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ABSTRACT
Modular ϐloating structures (MFS) offer a sustainable pathway towards the expansion of coastal cities in adap‑

tation to ϐlooding and sea level rise driven by climate change. It is therefore necessary to develop analytical meth‑
ods easily accessible to architects or structural engineers for the rapid prototyping of MFS designs. This work
develops novel closed‑form expressions describing the rigid body dynamics of symmetrically loaded rectangular
pontoons across all six degrees of freedom (DOF) excited by surface waves approaching from any arbitrary direc‑
tion. The derivations were based on Airy wave theory assuming frequency‑independent added mass and damp‑
ing. When benchmarked against numerical solutions from ANSYS/AQWA for two MFS prototypes, the analytical
approach proved capable of predicting the response amplitude operators (RAO) across all DOFs, wave directions,
and structural conϐigurations. However, while the response of mass‑dominated DOFs (surge, sway, and yaw) were
well captured, the damping ratio for stiffness‑dominated DOFs (heave, roll, and pitch) must be judiciously selected
to yield accurate RAO results. A parametric investigation further elucidated the contribution of structural geometry
and wave directionality on the critical accelerations experienced by an idealized ϐloating structure founded upon a
square pontoon under realistic sea states. It was discovered that the largest accelerations were triggered by waves
approaching orthogonally to the pontoon. Ultimately, this work facilitates a more streamlined approach for the
dynamic analysis of compliant ϐloating bodies to supplement detailed modeling efforts via numerical methods.
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1. Introduction
Coastal areas often exhibit high population densi‑

ties and are home to the majority of the world’s megac‑
ities [1, 2]. As an example, land within 100 km of the
ocean supports 40% of the earth’s inhabitants and hosts
60% of all “Alpha” level cities classiϐied by the Globaliza‑
tion andWorldCities (GaWC)ResearchNetwork (Figure
1) [3, 4]. Yet, continued migration and urbanization have
placed increasing strain on nearshoremetropolises such
that by 2060, it is predicted that up to 1.4 billion people
may reside in low‑elevation coastal zones (LECZ) below
10 m in elevation [5]. With accelerating climate change
and sea level rise, the inhabitants of LECZs will be highly
susceptible to extreme ϐlooding and land loss approach‑
ing 1.79 million km2 by the 22nd century [6, 7]. In re‑
sponse, the UnitedNations Human Settlements Program
(UN‑Habitat) launched its inaugural Round Table on Sus‑
tainable Floating Cities (in collaboration with OCEANIX
and the Massachusetts Institute of Technology) in April
2019 to spearhead the development of ϐloating cities for
ocean colonization [8]. This was quickly followed by the
“Future World Vision” initiative launched by the Ameri‑
can Society of Civil Engineers (ASCE) to explore the idea
of sustainable ϐloating infrastructure solutions for cli‑
mate resilience and adaptation [9].

Floating settlements typically comprise a collec‑
tion of individual pontoons (commonly referred to as
“modules”) judicially arranged to give rise to a symbi‑
otic community (see Figure 1). Unlike traditional land
reclamation which becomes economically prohibitive at
depths greater than 20 m [10], modular ϐloating struc‑
tures (MFS) are not limited by water depth or seabed
conditions. Floating structures also avoid the need for
soil consolidation thus translating to much faster con‑
struction timeswhile enabling immediate occupancy rel‑
ative to reclaimed land. Their modular nature further
promotes easy expansion and relocation based on soci‑
etal needs with minimal impact on the seabed ecosys‑
tem and can also foster new habitats to support a range
of aquatic life [11]. Being inherently base‑isolated, ϐloat‑
ing structures are especially resilient to seismic events
as evidenced by the Kansai International Airport ϐloat‑
ing terminal which suffered no damage during the Great
Hanshin Earthquake of 1995 [12]. In addition to the afore‑

mentioned advantages, MFS are immune to future sea
level rise and coastal ϐlooding thus exemplifying a “no‑
regret” strategy towards climate adaptation.

Figure 1. Location of Alpha‑category coastal cities and
examples of ϐloating settlements including: (a) Floating
homes in Seattle [13]; (b) Floating village on Lake Titi‑
caca, Peru [14]; (c) Schoonschip ϐloating district, Amsterdam
(https://schoonschipamsterdam.org); (d) Floating city pro‑
posal for Busan, South Korea (OCEANIX/BIG‑Bjarke Ingels
Group); (e) Kenzo Tange’s 1960 plan for Tokyo Bay [15].

Despite the surplus of beneϐits offered by pontoon‑
supported ϐloating structures, little technical guidance
is available to the structural engineering and architec‑
tural community pertaining to their design. A crucial
element of this design process involves ascertaining the
dynamic response about all six degrees of freedom mo‑
bilized by waves approaching from any arbitrary direc‑
tion. This phenomenon is highly complex and is de‑
pendent upon the MFS geometry and characteristics of
incident waves. Hence, numerical methods are com‑
monly employed for the hydrodynamic analysis of ϐloat‑
ing structures. Examples include the ANSYS/AQWA [16]

and HYDROSTAR [17] solvers based on potential theory.
Gutierrez‑Romero et al. [18] also employed nonlinear ϐi‑
nite element methods (FEM) to compute the dynamics
of ϐloating offshore wind turbines, whereas Rahman et
al. [19] adopted the volume of ϐluid (VOF) technique to
simulate a ϐloating breakwater. Finally, mesh‑free La‑
grangian methods such as smoothed particle hydrody‑
namics (SPH) have recently attained popularity for the
modeling of ϐloating systems [20, 21].

While numerical methods of analysis remain
widely popular within marine and offshore industries,
the design of ϐloating structures for human habitation
must receive input from architects and structural en‑
gineers familiar with traditional land‑based buildings.
Such groups are unlikely to be accustomed to compu‑
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tational ϐluid dynamics (CFD) thus necessitating the
derivation of simpliϐied analytical methods for the dy‑
namic analysis of ϐloating pontoons [22]. This is espe‑
cially true during the preliminary design phase where
prospective solutions within a vast parametric design
space must be rapidly assessed and calibrated or dis‑
carded as a precursor to in‑depth CFD modeling. In this
regard, analytical solutions have only been proposed for
orthogonalwaves (i.e., purely longitudinal or transverse)
in the context of rectangular pontoons, which severely
limits their overall usefulness [23, 24]. It is therefore nec‑
essary to develop more general expressions describing
the dynamic response of an MFS that enables the cou‑
pling between all six of its DOFs applicable to oblique
waves.

This paper formulates generalized solutions to de‑
scribe waves interacting with a symmetrically loaded
rectangular pontoon approaching from any arbitrary
direction. Simpliϐied closed‑form expressions were
derived based on Airy wave theory and frequency‑
independent added mass and damping to capture both
Froude‑Krylov and diffraction/radiation forces. The ex‑
pressions enable the response pertaining to all six DOFs
(surge, sway, heave, roll, pitch, and yaw) of an MFS to
be rapidly determined for oblique surface waves prop‑
agating in deep or depth‑limited waters. The solutions
were subsequently validated against numerical simula‑
tions performedusing the commercial ANSYS/AQWApo‑
tential theory solver. A parametric study was ϐinally em‑
ployed to elucidate the role of superstructure geometry
on thedynamic responseof a ϐloating structurewithin re‑
alistic sea states as a function of wave directionality. Ul‑
timately, this work provides architects and structural en‑
gineers with an accurate yet accessible approach to ob‑
taining the 3D translational and rotational rigid body dy‑
namics of idealized ϐloating bodies under arbitrarywave
conditions. It is hoped that the resulting framework will
help foster the widespread adoption of modular ϐloat‑
ing structures as a sustainable form of land creation for
ocean colonization and climate adaptation.

2. Theoretical Background
The dynamic response of ϐloating structures under

wave excitation can be broadly classiϐied into hydroe‑

lastic or rigid body regimes based on the transitional
length. When approximating the structure as a beam
with uniform stiffness, the transitional length suggested
by Suzuki and Yoshida [25] is:

Lc = 2π

(
EbIb
kc

)1/4

(1)

where EbIb is the elastic bending stiffness and kc de‑
notes the heave stiffness of the hydrostatic restoring
force per unit length. Large ϐloating structures such as
VLFS mats with lengths longer than Lc are governed by
hydroelastic behavior (i.e., elastic deformations of the
pontoon)whereas anMFS shorter thanLc canbe treated
as a rigid body. The dynamic response of a rigid body in
waves can be determined based on the response ampli‑
tude operator (RAO), deϐined as the response amplitude
(R0) per unit wave amplitude (A), associated with each
of its six degrees of freedom (DOF):

RAOR =
R0

A
(2)

where:

R =



x, Surge
y, Sway
z,Heave
θx,Roll
θy,Pitch
θz,Yaw

, R0 =



x0, Surge amplitude
y0, Sway amplitude
z0,Heave amplitude
θx0,Roll amplitude
θy0,Pitch amplitude
θz0,Yaw amplitude

(3)
Here,R denotes the time‑varying response pertain‑

ing to a given DOF whereas R0 is the amplitude of the
response. Knowledge of R0 therefore enables the time‑
varying translation/rotation (R) to be determined via:

R (t) = R0cos (ωt− φR) (4)

where ω = 2πf is the wave frequency and φR is the
phase lag. When assuming a compliantly moored MFS,
the ϐloating body can be idealized using vertical and rota‑
tional springs to represent the heave and roll/pitch stiff‑
ness, respectively, as shown in Figure 2. Since the fre‑
quency of wave excitation in surge, sway, and yaw is ex‑
pected to be much greater than the corresponding nat‑
ural frequency, their response will largely be governed
by the body’s inertia [24, 26]. As such, the RAOs about a
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given DOF can be classiϐied as either mass‑ or stiffness‑
dominated and expressed as:

RAOR =

{
QRF0R

KR
, Stiffness‑dominated (heave, roll, pitch)

F0R
MRω2 ,Mass‑dominated (sway, surge, yaw)

(5)
where the subscript R = {x, y, z, θx, θy, θz} describes
the corresponding DOF per Equation (3). QR is the
frequency‑dependent dynamic ampliϐication factor:

QR =
1√(

1− f2

f2
nR

)2
+
(
2ξR

f
fnR

)2 (6)

with ξR being the damping ratio for DOFR and:

fnR =
1

2π

√
KR

MR
(7)

is the natural frequency associated with R for stiffness‑
dominated DOFs. KR and MR respectively signify the
corresponding stiffness and total mass attributed to the
dynamic response in R. Similar to the RAO, the phase
lag ϕR is also treated differently for mass‑ and stiffness‑
dominated DOFs:

ϕR =

 arctan

 2ξR
f

fnR

1− f2

f2
nR

 , Stiffness‑dominated (heave, roll, pitch)

π,Mass‑dominated (sway, surge, yaw)
(8)

Finally, the term F0R in Equation (5) refers to the
forcing amplitude accounting for both Froude‑Krylov
and added mass forces associated with R. Computing
the RAO for any given DOF R therefore requires the de‑
termination of the associated stiffness (KR), mass (MR),
and forcing amplitude (F0R).

Figure 2. Geometric description of the idealized ϐloating struc‑
ture showing: (a) 3D; (b) Plan; (c) Front elevation; (d) Side
elevation views.

2.1. Waterplane Stiffness

Thewaterplane stiffness for heave (z), roll (θx), and
pitch (θy) DOFs are based on the hydrostatic stiffness
shown as springs in Figure 2 and given by:

KR =


Kθx = ρg

(
Ix−

−
BG V

)
,Roll

Kθy = ρg

(
Iy−

−
BG V

)
,Pitch

Kz = ρgBpCp,Heave

(9)

where
−
BG=

−
KG −D/2 is the vertical distance from the

center of buoyancy (taken at half the draft D above the
keel) to the center of gravity (COG) as shown in Figure 2
andV = CpBpD is the total submerged volume of a rect‑
angular pontoon with length Cp and width Bp (Figure
2). From Archimedes’ principle, the draft (submerged
height) of an MFS with massms in water of density ρ is:

D =
ms

ρBpCp
(10)

while:
Ix =

CpB
3
p

12 , Iy =
BpC

3
p

12
(11)

respectively denote the waterplane second moments of
area about the x and y axis for a rectangular pontoon.

2.2. Hydrodynamic Mass

The total mass MR mobilized for a given DOF R

must account for both the structural mass (ms) and hy‑
drodynamic added mass (maR). The added mass ac‑
counts for wave diffraction around the ϐloating body and
is affected by its geometry, orientation, and oscillation
frequency [26]. In this work, a simpliϐied approach is
adoptedwhere the addedmass is treated as a frequency‑
independent prismatic volume of water synchronized
with the MFS response as shown in Figure 3 [27]. To
avoid the use of mass matrices, surge‑pitch and sway‑
roll DOFs are decoupled such that their respective RAOs
are calculated about a position referred to as the center
of rotation (COR) per Figure 2 [24]. The COR represents
the combined mass centroid of the structural mass and
addedmass in surge (max) or sway (may), towhich their
elevations above the keel are:

−
KRx =

ms

−
KG+max(D

2 )
ms+max

,
−

KRy =
ms

−
KG+may(D

2 )
ms+may

(12)
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where
−

KG is the structure’s COG above the keel with
−

KRx and
−

KRy denoting the COR location above the keel
for surge/pitch and sway/roll DOFs, respectively (see
Figure 2). The added mass across all DOFs is given by:

maR =



max = 1
2
ρπD2Bp, Surge

may = 1
2
ρπD2Cp, Sway

maz = 1
8
ρπB2

pCpCzhCzb,Heave

maθx = ρπ

[(
Bp

4

)4
+

(
D
2

)2
( −
KRy − D

2

)2
]
Cp,Roll

maθy = ρπ

[(
Cp

4

)4
+

(
D
2

)2
( −
KRx − D

2

)2
]
Bp, Pitch

maθz = ρπD2

2

(
C3

p

12
+

B3
p

12

)
, Yaw

(13)

with the heave modiϐication factors given by Wang [24]

based on experiments done by Brennen [28] being:

Czh =

{
1.518

(
h−D
D

)−0.365
, h−D

D < 3

1, h−D
D ≥ 3

(14)

Czb = 1.073

(
Bp

D

)−0.109

(15)

where h is the water depth. Note that for translational
DOFs (surge, sway, and heave), maR is simply the total
mass of the water volume depicted in Figure 3. For rota‑
tional DOFs (roll, pitch, and yaw), however, maR refers
to themass moment of inertia associated with the water
volume when taken about an axis passing through the
COR. The total hydrodynamic mass mobilized for each
DOF is therefore:

MR =



Mx = ms +max, Surge
My = ms +may, Sway
Mz = ms +maz,Heave

Mθx = mθx +ms

(
−

KG −
−

KRy

)2

+maθx ,Roll

Mθy = mθy +ms

(
−

KG −
−

KRx

)2

+maθy ,Pitch

Mθ z= mθ z+maθ z,Yaw
(16)

Here,mθx ,mθy , andmθz denote themassmoments
of inertia of the MFS taken about the COG in roll, pitch,
and yaw, respectively.

Figure 3. Geometry of added mass for each DOF.

2.3. Wave Forcing

The amplitude of wave forcing (F0R) encapsulates
the summation of the Froude‑Krylov (FFKR) and added
mass (FAMR) forces attractedby theMFS for a givenDOF
R. SinceFFKR andFAMR areharmonically varyingwith
time t, F0R corresponds to time t = t0 where the forcing
is at a maximum which is dependent upon the DOF mo‑
bilized [26]:

F0R = |FFKR (t0) + FAMR (t0)| ,{
t0 = 0,Heave and yaw

t0 = −T
4 , Surge, sway, pitch, and roll

(17)

where |∗| signiϐies the absolute value and T = 2π/ω is
the wave period. Equation (17) thus implies that wave
forcing is at a maximum for heave and yaw when the
crest is directly below the COR whereas for the remain‑
ingDOFs, this occurs at themidpoint betweena crest and
trough. Figure 4 visualizes the free surface wave proϐile
corresponding to t0 which is given by:

η = A cos (kxθ − ωt0) (18)

Here, xθ represents the direction of wave propaga‑
tion where the origin is deϐined at the waterplane’s ge‑
ometric centroid. The Froude‑Krylov force results from
the integration of the dynamic pressure over the wetted
surface (S) of the MFS while the added mass forcing is
obtained from the acceleration of the added mass:

FFKR (t0) =

∫∫
S

p0dS (19)

FAMR (t0) = maRa0 (20)

where p0 is the Airy wave pressure per unit amplitude
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(A = 1) at t0:

p0 (xθ) =

 ρg
(

cosh[k(h+z)]
cosh(kh)

)
cos (kxθ) , t0 = 0

−ρg
(

cosh[k(h+z)]
cosh(kh)

)
sin (kxθ) , t0 = −T/4

(21)
and a0 is the horizontal (a0x) or vertical (a0z) Airy wave
acceleration per unit amplitude (A = 1) at t0:

a0x (xθ) =

 ω2
(

cosh[k(h+z)]
sinh(kh)

)
sin (kxθ) , t0 = 0

ω2
(

cosh[k(h+z)]
sinh(kh)

)
cos (kxθ) , t0 = −T/4

(22)

a0z (xθ) =

 −ω2
(

sinh[k(h+z)]
sinh(kh)

)
cos (kxθ) , t0 = 0

ω2
(

sinh[k(h+z)]
sinh(kh)

)
sin (kxθ) , t0 = −T/4

(23)
In Equations (21)–(23), z denotes the vertical ele‑

vation above the still water level and k = 2π/L is the
wavenumber (where L is the wavelength) determined
via the dispersion relation:

ω =
√
gk tanh (kh) (24)

applicable for all water depths h, or ω =
√
gk for deep

water conditions (kh ≫ 1). Alternatively, k can be ap‑
proximated using:

k ≈ ω2

g

√
tanh

(
ω2h
g

) (25)

which is generally accurate to within 10% [29]. Closed‑
form solutions to Equation (17) applicable for waves ap‑
proaching from any direction θ taken positive counter‑
clockwise from the x (surge) axis will be presented in
the following section for each of the six DOFs.

Figure 4. Time corresponding to maximum wave forcing for:
(a) Surge, sway, roll, pitch; (b) Heave; (c) Yaw with associated
wave proϐiles.

3. Derivation of Analytical RAO So‑
lutions
The Froude‑Krylov (FFKR) and added mass

(FAMR) forces exciting each DOF of the MFS are highly

dependent upon the direction of wave propagation rela‑
tive to the pontoon axes. Figure 2 illustrates the conven‑
tion adopted in this paper where the angle of wave inci‑
dence (θ) is taken positive counterclockwise from the x
(surge) axis. Next, it is necessary to deϐine a relationship
between the xy axismapping the coordinates of the pon‑
toon, where x ∈ [−Cp/2, Cp/2] and y ∈ [−Bp/2, Bp/2],
and the xθ axis coinciding with the direction of wave
propagation (Figure 2b). This transformation is given
by:

xθ = xcosθ + ysinθ (26)

For convenience, coordinate transformations for
the two longitudinal (x1 and x2) and transverse (y1
and y2) edges delineating the perimeter of the pontoon
(Figure 2b) are further listed as:

x1 = xcosθ − Bp

2 sinθ
x2 = xcosθ + Bp

2 sinθ
y1 = ysinθ − Cp

2 cosθ
y2 = ysinθ + Cp

2 cosθ

(27)

To further simply the analytical expressions pre‑
sented in this section, the following abbreviations are in‑
troduced:

sB = sin
(

Bpk
2 sinθ

)
sC = sin

(
Cpk
2 cosθ

)
cB = cos

(
Bpk
2 sinθ

)
cC = cos

(
Cpk
2 cosθ

) (28)

Closed‑form solutions to the total forcing ampli‑
tudeF0R for surge (x), sway (y), heave (z), roll (θx), pitch
(θy), and yaw (θz) DOFs will be derived in this section.

3.1. Surge Dynamics

The Froude‑Krylov amplitude in surge (FFKx) can
be determined via the integration of p0 corresponding to
t0 = −T/4 along the transverse side walls (y1 and y2 in
Figure 2b) of the pontoon:

FFKx (t0) =

0∫
−D

Bp/2∫
−Bp/2

[p0 (y1)− p0 (y2)] dydz (29)

where p0 is per Equation (21). Evaluating the integrals
gives:

FFKx (t0) = ρgζFKxyγFKx (30)
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where:

ζFKxy =

{ sech(kh){sinh[k(D−h)]+sinh(kh)}
k ,Intermediate water

1−e−kD

k ,Deep water(kh ≫ 1)

(31)
and:

γFKx =
4 csc θ sBsC

k
(32)

with sB and sC given in Equation (28). The added mass
forcing amplitude arises from the integration of a0x (ori‑
ented towards the x direction) along the transverse side
walls at z = −D/2 below the waterplane to represent
the approximate centroid of the added mass in surge
shown in Figure 3. Mathematically, this is expressed as:

FAMx (t0) =
ρπD2

4

Bp/2∫
−Bp/2

[a0x (y1) + a0x (y2)] cosθdy

(33)
where a0x is per Equation (22). Evaluating the integral
gives:

FAMx (t0) =
ρπD2

4
ω2ζAMxyγAMxcosθ (34)

where:

ζAMxy =

{ cosh[k(h−D
2 )]

sinh(kh) , Intermediate water
e−

kD
2 ,Deep water(kh ≫ 1)

(35)

and:
γAMx =

4csc θ sBcC
k

(36)

with sB and cC given in Equation (28). The total forcing
amplitude in surge (F0x) can now be determined by sub‑
stituting Equations (30) and (34) into (17) thus giving
the RAO as:

RAOx =
x0

A
=

|FFKx (t0) + FAMx (t0)|
Mxω2

(37)

whereMx is given in Equation (16).

3.2. Sway Dynamics

The Froude‑Krylov amplitude in sway FFKy (t0)

can be determined via the integration of p0 correspond‑
ing to t0 = −T/4 along the longitudinal side walls (x1

and x2 in Figure 2b) of the pontoon:

FFKy (t0) =

0∫
−D

Cp/2∫
−Cp/2

[p0 (x1)− p0 (x2)] dxdz (38)

giving:
FFKy (t0) = ρgζFKxyγFKy (39)

where ζFKxy is per Equation (31) and:

γFKy =
4sec θ sBsC

k
(40)

with sB and sC given in Equation (28). The added mass
forcing amplitude FAMy (t0) arises from the integration
of a0x (oriented towards the y direction) along the longi‑
tudinal side walls at z = −D/2 below the waterplane to
represent the approximate centroid of the added mass
in sway shown in Figure 3:

FAMy (t0) =
ρπD2

4

Cp/2∫
−Cp/2

[a0x (x1) + a0x (x2)] sinθdx

(41)
Evaluating the integral gives:

FAMy (t0) =
ρπD2

4
ω2ζAMxyγAMysinθ (42)

where ζAMxy is per Equation (35) and:

γAMy =
4 sec θ cBsC

k
(43)

with cB and sC given in Equation (28). The total forcing
amplitude in sway (F0y) can now be determined by sub‑
stituting Equations (39) and (42) into (17) thus giving
the RAO as:

RAOy =
y0
A

=
|FFKy (t0) + FAMy (t0)|

Myω2
(44)

whereMy is given in Equation (16).

3.3. Heave Dynamics

The Froude‑Krylov amplitude in heaveFFKz (t0) is
determined via the integration of p0 corresponding to
t0 = 0 over the keel of the pontoon located at z = −D:

FFKz (t0) =

Bp/2∫
−Bp/2

Cp/2∫
−Cp/2

p0 (xθ) dxdy (45)

where xθ is given by Equation (26). Evaluating the inte‑
grals produces:

FFKz (t0) = ρgζFKzγz (46)
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with:

ζFKz =

{ cosh[k(h−D)]
cosh(kh) , Intermediate water
e−kD,Deep water(kh ≫ 1)

(47)

and:
γz =

4 csc θ sec θ sBsC
k2

(48)
with sB and sC given in Equation (28). The added mass
forcing amplitude FAMz (t0) arises from the integration
of a0z (vertical acceleration) over the keel of the pontoon
(z = −D) multiplied by the heave added mass (shown
in Figure 3) per unit area:

FAMz (t0) =
maz

BpCp

Bp/2∫
−Bp/2

Cp/2∫
−Cp/2

a0z (xθ) dxdy (49)

wheremaz denotes the total heave added mass given in
Equation (13). Evaluating the integrals results in:

FAMz (t0) = − maz

BpCp
ω2ζAMzγz (50)

with:

ζAMz =

{ sinh[k(h−D)]
sinh(kh) , Intermediate water
e−kD,Deep water (kh ≫ 1)

(51)

and γz given by Equation (48). The total forcing ampli‑
tude in heave (F0z) can now be determined by substi‑
tuting Equations (46) and (50) into (17) thus giving the
RAO as:

RAOz =
z0
A

=
Qz |FFKz (t0) + FAMz (t0)|

Kz
(52)

whereQz andKz are fromEquations (6) and (9), respec‑
tively.

3.4. Roll Dynamics

The Froude‑Krylov moment amplitude in roll
FFKθx (t0) is determined via the integration of p0 corre‑
sponding to t0 = −T/4 over the keel (z = −D) mul‑
tiplied by the y axis distance to the COR. This is com‑
bined with the integration of p0 along the longitudinal
side walls (x1 and x2 in Figure 2b) multiplied with the
z axis distance to the COR:

FFKθx (t0) =

Bp/2∫
−Bp/2

Cp/2∫
−Cp/2

p0 (xθ) ydxdy +

0∫
−D

Cp/2∫
−Cp/2

[p0 (x1)− p0 (x2)] (rθx − z) dxdz (53)

giving:
FFKθx (t0) = ρg (ζθxγFKy + ζFKzγFKθx) (54)

where:
ζθx =

sech (kh) {k (D + rθx) sinh [k (D − h)]− cosh [k (h−D)] + krθxsinh (kh)}+ 1

k2
(55)

for intermediate water or:

ζθx =
e−kD

[
ekD (krθx + 1)− k (D + rθx)− 1

]
k2

(56)

for deep water conditions (kh ≫ 1). γFKy and ζFKz are
given by Equations (40) and (47), respectively, and:

rθx =
−

KRy −D (57)

is the elevation of the COR in roll above the waterplane
with

−
KRy determined using Equation (12). Addition‑

ally:

γFKθx =
2sC csc θ secθ (BpkcB − 2sB csc θ)

k3
(58)

where sB , sC , and cB presented via Equation (28). The
added mass moment amplitude in roll stems from the
integration of the vertical acceleration (a0z) longitudi‑
nally along the keel (z = −D) at y = ±Bp/4 to coin‑
cide with the centroid of the semicircular prismatic vol‑
umes shown in Figure 3. This acceleration is multiplied
by the corresponding added mass (treated as a lumped
mass) and its y axis distance from the COR (Bp/4) in or‑
der to yield the added mass moment in roll. To account
for the addedmass along the longitudinal side walls, the
horizontal acceleration (aox) oriented towards the y di‑
rection is integrated along x1 and x2 (see Figure 2b) at
z = −D/2 and multiplied with the added mass and its
z axis distance to the COR to produced the roll added
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mass moment induced by ϐluid acceleration along the
side walls. Mathematically, the total added mass mo‑
ment in roll is expressed as:

FAMθx (t0) =
ρπB2

p

32

(
Bp

4

) Cp/2∫
−Cp/2[

a0z

(
xcosθ + Bp

4 sinθ
)
− a0z

(
xcosθ − Bp

4 sinθ
)]

dx

+ρπD2

8

(
D
2 + rθx

) Cp/2∫
−Cp/2

[a0x (x1) + a0x (x2)] sinθdx

(59)
Note that the ϐirst term on the right‑hand side

of Equation (59) reϐlects the moment produced by the
added mass on the keel and the second term accounts
for themoment resulting from the addedmass along the
longitudinal side walls. Evaluating (59) yields:

FAMθx (t0) =
ρπω2

8[
B2

p

4 ζAMzγAMθx +D2
(
D
2 + rθx

)
ζAMxyγAMysinθ

]
(60)

where rθx is from Equation (57). ζAMxy , ζAMz , and
γAMy are givenbyEquations (35), (51), and (43), respec‑

tively, and:

γAMθx =
BpsCsecθsin

(
Bpk
4 sinθ

)
k

(61)

with sC perEquation (28). The total forcing amplitude in
roll (F0θx) can now be determined by substituting Equa‑
tions (54) and (60) into (17) thus giving the RAO (in
rad/m) as:

RAOθx =
θx0
A

=
Qθx |FFKθx (t0) + FAMθx (t0)|

Kθx

(62)

where Qθx and Kθx are from Equations (6) and (9), re‑
spectively.

3.5. Pitch Dynamics

Similar to roll, the Froude‑Krylov moment ampli‑
tude in pitch FFKθy (t0) is:

FFKθy (t0) = −ρg
(
ζθyγFKx + ζFKzγFKθy

)
(63)

where:

ζθy =
sech (kh)

{
k
(
D + rθy

)
sinh [k (D − h)]− cosh [k (h−D)] + krθysinh (kh)

}
+ 1

k2
(64)

for intermediate water or:

ζθy =
e−kD

[
ekD

(
krθy + 1

)
− k

(
D + rθy

)
− 1
]

k2
(65)

for deep water conditions (kh ≫ 1). γFKx and ζFKz are
given by Equations (32) and (47), respectively, and:

rθy =
−

KRx −D (66)

is the elevation of the COR in pitch above the waterplane

with
−

KRx determined using Equation (12). Addition‑
ally:

γFKθy =
2sBcscθsecθ (CpkcC − 2sCsecθ)

k3
(67)

where sB , sC , and cC presented via Equation (28). Fol‑
lowing the same integral approach as described previ‑
ously for roll (not repeated for brevity), the total added
mass moment in pitch is expressed as:

FAMθy (t0) = −ρπω2

8

[
C2

p

4
ζAMzγAMθy +D2

(
D

2
+ rθy

)
ζAMxyγAMxcosθ

]
(68)

where rθy is from Equation (66). ζAMxy , ζAMz , and
γAMx are givenbyEquations (35), (51), and (36), respec‑
tively, and:

γAMθy =
CpsBcscθsin

(
Cpk
4 cosθ

)
k

(69)

with sB perEquation (28). The total forcing amplitude in

roll (F0θy ) can now be determined by substituting Equa‑
tions (63) and (68) into (17) thus giving the RAO (in
rad/m) as:

RAOθy =
θy0
A

=
Qθy

∣∣FFKθy (t0) + FAMθy (t0)
∣∣

Kθy

(70)

where Qθy and Kθy are from Equations (6) and (9), re‑
spectively.
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3.6. Yaw Dynamics

The Froude‑Krylov moment amplitude in yaw
FFKθZ arises from the integration of p0 around the
perimeter of the pontoon (x1, x2, x3, and x4) multiplied
by the perpendicular lever arm (x or y) to the z axis:

FFKθz (t0) =
0∫

−D

Cp/2∫
−Cp/2

[p0 (x1)− p0 (x2)]xdxdz

+
0∫

−D

Bp/2∫
−Bp/2

[p0 (y2)− p0 (y1)] ydydz

(71)
where the ϐirst and second terms on the right‑hand side
of Equation (71) represent the dynamic wave pressure
acting on the longitudinal and transverse side walls, re‑
spectively. Resolving the integrals yield:

FFKθz (t0) = ρgζFKxy (γFKx + γFKy) (72)

with ζFKxy , γFKx, and γFKy respectively given by Equa‑
tions (31), (32), and (40). Likewise, the yaw addedmass
moment amplitude results from the prismatic added
mass distribution shown in Figure 3 accelerated along
the perimeter of the pontoon (normal to the side walls)
multiplied by the perpendicular lever arm (x or y) to the
z axis:

FAMθz (t0) =
ρπD2

4

Cp/2∫
−Cp/2

[a0x (x1) + a0x (x2)]xsinθdx

−ρπD2

4

Bp/2∫
−Bp/2

[a0x (y1) + a0x (y2)] ycosθdy

(73)
Here, the ϐirst and second terms on the right‑hand

side represent the yaw moment induced by the added
mass on the longitudinal and transverse side walls, re‑
spectively. Evaluating Equation (73) at z = −D/2

yields:

FAMθz (t0) =
ρπD2

4
ω2ζAMxy (γAMxsinθ − γAMycosθ)

(74)
where ζAMxy , γAMx, and γAMy are given in Equations
(35), (36), and (43). The total forcing amplitude in yaw
(F0θz ) can nowbe determined by substituting Equations
(72) and (74) into (17) thus giving the RAO (in rad/m)
as:

RAOθz =
θz0
A

=
|FFKθz (t0) + FAMθz (t0)|

Mθzω
2

(75)

with the total yaw mass Mθz obtained from Equation
(16).

4. Summary of Calculation Proce‑
dure
The determination of RAOs pertaining to each DOF

R for a symmetrically loaded rectangular pontoon via
the analytical approach developed in this work is sum‑
marized in Figure 5. Relevant equations giving the dy‑
namic properties used in the calculations are listed inTa‑
ble 1. After identifying the structural and wave charac‑
teristics, dynamic properties independent of wave direc‑
tionality encompassing the waterplane stiffness (KR),
total hydrodynamic mass (MR), and the dynamic ampli‑
ϐication factor (QR) may be obtained (step 1 in Figure
5). Note thatKR and QR are only relevant for stiffness‑
dominated DOFs where R = {z, θx, θy}. Next, the total
forcing amplitude, comprising Froude‑Krylov (FFKR)
and added mass (FAMR) components, are computed
which are dependent upon the direction of wave prop‑
agation (θ) for each DOF R (step 2 in Figure 5). Due to
the double symmetry of the pontoon, the angle of wave
incidence need only be taken between 0° and 90°. How‑
ever, for purely longitudinal (θ = 0°) for transverse
(θ = 90°) waves, the closed‑form expressions presented
in Sections 3.1–3.6 may result in singularities. To mit‑
igate this phenomenon, the following adjustments are
adopted for the treatment of θ:

θ =


ϵ, θ = 0°

90°− ϵ, θ = 90°
θ, 0° < θ < 90°

(76)

where ϵ represents an arbitrarily small positive quantity
(e.g., ϵ = 10−6). After solving for the quantities listed
in steps 1 and 2, the RAO (as a function of the wave fre‑
quency ω or period T ) for each DOF R may be deter‑
mined using the equations appropriate for mass‑ (surge,
sway, and yaw) or stiffness‑ (heave, roll, and pitch) dom‑
inated DOFs as speciϐied in step 3 of Figure 5. Evidently,
the rigid body response of an MFS excited by regular
waves with amplitude A given by Equation (4) can be
directly inferred from the RAOs. Here, the response am‑
plitude R0 is simply the corresponding RAO multiplied
by the wave amplitude R0 = RAOR × A per Equation
(2). The RAOs determined in accordance with Figure 5
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Table 1. Summary of equations used to determine the RAO across all DOFs.

Dynamic Property Degree of freedomR =
x (Surge) y (Sway) z (Heave) θx (Roll) θy (Pitch) θz (Yaw)

KR ‑ ‑ Eq. (9) Eq. (9) Eq. (9) ‑
MR Eq. (16) Eq. (16) Eq. (16) Eq. (16) Eq. (16) Eq. (16)
QR ‑ ‑ Eq. (6) Eq. (6) Eq. (6) ‑
FFKR Eq. (30) Eq. (39) Eq. (46) Eq. (54) Eq. (63) Eq. (72)
FAMR Eq. (33) Eq. (42) Eq. (50) Eq. (60) Eq. (68) Eq. (74)
RAOR Eq. (37) Eq. (44) Eq. (52) Eq. (62) Eq. (70) Eq. (75)

may also be combined with various wave spectra (e.g.,
JONSWAP) to yield the dynamic response under irregu‑
lar waves [30, 31].

Figure 5. RAO calculation procedure for DOFs R =
{x, y, z, θx, θy, θz}.

5. Validation of Analytical Solu‑
tions
In order to validate the derivations presented in

this paper, the closed‑form expressions describing the
rigid body dynamics of anMFS about all six DOFs excited
by waves traveling along any arbitrary direction were
benchmarked against numerical simulations performed
using the commercial software ANSYS/AQWA. The val‑
idation was conducted across two different MFS proto‑
types documented in the literature. In addition, both
prototypes are assumed to exist in water h = 18 m deep
to reϐlect a typical site near Singapore as adopted by Ren
et al. [17]. A description of each MFS is subsequently pre‑
sented followed by comparisons of the RAO between an‑

alytical and numerical results.

5.1. Description of MFS Prototypes

The structural conϐiguration of MFS A (Figure 6a)
is based on a two‑story ϐloating house proposed byNaka‑
jima et al. [32]. The rectangular pontoon measures 6.2 m
in length, 5 m in width, and 1.5m in depth, and supports
a single rectangular house 4.5m (L) × 5m (W) × 3m (H).
The mass of the house and pontoon are 16500 kg and
7900 kg, respectively, thus giving a total MFSmass ofms

= 24400 kg. This confers a draft of D = 0.77 m, being
approximately 51% of the total pontoon depth. When
assuming that the building and pontoon masses are uni‑
formly distributed, the COG of theMFS lies 2.27m above
the keel (Table 2). The MFS mass moments of inertia in
roll (mθx), pitch (mθy ), and yaw (mθz ) were also calcu‑
lated based on the uniform distribution of the pontoon
and building masses and are summarized in Table 2.

The pontoon dimensions of MFS B (Figure 6b) are
based on the Pier 21 ϐloating restaurant (constructed in
1991) currently docked in Yokohama, Japan. According
to Watanabe et al. [10], the square pontoon exhibits di‑
mensions of 24 m (L) × 24 m (W) × 3.2 m (H). While the
mass is not known, a density of 170kgm‑3 is assumed for
the pontoon to match that of MFS A. Likewise, the build‑
ing is approximated as a cube with each side measuring
15 m and displaying an average density of 244 kgm‑3
based on MFS A. This resulted in pontoon and building
masses of 3.13 × 105 kg and 8.24 × 105 kg, respectively,
yielding a combined mass of ms = 1.14 × 106 kg. The
corresponding draft of D = 1.93 m is shown to be ap‑
proximately 60% of the pontoon depth. When assuming
that the pontoon and building masses are uniformly dis‑
tributed, a COG of 8.19 m above the keel is produced.
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Figure6. Photographic image and geometric properties of: (a)
MFS A; (b) MFS B prototypes adopted for the validation study.
All dimensions in meters.

5.2. Comparison with Potential Theory

The closed‑form RAO expressions derived in this
paper were subsequently evaluated against numerical
solutions incorporating hydrodynamic diffraction anal‑
ysis to ascertain their performance as a preliminary tool
for the prototyping of pontoon‑supported ϐloating struc‑
tures. The commercial BEM software ANSYS/AQWAwas
adopted to calculate the RAO across all six DOFs for the
two MFS designs detailed in Section 5.1. Based on po‑
tential ϐlow theory, AQWA has been widely used in the
naval and offshore industries for the modeling of pon‑
toon, semi‑submersible, and other marine vessels [33–35].
Five wave incidence angles of θ = 0°, 25°, 45°, 65°, and
90° were selected to cover a representative range of
wave directionswhile thewater depthwas kept constant
at h = 18 m for all cases. Wave periods between 5 and
20 s were considered which is consistent with Wang [23].
Note that the RAOs for surge (x) and sway (y) computed
viaANSYS/AQWAwere takenat the structure’s COG.This
contrasts with the analytical method where surge and
sway RAOs are calculated about the COR for surge/pitch
and sway/roll, respectively, which is located slightly be‑
low the COG (see Figure 2).

Figure 7 presents the comparison between ana‑
lytical (solid line) and numerical (discrete points) re‑
sults for MFS A (Figure 6a). It is seen that the closed‑
from RAO expressions were closely synchronized with
numerical predictions across all DOFs and wave direc‑
tions. For stiffness‑dominated motions (heave, roll, and
pitch), damping ratios of 0.1 were adopted to achieve
the most reliable comparison with numerical solutions
and are consistent with recommendations by Wang [24].

Yet, damping represents a highly nonlinear and complex
phenomenon that is also frequency dependent. In ad‑
dition to the pontoon’s geometry, the damping ratio is
inϐluenced by factors including skin friction, eddy shed‑
ding, wave parameters, lift effects, and the presence of
motion stabilizers such as bilge keels [36]. Nevertheless,
Figure 7 demonstrates that a constant damping ratio for
each stiffness‑dominated DOF can be utilized to effec‑
tively capture the damping associated with heave, roll,
and pitch motions for the MFS examined. In addition,
RAOs for surge and sway calculated at the COG (numer‑
ical) and COR (analytical) are also highly comparable.
This is due to their relatively close proximity with

−
KG,

−
KRx, and

−
KRy being 2.27 m, 1.96 m, and 1.90 m, re‑

spectively (Table 2). Note that discrepancies between
surge/sway RAOs calculated at the COG and COR are in‑
creased for wave periods yielding large pitch/roll RAOs.
This can be observed in Figure 7b for T = 6 s which co‑
incides with the roll natural period.

Figure 7. Comparison between closed‑form and numerical
RAOs forMFSA across: (a) Surge; (b) Sway; (c) Heave; (d) Roll;
(e) Pitch; (f) Yaw DOFs.

Figure 8 summarizes the comparison between an‑
alytical and numerical RAO solutions for MFS B (Figure
6b). Similar toMFSA, closed‑form andANSYS/AQWA re‑
sults are closely synchronized across all DOFs and wave
directions considered. Since the pontoon is square in
shape, only θ = 25° and 65° yield non‑zero RAOs for
yaw (Figure 8f), which are also identical due to symme‑
try. Likewise, the square pontoon translates to identical
heave RAOs over all wave directions. Furthermore, sway
and surgeRAOs computed about theCOGandCOR fornu‑
merical and analytical methods, respectively, are largely
consistent due to their close proximity (Table 2). While
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Table 2. Summary of structural properties corresponding to each MFS adopted for the validation study.

MFS Type Cp (m) Bp (m) ms (kg) mθx

(kgm2)
mθy

(kgm2)
mθz

(kgm2)

−
KG (m)

−
KRx

(m)

−
KRy

(m)

A 6.2 5 24400 91730 94050 103980 2.27 1.96 1.90
B 24 24 1.14 × 106 6.5 × 107 6.5 × 107 6.1 × 107 8.19 7.38 7.38

a damping ratio of 0.1was adopted for heave (ξz), it is ob‑
served that a damping ratio of 0.05 is more applicable to
roll (ξθx) and pitch (ξθy ) forMFSBbased on curve‑ϐitting.

Figure 8. Comparison between closed‑form and numerical
RAOs forMFSB across: (a) Surge; (b) Sway; (c) Heave; (d) Roll;
(e) Pitch; (f) Yaw DOFs.

6. Parametric Investigation
A parametric investigation was subsequently con‑

ducted to explore how different structural geometries
and angles of wave incidence inϐluence the accelerations
experienced by an MFS under realistic sea states given
by awave spectrum. Determining building accelerations
(both horizontal and vertical) is important as this in‑
forms the assessment of occupant comfort per guide‑
lines such as ISO 10137 [37]. The structure examinedwas
based on MFS B (Figure 6b) where its pontoon dimen‑
sions were kept constant (Cp = Bp = 24 m). The length
(Cb) and width (Bb) of the building were varied as a ra‑
tio of the pontoon’s length (Cp) and width (Bp) to cover
a range between 0.4 and 1.0. To ensure that the total
MFS mass (and hence its draft) remains unchanged, a
constant building volume of 3375 m3 (matching Figure
6b) was imposed. Hence, the lower limit for Bb/Bp

andCb/Cp of 0.4 was provided to avoid static instability
due to the structure becoming excessively tall. Figure 9
summarizes the building height (Db) as a function of its
Bb/Bp and Cb/Cp ratios.

Figure 9. Geometric description of MFS considered for the
parametric study with building height (Db) plotted as a func‑
tion ofBb/Bp and Cb/Cp.

6.1. RMS Acceleration Under Irregular
Waves

Irregularwaves corresponding to a 1‑year storm as
reported byRen et al. [14] with signiϐicantwave heightHs

= 1m and peak period Tp = 5 s (water depth 18m) were
selected as the excitation source. The wave spectral den‑
sity (SJ ) as a function of frequency (f) was determined
according to the JONSWAP spectrum [28] and plotted in
Figure 9:

SJ (f) = βJH
2
s

(
f4
p

f5

)
exp

[
−1.25

(
fp
f

)4
]
γ

exp

−
(

f
fp

−1

)2

2σ2
J


J

(77)
with the JONSWAP parameters being:

βJ = 0.0624[1.094−0.01915ln(γJ )]

0.230+0.0336γJ−0.185(1.9+γJ )
−1

σJ =

{
0.07, f ≤ fp

0.09, f > fp

γJ = 3.3

(78)

where fp = 1/Tp is the frequency of the spectral
peak. Using Equation (77) and the RAOs calculated from
Figure 5, the root mean square (RMS) acceleration at
the COR associated with each DOF R (GR) can be deter‑
mined via [30]:

GR =

√
N∑
i=1

SJ (fi) [ω2
i RAOR (fi)]

2
∆f

whereR = {x, y, z, θx, θy, θz}
(79)

This equation was solved by discretizing the wave
spectrum (Figure 9) into N = 200 uniform frequency
bands∆f wide, with fi denoting the frequency of band
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i and ωi = 2πfi. Since the maximum and minimum fre‑
quencies are selected to be 0.4 and 0.1 Hz, respectively,
∆f = (0.4 – 0.1)/200 = 0.0015 Hz. In this study, the hor‑
izontal and vertical RMS accelerations were computed
at the top corner of the building (shown in Figure 9) as
this represents the most critical location. Since horizon‑
talmotions are produced by surge (x), sway (y), roll (θx),
pitch (θy), and yaw (θz), the resultant RMS horizontal ac‑
celeration (Gh) can be obtained through mean square
addition of each individual component [38]:

Gh =
√
G2

x +G2
y +G2

θh
x
+G2

θh
y
+G2

θh
z

(80)

where:

Gθh
x
= Gθx

(
Db +Dp −

−
KRy

)
Gθh

y
= Gθy

(
Db +Dp −

−
KRx

)
Gθh

z
= Gθz

√(
Bb

2

)2
+
(
Cb

2

)2
(81)

denote the horizontal RMSacceleration producedby roll,
pitch, and yaw components, respectively, at the location
speciϐied in Figure 9. Likewise, the RMS vertical accel‑
eration (Gv) results from heave, roll, and pitch compo‑
nents:

Gv =
√

G2
z +G2

θv
x
+G2

θv
y

(82)

where:
Gθv

x
= Gθx

(
Bb

2

)
Gθv

y
= Gθy

(
Cb

2

) (83)

give the vertical RMS acceleration produced by roll and
pitch at the corner, respectively.

6.2. Parametric Results

Figure 10 presents the RMS horizontal (Gh) and
vertical (Gv) acceleration at the building’s upper corner
as a function of Bb/Bp and Cb/Cp across ϐive wave inci‑
dence angles of θ = 0°, 22.5°, 45°, 67.5°, and 90° taken
counterclockwise about the x axis (Figure 9). It is seen
that the largest RMS accelerations occur for orthogonal
wave directions (θ = 0° and 90°) while θ = 45° yields the
smallest. For both Gh and Gv , a slender superstructure
withBb/Bp =Cb/Cp = 0.4 (building heightDb = 36.6 m)
is observed to produce the lowest values. This seemingly
counterintuitive response is due to its roll and pitch nat‑
ural frequency of 0.09Hz (Figure 11) being signiϐicantly

lower than the frequency of the spectral peak fp = 0.2Hz,
thusminimizing the contribution of rotationalmotion to
Gh and Gv . On the contrary, Bb/Bp = Cb/Cp = 1.0 wit‑
nessed the largest Gv (Figure 10f,j) while Gh remains
relatively small. This response is explained by the loca‑
tion’s long horizontal lever‑arm from the COR in roll and
pitch exacerbated by their natural frequencies being in
close proximity to fp amplifying vertical motions. Like‑
wise, the much shorter vertical lever‑arm acts to mini‑
mize rotational contributions to horizontal motion. As
seen in Figure 10a,e, the greatest horizontal accelera‑
tions are produced when orthogonal waves excite the
structure perpendicular to the largest Bb/Bp or Cb/Cp

ratio of 1.0, while the other dimension is at its smallest
of 0.4. This effect is explained again via Figure 11which
implies signiϐicant rotational contributions to horizontal
motion due to the closeness of fnθx and fnθy (around
0.18 Hz) to the spectral peak. Ultimately, this paramet‑
ric study highlighted the intricate relationship between
a ϐloating structure’s natural frequency, wave spectra, di‑
rectionality, and superstructure geometry on its overall
dynamic response within a purely analytical framework.

Figure 10. RMS horizontal corner acceleration (Gh) for wave
incidence angles. (a) 0°; (b) 22.5°; (c) 45°; (d) 67.5°; (e) 90°.
RMS vertical corner acceleration (Gv) for wave incidence an‑
gles. (f) 0°; (g) 22.5°; (h) 45°; (i) 67.5°; (j) 90°.

Figure 11. Natural frequencies for: (a) Roll; (b) Pitch.

7. Conclusions
The adoption of modular ϐloating structures (MFS)

as a sustainable alternative to traditional methods of
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land reclamation has gained signiϐicant attention in re‑
cent years due to the increasing hazards posed by cli‑
mate change. As such, it is imperative that simpliϐied
methods of dynamic analyses are developed for the pro‑
totyping of potential structural designs as a precursor
to detailed numerical modeling. This paper proposed
closed‑form solutions describing the 3D rigid body re‑
sponse of anMFS across all six degrees of freedom (DOF)
excited by surface waves approaching from any arbi‑
trary direction within water of any depth. The expres‑
sions were derived based on a symmetrically loaded
rectangular pontoon interacting with linear waves as‑
suming frequency‑independent added mass and damp‑
ing. To evaluate its performance, the analytical approach
was implemented to predict the 6‑DOF response am‑
plitude operators (RAO) of two MFS prototypes, refer‑
enced as MFS A and B, respectively. RAO solutions
were subsequently benchmarked against numerical hy‑
drodynamic diffraction analysis performed using AN‑
SYS/AQWA across ϐive wave directions between 0° (lon‑
gitudinal) and 90° (transverse). The comparison con‑
ϐirmed that the closed‑form equations generally per‑
formed well across both MFS conϐigurations, ϐive angles
of wave incidence, six DOFs, and wave periods between
5 and 20 s. A parametric study revealed the contribution
of wave directionality and structural geometry to the dy‑
namic accelerations experienced by a ϐloating structure
excited by irregular waves. Additional conclusions from
this study are as follows:

Based on the MFS designs examined, damping ra‑
tios between0.05 and0.1 are recommended for roll (ξθx)
and pitch (ξθy ) DOFs while a ratio of ξθz = 0.1 may be
adopted to model the heave response.

The closed‑form solutions were highly synchro‑
nized with numerical results for mass‑dominated DOFs
(surge, sway, and yaw) across both MFS conϐigurations,
wave directions, and periods considered.

In general, the surge and sway response calculated
analytically about the center of rotation (COR) can re‑
liably approximate surge and sway motions about the
MFS center of gravity (COG). However, this approxima‑
tion should be usedwith caution if the distance between
the COR and COG is large or if large roll/pitch RAOs are
predicted.

For a superstructure supported by a square pon‑
toon, the largest horizontal and vertical RMS acceler‑
ations are triggered by orthogonal waves exhibiting a
spectral peak in close proximity to the roll/pitch natu‑
ral frequency, thus emphasizing their importance to the
overall dynamic response.

Ultimately, the closed‑form solutions introduced
in this paper serve as useful tools for architects and
structural engineers involved with the design of ϐloating
structures. It is hoped that this generalized framework
will encourage the exploration of novel and sustainable
ϐloating solutions to achieve more resilient and climate‑
adaptable future cities.
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