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ARTICLE INFO ABSTRACT
Keywords: This paper introduces a numerical model for analysing the dynamic response and fatigue damage of a global steel
Steel catenary riser (SCR) catenary riser (SCR) at the touch-down zone (TDZ). The model incorporates an innovative pipe-soil interaction

Pipe-soil interaction
Seabed softening
Changing soil strength
Seabed trench

Fatigue damage

model based on a new effective-stress framework to evaluate the changing soil strength induced by the cyclic
motion of the SCR, thereby allowing for a more accurate assessment of the effects of soil remoulding and
trenching on the dynamic responses of the SCR. The global SCR model is implemented in a commercial finite
element software — ABAQUS, with the pipe-soil interaction model integrated through a user-defined element
subroutine. A comprehensive series of time-domain simulations is conducted to investigate the evolution of
seabed and the subsequent development of trenching along the seabed pipeline. These simulations provide
valuable insights into the structural performance of the SCR at the TDZ. Additionally, this research explores the
effects of water entrainment, changing seabed strength & stiffness, and the heaving motion of the floater on the
fatigue damage of the global SCR. Understanding these factors is essential for obtaining an extensive under-
standing of the SCR’s behaviour in the TDZ. The findings provide significant insights that can be leveraged to
optimise existing design practices and enhance the efficiency and safety of offshore infrastructure.

stress analysis method [3-5], which calculates the loading paths (i.e.,
initial penetration, uplift, break contact, and re-penetration) using
different hysteretic models — either with closed or open hysteresis loops
(as shown in Fig. 1), during cyclic SCR motions [6-9]. In the ’closed-
loop’ model, the re-penetration will intersect the point where the pipe
turns for extraction, resulting in a closed hysteretic loop. On the other
hand, the ’open-loop’ model accounts for the additional penetration that
occurs during the re-penetration process. The models of capturing the
progressive penetration behaviours of the SCR typically adopt a
formulation for the load-displacement response, without directly
considering the degradation of natural soil strength and stiffness
induced by cyclic loading. As a result, they cannot explicitly link seabed
properties to the change in soil effective stress associated with excess
pore pressure generation induced by undrained cyclic shearing. A new
pipe-soil interaction model is recently reported by Zhou et al. [29]. The
model is based on the effective-stress framework [10-12] using the
critical state soil mechanics, simplifying the calculation process by
linking the soil strength to changes in effective stress during cyclic
loading. The complex load-displacement of an SCR segment can be

1. Introduction

A steel catenary riser (SCR) is one of the widely used solutions for
transporting hydrocarbon products from the seabed wellhead to the
floating facility in deep-water oil and gas field development. One of the
main concerns in the SCR design is accurately predicting its fatigue
damage induced by cyclic motions of the SCR, especially at the touch-
down zone (TDZ). The long-term interaction between the seabed and
the SCR at the TDZ has a substantial impact on the dynamic responses
and fatigue performance of the SCR, which highlights the significant
influence of the seabed conditions, i.e., the soil strength and stiffness
[1,2], on the SCR at the TDZ. Therefore, a robust design approach to
predict the fatigue of SCR is essential. An efficient global riser model
capable of simulating the SCR’s dynamic response, along with an ac-
curate pipe-soil model that reflects the nonlinear characteristics of the
pipe-soil interaction, are key elements for achieving precise simulations.

Several pipe-soil models have been developed to describe the SCR
and seabed interaction response. Most of these models adopt the total
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Notations z normalised soil depth, z/D
Ze depth of reference point of penetrating object below soil
Ca added mass coefficient surface
Cq drag coefficient Ze normalised depth, z./D
D diameter of penetrating SCR o strength influence zone extent
Dy, accumulated fatigue damage B strain influence zone extent
Fy hydrodynamic forces X characteristic pressure
H heave motion amplitude n load sharing factor
k seabed strength gradient A gradient of the normal consolidation line (NCL)
K tangent stiffness K gradient of the unload-reload line (URL)
Kmax maximum tangent stiffness adopted since the last reversal 0} lumped strength parameter
in penetration or extraction Deady steady value of lumped strength parameter
N allowable number of cycles to failure ko strength parameter multiplier
N. bearing capacity factor p water density
Nrt.bar bearing capacity factor of T-bar Ca axial stress
D parameter for pore pressure generation rate 6b bending stress
q SCR penetration resistance G stress range
qs seabed resistance Gy vertical effective stress
@b soil buoyancy O'veqm  equilibrium vertical effective stress
Sy undrained shear strength oync.  vertical effective stress at NCL
5u(®@) undrained shear strength profile oyrs.  vertical effective stress at RSL
Su,i in-situ undrained shear strength 6'vo in situ geostatic effective stress
Su,av average undrained shear strength € cumulative (absolute) shear strain
Su,cye cyclic undrained shear strength €00 cumulative (absolute) shear strain required for a degree of
Sumob  mobilised soil strength remoulding equal to 99%
St soil sensitivity €950 peak strength ductility parameter
(su/6'vo)nc normally consolidated undrained strength ratio u(@) strain influence distribution function
Ue excess pore pressure profile ¥ vertical distance between the object penetration depth and
Ue,r remaining potential excess pore pressure profile a given soil horizon normalised by the object diameter
Ue,max maximum excess pore pressure profile A plastic volumetric strain ratio
Vs strength influence function I'neL specific volume, v, ¢’y = 1 kPa on the NCL
v specific volume c nonlinear tangent stiffness parameter
Viniial  initial specific volume Y soil effective unit weight
2 soil depth
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Fig. 1. Typical pipe-soil models [6,8].

captured by a simple equation. This model can be potentially adopted to
pursue a more comprehensive understanding of the pipe-soil interaction
and its impact on the SCR’s overall performance.

For global simulation of the global riser system, a few studies have

been conducted by utilising either the quasi-static or dynamic methods
as summarised in Table 1. The AB model was initially utilised for the
global riser analysis, while the RQ model has been widely applied later.
The RQ model has been incorporated in commercial software such as

Table 1
A summary of global SCR studies.

Global Pipe-soil model Stress Changing Analysis

analysis domain soil strength method

Aubeny and AB” model Total No Quasi-Static
Biscontin stress
[6]

Shiri and RQ" model
Randolph
[13]

Elosta et al. Dynamic
[14]

Bai et al. [15]

Liuetal. [16]

Dong and
Shiri [17]

Zhao et al. Elastoplastic Effective Yes Quasi-Static
[18] model stress

Janbazi and Proposed by Dynamic
Shiri [19] Hodder et al.

[11]
This study Proposed by Dynamic in

Zhou et al. [10]

time domain

# Aubeny and Biscontin [6].
b Randolph and Quiggin [8].
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Orcaflex and has also been redeveloped in other software packages. Bai
et al. [15] implemented the RQ model into Cable3D RSI to conduct the
dynamic analysis of SCR at the TDZ in the time domain. Dong and Shiri
[17] identified several limitations in the RQ model, specifically with
regard to the global response of the SCR. These limitations include an
overestimation of the penetration embedment and cyclic contact stress,
as well as an inability to explicitly model trench development (reported
by Yuan et al. [34] and Rui et al. [39]). Zhao et al. [18] performed a
simple steady-state analysis of a SCR system, by combing an elasto-
plastic model and the effective stress framework [10] to investigate the
SCR-seabed interaction under a quasi-static condition. Janbazi and Shiri
[19] conducted a dynamic analysis for the global riser system using an
effective stress framework [11] to investigate the effect of soil consoli-
dation on the fatigue performance of SCR. In general, the findings from
various studies on the global riser system analysis indicate that the cyclic
motions of the floater result in stress concentration of the SCR at the
TDZ. However, consideration of both the dynamic responses of the
global SCR and the changing seabed properties induced by corre-
sponding dynamic loading (as shown in Fig. 2) remains limited in
existing analyses. Yet the changing soil strength is not taken into account
in the global riser analysis in many of the studies reviewed above.

In the present study, the dynamic response and fatigue performance
of an SCR at the TDZ is investigated by proposing a global SCR model
with the novel pipe-soil model incorporated [10]. The novel pipe-soil
model, which is based on the effective stress concept, is implemented
into the global SCR model in ABAQUS. The proposed global SCR model
is capable of describing the complex nonlinear features of the pipe-soil
interaction and simulating the dynamic response of the global riser.
After verification, the influence of the floater heave motion, seabed
properties, and water entrainment effect on the response of the global
riser is examined by performing dynamic simulations in the time
domain. The parameters, including the riser embedment profile,

Floater

A new pipe-soil
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Strength &  Stiffness
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effective stress degradation, distribution of stress and bending moment,
and cumulative fatigue damage are analysed. The valuable insights for
the design and optimization of subsea riser systems are provided based
on the findings of this study.

2. Pipe-soil interaction model

This study utilises a newly proposed effective-stress framework
developed by Zhou et al. [10] to accurately depict the dynamic pipe-soil
interaction. Based on the principles of critical-state soil mechanics [20],
this framework appropriately accounts for the variations in soil effective
stress caused by the cyclic-loading-induced pore water pressure. As a
result, it can capture the natural response of the seabed along the SCR
during complex cyclic loading, deviating from conventional methods
that rely on a reduction factor for the entire seabed at the touch-down
zone (TDZ). To model the pipe-soil system, the seabed is discretised
into a one-dimensional column, as illustrated in Fig. 2. Instead of
employing oversimplified soil springs [13], specific soil properties are
assigned to individual soil elements. This approach enhances the rep-
resentation of the dynamic behavior of the pipe-soil system, allowing for
a more comprehensive analysis. The soil experiences periodic vertical
loading & unloading and the analytical components of this process are
briefly outlined in this section, as shown in Fig. 3. More detailed de-
scriptions can be found in Zhou et al. [10].

2.1. Changes in the effective stress of seabed due to cyclic loading

The excess pore pressure generation during undrained cyclic loading,
ue(2) (wherez = z/D is the normalised penetration depth; D is the SCR
diameter), is linked to the cumulative plastic strain €(2) at each soil
domain, as shown in Fig. 3(a). The rate of excess pore pressure gener-
ation can be calculated as

Seabed

Intact seabed
Partially remoulded seabed
BN Fully remoulded seabed

Fig. 2. The effective stress framework for SCR-seabed interaction.
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Fig. 3. The analytical components of the effective-stress model [10].

m(f)zl{ uw(f))r_{ 0,(2) —
€99

(2 ) Ors(3) |” a
0e(Z) oo |eman(Z Funer(Z) = Ours(2)

where the incremental cumulative shear strain is related to the pro-
gressive embedment of the object 62 n,, and is expressed by the weighted
influence function, §¢(2) = 4u(2)6zm (details seen in Zhou et al. [10]);
~ (1-0.0117)
=5
shear strain implying a 99% degree of strength degradation from intact
to fully cyclic remoulded soil state; p is a constant power controlling the
shape of the pore pressure generation; u. is the remaining excess pore
pressure equal to the distance between the current vertical effective

Ue max(2) is a characteristic pressure; eqg is the characteristic

stress o, and the effective stress on the RSL o, v RSL3 Uemax TEprEsents the

maximum potential excess pore pressure, e max = 0. —ov.RSL (where

v.NCL
6, o1 IS the effective stress on the NCL) as shown in Fig. 3(b); The

vertical effective stress on the RSL o, g, is proposed by Zhou et al. [10]
and Hodder et al. [11] as

S ) 6,,(2) .

xp { A [FNLL Vtm/ml( )
v/ ne PS;

A—k

G5 () = ( An(0,(2)) ] } )

where (s,/0,, )xc is the normally consolidated undrained strength ratio;
A is the plastic volumetric strain ratio; I'ncy is the specific volume at o/v
= 1 kPa on the NCL; Vjyitial is the initial specific volume; A and « are the
gradients of NCL and URL, respectively; S; is the soil sensitivity; ® is a
lumped strength parameter linked to cumulative shear strain [10]. The
distributions of vertical spatial profile of excess pore pressure are shown
in Fig. 3(c).

2.2. Changing seabed stiffness and mobilisation of soil strength

The undrained shear strength s, at each soil depth, is acquired from
the current vertical effective stress through a lumped strength parameter
0]

5.(2) = @0,(2) ®

where ¢,(Z) = o, eqm(Z) —Ue(2), as shown in Fig. 3(d). An average un-
drained shear strength in the vicinity of the current depth of the SCR s,
av> can be calculated by the integration of the current soil strength

Ze+Q
S — / se(B)(3)dz @

Ze—a

where v; (%) is a strength influence function, « is the influence extent
above and below the centreline of the SCR.

A nonlinear strength-displacement model is utilised to capture the
soil strength mobilization as the motion reversal occurring by way of an
exponentially decaying tangent stiffness K

5(37”) = 5(2)K (5)

Suav

The determination of tangent stiffness K, is related to the proportion
of the change in mobilised strength

¢
A (“u,nmh)
Suav
K={1-|—>2=/
A (fume
Suav

where (M) is the current normalised strength change varying from

“1tol, (—‘ =

the range 0-2, as shown in Fig. 3(f); ¢ is the power factor to control the
rate of change in tangent stiffness; Kpx is the maximum tangent stiffness
as the last one-way or two-way cyclic reversal motion occurs.

Kinax (6)

> is the potential normalised strength change lying in

2.3. Changes in penetration resistance of SCR element at the TDZ

In general, the penetration resistance of the SCR element g, is
composed of seabed resistance g5 (see Fig. 3(h)) and soil buoyancy gy,
(see Fig. 3(1)).

4(2) = 42 + @ (3) ™
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in which
qs (E) = Ncsu.av (8)
and
= 1
9(2) :fbAs}’B ©

Suav in equation (8) is the average undrained shear strength derived
from the framework, and N, (see Fig. 3(g)) is the bearing capacity factor
varing with the soil depth

N, =a(z)’ 10)

wherea="7.1andb =0.33for 2 <0.75 [21] and a =6 and b = 0.15 for
z > 0.75 [22].

The soil buoyancy gy, in Eq. (9) is based on Archimedes’ principle,
which is linked to the effective unit weight of soil y, the normalised
cross-sectional area of the submerged segment of the SCR As, and a
factor fp.

2.4. Reduction in soil strength due to water entrainment

In this study, the influence of water entrainment on the strength of
the seabed near the water-mudline interface is captured, where the
ongoing motion of the SCR is approaching or crossing.

To capture this phenomenon within the effective-stress framework,
adjustments are made by increasing the soil sensitivity, S;, and shifting
the RSL to the left (i.e. the low effective stress level). This approach
results in a reduction in effective stress and soil strength after cyclic
remoulding, allowing for the modeling of lower soil strength due to
water entrainment. Consequently, the formation of a seabed trench
along the SCR can be accounted for. This investigation provides insights
into the dynamic response and fatigue damage of the global riser system
in the vicinity of the water-mudline interface. By considering the effects
of water entrainment, changes in soil strength, and the resulting trench
formation, a more comprehensive understanding of the system’s
behavior under dynamic conditions is achieved. It’s also worth noting
that seabed erosion can be influenced by a range of factors, encom-
passing subsea currents induced vortices, dynamic motion of the pipe at
TDZ, properties of seabed, etc. Thus, in-depth investigation into the ef-
fects of water entrainment requires further refinement in future studies.

3. Global riser model

In this section, the global riser model is presented with the applica-
tion of the novel pipe-soil model for the on-bottom portion. The global
model has been implemented using the commercial software ABAQUS
(2010) [23], which is widely used for the analysis of SCRs [24-26].

3.1. Details of the model and analysis procedures

A global SCR model is developed based on the structural properties
listed in Table 2. As schematically illustrated in Fig. 2, the SCR has a
typical configuration connected to a Spar platform. The total length of
the SCR is 2000 m, and the outer diameter of the riser is 0.457 m. The
operating water depth is 935 m. The SCR is modelled with a 2-node
Euler-Bernoulli beam element. The mesh size of the SCR is 1.0 m
except for the riser segment of 600-1000 m to the anchor point, which is
supposed to be located at the touch-down region and a mesh size of 0.5
m is selected.

The hydrodynamic forces (including the drag force and inertia force)
acting on the SCR are calculated with the Morison equation [27], which
can be expressed as

Engineering Structures 295 (2023) 116839

Table 2

Details of the SCR parameters.
Parameters Values
SCR total length 2000 m
Outer diameter 0.457 m
Inner diameter 0.415m
Wall thickness 0.021 m
Elastic modulus 207 GPa
Poisson Ratio 0.3
Riser density in air 7850 kg/m>
Submerged Weight 1000 N/m
Height of hang-off point 920 m
Hang-off angle 15.7 deg.
Water Depth 935m

1 D?
Fy = 3pDCu( =)l + 7= pCul( =) an

where x, x, x and are the displacement, velocity and acceleration of the
riser, respectively; C4 and C, are the drag and the added mass co-
efficients, respectively; p is the water density. The first term on the right-
hand side of Eq. (11) refers to the hydrodynamic damping from the
viscous drag force of the water, and the second term is the inertia force,
which can change the natural period of the SCR due to the added mass
effect.

The Morison equation is inherently built in the AQUA module of
ABAQUS. In the present simulations, the drag coefficient is selected to be
0.65 and the added mass coefficient is 1.0 [28]. The buoyance of the
riser is considered with the AQUA module as well.

The integration of the pipe-soil interaction model into the global
riser analysis is achieved through the implementation of an effective-
stress framework model within a user-defined element subroutine.
This subroutine, written in Fortran, is compiled as part of the Abaqus
User Element Library (UEL). The seabed is modelled as a one-
dimensional column of soil elements, with a size of 0.01 m in the ver-
tical direction and 1 m in the horizontal direction, as recommended in
previous studies [29] for simulation accuracy. During the pipe-soil
interaction, the framework model is utilised to establish the relation-
ship between the seabed reaction force and SCR penetration depth. The
cyclic displacement of SCR can also be taken into consideration to
evaluate the changing seabed strength and stiffness, which have impli-
cations for the distribution of loads along the SCR and the embedded
SCR configuration after cyclic loading.

The dynamic analysis methods for risers can be classified into two
primary categories: frequency-domain and time-domain methods.
Frequency-domain methods offer higher efficiency compared to time-
domain methods. However, their applicability is limited to systems
exhibiting predominantly linear behaviour. In contrast, time-domain
methods enable a comprehensive consideration of nonlinearities, such
as nonlinear pipe-soil interactions and hydrodynamics, despite their
computationally intensive nature. In the present simulations, dynamic
analysis in the time domain is conducted to account for all nonlinear
effects. The procedure for analysing the dynamic response of a global
SCR in ABAQUS is depicted in Fig. 4. The analysis type, either static or
dynamic, is identified at the initiation of the ABAQUS/Standard anal-
ysis, and the time increment scheme is determined based on the input
file. For each time step, the floater displacement is calculated first,
which determines the forced displacement at the top of the SCR. Sub-
sequently, iterations commence attaining displacement and force equi-
librium at each node of the SCR. During each iteration, the formation of
the global stiffness matrix is required, and the displacements of nodes in
contact with the seabed are passed to the UEL subroutine. The seabed
stiffness and reaction forces are then calculated utilising a pipe-soil
interaction model, which considers the SCR displacements. By
including the effects of the seabed stiffness and resistance, the global
equilibrium of each node of the SCR is evaluated. If the equilibrium



Z. Gao et al.

Engineering Structures 295 (2023) 116839

Start Abaqus/Standard

Displacements (

analysis
s é N
[>Determine the next time
increment
q é J
s N
> Determine the floater
displacement

Determine the

Stiffness

L configuration of SCR

Form the global

| UEL o
E Predifine the initial soil | !
. parameters i
[ (. J H
N J7 -
, Check pipe-soil contact <}*:
L 7
E Loads E
‘ Calculate spring ] E
E stiffness J i
No
s floater at required position?

Step finished?

stiffness matrix

Check displacement and
force equilibrium

Finished

Fig. 4. The flowchart for analysis procedures of the proposed global riser model.

convergence criterion is fulfilled for all nodes, the current time incre-
ment concludes, and the next time step commences. The process repeats
until the analysis is complete.

For analysis of such a long flexible SCR in ABAQUS, a convergence
problem may be encountered due to the high nonlinearity of the struc-
ture. To facilitate the convergence, a lift-up process of SCR is performed
to achieve the SCR installation configuration before the global riser
simulation as shown in Fig. 5. Initially, the SCR is modelled as a straight
riser laying on the seabed with the anchor point fixed at the coordinates
(0, 0) and the other end of the SCR located at Position A (2000, 0). The
seabed is modelled as rigid to avoid any unrealistic soil disturbance. In
the next step, the SCR is lifted from Position A to Position B, and the
seabed remains rigid. Then similar steps are repeated to lift the top end
of the SCR from B to E. After the top end of the SCR reaches the hanging-
off point (HOP) (1460, 920), the rigid seabed model is removed, and the

nonlinear seabed (i.e., the pipe-soil model) is activated. In this stage, the
initial incursion of the riser into the seabed is established, and the
configuration of the SCR, with a hang-off angle of 15.7°, is achieved
during the installation.

3.2. Concept for fatigue analysis

The fatigue analysis method based on S-N curves has been widely
used in structural design [30]. It is assumed that the fatigue damage of a
material can be described by an S-N equation given as

N = A(Ag)™ 12)
where N is the allowable number of cycles to failure for stress range Ao,

and m and A are material constants, which are determined from fatigue
tests.
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Fig. 5. Schematic demonstration of the global riser installation.

In the present analysis, the DNV S-N curve ‘C’ in seawater with
cathodic protection [31] is used, which is a two-segment S-N curve as
shown in Fig. 6. To calculate the stress range of the riser, the linear
combination of the bending and axial stresses is used as fatigue stress
according to DNV-RP-F204 [32].

0. =0,+0p (13)

where o, is the axial stress due to the tension and o}, is the bending stress.

With the S-N curve fatigue approach, the fatigue life can be calcu-
lated based on the Palmgren-Miner rule [33], which assumes that cu-
mulative fatigue damage is a linear summation of the individual damage
from all the considered stress range intervals, i.e.,

Following that, the precision and reliability of the global riser model,
which incorporates the UEL for the pipe-soil model, are verified through
a comparison with simulation data by industry-standard software,
Flexcom. Lastly, the global response of the SCR, with its HOP subjected
to 1000 harmonic motion cycles induced by spar heave motions, is
examined. The primary focus is on the progressive embedment of the
riser and the force-displacement response for various riser segments at
the TDZ.

4.1. Model parameters and the simulation case

The parameters of the pipe-soil model are summarised in Table 3.

b n;
Dy Zf:w,» D rables
Parameters of pipe-soil model.
where Dy is the accumulated fatigue damage; b is the number of stress .
Framework component Parameter Description Value
blocks; n; is the number of stress cycles in stress block i and N;j is the
number of cycles to failure at constant stress range Ac;. Geometry b ?C‘:lem)ete‘ of SCR (prototype  0.457 m
Soil characteristics Y Effective unit weight 6 kN/m°®
4. Case StUdy OCR Over-consolidation ratio 1
St Sensitivity 4 (10, 20)
In this section, a case study employing the proposed global SCR
. . . . . . Critical state mode A Compression index 0.205
model is provided to demonstrate its merit. Before the simulation, the L
K Swelling index 0.044
validity of the pipe-soil model is first confirmed by comparing its out- A Plastic volumetric strain 0.6
comes with the SCR segment tests reported by Yuan et al. [34] and Zhou ratio
etal. [29], ensuring the accurate representation of pipe-soil interactions. (su/ Normally consolidated 0.16
6'vo)NC undrained strength ratio
e Specific volume, v, at ¢’y = 3.251
1 kPa on NCL
103 r Excess pore pressure €99 Cumulative shear strain 600
generation parameter
P Shear strain rate parameter 2.95
i} Strain influence zone extent 0.5D
Consolidation process Tso Non-dimensional time for 0.09
50% consolidation
= m Embedment level 1.4
& parameter
\% 1()2 General soil strength and ~ ®gteady Strength parameter at 0.6 (1.2,
) m stiffness response steady, remoulded 1.8)
< N=4 1 (Ao) ™ conditions
[ Strength influence zone 0.5D
extent
Kmax Maximum tangent stiffness 200
S Power law parameter for 0.32
) strength mobilisation
10 10% 10° 100 107 108 " Note. The sensitivity of 4 is used in the base case, while the values of 10 and
N 20 are used for investigating the influence of soil sensitivity.

Fig. 6. S-N curve used in the study (A; = 1.56 x 1012, my = 3, Ay = 2.09 x
1016, my = 5).

™ Note. The Strength parameter of 0.6 is used in the base case, while the
values of 1.2 and 1.8 are used for investigating the influence of soil strength
gradient.
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The soil basic properties (¥, OCR) and the critical state parameters (}, «,
A, Inew, and (s,/ G/VO)NC) are originated from the standard geotechnical
lab/penetrometer tests [34-36]. Soil sensitivity S; = 4, is determined
from the cyclic penetration and extraction test by Yuan et al. [34] with a
bearing capacity factor Ntpr = 10.5 [37]. The characteristic strain egg
= 600 and the control parameter p = 2.95 for depicting the excess pore
pressure generation are used as suggested by Zhou et al. [10] to capture
the additional reduction in seabed strength and stiffness induced by
water entrainment.

For delimiting the shear strain influence zone and the strength in-
fluence zone, @ = 0.5 and $ = 0.5 are adopted respectively based on the
failure mechanism reported by Randolph and White [22]. The maximum
tangent stiffness, Kmax = 200 and power law parameter ¢ = 0.32 are
determined by giving a good agreement against the measured pipe-soil
interaction in the pipe test [34].

In the global SCR simulation, only the heave motion of the spar is
considered, thus causing the top end of the SCR to move vertically in the
y-direction correspondingly. A regular heave motion with an amplitude
of H= 2.0 m and a period of 10 s is applied at the HOP of the SCR. A
time-domain dynamic simulation consisting of 1000 heave motion cy-
cles is carried out. The areas surrounding the touch-down point (TDP)
and touch-bottom point (TBP) have been identified as crucial for soil
disturbance, as corroborated by previous studies [15,17].

The cases performed in the present study are listed in Table 4. Firstly,
the pipe-soil model and the global riser model are validated through
Validation I and Validation II, respectively. Based on the validated
models, the penetration resistances of different SCR segments at the TDZ
are examined with the global simulation (referred to as Case for PSI).
Following this, the effects of three critical design parameters on the
interaction between the pipe and soil with the inclusion of trench
development, seabed strength and floater heave motion are investigated
through the Cases for global riser responses. It’s worth noting that in the
case for the water entrainment effect, the high value of S; is utilised
(reported by Zhou et al. [29] and Yuan et al. [34]).

4.2. Validation of pipe-soil interaction model and global riser model

Before simulating the global SCR, the pipe-soil model to simulate the
behaviour of a segment of the SCR under cyclic loading was validated
against SCR segment tests reported by Yuan et al. [34] and Zhou et al.
[29], which included both displacement-controlled and load-controlled
tests. After implementing the effective stress framework in the UEL
subroutine, a single user element was tested in Abaqus simulations by
applying forced displacement to the user element for the displacement-
controlled tests and applying concentrated force to the user element for
the load-controlled tests. As this study primarily concentrates on soil
remoulding, only the “short-term” test was considered.

In the displacement-controlled test, the pipe segment was penetrated

Table 4
Simulation cases.
Analyses k (kPa/ St H Remarks
m) (m)
Validation I 1 4 - Pipe-soil model simulation
against Yuan et al. [34]
Validation II 1 4 - Global riser model against
Flexcom
Case for PSI 1 4 2 SCR penetration resistance
Cases for global riser 1 4 2 Effect of seabed strength and
responses 2 stiffness
3
1 4 2 Effect of water entrainment
10
20
1 4 1 Effect of heave motion
2
3
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from a normalised depth of 2 = —1 (one diameter above the mudline) to
2z = 3 for 200 loading cycles. The comparison between the simulated
results and experimental measurements from Zhou et al. [29] is pre-
sented in Fig. 7. For this ’mudline-breaking’ test, where each cycle
crosses the water-mudline interface, the continuous water entrainment
during the cyclic loading leads to a lower soil strength than the fully
remoulded soil strength. In the effective-stress framework model, this
phenomenon can be accurately captured by assigning a higher soil
sensitivity, S, then shifting the fully remoulded strength line, RSL, to the
’lift side’ in a specific volume-effective stress space (Fig. 3b), which
represents cyclic *'mudline-breaking’ induced lower effective stress and
in turn a lower seabed strength (see Fig. 3e). With the simulated
changing seabed strength by the effective-stress framework, the SCR
penetration resistance g is calculated through Egs. (7)-(10). The nor-
malised gsn/gs,1 (Where N is cycle number) against cycle number at a
normalised depth of Z = 2 is presented in Fig. 7(a). The result indicates
that the effect of water entrainment on the changing penetration resis-
tance is well captured by the model in comparison to the measured data.
The profiles of penetration and extraction SCR penetration resistance at
different cycle numbers also demonstrate good agreement as illustrated
in Fig. 7(b). In the load-controlled test, the pipe segment was penetrated
from Z = —1 to a depth where the penetration resistance q is equal to 8
kPa and then extracted for 100 cycles. As Fig. 7(c) shows, experimental
observations of the progressive penetration depth at ¢ = 8 kPa, indi-
cating the degradation of the soil strength and stiffness due to the
remoulding and water entrainment, are effectively mimicked by the
proposed model. The penetration resistance profiles exhibit good
agreement between the simulations and the measurements at N =1, 2,
10, and 100 (noting that cycle 10 are unpublished data from the test
reported by Yuan et al. [34], but presented by Zhou et al. [29]), which
indicates that the pipe-soil interaction model is successfully imple-
mented in the UEL subroutine.

The proposed global riser model is validated against results from an
industry-standard design tool employed to simulate the installation
response of a riser from the HOP to the seabed. It is worth mentioning
that the existing design tools are not able to account for cycle-by-cycle
induced seabed degradation. Therefore, only the installation phase is
considered in the validation. The post-installed configuration of the SCR
is depicted in Fig. 8 and compared with the global SCR profile obtained
from Flexcom — a commercial riser dynamics solver utilising the same
seabed properties. Both models show the same SCR profile and the
deepest penetration of about 0.2 m along the TDZ. This comparison
demonstrates that the proposed global riser model can accurately cap-
ture both the global response and the local curvature at the TDZ of the
riser. In the next section, results from additional analyses considering
cyclic loading will be discussed to further emphasise the model’s merits.

4.3. Results and discussion

For the global simulation Case for PSI, the SCR profiles at different
cycle numbers (N) are illustrated in Fig. 9. Following the installation, the
SCR comes into contact with the seabed at the TBP of —0.24 m (note that
the negative value represents soil depth). As cyclic loading occurs, the
embedded riser progressively penetrates, reaching a relatively stable
position at N = 1000. The SCR profiles at the TDZ are presented as a
“ladle” shape, and the TBP moves 0.37 m towards the anchor point and
the TDP moves 3.5 m towards the HOP. This process can be attributed to
the generation of excess pore pressure induced by cyclic loading, which
consequently decreases the effective stress and seabed strength, and the
expanding influence zone at the TDZ serves to redistribute the load
along the SCR.

The force-displacement responses of four nodes (node 903, node
928, node 953 and node 981) at different riser sections in the TDZ are
presented in Fig. 10. Note that in the subfigures, the y-axis represents the
penetration depth, and the x-axis represents the penetration resistance.
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Fig. 7. Validation for pipe-soil model against experimental observation conducted by Zhou [29]: (a) normalised seabed resistance against number of cycles; (b) SCR
penetration resistance profiles against depth for displacement-controlled tests; (c) SCR penetration resistance profiles against depth for load-controlled tests.
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Fig. 8. Verification for the global riser model against Flexcom.

Fig. 9. Global riser profiles at different cycle numbers.
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Fig. 10. Force — displacement responses along the riser (The penetration reaction force F on a beam element is normalised by the riser diameter D and the element

length L).

The force-displacement curves of the four nodes display distinct shapes,
reflecting the diverse behaviour of the pipe elements at the TDZ in
response to the soil remoulding process caused by varying amplitudes of
pipe displacement. From a global perspective, higher penetration
resistance is mobilised for riser segments with deeper penetration
depths, such as node 903, node 928, and node 953, while just under 3
kPa is mobilised for node 981.

Node 981, which is considered as the TDP and located around the
mudline, experiences significant cyclic motions at a shallow depth.
During each cycle, the pipe segment must penetrate deeper to mobilise a
higher soil strength, resulting in a series of hysteresis loops. As the
number of cycles increases, the hysteresis loops become “slimmer”,
indicating deeper penetration and smaller variations in the penetration
resistance when the soil strength is fully remoulded. In contrast, Node
953, which is located at a deeper site with a much smaller motion
amplitude than Node 981, exhibits a force-displacement curve with a
different shape, where hysteresis loops have not formed. This can be
attributed to the deep installation embedment of the SCR segment,
where the seabed strength is high and load equilibrium is achieved, even
though the geotechnical resistance is not fully mobilised. A similar
force-displacement curve is observed for Node 928, which is located at
the lowest depth, and the variation in penetration resistance during each
cycle is smaller than that of Node 953 due to the lowest cyclic
displacement. In both cases, the pipe segments gradually penetrate
deeper under cyclic loading, representing a cyclic degradation of soil
strength, and ‘fresh’ soil is also mobilised with higher shear strength. For
Node 903, which is located on the edge of the cyclic influence zone, the
motion amplitude and penetration resistance are initially very small
since most of the cyclic loading is resisted by the soil along the
embedded SCR. However, as the load is redistributed and the cyclic
influence zone expands, the penetration force at Node 903 increases,
accelerating the soil remoulding process in the later cycles.

5. Key design factors for riser fatigue analysis

This section focuses on assessing the effects of design parameters on
the global riser-seabed interaction and the degradation of seabed resis-
tance. Additionally, the dynamic responses of the global riser, such as
shear force and bending moment at the TDZ, are evaluated. The stress
time history for the most critical node is also presented, and fatigue
damage is calculated using the S-N curve. The primary objective of this
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analysis is to gain insight into the influence of these design parameters
on pipe-soil interaction and the overall structural response of the system.
This will ultimately assist in identifying critical design parameters and
refining the design process for SCRs.

5.1. Effect of trench development

Fig. 11 presents the SCR profiles following 1, 10, and 1000 heave
motion cycles, alongside contours of soil effective stress with different
values of S;. The initial soil strength, s, ; is consistent for all three sim-
ulations, but varies with S, resulting in soil strength degradation even
lower than remoulded soil strength. The cyclic loading applied to the
riser allows seabed softening towards a steady state with continuous
penetration of the pipeline. Fig. 11(b) demonstrates that a higher soil
sensitivity (i.e., Sy = 20) leads to a higher reduction in effective stress,
thereby a lower soil strength under the cyclic loading. The soil in the
vicinity of the TBP is fully remoulded after 1000 cycles, during which
the effective stress is reduced by approximately 15 times for S; = 4 (and
75 times for S = 20), and values of 6, yg; for both Sy = 4 and S; = 20 are

much lower than o, \, . Additionally, it is important to note that the
cyclic influence zone expands with the limited range from a depth of
—0.32 m at N =1 to —0.57 m at N = 1000. This implies that the
redistribution of the cyclic force along the SCR cannot generate free
expansion of the pipeline along the horizontal direction at the TDZ,
though the soil is softened. Therefore, under the same heave motion of
the floater, only a slight difference in the riser profile is detected, with a
slightly deeper TBP achieved for higher S;.

Fig. 12 displays the mean shear forces and bending moments at the
TDZ following 1000 motion cycles. The SCR profiles with varying S;
exhibit slightly different curvatures within the range of 700 m to 750 m
of the SCR arc length as a result of the penetration force redistribution
along the SCR, leading to corresponding variations in mean shear forces
and bending moments within this range. However, the distributions of
mean shear force and bending moments at other length ranges remain
essentially identical.

To investigate the impact of the soil sensitivity on the fatigue damage
of the SCR, the distribution of the fatigue damage in the TDZ is
demonstrated in Fig. 13 (b). Notably, the fatigue damage curve exhibit
two distinct peaks. The first peak corresponds to the TDP, arising from
the interaction between the seabed and SCR. The second peak is
observed approximately 30 m away from the TDP, towards to the hang-
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Fig. 11. Penetration and trench development with different soil sensitivity values (k = 1 kPa, H = 2 m): (a) Progressive penetration of SCR; (b) Effective stress of soil.

off point. This second peak is attributed to the significant sag bend,
serving as a transition from the seabed supporting point (i.e., TDP) to the
nearly vertical suspension. During platform heave motion, the vibration
of this transition segment is primarily dominated by the radial motion of
the SCR, resulting in a large dynamic bending stress range and conse-
quently higher fatigue damage. On the other hand, in the nearly vertical
suspension region, the SCR motion is primarily axial under the forced
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platform heave, leading to significantly lower fatigue damage. This
distinct pattern of two peaks in fatigue damage aligns with findings from
dynamic simulations conducted by Yuan et al. [38].

In the present study, the most critical spot of the SCR is identified as
the TDP, and the stress time history of this hot spot is shown in Fig. 13(a)
for cycles 995 to 1000. It can be observed that the stress range at this hot
spot decreases slightly as the soil sensitivity increases, leading to a
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Fig. 12. Responses of the global riser with different soil sensitivity values (k = 1 kPa, H = 2 m): (a) Mean shear force; (b) Mean bending moment.
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Fig. 13. Responses of the hot spot with different soil sensitivity values (k = 1 kPa, H = 2 m): (a) Stress; (b) Fatigue damage.

corresponding decrease in fatigue damage correspondingly as shown in
Fig. 13(b). This indicates that the influence of water entrainment on the
SCR responses is limited to this hot spot because of the significant
redistribution of the cyclic load along the SCR. Moreover, the softened
seabed strength induced by the large water entrainment is actually
beneficial to the fatigue life of the TDP. However, an increase of the
fatigue damage is observed at the second peak of the fatigue damage
curve with the increasing soil sensitivity.

5.2. Effect of seabed strength

Fig. 14 shows the simulated SCR profiles and contours of the soil
effective stress after 1, 10 and 1000 heave motion cycles. Three different
seabed strength gradients, k (defined as ds,/dz) of 1, 2 and 3 kPa/m,
representing soft, intermediate, and hard seabed conditions. In the
study, to simulate elevated soil strength gradients of k = 2 and 3 kPa/m,
increased values of the strength parameter ®ge,qy were employed
(Dsteady = 1.2 for k = 2 kPa/m; Dgready = 1.8 for k = 3 kPa/m). This
approach enabled an elevation in soil strength at the same effective
stress level.

As expected, a higher seabed strength will result in greater pene-
tration resistance, leading to shallower riser embedment during the first
cycle. As the sensitivity of soil S; is consistent across all three cases, the
soil strength will degrade to different levels, with the remoulded soil
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strength for the soft seabed being lower than that for the hard seabed. As
aresult, a deeper riser embedment is also observed for the soft seabed (i.
e., k = 1 kPa/m) after multiple cycles.

During the dynamic loading phase, the SCR gradually penetrates into
the seabed as the soil strength is cyclically remoulded, eventually
reaching a stable depth where the remoulded strength can resist the SCR
loading, as shown in Fig. 14(a). However, due to the movement of the
riser and the redistribution of loading during progressive riser pene-
tration at the seabed, some pipe segments cannot carry the same load
amplitude indefinitely. The interaction between the SCR and the seabed
will cause the flexible riser to redistribute the intensity of load acting on
the seabed. For a hard seabed condition in this study (i.e., k = 3 kPa/m),
the load concentrated in the vicinity of the TBP is difficult to release
towards the anchor point during cycles (i.e., movement in the hori-
zontal), and the SCR is confined in a narrow trench, resulting in a sig-
nificant increase in the embedment depth at the bottom of the SCR, as
shown in Fig. 14(b). As a result, a deeper soil remoulding region is
observed for the seabed with k = 3 kPa/m between 760 m and 800 m.

Fig. 15 compares the mean shear forces and bending moments with
different seabed strengths at the TDZ after 1000 cycles. Due to the
different configurations and penetrations of the SCR under different
seabed conditions, a noticeable change in the mean shear forces and
bending moments is observed in the range of riser length from 700 m to
750 m. As the seabed strength increases, the variation of the mean force
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becomes larger and the force peak shifts towards the TDP, with a similar
trend observed for the peak of the mean bending moment. This can be
attributed to the fact that a softer soil results in a smaller change in
curvature at the riser length range from 700 m to 750 m, while a stiffer
soil tends to confine the riser to a narrower trench, resulting in a larger
change in curvature. This conclusion is similar to that drawn by Dong
and Shiri [17].

X (m)
(b)

Fig. 14. Penetration and trench development with different seabed strengths (S; = 4, H = 2 m): (a) Progressive penetration of SCR; (b) Effective stress of soil.
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The stress time histories of the hot spot for the three cases (located at
x = 789 m), are compared in Fig. 16(a). It can be observed that both the
stress troughs and crests increase with the seabed strength and stiffness
though the increase is not very significant. Correspondingly, the first
fatigue damage peak increases with the seabed stiffness as shown in
Fig. 16 (b), and the second fatigue damage peak demonstrates a similar
trend. These results indicate that a stiffer seabed leads to a larger
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Fig. 16. Responses of the hot spot with different seabed strengths (S, = 4, H = 2 m): (a) Stress; (b) Fatigue damage.

curvature and higher fatigue damage at the hot spot, which is consistent
with the conclusion reached by Bai et al. [15].

5.3. Effect of heave motion

The effect of the floater heave motion is investigated by varying the
heave amplitude H from 1 m, 2 m to 3 m. Fig. 17 presents the SCR
profiles and contours of soil effective stress for different heave ampli-
tudes after 1, 10 and 1000 heave motion cycles. The heave motion
amplitude of the floater has a significant influence on the riser profile. As
the heave motion amplitude increases, the position of the TDP is shifted
to the right side, while the TBP location is shifted to the left, and a
deeper trench development is observed. As the cycle number increases,
the remoulded region of the effective stress expands more extensively.
However, as S; is kept consistent and the seabed is relatively soft (k = 1
kPa in this case), the force concentrated on the TBP is more easily
transmitted towards the anchor point, resulting in less degradation of
the effective stress of the soil along the downwards direction.

The mean shear forces and bending moments with different heave
motion amplitudes after 1000 cycles are shown in Fig. 18, which dem-
onstrates distinct peak values and corresponding locations along the
embedded riser in the length range from 700 m to 750 m. In contrast to
the effect of seabed strength, the variation in the mean shear force de-
creases and the force peak shifts towards the anchor point with the
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increasing heave motion amplitude. This can be attributed to the greater
penetration of the SCR in the length range of 700-750 m as the heave
motion amplitude increases, resulting in a more pronounced curvature
change in the riser at this section.

The stress time history curves of the hot spot subjected to different
heave motion amplitudes are compared in Fig. 19. As expected, the large
motion amplitude causes violent fluctuations in the stress. Conse-
quently, the stress range and the corresponding fatigue damage increase
significantly with the heave motion amplitude. Notably, the increase of
the heave motion amplitude can relocate the most critical spot of the
SCR from the TDP to the suspension point away from the TDP as shown
in Fig. 19(b).

6. Conclusions

This study presents the development of a global SCR model incor-
porating an effective-stress framework for accurate analysis of pipe-soil
interaction. The established model provides a basis for predicting the
evolving seabed strength and dynamic structural response of SCR at the
TDZ. By conducting a series of time-domain dynamic simulations on the
global riser model, the study focuses on investigating the effects of three
critical design parameters. The following key conclusions are drawn
from the analysis:
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Fig. 17. Penetration and trench development with different heave motion amplitudes (S; = 4, k = 1 kPa): (a) Progressive penetration of SCR; (b) Effective stress

of soil.

1. The simulations capture the soil remoulding process and show that
the global riser profiles change gradually with the penetration pro-
cess. A stable penetration profile can be achieved after a sufficient
number of SCR motion cycles, but different pipe segments at the TDZ
exhibit different force-displacement responses. The segments near
the TDP experience frequent interaction with the mudline, resulting
in hysteresis loops in the force-displacement curves. Deeper seg-
ments, however, exhibit smaller response amplitudes with no hys-
teresis loops formed. Over cycles, the influence zone expands, and

the segments far from the TDP become mobilised, redistributing the
load along the SCR;

. The riser profile is not highly sensitive to water-entrainment-induced
seabed trench, and the stress of the TDP tends to decrease with
increasing trench depth due to a significant redistribution of the
dynamic loading along the SCR, but an increase of the stress at the
transition (from TDP to suspension) segment is observed;

. Higher seabed strength results in greater penetration resistance,
which leads to a relatively shallow embedment of the SCR. At the
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Fig. 19. Responses of the hot spot with different heave motion amplitudes (S; = 4, k = 1 kPa): (a) Stress; (b) Fatigue damage.

TDZ, the remoulded region at the TDZ becomes narrower and deeper
with increasing seabed strength, as the load on the riser is less able to
expand towards the anchor point. This causes a large curvature and
in turn high fatigue damage for the riser;

4. Large floater heave motions result in significant vibrations of the
riser, leading to high fatigue damage. Moreover, the development
zone of the trench tends to expand towards the anchor point with
increasing floater heave motions. These findings emphasise the
importance of considering floater heave motions in the design and
operation of SCR systems.

Overall, the insights provided by this study shed light on the dynamic
behavior and fatigue damage of global SCR systems. The findings can
inform future designs and operations of such systems, enhancing their
efficiency and reliability.
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