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Abstract

Mechanical behavior of buried steel pipelines crossing

active strike slip faults

POLYNIKIS VAZOURAS

University ofThessaly, Department of Civil Engineering, 2013

Supervisor: Dr. Panos Dakoulas, Professor 

Co-supervisor: Dr. Spyros A. Karamanos, Assosiate Professor

Abstract

Motivated by the growing demand for new major oil and gas pipeline projects 

worldwide, the present study investigates the performance of buried pipelines in 

geohazard areas subjected to permanent strike-slip fault movement. The study is 

based on an efficient combination of detailed numerical simulations and closed- 

form analytical solutions. An extensive literature review is conducted for the 

evaluation and assessment of available analytical and numerical models, 

experimental data and available commercial software. In addition standards that 

incorporate the strain-based design approach for pipeline design are considered. 

The interacting soil-pipeline system is modeled rigorously through finite 

elements, employing a general purpose finite element program. A closed-form 

solution for the force-displacement relationship of a buried pipeline subjected to 

tension is presented for pipelines of finite and infinite lengths. This solution is 

used in the form of nonlinear springs at the two ends of the pipeline in refined 

finite-element models, allowing an efficient nonlinear analysis of the pipe-soil 

system at large strike-slip fault movements. The analysis accounts for large 

strains, inelastic material behaviour of the pipeline and the surrounding soil, as 

well as contact and friction conditions on the soil-pipe interface. The effects of 

various soil and pipe parameters on the mechanical response of the pipeline are 

examined. Steel pipes with D/t ratio and material grade typical for oil and gas 

pipelines are considered. The effects of internal pressure on pipeline
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Abstract

performance are also investigated. The analysis is conducted through an 

incremental application of fault displacement. Appropriate performance criteria 

of the steel pipeline are defined and monitored throughout the analysis. The 

numerical results determine the fault displacement at which the specified 

performance criteria are reached, and are presented in diagram form, with 

respect to the fault crossing angle. The results of the parametric analyses 

demonstrate that for a strike-slip fault that is normal to the pipeline axis, local 

buckling occurs at relatively small fault displacements. As the angle between the 

fault normal and the pipeline axis increases, local buckling can be avoided due to 

longitudinal stretching, but the pipeline may fail due to excessive axial tensile 

strains or cross-sectional flattening. The numerical models consider both infinite 

and finite length of the pipeline corresponding to various angles between the 

pipeline axis and the normal to the fault plane. It is shown that the end 

conditions of the pipeline have a significant influence on pipeline performance. 

Finally, in an attempt to explain the structural behaviour of the pipeline with 

respect to the occurrence local buckling, a simplified analytical model is also 

developed that illustrates the counteracting effects of pipeline bending and axial 

stretching and provides reasonable closed-form estimates for the formation of 

local buckling for relative small values of crossing angle accounting also for end 

effects.
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Chapter 1: Introduction

Introduction

The present dissertation deals with the mechanical behavior of pipelines crossing 

active faults. Permanent ground-induced actions due to earthquakes, such as fault 

movements, landslides, liquefaction-induced lateral spreading are responsible for the 

majority of seismic damages in oil and gas buried steel pipelines. These types of 

deformation are applied on the pipeline in a quasi-static manner, and are not necessarily 

associated with severe seismic shaking. Under such conditions, the pipeline may be 

seriously deformed in the plastic range and may experience pipe wall fracture and loss 

of containment, imposing obvious risks to the population and the environment. In the 

above cases, conventional stress-based design is no longer applicable and strain-based 

design is necessary. Figure 1.1 shows the EGIG (Western Europe) incidents by cause and 

size of leak. Ground movement induced damage attributes approximately 7% to the 

total amount of incidents. However, ground movement is the second leading cause for 

(the failure mode of) rupture of the pipeline, after third party damage.

The US Department of Transportation (US DOT) natural gas transmission data for 

the period 1984 to 2001 show that ground movement induced damage accounted for 

8.5% of the total amount of incident, as shown in Figure 1.2. The property damage cost 

caused by ground movement induced damage, however, was only exceeded by the cost 

caused by third party damage.

Figure 1.1 : EGIG Pipeline Incident Data [1]
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Chapter 1: Introduction

Incidents by Cause and Total Property Damage
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Figure 1.2 : US DOT Incident Data for Gas Transmission Pipelines [2]
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Figure 1.3 : Incident Data for a Typical Andean Pipeline [2]

The relative significance of geohazards is more pronounced in areas where pipelines 

are constructed in difficult terrain, without a full appreciation for potential geohazards. 

Data for a typical pipeline indicates that ground movement may be responsible for as 

many as 50% of the incidents in the South American Andes, leading to an average failure 

frequency exceeding 2.5 per 1,000 km-yr, as shown in Figure 1.3. This frequency is about 

two orders of magnitude greater than that experienced in Western Europe.

2
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Chapter 1: Introduction

This dissertation focuses on the structural response of continuous (welded] buried 

steel pipelines crossing active strike-slip seismic faults. Those pipelines are subjected to 

an imposed deformation pattern, associated with the development of high stresses and 

strains in critical locations, which are well beyond the elastic range of pipe material and 

may cause pipeline failure. In particular, high tensile stresses may cause fracture of the 

pipeline wall, especially at defected locations or welds, whereas high compression 

stresses may cause buckling, either in the form of beam-type (global] instability or in the 

form of pipe wall wrinkling, a shell-type instability, sometimes referred to as "local 

buckling” or "kinking”. In the last 30 years, significant research has been conducted for 

establishing deformation (strain] capacity limits for steel pipelines including both the 

strain behaviour of the base material and the welded joints towards determining strain 

criteria. The performance of continuous buried steel pipelines subjected to permanent 

fault movement must be evaluated during engineering design against different types of 

permanent deformation or failure such as:

(a] Buckling. Compression stresses may cause buckling, either in the form of local 

buckling (pipe wall wrinkling] or beam-type (global] instability;

(b] Tensile rupture. Tensile stresses may cause fracture of the pipeline wall at 

defected locations, welds or areas ofhigh-stress concentration; and

(c] Cross-section ovalization. Tensile stresses may cause flattening or ovalization of 

the pipe cross-section, thereby degrading the overall performance of the pipeline 

system.

The study in the present dissertation is separated into seven Chapters. Initially, in 

Chapter 2, a literature review regarding the methodologies and techniques, which have 

been developed for the treatment of this problem, and the main findings of previous 

research are presented. This includes analytical, numerical and experimental research 

that has been conducted until now. Existing guidelines for buried pipelines are briefly 

outlined pointing out the approach of each standard. Finally, commercial software that 

is used for the analysis of pipelines is presented, highlighting the advantages and 

disadvantages of each program.

In the sequel, Chapter 3 covers the issue of numerical modeling that is proposed and 

used for pipelines buried in soil medium. More particular the effect of model length for 

each of the three directions is parametrically investigated in order to achieve the 

optimum model length for each direction. For the special case of a pipeline subjected to 

tension along the direction of its axis, a closed-form exact mathematical solution is 

proposed, which can be used to model the pipe-soil interaction as a nonlinear spring. 

This allows an extension of the basic finite element model to a model of larger length,

3
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Chapter 1: Introduction

which can be either finite or infinite, without increasing the total number of finite 

elements. Finally, the effects of fault width and discetization of the model for both soil 

and pipe are investigated.

In Chapter 4, buried pipelines perpendicular to fault plane are analyzed. Considering 

steel pipelines of various diameter-to-thickness ratios, and typical steel material for 

pipeline applications (API 5L grades X65 and X80], this chapter focuses on the effects of 

various soil and pipeline parameters on the structural response of the pipe, with 

particular emphasis on identifying pipeline failure (pipe wall wrinkling/local buckling 

or rupture]. More specifically, the effects of shear soil strength, soil stiffness, horizontal 

fault displacement, width of the fault slip zone, are investigated. Furthermore, the 

influence of internal pressure on the structural response and the effect of the (finite or 

infinite] model length in the longitudinal direction are examined. The results from the 

present investigation aim at determining the fault displacement at which the pipeline 

fails and can be used for pipeline design purposes.

In Chapter 5, the mechanical response of buried pipelines is extended for different 

crossing angles, formed between the pipeline axis and the fault-plane normal direction. 

The pipeline is assumed to cross the vertical fault plane at various angles ranging 

between zero and 45 degrees. Similar parameters as those investigated in Chapter 4 are 

analyzed in order to find their influence on the mechanical response of pipelines. In 

addition to local buckling, the failure modes are now extended to account for tensile 

rupture and cross-section ovalization.

Chapter 6 presents a simplified model for buckling prediction, by taking into account 

the crossing angle (for non-positive or small positive angles], the pipe-soil interaction 

length and the pipe properties. The results are compared to those in Chapter 4 and 

Chapter 5 in order to identify whether or not buckle occurs. Finally, this simple form of 

the proposed model can be used to derive some useful conclusions about the influence 

of each factor on the mechanical behavior of the pipe-soil model.

The main conclusions and the innovative points of the present research are 

summarized in the last chapter of the dissertation (Chapter 7].

4
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Chapter 2: Mechanical behavior of buried pipelines -  Bibliography survey

Mechanical behavior of buried pipelines - 
Bibliography survey

2.1 Introduction

This chapter examines available research findings and field evidence regarding the 

performance of buried pipelines subjected to ground induced action. Considering the 

fact that ground induced actions are responsible for a significant number of failures at 

buried pipes, many researchers have worked in this scientific area.

Research on the performance of buried pipelines usually requires the development of 

numerical techniques due to their highly nonlinear response and their interaction with 

the ground. In past decades, due to lack of efficient computational tools, research 

focused mostly on theoretical studies for this problem. More recently, most of the 

relevant publications are associated with numerical models. Both analytical and 

numerical previous research findings are presented in Section 2.2. As far as 

experimental work is concerned, only few experiments have been performed for buried 

pipelines subjected to strike-slip and normal faulting. These experiments are presented 

below in Section 2.3. Section 2.4 overviews available commercial software, pointing out 

their advantages and disadvantages. Section 2.5 refers to the stain-based design analysis 

which is employed during recent years showing its difference from the stress-based 

design. Section 2.6 provides a brief overview of the existing guidelines for buried 

pipelines. Finally, at the end of the chapter, a brief discussion regarding the contribution 

of the present dissertation to the treatment of this problem is presented.

2.2 Analytical and num erical models

In order to assess pipeline strength against an imposed tectonic fault displacement, 

the state of stress within the pipeline should be calculated for the imposed deformation. 

In their early publications, Newmark and Hall [3] analyzed the effects of fault movement 

on the pipeline considering that the pipe behaves as a cable, using small deflection 

theory and relating the friction of the soil-pipe system with the static earth pressure. 

Because of lack of flexural rigidity, the equilibrium condition cannot be satisfied and 

faults that cause compression in the pipeline could not be analyzed.

5
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Chapter 2: Mechanical behavior of buried pipelines -  Bibliography survey

Continuing the pioneering paper of Newmark and Hall [3], Kennedy et al. [4] [5] 

developed an analytical model, considering a non-uniform friction interface between the 

pipe and the soil, which was assumed to be cohesionless. At this work, only values of 

fault angle that result in pipe tension were examined, due to the methodology 

limitations. These values were from fifteen to sixty degrees from the pipeline axis. The 

pipe was divided in two zones in order to properly account for the friction. In the first 

zone consisting of a straight section of the pipeline, the frictional force f  is given from 

the following equation

f  = π ϋ ρ τ tan φρ (2.1)

in which φρ is the angle of friction between the pipe and the surrounding soil, p r is the 
normal pressure and D is the diameter of the pipeline.

The other zone consists of a curved pipeline section. In this part, friction was 

difficult to accurately define. A series of analyses were performed to estimate the 

friction of this curved zone. Values of curved zone to straight zone friction ratio ranging 

from 2.4 to 3.3 were considered. Lateral and vertical soil pressures on pipe were taken 

into consideration in contrast with the work by previous authors, were no passive soil 

resistance was considered. From lateral force-displacement curves (see Figure 2.1), the 

force for each curve reaches a maximum value and remains almost constant for all 

subsequent displacements.

This assumption leads to slightly conservative results. Large deflection theory was 

also taken into account, by modelling the pipe as a cable. Results concerning the 

influence of crossing angle, depth of cover, wall thickness and pipe diameter, pipe 

material strength and the effect of internal pressure were presented and relevant 

conclusions were given. Wang and Yeh [6] improved this methodology accounting for 

the pipeline bending stiffness. This allowed authors to examine cases where the pipe 

was subjected to compression. The adopted methodology considers a division of the 

pipe into four segments. The two outer segments behave as beams on elastic foundation, 

whereas the two inner segments have a constant curvature, as shown in Figure 2.2.

6
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000
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400
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200

Figure 2 .1 : Lateral soil force versus lateral displacement for pipe buried in loose to 
moderately dense sand [4]

Beam on Elastic Transition Beam on Elastic
Foundation Zone Foundation

Initial Pipe Position
A*_______ Δ Γ

F a u lts *

Displaced Pipe

Anti-synunetrical Configuration

Figure 2 .2 : Pipeline analysis model proposed by Wang and Yeh [6]
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Chapter 2: Mechanical behavior of buried pipelines -  Bibliography survey

An iterative procedure was developed for obtaining the axial force and bending 

moment at point B (Figure 2.2]. These values were compared with a calculated bending 

moment using the expression

M  / Mpc p
π

cos—
2

f

V
(2.2)

where Mpc and M p are the resisting moment capacities of steel pipe with and without 

axial load P , respectively, and Pu is the ultimate axial force capacity of the pipe without 

any bending effects.

The design of the steel pipe was considered safe if the calculated bending moment 

capacity was greater than the resulting bending moment. A series of parametric studies 

were conducted investigating the effect of some important parameters, such as the fault 

movement, crossing angle, soil-pipe friction angle, buried depth and diameter of pipe. 

Similar conclusions were found compared to those obtained from previous 

methodologies, although some quantitative differences, as well as some differences in 

the mechanism of failure do exist because of the different approaches. Vougioukas et al. 

[7] considered both horizontal and vertical movement of faults and analysed 

numerically buried pipes considering them as elastic beams.

In later publications, McCaffrey and O'Rourke [8] and Desmod et al. [9] studied the 

development of strains in buried pipes crossing faults based on field observations of the 

performance of gas and water pipes during the San Fernando earthquake.

Wang and Wang [10] studied the problem considering the pipe as a beam on elastic 

foundation, whereas Takada et al. [11] presented a new simplified method for evaluating 

the critical strain of the fault crossing steel pipes using the relation between pipe 

longitudinal deformation and cross-sectional deformation. The location of bending point 

is first found using Kennedy's formulation and, subsequently, the bending angle is 

calculated. The location of point B (Figure 2.2] is found after an iterative trial and error 

method, in which the pipe axial force satisfies the compatibility condition between the 

geometrical (required] and physical (available] elongation. The geometrical elongation 

is defined as the elongation imposed to the pipeline due to fault movement, whereas the 

physical elongation is defined as the elongation resulting from axial strains along the 

unanchored length. A beam-shell analysis is conducted for determining the maximum 

strain in the pipeline. Combining the two previous findings, a relation between the pipe 

bending angle and the maximum strain was found. Finally this relation was enhanced 

with parameters such us pipe material, pipe diameter, pipe thickness, soil pressure, fault

8
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displacement, fault crossing angle and soil-pipe friction, which form their proposed 

methodology for simplified design ofburied steel pipes crossing active faults.

The behaviour of buried steel pipelines subjected to excessive ground-induced 

deformations has received significant attention in the pipeline community in recent 

years. It has been recognized that, apart from the geometric and the mechanical 

properties of the steel pipeline, site conditions (i.e. the properties of the surrounding 

soil] may have a strong influence on pipeline response, and that soil-pipe interaction 

should be taken into account [12]. Kokavessis and Anagnostidis [13], using a finite 

element methodology and contact elements to describe soil-pipe interaction, analyzed 

buried pipes under permanent ground-induced actions. More specifically, they studied 

the effects of consolidation settlements that were observed in the area where a pipeline 

was installed after the design of a new railway. The finite element program ANSYS was 

employed, modelling the pipe with shell elements and the soil with solid elements. All 

materials used were linear elastic. Karamitros et al. [14], presented an analytical 

methodology, refining existing methodologies proposed in [3]-[6], using a combination 

of beam-on-elastic-foundation and beam theory. More specifically segments AA' and CC' 

(Figure 2.3] were analyzed as beams-on-elastic foundation in order to obtain the 

relation between bending moment, shear force and rotation angle at points A and C. The 

differential equilibrium equation for the elastic line was:

„ Td  4w
E I- τ τ  + kw  = 0 (2.3]dx

where E I  is the flexural stiffness, w is the deflection of the beam and k  is the elastic 

foundation spring constant

Segments AB and BC were analyzed as elastic beams in order to obtain the 

maximum bending moment. At point B, where is the intersection with the fault trace, 

the axial force on the pipeline is calculated by equalizing the required and the available 

pipeline elongation. The required elongation is defined as the elongation imposed due to 

fault movement, whereas the available elongation was defined as the elongation 

resulting from the integration of axial strains along the unanchored length (the length 

over which slippage occurs between the pipeline and the surrounding soil]. Taking into 

account geometric second-order effects, bending strains were computed. Maximum 

pipeline axial strain was calculated from the equilibrium between the externally applied 

axial force and the internal stresses developed in the pipeline cross-section. Finally all
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previous values were recalculated until convergence was achieved, indicated by 

monitoring an updated secant Young's modulus. The above methodology was aiming at 

considering the contribution of axial force to bending stiffness and finding the location 

where the most unfavourable combination of axial and bending strain develops.

Figure 2 .3 : Partitioning of the pipeline into four segments [14]

Karamitros et al. [14] also compared their analytical predictions with results from a 

three-dimensional finite element model, which employed nonlinear springs to simulate 

the soil, along with shell and beam elements to model the pipe (Figure 2.4). The total 

model length was 1000 meters, of which 900 meters of the pipe were modelled as a 

beam and the rest using shell elements. A pipeline having a diameter of 36-inch, wall 

thickness of 0.469 inches and buried in sand, was considered. Three different fault cases 

were examined with fault angles equal to 30°, 45° and 60°. The final fault displacement 

was taken equal to two pipe diameters. Comparisons of results were made for the axial 

strain at the intersection of the pipeline with the fault trace, the maximum axial strain, 

the bending strain and the total maximum strain. The comparisons showed a very good 

agreement between analytical and numerical results with minor deviations resulting to 

less than 10% error.
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Figure 2 .4 : 3D model used for analyses with the Finite Element Method [14]

Liu et al. [15] presented a shell finite element simulation, similar to the numerical 

model in Karamitros et al. [14], and reported axial strain predictions along the pipeline. 

More specifically, using a 4100 meters model so that the relative movements between 

the pipe and the soil at the far ends of the model are very small, the authors examined 

the effect of internal pressure, the intersection fault angle and the influence of Luder's 

extension (Luder's extension is the state where the material yields forming a plateau in 

the stress-strain curve for a small range of strains]. They found that the location where 

the strain is localized depends on the loading mode induced by the fault. At low 

intersection angles, the fault movement creates a large tension force in the pipe's axial 

direction and leads to a tension mode. Under such mode, the strain is localized near the 

fault trace. As the intersection angle increases, the loading mode gradually switches to 

bending and the strain localization moves away from the fault trace. For a 3D fault 

movement, an optimum intersection angle exists when the maximum tensile strain of 

the axial direction can be minimized.

11

Institutional Repository - Library & Information Centre - University of Thessaly
09/06/2024 17:36:05 EEST - 3.135.186.246



Chapter 2: Mechanical behavior of buried pipelines -  Bibliography survey

The maximum compressive strain is reached at a 90o intersection angle. The internal 

pressure increases the maximum compressive strain, while it can either increase or 

decrease the maximum tensile strain, depending on the intersection angle and fault 

displacement. Finally, the effect ofLuder's extension is negligible in the above results.

Shitamoto et al. [16] focused on the development of compressive strain limit of X80 

pipelines to resist ground-induced actions. They used an eight-node solid-element 

model of a pipe segment, modelling a quarter of the pipe, computed the strain 

corresponding to the maximum moment, and compared this strain capacity to strain 

demands dictated from soil liquefaction requirements. In order to evaluate the strain 

demands due to liquefied soil, finite element analysis was used. The pipe was modelled 

with shell elements, whereas for the soil-pipe interaction, nonlinear springs were used 

placed at the bottom and top of the pipe. The effect of ground displacement was given to 

the buried pipeline as enforced displacement. Thus, in order to estimate the maximum 

strain demand of pipelines, the maximum soil displacement was assumed to be equal to 

3 m due to liquefaction-induced lateral spreading in a area with 400m width and 500m 

length, as shown in the Japan Gas Association (2001) guideline (Figure 2.5), which is 

based on historical experiences.

Figure 2 .5 : Schematic view of the horizontal soil movement on the slant ground [16]
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The seismic analysis of buried and unburied pipelines, under both transient and 

permanent ground movements have been examined by Arifin etal. [17]. They used beam 

finite elements for the pipeline, nonlinear springs to model the effects of the 

surrounding soil for buried pipelines and rigid surface with soil contact friction when 

modelling the unburied pipelines. Parametric analyses consisting of three different 

pipelines with two wall thicknesses for each pipeline and different percentages of metal 

loss (loss of material that leads to a smaller thickness] resulted in some useful 

recommendations for mitigating seismic effects. For the buried pipe section, the direct 

effect of seismic wave loads on the pipeline system have been proven to be insignificant 

and all stresses were less than 80% of the SMYS. (The Specified Minimum Yield Strength 

is the allowable stress based on the Lloyd's register for construction and classification of 

submarine pipeline]. Permanent ground deformation due to soil failure, caused failure 

to buried pipelines. For unburied pipelines, whether the seismic ground wave or 

permanent ground deformation were considered, no severe damages were caused for 

the specific geometric properties, seabed conditions, etc.

Odina and Tan [18] investigated buried pipeline response under seismic fault 

displacement, using a beam-type finite element model with elastic-plastic springs for the 

soil effects. In a subsequent publication, Odina and Conder [19], extended the work in 

[18] examining the effects of Luder's plateau of the stress-strain material curve on the 

pipeline response crossing active faults. The study considered a 24-inch pipeline with 

wall thickness equal to 17.1mm. The pipe had a 6mm FBE anti-corrosion coat and a 

40mm concrete coat. API X65 material was used. High density rockfill cover having 

thickness equal to 0.75m was considered. The finite element model employed for the 

pipe simulation used 3D elastic-plastic beam elements (2-node linear pipe element with 

a circular cross section and 6 degrees of freedom at each node]. The soil surrounding the 

pipe was modelled with elasto-plastic springs in the axial lateral and vertical direction. 

The model length was 1.4km long and the fault angle β  was equal to 22°. The rock cover 

was modelled as an applied pressure and additional operating pressure equal to 200bar 

and ambient temperature were taken into account. Three case studies have been 

analyzed. The first assumed Ramberg-Osgood stress-strain curve for the pipe material 

expressed from the following equation,

σ
ε  - — Ι

Ε
σ ^·σ α
Ε Ε

f  Λνσ

νσ ο 7
(2.4]
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where ε  is the total strain, σ ο is a nominal yield stress, and a r , N are parameters of the 
Ramberg-Osgood model.

The second case used the stress-strain curve with Luder's plateau and the third 

case assessed the effect of strain localisation (as a weakened joint with a plastic moment 

capacity 10% below the nominal value occuring in the region of highest longitudinal 

stains] using Ramberg-Osgood stress-strain relationship. Comparing materials that 

exhibit a Luder's type stress-strain behavior to those obtained from a Ramberg-Osgood 

model, they found that the shape of the curve plays a significant role in the magnitude of 

the axial strains developed. It was also observed that the 10% of difference in material 

properties for the weak joint has a significant effect on the peak longitudinal strains in 

the pipeline when compared with results from the nominal pipe properties.

A similar methodology for buried pipelines crossing reverse faults, has been 

presented by Gu & Zhang [20]. In this paper the soil pipe interaction is still simulated by 

soil-spring model where the characteristics of the axial soil spring stiffness can be 

determined by ASCE guidelines. By contrast, the horizontal and vertical soil springs can 

be obtained by a plane-strain finite element analysis for the actual cross section taking 

into the account the existence of a trench. The pipeline is modelled with a combination 

of pipe and elbow elements using elbows near the fault plane discretised with a denser 

mesh, whereas pipe elements are used further away from fault discretised with a more 

coarse mesh. The problem examined is an X80 steel pipe with diameter equal to 1.219m, 

wall thickness 22mm with internal pressure equal to 12MPa, embedded in sand soil 

conditions, with a crossing angle between the pipeline and the fault equal to 40°. The 

fault dip is 45°, with a vertical displacement equal to 1.414m. From the analysis, 

quantitative results are obtained aiming at determining the optimum crossing angle for 

the pipeline, embedment depth, size and shape of the trench and wall thickness. The 

numerical results present maximum axial strains and were compared with values 

derived from provisions. More specifically the allowable tensile strain was calculated 

according to the following formula,

ε, = -1  ε ? '  (2.5]
Ft

where ε " Λ is the ultimate tensile strain of the pipeline and Ft is the stretching safety

coefficient. The stretching safety coefficient is 1.25, if hoop stress is lower than 0.4as, 

and 1.5, otherwise.
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The allowable compressive strain was calculated according to the following expression

c*
ε  = 0 . 3 -  (2.6)

c D

when no internal pressure was taken into consideration. If internal pressure was 

considered the following formula was used

ε C (2.7)

where ε Ccnt is derived from a formula according to the level of internal pressure

A parametric investigation showed that the optimum crossing angle that restricts the 

axial strains within the limits derived from provisions was from 0° to 10° between the 

pipeline and fault. Keeping the crossing angle fixed to 10°, it was calculated that the 

optimum depth was 1.8 m, the bottom width of the trench was 1.9 m and a safe wall 

thickness was 26.4mm. For the above set of conditions, a reduction for maximum axial 

compressive strain of the pipeline was achieved.

An analytical investigation of buried pipeline behaviour under seismic faults has 

been presented by Trifonov & Cherniy [21], extending the analytical methodology 

proposed in Karamitros et al. [14]. In this work three modifications were made 

concerning (a) the lack of symmetry condition in the intersection point (wide range of 

fault types), (b) the incorporation of axial force in the equations of motion of the pipe in 

high curvature segments, in order to have a direct effect on bending stiffness and (c) the 

contribution of the transverse displacement to the axial elongation. The pipeline is 

partitioned in four segments according to Wang and Yeh [6] and Karamitros et al. [14] 

(Figure 2.3). The segments AA', CC' are analysed as beams-on-elastic foundation, as 

before, allowing computation of φ, M and V for points A and C. For segments AB and BC, 

the solution considers a beam in bending and tension. The equilibrium equation is

EI
d w  
dx4

F d w  
dx2 q (2.8)

Both segments are solved independently, as no symmetry conditions are used. By 

solving eq. (2.8) and applying the appropriate boundary conditions, a nonlinear system 

of two equations yields the lengths L1 and L2 . This system is solved with the help of 

Nelder-Mead [22-24] method which is found to be more robust than the Newton- 

Raphson method. For the special case of relatively small fault displacements, where the
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maximum downward pipe displacement on segment AB does not exceed the yield 

displacement, a different procedure is followed. Segment AB is merged with segment 

AA' and analyzed as beam on elastic foundation. The axial force is calculated as in 

Karamitros et al [14], by taking into account also the elongation due to transverse 

displacement. As far as bending strains are concerned, the main difference is that the 

effect of axial force is taken directly from eq. (2.8] and there is no need of approximate 

1 1 1
expressions such as —  = —- H----— used in the approach by Karamitros et al. [14].

£ b £ b £ b

Finally, an iterative solution is performed using the secant Young's modulus, as 

introduced in Karamitros et al. [14] in order to satisfy the moment equilibrium. The 

work in [21] has been extended by Trifonov & Cherniy [25] in an attempt to refine the 

analytical model for inelastic material behaviour of the steel pipeline. They considered a 

two-dimensional stress state with constant hoop stress and derived an analytical 

solution for stresses and strains. Additional results such as elastic and plastic strain in 

longitudinal, hoop, radial direction, and the assessment of internal pressure and thermal 

stresses on the maximal total and plastic strain can be derived from this elasto-plastic 

model. The effect of temperature and internal pressure was studied. The analytical 

model was verified using finite elements for the case of strike-slip fault crossing at 

different crossing angles. Comparison between analytical and numerical results for 

various loading cases showed good agreement. The analytical works outlined above 

[13]-[21] have been used to model the effects of the surrounding soil following a spring- 

type approach. A more rigorous approach has been followed by Daiyan et al. [26], who 

simulated the soil around a non-deformable pipe with elastic-plastic three-dimensional 

solid finite elements, in an attempt to understand complex soil failure processes and 

load transfer mechanisms during relative soil-pipeline displacements.

Abdelfettah Fredj and Aaron Dinovitzer [27] simulated the response of buried 

pipelines to slope movements. LS-DYNA 971 [28] was used for a 3D continuum 

modeling using the Smoothed-Particle Hydrodynamics (SPH] method. SPH method is a 

computational method used for simulating fluid flows. The pipe was modeled using shell 

elements and the soil was modeled using a double-hardening plasticity model, where 

the deviatoric and volumetric yield surfaces were independent. The model was 

validated using pipelines embedded in sand and clay subjected to axial ground 

movement. Karimian et al. [29] had performed four large scale axial tests in sand soil 

conditions to a 18-inch pipeline. Comparison of those results with the results obtained 

from finite-element analysis using the above model, provided a quite reasonable 

agreement regarding the soil force-displacement relationship. The numerical results
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were also compared with results from pull-out tests in clay conditions for a 24-inch 

polyethylene wrapped pipe conducted by Scarpelli et al. [30], showing good agreement 

with regard to the measured forces.

Finite element analyses were also performed on a pipeline buried in 18° slope, 

consisting of silty clay. The active (unstable] soil mass had a slip length of 80 m, and 5 to 

6 m depth parallel to the slope. The pipeline had an outside diameter of 457 mm (18 

inch] and was made of APL Grade X52. The pipeline was subjected to internal pressure 

and differential temperature. Results concerning different interface friction angles (20°, 

35°, 38°] between the pipe and soil, and the effect of the pipe-wall thickness and 

diameter to wall-thickness ratio (D/t=64, 76] were presented. The results indicated 

that the force-displacement relationship is extremely sensitive to interface friction 

between the pipe material and soil. Higher friction can cause an increase in the pipe 

strain. Also the friction coefficient is dependent on the pipe coating material and the soil 

properties. For the analyzed cases of different wall thicknesses, the predicted axial 

strains were higher for the pipe with a higher D/t ratio. Finally, the strain demands 

determined from the analyses were compared with the calculated CSA-Z662 

compressive-strain design limit, showing that the critical compressive strain was 

reached only for the case of friction angle equal to 38° by imposing a fault displacement 

of 1.5m for D/t = 64, and o f l m  for D/t = 76.

A more recent paper of Bartolini et al. [31] presents a strain-based design 

approach for underground pipelines crossing active faults. Failure types such as 

rupture, critical tensile deformation, compressive failure and weld fracture are 

considered in two case scenarios: one adopting a two-hundred year return period event 

where minimal or no damage can occur in the pipeline and can operate with minimal 

interruption and another of a thousand-year return period event, where extensive 

damage could occur in the pipeline without rupturing. The design concept includes 

optimum routing to minimize compression loads, selection of steel material and wall 

thickness to improve pipeline deformation capacity and definition of minimum 

requirements of a trench. The pipeline route at the fault crossing can be subdivided in 

sections where different trench configurations and different steel material and wall 

thicknesses are selected (Figure 2.6].
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Figure 2 .6 : Crossing concept at fault crossings [31]

The angle between the pipeline route and the fault trace was selected as close as 

possible to 75° aiming to avoid compressive axial loads. For trench design two detailed 

analyses are conducted. A thermal analysis of the pipeline in the trench using ANSYS 

FEM was performed in order to define insulation requirements to avoid sub-zero 

temperature. Also, detailed calculations of the non-linear pipe-soil interaction were 

performed for determining the force versus displacement relationship during fault 

movement. Laboratory tests were carried out to assess the robustness of the numerical 

pipe-soil interaction.

For assessing the deformation capacity of pipes having girth welds, subjected to 

internal pressure, axial force and bending moment, a finite element model was analyzed 

using the program ABAQUS and validated through full-scale and laboratory tests [32]. 

The results showed that the deformation capacity of pipelines with different diameters 

was not affected significantly from the presence of Luders plateau. Under tensile failure, 

the integrity of the pipeline may be threatened by cracks. For the case of fault crossing, 

a design approach able to quantify the deformation capacity of defective girth welds was 

presented. Finally, for assessing the pipeline strain demand during fault movement, a 3D 

finite element model was employed using pipe and connector elements and a 

displacement controlled scheme for applying deformation.

Gantes and Boukovalas [33] presented a study for the evaluation of the effects of 

seismically-induced fault movement on the high-pressure natural gas pipeline system of 

Komotini-Alexandroupolis-Kipi. The model consisted of shell and beam elements 

regarding the pipeline, and spring elements accounting for the surrounding soil. The 

coupling between shell and beam elements was made via rigid elements. The NASTRAN 

Finite Element code was employed for the analysis. The pipeline diameter was equal to 

0.9144m with a wall thickness that varied from 11.9mm to 17.5mm. The steel was an 

X65 steel with internal operating pressure equal to 7.5 MPa. The stress-strain curve was 

based on the Ramberg-Osgood model. The pipeline was placed within a trench of mainly

18

Institutional Repository - Library & Information Centre - University of Thessaly
09/06/2024 17:36:05 EEST - 3.135.186.246



Chapter 2: Mechanical behavior of buried pipelines -  Bibliography survey

rectangular shape. The backfill material of the trench had a friction angle equal to 36° 

and the pipe-soil interface a friction angle equal to 24°. The fault considered was oblique 

normal with a maximum fault displacement equal to 0.8m. The model length of 1700m 

proved to be adequate for the purpose of analysis. Maximum differential temperature 

resulted in relatively small strains and thus it was not taken into account. Both 

compressive and tensile strains in the pipe were compared with respective values of 

Eurocode 8 and engineering practice, taking girth welds in account (et=0.5%]. The 

tensile strain criterion was not fulfilled. Based on the results, the study proposed 

measures such as enlargement of the trench, greater wall thickness of the pipe, use of 

low-friction geotextile and avoidance of sharp bends of the pipeline in the vicinity of the 

fault.
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2.3 Experim ental work

In addition to the above numerical studies, notable experimental works on the effects of 

strike-slip and normal faults on buried high-density polyethylene (HDPE) pipelines have 

been reported in a series of recent papers by Ha et al. [34] [35]. In this experimental 

work, four tests were conducted in a centrifuge device. In the first paper, comparison 

was made between a pipe crossing (a] a strike slip fault at 85° (β=5°) and (b) a normal 

fault (Figure 2.7), whereas in the second paper, two strike-slip faults with different 

crossing angles were compared (Figure 2.8). All tests utilize two types of

instrumentation, using strain gages and tactile pressure sensors. The pipe was pinned at 

both ends to the wall of the container (Figures 2.7 and 2.8). One block of the container 

was subjected to the fault displacment, whereas the other one remained fixed.

Figure 2 .7 : Centrifuge modelling of a pipeline crossing (a) a strike-slip at an angle β=5° 
and (b) a normal fault [34]
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Figure 2 .8 : Centrifuge modelling of pipeline crossing a strike-slip fault at two different 
angles. [35]

The experimentally measured transverse pressure and bending strain were used for 

both cases to develop a relationship for the interaction between soil and pipe. The 

relationships obtained from the experiments were compared for all cases in both papers 

with the ones suggested by the ASCE guidelines (ASCE 1984]. For strike slip faulting the 

experimental p-y relation was softer than the ASCE relation, whereas the ultimate soil 

resistance was in agreement with the ASCE values, as indicated in the [36]. Also, the p-y 

relationship became "softer” away from fault and "stiffer” closer to fault [35]. For 

normal faulting the experimental values of peak force were found to be much smaller 

than those suggested by the ASCE guidelines. Having the same experimental set up for 

centrifuge modelling of a pipeline crossing a strike-slip fault, Abdoun et al. [37] 

examined the influence of several parameters using also HDPE pipes. The fault was 

considered to be strike-slip with a fault angle equal to 63.5° (3=26.5°). More particularly, 

ten centrifuge tests were carried out, in which the effects of embedment depth, fault 

offset rate, pipeline diameter and soil moisture content were examined. It has been

21

Institutional Repository - Library & Information Centre - University of Thessaly
09/06/2024 17:36:05 EEST - 3.135.186.246



Chapter 2: Mechanical behavior of buried pipelines -  Bibliography survey

found that the fault offset rate and soil moisture plays no significant role, whereas the 

embedment depth (H/D] and diameter to thickness ratio (D/t] significantly influence 

the location and the magnitude of the peak strains along the pipe.

The experimental work of Yoshizaki et al. [38] was based on large scale tests in 

which permanent ground deformation effects were taken into account on steel pipelines 

with elbows (see Figure 2.9). A lOOmm-diameter steel pipeline (Japanese steel] with 

4.1mm wall thickness was used in the tests. The pipe was embedded in soil at a O.9m 

depth. Four experiments were conducted at different soil water contents. These tests 

allowed the calibration of a sophisticated soil-pipeline interaction analytical program, 

which was developed in conjunction with the experimental work. The model consisted 

of shell and beam elements. Shell elements were used at the center point of the elbow 

and near it. Soil-pipe interaction was characterized by p-y and t-z curves from 

experiments performed at Cornell [66] and duplicated at Tokyo Gas experimental 

facilities [38]. Very good agreement was achieved between the analytical and 

experimental results for all levels of plastic deformation. Finally, significant differences 

were observed in the response between pipelines embedded in dry and partially 

saturated sand.

(a) PGD Effect of Buried Pipelines with Elbows
Elbow

Compacted sand 'pjj^

> >
k. ♦ 1.3m

Welded steel
pipeline

Displacement of
: 1.1 mMovable boxFixed box

(b) Experimental Concept

Figure 2 .9 : Experimental concept for permanent ground displacement (PGD] effects on 
buried pipelines with elbows[38]
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Figure 2 .10 : Plan view of experimental set up used in [38]

It is worth noticing that apart from centrifuge tests, nine full-scale strike-slip tests were 

conducted in Cornell University for HDPE and steel pipelines in the course of NEES-SG 

project. All pipes were 12.2 meters long and embedded in sand, except of one, which 

was tested to validate the loading and measurement system and the pipeline response 

without soil. In these tests, HDPE pipes of 400mm and 250mm diameter and steel pipes 

of 150mm-diameter were used. The tests were performed in a basin that was 10.7 m 

long and 3.3 m wide and containing over 90 tons of sand. Strain gages and robotic laser 

measurements were used for instrumentation. Due to the smaller diameter of the steel 

pipe, it was possible to wrap the pipe with tactile force sensors across the pipe area in 

contact with adjacent soil. The HDPE pipelines were 24mm thick, whereas the steel pipe 

had a wall thickness of 3mm (D/t=50]. The pipelines were fixed at the two ends of the 

test basin by electrofusion couplings that were thermally welded to the pipe and are 

typically used to join pipe sections. The maximum strike-slip displacement was equal to 

1.2m. The angle between the fault trace and pipeline axes was set to 65° for all 

experiments. Eight specimens were tested in tension strike-slip conditions (including 

the steel pipe] with one of them pressurized at 500kPa and one in compression 

conditions. Data produced included strain gage readings, load cell readings, actuator
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load data, soil pressuremeter readings, tactile force sensor readings, pipe temperature, 

test basin deformation, soils density and moisture content, and pipe displacement and 

deformation. A good agreement between centrifuge and large scale tests results for 

HDPE pipes was reported.

Figure 2 .11 : Cornellsplit-boxtestbasin. [39]

Based on the project performed for the San Francisco Public Utilities 

Commission (SFPUC] for the seismic upgrade of Bay Division Pipelines [BDPLs] 3 and 4, 

five tests at 1:10 scale were performed to support the design of BDPL 3X by focusing on 

the behavior of the protective, segmental concrete vault (see Figure 2.12]. The prototype 

length of concrete vault tested was 79.25 and 85.35 m, depending on whether a joint or 

segment center was centered on the fault. The prototype width, height, and length of the 

reinforced concrete segments were 6.1m. The fault angle crossing the concrete vault 

was equal to 50°. Partially saturated sand was used as the soil medium in which the 

protective vault was embedded. Secant pile walls were simulated in all tests. Sand 

backfill was placed between the protective enclosure and the secant pile walls for the 

first two tests, and expanded polystyrene (EPS] pellets were placed between the 

protective enclosure and the secant pile walls for the last three tests. The joints between 

segments were fabricated with steel cover plates with a 0.15m gap (prototype scale] 

between each segment in the first four tests and no cover plates with a 0.30 m gap 

between segments in the last test. Results indicated that the use of EPS increased the
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maximum segment rotation slightly and broadened the distribution. Also, the widest 

distribution of segment rotation occurred when the segment was centered on the fault, 

whereas the maximum rotation was measured when no steel cover plates were used.

Figure 2 .12 : Pretest configuration of one of the five tests performed in Cornell, in which 
the concrete segment is centered at the fault plane. [40]
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2.4  Computer program s for num erical analysis

This section provides a short overview of the commercially available soil-pipeline 

interaction programmes. A description of the different programmes is given, including 

some advantages and disadvantages.

PLE

Description

PLE is a Computer Aided Design tool for the pipeline design engineer, who has to design 

and evaluate the strength and stability of buried or partly buried transport pipelines in 

order to meet safety requirements as they are specified in Pipeline Codes and 

Regulations. It can be used for either high or low-pressure transmission pipelines for 

both onshore and offshore applications.

The computer program PLE is a (quasi-ID] finite element program for buried pipelines. 

The programme uses a pipeline model consisting of a series of loaded beam elements 

supported by a system of springs. These spring supports represent the soil behaviour 

surrounding the pipeline, as shown in Figure 2.13. A finite element analysis is performed 

resulting in the calculation of the overall pipeline behaviour, including displacements, 

internal forces and soil reactions. The results are given for the centre line of the actual 

pipeline.

Figure 2 .13 : Beam model with spring support system. [41]

Based on the results of this beam calculation, the individual cross-sections are analysed 

to give results for the actual pipeline wall behaviour, including stresses, strains and 

ovalisations. This is an iterative procedure required to fit the ring behaviour to the 

calculated beam behaviour (see Figure 2.14].
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mmmj
Figure 2 .14 : Ring model, calculation of actual pipeline behaviour. [41]

Apart from the standard stress-based elastic calculations, PLE can also perform strain- 

based plastic calculations on the pipelines, based on the theory given in reference [42].

Advantages

+ Specifically developed for buried pipeline assessment;

+ Realistic soil mode, validated by tests;

+ Both elastic (stress-based] and elastic-plastic (strain-based] calculations 

possible;

+ Built-in check according to several pipeline international standards.

Disadvantages

- Only macro description of pipeline behaviour possible. This means it is not 

suitable, for example, for pipe behaviour beyond the limit state of local buckling.

- No addition of user defined material models possible.

- No dynamic (time dependent] analyses possible.

CAESAR II 

Description

Intergraph Caesar II is a Computer Aided Design tool to evaluate the structural response 

and stresses of a piping system according to international codes and standards. It is a 

user friendly software tool, and widely used in the calculation of industrial piping 

systems. Due to the focus on above ground piping systems the options for buried 

pipelines are limited.

The program makes use of a pipeline model consisting of a series of loaded beam 

elements supported by a spring support system. This is comparable to the first step in 

the calculation method used in PLE.
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Advantages

+ User friendly interface.

+ Dynamic (time dependent] analyses possible.

+ Built-in check according to several pipeline international standards.

Disadvantages

- Simplified soil model, not validated by testing.

- Developed for above ground calculations. Limited possibilities only for buried 

pipeline analyses.

- No check on minimum required element length for accurate simulation of soil -  

pipeline behaviour.

- No analyses of ring behaviour. Only macro description of pipeline behaviour 

possible (i.e., local buckling cannot be considered].

- No elastic/plastic calculations possible.

ABAQUS

Description

ABAQUS is a general purpose finite element package which contains an extensive library 

of elements that can model virtually any geometry. It is equipped with various different 

material models to simulate the behavior of most typical engineering materials 

including metals, rubber, polymers, composites, reinforced concrete, and geotechnical 

materials such as soils and rock. Designed as a general-purpose simulation tool, Abaqus 

can be used to study structural (stress/displacement] problems, and perform 

simulations of heat transfer, mass diffusion, soil mechanics (coupled pore fluid - stress 

analyses], etc. Abaqus offers a wide range of capabilities for simulation of linear and 

nonlinear applications. Problems with multiple components are modeled by associating 

the geometry defining each component with the appropriate material models and 

specifying component interactions. In a nonlinear analysis it chooses automatically 

appropriate load increments and convergence tolerances and continually adjusts them 

during the analysis to ensure that an accurate solution is obtained efficiently. Static as 

well as dynamic analysis can be performed using either implicit or explicit analysis.

Advantages

+ Full 3D soil-structure interaction analyses possible;

+ User defined material models possible;

+ Dynamic (time dependent] analyses possible.
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Disadvantages

- Pipeline specific standards are not included but may be added as user 

subroutines.

FLAC3D

Description

FLAC3D is a numerical modeling code for advanced geotechnical analysis of soil, rock, 

and structural support in three dimensions. It is used in analysis, testing, and design by 

geotechnical, civil, and mining engineers. FLAC3D is designed to accommodate any kind 

of geotechnical engineering project where continuum analysis is necessary. FLAC3D 

utilizes an explicit finite difference formulation that can model complex behaviors not 

readily suited to FEM codes, such as: problems that consist of several stages, large 

displacements and strains, non-linear material behavior and unstable systems, including 

cases ofyield/failure over large areas, or total collapse.

Advantages

+ Full 3D soil-structure interaction analyses possible;

+ User defined material models possible;

+ Dynamic (time dependent] analyses possible.

Disadvantages

- Pipeline specific standards are not included but may be added as user 

subroutines.

PLAXIS 3D 

Description

PLAXIS 3D is a finite element package intended for three-dimensional analysis of 

deformation and stability in geotechnical engineering. It is equipped with features to 

deal with various aspects of complex geotechnical structures and construction 

processes.

In addition, since soil is a multi-phase material, special procedures are required to deal 

with hydrostatic and non-hydrostatic pore pressures. Although PLAXIS 3D uses a Mohr-
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Coulomb elastoplastic soil model, in its present form is not capable of giving realistic 

results for large soil displacements associated with plastic soil behaviour and failure.

Although the modelling of the soil itself is an important issue, many projects involve the 

modelling of structures and the interaction between structures and soil. An example of 

the possibilities ofPlaxis 3D is shown in Figure 2.15.

Figure 2 .15 : Example ofthe possibilities ofPlaxis 3D [www.plaxis.nl].

Advantages

+ Full 3D soil-structure interaction analyses possible;

+ User defined material models possible;

+ Dynamic (time dependent] analyses possible.

Disadvantages

- Not suitable for large displacements / pipeline deformations (only elastic pipe

deformations].
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2.5 Strain based design

In steel pipelines several limit states have to be considered. The most important ones for 

onshore buried steel pipelines are the following:

- Burst caused by too high internal pressure.

- Cracking due to applied strains exceeding the ductility of the tube wall, including 

weld zones with possible areas oflow ductility in combination with weld 

discontinuities (caused by bending and/or tensile strain].

- Local buckling caused by too large imposed curvature (caused by bending 

and/or compressive strain].

- Flattening due to combinations of external soil loads and bending.

Pipeline design for internal pressure is quite straightforward: the hoop stress must 

not exceed the limit stress as given in the applicable standard. Other loads do not 

influence the burst pressure provided that the steel behaves in a ductile manner and the 

imposed deformations are within certain limits (Gresnigt, 1986] [42].

Similarly to buried pipelines in settlement areas, pipelines subjected to seismic loads 

are mainly deformation-controlled and their deformation capacity is the governing 

criterion for safety. The deformation capacity may be limited by the occurrence of the 

limit-state cracking or local buckling.

Design for these limit states requires appropriate models for describing the 

moment-curvature behaviour till (cracking or local buckling] failure. Figure 2.16 shows 

both the behaviour under pure bending and under bending combined other loads 

causing extra ovalisation (thereby reducing the compressive strain at which local 

buckling occurs]. The critical curvature ACcr is also indicated in the figure.

Figure 2.16: Moment-curvature diagrams for relativelythick-walled pipes (e.g. D/t=50].
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Strain-based design focuses on the pipe deformation. Once the maximum curvature 

is determined, the forces in the cross-section can be calculated on the basis of the 

calculated strain distribution in the cross-section and the calculated ovalisation due to 

bending and soil loads. This enables the best description of the pipeline behaviour up to 

failure.

Looking only at the forces (stress-based design] enables accurate description only 

up to the maximum load, but it does not provide satisfactory information for the 

deformation-controlled situations as in seismic design and design for landslides. 

Furthermore, in case of thick-walled pipes, the maximum bending moment can be 

restrained over a rather long segment of the moment-curvature curve (see Figure 2.16]. 

A small deviation in bending moment can then result in a very large increase in 

deformation.

2.6  Standards

There is a wide range of standards available which can be used for the design of 

pipelines. Some of the standards are applicable to all steel pipelines, while others refer 

to a specific use such as gas, hydrocarbon or water transportation. Most of the following 

documents incorporate the strain-based design approach:

• EN 1594 Gas supply systems -  Pipelines for maximum operating pressure over 

16 bar -  Functional requirements[68]

• NEN 3650 Requirements for pipelines systems [51]

• ASME B31.8 Gas Transmission and Distribution Piping Systems [56]

• ASME B31.4 Pipeline Transportation Systems for Liquid Hydrocarbons and 

Other Liquids [55]

• AWWA M11 Steel Water Pipe: A Guide for Design and Installation[69]

• ALA 2005 Guidelines for the Design of Buried Steel Pipe[70]

• EN805 Water supply -  Requirements for systems and components outside 

buildings[71]

• EN13480 Metallic industrial piping -  Part 3: Design and calculation[72]

• EN14161 Petroleum and natural gas industries -  Pipeline transportation 

systems[73]

• EN1993-4-3 Design of steel structures -  Part 4-3: Pipelines[74]

• EN1998-4 Design of structures for earthquake resistance -  Part 4: Silos, tanks 

and pipelines [46]

• DNV-OS-F101 Offshore Standard OS-F101, Submarine Pipeline Systems[75]
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• CSA Z662-07 Oil and gas pipeline systems [44]

EN 1594: Gas supply systems -  Pipelines for maximum operating pressure over 16 bar -  

Functional requirements

The structural analysis of the pipeline is primarily based on stress design: "The 

calculation method is based on determination o f  stresses caused by loads during the 

construction and operation phases. The stresses are combined to resultant stresses (σν). No 

resultant stress shall exceed the relevant allowable stress" (EN1594].

In the annexes, some extra information is given on the design in case of designing a 

pipeline in settlement areas, areas of mining subsidence, frost heave, landslide areas and 

areas of high seismic risk. These annexes give some notion of the use of strain-based 

design by suggesting the use of "large displacement theory" since "conventional small- 

displacement beam bending theory is generally inappropriate" for some of these cases. 

Further guidance is only given by referring to a number of limit states, which must not 

be exceeded, with respect to stress, strain and deformation.

It can thus be concluded that EN 1594 in principle does not include strain-based 

design, but does not forbid the use of it for pipes subjected to ground-induced actions. 

Generally the new EN 1594:2008 Standard is the main reference for the design of high- 

pressure (e.g. gas] supply systems, complementing codes of practice and operating 

manuals in the member countries. It describes general functional requirements (design, 

construction, operation and related aspects of safety, environment and public health] for 

gas supply through steel pipe systems for maximum operating pressure greater than 16 

bar. It provides indications (in informative form] for pipeline design against 

"geohazards” (e.g. settlement and landslide areas, high seismic risk, etc.] and qualitative 

provisions, and refers to rather old research publications.

NEN 3650: Requirements for pipelines systems

The recently (2012] updated NEN 3650 includes an annex on the application of 

plasticity in structural design of pipelines, which is based on earlier publication in Heron 

(Gresnigt, 1986, [42]]. The model includes the full moment curvature behaviour of a 

pipeline, including the effects of ovalisation and external earth pressure on two sides of 

the pipeline. Various limit states are given, which are also quantified with design 

formulas. For the axial tensile and compressive strains, limits have been stated that are 

independent of the accompanying stresses.
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The use of strain-based design is encouraged in NEN 3650. Part 1 (General], and 

Part 2 (Steel Pipes] contain useful information for the consideration of the ground 

conditions in buried pipeline analysis and design. Nevertheless, those provisions focus 

mainly on differential settlements and refer to normal design practice and not extreme 

ground-induced actions.

ASME B31.8: Gas Transmission and Distribution Piping Systems

The ASME code is in principle stress-based, but also includes an alternate strain-based 

design in cases in which the pipeline experiences a predictable non-cyclic displacement 

of its support, e.g. in case of fault movement along the pipeline route, pipe sag before 

support contact or differential subsidence along the pipeline. The permissible maximum 

longitudinal strain should be determined based on ductility, eccentricity, out-of- 

roundness, etc. Local buckling and ovalisation are specifically mentioned to be 

incorporated in design, however the analysis of these effects is left to the designer.

ASME B31.4: Pipeline Transportation Systems for Liquid Hydrocarbons and Other 

Liquids

With regard to strain-based design approach, this code is similar to the ASME B31.8. In 

principle a stress-based design is used, but for non-cyclic deformation-controlled loads a 

strain-based design is allowed. Actual limit values for the strain (tensile or compressive] 

are not specified.

AWWA M11: Steel Water Pipe: A Guide for Design and Installation 

This code specifically mentions the advantages of strain-based over stress-based design, 

and specifies maximum strains in the pipe wall that have been found in practice. 

Applications such as earth loading are specifically mentioned in this context. The code 

recognises the advantages a strain-based design can offer, but is lacking in-depth design 

information. It should be noted that AWWA (2004] M11 provisions do not cover the 

issue of ground-induced actions on buried steel pipelines.

ALA 2 0 0 5 : Guidelines for the Design ofBuried Steel Pipe

The occurrence of a fault displacement, landslide displacement or earthquake 

displacement is specifically mentioned, and possible evaluation techniques are 

discussed. The use of strain limits instead of stress limits is encouraged. Simple design 

formulas are not specified, but reference is made to the use of 3D finite element 

programs, such as ANSYS or ABAQUS, or the use of specialized 2D software. For
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permanent ground-induced deformations, numerical analysis is proposed, assuming 

nonlinear Winkler-type elements to model the effects of soil on the pipe, which is 

modelled as a beam. The use of strain-based design in case of large ground induced is 

encouraged.

EN805: Water supply -  Requirements for systems and components outside buildings 

EN805 prescribes the inclusion of "the effects o f  potential hazards such as ground 

movements and/or earthquakes" in the design and mentions the definition of a “flexible 

pipe" in which case the load carrying capacity is limited by deformation (e.g. strain]. It 

should be noted that clear rules for design of pipelines are not provided. Although 

strain-based design is not excluded, the provided information is insufficient for its direct 

application.

EN13480: Metallic industrial piping -  Part3: Design and calculation 

EN13480 considers a stress-based design approach, since: “Elastic calculation methods 

shall be used in this Part, although some components might exhibit plastic behaviour". 

Even under displacement-controlled actions, elastic behaviour is assumed and plastic 

behaviour of pipelines is to be avoided. Strain-based design is not incorporated in this 

code.

EN14161: Petroleum and natural gas industries -  Pipeline transportation systems 

EN14161 both allows stress- and strain-based design, but does not specify calculation 

methods for the latter. The strain-based design is only to be used for deformation 

controlled situations such as earthquakes and landslides. Reference to BS7910 is made 

for determining the level of permissible strain. This code is primarily based on assessing 

the acceptability of flaws in metallic structures. The use of a real stress-strain curve is 

mentioned, but it is applied only to the analysis of flaws in the structure. The code does 

not exclude strain-based design methods, but its use is not encouraged. Any reference to 

strain-based design seems to be aimed at a maximum tensile strain in relation to 

metallic flaws, without any consideration of compressive-strain limits associated to local 

buckling.

EN1993-4-3: Design of steel structures -  Part 4-3: Pipelines

EN1993-4-3 includes design rules to determine the bending moment curvature 

behaviour up to failure, including values for the various limit states. Analysis of the 

moment-curvature relationship and local buckling is very similar to NEN3650.
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EN1998-4: Design of structures for earthquake resistance -  Part 4: Silos, tanks and 

pipelines

EN1998-4 considers that "welded steel pipelines exhibit significant deformation and 

dissipation capacity, provided that their thickness is sufficient" for above ground 

pipelines. A limit-strain for underground pipelines subjected to a seismic fault 

movement is stated as 3% for tensile strain and the lower value of 1% and 20t/R, where 

t = thickness and R=radius, for compressive strain. Some general measures for mitigating 

seismic fault movement effects are also stated. This standard allows the use of strain-based 

design, but includes far less information than EN1993-4-3 and NEN3650.

DNV-OS-F101: Offshore Standard - Submarine Pipeline Systems

In this standard, strain-based design rules are adopted. An important observation is that 

DNV has two sets of design rules: one for load-controlled and another for deformation- 

controlled situations.

CSA Z662-07: Oil and gas pipeline systems

Z662-07 includes design rules to determine values for the various limit states. Generally 

is a stress-based design, but a strain-based approach can be used for pipeline 

operations, provided that pipeline deformations arise from non-cyclic displacement- 

controlled events such as permanent ground deformation or support movement due to 

environmental load events. The strain-based approach may also be used when pipeline 

displacements are bounded by fixed geometric constraints.

In summary, a part of the current pipeline standards acknowledge the benefits of 

strain-based design, and in some cases even clear design rules are stated (e.g. NEN 3650, 

EN1993-4-3]. The effects of ground induced deformations in case of fault movements 

and landslides are not specifically discussed in most aforementioned standards. In the 

case of ALA (2005] in which they are discussed, the designer is referred to 3D FE 

analysis, which will be most likely too complex for daily design practice.

2.7 Performance criteria for buried steel pipelines

The main design requirement of a gas pipeline is safety against loss of containment. 

Under strong permanent ground-induced actions, buried steel pipelines exhibit severe 

deformation beyond the elastic limit. Steel material is ductile and capable of sustaining 

significant amount of inelastic deformation, but at locations where large tensile strains 

develop, rupture of the pipeline wall may occur. Wrinkling (local buckling] of pipeline
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wall may also occur due to excessive compression at the pipeline wall, followed by pipe 

wall folding and development of significant local strains. Furthermore, severe 

distortions of the pipeline cross-section may render the pipeline non-operational.

To quantify the amount of damage in a buried pipeline under severe ground-induced 

action, appropriate performance criteria (quite often referred to as "limit states”], 

should be adopted. One should note that pipeline design has been traditionally based on 

the "allowable stress” concept. However, in the case of extreme ground-induced loading 

conditions, which act on the pipeline under deformation-controlled conditions, the 

pipeline exhibits significant inelastic deformation. Therefore, pipeline performance 

should be addressed in terms of limit states based on strain or deformation, rather than 

stress. Based on the above discussion, the following performance limit states are 

described and quantified below: (a] tensile strain in the longitudinal direction of the 

pipeline that causes pipe wall rupture, (b] local buckling (wrinkling] formation, and (c] 

excessive distortion of the pipeline cross-section.

(a] Maximum tensile strain

Determination of tensile strain capacity of a pipeline is of primary importance for 

establishing an efficient strain-based pipeline design procedure. In the absence of 

serious defects and damage of the pipeline, the tensile capacity is controlled mainly by 

the strength of the girth welds, which are usually the weakest locations due to weld 

defects and stress/strain concentrations. Tensile strain limits are experimentally 

determined through appropriate tension tests on strip specimens and in wide plates 

[43]. For design purposes, a simple and straightforward approach for determining 

tensile strain limit of girth welds in pipeline is provided by CSA Z662 pipeline design 

standard, Annex C [44], through the following equation that considers surface-breaking 

defects:

e Tu = δ (22 36~L 5m-0101̂ ) ( 1  + 16 .U -4·45) (-0 .157  + 0.239^° ' 24y 0'315) (2.9]

where, s Tu is the ultimate tensile strain capacity in %, δ  is the CTOD toughness of the 

weld (0  .1 < δ <  1 ], U is the yield-to-tensile strength ratio (0.7 < U <  0 .95 ], ξ  is the 

ratio of defect length over the pipe-wall thickness ( 2c/1 ] with 1 < ξ  < 10 , and η is the

ratio of defect height over the pipe-wall thickness ( a / t  ] with η <  0.5. Background 

information for equation (2.9] can be found in the paper by Wang et al. [45]. Considering 

a slightly defected pipe, with ξ  = 1 .0 , η = 0.1, δ  = 0.7 and U = 0.775, one obtains a
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value of s Tu = 4.5%. In the following, two values for the ultimate tensile strain s Tu are

considered, namely 3% and 5%. It is noted that the first value is also adopted by the EN 

1998-4 provisions for seismic-fault-induced action on buried steel pipelines [46] and by 

the seismic provisions ofASCE MOP 119 for buried water steel pipelines [47].

fb! Local buckling

Under ground-induced actions, along with the development of tensile strains on the 

pipeline wall, compressive strains fdue to pipe bending deformation] may also occur. 

When compressive strains exceed a certain limit, the pipeline wall exhibits structural 

instability in the form of local buckling or wrinkling. In the presence of those "wrinkles” 

or "buckles”, the pipeline may still fulfill its transportation function, provided that the 

steel material is adequately ductile [47]. However, the buckled area is associated with 

significant strain concentrations and, in the case of repeated loading fe.g. due to 

variations of internal pressure or temperature], fatigue cracks may develop, imposing a 

serious threat for the structural integrity of the pipeline [48],[49]. Therefore, the 

formation of a local buckle or wrinkle can be considered as a limit state. Extensive 

research on axial compression and bending of steel pipe segments has demonstrated 

that compressive strain limits for steel pipes depend on the diameter-to-thickness ratio

f D /t ], the yield stress of steel material (7y, the presence of internal or external

pressure, as well as the initial imperfections and the residual stresses fcaused by the 

manufacturing process]. A brief overview of this research is presented in a recent paper 

of Gresnigt and Karamanos [50]. Some typical formulations for the prediction of critical 

compressive strains are reported in the following equations f2.10] to f2.15] in which the 

various terms are:

• D, t: Outer diameter and wall thickness;

• UF: usage factor which is the ratio between the hoop stress and the SMYS 

fSpecified Minimum Yield Strength];

• Y:yieldstrength;

• E: Young modulus.

DNV-OS-F101 fDNV-2000]:

ε | D  p
fcC |  ̂ /  Kmin pe I 0.78 -|D 0.01 j - | l  + 5.75 ■ P e | -1.5

1 « h < 45 f2 .1 0 ]D
t
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ZIMMERMAN 1995:

ε  C
D
t

U F ,Y  1 = 8.5 ■(D + 34 ■ f 120
D
t

U F ■ Y  
E

2

+ 0.0021 30 < D  < 100 (2.11]

GRESNIGT 1986:

For t/r' < 60:

For t/r' > 60:

cr 0.25 -  
r '

0.0025 + 3000
(  P r ^ 2

V Et J

IP
P

ε  r = 0.10— + 3000
cr r

(  P r  Λ 2

V Et J

IP
P

(2.12]

(2.13]

with: r ' = -  
1

r
3a
r

where a is the ovalisation due to bending and other loads such as earth pressure, as 

indicated in Figure 2.17. 

or

ε c | γ ,  UF, Y : a 5 - ' d
0.0025 + 3000 ■

UF ■ Y  
E

2

(2.14]

or

ε Cu
( 1 1 -  0.0025 +  3000
V D J V E j

(2.15]

where the hoop stress a h depends on the level of internal pressure p  :

°h  =

p D

~ iT  ’

0.4σ^,

if
p D

2to„

if
p D

2ta„

< 0.4 

> 0.4
(2.16]

Equation (2.15] has been initially proposed in [42] and has been adopted by the recent 

CSA Z662 specification [44].
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Figure 2.17: Ovalisation of pipe cross-section and radius r' to be used in the design 
rules.

The predictions of the various formulations are compared with experimental results in 

Figure 2.18 for the unpressurized tests. Dashed lines represent the field where the 

formulation is out its validity. More complex is the comparison of pressurized 

experimental tests with critical-strain prediction formulae due to a large variety of 

different pressure levels and a low number of available test data. Figure 2.19 compares 

critical compressive-strain results from tests that have a usage factor UF > 0.5 to those 

derived from formulations adopting a usage factor equal to 0.74, i.e. an average value 

obtained from the experimental tests. In the formulations, when internal pressure is 

present, the yield strength has also some effect. For example, the DNV (Det Norske 

Veritas] formulation takes into account the Y/T (yield to tensile] ratio effect on the 

buckling strain through a coefficient ah“1,5, where a h is the maximum allowable Y/T 

ratio, set equal to 0.92.

(c] Distortion of pipeline cross-section

In order to maintain the pipeline operational, it is necessary to avoid significant 

distortions of the pipeline cross-section. A simple and efficient measure of cross

sectional distortion is ovalization, quantified through the so-called non-dimensional 

"flattening parameter” f  defined as follows:

f  = —  (2.17]
D

Following the suggestion in [42], a cross-sectional flattening limit state is reached when 

the value of the above parameter f  becomes equal to 0.15, a value also adopted by the 

Dutch specification NEN 3650 [51].
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Figure 2 .18 : Unpressurized tests results and formulae predictions

Figure 2 .19 : Pressurized tests results and formulae prediction
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2.8  Scope of the present dissertation

The above overview indicates that current tools for stress analysis of buried steel 

pipelines are mainly based on rather simplified models. These tools refer to normal 

design practice and do not consider significant plastic deformations due to exceptional 

ground-induced actions. It is evident that there is a lack of well-defined methodologies 

for pipeline analysis and design under extreme ground-induced actions. It is further 

noted that limited research has been devoted so far in the determination of strain 

demand in complex soil environments. This need has been recognized by the pipeline 

industry [67], [12], and requires further research with the collaboration of various 

engineering disciplines (geotechnical, structural, mechanical, manufacturing, etc.], so 

that efficient design tools are developed within a strain-based pipeline design 

framework, amending existing design standards.

An integrated approach for buried steel pipelines crossing strike-slip faults (crossing 

the vertical fault plane at various angles] is presented here through a finite element 

modelling of the soil-pipeline system, which accounts rigorously for the inelastic 

behaviour of the surrounding soil, the interaction and the contact between the soil and 

the pipe (including frictional contact and the development of gap], the development of 

large inelastic strains in the steel pipeline, the distortion of the pipeline cross-section, 

the presence of internal pressure and the possibility oflocal buckling.

A new closed-form mathematical solution of equivalent nonlinear springs 

representing finite or infinitely long pipeline segments is combined with a rigorous 

numerical methodology, as presented before, allowing an efficient and accurate 

numerical methodology. Although the developed mathematical solution is applied to 

investigate the behaviour of pipelines crossing strike-slip faults, it is directly applicable 

also to normal and transverse faults, as well as to buried pipelines subjected to 

landslides, settlement, etc.

The mechanical behaviour of buried steel pipelines with respect to appropriate 

performance criteria, expressed in terms of local strain or cross sectional deformation 

are also examined. The fault displacements corresponding to those performance criteria 

are identified, in the framework of a performance-based pipeline design employing an 

infinite or a finite model length via the non-linear springs. Pipes from two steel grades 

(X65 and X80], widely used in buried pipeline applications, are considered for typical 

values of diameter-to-thickness ratio Dft (ranging from 57.6 to 144], in both cohesive 

and non-cohesive soils. The angle β  between the fault plane and the perpendicular plane 

to the pipeline axis considers both positive and negative values (pipe in tension and
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compression, respectively] from 45° to -10°. The behaviour of pressurized pipes with 

respect to non-pressurized pipes is also examined in terms of each of the performance 

criteria.
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Numerical Modeling

3.1 Introduction

This chapter presents a description of the finite element model employed for the 

investigation to the problem of a typical buried pipeline, subjected to a strike-slip fault 

movement. A schematic representation of the buried pipeline subjected to oblique 

strike-slip fault movement is illustrated in Figure 3.1. The directions of the pipeline axis 

and the normal vector to the fault plane form an angle β, which may take either positive 

or negative values depending on the relative movement of the two soil blocks. In 

particular positive values of the angle β  impose tension on the pipeline, whereas 

negative values impose compression. Two typical numerical (finite element) models for 

the pipeline-soil system are portrayed in Figure 3.2: (a) for a pipeline perpendicular to 

the fault corresponding to β  equal to zero and (b) for an oblique strike-slip fault forming 

an angle β  = 25°.

direction normal
to pipeline axis

Figure 3.1 : Schematic representation of a buried pipeline subjected to oblique strike- 
slip fault movement. The angle β  is defined between the direction of the pipeline axis 
and the normal to the fault plane.
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Figure 3.2 : Finite element discretization of the soil prism with tectonic strike-slip fault 
crossing pipeline at an angle (a) β =0° and (b) β  = 45°
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For all cases investigated in the present research the soil, pipe and fault behavior are 

modeled using finite elements. As stated above, the fault movement may occur in a 

direction that induces tension to the pipeline for β>0 (Figure 3.2b] or compression for 

β<0, as shown in Figure 3.3.

The interaction between the soil and the pipe is considered through a contact 

algorithm. Several parametric studies have been conducted concerning the dimensions 

of the finite element model, the width of the fault and the appropriate interface friction 

coefficient μ  between the outer surface of the steel pipe and the surrounding soil, and 

are presented in the following sections. The numerical model has a basic length in the 

longitudinal x-direction (Figure 3.1], which is discretised using solid brick and shell 

finite elements in order to simulate correctly the complex soil-pipeline interaction 

phenomena during fault movement. Apart from this basic length represented with finite 

elements, the rest of the model length can be simulated with nonlinear springs that can 

simulate the effect of a finite or infinite-length soil-pipeline system, which may be 

subjected to tension during fault movement.

In summary, the model consists of (a] the pipeline segment represented through 

finite elements surrounded by the soil (also modelled with finite elements] and (b] two 

nonlinear springs at the two pipeline ends representing the continuity of the pipeline 

outside the pipeline segment under consideration. This length of the pipeline outside the 

analysed segment can be finite or infinite depending on the specific characteristics of the 

problem. In case where a discontinuity or constraint exists, such as the presence of a 

service station along the pipeline, a finite length can be considered assuming no 

displacement at the service station.

The performance of pipelines subjected to permanent strike-slip fault movement 

depends on the aforementioned end-conditions of the pipeline. To optimize the 

efficiency of the finite element model, a closed-form solution is developed to represent 

the pipe-soil behaviour at the two ends of the basic finite element model. This analytical 

solution takes into account in an accurate manner the interaction between the pipe and 

soil, considering the elastic-inelastic behaviour of the interface of a pipeline segment 

subjected to pure tension (pipeline pull-out test]. This solution is used to determine the 

force-displacement curve of nonlinear springs at the two ends of the pipeline. Using a 

series of refined finite-element models corresponding to different soil-pipe systems and 

different strike-slip fault conditions, allows for an efficient nonlinear analysis and 

improved understanding of the behaviour of the pipe-soil system under large fault 

movements.
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Figure 3.3 : Finite element discretization of the soil prism with tectonic strike-slip fault 
crossing pipeline at a negative value of angle β  = -10o (plan view)

In Section 3.2, a description of the model used for simulating the soil-pipe behaviour 

subjected to strike-slip faulting is given. In Sections 3.3 and 3.4, the nonlinear spring 

force-displacement expressions for infinitely-long and finite-length pipelines, 

respectively, subjected to pure tension are derived. These closed-form analytical 

expressions are used in Section 3.5 to present results for axially-loaded pipes embedded 

into the soil. In Section 3.6, the efficiency and accuracy of the proposed nonlinear 

springs for the strike-slip fault problem is examined by comparing the results with those 

from beam-elements supported by distributed springs. The sensitivity of the numerical 

results with regard to mesh refinement is examined in Section 3.7. Finally, the effects on 

the size of the soil prism that surrounds the embedded pipeline are investigated in 

Sections 3.8 and 3.9.
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3.2 Finite elem ent model description

The response of the pipeline under strike-slip fault movement is examined 

numerically using the finite element program ABAQUS [53]. The pipeline is embedded in 

an elongated soil prism along the x axis shown in Figure 3.4a. Figure 3.4b shows the 

soil mesh in the y-z plane and Figure 3.4c depicts the mesh for the steel pipe. Similar 

finite models are used when the pipe is crossing a fault at an angle β  different than zero 

degrees. A typical configuration of such a model is depicted in Figure 3.5.

Four-node reduced-integration shell elements (S4R) are employed for modelling 

the cylindrical pipeline segment and eight-node reduced-integration “brick" elements 

(C3D8R) are used to simulate the surrounding soil. The finite-strain elements S4R used 

are capable of accounting for finite membrane strains and arbitrarily large rotations. 

Therefore, they are suitable for large strain analysis. The C3D8R solid elements are 

suitable for stress/displacement analyses and provide accurate results.

Figure 3.4 : Finite element model of the (a) soil prism with tectonic strike-slip fault, (b) 
finite element mesh of soil prism cross-section and (c) refined finite element mesh of 
steel pipeline. Fault angle β=0ο.
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Figure 3.5 : Finite element model for a 36-inch buried pipeline (a) soil prism with 
tectonic strike-slip fault, (b) finite-element mesh of soil prism cross-section and (c) 
finite-element mesh of steel pipeline. Fault angle β>0ο.

The top surface of the prism represents the soil surface, and the embedment depth is 

chosen equal to about 2 pipe diameters, which is in accordance with pipeline 

engineering practice. The soil prism length in the x direction is equal to at least 65 pipe 

diameters, whereas its dimensions in directions y  and z are equal to 11 and 5 times 

the pipe diameter, respectively. These are the minimum dimensions that can be used in 

directions x, y, z, in order to have an effective numerical model, with no significant effect 

on the accuracy of the results. The above values were determined after an extensive 

parametric study which showed that for model dimensions larger than those, no 

influence is shown in the results. For the x direction, the value of 65 diameters is 

considered as a safe value regarding the length of the finite-element model in order to 

analyse accurately the pipe-soil interaction in the near-fault region. However, the 

pipeline length outside this basic model should be taken into consideration to account 

properly for the effect of the actual boundary conditions of the physical problem. An 

efficient way of doing this is by using equivalent nonlinear springs, derived in the next 

sections. So, for the case of finite model length, the appropriate (finite model) spring is 

employed, setting the total model length equal to the length of the actual soil-pipeline
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system. If the desired actual length is the same with finite element model length (60m) 

the nonlinear spring are not needed and direct boundary conditions in the pipe 

boundary plane can be used. When an infinite length pipeline is to be modelled, the 

equivalent nonlinear spring, derived in the Section 3.3, is attached at the two ends of the 

pipeline. For either finite or infinite length the basic finite-element model configuration 

remains the same, as described later in this chapter. The only difference between the 

two cases is the mathematical expression for the nonlinear spring used.

The central part of the pipeline, where maximum stresses and strains are expected, 

has a fine mesh of elements. A total number of 54 shell elements around the pipe 

circumference in this central part have been found to be adequate to achieve 

convergence of solution. The size of the shell elements in the longitudinal direction has 

been chosen equal to l/26th of the pipeline outer diameter, D . This mesh has been 

shown capable of describing the formation of short-wave wrinkling (local buckling) on 

the pipeline wall. The mesh chosen for the pipe parts far from the fault location is 

significantly coarser. Between the dense mesh area and the coarse mesh area of the 

pipeline, a transition zone is created, as illustrated in Figure 3.6.

dense mesh

tranzition zone

coarse mesh

Figure 3.6 : Mesh density variation of the pipeline finite-element model near the 
transition zone
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Similarly, the finite-element mesh for the soil is more refined in the region near the 

fault and coarser elsewhere. The soil mesh size in the longitudinal direction is 0.33m 

near fault and 2.5m away from the fault. A number of 28 solid elements accounting for 

soil behaviour around the circumference of the pipeline is found to be adequate for the 

purposes of our analysis. Moreover, a larger number of 54 solid elements was also 

utilized for soil modelling along the pipeline circumference in subsequent, more refined 

numerical analyses.

The strike-slip fault plane divides the soil mass in two blocks of equal size (Figure 

3.7]. The analysis is conducted in two steps as follows: gravity loading is applied first 

and, subsequently, the fault movement is imposed, using a displacement-controlled 

scheme, which increases gradually the fault displacement d . For the case of pressurized 

pipelines, after imposing gravity, the internal pressure is also simulated.

The external soil nodes at the base and vertical boundaries of the first block remain 

fixed in the horizontal directions. A uniform horizontal displacement due to fault 

movement is imposed on the soil nodes at the base and vertical boundaries of the 

moving block along the horizontal n direction, which is parallel to the fault plane, 

whereas the motion in the vertical (z] direction is restrained only at the bases of the two 

blocks. The pipe nodes at the two boundary planes are connected with nonlinear springs 

to be described in subsequent paragraphs in order to account for the finite or infinite 

total length of the model, respectively. The far ends of the springs at the fixed block 

remain fixed, whereas those at the moving block are following the movement of the 

block in a direction parallel to fault plane.
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Figure 3.7 : Numerical model consisting of a fixed and a moving block. The boundary 
planes are used for imposing the fault movement.

Figure 3.8: (a] Deformation of the pipeline-soil system after application of fault 
displacement; finite element results depict the von Mises stress. (b] Detailed view of 
fault displacement with detachment of pipeline from the soil.
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Figure 3.8a plots the soil -  pipeline system after a seismic fault movement in the 

horizontal direction. The angle β  between the fault direction n and the direction y  

(defined in Figure 3.9] is a key parameter of the numerical study presented in the 

following chapters. Positive values of β  indicate that the fault movement induces 

tension to the pipeline, whereas negative values of β  refer to fault movements that 

result in pipeline compression. In order to induce tension to the pipeline, the block 

movement has to be in a direction similar of that shown in Figure 3.8a.

non-
deformed

Figure 3.9 : Schematic representation of a pipeline crossing a strike-slip fault at a 
crossing angle β .

To overcome numerical difficulties due to the discontinuity at the vicinity of the fault, 

the fault movement is considered to occur within a narrow zone of width w , a common 

practice in several recent numerical studies of fault-foundation interaction [62, 63, 64]. 

In addition, this assumption of a narrow band of concentrated deformation corresponds 

to a more realistic representation of the fault displacement mechanism. The effects of 

the size of fault zone, w, on the mechanical response of the pipeline are also examined. 

Finite element analyses have been conducted for several values of w ranging from 0.33 

m to 1.0 m. The numerical results indicated that the width of the fault zone w has a 

minor effect on the response of the pipeline. Table 3.1 shows the critical value of fault 

displacement for two values of fault width, w , when the pipeline is perpendicular to 

fault plane. The table shows that a value of w  equal to 0.33m is adequate for the 

purposes ofthe present analysis.

53

Institutional Repository - Library & Information Centre - University of Thessaly
09/06/2024 17:36:05 EEST - 3.135.186.246



Chapter 3: Numerical Modeling

700

60 0

50 0

co -------- ■
CL

4 0 0

(Λ ■
3 0 0  X 8 0  U O E

X 6 5

2 0 0

100

0
0 5 10 15 20

Strain, %

■

____ ----------------- -

__________ ■

------------ X8C U O E

----------- X 6 5

■

■

Figure 3 .10 : Uniaxial nominal stress-engineering strain curve for X65 and X80 steel.

Table 3.1. Criticalfaultdisplacementforlocal buckling ( β  = 0° ]

Fault width, m
0.33

1

Critical fault displacement for Local buckling, m
0.67
0.67

A large-strain von Mises plasticity model with isotropic hardening is used for the 

steel pipe material. Its calibration is performed through an appropriate uniaxial stress- 

strain curve derived from a tensile test on a coupon specimen from the pipeline material 

(see Figure 3.10] for two typical grades, namely X65 steel and X80 steel.

The mechanical behaviour of soil material is described through an elastic-perfectly 

plastic Mohr-Coulomb constitutive model (see Figure 3.11], characterized by the 

cohesion c , the friction angle φ , the elastic modulus E , and Poisson's ratio v . The 

dilation angle ψ  is assumed equal to zero for all cases considered in this dissertation.
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Figure 3 .11 : Schem atic  re p re se n ta t io n  o fM o h r-C o u lo m b  fa ilu re  e nve lop e

T h e  in te rfa c e  b e tw e e n  th e  o u te r  su rfa c e  o f th e  s te e l p ipe  and th e  s u r ro u n d in g  so il is  

s im u la te d  w ith  a contact a lg o rith m , w h ic h  a llo w s  se p a ra tio n  o f th e  p ipe  and  

s u r ro u n d in g  s o il su rfa c e s, as s h o w n  in  F ig u re  3 .1 2 , and accounts fo r  in te rfa c e  fr ic t io n ,  

th ro u g h  an a p p ro p ria te  f r ic t io n  c o e ffic ie n t μ . In  th e  m a jo r ity  o f re s u lt s  re p o rte d  in  th e  

p re s e n t s tu d y , th e  va lue  o f μ  is  c o n s id e re d  to  be equal to  0.3 . A  sm a ll s e n s it iv i ty  s tu d y  

has been conducted fo r  va lu e s o f μ  b e tw e e n  0 .1 5  and 0 .45 . No s ig n if ic a n t d iffe re n c e s  

o c c u rre d  in  th e  re s u lt s  o f  th e  a n a ly s is  w h e n  c o n s id e rin g  the  above ra ng e  o f μ  va lue s  

( fo r  a fa u lt  angle β  = 0 °) . In  th e  fo llo w in g , th e  va lue  o f f r ic t io n  c o e ffic ie n t μ  is  a ssum e d  

to  be equal to  0 .3 .
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Figure 3 .12 : S e p a ra tio n  o f th e  p ipe  and  s o il su rfa c e s d u r in g  s ig n if ic a n t fa u lt  m o ve m e nt.

A s th e  im p o se d  fa u lt  d isp la c e m e n t in c re a se s, th e  p e rfo rm a n c e  c r ite r ia  a re  eva luated, 

m o n ito r in g  (a) th e  m a x im u m  va lu e s o f  lo n g itu d in a l and hoop s t ra in  a lo ng  th e  p ip e lin e , 

(b) th e  c ro ss-se c tio n a l d is to r t io n  ( f la tte n in g )  a t c ritic a l lo c a tio n s and (c) th e  fo rm a tio n  

o f p ip e lin e  w a ll w r in k l in g  (local b u c k lin g ).
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3.3 Nonlinear spring for infinitely long pipeline in tension

A pipeline segment is considered with diameter D , thickness t , length L a, made of a 

material having Young's Modulus E  and Poisson's ratio v . The pipeline is buried in a 

soil with density p s , cohesion c , friction angle φ, Young's Modulus E s and Poisson's 

ratio vs (Fig. 3.13a]. The pipeline is subjected to a pull-out force at the near end, while 

keeping fixed the far end (Fig. 3.13b]. The fixed far end of the pipeline may be either at 

an infinite distance ( L a =<x> ] which is practically the most common case in real

applications or at a finite distance ( L a < &  ], considering the presence of a local 

constraint on the pipeline, such as for example a pumping station. The former case is 

examined in the present section, whereas the latter case is examined in Section 3.4.

Figure 3 .13 : Buried pipeline subjected to tension (a] perspective view (b] vertical 
section and (c] free body diagram of pipeline segment. The total length La may be
either infinite or finite.

The force-displacement relation at the pipeline head during the pull-out test 

depends on the stiffness and maximum shear resistance developing along the pipe-soil

interface. In the case of a cohesive soil under undrained conditions ( c ,φ — 0o], the
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in te rfa c e  sh e a r re s is ta n c e  is  equa l to  th e  a d h e sio n  ca, w h ic h  is  a fu n c tio n  o f th e

u n d ra in e d  sh e a r s t re n g th  c  . F o r  exam ple , th e  a d h e sio n  o f  a clay h a v in g  c = 5 0  k P a  m ay  

be ta k e n  a p p ro x im a te ly  equal to  c a «  0 .3 5 c  = 1 7 .5  kPa , u t i l iz in g  a d h e s io n  data fro m  p ile s  

in  c lay [5 2 ] .  In  th e  case o f  a c o h e s io n le ss  s o il,  h a v in g  a f r ic t io n  c o e ffic ie n t μ  a t th e  so il-  

p ipe  in te rfa c e , th e  sh e a r re s is ta n c e  r max v a rie s  a long th e  p e rim e te r o f  th e  p ipe  due to  the

n o rm a l s t re s s  v a ria tio n . In  suc h  a case, th e  average va lue  o f z max m ay be c o n v e n ie n tly

c om p uted  th ro u g h  a d e ta ile d  n u m e ric a l a n a ly s is  o f  th e  p ip e -so il sy s te m , as exp la ined  

b e lo w . F ig u re  3 .1 4  p lo ts  sc h e m a tic a lly  th e  s tre ss-d isp la c e m e n t re la t io n s h ip  a t th e  pipe- 

s o il in te rfa c e .

Figure 3 .14 : Sh e a r s tre ss -d isp la c e m e n t re la t io n s h ip  a t th e  p ip e -so il in te rfa c e .

I t  sh o u ld  be no te d  th a t in  a p u ll- o u t  te s t, n o n lin e a r ity  w i l l  occur f i r s t  a t th e  pipe- 

s o il in te rfa c e  a t w h ic h  th e  va lue  o f  sh e a r s t re n g th  is  q u ite  lo w e r th a n  th e  y ie ld  s t re s s  o f  

so il.  T h u s ,  th e  s o il w i l l  behave e la stic a lly , even a t v e ry  h ig h  p u ll-o u t fo rc e s , a t w h ic h  th e  

p ip e lin e  m a te ria l m ay y ie ld . T h i s  is  n o t  an actua l l im ita t io n , as th e  n e a r end o f  th e  p ipe  

se g m e n t (x = 0 ] can be a ssu m e d  to  be a t a d ista nc e  fa r  enough fro m  th e  te c to n ic  fa u lt  so  

th a t  th e  c o rre sp o n d in g  ax ia l s t ra in s  in  th a t  p a r t  o f  th e  p ip e lin e  re m a in  b e lo w  th e  y ie ld  

s t ra in  o f  s te e l m a te ria l.

A s sh o w n  in  F ig u re  3 .1 3 b , w h e n  th e  a pp lied  d isp la c e m e n t u 0 a t  th e  n e a r end  

exceeds a c rit ic a l va lue , p a rt  o f  th e  p ip e lin e  a long  a d ista nc e  Ls e xp e rie n c e s s lid in g  a t i t s  

in te rfa c e , w h e re a s th e  re s t  o f  th e  in f in i te ly  lo n g  p ip e lin e  re m a in s  "b o n d e d ” to  th e  s o il 

th a t  behaves e la stic a lly . In  th e  fo llo w in g , p ip e lin e  re sp o n se  in  th e  n o n -s lid in g  and s lid in g  

p a rts  is  ana lysed.
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3.3.1 Elastic behav ior (non-sliding interface)

F ig u re  3 .1 3 c  i l lu s t ra te s  a se g m e n t o f  th e  p ip e lin e  sub je c te d  to  te n s ile  and sh e a r s tre s se s .  

F o r  sh e a r s t re s s  a t th e  p ipe  in te rfa c e  τ  <  r max, th e  m o b ilize d  va lu e  o f  τ  is  equa l to

τ  =  ks u

C o n s id e rin g  th e  ax ia l fo rce  change d F  a long  th e  p ip e lin e  o f le n g th  d x  

d F  = - K D r d x  =  —K D ks u dx

and u s in g  th e  s t re s s - s t ra in  re la tio n sh ip ,

dF_

dx
=  d  (E A s )  =  d  (—E A * L ) =  — EA

dx dx  dx

d  2u 

d x 2

th e  e q u il ib r iu m  e q u a tio n  fo r  th e  p ipe  se g m e n t becom es

E A ^ Uu — K D ks u =  0 
d x 2 s

E q u a tio n  (3 .4 ]  m ay be w r i t te n  as

d  2u 

d x 2
X 2 u =  0

(3 .1 ]

(3 .2 ]

(3 .3 ]

(3 .4 ]

(3 .5 ]

w h e re

T h e  s o lu t io n  o f  e q u a tio n  (3 .5 ]  is  g ive n  by

C — Xx . /~i Xxte +  C 2 e

(3 .6 ]

(3 .7 ]

F o r  x  , u =  0 and th e re fo re  C 2 =  0 ,  w h e re a s fo r  x  =  0 ,  u (0) =  u 0 =  C 1. T h e  axia l 

fo rce  a long th e  p ipe  is  equa l to

F ( x )  =  —E A —  =  X E A u =  X E A  u 0 e~Xx (3 .8 ]
dx

F o r  th e  l im i t  case in  w h ic h  s lid in g  in it ia te s  a t x  =0 , th e  d isp la c e m e n t u (0 ) =  u 0 becom es 

equa l to  th e  e la stic  l im i t  d isp la c e m e n t u e =  τ ιηαχ / ks ( F ig u re  3 .1 4 ] .  T h u s ,  th e  ax ia l fo rce  a t 

x = 0  can be w r i t te n  as
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F 0 =  Ά ΕΑ
s

(3 .9 )

Hence, fo r  l in e a r e la stic  re sp o n se , th e  e q u iv a len t  lin e a r  s p r in g  c o n s ta n t fo r  an in f in i te ly  

lo n g  p ip e lin e  sub je c te d  to  te n s io n  is  g ive n  by

K t = Ά ΕΑ (3 .1 0 )

3.3.2 Inelastic behav ior (sliding interface)

W h e n  th e  p ip e lin e  is  sub je c te d  to  a p u ll- o u t  d isp la c e m e n t u 0 > u e =  r max / ks , a se g m e n t o f  

th e  p ip e lin e  s lid e s  a long  a d ista nc e  Ls , w h e re a s th e  r e s t  o f  th e  p ip e lin e  in te rfa c e  

behaves e la stic a lly . F o r  th e  s lid in g  seg m ent, ta k in g  th e  e q u il ib r iu m  o f  a p ipe  e le m e n t 

(F ig u re  3 .13c ) leads to

o r

EAd jT  -n D ^ax
= 0 (3 .1 1 )

d  2u 

d x 2
= m (3 .1 2 )

w h e re

m =
n D r

E A
(3 .1 3 )

T h e  ax ia l s t ra in  a long th e  p ip e lin e , w h ic h  decreases l in e a r ly  w i th  th e  d ista nc e  x, m a y be 

w r i t te n  as

. . d u
ε (  x )  = -------=  - m x  +  C 3

d x  3

F o r  x  =  0 ,  th e  axia l s t ra in  is  equa l to  ε ( 0 )  = ε 0 =  - —
dx

= C
x = 0

(3 .1 4 )

(3 .1 5 )

w h e re a s fo r  x  =  L s , i t  becom es equa l to  th e  e la stic  l im i t  s t ra in

ε (  L s )  =  ε  =  -
du

dx

B y  in te g ra tin g  ε ( x )  fro m  x 

to

-  m Ls + ε 0 (3 .1 6 )

0 to  L s , th e  d isp la c e m e n t d iffe re n c e  u 0 -  u e is  fo u n d  equal
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1

2'« 0  -  U e =  ~  Ο θ  -  ^  )  L s +  E L s =  2  m L l  +  E L s
1

2

F ro m  (3 .1 8 ] ,  th e  le n g th  Ls is  equa l to

L s =  —  ( 4 Se +  2 m  ( « 0  -  « e )  _ Se 1

(3 .1 8 ]

(3 .1 9 ]

S u b s t itu t in g  th e  m a x im u m  e la stic  s t ra in  o b ta ine d  fro m  th e  n o n -s lid in g  s id e  o f  th e  

p ip e lin e

ε  =  X u =  X - (3 .2 0 ]

e q u a tio n  (3 .1 9 ]  becom es

L s = -
m

f  VTλ * max
v K J

+ 2m «  - -
T_λ * max

J
(3 .2 1 ]

T h e  fo rce  a t th e  p ipe end is  g ive n  by

F = π Ώ τ ,  L  + XEAu„ (3 .2 2 ]

F in a lly , f ro m  e q u a tio n s  (3 .9 ] ,  ( 3 .2 1 ]  and ( 3 .2 2 ] ,  th e  fo rc e -d isp la c e m e n t re la t io n  fo r  an 

in f in i te ly  lo n g  p ipe becom es

F  =<

XEAun

XEATtsl + 
k

kDt

m

[ l f  λ2 f λ
λ{X Tmax 

V ks J
+  2m «0

V

Tmax
"  K  J

X Tmax
K

V ’ J

f o r  «ο < -

(3 .2 3 ]

f o r  « ο > ^
k

ks

T h e  e x p re ss io n s  fo r  th e  d is t r ib u t io n s  o f  th e  d isp la c e m e n t u (x ) , fo rc e  F ( x )  and axia l 

s t ra in  ε ( x )  a long  th e  p ip e lin e  a re  g ive n  b e lo w .
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Distribution of displacement u(x)

u0e -Xx u <
τmax

ks

u (x) -  ·
m 2 u0 H----- x Fo(uo> xΛ x < Ls , u >

τmax
0 2 EA

τmax e_λ( x-Ls >
x > Ls > u >

τmax
b

(3-24)

where Ls and F0(u0) are given by equations (3.19) and (3.23), respectively.

Distribution of axial force F ( x )

XEAu0e λχ u <  ^
ks

F  (x ) - ■ F0(u0> - ^DTmaxx x < Ls > u >
ks

XEA Tmax e~A(x-Ls >
. ks

x >  Ls, u > Tnmax
ks (3.25)

Distribution of axial strain s(x)

i x  ) =

Au0e

F o(u o)
EA

λ ^ - e~A(x-L> x > L
k.

u < ^ max-

-  mx x < L s, u >■

u > -

s

s

(3.26)

In the following section, the case of a finite-length pipeline subjected to tension is 

considered.
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3.4  Nonlinear spring for a finite-length pipeline in tension

In  th is  case, a p ip e lin e  se g m e n t is  c o n sid e re d  w ith  th e  fixe d  fa r  end located a t a f in ite  

d ista nc e  L a . A s sh o w n  in  F ig u re  3 .1 3 b , th e  p ip e lin e  se g m e n t th a t  e xp e rie nc e s no s lid in g  

has a le n g th  equa l to  Le , w h e re a s th e  se g m e n t in  w h ic h  s lid in g  occurs has a le n g th  equal 

to  L s so  th a t  L a =  L s +  L e . F o r  v a lu e s o f  p u ll- o u t  d isp la c e m e n t u 0 <  r max / ks , th e  in te rfa c e  

behaves in  a lin e a r  e la stic  w ay, i.e. L e = L a, w h e re a s fo r  u 0 > r max/ ks , th e  l in e a r e la stic  

b e h a v io u r is  c o n fin e d  to  a le n g th  L e (u 0) =  L a -  L s , w h ic h  decreases w ith  in c re a s in g  

va lu e s o f  u 0 .

3.4.1 Elastic behav ior (non-sliding interface)

F o r  th e  n o n -s lid in g  p ip e lin e , th e  g e ne ra l s o lu t io n  (3 .7 ]  is

C — Lx . / Τ  Lxe  +  C 2 e

F o r  x  =  L e , u =  0 and th e re fo re

u = C xe - XLe +  C 2 e XLe =  0 (3 .2 7 ]

F o r  x  =  0 ,  u (0) =  u 0 , s o  th a t

u =  Cj +  C 2 = u 0 (3 .2 8 ]

F ro m  e q u a tio n s  (3 .7 ] ,  ( 3 .2 7 ]  and ( 3 .2 8 ] ,  th e  d isp la c e m e n t a t x  =  0 becom es

u0 =  C j (1 -  e  ~2LLe) (3 .2 9 ]

T h e  ax ia l fo rce  in  th e  p ip e lin e  is  g ive n  by

F (x )  =  - E A —  =  L E A  C j (e~Lx +  e 1LL‘e Lx) (3 .3 0 ]
dx

A t x  =  0 ,

F0 = XEA C (J + e ~2LLe) = I E  A u01 + e~2LL‘ 
J -  e 2LL‘

LEA u0 
tanh(LLe)

(3 .3 1 ]

63

Institutional Repository - Library & Information Centre - University of Thessaly
09/06/2024 17:36:05 EEST - 3.135.186.246



Chapter 3: Numerical Modeling

For the case of u0 < ks, Le = La and therefore the equivalent linear spring constant

may be written as

*  = F
1EA

tanh( XLa)
(3.32]

which is similar to the expression in eq. (3.10], except that it contains the term 

tanh(XL a) in the denominator. It is noted that as L a , the nonlinear spring constant

in equation (3.32] reduces to K t =  AE A .

At the limit of the elastic behaviour, the displacement at x = 0 becomes

u0 =  u e = ^ maxl ks (3.33]

and the force becomes

F0 = τ°·" AEA—  (3.34]
ks tanh(ALa)

3.4.2 Inelastic behav ior (sliding interface)

F o llo w in g  th e  s te p s  o f  p a ra g ra p h  3 .3 , i t  can be e a s ily  sh o w n  th a t th e  fo rc e  a t th e  p ipe  

end is  g ive n  by

F0 = ^ D max4 + EA ê ( 3 ^ ]

where se is the axial strain at the location which separates the sliding and the non

sliding pipe segments, given by

ε  =-
λ τ

ks tanh(XLe)
(3.36]

From equations (3.18] and (3.36], the length of sliding Ls is obtained as follows

Ls = -m
λ τ

ks tanh( 2Le)v  “s

2 f  λ
+  2m u  n̂ax

U0 r
l  k s )

λ τmax
ks tanh( ALe)

(3.37]
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From (3.37] and the relationship La = Ls + Le (see Figure 3.13b], the following nonlinear 
equation is obtained

L = 1 λ τ y ( \
+ 2m

)

se o 1 3

m ^  V ks tanh(ALe) 

which is solved numerically for Le = Le(u0) .

λ τ
ks tanh(lLe)

+ L (3.38]

Finally, from equations (3.34], (3.35] and (3.38], for a pipe having a length La = Ls + Le 

and fixed at the far end the force-displacement relation is given by

AEAu0 
tanh(ALa)

fo r  ua <- f *  
k

F  =
λΕΑ τ  + D a

tanh(ALe) ks m
λτ

v ks tanh(ALe)
+2m λτ

ks tanh(2Le) fo r  Uo >-

(3.39]

As La , the force-displacement relation in eq. (3.39] reduces to that in equation

(3.23]. The expressions for the distributions of the displacement u(x) , axial force F(x) 

and axial strain s(x) along the pipeline are given below.

Distribution of displacement u(x)

ι ( χ  ) =

u0 Λ -2λLe1 — e e
u <

u + m x 2 F0(u0) x 
0 2 EA x < Ls, u >

τmax
—λ(x—L ) —2 λ  λ(x—L )e — e e

x > L , u >
ks

1 — 2λ41 — e e

s

s

(3.40]

where Ls and F0(u0) are given by equations (3.37] and (3.39], respectively.
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Distribution of axial force F(x)

F  (x ) =

XEAu.
—λ χ .  —2AL. λχe + e ‘e

1 — e-2L‘

F0(u0) ~^Dtmaxx

—λ(x—L,) , —2XL, λ(x—L.)
λΕΑTmTT ‘  ‘  e

1 — e—

U < Tmax-

U > -

x > Ls, u >■

Distribution of axial strain s(x)

'(x ) =

λu,
—λ ί .  —2λL‘ L·:e + e ee

T e  λ  max

1 — e

F 0(u0)
EA

-λ( x—Ls)

u < Tmmx-

— mx u >-

, —2λλ, λ(x—L, )+ e ee .
1 — e— x > Ls, u >-

kS’

5

Λ

Λ

(3.41)

(3.42)

It can be easily shown from equations (3.31) and (3.42) that, at the constrained far end, 

the force and axial strain are

F  ( L a )
λ Ε Α τ

s in h ^ L ,  )k s

and

ε (  L a)
λτ

s i n h ( ^ ^ e  ) k ,

(3.43)

(3.44)

3.5 Response of buried pipelines in pure tension

In the present section, using the analytical model described in the previous sections, a 

parametric study is conducted for buried pipelines (of both infinite and finite length) 

subjected to axial tension. The results of this study are helpful in evaluating the 

response of buried pipelines subjected to fault movement to be discussed later in the 

dissertation. The results are obtained for an X65 steel 36-inch pipeline with outer 

diameter D =0.914 m, thickness t =9.5 mm (3/8 inch), Young's Modulus E  = 210 GPa 

and Poisson's ratio v =0.3. The pipeline is buried in a cohesive soil under "undrained"
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c o n d itio n s , h a v in g  a d e n s ity p s = 2 0 0 0  k g /m 3, c o h e sio n  c  = 5 0  kPa , f r ic t io n  angle 0 = 0 ° ,  

Y o u n g 's  M o d u lu s  E s = 2 5  M Pa  and P o is s o n 's  ra t io  vs = 0 .5 . T h e  above v a lu e s o f  g e o m e tric  

and m a te ria l p ro p e rt ie s  are a lso  c o n sid e re d  in  th e  fo llo w in g  se c tio n  o f  th is  C hapte r.

B e fo re  p roceed ing  w ith  th e  p a ra m e tric  s tu d y , th e  s t if fn e s s ,  ks , and th e  sh e a r

s tre n g th , r max, a t th e  p ip e -so il in te rfa c e  are d e te rm in e d  th ro u g h  a s im p le  n u m e ric a l

s im u la tio n , w h ic h  is  conducted u s in g  th e  g e n e ra l-p u rp o se  f in ite  e le m e n t p ro g ra m  

A B A Q U S  [5 3 ] . F ig u re  3 .1 5 a  i l lu s t ra te s  a re fin e d  F E  d is c re t iz a t io n  o f  a s o il  b lo c k  h a v in g  

d im e n s io n s  2 0 m  χ 1 0 m  χ 5 m  and th e  a fo re m e n tio n e d  p ro p e rtie s , in  w h ic h  n o n 

d e fo rm a b le  ( r ig id ]  3 6 - in c h  ( D  = 0 .9 1 4 m ] p ipe  is  b u rie d , c o n s id e rin g  p ipe  Y o u n g 's  

m o d u lu s  1 0 0  la rg e r th a n  th e  m o d u lu s  o f  s te e l, E , so  th a t  th e  deve loped sh e a r re s is ta n c e  

is  id e n tic a l a long  i t s  le n g th . T h e  m echanica l b e h a v io r o f  s o il m a te ria l is  d e sc rib e d  

th ro u g h  an e la s tic -p e rfe c tly  p la s tic  M o h r-C o u lo m b  c o n s t itu t iv e  m ode l. Fo u r-n o d e  

re d u c e d - in te g ra tio n  s h e ll e le m e n ts  (typ e  S 4 R ]  a re  e m p loyed  fo r  m o d e lin g  th e  

c y lin d ric a l p ip e lin e  seg m ent, and e ig h t-no d e  re d u c e d - in te g ra tio n  "b r ic k ” e le m e n ts  

(C 3 D 8 R ]  are use d  to  s im u la te  th e  s u r ro u n d in g  so il.  A  to ta l o f  5 4  s h e ll e le m e n ts  a ro u n d  

th e  c y lin d e r c irc u m fe re n c e  have been fo u n d  to  be adequate to  achieve convergence o f  

s o lu t io n , w h e re a s th e  s ize  o f  th e  s h e ll e le m e n ts  in  th e  lo n g itu d in a l d ire c tio n  ha s been  

chosen equa l to  1 / 2 6 th o f  th e  p ip e lin e  o u te r  d ia m e te r D . T h e  sam e n u m b e r o f  so lid  

e le m e n ts  (5 4 ]  ha s been chosen to  m o d e l th e  s o il a ro u n d  th e  c y lin d e r c irc u m fe re n c e  

w h e re a s th e  s ize  o f  so lid  e le m e n ts  in  th e  lo n g itu d in a l d ire c tio n  ha s been equa l to  0 .2 5 m .

T h e  p ip e lin e  a x is in  th e  n u m e ric a l m o d e l o f  F ig u re  3 .1 5 a  is  ce n te re d  w ith in  th e  s o il  

b lo c k  a t a d e p th  equa l to  2 .5 m . T h e  p ip e lin e  is  p u lle d  o u tw a rd s  a t th e  n e a r end, w h e re a s  

th e  fa r  end re m a in s  fre e . F ig u re  3 .1 5 b  p lo ts  th e  s tre ss -d isp la c e m e n t re la t io n s h ip  fo r  μ
= 0 .3 , re s u lt in g  to  an in te rfa c e  sh e a r s tre n g th  r max o f  1 5  k P a  and in te rfa c e  s t i f fn e s s  ks 

equa l to  4 .1 3 8  M P a /m . S im ila r ly ,  fo r  μ  = 0 .1  and 0 .2 , th e  va lu e s o f  sh e a r s tre n g th  are  

r max = 5  k P a  and 10  kPa , re sp e c tiv e ly  (F ig u re  3 .1 5 b ]. A  s h o r t  p a ra m e tric  in v e s tig a tio n  

sh o w e d  th a t fu r th e r  re fin e m e n t o f  th e  d is c re t iz a t io n  o f  th e  f in ite  e le m e n t m o d e l in  

F ig u re  3 .1 5 a  does n o t im p ro v e  th e  c om p uted  v a lu e s r max and ks a long  th e  p ip e -so il 

in te rfa c e .
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Figure 3 .15 : E v a lu a tio n  o f th e  s o il s t i f fn e s s  and sh e a r s tre n g th  p a ra m e te rs  a t th e  p ipe- 

s o il in te rfa c e  u s in g  a n u m e ric a l s im u la t io n  o f  a p u ll-o u t te s t: (a) f in ite  e le m e n t m odel 

(b) s tre ss -d isp la c e m e n t re la t io n s h ip  a t th e  p ip e -so il in te rfa c e  fo r  f r ic t io n  c o e ffic ie n ts  μ  

= 0 .1 , 0 .2  and 0 .3 .
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3.5.1 Infinitely long pipeline subjected  to tension

An infinitely long pipeline ( La = » ]  is considered first, having the aforementioned 

characteristics with. The pipeline is subjected to a pull-out force at the near end, while 

keeping fixed the far end (Figure 3.13b].

Figure 3.16a plots the force-displacement relationship (Fo-uo] at the pulled end of 

the pipeline for various values of the interface shear strength, rmax, ranging from 5 kPa

to 30 kPa, based on eq. (3.23] for ks = 4.138 MPa/m. Moreover, Figure 3.16b plots the 

variation of the axial force F(x) along the pipeline for the same values of rmax and a 

pull-out displacement u0 =0.25 m, using eq. (3.25].

It is evident from Figure 3.16 that, as the value of the interface shear strength 

increases, the magnitude of the near end (x=0] pull-out force F0 increases substantially, 

and the length of the pipeline, along which this force is distributed, is significantly 

reduced. For the values of u0 and rmax considered, the pipeline length strained by the

pull-out test ranges between 200 m to 450 m.

Figures 3.17a and 3.17b plot the distribution of axial force along the long pipeline 

for shear strengths rmax = 5 kPa and 15 kPa, respectively, at various values of pull-out 

displacement.

Also, Figures 3.18 and 3.19 plot the distribution of displacement u(x) and axial 

strain s(x) , respectively, along the pipeline length for various values of pull-out 

displacement. It is noted that the pipeline length along which the strain distribution is 

linear, experiences sliding at the interface, whereas the "bonded” segment of the 

pipeline is not strained significantly. In all cases considered, the maximum axial strains 

remain smaller than the yield strain of the steel material (0.21%].
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Figure 3 .16 : In f in i te ly  lo ng  p ip e lin e  su b je c te d  to  te n s io n  fo r  d if fe re n t  v a lu e s  o f in te rfa c e  

sh e a r s tre n g th : (a) Fo rc e  v e rs u s  a x ia l d isp la c e m e n t a t p ip e lin e  end (b ) d is t r ib u t io n  o f  

fo rc e  a long  th e  p ip e lin e  fo r  p u llo u t  d isp la c e m e n t equal to  ux = 0 .2 5  m.
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Figure 3 .17 : D is t r ib u t io n  o f  ax ia l fo rc e  a long an in f in i te ly  lo n g  p ip e lin e  sub jec ted  to  

te n s io n  fo r  v a r io u s  v a lu e s o f  p u llo u t  ax ia l d isp la c e m e n t and in te rfa c e  sh e a r s tre n g th

equa l to : (X) r max = 5 k P a and (b ] r max =  1 5  k P a·
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Axial Displacement u0, m
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Figure 3 .18 : D is t r ib u t io n  o f  ax ia l d isp la c e m e n t a long  an in f in i te ly  lo n g  p ip e lin e  

sub je c te d  to  te n s io n  fo r  v a rio u s  v a lu e s  o f  p u llo u t  d isp la c e m e n t and in te rfa c e  sh e a r  

s tre n g th  equa l to : (a] r max = 5 k P a  and (b ] r max = 15  kPa .
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Figure 3 .19 : D is t r ib u t io n  o f  axia l n o rm a l s t ra in  a long an in f in i te ly  lo n g  p ip e lin e  

sub je c te d  to  te n s io n  fo r  v a rio u s  v a lu e s  o f  p u llo u t  d isp la c e m e n t and in te rfa c e  sh e a r  

s tre n g th  equa l to : (a] r max = 5 k P a  and (b ] r max = 15  kPa .
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3.5.2 Finite-length pipeline subjected  to tension

For the case of a finite-length pipeline segment, which is restrained at the far end and 

subjected to a pull-out displacement at the near end, five different values of pipeline 

length La are considered, namely 100,150, 200, 250 and 500 m.

Figures 3.20a and 3.20b plot the pipeline length Ls along which sliding takes place 

during application of the pull-out displacement for interface shear strength rmax equal to 

5 kPa and 15 kPa, respectively. It is evident from Figure 3.20 that for La < 250 m, the 

value of Ls is only slightly lower than the value of La; thus, sliding occurs along most of 

the length L a of the pipeline.

Figure 3.21 plots the force-displacement relationship for different values of La and

rmax. As expected, for small values of La (< 250 m], the effect of soil resistance is

significantly reduced and the magnitude of the force depends on the proximity of the 

fixed-end of the pipeline.

This is also shown in Figure 3.22 that plots the distribution of the force along the 

pipelinelengthfor La — 250m andfordifferentvalues ofpull-outdisplacementand rmax. 

A comparison between the results of Figures 3.17a and 3.22a, corresponding to a low 

value of rmax =5 kPa, demonstrates that the pipeline length has a significant effect. If the

length is insufficient, as for example in Figure 3.22a, a significant portion of the force is 

transferred at the fixed end. By contrast, comparison of the results in Figures 3.17b and 

3.22b for a soil having an interface strength of rmax =15 kPa, suggests that for relatively

high values of interface strength, the pipeline length has small influence on the force 

magnitude and distribution.

Finally, Figures 3.23 and 3.24 plot the distribution of axial displacement and axial 

strain, respectively, along a pipeline having a length of La — 250 m and subjected to

tension. The results are given for various values of pull-out displacement and for 

interface shear strengths equal to rmax = 5 kPa and 15 kPa. Comparison with the results 

in Figures 3.18 and 3.20, for an infinite pipeline length, leads to similar to the above 

conclusions.
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Figure 3 .20 : S lid in g  le n g th  v e rs u s  p u ll- o u t  d isp la c e m e n t o f  a p ip e lin e  sub jec ted  to  

te n s io n  fo r  v a r io u s  va lu e s o f  p ip e lin e  le n g th  and in te rfa c e  sh e a r s t re n g th  equal to : 

0 )  ^max = 5 k P a and 0 ]  r mix = 1 5  k P a
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Figure 3 .21 : Fo rc e  v e rs u s  p u ll-o u t d isp la c e m e n t o f  a p ip e lin e  su b je c te d  to  te n s io n  fo r  

v a r io u s  v a lu e s o f  p ip e lin e  le n g th  and in te rfa c e  sh e a r s tre n g th  equa l to : (a] r max = 5 kPa

and (b ] m̂aX = 1 5  k P a -
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Figure 3 .22 : D is t r ib u t io n  o f  ax ia l fo rc e  a long a fin ite - le n g th  p ip e lin e  ( L a — 2 5 0  m ]

sub je c te d  to  te n s io n  fo r  v a r io u s  v a lu e s  o f  p u ll-o u t d isp la c e m e n t and in te rfa c e  sh e a r  

s tre n g th  equa l to : (a] r max = 5 k P a  and (b ] r max = 15  kPa .
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Figure 3 .23 : D is t r ib u t io n  o f  ax ia l d isp la c e m e n t a long  a f in ite - le n g th  p ip e lin e  ( L a — 2 5 0

m ] sub je c te d  to  te n s io n  fo r  v a r io u s  v a lu e s  o f  p u ll- o u t  d isp la c e m e n t a nd  in te rfa c e  sh e a r 

s tre n g th  equa l to : (a] r max = 5 k P a  and (b ] r max = 15  kPa .
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Figure 3 .24 : D is t r ib u t io n  o f  ax ia l s t ra in  a long  a fin ite - le n g th  p ip e lin e  ( L a — 2 5 0  m ]

sub je c te d  to  te n s io n  fo r  v a r io u s  v a lu e s  o f  p u ll-o u t d isp la c e m e n t and in te rfa c e  sh e a r  

s tre n g th  equa l to : (a] r max = 5 k P a  and [b ]  r max = 15  kPa .
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3.6 N onlinear spring versu s b eam  elem en ts for pipeline exten sion

I t  is  o f  in te re s t  to  eva lua te  th e  p e rfo rm a n c e  o f  th e  p re v io u s ly  p ro p o se d  h y b r id  

f in ite -e le m e n t so il-p ip e  sy s te m  enhanced w ith  th e  a n a ly tic a lly -d e riv e d  n o n - lin e a r  

s p r in g s  re p re se n tin g  th e  p ip e lin e  end c o n d itio n s . T o  th is  end, tw o  d if fe re n t  m o d e ls o f  

th e  so il-p ip e  sy s te m  are c o nsid e re d , h a v in g  th e  sam e basic  f in ite -e le m e n t m o d e l o f  

le n g th  equa l to  6 0  m , re fe r re d  to  in  th e  fo llo w in g  as M o d e l M 6 0 . T h i s  basic  m o d e l is  

enhanced to  fo rm  tw o  n e w  m o d e ls:

(a] M o d e l M 6 0 -N S  is  fo rm e d  b y  in c o rp o ra tin g  th e  fo rc e -d isp la c e m e n t e q u a tio n s in  

th e  fo rm  o f  n o n lin e a r s p r in g s  a t each end o f  th e  m o d e l M 6 0  p ip e lin e . F o r  a p ip e lin e  

e x te n s io n  le n g th  equa l to  La , th e  to ta l le n g th  o f  th e  s im u la te d  p ip e lin e -so il m o d e l in  

M 6 0 -N S  is  L  =  60  +  2 L  .a

(b ] M o d e l M 6 0 - B  is  fo rm e d  b y  a d d ing  s t ru c tu ra l beam  e le m e n ts, h a v in g  s t i f fn e s s  

c h a ra c te ris tic s  id e n tic a l to  th o se  o f  th e  p ip e lin e  se c tio n  and su p p o rte d  b y  d is t r ib u te d  

n o n lin e a r s p r in g s  re p re se n tin g  th e  s tre ss -d isp la c e m e n t re la t io n s h ip  a t th e  p ip e -so il 

in te rfa c e , sh o w n  g ra p h ic a lly  in  F ig u re  3 .1 5 b . T h e  to ta l le n g th  o f  th e  s im u la te d  p ip e lin e -  

s o il m o d e l in  M 6 0 -B  is  L  = 6 0  +  2 L a .

F ig u re  3 .2 5 a  com p a res th e  d isp la c e m e n t o f  th e  p ip e lin e  in  th e  x  d ire c tio n  v e rs u s  the  

d ista nc e  fro m  th e  fa u lt, o b ta ine d  fro m  th e  M 6 0  m o d e l extend ed  b y  beam  e le m e n ts  

(M 6 0 - B ]  and th e  p ro p o se d  n o n lin e a r- s p r in g  m o d e l (M 6 0 -N S ]. T h e  re s u lt s  are com pared  

fo r  tw o  va lu e s o f  to ta l le n g th  L  o f  th e  sy s te m  equa l to  2 0 0  m  and 2 0 0 0  m , re sp e c tiv e ly , 

and fa u lt  d isp la c e m e n t d  = 2 m . A s sh o w n  in  F ig u re  3 .25a , th e  re s u lt s  f ro m  th e  tw o  

approaches a re  id e n tic a l. S im ila r ly  id e n tic a l re s u lt s  w e re  o b ta in e d  fo r  a ll o f  v a lu e s o f  

m o d e l le n g th  L  exam ined , na m ely , 1 0 0 , 2 0 0 , 4 0 0 , 5 0 0 , 6 0 0 , 7 0 0  and 2 0 0 0  m.

F ig . 3 .2 5 b  p lo ts  th e  ax ia l n o rm a l s t ra in  in  te rm s  o f  th e  d ista nc e  fro m  th e  fa u lt, 

sh o w in g  a lso  an e xc e lle n t a g re e m e n t b e tw e e n  th e  tw o  approaches.
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Figure 3 .25 : C o m p a riso n  o f  n u m e ric a l re s u lt s  u s in g  th e  6 0  m  lo n g  F E  m o d e l extended  

b y  beam  e le m e n ts  w i th  d is t r ib u te d  n o n lin e a r s p r in g s  (M 6 0 -B , so lid  b lu e  lin e ]  and th e  

p ro p o se d  n o n lin e a r s p r in g  s o lu t io n  (M 6 0 -N S , c irc le s w ith  dashed b lu e  l in e ] :  (a] ax ia l 

d isp la c e m e n t and (b ] axia l s t ra in  v e rs u s  d ista nc e  fro m  th e  fa u lt  p lane. ( F a u l t  m o v e m e n t 

d =  2 m , in te rfa c e  f r ic t io n  c o e ffic ie n t μ = 0 .3 ].
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3.7 Sensitivity on finite-elem ent mesh refinem ent

Given the fact that the majority of pipeline deformation occurs near the fault, due to 

bending, the finite-element mesh of model M60 is relatively dense in the central region 

near the fault (“fault bending zone"), whereas it is much coarser in the more distant 

regions. However, in the case of softer soil conditions or stiffer pipe sections, the pipe- 

soil interaction region may extend beyond the limits of the refined, highly-strained 

central region of model M60 and, therefore, it might not be simulated accurately by the 

coarse mesh assumed in this region. In order to investigate the effect of mesh 

refinement away from central “fault bending zone" on the pipeline performance, a 

significantly more refined finite-element model is also considered, as shown in Figure 

3.26. The fault angle β  in this model is equal to 25°.

Figure 3 .26 : Model M40 for a fault angle β  equal to 25°: Finite element discretization of 
the (a) soil prism with tectonic strike-slip fault (b) soil prism cross-section and (c) the 
steel pipeline.
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This model has a soil prism length equal to 40 m and is referred to as M40 in the 

following. It consists of a total of about 140,000 elements and 145,300 nodes, whereas at 

the two ends of the pipeline it is extended by the proposed nonlinear springs given by 

equation (3.23] corresponding to an infinitely long pipeline. In addition to the model 

M40 shown in Figure 3.26 forming an angle β  equal to 25°, two similarly refined models 

have been developed in the course of the present study for β  equal to 0° and 45o.

Figure 3.27a plots the displacement in the x direction versus the distance from the 

fault, evaluated at the left side being under tension and at the right side being under 

compression (points A and B, respectively, in Figure 3.26c] for fault displacement d = 1 

m. The results are compared to those from model M60, in which the pipeline is extended 

also with the same nonlinear spring.

Similarly, Figure 3.27b plots the axial normal strain at generators A and B versus 

the distance from the fault. The different values of displacement and strain along the 

two generators A and B in Figure 3.27 is due to the significant effect of bending of the 

pipeline; for d = 1 m  the maximum axial strains occur at about 4 m from the fault 

location (x=0]. In any case, the comparison between the two models shows that the 

results are in good agreement. Also from Table 3.2 similar conclusions can be obtained.

Comparison of models M60-NS and M40-NS is also conducted for two other fault 

angles. In the case of β  = 0o, the pipeline axis is normal to the fault plane that moves 

laterally. Thus, at relatively small fault displacements, the pipe is subjected mainly to 

bending, resulting to local buckling formation. Numerical results are obtained from both 

models, assuming infinite pipeline length. As shown in the second column of Table 3.3, 

the critical fault displacement predicted by the two models is identical. In this case, the 

flattening and the 3% or 5% tensile-strain performance criteria have little meaning 

because of the rapid localization of deformation, which is associated with significant 

cross-sectional distortion and wrinkling of pipe wall. In any case, the analysis has been 

continued to reach these limit states as well. The corresponding values of fault 

displacements computed by the two models are also in reasonable agreement despite 

the fact that the critical cross-section is already significantly distorted due to buckling.

Furthermore, in the case of β  = 45o, in addition to the imposed lateral movement 

equal to d  οο$β, the pipeline is subjected to overall extension by d  sin β ,  simulated by 

the M60-NS and M40-NS models, having nonlinear springs at the pipeline ends.
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Figure 3 .27 : C o m p a riso n  o f  r e s u lt s  u s in g  M o d e ls M 4 0 -N S  and M 6 0 -N S , h a v in g  

e q u iv a le n t n o n lin e a r s p r in g s  e x te n s io n s  a t th e  p ip e lin e  ends: (a] d isp la c e m e n t and (b ] 

axia l s t ra in  v e rs u s  d istance  fro m  th e  fa u lt  p lane ( fa u lt  m o v e m e n t d = lm , f r ic t io n  

c o e ffic ie n t μ = 0 .3 , β = 2 5 ° ) .
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The comparison between the two models is summarized in Table 3.4, and shows that 

the results are again in reasonable agreement. Based in all previous comparisons, it can 

be concluded that model M60-NS can be employed for an efficient simulation of pipeline 

behavior.

Table 3.2. Criticalfaultdisplacementforvarious performance criteria ( β  = 25°]

Critical ault displacement, m
Model (length L, m) Local

buckling
Strain 3% Strain 5%

M60-NS, (ot) None 1.73 2.17
M40-NS, (ot) None 1.70 2.31

Table 3.3. Critical fault displacement for various performance criteria ( β  = 0° ]

Critical fault displacement, m
Model (length L, m) Local buckling Strain 3% Strain 5%

M60-NS, (ot) 0.43 1.13 >4.00*
M40-NS, (ot) 0.43 1.14 >4.00*

* Not reached within a maximum fault movement of d=4 m

Table 3.4. Criticalfaultdisplacementforvarious performance criteria ( β  = 45° ]

Critical fault displacement, m
Model (length L, m) Local buckling Strain 3% Strain 5%

M60-NS, (ot) None 1.08 1.40
M40-NS, (ot) None 1.04 1.50

3.8  Effect of the width of the finite-elem ent soil prism

Considering a soil prism length in the x  direction equal to 65 pipe diameters, and in z 

direction equal to 5 times the pipe diameter, the effect of the width in y direction of the 

soil prism is parametrically investigated considering the following values of 10m, 30m, 

50m, and 70m (Figure 3.28]. Two values of the fault angle β  are considered, namely, β  = 

0° and β  = 25°. Nonlinear springs are used at the ends of the pipe to account for an 

infinitely long pipeline (M60-NS]. The top surface of the prism represents the soil 

surface, and the burial depth is chosen equal to about 2 pipe diameters, which is in
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accordance w ith  p ip e lin e  e n g in e e rin g  p ractice . T h e  c e n tra l p a rt  o f  th e  p ip e lin e , w h e re  

m a x im u m  s t re s s e s  and s t ra in s  are expected, ha s a fin e  m e sh  o f  e le m e n ts . A  to ta l o f  5 4  

s h e ll e le m e n ts  a ro u n d  th e  c y lin d e r c irc u m fe re n c e  in  th is  c e n tra l p a rt  ha ve  been fo u n d  to  

be adequate to  achieve convergence o f  s o lu t io n , w h e re a s th e  s ize  o f  th e  s h e ll e le m e n ts  in  

th e  lo n g itu d in a l d ire c tio n  has been c hosen  equa l to  l / 2 6 th o f  th e  p ip e lin e  o u te r  d ia m e te r  

D . T h i s  m e sh  has been sh o w n  capable o f  d e sc rib in g  the  fo rm a tio n  o f  sh o rt-w a v e  

w r in k l in g  (loca l b u c k lin g ] on  th e  p ip e lin e  w a ll. T h e  m e sh  chosen fo r  th e  p ipe  p a rts  fa r  

f ro m  th e  fa u lt  lo c a tio n  is  s ig n if ic a n tly  c o a rse r.

S im ila r ly ,  th e  f in ite  e le m e n t m e sh  fo r  th e  s o il is  m o re  re fin e d  in  th e  re g io n  ne a r th e  

fa u lt  and c o a rse r e lse w h e re . T h e  s o il  m e sh  d ista nc e  a t th e  lo n g itu d in a l d ire c tio n  ne a r 

fa u lt  is  0 .3 3 m , and 2 .5 m  aw ay fro m  th e  fa u lt. A  n u m b e r o f  2 8  s o lid  e le m e n ts  accounting  

fo r  s o i l  b e h a v io r a ro u n d  the  c irc u m fe re n c e  o f  th e  p ip e lin e  is  fo u n d  to  be adequate fo r  

th e  p u rp o se s  o f  o u r  a n a ly s is . In  F ig u re  3 .2 9  th e  d e fo rm e d  m e sh  o f  a p ip e -so il sy s te m  

c o rre sp o n d in g  to  a 3 0 m  w id th  is  sh o w n .

T h e  c rit ic a l fa u lt  d isp la c e m e n t re s u lt s  fro m  th e  m o d e ls h a v in g  fo u r  d if fe re n t  w id th  

s iz e s  is  su m m a riz e d  in  Ta b le s  3 .5  and 3 .6 , fo r  β  = 0 °  and 2 5 ° , re sp e c tiv e ly . B y  

c o m p a riso n  o f  th e  re s u lts  fo r  each p e rfo rm a n c e  c r ite r io n , i t  is  e v id e n t th a t  th e  fo u r  

m o d e ls a re  in  re a so na b le  agreem ent.

Figure 3 .28 : F in ite  e le m e n t m o d e l o f  th e  so il-p ip e lin e  sy s te m  h a v in g  a w id th  equal to  

3 0 m  and a te c to n ic  s t r ik e - s l ip  fa u lt  w i th  an angle β  = 0 °.
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Figure 3 .29 : Deformation of pipeline-soil system, having a width 
subjected to fault displacement at an angle β  = 0°.

equal to 30 m,

Table 3.5. Critical fault displacement for various performance criteria ( β  = 0° ]

Model (M60-NS)
Critica' fault displacement, m

Local
buckling

Strain 3% Strain 5%

Width 10m 0.42 1.60 >4.00*
Width 30m 0.44 1.62 >4.00*
Width 50m 0.44 1.67 >4.00*
Width 70m 0.44 1.67 >4.00*
* Not reached within a maximum fault movement of d=4 m

Table 3.6. Critical fault displacement for various performance criteria ( β  =

Model (M60-NS)
Critical fault displacement, m

Local
buckling

Strain 3% Strain 5%

Width 10m none 0.79 1.32
Width 30m none 0.79 1.41
Width 50m none 0.80 1.43
Width 70m none 0.80 1.43
* Not reached within a maximum fault movement of d=4 m
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3 .9  Effect of th e depth of th e  fin ite-elem en t soil prism

In  o rd e r to  in v e stig a te  th e  e ffe c t o f  s o il p r is m  d ep th , tw o  d if fe re n t  n u m e ric a l m o d e ls  

h a v in g  d e p th s  equa l to  5 m  (F ig u re  3 .3 0 ]  and 2 5 m  (F ig u re  3 .3 2 ] ,  re sp e c tiv e ly , are  

c o nsid e re d . T h e  e m b e d m e n t d e p th  o f  th e  p ip e lin e  in  b o th  m o d e ls is  equal to  tw o  p ipe  

d ia m e te rs  b e lo w  th e  to p  su rfa c e . T h e  fa u lt  m o v e m e n t is  a p p lie d  b y  im p o s in g  th e  sam e  

d isp la c e m e n t a t th e  base and th e  v e rt ic a l b o u n d a rie s  o f  th e  m o v in g  b lock. B y  d o in g  so, 

th e  sam e c rit ic a l fa u lt  d isp la c e m e n t is  o b ta in e d  fro m  tw o  m o d e ls. F ig u re s  3 .3 1  and 3 .3 3  

s h o w  th e  sam e la te ra l d isp la c e m e n t a long  th e  d ep th . T h e re fo re , th e  e ffe c t o f  d e p th  m ay  

be o b sc u re d  w h e n  th e  above b o u n d a ry  c o n d itio n s  are use d  fo r  s im u la t in g  th e  fa u lt  

m o ve m e n t. In  th a t  case no  fa u lt  p ro p a g a tio n  is  ta k e n  in to  c o n s id e ra tio n . T h e  c rit ic a l 

fa u lt  d isp la c e m e n t is  c o n s id e re d  to  be n e a r th e  p ip e lin e  plane. T h i s  e x p la in s  th e  fac t w h y  

th e  d e p th  o f  th e  m o d e l w a s lim ite d  to  fiv e  p ipe  d ia m e te rs  and w a s n o t extend ed  to  a 

la rg e r d ep th , w h ic h  w o u ld  lead to  a m o re  d e m a nd ing  m o d e l w i th  re sp e c t to  c o m p u ta tio n  

tim e .

In  a ll p re v io u s  m o d e ls, fa u lt  m o v e m e n t is  re a lize d  b y  a u n ifo rm  h o r iz o n ta l  

d isp la c e m e n t a p p lie d  o n  th e  nodes o f  th e  v e rt ic a l and base b o u n d a rie s  o f  th e  m o v in g  

block. A lte rn a tiv e ly , b y  u s in g  a m o d e l w h ic h  ta ke s in to  account s o il  m o v e m e n t 

p ro p a g a tio n  fro m  th e  ro c k  base to  th e  g ro u n d  su rfa c e , th e  re s u lt in g  c rit ic a l fa u lt  

d isp la c e m e n t fo r  p ip e lin e  fa ilu re  (m e a su re d  a t th e  ro c k  base] is  h ig h e r. In  th is  case, 

sh o w n  in  F ig u re  3 .3 4 , th e  base and th e  v e rt ic a l b o u n d a ry  th a t is  n o rm a l to  th e  p ip e lin e  

are sub je c te d  to  m o v e m e n t equa l to  th e  fa u lt  d isp la c e m e nt, w h e re a s  th e  o th e r tw o  

v e rtic a l b o u n d a rie s  are le t  to  d e fo rm  " fre e ly ”, b u t  h a v in g  t ie d  th e ir  c o rre sp o n d in g  

o p p o site  nod es (i.e., h a v in g  th e  sam e x  and z  c o o rd in a te s]. A s  a re s u l t  o f  th is  m u lt ip le -  

p o in t  c o n s tra in t  b e tw e e n  th e  tw o  v e rt ic a l b o u n d a rie s  nodes, a n o n -u n ifo rm  

d isp la c e m e n t zone  deve lop s b e tw e e n  th e  b o tto m  o f  th e  p r is m  and th e  g ro u n d  su rfa c e , 

le a d ing  to  a sm a lle r  d isp la c e m e n t a t th e  p ip e lin e  plane. T h e re fo re , fo r  th e  sam e  

m echanica l and g e o m e tric  p ro p e rt ie s  o f  th e  so il-p ip e  sy s te m , th e  m o d e l in  F ig u re  3 .3 4  

y ie ld s  g re a te r c rit ic a l d isp la c e m e n t fo r  p ip e lin e  fa ilu re , com pared  to  th e  m o d e l in  F ig u re  

3 .3 3 . T h i s  k in d  o f  s im u la t io n , in  som e cases, m ay lead to  m o re  re a lis t ic  s o il d e fo rm a tio n  

p a tte rn s , b u t  in  g e ne ra l i t  m a y a lso  lead to  a d d itio n a l d if f ic u lt ie s  re g a rd in g  th e  

in te rp re ta t io n  o f  th e  p ip e lin e  p e rfo rm a n c e  c rite r ia , as th e  la t te r  m a y be a ffected  b y  th e  

d e p th  and p ro p e rt ie s  o f  th e  s o il s t ra tu m .
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Chapter 3: Numerical Modeling

Figure 3 .30 : Finite element model of the soil prism having a depth of 5 m, with tectonic 
strike-slip fault at an angle β=0°.

Figure 3 .31 : Lateral displacement of pipeline-soil system, having a depth of 5 m, after 
fault displacement (β=0°].

89

Institutional Repository - Library & Information Centre - University of Thessaly
09/06/2024 17:36:05 EEST - 3.135.186.246
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Figure 3 .32 : Finite element model of the soil prism, having a depth of 25 m, with 
tectonic strike-slip fault at an angle β=0°.

Figure 3 .33 : Lateral displacement of pipeline-soil system, having a depth of 25 m, after 
fault displacement (β=0°].
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Chapter 3: Numerical Modeling

Figure 3 .34 : D e fo rm a tio n  o f  p ip e lin e  s o il  sy s te m  a fte r  fa u lt  d isp la c e m e n t u s in g  M PC  in  

s o il nod es (d e p th  equa l to  2 5 m ].
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Chapter 4: Buried Pipelines Normal to Fault Plane

Buried Pipelines Normal to Fault Plane

4 .1  Introd uction

T h e  m echanica l b e h a v io r o f b u rie d  s te e l p ip e lin e s , c ro ss in g  an active s t r ik e - s l ip  te c to n ic  

fa u lt  a t a r ig h t  angle is  exam ined  in  th is  chapte r. F ig u re  4 .1  i l lu s t ra te s  th e  n u m e ric a l 

m odel, in  w h ic h  th e  fa u lt  p lane is  n o rm a l to  th e  p ip e lin e  d ire c tio n , and th e  d isp la c e m e n t 

o f th e  m o v in g  b lock in  th e  h o r iz o n ta l y  d ire c tio n , causing  s t re s s  and d e fo rm a tio n  in  th e  

p ip e lin e .

Figure 4 .1 : F in ite  e le m e n t d is c re t iz a t io n  o f th e  s o il p r is m  w ith  te c to n ic  s t r ik e - s l ip  fa u lt  

p e rp e n d ic u la r to  p ip e lin e  (angle β  = 0 °)

T h e  in te ra c tin g  so il-p ip e lin e  sy s te m  is  m ode led  r ig o ro u s ly  th ro u g h  f in ite  e le m e nts, 

w h ic h  account fo r  la rg e  s t ra in s  and d isp la c e m e n ts, n o n lin e a r m a te ria l b e h a v io r and  

spec ia l c o n d itio n s  o f contact and f r ic t io n  on th e  so il-p ip e  in te rfa c e . C o n s id e rin g  ste e l 

p ip e lin e s  o f v a r io u s  d ia m e te r- to - th ic k n e ss  ra tio s , and typ ica l s te e l m a te ria l fo r  p ip e lin e  

a p p lic a tio n s (A P I 5 L  g rades X 6 5  and X 8 0 ) , th is  c ha p te r focuses on th e  e ffe c ts  o f v a rio u s  

s o il and p ip e lin e  p a ra m e te rs  on th e  s t ru c tu ra l re sp o n se  o f th e  p ipe, w i th  p a rt ic u la r
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Chapter 4: Buried Pipelines Normal to Fault Plane

e m p h a sis  on  id e n tify in g  p ip e lin e  fa ilu re  (p ipe  w a ll w r in k lin g / lo c a l b u c k lin g  o r  ru p tu re ] .  

T h e  e ffe c ts o f  sh e a r s o il s tre n g th , s o i l  s t if fn e s s ,  h o r iz o n ta l fa u lt  d isp la c e m e nt, w id th  o f  

th e  fa u lt  s l ip  zone , a re  a lso  in v e stig a te d . F u r th e rm o re , th e  in flu e n c e  o f  in te rn a l p re s su re  

on th e  s t ru c tu ra l re sp o n se  is  exam ined.

T h e  re s u lt s  fro m  th e  p re se n t in v e s tig a tio n  a re  a im ed a t d e te rm in in g  th e  fa u lt  

d isp la c e m e n t a t w h ic h  th e  p ip e lin e  fa ils  and can be use d  fo r  p ip e lin e  d e sig n  p u rp o se s . 

T h e  re s u lt s  are p re se n te d  in  a d ia g ra m  fo rm , w h ic h  d ep ic ts th e  c rit ic a l fa u lt  

d isp la c e m e nt, and th e  c o rre sp o n d in g  c rit ic a l s t ra in  v e rs u s  th e  p ipe  d ia m e te r- to -  

th ic k n e ss  ra tio . T h e  n u m e ric a l re s u lt s  fo r  th e  c rit ic a l s t ra in  are a lso  com pared  w ith  

re c e n t p ro v is io n s  o f  E N  1 9 9 8 - 4  and A S C E  M O P 1 1 9 . T h e  re s u lt s  c o n s id e r a basic  f in ite -  

e le m e n t m o d e l le n g th  equa l to  s ix ty  m e te rs . R e s u lts  are a lso  o b ta ine d  fo r  in f in i te  m od e l 

le n g th . C o m p a riso n  b e tw e e n  f in ite  and in f in i te  m o d e l le n g th  sh o w s  s im ila r  m echanica l 

b e h a v io r o f  th e  p ip e lin e -so il sy ste m .

4 .2  N um erical resu lts  for finite length

U s in g  th e  above n u m e ric a l s im u la t io n  to o ls  d e sc rib e d  in  C ha p te r 3, re s u lt s  a re  o b ta ine d  

fo r  s te e l p ip e lin e s  fo r  v a r io u s  v a lu e s  o f  th e  d ia m e te r- to - th ic k n e ss  ra tio , as w e ll as fo r  

d if fe re n t  s o i l  c o n d itio n s . In  a ll cases c o n sid e re d  in  th is  cha p te r, th e  o u te r  p ipe  d ia m e te r 

o f th e  p ipe  D is  a ssu m e d  equa l to  9 1 4 .4  m m  (3 6  in ] ,  w h e re a s  th e  p ipe w a ll th ic k n e ss  

ra ng e s fro m  6 .3 5  m m  (%  in ]  to  1 9 .0 5  m m  (%  in ] ,  so  th a t a range o f  D / 1  v a lu e s b e tw e e n  

4 8  and 1 4 4  is  covered. T h i s  range o f  D / t  va lu e s is  ty p ic a l fo r  o n sh o re  a p p lic a tio n s.

T h e  s u r ro u n d in g  s o il ha s d im e n s io n s  6 0 m x 1 0 m x 5 m  in  d ire c tio n s  x , y ,  z  re sp e c tiv e ly . 

T h e  se ism ic  fa u lt  p lane is  located a t th e  m id d le  c ro ss-se c tio n  o f  th e  p ip e lin e .

In  se c tio n s  4 .2 .1  and 4 .2 .2 , s te e l p ip e lin e s  w ith  A P I 5 L  [5 4 ]  X 6 5  s te e l m a te ria l and  

th ic k n e ss  equa l to  1 2 .7  m m  (0 .5  in ]  a re  exa m ine d  u n d e r cohesive  and no n -c o h e sive  s o il  

c o n d itio n s , re sp e c tiv e ly , u s in g  a p p ro p ria te  va lu e s o f  s o i l  p a ra m e te rs  c  , φ  and E  . T h e  

in flu e n c e  o f  th e  e ffe c ts o f  in te rn a l p re s su re , th e  in flu e n c e  o f  s te e l m a te ria l h a rd e n in g  on  

th e  s t ru c tu ra l re sp o n se  and th e  fa ilu re  m ode a re  in v e stig a te d .

Su b se q u e n tly , in  se c tio n  4 .2 .3 , X 6 5  p ip e lin e s  w ith  d if fe re n t  va lu e s o f  th e  d ia m e te r-  

to - th ic k n e ss  ra t io  D / t  a re  ana lyzed , to  id e n t ify  th e  in flu e n c e  o f  th e  d ia m e te r to  th ic k n e ss  

ra t io  on  th e  s t ru c tu ra l re sp o n se . F in a lly , h ig h - s tre n g th  s te e l X 8 0  p ip e lin e s  u n d e r fa u lt  

im p o se d  d e fo rm a tio n s  a re  a na lyzed  in  se c tio n  4 .2 .4 .
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Chapter 4: Buried Pipelines Normal to Fault Plane

4.2.1 M oderately thick X65 steel pipeline in cohesive soils

A  m o d e ra te ly  th ic k -w a lle d  X 6 5  p ip e lin e  is  c o n sid e re d  f i r s t ,  w ith  d ia m e te r and th ic k n e ss  

equal to  9 1 4 .4  m m  (3 6  in )  and 1 2 .7  m m  (0 .5  in )  re sp e c tive ly , so  th a t D / 1  = 7 2 . T h e  A P I  

5 L  X 6 5  s te e l is  a typ ic a l m a te ria l fo r  o il and gas p ip e lin e  a p p lic a tio n s, w i th  a n o m in a l 

s t re s s - s t ra in  cu rve  sh o w n  w ith  s o lid  lin e  in  F ig u re  4.3a , o b ta ined  f ro m  a u n ia x ia l te n s ile  

te s t. T h e  y ie ld  s t re s s  Uy and u lt im a te  s t re s s  συ are equal to  4 5 0  M Pa  (6 5  k s i)  and 5 6 0  

M Pa  (8 1 .2  k s i) ,  re sp e c tive ly , w i th  a 3 0 %  e lo n g a tio n  a t th e  u lt im a te  s t re s s  ( ^  = 0 .3 ). 

C o n s id e rin g  a sa fe ty  ( re d u c tio n ) fa c to r equal to  0 .7 2  [5 5 , 5 6 ], th e  m a x im u m  o p e ra tin g  

p re s s u re  m ax p  o f th is  p ip e lin e , g ive n  b y  th e  fo llo w in g  e x p re ss io n  can be re a d ily  

calculated equal to  9  M Pa  (9 0  b a r).

T h i s  e x p re ss io n  is  p lo tte d  v e rs u s  th e  D / t  va lue  w ith  th e  dashed b lu e  l in e  in  F ig u re  4 .2 .

T h e  p ip e lin e  is  a ssu m e d  to  be em bedded in  a s o f t- to - f irm  clay and c ro s s in g  a fa u lt  zone  

o f w id th  w  equal to  0 .3 3  m. I t s  in te rn a l p re s su re , p  , is  ta ke n  in i t ia l ly  to  be equal to  ze ro , 

b u t i t  is  in c re a se d  su b se q u e n tly  to  th e  m a x im u m  va lue. T h e  s o ft- to - f irm  clay, re fe rre d  to  

as C lay I, has a c o he sio n  c  = 5 0  kPa , f r ic t io n  angle φ = 0 0, Y o u n g 's  m o d u lu s  E  = 2 5  M Pa  and  

P o is s o n 's  ra t io  v = 0 .5 . T h e  clay is  a ssu m e d  to  re sp o n d  u n d e r “u n d ra in e d  c o n d itio n s" , 

w h ic h  im p lie s  ze ro  v o lu m e tr ic  s t ra in s  and a re la t iv e ly  h ig h e r Y o u n g 's  m o d u lu s .

Figure 4 .2 : V a ria tio n  o f m a x im u m  o p e ra tin g  p ip e lin e  p re s su re  w ith  re sp e c t to  th e  

d ia m e te r- to - th ic k n e ss  ra tio  D / t .
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Figure 4.3: U n ia x ia l s t re s s - s t ra in  re la t io n  fo r  (a] A P I 5 L  X 6 5  ste e l; (b ] A P I  5 L  X 8 0  stee l.

F ig u re  4 .4 a  d e p ic ts th e  shape o f  th e  d e fo rm e d  p ip e lin e  a t fa u lt  d isp la c e m e n ts  d  = l m ,  2 

m , 3 m  and 4  m  in  th e  area n e a r th e  fa u lt. M o re o v e r, F ig u re  4 .4b  p lo ts  d e p ic ts  th e  shape  

o f th e  d e fo rm e d  p ip e lin e  and th e  d is t r ib u t io n  o f  th e  m in o r  p rin c ip a l s t ra in  £ 3  ( in d ic a tin g
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m a x im u m  c o m p re ss iv e  s t ra in s )  on i t s  o u te r su rfa c e  a t fa u lt  d isp la c e m e n t equal to  d  = 1  

m  and d  = 4 m .

o . o o o■ ■■ ■ local buckling
o . o i o
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— 0.030
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0.040
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0.0000.055 ■0.060
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local buckling

Figure 4 .4 : (a) P la n  v ie w  o f d e fo rm e d  shape o f th e  p ip e lin e  fo r  d = 1m , 2 m , 3m , and 4 m  

(b) D is t r ib u t io n  o f m in o r  p rin c ip a l s t ra in  8 3  fo r  se ism ic  fa u lt  d isp la c e m e n ts  equal to  1 m  

and 4  m. (X 6 5  p ipe, D / 1 =  72 , C lay I, w  = 0 .3 3  m, p  = 0 ).

T h e  d e fo rm e d  shape o f the  p ip e lin e  a t d  = 1 m  sh o w s  a loca lized  d e fo rm a tio n  a t p o in t A, 

re fe r re d  to  as “local b u c k lin g " o r  “k in k in g " , w h e re a s  p o in t  A is  th e  “c rit ic a l lo c a tio n " o f  

th e  p ip e lin e , a t a d ista nc e  o f 5 .4 5  m  fro m  th e  fa u lt. D ue  to  th e  sk e w -s y m m e try  o f th e  

p ro b le m , a s im ila r  local d e fo rm a tio n  p a tte rn  occurs a t p o in t  B , on th e  h id d e n  s id e  o f th e  

p ip e lin e . U n d e r in c re a s in g  fa u lt  m o ve m e n t, a su b s ta n tia l d e ve lo p m e n t o f th is  lo ca lized  

d e fo rm a tio n  p a tte rn  is  o b se rve d , asso c ia te d  w ith  th e  d is to r t io n  o f a s ig n if ic a n t p a rt  o f
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th e  p ip e lin e  a ro u n d  th is  area, as sh o w n  in  F ig u re  4 .4b , fo r  a fa u lt  d isp la c e m e n t o f d  = 4  

m. F u r th e rm o re , a t th e  c ritic a l lo c a tio n  o f p o in tA  fo r  d  = 1 m  [F ig u re  4 .4 b ) , th e re  are tw o  

zo n e s o f c o m p re ss iv e  s t ra in s  re a c h ing  a m a x im u m  va lue  o f 5 .7 % .

A s th e  p ip e lin e  le n g th  in c re a se s w i th  c o n tin u e d  fa u lt  m o ve m e nt, i t  re s u l t s  to  h ig h e r  

te n s ile  and sm a lle r  c o m p re ss iv e  s t ra in s  in  th e  lo n g itu d in a l d ire c tio n . T h i s  is  sh o w n  in  

F ig u re  4 .4b , w h e re  fo r  a fa u lt  d isp la c e m e n t o f d  = 4  m, the  m a x im u m  c o m p re ss ive  

s t ra in s  in  th e  tw o  a fo re m e n tio n e d  zo n e s a t p o in tA  decrease to  3 .2 % . T h i s  o v e rta k in g  o f  

th e  te n s ile  s t ra in s  a fte r som e c rit ic a l va lu e  o f d  is  d isc u sse d  la te r in  th is  cha p te r.

F ig u re  4 .5  s h o w s  tw o  c o nse c u tive  d e fo rm e d  shapes o f th e  p ip e lin e  a t fa u lt  

d isp la c e m e n ts  d  equal to  0 .2  m  and 1 m, w h e re a s F ig u re  4 .6  p lo ts  th e  sam e d e fo rm e d  

sha p es in  a p la n  v ie w . T h e  lo c a lize d  b u c k lin g  p a tte rn  depicted in  F ig u re  4 .5  and F ig u re  

4 .6  d eve lop s on th e  c ritic a l lo c a tio n  a long  th e  p ip e lin e , w h e re  th e  c o m p re ss iv e  s tre s s e s  

and s t ra in s ,  and th e  c o rre sp o n d in g  b e n d in g  c u rv a tu re  reach a m a x im u m  va lue .

before buckling

Figure 4.5: D e ta ils  o f the  c rit ic a l p ip e lin e  area: [a) t ra n s it io n  f ro m  a sm o o th  

c o n fig u ra tio n  to  a w a v y  p a tte rn , w h ic h  is  q u a s i-u n ifo rm  along th e  p ip e lin e ; [b ) local 

b u c k lin g  fo rm a tio n  [X 6 5  p ipe, D / 1  = 7 2 , Clay I, w  = 0 .3 3 m , p  = 0).
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Figure 4.6: V a ria t io n  o f e q u iv a le n t p la s tic  sh e a r s t ra in  a t th e  c rit ic a l p ip e lin e  area: (a) 

t ra n s i t io n  fro m  a sm o o th  c o n fig u ra tio n  to  a u n ifo rm  w a v y  p a tte rn , (b) loca l b u c k lin g  

fo rm a tio n  (X 6 5  p ipe, D / 1  = 7 2 , Clay I, w  = 0 .3 3 m , p  = 0 ).

I t  is  in te re s t in g  to  no te  th a t th e  b u c k le d  shape o f th e  co m p re sse d  w a ll is  fo rm e d  in  

tw o  stages. F i r s t  a t ra n s it io n  f ro m  a “sm o o th "  d e fo rm a tio n  shape to  a “w a v y " p a tte rn  

occurs, in  th e  fo rm  o f q u a s i-u n ifo rm  w r in k l in g  a long a c e rta in  p a rt  o f  th e  p ip e lin e  a b o u t 

th e  c ritic a l c ro ss-se c tio n , as s h o w n  c le a rly  in  F ig u re  4.5a. S u b se q u e n tly , one o f th e  

w r in k le s  becom es d o m in a n t and th e  d e fo rm a tio n  lo c a lize s ( “b uc k le  lo c a liza tio n ") ,  

fo rm in g  a sh a rp  “k in k "  o r “local b u c k le ", depic ted in  F ig u re  4 .5b . T h i s  m e c ha n ism  o f  

buckle  in it ia t io n  and lo c a liza tio n  is  in  accordance w ith  p re v io u s  e x p e rim e n ta l 

o b se rv a tio n s  in  m e ta l c y lin d e rs  sub je c te d  to  b e n d in g  [4 2 , 5 7 ].

T h e  v a r ia t io n s  o f lo n g itu d in a l c o m p re ss iv e  and te n s ile  s t ra in  ε  a lo ng  th e  tw o  o u te r  

(m o s t s tre s se d )  g e n e ra to rs  o f th e  p ip e  c y lin d e r are sh o w n  in  F ig u re  4 .7  and F ig u re  4 .8  

fo r  d if fe re n t  va lu e s o f th e  fa u lt  d isp la c e m e n t and fo r  a sm a ll se g m e n t o f th e  p ip e lin e  

n e a r th e  c rit ic a l area.
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Chapter 4: Buried Pipelines Normal to Fault Plane

Figure 4.7: V a ria tio n  o f  axia l s t ra in  a t th e  c o m p re ss io n  side  o f  th e  b u c k le d  area fo r  

d if fe re n t  va lu e s o f  fa u lt  d isp la c e m e n t: (a] fa u lt  m o v e m e n t fro m  0 .2 m  to  1 .0 m  and (b ] 

fa u ltm o v e m e n t f ro m  0 .6 1 m  to  0 .6 9 m  (X 6 5  p ipe, D / 1  = 72 , C la y l, w  = 0 .3 3 m , p  = 0 ]
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Chapter 4: Buried Pipelines Normal to Fault Plane

Figure 4.8: Variation of axial strain at the tension side of the buckled area for values of 
fault displacement from 0.2m to 1.0m (X65 pipe, D / t  = 72, Clay I, w = 0.33m, p = 0].

The results for the compressive strain shown in detail in Figure 4.7b, indicate that 

for a value of fault displacement greater than 0.67 m, significant distortion of the cross

section occurs due to the development of a localized wrinkling pattern (local buckling] 

on the pipe wall, on the compression side of the deformed pipeline. This stage is 

considered to be the onset of local buckling.

It should be noted that determining the value of fault displacement at which the 

onset of localized buckling occurs (dcr], referred to as "critical fault displacement”, can 

be defined in many ways. In the present work, the onset of local buckling is considered 

at the stage where outward displacement of the pipe wall starts at the area of maximum 

compression. At that stage, bending strains due to pipe wall wrinkling develop (Figure 

4.7], associated with significant tensile strains at the "ridge” of the buckle, so that the 

longitudinal compressive strains at this location at the outer surface of the pipe wall 

start decreasing, forming a "short wave” at this location. In the case examined, this stage 

corresponds to a fault displacement equal to 0.67m, as shown in Figure 4.7b.

At the above stage of local buckling onset, the longitudinal strain at the location of 

the buckle (ecr] is measured equal to 7.7x10-3. Furthermore, at this critical buckling
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Chapter 4: Buried Pipelines Normal to Fault Plane

stage, th e  m a x im u m  te n s ile  s t ra in  on  th e  o p p o site  s id e  o f  the  p ipe (er,max] is  5 . 2 x l 0 3, 

w h ic h  is  m uc h  le ss  th a n  th e  s t ra in  th a t  w o u ld  cause te n s ile  fa ilu re  in  th e  fo rm  o f  ru p tu re

in  a n o n -se rio u s ly -d e fe c te d  p ip e lin e  [4 6 , 5 8 ].

Figure 4 .9 : V a ria t io n  o f  ax ia l s t ra in  a t th e  c o m p re ss io n  side o f  th e  b u c k le d  area fo r  

d if fe re n t  va lu e s o f  fa u lt  d isp la c e m e n t: (a] fa u lt  m o v e m e n t fro m  0 .2 m  to  l . 0 m  and (b ] 

fa u lt  m o v e m e n t f ro m  0 .6 0 m  to  0 .6 9 m  (X 6 5  p ipe, D /  t= 7 2 , Clay I, w  = lm ,  p  = 0 ].
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Chapter 4: Buried Pipelines Normal to Fault Plane

Beyond the formation of the local buckle, pipe deformation concentrates around the 

buckled cross-section, and the localized wrinkling pattern is significantly developed. 

Further continuation of the imposed deformation results in pipe-wall folding, which is 

accompanied by significant local strains (compressive and tensile] at the buckled area. 

Similarly, the maximum tensile strain on the opposite (tensile] side of the pipe is also 

significantly increased. Those local tensile stresses, on either side of the pipeline cross

section, may lead to local fracture at welds or other locations where minor defects exist, 

resulting in loss of pipeline containment with possibly catastrophic consequences for 

the population and the environment.

The effects of the size of fault zone w on the mechanical response of the pipeline 

have also been examined. Finite element analyses have been conducted for several 

values of w ranging from 0.33 m to 1.0 m. The numerical results indicate that the width 

of the fault zone w has a minor effect on the response of the pipeline. This can be readily 

verified by comparing the results of Figure 4.9 for w = 1m to those depicted in Figure 4.7 

for w = 0.33 m.

The effects of internal pressure on pipeline mechanical behavior are investigated by 

considering internally pressurized pipelines embedded in the same soil conditions (Clay 

I]. The numerical results presented in Figures 4.10, F4.11 and 4.12 correspond to a 

pressure level of 50 bar, which is equal to 56% of the maximum operating pressure pmax 

expressed by eq. (4.1], whereas the results in Figures 4.13, 4.14 and 4.15 refer to a 

pressure level of25 bar, which is equal to 28% of pmax.

Despite the fact that the buckled shapes shown in Figures 4.10 and 4.13 are similar 

to that in Figure 4.6, the corresponding values of critical fault displacement dcr and 

compressive strain along the critical generator of the steel pipeline shown in Figures 

4.11b and 4.14b are slightly different than the ones shown in Figure 4.7b. Those results 

indicate that, in the case of buried (confined] pipes, the presence of internal pressure 

results in a decrease of critical fault displacement. The decrease is attributed to the 

development of additional stresses and strains in the pipeline wall that cause early 

yielding and lead to a premature local buckling failure. For the case of p/pmax =0.56, the 

critical strain zcr at buckling is equal to 8.3x103, which is similar yet slightly higher than 

the critical strain for zero pressure. The structural response of the same steel pipeline is 

shown in Figures 4.16 and 4.17 considering steel material of 450 MPa yield stress (same 

as in X65] but exhibiting an elastic-perfect plastic behavior. The stress-strain curve of 

this material is plotted with dotted line in Figure 4.3a. The values of soil parameters c , E 

and φ are equal to 50 kPa, 25 MPa and 0°, respectively (Clay I].
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Chapter 4: Buried Pipelines Normal to Fault Plane

Figure 4.10: V a ria t io n  o f  e q u iv a le n t p la s tic  sh e a r s t ra in  a t the  c rit ic a l p ip e lin e  area: (a) 

t ra n s i t io n  f ro m  a sm o o th  c o n fig u ra tio n  to  a u n ifo rm  w a v y  p a tte rn  and (b ) local b u c k lin g  

fo rm a tio n  (X 6 5  p ipe , D / 1  = 7 2 , Clay I, w  = 0 .3 3 m , p  = 0 .5 6  pmax)
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Chapter 4: Buried Pipelines Normal to Fault Plane

Figure 4 .11 : V a ria t io n  o f  ax ia l s t ra in  a t th e  c o m p re ss io n  side  o f  th e  b u c k le d  area fo r  

d if fe re n t  va lu e s o f  fa u lt  d isp la c e m e n t: (a] fa u lt  m o v e m e n t fro m  0 .2 m  to  1 .0 m  and (b ] 

fa u lt  m o v e m e n t f ro m  0 .5 3 m  to  0 .5 8 m  (X 6 5  p ipe, D / 1  = 7 2 , Clay I, w  = 0 .3 3 m , p  = 0 .5 6  pmax]
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Chapter 4: Buried Pipelines Normal to Fault Plane

Figure 4.12: V a ria t io n  o f axia l s t ra in  a t th e  te n s io n  s id e  o f  the  b uck led  a rea  fo r  d if fe re n t  

v a lu e s o f  fa u lt  d isp la c e m e n t f ro m  0 .2 m  to  1 .0 m  (X 6 5  p ipe, D / 1  = 7 2 , C lay I, w  = 0 .3 3 m , p  

= 0 .5 6  Pmax)

Figure 4.13: V a ria t io n  o f  e q u iv a le n t p la s tic  sh e a r s t ra in  a t the  c rit ic a l p ip e lin e  area: (a) 

t ra n s i t io n  f ro m  a sm o o th  c o n fig u ra tio n  to  a u n ifo rm  w a v y  p a tte rn  and (b ) local b u c k lin g  

fo rm a tio n  (X 6 5  p ipe , D / 1  = 7 2 , Clay I, w  = 0 .3 3 m , p  = 0 .2 8  pmax)
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Figure 4.14: V a ria tio n  o f  ax ia l s t ra in  a t th e  c o m p re ss io n  side  o f  th e  b u c k le d  area fo r  

d if fe re n t  va lu e s o f  fa u lt  d isp la c e m e n t: (a] fa u lt  m o v e m e n t fro m  0 .2 m  to  1 .0 m  and (b ] 

fa u lt  m o v e m e n t f ro m  0 .6 0 m  to  0 .6 5 m  (X 6 5  p ipe, D / 1  = 7 2 , Clay I, w  = 0 .3 3 m , p  = 0 .2 8  pmax]
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Chapter 4: Buried Pipelines Normal to Fault Plane

Figure 4.15: V a ria t io n  o f  ax ia l s t ra in  a t th e  te n s io n  s id e  o f  the  buck led  a rea  fo r  d if fe re n t  

va lu e s o f  fa u lt  d isp la c e m e n t f ro m  0 .2 m  to  1 .0 m  (X 6 5  p ipe, D / 1  = 7 2 , C lay I, w  = 0 .3 3 m , p

= 0 .2 8  Pmax]

T h e  c rit ic a l fa u lt  d isp la c e m e n t ha s been c om p uted  equa l to  6 7  cm. C o m p a riso n  o f  th o se  

re s u lt s  w i th  th e  re s u lt s  in  F ig u re s  4 .7  and 4 .8  in d ic a te s th a t th e  h a rd e n in g  o f  th e  s te e l 

m a te ria l has a ne g lig ib le  in flu e n c e  o n  th e  s t ru c tu ra l re sp o n se  o f  th e  p ip e lin e  sub jec ted  

to  s t r ik e - s l ip  fa u lt  d isp la c e m e nt.

T h e  re s u lt s  in  F ig u re  4 .1 8 , 4 .1 9  a nd  4 .2 0  re fe r  to  an X 6 5  ste e l p ip e lin e  w ith  D / t  = 72 , 

b u rie d  in  s t i f fe r  cohesive  s o il c o n d itio n s . T h e  va lu e s o f  s o i l  p a ra m e te rs  c  , E  and φ are  

equa l to  2 0 0  kPa , 1 0 0  M Pa  and 0°, re sp e c tiv e ly , and c o rre sp o n d  to  a v e ry  s t i f f  clay u n d e r  

"u n d ra in e d  c o n d it io n s”, re fe rre d  to  as Clay II .  T h e  w id th  o f  the  fa u lt  zo ne  i s w  = 0 .3 3  m.

T h e  n u m e ric a l re s u lt s  ind ica te  th a t  p ipe  b e n d in g  d e fo rm a tio n  in  th e  v e ry  s t i f f  s o il  

occurs w i th in  a s h o r te r  d istance  fro m  th e  fa u lt  lo c a tio n , and th e  c rit ic a l area is  a t 3 .2  m  

f ro m  th e  fa u lt. C o m p a riso n  o f  th e  re s u lt s  w i th  th o se  sh o w n  in  F ig u re s  4 .6 , 4 .7  and 4 .8  

d e m o n stra te s  th e  s ig n if ic a n t e ffe c t o f  s ite  c o n d itio n s  on  th e  m echanica l b e h a v io r o f  th e  

s te e l p ip e lin e . In  o th e r w o rd s , fo r  th e  sam e fa u lt  d isp la c e m e n t d, h ig h e r b e n d in g  s t re s s e s  

and s t ra in s  occur in  th e  case o f  a s t i f f e r  s o il th a n  th o se  in  the  case o f  a s o f te r  so il.  T h e  

n u m e ric a l v e r if ic a tio n  o f  th e  above o b se rv a tio n  is  o ffe re d  in  F ig u re s  4 .1 9  and 4 .2 0 , 

w h ic h  d e p ic t th e  v a r ia t io n  o f  ax ia l n o rm a l s t ra in  a long th e  c o m p re ss io n  g e n e ra to r.
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Chapter 4: Buried Pipelines Normal to Fault Plane

Figure 4.16: V a ria tio n  o f  ax ia l s t ra in  a t th e  c o m p re ss io n  s id e  o f  th e  b u c k le d  area fo r  X 6 5  

s te e l w i th  no  h a rd e n in g : (a] fa u lt  m o v e m e n t f ro m  0 .2 m  to  1 .0 m  and (b ] fa u lt  m o v e m e n t 

f ro m  0 .6 0 m to  0 .6 7 m  ( D/ 1 = 7 2 , C la y l,  w  = 0 .3 3 m , p  = 0 ].
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Figure 4.17: V a ria t io n  o f axia l s t ra in  a t th e  te n s io n  s id e  o f th e  b u c k le d  area fo r  X 6 5  

s te e l w i th  no  h a rd e n in g  and d if fe re n t  va lu e s o f  fa u lt  d isp la c e m e n t f ro m  0 .2 m  to  1 .0 m  

(D / 1 = 7 2 , C lay I, w  = 0 .3 3 m , p  = 0 ).

Figure 4 .18 : V a r ia t io n  o f  e q u iv a le n t p la s tic  sh e a r s t ra in  a t the  c rit ic a l p ip e lin e  area: (a) 

o n se t o f local b u c k lin g  and (b) p o st-  b u c k lin g  c o n fig u ra tio n  (X 6 5  p ipe, D / 1  = 7 2 , C lay II, 

w  = 0 .3 3 m , p  = 0 ).
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Figure 4.19: V a ria t io n  o f  ax ia l s t ra in  a t th e  c o m p re ss io n  side  o f th e  b u c k le d  area fo r  

d if fe re n t  v a lu e s o f fa u lt  d isp la c e m e n t: (a) fa u lt  m o v e m e n t fro m  0 .2 m  to  1 .0 m  and (b) 

fa u lt  m o v e m e n t f ro m  0 .2 0 m  to  0 .2 5 m  (X 6 5  p ipe , D / 1  = 7 2 , Clay II,  w  = 0 .3 3 m , p  = 0 ).
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Figure 4.20: V a ria t io n  o f  ax ia l s t ra in  a t th e  te n s io n  s id e  o f  the  buck led  a rea  fo r  d if fe re n t  

va lu e s o f  fa u lt  d isp la c e m e n t fro m  0 .2 m  to  1 .0 m  (X 6 5  p ipe, D / 1  = 7 2 , C lay II ,  w  = 0 .3 3 m , p  

= 0 ).

Loca l b u c k lin g  occurs a t fa u lt  d isp la c e m e n t equa l to  0 .2 3  m , w h ic h  is  m u c h  le s s  th a n  th e  

c o rre sp o n d in g  c rit ic a l fa u lt  d isp la c e m e n t fo r  th e  case o f  s o f te r  c lay (0 .6 7  m ). T h e  

c o rre sp o n d in g  m a x im u m  c o m p re ss iv e  s t ra in  scr th a t  causes loca l b u c k lin g  is  equal to  

7 .3 x 1 0 -3, w h e re a s th e  m a x im u m  te n s ile  s t ra in  £ t ,max a long  the  o p p o s ite  g e n e ra to r a t th e  

stage o flo c a l b u c k lin g  o n s e t is  equa l to  4 .8 x 1 0 -3. T h e  s t r ik in g  d iffe re n c e  b e tw e e n  so ft- to -  

f i r m  and v e ry  s t i f f  s o i l  c o n d itio n s  is  a t t r ib u te d  to  th e  fac t th a t a s te e l p ip e lin e  in  a s o f t  

so il,  w h e n  sub jec ted  to  a fa u lt  d isp la c e m e n t, accom m odates i t s e l f  e a s ie r w i th in  th e  

d e fo rm a b le  s o il w ith o u t  v e ry  h ig h  s t re s s  c o n c e n tra tio n s . T h is  re s u lt s  in  lo w e r b e nd ing  

s t re s s e s  and s t ra in s ,  a llo w in g  th e  p ip e lin e  to  s u s ta in  la rg e r g ro u n d - im p o se d  

d isp la c e m e n ts.
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4.2.2 M oderately thick X65 steel pipeline in non-cohesive soils

T h e  re sp o n se  o f  an X 6 5  s te e l p ip e lin e  w ith  D / 1  = 7 2  em bedded in  no n -c o h e sive  s o ils  is  

exam ined, b y  c o n s id e rin g  re p re se n ta tiv e  re s u lt s  fo r  tw o  fr ic t io n a l s o ils  and c o m p a rin g  

th e m  to  th o se  o b ta in e d  fo r  th e  cohesive  s o ils .  F i r s t ,  a g ra n u la r  s o i l  is  c o n s id e re d  w ith  a 

f r ic t io n  angle φ = 3 0 ° , Y o u n g 's  m o d u lu s  E = 8  M Pa  and P o is s o n 's  ra t io  v = 0 .3 , 

c o rre sp o n d in g  to  lo o se  sa nd  and re fe rre d  to  as "Sa n d  I ”. T h e  re la t iv e ly  sm a ll va lue  o f  th e  

s tre ss-d e p e n d e d  Y o u n g 's  m o d u lu s  E  is  ju s t i f ie d  b y  th e  s h a llo w  e m b e d m e n t d e p th  o f  th e  

p ip e lin e . A  sm a ll a m o u n t o f  a r t i f ic ia l c o he sio n  equa l to  c  = 5 k P a  w a s a lso  in c lu d e d  in  th e  

a n a ly s is  to  p re v e n t n u m e ric a l d if f ic u lt ie s  assoc ia ted  w ith  th e  b e h a v io r o f  a p u re ly  

f r ic t io n a l m a te ria l a t v e ry  sm a ll c o n fin in g  s t re s s ,  suc h  as in  th e  case o f  a gap o p e n in g  a t 

th e  p ip e -so il in te rfa c e . F ig u re s  4 .2 1  and 4 .2 2  sh o w  th e  v a r ia t io n  o f  th e  ax ia l s t ra in  ε  

along  th e  c o m p re ss io n  and te n s io n  o u te r  s id e s, re sp e c tiv e ly , o f  th e  buck led  area fo r  

Sand  I.

T h e  c rit ic a l d ista nc e  fro m  th e  fa u lt, c o rre sp o n d in g  to  th e  p o in t  w i th  m a x im u m  

b e n d in g  c u rv a tu re  a long th e  p ipe, is  6 .1  m e te rs . T h e  re s u lt s  fo r  th e  c o m p re ss iv e  s t ra in  

sh o w n  in  F ig u re  4 .2 1  ind ic a te  th a t a t a fa u lt  d isp la c e m e n t equa l to  0 .8 7  m , loca l b u c k lin g  

occurs and, su b se q u e n tly , s ig n if ic a n t d is to r t io n  o f  th e  c ro ss  se c tio n . T h e  shape o f  th e  

d e ve lo p in g  b u c k lin g  is  s im ila r  to  th a t  o f  C lay I. T h e  lo n g itu d in a l s t ra in  a t th e  lo c a tio n  o f  

th e  buckle  (ε„·] is  equa l to  9 . 7 x 1 0 3. F u r th e rm o re , a t th e  c rit ic a l b u c k lin g  stage (d = 0 .8 7  

m ], th e  m a x im u m  te n s ile  s t ra in  on  th e  o p p o site  s id e  o f  th e  p ipe  (£r,max ]  is  6 .8 x 1 0  3, 

w h ic h  is  m uc h  le s s  th a n  th e  s t ra in  th a t  w o u ld  cause te n s ile  ru p tu re . B e y o n d  th e  

fo rm a tio n  o f  th e  local buckle , p ipe  d e fo rm a tio n  c o nc e n tra te s a ro u n d  th e  buck led  c ro s s 

se c tio n  and th e  lo c a lize d  w r in k l in g  p a tte rn  is  fu r th e r  developed. F u r th e r  c o n tin u a tio n  o f  

th e  im p o se d  d e fo rm a tio n  re s u lt s  in  p ip e -w a ll fo ld in g , w h ic h  is  accom panied by  

s ig n if ic a n t loca l s t ra in s  (c o m p re ss iv e  and te n s ile ]  a t th e  b uc k le d  area. M o re o v e r, th e  

m a x im u m  te n s ile  s t ra in  on  th e  o p p o s ite  ( te n s ile ]  s id e  o f  th e  p ipe  is  a lso  s ig n if ic a n tly  

inc rea sed .
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Figure 4.21: V a ria tio n  o f  ax ia l s t ra in  a t th e  c o m p re ss io n  side  o f  th e  b u c k le d  area fo r  

d if fe re n t  v a lu e s o f  fa u lt  d isp la c e m e n t (a] fa u lt  m o v e m e n t f ro m  0 .2 m  to  1 .0 m  and (b ] 

fa u lt  m o v e m e n t f ro m  0 .7 0 m  to  0 .9 0 m  (X 6 5  p ipe, D / 1  = 7 2 , Sand I, w  = 0 .3 3 m , p  = 0 ].
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Chapter 4: Buried Pipelines Normal to Fault Plane

Figure 4.22: V a ria t io n  o f  ax ia l s t ra in  a t th e  te n s io n  s id e  o f  the  buck led  a rea  fo r  d if fe re n t  

va lu e s o f  fa u lt  d isp la c e m e n t f ro m  0 .2 m  to  1 .0 m  (X 6 5  p ipe, D / 1  = 7 2 , Sa n d  I, w  = 0 .3 3 m , p  

= 0 ).

S im ila r ly ,  F ig u re s  4 .2 3  and 4 .2 4  p re s e n t th e  re s u lt s  fo r  an X 6 5  s te e l p ip e lin e  w ith  D /  t 

= 7 2 , em bedded in  a m o re  dense sa n d  w ith  v a lu e s o f  φ  and E  equa l to  4 0 °  and 10  M Pa, 

re sp e c tiv e ly , re fe rre d  to  as "Sa n d  I I ”. T h e  n u m e ric a l re s u lt s  ind ic a te  th a t  p ipe b e n d in g  

d e fo rm a tio n  in  Sand  I I  occurs w i th in  a s h o r te r  d ista nc e  fro m  th e  fa u lt  lo c a tio n  (5 .1  m ) 

due to  th e  h ig h e r s tre n g th  and s t i f fn e s s  o f  th is  sand. C o m p a riso n  o f  th o se  re s u lt s  w ith  

th e  re s u lt s  in  F ig u re s  4 .2 1  and 4 .2 2  d e m o n s tra te s  th a t  fo r  the  sam e fa u lt  d isp la c e m e n t d, 

h ig h e r b e n d in g  s t re s s e s  and s t ra in s  o c c u r in  th e  case o f  Sand II .  Loca l b u c k lin g  occurs  

w h e n  th e  fa u lt  d isp la c e m e n t becom es equa l to  0 .6 5 m , w h ic h  is  le ss  th a n  th e  

c o rre sp o n d in g  c rit ic a l fa u lt  d isp la c e m e n t fo r  th e  case o f  lo o se  sa n d  (0 .8 7  m ). T h e  

m a x im u m  c o m p re ss iv e  s t ra in  £cr th a t  causes local b u c k lin g  is  e q ua l to  1 1 .3 x 1 0 3, 

w h e re a s th e  c o rre sp o n d in g  m a x im u m  te n s ile  s t ra in  £r,max a long th e  o p p o s ite  g e n e ra to r  

is  equa l to  6 .2 x 1 0 3.
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Chapter 4: Buried Pipelines Normal to Fault Plane

Figure 4.23. V a ria t io n  o f  ax ia l s t ra in  a t th e  c o m p re ss io n  side o f  th e  b u c k le d  area fo r  

d if fe re n t  va lu e s o f  fa u lt  d isp la c e m e n t: (a] fa u lt  m o v e m e n t fro m  0 .2 m  to  1 .0 m  and (b ]

fa u lt  m o v e m e n t f ro m  0 .6 1 m  to  0 .6 6 m  (X 6 5  p ipe, D / 1  = 7 2 , Sand II, w  = 0 .3 3 m , p  = 0 ].
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Chapter 4: Buried Pipelines Normal to Fault Plane

Figure 4.24. Variation of axial strain at the tension side of the buckled area for different 
values of fault movement from 0.2m to 1.0m (X65 pipe, D /1  =72, Sand II, w =0.33m, p 
=0).

4.2.3 Effects o f  the d iam eter-to-thickness ratio and design im plications

In order to investigate the effects of the diameter-to-thickness ratio, results are obtained 

for 36-inch diameter X65 steel pipelines with thickness ranging between %-inch and %- 

inch, corresponding to D/t values between 48 and 144. Both cohesive soils (Clay I, II) 

and non-cohesive soils (Sand I, II) are considered. The numerical results for cohesive 

soils (Clay I and II) are summarized in Figure 4.25. In particular, Figure 4.25a plots the 

fault critical displacement, dcr, normalized by the pipe diameter D, in terms of the 

diameter-to-thickness ratio, D/t . The results show a substantial decrease of dcr with 

increasing value of the D/t ratio, which means that thin-walled pipelines are more prone 

to buckling and fail at relatively small values of fault displacement.

Furthermore, very stiff soil conditions result in significantly lower deformation 

capacity of the pipeline. In Figure 4.25b the corresponding critical compressive strain at 

the onset of local buckling, £cr, is plotted against the value of the diameter-to-thickness 

ratio, D/t. The results indicate that thinner pipes buckle at smaller critical strain, which 

is in accordance with test data and numerical results from unconfined pipes [42, 57, 59].
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Chapter 4: Buried Pipelines Normal to Fault Plane

In  th e  above re s u lts ,  no c rit ic a l d isp la c e m e n t o r  c rit ic a l s t ra in  is  sh o w n  fo r  D / t= 4 4  

and s o f t- to - f irm  s o il c o n d itio n s  (C lay I] .  In  th is  p a rt ic u la r  case, th e  n u m e ric a l re s u lt s  d id  

n o t ind ic a te  local b u c k lin g . T h e  p ip e lin e  e x h ib ite d  s ig n if ic a n t g ro u n d -in d u c e d  

d e fo rm a tio n  w ith o u t  any w r in k l in g  o f  i t s  w a ll fo r  fa u lt  d isp la c e m e n ts  in  excess o f  2 .5  m. 

T h e  te n s ile  s t ra in s  deve loped in  th e  p ip e lin e  due to  lo n g itu d in a l p ip e lin e  s tre tc h in g  are  

re sp o n s ib le  fo r  th is  b e h a v io r.

In  F ig u re  4 .2 5 b , th e  n u m e ric a l re s u lt s  fo r  th e  c rit ic a l s t ra in  (ccr]  a re  a lso  com pared  

w ith  th e  p re d ic tio n s  o f  th e  n e w  E u ro p e a n  s ta n d a rd  E N  1 9 9 8 - 4  [4 6 ]  fo r  se ism ic  d e sig n  o f  

b u rie d  p ip e lin e s , a lso  adopted b y  th e  v e ry  re c e n t A S C E  M a nua l o f  P ra c tic e  1 1 9  fo r  

B u r ie d  S te e l P ip e s  [4 7 ] .  T h e  E N  1 9 9 8 - 4  s ta n d a rd  sp e c ifie s  a m a x im u m  a llo w a b le  s t ra in  

fo r  c o m p re ss io n  (cc,w] equa l to  th e  m in im u m  o f  [0 .0 1 , 0 .4 t/ D ]  and a m a x im u m  a llo w a b le  

te n s ile  s t ra in  ( ε 7> )  equa l to  0 .0 3 . T h o s e  p ro v is io n s  p re d ic t a decrease o f  th e  c rit ic a l 

s t ra in  w ith  in c re a s in g  D /t  v a lu e s, w h ic h  is  in  accordance w ith  th e  f in ite -e le m e n t re s u lts .  

H o w e v e r, i t  sh o u ld  be no tic e d  th a t th e  a llo w a b le  c o m p re ss iv e  s t ra in  appears to  be 

c o n se rv a tiv e  fo r  th e  range o f  cohesive  s o il c o n d it io n s  e xp re sse d  b y  Clay I and Clay I I  

sh o w n  in  F ig u re  4 .2 5 b .

M o re o v e r, th e  n u m e ric a l re s u lt s  o f  ax ia l s t ra in  a t th e  te n s io n  s id e  o f  th e  p ipe  fo r  a ll 

th e  cases c o n sid e re d  in  F ig u re  4 .2 5 , sh o w  th a t  a t th e  o n se t o f  loca l b u c k lin g  th e  

c om p uted  m a x im u m  te n s ile  s t ra in  ε τ ,max v a rie s  f ro m  0 . 0 0 2  to  0 .0 1 , w h ic h  is  s ig n if ic a n tly  

lo w e r th a n  th e  E N  1 9 9 8 - 4  a llo w a b le  va lue  o f  ετ  ,w = 0 .0 3 . T h i s  o b se rv a tio n  v e r if ie s  th a t  

fo r  th e  range o f  p a ra m e te rs  c o n sid e re d , local b u c k lin g  ra th e r  th a n  te n s ile  ru p tu re  is  th e  

g o v e rn in g  m ode o f  p ip e lin e  fa ilu re .

T h e  e ffe c ts o f  in te rn a l p re s s u re  are a lso  dep ic ted  in  F ig u re  4 .2 5 . T h e  n u m e ric a l 

re s u lt s  are o b ta in e d  fo r  a p re s s u re  le ve l equa l to  5 6 %  o f  th e  m a x im u m  o p e ra tin g  

p re ssu re , pmax, and s h o w  th a t th e  p resence  o f  in te rn a l p re s s u re  re s u lt s  to  a sm a ll 

decrease o f  c rit ic a l fa u lt  m o ve m e n t, dcr, ( F ig u re  4 2 5 a ]. T h i s  decrease is  a ttr ib u te d  to  the  

a d d itio n a l s t re s s e s  and s t ra in s  in  th e  p ipe  w a ll because o f  th e  p re s su re . F u r th e rm o re ,  

th e  c o rre sp o n d in g  c rit ic a l s t ra in  in  th e  p resence o f  p re s s u re  is  s im ila r  to  th e  

c o rre sp o n d in g  c rit ic a l s t ra in  fo r  th e  ze ro  p re s s u re  case, as sh o w n  in  F ig u re  4 .2 5 b . N o te  

th a t  E N  1 9 9 8 - 4  p ro v is io n s  [4 6 ]  sp e c ify  a va lue  o f  c rit ic a l s t ra in  in d e p e n d e n t o f  th e  le ve l 

o f in te rn a l p re s su re , and th is  is  v e r if ie d  b y  th e  p re se n t n u m e ric a l re s u lts .
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Chapter 4: Buried Pipelines Normal to Fault Plane

Figure 4.25: (a) C rit ic a l fa u lt  m o v e m e n t v e rs u s  th e  d ia m e te r- to - th ic k n e ss  ra t io  D /t  fo r  

clay I, I I  and (b) C rit ic a l axia l s t ra in  v e rs u s  th e  d ia m e te r- to - th ic k n e ss  ra t io  D /t  fo r  clay I, 

I I  -  p re d ic tio n s  f ro m  E N  1 9 9 8 - 4  (X 6 5  p ipe , w  = 0 .3 3 m , p  = 0  and p  = 0 .5 6  p max)·
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Figure 4.26: (a) C rit ic a l fa u lt  m o v e m e n t v e rs u s  th e  d ia m e te r- to - th ic k n e ss  ra t io  D /t  fo r  

sa nd  I, I I  and (b) C ritic a l axia l s t ra in  v e rs u s  th e  d ia m e te r- to - th ic k n e ss  ra t io  D /t  fo r  sand  

I, I I  -  p re d ic tio n s  f ro m  E N  1 9 9 8 - 4  (X 6 5  p ipe, w =  0 .3 3 m , p  = 0).
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Chapter 4: Buried Pipelines Normal to Fault Plane

Finally, the numerical results for the mechanical behavior of X65 pipelines in non

cohesive soils (Sand I and II] are summarized in Figure 4.26, in terms of the normalized 

fault critical displacement and the critical strain at buckling with respect to the 

diameter-to-thickness ratio, D/t. The results shown in Figure 4.26a indicate that dense 

soil conditions (Sand II] result in lower deformation capacity of the pipeline. 

Furthermore, for both sands, the critical compressive strain, £cr , shown in Figure 4.26b, 

is significantly higher than the one predicted by the provisions of EN 1998-4 [46].

4.2.4 Structural behav ior o f  high-strength X80 steel pipelines

The behavior of buried high-strength steel (API X80] pipelines under fault-induced 

deformation is also analyzed, using the numerical tools described in the previous 

sections. The nominal uniaxial tensile stress-strain relationship of the X80 material is 

plotted in Figure 4.3b. The dashed material curve, which has a yield stress of 596 MPa 

and does not have a plastic plateau, corresponds to a cold expanded (UOE] pipe. The 

solid material curve with a yield stress of 550 MPa and a plastic plateau up to a strain of 

1.48% represents a seamless steel pipe material. Results are obtained for 36-inch- 

diameter X80 steel pipelines with D/t ratios between 48 and 144. Figure 4.27a plots the 

value of the fault critical displacement ratio, dcr/D, in terms of the diameter-to-thickness 

ratio, D/t, for the two types of X80 steel (Figure 4.3b] and for cohesive soil conditions 

(Clay I and II]. As in the case of X65, the value of dcr decreases significantly with 

increasing value of D/t, indicating that thin-walled pipelines are more vulnerable to 

buckling and may fail at relatively small values of fault displacement. It should be noted 

that for the softer Clay I material, no values of dcr are given for D/t = 48 and 72, as no 

wrinkling of the pipeline wall was observed in this case even for fault displacements 

exceeding 4 m. This is attributed to the beneficial effect of tensile deformation on the 

mechanical behavior of those relatively thick pipes. In this case, pipeline extension 

occurs resulting in significant increase of the tensile strains with simultaneous 

reduction of the compressive bending strains, preventing in this way the development of 

local buckling. Naturally, the values of dcr for the high-strength steel X80 pipes in Figure 

4.27a are higher than those for the X65 pipes given in Figure 4.25a. Similarly, Figure 

4.27b plots the critical axial strain, £cr, versus the diameter-to-thickness ratio, D/t , for 

zero internal pressure. Also plotted in the figure is the recommendation by the EN 1998

4 giving more conservative values of £cr. Comparing the behavior of the two X80 

materials, it is evident that both dcr and £cr are higher for UOE pipe due to both increase 

of yield strength and higher initial post-yielding tangent modulus. Finally, the numerical 

results for the maximum axial strain £x at the tension side of the pipe at the onset oflocal
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b u c k lin g  have been fo u n d  to  be s ig n if ic a n tly  lo w e r th a n  the  E N  1 9 9 8 - 4  [4 6 ]  a llo w a b le

va lu e  o f  ε τ ,w = 0 .0 3  fo r  a ll va lu e s o f  D / 1  ra t io  exam ined  h e re in .

day I, X80 seamless
clay II, X80 seamless
clay I, X80UOE
clay II, X80 UOE

100 120 14 0

Diameter-to-Thickness Ratio (D/t)

clay I, X80 seamless
clay II, X80 seamless14
clay I, X80UOE
clay II, X80 UOE

12 EN1998-4

00 120

Diameter Thickness Ratio (D/t)to

Figure 4.27: (a) C rit ic a l fa u lt  m o v e m e n t v e rs u s  th e  d ia m e te r- to - th ic k n e ss  ra t io  D /t  fo r  

tw o  ty p e s o f  X 8 0  p ip e lin e s  (b) C ritic a l axia l s t ra in  v e rs u s  th e  d ia m e te r- to - th ic k n e ss  ra tio  

D /t  fo r  tw o  ty p e s o f  X 8 0  and p re d ic tio n s  f ro m  E N  1 9 9 8 - 4  (w  = 0 .3 3 m , p  = 0 ).
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4 .3  N um erical resu lts for pipelines of infinite length

U s in g  m o d e l M 6 0 -N S , p re se n te d  in  C ha p te r 3, F ig u re s  4 .2 8 a  and 4 .2 8 b  p lo t th e  

d is t r ib u t io n  o f axia l n o rm a l s t ra in  a t th e  te n s io n  and c o m p re ss io n  s id e s  o f th e  p ip e lin e  

re sp e c tiv e ly , fo r  d if fe re n t  va lu e s o f fa u lt  d isp la c e m e n t d  . Th e se  re s u lt s  a re  ob ta ine d  fo r  

a p ip e  w ith  D / t  equal to  9 6  em bedded in  Clay I s o il c o n d itio n s . F ig u re  4 .2 8 c  sh o w s  th e  

e v o lu tio n  o f p ip e lin e  s t re s s  s ta te  and  d e fo rm a tio n  ju s t  b e fo re  and im m e d ia te ly  a fte r  

local b uc k ling . C o n s id e rin g  th e  c o n v e n tio n  o f local b u c k lin g  o n se t g ive n  in  [6 0 , 6 1 ], local 

b u c k lin g  occurs a t a fa u lt  d isp la c e m e n t o f a b o u t d cr = 0 .4 3  m ; th is  is  th e  m o s t c ritic a l 

p e rfo rm a n c e  c r ite r io n  fo r  the  p re s e n t case. T h e  3 %  te n s ile  s t ra in  is  reached  a t d rr = 1 .1 3  

m, w h e re a s  th e  c rit ic a l f la tte n in g  o c c u rs a t a b o u t 1 .9 6  m. N ote  th a t b o th  o f th e se  c r ite r ia  

are  reached a t th e  buckled  lo c a tio n  w e ll  beyond  th e  fo rm a tio n  o f th e  buckle . T h e  5 %  

te n s ile  s t ra in  p e rfo rm a n c e  c r ite r io n  is  n o t reached w ith in  th e  m a x im u m  fa u lt  

d isp la c e m e n t (4  m ) c o n sid e re d  in  th e  a n a ly s is ; in  fact, th e  te n s ile  s t ra in  reaches a va lue  

o f a b o u t 4 .1 %  in  th e  c o u rse  o f th is  a n a ly s is .

Figure 4.28 (c o n tin u e d ): (a) A x ia l n o rm a l s t ra in  a long th e  p ip e lin e  s id e  u n d e r te n s io n  

(b) ax ia l n o rm a l s t ra in  a long th e  p ip e lin e  s id e  u n d e r c o m p re ss io n  (c) a x ia l n o rm a l s t ra in  

c o n c e n tra tio n  b e fo re  and a fte r b u c k lin g . (M o d e l B 6 0 -N S , angle β = 0 ο).
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Figure 4.28 (c o n tin u e d ]: [a ] A x ia l n o rm a l s t ra in  a long  th e  p ip e lin e  s id e  u n d e r te n s io n  

(b ] ax ia l n o rm a l s t ra in  a long th e  p ip e lin e  sid e  u n d e r c o m p re ss io n  [c ] a x ia l n o rm a l s t ra in  

c o n c e n tra tio n  b e fo re  and a fte r b u c k lin g . (M o d e l B 6 0 -N S , angle β = 0 °) .
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F ig u re s  4 .2 9  to  4 .3 2  p lo t  th e  n o rm a lize d  c rit ic a l fa u lt  d isp la c e m e n ts  a long w ith  D / t  ra t io  

fo r  d if fe re n t  s o i l  c o n d itio n s , d if fe re n t  s te e l m a te ria ls , w i th  o r  w ith o u t  in te rn a l p re ssu re .  

I t  is  e v id e n t th a t  th e  e ffe c t o f  le n g th  p la ys no  s ig n if ic a n t ro le  fo r  cases in  w h ic h  b u c k lin g  

occurs in  sm a ll fa u lt  d isp la c e m e n ts, h a v in g  a D / t  g re a te r th a n  7 2 . F o r  th ic k e r p ipes, 

h a v in g  a D / t  le ss  th a n  7 2 , d ive rgence  o f  th e  re s u lt s  is  o b v io u s  and local b u c k lin g  can 

occur fo r  in f in i te  le n g th  p ip e lin e  (even th o u g h  fo r  a f in ite  le n g th  p ip e lin e  i t  does n o t  

o ccur] as sh o w n  in  F ig u re  4 .3 2 . Th e s e  re s u lt s  v e r i fy  th e  b e n e fic ia l e ffe c t o f  ax ia l 

s tre tc h in g  in  th e  case o f  a ze ro  c ro ss in g  angle β.

Figure 4.29: C ritic a l fa u lt  m o v e m e n t v e rs u s  th e  d ia m e te r- to - th ic k n e ss  ra t io  D /t  fo r  

in f in i te  and f in ite  le n g th  o fX 6 5  p ip e lin e s , Clay I c o n d itio n s .
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Diameter-to-Thickness Ratio (D/t)
Figure 4.30: C ritic a l fa u lt  m o v e m e n t v e rs u s  th e  d ia m e te r- to - th ic k n e ss  ra t io  D /t  fo r  

in f in i te  and f in ite  le n g th  o fX 6 5  p ip e lin e s , Clay I I  c o n d itio n s .

Diameter-to-Thickness Ratio (D/t)
Figure 4.31: C ritic a l fa u lt  m o v e m e n t v e rs u s  th e  d ia m e te r- to - th ic k n e ss  ra t io  D /t  fo r  

in f in i te  and f in ite  le n g th  o fX 6 5  p ip e lin e s  w ith  in te rn a l p re s su re , Clay I c o n d itio n s
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Q

Diameter-to-Thickness Ratio (D/t)
Figure 4.32: C ritic a l fa u lt  m o v e m e n t v e rs u s  th e  d ia m e te r- to - th ic k n e ss  ra t io  D /t  fo r  

in f in i te  and f in ite  le n g th  o fX 8 0  p ip e lin e s , Clay I c o n d itio n s

Figure 4.33: C ritic a l fa u lt  m o v e m e n t v e rs u s  th e  d ia m e te r- to - th ic k n e ss  ra t io  D /t  fo r  

in f in ite  and f in ite  le n g th  o fX 6 5 p ip e lin e s , Sa nd  I c o n d itio n s
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Chapter 5: Effect of fault crossing angle on pipeline response

Effect of fault crossing angle on pipeline response

5.1  In trod uction

The structural response of steel pipelines crossing a strike-slip fault at an oblique 

angle and subjected to fault movement is examined numerically in this Chapter. The 

nonlinear material behaviour of the steel pipe and the surrounding soil, the interaction 

between soil and pipe, as well as the distortion of the pipeline cross-section and large 

deformation of the soil are modelled in a rigorous manner, so that the pipeline 

performance criteria are evaluated with a high-level of accuracy. A detailed description 

of the numerical model was presented in Chapter 3.

Figure 5.1 illustrates the numerical model, indicating the oblique fault plane that 

divides the soil in two blocks of equal size. As in Chapter 4, the analysis is conducted in 

two steps: first, gravity loading is applied and subsequently, fault movement is imposed 

using a displacement-controlled scheme, which increases gradually the fault 

displacement d . When pressurized pipelines are analysed an intermediate step of 

internal pressure application is considered.

Section 5.2 presents results for the case of pipelines having a finite length. In this 

case, the nodes on the vertical boundary planes of the first block (pipe and soil nodes] 

remain fixed in the horizontal directions. A uniform horizontal displacement due to fault 

movement is imposed at the external nodes (pipe and soil] of the moving block in a 

horizontal direction parallel to the fault plane, whereas the motion along the vertical 

direction is not restrained. All nodes on the base are fixed with respect to vertical 

displacement to avoid rigid body motion.

Section 5.3 presents results for the case of infinitely long pipelines, in which the 

force-displacement behaviour at the two pipeline ends is simulated by the equivalent 

nonlinear spring proposed in Chapter 3. In this case, both the external soil-block nodes 

and the supports of the nonlinear springs of the moving block are subjected to 

displacement parallel to the fault plane.
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Figure 5.1 : F in i te  e le m e n t m o d e l o f  th e  s o il p r is m  w ith  te c ton ic  s t r ik e - s l ip  fa u lt.

Figure 5.2 :

d isp la c e m e nt.

D e fo rm a tio n  o f  th e  p ip e lin e -so il sy s te m  a fte r a p p lic a tio n  o f  fa u lt
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Chapter 5: Effect of fault crossing angle on pipeline response

Figure 5.2 plots the soil-pipeline system after a seismic fault movement in the 

horizontal direction. The angle β  between the fault direction n and the direction y  

(see Figure 3.9] is a key parameter of the present study. Positive values of β  indicate 

that the fault movement induces tension to the pipeline, whereas negative values of β  

induce compression. To overcome numerical complications due to discontinuity at the 

vicinity of the fault, the fault movement is considered to occur within a narrow zone of 

width w , as in Chapter 4, a common practice in several recent numerical studies of 

fault-foundation interaction [62, 63, 64], which is also probably a more realistic 

representation of the fault displacement mechanism [67].

During the consecutive stages of fault displacement, the performance criteria are 

evaluated, monitoring the maximum values of longitudinal and hoop strain along the 

pipeline, the cross-sectional distortion at critical locations and the formation of pipeline 

wall wrinkling.

In the following sub-sections 5.2.1 and 5.2.2, non-pressurized X65 pipelines are 

analyzed under cohesive and non-cohesive soil conditions respectively, whereas in sub

section 5.2.3 the effects of internal pressure are investigated. Finally, in sub-section 

5.2.4, the structural response of high-strength X80 steel pipelines is examined, including 

the effects of internal pressure.

5.2  N um erical resu lts  for pipelines of finite length

Numerical results are obtained for X65 and X80 steel pipelines for typical values of 

the diameter-to-thickness ratio, and for different soil conditions. The outer diameter D  

of the pipe is equal to 914.4 mm (36 in], which is a typical size for oil and gas 

transmission pipelines. Four values for the pipe wall thickness are considered, namely 

6.35 mm ( l/ 4 in] 9.53 mm ( 3 8  in], 12.7 mm (12 in] and 15.88 mm ( 5 8  in], corresponding

to Djt values equal to 144, 96, 72 and 57.6 respectively, which cover a wide range of oil 

and gas pipeline applications. Note that the first value corresponds (Dft =144] to 

relatively thin-walled pipes, which may also be used for water transmission pipelines.

The soil-pipeline model has dimensions 60 m x 10 m x 5 m in directions x, y, z 

respectively, as the model used in the previous chapter. The seismic fault plane crosses 

the pipeline axis at different angles, so that the value of angle β  (see Figure 3.9] ranges 

between -10° and 45°, where the minus sign indicates a configuration in which the 

pipeline is subjected to global compression.
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5.2.1 N on-pressurized X65 stee l pipelines in cohesive soils

Buried X65 steel pipelines, having a 36-inch-diameter, are examined first, in the 

absence of internal pressure, considering cohesive soil conditions with appropriate 

values of soil parameters c , φ and E . The API 5L X65 steel is a typical steel material 

for oil and gas pipeline applications, with a nominal stress - engineering strain curve 

shown with a dashed line in Figure 4.3a, obtained from a uniaxial tensile test. The yield 

stress (7y is equal to 448.5 MPa (65 ksi] followed by a plastic plateau up to 1.48% strain 

and, subsequently, by a strain-hardening region with a hardening modulus equal to 

about E j 300 ,where E s is the Young's modulus of steel equal to 210 GPa.

A buried steel pipeline with wall thickness equal to )ζ -inch, embedded in a soft-to- 

firm clay soil (Clay I] is considered first. This clay, responding under "undrained 

conditions”, has a cohesion c  = 50 kPa, friction angle φ = 0°, Young's modulus E  = 25  

MPa and Poisson's ratio V = 0.5. Figure 5.3 depicts the shape of the deformed pipeline at 

fault displacements d  = 0.4 m, 1.37 m, 2 m and 2.9 m in the area near the fault, crossing 

the fault at a right angle ( β  = 0°]. Moreover, it depicts distribution of the longitudinal 

normal strain on its outer surface and the distortion of the pipe cross-section at the 

same four values of fault displacement.

Figure 5.4a plots the distribution of the longitudinal normal strain on its outer

surface for fault displacement values d  from 0.4m to 0.45m. For d  = 0.43 m, the 

pipeline wall exhibits local buckling, in the form of a short-wave wrinkling pattern. It is 

reminded that the wrinkling pattern is formed gradually with increasing fault 

displacement. Figure 5.4b illustrates the deformed pipeline in the buckled area and plots 

the pipeline surface displacements for values of d  from 0.4m to 0.45m.

As discussed in the previous chapter, the onset of buckling is defined as the stage in 

which outward displacement of the pipe wall starts at the area of maximum 

compression and the corresponding displacement is referred to as "critical fault 

displacement” ( d cr ]. At that stage, bending strains due to pipe wall wrinkling develop,

associated with significant tensile strains at the "ridge” or "crest” of the buckle, so that 

the longitudinal compressive strains at this location at the outer surface of the pipe wall 

start decreasing, forming a short wavy pattern at this location.
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Chapter 5: Effect of fault crossing angle on pipeline response

Figure 5.3 : (a) Deformed shape and distribution of longitudinal strain along a pipeline 
crossing a strike-slip fault ( β  — 0o) for various values of fault displacement and (b)

cross-sectional deformation at a distance of 0.5 m from the fault (X65 steel, Ώ β  — 96, 
Clay I, p=0)

At the onset of local buckling, the longitudinal compressive strain at the buckle 

location ( ecr) is equal to -6 .9 0 x l0 3, which is considerably higher than the 

corresponding value of -2 .7 lx l0 -3 predicted by the equation of Gresnigt and Karamanos 

[50]. Furthermore, the maximum tensile strain on the opposite side of the pipe ( £Tmax)

is 3 .54xl0-3, which is substantially lower than the strain that would cause tensile failure 

in the form of rupture in a non-seriously-defected pipeline.

Under increasing fault displacement the wrinkled pattern develops further, resulting 

in a significant localization of deformation at the buckled area. However, this wrinkle 

development occurs up to a fault displacement equal to l.37m, whereas beyond this 

value, the depth of the buckle (i.e. the wrinkling wave amplitude) starts decreasing due
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to longitudinal stretching of the pipeline, as shown in Figure 5.3b for values of fault 

displacements d  greater than 1.37 m. Furthermore, as the total pipeline length 

increases with continued fault movement due to longitudinal stretching, it results to 

higher tensile strains in the longitudinal direction, whereas the corresponding 

compressive strains become smaller. This is shown in Figure 5.3b, where for a fault 

displacement of d  = 2.9 m, compressive longitudinal strains are significantly lower than 

those corresponding to a fault displacement of d  = 1.4 m. The variations of longitudinal 

compressive and tensile strain £x along the two outer (most stressed] generators of the

pipe cylinder are shown in Figures 5.4 and 5.5 for a small segment of the pipeline about 

the critical area and for different values of the fault displacement.

Beyond the formation of the local buckle and for fault displacement greater than 

1.5m, significant distortion of the cross-section in the form of ovalization is observed. 

The pipeline cross-section with maximum distortion is located at a distance of 0.5 m 

from the fault, and the corresponding flattening parameter (equation 2.17] reaches the 

critical value of 0.15 at a fault displacement equal to d  = 1.71 m. In addition, the 

maximum tensile longitudinal strain of the pipe is significantly increased, on either side 

of the pipeline cross-section, which may lead to local fracture at welds or at locations of 

minor defects. For a fault displacement of d  = 1.62 m, the maximum tensile strain is 

equal to 3%, a critical value as discussed above. At the end of the analysis (fault 

displacement equal to 4m], the longitudinal tensile strain limit of 5% has not been 

reached at any location of the pipeline wall.
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Chapter 5: Effect of fault crossing angle on pipeline response

(a)
distance, m

Figure 5.4 : (a) Variation of axial strain along the critical pipeline generator at the 
compression side of the buckled area for different values of fault displacement, (b) 
evolution of wall wrinkling (X65 steel, D /t = 96, Clay I, and β  = 0°).
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Figure 5.5 : Variation of axial strain at the tension side of the buckled area for different 
values of fault displacement (X65 steel, D /t = 96, Clay I, and β  = 0°].

The same X65 steel, 36-inch-diameter 3 8  -inch-thick pipeline, embedded in the same 

soft-to-firm clay (Clay I], is also examined for various crossing angles. Figure 5.6 shows 

the deformed shapes of the pipeline for a value of β  equal to 25°, at various fault 

displacements. At this angle, local buckling of the pipeline wall does not occur. The 

deformed shape shows a significant distortion of the pipeline cross-section in the form 

of ovalization. The amount of ovalization, measured according to the flattening 

parameter f , reaches a critical value of 0.15 at fault displacement of 0.77 m, at the area 

where the pipe intersects with the fault. Under increasing fault movement, this 

ovalization pattern is further developed resulting in a severe distortion of the pipe 

cross-section (see Figure 5.6], associated with negative hoop curvature of the pipeline 

wall, sometimes referred to as "inversion”, for a fault displacement d  = 1.45 m. The 

critical longitudinal tensile strain limits of 3% and 5% appear at a fault displacements of 

d  = 0.58 m and d  = 1.15 m, respectively, one meter away from fault.

134

Institutional Repository - Library & Information Centre - University of Thessaly
09/06/2024 17:36:05 EEST - 3.135.186.246



Chapter 5: Effect of fault crossing angle on pipeline response

Figure 5.6 : (aj Deformed shape and distribution of longitudinal strain along a pipeline 
crossing a strike-slip fault at β  — 25° for various values of fault displacement and (bj

cross-sectional deformation at a distance of 0.5 m from the fault (X65 steel, D /t — 96, 
Clay I, p=0)

Moreover, the same pipeline embedded in Clay I soil conditions is also analysed for 

the case of crossing the fault plane at an angle of β  equal to 45°. The deformed shapes 

of the pipeline are shown in Figure 5.7 for fault displacement values equal to 0.5m, lm, 

1.5m, and 2m. Maximum longitudinal tensile strain occurs at the cross-section where the 

pipeline crosses the fault plane and reaches the critical values of 3% and 5% at a fault 

displacements d  = 0.335 m and 0.885 m, respectively. Furthermore, the cross-sectional 

flattening parameter f  reaches the critical value of 0.15 at fault displacement of 0.74 m, 

at the area where the pipeline intersects the fault plane. Under increasing fault 

movement, this flattening pattern develops further as shown in Figure 5.7, resulting into 

an inversion of the pipeline wall, for a fault displacement of d = 1.80 m.

The response of the pipeline becomes quite different if a negative crossing angle β  

is considered. In this case, the fault motion is associated with a decrease of length of the 

pipeline, resulting in the development of significant compressive stresses and strains, 

leading to local buckling.
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Figure 5.8 shows the deformed shape of the above 38 "inch X65 steel pipeline 

embedded in Clay I soil conditions, crossing the fault plane at an angle of β  equal to - 

10o. The critical fault displacement at which wrinkling initiates has been computed 

equal to 0.225 m at a distance of 3.6 m away from the fault. At this point the values of 

compressive strain at buckle is -5.32x10-3, higher than the value of -2.71x10-3 predicted 

by equation (2.15), whereas the corresponding maximum tensile strain on the opposite 

side of the pipeline wall is equal to 1.01x10 -3 .Upon continuation of fault displacement, 

the buckle pattern is further developed resulting in folding of the pipeline wall and 

inversion of the buckled cross-section at fault displacement d=0.75m. Tensile strain of 

3% occurs at fault displacement d=0.49m and 5% at d=0.67m, and the ovalization 

performance criterion is reached at d=2.3m, at a distance of 0.5m from the fault.

Figure 5.7 : (a) Deformed shape and distribution of longitudinal strain along a pipeline 
crossing a strike-slip fault at β  — 4 5 o for various values of fault displacement and (b)

cross-sectional deformation at a distance of 0.5 m from the fault (X65 steel, D /t — 96, 
Clay I, p=0)
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Figure 5.8 : (a) D e fo rm e d  shape and d is t r ib u t io n  o f lo n g itu d in a l s t ra in  a lo ng  a p ip e lin e  

c ro ss in g  a s t r ik e - s l ip  fa u lt  a t β  — -1 0 °  fo r  v a r io u s  va lu e s o f fa u lt  d isp la c e m e n t and (b)

c ro ss-se c tio n a l d e fo rm a tio n  a t a d is ta n c e  o f 0 .5  m  fro m  th e  fa u lt  (X 6 5  ste e l, D / t  — 9 6 , 

Clay I, p = 0 )

R e s u lts  fro m  an e x te n s ive  p a ra m e tric  in v e s tig a tio n  fo r  d if fe re n t  v a lu e s  o f th e  angle  

β  a re  s h o w n  in  g ra p h ica l fo rm  in  F ig u re  5 .9  fo r  X 6 5  stee l, D / t  — 9 6 , C lay I s o il 

c o n d tio n s  and ze ro  in te rn a l p re s s u re  p. T h e  re s u lt s  a re  p lo tte d  in  te rm s  o f c ritic a l fa u lt  

d isp la c e m e n ts  v e rs u s  th e  c ro ss in g  angle β  fo r  each o f th e  fo u r  p e rfo rm a n c e  c rite r ia : (a) 

local b uc k lin g , (b) lo n g itu d in a l s t ra in  equal to  3 % , (c) lo n g itu d in a l s t ra in  equal to  5 %  

and (d) c ro ss-se c tio n a l f la tte n in g  f  — 0 .1 5 .

T h e  re s u lt s  ind ic a te  th a t fo r  n o n -p o s it iv e  va lu e s o f angle β , local b u c k lin g  is  th e  

d o m in a n t l im i t  sta te . F o r  p o s it iv e  v a lu e s  o f β, tw o  m a jo r l im i t  s ta te s, n a m e ly  th e  3%o 
lo n g itu d in a l te n s ile  s t ra in  and th e  c ro ss  se c tio n  fla tte n in g  are m o s t im p o rta n t. F o r  

v a lu e s o f β  up  to  a b o u t 1 5 °, c ro ss  se c tio n a l f la tte n in g  is  reached f i r s t ,  w h e re a s fo r  

g re a te r v a lu e s o f β  th e  3 %  te n s ile  s t ra in  c r ite r io n  becom es th e  d o m in a n t l im i t  sta te . I t  

is  fu r th e r  o b se rve d  th a t, an in c re a se  o f  th e  va lue  o f β  re s u lts  in  a s ig n if ic a n t decrease o f  

th e  va lue  o f n o rm a lize d  c ritic a l fa u lt  d isp la c e m e nt.
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Figure 5.9 : N o rm a lize d  c rit ic a l fa u lt  d isp la c e m e n t fo r  v a r io u s  p e rfo rm a n c e  l im it s  a t 

d if fe re n t  angles o f  β  (X 6 5  ste e l, C lay I, D / t= 9 6 ,  p  = 0 ].

In  a s im ila r  w ay, F ig u re s  5 .1 0 , 5 .1 1  and 5 .1 2  p lo t  th e  fa u lt  d isp la c e m e n t v a lu e s  

c o rre sp o n d in g  to  th e  fo u r  p e rfo rm a n c e  c r ite r ia  w ith  re sp e c t to  th e  c ro ss in g  angle β  fo r

X 6 5  p ip e lin e s  w ith  D/t ra t io s  equa l to  1 4 4 , 7 2  and 5 7 .6 , re sp e c tiv e ly . T h e  re s u lts  

ind ic a te  th a t th e  b e h a v io u r ha s se v e ra l s im ila r it ie s  w i th  th e  re s u lt s  in  F ig u re  5 .9 . 

N e v e rth e le ss , th e  re s u lt s  sh o w  a s ig n if ic a n t dependence o f  th e  c rit ic a l fa u lt  d isp la c e m e n t 

w ith  re sp e c t to  th e  D/ t ra tio . Lo c a l b u c k lin g  is  o b se rve d  a t n o n -p o s it iv e  v a lu e s o f  β . In  

a d d itio n , fo r  th e  th in -w a lle d  p ip e lin e  ( D/ t = 1 4 4 ]  local b u c k lin g  m ay a lso  occur fo r  sm a ll 

p o s it iv e  v a lu e s o f  β ( β  = 5 o] a t a va lue  o f  fa u lt  d isp la c e m e n t equa l to  0 .5 2 m . W ith  

in c re a s in g  fa u lt  d isp la c e m e nt, th e  local buckle  does n o t deve lop  fu r th e r ,  and i t s  s ize  is  

reduced due to  lo n g itu d in a l s tre tc h in g .

F o r  a ll cases w ith  p o s it iv e  v a lu e s o f  β , th e  fla tte n in g  l im i t  s ta te  and th e  3 %  te n s ile  

s t ra in  l im i t  s ta te  a re  d o m in a n t, as in  th e  case o f  D/ t = 9 6 . T h e  angle β  a t w h ic h  th e  3 %  

te n s ile  s t ra in  l im i t  s ta te  becom es c rit ic a l o v e r th e  fla tte n in g  l im i t  s ta te  depends on  the  

D/ t ra tio . F o r  th e  case o f  D / t  equa l to  5 7 .6  th e  3 %  te n s ile  s t ra in  is  th e  g o v e rn in g  l im i t  

sta te  c r ite r io n .
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Fau lt ang le  β, degrees

Figure 5.10 : N o rm a lize d  c rit ic a l fa u lt  d isp la c e m e n t fo r  v a r io u s  p e rfo rm a n c e  l im it s  a t 

d if fe re n t  angles o f  β  (X 6 5  ste e l, C lay I, D / t= 1 4 4 ,  p  = 0 ].

Fault ang le  β, degrees

Figure 5.11 : N o rm a lize d  c rit ic a l fa u lt  d isp la c e m e n t fo r  v a r io u s  p e rfo rm a n c e  l im it s  a t 

d if fe re n t  angles o f  β  (X 6 5  ste e l, Clay I, D / t= 7 2 ,  p = 0 ].
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-10 0 10 20 30 40 50
Fau lt ang le  β, degrees

Figure 5.12 : N o rm a lize d  c rit ic a l fa u lt  d isp la c e m e n t fo r  v a r io u s  p e rfo rm a n c e  l im it s  a t 

d if fe re n t  angles o f  β  (X 6 5  ste e l, C lay I, D / t= 5 7 .6 ,  p = 0 ]

T h e  re sp o n se  o f  th e  above X 6 5  s te e l p ip e lin e  ( D / t  = 9 6 ] ,  b u rie d  in  s t i f fe r  cohesive  

s o il c o n d itio n s , is  exam ined , a ssu m in g  va lu e s o f  s o i l  p a ra m e te rs  c , E  and φ  equa l to  

2 0 0  kPa , 1 0 0  M Pa  and 0 o, re sp e c tiv e ly . T h i s  s o i l  re p re se n ts  a v e ry  s t i f f  c lay u n d e r  

"u n d ra in e d  c o n d it io n s”, re fe r re d  to  as Clay II. T h e  n u m e ric a l re s u lt s  ind ic a te  th a t th e  

b e n d in g  d e fo rm a tio n  o f  th e  p ip e lin e  in  s t i f f  s o i l  occurs w i th in  a s h o r t  d ista nc e  f ro m  th e  

fa u lt  lo c a tio n . F o r  th e  p a rt ic u la r  case o f  β  =  0 °, th e  c rit ic a l c ro ss-se c tio n  is  a t a d ista nce  

o f 2 .5  m  fro m  th e  fa u lt. C o m p a riso n  o f  re s u lt s  in  F ig u re  5 .1 3  w ith  th o se  sh o w n  in  F ig u re

5 .9  ( fo r  Clay I ]  d e m o n s tra te s  th e  s ig n if ic a n t e ffe c t o f  s ite  c o n d itio n s  on  th e  re sp o n se  o f  

th e  s te e l p ip e lin e . In  th e  case o f  a s t i f f  so il,  b e n d in g  d e fo rm a tio n  a ffe c ts a s m a lle r  le n g th  

o f th e  p ip e lin e , so  th a t h ig h e r b e n d in g  s t re s s e s  and s t ra in s  deve lop  fo r  th e  sam e fa u lt  

d isp la c e m e n t d , th a n  th o se  in  th e  case o f  a s o f t  so il.  T h u s ,  th e  p e rfo rm a n c e  l im it s  fo r  

th e  s t i f f  s o i l  a re  reached a t s ig n if ic a n tly  lo w e r  va lu e  o f  fa u lt  d isp la c e m e n t. F u r th e rm o re ,  

in  s t i f f  s o il c o n d itio n s , F ig u re s  5 .1 4  and 5 .1 5  d e p ic t th e  c o rre sp o n d in g  re s u lt s  fo r  X 6 5  

p ip e lin e s  w ith  D / t  equa l to  1 4 4  and 7 2 . T h e  re s u lts ,  com pared  w ith  th o se  in  F ig u re s  5 .9 ,

5 .1 0  and 5 .1 1  ind ic a te  a s ig n if ic a n tly  lo w e r  d e fo rm a tio n  capacity fo r  s t i f f  s o il c o n d itio n s . 

F u r th e rm o re , th e  re s u lt s  s h o w  th a t fo r  p o s it iv e  va lu e s o f  angle β  th e  3 %  te n s ile  s t ra in  

is  th e  g o v e rn in g  m ode o f  fa ilu re .

140

Institutional Repository - Library & Information Centre - University of Thessaly
09/06/2024 17:36:05 EEST - 3.135.186.246



Chapter 5: Effect of fault crossing angle on pipeline response

Figure 5.13 : N o rm a lize d  c rit ic a l fa u lt  d isp la c e m e n t fo r  v a r io u s  p e rfo rm a n c e  l im it s  a t 

d if fe re n t  angles o f  β  (X 6 5  ste e l, C lay II ,  D / t= 9 6 ,  p = 0 ].

F au lt  a n g le  β, d eg ree s

Figure 5.14 : N o rm a lize d  c rit ic a l fa u lt  d isp la c e m e n t fo r  v a r io u s  p e rfo rm a n c e  l im it s  a t 

d if fe re n t  angles o f  β  (X 6 5  ste e l, C lay II ,  D / t= 1 4 4 ,  p = 0 ].

141

Institutional Repository - Library & Information Centre - University of Thessaly
09/06/2024 17:36:05 EEST - 3.135.186.246



Chapter 5: Effect of fault crossing angle on pipeline response

Fau lt ang le  β, degrees

Figure 5.15 : N o rm a lize d  c rit ic a l fa u lt  d isp la c e m e n t fo r  v a r io u s  p e rfo rm a n c e  l im it s  a t 

d if fe re n t  angles o f  β  (X 6 5  ste e l, C lay II ,  D / t= 7 2 ,  p = 0 ].

D e p e n d in g  on p ip e lin e  th ic k n e ss , loca l b u c k lin g  m ay a lso  occur a t p o s it iv e  va lu e s o f  

angle β . M o re  sp e c ific a lly , loca l b u c k lin g  occurs fo r  β  =  5 o in  th e  case o f  Ό β  equa l to  

7 2  and 9 6 , w h e re a s fo r  th e  case o f  th in -w a lle d  p ip e lin e  ( Ό / t  =  1 4 4 ]  local b u c k lin g  

occurs even a t β  =  1 0 o

5 .2 .2  N o n - p r e s s u r i z e d  X 6 5  s t e e l  p i p e l i n e s  in  c o h e s io n le s s  so ils

In  th is  se c tio n , th e  re sp o n se  o f  th e  above X 6 5  s te e l p ip e lin e  ( Ό / t  =  9 6 ]  em bedded in  

c o h e sio n le ss  s o ils  is  exa m ine d  and com pared  to  th e  re sp o n se  o b ta in e d  fo r  th e  cohesive  

s o ils .  A  g ra n u la r  s o i l  is  c o n s id e re d  w ith  a f r ic t io n  angle φ  = 3 0 ° , Y o u n g 's  m o d u lu s  E  = 8  

M Pa  and P o is s o n 's  ra t io  v = 0 .3 , c o rre sp o n d in g  to  lo o se  sa nd  and re fe r re d  to  as "S a n d ”. 

T h e  re la t iv e ly  sm a ll va lu e  o f  th e  s tre ss-d e p e n d e d  Y o u n g 's  m o d u lu s  E  is  ju s t i f ie d  b y  th e  

s h a llo w  e m b e d m e n t d e p th  o f  th e  p ip e lin e . A  sm a ll a m o u n t o f  a r t i f ic ia l c o h e sio n  equal to  

c  = 5  k P a  is  a lso  a ssu m e d  to  p re v e n t n u m e ric a l d if f ic u lt ie s  assoc ia ted  w ith  the  

b e h a v io u r o f  a p u re ly  fr ic t io n a l m a te ria l a t v e ry  sm a ll c o n fin in g  s t re s s ,  suc h  as d u r in g  

gap o p e n in g  a t th e  p ip e -so il in te rfa c e .
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Chapter 5: Effect of fault crossing angle on pipeline response

For various values of β , the results for the X65 pipeline with D/t =96 are 

summarized in Figure 5.16. The numerical results indicate that, for non-positive values 

of the angle β , local buckling is the dominant limit state. For the particular case of zero 

crossing angle ( β  =0°], a value of fault displacement equal to 0.59 m is required for local 

buckling to occur. Beyond this stage, significant distortion of the cross-section occurs 

due to local buckling on the pipe wall on the compression side of the bent pipeline. The 

shape of the developing buckling is similar to that of Clay I. The longitudinal 

compressive strain at the onset of local buckling (£cr] is equal to -8.4χ103, higher than 

the value calculated via equation (2.15]. For positive values of angle β  up to 20°, the 

cross-sectional flattening limit state is dominant, whereas for larger values of β  the 3% 

tensile strain is the governing limit state.

The corresponding results for an X65 pipeline with D/t equal to 72 are depicted in 

Figure 5.17. The behaviour of this thicker buried pipeline has similar trends, but the 

results indicate that larger fault displacements are required in order to reach the 

performance criteria.

Figure 5.16 : Normalized critical fault displacement for various performance limits at 
different angles of β  (X65 steel, Sand, D/t=96, p=0].
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Chapter 5: Effect of fault crossing angle on pipeline response

Figure 5.17 : N o rm a lize d  c rit ic a l fa u lt  d isp la c e m e n t fo r  v a r io u s  p e rfo rm a n c e  l im it s  a t 

d if fe re n t  angles o f  β  (X 6 5  ste e l, Sand, D / t= 7 2 ,  p = 0 ].

5 .2 .3  M e c h a n i c a l  b e h a v i o r  o f  p r e s s u r i z e d  X 6 5  s t e e l  p i p e l i n e s

T h e  e ffe c ts o f  in te rn a l p re s s u re  on  p ip e lin e  m echanica l b e h a v io u r are in v e stig a te d  

c o n s id e rin g  in te rn a lly  p re s s u r iz e d  X 6 5  p ip e lin e s  w ith  th ic k n e ss  o f  %  inch , em bedded in  

s o f t- to - f irm  s o il c o n d itio n s  (C lay I ] .  T h e  n u m e ric a l re s u lt s  p re se n te d  in  F ig u re s  5 .1 8  and

5 .1 9  c o rre sp o n d  to  a p re s s u re  le ve l o f  3 8  b a r, w h ic h  is  equa l to  5 6 %  o f  th e  m a x im u m  

o p e ra tin g  p re s s u re  p max e x p re sse d  b y  e q u a tio n  (4 .1 ] ,  w h e re a s th e  re s u lt s  in  F ig u re s

5 .2 0  and 5 .2 1  sh o w  th e  c o rre sp o n d in g  re s u lt s  fo r  a lo w e r p re s s u re  le ve l equa l to  2 6  ba r, 

w h ic h  is  3 8 %  o f  p max. A t  th o se  le v e ls  o f  in te rn a l p re s su re , c ro ss  se c tio n a l d is to r t io n  o f

th e  p ip e lin e  is  q u ite  sm a ll and fla tte n in g  does n o t reach th e  c rit ic a l va lue  o f  0 .1 5 , even  

fo r  la rg e  v a lu e s o f  th e  im p o se d  fa u lt  d isp la c e m e nt. F o r  n o n -p o s it iv e  v a lu e s  o f  angle β  

loca l b u c k lin g  occurs. T h e  b uc k le d  shapes o f  th e  p re s s u r iz e d  p ip e lin e s , sh o w n  in  F ig u re  

5 .2 2  are q u ite  d if fe re n t  f ro m  th o se  o f  th e  n o n -p re s s u r iz e d  p ip e lin e s  sh o w n  in  F ig u re  

5 .4b . N e v e rth e le ss , th e  c o rre sp o n d in g  v a lu e s o f  c rit ic a l fa u lt  d isp la c e m e n t d cr (0 .4 1  m

and 0 .3 9  m  fo r  3 8 %  and 5 6 %  o f  p max, re sp e c tiv e ly ] are so m e w h a t lo w e r  th a n  th e  

c o rre sp o n d in g  va lue  w ith o u t  p re s su re . T h i s  is  a ttr ib u te d  to  th e  d e v e lo p m e n t o f
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Chapter 5: Effect of fault crossing angle on pipeline response

a d d itio n a l s t re s s e s  and s t ra in s  in  th e  p ip e lin e  w a ll th a t  cause e a rly  y ie ld in g  and  

p re m a tu re  loca l b u c k lin g  fo rm a tio n , an o b se rv a tio n  a lso  n o te d  in  [6 0 ] .

Figure 5.18 . N o rm a lize d  c rit ic a l fa u lt  d isp la c e m e n t fo r  v a r io u s  p e rfo rm a n c e  l im it s  a t 

d if fe re n t  angles o f  β  (X 6 5  ste e l, Clay I, D / t= 9 6 ,  p =  0 .5 6  pmax].

Fau lt ang le  β, degrees

Figure 5.19 : N o rm a lize d  c rit ic a l fa u lt  d isp la c e m e n t fo r  v a r io u s  p e rfo rm a n c e  l im it s  a t 

d if fe re n t  angles o f  β  (X 6 5  ste e l, Clay I, D / t= 7 2 ,  p =  0 .5 6  pmax].
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Figure 5.20 : N o rm a lize d  c rit ic a l fa u lt  d isp la c e m e n t fo r  v a r io u s  p e rfo rm a n c e  l im it s  a t 

d if fe re n t  angles o f  β  (X 6 5  ste e l, Clay I, D / t= 9 6 ,  p =  0 .3 8  pmax].

Figure 5.21 : N o rm a lize d  c rit ic a l fa u lt  d isp la c e m e n t fo r  v a r io u s  p e rfo rm a n c e  l im it s  a t 

d if fe re n t  angles o f  β  (X 6 5  ste e l, Clay I, D / t= 7 2 ,  p =  0 .3 8  pmax].
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Chapter 5: Effect of fault crossing angle on pipeline response

0 38 0 56P Pmn max

Figure 5.22 : Bu c k le d  sha p es o f  p re s s u r iz e d  p ipes.

T h e  c o m p re ss iv e  lo n g itu d in a l s t ra in s  a long th e  c rit ic a l g e n e ra to r o f  th e  p re s s u r iz e d  

s te e l p ip e lin e  a t th e  o n se t o f  loca l b u c k lin g  are equa l to  -8 .5 x 1 0 3 and - 7 .2 x 1 0 -3 fo r  5 6 %  

and 3 8 %  o f  p m x , w h ic h  are h ig h e r c om pared  to  th e  v a lu e s g iven  fro m  e q u a tio n  (2 .1 5 ] ,  

equa l to  - 4 .9 x 1 0 3 and - 3 .7 7 x 1 0 -3, re sp e c tiv e ly . F o r  p o s it iv e  v a lu e s o f  ang le  β , th e  3 %  

lo n g itu d in a l te n s ile  s t ra in  c r ite r io n  is  th e  g o v e rn in g  l im i t  sta te .

T h e  e v o lu tio n  o f  c ro ss-se c tio n a l d e fo rm a tio n  in  p re s s u r iz e d  p ip e lin e s  is  sh o w n  in  

F ig u re  5 .2 3  in  te rm s  o f  the  fla tte n in g  p a ra m e te r f  a t th e  c rit ic a l c ro ss-se c tio n  w ith  

re sp e c t to  th e  a p p lie d  fa u lt  d isp la c e m e n t, fo r  v a r io u s  le v e ls  o f in te rn a l p re s s u re .

Figure 5.23 : E v o lu t io n  o f  f la tte n in g  p a ra m e te r f  v e rs u s  fa u lt  d isp la c e m e n t fo r  d if fe re n t  

va lu e s o f  in te rn a l p re s s u re  (X 6 5  ste e l, D / t  =  9 6 , Clay I, β  =  2 5 ° ] .
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Figure 5.24 : E v o lu t io n  o f  c ro ss-se c tio n a l d e fo rm a tio n  in  p re s s u r iz e d  p ip e lin e s  fo r  th e  

sam e fa u lt  d isp la c e m e n t d  =  l m  (X 6 5  ste e l, D / t  =  9 6 , Clay I, β  =  2 5 ° ] .

I t  is  in te re s t in g  to  n o te  th a t even fo r  lo w  le v e ls  o f  in te rn a l p re s su re , th e  d is to r t io n  o f  

th e  c ro ss-se c tio n  is  s ig n if ic a n tly  reduced . F u r th e rm o re , in  F ig u re  5 .2 4 , th e  c ro s s 

se c tio n a l shape o f  th e  p re s s u r iz e d  p ip e lin e s  is  dep ic ted  fo r  th e  sam e va lue  o f  fa u lt  

d isp la c e m e n t ( d  =  lm ] ,  d e m o n s tra tin g  th e  e ffe c ts o f  in te rn a l p re s s u re  on  c ro s s 

se c tio n a l d e fo rm a tio n .

F in a lly , th e  e v o lu tio n  o f hoop , lo n g itu d in a l and v o n  M ise s s t re s s e s  o f  th e  p ip e lin e  

p re s s u r iz e d  a t 3 8 %  o f  p mx is  sh o w n  in  F ig u re s  5 .2 5 , 5 .2 6  and 5 .2 7 . T h e  s t re s s e s  are

m e a su re d  a t th e  c ro ss-se c tio n  w h e re  m a x im u m  s tre s s e s  occur d u r in g  th e  a p p lic a tio n  o f  

fa u lt  m o ve m e n t, located  0 .7 7  m  f ro m  th e  fa u lt. T h e  m e a su re m e n ts  a re  ob ta ine d  a t 

lo c a tio n  A, as d e fin e d  fro m  th e  sk e tc h  in d ic a te d  in  F ig u re s  5 .25  to  5 .2 7 , a t b o th  th e  in n e r  

and th e  o u te r  su rfa c e  o f  th e  p ip e lin e  w a ll. T h e  s ta r t in g  va lue  o f  hoop  s t re s s  is  a b o u t 1 2 5  

M Pa, w h ic h  c o rre sp o n d s  to  a le ve l o f  in te rn a l p re s s u re  equal to  3 8 %  o f  p max. F o r  fa u lt

d isp la c e m e n t v a lu e s  le s s  th a n  0 .2 5  m , th e  p ip e lin e  re m a in s  e la stic  and, because o f  c ro s s 

se c tio n a l fla tte n in g , hoop  s t re s s  a t th e  in n e r  and th e  o u te r su rfa c e  have o p p o site  

v a r ia t io n s  (inc re a se  o f  th e  s t re s s  a t th e  in n e r  su rfa c e  and decrease o f  th e  s t re s s  a t th e  

o u te r su rfa c e ]. A f te r  a fa u lt  d isp la c e m e n t o f  0 .2 5  m  (d / D > 0 .3 ] , th e  p ip e lin e  m a te ria l is  

no lo n g e r e lastic . T h e  hoop  s t re s s e s  a t b o th  th e  in n e r  and o u te r su rfa c e  te n d  to  s ta b ilize
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a t th e  in i t ia l  va lue  o f  1 2 5  M Pa . F in a lly ,  th e  sm a ll inc re a se  o f  lo n g itu d in a l s t re s s  and th e  

v o n  M ise s  s t re s s  w i th  fa u lt  d isp la c e m e n t is  due to  h a rd e n in g .

Figure 5.25 : H o o p  s t re s s  v e rs u s  fa u lt  d isp la c e m e n t a t in n e r  and o u te r  su rfa c e  c ro s s 

se c tio n , lo c a tio n  A  , a t 0 .7 7  m  f ro m  th e  fa u lt  (X 6 5  ste e l, D / t  =  9 6 , C lay I, p = 0 .3 8  p max, 

β  =  2 5 °) .
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Figure 5.26 : L o n g itu d in a l s t re s s  v e rs u s  fa u lt  d isp la c e m e n t a t in n e r  a nd  o u te r  su rfa c e  

c ro ss-se c tio n , lo c a tio n  A  , a t 0 .7 7  m  f ro m  th e  fa u lt  (X 6 5  stee l, =  9 6 , C lay I, p = 0 .3 8

P max ’ β  =  2 5 °)·

600

0 -I---------------------- ---------------------- ---------------------- ---------------------- ---------------------- ---------------------- ----------------------

0 0.5 1 1.5 2 2.5 3 3.5

N orm alized  Fau lt d isp la ce m e n t (d/D)

Figure 5 .27 : v o n  M ise s  s t re s s  v e rs u s  fa u lt  d isp la c e m e n t at in n e r  a nd  o u te r su rfa c e  

c ro ss-se c tio n , lo c a tio n  A  , a t 0 .7 7  m  f ro m  th e  fa u lt  (X 6 5  stee l, D / t  =  9 6 ,  C lay I, p = 0 .3 8

P max . β  =  25<0·
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5 .2 .4  M e c h a n i c a l  b e h a v i o r  o f  X 8 0  s t e e l  p i p e l i n e s

T h e  b e h a v io u r o f  b u rie d  h ig h - s tre n g th  s te e l X 8 0  p ip e lin e s  u n d e r fa u lt- in d u c e d  

d e fo rm a tio n  is  a lso  ana lysed , u s in g  th e  n u m e ric a l to o ls  d e sc rib e d  in  th e  p re v io u s  

se c tio n s. T h e  u n ia x ia l n o m in a l te n s ile  s t re s s - s t ra in  re la t io n s h ip  o f  th e  A P I 5 L  X 8 0  

m a te ria l is  p lo tte d  in  F ig u re  4 .3  w ith  a s o lid  cu rve . T h e  m a te ria l ha s a y ie ld  s t re s s  o f  5 9 6  

M Pa  w ith o u t  a p la s tic  p la teau, c o rre sp o n d in g  to  a cold expanded (U O E ] lin e  p ipe. T h e  

m a x im u m  o p e ra tin g  p re s s u re  p max is  g ive n  b y  e q u a tio n  (4 .1 ]  and is  p lo tte d  w ith  the

so lid  lin e  in  F ig u re  4 .2  in  te rm s  o f  th e  O f  va lue .

N u m e ric a l re s u lt s  are o b ta in e d  fo r  3 6 - in c h -d ia m e te r X 8 0  s te e l p ip e lin e s  w ith  th ic k n e ss  

equa l to  38 - in c h  and % -in c h , c o rre sp o n d in g  to  O f  v a lu e s equa l to  9 6  and 72  

re sp e c tiv e ly , em bedded in  s o f t- to - f irm  cohesive  s o ils  (C lay I] .  T h e  n u m e ric a l re s u lt s  fo r  

ze ro  p re s s u re  a re  su m m a riz e d  in  F ig u re s  5 .2 8  and 5 .2 9  and ind ic a te  s im ila r  t re n d s  w ith  

th o se  o b se rve d  and d isc u sse d  in  th e  above p a ra g ra p h s fo r  th e  X 6 5  p ip e lin e s . In  b o th  

cases, loca l b u c k lin g  o f  p ip e lin e  w a ll occurs a t n o n -p o s itiv e  v a lu e s o f  β . A  c o m p a riso n  

o f th e se  re s u lt s  w i th  th o se  in  F ig u re s  5 .9  and 5 .1 0  fo r  th e  X 6 5  p ip e lin e s  ind ic a te  th a t  

b u c k lin g  occurs a t h ig h e r v a lu e s o f  fa u lt  d isp la c e m e n ts. N e v e rth e le ss , fo r  th e  sp ec ific  

case w h e re  β  =  0 °  and O f  = 7 2 , loca l b u c k lin g  does n o t occur. In  th is  case th e  

c o m p re ss iv e  b u c k lin g  c rit ic a l s t ra in  is  ra th e r  h ig h  due to  th e  h ig h  grade o f  ste e l. T h u s ,  

o w e d  to  th e  te n s ile  s t ra in s  ind uc e d  b y  lo n g itu d in a l s tre tc h in g , th is  c rit ic a l s t ra in  is  n o t  

reached. M o re  d e ta ils  on  th is  b e h a v io u r re g a rd in g  th e  o n se t o f  b u c k lin g  are o ffe re d  in  

C ha p te r 6, w h e re  a s im p lif ie d  m o d e l is  p re se n te d . F o r  p o s it iv e  v a lu e s o f  th e  angle β , th e

o v a liza tio n  p e rfo rm a n c e  c r ite r io n  is  reached f i r s t ,  fo r  b o th  v a lu e s o f  O f , up  to  an angle  

o f β  e q u a lto  a b o u t4 0 ° .

T h e  b e h a v io r o f  p re s s u r iz e d  x 8 0  s te e l p ip e lin e s  is  sh o w n  in  f ig u re s  5 .3 0  and 5 .3 1 . 

fo r  n o n -p o s it iv e  va lu e s o f  β , loca l b u c k lin g  occurs a t c rit ic a l fa u lt  d isp la c e m e n t v a lu e s  

th a t  are s im ila r ,  y e t so m e w h a t lo w e r, th a n  th o se  o f  th e  n o n -p re s s u r iz e d  x 8 0  p ip e lin e s  

w ith  th e  sam e O f  ra tio . In  a d d itio n , fo r  p o s it iv e  v a lu e s  o f  th e  angle β , th e  c ro s s 

se c tio n a l shape o f  th e  p ip e lin e  re m a in s  q u a s i-c irc u la r, th e  fla tte n in g  c r ite r io n  is  n e v e r  

reached, and th e  3 %  lo n g itu d in a l te n s ile  s t ra in  is  th e  g o v e rn in g  l im i t  sta te .
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-10 0 10 20  30 40  50

Fault ang le  β, degrees

Figure 5.28 : N o rm a lize d  c rit ic a l fa u lt  d isp la c e m e n t fo r  v a r io u s  p e rfo rm a n c e  l im it s  a t 

d if fe re n t  angles o f  β  (X 8 0  ste e l, D / t= 9 6 ,  Clay I, p = 0 ].

Figure 5.29 : N o rm a lize d  c rit ic a l fa u lt  d isp la c e m e n t fo r  v a r io u s  p e rfo rm a n c e  l im it s  a t 

d if fe re n t  angles o f  β  (X80 steel, D / t= 7 2 , Clay I, p=0].
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Figure 5.30 : N o rm a lize d  c rit ic a l fa u lt  d isp la c e m e n t fo r  v a r io u s  p e rfo rm a n c e  l im it s  a t 

d if fe re n t  angles o f  β  (X80 steel, D / t= 9 6 , Clay I, p=0.46 pmax].

Figure 5.31 : N o rm a lize d  c rit ic a l fa u lt  d isp la c e m e n t fo r  v a r io u s  p e rfo rm a n c e  l im it s  a t 

d if fe re n t  angles o f  β  (X 8 0  ste e l, D / t= 7 2 ,  Clay I, p = 0 .4 6  pmax].
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5.3  N um erical resu lts for pipelines of infinite length

In  th is  se c tio n , n u m e ric a l re s u lt s  a re  o b ta ine d  fo r  th e  3 6 - in c h , X 6 5  s te e l p ip e lin e , 

th a t  c ro sse s  s t r ik e - s l ip  fa u lts  a t d if fe re n t  angles, a ssu m in g  in f in i te  p ip e lin e  le n g th , 

c o n s id e rin g  a p ipe  th ic k n e ss  equal to  9 .5 3 m m  ( %  in )  re s u lt in g  in  a D [ t  ra t io  equal to  

9 6 . T h e  so il-p ip e lin e  m ode l has d im e n s io n s  6 0 m  x 1 0 m  x 5m  in  d ire c tio n s  x, y, z
re sp e c tiv e ly , w h ic h  c o m p lie s w ith  th e  s ize  re q u ire m e n ts  sta te d  in  th e  p re v io u s  chapter. 

F in a lly , th e  e q u iv a le n t n o n lin e a r s p r in g  a ttached a t th e  ends o f th e  p ip e lin e  accounts fo r  

th e  in f in ite  le n g th , as p re se n te d  in  C h a p te r 3.

5 .3 .1  P ip e l in e  p e r f o r m a n c e  f o r  f a u l t  a n g l e  β  =  2 5 o

Ba se d  on m od e l M 6 0 -N S , F ig u re  5 .3 2  p lo ts  th e  d e fo rm e d  shape o f th e  p ip e lin e  and  

th e  d is t r ib u t io n  o f th e  axia l n o rm a l s t ra in  a t fa u lt  d isp la c e m e n ts equa l to  d  =1 , 1.5, 2 

and 2 .5  m. In  th is  case, a d d itio n a l p ip e lin e  e x te n s io n  equal to  d  s in  β  o c c u rs, re s u lt in g  to  

s ig n if ic a n t re d u c tio n  o f th e  c o m p re ss iv e  b e n d in g  s t ra in s  and, the reby,, p re v e n tin g  th e  

d e ve lo p m e n t o f local b u c k ling .

Figure 5 .32 : F in ite  e le m e n t re s u lt s  f ro m  m od e l M 6 0 -N S  and p = 2 5 0:(a j A x ia l n o rm a l 

s t ra in  and (b) p ip e lin e  se c tio n  d e fo rm a tio n  a t d  =  1 ,1 .5 ,  2 and 2 .5  m.
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F ig u re  5 .3 2 b  i l lu s t ra te s  th e  o v a liz a tio n  o f  th e  p ipe  c ro ss-se c tio n  a t th e  fa u lt  lo c a tio n  

( x  =  0 ] .  T h e  c rit ic a l fa u lt  d isp la c e m e n t fo r  o v a liza tio n  g iven in  T a b le  5 .1  is  1 .2 8  m. 

Hence, th e  d e fo rm e d  p ip e lin e  sha p e s a t d  > 1 .5  m, sh o w n  in  F ig u re  5 .3 2 b , have a lre a d y  

exceeded th e  o v a liza tio n  p e rfo rm a n c e  c r ite r io n . F ig u re  5 .3 3  p lo ts  th e  d is t r ib u t io n  o f  

d isp la c e m e n t in  th e  lo n g itu d in a l x  d ire c tio n  a t g e n e ra to rs  A  and B  ( s h o w n  in  th e  f ig u re ]  

o f th e  p ip e lin e  in  te rm s  o f  th e  d ista n c e  fro m  th e  fa u lt, fo r  fa u lt  d isp la c e m e n ts  d  = 1 ,1 .5 ,  2 

and 2 .5  m . I t  is  e v id e n t th a t th e  m o v e m e n t a long th e  g e n e ra to rs  v a rie s  due to  b e nd ing  

fo r  x  < 1 0  m , b u t  i t  is  p ra c tic a lly  id e n tic a l fo r  x  > 1 0  m , in d ic a tin g  th a t, o u ts id e  th e  m o st-  

s tra in e d  re g io n  n e a r th e  fa u lt, th e  p ip e lin e  is  p ra c tic a lly  u n d e r p u re  ax ia l te n s io n .

Figure 5.33 : D is t r ib u t io n  o f  ax ia l d isp la c e m e n t a t th e  o u te r g e n e ra to rs  located  a t th e  

r ig h t  and le f t  (A  and B ]  s id e s o f  th e  p ip e lin e  v e rs u s  th e  d istance  fro m  th e  fa u lt, u s in g  

m o d e l M 6 0 -N S  w ith  ^ = 2 5 ° .

T h e  ax ia l n o rm a l s t ra in  a t th e  le f t  and  r ig h t  s id e s o f  th e  p ip e lin e  is  p lo tte d  in  F ig u re s .  

5 .3 4 a  and b v e rs u s  th e  d ista nc e  f ro m  th e  fa u lt  fo r  d  = 1 ,1 .5 ,  2 and 2 .5  m . A s sh o w n  in  th e  

f ig u re , fo r  d  < 1 .5m , h ig h  v a lu e s o f  te n s ile  ax ia l s t ra in s  develop a t o ne  s id e  o f th e  

p ip e lin e  due to  th e  com bined  e ffe c t o f  s tre tc h in g  and bend ing , b u t  fo r  d  >  2 m  b o th  s id e s  

u n d e rg o  la rg e  te n s ile  s t ra in s  w i th in  a re g io n  o f  a b o u t 8  m  fro m  th e  fa u lt  lo c a tio n . T h e  

e ffe c t o f  b e n d in g  becom es m a x im u m  a t a d ista nc e  o f  a b o u t 3 -4  m  fro m  th e  fa u lt  and is  

d e c re a sing  w ith  in c re a s in g  va lue  o f  d  . T h e  3 %  and 5 %  te n s ile - s t ra in  l im i t s  are reached  

a t d isp la c e m e n ts  d  = 1 .7 3  m  and 2 .1 7  m , re sp e c tiv e ly . F in a lly , F ig u re s  5 .3 5 a  and b p lo t  

th e  d is t r ib u t io n  o f  ax ia l and hoop  s t ra in s  a long  th e  p e rim e te r o f  th e  p ip e  a t th e  lo c a tio n  

o f th e  fa u lt  p lane  ( x  = 0 ] . T h e  te n s ile  a x ia l s t ra in  does n o t v a ry  s ig n if ic a n t ly  w i th  Θ , b u t
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Chapter 5: Effect of fault crossing angle on pipeline response

the hoop strain varies substantially attaining its maximum compressive stresses at the 

top and the base of the pipeline cross-section, due to cross sectional flattening.

Figure 5.34 : Distribution of axial normal strain versus distance from the fault, using 
model M60-NS for β=25° along generator at the (a] left side and (b] right side of the 
pipeline.
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Figure 5.35 : D is t r ib u t io n  o f  (a] a x ia l n o rm a l s t ra in  and (b ] hoop  s t ra in  a ro u n d  th e  

p e rim e te r o f  th e  p ip e lin e  se c tio n  a t x  -  0 ,  u s in g  m o d e l M 6 0 -N S  (c ro s s in g  angle β  equal 

to  2 5 ° ] .
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5.3.2 Pipeline perform an ce f o r  fa u lt  angle β  = 45o

For a fault angle β  = 45o, the pipeline is subjected to substantial extension during 

fault movement in the x direction by d  sin β  . In this case, local buckling does not occur, 

but the other performance criteria are reached at much smaller fault displacement 

values. Flattening occurs at 1.12m, whereas the 3% and 5% tensile axial strain criteria at 

1.08m and 1.40m, respectively.

5.3.3 E ffect o f  crossing angle β

The above numerical results for the X65-steel infinite length pipeline are 

summarized in graphical form in Figure 5.36, where the fault displacement values 

corresponding to the performance criteria under consideration, are plotted with respect 

to the crossing angle β . The results indicate that for non-positive and small positive 

(less than 5°] values of β , local buckling is the dominant limit state. For greater values 

of β , cross section flattening becomes the most important limit state. Under increasing 

angle β, the normalized ultimate displacement for cross-sectional distortion remains the 

same, whereas 3% and 5% of tensile strain decrease.

These results are also compared with the results in Figure 5.37, derived from a M60 

finite element model with fixed pipeline end conditions, for the same soil and geometric 

properties. Comparison of the two sets of numerical results shows that values of fault 

displacements corresponding to the adopted performance criteria depend on the 

boundary conditions. Furthermore the assumption of rigid (fixed] boundary conditions 

offers conservative estimates of the critical fault displacement. Using the present refined 

model for infinitely long pipelines, it is found that the cross-section flattening limit 

becomes dominant for positive values of angle β  and local buckling does occur at small 

positive values of angle β.
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Figure 5.36 : N o rm a lize d  c rit ic a l fa u lt  d isp la c e m e n t fo r  v a rio u s  p e rfo rm a n c e  l im it s  a t 

d if fe re n t  ang les o f β  (M 6 0 -N S )  fo r  in f in i te  p ip e lin e  le n g th .

Figure 5 .37 : N o rm a lize d  c rit ic a l fa u lt  d isp la c e m e n t fo r  v a rio u s  p e rfo rm a n c e  l im it s  a t 

d if fe re n t  ang les o f β  fo r  fixe d  e nds o f th e  p ip e lin e  segm ent.
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5.3.4 E ffect o f  pipeline length

Figure 5.38a plots the distribution of pipeline displacement in the x direction using 

model M60-NS, for seven different values of the total length L (100, 200, 400, 500, 600, 

700 and 2000 m], fault movement equal to d = 2m and β  = 25o. The displacement 

distribution is plotted from the location of the fault ( x = 0 ] to the pipeline end 

( x = L /2 ]. The results show that for L > 500 m, the pipeline response converges to that 

of an infinitely long pipeline. This is also shown in Table 5.1, which depicts the fault 

displacement for different performance criteria. It is noted that, for a pipeline length L 

less than 400 m, the ovalization performance limit is reached at small fault 

displacements, due to the high tensile stresses imposed by the proximity of the 

constrained pipeline ends. For values of L greater than 400 m, a critical value of dcr = 

1.28 m, is calculated corresponding to flattening limit state. For comparison purposes, 

the above results have also been obtained using models M60-B (see Section 3.6]. The 

agreement between the two models is excellent.

Moreover, Figure 5.38b plots the distribution of the axial normal strain along 

generator A of the pipeline, versus the distance x from the fault. As shown in Figure 

5.38b, for displacement d = 2 m, the largest tensile axial strains are concentrated within 

a distance of about 10 m from the fault and their maximum values range between 4% 

and 7%, depending on the value of pipeline length L. Beyond that distance, the axial 

normal strains remain relatively small (equal to about 0 .2 % or less, i.e. below the elastic 

limit of steel material].
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Figure 5.38 : E ffe c t o f m od e l le n g th  u s in g  m od e l M 6 0 -N S : (a) axia l d isp la c e m e n t and (b) 

axia l s t ra in  a long g e n e ra to r A  v e rs u s  d is ta nc e  fro m  th e  fa u lt. ( F a u lt  m o v e m e n t d = 2 m ,  

c ro ss in g  angle β  equal to  2 5 ° )
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Table 5.1. Effect of total model length for β  = 25°

M odel (len g th  L, m )
C ritical fau lt d isp lacem en t, m

L ocal bu ck lin g F la tten in g S train  3 % S train  5 %
M60-NS, (1 0 0 ] None 0.85 0.77 1.32
M60-NS, (2 0 0 ] None 1.07 1.16 1.61
M60-NS, (400] None 1.28 1.60 2 . 0 0

M60-NS, (500] None 1.28 1.70 2.13
M60-NS, (600] None 1.28 1.73 2.17
M60-NS, (700] None 1.28 1.73 2.17
M60-NS, (2 0 0 0 ] None 1.28 1.73 2.17
M60-NS, (“ ] None 1.28 1.73 2.17

Figures 5.39, 5.40 and 5.41 show the effect of pipe wall thickness for various crossing 

angles when a pipeline model of infinite length is considered, using the equivalent 

nonlinear springs at its two ends. It is clear from the results that, as the pipe-wall 

becomes thicker, the dominant criterion switches from cross-section distortion to 3% of 

tensile axial strain and for D/t equal to 57.6 no intersection of the two limit states is 

observed regarding positive fault angle β. Also, local buckling is extended to small 

positive values of crossing angle β  (about 5°] for all thicknesses analyzed for an X65 

steel embedded to Clay I conditions. For fixed boundary conditions, this was only 

obvious to pipelines having a D/t equal to 144.

For the very stiff Clay II soil conditions, both limit states of 3% of axial strain and 

ovalization occur at the same fault displacement for positive fault angles, as shown in 

Figures 5.42 and 5.43. Local buckling extends to greater positive values of fault angle 

reaching the value of 15° for both cases.

Higher strength X80 steel pipelines exhibit local buckling up to 5° of fault angle and 

cross-sectional distortion is the limit state for fault angles greater than 5° for a pipeline 

with D/t=96 (Figure 5.44]. For D/t=72, the limit states of cross-sectional distortion and 

3% tensile strain occur at the same fault displacement (Figure 5.45] indicating similar 

behavior with an X65 steel.

Finally, pressurized pipelines of infinite length do not exhibit cross-sectional 

distortion and the limit state for positive fault angles is tensile failure. Local buckling 

occurs even for 10° of fault angle for an X65 steel (see Figures 5.46 and 5.47] and up to 

5° of fault angle for an X80 (see Figures 5.48 and 5.49].
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Figure 5 .39 : N o rm a lize d  c rit ic a l fa u lt  d isp la c e m e n t fo r  v a r io u s  p e rfo rm a n c e  l im it s  a t 

d iffe re n ta n g le s  o f  β  fo r  a the  p ip e lin e  o f in f in i t e  le n g th  (X 6 5 , D / t= 1 4 4 ,  C lay I, p = 0 )

Figure 5 .40 : N o rm a lize d  c rit ic a l fa u lt  d isp la c e m e n t fo r  v a r io u s  p e rfo rm a n c e  l im it s  a t 

d if fe re n t  ang les o f  β  fo r  a the  p ip e lin e  o f  in f in i te  le n g th  (X 6 5 , D / t= 7 2 , C lay I, p = 0 ]
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Figure 5 .41 : N o rm a lize d  c rit ic a l fa u lt  d isp la c e m e n t fo r  v a r io u s  p e rfo rm a n c e  l im it s  a t 

d iffe re n ta n g le s  o f  β fo r  a the  p ip e lin e  o f in f in i t e  le n g th  (X 6 5 , D / t= 5 7 .6 ,  C lay I, p = 0 )

Figure 5 .42 : N o rm a lize d  c rit ic a l fa u lt  d isp la c e m e n t fo r  v a r io u s  p e rfo rm a n c e  l im it s  a t 

d if fe re n t  ang les o f  β  fo r  a the  p ip e lin e  o f  in f in i te  le n g th  (X 6 5 , D / t= 9 6 , C lay II ,  p = 0 )
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5%  tensile strain
X65 steel

D/t =
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Figure 5 .43 : N o rm a lize d  c rit ic a l fa u lt  d isp la c e m e n t fo r  v a r io u s  p e rfo rm a n c e  l im it s  a t 

d if fe re n t  ang les o f  β  fo r  a the  p ip e lin e  o f  in f in i te  le n g th  (X 6 5 , D / t= 7 2 , C lay II ,  p = 0 )

Figure 5 .44 : N o rm a lize d  c rit ic a l fa u lt  d isp la c e m e n t fo r  v a r io u s  p e rfo rm a n c e  l im it s  a t 

d iffe re n ta n g le s  o f  β  fo r  a the  p ip e lin e  o f in f in i t e  le n g th  (X 8 0 , D / t= 9 6 , C lay I, p = 0 )
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Figure 5 .45 : N o rm a lize d  c rit ic a l fa u lt  d isp la c e m e n t fo r  v a rio u s  p e rfo rm a n c e  l im it s  a t 

d if fe re n t  ang les o f β  fo r  a the  p ip e lin e  o f  in f in i te  le n g th  (X 8 0 , D / t= 7 2 , C lay I, p = 0 )
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Figure 5 .46 : N o rm a lize d  c rit ic a l fa u lt  d isp la c e m e n t fo r  v a r io u s  p e rfo rm a n c e  l im it s  a t 

d iffe re n ta n g le s  o f  β  fo r  a the  p ip e lin e  o f in f in i t e  le n g th  (X 6 5 , D / t= 9 6 , C lay I, p=0.56pmax)
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f

local buckling

Fault angle β, degrees

Figure 5 .47 : N o rm a lize d  c rit ic a l fa u lt  d isp la c e m e n t fo r  v a rio u s  p e rfo rm a n c e  l im it s  a t 

d if fe re n t  ang les o f β  fo r  a the  p ip e lin e  o f  in f in i te  le n g th  (X 6 5 , D / t= 7 2 , C lay I, p=0.56pmax)

Figure 5 .48 : N o rm a lize d  c rit ic a l fa u lt  d isp la c e m e n t fo r  v a rio u s  p e rfo rm a n c e  l im it s  a t 

d if fe re n t  ang les o f β  fo r  a the  p ip e lin e  o f  in f in i te  le n g th  (X 8 0 , D / t= 7 2 , C lay I, p=0.46pmax)

167

Institutional Repository - Library & Information Centre - University of Thessaly
09/06/2024 17:36:05 EEST - 3.135.186.246



Chapter 5: Effect of fault crossing angle on pipeline response

Figure 5 .49 : N o rm a lize d  c rit ic a l fa u lt  d isp la c e m e n t fo r  v a r io u s  p e rfo rm a n c e  l im it s  a t 

d if fe re n t  ang les o f  β  fo r  a the  p ip e lin e  o f  in f in i te  le n g th  (X 8 0 , D / t= 9 6 , C lay I, p=0.46pmax)
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Simplified model for local buckling of pipeline wall

6 .1  In trod uction

The results presented in the previous Chapters of the dissertation demonstrated 

that, for non-positive or small positive values of the crossing angle β , local buckling of 

pipeline wall is the governing limit state of the pipeline. Furthermore, it has been shown 

that the occurrence of local buckling depends on several parameters related to the pipe 

steel grade, the soil conditions, the value of the crossing angle and the end effects. In the 

present Chapter a simplified formulation is presented for describing pipeline 

deformation under strike-slip fault action, in order to estimate under which conditions 

the compressive strains that develop in the pipeline wall can cause local buckling. The 

model accounts for the boundary effects of the pipeline segment and illustrates the 

formation of the local buckling in a simple and efficient way. At the end of this chapter a 

comparison of the simplified model prediction with finite element results is performed.

6 .2  Model d escrip tion

Upon application of fault displacement the pipeline is assumed to deform in an S- 

shaped "shearing type” configuration, within a segment of length L1, as shown in Figure

6.1. The pipeline outside this segment of length L ,  is assumed to be under direct

tension only, without bending deformation. It is also assumed that the pipeline shape is 

smooth, of circular cross-section and free of discontinuities due to local cross-sectional 

distortions. A shape function for the transverse displacement u(x) of the pipeline is 

considered in the form:

u (x) — cos β  
2

f

1
V

-  cos-
πχ
L i J

(6 .1 )
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w h e re  x = 0  and x = L i  a re  th e  tw o  e n d s o f  th e  S-sha p ed  pipe seg m ent. In  a d d itio n , th e  

axia l d isp la c e m e n t v ( x )  o f  th e  p ip e lin e  w ith in  th is  se g m e nt due to  lo n g itu d in a l 

s tre tc h in g  is  a ssu m e d  to  be l in e a r ly  d is t r ib u te d  a long th e  p ip e lin e :

v( χ) =
d  s in  β

x
L

(6-2)

Figure 6 .1 : Schem atic  re p re se n ta tio n  o f  fa u lt- in d u c e d  d e fo rm a tio n  o f  p ip e lin e  a x is, fo r  th e  

d e ve lo p m e n t o f  a s im p lif ie d  fo rm u la t io n  fo r  loca l b uc k ling .

In  th e  above e q u a tio n s (6 .1 )  and (6 .2 ) , d  is  th e  fa u lt- im p o se d  d isp la c e m e n t. T h e  le n g th  

L l o f  th e  S-sha p e d  d e fo rm e d  p ip e lin e  se g m e n t depends m a in ly  o n  th e  s o i l  s t i f fn e s s  and

th e  va lue  o f  D / t  ra tio , and w i l l  be d isc u sse d  la te r.

F ro m  e q u a tio n  (6 .1 ) , th e  m a x im u m  b e n d in g  c u rv a tu re , k , due to  th e  im p o se d  

d e fo rm a tio n  d , can be re a d ily  c o m p ute d  as fo llo w s
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Chapter 6: Simplified model for local buckling of pipeline wall

k  =
( Λ  >d  u d  cos β π
V dx2 j = 2max V L 1 J

πχ  
cos— (6 .3 )

Neglecting cross-sectional distortion, i.e. assuming a circular pipeline cross-section, the 

correspondingbendingstrain eb is

kD π 2  ̂d  cos β Γ D λ
2 4 V L 1 J V Li J

(6.4)

Furthermore, axial strains due to the increase of pipeline length between cross-sections 

at x  = 0 and L  due to pipeline stretching should be considered. This increase of length

consists of two parts; the first part is due to the bending shape and the second part 

refers to the oblique direction of the fault with respect to the pipeline. Assuming for a 

moment that the pipe segment under consideration is fixed at the two ends of the 

segment ( x = 0  and x  = L ), the increase of pipeline length is

L

D 0 = ς  V1+ uΆdx- L1 + d sinβ  (6.5)
0

The first two terms refer to the increase of the length due to bending, whereas the third 

term is due to oblique direction of the fault and is derived from differentiation of 

equation (6 .2 )

Nevertheless, because of pipeline continuity at the two ends, the real conditions 

at these locations may not be fixed and the corresponding flexibility should be 

accounted for. More specifically, due to this flexibility, the total elongation D of the 

pipeline is smaller than D 0 ,so that

D = D 0- δ (6 .6 )
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Chapter 6: Simplified model for local buckling of pipeline wall

where δ is a decrease of the total elongation of the pipeline segment due to the 

flexibility of the two ends. Consideration of compatibility at the two ends results in the 

followingequilibriumexpressionthatrelates D 0 and δ :

*i(D o- δ)=  K t2  (6.7)

where k1 is the axial stiffness of the S-shaped pipeline segment and K t is the stiffness of 

the straight part outside the segment of length L 1, which is subjected to axial tension as 

described in Sections 3.3 and 3.4. Considering a secant modulus K t for the pipe-soil 

interaction under axial loading, one may write the following,

T7 A ?
—  ( D o - δ ) =  K t -  (6 .8 )

or equivalently

D o (1+ * £ _ )  δ 
2EA

(6.9)

The value of K t can be obtained from the analytical models described in sections 3.3 

and 3.4.

Introducing the dimensionless parameter ω k i ll

2ESA ’
the following expression is

obtained from equation (6.9)

D 0 -  (1+ ω)δ (6 .1 0 )

The corresponding axial strain (also referred to as "membrane” or "stretching” 

strain) em can be computed from equations (6.5) and (6 .6 ) as follows:
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Chapter 6: Simplified model for local buckling of pipeline wall

D  1 

" L  Li Ίίς
r. 72 , χ  , d  sin β δ

V1+ u Adx§- 1+ ------- f-------
Li L ( 6 . H )

w h ic h  is  a ssu m e d  to  be u n ifo rm ly  d is t r ib u te d  a long th e  p ip e lin e  seg m ent. U s in g  the  

fo llo w in g  s e rie s  e xp a nsio n ,

VT+Ua 1+  — u A  +  
2

(6 .1 2 )

and ke e p ing  o n ly  th e  f i r s t  tw o  te rm s  o f  th e  se rie s , th e  ax ia l m e m b ra n e  s t ra in  fro m  

e q u a tio n  (6 .1 1 )  becom es

Δ
£ m ~ ~ T

L

1

2 L 1

L

I  u'2dx + 
0

d  sin β

L L
(6 .1 3 )

U s in g  e q u a tio n s (6 .5 ) , (6 .1 0 ) , e q u a tio n  (6 .1 3 )  becom es

£m -
f d  V 2 c o s2  β  d  s in  β f  ω
l  16 L —2 L — j 1 1 +  ω j

(6 .1 4 )

T o  com pute  th e  ax ia l c o m p re ss iv e  s t ra in  e C , th e  ax ia l ( te n s ile )  m e m b ra ne  s t ra in

sh o u ld  be su b tra c te d  fro m  th e  c o m p re ss iv e  b e n d in g  s t ra in .  C o m b in in g  e q u a tio n s  (6 .4 )  

and (6 .1 4 ) , one o b ta in s  th e  ax ia l c o m p re ss iv e  s t ra in  a t th e  c rit ic a l lo c a tio n

o r

£C £b - £m (6 .1 5 )

^c =■
π 2  ̂d  co s  β Γ D λ
4 l  L1 j l L  j

f  d 2π 2 c o s 2 β  d  sin β ω

V
~Y~

Cb

J  K
i  1 + ω j

(6 .1 6 )
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Chapter 6: Simplified model for local buckling of pipeline wall

At the first stages of deformation, i.e. for small values of d , the membrane strain eml 

due to the oblique orientation of the fault and the bending strain eb, both linear in terms

of fault displacement d , govern the response. On the other hand, the membrane strain 

em2, which is quadratic on d , becomes more important at large values of d . The value

of fault displacement at which the compressive strain eC reaches a maximum value is

readily obtained by differentiating equation (6.16] with respect to the fault 

displacement d :

dsC
dd

π 2 D 
4 L?

cos β  -
π 2 cos2 β  + sinβ|ζ ω  φ 

8 Lj2 Ll ψ!ΐ+ ω  $
(6.17]

Setting the above derivative equal to zero, one obtains

d  Ί  d0
2

cos β
D 4L1 tan β  

2ω π
(6.18]

The corresponding maximum value of compressive strain eC is computed from 

equation (6.16]

εC ,max

π 2 (1 + ω)-
ULi

2ω
4 ω tan β  ί ι_______ υ

4π2 ω(1+ ω)
(6.19]

The above expressions are valid for positive values of d0, implying that

tan β  <
(ω  + 1) D π 2 

ω L1 4
(6 .2 0 ]

Beyond the stage defined by equation (6.19], the value of compressive strain ε (: 

decreases with increasing fault displacement d .
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Chapter 6: Simplified model for local buckling of pipeline wall

I f  th e  m a x im u m  axia l c o m p re ss iv e  s t ra in  s C max in  e q u a tio n  ( 6 .1 9 ]  is  lo w e r th a n  

th e  c rit ic a l b u c k lin g  s t ra in  e cr o f  th e  p ip e lin e  w a ll, loca l b u c k lin g  o f  th e  p ip e lin e  w a ll 

m ay n o t occur. T h i s  is  e xp re sse d  b y  th e  fo llo w in g  in e q u a lity ,

ε Γ £  ε  (6 .2 1 ]C ,m ax cr

In  e q u a tio n  ( 6 .2 1 ] ,  th e  c rit ic a l b u c k lin g  s t ra in  εcr can be w r i t te n  in  th e  fo llo w in g  

s im p lif ie d  fo rm  [46 ]:

ε cr = a (6 .2 2 ]

w h e re  a  is  a c o n s ta n t th a t  depends o n  th e  p ip e lin e  m a te ria l grade, as w e ll as the  

a m p litu d e  and shape o f  in i t ia l  im p e rfe c tio n s . In s e r t in g  e q u a tio n s (6 .1 9 ]  and (6 .2 2 ]  in to  

e q u a tio n  (6 .2 1 ] ,  one o b ta in s  th e  fo llo w in g  "n o  b u c k lin g ” c o n d itio n  in  te rm s  o f  th e  

d ia m e te r- to - th ic k n e ss  ra t io  D / t , th e  d im e n s io n le s s  p a ra m e te r a , th e  d ia m e te r-o v e r

le n g th  ra t io  D / L1 o f  th e  S-sha p ed  d e fo rm e d  p ip e lin e  and th e  d im e n s io n le s s  p a ra m e te r  

ω:

t

α4π  2ω(1+ ω)

π2 (1 + ω )-
&

2ω
4 ω  tan β  ϊ 

υ

(6 .2 3 ]

U s in g  th e  above e x p re ss io n  s h o w s  th a t, in  th e  case o f  s t r ik e - s l ip  fa u lts  in  o rd e r to  

avo id  local b u c k lin g  o f  th e  p ip e lin e , th e  d ia m e te r- to - th ic k n e ss  ra t io  D /t  sh o u ld  n o t  

exceed th e  l im i t  va lue  (D / t  ̂ . E q u a tio n  ( 6 .2 3 ]  p ro v id e s  an a p p ro x im a tio n  o f  th is  l im i t  

va lue  and can be em p lo ye d  to  d e riv e  som e u s e fu l c o n c lu s io n s; as th e  va lue  o f  angle β  

in c re a se s, th e  l im i t  va lue  ( D/ t^  becom es la rg e r. T h e  decrease o f  K t re s u lt s  in  a

sm a lle r  ( D/ t^  va lue  because o f  a decrease o f  th e  va lue  o f  fa c to r ω . F in a lly , a decrease
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Chapter 6: Simplified model for local buckling of pipeline wall

o f s o il s t i f fn e s s  re s u lt s  in  an inc re a se  o n  th e  S-sha p ed  le n g th  (decrease o f  th e  D  / L x ] 

re s u lt in g  in  g re a te r va lu e s o f  ( D / t ^  .

F o r  a s te e l p ip e lin e  h a v in g  a D / t  equa l to  9 6 , a d ia m e te r equa l to  0 .9 1 4 4 m  and an 

in te rfa c e  sh e a r s tre n g th  r max equa l to  1 5 k P a , F ig u re  6 .2  p lo ts  th e  re la tiv e  d isp la c e m e n t 

u 0 =  δ / 2  a t each end o f  p ip e lin e  v e rs u s  th e  fa u lt  d isp la c e m e n t d  fo r  d if fe re n t  v a lu e s o f  

th e  angle β  o b ta in e d  a n a ly tic a lly  and n u m e ric a lly . T o  o b ta in  th o se  p lo ts , th e  ax ia l s t ra in  

o f e q u a tio n  ( 6 .1 1 ]  is  equated  w ith  th e  va lue  o f  F o /E A  g ive n  in  e q u a tio n  (3 .2 3 ]  and th e  

re s u lt in g  e q u a tio n  is  so lv e d  in  te rm s  o f  uo to  p ro v id e  th e  a n a ly tic a l p re d ic tio n . T h e  

e q u a tio n  is  n o n lin e a r and i t s  s o lu t io n  is  p e rfo rm e d  u s in g  m a th e m a tic a l to o ls . T h e  

n u m e ric a l p re d ic tio n s  fo r  th e  va lue  o f  re la tiv e  d isp la c e m e n t u 0 are o b ta in e d  th ro u g h  the  

f in ite  e le m e n t m o d e l d e sc rib e d  in  C ha p te r 3. T h e  c o m p a riso n  is  good fo r  angle β  equal 

to  ze ro  and d ive rg e s as th e  va lue  o f  angle β  becom es la rg e r (F ig u re  6 .2 ].

0.0 0.5 1.0 1.5 2.0

Fault displacement d, m

Figure 6 .2 : R e la tiv e  d isp la c e m e n t u 0 =  δ / 2  a t each end o f  th e  p ip e lin e  v e rs u s  fa u lt  

m o v e m e n t fo r  d if fe re n t  v a lu e s o f  th e  angle β
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Chapter 6: Simplified model for local buckling of pipeline wall

0.0 0.2 0.4 0.6 0.8 1.0

x/L
Figure 6 .3 : C o m p a riso n  o f  th e  p ip e lin e  a ssu m e d  shape a t th e  o n se t o f  b u c k lin g  fro m  

e q u a tio n  (6 .1 ]  and th e  f in ite  e le m e n t a n a ly s is  (X 6 5  p ipe, D /t  = 9 6 , C lay I, d  = 0 .4 m , β  

= 0 °).

T h e  va lue  L j D  is  an im p o rta n t  p a ra m e te r fo r  th e  s im p lif ie d  m ode l. I t  ha s to  be

d e riv e d  fro m  d e ta ile d  n u m e ric a l a n a ly s is  in  o rd e r to  be use d  as an in p u t  p a ra m e te r in  

th e  s im p lif ie d  fo rm u la . Ba sed  on th e  re s u lt s  fro m  n u m e ric a l ana lyses, F ig u re s  6 .4 -6 .1 1  

p re se n t th e  d is t r ib u t io n  o f  la te ra l and ax ia l d isp la c e m e n t o f  a 3 6  in c h  p ip e lin e  a t c e rta in  

va lu e s o f  fa u lt  m o ve m e n t. T h e  p ip e lin e  is  o f  X 6 5  s te e l w i th  th ic k n e ss  equa l to  3 / 8  inch. 

R e s u lts  fo r  tw o  va lu e s o f  th e  fa u lt  angle β  equa l to  0 ° and 1 5 °  a re  p re se n te d . F ro m  th e se  

g ra p h s in fo rm a tio n  a b o u t th e  le n g th  L 1 m ay be o b ta ined . A s e v id e n t fro m  th e  re s u lts ,  

th e  va lue  o f  β / D  depends on  th e  fa u lt  d isp la c e m e n t d and th e  c ro ss in g  angle β .
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Chapter 6: Simplified model for local buckling of pipeline wall

A, B  (angle β = 0 ° , fa u lt  d isp la c e m e n t d  = 0 .4  m ]

A, B  (angle β = 0 ° , fa u lt  d isp la c e m e n t d  = 1 m ]
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A, B  (angle β = 0 ° , fa u lt  d isp la c e m e n t d =  2 m )

Figure 6.7 : A x ia l d isp la c e m e n t ux o f  p ip e lin e  v e rs u s  p ip e lin e  le n g th  a long g e n e ra to rs  A,

B  (angle β = 0 ° , fa u lt  d isp la c e m e n t d  = 0 .4 m )
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Figure 6 .8 : A x ia l d isp la c e m e n t ux v e rs u s  p ip e lin e  le n g th  a long  g e n e ra to rs  A, B  (angle

β = 0 ° , fa u lt  d isp la c e m e n t d = l m )

A, B  (angle β = !5 ° ,  fa u ltd isp la c e m e n t l  m )
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Figure 6 .10 : A x ia l d isp la c e m e n t u x o f  p ip e lin e  v e rs u s  p ip e lin e  le n g th  a long  g e n e ra to rs  A, 

B  (angle β = 1 5 ° , fa u ltd isp la c e m e n t lm ]

A, B  (angle β = 1 5 ° , fa u lt  d isp la c e m e n t 2 m ]
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After determining value L j D , the value of K t has to be defined in order to be used 

in equation (6.23]. By obtaining the value uo from Figure 6.2 for a given fault 

displacement, the secant value K t is calculated from Figure 3.21, which plots Fo versus 

uo for various model lengths.

Applying equation (6.63] for β  — 0o, L j D  =  22 (derived from numerical analysis] 

and K t =240000 kN/m (obtained from Figure 3.21b for an appropriate value of u0], a 

value (D /t^  equal to 57 is computed, significantly lower than 96. This verifies that, for 

β  — 0°, the pipeline considered in the previous section would exhibit local buckling. In 

addition, for β  — 5°, L j D  =  22 and K t =200000 kN/m, (D /t^mis equal to 79, also 

lower than 96 implying the occurrence oflocal buckling for infinite pipeline length.

By contrast, for β  — 10°, L j D  =  22 and K t =160000 kN/m, (D /t^  becomes equal

to 99, suggesting that local buckling may not occur. These conclusions are in agreement 

with the finite element results shown in Figure 5.36 from Chapter 5.
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7 Summary and Conclusions

T h e  p e rfo rm a n c e  o f  u n d e rg ro u n d  s te e l p ip e lin e s  sub je c te d  to  p e rm a n e n t s t r ik e - s lip  

fa u lt  m o v e m e n t have been in v e s tig a te d  c o n s id e rin g  p ip e lin e -so il in te ra c tio n , u s in g  

re fin e d  m o d e ls th a t  com bine  d e ta ile d  n u m e ric a l s im u la t io n s  and m a the m a tic a l 

s o lu t io n s , as w e ll as s im p lif ie d  m o d e ls.

M o re  sp e c ific a lly , a c lo se d -fo rm  m a the m a tic a l s o lu t io n  fo r  th e  fo rc e -d isp la c e m e n t 

re la t io n s h ip  o f  a b u rie d  p ip e lin e  sub jec ted  to  te n s io n  ha s been deve loped fo r  p ip e lin e s  

o f f in ite  and in f in i te  le n g th s . T h e  c lo se d -fo rm  s o lu t io n  accounts fo r  th e  e la stic  

d e fo rm a tio n  o f  th e  s o il  and p ipe, and th e  d e v e lo p m e n t o f  s lid in g , w h e n  th e  sh e a r s t re s s  

a t th e  p ip e -so il in te rfa c e  reaches i t s  sh e a r s tre n g th . T h e  c lo se d -fo rm  s o lu t io n  enables  

th e  c o n s id e ra tio n  o f  e q u iv a le n t n o n lin e a r s p r in g s  a t th e  tw o  e nds o f  th e  p ip e lin e  in  a 

re fin e d  f in ite -e le m e n t fo rm u la t io n , a llo w in g  fo r  an e ffic ie n t, accurate n o n lin e a r a n a ly s is  

o f th e  p ip e -so il in te ra c tio n  p ro b le m  a t la rg e  s t r ik e - s l ip  fa u lt  m o ve m e n ts .

T h e  n u m e ric a l in v e s tig a tio n  o f  th e  p ip e -so il in te ra c tio n  is  based o n  a la rg e  n u m b e r  

o f re fin e d  f in ite  e le m e n t m o d e ls fo r  p ip e lin e  sy s te m s  o f  b o th  in f in i te  and f in ite  le n g th s  

and c o rre sp o n d in g  to  v a r io u s  v a lu e s o f  angle β  b e tw e e n  th e  p ip e lin e  a x is and th e  

d ire c tio n  n o rm a l to  th e  fa u lt  p lane. D e p e n d in g  on th e  va lue  o f  th e  angle β, th e  fa u lt  

m o v e m e n t m ay su b je c t th e  p ip e lin e  e ith e r to  o v e ra ll te n s io n  ( fo r  p o s it iv e  a ng le s] o r  

c o m p re ss io n  ( fo r  negative  a n g le s]. F u r th e rm o re , an a d d itio n a l se r ie s  o f  f in ite  e le m e n t 

m o d e ls o f  d if fe re n t  g e o m e try  have been use d  fo r  th e  p a ra m e tric  in v e s tig a tio n  o f  se v e ra l 

spec ia l n u m e ric a l is s u e s  suc h  as m o d e l s ize , m e sh  re fin e m e n t, fa u lt  zo ne  w id th  

m o d e llin g , o r  p ip e lin e  e n d -c o n d itio n s  u s in g v a r ia b le  le n g th  beam  e x te n s io n s .

T h e  m a in  ob jec tive  o f  th e  p re se n t s tu d y  is  th e  in v e s tig a tio n  o f  th e  e ffe c ts o f  ke y  

fa c to rs , suc h  as th e  g e o m e tric  and m a te ria l c h a ra c te ris tic s  o f  th e  p ip e lin e , th e  p ro p e rt ie s  

o f s u r ro u n d in g  so il,  th e  fa u lt  c ro ss in g  angle, th e  m a g n itu d e  o f  th e  fa u lt  m o ve m e n t, etc., 

on th e  p e rfo rm a n c e  o f  th e  p ip e lin e . T h re e  p ip e lin e  p e rfo rm a n c e  c r ite r ia  w e re  

c o n sid e re d  in  a ll a na lyse s, in c lu d in g : (a] m a x im u m  te n s ile  s t ra in  le a d ing  to  ru p tu re  o f  

p ip e lin e  w a ll, (b ] loca l b u c k lin g  assoc ia ted  w ith  p ipe  w a ll w r in k l in g  and fo ld in g  and (c] 

c ro ss-se c tio n  fla tte n in g  re s u lt in g  in  s ig n if ic a n t c ro ss-se c tio n a l d is to r t io n .  T o  th is  end, an 

e x te n s iv e  p a ra m e tric  in v e s tig a tio n  u t i l iz in g  th e  above re fin e d  n u m e ric a l o r  com bined  

n u m e ric a l-a n a ly tic a l m o d e ls w a s u n d e rta k e n . In  p a rt ic u la r, th e  e ffe c ts o f  v a r io u s
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cohesive and non-cohesive soil conditions (expressed through different values of soil 

cohesion, friction and stiffness parameters (c, φ, E] on the structural response of the 

pipeline were examined. The parametric study is extended for various values of D/t 

ratios of both X65 and X80 steel pipelines, which are representative for oil and gas 

applications. Furthermore, the effect of various levels of internal pressure is 

investigated. All analyses are repeated for different values of the fault-pipeline crossing 

angle β  and for different pipeline-end conditions, depending on the available pipeline 

length.

The numerical results were presented in diagram form for the critical fault 

displacement dcr and the corresponding critical strain £cr, versus the pipeline diameter- 

to thickness ratio D/ t and the fault-pipeline crossing angle β. The results were also 

compared with provisions of recent design standards and recommendations of EN 

1998-4 and ASCE MOP 119.

In addition to the above rigorous analysis, a simple analytical model is developed for 

illustrating pipeline behaviour in terms of buckling, resulting to a simple "no-buckling” 

condition in a closed-form expression.

The main conclusions derived from this study can be summarized as follows:

1. The proposed closed-form nonlinear force-displacement relationships for buried 

pipelines of both finite and infinite length subjected to tension, predict pipeline 

displacements and axial strains which are in excellent agreement with results 

obtained from more elaborate numerical models, that employ finite elements and 

distributed soil springs along the pipeline length.

2. Based on the derived closed-form solutions, it has been shown that the main 

parameters affecting the magnitude of the axial strain in a pull-out test of a pipeline 

are the displacement, the interface shear strength and the pipeline length, assuming 

fixed-end conditions. By contrast, soil stiffness does not affect significantly the axial 

strain developing within the pipeline.

3. The proposed nonlinear force-displacement relationship allows for an efficient, 

refined numerical simulation of the soil-pipe interaction during large permanent 

fault movements, through the use of equivalent nonlinear springs in finite-element 

models that describe the pipe-soil system in a rigorous manner.
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4. In the majority of cases of pipelines subjected to strike-slip fault movement that 

were analyzed using the refined numerical formulation, it was shown that local 

buckling is the governing mode of failure for negative and small positive values of 

the crossing angle β  for pipelines ofboth infinite or finite length. Upon development 

of local buckling during seismic fault movement, the location of maximum flattening 

and axial strain is at the buckled cross-section.

5. For values of the crossing angle β  greater than 15°, local buckling may not occur 

due to pipeline stretching that reduces the compressive stresses caused by bending. 

Thus, if practically feasible, aligning the pipeline so that it forms a positive value of 

β  that is just large enough to avoid local buckling, may improve pipeline 

performance, allowing larger critical fault displacements for the flattening or tensile 

strain criteria. A value somewhat greater than 15° may be an optimum angle for the 

cases analyzed.

6. For negative and small positive values of the crossing angle β , soft clays and loose 

sands accommodate a larger deformation capacity of the pipeline, as opposed to stiff 

clays and dense sands, which reach the performance criteria at smaller critical fault 

displacement values.

7. In almost all cases analyzed, the numerical results indicate a strong dependence of 

the critical performance criteria on the pipeline diameter-to-thickness ratio D/t. For 

small values of D/t of thick-walled pipelines, local buckling may not occur, especially 

for pipelines of a finite length, but failure may occur in the form of pipe-wall fracture 

due to the development of excessive tensile strains.

8. Internal pressure results in a small decrease of deformation capacity and a different 

buckling shape for pipelines subjected to compression. For pipelines in tension, the 

presence of internal pressure prevents cross-sectional flattening and the failure 

criteria are reached at slightly greater values of fault displacement compared to 

those obtained for zero internal pressure.

9. The ultimate fault displacement reached when the pipeline is in tension is larger 

compared to that obtained from in compression. As the tension in the pipeline 

increases with increasing values of the angle β , the critical fault displacement 

corresponding to the flattening performance criterion and, most importantly, to the 

3%- and 5%-tensile strain criteria decrease if finite length is considered. In the case
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o f in f in ite  le n g th  th e  c rit ic a l fa u lt  d isp la c e m e n t can e ith e r decrease o r  re m a in  

c o n sta n t.

10 . H ig h - s tre n g th  X 8 0  s te e l p ip e lin e s  have a la rg e r d e fo rm a tio n  capacity and s u p e r io r  

s t ru c tu ra l b e h a v io r w i th  re sp e c t to  th a t  o f  X 6 5  p ip e lin e s . F u r th e rm o re , c o ld -fo rm e d  

U O E  X 8 0  p ip e s e x h ib it  b e tte r  b e h a v io r in  te rm s  o f  b u c k lin g  th a n  se a m le ss X 8 0  p ip e s  

due to  s t ra in  h a rd e n in g  o f  th e  s te e l m a te ria l ind uced  b y  th e  m a n u fa c tu rin g  p ro c e ss  

and th e  in c re a se  o f  y ie ld  s t re s s .

11 . A  s im p lif ie d  a n a ly tic a l m o d e l fo r  p ip e lin e  b e h a v io r in  te rm s  o f  b u c k lin g  re s u lte d  to  a 

c lo se d -fo rm  "n o -b u c k lin g ” e x p re ss io n  w h ic h  is  in  a g re e m e nt w ith  th e  re s u lt s  f ro m  

th e  re fin e d  f in ite -e le m e n t ana lyses.

12 . T h e  p ro p o se d  m e th o d o lo g y  in  th e  p re s e n t d is s e r ta t io n  is  a p p lie d  to  s im u la te  the  

b e h a v io r o f  p ip e lin e s  c ro ss in g  s t r ik e - s l ip  fa u lts , b u t  can be a lso  applicable  to  o th e r  

ty p e s o f  p e rm a n e n t g ro u n d -in d u c e d  a c tio ns, su c h  as n o rm a l and re v e rse  fa u lts , as 

w e ll as to  b u rie d  p ip e lin e s  sub jec ted  to  la n d s lid e s , d if fe re n t ia l s e tt le m e n t o r  la te ra l 

sp re a d in g .

T h e  re s u lt s  o f  th is  d is s e r ta t io n  o ffe r  som e u s e fu l in s ig h t  on  th e  p e rfo rm a n c e  o f  

u n d e rg ro u n d  s te e l p ip e lin e s  d u r in g  fa u lt- in d u c e d  p e rm a n e n t g ro u n d  m o v e m e n t and  

can be use d  to  im p ro v e  th e  d e sig n  o f  suc h  sy s te m s  in  e ve ryd a y  e n g in e e rin g  practice  

in  th e  fra m e w o rk  o f  a s tra in -b a se d  p ip e lin e  d e sig n  in  g e o ha za rd  a reas, in  o rd e r to  

m itig a te  p e rm a n e n t g e o ha za rd  a c tions.
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