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A B S T R A C T

This paper presents a new procedure for the seismic response assessment of water-surrounded axisymmetric
structures through the inclusion of earthquake-induced hydrodynamic effects into input ground motion
accelerations. The resulting modified time-history and spectral ground motion accelerations can then be
applied directly to the dry axisymmetric structure (i.e. without water) through dynamic modal superposition
or response spectrum analyses. Therefore, recourse to specialized software accounting for fluid–structure
interaction dynamic effects can be avoided. The proposed approach evaluates the individual impact of
hydrodynamic effects associated with any specific structural vibration mode on the global structural seismic
response. The procedure implements hydrodynamic pressure formulation or simplified added masses as an
alternative to classical nodal lumping. A hydrodynamic modification factor to efficiently estimate amplification
or de-amplification of acceleration seismic demands due to earthquake-induced hydrodynamic effects is
proposed. The application of the proposed methods is illustrated numerically through examples of three water-
surrounded axisymmetric structures subjected to two earthquakes. The results of key response indicators,
including relative displacements, base shear, and stresses are shown to be in excellent agreement with the
coupled finite element solutions. The coupled effects of hydrodynamic-pressure and structural flexibility on
the seismic behaviour of the studied systems are discussed.
1. Introduction

The seismic response of axisymmetric water-surrounded structures
can be affected by earthquake-induced hydrodynamic pressure and
fluid–structure interaction. This topic has been extensively covered
by many researchers (e.g. Liaw and Chopra, 1974; Taylor and Dun-
can, 1980; Williams, 1986; Tanaka and Hudspeth, 1988; Wei et al.,
2015; Yang et al., 2017; Alembagheri, 2017; Wang et al., 2018b; Zhang
et al., 2019; Tian et al., 2020; Sun et al., 2020; Wang et al., 2021; Li
et al., 2022; Han et al., 2023). Analytical solutions for hydrody-
namic pressures on an elastic cylindrical tower based on radiation
wave theory have been developed including water compressibility
(Liaw and Chopra, 1974; Tanaka and Hudspeth, 1988; Greenhow and
Yanbao, 1987; Wang et al., 2022; Wu et al., 2023a; Huang et al.,
2023). Simplified added mass formulations simulating hydrodynamic
effects have also been proposed (Westergaard, 1933; Liaw and Chopra,
1974; Greenhow and Yanbao, 1987; Li and Yang, 2013; Jiang et al.,
2017; Zhang et al., 2019; Wang et al., 2018a). Morison’s equation
has gained widespread acceptance to evaluate hydrodynamic effects

∗ Corresponding author.
E-mail address: najib.bouaanani@polymtl.ca (N. Bouaanani).

1 Ph.D. Student.
2 Professor.

on slender cylinders due to its simplicity (Yang and Li, 2013; Liu and
Sun, 2014; Zheng et al., 2015; Li et al., 2017; Wu et al., 2023b).
Originally proposed by Morison et al. (1950) for calculating wave
loads, this semi-empirical formula was later modified by Penzien and
Kaul (1972) to account for hydrodynamic forces on cylindrical struc-
tures during earthquakes. Numerical techniques such as finite element,
boundary element, and scaled boundary element methods are other
common alternatives widely used to investigate earthquake-induced
hydrodynamic effects on axisymmetric water-surrounded structures
(e.g. Everstine, 1981; Olson and Bathe, 1985; Chen, 2000; Czygan and
Von Estorff, 2002; Sigrist and Garreau, 2007; Millán et al., 2009; Lu
and Jeng, 2010; Tao et al., 2007; Meng and Zou, 2012; Liu and Lin,
2013; Xu et al., 2023; Padrón et al., 2022; Bigdeli et al., 2023). These
techniques generally allow for the coupling of structural and hydrody-
namic responses through fluid–structure interface elements. However,
implementing such coupled solutions often requires specialized soft-
ware, extensive time necessary to build and execute the models, and a
considerable level of expertise to ensure reliable and accurate results
vailable online 22 April 2024
029-8018/© 2024 The Authors. Published by Elsevier Ltd. This is an open access art
c-nd/4.0/).
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(Liaw and Chopra, 1974; Goyal and Chopra, 1989; Bouaanani and Lu,
2009; Wei et al., 2015).

Despite the multitude of available methods for the seismic analysis
of water-surrounded axisymmetric structures, engineering practice still
needs new alternative techniques with a fair balance between complex-
ity, efficiency, and simplicity of application and interpretation of the
obtained results. The semi-analytical approach proposed in this paper
breaks down earthquake-induced hydrodynamic effects on the seismic
response of the studied water–structure system along multiple vibration
modes of the dry structure (i.e. without water). This process enables

better understanding of the impact of each mode and associated
ydrodynamic effects of the global seismic response. For this purpose,
methodology is developed to include earthquake-induced hydrody-

amic effects into input ground motion accelerations. The resulting
odified time–history and spectral ground motion accelerations can

hen be applied directly to the dry axisymmetric structure through
ynamic modal superposition or response spectrum analyses. There-
ore, recourse to specialized software accounting for fluid–structure
nteraction dynamic effects can be avoided. The procedure implements
ydrodynamic pressure formulation or simplified added masses as an
lternative to classical nodal lumping.

The article is structured as follows. First, the theoretical background
f the proposed method is presented, as well as detailed procedures
llustrating the application of the proposed dynamic modal superposi-
ion and response spectrum analyses. Numerical case studies of three
xisymmetric structures with different heights are presented and the
esults of key response indicators, including relative displacements,
ase shear, and stresses are discussed and compared to classical cou-
led finite element solutions accounting for dynamic fluid–structure
nteraction.

. Theoretical background and proposed methods

.1. Basic assumption and governing equations

An axisymmetric structure, as the one depicted in Fig. 2(a), is
onsidered to illustrate the procedure proposed. The structure has a
otal height 𝐻s and is surrounded by an infinite water domain with

constant depth 𝐻w. The submerged section of the structure has a
niform outer radius 𝑅s. Two coordinate systems are employed to

define the geometry: (i) a Cartesian system (𝑥, 𝑦, 𝑧), originating at the
centre of the bottom cross-section of the structure, with the 𝑧-axis
aligning with the axis of symmetry; and (ii) a cylindrical system (𝑟, 𝜃, 𝑧),

here 𝑟 represents the radial distance and 𝜃 the azimuth between the
eference 𝑥-axis and the line from the origin to the projection of the
oint of interest on the (𝑥, 𝑦) plane. The structure’s dynamic response
s analysed under the effect of a horizontal ground motion acceleration
�̈�g(𝑡) applied along the 𝑥-direction. The axisymmetric structure can
e composed of one or more materials and its cross-section can be
olid or hollow, with uniform or varying internal radius. The following
ain assumptions are made: (i) all constitutive materials exhibit linear

lastic behaviour during seismic excitation, (ii) water is assumed to be
nviscid, but can be compressible or incompressible, with its motion
rrotational and of small amplitudes, (iii) convective effects and sur-
ace gravity waves in water are neglected, and (iv) the foundation is
assless and rigid.

It can be shown that dynamic behaviour of the axisymmetric water–
tructure tower subjected to a unit horizontal harmonic ground accel-
ration �̈�g(𝑡) = ei𝜔𝑡, with 𝜔 denoting the forcing frequency, can be
etermined through the solution of a system of equations (Liaw and
hopra, 1974; Wei et al., 2015)

�̂� = �̂� (1)

in which �̂� denotes the vector of generalized coordinates 𝑍𝑗 , and the
elements of the matrix �̂� and vector �̂� are given for 𝑚 = 1…𝑁s and
=1⋯𝑁s as

̂ (𝜔) =
(

−𝜔2 + 2 i 𝜉 𝜔𝜔 + 𝜔2)𝑀 𝛿 − 𝜔2 𝜗 (𝜔) (2)
2

𝑗,𝑚 𝑗 𝑗 𝑗 𝑗 𝑗,𝑚 𝑗,𝑚
�̂�𝑚(𝜔) = −𝐿(𝑥)
𝑚 − 𝜗0,𝑚(𝜔) (3)

where 𝛿𝑗,𝑚 denote the Kronecker symbol, 𝜔𝑗 the natural vibration
frequency corresponding to structural mode 𝝍 𝑗 of the dry structure,
i.e. without water, 𝜉𝑗 the fraction of critical damping, 𝑀𝑗 =𝝍T

𝑗 𝐌𝝍 𝑗 the
eneralized modal mass, 𝐿(𝑥)

𝑚 =𝝍T
𝑚𝐌𝟏(𝑥) the horizontal modal partici-

ation factor, with 𝟏(𝑥) a column-vector containing zeros except along
orizontal degrees of freedom corresponding to earthquake direction,
nd where the parameters 𝜗0,𝑚(𝜔) and 𝜗𝑗,𝑚(𝜔) are given by

0,𝑚(𝜔) = 𝑅s ∫

𝐻w

0 ∫

2𝜋

0
𝑝0(𝑅s, 𝜃, 𝑧, 𝜔) cos (𝜃)𝜓 (𝑥)

𝑚 (𝑅s, 0, 𝑧)d𝜃 d𝑧 (4)

𝜗𝑗,𝑚(𝜔) = 𝑅s ∫

𝐻w

0 ∫

2𝜋

0
𝑝𝑗 (𝑅s, 𝜃, 𝑧, 𝜔) cos (𝜃)𝜓

(𝑥)
𝑗 (𝑅s, 0, 𝑧)

× 𝜓 (𝑥)
𝑚 (𝑅s, 0, 𝑧)d𝜃 d𝑧 for 𝑗, 𝑚 = 1…𝑁s (5)

ith 𝑝0 denoting the hydrodynamic pressure FRF at rigid structure–
ater interface due to horizontal ground motion �̈�g and 𝑝𝑗 the hy-
rodynamic pressure FRF at flexible structure–water interface due to
orizontal acceleration 𝜓 (𝑥)

𝑗 (𝑅s, 0, 𝑧), 𝑗 = 1⋯𝑁s. The FRFs 𝑝0 and 𝑝𝑗
an be evaluated using the expressions given in Appendix.

The previous equations are based on the modelling of earthquake-
nduced water effects through hydrodynamic pressures interacting with
he vibrating structure. When hydrodynamic effects are modelled using
he simplified formulation of added masses (Liaw and Chopra, 1974),
qs. (4) and (5) can be substituted as follows

0,𝑚 = 𝑅s ∫

𝐻w

0 ∫

2𝜋

0
𝑝0(𝑅s, 𝜃, 𝑧) cos (𝜃)𝜓 (𝑥)

𝑚 (𝑅s, 0, 𝑧)d𝜃 d𝑧 (6)

𝑗,𝑚 = 𝑅s ∫

𝐻w

0 ∫

2𝜋

0
𝑝0(𝑅s, 𝜃, 𝑧) cos (𝜃)𝜓

(𝑥)
𝑗 (𝑅s, 0, 𝑧)𝜓 (𝑥)

𝑚 (𝑅s, 0, 𝑧)d𝜃 d𝑧

(7)

here 𝑝0(𝑅s, 𝜃, 𝑧) can be interpreted as the water added mass per
nit height of the structure (Liaw and Chopra, 1974). Alternatively
o this formulation based on the radiation wave theory, water added
asses can also be expressed using Morison’s equation (Morison et al.,
950; Penzien and Kaul, 1972). Assuming that the terms associated
ith drag force and hydrodynamic damping can be neglected (Guo
t al., 2021), Eqs. (4) and (5) can be shown to simplify to

0,𝑚 = 𝜋 𝜌w 𝑅
2
s ∫

𝐻w

0
𝜓 (𝑥)
𝑚 (𝑅s, 0, 𝑧)d𝑧 (8)

𝑗,𝑚 = 𝜋 𝜌w 𝑅
2
s ∫

𝐻w

0
𝜓 (𝑥)
𝑗 (𝑅s, 0, 𝑧)𝜓 (𝑥)

𝑚 (𝑅s, 0, 𝑧)d𝑧 for 𝑗, 𝑚 = 1⋯𝑁s

(9)

he total horizontal relative displacement �̂� and acceleration ̈̂𝑢 at a
oint (𝑥, 𝑦, 𝑧) of the water-surrounded axisymmetric structure can be
omputed as the summation of modal contributions

(𝑥, 𝑦, 𝑧, 𝑡) =
𝑁s
∑

𝑗=1
�̂�𝑗 (𝑥, 𝑦, 𝑧, 𝑡) =

𝑁s
∑

𝑗=1
𝑍𝑗 (𝑡)𝜓

(𝑥)
𝑗 (𝑥, 𝑦, 𝑧) (10)

̈(𝑥, 𝑦, 𝑧, 𝑡) =
𝑁s
∑

𝑗=1

̈̂𝑢𝑗 (𝑥, 𝑦, 𝑧, 𝑡) =
𝑁s
∑

𝑗=1

̈̂𝑍𝑗 (𝑡)𝜓
(𝑥)
𝑗 (𝑥, 𝑦, 𝑧) (11)

here �̂�𝑗 and ̈̂𝑢𝑗 denote the modal relative horizontal displacement
nd acceleration at a point (𝑥, 𝑦, 𝑧) of water-surrounded axisymmetric
tructure subjected to original ground acceleration �̈�g.

The dynamic response of the structure without water can be ob-
ained as the superposition of 𝑁s responses of equivalent single degree-
f-freedom (ESDOF) systems with generalized coordinates along the
-direction 𝑍𝑗 satisfying (Fenves and Chopra, 1984; Bouaanani and
errault, 2010; Liaw and Chopra, 1974; Wei et al., 2015)

𝑗 (𝜔) = −
𝐿(𝑥)
𝑗

𝑀
× 1

(

2 2)
(12)
𝑗 −𝜔 + 2 i 𝜉𝑗 𝜔𝜔𝑗 + 𝜔𝑗
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The total horizontal relative displacement 𝑢 and acceleration �̈� at
point (𝑥, 𝑦, 𝑧) of the structure without surrounding water can be

omputed as the summation of modal contributions

(𝑥, 𝑦, 𝑧, 𝑡) =
𝑁s
∑

𝑗=1
𝑢𝑗 (𝑥, 𝑦, 𝑧, 𝑡) =

𝑁s
∑

𝑗=1
𝑍𝑗 (𝑡)𝜓

(𝑥)
𝑗 (𝑥, 𝑦, 𝑧) (13)

�̈�(𝑥, 𝑦, 𝑧, 𝑡) =
𝑁s
∑

𝑗=1
�̈�𝑗 (𝑥, 𝑦, 𝑧, 𝑡) =

𝑁s
∑

𝑗=1
�̈�𝑗 (𝑡)𝜓

(𝑥)
𝑗 (𝑥, 𝑦, 𝑧) (14)

with 𝑢𝑗 and �̈�𝑗 denote the modal relative horizontal displacement and
acceleration at a point (𝑥, 𝑦, 𝑧) of the dry structure (i.e. without water)
considering a unit harmonic horizontal ground motion �̈�g(𝑡) = ei𝜔𝑡.

The previous equations were developed under the assumption of a
unit horizontal harmonic ground acceleration �̈�g(𝑡). In the general case,
the Fourier transform of a given ground motion acceleration �̈�g(𝑡) can
be determined as

�̈�g(𝜔) = ∫

𝑡𝑎

0
�̈�g(𝑡) e−i𝜔𝑡 d𝑡 (15)

in which 𝑡𝑎 is the time duration of the applied accelerogram. The
total horizontal relative displacements �̂� and 𝑢 of the system with and
without surrounding water, respectively, subjected to ground motion
acceleration �̈�g(𝑡) can be expressed in the frequency domain as

𝑢(𝑥, 𝑦, 𝑧, 𝜔) = �̈�g(𝜔)
𝑁s
∑

𝑗=1
�̂�𝑗 (𝑥, 𝑦, 𝑧, 𝜔) = �̈�g(𝜔)

𝑁s
∑

𝑗=1
𝑍𝑗 (𝜔)𝜓

(𝑥)
𝑗 (𝑥, 𝑦, 𝑧) (16)

𝑢(𝑥, 𝑦, 𝑧, 𝜔) = �̈�g(𝜔)
𝑁s
∑

𝑗=1
𝑢𝑗 (𝑥, 𝑦, 𝑧, 𝜔) = �̈�g(𝜔)

𝑁s
∑

𝑗=1
𝑍𝑗 (𝜔)𝜓

(𝑥)
𝑗 (𝑥, 𝑦, 𝑧) (17)

2.2. Proposed formulations

A mode- and frequency-dependent ground motion acceleration 𝑎(𝑗)g
is defined by modifying the original input ground motion acceleration
�̈�g(𝜔) as follows

𝑎(𝑗)g (𝜔) = �̈�g(𝜔)
𝑍𝑗 (𝜔)
𝑍𝑗 (𝜔)

for 𝑗 = 1⋯𝑁s (18)

The modal horizontal relative displacements �̃�𝑗 at a point (𝑥, 𝑦, 𝑧) of the
dry structure subjected to modified ground motion acceleration 𝑎(𝑗)g can
be expressed as

𝑗 (𝑥, 𝑦, 𝑧, 𝜔) = 𝑎(𝑗)g (𝜔)𝑍𝑗 (𝜔)𝜓
(𝑥)
𝑗 (𝑥, 𝑦, 𝑧) = �̈�g(𝜔)𝑍𝑗 (𝜔)𝜓

(𝑥)
𝑗 (𝑥, 𝑦, 𝑧) (19)

Comparing with Eq. (10), it is seen that these modal relative displace-
ment and acceleration are the same as those of the water–structure
system subjected to the original ground acceleration �̈�g, i.e. �̃�𝑗 =
𝑢𝑗 and ̈̃𝑢𝑗 = ̈̂𝑢𝑗 . Applying Fourier inverse transform to 𝑎(𝑗)g (𝜔) yields the
following modified time–history ground acceleration for each structural
mode 𝑗 =1⋯𝑁s

𝑎(𝑗)g (𝑡) = 1
2𝜋 ∫

∞

−∞
𝑎(𝑗)g (𝜔) ei𝜔𝑡 d𝜔 (20)

This accelerogram can be directly applied to the dry structure to obtain
the contribution of any given mode 𝑗 to the time–history response of
the wet structure (i.e. with water) through the solution of the equation

̈̃𝑍𝑗 (𝑡) + 2 𝜉𝑗 𝜔𝑗
̇̃𝑍𝑗 (𝑡) + 𝜔2

𝑗 𝑍𝑗 (𝑡) = −
𝐿(𝑥)
𝑗

𝑀𝑗
𝑎(𝑗)g (𝑡) for 𝑗 = 1⋯𝑁s (21)

for the generalized coordinate 𝑍𝑗 (𝑡). In other terms, the solution of
Eq. (21) is the same as the solution of the system with water subjected
to original ground acceleration, i.e 𝑍𝑗 (𝑡) = 𝑍𝑗 (𝑡). This method is
shown in Fig. 1(a), where the seismic response of an axisymmetric
water-surrounded structure is obtained through the superposition of the
time–history modal dynamic responses (i.e. Time–history modal super-
position analysis abbreviated as THMSA hereafter) of the tower without
3

water (dry system) subjected to modified ground accelerations 𝑎(𝑗)g (𝑡),
𝑗 = 1…𝑁s (Note: 𝑁s =4 modes are considered in Fig. 1 for illustration
purposes). In a finite element analysis (FEA), such procedure consists of
conducting a time–history modal dynamic analysis of the dry structure
(i.e without water) including only the contribution of vibration mode
𝑗 of concern. The solutions 𝑍𝑗 (𝑡) of Eq. (21) can be obtained for each
mode 𝑗 = 1⋯𝑁s as the time–history relative displacements of single
degree-of-freedom (SDOF) systems with mass 𝑀𝑗 , stiffness

𝐾𝑗 =
4𝜋2

𝑇 2
𝑗

𝑀𝑗 (22)

and viscous damping

𝐶𝑗 =
4𝜋
𝑇𝑗

𝜉𝑗𝑀𝑗 (23)

while subjected to ground motion acceleration 𝐿(𝑥)
𝑗 𝑎(𝑗)g (𝑡). This proce-

dure is illustrated in Fig. 1(b).
The maximum (i.e. peak) absolute seismic horizontal relative dis-

lacement of the water-surrounded axisymmetric structure correspond-
ng to a given vibration mode 𝑗 = 1⋯𝑁s can then be evaluated as

|

|

|

�̂�𝑗 (𝑥, 𝑦, 𝑧, 𝑡)
|

|

|

(max)
= |

|

|

�̃�𝑗 (𝑥, 𝑦, 𝑧, 𝑡)
|

|

|

(max)

=
𝐿(𝑥)
𝑗

𝑀𝑗
𝑆

[𝑎(𝑗)g ]
D (𝑇𝑗 , 𝜉𝑗 )𝜓

(𝑥)
𝑗 (𝑥, 𝑦, 𝑧)

=
𝐿(𝑥)
𝑗

𝑀𝑗

𝑇 2
𝑗

4𝜋2
𝑆

[𝑎(𝑗)g ]
A (𝑇𝑗 , 𝜉𝑗 )𝜓

(𝑥)
𝑗 (𝑥, 𝑦, 𝑧)

(24)

n which 𝑆
[𝑎(𝑗)g ]
D (𝑇𝑗 , 𝜉𝑗 ) and 𝑆

[𝑎(𝑗)g ]
A (𝑇𝑗 , 𝜉𝑗 ) denote, respectively, the spec-

ral displacement and pseudo-acceleration of ground motion 𝑎(𝑗)g (𝑡) at
the period 𝑇𝑗 of the structure without water, considering a modal
viscous damping 𝜉𝑗 . This approach is illustrated in Fig. 1(c).

The maximum absolute total horizontal relative displacement at a
point of coordinates (𝑥, 𝑦, 𝑧) of the structure can then be obtained using
a combination rule such as the Square Root of the Sum of the Squares
(SRSS)

|

|

|

�̂�(𝑥, 𝑦, 𝑡)||
|

(max)
=

√

√

√

√

√

𝑁s
∑

𝑗=1

[

|

|

|

�̂�𝑗 (𝑥, 𝑦, 𝑧, 𝑡)
|

|

|

(max)]2
(25)

or the complete quadratic combination (CQC)

|

|

|

�̂�(𝑥, 𝑦, 𝑡)||
|

(max)
=

√

√

√

√

√

𝑁s
∑

𝑗=1

𝑁s
∑

𝑚=1
𝐴𝑗,𝑚

|

|

|

�̂�𝑗 (𝑥, 𝑦, 𝑧, 𝑡)
|

|

|

(max)
|

|

|

�̂�𝑚(𝑥, 𝑦, 𝑧, 𝑡)
|

|

|

(max)
(26)

here 𝐴𝑗,𝑚 is the correlation coefficient

𝑗,𝑚 = 1
1 + 𝜖2𝑗,𝑚

(27)

in which

𝜖𝑗,𝑚 =
𝜔𝑗

√

(1 − 𝜉2𝑗 ) − 𝜔𝑚
√

(1 − 𝜉2𝑚)

𝜉′𝑗 𝜔𝑗 + 𝜉′𝑚 𝜔𝑚
, 𝜉′𝑗 = 𝜉𝑗 +

2
𝜔𝑗 𝑠

(28)

with 𝑠 representing the duration of the strong phase of the earthquake
excitation. For systems with the same damping ratio in all modes sub-
jected to earthquake excitation with duration 𝑠 long enough (i.e. 𝜉′𝑗 =
𝜉𝑗), Eq. (27) can be simplified to

𝐴𝑗,𝑚 =
𝜉2(1 + 𝜔𝑗∕𝜔𝑚)2

(1 − 𝜔𝑗∕𝜔𝑚)2 + 4 𝜉2 𝜔𝑗∕𝜔𝑚
(29)

When applicable, the above combination rules or similar can be used
to obtain other response quantities of interest.

It is worth mentioning that the maximum absolute seismic horizon-
tal relative displacement of the structure without surrounding water
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Fig. 1. Proposed procedures.
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Fig. 2. Dimensions, materials and finite element meshes of the studied water-surrounded axisymmetric structures: (a) Case no. 1 - 42-m height tower; (b) Case no. 2 - 56-m height
tower; (c) Case no. 3 - 70-m height tower.
o
g

subjected to original ground motion acceleration can be expressed for
each structural mode 𝑗 as

|

|

|

𝑢𝑗 (𝑥, 𝑦, 𝑧, 𝑡)
|

|

|

(max)
=
𝐿(𝑥)
𝑗

𝑀𝑗

𝑇 2
𝑗

4𝜋2
𝑆

[�̈�g]
A (𝑇𝑗 , 𝜉𝑗 )𝜓

(𝑥)
𝑗 (𝑥, 𝑦, 𝑧) (30)

From Eqs. (24) and (30), it can be seen that, the ratio of maximum
absolute seismic horizontal relative displacements with and without
5

water at a given mode 𝑗 is equal to the ratio of the pseudo-acceleration
f the modified record corresponding to mode 𝑗 to that of the original
round motion acceleration, i.e.

|

|

|

�̃�𝑗 (𝑥, 𝑦, 𝑧, 𝑡)
|

|

|

(max)

| |

(max) =
𝑆

[𝑎(𝑗)g ]
A (𝑇𝑗 , 𝜉𝑗 )

𝑆
[�̈�g](𝑇 , 𝜉 )

for 𝑗 = 1…𝑁s and 𝑧 > 0 (31)

|

|

𝑢𝑗 (𝑥, 𝑦, 𝑧, 𝑡)|
|

A 𝑗 𝑗
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Fig. 3. Finite element mode shapes and corresponding vibration periods of the towers, as well as the modal mass participation factors: (a) Case no. 1; (b) Case no. 2; (c) Case
no. 3.
In what follows, the ratio defined by Eq. (31) will be referred to as
the hydrodynamic modification factor for a given vibration mode, and
abbreviated as HMF. The proposed formulations and resulting HMF
only require the evaluation of the period and damping corresponding to
a specific vibration mode of the structure without surrounding water,
rather than those of the water–structure system which are generally
different.

3. Numerical examples, results and discussion

3.1. Case studies

Three composite axisymmetric cylindrical towers with different
heights are considered in this section to illustrate the application of
the proposed methods. The three towers, illustrated in Fig. 2, are
referred to as Cases no. 1 to 3, have the same external radius 𝑅s =4m,
and heights 𝐻s of 42m, 56m, and 70m, respectively. The top of the
towers are made of a solid cylindrical part with a height of 5m and
6

a diameter of 12m. Table 1 contains the mechanical properties of the
towers. The towers in Cases no. 1 to 3 are surrounded by an infinite
water domain with heights 𝐻w of 30m, 50m and 64m, respectively. A
water mass density 𝜌w = 1000 kg/m3, a pressure wave velocity 𝐶w =
1440m/s are considered. Fig. 3 presents the six lateral mode shapes and
corresponding vibration periods (𝑇1 to 𝑇6) for the three dry structures,
as well as the modal mass participation factors along 𝑥, 𝑦 and 𝑧, i.e. 𝛬(𝑥)

𝑗 ,
𝛬(𝑦)
𝑗 and 𝛬(𝑧)

𝑗 , respectively, indicating the relative importance of each
mode in the global seismic response of the structures. A constant 5%
modal viscous damping ratio is considered, i.e. 𝜉𝑗 =0.05 for 𝑗 =1 to 6.
To verify the results, coupled 3D finite element analyses of the tower-
water systems are also conducted. The towers and surrounding water
are modelled in ADINA (2022) using 3D 20-node solid and potential-
based finite elements, respectively, as shown in Fig. 2. A fixed rigid
wall boundary condition is applied at a far end located at a radius
of 2𝐻w around the structures. Fluid–structure interaction is accounted
for through special interface elements included in ADINA (ADINA,
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Fig. 4. Time-history accelerations, pseudo-acceleration response spectra and Fourier amplitudes of the ground motions selected for this study: (a) to (c) Imperial Valley (1940)
earthquake; (d) to (f) Loma Prieta (1989) earthquake.
Table 1
Constitutive materials of the axisymmetric structures (Fig. 2).

Materials Mass density (kg/m3) Elastic modulus (GPa) Poison’s ratio

Material 1 7850 210 0.3
Material 2 2400 35 0.2
Material 3 2500 25 0.2
Material 4 1900 50 0.2
Material 5 2400 30 0.2

2022; Bouaanani and Lu, 2009). In the following discussion, the results
of the coupled finite element models are referred to as the reference
solution, also illustrated in Fig. 1(d).

Fig. 5, shows the frequency response functions (FRFs) for horizontal
acceleration ̈̂𝑢 and �̈� at point A of studied structures. Two water levels
𝐻w and 0.5𝐻w are considered as well as the dry case for comparison
purposes. The blue curves represent the FRFs of the towers surrounded
by water, while the grey curves depict those of the towers without
water. Comparing these results shows that the FRFs generally shift
toward lower frequencies from the dry case to the case with a water
level of 0.5𝐻w, and then 𝐻w. This expected behaviour confirms that
the system becomes generally more flexible with higher water levels.
The influence of water level must however be considered in light of
the frequency content of the seismic excitation. For example, according
to the FRFs in Fig. 5, a ground motion with a predominant exciting
frequency of 3 Hz results in the same horizontal acceleration response
for Case no. 1 irrespective of the water level. The same applies to Cases
nos. 2 and 3. However, at a predominant excitation frequency of 6 Hz,
the effect of water level is obvious from Fig. 5(e) for Case no. 3, while
this effect vanishes for Case no. 1 as shown in Fig. 5(a).

3.2. Original and modified ground motions used

The seismic response of each tower is studied under the effects of
two ground motion accelerations differing by their frequency content
and time signature: (i) a horizontal component of Imperial Valley
earthquake (1940) at station El Centro, (ii) a horizontal component
of Loma Prieta earthquake (1989) at station Gilroy Array no. 2. The
acceleration time-histories, acceleration pseudo-spectra and Fourier
amplitudes of these ground motions are illustrated in Fig. 4. The
modified accelerograms corresponding to both records are compared
7

to the original ground motions in Figs. 6 and 7 for the three cases
assuming compressible water. Fig. 8 illustrates the impact of different
water assumptions on the generated modified accelerograms of Impe-
rial Valley (1940) earthquake for the three cases. It is observed that the
different water assumptions yield closely similar results for the shortest
tower (Case no. 1). As structural flexibility increases (Cases nos. 1 and
2), the simplified added mass using Morison equations exhibit higher
discrepancies compared to the ones with compressible water assump-
tion. The added masses based on radiation wave theory yield modified
accelerations closer to those using compressible water assumption than
the Morison’s added mass formulation. In this figure, the effects of
Morison’s added mass on the modified ground acceleration for each
mode can be observed. Notably, a larger peak ground acceleration
(PGA) for higher modes is achieved through Morison’s added masses
formulation.

The pseudo-acceleration response spectra 𝑆
[𝑎(𝑗)g ]

A (𝑇𝑗 , 5%), 𝑗 = 1…6,
of the modified ground accelerations are computed for the six vibration
periods 𝑇1 to 𝑇6 considering a 5% viscous damping. These results
are shown (values in blue) in Figs. 9–11 for the different water as-
sumptions. The pseudo-acceleration spectra 𝑆

[�̈�g]
A (𝑇𝑗 , 5%), 𝑗 = 1…6,

corresponding to the original ground motions are also depicted (values
in black) in the same figures. As expected, the hydrodynamic-induced
modifications to acceleration seismic demands depend on the structural
dynamic properties for each tower and the input ground motion. Ta-
ble 2 contains the Hydrodynamic Modification Factor (HMF) obtained
from Figs. 9–11 by dividing the values in blue by those in black for
each vibration period.

From Figs. 9(a) and (c), it is seen that the acceleration demands
corresponding to the fundamental modes of Cases nos. 1 and 2 without
water are close when subjected to Imperial Valley ground motion
(i.e. 0.61 and 0.57, respectively). These acceleration demands increase
by 4% for Case no. 1 and 19% for Case no. 2 when hydrodynamic
effects are included assuming compressible water. The larger amplifi-
cation associated with Case no. 2 is mainly due to its higher flexibility
compared to Case no. 1. Comparing Figs. 9(a) and (e), it is observed
that the acceleration demand increase induced by hydrodynamic effects
is 4% for both Cases nos. 1 and 3 when only the fundamental mode
contribution is considered under the effect of Imperial Valley ground

motion acceleration. Despite Case no. 3 being more flexible than Case
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Fig. 5. Frequency response functions for horizontal acceleration ̈̂𝑢 and �̈� at point A of the tower-water systems studied: (a) and (b): Tower Case no. 1 assuming water level to be
𝐻w and 0.5𝐻w, respectively; (c) and (d): Tower Case no. 2 assuming water level to be 𝐻w and 0.5𝐻w, respectively; (e) and (f): Tower Case no. 3 assuming water level to be 𝐻w
nd 0.5𝐻w, respectively;.
o. 1, the frequency shift caused by hydrodynamic effects has led to the
ame increase in acceleration demands for both structures.

Figs. 9(c) shows a 4% decrease in acceleration demand for Case
o. 2 due to hydrodynamic effects in the third and fourth vibration
odes when subjected to Imperial Valley ground motion acceleration.
onversely, the same structure undergoes a 33% increase in acceleration
emand when subjected to Loma Prieta ground motion acceleration
long the same modes (Figs. 9(d)). This effect is attributed to differ-
nces in the frequency content of input ground motion acceleration.
he pseudo-acceleration response spectra assuming two added-masses
ormulation approaches are also given in Figs. 10 and 11 to illustrate
he influence of water modelling assumptions. The assessment of the
ffects of water modelling assumptions can also be seen from Table 2
ontaining the HMFs obtained using Eq. (31) for six vibration modes
f the towers and the ground motion accelerations considered. For
8

example, it is seen that the increase in acceleration demands due to hy-
drodynamic effects are more pronounced when water is modelled using
Morison added masses. Acceleration demands for Case no. 3 decrease
along modes 5 and 6 due to hydrodynamic effects for Imperial Valley
(1940) earthquake. In contrast, they decrease along the same modes
when the tower is subjected to the Loma Prieta (1989) earthquake. The
results in Table 2 can be used to assess the effectiveness of Morison’s
added masses across various vibration modes.

3.3. Seismic response of the water-surrounded axisymmetric structures

Fig. 12 presents the maximum absolute horizontal relative dis-
placements obtained along the height of the towers subjected to the
considered ground motions and assuming compressible water. The
results corresponding to each mode are obtained using the proposed
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Fig. 6. Original and modified ground accelerations 𝑎(1)g to 𝑎(6)g corresponding to the six mode shapes of the 42 m (Case no. 1), 56 m (Case no. 2) and 70 m (Case no. 3) high towers,
ubjected to Imperial Valley (1940) earthquake with compressible water assumption.
esponse spectrum analysis (RSA). Figs. 13 and 14 show the results
btained using the proposed time–history analyses (THMSA). The re-
ults are in excellent agreement with those from the classical coupled
inite element solutions. The total horizontal relative displacements at
oint A of the studied towers including hydrodynamic effects (com-
ressible water assumption and added masses) are shown in Fig. 15
9

for the first twelve seconds of Imperial Valley (1940) and Loma Prieta
(1989) earthquakes. A close match between the results for the com-
pressible water assumption and the reference solution is found. The
same observation applies to the results corresponding to the added
mass formulation based on radiation waves theory. This observation
is expected as the effects of water compressibility are known to be
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Fig. 7. Original and modified ground accelerations 𝑎(1)g to 𝑎(6)g corresponding to the six mode shapes of the 42 m (Case no. 1), 56 m (Case no. 2) and 70 m (Case no. 3) high towers,
subjected to Loma Prieta (1989) earthquake with compressible water assumption.
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Fig. 8. Modified ground accelerations 𝑎(1)g to 𝑎(6)g corresponding to the selected six vibration modes of the studied towers subjected to Imperial Valley (1940) earthquake considering
different water assumptions.
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Fig. 9. 5%-damped pseudo-acceleration response spectra of the original ground motions and those of the modified ground motions corresponding to each of the selected six
ibration modes assuming compressible water.
Table 2
Hydrodynamic modification factors obtained for the six vibration modes of tower Cases nos. 1, 2, and 3 subjected to the ground motion accelerations considered.

Case Water assumption Imperial Valley (1940) Loma Prieta (1989)

Modes Modes

1 2 3 4 5 6 1 2 3 4 5 6

Compressible water 1.04 1.04 1.09 1.09 1.58 1.58 1.08 1.08 1.36 1.36 1.40 1.40
No. 1 Added masses — Eqs. (6)-(7) 1.03 1.03 1.15 1.15 1.60 1.60 1.08 1.08 1.27 1.27 1.40 1.40

Added masses — Eqs. (8)-(9) 1.09 1.09 1.66 1.66 1.66 1.66 1.09 1.09 1.74 1.74 1.48 1.48

Compressible water 1.19 1.19 0.96 0.96 1.23 1.23 1.27 1.27 1.33 1.33 1.52 1.52
No. 2 Added masses — Eqs. (6)-(7) 1.18 1.18 1.10 1.10 1.22 1.22 1.27 1.27 1.39 1.39 1.63 1.63

Added masses — Eqs. (8)-(9) 1.26 1.26 2.17 2.17 1.96 1.96 1.29 1.29 1.61 1.61 1.92 1.92

Compressible water 1.04 1.04 1.39 1.39 1.14 1.14 1.32 1.32 1.58 1.58 1.38 1.38
No. 3 Added masses — Eqs. (6)-(7) 1.03 1.03 1.55 1.55 0.98 0.98 1.32 1.32 1.48 1.48 1.57 1.57

Added masses — Eqs. (8)-(9) 1.05 1.05 1.92 1.92 1.61 1.61 1.34 1.34 1.75 1.75 1.50 1.50
12
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Fig. 10. 5%-damped pseudo-acceleration response spectra of the original ground motions and those of the modified ground motions corresponding to each of the six selected
vibration modes obtained assuming simplified added mass formulation for the water surrounding the towers.



Ocean Engineering 304 (2024) 117771

14

R. Kouhdasti and N. Bouaanani

Fig. 11. 5%-damped pseudo-acceleration response spectra of the original ground motions and those of the modified ground motions corresponding to each of the six selected
vibration modes obtained assuming Morison’s added mass formulation for the water surrounding the towers.
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Fig. 12. Absolute maximum relative displacements along the height of the face of towers determined for each vibration mode using modified ground accelerations 𝑎(1)g to 𝑎(6)g and
then combined to obtain total response: (a) Imperial Valley (1940) earthquake; (b) Loma Prieta (1989) earthquake obtained assuming compressible water.
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Fig. 13. Time-history horizontal relative displacements at point A of studied towers with hydrodynamic effects obtained for each vibration mode using modified ground accelerations
𝑎(1)g to 𝑎(6)g subjected to Imperial Valley (1940) earthquake assuming compressible water, and then combined to obtain total seismic response.
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Fig. 14. Time-history horizontal relative displacements at point A of studied towers with hydrodynamic effects obtained for each vibration mode using modified ground accelerations
𝑎(1)g to 𝑎(6)g subjected to Loma Prieta (1989) earthquake assuming compressible water, and then combined to obtain total seismic response.
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Fig. 15. Time-history of total horizontal relative displacements at point A of the studied towers including hydrodynamic effect considering Imperial Valley (1940) and Loma Prieta
(1989) earthquakes obtained for different water assumptions.
negligible for this type of structures (e.g. Liaw and Chopra, 1974).
Fig. 15 shows that the results corresponding to the added masses based
on Morison’s equation are slightly different from the others. The shear
forces at the base of the towers (location S1 in Fig. 2) are also compared
in Fig. 16 under the effect of Imperial Valley (1940) ground motion
acceleration.

The maximum absolute total horizontal relative displacements
shown in Figs. 12 (i.e. last row titled total) are obtained using two
approaches: (i) a direct method consisting of the summation of the
modal responses of horizontal relative displacements (i.e. algebraic
alues with signs) and then the computation of the maximum value of
he resulting summed response, and (ii) the CQC method consisting of
18
combining the absolute values of the maximum horizontal relative dis-
placements obtained for each mode. As excepted, the results provided
by the direct method are found to be identical to those of the reference
solution. For both analysed earthquakes and the three studied towers,
the CQC method exhibits slightly higher values than the direct method
at the upper sections of the towers (i.e. 𝑧∕𝐻s >≈ 0.75). However, at
lower heights, the total maximum responses obtained through the CQC
method are nearly identical to those from the direct method. Notably,
for tower Case no. 1 subjected to Imperial Valley (1940) ground motion
acceleration and towers Case no. 2 and Case no. 3 subjected to the Loma
Prieta (1989) earthquake, the CQC method demonstrates excellent
agreement with the reference solution.
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Fig. 16. Time-history shear force at the base of studied towers with surrounding water obtained for each vibration mode using modified ground accelerations 𝑎(1)g to 𝑎(6)g under
the effect of Imperial Valley (1940) earthquake assuming compressible water, and then combined to obtain total seismic response.
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Fig. 17. Maximum shear stresses 𝜏𝑥𝑧 and 𝜎𝑧𝑧 developing within towers Case no. 1 and Case no. 2 subjected to Imperial Valley (1940) earthquake assuming compressible water.
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Figs. 13 and 14 present the time–history horizontal relative dis-
placements at point A of the towers under the effect of Imperial
Valley (1940) and Loma Prieta (1989) ground motions, respectively.
These results confirm the excellent agreement between the results
obtained using the proposed methods and the classical coupled fi-
nite element solutions. Finally, the earthquake-induced stresses in the
water-surrounded structure can be determined based on the time-
histories of the nodal displacements computed using the proposed
approach. For instance, the obtained maximum dynamic shear stress
𝜏𝑥𝑧 and normal stress 𝜎𝑧𝑧 within tower Cases no. 1 and no. 2 subjected
o Imperial Valley (1940) earthquake and assuming compressible water
re presented in Fig. 17. An excellent agreement with the stresses from
he classical coupled finite element solutions is found.

. Conclusions

This paper proposed novel methods to evaluate the seismic response
f water-surrounded axisymmetric structures through dynamic modal
uperposition and response spectrum analyses. The developed tech-
iques include earthquake-induced hydrodynamic effects into modified
ersions of the original ground motion acceleration and its response
pectrum. The modified ground motion time–history and spectral accel-
rations can then be applied directly to the dry structure (i.e. without
ater), thus eliminating the need for specialized software accounting

or fluid–structure interaction dynamic effects.
The proposed approach also allows the evaluation of the impact

f any specific vibration mode and associated hydrodynamic effect
n the structural seismic response. Coupled structural flexibility and
ydrodynamic effects due to each vibration mode can be accurately
ssessed in lieu of the approximate results generally given by the static
orrection method commonly used in traditional simplified methods.

The methodology utilizes analytical formulations of earthquake-
nduced hydrodynamic pressure or simplified added-masses to obtain
he contributions of the selected vibration modes to the total seismic
esponse. It is shown that the developed methods also provide an
lternative to the implementation of added masses by including their
ffects directly in the modified ground motion time–history or spectral
ccelerations.

Based on the formulations proposed, a hydrodynamic modifica-
ion factor which can be used to evaluate the amplification or de-
mplification of acceleration seismic demands due to earthquake-
nduced hydrodynamic effects was introduced. The proposed method
an be applied to a broad range of axisymmetric structures surrounded
y water, such as axisymmetric towers supporting wind turbines, intake
owers, or bridge circular piers. For purpose of illustration, application
xamples of three water-surrounded axisymmetric structures subjected
o two earthquakes were presented.

The obtained results were shown to be in excellent agreement with
he coupled finite element solutions. The findings were discussed to
ighlight the coupled effects of hydrodynamic-pressure and structural
lexibility on the seismic behaviour of the studied systems. Two main
imitations of the proposed formulation are that the structures must
e of cylindrical shape, and that the foundation is rigid. The rigid
oundation assumption was adopted to focus on the modelling of the
ffects of water–structure interaction. The formulation presented can
owever be extended by including soil–structure interaction effects in
he modal properties constituting the input of the proposed technique.
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Appendix

The FRFs 𝑝0 and 𝑝𝑗 , 𝑗 = 1⋯𝑁s can be evaluated as (Liaw and
Chopra, 1974; Wei et al., 2015)

𝑝0(𝑅s, 𝜃, 𝑧, 𝜔) =
4𝜌w
𝐻w

[

−
�̄�−1
∑

𝑛=1

𝐼0𝑛
𝜅𝑛

𝑛(𝜅𝑛 𝑅s) cos(𝜆𝑛𝑧) ei 𝜏𝑛𝑅s

+
𝑁w
∑

𝑛=�̄�

𝐼0𝑛
𝜅′𝑛

𝑛(𝜅′𝑛 𝑅s) cos(𝜆𝑛𝑧)

]

cos(𝜃)

(32)

𝑝𝑗 (𝑅s, 𝜃, 𝑧, 𝜔) =
4𝜌w
𝐻w

[

−
�̄�−1
∑

𝑛=1

𝐼𝑗𝑛
𝜅𝑛

𝑛(𝜅𝑛 𝑅s) cos(𝜆𝑛𝑧) ei 𝜏𝑛𝑅s

+
𝑁w
∑

𝑛=�̄�

𝐼𝑗𝑛
𝜅′𝑛

𝑛(𝜅′𝑛 𝑅s) cos(𝜆𝑛𝑧)

]

cos(𝜃)

(33)

where 𝑁w is the number of considered acoustical water modes, and the
parameters 𝜆𝑛, 𝜅𝑛, 𝜅′𝑛, 𝐼0𝑛, 𝐼𝑗𝑛, 𝑛, 𝑛 and 𝜏𝑛 are given by

𝜆𝑛 =
(2𝑛 − 1)𝜋

2𝐻w
; 𝜅𝑛 =

√

𝜔2

𝐶2
w

− 𝜆2𝑛 ; 𝜅′𝑛 = −i 𝜅𝑛 (34)

𝐼0𝑛 = −
2𝐻w(−1)𝑛

𝜋(2𝑛 − 1)
; 𝐼𝑗𝑛 = ∫

𝐻w

0
𝜓 (𝑥)
𝑗 (𝑧) cos(𝜆𝑛𝑧)d𝑧 (35)

𝑛(𝜅𝑛 𝑅s) =

√

√

√

√

√

[

J1(𝜅𝑛 𝑅s)
]2 +

[

Y1(𝜅𝑛 𝑅s)
]2

[

J0(𝜅𝑛 𝑅s) − J2(𝜅𝑛 𝑅s)
]2 +

[

Y0(𝜅𝑛 𝑅s) − Y2(𝜅𝑛 𝑅s)
]2

(36)

𝑛(𝜅′𝑛 𝑅s) =
K1(𝜅′𝑛 𝑅s)

K0(𝜅′𝑛 𝑅s) + K2(𝜅′𝑛 𝑅s)
(37)

𝜏𝑛𝑅s =

tan−1
{

[

Y0(𝜅𝑛 𝑅s) − Y2(𝜅𝑛 𝑅s)
]

J1(𝜅𝑛 𝑅s) −
[

J0(𝜅𝑛 𝑅s) − J2(𝜅𝑛 𝑅s)
]

Y1(𝜅𝑛 𝑅s)
[

J0(𝜅𝑛 𝑅s) − J2(𝜅𝑛 𝑅s)
]

J1(𝜅𝑛 𝑅s) +
[

Y0(𝜅𝑛 𝑅s) − Y2(𝜅𝑛 𝑅s)
]

Y1(𝜅𝑛 𝑅s)

}

(38)

n which K𝓁 is the modified Bessel function of order 𝓁 of the second
kind and J𝓁 and Y𝓁 are the Bessel functions of order 𝓁 of the first and
second kind, respectively. The integer �̄� in the first sums of Eqs. (32)
and (33) is the smallest value of integer 𝑛 such that 𝜆𝑛 >

𝜔
𝐶w

. We note
that the first series in Eqs. (32) and (33) vanishes if �̄� = 1. If water
compressibility is neglected, the frequency-independent hydrodynamic
pressure solutions 𝑝0 and 𝑝𝑗 given by Eq. (32) and (33) can be simplified
to

𝑝0(𝑅s, 𝑧, 𝜃) =
𝑁w
∑

𝑛=1

4𝜌w
𝐻w

𝐼0𝑛
𝜅′𝑛

𝑛(𝜅′𝑛 𝑅s) cos(𝜆𝑛𝑧) cos(𝜃) (39)

𝑝𝑗 (𝑅s, 𝑧, 𝜃) =
𝑁w
∑ 4𝜌w 𝐼𝑗𝑛

′ 𝑛(𝜅′𝑛 𝑅s) cos(𝜆𝑛𝑧) cos(𝜃) (40)

𝑛=1 𝐻w 𝜅𝑛
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in which 𝜆𝑛, 𝐼0𝑛, 𝐼𝑗𝑛 and 𝑛(𝜅′𝑛 𝑅s) are given by Eqs. (34), (35) and (37),
respectively, and

𝜅′𝑛 =
(2𝑛 − 1)𝜋

2𝐻w
(41)
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