problem of foundation elastic settlement, has received much
attention, see for example the works of [Randolph and Wroth, 1979] and [Poulos and Davis, 1980]. The dynamic
interaction between shallow foundations has also received attention, from which the works of [Wong, 1975] and
[Wong and Luco, 1986] must be highlighted.
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Figure 1: Arbitrary arrangement of shallow foundations

Inspired in the works of [Wong, 1975] and [Randolph and Wroth, 1979], the present paper generalizes some of
their ideas, and it proposes a simple yet effective methodology for including a complete foundation—soil-foundation
interaction in the stiffness matrices of foundation systems based on shallow foundations. The two main ingredients
are the stiffness components for the isolated foundation and the Green’s function for loads (point forces and moments)
and observation (displacements and rotations) at the free-surface. Both can be found across the literature for different
foundation geometries and soil profiles for static as well as dynamic analyses. In this paper, however, the simple case of
the static analysis of cylindrical embedded rigid foundations in a homogeneous and non-homogeneous (shear modulus
power-law variation with depth) half-space is considered. Under such hypotheses, a completely closed-form method-
ology which only requires some matrix operations can be formulated. The essential methodological contribution of
this paper is the inclusion of the rotational degrees of freedom in the interaction. The main contribution of practical
value is its application to polygonal arrangements of suction caisson foundations for Offshore Wind Turbines (OWT),
which is a problem of great current interest.

2 Methodology

It is considered a linear elastic half-space (x3 > 0), where a set of N axisymmetric rigid shallow foundations are
arbitrarily arranged at surface points X; = (x; (j),xg(f),O) (j=1,2,...,N) with diameter D; and depth (embedment
length) L;, see Fig 1.

When each foundation j is subjected to a load vector p; = (f1); 21); £3)my W) my () ms () (forces and mo-
ments at X;), the total displacement vector a; = (i (i>;u2(i) ; ug(i); 0, (i>; 92(1') ;03 (i)) (displacements and rotations at x;) at
each foundation i can be obtained by the principle of superposition as:

j=N
ai=)Y Sjpj,i=1,...,N (1)
j=1
where each compliance matrix S;; is a 6 x 6 matrix which relates the displacements of foundation i produced by the
loads on foundation j. On one hand, the compliance matrix S;; of self-interaction can be directly obtained from the
inversion of the stiffness matrix S;; = (K,-i)‘1 for the isolated foundation i:

—1

Kn O 0 0 Ksg O

Ky 0 —Ksg 0 0

. Kv 0 0 0
Kr 0

Kr

where Ky, Kv, Kr, Ksr and Kt are respectively the horizontal, vertical, rocking, coupled sway-rocking and torsional
stiffnesses. Closed-form formulas for these are spread over the literature, see e.g. [Gazetas, 1991, Wolf, 1985], al-
though they can also be calculated by means of numerical methods, see e.g. [Dominguez, 1993]. On the other



hand, assuming that foundations i and j are sufficiently further away with regard to their dimensions, the compli-
ance sub-matrix S;; of mutual-interaction can be built from the complete displacements and rotations Green’s function
G (Xi0ad, Xobs) for point force and point moment loads as:

Si = (G(x;,x)" ,i# ] 3)

where:

Gy, G
G(x;,x;) = S 11,6k 4
( ’ d [ [[Gml-,“j [[Gmlﬁk @
is a 6 x 6 matrix composed of four 3 x 3 sub-matrices. In Eq. (4) subscripts denote the displacement u;, or rotation 6y

response due to a point force f; or moment my (k = 1,2,3).
Eq. (1) can also be written in a matrix form as:

a=S-p &)
where S is the 6N X 6N complete system compliance matrix, a = (aj;...;a;;...;ay) is the 6N complete system dis-
placement vector and p = (pi;...;p;i;...;pn) is the 6N complete system load vector. Given that Green’s function

T
i
complete system compliance matrix S is symmetric as expected. It should be recalled that x; = (x; <j),x2(j),0) and
X; = (xl(i),xz(i),O), i.e. Green’s function is evaluated for surface loads and responses, which is an appropriate sim-
plifying assumption for shallow foundations or deep foundations sufficiently spaced apart, as it will be demonstrated
later. Once the compliance matrix S is built, the complete foundation system stiffness matrix can directly be obtained
by inversion:

satisfies the reciprocity principle, then S;; = S%;, which together to the fact that S;; is symmetric, proves that the

p=S'-a=K-a (6)

This stiffness matrix can be easily plugged into a superstructure finite element model in order to take into account
soil-structure interaction including foundation—soil-foundation effects.

Depending on the superstructure topology and dimensions, soil properties and the type of analysis to be performed,
the supporting foundation system can be considered as rigidly connected. In that case, the overall soil-structure inter-
action can be reduced to a given master node. Consider that the master node is located at X¢, and it has a displacement
vector ag = (112 ; 13 6,9 6,(9); 0, and load vector po = (f1?; 529 Dm0 @ my @ m3 ). The kine-
matic master-slave relationship of a rigid link between the master node 0 and a given foundation node j is (see e.g.
[Cook et al., 1989]):

. _ | Iixs Dy
=T ao_[03x3 L | % ™

where I3,3 is a 3 x 3 identity matrix, 03,3 is a 3 X 3 zero matrix, and:
0 &V —g,)

&\ —q, V) 0

where dk(j ) = ) — %9 Hence, the complete system displacement vector can be written as:

aj Tl
a= a; = Tj Ay = T- ao (9)
ay Ty

The reduction of the load vector at foundation slave node j to the master node is simply:

b 17, (10)



Figure 2: Tripod and tetrapod arrangements of suction caissons

which added together give the resultant load vector at the master node:
N0
po=) p =T p (1n
=1

Thus the stiffness matrix reduced to the master node can be obtained from:

Ko=T/ K-T (12)

3 Application to OWT foundations

In this section, the above methodology is applied to a problem of current interest in the field of offshore wind turbines.
This is the case of foundation systems supporting a jacket based on a polygonal arrangement of suction caisson foun-
dations (also known as buckets or suction piles), which typically comprises three (tripod) or four (tetrapod) foundation
elements.

According to [Houlsby and Byrne, 2005a, Houlsby and Byrne, 2005b], suction caissons can achieve length (depth)
L to diameter D ratios up to L/D < 1 for sand soils, L/D < 3 for stiff clay soils and L/D < 6 for soft normally
consolidated clay soils. The lid of suction caissons is always stiffened so that it can be considered as rigid. On the
other hand, the skirt is flexible as it typically has thickness ¢ to diameter D ratios around z/D ~ 0.005, although it may
have stiffeners.

Regarding foundation static stiffnesses, suction caissons behave between rigid circular footings (for very flexible
skirts) and a rigid cylindrical foundations (for very stiff skirts), see [Doherty and Deeks, 2003, Doherty et al., 2005].
[Doherty et al., 2005] obtained the stiffnesses of rigid and flexible suction caissons for a few Poisson’s ratios (v =
{0.2,0.499}) and slendernesses (L/D = {0,0.25,0.5,1.0,2.0}), which come in the form of formulas and tables. More
recently, [Efthymiou and Gazetas, 2018] obtained closed-form formulas for a flexible suction caisson with a fixed
thickness, but their results are again limited up to L/D = 2. In the present paper, rigid cylindrical foundations with
0 < L/D < 6 embedded in a homogeneous half-space are assumed, and a new set of modified Gazetas-type formu-
las is proposed, see Appendix A. In the case of rigid or flexible suction caissons in non-homogeneous half-spaces
whose shear modulus follows a power-law with the depth (1t = up - z%, 0 < o < 1), the stiffnesses presented by
[Doherty et al., 2005] can be used.

Concerning the foundation system arrangement, it is considered that suction caissons are placed at the vertices
of a regular N-sided polygon with radius r and side length (spacing) s (s = 2rsin(/N)). Fig. 2 shows a layout
of the typical tripod (N = 3) and tetrapod (N = 4) cases. The origin of coordinates is located at the polygon cen-
ter, and each foundation j is located at coordinates x; /) = rcos(2m(j —1)/N) and x,/) = rsin(27(j — 1)/N). For



some analyses of OWT systems it is reasonable to assume a perfectly rigid connection between foundations, see e.g.
[Jalbi and Bhattacharya, 2018]. In that case, it is possible to write an stiffness matrix reduced to a master node at the
polygon center (xo = 0).

The soil is considered whether as a homogeneous half-space with shear modulus ¢t and Poisson’s ratio v or a non-
homogeneous half-space whose shear modulus following a power-law with the depth (as described before). In both
cases, closed-form expressions for the Green’s function G are available. They can be found in the Appendix B and C.

In order to measure the magnitude of foundation—soil-foundation interaction, it is first necessary to establish the
reference case with no interaction. The construction of the complete stiffness matrix K is straightforward since from
the very beginning it is possible to assume that S;; = 0 for i # j. The stiffness matrix reduced to the polygon center is
easily obtained from Eq. (12), and it can be written as:

000 0 O 0
00 0 O 0
4 N 0O 0 O 0
no—int __ L2
Kp* ™™ = NKii+ 7 K 0 0 (13)
Kv 0
2Ky

which shows that the resulting foundation system behaves as an axisymmetric one.

Once foundation—soil-foundation interaction is considered, the resulting complete stiffness matrix K has to be
obtained from the inversion of the complete compliance matrix S populated with the Green’s function. K can be then
introduced into a finite element model, which thus presents mutual foundation—soil-foundation interaction. In the case
arigid connection between foundations can be considered, the reduction of the complete stiffness matrix to the polygon
center via Eq. (12) leads to the following reduced stiffness matrix Kiom:

Kt 0 0 0 K& O

Kint 0 —K% 00

i Kot 0 0 0
Ky = Yokm o o (14)

Kinl 0

R K,ilI"

which also represents an axisymmetric foundation. Unlike the case of no interaction, an amenable explicit expression
for the five different components of the reduced stiffness matrix is not possible since K is a highly populated 6N x 6N
matrix. Therefore, it is generally preferable to obtain Kz)m numerically, which only requires a few matrix operations.
In order to measure the magnitude of the foundation—soil-foundation interaction within the whole foundation system,
the following group effect stiffness correction factors can be defined:

1nt
Y= L 1 (15)
KE\O il
where [J = H,V,R,SR, T denotes any of the stiffness components. They relate stiffnesses including interaction and
stiffnesses not including it, and thus values of Y5 far from the unity indicate a strong foundation—soil-foundation in-
teraction for the corresponding stiffness component, while values y5 ~ 1 indicate a small foundation—soil-foundation
interaction. These factors are interesting not only because they measure the intensity of the foundation—soil-foundation
interaction, but because they can be approximated by closed-form formulas. Approximate group effect stiffness cor-
rection factors j7 have been presented in an earlier work [Bordon et al., 2019]. They were obtained via curve fitting
of numerical results, and they consider tripod, tetrapod, pentapod and hexapod arrangements of rigid buckets up to
L/D <1 in homogeneous soils. In the present paper, the proposed methodology allows to cheaply obtain numerically
or via closed-form formulas these factors for a much wider range of cases (deeper rigid or flexible caissons, homoge-
neous or non-homogeneous soils). For the sake of conciseness, only rigid skirts are considered since this is the most
unfavorable situation for the proposed methodology.
The previously defined correction factors allow a partial introduction of foundation—soil-foundation interaction
effects, which is only valid when the global response of the rigidly connected foundation system is required. The
correction factors can be then easily used in standard finite element software by rigidly connecting all foundations to



the master node. Then, an axisymmetric foundation is connected to the master node where the stiffness matrix Kg‘t is
populated with the following stiffness components:

KM = ywNKy (16a)
2

Kint — N(K +s1<> 16¢

R N T (16c)

K& = ysrNKsg (16d)
2

Kint — N(K +— K ) 16¢

TN sin2 () (16¢)

3.1 Homogeneous soil

In this section, the group effect stiffness correction factors are studied for the homogeneous soil, and the effects of the
spacing s/D, number of foundations N (tripod or tetrapod), Poisson’s ratio v and slenderness L/D are analyzed. The
present approach is also compared to rigorous numerical solutions and its validity range can be thus established.

Figs. 3 and 4 show how the group effect stiffness correction factors vary with the spacing s/D for v = 0.2 (typical
for sand) and v = 0.499 (typical for clay and saturated soils), and tripod (N = 3) and (N = 4) tetrapod cases. It is also
shown three different slenderness cases: L/D = 0 (surface foundation or suction caisson with a very flexible skirt),
L/D = 1 (embedded foundation or typical suction caisson with rigid skirt in sand soils) and L/D = 4 (moderately deep
foundation or typical suction caisson with rigid skirt in clay soils). Solid lines correspond to results obtained from a
Boundary Element model (BE) [Bordon et al., 2017, Bordodn et al., 2019], while dashed lines correspond to results of
the proposed Simple Approach (SA). The following discussion is based on the results shown in these figures.

A very good agreement between results from both methodologies (BE and SA) is observed for L/D = 0, which,
surprisingly, it is maintained even for very small spacings. For L/D = 1 there is still a very good agreement, but some
peaks and an erratic behavior is obtained by the Simple Approach when s/D < 2 (only shown in Fig. 3 for N =3
for the sake of clarity). Even for a moderately deep foundation with L/D = 4, there is a fairly good agreement for
s/D > 5, whereas the erratic behavior appears for smaller spacings. This issue is however physically reasonable since
foundations are embedded but the interaction between them is assumed to be at the surface. This inconsistency becomes
apparent in the stiffness matrix after inverting the compliance matrix, and it will be further explained analytically later.
The torsional mode is the worst mode reproduced by the Simple Approach, especially as L/D increases. Overall, the
proposed simple approach works very well in practice, although its range of validity is limited by the main hypothesis of
the interaction at the free-surface, which guarantees a good predictability only when the separation between foundations
is somewhat greater than the foundation depth. From the present results, the range of validity can be established as
s/D>L/D+1.

Regarding the behavior of the vertical and horizontal stiffness correction factors, their most noticeable aspect is the
fact that they are always smaller than one, i.e. foundation—soil-foundation interaction produces a stiffness reduction
of the resulting group stiffness. This is a well-known phenomenon related to the fact that the translation of one
foundation produces a translation in the same direction to the neighboring foundations, i.e. there is a helping effect
between foundations which reduces the resulting stiffness. Ubiquitous Boussinesq’s and Cerruti’s solutions mainly
govern such phenomena. The vertical and horizontal stiffness correction factors start from values smaller than one
(around 0.5) at s/D = 0, and they tend to unity as the spacing increases. Naturally, they decrease as the slenderness
increases, indicating that the increase of the foundation slenderness intensifies the influence of the foundation—soil—-
foundation interaction for any given s/D. Likewise, the correction is somewhat greater for the tetrapod than for the
tripod. On the other hand, it is observed that Poisson’s ratio has a small influence on correction factors. Overall, it is
seen that the correction factors indicate a substantial stiffness reduction greater than 20% for spacings s/D < 3 when
L/D=0,s/D<4whenL/D=1,ands/D < 8 when L/D =4.

The rocking stiffness correction factor exhibits a more complex behavior. For surface foundation (L/D = 0), it is
greater than unity with a maximum of g ~ 1.1 at approximately s/D = 1.5. It thus indicates a rocking stiffness increase
due to foundation—soil-foundation interaction, which is only relevant for very small spacings. As the slenderness
increases, the mentioned maximum moves to larger spacings and decreases until it almost disappears. Rocking stiffness
correction factor has then a region below some spacing where it is smaller than unity. This approximately occurs when



s/D < 3 for L/D =1, and when s/D < 10 for L/D = 4. A physical explanation for this intricate behavior can be
given from the several helping and non-helping effects between foundations under the rocking mode. Helping effects
tend to reduce the resulting stiffness (like in the vertical and horizontal case), and vice versa for non-helping effects.
In [Bordén et al., 2019], a qualitative description of these effects are given. In the present paper, all these effects are
quantified by some of the components of the complete 6 x 6 Green’s function matrix (see Appendix B). For example,
for L/D = 0 the rotation of a given foundation about the x;-axis produces rotations in the opposite direction (non-
helping effect) to foundations in front of (x; = 0,x, > 0) and behind (x; = 0,x, < 0), while it produces rotations in
the same direction (helping effect) to foundations on both sides (x2 = 0). This is described by G,,, 9, (01 G,p, g, if the
rotation is about the x;-axis).

The coupled sway-rocking stiffness correction factor presents a peculiarity, for surface foundations (L/D = 0) it
does not tend to unity as the spacing increases. This effect is however negligible since this stiffness component can
be generally neglected due to its small value when compared to horizontal and rocking stiffnesses. As the slenderness
increases, the correction factor behaves similarly to the horizontal stiffness correction factor.

Regarding the torsional stiffness correction factor, it is observed curves similar to that of the rocking stiffness
correction factor for L/D = 0. In this case, however, the correction is smaller and less sensitive to the slenderness. The
correction reaches up to 20% increase or decrease depending on the case.

Given the relative simplicity of the formulation, it is possible to obtain analytical formulae of the stiffness correction
factors with the help of a computer algebra system. Unfortunately, the obtained expressions are so complex that it is
more appropriate to perform the numerical procedure instead. Nonetheless, if additional simplifications are made over
the Green’s function in each case, then more amenable and ready-to-use closed-form expressions can be obtained. In
the following, such closed-form expressions are presented:

Vertical stiffness If only Gy, ., is kept in the Green’s function, the resulting group effect vertical stiffness correction
factor has the following simple form:

]
wW=—7— (17)
L

where ky = Ky /(muD) is the dimensionless vertical stiffness (isolated foundation), § = s/D is the dimensionless
spacing, and coefficient g is:

N=3:qg=(1—V) (18a)
N=4:qg=(1-v)(1+V2/4) (18b)

Eq. (17) has been arranged so that it is easily interpretable and the relevant factors become dimensionless: coefficient
g (which depends only on N and v), dimensionless vertical stiffness ky (which depends only on L/D and v) and the
reciprocal of the dimensionless spacing 1/5. It is a monotonous function of § which makes yy — 0 as s/D — 0, and
Y — 1 as s/D — . Figs. 3 and 4 show Eq. (17) using dash-dot lines, where it can be observed a good agreement
when s/D > L/D+1.

Horizontal stiffness If only G, ,, (or Gy, 4,) is kept in the Green’s function, the resulting group effect horizontal
stiffness correction factor can be written as:

k
1+P1H

_— 5 (19)
m q1ku + a2k
§ §2
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Figure 3: Stiffness correction factors for tripod and tetrapod arrangements of rigid suction caisson foundations (v =
0.2). BE: Boundary Element numerical solution (solid lines); SA: Simple Approach numerical solution (dashed lines)
from Eqgs. (15-16); CF: Closed-form Formulas (dash-dot lines) from Eqs. (17-27)
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Figure 4: Stiffness correction factors for tripod and tetrapod arrangements of rigid suction caisson foundations (v =
0.499). BE: Boundary Element numerical solution (solid lines); SA: Simple Approach numerical solution (dashed
lines) from Egs. (15-16); CF: Closed-form Formulas (dash-dot lines) from Eqs. (17-27)
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where ky = Ky /(D) is the dimensionless horizontal stiffness (isolated foundation), and p and ¢ coefficients are:

N=3:p =-1/2 (20a)
q1=(1-v)/2 (20b)
@ =—(4-v)*/32 (20c)
N=4:p =—(2-v)(4—V2)/8 (20d)
@ =V2(2-v)/4 (20e)
@ =—[1-v(7-2v)]/8 (20f)

In this case, the rational function may present poles within the range of interest (s/D > 1), whose location depends
on N, v and ky. As it was previously mentioned, the origin of this issue in the present approach is presumably due
to the simplifying inconsistency of building self-interaction (S;;) for embedded foundations while mutual-interaction
(Sij, i # j) is built for surface foundations. Figs. 3 and 4 show Eq. (19) using dash-dot lines, where it can be observed a
very good agreement in the established validity range. The range where the erratic behavior is present is narrower than
using the numerical procedure, although the discrepancy with respect boundary element results is somewhat greater.

Rotational stiffness By keeping Gy, 43, G .0, Gy u; and Gy, 6, (0r Gy 45, G, 055 Gy oz and G, 6, ) in the Green’s
function, it is possible to obtain the following group effect rotational stiffness correction factor:

1—|—p2k§2/kv +P;§R L Pskgzs/kv _i_ngﬁ
"= (1 n szljz/kv> (1 N 611{<v N 613~]3CR N 614k~1:kv N %51 + m%kv) @D
s N S N S N
where kg = Kg/(uD?) is the dimensionless rocking stiffness (isolated foundation), and p and ¢ coefficients are:
N=3:p,=6 (22a)
p3=—7(1-v) (22b)
ps=—-3(1-v) (22¢)
e =95(1—v)?/32 (22d)
q1=—(1-v)/2 (22¢)
g3=—(1-v) (221)
g =(1-v)*/8 (22¢)
g6 =—(1-v)?/32 (22h)
q1=13(1-v)*/64 (22i)
N=4:p,=4 (22j)
p3=—(2+13v2/8)(1—v) (22k)
ps=(2-V2/4)(1-v) (221)
pe = (4V2-39)(1—v)?/16 (22m)
q1=—V2(1-v)/4 (22n)
a5 =—V2(1-v)/8 (220)
g =—(1-v)*/2 (22p)
g6 = —5(1—v)?/16 (22q)
g7 =9V2(1—v)3/128 (22r)

Eqg. (21) is considerably more complex than the previous estimations for vertical and horizontal correction factors.
As in the horizontal case, the rational function also presents poles which contaminates the estimation for small s/D.
Figs. 3 and 4 show Eq. (21) using dash-dot lines, where it can be observed that it is less accurate than results from the
numerical procedure, especially as L/D increases. Nonetheless, it is a reasonable good estimator for s/D > L/D+ 1.
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Coupled sway-rocking stiffness By keeping all terms related to the lateral behavior in one plane, say plane x, — x3:
Ghruzs Ghruss Gy 005 Gryuns Gryuzs G015 Gy s> Gy uz» Gy, 5 it is possible to obtain closed-form expressions for
Ysr Which match results from the SA numerical procedure. However, they are very lengthy, and it has not been possible
to reduce them to an amenable form while maintaining a reasonable approximation. Unlike other stiffness components,
the correction factor for the coupled sway-rocking stiffness does not tend to unity as the spacing increases (see Figs. 3
and 4). It has been possible to obtain the limiting values as:

(1 — 2V) KyKvy

N=3:1 =1 23
lim yr = 1+ 87T 1K (23)

. 3(1 — 2\/) KHKV
N=4:1 =14+ —-—-" 24
fim s =1+ = 1Kk (24)

The fact that these limiting values are not the unity reflects the change of the rotation center of the foundation system
with respect to the individual rotation center. Taking this physical interpretation into account, it is possible to establish
that the final coupled sway-rocking stiffness correction factor is that of the horizontal stiffness but scaled according to
the change of the group rotation center:

(1—2V>KHKV
N=3: =|14+-—= 25
¥sR {—F ST 1K (25)
3(1—2V)KHKV
N=4: =14+ —-7"= 26
YsR {+ om .UKSR:| (26)

which are shown in Figs. 3 and 4. It is observed that this consideration works very well in practice.

Torsional stiffness By keeping all terms related to the torsion mode of the foundation system: Gy, u,» Gy, us» Gy, ,655
Grus Ghus» Gpr63 Gimsuys Gz un» Gmy,6,5 and neglecting the coupled sway-rocking stiffness, the group effect tor-
sional stiffness correction factor can be written as:

kt/k k
1+p2 ;2/ H+P;3T
= 27
kt/k k k kuk
(1+p2 Tz/ H) (1+Q1~H+q3~3T+q4 ;{ T)
) S ) S

where kt = K1/(muD?) is the dimensionless torsional stiffness (isolated foundation), and p and g coefficients are:

N=3:py=3 (28a)
p3=—(13-9v)/4 (28b)
q1=—(2-3v)/4 (28¢)
g3 =—1/4 (284d)
qa=—(143v)/16 (28¢)

Note than for the tetrapod (N = 4) it has not been possible to obtain a closed-form formula. Figs. 3 and 4 show that the
estimation works well for L/D = 0, but it quickly degrades as the embedment increases.

3.2 Non-homogeneous soils

In this section, the group effect stiffness correction factors are studied for non-homogeneous soils whose shear modulus
follows a power-law with depth (it = - z%, 0 < a < 1) and constant Poisson’s ratio v. Fig. 5 shows the correction
factors for tetrapod (N = 4) and Poisson’s ratio v = 0.499. The left and right columns correspond respectively to L/D =
1 and L/D = 2, while at each row corresponds to a different stiffness component. For each graph, the corresponding
correction factor is calculated for o = {0,0.2,0.4,0.6,0.8,1}.

Results show a great influence of the non-homogeneity exponent ¢ in the vertical and horizontal stiffness correction
factors. On the other hand, the influence of the exponent « is particularly small for the rocking and torsional cases, and
somewhat more relevant for the coupled sway-rocking stiffness correction factor.
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Figure 5: Stiffness correction factors for tetrapod arrangements of rigid suction caisson foundations for non-
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Id Model Description

1 Rigid base Foundation nodes of the superstructure are perfectly
fixed.

2 Flexible base without FSFI via master node Insert the reduced stiffness matrix from Eq. (13) to a
master node rigidly linked to the foundation nodes of
the superstructure.

3 Flexible base without FSFI Insert the stiffness matrix K; from Eq. (2) to each
foundation node of the superstructure.

4 Flexible base with FSFI via master node (closed-form formulas) Insert the reduced stiffness matrix obtained from
Eqgs.(17-27,16) to a master node rigidly linked to the
foundation nodes of the superstructure.

5  Flexible base with FSFI via master node (numerical) Insert the reduced stiffness matrix from Eq. (12) to a
master node rigidly linked to the foundation nodes of
the superstructure.

6  Flexible base with FSFI Insert the complete stiffness matrix from Eq. (6) to

the foundation nodes of the superstructure.

7  Three-dimensional BE-FE model [Bordon et al., 2017, Borddn et al., 2019]

Table 1: Description of models considered in the usage example

In particular, the increase of the non-homogeneity exponent o reduces the foundation—soil-foundation interaction
for the vertical, horizontal and coupled sway-rocking stiffness correction factors, i.e. correction factors approach unity
as « increases. This is more severe for the vertical correction factor than for the horizontal or sway-rocking correction
factors. In fact, when o > 0.8 the vertical stiffness correction factor becomes greater than unity for small spacings.

On the contrary, the increase of the non-homogeneity exponent o increases the foundation—soil-foundation inter-
action for the rocking and torsional stiffness correction factors, i.e. correction factors move away from unity as o
increases. However, the influence of o on these is rather small.

It is possible to find explanation for these phenomena by looking into the Green’s function matrix (see Appendix
C). It is noticeable that each component contains an inverse distance law of the type 1/r*7%* = (1/1)-(1/r%), where
b is the exponent present in the homogeneous case (see Appendix B). This means that the foundation—soil-foundation
interaction reduces faster with the spacing, i.e. there is an additional 1/r* distance scaling factor present in each
Green’s function component.

4 Usage example

In this section, different ways of using the proposed methodology in a practical problem are described. The prob-
lem considers a representative OWT tetrapod jacket with suction caissons taken from [Jalbi and Bhattacharya, 2018].
Fig. 6 shows the geometry of the mentioned tetrapod jacket. The L/D ratio is 1 and the s/D ratio is 3, thus the
presented methodology is applicable. The jacket is considered to be made of tubular members of steel (Egee] = 210
GPa, Vg = 0.30), and rigid joints between members are assumed. A homogeneous soil similar to that used by
[Jalbi and Bhattacharya, 2018] is considered: shear modulus ¢ = 3.9 MPa and Poisson’s ratio v = 0.28. Suction
caissons are assumed to be rigid cylindrical foundations, thus formulas from Appendix A can be used.

In order to illustrate the relevance of soil-structure and foundation—soil-foundation interaction in a representative
OWT jacket, horizontal and vertical unit displacements are given to the upper four nodes so that horizontal K, and
vertical K; stiffnesses at the top of the jacket can be measured.

Table 1 and Fig. 7 describe and illustrate the models considered for this usage example, ranging from a sim-
ple rigid base model to a rigorous three-dimensional continuum-based flexible base model. The intermediate mod-
els increasingly removes the amount of limiting hypothesis such as the foundation-soil-foundation interaction and
the master node rigidly connected to foundation nodes. Models from 1 to 6 are built in a in-house standard fi-
nite element code, while model 7 is built using a boundary element - finite element code developed by the authors
[Bordodn et al., 2017, Bordon et al., 2019]. In the latter case, the use of the Mindlin’s Green’s function reduces the dis-
cretisation to only the soil-foundation interface, and thus it incorporates the unbounded domain (half-space) in an exact
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Figure 7: Layout of models considered in the usage example

K, [MN/m] K, [MN/m]

Model Value Dif.* Value Dif.*

1 51.255 - 2068.0 -

2 3.7894 -14% 28554 +45.8%

3 3.6012 -6.3% 28545 +45.7%

4 3.9358 +2.4% 19571 -0.1%

5 39358 +24% 19571 -0.1%

6

38189 -0.6% 19570 -0.1%
7 3.8433 - 195.88 -

*Relative difference between results from models 2-6 with respect to model 7.

Table 2: Summary of results (soil 4 = 3.9 MPa)

manner. In all models, jacket tubular members are modelled with two-node Timoshenko finite elements proposed by
[Friedman and Kosmatka, 1993].

The resulting stiffnesses at the top of the jacket have been from each one of the seven models, as shown in Table
2. For this example, the relevance of soil-structure interaction is very high since the rigid base model leads to much
higher stiffnesses than models with flexible base. For the horizontal stiffness, it is observed a relatively small but
relevant influence of foundation—soil-foundation interaction since differences between models 2-3 and models 4-5-6-7
are appreciable. For the vertical stiffness, there is a much higher influence of foundation—soil-foundation interaction
since models neglecting it (models 2-3) lead to vertical stiffnesses 46% higher than the reference model (model 7). The
hypothesis of considering all foundations rigidly connected (models 2, 4 and 5) have some relevance for the horizontal
stiffness, but it becomes unimportant for the vertical stiffness.

For the sake of comparison, a similar study but considering a soil with ten times higher shear modulus (¢t = 39.0
MPa) has been performed. Table 3 shows these results. The major difference with the previous results lies in the
reduction of the relevance of the soil-structure interaction, since now the differences between the stiffnesses under
flexible base and rigid base are smaller. Regarding the performance of each model, the same conclusions as before can
be stated.

As seen in Tables 2 and 3 for the horizontal stiffness, model 2 achieves better results than models 3 to 6 despite this
model neglects foundation—soil-foundation interaction and also assumes the rigid connection between foundations. By
looking into the horizontal stiffness results from the other models, it can be seen that neglecting the foundation—soil—
foundation interaction decreases the apparent horizontal stiffness. On the other hand, the assumption of a rigid link
between foundations through a master node increases the horizontal stiffness. Therefore, such good result appears to
be related to the cancellation of the effects of both hypothesis in this particular case, and hence this model should not



K [MN/m] K. [MN/m]
Model , 1e  Dif*  Value  Dif.*

1 51255  — 20680 -
2 22753 +26% 12732  +20.8%
3 20896 -58% 12721 +20.8%
4 23274 +49% 10569 +0.28%
5 23274 +49% 10569 +0.28%
6 22206 +0.1% 10567 +0.27%
7 2218 - 10539 -

*Relative difference between results from models 2-6 with respect to model 7.

Table 3: Summary of results (soil 4 = 39.0 MPa)

in general be considered as better to the other richer models.

5 Conclusions

In the present paper, a simple and effective methodology for introducing foundation—soil-foundation interaction in
static stiffnesses of multi-element shallow circular foundation systems is presented. In particular, it is applied to tripod
and tetrapod arrangements of suction caissons used for Offshore Wind Turbines, including homogeneous and non-
homogeneous soils. It is shown that this simple approach works very well for shallow foundations (L/D ~ 0), but it
also works well for embedded (L/D ~ 1) and moderately deep (L/D ~ 4) suction caissons as long as the considered
dimensionless spacing is s/D > L/D+ 1. Closed-form expressions for correcting the stiffnesses due to the foundation—
soil-foundation interaction are also obtained from the approach.
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Notation

a Non-homogeneity exponent for the shear modulus power-law with depth 0 < o < 1
T Group effect stiffness correction factor for the horizontal stiffness

w Group effect stiffness correction factor for the rocking stiffness

TSR Group effect stiffness correction factor for the coupled sway-rocking stiffness

Yr Group effect stiffness correction factor for the torsional stiffness

W Group effect stiffness correction factor for the vertical stiffness

a Vector of displacements and rotations of a given system of foundations (6N x 1)

ag Vector of displacements and rotations of the master node (6 x 1)

a; Vector of displacements and moments of foundation j (6 x 1)

D; Cross-coupled transformation submatrix of a rigid link between foundation j and the master node (3 x 3)

G(x;,x;) Green’s function matrix (6 x 6): displacements and rotations at point x; due to forces and moments at point X;.

I3.3 3 x 3 identity matrix

K Stiffness matrix for a system of foundations (6N x 6N)

Ky Stiffness matrix reduced to the master node (6 x 6)
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Kg" Stiffness matrix reduced to the master node (6 x 6) considering foundation—soil-foundation interaction

KSOfim Stiffness matrix reduced to the master node (6 x 6) without considering foundation—soil-foundation interaction

p Vector of forces and moments of a given system of foundations (6N x 1)

Po Vector of forces and moments reduced to the master node (6 x 1)

pj Vector of forces and moments at foundation j (6 x 1)

S Compliance matrix for a system of foundations (6N x 6/N)

S;j Compliance matrix (6 x 6): displacements and rotations at foundation i due to forces and moments at foudation ;.
T Global transformation matrix of rigid links between a system of foundations and the master node (6N x 6)

T; Transformation matrix of a rigid link between foundation j and the master node (6 x 6)

X0 Position vector of the master node

X; Position vector of foundation j

u Shear modulus of the soil

Shear modulus of the soil at z = 1 m (shear modulus power-law with depth)

\4 Poisson’s ratio of the soil

Vsteel Poisson’s ratio of steel

§ Dimensionless spacing (distance) between closest foundations (polygonal arrangement)
D Foundation diameter

D; Diameter of foundation j

d,Ej ) k component of the relative distance between foundation j and the master node

Egeer  Young’s modulus of steel

Gy, Green’s function component with gives the rotation in the k direction due to a force in the / direction
Gy Green’s function component with gives the displacement in the & direction due to a force in the [ direction
G0, Green’s function component with gives the rotation in the k direction due to a moment in the / direction

Gy, Green’s function component with gives the displacement in the k direction due to a moment in the / direction

Ky Horizontal (or lateral) stiffness of an isolated foundation

ky Dimensionless horizontal (or lateral) stiffness of an isolated foundation

KEI“ Horizontal (or lateral) stiffness reduced to the master node considering foundation—soil-foundation interaction
Kr Rocking stiffness of an isolated foundation

kr Dimensionless rocking stiffness of an isolated foundation

K}i{“ Rocking stiffness reduced to the master node considering foundation—soil-foundation interaction

Ksr Coupled sway-rocking stiffness of an isolated foundation

Kg‘}{ Coupled sway-rocking stiffness reduced to the master node considering foundation—soil-foundation interaction
Kt Torsional stiffness of an isolated foundation

kt Dimensionless torsional stiffness of an isolated foundation

K%“ Torsional stiffness reduced to the master node considering foundation—soil-foundation interaction

Ky Vertical stiffness of an isolated foundation

kv Dimensionless vertical stiffness of an isolated foundation

K\i}“ Vertical stiffness reduced to the master node considering foundation—soil-foundation interaction

K.,K; Horizontal and vertical stiffnesses at the top of the jacket
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L Foundation length

L; Embedment length of foundation j

N Number of foundations

Pr Numerator coefficient k for closed-form formulas of group effect stiffness correction factors (different for each case)
qr Denominator coefficient & for closed-form formulas of group effect stiffness correction factors (different for each case)
r Distance between foundations and the master node (polygonal arrangement)

s Spacing (distance) between closest foundations (polygonal arrangement)

t Foundation/suction caisson skirt thickness

Xp k cartesian coordinate (x| =x, X =y, x3 = 2)

x,(co) k cartesian coordinate of the master node

x,((j ) k cartesian coordinate of foundation j

O k rotation component of the master node
O ) k rotation component at foundation j
fkw) k force component reduced to the master node
fk( ) k force component at foundation j

k moment component reduced to the master node
m) k moment component at foundation j

k displacement component of the master node

uk(j ) k displacement component at foundation j

7 Appendix A. Stiffnesses of rigid cylindrical foundations in homogeneous
half-space

The stiffnesses of a rigid cylindrical foundation of diameter D and depth L (0 < L/D < 6) perfectly bonded with the
surrounding homogeneous soil of shear modulus pt and Poisson’ ratio v (0 < v < 0.5) can be approximated by:

2uDIn(3—4 L%
Kv:% 1+1.08(170.76v)<5> (29a)
4uD L 0.75
KH:;i—V 1+1.85 <5> (29b)
B ,uD3 L L 2.5
Ke =371y 147701 1.2v)<D>+10(1 0A7v)<D> (29¢)
11uD? L
Ksk = 315 17v] 172v+9.7(171.13v)<5>+
L 1.75
11.2(1-0.82v) (B) } (29d)
3 0.93
KT:Z”BD 1+5.26<%) } (29¢)

These formulas are enriched versions of those in [Gazetas, 1991] and [Wolf and Deeks, 2004], where each stiffness
K(u,v,D,L) is obtained from the product of the stiffness for the surface footing Ky face (U, V,D) and an embedment
factor x(v,L/D). These were originally developed for embedded foundations, i.e. typically for L/D < 1, but they have
been modified in order to be able to reach up to L/D = 6 by fitting them to results from a rigorous boundary element
model [Bordén et al., 2017]. Fig. 8 shows a comparison between Eqs. (29a-29¢) and those of [Wolf and Deeks, 2004]
(embedded foundations) and [Poulos and Davis, 1968], [Higgins and Basu, 2011] and [Guo and Randolph, 1996] (pile
foundations). As expected, it is observed that they resemble those of [Wolf and Deeks, 2004] for small L/D and they
tend to solutions for rigid piles as L/D increases. In this sense, these formulas cover the expected range 0 < L/D < 6
for suction caissons with rigid skirts.
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8 Appendix B. Complete Green’s function for homogeneous half-space

The complete Green’s function matrix G shown in Eq. (4) contains displacements and rotations responses due to point
forces and point moments. However, Green’s functions are typically presented in the literature only as displacements
responses due to point forces, i.e. Gy, 4, , [,k =1,2,3. Obtaining responses in terms of rotations and loads in terms of
point moments is nonetheless a straightforward operation involving derivatives of the usual Green’s function in terms
of displacements/forces. Starting from Gy, ,, , i.e. the displacement field at X,ps due to point forces f; at Xjoaq, the rest
of the Green’s function is obtained as follows. The rotation field at X,,s due a point force f; at Xjoaq can be obtained as
(see e.g. [Kupradze, 1979, §1.3.2]):

1
Gr.o = ) [V x (Gfl-,“I’Gfl:uPGfIalBﬂ "€k (30)

where V = (d/ 8x(1°bs),8 / 8x§°bs), a/ 8xg°bs)) and e are the unit vectors in Cartesian coordinates. The displacement
field at X,ps due to a point moment m; at Xjoq can be obtained as (see e.g. “two double forces with moment” from
[Love, 1920, Art. 132]):

1

Gy, = B [V X (G.f17”k7GfZ:”k7Gf3-,uk):| € 3D

where V = (a/axgload)’ a/axgload)va/axgload)).

For the case of a homogeneous half-space (x3 > 0) with shear modulus ¢ and Poisson’s ratio v, Mindlin’s Green’s
(load) _(obs)

function [Mindlin, 1936] is considered. After performing the above procedure and defining x5 =x3 =0,r=
x,(:bs) — x,Eload) fork=1,2,and r = (r% + r%) 1/ 2 the complete 6 x 6 Green’s function matrix can be written as:
Gy, Gy g
G (Xioad,Xobs) = | [y 1o (32)
my iy my, 6
where 3 x 3 sub-matrices are:
[ r%+(17v)r% vrir (1=2v)r
2ur’ 2mwur3 Amur?
-~ A=v)yri+rk  (1-2v)r
[Gfl-“k} - G 2 Ampr? 32)
(1-v)
| _Gfl U3 _sz-,us 2rur
(1=2v)rir, (172v)(r%7r%) o)
2urt dprt drur
r
(Gha) = G0 ~Gr 0, R (33b)
(17v)r2 (lfv)rl 0
23 2rur’
[ Ghre,  Gpe  —Gpe
[G’”l-“k} = G .6, Gp.6 =G0, (33¢)
L =Gn.es —Gpe 0
r (l—v)(r%—lr%) 3(1=Vv)rin 0
2wurd 27rur52 R
1—-v)2ry —r
(G = G, 6, - (2)75#2) 0 (33d)
1
L 0 0 " 8musd

The reciprocity principle of the obtained Green’s function can be easily verified by observing that G (Xjoad, Xobs) =
(G (Xobs; Xload))T'

9 Appendix C. Complete Green’s function for non-homogeneous half-space

Following the same steps and notation as in Appendix B, the complete Green’s function matrix G shown in Eq. (4)
is here presented for the case of a non-homogeneous half-space whose shear modulus follows a power-law with depth
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. , . . . 1
(U= p-z%, 0 < a < 1) and constant Poisson’s ratio v. For source and observation points at the free-surface (xg oad) _

xgbs = 0), the corresponding Green’s function matrix is in closed-form, see Booker et al. [Booker et al., 1985]. By
defining the following constants:

ﬁ:\/(1+a) (1—1°ivv) (34a)

o — T—a (34b)
R NED
3+a+p 3+a—pB
F — 2a+1(a+2)r< 2 )F( 2 ) (34C)
ap T I'G+a)
~ (1=v?)Bsin(Br/2)
b= a(l+a) fap o
_2(1+v)
e o (34e)
~ (1=v?) (1 +a)sin(Br/2)
h= op Fop (34f)
32
= (=V)eos(Br/y) Gag)
(04
L=1/Qq (34h)
B—b/Qy (341)
1 [ht+k h—k '
=3 [Qa_l  2Qq1 —Qa—l} o
1 [h+k h—k
H= 5 |:-ro1 + 2Qa+1 _Qa1:| (34k)

the complete 6 x 6 Green’s function matrix can be written as:

M Hr%-‘rKr% (H*K)rlrz Lr,
E0r3+oc E9r3+a E0r2+zx
_ _ Kry +Hr§ Lry
[Gfl’”"} G Egrito Eor;ﬂx (352)
L =Gy, U3 7sz«u3 W
7Lr1r2(2+a) L[(l+a)r,2—r§] r(H+Ka)
5 Egrita 5 Eyrito 2Eyr3ta
Liri— (14«
[Gpa] = L[t -(1+a)r3] —Gy o _n(H+Ko) (35b)
Egri+o /1,61 2Ey 3t
Bry(1+a) Bri(1+a) 0
L - E0r3+a E0r3+oc
[ Gre,  Gpe  —Gpra
[GWMJ = G .0, G0, =G0, (35¢)
L —Gres —Gpe; 0
FBR-Cr@R]  BnnGiw) .
E0r5+°‘ E0r5+°‘
[Gmpek} _ Brir (3+(X) B[(Z—&-a)r%—r%] 0 (35d)
1+a Eor5ta - Eorta
0 0 H+Ko
L 4Eyr3ta

where Eg = 2Uo(1+ V), 1y = x,({ObS) —x,iload) for k= 1,2, and r = (2 +r3)"/2. In Egs. (34b-34c), T'(x) is the Gamma

function.
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