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Abstract

The offshore triceratops platform has emerged as a promising candidate for maritime launches due to its innovative and unique responsive
characteristics. Their form-dominant design facilitates dynamic equilibrium and effectively controls the impact of the deck’s rotational motion
during sea-borne launch. A parametric study examines how the shape of buoyant legs influences the dynamic response during rocket launches,
utilizing ANSYS AQWA for analysis. The study finds that elliptical legs with an eccentricity of 2 reduce deck responses. While the deck
rotation is driven by the quasi-static rocket thrust and the differential heave of the legs, the pitch response arises from the waves and is reduced
by using elliptical legs. Numerical studies conducted during rocket launches show an amplified deck response. The vertical force on the deck is
maximized during vertical launches and minimized during 30° launches. The pitch moment on the deck increases with launch eccentricity,

which is attributed to the cantilever effect of the launch platform.

Keywords Triceratops; Marine space launch; Elliptical legs; Oblique rocket launch; Dynamic analysis; Form dominant response control;

Compliant platform

1 Introduction

The major and traditional function of an offshore plat-
form has been oil and gas exploration and production (Li
and Hu, 2022). However, recent research has shifted focus
to leveraging marine conditions for sustainable and envi-
ronmentally friendly space launches. In addition to meet-
ing the required orbital inclination (Seumahu, 1997) with
minimal fuel consumption (Cashin, 2001), launching from
marine platforms also mitigates potential risks to populated
areas in case of launch mishaps. Consequently, the domain
of space launches has witnessed a shift from land-based to
marine launches. However, rockets launched from offshore
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platforms may potentially affect the structural integrity of
the platform due to the additional impact and heat effects.
Prolonged exposure to high-intensity fire could undermine
the load capacity of the platform. Geometrically dominant
designs, also called form-dominant, are highly effective in
counteracting the applied lateral loads (Shabanlou et al.,
2021; Chandrasekaran et al., 2021; Chandrasekaran, 2017).
Researchers and industry professionals have explored vari-
ous offshore structures for launch activities, leveraging their
distinct advantages. Fixed platforms provide stability and
cost-effectiveness in shallower waters (Ahmad, 2021b;
Amiri et al., 2021), while floating platforms, known for
their adaptability and versatility, are more suited for deeper
and remote offshore locations (Ahmad, 2021a). Compli-
ant platforms, such as tension leg platforms (TLPs), are
designed to be more flexible in response to external
loads compared to fixed offshore platforms (Chen and
Zhang, 2017; Johnson et al., 1993; Li and Kareem, 1992).
Notably, resonance in their flexible degrees of freedom is
unlikely due to their higher natural periods than the wave
period (Jain, 1997).

Offshore launch technology has advanced from the use
of fixed offshore platforms for marine launches (Caporale,
1968) to semi-submersible self-propelled platforms designed
for launching large rockets (Song et al., 2021; Draim, 1993).
Semi-submersibles offer a solution to the limitations of fixed
structures (Frieze et al., 1997) for launching large rockets
because they are self-propelled platforms deployable in
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deeper seas (Buhrig, 1996). These structures are preferred
among neutrally buoyant floating structures due to their
superior hydrodynamic characteristics (Fu et al., 2018).
Studies on drillships equipped with launch facilities con-
firm their adaptability for space research (Pang et al., 2023).
However, integrating the deck with the hull in a monolithic
manner means that the loads from rocket launches directly
affect the hull. Consequently, the hull must be specifically
designed to withstand these large loads, thereby increasing
construction and maintenance costs. Additionally, met-
ocean-induced loads on the hull are transferred to the
deck, potentially destabilizing the launch pad and compro-
mising the safe and reliable launch of rockets. Similar
challenges arise with structures such as spars and TLPs,
primarily due to the rigid connection between the hull and
the launch deck. Dynamic analyses conducted by research-
ers showcased the advantages of the form-dominant design
and its innovative positively buoyant “triceratops” (White
et al., 2005; Chandrasekaran and Madhuri, 2015). Chau-
han et al. demonstrated the superiority of the Triceratops
design over conventional spars in deep-ocean environ-
ments (Chauhan et al., 2024). The partial isolation of the
legs from the deck offers an advantage in exploring mari-
time-based rocket launches in deep-sea environments (Chan-
drasekaran and Nagavinothini, 2019; Lin et al., 1990). This
isolation helps improve the self-centering capability of the
system (Li et al., 2017). Recent studies have highlighted
the enhanced structural performance and response advan-
tages over conventional marine-launching structures (Ash-
ish et al., 2024). With the restrained transfer of responses
and impact forces from the deck to the buoyant legs, the par-
tially isolated compliant platform exhibited a stiff response
in the vertical plane, proving that Triceratops is a viable
candidate for sea-based rocket launches.

The rotational motion of the deck considerably affects
the effectiveness of sea-borne launches. Therefore, reduc-
ing the responses of the deck is crucial for ensuring the
suitability of the platform for launch operations. The designs
of stiffened triceratops help reduce deck motion in deep-
sea conditions by improving their recentering capabilities
(Chandrasekaran and Mayank, 2017). Nagavinothini and
Chandrasekaran (2020) investigated the impact of ellipti-
cal legs on the response of the triceratops platform. Mass
slider systems and tuned mass dampers effectively control
these responses (Zhang and Li, 2021). Motion instability
in floating structures is one of the main concerns, particu-
larly when assessing their performance during hurricane sea
states (Chandrasekaran et al., 2023; Chandrasekaran et al.,
2021). Offshore triceratops platforms operate in a dynamic
equilibrium state, increasing their susceptibility to instabil-
ity induced by eccentric and oblique launches from the
deck. The present study examines the response characteris-
tics and forces experienced by the structure during various
oblique and eccentrical vertical launches, alongside the
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structural response and force analysis of the elliptical leg
triceratops during rocket launch operations.

2 Numerical analysis
2.1 Rigid body dynamics

An offshore triceratops platform comprises buoyant col-
umns connected to the topside using ball and socket joints
(Figure 1). This platform restrains rotation but transfers
translational motion to the topside. The triceratops plat-
form features a triangular deck supported by three buoyant
legs. Considering its positive buoyancy, the platform is
highly stiff in roll, pitch, and heave motions but remains
flexible in sway, yaw, and surge motions. A rocket launch
from an offshore triceratops has 12 degrees of freedom:
three each for three legs and three for the topside. The
deck rotation is independent of the hull’s roll, pitch, and
yaw due to the ball and socket joints. The ball-and-socket
joint mechanism (Figure 2) plays a crucial role in limiting
excessive motion of the offshore platform, particularly dur-
ing dynamic loading conditions. By allowing independent
rotational motion while enabling shared translational
movement between the topside and the buoyant legs, the
ball joints reduce the transmission of moments that could
cause excessive topside motion.

All the salient features of the rocket launching structure
and the associated idealizations are elaborated by Ashish
et al. (2024), along with the mathematical formulation lead-
ing to the solution using the average acceleration method.
The platform is numerically designed based on the parame-
ters provided in Tables 1-4. The hydrostatic stability of the
resulting structure is confirmed by its metacentric height,
which is 51.38 m. As shown in Figure 1, an extended deck
has been chosen for conducting launching activities away
from the production activity zone, ensuring the safety and
integrity of the rocket launch mission.

The numerical model is created in ANSYS, as shown in
Figure 3. The legs are designed as line elements, whereas
the deck is modeled as a surface element. A rocket with a
thrust force of 2 500 kN and a base time of 0.8 s is launched
from the extended portion of the deck. Tethers, under high
axial pretension, connect the hull to the seabed. The high
axial stiffness of the tethers ensures rigid body motion in
the vertical plane. Triceratops are high-buoyancy struc-
tures; thus, tethers play a crucial role in making the tricer-
atops platform suitable for production and launch activi-
ties. Initially, a response analysis is conducted on a Tricer-
atops with circular legs. Subsequently, the leg eccentricity
is varied by using three types of elliptical legs: eccentricity,
e=1.5,e=2,and e = 2.5. The study defines leg eccentricity
as the ratio of the length of the major axis to the minor
axis. Hence, for circular legs, the ratio is unity. The dimen-
sions of the various leg types are shown in Figure 4.
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Figure 1 Conceptual model of rocket launching triceratops™ ™ platform (Patent No.: 202341060963)
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Figure 2 Conceptual model of ball and socket joint (Chandrasekaran
and Mayanak, 2016)

Table 1  Structural details of the deck with a rocket launcher (Ashish
etal., 2024)

Description Details
Material steel
Shape of deck triangular
Length of deck (m) 95
Depth of dec (m) 12
Area of deck (m?) 3933
Deck weight + payload (MN) 187.56
Center of mass about the x-axis, CM_ (m) 0
Center of mass about the y-axis, CM, (m) 0
Center of mass about the z-axis, CM_ (m) 26.24
Radius of gyration about the x-axis, K (m) 19.64
Radius of gyration about the y-axis, K, (m) 19.64
Radius of gyration about the z-axis, K, (m) 27.43
Weight of extended platform (MN) 0.98
Extended platform CM_ (m) -34.92
Extended platform CM, (m) 0
Extended platform CM_ (m) 31.24
Extended platform K (m) 4.86
Extended platform K (m) 4.86
Extended platform K, (m) 6.73

Table2 General structural details of buoyant leg (Ashish et al., 2024)

Description Details
Material steel
Shape of leg circular
Number of legs 3
Diameter of leg (Dy;, m) 15
c/c distance between legs (P,, m) 61.77
Length of the buoyant leg (L, m) 174.24
Freeboard (m) 20.24
Draft (d, m) 154
Meta-centric height (m) 51.38
Unit weight of steel (kg/m”) 7850
Weight of legs (MN) 75
Ballast weight (MN) 309
Buoyancy per leg (MN) 280.75
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Table 3 Center of mass and radius of gyration of specific buoyant
legs (Ashish et al., 2024) m

Description  CM_ CM, CM, K K K

XX vy 7z

Leg1 35.66 0 -67.88 51.54 5154 7.29
Leg2 -17.83 30.89 -67.88 51.54 51.54 729
Leg3 -17.83  -30.89 -67.88 51.54 5154 7.29

Table 4 Center of mass and radius of gyration of the ballast on
buoyant leg (Ashish et al., 2024) m

Description ~ CM, CM, CM, K, K, K,

Ballast 1 35.66 0 -144 155 155 0

Ballast2 -17.83  30.89 -144 155 155 0
0

Ballast3  -17.83 -30.89 -144 15.5 15.5

SC/IITM
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Figure 3 Numerical model of rocket launching triceratops™"

platform with extended launch platform and tether configurations
(Patent No.: 202341060963)

The force equilibrium of a three-legged rocket launch-
ing Triceratops (Figure 1) in the vertical plane is given by
(Ashish et al., 2024):

Fy=W+3(T,;)+ F¢) )

where £, is the buoyancy force, W is the sum of the weight
of the platform and the payload, 7 is the initial pretension
in the tethers, and F', is the thrust force from the rocket
launch. Notably, Triceratops is designed for a high degree
of positive buoyancy. The equation of motion is given as:

(M+M,)%+ Cx + Kx = F(t) )
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Figure 4 Cross-section of buoyant legs with (a) circular legs, (b) with

eccentricity, e = 1.5, (¢c) e = 2, and (d) e = 2.5 (Nagavinothini and
Chandrasekaran, 2020)

where M is the mass matrix, M, is the added mass matrix,
C is the damping matrix, and K is the stiffness matrix of
the offshore Triceratops. Furthermore, X, x, and x are the
acceleration, velocity, and displacement vectors of the plat-
form in all the degrees of freedom, respectively, while F (¢)
is the external exciting force. The mass of the platform is
the sum of the deck mass, buoyant legs, payload, and rocket
load. The added mass, attributed to variable submergence
caused by large displacements in flexible degrees of free-
dom, is considered separately. Chandrasekaran et al. (2013)
discussed the derivation of the mass, stiffness, damping,
and hydrodynamic coefficients from the rudimentary stage.
The exciting force acting on the platform is the sum of the
hydrodynamic, F,(¢), and the rocket launch force, R(¢).
The corresponding matrices are given as follows:

F(t)=F,(1)+R(1) ©)

The components of the equation of motion are response-
dependent, which is typical for offshore compliant struc-
tures and can be solved using the average acceleration
method (Newmark, 1959).

2.2 Hydrodynamic and rocket launch forces

Notably, the exciting force is a sum of the hydrodynamic
force, F (t) and the rocket launch force, R(¢), acting on
the platform. The hydrodynamic force analysis used linear
wave theory, assuming the fluid to be incompressible,
inviscid, and governed by irrotational flow. These assump-
tions are true for deep-water conditions where wave steep-
ness is small. The rocket launch is considered near the
Mediterranean Sea, an optimal equatorial launch site. The
JONSWAP spectrum generally performs well in the Medi-
terranean Sea, as well as along the coasts of Portugal and
Northern Spain, in the Baltic Sea, and around Iceland and
Western Ireland (Mazzaretto et al., 2022). Hence, the numer-

ical study is conducted based on the following met-ocean
conditions: the irregular wave follows the Joint North Sea
Wave Project (JONSWAP) spectrum, characterized by a
substantial wave height of 10 m and a peak period of 13 s.
The current velocity starts at 1.65 m/s at the ocean surface,
decreases linearly to 1.24 m/s at 34.65 m, and reaches 0 m/s
at 69.3 m (Chandrasekaran et al., 2023). Additionally, waves
and currents impact the structure at zero degrees, aligned
with the surge axis.

R () denotes the rocket launching forces, and their in-
fluence on the offshore triceratops can be represented in
matrix form as follows:

R(t)"={F,F.F,F\F,F,F,F,F,F,F,F,} (4)

where subscripts x, z, and ¢ represent the surge, heave, and
pitch degrees of freedom of the topside, respectively, while
1-3, 4-6, and 7-9 represent that of legs 1, 2, and 3, respec-
tively (Figure 1). Furthermore, the surge and heave forces
due to the rocket launch are distributed equally over the
buoyant legs. Therefore,

F,=F,=F,=FJ/3 5)
F,=F,=F,=F.]3 (6)

Due to the ball-and-socket joints, the rocket launch does
not generate any moment about the center of gravity of the
individual legs. Hence,

Fy,=Fs=Fy,=0 (7

The effect of the inclined rocket thrust forces on the deck
center of gravity is illustrated in Figure 5. Using basic
mechanics of structures and the force diagram, the remain-
ing force elements can be derived.

Direction
of launch

e

4

Tcost
Point of .~ h
launch

i N

id l Thrust
! Tsinf Force, T CG of'the
) Deck
X

Figure 5 Vector representation of thrust forces in relation to the
CG of the deck

Case 1: When the rocket is launched from an eccentricity
(e) from the center of gravity of the deck, with a launch
angle 0, where 0 < 0 < 90°,
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F_ = Tcosf ®)
F_= -Tsind S
F,=TcosOh — Tsinf e (10)

where 4 is half the deck height H, and T is the thrust force
of the rocket.

When 6= 6,, where tanf, = h/e = H/(2e¢), then the
thrust force line passes through the deck’s center of gravity,
resulting in zero deck pitch.

F, = TcosO,; F,= —Tsinf,; F,= 0 1y

z

When 0 = 90° (the vertical launch case),
F.=0,F =-T,F,= -Te (12)

Case 2: When the rocket is launched from an eccentricity
e from the center of deck gravity, with a launch angle 6,
where 90° < 6 < 180° such that the acute angle ¢ can be
represented as ¢ = 180° — 0, then

F_ = —Tcos¢ (13)
F_= —Tsing (14)
F,= —Tcosg h — Tsing e (15)

Case 3: When the launch eccentricity is zero (e = 0), and
the launch angle is 8, where 0 < 6 < 90°

F.=0;F,=-T;F,=Tcos0 h (16)
When 6 = 90°,
F.=0;F,=-T;F,=0 (17)

The present study conducts numerical analyses for 6 =
30°, 60°,90°, 120°, 150° and eccentricity e = 0, 10, 20, and
30 m, which are denoted as (A30, A60, A90, A120, A150)
and (EO, E10, E20, E30), respectively.

2.3 Quadra log response representation

The response outputs from the numerical analysis are
converted into quadra-log plots using Equations (18)—(21).
This method effectively portrays the dynamic response char-
acteristics by integrating displacement and its derivatives
on a logarithmic scale. Pseudo displacement and pseudo
acceleration are depicted along the inclined axes, while the
frequency ratio and velocity are represented along the hori-
zontal and vertical axes, respectively. This innovative
approach allows for diverse interpretations of the response
spectrum. While velocity is measured quantitatively, dis-
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placement and acceleration are represented qualitatively.
The following characteristic relationship allows for such
representation:

R,=fR, (18)

R, =R, = 'R, (19)
logR, = logB + logR,, (20)
logR, = 2logh + logR,, Q1)

where R, R,,, and R, are the displacement and its first- and
second-time derivatives of the structure at S, which is
defined as the ratio of the wave frequency to the struc-
ture’s natural frequency. Using the methodology outlined
by Ashish et al. (2024), the inclined axes are drawn to a
uniform scale (in this case, 3), while the vertical and hori-
zontal axes demonstrate a scale of 10. Following the proce-
dures outlined in the literature, quadra-log plots are gener-
ated for the vertical plane degrees of freedom, as well as
for sway and roll, for the deck and buoyant legs, allowing
for comparisons between the responses of all four leg
shapes. Logarithmic plots offer the advantage of facilitat-
ing accurate comparisons between remarkably large and
small values. A quadra-log plot, comprising quadri-points,
provides a comprehensive qualitative representation of the
dynamic equation of motion. The displacement—velocity—
acceleration plot method provides extensive insights into
the system’s behavior. The data obtained is utilized for struc-
tural response analysis, and the quadra-log plot provides
engineers with valuable insights into the contributions of
displacement and its derivatives at various frequency ratios.
For instance, if displacement is a key factor for a specific
degree of freedom within a certain frequency range, then
adjusting the system’s stiffness components can help reduce
the overall response. Similarly, if the velocity parameter is
dominant, then modifying the damping components can be
effective. Therefore, this comprehensive understanding of
the response characteristics allows for engineering adjust-
ments to damping, stiffness, and mass, optimizing the
response and performance of the elliptical legs rocket launch
triceratops under diverse wave conditions. Another advan-
tage of the quadra-logarithmic D—V—A plot lies in its capa-
bility to provide insights into the structure’s resonance
response and its impact on the inertial, damping, and restor-
ing force components.

2.4 Model validation

The developed model is validated by comparing the com-
puted natural periods of the platform’s degrees of freedom
with results from previous studies (Table 5). The observed
difference in the natural period for surge, compared to the
reference study, can be attributed to the inclusion of the
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additional mass from the extended rocket launch platform
and variations in the water depth considered in the analy-
sis. This validation step ensures the reliability of the numeri-
cal approach and confirms the suitability of the model for
evaluating the dynamic response of rocket-launching off-
shore platforms.

Table 5 Dynamic characteristics of the deck with the proposed
missile launcher

Time period (s)
Description Present study Reference study
(Chandrasekaran and Rao, 2019)
Surge 156.8 133.0
Heave 3.0 3.2
Pitch 3.0 3.1

3 Results and discussions

3.1 Response analysis of deck and elliptical
buoyant legs

Figure 6 and Table 6 illustrate the quadra-log deck
response spectrum, highlighting the influence of leg eccen-
tricity on surge, sway, heave, roll, and pitch responses.
The study reveals that elliptical legs with an eccentricity
of 2.5 exhibit the lowest surge response, while legs with
an eccentricity of 2 register the lowest sway, heave, roll,
and pitch responses. Wave impacts along the surge axis of
the legs are directly correlated with the cross-sectional area
normal to the surge axis, resulting in higher surge responses
for circular cross-sections (Figure 7 and Table 7). This trend
is also observed in the deck due to the rigid connection
between the topside and hull in translational degrees of free-
dom. The sway response peaks for legs with circular cross-
sections due to the creation of a substantial wake region.
As the eccentricity of elliptical legs increases, the wake
region size decreases; however, a competing trend emerges
where the sway wave impact increases with the cross-sec-
tional area normal to the sway axis. Consequently, legs with
an eccentricity of 2.5 have the largest sway cross-sectional
area, but they do not exhibit the highest sway response.
The optimal minimum sway response is observed in legs
with an eccentricity of 2, which balances these competing
trends. The heave response is influenced by the vertical
stiffness of the legs, which is related to the cross-sectional
arca of the legs. However, the response varies with leg
eccentricity when peak waves are incident, with the mini-
mum heave peak observed for legs with an eccentricity of 2.
Similar to the sway response, the maximum roll is recorded
for circular legs, attributed to the maximum wake region
produced by legs with an eccentricity of 1. However, the
magnitude of sway and roll responses is considerably lower
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Table 6 Comparison of the deck responses for various elliptical legs

Deck responses

Leg eccentricity

Surge Sway  Heave Roll Pitch
Circular (e=1) Max (1) Max(l) Max Max(l) 3
e=1.5 2 3 Max 3 2
e=2 3 Min (4) Min(4) Min(4) Min (4)
e=25 Min (4) 2 Max 2 Max (1)

than that of surge, heave, and pitch because the wave is
incident parallel to the surge axis. The pitch response of
the topside is maximized when the highest eccentricity is
used, while the minimum response is observed for legs
with an eccentricity of 2. The eccentric pitch moment
exerted on the extended topside platform is optimally
redistributed when e = 2 is used, resulting in the minimal
deck pitch response. The deck pitch is not influenced by
leg pitch due to the isolation provided by novel ball joints.
Instead, the deck pitch is caused by the rocket launch
thrust force and the uneven heave of the hull. Additionally,
the pitch response of the legs remains constant, regardless
of leg eccentricity. The independent nature of the leg and
deck pitch motions is further evidenced by the distinct fre-
quency bands of their responses. Deck pitch exhibits a sin-
gle peak within a narrow frequency band, whereas leg pitch
shows multiple peaks across a wide frequency band. While
the leg pitch is produced by the waves, the deck pitch
results from the rocket thrust and differential heave of the
legs. To ensure robustness during the rocket launch, mini-
mizing deck motion is critical. Legs with an eccentricity of
2 offer optimal performance by reducing sway, heave, and
pitch responses, thus providing a stable platform for launch
operations.

From the quadra-log plots for the flexible degree of free-
dom of the topside and hull, especially surge and sway,
small peaks are observed around the frequency ratio f = 1,
which corresponds to resonance. However, the major peak
lies outside the resonance zone, indicating that these
responses are primarily affected by non-resonance effects.
Specifically, these effects are wave-induced and occur
under peak wave conditions. This phenomenon is possible
because the natural periods of the flexible degrees of free-
dom are well outside the wave period zone. By contrast,
the stiff degrees of freedom, such as deck heave, roll, and
pitch, demonstrate considerable resonance response, as
evidenced by the major peak around £ = 1. This finding is
due to the overlap between wave frequency and the natural
structural frequencies for these degrees of freedom. Inter-
estingly, the buoyant leg pitch response shows a major
peak outside the resonance window, indicating that its char-
acteristics substantially vary from the deck pitch. While
the pitch of the legs is wave-induced, the deck pitch is
attributed to other factors, such as the differential heave of
the legs. Differential heave occurs when the heave motion
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Figure 7 Four-way logarithmic buoyant leg responses during rocket
launch for various elliptical legs
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Table 7 Comparison of the buoyant leg responses for various
elliptical legs

Buoyant leg responses

Leg eccentricity

Surge Sway Heave Roll Pitch
Circular (e=1) Max (1) Max (1) Max Max (1) Max
e=1.5 2 3 Max 3 Max
e=2 3 Min (4) Min(4) Min(4) Max
e=25 Min (4) 2 Max 2 Max

of three legs differs from each other. The eccentric rocket
launch also contributes to deck pitch, a motion that is not
transferred to the legs due to the ball and socket joints.

Analysis of the quadra-log plots for the flexible degrees
of freedom of the deck and buoyant legs—specifically surge
and sway—reveals small peaks around the frequency ratio
S = 1, corresponding to resonance. However, the primary
peak occurs outside the resonance zone, indicating that
these responses are mainly influenced by non-resonance
effects, particularly wave-induced forces during peak wave
conditions. This finding can be attributed to the fact that
the natural periods of these flexible degrees of freedom
fall well outside the wave period range. By contrast, the
stiff degrees of freedom, such as deck heave, roll, and
pitch, exhibit pronounced resonance responses, as indicated
by the major peak around £ = 1. This finding is due to the
overlap of wave frequencies with the natural structural fre-
quencies for these degrees of freedom. Notably, the buoy-
ant leg pitch response also shows a major peak outside the
resonance window, emphasizing its distinct characteristics
from the deck pitch. While the pitch response of the hull is
influenced by metocean-induced forces, the deck pitch
is affected by other factors, such as differential heave
between the legs. Differential heave occurs when the heave
motions of the three legs vary from one another. Addition-
ally, the eccentric rocket launch induces deck pitch, a
motion that is not transferred to the legs due to the ball
and socket joints.

3.2 Force analyses on deck and buoyant legs

Figures 8 and 9, along with Tables 8 and 9, present the
force power spectral density for the topside and hull of the
structure. The study reveals that while surge force remains
consistent across all buoyant leg configurations, the mini-
mum sway force and roll moment on the deck occur with
legs of eccentricity 2. The highest leg eccentricity results
in the lowest deck pitch moment, whereas the circular cross-
section exhibits the lowest deck heave force. Similarly,
for the buoyant legs, surge force and pitch moment are
consistent across all cases, with eccentricity 2 registering
the minimum sway force and roll moment. As with the
deck, the lowest heave force is observed for the circular
leg cross-section.
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Figure 8 Deck forces during rocket launch for various elliptical legs

The surge force on the deck reaches its maximum at the
peak wave frequency, while maximum sway occurs out-
side this zone, indicating that sway force is influenced by
the wake region, which is particularly prominent in circu-
lar cross-sections compared to highly eccentric ellipses.
The deck and leg pitch moments exhibit different charac-
teristics. The deck pitch moment peak is more than five
times smaller than the leg pitch moment. Additionally, the
deck pitch moment peak occurs outside the peak wave zone,
indicating it is due to rocket thrust force and differential
heave of the legs. By contrast, the peak leg pitch moment,
driven by wave impacts, occurs within the peak wave zone.
The clear interaction between leg heave and deck pitch is
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Figure 9 Buoyant leg forces during rocket launch for various
elliptical legs

Table 9 Comparison of the buoyant leg forces for various elliptical

legs
Buoyant leg forces

Leg eccentricity

Surge Sway Heave Roll Pitch
Circular (e=1) Max Max (1) Min Max (1) Max
e=15 Max 3 Min 3 Max
e=2 Max Min(4) Max(l) Min(4) Max
e=25 Max 2 Min 2 Max

moment spans a wide frequency band, while the deck pitch
moment is concentrated within a narrow band. This find-
ing illustrates that the deck pitch behaves as a quasi-static
process, while the leg pitch is dynamic. These results have
substantial engineering and scientific implications. To min-
imize the deck pitch moment, limiting the transfer of dif-
ferential heave forces to the deck is necessary.

3.3 Effect of rocket launch angle

The oblique launch analysis, which varied the rocket
launch angle from 30° to 150°, shows that the structure’s
displacement increases during the rocket launch. The para-
metric curves illustrate the time variation of relative dis-
placement for each degree of freedom. Relative displace-
ment is defined as the difference between the instanta-
neous structural displacements during the rocket launch
and those observed under non-launch conditions. The numer-
ical simulation of the launch occurs at ¢ = 200 s; hence, rel-
ative displacement becomes apparent only after this time.
These curves generally highlight the impact of the marine
launch on the structural response. The results, detailed in
Tables 10—13, reveal an oscillatory behavior in the relative
displacements, indicating that the seaborne launch does
not substantially affect the mean response. This finding is
further confirmed by the data, revealing that the mean rela-
tive response remains well below 1% of the total response.
The minimal change in the mean response after the launch
indicates that the platform retains its capability to re-center
itself.

Table 10 Statistics of the deck response without launch

Table8 Comparison of the deck forces for various elliptical legs Statistics Surge (m) Heave (m) Pitch (°)
Deck forces Max 24.63 0 0.18
Leg eccentricity .
Surge  Sway Heave Roll Pitch Min 0 -0.29 -0.18
Circular e=1) Max Max (1) Min(4) Max (1) 3 Mean 17.35 =0.09 =0.01
e=15 Max 3 2 2 2 SD 2.0 0.03 0.06
e=2 Max  Min (@) Max (1) Min(4) Max (1) The relative deck surge response amplitude was —0.23%
e=25 Max 2 3 3 Min (4) and 0.22% for A30 and A150, respectively, and negligible

evident from the striking similarity observed in their respec-
tive force and moment spectra. Furthermore, the leg pitch

@ Springer

at —0.01% for A90. This finding demonstrates that the ver-
tical launch has the least effect on the surge response of

the Triceratops, while oblique launches induce a slight
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Table 11  Statistics of the change in deck response for various launch Table 13  Statistics of the change in buoyant leg response for
angles (as the % of response without launch) various launch angles (as the % of response without launch)
Types of launch ~ Statistics ~ Surge (m) Heave (m) Pitch (°) Types of Launch  Statistics ~ Surge (m) Heave (m) Pitch (°)
Max 1.49 - 8.27 Max 1.41 - 1.34
Min - 3.14 7.98 Min - 2.71 3.29
A30 A30
Mean -0.23 -0.33 -0.07 Mean -0.22 -0.17 -0.30
SD 6.06 5.79 3.35 SD 6.48 4.86 1.59
Max 0.99 - 9.73 Max 0.96 - 0.83
Min - 3.61 9.91 Min - 5.62 1.97
A60 A60
Mean -0.14 -0.21 -0.29 Mean -0.13 -0.10 -0.18
SD 3.59 7.04 7.49 SD 3.85 7.35 0.95
Max 0.24 - 13.81 Max 0.27 - 0.14
Min - 3.30 13.75 Min - 7.65 0.30
A90 A90
Mean -0.01 -0.03 -0.45 Mean -0.01 0.00 -0.01
SD 0.56 7.29 10.36 SD 0.60 9.20 0.19
Max 2.07 - 16.16 Max 2.14 - 0.95
Min - 3.62 15.86 Min - 8.29 1.44
A120 A120
Mean 0.13 0.17 -0.47 Mean 0.12 0.11 0.16
SD 3.37 7.00 10.85 SD 3.60 9.54 0.95
Max 3.65 - 15.92 Max 3.77 - 1.57
Min - 3.62 15.55 Min - 8.54 2.47
A150 A150
Mean 0.22 0.17 -0.38 Mean 0.21 0.18 0.29
SD 5.95 7.01 10.54 SD 6.36 9.09 1.57
Table 12 Statistics of the buoyant leg (BL) response 2
=
Statistics Surge (m) Heave (m) Pitch (°) § 1.0
(O ° — — —
Max 2139 0 287 E’Dg s A30 —A60 —A90 A120 A150
Min 0 -031 -1.42 55 0
<
Mean 16.04 -0.16 0.50 Hoy 05
% ~1.0 | L L L L L ! L ,
SD 2.51 0.05 049 5 200 400 600 800 1000 1200 1400 1600 1800 2000
O

deviation in the mean surge response. The relative deck
heave response amplitude is —0.33% and 0.17% for A30
and A 150, respectively, and negligible at —0.03% for A90.
Paradoxically, the vertical launch, which exerts the largest
downward thrust, demonstrates the smallest change in the
heave mean. This finding primarily indicates that the heave
is not directly caused by the vertical thrust force but rather
by the motion of the topside along the x-axis. Hence, a
surge—heave coupling effect exists for the Triceratops deck,
as evidenced by the similar behavior in the surge and heave
relative mean values. Second, this finding affirms the verti-
cal stiffness of the structure, which resists the vertical thrust
applied to the deck. The relative deck pitch response ampli-
tude is —0.07% and -0.38% for A30 and A150, respec-
tively, and —0.45% for A90. The negative sign indicates
that the rotation is anti-clockwise. The highest relative mean
occurs for the vertical launch (A90) due to the largest thrust-
lever arm effect. Furthermore, the maximum and mini-
mum relative values for heave and pitch are the lowest
when the rockets are launched at 30° (Figure 10).
Regarding the leg displacements, the relative surge
amplitude is —0.22%, 0.21%, and -0.01% for A30, A150,
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g
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2 Gag
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Change in pitch response

Figure 10 Variation in relative deck responses for various launch
angles

and A90, respectively. The relative heave amplitude is
—=0.17% and 0.18% for A30 and A150, respectively, and
negligible for A90 (Figure 11). The exact similarity in
deck surge and heave behavior is due to the translationally
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rigid connection between the topside and the hull. The rela-
tive pitch amplitude is —0.30% and 0.29% for A30 and
A150, respectively, and —0.01% for A90. The distinct pitch
motion response of the Triceratops is marked by differences
between the behavior of the buoyant legs and the deck.
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Figure 11  Variation in relative buoyant leg (BL) responses for

various launch angles

Additionally, the absolute pitch motion of the legs is
substantially larger than that of the deck. While the waves
exert moments on the legs, causing them to pitch, this
motion is not transferred to the deck, resulting in a low
pitch motion. Therefore, although the percentage change
in pitch motion caused by the launch is similar for the
deck and the legs, the absolute magnitude of pitch motion
is considerably larger for the legs due to their initially
higher wave-induced pitch response.

3.4 Impact of oblique launch

The oblique launch notably amplifies the forces exerted
on the deck in the heave and pitch (Figure 12 and Tables 14—
15); however, the extent of this increase varies with each
launch angle. For the case A150, the heave force and pitch
moment on the deck exhibit low peak values. The graphs
show that the launch forces cause an oscillatory pattern in
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Figure 12  Variation in relative deck forces for various launch
angles

Table 14 Statistics of the deck force without launch

Statistics Surge (MN) Heave (MN) Pitch (MN-m)
Max 37.33 4.51 71.77
Min -25.00 -4.36 =73.00
Mean -0.01 0.00 -0.01
SD 7.01 2.08 26.16

the force—time history. Similar to the responses, these forces
persist over an extended period, making fatigue analysis a
crucial aspect during the design phase of the Triceratops.

The relative deck surge force mean for A30—A150 is less
than 1%. The relative deck heave force for A30, A60, A90,
A120, and A150 is —0.22%, —1.74%, —2.79%, - 1.96%,
and - 1.49%, respectively. This finding indicates that the
highest variation occurs during the vertical launch, while
the lowest variation is observed for A30. Concerning the
pitch, the highest value is recorded for A60 at 2.95%,
while the lowest occurs for A90 at 0.95%.

The wave-induced moments on the legs average 11 MN m,
with a maximum of 1 790 MN m, while the corresponding
values for the deck are 0.01 and 72 MN m (Figure 13 and
Tables 16—17). This beneficial outcome is attributed to the
innovative joint design of the ball and socket joint, which
prevents the transmission of moments and rotations from
the legs to the deck. From a structural engineering perspec-
tive, this outcome is advantageous because offshore plat-
forms are designed based on strength criteria.
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Table 15 Statistics of the change in deck force for various launch Table 16 Statistics of the buoyant leg force
angles (as the % of forces without launch) — -
Statistics Surge (MN) Heave (MN) Pitch (MN-m)
Types of Statistics Surge Heave Pitch Max 18.45 1790.00
Launch (MN) (MN) (MN-m) Min -23.00 ~1600.00
Max 2.23 9.86 9.16 Mean -0.09 -11.00
Min 3.60 10.15 11.01 SD 4.81 376.00
A30
Mean —0.15 —0.22 1.18 Table 17 Statistics of the change in buoyant leg force for various
SD 1.27 5.40 3.50 launch angles (as the % of forces without launch)
Max 1.29 12.70 12.00 Types of Statistics Surge Heave Pitch
60 Min 2.09 12.98 17.80 Launch (MN) (MN) (MN-m)
Mean 022 _174 2.95 Max 2.52 8.97 2.20
Min 1.97 9.09 2.87
SD 0.79 7.93 8.41 A30
Mean -0.01 0.03 -0.01
Max 0.43 13.51 17.18 SD 0.88 4.48 1.15
A90 Min 0.56 17.02 20.54 Max 1.47 14.07 1.28
Mean -0.18 -2.79 0.95 A60 Min 1.15 14.16 1.68
Max 1.38 10.98 19.44 SD 0.55 8.04 0.73
) Max 0.36 18.38 0.46
A120 Min 1.86 18.36 19.17 Min 031 18.51 0.40
Mean -0.08 -1.96 1.16 A% Mean -0.01 -0.05 -0.02
SD 0.81 8.03 12.18 SD 0.22 10.40 0.31
Max 2.44 8.70 18.81 Max 1.37 18.87 1.48
Min 3.29 14.83 19.17 A120 Min 115 18.82 1.37
A150 M 0.01 149 1.90 Mean -0.01 -0.02 -0.01
. ' ' ' SD 0.52 10.68 0.69
SD 131 576 173 Max 241 17.45 2.62
Min 2.02 17.74 2.43
3 A150
g 0.6 Mean -0.00 0.01 -0.01
gbé\ 8‘2‘ —A30 —A60 — A90 Al120 — A150 SD 0.87 9.93 1.14
a 7 0
’_] . o
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Figure 13 Variation in relative leg forces for various launch angles

effect of the launch eccentricity on the response of the
Triceratops. Four cases are investigated, with eccentrici-
ties of 0, 10, 20, and 30 m, denoted as EO, E10, E20, and
E30, respectively. A negligible change in the pitch response
is observed when the vertical launch is conducted directly
above the center of gravity of the deck. However, for E10,
E20, and E30, the pitch response consistently increases to
0.14%, 0.29%, and 0.45% (Figure 14 and Table 18). This
finding demonstrates that the cantilever effect of the eccen-
trical launch increasingly impacts the topside response
about the sway axis. As expected, the buoyant leg pitch
exhibits a minimal change of 0.01%, remaining constant
across all four cases (Figure 15 and Table 19). As discussed
in Section 3.1, this phenomenon is due to the novel con-
nection that integrates the deck with the hull. The deck
and buoyant leg surge remain constant throughout the vari-
ous eccentric launch cases, which is intuitive because the
launch is vertical and does not exert any horizontal force
component on the structure. Furthermore, while the pitch
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moment on the deck increases with eccentricity, the deck
surge force remains constant throughout the present para-
metric study (Figure 16). Concerning the force on the buoy-
ant leg, the lowest surge, heave, and pitch forces occur
during the zero eccentricity launch (Figure 17).
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Figure 14 Variation in relative deck responses for various launch Types of launch _ Statistics  Surge (m)  Heave (m) _Pitch (°)
eccentricities Max 0.24 _ 0.11
Table 18 Statistics of the change in deck response for various EO Min - 2.86 0.15
launch eccentricities (as the % of response without launch) Mean ~0.01 ~0.02 ~0.01
Types of Launch Statistics  Surge (m) Heave (m)  Pitch (°) SD 0.59 508 0.12
Max 0.23 - 1.48
. Max 0.25 - 0.11
0 Min - 3.02 1.51
Mean -0.01 -0.03 0.00 El0 Min - 4.06 0.15
SD 0.55 7.07 1.51 Mean -0.01 -0.01 -0.01
Max 0.23 - 4.50 SD 0.59 5.51 0.12
10 Min - 3.03 4.49
Mean  —0.01 -0.03 -0.14 Max 0.27 - 0.13
SD 0.55 7.13 3.19 Min - 5.99 0.21
E20
Max 0.25 - 9.36 Mean -0.01 -001  -001
£20 Min - 3.26 9.28
Mean ~001 ~0.03 029 SD 0.61 7.01 0.15
SD 0.57 7.42 6.39 Max 0.27 - 0.14
Max 0.24 - 13.81 Min _ 7.65 0.30
Min - 3.30 13.75 E30
E30 Mean -0.01 0.0 -0.01
Mean -0.01 -0.03 -0.45
SD 0.55 7.29 10.36 SD 0.60 9.20 0.19
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Figure 17 Variation in relative leg forces for various launch
eccentricities

4 Conclusions

This study investigates the impact of using elliptical legs
on the response and force characteristics of the rocket-
launching Triceratops. In addition to standard circular legs,
three distinct elliptical configurations are numerically ana-
lyzed. The study also explores how the launch angle and
eccentricity influence the response characteristics of the
deep-sea Triceratops. Dynamic analyses are performed with
and without the rocket, considering various launch angles
and eccentricities. Based on these analyses, the following
conclusions are derived:

1) Circular legs experience maximum wave exposure in
the surge direction, resulting in the highest surge response.
They also register the highest sway due to the formation of
a wake region. However, this phenomenon is counteracted
by the wave impact on the sway axis, which is greatest for
legs with the highest eccentricity. The optimal sway response
is observed with legs having an eccentricity of 2.

2) The Triceratops with elliptical legs experienced less
motion in surge, sway, heave, and roll of the deck. This
finding is due to the innovative joint that integrates the
hull with the topside, preventing the rotation from being
transferred from the legs to the deck. The deck’s pitch is
primarily due to the uneven heave of the hull, which results
from the dynamic variations in tether tension. Therefore,
the pitch motion of the deck and legs is governed by differ-
ent factors. From an engineering standpoint, controlling
deck pitch is achieved by minimizing the differential
heave of the legs.

3) The vertical launch has the least effect on the surge
response of the Triceratops, showcasing the high vertical
stiffness of the platform. The relative structural response
amplifies when the rocket is launched, regardless of the
launch angle or eccentricity. The vertical force exerted on
the deck is at its maximum during a vertical launch and at
its minimum when launched at 30°. The pitch moment on
the deck increases with launch eccentricity, which is attrib-
uted to the cantilever action of the launch platform.

4) The wave-induced moment on the buoyant legs is
substantially higher than that on the deck. However, the
latter is more influenced by the moment induced by the
rocket launch.

The study indicates that the pitch motion of the deck
during the launch is most effectively controlled by employ-
ing elliptical legs with an eccentricity of 2. One of the pri-
mary limitations of the study lies in its focus on surge,
sway, heave, roll, and pitch responses without considering
the torsion, structural vibrations, and resonance effects of
local structural elements that could influence the overall
stability. Additionally, the effect of multidirectional waves,
currents, and winds are excluded, which simplifies the
model and may not fully capture real-world sea-state inter-
actions. However, the impact of the rocket launch is com-
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prehensively examined. The study also excludes the impact
of heat generated during the rocket launch on the plat-
form’s mechanical properties, disregarding potential degra-
dation in strength, stiffness, or elastic modulus due to ther-
mal exposure. Furthermore, this study considered leg eccen-
tricities of 1.0, 1.5, 2.0, and 2.5, with an eccentricity of 2.0
yielding the best overall performance in terms of motion
response. However, the optimal eccentricity may vary
depending on changes in hydrodynamic loads, tether forces,
and platform mass distribution. The actual optimal leg
eccentricity may not necessarily be 2. Future work should
extend this analysis using optimization techniques and
numerical methods to comprehensively assess the impact
of leg eccentricity on platform behavior. Additionally,
advanced optimization techniques should be developed and
implemented to systematically refine design parameters
and minimize leg heave differences, further enhancing the
reduction of deck pitch response under dynamic loading
conditions. The above limitations also emphasize the poten-
tial areas for future research, with the present study serv-
ing as a base reference.
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