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Abstract: By transforming the platform response obtained from coupled hydrodynamic analysis to the top
motions of steel catenary riser (SCR), the nonlinear dynamic analysis of the SCR is carried out in Abaqus/Aqua.
In this analysis, the SCR-seabed interaction is well taken into account by introducing the seabed trench model
and hysteretic seabed model. The fatigue damage of the SCR near touchdown point (TDP) is calculated using
rain-flow counting methodology, and the sensitivity of the fatigue damage to the seabed and wave parameters are
investigated. The results indicate that as seabed stiffness increases, the fatigue life and its sensitivity to seabed
stiffness decrease. Seabed trenching may benefit the fatigue life of the SCR and the trench position should be
elaborated for realistic fatigue damage prediction. Due to the induced platform response, significant wave height
and spectral peak period have significant effects on the fatigue damage, thus the short-term sea state bins should
be carefully selected from the wave scatter diagram.
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0 Introduction

During the last decades, the experience of deepwa-
ter steel catenary risers (SCRs) application for oil and
gas production shows that SCRs are economic and re-
liable riser systems, and have been adopted for many
deepwater projects developed with floating hosts. How-
ever the complex environment loads applied to SCRs
make the design very difficult. At the touchdown zone,
the seabed reaction force is very difficult to determine,
and the discrepancy of predicted fatigue life due to the
difference of seabed stiffness and trench model is very
distinct[1]. In addition to the riser-soil interaction, a
large proportion of total fatigue damage results from
riser top motions, so wave induced vessel motions would
contributes significantly to the fatigue performance[2].
Xu et al.[3] studied the fatigue life of SCRs with semi-
submersible and spar platforms, and the result showed
that SCR with spar is more durable. Power et al.[4]

neglected the seabed action and gave a comparative
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analysis between spectral method and rain-flow count-
ing method on fatigue life. Fu and Yang[5] analyzed
the effect of environment loads on SCR’s fatigue life, in
which the seabed was simplified as nonlinear spring and
the coupled effect of platform system was not consid-
ered. Bai et al.[6] implemented a nonlinear p-y model
into finite element code for riser analysis, Cable3D, and
investigates the response and fatigue damage of a SCR
at touchdown point (TDP). Elosta et al.[7] studied the
seabed trenching on the fatigue life at touchdown zone.
However, the obtained trench is very shallow, thus this
cannot reflect the effect of seabed trench in the service
life of the SCR. Fatigue life is one of the most impor-
tant factors considered in the design of risers, so the
assessment of the SCR’s fatigue life using a scientific
and feasible method is very important for the safety
and economy of the offshore industry.

This study takes the platform, SCR and mooring
lines as a whole, and carries out coupled analysis us-
ing commercial software, DeepC. By transforming the
platform response to the SCR top motions, the global
analysis of the SCR is then conducted in nonlinear finite
element software, Abaqus/Aqua. In order to well simu-
late the SCR-seabed interaction, the seabed trench in-
duced by SCR contact and hysteretic seabed resistance
are taken into account by creating touchdown element
based on user-define element (UEL) in Abaqus. Based
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on the obtained stress history, the fatigue damage of
the SCR near TDP is calculated using the curve of
stress range versus number of stress cycles to fatigue
failure (S-N curve) and rain-flow counting methodol-
ogy. Next, the sensitivity of fatigue damage to seabed
and wave parameters is investigated, and some conclu-
sions are obtained.

1 Semi-Submersible System Parameters

The targeted SCR serves in a semi-submersible plat-
form system for oil production. The platform has the

dimension of 114m × 78m, mainly consists of four
columns and two pontoons. The operational/survival
draft is 19m, and the related displacement is about
51 700 t. In this study, the operational water depth is
1.219 2 km.

Figure 1 illustrates that the platform is equipped
with a 12-point spread mooring system. The mooring
length is 3.950km, with the form of chain-wire-chain.
The key parameters of the targeted SCR are presented
in Table 1, where D and t are the SCR diameter and
thickness, respectively, CM and CD are the inertia co-
efficient and drag coefficient, respectively.

Table 1 Principals of the targeted SCR

Length/km Departure angle/(◦) Wet weight/(kg ·m−1) Dry weight/(kg ·m−1) D/m t/m CM CD

2.050 14 148.2 276.9 0.4 0.02 2.0 1.0
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Fig. 1 Sketch of coupled semi-submersible platform system

2 Environment Loads

2.1 Wave and Current Load
The platform, SCR and mooring lines are coupled

as a whole system. The coupled analysis software,
DeepC for moored floating structure is therefore uti-
lized to simulate the response of the platform system.
Before this analysis, the wave frequency-dependent
coefficients, such as added mass, radiation damping
and wave-excitation force, are calculated based on the
diffraction/radiation program, HydroD. In DeepC, the
wave-excitation force is converted to the force in time
domain, and the frequency-dependent radiation damp-
ing is included in form of convolution integral. As
for the current force exerted on the platform, only the
quadratic term is considered in this study, and can be

expressed as follows:

Fc = CQ(β) |u(t)|2 , (1)

|u|2 = (u1 − ẋ1)2 + (u2 − ẋ2)2, (2)

β = arctan
(

u2 − ẋ2

u1 − ẋ1

)
, (3)

where CQ is quadratic current force coefficient; u is
the relative velocity between current and platform; u1

and u2 are current velocity components along x- and y-
axis; ẋ1 and ẋ2 are platform velocity in surge (x-axis)
and sway (y-axis) directions respectively; β is relative
current angle. CQ is related to the projected area and
shape of the platform, and can be calculated according
to American Petroleum Institute (API)[8].

SCR and mooring lines belong to long slender struc-
tures, thus Morrison theory can be used for the descrip-
tion of wave and current loads. The Morrison force per
unit length could be expressed as:

f =
1
2
ρCDD |U − Ub| (U − Ub)+

ρCmA(U̇ − U̇b) + ρAU̇ , (4)

where U and U̇ represent the fluid velocity and accel-
eration respectively; Ub and U̇b represent the velocity
and acceleration of the slender structures; ρ is ambient
fluid density; CM = Cm + 1, Cm is added mass coeffi-
cient; A represents the riser cross-sectional area.

The wave scatter diagram in South China Sea is se-
lected to simulate the sea environment, and is con-
densed to 6 bins presented in Table 2. The short-term
sea state is depicted using the Joint North Sea Wave
Project (JONSWAP) spectrum, and is assumed to have
equal probability for different wave directions. The di-
rection is 0◦ representing the wave propagates along
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positive x-axis, and 90◦ representing the wave propa-
gates along positive y-axis. The current is aligned with
wave, and remains constant in the sea surface for all
sea states. An approximate current profile based on the
literature[9-10] is applied, and is presented in Table 3.

Table 2 Short term sea state for fatigue analysis

Sea

state

Significant

wave

height/m

Wave peak

period/s

Surface current

velocity/

(m · s−1)

Occurrence

probability/%

S1 1.25 5.3 0.9 53.40

S2 1.75 5.3 0.9 18.00

S3 2.25 5.3 0.9 11.70

S4 2.75 5.3 0.9 7.74

S5 3.75 7.5 0.9 5.16

S6 4.25 7.5 0.9 4.01

Table 3 Current profile data

Distance to seabed/km Current velocity/(m · s−1)

1.219 2 0.90

1.050 0.52

0.880 0.30

0.500 0.15

0 0.03

The nonlinear finite element software, Abaqus/Aqua,
is employed to carry out detailed global analysis of the
SCR. The floating system responses are firstly calcu-
lated using DeepC, in which the hull drag and the hy-
drodynamic load of SCR and mooring lines are taken
into account based on Eqs. (1)—(3) and Eq. (4), respec-
tively. Then the platform responses are transformed as
the SCR top motions in Abaqus to guarantee reasonable
prediction of the SCR response. It is noted that since
this study focuses on the fatigue damage near TDP, the
flex joint connecting SCR and platform is not consid-
ered in the simulation.
2.2 Seabed Model

SCR-seabed interaction is the key aspect and chal-
lenging issue in the fatigue design of SCRs. Due to re-
peated contact between SCR and seabed, seabed trench
would develop gradually, and in turn affects the SCR
response at touchdown zone[11]. Since the seabed
trench becomes stationary after several months follow-
ing the installation of SCRs, an initial trench profile
can be applied in the SCR global analysis[12]. By com-
paring different trench profiles in literature, Wang and
Low[12] found that a cubic polynomial model can well
delineate the trench profile:

d(x̂) =

dmax

[
c1

(
x̂

LT

)3

+ c2

(
x̂

LT

)2

+ c3

(
x̂

LT

) ]
, (5)

c1 = − 2λ − 1
[λ(λ − 1)]2

c2 =
3λ2 − 1

[λ(λ − 1)]2

c3 = − 3λ2 − 2λ

[λ(λ − 1)]2

λ =
Lmax

LT

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

, (6)

where dmax represents the trench depth at trench max-
imum depth point (TMP), see Fig. 2; x̂ is the distance
to trench beginning point (TBP); Lmax and LT are the
distance from TMP to TBP and the trench length re-
spectively;. dSW is self-weight penetration; TEP means
trench end point. It should be noted that this trench
profile (TP) neglects the self-weight penetration since
it can be formed in the numerical simulation.

SCR resting on flat seabed

SCR after trench
development

Reference TDP
dSW

TEP

TDP

TP

Trench

TBP

Seabed
surface

ΔTP
LT

Fig. 2 Sketch of trench profile[12]

In order to match the trench profile with the touch-
down zone, two parameters should be determined: LT

and ΔTP (the distance from TBP to the reference TDP)
shown in Fig. 2. Wang and Low[12] normalized the two
parameters to RL and RTP respectively by divided by
riser diameter, and obtained their relationship with nor-
malized trench depth Rd, riser mass RM and the ratio
of horizontal and vertical span RHV by solving an opti-
mization problem. For saving space, this study would
not detail this method, and just gives the corresponding
equations:

RL = 72.5 + 30.9Rd + 106.1RHV−
17.2RM − 3.38R2

d+

46.2RdRHV

RTP = −99.2 − 12.7Rd + 48.8RM−
30RHV + 13.5R2

d − 8.2R2
M−

12.1RdRHV

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

, (7)
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Rd = dmax/D

RM = 4m/(ρπD2)
RHV = H/V

⎫⎪⎬
⎪⎭ (8)

where m represents the wet weight of the SCR per unit
length; H and V represent the horizontal and vertical
span of catenary zone respectively (see Fig. 1).

According to the large scale SCR test data, Bridge
et al.[13] indicated that the seabed resistance and SCR
penetration yields to hysteretic relationship. This
study applies the linear hysteretic seabed model[14] to
simulate the SCR-soil interaction, as shown in Fig. 3.
The initial penetration curve can be described by the
following equation, which governs the relationship be-
tween seabed resistance (P ) and penetration (d) of
Point 1.

P = NPD(S0 + Sgd)

NP = a(d/D)b

}
, (9)

where S0 and Sg represent mudline shear strength and
shear strength gradient respectively; Np is a dimension-
less bearing factor; a and b are empirical parameters
taken to be 6.7 and 0.254 respectively[15].

1

2

Initial p
enetrati

on

4
O

R
ep

en
et

ra
tio

n

d

P

Suction mobilization3
Suction release

E
la

st
ic

 r
eb

ou
nd

1

Fig. 3 Linear hysteretic SCR-seabed interaction model

Combined with the trench model, the penetration of
Point 1 can be determined using Eq. (5). As shown in
Fig. 3, when SCR uplifts, the seabed resistance would
decrease to zero from Point 1 to Point 2, and then the
soil suction mobilizes from Point 2 to Point 3, and re-
leases from Point 3 to Point 4 until SCR separates with
seabed. When the SCR turn to move downwards with-
out SCR-seabed separation, the resistance would follow
Line � which is parallel to the elastic rebound curve.

Based on the trench model and linear hysteretic
SCR-seabed interaction model, a touchdown element
is developed by using the user subroutine UEL in
Abaqus. This can guarantee reasonable response of
SCR at touchdown zone in the global simulation. Fig-
ure 4 demonstrates the numerically obtained resistance-
penetration relationship near TDP using the touch-
down element under S0 = 2.5 kN, Sg = 2.5 kN/m,

dmax = 1.0m. It can be seen that the mobilization and
release of the soil suction is well captured as expected.
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Fig. 4 Numerically obtained seabed resistance-penetration
relationship

3 Fatigue Sensitivity Analysis

This study assumes that the material fatigue damage
of SCR obeys Miner’s rule[16], and the Notation D S-
N curve considering the cathodic protection in seawa-
ter recommended by Det Norske Veritas (DNV)[17] can
represent the material performance. The stress history
is calculated by combining the stress induced by axial
force and bending moment[18], based on that the stress
cycles with different ranges are obtained by rain-flow
counting methodology. In this study, the simulation
time is 1 500 s for all cases.
3.1 Effect of Seabed Stiffness

For the study of the sensitivity of TDP’s fatigue
damage to the seabed stiffness, four S0 with constant
Sg = 2.5 kN/m are used: 1.5 kN, 2.5 kN, 3.5 kN and
4.5 kN. The seabed trench depth dmax is set to 2 times
riser diameter (i.e. Rd = 2.0). According to the SCR
parameters, the seabed trench can be configured to
match with the SCR at touchdown zone. The fatigue
life as a function of S0 is illustrated in Fig. 5. It can be
seen that the predicted fatigue life decreases with the
increasing S0, and changes quickly in low stiffness zone,
but slowly in high stiffness zone. This trend is in good
agreement with that in Ref. [19].

Figure 6 gives the relationship between stress range
and the number of stress cycles under S6 with wave di-
rection of 0◦. Most of the stress range (τ) concentrates
in 1—15MPa, and the whole number of stress cycles al-
most remains constant under different seabed stiffness.
If the stress range corresponding to Nos. 1—5 and No. 6
is considered as low and high range zone respectively,
the bar chart shows that low seabed stiffness gives more
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Fig. 5 Seabed stiffness effect on TDP’s fatigue life
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low stress range cycles, but high seabed stiffness gives
more high stress range cycles. From the above analysis,
it can be concluded that the decrease of low stress range
cycles and the increase of high stress range cycles are
the main reason for lower fatigue life in stiffer seabed
conditions.
3.2 Effect of Seabed Trench

Traditional approach usually applies flat seabed
without considering the trench effect. This may result
in conservative stress near TDP[20]. By setting different
Rd, this study investigates the effect of trench develop-
ment on the fatigue damage near TDP. Figure 7 indi-
cates that the fatigue damage decreases with increasing
Rd, so trench development may benefit the fatigue life
of the SCR. The reason may be that with trench devel-
opment the stress near TDP can be distributed along a
larger length of SCR at touchdown zone, thus reduces
the stress peak value.

Next, the effect of the trench position on the fatigue
damage is studied, and the result is shown in Fig. 8.
It is noted that the positive relative position means the

seabed trench (base trench) obtained from Eq. (7) mov-
ing toward to bottom end. Figure 8 divides the relative
position into three regions according to the matching
between seabed trench and static SCR. Region 1 repre-
sents that SCR contacts TBP. Region 2 represents that
TDP is located between TBP and TMP. Region 3 rep-
resents that SCR just lies on the trench between TMP
and TEP. It can be seen that if the trench position is un-
reasonable, the fatigue damage may be overestimated
or underestimated. At Region 3, the fatigue damage is
slightly overestimated, but still lower than that corre-
sponding to the flat seabed. For Region 1, due to the
intensive contact at TBP, the fatigue damage is signifi-
cantly overestimated. At the boundary between Region
1 and Region 2, the fatigue damage is underestimated.
The reason is that the SCR slightly contacts the seabed
at TBP, which alleviates the stress near TDP, so the fa-
tigue damage is mitigated, and a little peak near TBP
circled in Fig. 9 occurs.
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3.3 Effect of Wave Parameters
The SCR is connected with platform through a flexi-

ble joint, so the wave induced motions of platform have
a significant effect on the TDP’s response. This sec-
tion would focus on the sensitivity of fatigue damage
of the SCR near TDP to the wave parameters: HS and
TP. The seabed model parameters are: S0 = 2.5 kN,
Sg = 2.5 kN/m, Rd = 2.

Figure 10 shows the annual fatigue damage of all
states under different S0. When TP remains constant,
TDP’s fatigue damage almost has a linear relationship
with HS, and larger TP corresponds to larger slope, so
HS and TP both have a significant effect on TDP’s fa-
tigue damage, and the sensitivity of fatigue damage to
HS is related with TP. It should be mentioned that the
annual fatigue damage in Fig. 10 includes the occur-
rence probability of each state. Actually, in the wave
scatter diagram, a sea state with larger HS and TP may
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Fig. 10 Wave height and period effect on TDP’s fatigue
damage

not correspond to higher fatigue damage in the serve
life of the SCR since this sea state may have very small
occurrence probability. Therefore, it should be discreet
when condensing the wave scatter diagram to fewer sea
state bines for saving computational time.

4 Conclusion

In this paper the response of the selected semi-
submersible platform system under different short-term
sea states was predicted based on the coupled hydro-
dynamic analysis technology, and then transformed as
the top boundary condition of the SCR for the global
analysis in nonlinear finite element software, Abaqus.
It should be mentioned that this study did not con-
sider the second order wave force applied on the semi-
submersible platform and the seabed lateral seabed
stiffness, which will be investigated in the future work.
In the global analysis of the SCR, the seabed model
in literature is introduced for more realistic simulation
of SCR-seabed interaction. The sensitivities of TDP’s
fatigue damage to seabed stiffness, seabed trench and
wave parameters were then analyzed, and some reason-
able conclusions were obtained.

Seabed stiffness has a great influence on the predic-
tion of SCR’s fatigue life near TDP. With seabed stiff-
ness increasing, the stress cycles almost remain con-
stant, but the cycle number of high stress range in-
creases, thus the fatigue life decreases.

With trench development, the fatigue damage near
TDP decreases. This indicates that the seabed trench-
ing may benefit the fatigue life of SCR. If the trench
position is not reasonably configured in the global anal-
ysis, the fatigue damage near TDP may be significantly
overestimated or underestimated. Therefore, the trench
position should be elaborated.

As spectral peak period TP increases, the effect of the
significant wave height HS on TDP’s fatigue damage
becomes more significant. Therefore, the short-term
sea states with low occurrence probability but large HS

and TP should be deliberated when dividing the wave
scatter diagram into condensed sea state bins.
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