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a b s t r a c t

A new hang-off system has been proposed to improve the security of risers in hang-off modes during
typhoons. However, efficient anti-typhoon evacuation strategies have not been investigated. Optimiza-
tion model and method for the anti-typhoon evacuation strategies should be researched. Therefore,
multi-objective functions are proposed based on operation time, evacuation speed stability, and steering
stability. An evacuation path model and a dynamic model of risers with the new hang-off system are
developed for design variables and constraints. A multi-objective optimization model with high-
dimensional variables and complex constraints is established. Finally, a three-stage optimization
method based on genetic algorithm, least square method, and the penalty function method is proposed
to solve the multi-objective optimization model. Optimization results show that the operation time can
be reduced through operation parameter optimization, especially evacuation heading optimization. The
optimal anti-typhoon strategy is evacuation with all risers suspended along a variable path when the
direction angle is large, while evacuation with all risers suspended along a straight path at another di-
rection angle. Besides, the influencing factors on anti-typhoon evacuation strategies indicate that the
proposed optimization model and method have strong applicability to working conditions and
remarkable optimization effects.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Deepwater drilling risers are essential equipment that connect
subsea wellheads and drilling platforms in offshore oil exploration
(Bayik et al., 2020; Nguyen and Al-Safran, 2021; Liu et al., 2022b).
The safety of risers is seriously threatened by harsh typhoon con-
ditions in the deep sea, especially in the South China Sea where
over six typhoons occur each year (Xu et al., 2015; Fan et al., 2017;
Yang et al., 2023). To ensure riser safety, connected risers in normal
conditions should disconnect from the subsea wellhead under
typhoon conditions, thereby forming a recyclable hang-off state
(Zhang et al., 2023). Generally, the anti-typhoon evacuation strat-
egy with all risers recovered is implemented. However, risers may
not recover during emergency conditions due to inaccurate
typhoon forecasts and time delays caused by other operations.
y Elsevier B.V. on behalf of KeAi Co
Evacuation with the risers in hang-off modes becomes an essential
anti-typhoon strategy that is prone to riser failure accidents
(Saruhashi et al., 2014; Liu et al., 2017; Wang et al., 2023b). The
D534 drilling vessel was affected by Typhoon Prapiroon during a
drilling operation in the South China Sea, resulting in a riser frac-
ture accident (Fig. 1(a)). China’s offshore oil platform 981 was hit by
Typhoon Vicente, causing a collision accident of buoyancy modules
(Fig. 1(b)). Furthermore, failure accidents have caused enormous
economic losses. Therefore, a safe strategy for evacuation with the
risers in hang-off modes must be studied.

The hang-off modes of risers during evacuation can be divided
into hard and soft hang-off modes (Liu et al., 2020; Wang et al.,
2021). Risers in the soft and hard hang-off modes are hung on
the drilling platform via tensioners and directly on the drilling
platform, respectively. Some scholars have studied the anti-
typhoon strategies based on the two hang-off modes, including
the selection method of the hang-off modes, operation window,
and optimum evacuation parameters (Ju et al., 2012; Mao et al.,
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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(a) Riser fracture (b) Buoyancy modules breaking into collapse

Fig. 1. Failure accidents of risers during typhoon conditions in the South China Sea.
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Fig. 2. Deepwater drilling riser in NHHM.
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2019; Liu et al., 2022a). The existing research shows that the opti-
mum evacuation parameters, namely, the suspension length of
risers, platform evacuation speeds, and platform evacuation
heading, are essential for improving the safety of risers (Chen et al.,
2012; Qi et al., 2015; Song et al., 2019; Yang and Xiao, 2021).
Evacuation with risers in the hard hang-off mode is more
dangerous than that in the soft hang-off mode due to the stress
concentration of risers (Ambrose et al., 2001; Sun et al., 2009; Xu
et al., 2015). Risers in the soft hang-off mode are not adopted in
actual anti-typhoon operations for the complex operation proced-
ure and the tensioner stroke limit. A fast and safe riser hang-off
mode and suspension equipment must be studied. A safe hang-
off mode and suspension equipment with fast response capability
must be developed urgently. Therefore, Sheng et al., (2019) pro-
posed a new riser hang-off systemwith a hang-off joint, centralizer,
articulation joint, and supporting device to form a new hard hang-
off mode (Fig. 2). The top part of the hang-off joint is hung on a
gimbal spider through a supporting device, and the bottom part is
connected to risers via the articulation joint. The drilling riser
system is composed of a lower flex joint, a series of riser joints, and
a lower marine riser package (LMRP) suspended at the bottom of
the risers (Liu et al., 2021b). Theoretical research and sea trial
testing show that the new riser hang-off system can reduce stress
concentration at the top of risers and simplify operational pro-
cesses (Liu et al., 2021a; Xu et al., 2022; Wang, 2023). However, an
efficient and safe method for the utilization of the new hard hang-
off mode under typhoon conditions has not been proposed.

The optimal anti-typhoon evacuation strategies for risers in
NHHM can be obtained through optimization. It is a typical opti-
mization problemwithin the domain of offshore oil and gas drilling
and completion equipment and operational techniques, while
having not been conducted. Some scholars have conducted opti-
mization research on similar problems. Liu et al. (2019) introduced
a modified Genetic Algorithm (mGA) tailored for optimizing the
configuration of suppression devices in risers. Elsas et al. (2021)
developed a Bayesian optimization algorithm, specifically aimed
at optimizing steel risers’ configuration. Wang et al. (2016) and
Adamiec-Wojcik et al. (2023) studied movement optimization
method of deepwater risers in the reentry operation. Yang and Xiao
(2021) researched an optimization method for the multi-objective
optimization of riser operability based on the non-dominated
Sorting Genetic Algorithm II (NSGA-II). Most recently, Yang C.
et al. (2023) and Yang J. et al. (2023) applied the Global Conver-
gent Method of Moving Asymptotes (GCMMA) for optimization of
riser anti-recoil. Among the myriad of optimization techniques,
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evolutionary algorithms, such as the Genetic Algorithm (GA), Dif-
ferential Evolution (DE), and Cooperative Co-evolutionary Algo-
rithm (CCEA), have garnered widespread application. This is
attributed to their distinct advantages, including robust global
search capabilities and exceptional adaptability (Liu et al., 2018;
Wang et al., 2023a). Therefore, evolutionary algorithms can be used
to optimize anti-typhoon evacuation strategies for risers in NHHM.

The framework of this paper is organized as follows. Section 2
shows a multi-objective optimization model. Section 3 describes
a multi-stage optimization method. Section 4 introduces the case
study. Section 5 provides the conclusions.
2. Multi-objective optimization model

Fig. 3 shows the anti-typhoon evacuation operations, which
includes equipment recovery/installation and evacuation for anti-
typhoon. First, a portion of the risers is recovered, and the new
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Fig. 3. Anti-typhoon evacuation operations.
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hang-off system is installed. Second, the platform evacuates with
an evacuation path from the initial to the target positionwith risers
in NHHM. Risers in NHHM vibrates under platform motion and
environmental excitation during evacuation. Some operation time
is consumed in anti-typhoon evacuation operations, and the
operation time is a key indicator for evaluating the effectiveness of
the anti-typhoon strategy. The evacuation speed and steering sta-
bility of the platform affect the riding comfort of personnel and
safety of the riser. Therefore, they are selected as other evaluation
indicators.

Anti-typhoon evacuation strategy optimization aims to deter-
mine the minimum operation time and the maximum speed and
steering stability of the platform. The speed and steering stability
can be characterized by the change rate of speed and steering, that
is, when the minimum value is optimal. Therefore, the multi-
objective optimization model can be expressed as follows (Liu
et al., 2019; Monteiro et al., 2021):

opt min½ fhðXÞ; ftuðXÞ; fveðXÞ�

s:t:

8<
:

hðXÞ ¼ 0

gðXÞ � 0

(1)

where fh, ftu, and fve are objective functions combining the opera-
tion time, steering stability, and speed stability, respectively; h and
g are the equality and inequality constraints, respectively; and X
represents multiple design variables. The objective functions and
constraints are listed in Sections 2.1 and 2.2, respectively.
Fig. 4. Evacuation path model.
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2.1. Objective functions

An evacuation path model for the drilling platform is proposed
to define the steering stability. The speed stability and operation
time can be characterized based on the evacuation path model.
2.1.1. Steering stability
The evacuation path is divided into several segments, as shown

in Fig. 4. Several coordinate positions of key points that correspond
to the segments are defined to build the whole evacuation path.

The platform heading is assumed to be the same as the direction
of the evacuation path. The coordinate positions of the initial and
target positions are PI(0,0) and PT(Sx, Sy), respectively. The coordi-
nate of any coordinate position Pj(Sx,j, Sy,j) can be written as:

8>>>><
>>>>:

Sx;j ¼
Xj�1

i¼1

xi ¼
Xj�1

i¼1

si,cos qi

Sy;j ¼
Xj�1

i¼1

yi ¼
Xj�1

i¼1

si,sin qi

(2)

where j ¼ 2,…,nþ1. The straight line PIPT is equally divided into n
segments, and the length of evacuation path PiPiþ1 can be shown
as:

si ¼
S=n

cos
��qi � qpc

�� (3)

where qpc and qi are restricted as:��90< qi � qpc <90
0 � qpc <360 (4)

The total evacuation distances of the platform must satisfy
constraints, as shown in Eq. (5).

8>>><
>>>:

Xn
i¼1

si,cos qi ¼ S,cos qpc

Xn
i¼1

si,sin qi ¼ S,sin qpc

(5)

Finally, the steering stability ftu is obtained, as shown in Eq. (6).

ftu ¼ exp

0
BBBB@

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn�1

i¼1

�
qti � q

t
i
�2

n� 1

vuuut
1
CCCCA (6)

where the change rate of evacuation heading qti can be shown as:

qti ¼ qiþ1 � qi (7)
2.1.2. Speed stability
The speed stability fve can be expressed as:

fve ¼ exp

0
BBBB@

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn�1

i¼1

�
vti � vti

�2
n� 1

vuuut
1
CCCCA (8)
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2.1.3. Operation time
The operation time wasted in riser recovery/installation can be

shown as:

Tda ¼NR
�
Nj;Nb;NL

�
, TR

�
Tj; Tb; TL

�þ Ts (9)

The time wasted in evacuation Tsh can be written as:

Tsh ¼
Xn
i¼1

si
3600,vi

(10)

Therefore, the time in the overall anti-typhoon evacuation
operation can be shown as:

fh ¼ Tsh þ Tda (11)

The multiple design variables in Eq. (1) are obtained by inte-
grating evacuation headings, speeds, and recovery/installation
number of risers, as shown in Eq. (12).

X¼ ½NR; q1; q2;/; qn; v1; v2;/; vn�T (12)
2.2. Constraints

Constraints are composed of the evacuation path, navigation
capacity of platform, and strength and physical limits of risers in
NHHM. The equality and inequality constraints will be introduced.
2.2.1. Equality constraints
Equality constraints are determined by the evacuation path

model in Eq. (5), which can be shown as:
8>>>>>>><
>>>>>>>:

Da ¼
���� xr
tan qi

þ yr �
	

xa
tan qi

þ ya


����
, ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi	

1
tan qi


2

þ 1

s
qis0; qis

Da ¼ j0:5,ðDW � DRÞ � signðcos qiÞ,xrj qi

Da ¼ j0:5,ðDW � DRÞ � signðsin qiÞ,yrj qi ¼8>>>>>>><
>>>>>>>:

Db ¼
���� xr
tan qi

þ yr �
	

xb
tan qi

þ yb


����
, ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi	

1
tan qi


2
þ 1

s
qis0; qis

Db ¼ j0:5,ðDW � DRÞ þ signðcos qiÞ,xrj qi

Db ¼ j0:5,ðDW � DRÞ þ signðsin qiÞ,yrj qi ¼
8<
:

Dc ¼ jtan qi,xr � yr þ ðyc � tan qi,xcÞj
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðtan qiÞ2 þ 1
q

qis90

Dc ¼ j0:5,ðDL � DRÞ þ signðsin qiÞ,xrj qi ¼ 98<
:

Dd ¼ jtan qi,xr � yr þ ðyd � tan qi,xdÞj
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðtan qiÞ2 þ 1
q

qis90

Dd ¼ j0:5,ðDL � DRÞ � signðsin qiÞ,xrj qi ¼ 9
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8>>><
>>>:

Xn
i¼1

si,cos qi � S,cos qpc ¼ 0

Xn
i¼1

si,sin qi � S,sin qpc ¼ 0

(13)

2.2.2. Inequality constraints
The inequality constraints can be written as (Liu et al., 2017):

8>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>:

aÞ �90< qi � qpc <90

bÞ 0< vi � vMp

cÞ NR
�
Nj;Nb;NL

� � NM
R
�
Nj;Nb;NL

�
dÞ szs;i � sMzs

eÞ RLJ;i � RMLJ

fÞ RAJ;i � RMAJ
gÞ LP;i � LM;i

(14)

where i¼ 1,2,…,n; LP � LMP represents risers that are not allowed to
collide with the moonpool. Key points A(xa, ya), B(xb, yb), C(xc, yc),
and D(xd, yd) on the safety moonpool boundary considering the
outer diameter of risers and center point R(xr, yr) of the risers near
the moonpool are selected, as shown in Fig. 4. The center point R
must be located in the enclosed area formed by key points A, B, C,
and D for the safety of risers. Therefore, the position constraints can
be expressed as Eq. (15).�
Da þ Db � DW � DR
Dc þ Dd � DL � DR

(15)

where Da, Db, Dc, and Dd are the distance of center point R(xr, yr) to
the safety moonpool boundary, and they can be written as:
180; qis90; qis270

¼ 0 or qi ¼ 180

90 or qi ¼ 270

180; qis90; qis270

¼ 0 or qi ¼ 180

90 or qi ¼ 270

and qis270

0 or qi ¼ 270

and qis270

0 or qi ¼ 270

(16)
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The relative coordinate positions A, B, C, and D to the platform
center can be written as:

8>><
>>:

xa ¼ 0:5,ðDW � DRÞ,cos qi ya ¼ 0:5,ðDW � DRÞ,sin qi
xb ¼ �0:5,ðDW � DRÞ,cos qi yb ¼ �0:5,ðDW � DRÞ,sin qi
xc ¼ �0:5,ðDL � DRÞ,sin qi yc ¼ 0:5,ðDL � DRÞ,cos qi
xd ¼ 0:5,ðDL � DRÞ,sin qi yd ¼ �0:5,ðDL � DRÞ,cos qi

(17)

The response of risers should be obtained through simulation
(Liu et al., 2017; Hong et al., 2024). The actual Von Mises stress szs
and actual rotation angle RLJ in Eqs. (14) and (16) should be calcu-
lated by the dynamic analysis of risers in NHHM. Therefore, a dy-
namic model of risers in NHHM is developed, and the transverse
governing differential equations can be written as (Kawano et al.,
2021):
8>>>>>>>>>>><
>>>>>>>>>>>:

v2

vz2

 
EI

v2ux
vz2

!
� v

vz

	
Feðz; tÞ vux

vz



þ c

vux
vt

þm
v2ux
vt2

¼ Fw xðz; tÞ þ Fc xðz; tÞ

v2

vz2

 
EI

v2uy
vz2

!
� v

vz

	
Feðz; tÞ vuy

vz



þ c

vuy
vt

þm
v2uy
vt2

¼ Fw yðz; tÞ þ Fc yðz; tÞ

v

vz

	
EA

vuz
vz



� c

vuz
vt

�m
v2uz
vt2

¼ wz

(18)
where Fe (N) is the effective axial force of cross-section.
The vibration of risers is affected by internal and external fluids,

and the fluid inside risers vibrates with the pipe column (Fan et al.,
2017; Yu et al., 2023; Cao et al., 2024). Therefore, the effective axial
force that can be written as:

Feðz; tÞ ¼

8>>><
>>>:

ðL
L�z

wzðzÞdz t ¼ 0

EAðzÞ vuzðz; tÞ
vz

t >0

(19)

The external lateral hydrodynamic loads on risers are produced
by currents. Morison’s equation based on empirical and theoretical
calculation methods is used widely in engineering and can be
shown as (Klaycham et al., 2020; Qu et al., 2023):
Fw xðzÞ ¼ p
4
rwCMD2

h _vw � p
4
rwðCM � 1ÞD2

h €uxþ
1
2
rwDhCD

�
vw þ vc � vp,cos qpc � _ux

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
vw þ vc � vp,cos qpc � _ux

�2 þ �� vp,sin qpc � _uy
�q

Fw yðzÞ ¼ �p
4
rwðCM � 1ÞD2

h €uyþ
1
2
rwDhCD

�� vp,sin qpc � _uy
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�

vw þ vc � vp,cos qpc � _ux
�2 þ �� vp,sin qpc � _uy

�q
(20)
where the wave model is Airy’s linear wave theory.
A complex contact problem is generated by the relationship
461
among the hang-off joint, diverter housing, and centralizer. The
penalty function method is selected because of its convenience in
handling contact problems, and the contact force can be shown as:

�
Fc xðzÞ ¼ �kcuxðzÞ
Fc yðzÞ ¼ �kcuyðzÞ (21)

where kc is the penalty function that represents the contact stiff-
ness and can be expressed as (Zhang et al., 2020):

�
kc ¼ psks lt � z � lb
kc ¼ 0 else (22)

The top of risers in NHHM is hung on the gimbal spider, and the
bottom is free. The boundary conditions can be shown as:
8>>>>>>>>><
>>>>>>>>>:

uð0; tÞ ¼ 0:5Hp,Ap,cos
	
2p
Tp

t � 4




EIð0Þ vux
2ð0; tÞ
vz2

¼ KGSRGS x; EIð0Þ
vuy2ð0; tÞ

vz2
¼ KGSRGS y

EIðLÞ vux
2ðL; tÞ
vz2

¼ EIðLÞ vuy
2ðL; tÞ
vz2

¼ 0

(23)

Finite element method (FEM) is introduced to solve Eq. (18) for
the dynamic analysis of risers in NHHM (Meng et al., 2020). The
riser model is discretized into several beam elements, and the finite
element equation can bewritten as Eq. (24). Amechanical solver for
the stress, deformation, and rotation of risers is finally developed.
The mechanical solver is solved by using the Newmark-b method
(Qiu et al., 2023).

M€dþ C _dþ Kd ¼ F (24)
where M is the mass matrix, C is the damping matrix, K is the
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stiffness matrix, d is the displacement vector, and F is the load
vector.

3. Multi-stage optimization method

3.1. Equivalent conversion method

The established optimization model of the anti-typhoon evac-
uation strategy exhibits the characteristics of multi-objective and
complex constraints, which makes it difficult to obtain the optimal
solution. Constraints and multi-objective functions need to be
further processed.

3.1.1. Constraints
The equality constraints in Eq. (13) show the relationship be-

tween the platform heading and evacuation distance. The design
variable qn in Eq. (12) is treated as a dependent variable, and it can
be written as:
qn ¼ arcsin

0
BBBBBB@

 
S,sin qpc �

Pn�1

i¼1
si,sin qi

!
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 
S,cos qpc �

Pn�1

i¼1
si,cos qi

!2

þ
 
S,sin qpc �

Pn�1

i¼1
si,sin qi

!2
vuut

1
CCCCCCA

(25)
where the value range of qn is e90 to 270. Besides, the multiple
design variables in Eq. (12) degenerate to Eq. (26).

X¼ ½NR; q1; q2;/; qn�1; v1; v2;/; vn�T (26)

The inequality constraints a)�c) are the value range of the
multiple design variables that do not need to be processed, whereas
the inequality constraints d)�g) must be dealt with. The penalty
function method is introduced to deal with inequality constraints,
and penalty terms (fzs;i; fLJ;i; fAJ;i, fx;i, fy;i) for the inequality
constraints d)�g) can be written as (Ja'e et al., 2022):

d1Þ fzs;i¼

8><
>:

0 szs;i�sMzs

g,
h�

szs;i�sMzs

�
,gzs

il
szs;i>s

M
zs

e1Þ fLJ;i¼

8>><
>>:

0 RLJ;i�RMLJ

g,
h�

RLJ;i�RMLJ
�
,gLJ

il
RLJ;i>R

M
LJ

f1Þ fAJ;i¼

8>><
>>:

0 RAJ;i�RMAJ

g,
h�

RAJ;i�RMAJ
�
,gAJ

il
RAJ;i>R

M
AJ

g1Þ
fx;i¼

(
0 DaþDb�DW�DR

g,f½ðDaþDbÞ�ðDW�DRÞ�=2,gxgl DaþDb>DW�DR

fy;i¼
( 0 DcþDd�DL�DR

g,
n
½ðDcþDdÞ�ðDL�DRÞ�=2,gy

ol
DcþDd>DL�DR

(27)

where, g (dimensionless) is an adjustment proportion that corre-
sponds to a different number of design variables, which can be
462
shown as:

g¼pb,S
n

(28)

where pb is the reference adjustment ratio, dimensionless.
The comprehensive penalty item for all inequality constraints is

written as:

f¼
Xn
i¼1

�
fzs;i þfLJ;i þfAJ;i þfx;i þfy;i

�
(29)

The additive operation time is established by combining the
comprehensive penalty item and the actual operation time, as
expressed in Eq. (30).

fh ¼ Tsh þ Tda þ f (30)
3.1.2. Multi-objective function
The complexmulti-objectivemodel is transformed into a single-

objective equivalent model with strong solving ability by weighing
multiple objectives (Wu et al., 2021; Zheng et al., 2023). The single-
objective equivalent function can be expressed as:

UðXÞ ¼ u1

�
fhðXÞ � fh

�
X*
1

� �
fh
�
X*
1

� þ u2

�
ftuðXÞ � ftu

�
X*
2

� �
ftu
�
X*
2

�
þ u3

�
fveðXÞ � fve

�
X*
3

� �
fve
�
X*
3

� (31)

where fh
�
X*
1

�
, ftu
�
X*
2

�
, and fve

�
X*
3

�
are the optimal solutions of each

single objective in the feasible region. The relationship of weight
coefficients u1, u2, and u3 needs to meet Eq. (33).�
u1 � 0;u2 � 0;u3 � 0
u1 þ u2 þ u3 ¼ 1 (32)
3.2. Optimization method

The objective function for the multi-objective optimization
model is relevant to platform evacuation speed, evacuation head-
ing, and riser configuration, thereby causing the multi-objective
optimization model to have strong nonlinearity. The design vari-
ables have higher dimensions for improving the platform evacua-
tion stability and anti-typhoon operational efficiency. Obtaining
globally optimal solutions is extremely difficult. Besides, the dy-
namic analysis of risers is time-consuming, thereby making the
optimal solution inefficient.

Multi-stage optimization solution methods are suitable for
solving this challenge because the design variables can be divided
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Table 2
Hydrodynamic properties.

Property Symbol Value

Drag coefficient CD 1.2 (down to 150 m below mean sea level (MSL))
0.7 (between 150 m below MSL and seabed)

Inertia coefficient CM 2.0 (at all depths)
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into several groups optimized in stages (Yan et al., 2019; Bakker
et al., 2020; Ahmed and Demirci, 2022). An optimal riser configu-
ration can be determined by the global optimization of the single
operation time function. Allowable evacuation speeds on any
evacuation heading can be designed under the optimal riser
configuration. Finally, the optimal evacuation heading can be
optimized. Therefore, the optimization solution process can be
divided into three stages, with optimization objectives for riser
configuration, platform evacuation speeds, and evacuation head-
ings, respectively.

The common challenge in these three stages is which optimi-
zation algorithm to choose. GA is a random global search and
optimization method with high efficiency, parallelizability, and
global search (Dou et al., 2022; Sinha et al., 2023). Therefore, it is
chosen as the basic optimization algorithm. A small discrete data-
base of platform allowable evacuation speed for the determinant
riser configuration can be established in the second stage, but it
cannot be directly used in the optimization process under the third
stage. The least squaremethod (LSM) is convenient and efficient for
establishing a data model for a small discrete database. The data
model can be expressed as Eq. (33) for the evacuation heading and
allowance evacuation speed that satisfies a one-to-one function
(Gong et al., 2021; Yu et al., 2022).

~vðqiÞ¼
Xp
k¼0

akq
k
i (33)

The fitting degree between the data model and the data can be
expressed as:

Sv
�
a0; a1;/; ap

�¼ Xm
i¼1

 Xp
k¼0

akq
k
i � ~vi

!2

(34)

where Sv is the loss function, dimensionless; andm is the number of
discrete database, dimensionless. The fitting degree is highest
when Sv reaches its minimum value, and Sv meets Eq. (35).

vSv
�
a0; a1;/; ap

�
vak

¼0 k ¼ 0;1;/; p (35)

The highest order of the data model is determined by Eq. (36).

max
	����~vðqiÞ � ~vi

~vi

����



� en i ¼ 1;2;/;m (36)

where en is the value of control error, dimensionless.
A three-stage optimization method based on GA and LSM is

proposed for the global optimal solution of the multi-objective
optimization model, and it is also developed based on MATLAB.
The flow chart of the three-stage optimization method is shown in
Fig. 5. Basic configuration parameters, environmental conditions,
and restriction criteria of risers in NHHM are first confirmed. Then,
the solution process is described.
Table 1
Wave and current data.

Wave

Wave height, m
Period, s

Current

Water depth from surface, m 0 25 247 411 576
Current velocity, m/s 1.37 1.32 0.95 0.59 0.59
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(1) The first stage is to obtain the optimal riser configuration
through fewer evacuation path segments. The riser number,
evacuation heading, and speed are selected as design vari-
ables. The anti-typhoon operation time is optimized byGA by
selecting the operation time function as the sole optimiza-
tion objective. The optimal anti-typhoon evacuation strategy
will be achieved in the first stage when all evacuation
headings are consistent.

(2) The second stage is to gain allowable evacuation speed in any
evacuation heading. An objective function of evacuation time
with constraints on several directions is established. GA is
used to obtain a discrete database of allowable evacuation
speeds for the optimal riser configuration. A data model on
allowable evacuation speeds is trained based on LSM.

(3) The third stage is to design the optimal evacuation headings
and speeds. The evacuation headings are selected as design
variables because the evacuation speeds can be obtained
through the data model. The single-objective equivalent
function U(X) is optimized based on GA that the optimal
evacuation headings obtained.

Finally, an optimal anti-typhoon evacuation strategy with
evacuation headings, evacuation speeds, and riser configuration is
designed.
4. Case study

Some engineering cases are selected for the optimization of
anti-typhoon evacuation strategies. A deepwater semi-submersible
platform in the South China Sea is selected, as shown in Fig. 1. The
wave and current data and hydrodynamic properties of risers are
listed in Tables 1 and 2, respectively. The hang-off joint and riser
parameters are listed in Tables 3 and 4, respectively. Optimization
and structural parameters are listed in Table 5. RAOs of the platform
are shown in Fig. 6, and other data have been omitted due to their
huge amount. The height of the moonpool from the mean sea level
is 10 m.
4.1. Optimal analysis

A riser configuration of 1500 mwith 65 risers is selected for the
characteristic analysis of anti-typhoon evacuation strategies. The
linear distance between the initial and the target positions is
18520 m (10 n mils). The direction angle are 0�, 90�, 135�, 150�,
165�, and 180�.
10.2
13.5

740 904 1069 1233 1398 1 m above seabed
0.58 0.57 0.56 0.56 0.56 0.34



Table 3
Hang-off joint parameters.

Segment length, m External diameter, mm Internal diameter, mm Remarks

4.55 203.2 88.9
2.24 203.2 0
0.19 228.6 0
0.8 393.7 0 Centralizer
0.596 393.7 0
0.298 368.3 0
0.298 342.9 0
0.298 317.5 0

Table 4
Riser parameters.

Components Unit length, m Hydrodynamic external diameter, m Dry weight, kg Wet weight, kg

Hang-off joint e e e e

Articulation joint 1.82 0.5 2200 1500
21” � 100 riser joint 22.86 0.5334 17584.4 15298.3
21” � 1” riser joint w/2500 ft buoyancy 22.86 1.3716 23365.75 781
21” � 0.9375” riser joint w/2500 ft buoyancy 22.86 1.3716 23000.8 330.2
21” � 0.875” riser joint w/5000 ft buoyancy 22.86 1.3716 24279.9 1660.1
21” � 0.875” riser joint w/7500 ft buoyancy 22.86 1.3716 24463.6 1843.9
21” � 0.75” riser joint w/10000 ft buoyancy 22.86 1.3716 24749.8 2164.1
Lower flex joint 2.074 1.3716 13608 12000
LMRP 6.1 5.5 120000 104331

Table 5
Optimization and structural parameters.

Parameter symbols Tj Tb TL Ts u1 u2 u3 pb

Value 0.5 0.5 2.5 3 0.6 0.2 0.2 4
Parameter symbols gzs gLJ gAJ gx gy l DW DL

Value 0.5 30 30 6 6 1 7.6 39.4
Parameter symbols KGS KLJ RMAJ RMLJ vMp sMzs ps

Value 340280 127400 30 9 1.543 370 0.01
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4.1.1. First stage
The number of design variables is eight. The population size,

crossover probability, and compilation probability are 300, 0.95,
and 0.05, respectively. The convergence curves of the fitness value
in 90� and 180� direction angles are shown in Fig. 7. The conver-
gence solution can be obtained within 200 generations, indicating
that the optimization method has good convergence. The optimi-
zation results indicate that evacuation with all risers suspended
consumes the least operating time, as listed in Table 6. Evacuation
headings also need to be optimized when direction angles are 150�,
165�, and 180�. The reason is that the current force on risers
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increases with the direction angle, thereby lowering the allowable
evacuation speed of the platform. However, the timewasted in riser
recovery/installation is still greater than that saved by the evacu-
ation speed improvement.

4.1.2. Second stage
The optimization variables of evacuation heading are designed

at intervals of 10� from 0� to 180�. The population size, crossover
probability, and compilation probability are 400, 0.95, and 0.05,
respectively. A discrete database for allowable evacuation speed is
obtained through speed optimization. A data model based on the
discrete database is established by data training, and the highest
order is five. Fig. 8 shows the comparison result between data from
the data model and the discrete database. The data model has good
accuracy with errors below 0.88%, thereby meeting the needs of
optimization design in the third stage, as shown in Fig. 9.

4.1.3. Third stage
The evacuation path is divided into 40 segments, and the design

variable number for evacuation headings is 39. The population size,
crossover probability, and compilation probability are 500, 0.97,
(b) Platform surge
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Table 6
Optimal riser configurations.

Direction angle qpc 0 90 135 150 165 180

Optimal riser configuration All risers suspended
Consistent evacuation heading Yes No
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and 0.03, respectively. The optimal solution is obtained after 428
generations with the convergence curve of fitness value shown in
Fig. 10. The optimization results show that the optimal evacuation
strategies in large direction angles are reducing the angle between
evacuation heading and current for improving evacuation speed, as
shown in Figs. 11 and 12. The operation time can be saved through
strategy optimization, especially evacuation heading optimization,
which includes configuration optimization and evacuation speed
optimization, as shown in Fig. 13. In this figure, “None”, “Configu-
ration only”, and “Heading” represent no optimization, configura-
tion optimization only, both configuration and evacuation speed
optimization, respectively. Besides, the bar chart and line chart
represent the operation and saving rate, respectively. It is shown
that the heading optimization has advantages compared with the
configuration optimization only in the large direction angle, and
the saving rate of operation time is increased by more than 20%
when the direction angle is 180�. However, the time saved
466
decreases as the direction angle increases. The reason is that the
time wasted in evacuation decreases with the rise in allowance
evacuation speed. Then, the operation time can be reduced by
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Table 7
Anti-typhoon evacuation strategies.

Strategy mode Evacuation operation method

Strategy A Evacuation with all risers suspended along a straight path
Strategy B Evacuation with all risers suspended along a variable path
Strategy C Evacuation with two risers suspended along a straight path

Y.-W. Li, X.-Q. Liu, P.-J. Hu et al. Petroleum Science 22 (2025) 457e471

467
reducing the angle between the evacuation heading and the cur-
rent direction.
4.2. Influencing factor analysis

The current velocity (surface current velocity), wave height,
wave period, and water depth may influence anti-typhoon evacu-
ation strategies. Thus, some cases of influencing factors on anti-
typhoon operation strategies are analyzed. Three anti-typhoon
evacuation strategies are identified, as listed in Table 7. The basic
environment condition and riser configuration are the same as
those presented in Section 5.1.

Fig. 14 shows the anti-typhoon evacuation strategies and the
time saved for a riser configuration of 1500 m in various surface
current velocities. The optimal evacuation strategy gradually shifts
from strategy A to B and C as the surface current velocity and di-
rection angle increase. The reason is that the operation timewasted
in riser recovery/installation sharply increases with the surface
current velocity and direction angle, and the time saved decreases
at the same time, as shown in Fig. 14(b). The advantage of evacu-
ation with all risers suspended is reduced.

Figs. 15 and 16 show the anti-typhoon evacuation strategies and
the time saved for a riser configuration of 1500 m in various wave
heights and wave periods, respectively. The time saved decreases
almost linearly with wave height and wave period, while it sharply
decreases with direction angle, as shown in Figs. 15(b) and 16(b).
Therefore, the impact of direction angle on evacuation strategies is
greater than that of wave height and period. The optimal opera-
tional strategy is evacuation with all risers suspended along a
straight path when the direction angle is less than 130�, otherwise
the evacuation heading should be optimized.

Fig. 17 shows the anti-typhoon evacuation strategies and the
time saved in various water depths. The time saved increases
almost linearly with water depth, while it sharply decreases with
direction angle, as shown in Fig. 17(b). Besides, the time saved is
almost zero in an area with direction angles greater than 130� and
water depths less than 1000 m. Therefore, the optimal evacuation
strategy is evacuation with two risers suspended along a straight
path in that area. The evacuation strategies in other areas are
consistent with the analysis results under influencing factors of
wave height and wave period.

The proposed method has strong applicability to working con-
ditions and remarkable optimization effects. A conclusion is that
the time saved decreases with the increase in direction angle. Be-
sides, the time saved decreases with the increase in surface current
velocity, wave height, and wave period and rises with water depth.
Additionally, the relationship between the time wasted in evacua-
tion and influencing factors can elucidate that the operation time is
reduced by changing the evacuation heading in a high direction
angle.
5. Conclusions

This paper focuses on a complex issue, that is, the development
of a comprehensive optimization model and optimization method
for the anti-typhoon evacuation strategy. The operation time,
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evacuation speed stability, and steering stability of the platform are
selected as multi-objective functions. An evacuation path model
and a dynamic model of risers in NHHM are introduced to build
constraints. Design variables are formed by integrating evacuation
headings, speeds, and riser configurations. Finally, a multi-objective
optimization model of the anti-typhoon evacuation strategy is
established based on the objective functions, constraints, and
design variables.

The multi-objective optimization model with high-dimensional
variables and complex constraints is handled by the penalty func-
tion method and weighing multiple objectives. A three-stage
optimization method based on GA and LSM is proposed for the
global optimal solution. In the first stage, an optimal riser config-
uration is determined through fewer evacuation path segments
based on GA. Then, a data model on allowable evacuation speeds
for the optimal riser configuration is established based on GA and
LSM. Finally, optimal evacuation headings and speeds are opti-
mized based on GA by combining the data model and the single-
objective equivalent function.

The proposed method is applied in anti-typhoon evacuation
strategy optimization for risers in NHHM. The proposed optimiza-
tion model andmethod efficiently perform the optimization design
of the anti-typhoon evacuation strategy. The operation time can be
reduced by strategy optimization, especially the evacuation head-
ing optimization, which includes configuration optimization and
evacuation speed optimization. The optimal anti-typhoon strategy
suspended all risers along a variable path when the direction angle
is large and suspended all risers along a straight path in other di-
rection angles. Besides, the results of influencing factors on anti-
qi platform evacuation headi
S linear distance between th
qpc direction angle, deg
vi platform evacuation speed
NR recovery/installation numb
TR recovery/installation time
Tj recovery/installation time
Tb recovery/installation time
TL recovery/installation time
Nj recovery/installation numb
Nb recovery/installation numb
NL recovery/installation numb
Ts recovery/installation time
NM
R

number of riser configurat

vMp allowable speed of platform

szs actual Von Mises stress of
sMzs allowable Von Mises stress
RLJ actual rotation angle of the
RMLJ allowable rotation angle o

RAJ actual rotation angle of the
RMAJ allowable rotation angle o

DW width of the moonpool, m
DL length of the moonpool, m
DR diameter of the risers near
z vertical coordinate of riser
ux lateral deformation of rise
uy, lateral deformation of rise
uz lateral deformation of rise
E Young's modulus, Pa
I rotational inertia, m4

c damping coefficient, kg/(m
m total mass per unit riser le
Fc_x unit length contact force b
Fc_y unit length contact force b
Fw_x lateral hydrodynamic load
Fw_y lateral hydrodynamic load
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typhoon evacuation strategies indicate that the proposed method
has strong applicability to working conditions and has remarkable
optimization effects.

CRediT authorship contribution statement

Yan-Wei Li: Writing e original draft. Xiu-Quan Liu: Method-
ology. Peng-Ji Hu: Software. Xiao-Yu Hu: Validation. Yuan-Jiang
Chang: Writing e review & editing. Guo-Ming Chen: Writing e

review & editing.

Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgements

This work was supported by the National Natural Science
Foundation of China (Grant No: 52271300, 52071337), National Key
Research and Development Program of China (2022YFC2806501),
High-tech Ship Research Projects Sponsored by MIIT (CBG2N21-4-
25), Program for Changjiang Scholars and Innovative Research
Team in University (Grant No. IRT14R58).

Nomenclature
ng, deg
e initial and target position, m

, m/s
er of risers, dimensionless
of a single one, h
of the slick joint, h
of the buoyancy joint, h
of LMRP, h
er of the slick joint, dimensionless
er of the buoyancy joint, dimensionless
er of LMRP, dimensionless
of the new hang-off system, h
ion when risers are disconnected, dimensionless

, m/s

risers, MPa
of risers, MPa
lower flex joint, deg

f the lower flex joint, deg

articulation joint, deg
f the articulation joint, deg

the moonpool, m
s, m
rs in the x direction, m
rs in the y direction, m
rs in the z direction, m

$s)
ngth, kg/m
y the centralizer in the x direction, N
y the centralizer in the y direction, N
s on unit length risers in the x direction, N
s on unit length risers in the y direction, N

(continued on next page)



(continued )

wz wet weight on unit length risers with internal fluid, N
L total length of risers and the new hang-off joint, m
rw seawater density, kg/m3

Dh hydrodynamic outer diameter of risers, m
CM inertia coefficients, dimensionless
CD drag coefficients, dimensionless
vc current steady-state flow velocity, m/s
vw water particle velocity in the lateral direction, m/s
_vw water particle acceleration in the lateral direction, m/s2

vp platform evacuation speed, m/s
uxðzÞ relative lateral deformation of the hang-off joint at the diverter housing in the x direction, m
uyðzÞ relative lateral deformation of the hang-off joint at the diverter housing in the y direction, m
ps penalty factor, dimensionless
ks related to the contact body, N/m
lt distance from the top of the hang-off joint to the top of the centralizer, m
lb distance from the top of the hang-off joint to bottom of the centralizer, m
KGS rotational stiffness of the gimbal spider, N$m/rad
RGS_x relative rotation angles of the gimbal spider in the x direction, rad
RGS_y relative rotation angles of the gimbal spider in the y direction, rad
u(0,t) platform motion on six degrees-of-freedom by waves
Ap response amplitude, m/m (deg/m, deg)
Hp amplitude of regular wave, m
Tp wave period, s
4 phase difference between the platform motion and waves, deg
l growth index of the penalty function, dimensionless
gzs, gLJ, gAJ, gx, gy growth ratios of parameters, dimensionless
~vðqiÞ allowance evacuation speed, m/s
p highest order of data model variables, dimensionless
ak coefficient of k-order variable, dimensionless
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