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A B S T R A C T

The fatigue life of steel catenary risers is significantly influenced by cyclic riser–seabed–water interaction in the
touchdown zone. In this study, the penetration and extraction of a shallow embedded riser section, subjected to
cyclic vertical loading, are simulated using a computational fluid dynamics approach with ANSYS CFX. An
empirical strength degradation model is proposed for soil softening due to undrained remoulding and clay–water
interaction in the highly sheared interface, termed ‘shear wetting.’ The combined effects of strain rate and
softening on the mobilized shear strength of deepwater offshore clay are implemented in CFX. A sufficiently
large number of loading cycles is simulated using this computationally efficient numerical technique to achieve a
stable response. A significantly large reduction of vertical resistance of a shallowly embedded riser section due to
cyclic loading, as observed in physical model tests, is obtained using the proposed strength degradation model
with shear wetting, which cannot be explained simply by undrained remoulding.

1. Introduction

Steel catenary risers (SCRs) — long flexible pipes of typically
150–600mm diameter — are widely used in deepwater to transport
hydrocarbons from seabed well systems to floating platforms or surface
vessels. Environmental loading, such as surface waves or currents,
causes cyclic motion of the riser. One of the key concerns in the design
is the fatigue response of risers near the touchdown point (TDP), the
point where the riser first touches the seabed. The fatigue response is
significantly influenced by riser–seabed–water interaction in the
touchdown zone (TDZ), the zone where cyclic riser–soil interaction
exists. In the current industry practice, the fatigue performance is
mainly evaluated modelling the seabed as a linear/nonlinear spring or
rigid surface. Large-scale field and laboratory tests (e.g., Bridge et al.,
2003; Hodder and Byrne, 2010; Wang et al., 2014) and reduced-scale
centrifuge tests (e.g., Hu, 2010; Elliott et al., 2013a, b, 2014) were
conducted to understand the response of a riser under cyclic loading.
Still, this complex behaviour is not well understood.

Environmental loading could cause six degrees of motion; however,
the vertical motion of the riser is the most critical because the pene-
tration near the TDP could increase the curvature and bending moment
(Clukey et al., 2005). Moreover, suction under the riser during uplift

also increases fatigue damage (Clukey et al., 2007; Ting et al., 2010).
Therefore, the focus of the present study is to investigate the response of
an SCR subjected to cyclic vertical motion only, although it is under-
stood that the response might be influenced by the motions in the other
directions in several ways, such as altering trench shape/size and water
flow mechanisms.

A riser separates from the seabed near the TDP when lifted upward
during cyclic motion. The degree of separation is high during storm
events because of the large-amplitude vertical motion. Further away
from the TDP in the buried zone, the amplitude of motion reduces and
therefore the maximum vertical displacement may not be sufficient to
cause separation of the riser from the seabed. Compared to their large-
amplitude motion during storm events, risers generally experience
much more frequent day-to-day small-to medium-amplitude cyclic
motions over a long period, which governs the fatigue design (Bridge,
2005; Clukey et al., 2005, 2007).

Model tests have been conducted to understand riser–seabed–water
interaction under cyclic loading. In these tests, the invert of a model
pipe section of diameter D is first penetrated into the seabed to the
desired depth (win) and then cyclic vertical displacements of amplitude
a are applied. Tests were conducted under the submerged condition in
order to investigate the effects of water on vertical resistance. The
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depth of embedment (w) represents the vertical distance between the
invert of the pipe and mudline (Fig. 1). For brevity, the symbols

= = =w w D w w D a a Dˆ / , ˆ / and ˆ /in in are used in the following sec-
tions. In most of the tests, cyclic loading started from a shallow initial
embedment ≤w( ˆ 1.2)in (Bridge, 2005; Clukey et al., 2005; Aubeny
et al., 2008; Langford and Aubeny, 2008a,b; Langford and Meyer,
2010); however, some researchers conducted tests for larger ŵin
(Clukey et al., 2008b; Hu et al., 2010; Yuan et al., 2016). When the pipe
is not fully covered by soil during cyclic loading, the available ‘free
water’ could interact with seabed sediment at the interface between
water and clay.

The following were the key observations in the experimental pro-
grams when free water was available. The resistance decreased rapidly
with the number of cycles when the pipe/T-bar broke away from the
seabed in large-amplitude cyclic motions (Hodder et al., 2008, 2009;
Langford and Meyer, 2010; Yuan et al., 2016). A large number of small
or medium-amplitude cyclic motions reduced the vertical resistance
significantly, even in the tests without pipe/T-bar breakaway (Clukey
et al., 2005, 2008b; Ganesan and Bolton, 2013). Soil and free water
mixing near the interface exacerbate the strength degradation process.
The degradation of vertical resistance in free water cases is much higher
than that resulting from undrained remoulding in T-bar tests, when the
cyclic motion is applied under a fully embedded condition.

Recognizing the complex nature of riser–seabed–water interaction,
mathematical models in the form of a P-y curve, where P is the vertical
resistance per unit length of riser and y is the vertical displacement,
have been proposed for practical engineering purposes (Bridge et al.,
2004; Aubeny and Biscontin, 2009; Randolph and Quiggin, 2009). A
number of empirical model parameters are required in these models
and the authors proposed the ranges for these parameters based on two-
dimensional model test results (Dunlap et al., 1990; Bridge, 2005;
Aubeny et al., 2008). The degradation of shear strength due to cyclic
loading is not considered in these models. These models have also been
used to investigate the fatigue response of risers (e.g., Shiri and
Randolph, 2010; Ting et al., 2010; Li and Low, 2011). Nakhaee and
Zhang (2010) incorporated the degradation of resistance due to plastic
deformation during cyclic loading in the P–y curve; however, they ne-
glected the effects of water entrainment, possible erosion and re-
consolidation of softened sediment, as reported from physical experi-
ments (Hodder et al., 2013; Sahdi et al., 2017). Aubeny et al. (2015)
proposed a revised P-y curve where the effects of amplitude and
number of loading cycles have been incorporated using a set of em-
pirical equations.

Numerical modelling could provide further insights into the me-
chanisms and can explain some of these experimental observations.
Finite element (FE) simulation of cyclic penetration and extraction
processes in a fully embedded (deep) condition is available in the lit-
erature (Zhou and Randolph, 2009). Similarly, FE modelling of pene-
tration of a shallowly embedded pipeline has been presented by a
number of researchers (Wang et al., 2010; Chatterjee et al., 2012; Dutta

et al., 2014). However, numerical modelling of extraction behaviour at
shallow depths is very limited. Clukey et al. (2008a) demonstrated
some advantages of Eulerian simulations for modelling riser–seabed–-
water interaction in the presence of free water. They suggested that soil
and free water mixing might be incorporated in the strength degrada-
tion model, although it was not considered in that study. Moreover,
simulations have been performed only for one loading cycle instead of
simulating a sufficiently large number of cycles. Using a finite element
limit analysis program, Martin and White (2012) calculated the lower-
and upper-bound limit loads of ‘wished in place’ pipes for rough/
smooth and fully-bonded/unbonded cases. The soil has been modelled
as rigid-plastic material without softening. Again, cyclic loading was
not simulated in that study. The authors of the present study used the
Eulerian solution technique in ANSYS CFX to model penetration of a
pipe into a soft clay seabed (Hawlader et al., 2015a). They also im-
plemented a simplified strength degradation model as a function of
distance from the riser in CFX and simulated only one loading cycle
(Hawlader et al., 2015b). Comparing with previous model tests and FE
results, it was shown that CFX can simulate both penetration and ex-
traction processes.

In summary, when subjected to cyclic loading, the response of
shallowly embedded SCR is very different from the response of a fully
embedded T-bar. The numerical modelling of SCR subjected to cyclic
displacements near the seabed, where free water could play a major
role, is not available. In the present study, numerical simulations in a
Eulerian framework are performed using ANSYS CFX software which
can accommodate both geotechnical and hydrodynamic aspects of the
problem. A soil strength degradation model is proposed and im-
plemented in CFX to simulate the reduction of soil resistance under
cyclic loading for a range of model parameters and loading conditions.
Using this computationally efficient technique, simulations are con-
tinued over a sufficiently large number of cycles.

2. Problem statement

A section of pipe located at a distance yw above the seabed is dis-
placed downward to w=win and then a sinusoidal cyclic displacement
of amplitude a is applied maintaining an average velocity v0 during
penetration and extraction (Fig. 1). The depth of a soil element from the
mudline is z.

3. CFD model development

The general purpose ANSYS CFX 14.0 software is used for numerical
modelling (ANSYS CFX, 2012). The computational fluid dynamics
(CFD) approach has been used in the past not only for modelling fluid
but also for the problems involved in soft seabed sediments including
debris flows, glide blocks and out runner blocks modelling (De Blasio
et al., 2004a; b; 2005; Gauer et al., 2005, 2006; Harbitz et al., 2003;
Zakeri, 2009; Zakeri et al., 2009; Zakeri and Hawlader, 2013). The
basic principle of CFD modelling, the similarity and differences be-
tween solid mechanics, which is the basis of FE formulations, and the
advantages of CFD over FE methods to simulate riser–seabed–water
interaction have been discussed in Hawlader et al. (2015a,b).

Fig. 2 shows the CFX model used in the present study. As CFX allows
only three-dimensional modelling, the analysis is performed only for
one element of 10mm thickness in the out of plane direction. A riser
section of D=350mm and L=10mm is placed in water above the
seabed at yw=1.0D. The soil and water domains are discretized into a
three-dimensional mesh. Previous FE analyses and model tests for
shallow embedded conditions show that the soil elements more than
1.5D from the pipe surface do not experience significant deformation
during vertical displacement (Dutta et al., 2014). A subdomain of 1.5D
thickness, the shaded zone in Fig. 2, is created where mesh deformation
is not allowed and therefore the size and shape of the mesh in the
subdomain do not change with loading. However, mesh distortion is

Fig. 1. Problem statement.
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allowed outside the subdomain. Soil and water, modelled as Eulerian
materials, can flow through the mesh both inside and outside the sub-
domain and also through the outer boundary of the subdomain. Nu-
merical issues related to mesh distortion are avoided using the sub-
domain. Further details are available in Hawlader et al. (2015, a,b).

All the boundaries are placed at a sufficiently large distance from
the riser in order to avoid boundary effects. The bottom and all the
vertical boundaries are defined as impermeable surfaces. A no-slip
boundary condition is applied to the bottom, which represents zero
velocity of soil elements next to this boundary. A free-slip boundary
condition is applied to the right vertical face. A symmetry plane
boundary condition is applied to the other three vertical faces, which
implies that the flow of Eulerian materials (soil/water) on one side of
the plane is a mirror image of the flow on the opposite side. The un-
specified mesh motion option in CFX is used for the vertical walls. This
setting allows the mesh node on these faces to move in the vertical
direction, preserving the quality of mesh during the displacement of the
riser. The top of the water is defined as an opening to allow water to
flow in and out of the domain. Compared with typical FE modelling, the
preceding boundary conditions represent rollers in the vertical faces
and hinges at the bottom. The mudline is defined by the volume frac-
tion tool in CFX. The volume fraction of water is 1.0 and clay is 0 above
the mudline, whereas it is the reverse in the elements below the mud-
line.

The riser is modelled as an impermeable wall with no-slip boundary
condition. Following the concept of the finite-thickness interface ele-
ment (Supachawarote et al., 2004; Jostad and Andresen, 2004), the
shear strength of a thin zone of soil of 10-mm thickness around the riser

is modelled as ατy, where α=0 and α=1 represent the conditions
similar to smooth and rough interfaces, respectively, and τy is the
mobilized shear strength, as discussed below.

4. Shear strength of seabed sediment

The undrained shear strength (su) can be used to model soil beha-
viour if water entrainment does not occur. However, as the behaviour is
not undrained when water entrainment occurs, the symbol τy is used for
mobilized shear strength. Fig. 3 shows the shear strength degradation
curve that is used in the present study, where the first segment (ab)
represents the undrained remoulding of clay. Experimental evidence
shows that su increases with shear strain rate (γ̇) and decreases with
accumulated plastic shear strain (ξ). Based on the work of Einav and
Randolph (2005), the following empirical equation is used for the
segment ‘ab’ in Fig. 3.

=τ f f sy u1 2 0 (1)

where f1 and f2 represent the strain rate and strain softening effects,
respectively; su0 is the value of su at the reference shear strain rate (γ̇ref )
and prior to any softening. In this study, f1 and f2 are defined as (Einav
and Randolph, 2005):

= +f 1 μ log{max(γ̇, γ̇ )/γ̇ }1 ref ref (2)
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where μ is the rate of change of shear strength per log cycle of γ̇; re-
moulded sensitivity St= sup/suR in which sup and suR are the peak and
remoulded values of su, respectively, for a given γ̇; and ξ95 is the value
of ξ at which su is reduced by 95% of (sup-suR).

Equation (3) successfully simulates the degradation of soil re-
sistance during cyclic vertical movement of cylindrical objects if cycling
occurs in fully embedded conditions such as in T-bar tests (Zhou and
Randolph, 2009). However, if the cycling occurs near the seabed, the
reduction of vertical resistance is significantly higher than that in a fully
embedded condition (Clukey et al., 2005; Hodder et al., 2008; Langford
and Meyer, 2010). For example, Hodder et al. (2008) showed the re-
duction of vertical resistance by a factor of 7.5 when cyclic loading was
applied at win= 0.5D, whereas the full-flow penetrometer sensitivity
was only 2.4. Re-penetration of the riser, which was separated from the
seabed during unloading, through the water-filled trench and water
entrainment during cyclic loading caused enhanced soil softening.
Some experimental investigations show that small-amplitude cyclic
motion could also cause a significant reduction of vertical resistance,
which is again due to the complex interaction between free water and
clay, and cannot be explained simply using undrained remoulding

Fig. 2. Model development in CFX.

Fig. 3. Shear strength degradation for a given strain rate.
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(Clukey et al., 2005). However, the number of cycles required for a
given degree of enhanced softening is higher in small-amplitude mo-
tions than in large-amplitude cyclic loadings where the riser has broken
away from the seabed.

The experimental results clearly show additional strength reduction
in the presence of free water. However, the modelling of free water
effects on shear strength degradation is very difficult. A number of
factors might be involved in this process including water entrainment,
soil-water mixing near the interface, increase in pore water pressure
and moisture content, high plastic shear strain accumulation, micro-
channel formation and erosion of disturbed soil. Clukey et al. (2008a)
noted that the free water effect might be encompassed in an empirical
shear strength degradation function, although they did not propose any
model or explicitly consider it in numerical modelling. Note that
challenges in soil–water interface modelling have been encountered not
only for this problem but also in other fields such as riverbed erosion
and possible hydroplaning in a submarine debris flow. Conducting a
series of laboratory tests for a wide range of initial water content (w)
across the soil–fluid transition phase, Boukpeti et al. (2012) proposed
an empirical model for shear strength as a power function of w. They
also showed that the modelling of shear resistance in a soil mechanics
framework better represents the behaviour of this material than fluid
mechanics models, for the range of water content they considered.

Following the water entrainment concept of De Blasio and his co-
workers for modelling runout of submarine landslides, the strength
degradation process is divided into two components (De Blasio et al.,
2005; ElverhØi et al., 2005). The first component is due to bond
breakage, fabric change and particle alignment, which result from
plastic shear strain accumulation (strain softening). This type of un-
drained remoulding occurs without a significant change in moisture
content (e.g. cyclic T-bar tests in a fully embedded condition). The
second component of shear strength degradation occurs due to water
entrainment in the highly sheared zone near the soil–water interface
where free water is available. This process has been termed ‘shear
wetting’ (De Blasio, 2005; ElverhØi et al., 2005). For risers, the effects
of water entrainment were examined using centrifuge modelling: both
the rate and magnitude soil softening increased significantly when the
cyclic displacements were applied to a riser section or penetrometer
near the seabed, as compared to softening due to cyclic loading at a
fully embedded condition, where only undrained remoulding occurred
without free water entrainment (Hodder et al., 2008; Westgate et al.,
2013; Yuan et al., 2016). Although it is difficult to quantify accurately,
De Blasio (2005) proposed an empirical model for shear strength de-
gradation due to shear wetting as a function of shear strain. Based on
some simplifying assumptions, Kobayashi et al. (2015) made an attempt
to incorporate water entrainment effects in a modified Cam-Clay based
model.

The solid line abcd in Fig. 3 shows the shear strength degradation
model used in the present study. The line abe represents undrained
strain softening (Eq. (1)) for a given strain rate. In order to incorporate
shear wetting effects, τy is linearly decreased from τy= su95 to
τy= τy(ld) at a large total accumulated shear strain (ξld) and then
maintained constant (lines bc & cd). As shown later, large plastic shear
strains accumulate mainly near the riser and clay–water interface
where shear wetting is also possible. Therefore, the shear wetting effect
(segment bcd) is primarily applicable to the highly sheared zones near
the clay–water interface. In summary, the mobilized shear resistance is
calculated as:

=
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Note that De Blasio (2005) also used an exponential degradation

function similar to Eq. (3); however, the strain softening and shear
wetting effects have been combined by defining sensitivity as sup/su(ld).
In the present study, these effects are modelled separately (i.e. un-
drained remoulding at ξ≤ ξ95 and shear wetting at ξ > ξ95) because
the mechanisms of strength degradation are different, as discussed. It
also has the following advantages. The soil elements far from free water
having 0 < ξ≤ ξ95 will experience only undrained remoulding effects.
If De Blasio's (2005) type of model is used, these elements will have also
some effect of shear wetting, because the strength degradation curve
has been defined by τy(ld), which is not realistic for riser cyclic motion,
as free water is not available. Note that water entrainment could also
reduce ξ95; therefore, to capture enhanced soil softening, a reduced
value of ξ95 has been used to improve the performance of a model for
dynamic embedment of pipe near the seabed (Cheuk and White, 2011).

The geometry and soil parameters used in the ‘base case’ analysis
are shown in Table 1. A uniform τy (= su0) of 2.25 kPa is used, although
it is understood that su0 might increase with depth in many cases. A
typical range of St is 2–5 for offshore sediments (Kvalstad et al., 2001).
Ranges of ξ95= 10–50 and μ=0.05–0.2 have been used in the past for
successful modelling of undrained remoulding and strain rate effects,
respectively (Randolph, 2004; Einav and Randolph, 2005). It is difficult
to estimate ξld form the results of physical experiments, such as pe-
netrometer cycling, because the effects of water entrainment on overall
vertical resistance cannot be separated easily. In the present study,
ξld = 15–35 and τy(ld)= 0.1 kPa are used. Further studies are required
for a better quantification of these parameters.

5. Numerical implementation

Both clay and water are modelled as homogeneous multiphase
Eulerian materials where the shear behaviour is defined using the dy-
namic viscosity. For water, a constant value of dynamic viscosity (μdw)
is used (Table 1). Clay is modelled as a visco-plastic non-Newtonian
fluid, defining its dynamic viscosity (μds) as τy/ γ̇. Using the CFX ex-
pression language—a declarative language in CFX for enhanced simu-
lation—the displacement of the riser, material properties and desired
output variables are defined.

The CFX does not have any direct option to define shear strength
degradation, as shown in Fig. 3. The “additional variable” option in CFX
is used to calculate the accumulated shear strain, as required in Eq. (3).
In each time increment, γ̇ is called, which represents the second in-
variant of the deviatoric strain rate tensor (a scalar quantity). Multi-
plying γ̇ by time increment (Δt), the shear strain increment Δξ is cal-
culated. Summing up Δξ over the period of analysis, the accumulated
strain ξ is calculated. The authors have developed a special technique in
CFX to calculate ξ. Using the value of γ̇ and ξ, the mobilized shear
strength is calculated for each element, which is then used to update
μds.

Table 1
Geometry and model parameters used for soil and water in base case analysis.

Diameter of riser (D) 0.35m
Length of riser section (L) 0.01m
Average riser velocity (v0) 0.02m/s

Initial undrained shear strength of soil (su0) 2.25 kN/m2

Large-strain shear strength with shear wetting (τy(ld)) 0.1 kN/m2

Submerged unit weight of soil (γʹ) 5 kN/m3

Interface resistance factor (α) 0.5
Remoulded sensitivity (St) 4
Strain softening parameter (ξ95) 10
Shear wetting parameter (ξld) 25
Reference shear strain rate (γ̇ref ) 3× 10−6 s−1

Shear strain rate parameter (μ) 0.11
Dynamic viscosity of water (μdw) 0.00089 kg/m/s
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6. Results of base-case analysis

6.1. Penetration and uplift resistance

Fig. 4(a) shows the variation of normalized resistance (N = F/
suNDeL) with normalized depth ( =ŵ w/De) for the base case. The
undrained shear strength used for normalization (suN) is s2/ 3 u0 (see

Hawlader et al. (2015a,b) for further discussion). As finite thickness
interface elements and a no-slip riser–soil interface condition are used,
the failure occurs in the soil instead of at the riser–soil interface.
Therefore, following the concept of Gui and Bolton (1998) and as-
suming that the failure occurs at a distance of half of the element
thickness from the outer surface of the riser, the value of effective
diameter (De) is calculated as 360 mm (= 350 mm + 2 × 10/2 mm)
for 10-mm thick elements just outside the riser.

Fig. 4(a) shows that both the penetration and uplift resistance de-
crease with the number of cycles (n), although the reduction of N per
cycle reduces with an increase in n. Note that, if the extraction is
continued instead of re-penetration at =ŵ 0.25, the uplift resistance
will decrease and the riser pipe will be separated from the seabed,
leaving a trench in some cases, as observed in model tests (Bridge,
2005) and simulated by the authors in Hawlader et al. (2015b).

The simulation shown in Fig. 4(a) takes only 2.5 h with a 3.4 GHz
Intel Core i7 processor and 12 GB RAM. To compare, large deformation
FE analysis is performed using Abaqus CEL only for penetration from
the seabed to =ŵ 0.5 (see Dutta et al. (2014) for further details). The
present CFX analysis is more than six times faster than Abaqus CEL
analysis. The use of a subdomain of fine mesh that moves without any
deformation during cyclic motion, together with different solution
techniques in CFD, make CFX simulation computationally very effi-
cient.

A similar analysis is performed without shear wetting (i.e. strength
degradation is modelled by the line abe instead of abcd in Fig. 3).
Fig. 4(b) shows that both penetration and uplift resistance decrease
with n; however, after 6–8 cycles the resistance decreases slowly with
cyclic loading, as compared to the shear wetting case. A comparison of
Fig. 4(a)–(b) shows that penetration and uplift resistances are the same
in both figures for the first few loading cycles because the initial part of
the strength degradation curve (segment ab in Fig. 3) is the same in
both simulations. However, when ξ > ξ95, the strength degradation is
more in the former case (Fig. 4(a)) with shear wetting (see the vertical
distance between lines be and bcd in Fig. 3). Therefore, the degradation
of resistance continues over a large number of cycles in Fig. 4(a) and
provides low resistance, as compared to Fig. 4(b).

For a better comparison, the normalized resistance presented in
Fig. 4(a)–(b) is plotted against n in Fig. 5. Following Randolph et al.
(2007), the values of N at the halfway point of riser travel during cyclic
loading (i.e. at w=0.375De in Fig. 4) are obtained (solid circle and
triangle in Fig. 4). The obtained penetration and uplift resistance at a

Fig. 4. Calculated normalized resistance: (a) with shear wetting, (b) without
shear wetting.

Fig. 5. Comparison of normalized resistance with and without shear wetting.
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given cycle (Ni) are then normalized by the penetration resistance at
w=0.375De during initial penetration (point A in Fig. 4), which is
denoted as N0.25, assuming that 25% of the average total strain that
accumulates in the first cycle is developed at this stage (Zhou and
Randolph, 2009) and therefore it is considered as n=0.25. Similarly,
n=0.75 at w=0.375De during the first uplift (point C in Fig. 4). The
degradation of resistance with cyclic loading is then examined by de-
fining the ratio of normalized resistances as Rn = Ni/N0.25. The ratio of
extraction to penetration resistance for the first cycle (N0.75/N0.25) is
0.82, and therefore uplift curves in Fig. 6 start from Rn= 0.82. This
ratio depends on several factors such as soil properties and loading
conditions, as presented in the parametric study. Physical model test
results also show a wide variation of this ratio (Bridge et al., 2005;
Hodder et al., 2009).

The degradation of vertical resistance is related to soil sensitivity
(St); however, the sensitivity of soil (St) is not equal to 1/Rn, even at
later cycles. For example, Fig. 6 shows that, for the no shear wetting
case, 1/Rn at n=30 is 2.64 for penetration, which is smaller than St (=
4). The following are the main reasons for this difference.

i) Considerable softening occurs prior to mobilization of N0.25 that is
used to define Rn. For the no shear wetting case in Fig. 6, N0.25 is
86% of that in a simulation using a rate-dependent (Eq. (2)) non-
softening (f2= 1) soil model with the other parameters the same as
in Table 1.

ii) Strain-rate effects on shear strength increase the vertical resistance.
The simulation for the no shear wetting case in Fig. 6 is continued
to 65 cycles and it is found that, at n=65, the soil in the failure
mechanism is in an almost fully remoulded state (f2 ∼ 1/St);
however, because of strain rate effects (f1 > 1), the mobilized
shear strength is greater than the remoulded shear strength.

iii) Self-weight effects (buoyancy) influence the uplift resistance.
Simulations with an ideal soil model (rate-independent and non-
softening) for γ′=5 kN/m3 (base case) and γ′∼ 0 (weightless)
show that N0.25 for the former case is ∼4% higher than that of the
latter case.

A similar trend (i.e. St > 1/Rn) has been reported for full-flow cy-
cling (Yafrate et al., 2009; Zhou and Randolph, 2009). Based on large
deformation finite element simulations for n≤ 6, Zhou and Randolph
(2009) identified three potential reasons for St > 1/Rn: (i) softening
prior to mobilization of N0.25, (ii) pipe–soil interface resistance, which
they defined as su0/St and (iii) the extent of flow mechanisms outside

the fully remoulded zone. These aspects are discussed further in later
sections.

6.2. Plastic shear strain

Fig. 7 shows the accumulated plastic shear strain during the 5th,
10th, 15th and 20th cycles just before the end of penetration to ŵ
=0.5. The figures in the left column (Fig. 7(a–d)) show the results for
the no shear wetting case while the right column (Fig. 7(e–h)) is for the
shear wetting case. At the 5th cycles, ξ and instantaneous soil velocity
vectors are very similar for both cases (Fig. 7(a–e)). The coloured zone
in Fig. 7 represents the area where enhanced softening occurs when
shear wetting is considered (ξ > 10, i.e. ξ > ξ95). Comparison be-
tween strains in Fig. 7(a)–(e) shows that shear wetting occurs only in a
small zone near the pipe (Fig. 7(e)); therefore, the penetration or ex-
traction resistances in n≤ 5 are almost the same for both cases (Fig. 6).
At n=10, the zone of large ξ is slightly smaller in Fig. 7(f) than that in
Fig. 7(b). At these strains, a considerable strength reduction occurs due
to shear wetting, and therefore gives low resistance, as compared to the
no shear wetting case (Fig. 5). With an increase in n, high shear strains
mainly localise near the riser in the shear wetting case, which reduces
the strength significantly in that zone. Therefore, in this case, soil ele-
ments mainly displace through this narrow zone, as shown by the in-
stantaneous velocity vectors (Fig. 7(g–h)). However, for the no shear
wetting case, soil elements displace over a large area (Fig. 7(c–d)).

As the shear strength decreases significantly when shear wetting is
considered, this weak soil can displace easily during re-penetration and
therefore a higher berm near the riser can be formed, as shown in
Fig. 7(g)–(h). However, the berm shape is different when shear wetting
is not considered.

The highly softened soil around the riser might be eroded by the
flow of this weak soil along the length of the riser during cyclic motion
and by the current when it reaches the seabed. These factors, together
with lateral movement, could enhance the shear wetting process and
trench formation, as observed in the field (Bridge, 2005). The effects of
these factors need to be studied further.

6.3. Suction under riser during uplift

The total pressure on a soil element has two components: (i) the
ambient water pressure (u0), which is considered as a reference pres-
sure; (ii) the pressure p that comes from the difference between the
density of soil and water and loading during the vertical movement of
the pipe. In the numerical simulation, p is calculated in each time in-
crement. When p is less than zero, the total pressure is less than the
initial ambient water pressure, which represents the suction. Fig. 8
shows the suction (-ve value of p (< 0)) under the riser during the 5th,
10th, 15th and 20th cycles just before re-penetration at ŵ =0.25. The
contour intervals of suction are shown in logarithmic scale for clarity.
Note that, although cycle numbers are the same as before, because of
additional upward displacement of 0.25D, ξ at this stage is higher than
the values shown in Fig. 7 but the pattern of ξ is very similar to Fig. 7
and therefore it is not shown again. Instead, the development of suction
is examined, which is also an important parameter for design. Com-
parison of figures in the left and right columns of Fig. 8 shows that
suction reduces with the number of cycles when shear wetting is con-
sidered. The suction pulls the soil elements down toward the invert of
the riser. The extent of zone and magnitude of suction reduce with n in
the shear wetting case because of the shear strength reduction with n.
However, the reduction is not significant when shear wetting is not
considered and therefore a very small change in uplift resistance is
calculated after n=5 (Fig. 6). Langford and Meyer (2010) conducted
model tests using a 174-mm diameter riser section cycled in highly
plastic West African clay where the pore pressure was measured at the
invert of the riser. Their test configuration was different from the pre-
sent study (su0= 5–7 kPa and cycled between ŵ =0 and ŵ =0.5);

Fig. 6. Degradation of vertical resistance with number of cycles.

S. Dutta et al. Ocean Engineering 164 (2018) 168–180

173



however, a negative pore pressure of ∼10 kPa at the first cycle and its
gradual reduction with the number of cycles were found. This trend is
similar to the simulated suction presented in Fig. 8(e)–8(h).

One important observation is that, when shear wetting is

considered, a trough above the clay–water interface is formed in the
highly softened soil (Fig. 8(f–h)). The size of the trough increases with
n. During extraction, water gushes toward the trough, as shown by
instantaneous velocity vectors of water above the clay–water interface.

Fig. 7. Plastic shear strain and instantaneous velocity vectors: Left column without shear wetting (a) 5th cycle, (b) 10th cycle, (c) 15th cycle, (d) 20th cycle; Right
column, with shear wetting (e) 5th cycle, (f) 10th cycle, (g) 15th cycle, (h) 20th cycle.

S. Dutta et al. Ocean Engineering 164 (2018) 168–180

174



Fig. 8. Mobilization suction and instantaneous velocity vectors during uplift: Left column without shear wetting (a) 5th cycle, (b) 10th cycle, (c) 15th cycle, (d) 20th
cycle; Right column, with shear wetting (e) 5th cycle, (f) 10th cycle, (g) 15th cycle, (h) 20th cycle.
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The bottom of the trough (e.g. point B in Fig. 8(h)) progresses deeper
than the highest point of the clay sticks to the pipe surface (point A).
Note that, based on experimental observation Clukey et al. (2008a)
suggested that during uplift clay might adhere to the riser while failure
might occur through the soil. The present simulation with shear wetting
can explain that process. When shear wetting is not considered this type
of trough does not form (Fig. 8(d)).

7. Parametric study

A parametric study is performed for the shear wetting case, varying
only one parameter while the other parameters are the same as in the
base case (Table 1).

7.1. Effect of μ

The value of μ could vary between 0.05 and 0.2 (Einav and
Randolph, 2005; Lehane et al., 2009). Fig. 9 shows a very small dif-
ference between Rn–n curves with μ=0.05–0.2 for both penetration
and extraction resistance. Note, however, that Ni and N0.25 increase
with μ although their ratio (Rn) is almost the same for all 4 values of μ.
For example, N0.25 is 6.4 and 7.9 for μ=0.11 and μ=0.2, respectively.
In summary, μ has a negligible effect on Rn and therefore, Rn is a better
parameter to describe cyclic degradation vertical resistance than Ni.

7.2. Effect of St

The remoulded sensitivity of offshore clays typically varies between
2 and 5 (Kvalstad et al., 2001; Andersen and Jostad, 2004; Randolph,
2004). As shown in Fig. 3, with an increase in St the point b shifts
downward, meaning that the shear strength degrades quickly with ξ at
the early stage. As a result, both penetration and extraction resistances
decrease quickly for a high St, as shown in Fig. 10. However, Rn is
almost the same for all three values of St at a large n. During this stage,
significantly high strains generate around the riser (Fig. 7), and there-
fore the shear strength degrades to τy(ld), which is the same for all three
cases.

7.3. Effect of ξ95

Fig. 11 shows that Rn decreases quickly with a decrease in ξ95 be-
cause the lower the value of ξ95, the faster the degradation of strength
(Fig. 3). Similar to Fig. 10, Rn is almost the same at large n because the

shear strength degrades to τy(ld) at this stage near the riser.

7.4. Effect of ξld

While St and ξ95 primarily affect the shape of the initial part of the
strength degradation curve (ξ≤ ξ95), ξld mainly influences the latter
part at large values of ξ (Fig. 3). Fig. 12 shows that ξld does not have a
significant influence on Rn up to 4 cycles. However, with an increase in
n, the zone of large plastic shear strains (ξ95 < ξ < ξld) around the
riser increases where the strength degrades quickly for a small value of
ξld. Therefore, at a given n (> 4), Rn is smaller for smaller values of ξld.
Again, Rn will be almost the same for all three values of ξld if the
analysis is continued for a large number of cycles, because the shear
strength in the failure mechanism will degrade to τy(ld).

7.5. Effect of initial embedment (win)

Depending upon the location of riser section (with respect to TDP),
installation and loading conditions, a section of riser might have dif-
ferent initial depths of embedment and experience cyclic loading of

Fig. 9. Effects of strain rate parameter μ on ratio of normalized resistances Rn. Fig. 10. Effects of soil sensitivity on ratio of normalized resistances Rn.

Fig. 11. Effects of strain softening parameter ξ95 on ratio of normalized re-
sistances Rn.
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different amplitudes.
Fig. 13 shows that Rn decreases quickly with n for shallow initial

penetration depths. This trend is similar to the first episode of 20 cycles
of Hodder et al. (2009), where they showed that the slope of the
load–displacement curve (stiffness) decreases rapidly for a shallow in-
itial embedment. At a large n, the uplift resistance is almost the same
for this range of win, because the localized shear strength of highly
softened clay at high ξ mainly governs the extraction behaviour.
However, for penetration, Rn in the later cycles increases with an in-
crease in win because, unlike extraction, the penetration behaviour is
also influenced by the less softened clay outside the highly softened
zone, and this influence increases for deeper conditions. This has been
verified by examining clay velocity vectors at these stages.

7.6. Effect of cyclic amplitude (a)

Experimental evidence shows that small-to large-amplitude riser
motion could cause significant degradation of vertical resistance
(Clukey et al., 2008b; Hodder et al., 2009; Langford and Meyer, 2010).
Fig. 14 shows the variation of Rn with n for two amplitudes (a=0.1De

& 0.25De) for =ŵ 0.5in . Because of higher displacement of the riser in
each cycle, Rn decreases quickly with n for a=0.25De and becomes
almost constant after n=25. The reduction of Rn with n is slow for the
smaller amplitude motion of a=0.1De, and the reduction continues
right up to 60 cycles. A similar trend of decreasing resistance for small-
amplitude motions has been reported from physical model tests (Clukey
et al., 2005).

Very large-amplitude motions near the TDP are expected during
storm events, although this does not occur frequently. Moreover, the
effect of water flow in the trench along the riser is more significant near
the TDP. This has not been simulated in the present study.

7.7. Effect of riser–soil interface behaviour

In previous sections, α=0.5 is used to define the interface ele-
ments' shear strength. The effects of α are examined in this section by
conducting simulations with two limiting values of α (1.0 for rough and
0.01 for smooth), and these simulations are continued for a large
number of cycles (n=65). Fig. 15 shows the variation of Rn, which is
calculated using N0.25 for the corresponding interface condition. The
values of N0.25 for rough and smooth conditions are 6.32 and 5.69,
respectively. As shown, α does not have a significant influence on the

Fig. 12. Effects of strain softening parameter ξld on ratio of normalized re-
sistances Rn.

Fig. 13. Effects initial embedment on ratio of normalized resistances Rn.

Fig. 14. Effects of cyclic amplitude on ratio of normalized resistances Rn.

Fig. 15. Effects of riser–soil interface on ratio of normalized resistances Rn.
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reduction of Rn with the number of cycles.
The extent of soil failure mechanism is presented in Fig. 16, using

instantaneous velocity vectors and strain rates, for three different cy-
cles. Drawing two lines in these figures, the level of soil softening in the
failure mechanism is divided into three zones: undrained remoulding,
shear wetting and large strain shear resistance (i.e. segments ab, bc and
cd in Fig. 3). For both interface conditions, the zone of failure me-
chanism contracts during early cycles and then expands in later cycles.
For the rough condition, the lateral extent near the seabed from the
centre of the riser is ∼1.5D at n=10, which is reduced to ∼1.0D at

n=26 and finally increased to ∼1.35D at n=65 (Fig. 16(a–c)).
During early cycles, the shear strength of soil elements near the riser is
reduced because of strain-softening, which causes the soil to displace
through this softened zone and therefore the extent of the failure me-
chanism is reduced. However, when a sufficient thickness of soil near
the riser is softened to τy(ld), the higher strain rate near the riser gives a
higher mobilized shear resistance, which causes gradual expansion of
the failure mechanism during later cycles. A similar trend is found for
the smooth condition (Fig. 16(d–f)) although the extent of the failure
mechanism is different. However, it does not have a significant

Fig. 16. Soil failure mechanisms at =ŵ 0.375 during penetration: Left figures for rough interface at (a) 10th cycle, (b) 23rd cycle, (c) 65th cycle; Right figures for
smooth interface at (d) 10th cycle, (e) 26th cycle, (f) 65th cycle.
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influence on the reduction of Rn for rough and smooth cases, as shown
in Fig. 15.

As discussed, the vertical resistance has two components: (i) soil
resistance that acts opposite to the direction of movement of the riser
and (ii) buoyancy (acting upward). A number of factors (e.g. the shape
of the berm, soil resistance and depth of embedment) influence the
buoyancy force (Merifield et al., 2009). In the present study, as the
berm size and shape and soil resistance change, the contribution of
buoyancy to the vertical resistance varies with cyclic loading and also
in the penetration and extraction phases. Moreover, even though the
soil underneath the riser moves upward during extraction, the entire
failure mechanism is not a true example of a reverse penetration me-
chanism at the same depth (compare Figs. 7 and 8). In fact, a segment of
the riser's surface separates from the soil during extraction (Fig. 8).
Because of these two factors (i.e. buoyancy contribution and soil failure
mechanism), Rn is smaller in extraction than in penetration. Moreover,
the consideration of strain rate increases the vertical resistance.
Therefore, 1/Rn may not approach sup/τy(ld), even after a very large
number of cycle.

8. Conclusions

Numerical modelling of the penetration and extraction behaviour of
a section of riser subjected to cyclic vertical motion at shallow depths is
presented in this study. In order to capture the role of free water in the
trench and suction under the riser during extraction, the numerical si-
mulation is performed using a computational fluid dynamics approach
with ANSYS CFX software. A strain rate and strain softening dependent
model for shear strength of clay is used. In addition to undrained re-
moulding, the potential effect of water entrainment in the highly
sheared zone is incorporated in the shear strength degradation model
using the concept of shear wetting. The present CFX model can simulate
the flow/large deformation of clay and water around the riser, together
with the formation of trench and berm, during cyclic loading. The
following conclusions are drawn from this study.

(a) The decrease in vertical resistance primarily occurs during 10–25
cycles of loading and thereafter it occurs slowly. The shear wetting
increases the magnitude and rate of reduction of vertical resistance,
as compared to that for undrained remoulding only (without shear
wetting). The additional reduction of vertical resistance in the shear
wetting cases supports experimental observation, and cannot be
explained with undrained remoulding only.

(b) When shear wetting is considered, the extent of the soil failure
mechanism around the riser reduces in early cycles because of a
reduction of the shear strength of the soil that flows through this
narrow zone. The failure mechanism then expands with continued
cyclic loading. The process of contraction and expansion of the
failure mechanism is influenced by riser–soil interface resistance.
The enhanced soil softening also causes the reduction of suction
under the riser during extraction.

(c) The rate of reduction of the normalized resistance ratio (Rn) with
the number of cycles decreases with an increase in initial depth of
embedment and increases with cyclic loading amplitude.

(d) The normalized resistance ratio is almost independent of strain rate,
although the resistance itself increases with strain rate. The rate of
reduction of the normalized resistance ratio with the number of
cycles increases with the model parameters that accelerate the soil
strength degradation process, such as high sensitivity, low ξ95 and
low ξld.

Finally, although the inclusion of an empirical shear wetting model
could better explain the reduction of resistance, as observed in physical
experiments, which cannot be explained using the remoulded sensi-
tivity only, the complex process of water entrainment and its effects on
shear resistance need to be studied further. Moreover, the effects of a

number of factors, such as combined vertical–lateral cyclic motion, as
examined through centrifuge modelling (Yuan et al., 2016), erosion of
highly softened sediment and its reconsolidation, should be in-
vestigated.
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Notations

a cyclic amplitude
D riser diameter
De effective riser diameter
F resistance
f1 strain rate effects
f2 strain softening effects
L length of riser section in the out of plane direction
Ni normalized resistance at ith cycle
N0.25 normalized resistance at 0.25 cycle
N0.75 normalized resistance at 0.75 cycle
n number of cycles
Rn ratio of normalized resistance
su mobilized undrained shear strength
su0 intact undrained shear strength
sup peak undrained shear strength
su95 mobilized shear resistance at ξ95
τy(ld) mobilized shear resistance at ξld
suN s(2/ 3 ) u0
suR remoulded undrained shear strength
St remoulded sensitivity
v0 riser velocity
w invert depth of riser from the seabed
win initial w
yw initial distance from the riser to mudline
z depth of soil element from mudline
α riser–soil interface factor
μ shear strain rate parameter
μds dynamic viscosity of clay
μdw dynamic viscosity of water
γ′ submerged soil unit weight
γ̇ shear strain rate
γ̇ref reference shear strain rate
ξ accumulated absolute plastic shear strain
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