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The objective of this work is to develop a numerical
formulation based on the Finite Element Method for the
study of pipelines under soil movement, which allows

predicting the development of wrinkles due to axial loads
by ground movement.
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Defining the problem

The integrity of pipelines subjected to bending
stress/strain generated by ground motion
represents a recurring problem in Colombia
due to the complex geomorphological
characteristics that characterize much of the
country.

a Furthermore, the possible appearance of
wrinkles in a pipeline must be considered due
to the high plastic deformations developed
within it, which increase the risk of breakage.

e ILI runs does not brings all strains-stress
components.

taken from: https://www.tdwilliamson.com/
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Defining the Problem

- Geotechnical spatial and time continuous slow
movements (along the time).

- Full coupled soil-pipe movements.

- Large displacements, large strains/small strains.
- Axial bearing.

- Full strains/stress fields.

- Getting the geotechnical forces acting along the pipe is
cumbersome.

taken from: https://www.tdwilliamson.com/
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Assessment
Methodology

It is based on pipe-soil interaction advanced
FEA models using ILI information.

e
M

https://scijoumals.onlinelibrary.wiley.com/doi/10.1002/ese3.524
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The Assessment Methodology

Displacement based coupled interaction Finite Element models of pipeline/Sail:

Fully 3D model (all stress/strains components)

- SHELLS elements (considering thickness change).

- Non-Linear geometrically formulations (large displacements/rotations).

- Finite Elasto-plastic constitutive models + Damage mechanics models.

- Coupled Pipe-Sail interaction through contact model.

- The pipeline, in its current state, is free of initial stresses and deformations.

- The displacement profile is constructed from the profile obtained through the ILI
runs of the section's displacement history.

- The analysis considers operating pressure acting on the pipeline.
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The Assessment Methodology

INTERPOLATED DISPLACEMENT ALOMNG PIPELINE
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The Assessment Methodology

finite plasticity large displacements
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Pipeline wrinkles

periodic outer
wrinkles pipe
Local buckling geometrical
| 1 -structural
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https://www.sciencedirect.com/science/article/pii/S
0020768312003241
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Case
Analysis

Audibert/bcbf7e0a81cf4c5c5577e611b14089e7f1716a46

+30 FEM bending analysis in Colombia
s zcenit AovanrED IR

IPG 2025 — International Pipeline Geotechnical Conference 6
ACIEM



ase Analysis: Stress and Strains
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Case Analysis: Stress and Strains

INTERPOLATED DISPLACEMENT ALONG PIPELINE
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Case Analysis: Stress/Strains

MAX. VON MISES STRESS AT GIRTH WELDS
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Case Analysis: Local Bucklin

Local buckling
(Wrinkles)
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Case Analysis: Prognosis of Wrinkles

The following hypotheses are used to predict the formation of a . g
Curva £,(Kks) con puntos de inflexion

wrinkle: ,
1.5}
- The axial strain developed in a pipe cross-section is described 1.0}
by a harmonic function with a negative minimum value at the
circumferential position where the wrinkle develops. 0.5r
- The axial strain evolves monotonically and linearly with the : 00
curvature measured in the bending plane.
-0.5

- The evolution of the axial strain reaches a point of instability
where it undergoes a change of sign (compression to tension), -1.0
passing through an inflection point for a given curvature. This

curvature is the critical buckling curvature. |

e, (<) = [1 - HIG™) + .

H(u)[asnp B Szl{mp + SEHb ]

de Em.' .

e, = 2ls, = GOS0 e = sk, 1 The solution to this equation allows us to obtain
the critical buckling curvature (condition for a
wrinkle).

s, = G, JS"(x,) = 0
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Conclusions

- The finite element numerical modeling methodology, based on elastoplastic shell models coupled with three-dimensional soil
models, allows for the study of the evolution of stresses, deformations, and the appearance of plastic instability zones, such as
wrinkles, along pipeline lengths based on information obtained from ILI runs.

- Wrinkles can be predicted from FEM shells models using ILI information.

- Analytical model can be established from axial strain evolution curves for the prediction of wrinkles appearing at given level of
displacements in a pipeline under slow geotechnical models.
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ABSTRACT

The integrity of pipelines subjected to bending stresses and
strains is a recurring challenge in Colombia due to the country’s
complex geomorphological conditions. The potential
development of wrinkles in the pipe must be taken into account,
as the large plastic deformations involved increase the
likelihood of failure. This study proposes a methodology for
assessing residual stresses and strains along an oil pipeline,
using ILI data combined with numerical models based on the
Finite Element Method. The displacement profile for the analysis
is derived from ILI runs. The pipeline is modeled with shell
elements, while the soil is represented using a Mohr-type
constitutive model. The damage model incorporates the
formation of microdefects as material deformation progresses,
and the soil-pipeline interaction is simulated through contact
elements. Results from the integrity assessment of a Colombian
pipeline are presented, demonstrating the effectiveness of the
proposed methodology by successfully predicting wrinkles that
were actually observed in the pipe.

Keywords: Oil pipelines, buckling, wrinkles, stresses, soil
sliding, geotechnics.

1. INTRODUCTION

The integrity of pipelines subjected to bending stress/strain
generated by ground motion represents a recurring problem in
Colombia due to the complex geomorphological characteristics
that characterize much of the country. This type of analysis is
among the most complex. The use of computational models for
fitness-for-service studies is the most appropriate approach in
terms of cost-benefit ratio. The theoretical prediction of a
pipeline's deformation behavior using numerical models allows

for the study of its behavior and structural integrity under ground
motion scenarios.

Furthermore, the possible appearance of wrinkles in a pipeline
must be considered due to the high plastic deformations
developed within it, which increase the risk of breakage.
Therefore, predicting the appearance of wrinkles is a critical task
in the structural analysis of a pipeline subjected to ground
motion. The numerical modeling methodologies used in these
tasks must be considered in their formulation.

This paper presents a methodology for studying residual stresses
and strains along an oil pipeline, using ILI data and numerical
models based on the Finite Element Method. The displacement
profile used in the analysis is constructed from ILI runs in the
pipeline and the displacement history of the section measured
between consecutive runs. The pipeline model was constructed
using four-node shell elements with six degrees of freedom
(DOF) per node, whose formulation takes into account large
displacements and rotations and is capable of modeling finite
plasticity and thickness reduction. This element allows the
control of “hourglassing” and “shear locking”, which refer to
fictitious (or “zero energy”) deformation modes and flexural
stiffness of the element, respectively.

The mechanical response of the pipeline material was modeled
using an elasto-plastic model based on damage mechanics that
considers isotropic hardening. This constitutive model is based
on the multiplicative decomposition of the strain tensor, allowing
for modeling problems involving large displacements and unit
strains. The soil is modeled using an elasto-plastic model based
on the Mohr constitutive model. The damage model allows for
the generation of microdefects as the deformation in the material

1 © 2025 by ASME



evolves. The soil-pipe interaction is modeled using contact
elements, taking into account the friction between them.

The results of the integrity analysis of a pipeline in Mexico are
presented, demonstrating the effectiveness of the proposed
methodology through the prediction of wrinkles actually found
in the pipeline in subsequent ILI runs.

2. MATERIALS AND METHODS

2.1 Modelo numérico

The pipeline finite element model was constructed using four-
node shell elements with 6-DOFs per node, whose formulation
takes into account large displacements and rotations and the
ability to model finite plasticity and thickness reduction
[11[2][9]. This element allows the control of “hourglassing” and
“shear locking”, which refer to fictitious (or “zero-energy”)
deformation modes and flexural stiffness of the element,
respectively. The FEA software used is FEASY® (Finite
Element Analysis System) developed by ADVAN R&D
(www.advanrd.com).

The numerical model used in the analysis is based on the
following assumptions:

- The pipeline, in its current state, is free of initial
stresses and deformations.

- The displacement profile is constructed from the
profile obtained through the ILI runs of the section's
displacement history.

- The analysis considers the maximum operating
pressure acting on the pipeline.

The soil behavior was modeled using a large-displacement,
finite-plasticity model and the Mohr-Coulomb yield criterion
using brick-type solid elements with reduced integration and a
structured mesh generated along the pipe's extrusion axis.
Contact elements were used to model the soil-pipe interaction
using a penalty model.

2.2 Constitutive modeling

The mechanical response of the material was modeled using an
elastoplastic model with isotropic hardening based on the
multiplicative decomposition of the strain tensor, considering the
damage evolution model proposed by Gurtin and Francis [8].
This model has no limitations in terms of its applicability for the
range of unit deformations found in the analysis. The stress-
strain curve used was constructed using the MPC model
presented in API-RP-579.

FIGURE 1. FINITE ELEMENT MESH FOR THE PIPE (SOIL
MODEL BELOW).

2.1 Load modeling

The model considers the maximum operating pressure of the
analyzed section as working loads, as well as the weight of the
pipe, the soil and the transported product[4][5]. Other loads
and/or conditions such as stresses, deformations or initial
displacements are not considered in the analysis. At the ends of
the pipe, nodal displacements and rotations are restricted in the
plane normal to the pipe section.

2.2 Soil-displacement modeling

The displacement profile is constructed by field measurements
using two ILI runs spaced two years each one. In this way a
displacement field can be obtained and the evolution of pipe
deformation can be extrapolated to the future. Figure 2 shows the
displacement profiles for a Colombian pipeline located in a
complex geomorphological zone. In the present study,

2 © 2025 by ASME
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displacements up to 1.5 times the displacement curve thus
constructed are implemented in order to study the effect of larger
displacements on the development of stresses and strains in the

pipe[6][7][8].

INTERPOLATED DISPLACEMENT ALONG PIPELINE
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FIGURE 2. DISPLACEMENT PROFILE FROM ILI TOOL.
3. RESULTS AND DISCUSSION

3.1 Strain and stress distributions

Although the objective of this work does not focus on the failure
(breakage) of the pipe, it is worth noting that the remaining
ductility in the material is used as a failure criterion in this work,
which is defined as:

D, =1- =& 1)
éurt

Where e, is the ultimate strain for the material (taken as 0.18

m/m in this work) and ¢, is the equivalent plastic deformation

defined as:

’2
€y = EDpdev: Dpdev (2)

where D,%¥ The plastic flow deviatoric tensor. The damage
model through the expression:

Y(Ce,x,D,VD) = (1 = DYhe (Ce ) + Pn (1) + 14 (D, VD) (3)

In this equation, k is an internal variable related to hardening,
C, is the left Cauchy tensor; ¥, y ¥, are functions that define
the damage model, which describes the breakage process in the
material. D € [0,1) is the damage parameter that indicates the
evolution of the damage during the deformation process.

Figures 3 and 4 show the evolution of the Von Mises stresses and
equivalent plastic strains obtained along the pipeline for a API-
5L-X65 with diameter 0.4064 m and 8.3 mm of thickness. These
graphs show the maximum Von Mises stress value for the final

displacement condition. Thus, maximum stresses of the order of
530 MPa are developed, with accumulated plastic strains
exceeding 0.019 mm/mm at a distance of 150 meters from the
left edge.

Figure 4 shows the variation in stress and maximum strains along
the pipeline. The distances shown on the horizontal axis are
measured from the GWD-1 weld, located at the PR reference
point. This figure shows the highest stress values between
distances of 130 and 170 meters, with values above the yield
strength of the material and highly concentrated at 150 meters
with a value close to 580 MPa, observing that the majority of the
material in the pipe generates plastic deformations for maximum
displacements of 0.103 meters.

The distribution and evolution of the equivalent plastic
deformation in the welded joints and along the pipe are also
presented, where plastic deformations are observed with values
in the range of 0.025 mm/mm (2.0%) to 0.025 mm/mm (2.5%).
In this same figure, areas located between 130 and 170 meters
show plastic deformations with maximum values of 0.02
mm/mm (2%) with maximum values above 0.12 mm/mm at 150
meters.

FIGURE 3. PROFILE OF EQUIVALENT PLASTIC STRESS AND
DEFORMATION ALONG THE PIPE.

3.2 Wrinkle generation

Figure 5 shows the evolution of plastic deformations between
recording distances 130 and 170 meters. It is observed how
plastic deformations of the order of 0.00124 mm/mm are
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generated in this area from 0.103 meters of maximum
displacement, presenting a wave-like distribution that favors the
evolution of localized buckling (wrinkles). Figure 6 shows that
this plastic zone evolves towards concentrated zones of
deformation and geometric instability in the pipe wall,
presenting localized buckling (wrinkle) for maximum
displacement between 0.31 and 0.414 meters, presenting plastic
deformation values in the range of 0.093 mm/mm. Finally, in this
same figure, a wrinkle is observed with plastic deformation
values of 0.225 mm/mm, indicating that between a displacement
of 0.414 meters and 0.621 meters, the pipe breaks at the wrinkle.
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FIGURE 4. ABOVE: VON MISES STRESSES IN WELDS. BELOW:
EQUIVALENT PLASTIC DEFORMATION.

The presence of other wrinkles in this area indicates the pipe's
high susceptibility to plastic deformation failure in this section,
which occurs for small maximum displacements (on the order of
0.10 m) and buckling. This can be explained by the pipe's
geometry and the way in which displacement is distributed and
evolves along the pipe's length, which indicates a pipe layout that
is highly susceptible to these types of failures in the area
considered.

MIN. AXIAL STRAIN ALONG PIPE
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FIGURE 5. AXIAL DEFORMATION ALONG THE PIPE, FOR
THE MAXIMUM DISPLACEMENT CONDITIONS SHOWN.

FIGURE 6. DISTRIBUTION OF PLASTIC DEFORMATION
TOWARDS THE CENTER OF THE PIPE GENERATION OF
WRINKLES (ABOVE INITIAL STAGES BELOW: FINAL
GEOMETRY).

3.2 Wrinkle generation criteria
Based on the results, the following hypotheses are used to predict
the formation of a wrinkle:

- The axial strain developed in a pipe cross-section is
described by a harmonic function with a negative minimum
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value at the circumferential position where the wrinkle
develops.

- The axial strain evolves monotonically and linearly with the
curvature measured in the bending plane.

- The evolution of the axial strain reaches a point of instability
where it undergoes a change of sign (compression to
tension), passing through an inflection point for a given
curvature. This curvature is the critical buckling curvature.

These considerations allow us to propose the following evolution
equation for the axial strain as a function of the curvature as:

e (k) = [1- H(u)](;i"_—’i) ¥
H(u) [Ssup - Szksup + S2Kp ] (4)

where K, is the main curvature of the pipe in the cross section;
K¢ € [King, Ksyp] IS the transition curvature; &, and &, are the
minimum and maximum axial unit strains, respectively; s, esun
setting parameter and H =0if u <0, H=3u* -
2u® if0<u<1y H=1u=>1,with:

w
Kp = (ke = %)
w

u =

The critical curvature for wrinkling, x ,,, occurs at the inflection
point of the curve €, (k}), i.e. de,,/k, = 0. Thus:

de &
ﬁ: = 2[s; — (ﬁ)]sl(’%) + [esup — SakKsup +
_ (Einf S =0 5
[s2 = G2k 5" (o) ©)

The solution to this equation allows us to obtain the critical
buckling curvature (condition for the appearance of a wrinkle).
Figure 5 presents the evolution of ¢, (k;) for the pipe analyzed
in this work.

Curva £,(kp) con puntos de inflexién

15
1.0
0.5
0.0

-0.5

-15

0 1 2 3 3 5
FIGURE 7. AXIAL STRAIN CURVE AS FUNCTION OF
CURVATURE.

4. CONCLUSION

The finite element numerical modeling methodology, based on
elastoplastic shell models coupled with three-dimensional soil
models, allows for the study of the evolution of stresses,
deformations, and the appearance of plastic instability zones,
such as wrinkles, along pipeline lengths based on information
obtained from ILI runs. This provides a predictive tool for
pipeline integrity analysis.

ACKNOWLEDGEMENTS

The authors acknowledge the Universidad Tecnologica de
Bolivar, ADVAN R&D, and CENIT for their support in
advancing this study.

REFERENCES

[1] O.C. ZIENKIEWICZ, R. L. TAYLOR, J. Z. ZHU. The Finite
Element Method: Its Basis and Fundamentals. Butterworth-
Heinemann. 7ed. 2013.

[2] J.C. SIMO, T.J.R. HUGHES. Computational Inelasticity.
Springer, 1998.

[3] Q. ZHENG, L. GRAF-ALEXIOU, Y. LI, N. YOOSEF-
GHODSI, M. FOWLER, M. KAINAT, S. ADEEB. Strain
Demand of Elastic Pipes Subjected To Permanent Ground
Displacements Using The Finite Difference Method. Journal of
Pipeline Science and Engineering 1 (2021) 176-186.

[4] API, APl 579-1/ASME FFS-1 2007 Fitness-For-Service,
2007.

[5] A. LIU., S. TAKADA, Y. HU. A shell model with an
equivalent boundary for buried pipelines under the fault
movement. In: Proceedings of the 13th World Conference on
Earthquake Engineering. Vancouver, 2004.

[6] X. LIU, H. ZHANG, M. LI, M. XIA, W. ZHENG, K. WU,
Y. HAN. Effects of steel properties on the local buckling
response of high strength pipelines subjected to reverse faulting.
J. Nat. Gas Sci. Eng. 33, 378-387, 2016.

[71 1. L YABLONSKIKH, S. J DAWSON, R.
VENKATANARAYANAN. Assessment And Analysis Of
Pipeline Buckles. Pipeline Solutions, Cramlington, 2007.

[8] M. E. GURTIN, E. C. FRANCIS, Simple Rate-Independent
Model for Damage, AIAA Journal, 23, 2012.

[9] ADVAN R&D, FEASY USER’s Manual. ADVAN R&D,
2010.

5 © 2025 by ASME



	Diapositiva 1
	Diapositiva 2
	Diapositiva 3
	Diapositiva 4: The objective of this work is to develop a numerical formulation based on the Finite Element Method for the study of pipelines under soil movement, which allows predicting the development of wrinkles due to axial loads by ground movement.  
	Diapositiva 5
	Diapositiva 6
	Diapositiva 7
	Diapositiva 8
	Diapositiva 9
	Diapositiva 10
	Diapositiva 11
	Diapositiva 12
	Diapositiva 13: Case Analysis: Stress and Strains
	Diapositiva 14: Case Analysis: Stress and Strains
	Diapositiva 15: Case Analysis: Stress/Strains
	Diapositiva 16: Case Analysis: Local Buckling
	Diapositiva 17: Case Analysis: Prognosis of Wrinkles 
	Diapositiva 18: Conclusions
	Diapositiva 19: ¡Thanks!  Visit: www.advanrd.com gentec@advanrd.com  

