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ABSTRACT 11 

Due to the pipelay vessel motions during installation of a subsea pipeline, as-laid direction of the 12 

pipeline changes along a nominally straight section of the route. In a High Pressure High Temperature 13 

(HPHT) pipeline, presence of rogue lateral Out of Straightness (OoS) can adversely influence the 14 

reliability of buckle initiation at engineered buckling sites e.g. sleepers. This implies the requirement to 15 

study the rogue buckle initiation to ensure unwanted buckles are not formed. This paper provides a 16 

framework to study the range of critical buckling force (CBF) of a rogue OoS which, so far has not been 17 

fully explored in the literature. A simplified and yet accurate pipe-soil interaction model for sandy 18 

seabeds, suitable for calculation of CBF is described. The built-in friction models in Abaqus FE software 19 

are not suitable for simulation of the lateral buckling as they cannot decouple axial and lateral force-20 

displacement relationships. Therefore, a novel Finite Element (FE) modelling technique benefiting from 21 

a two-surface seabed capable of decoupling contact frictions at orthogonal directions is developed. This 22 

eliminates the need for developing complex user-defined friction subroutines. Different ways of 23 

characterising rogue lateral OoS are discussed and the best method is selected. Accordingly, and in a 24 

systematic process, pipe-soil interaction parameters, lateral OoS configuration parameters and pipeline 25 

stiffness which form the contributing parameters to the resistance against lateral buckling are identified.  26 

 27 

Keywords: Subsea Pipeline, Lateral Buckling, Rogue Lateral OoS and buckle initiation. 28 

 29 

1. INTRODUCTION 30 

A key challenge in a pipeline lateral buckling design concept, where the presence of controlled 31 

buckles at deliberate locations is allowed, is to ensure that the buckles are initiated and formed at the 32 

expected locations. There are various methods such as use of sleepers, snake lay, buoyancy modules 33 

and residual curvature to initiate the buckles along the pipeline route [1].  In general, each of those 34 

methods introduce a combination of an Out of Straightness (OoS) and /or reduction in soil lateral 35 

resistance to trigger buckles at a low driving force. However, it is likely that the rogue lateral OoS, 36 

which are caused by pipelay vessel motions during pipeline installation, trigger unwanted buckles at a 37 
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lower driving force. The unwanted rogue buckles may experience excessive bending curvature causing 1 

local buckling which is considered as a failure mode [2] and therefore, deemed as not acceptable. There 2 

have been numerous cases where buckle initiators failed to either trigger buckles or lateral buckles were 3 

formed at unexpected locations [3,4]. This implies that the design of a buckle initiator shall ensure that 4 

the pipeline critical buckling force (CBF) at the initiator is lower than the adjacent rogue lateral OoS 5 

locations. This is a challenging task as it involves defining contributing parameters and their range, 6 

characterising the shape of the rogue lateral OoS and developing a suitable finite element modelling 7 

technique. 8 

Hobbs et al [5,6] developed the differential equation of a laterally deflected pipeline by treating the 9 

pipeline as a beam-column which could be used to determine the CBF. However, it assumed that the 10 

pipeline was initially straight and therefore, not suitable for cases where the pipeline contains an initial 11 

imperfection. Taylor et al [7] advanced Hobbs’ studies and derived an expression relating the length and 12 

maximum deflection of the initial imperfection, assuming that the shape of the initial imperfection 13 

follows the equation of a deflected pipeline. As the shape of a rogue OoS (acting as initial imperfection) 14 

does not follow this assumption, Taylor’s analytical solution would not be suitable for rogue lateral 15 

OoS. Maltby et al. [8,9] presented a simplified solution to calculate the CBF of a pipeline with 16 

sinusoidal initial imperfection based on classical beam-column differential equation. However, the 17 

applied boundary conditions were not reflective of pipeline condition at the ends of an imperfection. 18 

This implies the requirement to utilise Finite Element (FE) modelling for computing the CBF of a 19 

pipeline with an initial imperfection. The built-in friction models in Abaqus FE software are not suitable 20 

for simulation of lateral buckling as they cannot decouple axial and lateral force-displacement 21 

relationships. Therefore, Abaqus FRIC subroutine needs to be utilised to decouple contact frictions and 22 

to describe the transmission of shear forces between surfaces [10,11]. Use of subroutines is a technically 23 

complex task and computationally expensive solution as it slows down the FE simulation [12,13,14]. 24 

This suggests the need to develop a simplified technique to use built-in friction models in Abaqus.  25 

Researchers including Rathbone et al [15], constructed the shape of a rogue lateral OoS (i.e. as-laid 26 

geometry) based on the worse manoeuvring that a laybarge needs to take to correct the lay route. 27 

However, this solution is not suitable for a generic and parametric study as it is computationally 28 

expensive requiring modelling of the full pipelay process and therefore, will not be further studied in 29 

this research. There are approaches to define a geometrical configuration of OoS with a certain value 30 

of maximum curvature which are studied in this paper. Rathbone et al [16] suggest an offset 31 

configuration by using a small arc to connect two segments of the straight pipes.  32 

 Generally pipe-soil interaction is simplified by utilising force-displacement relationships 33 

[17,18,19]. Palmer et al [20] and Verley et al [21] provide guidelines to define the relevant frication 34 

values and associated mobilisations. 35 

It is therefore important for pipeline engineers to develop a detailed and yet simple framework for 36 

obtaining the range of CBF of a rogue lateral OoS, as the available studies in the public domain do not 37 
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cover all the relevant aspects. In this paper, generic force-displacement relationships representing pipe-1 

soil interaction on sandy seabeds are simplified to capture lateral buckle initiation. The numerical values 2 

of parameters defining pipe-soil interaction are derived based on recent recommendations of DNVGL-3 

RP-F114 [22] which incorporate SAFEBUCK JIP guidelines. Single, double sinusoidal and combined 4 

sinusoidal-circular construction methods of the lateral OoS are studied and the most appropriate method 5 

selected and, subsequently, lateral OoS configuration is characterised. To avoid the complex task of 6 

developing subroutines, a novel FE modelling technique using the built-in Abaqus anisotropic friction 7 

model is developed. The contributing parameters towards the CBF and their range are defined in a 8 

structured process. This provides a comprehensive framework to calculate the range of CBF of a rogue 9 

lateral OoS in a pipeline. Finally, the use of the framework proposed here is explained by means of a 10 

numerical example. 11 

 12 

2. PIPE- SOIL INTERACTION 13 

An appropriate modelling of the soil surrounding the pipeline and seabed surface deformation due 14 

to the  lateral and axial movements of the pipeline requires large strain finite element analysis [23,24] 15 

with progressive re-meshing which makes this task impractical for engineering applications. Instead, 16 

the forces imposed on the pipeline by the seabed  at various stages of the pipeline axial and lateral 17 

movements can be represented and applied as force-displacement relationships [17]. There is limited 18 

research within the public domain addressing pipeline large lateral displacement on sandy seabeds. 19 

Palmer et al [20] presented the results of a Joint Industry Partnership (JIP) led by Danish Hydraulic 20 

Institute (DHI) on stability of the pipelines on sandy seabed involving large displacements. A more 21 

recent work by Verley et al [21] shows the development of a pipe-soil interaction model for sandy soils 22 

which could predict the pipe embedment and lateral resistance at various stages of the lateral movement 23 

i.e. break-out and residual displacement. The axial and lateral soil resistance models which are used in 24 

this study  are adapted from [22].  25 

 26 

Soil Axial Resistance 27 

The drained or undrained soil behaviour can be observed during pipeline axial movement depending 28 

on the rate of movement and soil characteristics [22]. For sandy soils studied here drained conditions 29 

apply, and the soil axial resistance presents a ductile behaviour with no peak [18,19]. However, for 30 

engineering purposes, a bi-linear force-displacement dependency (a tangent fit to the soil axial 31 

resistance curve) can be utilised (Figure 1). In a bi-linear model, soil resistance reaches its maximum at 32 

a mobilisation displacement (MobAx) and remains constant beyond that point. This behaviour is 33 

analogous to an elastic-perfectly plastic material model. The solid line in Figure 1 is used in this paper 34 

as the constitutive relationship in axial direction. 35 
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 1 

Figure 1.  Soil Axial Resistance Model (Constitutive Relationship) 2 

 3 

The soil interface friction coefficient (𝜇𝑎𝑥) and axial resistance (F𝑎𝑥)  can be presented, according 4 

to [22], as: 5 

 6 

𝜇𝑎𝑥 = 𝑟𝑝𝑖𝑝𝑒−𝑠𝑖𝑙 . 𝑡𝑎𝑛𝜑 . 𝜁         (1)   7 

F𝑎𝑥 = 𝜇𝑎𝑥 . W𝑠𝑢𝑏                                                                                                                                  (2) 8 

 9 

where W𝑠𝑢𝑏 is pipe submerged weight,  𝑟𝑝𝑖𝑝𝑒−𝑠𝑖𝑙 the pipe-soil roughness factor, 𝜑 friction angle of the 10 

soil and ζ wedging factor [25].  11 

 12 

The low, best and high estimate values (LE, BE, HE) of the displacement at transition point of the bi-13 

linear soil axial resistance (solid curve in Figure 1) are stated below [22]: 14 

 15 

𝑀𝑜𝑏𝑎𝑥−𝐿𝐸 = 𝑀𝑖𝑛(1.25𝑚𝑚 𝑎𝑛𝑑 0.0025𝐷)           (3) 16 

𝑀𝑜𝑏𝑎𝑥−𝐵𝐸 = 𝑀𝑖𝑛(5𝑚𝑚 𝑎𝑛𝑑 0.01𝐷)                   (4) 17 

𝑀𝑜𝑏𝑎𝑥−𝐻𝐸 = 𝑀𝑎𝑥(250𝑚𝑚 𝑎𝑛𝑑 0.5𝐷)                                                                                                  (5) 18 

 19 

Soil Lateral Resistance  20 

Pipeline initial embedment takes place at installation phase due to the pipeline  21 

self-weight and static and dynamic installation loads. In the first stage of the lateral movement, pipeline 22 

breaks out from its partially embedded condition which is accompanied by the resistance of the berms 23 

(soil heave caused by pipe penetration into the seabed). Soil resistance is built up in this stage and gets 24 

to its maximum (shown as “a” in Figure 2) as the pipeline need to push the berm. The soil resistance 25 

and pipeline lateral displacement at this point are defined as 𝐹𝑙𝑎𝑡 and 𝑀𝑜𝑏𝑙𝑎𝑡, respectively. The second 26 

stage (shown as “b” in Figure 2) is associated with large amplitude displacement [26] and as the pipeline 27 

has crossed over the berm, soil resistance decreases and stabilises to a constant level called residual 28 

resistance. The soil resistance and pipeline lateral displacement at this point are defined as 𝐹𝑙𝑎𝑡_𝑟𝑒𝑠 and 29 

𝑀𝑜𝑏𝑙𝑎𝑡_𝑟𝑒𝑠, respectively. In view of the above, a tri-linear force-displacement relationship can represent 30 

Disp. 

F𝑎𝑥 = 𝜇𝑎𝑥. W𝑠𝑢𝑏 

MobAx 

 

Force 
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the soil resistance as outlined in Figure 2 (dotted line). The pipeline buckling is initiated and formed at 1 

the first and second stages, respectively.  2 

 3 

Figure 2.  Soil Lateral Resistance Model (Constitutive Relationship) 4 

 5 

The pipeline equivalent peak lateral friction coefficient (𝜇𝑙𝑎𝑡) and peak lateral resistance (𝐹𝑙𝑎𝑡) can 6 

be presented, according to [22], as: 7 

 8 

𝜇𝑙𝑎𝑡 = 0.6 +  
𝛾𝐷2

𝑊𝑠𝑢𝑏
. (5 − 0.15

𝛾𝐷2

𝑊𝑠𝑢𝑏
) .  (

𝑧

𝐷
)

1.25
                       (6) 9 

 
𝑧

𝐷
= 0.037 (

𝛾𝐷2

𝑊𝑠𝑢𝑏
)

−0.67

                                                         (7) 10 

𝐹𝑙𝑎𝑡 = μ𝑙𝑎𝑡 .𝑊𝑠𝑢𝑏              (8)  11 

 12 

where 𝐷 is the pipeline diameter, 𝑧 pipeline embedment and 𝛾 soil submerged unit weight.            13 

 14 

The low, best and high estimate values of the soil lateral peak mobilisation (𝑀𝑜𝑏𝑙𝑎𝑡) are stated below 15 

[22]: 16 

 17 

𝑀𝑜𝑏𝐿𝑎𝑡−𝐿𝐸 = 0.004𝐷 + 0.02 (
𝑧

𝐷
) . 𝐷          (9) 18 

𝑀𝑜𝑏𝐿𝑎𝑡−𝐵𝐸 = 0.02𝐷 + 0.25 (
𝑧

𝐷
) . 𝐷                                                                                                   (10)        19 

𝑀𝑜𝑏𝐿𝑎−𝐻𝐸 = 0.1𝐷 + 0.7 (
𝑧

𝐷
) . 𝐷                                                                    (11) 20 

 21 

In this study the initiation of the lateral buckles is of interest which happens as the pipeline passes 22 

the point: (𝑀𝑜𝑏𝑙𝑎𝑡, 𝐹𝑙𝑎𝑡). Beyond this point, soil resistance decreases sharply and a lateral buckle is 23 

developed.  Therefore, for a buckle initiation study, the initial part of the soil resistance model shown 24 

as “a” in Figure 2, is only relevant. In view of this, and to minimize modelling efforts, soil resistance 25 

beyond the peak value (𝐹𝑙𝑎𝑡) is assumed to remain constant and equal to the peak resistance. This results 26 

Typical Relationship

Used in this Study

𝑀𝑜𝑏𝑙𝑎𝑡

𝐹𝑙𝑎𝑡=𝜇𝑙𝑎𝑡.𝑊𝑠𝑢𝑏

𝐹𝑙𝑎𝑡_𝑟𝑒𝑠=𝜇𝑙𝑎𝑡_𝑟𝑒𝑠 .𝑊𝑠𝑢𝑏

Force

a b

Disp. 𝑀𝑜𝑏𝑙𝑎𝑡_𝑟𝑒𝑠 
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in simplification of the soil resistance model to a bi-linear force-displacement relationship which is 1 

outlined as a solid curve in Figure 2. This can be represented as a Coulomb friction model and is used 2 

here as the constitutive relationship in lateral direction. It should be noted that the basic Coulomb 3 

friction model in which the frictional resistance increases linearly and then remains at its maximum 4 

value cannot accurately represent the pipe-soil interaction in a lateral buckling scenario where post-5 

buckling behaviour of the pipeline (buckle development) is of interest.   6 

 7 

3. PIPE-SOIL INTERACTION MODELLING TECHNIQUE 8 

The constitutive relationships outlined in the previous section need to be captured in the FE model. 9 

This is not a simple task as pipe-soil interaction in axial and lateral directions are decoupled 10 

(independent) and have different values. The built-in capabilities of the Abaqus FE software package, 11 

used in this study, are not suitable for this task.  Therefore, to overcome this challenge a new technique 12 

is required. In a general pipeline-seabed interaction problem, non-linear springs cannot be utilised as 13 

they are not automatically disengaged when pipeline-seabed contact does not exist (i.e. free spans) or 14 

is lost (i.e. initiation and development of a buckle on a sleeper). In addition, springs are defined based 15 

on global coordinate system and therefore, cannot follow the pipeline route or adjust their directions in 16 

a buckling scenario. This implies the requirement to utilise more advanced methods such as the 17 

frictional contact pressure-overclosure constitutive relationship. 18 

 19 

The displacement of the pipeline at the location of lateral OoS is a combination of axial and lateral 20 

movements. Therefore, there is a need to use a friction model capable of capturing two different friction 21 

coefficients in the orthogonal directions on the contact surface coinciding with the slip directions (i.e. 22 

axial and lateral). In the classical isotropic Coulomb friction model, the shear stress between the contact 23 

surfaces can reach a certain value known as the critical shear stress, 𝜏𝑐𝑟𝑖𝑡, at which slip of the surfaces 24 

starts. The critical shear stress is the product of contact pressure, 𝑝, and coefficient of friction, 𝜇, i.e. 25 

𝜏𝑐𝑟𝑖𝑡 = 𝑝. 𝜇. The coefficient of friction is the same in all directions (isotropic friction). This implies that 26 

the isotropic Coulomb friction model is not representative as it cannot differentiate between orthogonal 27 

slip directions. The anisotropic friction model allows for different friction coefficients in orthogonal 28 

directions on the contact surface coinciding with slip directions. The critical shear surface is an ellipse 29 

as outlined in Figure 3 with 𝜏𝑐𝑟𝑖𝑡_𝑎𝑥 = 𝑊𝑠𝑢𝑏 . 𝜇𝑎𝑥 and 𝜏𝑐𝑟𝑖𝑡_𝑙𝑎𝑡 = 𝑊𝑠𝑢𝑏 . 𝜇𝑙𝑎𝑡, representing the extreme 30 

points of the axial and lateral stick/slip transition points, respectively. 31 

 32 

This implies that if an anisotropic friction model is directly used, axial and lateral friction 33 

coefficients will be coupled. For example, if the combination of axial and lateral forces following the 34 

dotted line (Figure 3) are imposed, pipeline transits from stick state to slip state at Point-A.  At this 35 

point, the components of combined stress (𝜏𝑐𝑜𝑚𝑏_𝑎𝑥 and 𝜏𝑐𝑜𝑚𝑏_𝑙𝑎𝑡) are smaller than the axial and / or 36 
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lateral critical shear stress. This clearly is not complying with the requirement of axial and lateral critical 1 

shear stresses being decoupled (independent). In addition, start of slip (pipeline movement) does not 2 

happen at the axial / lateral critical shear stress. 3 

 4 

Figure 3. Critical Shear Stress Surface for the Anisotropic Fiction Model 5 

 6 

To overcome this challenge a technique based on utilising two contact surfaces to model the seabed is 7 

developed here. In this proposed technique, two surfaces are placed at the same elevation and both 8 

interact with the pipeline (Figure 4). However, the frictional contact properties of the surfaces are 9 

altered.  For the first surface which represents the axial friction only, anisotropic friction values are set 10 

to (𝜇𝑎𝑥, 0). Likewise, the anisotropic friction of the second surface is set to (0, 𝜇𝑙𝑎𝑡) to represent lateral 11 

friction only. In this way, the axial displacements are captured by the first surface without imposing any 12 

resistance on the lateral displacements and in a similar way, second surface will react against lateral 13 

displacements only. As both surfaces are interacting with the pipeline, half of the pipeline weight is 14 

transferred to each of them. Consequently, axial and lateral friction coefficients should be multiplied by 15 

two to compensate for this. In this way axial and lateral friction values are decoupled and pipeline axial 16 

and lateral transition to slip state happens at 𝜏𝑐𝑟𝑖𝑡_𝑎𝑥 =
𝑊𝑠𝑢𝑏

2
. (𝜇𝑎𝑥 . 2) and 𝜏𝑐𝑟𝑖𝑡_𝑙𝑎𝑡 =

𝑊𝑠𝑢𝑏

2
. (𝜇𝑙𝑎𝑡 . 2), 17 

respectively. The seabed vertical stiffness (𝑆𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠𝑣𝑒𝑟) needs to be halved as two surfaces are 18 

providing vertical resistance. To include axial and lateral mobilisations (see Figure 1 and Figure 2) an 19 

elastic slip needs to be introduced in the friction model.  The elastic slip is based on a penalty method 20 

that permits some relative motion of the surfaces when they should be sticking. Abaqus calculates the 21 

elastic slip based on the average friction coefficient, �̅�, and average critical shear stress, 𝜏𝑐𝑟𝑖𝑡̅̅ ̅̅ ̅̅ , [10, 11]. 22 

In the context of axial anisotropic friction surface defined above (μ_ax,0), following expressions can 23 

be derived: 24 

 25 

 �̅�  = √𝟎. 𝟓((𝝁𝒂𝒙. 𝟐)𝟐 + 𝟎𝟐)                                                                                                                                     (12) 26 

𝜏𝑐𝑟𝑖𝑡_𝑎𝑥̅̅ ̅̅ ̅̅ ̅̅ ̅  = �̅�.
𝑊𝑠𝑢𝑏

2
=

√2

2
. 𝜇𝑎𝑥 . 𝑊𝑠𝑢𝑏                                                                                                      (13)  27 

Slip Direction Point-A 
𝜏𝑐𝑟𝑖𝑡_𝑙𝑎𝑡 = 𝑊𝑠𝑢𝑏 . 𝜇𝑙𝑎𝑡  

𝜏𝑙𝑎𝑡  

𝜏𝑎𝑥 

𝜏𝑐𝑟𝑖𝑡_𝑎𝑥 = 𝑊𝑠𝑢𝑏 . 𝜇𝑎𝑥 

Stick Region 

Slip Region 

𝜏𝑐𝑜𝑚𝑏_𝑎𝑥 

𝜏𝑐𝑜𝑚𝑏_𝑙𝑎𝑡 
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Therefore, the mobilisation at which the axial slip happens is 
√2

2
 of 𝜇𝑎𝑥. 𝑊𝑠𝑢𝑏. This needs to be 1 

compensated by multiplying the expected axial mobilisation by 2. The same applies to the lateral 2 

direction. 3 

Based on the above, it can be concluded that a two-surface seabed can be utilised to correctly 4 

capture and decouple the pipeline-seabed axial and lateral displacement-force relationships. However 5 

axial and lateral frictions and mobilisations need to be altered as below before being used in the Abaqus 6 

anisotropic friction model: 7 

 8 

𝜇𝑎𝑥_𝑎𝑏𝑎𝑞𝑢𝑠 = 2. 𝜇𝑎𝑥                                                                                                                               (14) 9 

𝜇𝑙𝑎𝑡_𝑎𝑏𝑎𝑞𝑢𝑠 = 2. 𝜇𝑙𝑎𝑡                                                                                                                         (15) 10 

𝑀𝑜𝑏𝑎𝑥_𝑎𝑏𝑎𝑞𝑢𝑠 = √2. 𝑀𝑜𝑏𝑎𝑥                                                                                                                   (16) 11 

𝑀𝑜𝑏𝑙𝑎𝑡_𝑎𝑏𝑎𝑞𝑢𝑠 = √2. 𝑀𝑜𝑏𝑙𝑎𝑡                                                                                                             (17) 12 

𝑆𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠𝑣𝑒𝑟_𝑎𝑏𝑎𝑞𝑢𝑠 = 0.5 . 𝑆𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠𝑣𝑒𝑟                                                                                                (18) 13 

 14 

The two surfaces are modelled by using analytical rigid surface option rather than element-based 15 

option which eliminates the need for meshing. In addition, there is no requirement to define the width 16 

of the surface as the analytical surface is produced by infinite extrusion of its cross-section (which in 17 

case of a flat seabed is a straight line). This implies that both surfaces stated above have the same 18 

dimensions. The use of analytical rigid surface for contact problems is very beneficial as it decreases 19 

the time spent in contact tracking operation and will consequently decrease the computational cost 20 

significantly. In addition, it helps to reduce the contact noise [33]. The properties of the surface 21 

behaviour, which are assigned in the contact definition, are used to define the vertical and tangential 22 

stiffnesses to be translated into the pipeline vertical embedment in the seabed and the resistance of 23 

seabed against pipeline axial and lateral movements. An Abaqus input block defining the contact in 24 

lateral direction is included below. The values of “Stiffness_ver_abaqus”, “Mob_lat_abaqus” and 25 

“Mu_lat_abaqus” are defined by Eq.18, Eq.17 and Eq. 15, respectively. Further details of the FE 26 

modelling can be obtained by contacting the authors. 27 

 28 

 29 

In order to validate the proposed modelling technique and to demonstrate that its results are in 30 

compliance with expected analytical values, the pipeline-seabed interaction of a straight section of a 31 

10” (0.273m) dia, 18.2mm thick pipeline with a weight of 800 N/m is studied. A set of typical values 32 
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of 𝜇𝑎𝑥, 𝜇𝑙𝑎𝑡, 𝑀𝑜𝑏𝑎𝑥 and 𝑀𝑜𝑏𝑙𝑎𝑡 are used in this case and assumed to be 0.5, 0.8, 0.7m and 0.3m, 1 

respectively. A screenshot of the Abaqus model is shown in Figure 4. 2 

 3 

                                    4 

Figure 4.  Abaqus Screenshot – Two Surface Contact Technique  5 

 6 

Axial and lateral forces were imposed on the pipeline in a sequence to simulate the cases where 7 

axial force only, lateral force only or combined axial and lateral forces are developed during a lateral 8 

buckling scenario. Time history of the imposed loads are presented in Figure 5. 9 

 10 

 11 

Figure 5.  Time History of Axial and Lateral imposed Loads 12 

 13 

At each step of the loading, axial and lateral displacements were extracted from Abaqus and 14 

compared with the expected analytical values. Imposed loads and displacements show less than 0.01% 15 

error in results (Table 1). In a specific direction (e.g. axial) and within the mobilisation distance, the 16 

analytical displacement is the ratio of applied load and soil peak resistance multiplied by the 17 

mobilisation value. 18 

 19 

 20 
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Step 

Imposed 

Load (N) 
Axial Displacement (mm) Lateral Displacement (mm) 

A
x

ia
l 

L
at

er
al

 

Analytical Abaqus 
Error 

(%) 
Analytical Abaqus 

Error 

(%) 

1 100  175 174.99 <0.01    

2  200    93.75 93.74 <0.01 

3 300 0 525 524.99 <0.01    

4  500    234.37 234.37 <0.01 

5 400 640 700 699.99 <0.01 300 299.99 <0.01 

Table 1. Comparison between FE and Analytical Results 1 

 2 

Therefore, it can be concluded that the proposed FE modelling technique is validated for the purpose 3 

of this study and can successfully capture the expected constitutive relationships (solid lines in 4 

Figure 1 and Figure 2) in both axial and lateral directions. 5 

 6 

To compare the errors due to direct use of Abaqus built-in anisotropic friction model, the same 7 

pipeline but with the value of 0.2m for both 𝑀𝑜𝑏𝑎𝑥 and 𝑀𝑜𝑏𝑙𝑎𝑡 is studied (built-in anisotropic model 8 

can accept one mobilisation value only). The elliptical critical shear surface for this example has radii 9 

of 400 N (800 N x 0.5) and 640 N (800 N x 0.8). Therefore, a combined loading of 200 N/m and 554.25 10 

N/m in axial and lateral directions results in pipeline being exactly at transition from stick to slip state 11 

(Point-A in Figure 3). This can be confirmed by the FE model as any increase in loading results in 12 

entering into the slip region and as a consequence, FE simulation would not converge. The same pipeline 13 

is simulated in Abaqus but by utilising the modelling technique proposed above. The obtained 14 

displacements of both models are presented in Table 2 which shows a considerable difference between 15 

the results. The displacements from the proposed modelling technique are lower than mobilisation 16 

distance (20mm) and therefore, the pipeline is not entering into the slip region. This implies that the use 17 

of Abaqus built-in anisotropic friction model can introduce considerable errors in displacement values 18 

and slip / stick state. 19 

 20 

Imposed Load 

(N) 
Axial Displacement (mm) Lateral Displacement (mm) 

A
x

ia
l 

L
at

er
al

 

Proposed 

Technique  

Abaqus Built-in 

Anisotropic 

Error 

(%) 

Proposed 

Technique  

Abaqus Built-

in Anisotropic 

Error 

(%) 

200 554.25 10 13.34 33.4 17.31 14.44 -16.58 

Table 2. Comparison between Abaqus Built-in Friction Model and Proposed Technique 21 
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There are other phenomena such as extreme environmental conditions (wave and current) under 1 

which the loads are applied to the pipeline in arbitrary directions. The proposed modelling technique is 2 

also capable of capturing those conditions. In the decoupling process, each surface registers the pipeline 3 

force-displacement interaction in one direction only (e.g. axial) without getting any influence from other 4 

direction (e.g. lateral). This is due to the way anisotropic friction values of each surface are set. The 5 

friction coefficient value in the direction which is required to decouple from is set to zero i.e. (μ_ax, 0). 6 

For the cases where the pipeline experiences a combined loading in axial and lateral directions, the 7 

loading in each interval is decomposed to its components in axial and lateral directions. Then, the 8 

displacement in each direction is computed based on the tangential contact properties defined for the 9 

surface of that specific direction. Therefore, the resultant displacement, which is the vector summation 10 

of the displacements in orthogonal directions, corresponds to the original decomposed loading. 11 

 12 

4. CONFIGURATION OF ROGUE LATERAL OOS 13 

Post-lay survey data from nominally straight sections of the pipelines show that the pipeline local 14 

and global heading (as-laid direction) change along the route and the pipeline deviates by several meters 15 

from its expected straight nominal route [16]. A lateral OoS can be constructed by defining a 16 

geometrical configuration with a certain value of maximum curvature. To do this, the configuration of 17 

the OoS needs to be characterised and the dependency between the parameters defining its shape 18 

established.  19 

 20 

Methods to Construct a Lateral OoS Configuration 21 

In its simplest form, a rogue lateral OoS can be constructed by using a small arc (e.g. <100m) to 22 

connect two segments of the straight pipes in the middle [16]. In this method, three parameters i.e. arc 23 

length (𝐿𝐴𝑟𝑐), bend radius (𝑅) and offset angle (𝜙) characterise the geometry of the as-laid OoS. These 24 

parameters are related by: 25 

 26 

 𝐿𝐴𝑟𝑐 = 𝑅. 𝜙                                                                                                                                                       (19) 27 

 28 

Another approach is to utilise a sinusoidal wave shape to define the configuration of the pipeline at 29 

a lateral OoS: 30 

 31 

𝑓(𝑥) = 𝐴. 𝑠𝑖𝑛(𝐵𝑥) + 𝐷                                                                                                                              (20) 32 

 33 

where 𝐴 is the wave amplitude, 
2𝜋

𝐵
 is the wavelength (i.e. 𝐿 =

2𝜋

𝐵
) and 𝐷 is the vertical shift (Figure 6).  34 

A section of the sinusoidal curve between (
2𝑛+1

2𝐵
) 𝜋 and (

2𝑛+5

2𝐵
) 𝜋  is more of interest as it results in 35 

having  a lateral OoS  with one crown on one side of the pipeline which can easily be used to assemble 36 
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several lateral OoS on the pipeline route.  That section is labelled as “Single Sinusoidal Curve” in 1 

Figure 6. The maximum curvature (𝜅𝑚𝑎𝑥) of the sinusoidal curve which happens at (
2𝑛+3

2𝐵
) 𝜋 is equal 2 

to: 3 

 4 

𝜅𝑚𝑎𝑥 = 𝐴𝐵2                                                                                                                                                       (21) 5 

 6 

By substituting wavelength equation into curvature equation, the following relationship, which connects 7 

wavelength (𝐿), maximum curvature (𝜅𝑚𝑎𝑥) and amplitude (𝐴) is obtained: 8 

 9 

𝐴 =
𝜅𝑚𝑎𝑥

4𝜋2 𝐿2                                                                                                                                                          (22) 10 

 11 

 12 

Figure 6.  Single Sinusoidal Lateral OoS Configuration 13 

 14 

The advantage of Eq. 22 is to define a sinusoidal OoS by two parameters i.e. maximum curvature and 15 

wavelength only. By substituting above equations into Eq. 22, a sinusoidal wave shape can be expressed 16 

as following: 17 

 18 

𝑓(𝑥) =
𝜅𝑚𝑎𝑥

4𝜋2 . 𝐿2. [1 + 𝑠𝑖𝑛(
2𝜋

𝐿
. 𝑥)],          

1𝐿

4
≤ 𝑥 ≤

5𝐿

4
             (23) 19 

 20 

To facilitate the formation of the buckle at the crown (rather than shoulders) two single sinusoidal 21 

waves were superimposed to form a double sinusoidal configuration (Figure 7). The main sinusoidal 22 

wave with the desired curvature and wavelength was constructed first. Then, a secondary sinusoidal 23 
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wave with a larger curvature was superimposed on the main curve so that they intersect at their 1 

inflection points. As the transition from the main to the secondary curve takes place at inflection points, 2 

(
𝑛+1

𝐵
) 𝜋 and (

𝑛+2

𝐵
) 𝜋, a smooth transition is experienced. This should promote buckle initiation at crown 3 

due to its greater curvature.   4 

 5 

 6 

Figure 7.  Double Sinusoidal Lateral OoS Configuration 7 

 8 

Another possibility is to construct a combined curve by superimposing circular arcs with a larger 9 

curvature at the sides of a partial sinusoidal curve. In this context, a partial sinusoidal curve refers to a 10 

section of the curve which is between the inflection points. Each circular arc is placed in such way so 11 

that one end is tangential to the partial sinusoidal curve (at inflation points) and the other end is 12 

tangential to the straight route of the pipeline. 13 

 14 

Selection of the Lateral OoS Construction Method 15 

In offset angle configuration, two straight segments of the pipeline adjacent to the arc (lateral OoS) 16 

are not aligned. This makes this method unsuitable for assembling rogue lateral OoS on the pipeline 17 

route in the FE model. To assess the suitability of single, double, and combined sinusoidal 18 

configurations, several FE simulations were carried out by utilising the pipe-soil interaction constitutive 19 

relationships and the modelling technique explained in this paper. The results showed that if double or 20 

combined sinusoidal configurations were used, the buckles were initiated at transition points rather than 21 

at the crown. Therefore, it is concluded that the single sinusoidal configuration i.e. the curve labelled 22 

as “Single Sinusoidal Curve” in Figure 6, meets the expected buckling behaviour and therefore, will be 23 

used in this study. 24 
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5. CONTRIBUTING PARAMETERS IN BUCKLE INITIATION 1 

In a lateral buckle initiation scenario, driving force builds up during pipeline start-up due to pressure 2 

and temperature increase to a point where resisting forces fail to provide any further resistance. At this 3 

point the buckling is initiated and pipeline undergoes large lateral displacements. The driving force i.e. 4 

effective axial force (S) is predominantly a function of pressure, temperature and pipe steel cross-5 

sectional area [27]:  6 

 7 

 𝑺 = −∆𝑷𝒊𝑨𝒊(𝟏 − 𝟐𝝊) − 𝑨𝒔𝑬𝜶𝚫𝑻                                                                                                          (24) 8 

 9 

where ΔPi is internal pressure increase, ν Poisson's ratio, As steel area, 𝐸 Young’s modulus, 𝛼 10 

coefficient of thermal expansion and ΔT temperature increase. 11 

 12 

Buckling is resisted by the pipeline bending stiffness and soil lateral (and axial) resistance. The bending 13 

stiffness is a function of the pipeline moment of inertia (𝑰) which in turn, is a function of diameter and 14 

thickness. The soil lateral resistance (𝐅𝒍𝒂𝒕) is a function of the lateral friction coefficient (𝝁𝒍𝒂𝒕), 15 

mobilisation displacement (𝐌𝐨𝐛𝒍𝒂𝒕) and pipeline submerged weight (𝐖𝒔𝒖𝒃) where, in turn the 16 

submerged weight is a function of the pipeline diameter, thickness and the density of the pipeline content  17 

(𝝆𝒄𝒐𝒏𝒕). The soil axial resistance (𝐅𝒂𝒙) is a function of the axial friction coefficient (𝝁𝒂𝒙), mobilisation 18 

displacement (𝐌𝐨𝐛𝐀𝐱) and pipeline submerged weight. In addition, the pipeline CBF is particularly 19 

influenced by the level of the pipeline initial configuration (lateral OoS) which acts like a trigger i.e. 20 

more severe OoS result in a smaller buckling force. If pipeline initial configuration is idealised by a 21 

sinusoidal wavelength, it can be characterised by its wavelength (𝑳) and maximum curvature (𝜿𝒎𝒂𝒙). 22 

Contributing parameters in the pipeline resistance against lateral buckling and their dependencies are 23 

outlined in Figure 8.  24 

 25 

 26 

Figure 8.  Contributing Parameters in Pipeline Critical Lateral Buckling (resistance) 27 
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The loading history, i.e. the sequence of pressure and temperature increase, in a specific pipeline does 1 

not influence the CBF.  This can be because of the buckling capacity being dependent on the pipeline 2 

stiffness, boundary conditions, and initial imperfections only [28]. In view of this, loading history is a 3 

non-contributing parameter. The external pressure which is a function of the water depth does not 4 

influence the buckling force. During installation and in fully restrained sections of the pipeline, 5 

touchdown point can be considered as an axially fixed point. However, the adjacent point on catenary 6 

is free to move axially which results in release of the axial strain caused by hoop stress due to external 7 

pressure [28]. Consequently, external pressure/water depth is a non-contributing parameter. The effects 8 

of hydrodynamic loads (wave and current) induced by extreme environmental conditions can be 9 

included by normalising the pipeline lateral frication coefficient (µ𝑙𝑎𝑡_𝑒𝑞) to incorporate the effects of 10 

the lift (𝐹𝐿) and drag forces (𝐹𝐷) as [34]: 11 

 12 

µ𝑙𝑎𝑡_𝑒𝑞 =
µ𝑙𝑎𝑡.(𝑊𝑠𝑢𝑏−𝐹𝐿)−𝐹𝐷

𝑊𝑠𝑢𝑏
                                                                                                                      (25)   13 

 14 

The ocean wave-induced seabed liquefaction can severely affect the pipeline OoS and the soil resistance 15 

by introducing seabed instability. In sandy seabeds, wave cyclic loading may cause the soil to lose its 16 

shear strength resulting in transformation of the soil-water mixture under (or in the vicinity of) the 17 

pipeline into the liquid. Liquefaction can be categorised into instantaneous and residual. The former is 18 

caused by passage of the wave trough which causes excess pressure at a depth below the seabed surface. 19 

This results in the seepage of the flow in upward direction and pressure lift force which can lift a column 20 

of the soil [36]. The latter is caused by compacting effects of the waves on loosely deposited sediments 21 

creating an excess pore pressure in the seabed depending on the permeability of the soil and rate of the 22 

applied load [37]. If this pressure becomes sufficient, effective stress of the soil can disappear resulting 23 

in liquefaction.  24 

Liquification can force the pipeline to move vertically and / or laterally provided: pipeline specific 25 

gravity is different from the liquified surrounding soil, and the liquefaction occurs simultaneously at a 26 

distance along the pipeline at which the pipeline stiffness is not sufficient to prevent the pipeline from 27 

movement [36]. Those movements introduce pipeline OoS which can trigger initiation and development 28 

of the unwanted buckles. However, as the subject of this paper is the buckling of pipelines due to the 29 

pressure and temperature effects, the adverse impacts of the seabed liquefaction are not studied any 30 

further. It is also worth mentioning that the pipelines within the diameter range studied in this paper are 31 

manly laid in the deep waters at which the environmental loads are minimal. In shallow waters, those 32 

pipelines are protected (buried) to avoid the interference with fishing / trawling activities and therefore, 33 

they are not subject to the lateral buckling. 34 

 35 
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6. RANGE OF PARAMETERS  1 

Lateral buckling is mainly experienced by the High Pressure High Temperature (HPHT) production 2 

pipelines between subsea wells / manifolds and receiving facilities containing well fluids which are of 3 

high temperature and pressure. Typical diameter sizes of such pipelines are between 6” to 16” which is 4 

the range considered in this study.  The pipeline thickness is predominantly a function of the internal 5 

and external pressures and therefore can vary over a wide range. Therefore, for each of the selected 6 

pipeline diameters stated above, the standard pipe thicknesses (𝑡) are extracted from ASME B36.10M 7 

[29], while the thicknesses which result in positive pipeline submerged weight are selected as realistic 8 

thicknesses for that specific pipe diameter.   9 

 10 

The range of parameters contributing to the pipeline-seabed interaction needs to be defined. The 11 

soil axial friction coefficient, Eq. (1), covers a wide range between 0.3 and 1 [22] and as such the whole 12 

range needs to be considered. The error bars are used in this paper to graphically represent the variability 13 

of data from a specific data point in terms of error percentage. The numerical values of the best estimate 14 

of soil axial mobilisation are calculated based on Eq. (4) and are plotted in Figure 9 covering a range 15 

between 1.68 mm to 4.06 mm. The error bars (vertical lines with end caps) with an error percent of 45 16 

% are required to cover the whole range of values (horizontal solid lines). This high error percentage 17 

implies that a fixed value of axial force mobilisation cannot be used and therefore, the whole range of 18 

values needs to be studied. However, for a specific pipeline, by utilising Eq. (3) to Eq. (5), the range of 19 

axial mobilisation can be established. 20 

 21 

 22 

Figure 9.  Axial Mobilisation vs Pipeline Diameter 23 

 24 

The pipeline diameter, pipeline submerged weight and soil submerged weight are contributing 25 

parameters in the soil lateral friction, Eq. (4). For sandy soils, submerged unit weight is density 26 

dependent and the densities of loose, medium and dense sands range from 8.5-11.0 N/m3 , 9.0-12.5 N/m3  27 

and 10-13.5 N/m3, respectively [30]. For each pipeline diameter, the values of soil lateral friction 28 

Upper Bound (+45% Error)

Lower Bound (-45% Error)

Mid Value

1

2

3

4

5

0.15 0.25 0.35 0.45

So
il 

A
xi

al
 M

o
b

ili
sa

ti
o

n
 (

m
m

)

Pipeline Diameter (m)



Rogue Lateral Buckle Initiation at Subsea Pipelines  

 

 Page 17 of 25 

 

coefficient against soil submerged weight for minimum and maximum pipeline submerged weights can 1 

be plotted as shown in Figure 10. The upper and lower groups of the curves represent minimum and 2 

maximum pipeline submerged weight, respectively. 3 

 4 

Figure 10.  Soil Lateral Friction Coefficient vs Soil Submerged Weight 5 

 6 

The 1.8% error bars (vertical lines with end caps) of the best estimate value of the lateral soil friction 7 

i.e. 0.678 are also plotted in Figure 10 which clearly show that they can fully encompass the whole 8 

range of the values (horizontal solid lines). Considering the wide range of buckling force, a 1.8% error 9 

can be treated as negligible and therefore, a fixed value of 0.678 can represent the best estimate of the 10 

soil lateral friction. For a specific pipeline by utilising Eq. (9) to Eq. (11) and considering the whole 11 

range of soil submerged unit weight stated above, the range of lateral mobilisation can be established. 12 

   13 

To construct a pipeline rogue lateral OoS by utilising a single sinusoidal configuration, the values 14 

of maximum curvature (𝜅𝑚𝑎𝑥) and wavelength (𝐿) are required. There is a limited amount of pipeline 15 

as-laid data available in the public domain such as [31]. The most accurate study was carried out by 16 

Matheson et al [4] based on a very precise Remotely Operated Vehicle (ROV) survey. They concluded 17 

that the pipeline as-laid curvatures can be represented by a normal distribution with mean and standard 18 

deviation values of 0 1/m and 0.0002 1/m, respectively. 99.73% of the values lie within +/-3 standard 19 

deviations. This suggests that an upper bound of 0.0006 1/m can be assumed for the values of curvature 20 

in a deterministic assessment. The lower bound curvature value can be considered 0.0001 1/m as it is 21 

practically unlikely to lay a pipeline without such a small curvature (radius of 10 km). For curvature 22 

values less than this amount, the CBF approaches infinity which is not of interest. The equivalent 23 

sinusoidal wavelength concluded in Matheson’s research was 120m.  24 
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Based on the analysis undertaken and presented here, contributing parameters in pipeline resistance 1 

against lateral buckling (triggered by rogue OoS) together with their ranges are outlined in Table 3. It 2 

is to be noted that the ranges stated in this table are valid for the pipelines with a dimeter between 6” to 3 

16” laid on sandy seabeds. The values stated in Table 3 should be used as a starting point (e.g. in a front 4 

end engineering study) and field specific values shall be utilised once available. 5 

 6 

Parameter Symbol  Value / Range Unit 

Soil Axial Friction Coefficient 𝜇𝑎𝑥 0.3 - 1.0 - 

Soil Axial Mobilisation 𝑀𝑜𝑏𝑎𝑥 Eq. (3) to Eq. (5) 𝑚 

Soil Lateral Friction Coeff. 𝜇𝑙𝑎𝑡 0.678 - 

Soil Lateral Mobilisation 𝑀𝑜𝑏𝑙𝑎𝑡 Eq. (9) to Eq. (11) 𝑚 

As-Laid OoS Wavelength 𝐿 120 𝑚 

As-Laid OoS Curvature 𝜅𝑚𝑎𝑥 0.0001 - 0.0006 1/𝑚 

Table 3. Range of Contributing Parameters (Resistance) 7 

 8 

An appropriate range of lateral frication coefficient values needs to be established by the user based on 9 

the best estimate value stated Table 3. A range from 0.5 to 0.9 seems representative [32] in the absence 10 

of project specific information.  11 

 12 

7. FRAMEWORK AND NUMERICAL EXAMPLE 13 

A framework is developed and outlined in Figure 11 to calculate the range of critical lateral buckling 14 

force at a rogue OoS. This framework utilises the FE modelling technique, rogue lateral OoS 15 

construction methodology and identified contributing parameters (and their range) in a structured way. 16 

 17 

A numerical example when utilising this framework for a 10” (0.273m) dia, 25.4mm thick pipeline 18 

with a weight of 1237 N/m is presented here. The seabed is modelled according to the two-surface 19 

contact technique. The pipeline is built by PIPE31 elements and its mesh size is limited to the OD. The 20 

PIPE31 is a beam-based element with pipe cross-section which can be subjected to internal and external 21 

pressures, and hoop and axial stresses are computed accordingly. At initial stage, the  22 

seabed-pipeline tangential (frictional) contact properties are set to zero to provide a friction free contact. 23 

This will ensure that the pre-defined shape of the lateral OoS can be applied without any resistance 24 

from the soil.  The pipeline is placed above the seabed and then lowered onto the seabed by applying 25 

the self-weight (𝑊𝑠𝑢𝑏) to initiate the normal contacts. Subsequently, pipeline axial, lateral and rotational 26 

(in seabed plane) boundary conditions are set to free to provide the pipeline with flexibility to apply the 27 

lateral OoS configuration. The OoS profile is constructed based on Eq. 23 by using the values of 28 

wavelength and curvature. A python script is developed to calculate the coordinates of the sinusoidal 29 
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OoS and to impose it on the straight pipeline as pre-defined displacements. The pipeline-seabed 1 

interaction parameters are altered based on Eq. 14 to Eq. 18 and tangential contacts (axial and lateral 2 

frictions) are activated. To replicate the fully restrained sections of the pipeline, boundary conditions at 3 

the ends are set to fixed (constrained) and temperature is increased gradually. Another python script is 4 

used to monitor pipeline effective axial force (EAF) at the crown of the OoS and to specify a point 5 

where a sharp drop in EAF is observed. This EAF is considered as the critical buckling force. 6 

 7 

 8 

Figure 11.  Framework to Compute the Range of Lateral CBF of a Rogue OoS 9 

 10 

For all the OoS configurations (combinations of 𝐿 and 𝜅𝑚𝑎𝑥), the whole range of pipeline-seabed 11 

interaction parameters need to be considered. The ranges of contributing parameters are obtained based 12 

on Table 3. Through sensitivity analysis, it was shown that for a specific OoS configuration, effects of 13 

axial friction and mobilisation are minimal, and therefore, considered as non-contributing parameters. 14 

However, other parameters influence the CBF significantly. The CBF vs soil lateral mobilisation and 15 

OoS maximum curvature is plotted in Figure 12 which shows that the range of CBF of the rogue lateral 16 

OoS studied in this example can vary from -1360 kN to -7200 kN. In addition, it can be concluded that 17 

the value of the soil lateral mobilisation is a key contributor in CBF, specially for lower curvatures. For 18 

higher curvature values the CBF remains almost constant and independent of soil lateral mobilisation. 19 
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For higher mobilisation values, the variation of CBF against curvature decreases, though. It should be 1 

noted that another key contributor is the lateral friction which was not studied here as the intention of 2 

this example was to show the impact of other parameters. However, the same approach can be utilised 3 

to obtain a wider range of the CBF by varying the lateral friction. 4 

 5 

 6 
Figure 12.  CBF vs Soil Lateral Mobilisation and OoS Curvature 7 

 8 

The results can be fed into the design of the buckle initiators (e.g. sleepers). Figure 13 presents a 9 

screenshot of an Abaqus FE model where the sleeper height is selected so that the CBF at the sleeper is 10 

smaller than the whole range of the CBF of rogue lateral OoS (-1360 kN to -7200 kN). This resulted in 11 

formation of the desired buckles at the locations of the sleepers only.  12 

 13 

 14 
Figure 13.  Abaqus Screenshot - Deliberate Buck Formation at Sleepers 15 

 16 

Figure 14 shows the same pipeline but with sleepers shorter in height leading to the CBF at sleepers 17 

being greater than the CBF at the adjacent rogue lateral OoS and therefore, an unwanted lateral buckle 18 

is formed. 19 

 20 
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                                         1 
 2 

Figure 14.  Tangential Unwanted buckle formation at rogue lateral OoS 3 

 4 

The shape of the rogue buckle on the seabed is influenced by the shape and orientation of the initial 5 

OoS which is in the form of a symmetric sinusoidal deflection in this example, representing the first 6 

mode of buckling. The initial OoS was superimposed so that it was aligned with the pipeline direction. 7 

As a result of this, the rogue buckle is initiated and developed symmetrically and perpendicularly to the 8 

pipeline direction.  However, the modelling technique can adopt unsymmetrical buckling. By defining 9 

and imposing any desired initial OoS such as unsymmetrical and angled or shapes representing other 10 

modes of buckling in the FE model, buckles can be developed unsymmetrically and angled to the 11 

pipeline direction. 12 

 13 

It is worth mentioning that the field observations including comparison between pipeline as-laid 14 

OoS against the buckles which were initiated post start-up have demonstrated that FE simulation can 15 

successfully be deployed to predict the buckle initiation and formation at the rogue lateral OoS location 16 

as well as sleepers [4]. In addition, experiments based on physical models have shown that the buckle 17 

initiation triggers at sleepers [35]. 18 

                      19 

8. CONCLUSIONS 20 

The work outlined in this paper introduced a simplified pipeline-seabed interaction constitutive 21 

relationship for sandy seabeds to study the initiation of the buckles at rogue lateral OoS locations. The 22 

proposed FE modelling technique benefits from a two-surface seabed which can correctly capture and 23 

decouple axial and lateral pipe-soil interaction behaviour as required by the constitutive relationships. 24 

This technique eliminates the need for user-defined friction subroutines in Abaqus FE software which 25 

is a technically complex task. Various methods of constructing a rogue lateral OoS were studied and it 26 

was concluded that a single sinusoidal curve, characterised by its wavelength and curvature is the most 27 

suitable approach. The contributing parameters and relevant dependencies in CBF were developed and 28 

it was shown that the full range of contributing parameters outlined in Table 3 need to be considered. 29 

This study provides a framework and a numerical example to compute the range of CBF of a rogue 30 

lateral OoS. The numerical example demonstrated (a) the significant impact of the soil lateral 31 
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mobilisation and OoS curvature on the CBF especially at lower curvatures, (b) decrease in the variation 1 

of CBF (against curvature) for higher mobilisation values and (c) independency of the CBF against soil 2 

axial friction and mobilisation. In addition, it was shown that the outcome of the study can be fed into 3 

the design of the buckle initiators (e.g. sleepers) to ensure buckles are formed at the engineered locations 4 

rather than the seabed. 5 

 6 

This work enables parametric studies to further narrow down the range / number of contributing 7 

parameters and to establish the critical lateral buckling response surfaces. Such surfaces can be used to 8 

undertake deterministic and probabilistic assessments to establish the reliability of the buckle initiation 9 

at the engineered buckling locations. 10 

 11 
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