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Abstract As a reliable alternative option for traditional steel catenary risers (SCRs), steep wave risers (SWRs) have been widely
applied to deepwater oil and gas production. However, the nonlinear dynamic analysis of SWRs is more complicated than that of
traditional SCRs due to their special configuration and significant geometric nonlinearity. Moreover, SWRs are highly susceptible to
fatigue failure under the combined excitation of irregular waves and top floater motions (TFMs). In this study, considering irregular
waves and TFMs, a numerical SWR model with an internal flow is constructed based on the slender rod model and finite element
method. The Newmark-p method is adopted to solve the dynamic behavior of SWR. Moreover, the Palmgren-Miner rule, a specified
S-N curve, and rainflow counting method are applied to estimate the fatigue damage. An efficient numerical computation procedure,
i.e., DRSWR, is programmed with MATLAB in this study. Calculation results are compared with those of OrcaFlex to verify the
accuracy of the DRSWR. The nonlinear dynamic response and fatigue damage of an SWR under the combined excitation of irregular
waves and TFMs are obtained, and a comprehensive parametric analysis is then conducted. The analysis results show that the buoy-
ancy section undergoes the highest level of stress and fatigue damage under the combined excitation of irregular waves and TFMs.
An internal flow with high velocity and high density produces a high level of fatigue damage. The buoyancy factor and length of the
buoyancy section should be set moderately to reconcile the reduction of the top tension with increased fatigue life. These results are

expected to provide some reference significance for the engineering design of SWR.

Key words

steep wave riser; slender rod model; nonlinear dynamic analysis; fatigue damage; sensitivity analysis

1 Introduction

In recent years, offshore oil and gas exploitation has been
transferred to deep- and ultra-deepwater. The increase in
the length of traditional steel catenary risers (SCRs) results
in a significant increase in the top tension. In addition,
severe top floater motions (TFMs) and harsh environmental
conditions will lead to high levels of structural stress, dy-
namic buckling, and serious fatigue damage accumulation
at the hang-off point and touchdown zone (TDZ). Thus,
traditional SCRs may not be suitable for deepwater oil and
gas exploitation (Wu and Huang, 2007; Yang and Li, 2011;
Kim et al., 2015).

Accordingly, wave risers (WRs) emerge as the times re-
quire, which mainly include lazy wave risers (LWRs) and
steep wave risers (SWRs). By installing several buoyancy
modules to the middle section of traditional SCRs to form
an arc bend section, WRs greatly reduce the tension at the
hang-off point. The dynamic response between the top
floater and TDZ is decoupled, so the adaptability of the
WRs to the TMF is greatly improved. Among WRs, the
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configuration of SWRs is steeper, the horizontal span is
smaller, and the bottom of the riser is almost perpendicu-
lar to the seabed, which can effectively avoid the problem
of seabed stability. In addition, SWRs are well adapted to
situations where the internal flow density changes, so they
have significant advantages in deepwater oil and gas pro-
duction (Bai and Bai, 2014). However, the design and anal-
ysis of SWRs face many prominent difficulties, such as
complex overall configuration and nonlinear coupling of
the internal flow. Moreover, SWRs will have large defor-
mation and rotation angle under harsh environmental con-
ditions, which will produce a significant geometric non-
linearity. This condition further increases the difficulty of
model establishment and structural dynamic analysis.

Extensive studies have been performed on traditional
SCRs and LWRs, including static responses, dynamic be-
haviors, and pipe-soil interactions (Kirk and Etok, 1979;
Fu and Yang, 2010; Yang and Li, 2011; Wang et al., 2012;
Elosta et al., 2013; Ruan ef al., 2014; Wang ef al., 2014;
Bai ef al., 2015; Kim and Kim, 2015; Wang et al., 2018;
Liu and Guo, 2019; Cheng et al., 2020), whereas studies
on SWRs are relatively fewer.

Santillan ef al. (2010) simplified an SWR into a slender
elastic rod and analyzed the static and dynamic responses
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of the SWR through the finite difference method (FDM).
Sun and Qi (2011) conducted a global analysis of an SWR
using OrcaFlex and presented a parameter analysis on
the dynamic response of SWR under different current
velocities and lengths of the buoyancy module. Based on
the large deformation beam theory and mechanics equi-
librium principle, Qiao et al. (2016) established the mo-
tion equations of SWRs and combined the FDM and
shooting method to perform a static analysis of SWRs
under current. Liu and Guo (2018) established a numeri-
cal SWR model with an internal flow based on the slender
rod model. In addition, they performed a series of parame-
ter sensitivity analyses on the static and dynamic responses
of SWRs.

All the studies reviewed here indicate that the nonlinear
dynamic response of SWRs has not been studied in detail
and comprehensively. Most of the present studies have
ignored the role of internal flows and simplified waves
and TFMs to harmonic motion, which is inconsistent with
actual ocean conditions. In addition, present studies on the
dynamic response of SWRs are extremely lacking. There
are few reports on the nonlinear dynamic analysis and fa-
tigue study of SWRs under the combined excitation of
internal flows, irregular waves, and TFMs.

The primary objective of this study is to investigate the
nonlinear dynamic behavior and fatigue damage of SWRs
subjected to irregular waves and TFMs and provide a cer-
tain reference significance for the practical engineering
applications of SWRs. Considering the internal flow, the
governing equations of SWR are established based on the
slender rod model. The finite element method (FEM) is
applied to discretize governing equations, and the New-
ton-Raphson and Newmark-f methods are used to solve
the nonlinear static and dynamic responses, respectively.
Moreover, the Palmgren-Miner rule, a specified S-N curve,
and rainflow counting method are applied to estimate the
fatigue damage of SWRs.

This paper is organized as follows: in Section 2, the
numerical model of SWRs is briefly described. In Section
3, the accuracy of the DRSWR is verified by comparing
its results with those of OrcaFlex. In Section 4, the nonlin-
ear dynamic response and fatigue damage of SWRs under
the combined excitation of irregular waves and TFMs are
presented. A series of sensitivity analyses are performed
to investigate the influencing parameters in the fatigue
damage of SWRs. Finally, in Section 5, the conclusions are
summarized.

2 Mathematical Models

2.1 SWR Model

A typical SWR model is presented in Fig.1. The riser
consists of three parts: decline section A — B, buoyancy
section B—C—D, and hang-off section D—E—F. The de-
cline section A—B is suspended in water from the touch-
down point (TDP) to the beginning of the buoyancy sec-
tion, which is almost perpendicular to the seabed near the
TDP. The upward buoyancy of the buoyancy section is
greater than the downward gravity. Thus, an arc bend is
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generated, and the peak of the arc bend is called the arc
bend point. The hang-off section represents the riser sec-
tion from the end of the buoyancy section to the hang-off
point, which has a sag bend, and the lowest point is called
the sag bend point. The hang-off point of the riser is con-
nected with a floater, and the TDP is connected with a
subsea base.

F. Hang-off point

L;. Hang-off section

C. Arc bend point

L,. Buoyancy section E. Sag bend point

B

L,. Decline section

A. Touchdown point (TDP)

Fig.1 Typical configuration of an SWR.

2.2 Slender Rod Model

In recent years, a special elastic rod theory based on ab-
solute coordinates has been widely applied to the numerical
simulations of slender flexible structures (Ruan et al., 2014,
2016; Kim and Kim, 2015; Cheng et al., 2020). This theory
eliminates the process of converting physical parameters
from local coordinates to global coordinates, which is nec-
essary for commercial software (e.g., OrcaFlex and Flex-
com 3D), making the numerical model efficient. Thus,
based on the slender rod model (Garrett, 1982), i.e., an ab-
solute coordinate approach as mentioned above, the gov-
erning equations of SWR are established.

As shown in Fig.2, the centerline of the rod deformed
state is represented by the space curve (s, f), which is a
function of the arc length s and time 7. Assuming that the
arc length of the rod does not change, the internal force state
of any point on the rod can be completely represented by
the resultant force F and bending moment M. Moreover,
the effects of the moment of inertia and shear deformation
are ignored. From the conservation of linear and angular
momenta, the motion equations of the rod with the inter-
nal flow can be obtained (Garrett, 1982).

F'+q:(p+mf)i" (1)
M +r¥<xF+m=0, )

where p and m, are the mass of the rod and internal flow
per unit length, ¢ is the external force per unit length, and
m is the external moment per unit length. According to
the Euler-Bernoulli beam theory, M can be expressed as

M =r'xXEIr"+Hr', (3)

where EI is the bending stiffness and H is the section
torque. Generally, the effects of the uniform torque and
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distributed external torque can be ignored for SWRs. Thus,
the motion equations of rod can be written as

—~(EIF")" +(Ar') +q = (o +m,)i | (4)

where 1=T,—EIx* and K =r”| is the local curvature. T,=
T+p,A,— p,-A,-—me2 is the local effective tension, where
T is the wall tension; p; and p, are the internal and exter-
nal flow pressures, respectively; 4, and 4, are the inner
and outer cross-sectional areas of the riser, respectively;
and U is the velocity of the internal flow.

Assuming that the SWR is extensible and the elonga-
tion is small, the deformation compatibility equation of
SWR can be obtained:

1 ’ ’ T ﬂ
—(rxr-)=—=—, 5
2( ) EA EA ©)

where EA is the axial tensile stiffness of the riser.

| M

4

rs 1)

Fig.2 Slender rod model.

2.3 Simulations of TFMs and Irregular Waves

The motion analysis of the top floater is directly related
to the sea surface motion. The response of the top floater
to the significant wave height is generally estimated by
the response amplitude operators. In this paper, only the
surge effect of the top floater is considered. The motion
response of the top floater can be expressed by the motion
model recommended by Sexton and Agbezuge (1976):

S(t) =Sy +S, sin(CM—a,) +
TL

N
'S, cos(k,S(t)—w,t + 6, +a,) . (6)
i=1

The three terms at the right end of the equation are the
mean offset, low-frequency motion, and wave-frequency
motion, where S, is the mean offset; S; is the single am-
plitude of the vessel drift; 7; is the period of the vessel drift;
oy is a phase angle between the drift motion and wave,
which is usually taken as 0; S, is the amplitude response
of the vessel to a specific wave (period: 7,,=2n/w,, ampli-
tude: 4,); and k,, ¢,, and a, are the wave number, wave
phase angle, and phase angle between the TFM response
and wave period, respectively.

The JONSWAP spectrum can be used in a wide range
and applied to waves at different growth stages. Thus, the
JONSWAP spectrum recommended in DNV RP C205
(DNV, 2007) is selected to simulate irregular waves:

2
exp[—O.S[a)—wp ] ]
owp

Sy(w)=A4,-Spy (@)-y , (7

4
5 2 4 5 4
Spy(@)=—-Hwp - exp| ——| — , 8
Pt (@) 16 15 ©r p 5w, ®)

where 4,=1—0.287Iny is a normalizing factor, H, is the
significant wave height, w,=2n/T,, is the angular spectral
peak frequency, T), is the peak period, and y is the nondi-
mensional peak shape parameter. For y=1, the JONSWAP
spectrum reduces to the PM spectrum. For the values of y,
the following value can be applied:

5 (T, /1 JH, <3.6)
y=1exp(5.75-1.15T, /\JH,) (3.6<T,/\[H, <5).

1 (5<7T,/JH,)

007 (w<w,)
10,09 (0> w,)

The irregular waves and corresponding water particle
kinematics are simulated by the Longuet-Higgins model
(Borgman, 1969) from their respective spectra.

is the spectral width parameter.

2.4 Load Analysis

For an SWR in a marine environment, the external load
¢ can be expressed as follows:

g=w+F +F?, 9)

where w is the weight per unit length, F* and F? are the
hydrostatic and hydrodynamic loads per unit length, re-
spectively.

F’ =B+ (B.r’), (10)
where B is the buoyancy force per unit length, and the
second term at the right end of the equation is the load
caused by the pressure difference between the two ends of
the riser, where P,,=p,A4,—p:A; is the hydrostatic pressure.

The hydrodynamic force mainly includes the inertial
force and drag force, which can be calculated by the Mor-
rison equation:

2
F'=—C,i"+p, %(V +C V") +

%CD,OWD V=" | (V" ="y = =C "+ F9, (11)

where p,, is the density of seawater, D is the outer diame-
ter of SWR, C,=C, p, nD*4 is the added mass per unit
length, C, is the added mass coefficient, Cp is the drag
coefficient, ' is the acceleration of seawater, J’ and p”
are the normal velocity and acceleration of seawater, and
F" and #" are the normal component of the velocity and
acceleration of SWRs, respectively.

In this study, the plug flow model is applied for the in-
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ternal flow. The model assumes that the internal flow is a
slender cylinder with the same velocity U at any point in
a cross section. The force induced by the internal flow on
the riser can be expressed as follows (Paidoussis, 2004):

D2y
D*t

2 2 2
=—mf(a—r+2Ua el J

q(s,0)=—m; ——

0%t 0s0t 0s” (12

The right-end terms of the equation are as follows: in-
ertial force, Coriolis force, and centripetal force caused by
fluid maintaining the same curvature as the riser.

2.5 Finite Element Model (FEM)

The numerical analysis methods of risers mainly include
the lumped-mass method (e.g., OrcaFlex), FDM, and FEM.
Among them, the FEM is employed in this study given
that it is an accessible approach to handle complicated con-
figurations and boundary conditions and has good conti-
nuity. Due to the nonlinear governing equations, the equa-
tions are expressed in the tensor form for convenience:

—(p+m)i —(ELY +(Ar)) +w,+F =0, (13)
1 A =Py +m,U’
(A AV = (14)
2(” D EA

The quadratic and cubic Hermit interpolation functions
are used for discretization, and then the Galerkin method
is used to obtain the differential equations in matrix form
for SWRs as follows:

(M + My, )Ujk ylkUjk +
(K;lk +2, Km/lk W i =0, (15)
Gm = AmilUkiUkl B C j’ + Cmnhn =0 > (16)

where M ik is the mass matrix, M, ¢ 18 the added mass
matrix, K, o 1s the stiffness matrlx induced by the bend-
ing stiffness of the material, K: mijlk 18 the geometric stlff—
ness matrix induced by the tension and curvature, c/ ik 18
the damping matrix induced by the internal Coriolis force,
F;is the load vector, Uy (Uy) and A indicate the position
coordinates and tension of each node respectively.

1L ’ 1 ¢L
Amil =E'[0 PmA7 Aldsa Bm =EJ‘0 PmdS,

1
Cmn = a P dS
where 4,, 4;, P,,, and P, are interpolation functions. A, is
the pressure difference between the inside and outside of
the riser. For 3D problem, 7, j=1, 2, 3 represents the three
directions of node motion (i.e., x, y, z). I, k, 5, t=1,2,3, 4
are the numbers of the cubic Hermite interpolation func-
tions (4. m, n=1, 2, 3, corresponding to the number
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of the quadratic Hermite interpolation functions (P,,,,).

2.6 Static and Dynamic Analyses

Neglecting the inertial force, Eqgs. (16)—(17) constitute

the governing equations for the static analysis of risers.
R; :(Kiljlk +4 ijlk)Uk Fy;=0. a7

F;; is composed of gravity, drag force caused by current,
and other static loads. These nonlinear algebraic equations
are solved through the Newton-Raphson method, which is
a classical method for solving nonlinear equations.

On the basis of static analysis, the governing equations
of dynamic analysis are obtained by considering various
dynamic loads. In a dynamic analysis, F; is composed
of static loads and dynamic loads. Taking the equilibrium
shape of the riser as the initial condition, the dynamic
response of SWRs is solved using the predictor-corrector
Newmark-£ method.

2.7 Fatigue Damage Analysis

The stress calculation equation of an SWR can be ex-
pressed as follows:

=<+—k,

VR (18)

where T, is the effective tension, A4 is the cross-sectional
area, E is the modulus of elasticity, D is the outer diame-
ter of an SWR, and « is the curvature.

The stress time history of SWRs is processed through
the rainflow counting method (Anzai and Endo, 1979) and
the Goodman empirical formula to obtain the equivalent
Zero-mean stress.

Slj = O-b—Sai , (19)
0y~ Smj
where §j; is the equivalent zero-mean stress, S,; is the i-th
stress amplitude, S, is the j-th mean stress, and o, is the
ultimate strength.
According to the S-N curve, for a constant stress range,
the number of failure stress cycles can be expressed as fol-

lows:

log N =loga—mlogs , (20)
where S is the stress amplitude, loga is the interception of
the S-N curve in double logarithmic coordinates, m is the
slope of the S-N curve in double logarithmic coordinates.

Referring to DNV RP C203 (DNV, 2008), the D curve
without cathodic protection in seawater environment is
selected in this study: loga=11.687 and m=3.

According to the Palmgren-Miner linear cumulative dam-
age theory, the global fatigue damage should meet the fol-
lowing formula:

n(s;) _
= 2Ny @1
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60x60x24x365
DC :fx

t

D, (22)

where D, is the cumulative measure of the fatigue damage
during the calculation time, D, is the cumulative measure
of the fatigue damage during a year, n(S)) is the stress cycle
counts obtained by the rainflow counting method, N(S;) is
the number of fatigue failure cycles determined by the cor-
responding S-N curve, S; is the stress amplitude of the
riser, #=1/DFF is the usage factor, DFF is the design fa-
tigue factor (according to the DNV RP F204 (DNYV, 2005),
DFF=10), and 7, is the calculation time.

Based on the above theory, a calculation program of
SWRs was written on MATLAB, which is referred to as
‘DRSWR’ in this paper.

3 Model Validation

3.1 Verification of an Irregular Wave Simulation

The detailed physical parameters of a SWR are shown
in Table 1. In this study, the irregular wave parameters pro-
posed by Li ef al. (2010) are selected as follows: H;=6.5
m and 7,=12.82s. The significant wave height H; and
frequency spectrum of irregular waves simulated by the
DRSWR are compared with those simulated by OrcaFlex

Sea elevation (m)

400

200 300 500

Time (s)

0 100

under the conditions of the same parameters, as shown in
Fig.3. Fig.3(a) shows that the irregular waves simulated
by the DRSWR are basically consistent with those of Orca-
Flex in H,, and the standard deviation between the H; of
OrcaFlex and DRSWR is only approximately 0.08 after
the calculation. Fig.3(b) shows the comparison of the JON-
SWAP theory spectrum, OrcaFlex simulation spectrum,
and DRSWR simulation spectrum. The results of DRSWR
and OrcaFlex agree well with each other. Therefore, the ac-
curacy of the wave simulation of the DRSWR can be used
for dynamic calculations.

Table 1 Physical parameters of a SWR

Parameter Value
Total length (m) 2200
Decline section L; (m) 300
Buoyancy section L, (m) 600
Hang-off section L3 (m) 1300

Inner diameter (m) 0.3

Outer diameter (m) 0.35
Outer diameter of the buoyancy section (m) 0.85
Axial stiffness (N) 5%10°
Bending stiffness (N m?) 6.3x10’
Material density (kgm ) 7860
Seawater density (kg m™) 1024
Ultimate strength of material (MPa) 1134
15
(®) s — JONSWAP
3 . OrcaFlex
T = = = « DRSWR
o -
3 .
% osr &
i __
0 0.5 1.0 1.5 2.0 2.5 3.0

w (rads™)

Fig.3 The results of the DRSWR compared with those of OrcaFlex. (a), time history of the wave elevation; (b), irregular

wave spectrum.

3.2 Verification of the Dynamic Analysis
Under Irregular Waves

The DRSWR is applied to calculate the stress response
of SWRs under an irregular wave. The irregular-wave data
are the same as above. The calculation results of the DR-
SWR are compared with those of OrcaFlex under the same
conditions. As shown in Fig.4, the calculation results of
the DRSWR are in good agreement with those of Orca-
Flex.

3.3 Verification of the Dynamic Analysis
Under TFMs

Because the size of the top floater is negligible as com-
pared with the water depth, the TFM is transformed into

the dynamic boundary condition of the top node of the
SWR. Based on the cases shown in Table 2, the time his-
tory of the SWR top tension is calculated by the DRSWR.
The calculation results are compared with those of Or-
caFlex. As shown in Fig.5, the calculation results are ba-
sically consistent.

Larsen (1992) presented a description and comparison
of the flexible pipe static/dynamic analysis programs. The
research results indicated that the calculation results of
each program are different to some extent. Moreover, the
methods of OrcaFlex and DRSWR are different, so there
are some differences in the calculation results, but the dif-
ference is completely acceptable. Thus, the accuracy of the
DRSWR in calculating the nonlinear dynamic response of
SWR under irregular waves and TFMs meets the require-
ments.

a) Springer
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Fig.4 The calculation results of the DRSWR compared with those of OrcaFlex under the same conditions. (a), maximum
stress envelope; (b), minimum stress envelope; (c), time history of the stress at 150 m; (d), time history of the stress at 760

m.
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Fig.5 The calculation results compared with those of OrcaFlex. (a), Case 1; (b), Case 2; (¢), Case 3.

Table 2 TFM case

Case Direction Load
Case 1 X Amplitude: 10m
Case 2 r Period: 27s
Case 3 Z ’

4 Numerical Results
4.1 Nonlinear Dynamic Response Analysis of SWRs

In this section, the dynamic response of SWR under the
combined excitation of irregular waves and TFMs is cal-
culated and analyzed. The SWR parameters are shown in
Table 1. The basic parameters of the environmental load
condition in the analysis are as follows: significant wave
height H,=6.5 m, peak period 7,,=12.82s, top floater mean
offset Sy=>5m, single amplitude of the top floater drift S,
=5m, and period of the top floater drift 7,=200s (Li et
al., 2010). The time history of the irregular wave eleva-
tion and TFMs simulated by the DRSWR are presented in
Fig.6, where obvious randomness can be observed.

@ Springer

The long-term stress responses of the SWR at locations
150 m (decline section), 760 m (buoyancy section), and
1192.5m (hang-off section) from the TDP of SWRs and
the corresponding power spectra are shown in Figs.7—8.

As can be seen from the fluctuation of the stress time-
history curve in Fig.7, the stress variation ranges of the
hang-off section and buoyancy section are relatively large,
whereas that of the decline section is relatively small. This
is mainly because the incident wave velocity decays ex-
ponentially along with the water depth and the most vio-
lent irregular wave occurs on the surface of the ocean.
Moreover, the TFM is directly applied to the hang-off point.
Therefore, the stress drastically changes in the hang-off
section. Due to the introduction of buoyancy modules, the
buoyancy section is subjected to a high hydrodynamic
load, which leads to a large range of stress variation in this
section. The stress amplitude of the decline section is not
evident because the buoyancy section decouples the dy-
namic response between the TFM and decline section. In
addition, the irregular wave has little effect on the decline
section. The above results show that SWRs can reduce the
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stress variation amplitude of the TDP and improve the
fatigue life of the TDP.

Fig.7 also shows that the slow drift motion of the top
floater has the most significant influence on the dynamic
response of the buoyancy section, followed by the hang-

off section. This phenomenon disagrees with what we in-
tuitively predicted: the TFM acts directly on the hang-off
section but has the most significant effect on the buoyancy
section distal to it. A possible explanation for this is that
the arched configuration of the buoyancy section is more

e T 1
=
5=
IR
]
=
= St .
15F T T T T T T T T T =
E
=
45}
=
0 100 200 300 400 500 600 700 800 900 1000
Time (s)
Fig.6 Time history of the wave elevation and TFM.
s J
£
73]
0 200 400 600 800 410 420 430 440 450
Time (s) Time (s)
680 -
)
E 660
v
S 640 |
]
620 : : .
0 200 400 600 800 410 420 430 440 450
Time (s) Time (s)
145 -
=
[~
2
]
E
7]
125
0 200 400 600 800 410 420 430 440 450
Time (s) Time (s)

Fig.7 Time history of the SWR stresses at a location of 150 m (a), 760 m (b) and 1192.5m (c).
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Fig.8 Power spectrum of stress at 150m (a), 760m (b) and 1192.5m (c) of the SWR.
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susceptible to TFM. Moreover, the TFM has the slightest
influence on the decline section, which is also due to the
decoupling effect of the buoyancy section.

As shown in Fig.8, a multi-frequency response is ob-
served in each section. That is, the slow drift frequency
(i.e., 0.005Hz) and multiple frequencies (i.e., 0.089 Hz
and 0.324 Hz) are excited by the irregular waves. As can
be seen from the values of the PSD in Fig.8, the decline
section mainly vibrates at the wave frequency due to the
decoupling effect of the buoyancy section. The vibration
frequencies of the hang-off and buoyancy sections are both
dominated by the TFM and the wave-induced frequency
is less proportional. However, the hang-off section, which
is closer to the sea surface, has a higher wave-frequency
proportion than the buoyancy section. Based on the above
frequency analysis, the influence degree of TFM on each
riser section is different. This result is consistent with the
analysis indicated in Fig.7. The comparison between the
response frequency and SWR natural frequency is further
performed. The above response frequencies (i.e., 0.005,
0.089, and 0.324 Hz) are close to the 1st (i.e., 0.0082 Hz)-,
29th (i.e., 0.0875 Hz)-, and 94th (i.e., 0.3224 Hz)-order
natural frequencies of the SWR, respectively. That is, the
SWR is prone to low-order and high-order resonances
under the combined excitation of the TFMs and irregular
waves, which further leads to an increase in the range and
frequency of the stress variation and consequently to greater
fatigue damage.

4.2 Fatigue Damage Study on SWRs

The fatigue damage curve of the SWRs under the com-
bined excitation of irregular waves and TFMs is presented
in Fig.9. The fatigue damage degree of the SWR is high
under the irregular waves and TFMs. Therefore, the fa-
tigue damage analysis has an important reference value to
ensure that the SWRs can achieve their expected function.
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Fig.9 Fatigue damage of the SWR.

The greatest fatigue damage occurs in the buoyancy sec-
tion. According to the above stress analysis, the stress level
and variation amplitude of the buoyancy section are higher
than those of the other riser sections. This high level of
stress cycle leads to serious fatigue damage. The critical
points of the fatigue damage of the SWRs are the arc bend
point and hang-off point. The stress level of the hang-off
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point is relatively high, and it is directly affected by the
irregular waves and TFMs, so the fatigue damage of this
point is great. The above analysis conclusions are consis-
tent with the fatigue damage analysis results of WRs in Li
and Nguyen (2010) and Yang and Li (2011).

Particularly, the WRs can reduce the effective tension
of the hang-off point and improve the adaptability to the
TFM by forming a buoyancy section, but the fatigue dam-
age of the buoyancy section greatly increases. Therefore,
some trade-offs should be considered during the design
process of SWRs, and some necessary fatigue reduction
measures should be applied to the buoyancy section.

4.2.1 Effect of irregular waves

1) Sensitivity to the significant wave height H;

In this study, the environmental parameters in Section
4.1 (i.e, H=6.5m, T,=12.82s, S§o=5m, S;=5m, and T}
=200s) are taken as the basic parameters. In a sensitivity
analysis for a specific parameter, only the value of that
parameter will be changed, and all the other parameters
will be identical to the basic parameter.

Fig.10 presents the fatigue damage of the SWR for three
values of significant wave height H;=6.5, 16.5, and 26.5
m at a peak period 7,=12.82s, wave incidence angle 6=
0°, and current velocity V=0ms .

Fig.10 shows that the global fatigue damage of the SWR
significantly increases with the increase in H;. For every
10m increase in H,, the fatigue damage increases by ap-
proximately one order of magnitude. The location of the
minimum fatigue life point is mainly near the arc bend
point and gradually moves to the hang-off point with the
increase in H;.
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Fig.10 Fatigue damage of the SWR with the variation of H,.

2) Sensitivity to the peak period 7,

H;=6.5m and other parameters are kept constant. The
fatigue damage of the SWR with peak period 7,=2.82,
7.82, and 12.82 s are calculated. The calculation results
are shown in Fig.11. The results show that the global fa-
tigue damage of the SWR is highly sensitive to the varia-
tion of 7, and the fatigue damage level greatly decreases
with the increase in 7). For every 5s increase in T, the
fatigue damage decreases by approximately 1-3 orders of
magnitude. In addition, the fatigue life of the SWR is ex-
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tremely low at a low T,, and the minimum fatigue life
location is always at a location of 780 m.

Based on the parameter analysis of the irregular waves,
the irregular wave has a significant impact on the global
fatigue damage of the SWR, and the severe wave envi-
ronment will cause extremely serious fatigue damage to
the SWR. Therefore, it is necessary to take wave attenua-
tion measures for the SWR during the in-service period in
actual engineering.
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Fig.11 Fatigue damage of the SWR with the variation of 7,

4.2.2 Effect of the TFM

1) Sensitivity to the top floater mean offset S

Fig.12 presents the fatigue damage of the SWR for three
different mean offsets Sy, i.e., 5, 55, and 105m. The fa-
tigue damage of the SWR increases with the increase in
So. For every 50m increase in S, the fatigue damage in-
creases by approximately one order of magnitude. The
fatigue damage of the hang-off section is most easily af-
fected by this parameter, especially near the hang-off point.
The main reason is that the stress level of the hang-off
section mainly depends on the effective tension level. The
increase in Sy leads to a significant increase in the tension
of the hang-off section. Accordingly, the stress level of
this section rapidly increases and then induces great fa-
tigue damage.
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Fig.12 Fatigue damage of the SWR with the variation of Sp.
2) Sensitivity to low-frequency TFMs

With other parameters unchanged, the fatigue damage
of SWRs under different low-frequency TFMs is obtained.

The results are shown in Figs.13—14. The three different
low-frequency motion amplitudes S; =5, 20, and 35 m
and periods 7; =100, 150, and 200 s are selected. Essen-
tially, the increase in S; and decrease in 7; will aggravate
the fatigue damage of the SWR. Each 15 m increase in S
or 50s decrease in T} causes an increase in fatigue dam-
age of approximately one order of magnitude. Moreover,
compared with other sections, the hang-off section is more
sensitive to low-frequency TFMs. With the increase in S
and decrease in 7, the minimum fatigue location is trans-
ferred from the arc bend point to the hang-off point, which
is mainly due to the direct contact between the hang-off
point and top floater. Accordingly, a high stress cycle and
fatigue damage level are induced by the violent TFM.
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Fig.13 Fatigue damage of the SWR with the variation of S;.
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Fig.14 Fatigue damage of the SWR with the variation of 77.

The above parameter analysis results show that TFMs
mainly affect the fatigue damage of the hang-off section.
Moreover, the sensitivity of the SWRs to the irregular wave
variation is much higher than that of the TFMs, which
further indicates that the SWRs have excellent adaptabil-
ity to the TFMs.

4.2.3 Effect of the internal flow

Figs.15—16 present the fatigue damage of SWRs for
different internal flow velocities and densities. The three
different internal flow densities of 0, 800, and 998 kgmf3
and internal flow velocities of 0, 15, and 30 ms ' at an
internal flow density p=800kgm * are selected.
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Fig.15 Fatigue damage of the SWR with the variation of
the internal flow density.
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Fig.16 Fatigue damage of the SWR with the variation of
the internal flow velocity.

The results show that the fatigue damage of the SWR
gradually increases with the increase in the internal flow
density and velocity, which is consistent with the analysis
conclusions of WR in Yang and Li (2011). For every 15m
s ! increase in internal flow velocity, the fatigue damage
increases by approximately one order of magnitude. The
variation of the internal flow density has a significant in-
fluence on the fatigue damage near the TDP, arc bend point,
and sag bend point. The main reason is that with the varia-
tion of the internal flow density, the global configuration
of the SWR significantly changes, which leads to a sig-
nificant change in the curvature of these points. Mean-
while, the variation of the internal flow velocity only has
a significant impact on the hang-off point. In addition, the
minimum life point of SWRs is always located in the
buoyancy section and moves toward the hang-off point
with the increase in internal flow density and velocity.

Based on the above analysis of the internal flow, the
internal flow has a great impact on the fatigue damage of
SWRs, and the internal flow with high density and veloc-
ity will cause serious fatigue damage. However, the in-
fluence of the internal flow is seldom considered in the
current research on SWRs, and corresponding protection
measures should be taken according to the internal trans-
port medium of SWRs during the design stage.

As mentioned earlier, the buoyancy section is the fatigue
risk region of the SWR, therefore, it is necessary to per-
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form sensitivity analysis on the primary parameters of this
section.

4.2.4 Effect of the buoyancy section

1) Sensitivity to the buoyancy section length

As shown in Fig.17, different SWR buoyancy section
lengths are investigated, and the buoyancy section lengths
L, used in the numerical simulation are 550, 600, and 650
m.

The results show that the fatigue damage of the SWR is
relatively sensitive to the variation of L,. The increase in
L, leads to the aggravation of the fatigue damage of the
SWR. For every 50m increase in L,, the fatigue damage
increases by approximately one order of magnitude. In
addition, with the increase in L,, the minimum fatigue life
location is always near the arc bend point and moves to-
ward the hang-off point, which is mainly attributed to the
change in the global configuration of the SWR due to the
increase in L,, resulting in the arc bend point moving to-
ward the hang-off point.
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Fig.17 Fatigue damage of the SWR with the variation of L,.

2) Sensitivity to the buoyancy factor

W is defined as the wet weight per unit length of the
hang-off section and decline section, and W, is the wet
weight per unit length of the buoyancy section and buoy-
ancy factor n=—W,/W.

When buoyancy factor n=1.5, 2.0, and 2.5, the fatigue
damage of the SWR is calculated. The results are shown
in Fig.18, where the minimum fatigue life of the SWR
decreases with the increase in the buoyancy factor. The
fatigue damage of the buoyancy section shows a high
sensitivity to the variation of the buoyancy factor. The in-
crease in the buoyancy factor will reduce the fatigue life
at the arc bend point, mainly because the larger buoyancy
factor will lead to the steeper global configuration of the
SWR, which means greater curvature and higher bending
stress level at the arc bend point. Moreover, with the in-
crease in the buoyancy factor, the minimum fatigue life
location is always at the arc bend point.

Although research (Sun and Qi, 2011; Qiao et al., 2016a)
has demonstrated that the increase in the buoyancy sec-
tion length and buoyancy factor can reduce the effective
tension of the hang-off point. According to the above pa-
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rameter analysis, they can, however, also lead to an increase
in the SWR fatigue damage. Thus, the two parameters
should be designed in detail.
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Fig.18 Fatigue damage of the SWR with the variation of n.

5 Conclusions

Based on the slender rod model and FEM, the nonlin-
ear dynamic analysis model of the SWR is established in
this study, which can give full consideration to the geo-
metric nonlinearity and internal flow nonlinear coupling
of SWRs. The Newmark-f method is adopted to solve the
dynamic behavior. Moreover, the Palmgren-Miner rule, a
specified S-N curve, and rainflow counting method are
applied to estimate the fatigue damage. Based on these, a
calculation process, DRSWR, is programmed with MAT-
LAB. In this study, the nonlinear dynamic response and
fatigue damage of SWR under the combination of irregu-
lar waves, TFMs, and internal flows is calculated and ana-
lyzed. Moreover, the effect of irregular waves (significant
wave height and peak period), TFMs (top floater mean off-
set and low-frequency TFM), and buoyancy section (buoy-
ancy section length and buoyancy factor) on the fatigue
damage of SWRs are investigated, and the following con-
clusions are obtained.

1) Under the combination of irregular waves and TFMs,
the dynamic response of each section of the SWR exhibits
multi-frequency characteristics (i.e., slow drift frequency
and multiple frequencies excited by irregular waves). The
effect of irregular waves on the sections of SWRs gradu-
ally decreases along the water depth. As for TFMs, they act
directly on the hang-off section but have the most sig-
nificant effect on the buoyancy section distal to it.

2) The buoyancy section of SWRs has the highest global
stress level, stress variation amplitude, and fatigue dam-
age. The peak point of stress is located at the arc bend point
and sag bend point, and the critical points of fatigue dam-
age are mainly concentrated in the arc bend point and hang-
off point.

3) The global fatigue damage of SWRs presents a high
sensitivity to the variation of the irregular wave, and the
increase in the significant wave height and decrease in the
peak period increase the global fatigue damage of SWRs.
For every 10m increase in Hy, the fatigue damage increases
by approximately one order of magnitude. Moreover, for

every 5s increase in 7, the fatigue damage decreases by
approximately 1-3 orders of magnitude. Thus, severe ir-
regular waves tend to cause severe fatigue damage, and it
is essential to take wave attenuation measures at the sea
surface in practical engineering.

4) The sensitivity of SWRs to TFMs is significantly
lower than that of irregular waves. In addition, the influ-
ence of the top floater mean offset on the SWR is greater
than that of low-frequency TFMs. The maximum fatigue
damage of SWRs increases with the increase in the top
floater mean offset. The low-frequency TFM with large
amplitude and low period can increase the fatigue damage
of SWRs and transfer the critical point from the buoyancy
section to the hang-off point. Each 50 m increase in Sy, 15
m increase in Sy, or 50s decrease in 7; causes an increase
in the fatigue damage of approximately one order of mag-
nitude.

5) The internal flow with high density and velocity will
produce high-level fatigue damage, and the increase in
the internal flow velocity will transfer the minimum fa-
tigue life point from the buoyancy section to the hang-off
point. For every 15ms™' increase in the internal flow ve-
locity, the fatigue damage increases by approximately one
order of magnitude. Therefore, attention should be paid to
the internal flow during the SWR service.

6) The increase in the buoyancy section length and
buoyancy factor will lead to an increase in the SWR fa-
tigue damage. For every 50m increase in L,, the fatigue
damage increases by approximately one order of magni-
tude. In addition, the increase in the buoyancy section
length will move the minimum fatigue life point toward
the hang-off point. In practice, the top tension can be sig-
nificantly reduced by increasing the two parameters, and
the serious fatigue damage they produce should be noted.
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