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Abstract

Background: The dynamic on-bottom stability analysis represents a fundamental task in the design process of the
subsea pipelines. Such analysis ensures the stability of the as-laid pipeline on the seabed against the lateral displace-
ments, which are induced by the surrounding hydrodynamic forces. In this paper, the dynamic on-bottom stability
analysis of a subsea pipeline is performed using finite element-based advanced offshore engineering simulation
software called Flexcom. The latter predicts the pipeline response in a time-domain simulation based on a given envi-
ronmental condition (i.e, the sea state, the soil frictional resistance, and the nonlinear behavior of the pipeline). A case
study is conducted on a 22-in.-diameter pipeline, which is placed on a sandy soil in shallow water, under different
loading combinations from two-dimensional irregular waves and a steady current.

Results: The resultant maximum lateral displacements and the associated stresses decreased by increasing the con-

crete weight coating thickness. Pipeline response due to drag, lift, and inertia forces increased by increasing the total

water particle velocity induced from the summation of wave-induced particle velocity and current velocity. Different

random wave patterns generated from different random seed numbers assigned to wave components are important
to verify the selection of the concrete weight coating thickness. Ignoring passive soil resistance reduced the total soil

resistance significantly and resulted in conservative stability weight requirement.

Conclusions: Several factors influence the pipeline stability such as pipeline submerged weight, hydrodynamic
loads induced by random sea states, and soil friction model being used. The dynamic on-bottom stability analysis can
optimize the design and results in less concrete weight coating if the actual case is modeled accurately; therefore,
ignoring passive soil resistance reduced the prime advantage of this analysis compared to other simplified methods.

Keywords: Dynamic on-bottom stability, Pipe-soil interaction, Subsea pipelines, Finite element analysis (FEA),
Hydrodynamic loads, Time-domain simulation

1 Background
Various design methods may be employed for on-bottom
stability assessment of the subsea pipelines on the basis
of hydrodynamic loads and soil resistance. These meth-
ods may be split into three categories as follows [49].
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pipeline movement is not allowed under the extreme sea
state; these methods include Level 1 program of Pipeline
Research Council International (PRCI) of the American
Gas Association (AGA) and absolute lateral static stabil-
ity (ALSS) method presented in RP-F109 [16]. The sec-
ond category includes the empirical or calibrated design
methods such as the Level 2 program of the PRCI of the
AGA [18, 33] which is known as AGA Level 2, and the
generalized lateral stability (GLS) method presented
in RP-F109 [16, 17, 25]. The third category includes the
dynamic lateral stability (DLS) analysis, which is based
on the time-domain simulation of the pipeline dynamic
response, the sea state-induced hydrodynamic loads, and
the pipe—soil interaction, using specialized finite element
(FE) software packages. The DLS analysis usually repre-
sents the basis for validating other calibrated methods,
to ensure stability and to provide lower-conservative and
higher-optimized design.

The DLS analysis method is not widely used because of
the associated complexities than other conventional sta-
bility methods that are represented by building a model
with accurate simulation involving the fluid—pipe—soil
interaction, the limited availability of the software pack-
ages, and the incentive to replace the static and calibrated
methods with advanced dynamic ones is not existing
[41]. In this regard, there are only two software packages
recognized in the industry for the dynamic on-bottom
stability analysis of the subsea pipelines: PONDUS [21]
and AGA Level 3 [1, 26, 33]. It is possible to use the other
general FE software packages such as ABAQUS [12]
and ANSYS [4] with integrated modules for modeling
the hydrodynamic loads and the pipe—soil interaction.
Ose et al. [31] introduced the first finite element model
using ABAQUS [20] for the dynamic on-bottom stability
analysis of the pipelines by using simplified modeling of
the hydrodynamic loads and the mutual pipe-soil inter-
action. Bai and Yu [8] used ABAQUS to compare the
on-bottom stability analysis results from the finite ele-
ment model versus RP-E305 [13] to ensure the validity
of the numerical model. ABAQUS has also been used to
build and solve the numerical model of pipeline stability
problems using a finite element method as presented in
Yang and Wang [47] and Bai et al. [7]. Based on differ-
ent methodologies of calculating the hydrodynamic loads
and the pipe—soil interaction, other modules have been
developed and integrated with the ABAQUS FE solver
for dynamic on-bottom stability analysis of the pipelines.
These modules are referred to by different names, such
as SIMSTAB [50], UWAINT [40], and CORUS-3D [6].
SIMSTAB has been utilized in several case studies as pre-
sented in Ref. [3, 24, 34]. UWAINT has been developed
based on several numerical models developed by Tian
and Cassidy [37-39]. CORUS-3D has been used to study
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the dynamic response of pipelines as presented in Ref.
[23, 28, 48].

Offshore software packages such as Flexcom [46] and
OrcaFlex [30] may also be used as will be described in the
subsequent sections of this paper by using Flexcom soft-
ware [46].

In this paper, the DLS analysis is conducted on a
22-in.-diameter pipeline installed in shallow water on a
sandy seabed. The sea state consists of irregular waves,
represented by the Joint North Sea Wave Project (JON-
SWAP) spectrum [19], and a steady current. It is worth
mentioning that this paper is devoted to studying the
installation phase of the pipeline with an empty condi-
tion, as a worst case, under the following combined loads
from waves and currents: 1-year return period values
(RPV) wave+10-year RPV current and 10-year RPV
wave + 1-year RPV current.

The acceptance criteria of the on-bottom stability
design of the pipelines depend on the design target and
the factors that may affect the integrity of the pipeline.
The acceptance criteria may be achieved either by the
maximum allowable lateral displacement of the pipe-
line or by the stress limits for the design of the pipeline.
Using both criteria, the numerical results are presented
(sequentially) in the relevant subsections of this paper.

2 Methods

The dynamic on-bottom stability analysis of a subsea
pipeline is performed by using finite element-based
advanced simulation software, which is named Flex-
com [46]. Flexcom is a highly versatile software package,
which is commonly used in the structural analysis of con-
ventional and unconventional offshore structures. The
pipeline is modeled as a line with an automatic mesh gen-
eration, depending on the specified element length. The
structural geometric properties (i.e., internal and external
diameters, wall thickness, Young’s modulus, shear modu-
lus, mass density, etc.) are assigned to the pipeline. The
hydrodynamic loads in the form of drag, inertia, and lift
force coeflicients are allocated to the pipeline. The exter-
nal and internal coatings, such as corrosion and concrete
coatings, are added by deciding the thickness of each
coating layer. The sea state consists of two-dimensional
irregular waves accompanied by a steady current, and
both are perpendicular to the pipeline.

Figure 1 shows the external forces (including the water-
induced hydrodynamic forces, the self-weight of the
pipeline, and the soil resistance) which affect the subsea
pipeline segment.

The time-domain simulation is performed for a dura-
tion of 3 h (10,800 s), as recommended in RP-F109 [16].
To perform full dynamic stability analysis for the pipe-
line, three different types of analyses are performed and
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then subsequently aggregated into one dynamic analy-
sis. These three types of analyses include static analysis,
quasi-static analysis, and time-domain dynamic analysis.

The static analysis is performed to study the effect of
the time-independent loadings such as water current and
temperature loadings. In such analysis, the full model is
designed to include the geometrical layout of the pipe-
line and its material and hydrodynamic properties, the
environmental properties, as well as the geomechanical
properties of the soil (shear strength, friction, adhesion,
compressibility, abrasion, corrosion, permeability, seep-
age, lateral earth pressure, consolidation, bearing capac-
ity, slope stability), and geotechnical properties of the soil
(grain-size distribution, weight—volume relationships,
relative density, Atterberg/consistency limits, soil texture,
soil phases, etc.).

In the quasi-static analysis, all vertical constraints along
the length of the pipeline are removed, and the pipeline
is allowed to fall onto the seabed, under the combined
effect of the gravity and buoyancy loads. Settling the
pipeline quickly over the seabed under the combined
effect of the gravity and buoyancy loads may be per-
formed by specifying a significant mass damping to mini-
mize initial transients. It is worth mentioning that the
static and quasi-static analyses merely facilitate contact
initiation between the pipeline and the seabed for pen-
etration, due to the mutual action of pipeline self-weight
and the seabed soil stiffness.

The dynamic analysis is performed in the time domain,
to investigate the effect of the time-dependent loads (e.g.,
the wave loads, etc.), and the nonlinear response of the
concrete-coated pipeline. For a given design condition,

in which the pipeline is required to withstand combined
static and dynamic loads, Flexcom [46] builds a fully
dynamic solution for the combined loads by superpos-
ing the static, quasi-static, and dynamic analyses and
then integrating all loads through all stages to get the
full response of the pipeline at the end of the dynamic
simulation.

2.1 Pipe-soil interaction

The interaction between the concrete-coated pipeline
and the soil plays a significant role in the overall pipe-
line response and its contribution to the on-bottom
stability as a resisting force to the surrounding hydro-
dynamic loads. Pipe—soil interaction is a very complex
process because of the mutual influence between several
parameters occurring throughout the pipeline installa-
tion and operation conditions. These parameters include
the hydrodynamic cyclic loading on the pipeline and
the pipe—soil interaction. Different hydrodynamic mod-
els have been developed based on the Morison’s equa-
tions [29] to accurately predict the cyclic loadings on the
pipeline from waves and currents. These models were
developed in Ref. [11, 17, 22, 25, 35, 36, 42].

The seabed soil resistance consists mainly of two com-
ponents: the friction between the pipeline and the seabed
soil (i.e., pure friction term) and the resistance due to
the embedment of the pipeline into the seabed soil (i.e.,
passive resistance term). Lyons [27] experimentally con-
cluded that the Coulomb friction model was not appro-
priate to describe the pipe—soil interaction, especially
when the pipeline is placed on a soil of soft clay or loose
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sand. Coulomb friction model does not function in the
properties of wave, pipe, and soil.

The passive soil resistance models have initially been
developed through the PIPESTAB project [10, 45] and
then the AGA project [1, 9]. Both models were appropri-
ate for use in predicting the dynamic pipeline response
and for soft clay and loose sand soils, and both are imple-
mented in PONDUS [21] and AGA software [33], respec-
tively. By revisiting the PIPESTAB [10, 45] and AGA [1,
9] test data and other test data sources [32], an empiri-
cal approach was proposed by Verley and Sotberg [44]
and Verley and Lund [43] to evaluate embedment for sand
and clay soils, respectively. Both empirical approaches
are considered the basis for the current design method-
ologies represented in RP-F109 [16].

Neglecting the passive soil resistance results in decreas-
ing its total soil resistance (compared to its actual resist-
ance); especially when the pipeline is placed on soil of
soft clay or loose sand, the m utual interaction between
the pipeline and the seabed soil may not be modeled
accurately [49], and the pipeline may also large ly displace
in the lat eral direction.

In the present case study, only the pure friction term
is considered, due to the present capabilities of the soft-
ware, and it is represented herein by the Coulomb fric-
tion model. The Coulomb friction model is considered
as the simplest method for modeling the interaction
between the pipeline and the seabed soil, and it can be
used in both the static and dynamic analysis [49]. The
Coulomb friction model assumes pure steady plastic frict
ional resistance between the pipeline and the seabed soil,
and it does not consider any embedment-based cyclic
loads or passive soil resistance.

To ensure the stability of the pipeline on the seabed in
the presence of the Coulomb friction model, Eq. (1) must
be satisfied.

Ff < [,LFC (1)

where F; is the friction force induced by the wave and
current between the pipeline and the seabed in a direc-
tion parallel to the seabed, u is the coefficient of friction
between the pipeline and the seabed, and F_ is the con-
tact force induced by the wave and current between the
pipeline and the seabed in a direction perpendicular to
the seabed: F. = Wy — Fi, in which Wy is the pipeline
submerged weight in a direction perpendicular to its
span and Fy, is the lift force induced by the wave and cur-
rent in a direction perpendicular to the pipeline.

The seabed is modeled as an elastic flat surface hav-
ing longitudinal and transverse friction coefficients and
a constant linear stiffness value. For the concrete-coated
pipelines (as per the present case study), the RP-F109
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[16] recommends a friction coefficient (1) of 0.6 for sand
and rock soil and 0.2 for clay soil.

At each iteration step of the time-domain simula-
tion, the software surveys all the nodes of the structural
model of the pipeline, to check whether they are in con-
tact with the seabed or not (as long as either a rigid or
elastic seabed has been specified as part of the model).
If any node registered such contact, and if either or
both of the seabed friction coefficients are nonzero, it
is assumed as attached to the seabed (in the plane of
the seabed) using a friction coefficient-based nonlinear
spring approach.

In an ideal Coulomb friction model, each of these
nonlinear springs would have a force—deflection rela-
tionship in which its stiffness (in the region corre-
sponding to zero-deflection point) is infinite. Assume,
momentarily, that such infinite force—deflection rela-
tionship refers to the longitudinal direction. If there is
no longitudinal force on the node, the node does not
move (corresponding to zero deflection in the infinite
force—deflection relationship). Indeed, the node should
remain in the same location until the total nodal force
exceeds the limiting friction force (uF.) at which point
the node may move with this movement resisted by a
constant force equal to the limiting friction force.

Flexcom [46] uses the modified Coulomb friction
model as shown in Fig. 2, in which the infinite stiff-
ness of the ideal Coulomb friction model (in the region
corresponding to zero-deflection point) is replaced by
a very high (but not infinite) stiffness (k) around the
zero-deflection point. Such modification is performed
by employing a slightly modified nonlinear spring
characteristic.

The modified Coulomb friction model is performed
to overcome the convergence difficulty inside the itera-
tive scheme of the software while searching for the

4
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=== Modified Coulomb Friction

uF;

Deflection

v

Fig. 2 Coulomb friction model used in Flexcom
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correct solution of the deflections (as in the case of
most FE programs). This point is crucial to the opera-
tion of the seabed friction model. As the displacement
at any arbitrary node depends, principally, on the stiff-
ness of this section of the force—deflection curve, the
stiffness is given by Eq. (2).

o wFc
Lm

k 2)
where k is the stiffness of the Coulomb friction model
and Lp, is the mobilization length which is taken as 5% of
steel pipeline outer diameter.

The value of the mobilization length (L) affects the
stiffness of the nonlinear spring, i.e., the smaller is this
value, the greater is the stiffness and the closer the fric-
tion model is to an ideal model. However, reducing the
mobilization length of the pipeline makes it harder for
the program t o converge on a correct solution of the
deflections. Note also that separate mobilization lengths
may be used in both the longitudinal and transverse
directions, with the longitudinal value typically being
shorter than the transverse one.

2.2 Environmental loads

The environmental loads on the subsea pipelines, for an
arbitrary-selected sea state, are represented by a combi-
nation of two-dimensional irregular waves and current
loadings. Such loads are assumed to be dependent on
the total velocity of water particles at the pipeline level
and pipeline velocity. The total velocity of water parti-
cles is calculated as the summation of the wave-induced
particle velocity and the steady current velocity. The
wave-induced particle velocity is generated by the trans-
formation of the wave spectrum at the sea surface. JON-
SWAP wave spectrum model [19] as given by Eq. (3) is
selected to represent the two-dimensional irregular sea
waves.

- h)?
L@ ]
®3)

where o is the Phillip’s constant, g is the gravitational

acceleration, f is the computational wave frequency, f, is
the spectral peak frequency, f, = %' y is the peakedness
P

parameter of the wave spectrum, and o is the spectral
width parameter given by Equation (4).

_ 007, iff <fy
o= { 0.09, else (4)

Based on the value of ¢ = (Tp/«/Hs), the value of Phil-
lip’s constant (@) and peakedness parameter (y) of the
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wave spectrum are calculated according to Eq. (5) and
Eq. (6), respectively.

2.73HZ /T, ¢ <36
0.036 — 0.0056¢ 3.6 < ¢ < 5.0 (5)
5.07HZ /T, ¢ >50

5.0 ¢ =36
eB75-1150) 36 ~ 4 < 50 (6)
1.0 ¢ >5.0

y:

Different random seed numbers are used to get dif-
ferent time series of wave heights, by assigning differ-
ent phases to wave components during discretizing the
wave spectrum.

The current loading is represented by a uniform cur-
rent velocity distribution considering the effect of the
boundary layer at the pipeline level and seabed rough-
ness. Current velocity is given by Eq. (7) according to
RP-F109 [16].

(1+%’)-ln(%+1)—1
ln(j—g—l—l)
7)

where U.(z;) is the current velocity at reference meas-
urement height z, in a direction perpendicular to the
pipeline, D is the external pipeline diameter including all
coatings, z; is the current reference measurement height
above the seabed, z¢ is the seabed roughness parameter,
and 6, is the angle between current velocity direction and
pipeline.

U= Uc(z) -

- sin (6c)

2.3 Hydrodynamic forces

The hydrodynamic forces which result from the wave
and current loadings on the subsea pipeline are divided
into horizontal and vertical forces. The horizontal
forces result from the drag force (Fp) and the inertia
force (Fu) and are calculated using Morison’s equations
[29] as given by Eqgs. (8) and (9), respectively. The ver-
tical forces result from the lift force (Fr) and are cal-
culated as given by Eq. (10). The drag, inertia, and lift
forces are directly applied in a direction perpendicular
to the pipeline segment as distributed loads.

1
Fp = EwacDur|ur| (8)

where p, is the mass density of the seawater, D is the
pipeline external diameter, Cp is the coefficient of the
drag force associated with the ambient flow passing
the pipeline, and U, is the relative velocity between the
fluid and the pipeline in a direction perpendicular to the
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Table 1 Pipeline data and material properties Table 2 Soil parameters

Parameter Value Parameter Value

Pipe wall thickness 9.5 mm Friction coefficient (u) 0.6

Steel density 7850 kg/m? Soil stiffness 300 kN/m/m

Young's modulus 207 GPa Seabed roughness (zo) 0.00001T m

Specified minimum yield stress (SMYS) 448 MPa

Poisson’s ratio 03

C i ting thick 32 -

ofrosion coating thickness mm s Table 3 Sea characteristics

Corrosion coating density 950 kg/m

Concrete coating density 3040 kg/m® ~ Parameter Value
Water depth (d) 20m
Seawater density (o) 1030 kg/m?

. . 2

pipeline, U, = (Uy + U. — Up), in which U is the total Gravity acceleration (g) 981 m/s

Reference measurement height above the seabed (z,) Tm

velocity of the water-particles contributed by the wave
and current in a direction perpendicular to the pipeline:
U = (Uy + U,), and U}, is the pipeline velocity in a direc-
tion perpendicular to its span.

i a”") ©)

1
Py =~ pytD*( Cy— — C
M 4pw7[ <M3t aTg;

where Cy; is the coefficient of the inertia force associated
with the ambient flow passing the pipeline, C, is the coef-
ficient of the added mass associated with the ambient
flow passing the pipeline, C, = (Cyv — 1), aa—LtI is the accel-
eration of the water particles contributed by the wave
and water-current, and ¢ is the computational time.
1 2

F = ngDCL(u — Up) (10)
where C7, is the coefficient of the lift force associated with
the ambient flow passing the pipeline.

3 Case study

The case study, which is considered in this paper, rep-
resents a 22-in.-diameter pipeline, extending along the
250-m length, and subject to the combined effect of the
two-dimensional irregular waves and steady current
loads. The data of the pipeline, environment, and soil,
upon which the present case study depends, is presented
in the following subsections.

3.1 Pipeline data
The pipeline with material grade API 5L X65 [5] has a
geometric structural property, in the form of a rigid pipe-
line, associated with linear elastic structural properties.
The pipeline data and material properties are presented
in Table 1.

The pipeline is modeled as a single continuous line,
which is restrained, as an initial position just above the

Table 4 Wave and current design data

Parameter Return period values

1year 10 years
Peak period (Tp,) 135 1395
Significant wave height (Hs) 24m 3.02m
Current velocity (Uc(z;)) 0.23m/s 0.29 m/s

seabed. A mesh is generated using a constant element
length of 5 m throughout the pipeline length.

3.2 Seabed and soil data

The seabed is considered as an elastic, flat surface, and
without slope. The seabed soil is modeled as loose-to-
medium sand, and it is defined by a single linear elastic
stiffness. The longitudinal and transverse coefficients of
the Coulomb friction model, as well as soil parameters,
are presented in Table 2.

3.3 Environmental data

The characteristics of the seawater, as well as the design
data of the wave and current, corresponding to two
return period values (RPV), are presented in Tables 3 and
4, respectively. The directions of the applied wave and
current are assumed to be perpendicular to the pipeline.

3.4 Boundary conditions

In the initial static analysis, both ends of the pipeline are
assumed to be fixed in all translational and rotational
degrees of freedom. An additional boundary condition is
applied at regular intervals of 5 m along the pipeline to
position the pipeline slightly hanging above the seabed.
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In the quasi-static analysis, all vertical constraints
along the length of the pipeline are removed to allow for
the pipeline to fall onto the seabed, under the combined
influence of gravity and buoyancy, and to allow for the
penetration of the pipeline into the soil.

In the dynamic analysis, the pipeline is assumed to be
fixed in all translational and rotational degrees of free-
dom at the left end, whereas it is assumed to be fixed in
all rotational degrees of freedom only at the right end.

3.5 Assumptions

+ There is no temperature variation along the pipeline,
to avoid the resultant excessive lateral displacements
and bending moments.

+ There is no deterioration in the thickness of the pipe-
line wall due to corrosion.

+ A two-dimensional irregular wave system is consid-
ered satisfactory to represent the sea model.

« The coefficients of the hydrodynamic forces (ie.,
inertia, drag, and lift) for a subsea pipeline resting
on the seabed are assumed to be invariant during the
whole analysis. According to DNV 1981 rules [14],
and as reported by Verley et al. [42], the inertia, drag,
and lift coefficients are taken as equal to 3.29, 0.7, and
0.9, respectively.

+ All added coating layers increase the weight per unit
length for the pipeline only, but they do not contrib-
ute to its stiffness.

« The concrete coating thickness increment is 5 mm.

+ During the first 100 s of the simulation, the wave
loads are allowed to increase from zero to full value,
by applying a linear ramp function according to
RP-F109 [16].

+ The effect of the cyclic loads on the embedment of
the pipeline into the soil is not considered because of
using linear soil stiffness.

4 Results

The dynamic on-bottom stability analysis is conducted
using Flexcom software to determine the required con-
crete coating thickness which satisfies the stability of the
pipeline against the applied hydrodynamic loads and to
investigate the dynamic pipeline response. Several simu-
lation runs are performed under different loading combi-
nations from waves and steady currents using (fixed) and
(random) seed numbers, and different concrete coating
thicknesses. To minimize the number of dynamic simula-
tion runs, the initial guess of concrete coating thickness
required for stability was determined using the ALSS
method and considered to be the basis of conducting the
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dynamic analysis to minimize the number of dynamic
simulation runs.

The acceptance criteria, which are used in this case
study, can be summarized in two principal directions
as follows: to achieve a relatively stable pipeline, i.e., to
keep the lateral displacement of the pipeline less than
half of its external diameter (D), and to keep the resultant
stresses within their allowable limits. In this case study,
the allowable limit of the von Mises stress is taken as
430 MPa (i.e., 96% of the SMYS). The resultant stresses
are to be checked thoroughly to avoid excessive loading
effects such as bending moments which may affect the
integrity of the pipeline by causing local buckling or col-
lapsing of the pipeline wall.

4.1 The combined load of 1-year RPV wave + 10-year RPV
current

Under the action of the combined loading condition of
1-year RPV wave+ 10-year RPV current, and for a con-
crete coating thickness less than or equal to 145 mm, the
pipeline records an instability as shown in Fig. 3, and the
lateral displacements recorded are beyond the allowable
limit.

The von Mises stresses corresponding to the preceding
lateral displacements are presented in Fig. 4. The associ-
ated stresses do not exceed the allowable limit, except
the stresses recorded at a concrete coating thickness of
140 mm. For this range of concrete coating thicknesses
(less than or equal to 145 mm), both design criteria (dis-
placements and stresses) are not satisfied, which neces-
sitates increasing the stability weight.

By increasing the concrete coating thickness, the pipe-
line becomes relatively stable at a concrete coating thick-
ness greater than or equal to 155 mm as shown in Fig. 5.
The von Mises stresses corresponding to these lateral dis-
placements do not also exceed the stress allowable limit
as shown in Fig. 6. Therefore, the design criteria (dis-
placements and stresses) are satisfied for concrete coat-
ing thicknesses greater than or equal to 155 mm.

4.2 The combined load of 10-year RPV wave + 1-year RPV
current

Under the action of the combined loading condition of
10-year RPV wave + 1-year RPV current, and for a con-
crete coating thickness less than or equal to 165 mm, the
pipeline records an instability as shown in Fig. 7. And the
lateral displacements recorded are beyond the allowable
limit.

The von Mises stresses corresponding to these lat-
eral displacements are presented in Fig. 8. The associ-
ated stresses do not exceed the allowable limit, except
the stresses recorded at a concrete coating thickness of
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Fig. 3 Envelopes of the lateral displacements of the pipeline for concrete thickness range 135-145 mm (1-year RPV wave + 10-year RPV current)
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Fig. 4 Envelopes of the von Mises stresses of the pipeline for concrete thickness range 135-145 mm (1-year RPV wave 4 10-year RPV current)

160 mm. For this range of concrete coating thicknesses By increasing the concrete coating thickness, the pipe-
(less than or equal to 165 mm), both design criteria (dis- line becomes relatively stable as shown in Fig. 9. The
placements and stresses) are not satisfied, which neces- von Mises stresses corresponding to these lateral dis-
sitates increasing the stability weight. placements are also within the specified allowable limit

as shown in Fig. 10. Accordingly, both design criteria
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Fig. 5 Envelopes of the lateral displacements of the pipeline for concrete thickness range 150-160 mm (1-year RPV wave + 10-year RPV current)
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Fig. 6 Envelopes of the von Mises stresses of the pipeline for concrete thickness range 150-160 mm (1-year RPV wave 4 10-year RPV current)

(displacements and stresses) are satisfied for concrete 4.3 Pipeline response investigation

coating thicknesses greater than 170 mm. In this numerical investigation, the first 3000 s only of
the time-domain simulation of the pipeline right end is
considered to investigate the pipeline response. Based
on the numerical results shown in Fig. 9, and for a
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Fig. 7 Envelopes of the lateral displacements of the pipeline for concrete thickness range 155-165 mm (10-year RPV wave + 1-year RPV current)
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Fig. 8 Envelopes of the von Mises stresses of the pipeline for concrete thickness range 155-165 mm (10-year RPV wave + 1-year RPV current)

concrete thickness equal to 180 mm, the time history Figure 11 shows that the pipeline right end experi-
of the lateral and vertical displacements and the total ences highly oscillatory lateral displacements at certain
velocity of the water particles is presented in Figs. 11, time intervals (e.g., at 898, 1417, 2054, and 2452 s). The
12, and 13, respectively. same is shown in Fig. 12 that the right end also experi-

ences highly oscillatory vertical displacements for the
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Fig. 9 Envelopes of the lateral displacements of the pipeline for concrete thickness range 170-180 mm (10-year RPV wave + 1-year RPV current)
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Fig. 10 Envelopes of the von Mises stresses of the pipeline for concrete thickness range 170-180 mm (10-year RPV wave + 1-year RPV current)

same time intervals as in the case of the oscillatory lateral =~ water particles velocity at the pipeline level. As shown
displacements. in Fig. 13, the total water particles velocity has few peak

The principal reason behind these lateral and verti-  values at the same time intervals, which in turn increases
cal displacements is reverted to the drag, inertia, and lift ~ the hydrodynamic forces affecting the pipeline and
forces which are induced under the action of the total results in these lateral and vertical displacements.
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Fig. 11 Time history of the lateral displacement for the pipeline right end for 180 mm concrete coating thickness
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Fig. 13 Time history of the lateral velocity of the water particle at the pipeline right end for 180 mm concrete coating thickness

4.4 Random seed numbers
The numerical results obtained in the previous sections
are based on a single seed number, i.e., the same phase

shift is assigned to all wave components constituting the
irregular wave system, for all simulation runs. Indeed,
to ensure the stability of the pipeline under the action

—+—Seed 1 —<—Seed2 = Seed3 —+—Seed4 —=—Seed5 —+ Seed 6
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Fig. 14 Envelopes of the lateral displacements of the pipeline for the seven simulations

200 225 250
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of various irregular sea states, different seed numbers
should be used. RP-F109 [16] recommends performing
seven simulation runs at least with randomly chosen seed
numbers, to consider the effect of the different heights
of the irregular waves on the pipeline dynamic response.
Based on the numerical results, it is observed that the
load combination of 10-year wave+ 1-year current rep-
resents the worst loading condition, as is already indi-
cated by the high concrete coating thickness required for
pipeline stabilization. Therefore, this loading condition is
selected to perform seven simulation runs at a concrete
coating thickness equal to 180 mm.

Figure 14 shows the results for lateral displacements
corresponding to different irregular sea states based on
randomly selected seed numbers. The maximum lateral
displacement of the pipeline has occurred at seed num-
bers 1 and 2, and both values exceed the allowable limit
which indicates the importance of performing seven
simulation runs using randomly selected seed numbers.
However, the von Mises stress values are satisfying the
stress limit criterion for the same irregular sea states as
shown in Fig. 15.

It is observed that the induced stresses are increased
in the region nearby the left fixed end because of the
boundary condition at the left end of the pipeline. There-
fore, the induced stresses at a location of 75 m from the
left end of the pipeline satisfactorily represent the von
Mises stresses.

Page 14 of 17

Table 5 Results of comparison between DLS, ALSS, and GLS
methods

Load combination Concrete coating thickness

results (mm)

DLS using Flexcom ALSS GLS

1-year RPV wave 4 10-year RPV 155-160 161 70
current
10-year RPV wave + 1-year RPV 170-180 230 79
current

4.5 Comparison with conventional stability methods
Ignoring the passive soil resistance term in the pre-
sent DLS numerical calculations and analysis entails the
necessity of studying its effect on the dynamic response
of the pipelines. This study may be achieved by compar-
ing the present DLS numerical results against those of
the other conventional stability methods (e.g., ALSS and
GLS) provided in RP-F109 [16].

Table 5 shows the required concrete coating thick-
ness which is necessary for stabilizing the subsea pipe-
line based on each method of stability; it is observed
that both DLS and ALSS methods result in relatively
high concrete coating thickness in comparison with the
GLS method because of ignoring the passive soil resist-
ance term. It is observed also that DLS analysis results in
less concrete coating thickness in comparison with ALSS
method despite ignoring the passive soil resistance. This
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Fig. 15 Envelopes of the von Mises stresses of the pipeline for the seven simulations
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proves that the DLS analysis method can optimize the
on-bottom stability design of the subsea pipelines and
results in less concrete weight coating if the actual case is
modeled correctly.

5 Discussion

The soil resistance was modeled using the pure friction
term in between the soil and the pipeline, which was
represented by the Coulomb friction model, but it did
not consider the passive resistance of the soil due to the
embedment of the pipeline, because of the present capa-
bilities of the software.

Ignoring the passive soil resistance term has limited
the acceptance criteria for lateral displacement to 0.5D
instead of 10D because of uncontrolled lateral displace-
ment and the simplicity of the soil model that is based on
the Coulomb friction model.

The absence of passive soil resistance can be clearly
noticed by recording either the lateral displacement of
the pipeline nodes or the rapid change in pipeline stabil-
ity. Obviously, the right end laterally displaces steadily
in proportion to the applied hydrodynamic forces if the
latter exceed the soil resistance force as shown in Fig. 11.
The absence of passive soil resistance can also be noticed
from the rapid change in pipeline stability with increas-
ing its weight as shown in Figs. 7 and 9.

With regard the comparison with conventional sta-
bility methods presented in RP-F109 [16], It is worth to
highlight that both ALSS and GLS methods consider the
effect of the passive soil resistance implicitly. The ALSS
design method considers an initial embedment of the
pipeline into the soil but does not consider the effect of
any increment in the passive soil resistance due to any
further embedment actioned by the hydrodynamic cyclic
loading on the pipeline [2]. The GLS design method con-
siders the effect of passive soil resistance based on design
curves with non-dimensional parameters presented in
RP-F109 [16]. These design curves are extracted from
finite element dynamic simulations following the recom-
mendations of dynamic lateral stability of the pipeline on
the a flat seabed.

6 Conclusions

The paper investigates numerically the dynamic on-bot-
tom lateral stability of a concrete-coated subsea pipeline
using one of the available offshore simulation software,
namely Flexcom [46]. Flexcom was used to model the
pipeline in the realistic sea state, which is composed of a
combination of irregular waves and steady currents.

The time-domain simulation of the DLS of a subsea
pipeline offers a better understanding of its response, in
addition to a clear prediction of the limits of its lateral
displacements and associated stresses. Compared to the
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conventional pipeline stability approaches, this type of
analysis is very time-consuming and generally requires
many details to accurately model the in situ subsea pipe-
line, using a finite element model. A brief discussion of
the main conclusions that may be aggregated from this
paper is:

« If the joint probability distribution of the waves and
currents is unavailable, then the most-worse loading
combination of RPV of waves and currents shall be
applied as recommended by RP-F109 [16].

+ Hydrodynamic loads from drag, inertia, and lift
forces generated on the pipeline are increased by
increasing the total water particle velocity induced
from the summation of wave-induced particle
velocity and current velocity.

+ Ignoring the passive soil resistance term decreases
the soil resistance dramatically and pipeline weight
becomes the major factor in the assessment of on-
bottom stability analysis, especially when consider-
ing the pipe-soil interaction in terms of pure fric-
tion term only. Ignoring passive soil resistance also
increases the concrete weight requirement mark-
edly which increases line pipes manufacturing and
installation costs.

+ Increasing pipeline weight increases the contact
force on the seabed and hence increases soil resist-
ance to the lateral displacement. Therefore, all
mathematical models, which are based on the pure
friction term, mostly result in conservative weights
of stability.

« In the critical cases in which the lateral displace-
ments exceed their allowable limits, the stresses
induced by such excessive lateral displacements
should be thoroughly examined to ensure pipe-
line integrity. Excessive stresses (such as bending
moments) may result in collapsing the pipe wall, in
consequence losing its integrity.

+ Random seed numbers assigned to wave compo-
nents have an impact on confirming the choice of
the concrete coating thickness. Seven simulation
runs with seven randomly chosen seed numbers
should be performed as recommended by RP-F109
[16].
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