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Abstract

Onshore pipeline networks (e.g. oil, gas, water, sewer, chemical transmission lines) are
spread worldwide even in hazardous (e.g. high seismic risk) zones to provide human societies
vital needs. Damage and even rupture of buried pipelines during earthquakes have caused
severe health, economic and environmental issues. Most of the exposed damage to buried
pipelines was observed owing to permanent ground deformation (PGD), even though a very
limited extent of pipelines is damaged by wave propagation. The influence of a pipeline’s
lifecycle on human life is vital because it provides crucial services to human societies, such as
energy and water distribution. Additionally, environmental hazards that can result from the
leakage of ecologically dangerous materials (e.g., chemicals, natural gas, fuel, or liquid waste)
cannot be ignored. Thus, it is evident that the construction of buried pipelines subjected to fault
displacement in earthquake-risk zones and mainly fault intersections is a major engineering
task because PGD can cause severe pipeline damage.

In this study, we investigated the problem of buried pipelines at faults crossing from a
comprehensive point of view, including earthquake site investigation, analytical stability
analysis, numerical FE based analysis, and full-scale experimental studies.

Despite substantial advances made by previous studies in the development of analytical
stability analysis methods for a buried pipeline with regard to fault-crossing problems, axial
soil-pipe interaction and axial forces owing to geometrical nonlinearity have not been
appropriately applied in analytical methodologies even in linear ranges. The development of a
comprehensive analytical method that incorporates exact nonlinear axial and transverse soil-
pipe interaction terms within a united governing equation is therefore urgently required.

For establishment of an improved comprehensive analytical solution for this problem, it is
needed to first evaluate the performance of buried pipelines at faults crossing and extract the
effective variables and terms on the soil-pipe interaction and pipeline forces. And after all,
check the experimental results for improving the design guideline for HDPE buried pipelines.

In this regard, firstly, damage to the lifeline systems during the 2017 Sarpole-Zahab
earthquake investigated. A large range of damages to the pipeline system is observed, and it
had a significant impact on the recovery of the cities and villages after the earthquake. In which
in some cities, they had water outage up to two weeks because of the contamination of the
water resources due to pipeline network damage.

Secondly, changes in the behavior of the buried pipelines due to the axial soil-pipe
interaction at strike-slip fault investigated by FEM, and effective terms on axial force and axial
soil-pipe interactions besides some new boundary conditions are detected for future analytical
studies in the elastic range. Moreover, the effect of steel pipe material nonlinearity on buried
pipeline performance evaluated against the large dislocated strike-slip fault movements.

Thirdly, based on previous steps, for the problem of buried pipeline subjected to strike-slip
fault movements, we introduced a novel linear governing equation and its corresponding
solution. The introduced governing equation includes the linear axial soil-pipe interaction,



linear frictional axial force terms, and axial forces made by geometrical nonlinearity effects
within it. We also verified our novel linear analytical method’s results versus identical verified
FEM models. New analytical methodology substantially increased the accuracy and
application range of the analytical solution for linear analysis.

Fourthly, a new comprehensive governing equation including elastic perfectly plastic
longitudinal soil-pipe interaction, elastoplastic lateral soil-pipe interaction, and improved
geometrical nonlinearity effects within it, and its corresponding solution also is introduced.
The mentioned methodology includes the effects of the buried pipeline sliding within the soil,
the plasticity of the lateral soil springs, and geometrical nonlinearity effects. Introduced
methodology significantly has improved the past studies and has extended the application area
of the analytical solutions even in large deformation cases.

Fifthly, a comparative study is conducted between the 3D solid and shell nonlinear FEM
modeling approach and 3D nonlinear beam-spring modeling approach and their application
ranges, for the problem of buried pipelines at strike-slip faults crossing. Additionally, the
performance and damage criteria are evaluated through 3D nonlinear FEM analysis. All the
analyses have nonlinear soil material, nonlinear pipe material, nonlinear interface, and
geometrical nonlinearity effects. The results of both modeling approaches are in the same
range. however, there exist some discrepancies. We found that the design guidelines should
have some detailed recommendations for each modeling approach.

Finally, to evaluate the performance of the HDPE pipelines buried in loose and dense sands
subjected to strike-slip faults movement, we conducted two full-scale experiments for buried
HDPE pipelines subjected to a 90° strike-slip fault movement. Based on full-scale experiments
results, two 3D nonlinear FEM models are calibrated to evaluate soil-pipe interaction forces
beside the HDPE pipeline performance more detailly at strike-slip fault crossing. Moreover,
the influence of important variables on the buried HDPE pipeline at 90° strike-slip is studied
to improve the seismic design guidelines of buried HDPE pipelines. we found small diameter
HDPE pipelines have a good resistance against the strike-slip earthquake fault movement.
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Chapter I:

Introduction



1.1. General problem

Pipeline systems have played a significant role in human history and industrial development.
Pipeline networks such as oil and gas transmission lines and water and sewer lines provide the
vital needs of human societies and have been constructed worldwide. Those pipeline systems
basically convey food, water, fuel, energy, information, and other materials necessary for
human existence. Therefore, pipelines have been constructed even in high seismic risk zones
such as fault zones, which are prone to permanent ground displacements owing to fault rupture,
sloping ground failure, or transient ground displacements caused by seismic waves [1].

Damage and even rupture of buried pipelines during earthquakes have caused severe health
and environmental issues [2-13]. Earthquakes pose the largest risk for widespread structural
damage. In the case of buried pipelines, most damage arises owing to permanent ground
deformation (PDG) such as fault dislocations, liquefaction, and landslides, even though a very
limited extent of pipelines is damaged by wave propagation [14, 15]. PDG has been reported
to cause extensive damage and even ruptures of buried pipelines during historical earthquakes
[2-13]. The influence of a pipeline’s lifecycle on human life is vital because it provides crucial
services to human societies, such as energy and water distribution. Additionally, environmental
hazards that can result from the leakage of ecologically dangerous materials (e.g., chemicals,
natural gas, fuel, or liquid waste) cannot be ignored. Thus, it is evident that the construction of
buried pipelines subjected to fault displacement in earthquake-risk zones and mainly fault
intersections is a key problem in engineering design [1, 16].

For having reliable resistance design of such pipelines, analysis methods of the buried
pipelines are being developed in the last 50 years. In this regard, the problem of the buried
pipeline at fault crossing is a major engineering task because PGD can cause severe pipeline
damage [1, 15, 16].

1.2. Background

Recent developments in computing and finite element method (FEM) offer applicable
solutions to the problem of buried pipelines at fault crossings [17]. Nowadays, FEM has been
used for the verification and refinement of analytical methods, evaluation of factors influencing
pipe response under different types of PGD, and assessment of pipeline performance criteria
(e.g., local buckling, ovalization, tensile rupture) [18-30]. Vazouras et al. [28] modeled a
hybrid (shell + spring) pipeline buried in solid soil by adding an analytically-extracted
nonlinear pipe and soil-pipe interaction springs to the model at further distances from the fault
line, which shortened the size required by the FEM model with the same accuracy. Criteria
have been established regarding the buckling of a buried pipeline-crossing fault. Liu et al. [31]
modeled pipeline response to reverse faulting using the FE commercial code ABAQUS. In their
study, the pipe was modeled as shell elements and soil-pipe interaction was modeled as non-
linear soil springs. The effects of yield strength and strain hardening parameters have been
investigated for the buckling effect. A review of the FE models in the literature indicates that



various types of models including beam, shell, hybrid (beam+shell), new hybrid (spring+shell)
are utilized to simulate the pipeline in the problem of the buried pipeline at crossing with active
fault. There is a need to compare the different FEM modelling approaches including different
element for pipe and soil to evaluate their advantages and limitations. Moreover, there is a need
to evaluate and improve the design criteria by validated nonlinear FEM analyses.

Although FEM is a powerful engineering tool for stability analysis, its results are not valid
unless they are not verified by experiments or analytical approaches. Experimental studies have
also investigated the effect of faults on buried pipelines. Palmer et al. [32] described a large-
scale testing facility at Cornell University and its working principles. O’Rourke and Bonneau
[33] then performed large-scale tests to evaluate the effects of ground rupture on high-density
polyethylene (HDPE) pipelines and the performance of steel gas pipelines distributed with 90°
elbows. Lin et al. [34] performed small-scale tests to analyze the performance of buried
pipelines under strike-slip faults. The centrifuge-based approach was first proposed by
O’Rourke et al. [34, 35] to model ground faulting effects on buried pipelines and several
centrifuge tests have been performed to investigate the response of buried HDPE pipeline
subjected to faulting displacement [36-39]. Recently, Demirci et al. [30] investigated the
behavior of continuous buried pipeline subjected to reverse fault motion using a new
experimental centrifuge model of pipelines that cross reverse faults in addition to three-
dimensional finite element (3D FE) analysis. Although several experimental studies have been
done on the problem of buried pipeline at fault crossing, still there exist a need for more full-
scale experiments on buried pipelines to develop the seismic design guidelines about the buried
HDPE pipelines.

Simulation of the buried pipeline and surrounding soil respectively by shell elements and
solid elements for a 3D FEM-based analysis is the most detailed approach for modeling the
pipeline at fault crossing problem. which can produce the most realistic performance of buried
pipeline including the local buckling, ovalization, and tensile damages. Because of the
modeling complexity, this method mostly is used for research purposes which in this study we
call it 3D-solid modeling approach. It is common to use the beam element for modeling of pipe
and spring elements for modeling of soil-pipe interactions for design and even research
purposes which is simpler than the 3D-sold modeling approach and in this study, we call it
beam modeling approach. Both over mentioned FEM models include the geometrical
nonlinearity effects and material nonlinearity effects.

Recent developments in computing and finite element method (FEM) offer applicable
solutions to the problem of buried pipelines at fault crossings [17]. FEM has been extensively
used for a range of applications including evaluation of factors that influence pipe response
under different PGD types, verification and refinement of analytical methods, and pipeline
performance assessment with respect to performance criteria (e.g. local buckling, ovalization,
tensile rupture) [18-31]. However, FEM-based analysis for the reproduction of valid results is
needed to be verified by experiments or analytical methods. A review of the FE models in the
literature indicates that various types of models including beam, shell, hybrid (beam+shell),



new hybrid (spring+shell) are utilized to simulate the pipeline in the problem of the buried
pipeline at crossing with active fault. Aside from numerical studies, several recent experimental
studies have also addressed the problem of buried pipelines at active fault crossings [31-39].
The first analytical attempt in this area was based on a simplified analytical model by
Newmark and Hall [40] that has been further extended [41,42]. However, these papers ignored
the bending stiffness of the pipeline at the high-curvature zone, which results in an
overestimation of the bending strain while increasing the axial forces and strains. The study of
Kennedy et al. [41] was extended to strike-slip fault crossings with a simple development of
pipeline bending stiffness by Wang and Yeh [43] who modeled transverse soil yielding
conditions and partitioned the pipeline into four segments (two on both sides of the crossing
fault, called the high-curvature zone) and two others further from the fault line and beside the
high-curvature zone. The partitioning of the pipeline into four segments assumes that the soil
yields over the entire high-curvature zone. However, in real cases, the yield of transverse soil
springs across and beyond the high-curvature segments depends on the soil properties and fault
movement amplitude. Moreover, the pipeline partitioning assumption causes each segment to
be solved as a separate problem even with different equations, which increases the solution
complexity and decreases the accuracy of the obtained results. Karamitros et al. [18] developed
an analytical method for strike-slip faults that partitioned the pipeline into four segments for
analysis based on beam-on-elastic-foundation and elastic beam theories, and the effects of axial
forces and the steel pipe material’s non-linearity was calculated externally and separately.
Karamitros et al. [18] solved some limitations of previous methods but some shortcomings
remain, as summarized here. (1) The same assumptions and issues faced by Wang and Yeh
regarding the pipeline partitioning into four segments for the nonlinearity of transverse soil-
pipe interaction. (2) The axial force terms and axial soil-pipe interaction are not implemented
inside the governing equation and its effect is calculated in an indirect, external, and simplified
manner. It is evident that a lack of axial forces within the governing equation has important
consequences on the overall pipeline results (e.g. deflection, bending moment, shear force,
stress, strain). (3) The effects of steel pipe material nonlinearity is applied by updating the
Young’s modulus of the steel inside the governing equation. A pipeline during fault movement
can yield in specific areas, however, they use the same updated Young’s modulus for all of the
pipeline elongation even in sections that do not yield. In real cases, the Young’s modulus
changes only in the yielded sections and may differ in different sections depending on their
yield ratio. (4) The calculation of bending strain is unclear. Trifonov and Cherniy [19] extended
the Karamitros et al. [18] model to normal fault crossings, removed the symmetry conditions
about the intersection point, and contributed transverse displacements for estimating a
pipeline’s axial elongation. The axial force was included in the governing differential equations
only at the high-curvature zone, and geometrically induced second-order effects were taken
into account. Although the study by Trifonov and Cherniy [19] presents progress for semi-
analytical pipeline models, some shortcomings also remain. (1) The axial force and geometrical
nonlinearity in the governing differential equation is only conducted in the two high-curvature



segments, and axial forces are assumed to be zero in the two further segments. In real cases,
the axial force exists not only at the high-curvature zone but also along the pipeline elongation,
which exponentially attenuates several hundred meters beyond the fault line. This assumption
can drastically affect all of the pipeline results (e.g. deflection, stress, strain distributions). (2)
The axial force term and geometrical nonlinearity within the governing equation at the high-
curvature zone is implemented as a constant and calculated externally from another
approximate solution for the entire pipeline at the high-curvature segment. In reality, the axial
force of the pipeline is from friction and geometrical nonlinearity effects and is not constant,
even in yielded soil. It undergoes a maximum at the crossing point with the fault line and, in
most cases, does not attenuate even up to hundreds of meters beyond the fault line along either
side of the pipeline. (3) The model includes shortcoming nos. 1, 2, and 3 from Karamitros et
al. [18] regarding the partitioning of the pipeline into four segments and steel pipe material
nonlinearity problems. These simplification assumptions introduce errors to the obtained
results. Additionally, the developed solution by Trifonov et al. entails a complex system of
equations, which can only be solved using optimization techniques among experts. In 2011,
Karamitros et al. [20] extended their previous study to normal-slip fault crossings, which was
not as complicated as that of Trifonov and Cherniy [19]. However, this solution had the same
shortcomings as the results obtained in Karamitros et al. [18]. In 2012, Trifonov and Cherniy
[21] presented an analytical model for the stress-strain analysis of buried steel pipelines that
cross active faults by considering the effects of operational loads (internal pressure and
temperature variation) on the basis of plane strain plasticity theory. However, this study had
the same shortcomings as those of Trifonov and Cherniy [19] with regards to the governing
differential equation of the buried pipeline.

1.3. Research objective

Despite substantial advances made by previous studies in the development of analytical
solutions for a pipeline with regard to fault-crossing problems, axial soil-pipe interaction and
axial forces owing to geometrical nonlinearity have not been appropriately applied in analytical
solutions even in linear ranges. The abovementioned approximations are performed because
the exact term of the axial soil-pipe interaction in the related differential equations has not thus
far been considered. The main term that explains the effect of the crossing angle between the
pipeline and fault in analytical analysis is the axial soil-pipe interaction. Therefore,
implementation of an improper axial soil-pipe interaction term affects the buried pipeline’s
performance, especially in oblique fault crossings. Accordingly, there exists a need for
developing a comprehensive analytical solution that incorporates the exact axial soil-pipe
interaction term. Moreover, the nonlinearity of soil-pipe interaction has not yet been introduced
within the governing equation. In previous studies, the transverse soil-pipe interaction
nonlinearity was assumed by partitioning the pipeline into four segments, which does not
reproduce real pipeline behavior and presents several issues. Moreover, none of the previous
studies designed the axial soil-pipe interaction nonlinearity to include pipeline sliding and its



effects on the geometrical nonlinearity terms inside the analytical solutions. An inappropriate
definition of soil-pipe interaction in the analytical solutions can lead to an unrealistic and
uneconomical design and even disaster during future earthquakes. The development of a
comprehensive analytical solution that incorporates exact nonlinear axial and transverse soil-
pipe interaction terms within a united governing equation is therefore urgently required.

For establishment of an improved comprehensive analytical solution for this problem, it is
needed to firstly evaluate the performance of buried pipeline at faults crossing and extract the
effective variables and terms on the soil-pipe interaction and pipeline forces. And after all,
check the experimental results for improving the design guideline for HDPE buried pipelines.
According to what overmentioned, the objectives of present research are listed as follows:

e Investigation of the damage to the lifeline system during the 2017 Sarpole-Zahab
Earthquake: A field investigation has been done by joint team of JSCE between 24th and
28th of December 2017. And the findings obtained through the quick survey. During the
survey, we studied the damage to the lifeline system (e.g. pipelines) and the constructions
and the results are reported.

e Identification of effective terms on axial soil-pipe interaction in problem of buried pipelines
performance at strike-slip faults crossing: Effect of axial soil-pipe interaction and axial
force of pipeline on pipeline performance by FEM analysis is investigated, to derive
effective parameters on axial soil-pipe interaction spring term for developing in future
analytical studies in elastic range. For verification of the FEM-based analysis an existing
analytical solution, based on beam on elastic foundation theory is implemented for the case
of buried pipeline at 90° strike-slip fault crossing. Additionally, FEM-based models result
for 90° fault cases are compared by Hasegawa and Kiyono [44] experiment result.

e Steel pipe material nonlinearity effect on the force-displacement analysis of buried
pipelines subjected to PGD: FEM-based analyses are conducted to evaluate the steel
pipeline material’s nonlinearity effect on the buried pipeline performance in crossing with
the large dislocated strike-slip fault. Besides for deeper understanding of the steel pipeline
material nonlinearity effect, some cases with elastic and some cases with plastic pipe
materials by applying nonlinear soil-pipe interaction with various faulting angles are
studied.

e Introduction of the axial force terms to governing equation for buried pipeline subjected to
strike-slip fault movements: The axial soil-pipe interaction terms and axial forces terms of
pipeline are extracted by a linear closed-form solution. Removed most of the previous
simplification assumptions and introduced a new linear governing equation that includes
axial force, axial soil-pipe interaction, and geometrical nonlinearity effects within the
governing equation, which substantially increased the accuracy of the analytical solution
for linear analysis. However, axial and transverse soil-pipe interaction nonlinearity were
not considered within the governing equation.

e Introduction of nonlinear governing equation and corresponding semi-analytical solution



for buried pipelines at strike-slip faults crossing: We derived the analytical terms of
nonlinear axial soil-pipe interaction, the frictional axial force and the axial force made by
geometrical nonlinearity effects of the pipeline under large deformation including the
sliding phenomenon effects of the buried pipeline within soil. And, we developed a united
comprehensive governing equation for the entire pipeline elongation based on the beam-
on-elastoplastic-foundation case and introduced the elastoplastic transverse soil pipe-
interaction springs within the comprehensive nonlinear governing differential equation.
Finally, we improved the solution procedure for the nonlinear governing equation and the
analytical solution results are thoroughly validated using verified FEM models (consisting
of geometrical nonlinearity and soil-pipe interaction nonlinearity with elastic pipe
material). Introduced methodology significantly improved the past studies and extended the
application area of the analytical solutions even in large deformation cases.

Evaluation of nonlinear 3D FEM modeling approaches and damage criterions: To evaluate
the applicatin range of the FEM modeling approaches and damage criterions of buried
pipeline at strike-slip fault crossing, Firstly, the performance of buried pipeline at strike-
slip fault crossing by nonlinear 3D-solid FEM and nonlinear beam modeling approaches is
investigated. And secondly, pipe damage criterions (e.g. tensile rupture, local bucking, and
cross-section distortion ovalization) are investigated.

Damage evaluation of buried HDPE pipeline at strike slip fault crossing by Full-scale
experimental study and calibration of 3D FE models: After introducing the analytical
solution and FEM based studies about the problem of buried pipeline at fault crossing. For
enrichment the achievements 2 full-scale experiments are conducted. Experiments are
designated for evaluation of the SEKISUI CHEMICAL CO.’s HDPE pipes performance
subjected to the strike-slip fault movements. Experiments are done for 2 cases of loose and
dense sands and its results are compared with 3D FEM analyses results. Herein influence
of important variables on the buried HDPE pipeline at 90° strike-slip are studied to improve
the seismic design guidelines of buried HDPE pipelines.

1.4. Organization of the thesis

The results of this study are presented in eight chapters as follows:
In chapter I, an introduction about the problem and an abstract review of past studies and

their shortcomings is expressed. In second part of this section objectives and achievements of
this study is abstractly introduced. Finally, damage to the lifeline systems during historical
earthquake [2-12] and more recently 2017 Sarpole-Zahab Earthquake [13] (our field survey)
are reported.

In chapter Il, a review is conducted on the literature corresponding to FEM-based,

experimental and analytical solution methods employed for study of the buried pipeline
subjected to the earthquake faults movement.

In chapter 111, changes on behavior of the buried pipeline due to the changes in axial soil-



pipe interaction at strike-slip fault is investigated by FEM, and effective terms on axial force
and axial soil-pipe interactions boundary conditions are detected for future analytical studies
in elastic range. Moreover, effect of steel pipe material nonlinearity on buried pipeline
performance evaluated against the large dislocated strike-slip fault movements.

In chapter IV, we introduced a novel linear governing equation and its corresponding
solution for problem of buried pipeline subjected to strike-slip fault movements. Introduced
governing equation includes the linear axial soil-pipe interaction, linear frictional axial force
terms and axial forces made by geometrical nonlinearity effects within it. Firstly, the linear
axial soil-pipe interaction terms, axial forces terms, and axial forces made by geometrical
nonlinearity are derived through closed-form solutions. Secondly, derived the new linear
governing equation of buried pipeline at strike-slip fault crossing and introduced the
corresponding solution procedure. Thirdly, verified the FEM models. Finally, verified results
of the new governing equation versus identical verified FEM models. New analytical
methodology substantially increased the accuracy of the analytical solution for linear analysis.

In chapter V, a new comprehensive governing equation including elastic perfectly plastic
axials soil-pipe interaction and elastoplastic transverse soil-pipe and corresponding solution
method, is introduced. Mentioned methodology includes the effects the buried pipeline sliding
within the soil, plasticity of the transverse soil and geometrical nonlinearity effects. Introduced
methodology significantly improved the past studies and extended the application area of the
analytical solutions even in large deformation cases.

In chapter VI, a comparative study is conducted between the 3D solid and shell nonlinear
FEM modeling approach and 3D nonlinear beam-spring modeling approaches and their
application ranges, for the problem of buried pipelines at strike-slip faults crossing.
Additionally, the performance and damage criteria are evaluated through 3D nonlinear FEM
analysis. All the analyses have the nonlinear soil material, nonlinear pipe material, the
nonlinear interface properties, and geometrical nonlinearity effects.

In chapter V111, two full-scale experiments are carried out for buried HDPE pipeline at strike
slip fault crossing. Experiments are designated for performance evaluation of the SEKISUI
CHEMICAL CO’s HDPE pipes subjected to the strike-slip fault movements. Experiments are
done for 2 cases of loose and dense sands and its results are compared with 3D FEM analyses
results. Moreover, influence of important variables on the buried HDPE pipeline at 90° strike-
slip are studied to improve the seismic design guidelines of buried HDPE pipelines.

In chapter VIII, the results of the study are summarized and concluding remarks are
presented. Prospective advancements of research efforts are presented in terms of future works.

1.5. Damages to the lifeline system owing to the earthquake

The crucial importance of lifeline systems during the earthquake were first emphasized in
the in San Francisco earthquake and ensuing fires in 1906 [45]. This earthquake disaster caused
failure of several lifelines, including: breakage of gas distribution and service lines, damage to
fire stations, breaks to the water distribution system resulting in total loss of water for fire-



fighting purposes. Following 1906, several earthquakes continued to illustrate the importance
of lifelines in earthquakes. The 1971 San Fernando Earthquake, illustrated more effects of
earthquake on lifelines; there were damage to electrical substations, hundreds of breaks in the
water distribution system, loss of telephone service due to this damage, near-collapse of a major
dam, numerous breaks in the gas distribution system, collapse of major freeway overcrossings,
damage to emergency facilities, including collapse and major loss of life at a hospital, and
major damage or partial collapse at several other hospitals[6].

Lifeline earthquake engineering is a relatively new field. It recognized formally in the 1970's
with the establishment in the United States of ASCE's Technical Council on Lifeline
Earthquake Engineering [46].

1.5.1. 2017 Sarpole-Zahab earthquake

On November 12, 2017, at 21:48 local time (18:18 UTC) a destructive earthquake occurred
near the town of Sarpole-Zahab in Kermanshah Province, Western Iran. The earthquake had
the moment magnitude of 7.4 as reported by Iranian Seismological Center (IRSC) and Global
Centroid Moment Tensor Catalog (GCMT) or 7.3 as reported by United States Geological
Survey (USGS) [13]. Seismic characteristics of Sarpole-Zahab earthquake is illustrated in Fig.
1.1 and Table 1.1.
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Fig. 1.1. (a) Locations of the recording stations together with the obtained maximum PGA values of
two horizontal components; (b) and (c) acceleration time series for Sarpole-Zahab and Nosood
stations, respectively; (d) and (e) obtained absolute spectral acceleration for Sarpole-Zahab and

Nosood stations, respectively [13].



Table 1.1. Details of moment tensor solution [47].

Centroid; Lat:34.77° N, Lon:45.76°E, Depth: 8 km, Time relative to the origin time (Sec): +5.96
Mw: 7.4, Moment (N.m): 1.366e+20, DC%: 934, CLVD%: 6.6, Variance Reduction: 0.51
Nodal Planes; strike: 4°, dip:10° rake: 157°
strike: 116°, dip: 86°, rake: 81°
P-axis; azimuth: 215°, plunge:41° - T-axis; azimuth: 17°, plunge: 48°
Moment Tensor (N.m); Mrr: 0.201, Mtt: 0.035, Mpp:-0.236, Mrt: 1.209, Mrp: -0.572, Mtp: 0.174, Exponent :20

Regarding the event location IRSC seems to have the best estimation since they have used
stations near the epicenter. Table 1.1 shows the details of moment tensor solution of IRSC4).
They report the latitude of 34.77° and longitude of 45.76° and depth of 18 km for the main
event. One important foreshock has been reported by IRSC which has occurred at 17:35 UTC
(less than an hour before the main shock) with magnitude of 4.4. As of 11 January 2018, there
have been 598 aftershocks in magnitude range of 2.5 to 5.4 according to IRSC bulletin4).
Seismographs and seismological data are illustrated in Fig. 1.1 [13].

1.5.2. Damage to lifelines and infrastructures at Sarpole-Zahab earthquake

(1) Damage to bridges and roads

In general, the significant structural damage was not observed in main bridges, the deck
bridges that are very common for low span bridges were all safe and ready for use. However,
in some cases, there were cracks and even collapse in some parts of stone retaining walls beside
the structure of the bridge, like the Sarpole-Zahab main road bridge. The expansion joints have
become active during the ground motion. And all of the spans of the bridges adjacent to the
joints have experienced some minor or moderate movements. Damages and big cracks were
detected on the stone walls of some little bridges (Fig. 1.2) in the village roads; one was in the
road of Taze-Kand Village to Sarpole-Zahab city. There were apparent cracks both sides of the

iy g

(@ - )

Fig. 1.2. (a) Damage to the retaining walls beside the bridge of Sarpole-Zahab City, (b) damage to
little stone and concrete bridge at a Village road nearby Sarpole-Zahab [13].
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Fig. 1.4. Damage to village road nearby Sarpole-Zahab (the road has rehabilitated temporarily).

bridge in the joint locations in the asphalt [13].

On the roads of damage area due to the settlement, landslide and rock fall (Fig. 1.3), some
damages were observed on the roads, but it was only in some parts only. On the roads of the
Sarpole-Zahab to some Villages nearby it, there was observed some of that mentioned damages
(Fig. 1.4). One of the severe damages on the roads was in Ban-Zardeh Village road that was
because of severe rock fall that can be seen in the figures. And most of the mentioned damages
have been repaired during the first week after the earthquake [13].

(2) Damage to electricity network

After earthquake 3 cities of Sarpole-Zahab, Qasr-e Shirin and Tazehabad and the villages in
their territory had 100% power outage. The cities of Pave, Gilan-e Gharb and Kermanshah and
territory villages had 30-60% power outage, totally around 480 villages had a power outage
after the main earthquake. In big cities from some hours to at most 48 hours the power was
restored and in Villages with-in less than 4 days power was restored [48]. In transmission
network, different levels of damage have been happened from light to severe. The main
observed cases: tilting and collapse of Utility poles in cities due to buildings or walls falling

11
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Fig. 1.5. Collapse of transmission tower duo to rock fall on the mountains nearby the Sarpole-Zahab
city.
on them, falling of 63kV transformer in Sarpole-Zahab city, even one collapse of
Transmission tower (Fig. 1.5) duo to rock fall on the mountains nearby the Sarpole-Zahab city.
Damages to the electrical power network were estimated about 36 million Dollars by Power
ministry [49,13].
(3) Damage to water supply network

Rural water and Wastewater Company of Kermanshah Province established that 13 cities of
Kermanshah Province were damaged, and because of Contamination in 7 cities mainly Sarpole-
Zahab, Qasr-e Shirin and Gilan-e Gharb water was cut for 2 weeks. More than 500 cases on
the main water pipelines and more than 300 cases on main wastewater pipelines were damaged
[50]. Damages to the water supply network were estimated about 72 million Dollars by Power
ministry [49]. These damages were observed even in large polyethylene pipelines (Fig. 1.6)
with the diameter of 600mm. In some Villages due to landslide and settlement in main water
pipelines (Fig. 1.7), severe damages and failures were observed, it is needed to say that the
pipelines were repaired before our observation; one was the Gurchi-Bashi Village’s main water
pipeline and the water vessel [13].

(@) (b)

Fig. 1.6. (a) Damage to Palane-Olya village main water polyethylene pipeline due to a long land slide
(repaired), (b) big deformation in main water polyethylene pipeline of Gurchi-Bashi village.

12



Fig. 1.7. Damage to the Gurchi-Bashi village vessel and Pipeline due to settlement and landslide in
some parts.

(4) Damage to the gas network

National Iran Gas Company established that in general, there was no damage in main Gas
pipelines. However, there was some damage to joints of the gas pipelines at the entrance to the
houses (Fig. 1.8). And because of this after the main earthquake, the gas was cut off for one
day [4]. One of this kind damages were observed at Ahmadabad town in Sarpole-Zahab due to
the falling of walls on the gas pipe joints [13].

O sl 5 | '

Fig. 1.8. Damage to joint of the gas pipeline at the entrance to the houses at Sarpole-Zahab city.
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2.1. General remarks

Pipeline systems have played a significant role in human history and industrial development.
Pipeline networks such as oil and gas transmission lines and water and sewer lines provide the
vital needs of human societies and have been constructed worldwide even in high seismic risk
zones [1]. Earthquakes pose the largest risk for widespread structural damage. In the case of
buried pipelines, most damage arises owing to permanent ground deformation (PDG) such as
fault dislocations, liquefaction, and landslides, even though very few pipelines themselves are
damaged by wave propagations [2, 3]. PDG has been reported to cause extensive damage and
even ruptures of buried pipelines during historical earthquakes [4-7] such as the 1971 San
Fernando earthquake [8-10], 1995 Kobe earthquake [11], 1999 Kocaeli earthquake [6], 1999
Chi-Chi earthquake [12], 2011 Tohoku earthquake [13], 2016 Kumamoto earthquake [14], and
more recently, the 2017 Sarpole-Zahab earthquake [15]. The influence of a pipeline’s lifecycle
on human life is vital because it provides crucial services to human societies, such as energy
and water distribution. Additionally, environmental hazards that can result from the leakage of
ecologically dangerous materials (e.g., chemicals, natural gas, fuel, or liquid waste) cannot be
ignored. Thus, it is evident that the construction of buried pipelines subjected to fault
displacement in earthquake-risk zones and mainly fault intersections is a key problem in
engineering design [1, 16].

2.2. Surface faulting

Faulting comprise of seismic induced permanent ground deformation (PGD) associated with
the relative displacement of parts of the earth's crust. Faults are classified based on the motion
direction to three types as illustrated in Fig. 2.1. If the normal or reverse fault occurs in
combination with the strike-slip fault it is termed oblique fault.
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Fig. 2.1. Fault movement classification: (a) normal, (b) strike-slip, (c) reverse [17].

The fault displacement amplitude depends on the fault type, earthquake magnitude, focal
depth and geology. In absence of accurate data of the expected fault displacement, the
relationships introduced by Wells and Coppersmith [18] can be useful:

logéss = —6.32 + 0.90M, strike — slip fault movement (2.1)
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logésy, = —4.45 + 0.63M, normal fault movement (2.2)
logds = —0.74 + 0.08M, reverse fault movement (2.3)
logdsp, = —4.80 + 0.69M,  blind fault movement (i.e.poorly known fault) (2.4)

where 6 6y, 65 and 8, respectively are the average fault displacements of the strike-
slip, normal and reverse, and blind fault respectively expressed in meters, whereas M is the
moment magnitude of the earthquake. Based on Wells and Coppersmith [18], the observed
fault displacement is in range 0.05 to 8.0 m for strike slip faults, 0.08 to 2.1 m for normal faults
and 0.06 to 1.5 m for reverse faults.

2.3. Modelling of buried steel pipeline subjected to strike slip faulting
2.3.1. Analytical studies

Since the 1970s, this problem has been addressed in a range of numerical, experimental, and
analytical studies. starting from the pioneering work of Newmark and Hall in 1975 [19] that
formally analyzed the fault crossing problem in connection with the design of the TransAlaskan
Pipeline. Their simplified model consists in a straight buried pipeline subjected to a strike-slip
fault movement with B faulting angle, which is schematically illustrated in Fig 2.2. The pipeline
is assumed fixed in the ground at the two anchor points located at a distance L, from the fault
trace where it is able to deform axially due to the imposed fault movement.

Strike-Slip Fault

Anchor
Point \

Anchor

Point
5 (@)

—
|

Pipeline

Anchor
Point

Frictional resista;c_;ié_""""
mobilized along the 2La+AL N\
deformed pipe

Fig. 2.2. Schematic representation of the Newmark-Hall model for buried pipeline crossing a strike-
slip fault [19].
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The pipe is considered as a cable by neglecting its bending stiffness and only the axial soil-
pipeline interaction is taken into account. Then, the elongation of the pipe AL is calculated as
the geometrical change in length of the pipeline between the two anchor points as a result of
the fault displacement &;, while its average strain € was evaluated as the ratio of the pipeline
elongation AL and its initial length between the two anchorage points (2L,). The pipe
elongation AL is calculated by a simplified cable assumption based on the two anchorage
lengths (2L,) and the axial component of the fault movement which is shown in Fig. 2.2:

8F + (2Lg)* + 28;cosB = (2Lg + AL)? (2.5)

dividing both sides of the Eq. (2.5) by 8L, and neglecting the AL?, the average strain in the
pipe ¢, in function of the fault displacement & and inclination angle 3 is obtained as follows:

AL 5

—_— ~

2L, 2L,

62
cosp + —fz (2.6)
8L%

According to the Newmark and Hall approach, pipeline failure is assumed to occur when
the average tensile strain value of 4% is exceeded. Newmark and Hall ignored the bending
stiffness of the pipeline at the high-curvature zone, which results in an overestimation of the
bending strain while increasing the axial forces and strains. They assumpt, the transverse
component of soil has small effect for local flexural strains, if the anchoring points are
sufficiently away from the fault crossing.

The Newmark and Hall [19] approach, was extended by Kennedy et al. [20] at 1977 through
proposing an analytical method which accounts the lateral soil interaction. In this method, the
assumed deformed profile of the pipe is shown in Fig. 2.3. As a simplification, it was assumed
that the pipe deforms with constant curvature between an anchoring point and the fault
intersection. Beyond the anchoring points, the pipe is assumed straight. And consequently, the
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Fig. 2.3. Schematic diagram of the pipe deformed shape assumed by Kennedy et al. [20].

bending strain of the pipe is derived as:
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gy = (2.7)

Where R, is the constant curvature assumed for the pipe segment between anchor point and
fault movement. This assumption of constant curvature is required to determine the axial force
in the pipe segment. It is assumed that the axial tensile force is essentially independent of the
curvature if the bending is less than 80% of the axial strain. However, in reality, the pipe
curvature is likely to change gradually as moving away from the faultline; as such the pipe
sections away from the abrupt ground displacement will resemble a beam on an elastic
foundation. Furthermore, they assumed that the pipeline section yields in the high-curvature
zone, which means that the bending stiffness of the pipeline is ignored. This assumption does
not represent the real pipeline performance and overestimates the bending strain while
increasing the axial forces and strains.in this method, The models proposed by Kennedy et al.
[20] and Newmark and Hall [19] are referenced in ASCE 1984 [21] guidelines for strike-slip
and normal fault movements.

The study of Kennedy et al. [20] was extended to strike-slip fault crossings with a simple
development of pipeline bending stiffness by Wang and Yeh [22]. they attempted to incorporate
the bending stiffness of the pipe segment closest to the faultline. They assumed; the bending
stiffness of the pipe cannot be ignored unless the pipe undergoes very large deformations. In
this method, buried pipeline is partitioned into four segments, two on both sides of the crossing
fault, called the high-curvature zone (segments AB and BC) and two others further from the
fault line and beside the high-curvature zone (segments AA’ and CC’) as illustrated in Fig. 2.4.

Beam on Elastic Transition Beam on Elastic
Foundation Zone Foundation

Initial Pipe Position

Z It \q E
Displaced Pipe

Fig. 2.4. Schematic representation of the Wang and Yeh. [22] model for pipeline crossing a strike-slip
fault.
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The outside segments (AA’ and CC’) are modeled based on the beams on elastic foundation
theory (Eg. (2.8)), while the pipe sections in high-curvature zone (AB and BC) are assumed to
be behaving as a cable with constant curvature. Neglection of the pipeline bending stiffness in
high curvature segments causes the reduction in bending moment resulting from the increased
axial force. However, when considering the force equilibrium of these pipe segments, the end
bending moment and shear forces transmitted further segments are considered. Additionally,
partitioning of the pipeline into four segments assumes that the soil yields in the two high-
curvature zones. However, the soil yielding starting point can differ from soil to soil and may
yield away or closer from the high curvature zone and this assumption is not realistic. the
pipeline partitioning assumption causes each segment to be solved as a separate problem even
with different equations, which increases the solution complexity and decreases the accuracy

of the obtained results.
d4

EIW"'ktW =0 (28)

Karamitros et al. [23] developed Wang and Yeh [22] analytical method through adding the
pipe’s bending stiffness at the high curvature zone for strike-slip faults. They also partitioned
the pipeline into four segments, two further segments (AA’ and CC’) where analyzed based on
beam-on-elastic-foundation with governing equation of Eq. (2.8) and two high curvature
segments (AB and BC) assumed as a beam and solved based on the elastic beam theories (see
Fig. 2.5). Additionally, the effects of axial forces and the steel pipe material’s non-linearity
was calculated externally and separately. Karamitros et al. [23] solved some limitations of
previous methods but some shortcomings remain, as summarized here. (1) The same
assumptions and issues faced by Wang and Yeh regarding the pipeline partitioning into four
segments for the nonlinearity of transverse soil-pipe interaction. (2) The axial force terms and
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Fig. 2.5. Schematic representation of the Karamitros et al. (2007) [23] model for pipeline crossing a
strike-slip fault.
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axial soil-pipe interaction are not implemented inside the governing equation and its effect is
calculated in an indirect, external, and simplified manner. It is evident that a lack of axial forces
within the governing equation has important consequences on the overall pipeline results (e.g.
deflection, bending moment, shear force, stress, strain). (3) The effects of steel pipe material
nonlinearity is applied by updating the Young’s modulus of the steel inside the governing
equation. A pipeline during fault movement can yield in specific areas, however, they use the
same updated Young’s modulus for all of the pipeline elongation even in sections that do not
yield. In real cases, the Young’s modulus changes only in the yielded sections and may differ
in different sections depending on their yield ratio. (4) The calculation of bending strain is
unclear.

Trifonov and Cherniy [24] extended the Karamitros et al. [23] model to strike-slip and
normal fault crossings, removed the symmetry conditions about the intersection point, and
contributed transverse displacements for estimating a pipeline’s axial elongation. The axial
force was included in the governing differential equations only at the high-curvature zone, and
geometrically induced second-order effects were taken into account. They also followed the
Wang and Yeh [22] assumption and partitioned the pipeline to four segments, , two further
segments (AA’ and CC”) where analyzed based on beam-on-elastic-foundation with governing
equation of Eq. (2.8) and two high curvature segments (AB and BC) analyzed based on Eq.
(2.9) by adding axial forces to the beam on elastic foundation equation.

El— —F— = 2.9
Z =1 (2.9)

where E is the elastic Young’s modulus of the pipeline, w, is the transverse deflection, I is
moment of inertia of the pipeline, k; is the transverse soil springs constant, q is soil transverse
reaction at high curvature zone, and F is the axial force at high curvature zone. Based on their
definitions F, is a constant force along the pipeline for all the high curvature zone segments,

y L L,
r’ X
A I—»

/ A qu2

WHWHEH
A}. qnlm

pipeline

B

fault

1\1‘TT‘I‘

Fig. 2.6. Schematic representation of the Trifonov and Cherniy (2010) [24] model for pipeline
crossing a strike-slip fault.
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which is calculated externally through a simplified equation and input inside the Eg. (2.9) and
q is also constant soil reaction force at all the high curvature zone segments. And further
segments based on Eg. (2.8) does not have any axial forces effect.

For better understanding in Fig. 2.7 and Fig. 2.8, schematically axial force of pipeline for
Trifonov and Cherniy [24] is compared versus a verified FEM model (real axial force
distribution in pipeline). As illustrated in Fig. 2.8, not only the axial force is not constant at
high curvature zones, but also axial force exists with a large magnitude inside the further
segments up to very long distances. In their study, two Eq. (2.8) and Eq. (29) have been
connected through a complex optimization method which is not only cumbersome but also
decreases the results accuracy.
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Fig. 2.7. Schematic representation of the Trifonov and Cherniy (2010) [24] model for axial force in
problem of buried pipeline at strike-slip fault crossing.
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Fig. 2.8. valid axial force responses shape for a steel buried pipeline at strike-slip fault crossing
(chapter 3).

Although the study by Trifonov and Cherniy [19] presents progress for semi-analytical
pipeline models, some shortcomings also remain. (1) The axial force and geometrical
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nonlinearity in the governing differential equation is only conducted in the two high-curvature
segments, and axial forces are assumed to be zero in the two further segments (Fig. 2.7). In real
cases, the axial force exists not only at the high-curvature zone but also along the pipeline
elongation, which exponentially attenuates several hundred meters beyond the fault line. This
assumption can drastically affect all of the pipeline results (e.g. deflection, stress, strain
distributions). (2) The axial force term and geometrical nonlinearity within the governing
equation at the high-curvature zone is implemented as a constant and calculated externally from
another approximate solution for the entire pipeline at the high-curvature segment. In reality,
the axial force of the pipeline is from friction and geometrical nonlinearity effects and is not
constant, even in yielded soil. It undergoes a maximum at the crossing point with the fault line
and, in most cases, does not attenuate even up to hundreds of meters beyond the fault line along
either side of the pipeline. (3) The model includes shortcoming nos. 1, 2, and 3 from Karamitros
et al. [18] regarding the partitioning of the pipeline into four segments and steel pipe material
nonlinearity problems. These simplification assumptions introduce errors to the obtained
results. Additionally, the developed solution by Trifonov et al. entails a complex system of
equations, which can only be solved using optimization techniques among experts.

In 2011, Karamitros et al. [25] extended their previous study [23] 2007 model to normal fault
crossings and removed the symmetry conditions about the intersection point (see Fig. 2.9). However,
this study had the same shortcomings as the results obtained in Karamitros et al. [23].
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Fig. 2.9. Schematic representation of the Karamitros et al. (2011) [25] model for pipeline crossing a
normal fault.

In 2012, Trifonov and Cherniy [26] presented an analytical model for the stress-strain
analysis of buried steel pipelines that cross active faults by considering the effects of
operational loads (internal pressure and temperature variation) on the basis of plane strain
plasticity theory. They used the same partitioning assumption and Eq. (2.8) and Eqg. (2.9) as
their governing equations (see Fig. 2.10). And their study had the same shortcomings as those
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Fig. 2.10. Schematic representation of the Trifonov and Cherniy (2012) [26] model for pipeline
crossing a strike-slip fault.

of Trifonov and Cherniy [24] with regards to the governing differential equation of the buried
pipeline. Although, they employed the von Mises yield surface in their external calculations to
include the pipe material nonlinearity, but because the effects of steel pipe material nonlinearity
are applied by updating the Young’s modulus of the steel inside the governing equation. It
updates same Young’s modulus for all of the pipeline elongation even in sections that do not
yield. In real cases, the Young’s modulus changes only in the yielded sections and may differ
in different sections depending on their yield ratio.

2.3.2. Finite element method studies

Nowadays, by improvement of processors and finite element method (FEM), FEM-based
analysis is applicable solutions for the problem of the buried pipeline crossing active fault.
FEM has been recently used for verification of analytical solutions and evaluation of the buried
pipeline performance for assessment of criteria such as local buckling, ovalization and tensile
damages [23-32]. There exist several FEM-based pieces of research, with different modeling
approaches.

In 2001, Takada et al. [33] employed a beam—shell hybrid model to develop a new simplified
method for evaluating the bending angle and critical axial strain in the pipeline at fault
crossings. In their model, the central segment of the pipeline within 30m at both sides of the
fault, was modelled with shell elements, whereas the remaining part was modelled as a beam,
allowing to reduce the computational costs and avoid the error associated with the enforced
boundaries at the ends of the shell segment. In 2004, Liu et al. [34,35] analyzed a buried
pipeline subjected to fault movement by modellng the pipe segment around the fault zone with
shell elements and the surrounding soil with springs in the three orthogonal directions
connected at each node of the shell pipeline. In further distances from faultline, the observed
pipeline behaviour was elastic and the relative soil-pipe displacement in the transverse direction
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Fig. 2.11. Schematic representation of shell FEM models for a pipe crossing the fault according Liu et
al. study [35]: (@) hybrid shell-beam model, (b) shell model with equivalent boundary.

was negligible so that the pipeline resulted only loaded axially by the soil friction. Differently
from other previous methods, they evaluated analytically the force-displacement relationship
of the soil-pipe system away from the fault, which was subsequently applied in terms of a
nonlinear axial spring at the two ends of the shell model, as schematically illustrated in Fig.
2.11.

The proposed shell-spring model with the equivalent boundary was employed by the
authors to assess the seismic performance of two water steel pipelines with large diameters
damaged at fault crossing during the Kocaeli and Chi-Chi Earthquake.

In 2011, Joshi et al. [36] analyzed the response of buried pipelines subjected to reverse fault
motion by developing a simple finite element model using 3-D beam elements as shown in Fig.
2.12. Soil surrounding the pipeline was modeled using nonlinear springs which support the
pipeline at discrete points. features incorporated in the model were pipe-material nonlinearity,
nonlinear Winkler spring model of the soil, geo- metric nonlinearity associated with large
deformations, and post- buckling behaviour of pipeline (in case of beam buckling).
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Fig. 2.12. Geometry of proposed FEM model for buried pipelineby Joshi et al. [36]

soil block

pipeline

Fig. 2.13. Finite element model of buried steel pipeline at strike-slip fault crossing made by created
Vazouras et al. [37].

In 2015, Vazouras et al. [37] modeled a hybrid (shell and solid elements beside equivalent

30



springs) pipeline buried in solid soil, by adding the analytically extracted equivalent axial
springs of soil and pipeline, they shortened the size of needed FEM model with the same
accuracy of the full FEM model (see Fig. 2.13). they investigated the pipeline performance
under strike-slip fault movement, refining the numerical methodology presented in the
previous publications by substituting the fixed boundaries at the pipeline ends with an
equivalent nonlinear spring. The latter accounted for a finite or infinite length of the pipeline
beyond the shell model and was obtained analytically, considering the elastic deformation of
the system as well as the development of sliding once the shear strength was reached at the
pipe—soil interface.

In 2016, Liu et al. [38] modeled buried pipeline at reverse fault crossing using FE
commercial code ABAQUS which pipe was modeled as shell elements and soil-pipe interaction
was modeled as non-linear soil springs. They modeled pipe as shell elements and soil-pipe
interaction was modeled as non-linear soil springs. besides, they had an investigation on
buckling of buried pipeline influenced by yield strength and strain hardening parameters (see
Figs. 2.14 and 2.15).

Shell elements

Soil springs

Boundary

Fig. 2.14. Sketch of finite element model of Liu et al. [38].

\ Hangingwall

\ ~__.’\

Footwall Buckling

Fault Trace
Fig. 2.15. Local buckling under reverse fault displacement [38].

In 2018, Demirci et al. [39] studied the behavior of a continuous buried pipeline subjected
to reverse fault motion by a new experimental centrifuge modeling of pipeline crossing reverse
fault. Which used 3D FEM analyses besides for more details (see Fig. 2.16). A review of the
FEM-based researches in the literature shows that for modeling of pipe various modeling
approaches including beam, shell, hybrid (beam+shell), new hybrid (spring+shell) and soil
continuum-shell model are used to evaluate pipeline performance against earthquake fault
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Fig. 2.16. Created model by Demirci et al. [39]: (a) cross-section of three-dimensional (3D) soil
continuum model, (b) side view of the 3D FE model showing displacements of foot wall and hanging
wall, (c) displacement profile of the pipeline, (d) longitudinal pipe strains in the dashed red zone.

movement.

Simulation of the buried pipeline and surrounding soil respectively by shell elements and
solid elements for a 3D FEM-based analysis is the most detailed approach for modeling the
pipeline at fault crossing problem. which can produce the most realistic performance of buried
pipeline including the local buckling, ovalization, and tensile damages. Because of the
modeling complexity, this method mostly is used for research purposes which in this study we
call it 3D-solid modeling approach. It is common to use the beam element for modeling of pipe
and spring elements for modeling of soil-pipe interactions for design and even research
purposes which is simpler than the 3D-solid modeling approach and in this study, we call it
beam modeling approach. Both over mentioned FEM models include the geometrical
nonlinearity effects and material nonlinearity effects.
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2.4. Experimental studies

In 2003, Yoshizaki et al. [40] using a large split-box at Cornell University did an
experimental study on the effects of PGD caused by pure strike-slip fault movement on buried
steel pipelines with elbows, and calibrated FE models for further studies. Palmer et al. [41]

described a large-scale testing facility at Cornell University and its working principles.
a T 1t 1\ \R ‘

Fig. 2.17. Centrifuge model of Abdoun et al. [47] experiment: (a) moist sand back fill and (b) dry
sand backfill.

‘3 Hydraulic Jacks
1.70 m ! 8.50 m

on the Sides Hydraulic Jack

(© (d)

Fig. 2.18. Sketch of the split-box test basin of Rofooei et al. experiment model [52]: (a) front view,
(b) side view before and (c) after a fault offset of 0.60 m, (d) photograph of the experimental results.
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O’Rourke and Bonneau [42] then carried out large-scale tests to evaluate the effects of 60°
strike-slip fault movement on high-density polyethylene (HDPE) pipelines and performance
evaluation of steel gas pipelines with 90° elbows. Lin et al. [43] performed small-scale tests
to analyze the performance of buried pipelines under strike-slip faults. The centrifuge-based
approach was first proposed by O’Rourke et al. [43, 44] to model ground faulting effects on
buried pipelines and several centrifuge tests have been performed to investigate the response
of buried HDPE pipeline subjected to faulting movements [45-50]. Abdoun et al. [47],

n ——r . el -

150mm

- T745mm

Fig. 2.19. Experiment model proposed by Demirci et al. [39]. (a) 1-g physical model of buried
pipeline subjected to reverse fault, (b) working principle of 1-g scaled model, (c) observed shear
bands after application of displacement in both horizontal and vertical planes.
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presented results of five pairs of centrifuge tests designed to investigate the influence of various
factors on the behavior of HDPE pipelines subjected to strike-slip faulting. They considered
parameters of the soil moisture content, fault offset rate, relative burial depth (H/D), and pipe
diameter in their experimental study (see Fig. 2.17).

Several studies [45-50] have done by centrifuge test to study the effect of various parameters
on the performance of HDPE pipelines at earthquake fault crossing. They were accomplished
at Rensselaer Polytechnic Institute (RPI) accompanied by several large-scale experiments at
NEES facility at Cornell University on buried HDPE pipes. More detailed explanations about
experiments are available in the NEESR-SG final report [51]. Rofooei et al. [52] performed a
full-scale experiment on a steel pipe under reverse faulting of 0.6 m with a dip angle of 61° and
calibrated a three-dimensional FE model using the experimental results (see Fig. 2.18).
Recently, Demirci et al. [39] studied the behavior of a continuous buried pipeline subjected to
reverse fault motion and proposed experimental centrifuge model for reverse faults in addition
to a calibrated three-dimensional FE model (see Fig. 2.19).

Several experimental studies have been carried out on the behavior of buried pipelines
subjected to strike-slip fault movements. However, more experimental research is needed to
investigate the performance of buried HDPE pipelines and their complex soil—pipe interaction
at strike-slip fault crossing. There is a need to investigate the performance of the HDPE pipeline
buried in special soil types subjected to earthquake fault movements to improve seismic design
guidelines of the HDPE pipelines and validate the FE models that are usually created for
parametric studies and predicting the buried pipeline performance under seismically-induced
PGD.
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strike-slip fault crossing
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3.1. General remarks

Performance of buried steel pipeline at strike-slip fault crossing is investigated using FEM
analysis. In this chapter has two major subsections. First one is, evaluation of the axial soil-
pipe interaction and axial force of the buried pipeline at strike-slip fault crossing. In this
subsection, the simulations included various faulting angles and soil stiffness values, with
contribution of the existence variable of the axial soil-pipe interaction springs. The FEM results
are verified using a simple existing analytical approach in conjunction with experiment result.
Since in previous researches axial soil-pipe interaction has been roughly simplified [1-8] there
was a demand on derivation of soil-pipe interaction terms for analytical solution methods even
in elastic range, beside evaluation of the importance of axial force of pipeline and axial soil-
pipe interaction on this problem. First subsection has concentrated on effect of axial soil-pipe
interaction and axial force of pipeline on pipeline performance to derive effective parameters
on axial soil-pipe interaction spring terms and new boundary conditions for developing in
future analytical studies in elastic range. In second subsection, performance of buried pipelines
crossing strike-slip fault with nonlinear pipe material and nonlinear soil-pipe interaction is
investigated by FEM-based simulations. Wherein mainly focused on the evaluation of steel
pipeline nonlinearity effects on pipeline performance. Additionally, FEM-based cases were
created by applying various faulting angles to investigate deeply the steel pipeline material
nonlinearity effect on different cases by comparing plastic steel pipeline material cases with
elastic ones [1].

3.2. Background

As mentioned in literature review, there has been already done several great studies with
great outcome in pipeline crossing earthquake fault topic by analytical [2-9] and numerical
[10-20] approaches. Despite the substantial advances made by previous studies in developing
analytical solutions for a buried pipeline at fault crossing problems, the effect of the axial soil-
pipe interaction terms has only been approximated through iterative procedures by employing
initial assumptions with regard to the strain/stress states of pipeline section. The
abovementioned approximations are performed because the exact term of the axial soil-pipe
interaction in the governing differential equations has not been considered properly thus far
(not only in nonlinear range but also even in elastic range). Therefore, there exists a need for
developing a comprehensive analytical solution by incorporating the exact axial soil-pipe
interaction term in the governing differential equation. However, the buried pipeline at fault
crossing problem is a nonlinear problem but for fulfilling of this need, as first step in derivation
of the axial soil-pipe interaction, this study is adopted in elastic range (non-sliding). The elastic
range was preferred to avoid the interference of non-linear effects on identifying the
relationships between the affected parameters and the axial soil-pipe interaction. Besides, in
most of researches, mainly they have focused on the transverse soil-pipe interaction, and axial
soil-pipe interaction has been roughly simplified. by these simplifications, importance and
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sensitivity of the axial soil-pipe soil interaction and effect of it on pipeline performance has
been underestimated. Additionally, to investigate the steel pipe material nonlinearity effect on
the buried pipeline performance at strike-slip fault crossing, in the second subsection of this
chapter, an FEM-based investigation is conducted by taking the nonlinear soil-pipe interaction
and the steel pipeline material nonlinearity into account. The main aim of second subsection is
evaluation of the steel pipeline material nonlinearity effect on the buried pipeline performance
in crossing with the large dislocated strike-slip fault. Besides for deeper understanding of the
steel pipeline material nonlinearity effect, the problem by applying nonlinear soil-pipe
interaction with various faulting angles are also investigated [1].

3.3. Importance of axial soil-pipe interaction on pipeline crossing a strike-
slip fault

In this subsection, an FEM based approach is implemented (1) to evaluate the importance
of the axial soil-pipe interaction in the buried pipeline at fault crossing problems; And (2) to
derive the effective variables and their relationship on the variation of the axial soil-pipe
interaction term and axial force of soil and pipeline in the pipeline crossing fault problem. For
verification of the FEM-based analysis an analytical solution, based on beam on elastic
foundation theory is implemented. Additionally, FEM-based model of the pipeline crossing the
90° strike-slip fault verified by Hasegawa and Kiyono [21] experiment result. (Fig. 3.1). By
verification of the FEM-based analysis results by analytical and experiment, the FEM-based
model was employed to accurately reproduce various pipe crossing fault scenarios. This study
was conducted to identify the effective parameters and new boundary conditions for developing
the axial soil-pipe interaction to utilized for future analytical researches to the pipeline crossing
fault problem.

1 — pipeline
2 — fault

(A) (B)

Fig. 3.1. Buried pipeline analysis model at strike-slip fault crossing: (a) definition of x and y-axes and
fault displacement of 6x, dy, and &; (b) pipeline-fault-intersection angle in plane ¢.
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3.3.1. Performance of buried pipelines during previous earthquakes

Owing to earthquakes, severe damages have been observed in buried steel pipelines
subjected to active fault displacements, even with very large sizes. For example, a steel water
transmission pipeline was damaged owing to the fault crossing near Arefiye, Turkey, during
the Kocaeli earthquake in 1999 (Fig. 3.2a) [22]; a large size steel pipeline with diameter of 2
m and thickness of 1.9 cm was severely damaged owing to fault crossings during the 1999 Chi-
Chi earthquake in Taiwan (Fig. 3.2b) [23]. In the 2017 Iran-lraq earthquake, more than 500
cases of damages were reported for the main water pipelines, while more than 300 cases were
reported for the main wastewater pipelines. These damages caused the contamination of the
Sarpole-Zahab water resources for more than one week (Fig. 3.2c) [24]. These pieces of
evidence demonstrate that the damage to the pipelines caused by the fault crossings did not
only result in high economical loss, but also led to environmental problems in the damaged
area. Therefore, the behavior of the pipeline at the fault crossings is an important engineering
problem, and the resulting damage must be controlled through appropriate design based on
knowledge about the responses of the pipe at crossing zones with faults.

Fig. 3.2. Damaged steel pipeline after: (a) 1999 Kocaeli earthquake [22], (b) 1999 Chi-Chi earthquake
in Taiwan [23], (c) 2017 Iran-Iraq earthquake in Sarpole-Zahab city (drinking water contamination)
[24].

3.3.2. Analytical solution

In this part, an existing elastic analytical solution based on the beam-on-elastic-foundation
theory for a steel pipeline subjected to a strike-slip fault displacement was used. Based section
3.3.3.2.1, 3.3.3.3.3 and 3.3.3.3.6 for the cases of buried pipeline crossings with a 90° strike-
slip fault displacement, the effects of the axial soil-pipe interaction and axial force responses
were negligible. Since this simple analytical solution doesn’t consider the axial forces and axial
soil-pipe interactions, therefore, the analytical solution was implemented only for a 90° fault
displacement with regard to the two scenarios of pipeline buried in hard and soft soil.

Subsequently, in this analytical solution, the lack of the axial soil-pipe interaction in the
results was negligible, and the solution in elastic range has very good accuracy for pipeline
crossings with a 90° strike-slip fault.
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Fig. 3.3. Coordinate system and partitioning of pipeline for analytical solution.

In the problem of pipeline crossing strike-slip fault, the pipeline responses were symmetric.
Based on Fig. 3.3, the problem was solved for the left segment of the fault and the results were
extended to the right segment. In the elastic range, the differential equilibrium equation for the
pipeline crossing the strike-slip with an angle of 90° is expressed as follows:

4
Wy
—EIW — ktWy =0 (31)
By imposing the boundary conditions of w = 0 for x - —oco and w,, = §/2 for x = 0 and
M = 0 for x = 0, Eq. (3.1) yields the following expression:

Qef""cosﬁx (3.2)

Where w,, is the transverse displacement of the fault.

_ | ke 3.3
p = 1E] (3.3)

Additionally, from the bending moment obtained by applying the beam theory, the
maximum bending location and maximum bending moment of the pipeline are expressed as
follows:

M(x) = 8,EIB%eP*sinpx (3.4)
XM max = _% (35)
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—75yE1,32e—% (3.6)

Minax =
The shear force is expressed as follows:
V(x) = 8,EIB3eP*(sinfx + cospx) (3.7)

Here, w,, is the transverse displacement of the pipeline; E is the pipeline steel’s Young’s
modulus, I is the moment of inertia of the pipeline cross section, and k;, is the elastic constant
of the transverse soil springs.

3.3.3. FEM results and verification

3.3.3.1. Clarification of pipeline model

To evaluate the pipeline response at strike-slip fault crossings, a number of representative
numerical analyses were conducted using the FEM in the commercial code of ABAQUS [25].
Based on the Hasegawa and Kiyono [21] experiment, a 4" steel pipeline with 1 km length buried
in 0.6m sand with an external diameter of 0.1143 m and thickness of 0.0023 m (without internal
pressure) was simulated. Transverse soil spring constants in Table 2 are determined based on
the lateral load test LLT experiment results of the (Hasegawa and Kiyono 2016) experiments
and axial spring constants are extended based on the seismic design guideline for high-pressure
gas pipeline of Japan gas association [26]. To improve the FEM results accuracy, meshing and
elements size are selected based on the mesh size sensitivity analyses results. The elements in
both sides of the fault symmetrically discretized gradually from 0.0125m to 1m in further
distances from faultline. The pipeline was made of API5L-X65 steel material with an elastic
Young’s modulus of 200 GPa. For pipe elements the B21 elements, for rigid bodies RB2D2
elements and CONN2D2 element for soil spring elements are applied. The soil-pipe spring
parameters listed in Table 3.1 were considered in the transverse, vertical and axial directions
in the elastic range as Fig. 3.4.

Transverse soil springs (k;)
@Y .— Faulting angle (¥)

Axial soil springs (k)

Vertical soil springs (k,,)

Fig. 3.4. Schematic soil spring diagram of buried pipeline at strike-slip fault crossing implemented in
FEM model.

The fault displacement components are applied to the ends of the soil spring elements and

46



Table 3.1. Soil-pipe interaction springs properties

Soil name ki ka kv G Vs Soil type
(MN/m3)  (MN/m?) (MN/m®) (MN/m2) (M/S)  (NEHRP)

Soft T. 1.8 - 3.2 0.78 21 E*

Hard T. 180 - 320 75 190 D**

Soft T. A. 1.8 0.9 3.2 0.78 21 E

Hard T. A. 180 90 320 75 190 D

* E (soft soil) (Building Seismic Safety Council, 2003)
** D (stiff soil) (Building Seismic Safety Council, 2003)
Table 3.2. FEM-base and analytical model cases

No. Case Name Solver ?NO:;HSTD) Soil type Q
1 Anal-Soft T. soil-90° Analytical E Soft T. 90°
2 Anal-Hard T. soil-90° Analytical D Hard T. 90°
3 FEM-Soft T. soil-90° FEM E Soft T. 90°
4 FEM-Hard T. s0il-90° FEM D Hard T. 90°
5 FEM-Soft T. A. soil-90° FEM E Soft T. A. 90°
6 FEM-Hard T. A. soil-90° FEM D Hard T. A. 90°
7 FEM-Soft T. soil-60° FEM E Soft T. 60°
8 FEM-Hard T. soil-60° FEM D Hard T. 60°
9 FEM-Soft T. A. soil-60° FEM E Soft T. A. 60°
10 FEM-Hard T. A. soil-60° FEM D Hard T. A. 60°
11 FEM-Soft T. soil-45° FEM E Soft T. 45°
12 FEM-Hard T. soil-45° FEM D Hard T. 45°
13 FEM-Soft T. A. soil-45° FEM E Soft T. A. 45°
14 FEM-Hard T. A. soil-45° FEM D Hard T. A. 45°
15 FEM-Experiment-Soft soil FEM E Soft T. A. 90°
16 FEM-Experiment-Hard soil FEM D Hard T. A. 90°

the pipeline is free to move on axial direction in both sides. To evaluate the response of the
buried pipeline crossing the strike-slip fault, two analytical and 14 FEM-based analysis cases
were investigated by analysing of the various faulting angles, soil stiffness, and axial soil-
pipe interaction existence variables listed in Table 3.2. In the FEM and analytical method, a
transverse fault dislocation of 0.2 m with three different faulting angles, respectively, was
specified for the pipeline (Fig. 3.1 and Fig. 3.8). The hard soil has a spring constant (k) that
was 100 times stiffer than soft soil. Hence, based on Eq. 9, it can be said that in the hard soil
shear wave velocity is 10 times faster than the soft soil. It is mentionable that the Eq. 9 is

expressed based on Eq.8.
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3.3.3.2. Verification of FEM model

To ensure the FEM-based simulation results, the FEM model results were evaluated versus
analytical approach and experiment.

-0.05 1 x(m) -0.05 1 x(m)
-10 8 -6 -4 -2 2 4 6 8 10 10 -8 -6 -4 -2 2 4 6 8 10
000 L L T L L L L J 000 L 1 1 1 L 1 1 1 1 J
Anal-Soft T. Soil-90° Anal-Hard T. Soil-90"
0.05 . 0.05
FEM-Soft T. Soil-90° FEM-Hard T. Soil-90°
E L. € L,
—=0.10 FEM-Soft TA. Soil-90" —_0.10 FEM-Hard T.A.Soil-90°
3
0.15 . 0.15 .
conv LCOYIV
0.20 . 0.20 .
0.25 - 0.25 -
(a) (b)
8.0E+3 . 8.0E+4 }
. o Anal-Hard T. Soil-90"
6.0E+3 1 Anal-Soft T. Soil-90' 6.0E+4
FEM-Soft T. Soil-90° FEM-Hard T. Soil-90°
4.0E+3 4.0E+4
FEM-Soft TA. Soil-90° FEM-Hard TA-Soil-90°
__2.0E+3 __2.0E+4 :
€ 1S x(m)
2 00E+0 — el XM om0 — —_—
10 -8 -6 -4 -2 6 8 10 10 -8 -6 -4 -
2, 03 S, opg10 8 6 4 2 0 f2 4 6 8 10
-4.0E+3 -4.0E+4 _
-6.0E+3 -6.0E+4 ]
-8.0E+3 - -8.0E+4 J
(c) (d)
1.2E4 ] Anal-Soft T. Soil-90" 358+ ] Anal-Hard T. Soil-90°
1.0E+4 FEM-Soft T. Soil-90° 3.0E+5 | FEM-Hard T. Soil-90°
S ot 2.5E
8.0E+3 | FEM-Soft TA. Soil-90 SE+5 FEM-Hard TA.Soil-90°
2.0E+5
6.0E+3 . —_ J
= Z 1.5E+5
Z 4.0E+3 . Z 1.0E+5 .
2.0E+3 ] 5.0E+4 1 x(m)
x(m) 0.0E+0 - T T T T T T - - T
0.0E+0 ——————— T T T o pea-50 40 30 -20 <10 0 10 20 30 40 50
-50 -40 -30 -20 -10 10 20 30 40 50 ’
-2.0E+3 -
(e) )

Fig. 3.5. FEM analysis result versus analytical solution results for problem of buried pipeline subjected
to strike-slip fault (¢ = 90°): (a) w,, diagram for soft soil cases, (b) w,, diagram hard soil cases, (c) M
diagram for soft soil cases, (d) M diagram for hard soil cases, () N diagram for soft soil cases, (f) N
diagram for hard soil cases.
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(A). Verification of FEM model by analytical solution

Overmentioned analytical method in section 3.3.2 was implemented to verify the results of the
FEM based simulation for the problem of buried pipeline subjected to 90° strike-slip fault
displacement. Cases 1, 3, and 5 for the pipelines buried in soft soil, and cases 2, 4, and 6 for the
pipelines buried in hard soil were considered to verify the FEM models with regard to the
analytical solution, as follows.

Cases 1 and 3, are buried in soft soil, and cases 2 and 4, are buried in hard soil which have
no axial soil-pipe interactions and are the same models with different solution methods
(analytical vs FEM). As shown in Figs. 3.5a,b, the displacement and moment results obtained
by the FEM analysis of cases 3 and 4 were verified using the analytical solution results for
cases 1 and 2. Additionally, in the FEM-based models, the distance between the two maximum
moment points in the pipeline was verified by the results obtained by the analytical solution.

The displacement field results obtained by the FEM and analytical solution were almost
same. Additionally, the bending moment diagrams cases buried in soft soil were almost same,
and there only existed a slight difference (less than 3%) for the magnitude of the maximum
bending moment in the case of the hard soil, for the reason explained in Section 3.3.3.3.5. As
shown in Fig. 3.5¢, the axial force response for the cases without axial soil-pipe interaction was
negligible. The axial force resulting from the cases included the axial soil-pipe interaction in
the FEM models (cases 5 and 6) was not zero. However, based on the stress responses (Fig.
3.12) discussed in Section 3.3.3.3.6, the axial forces of pipelines buried in hard or soft soil for
case with 90° faulting angle (cases 5 and 6) were negligible in comparison with the bending
moment effect on the stresses of the pipeline section. Therefore, generally, it can be said that
the axial soil-pipe interaction was negligible for the buried pipeline crossing the strike-slip
faults and did not affect the results. As shown in Figs. 3.5a-c, the pipeline responses obtained
by the FEM were in good agreement with the analytical solution results.

(B).Validation of FEM model by experimental results

Based on Hasegawa and Kiyono experiments at 2016 [21], cases 15 and 16 were developed
by FE models with the same boundary conditions of the experiment at the end points, and
considering a pipeline with a length of 5 m crossing a strike-slip fault with a faulting angle of
90°, and an axial and transverse soil-pipe interaction.

Table 3.3. Distance between maximum bending moments of pipeline in experiment and analysis.

Distance (m)

Type Soft soil Hard soil
Experiment [21]
(Hasegawa and Kiyono, 2016) 1.900 0.780
FEM (cases 15 and 16) 1.990 0.788

Hasegawa and Kiyono’s experimental study was focused on the distance between two local
buckling locations. Buckling occurs owing to compression stresses, which are maximum at the
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maximum bending moment in the pipeline. Therefore, the buckled points in the pipeline have
the maximum bending moment. Since the local buckling locations are the same with maximum

bending moment’s locations, here for verification purposes, we have compared the distance
between the two local bucklings of the experiment with the distance between the maximum
bending moment locations of our FEM analysis (cases 15 and 16). The distances between two
maximum bending moment locations in the soft and hard soil experiments (Fig. 3.6) were
compared with the results obtained by the FE models (Fig. 3.7) for cases 15 and 16, as presented
in Table 3.3. It can be seen that the FE models were in good agreement by the experimental
and analytical results.

a

Fig. 3.6. Experimental results of pipeline crossing strike-slip fault with angle of 90°: (a) buried in soft
soil, (b) buried in hard soil [21].

(b)

8.0E+4 88
7(_@ —— FEM-Experiment-Soft Soil

6.0E+4 1 —— FEM-Experiment-hard Soil
4.0E+4

2.0E+4
0.0E+0 . —

M(N.m)

-2.0E+4
-4.0E+4
-6.0E+4 1
>

1990mm
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Fig. 3.7. Bending moment responses obtained by FE pipeline models for cases 15 and 16.

3.3.3.3. FEM analysis results

After verification of FEM model of the buried pipeline subjected to the active strike-slip
fault displacement, 12 FEM cases by implementing changing variables for the axial soil-pipe
interaction existence, soil stiffness (k), and faulting angle () were analyzed. These analyses
were conducted to evaluate the effect of the changing variables on the responses of the buried
pipeline. In Figures bellow, cases with transverse and without axial soil-pipe interaction springs
are shown with dashed lines and the cases with transverse and axial soil-pipe interaction springs
shown in solid lines. The analytical solution results are in black colour, cases buried in soft soil
are in the green colour range and cases buried in hard soil are in blue colour range. The lightest
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green/blue colour line is for case of ¢ = 45°, the medium green/blue colour line is for case of
¢ = 60° and the darkest green/blue colour line is for case of ¢ = 90°.

(A). Transverse displacement (wy)

In the analytical solution, all of the pipeline responses were calculated based on deflection
(wy). Therefore, the transverse displacement response of the pipeline is very important. In other
words, the accuracy of this output can strongly affect the accuracy of the other pipeline
responses (Fig. 3.8). The transverse displacement response obtained by the FEM analysis was
verified with the analytical solution. Based on the transverse displacements of the pipeline in
the soft and hard soil cases (Figs. 3.9a,b), the curved zone of the pipeline resulting from the
soil stiffness of the hard soil was much shorter in comparison with that of the soft soil. The
curved zone was approximately 4.5 m for the hard soil and approximately 14.2 m for the soft
soil. In the evaluation of the pipeline’s transverse displacement responses, the FEM cases in
the same soil type without axial soil-pipe interaction springs exhibited exactly same wy
response, even with different faulting angles ¢. This means that there existed a strong
relationship between the axial soil-pipe interaction and the faulting angle ¢, because the
faulting angle effect was completely removed by removing the axial soil-pipe interaction effect.
Additionally, it was observed that, in crossings with a strike-slip fault of ¢ =90°, the pipeline
responses were almost independent of the axial soil-pipe interaction springs effect (Fig. 3.9¢).

Many analytical solutions determined L. as the soil yielding zone at the curved zone of the
pipeline. In fact, L. is the distance between the pipe-fault intersection point and the first point
with zero deflection on pipeline (Fig. 3.5a and Fig. 3.9a).

L. is the first point after fault line which deflection reaches zero. Based on Eq. (2) while
x=L.andw = 0:

U, U2
+1.050e-01
+9.099¢-02
+7.700e-02
+6.300e-02
+4.900e-02
+3.500e-02
+2.100e-02
+7.000¢-03
-7.000e-03
-2.100e-02
-3.500¢-02
-4.900e-02
-6.300e-02
-7.700e-02

-9.099¢-02
-1.050e-01

Fig. 3.8. Transverse displacement (wy) response counters of pipeline resulting from two-dimensional
dislocation of strike-slip fault at 90° angle in soft soil, as obtained by FEM analysis.

Lo~= |— (3.10)
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It was found that L had a reverse relationship with the faulting angle (¢ ) and soil stiffness
(k). With regard to Fig. 3.9a, L. changes by having the axial soil-pipe interaction. In various
very well-known analytical solution methods (e.g., Karamitros et al., Trifonov et al.), the L.
parameter was calculated without considering the perfect axial soil-pipe interaction. Therefore,
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Fig. 3.9. Pipeline crossing strike-slip fault analysis displacement field responses: (a) wy for soft soil
cases, (b) w,, for hard soil cases, (c) w,for soft soil cases, (d) w, for hard soil cases, (e) wy for cases

buried either in soft and hard soil with existence of axial soil springs.

the analytical solution will not have good accuracy in the pipeline response. It is important
to mention that the analytical calculation of Lc without the axial soil-pipe effect is accptable

only for case of ¢ =90°.
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By evaluating the displacement results, it has been discovered that all cases with the same
soil type converged to point B at a specific point (Fig. 3.10a). The distance between the pipe-
fault intersection point and point B is defined as Lconv. Moreover, it was determined that
parameter Lconv iS almost independent of the axial soil-pipe interaction and faulting angle,
although it is related with k; as Eq. (3.11).

3m 4 |4E]
Lconv ~ 7 k_t (3-11)

Additionally, by gradually decreasing the faulting angle ¢ in the cases with axial soil springs,
L. approached Lconv; Subsequently, the angle Lc = Lconv. This phenomenon is attributed to the
enormous increase of the axial tensile forces in the pipeline, around the faulting point, as shown
in Fig. 3.11a,b. This axial force stretched the pipeline at the curved zone and prevented the
change of the concavity direction. Consequently, the inflection points in the pipeline did not
appear at the sides of the fault. Therefore, in the scenarios with axial soil-pipe interaction, L.
increased and became equal to Lconv. Additionally, in the case of ¢ =90°, it was observed that
the pipeline responses at strike-slip fault crossings were independent of the axial soil-pipe
interaction springs existence.

(B). Axial displacement (wy)

As it can be seen in Fig. 3.9¢,d, for all cases with the same soil stiffness and without axial
soil-pipe interaction springs, the same reverse axial displacement was observed in the
pipeline’s curved zone. At the pipe-fault intersection point, this displacement was zero and
gradually increased up to Lconv, While the reverse axial displacement increased. After point B,
this displacement was constant up to infinity. By increasing the soil stiffness, the tendency of
the pipeline to reverse the displacement at the curved zone of the pipe slightly increased.
Moreover, with the 100-fold increase of the soil stiffness, only a 3-fold increase was observed
for the reverse axial displacement, while the amplitude of this reverse displacement for the
pipeline buried in the soft soil was 0.003 m, and that of the pipeline buried in the hard soil was
0.008 m.

Regarding Fig. 3.10b, in the curved zone of the pipeline that resulted from a large deflection,
the axial force (q,) and transverse force () appeared in the pipeline as components of the

transverse soil-spring reaction force (q,). Moreover, g, and g, were components of g, and can
be calculated as follows:

q,00 = kewy () (3.12)
Gra(x) = q¢(x)sind(x) (3.13)
qee(x) = q¢(x)cos0(x) (3.14)
Gex () = qt(x)s;nzg(x) (3.15)
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(0 = q,(x)cos?6(x) (3.16)

The main reason for the reverse axial displacement of pipeline is the membrane forces which
has been appeared because of the high deflection of the pipeline at the curved zone. The
membrane forces have been appeared due to the stretching of the pipeline at the high curvature
zone which makes membrane strain on the pipeline section at curved zone as shown in Eq. 17.

en= [1+(2) -1 (3.17)

Based on the Eq. 17, the membrane force of pipeline which is the main cause of the reverse
axial displacement of the pipeline is derivable as Eq. 18.

EA @

|Lconv - Xl Leonv—x

Nip(x) = Emdx (3.18)

The reverse axial displacement rate of the pipeline at the fault intersection point, was
maximum, and gradually decreased up to point B (in Lconv), and was thereafter equal to zero
until infinity. The reverse axial displacement was constant until the end. However, when an
axial displacement for the fault and an axial soil-pipe interaction existed, this reverse axial
displacement decreased in the curved zone resulting from the summation with the fault axial
displacement, and gradually approached half of the axial displacement of Fault (6x/2) after the
curved zone (Point B).

4,

q,
+llliA &llllA

B

11
i i
(a) (b)
Fig. 3.10. (a) Schematic representation of L. and Lcony at left side of pipe-fault intersection point O, (b)
Force subcomponents of pipeline in curved zone.

(C). Axial force (N)

The axial force response of the pipeline is very effective in the pipeline’s maximum tensile
and compression stresses. Its combination with the bending moment, increase the probability
of the pipeline buckling or yielding. With regard to Fig. 3.11a-d, it can be observed that the
axial force of the pipeline and axial soil springs are related with the soil stiffness and faulting
angle ¢, and changes with the changing of these parameters. Additionally, the axial force
responses of the pipeline were exactly equal to each other in the cases without axial soil-pipe
interaction springs, and much lower than in cases with axial soil-pipe interaction springs.
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Fig. 3.11. Pipeline at strike-slip fault crossing analysis force and stress field responses: (a) N for soft
soil cases, (b) N for hard soil cases; (c) N for soft soil with existence of axial soil springs, (d) N for
hard soil with existence of axial soil springs, (e) V for soft soil cases; (f) V for hard soil cases, (g) M
for soft soil cases, (h) M for hard soil cases.
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Moreover, it was found that there exists a strong relationship between axial force of the axial
soil-pipe interaction spring and buried pipeline. Note that all of these axial forces are tensile
forces.
In the cases with axial soil-pipe interaction, the faulting angle was very effective in the axial
force of the pipeline. The case with a 90° faulting angle had the least axial force, and with the
decrease of the faulting angle from 90° up to 45°, the axial force increased substantially. In the
soft soil cases, a 20-fold and 39-fold increase in the axial forces of the buried pipeline was
observed with the decrease of the faulting angle (¢) from 90° to 60° and from 90° to 45°,
respectively. In the hard soil cases, a 6-fold and 11-fold increase was observed in the axial
forces of the buried pipeline with the decrease of the faulting angle (@) from 90° to 60° and
from 90° to 45°, respectively. Moreover, with regard to the axial force response, it was
observed that the pipelines buried in soft soil were very sensitive to the faulting angle in
comparison with the pipelines buried in hard soil. However, the axial force responses of the
pipelines buried in hard soil were also highly affected by the faulting angle. By increasing the
soil stiffness, a high rate of increase was observed in the axial force response of the buried
pipeline. In other words, the axial force of the pipeline buried in hard soil had much higher
axial forces in comparison with the pipeline buried in soft soil. By increasing the soil stiffness
100-fold, the axial force of the buried pipeline relatively increased from 32-fold to 10-fold in
the cases of faults with angles of 90° to 45°, which is considered as a very substantial increase.

The cases of faults with angles of 90° to 45°, which is considered as a very substantial
increase. Because the axial forces were slight in cases with a 90° faulting angle, it can be said
that the axial forces were not sufficiently effective on pipeline crossings 90° strike-slip fault
displacements. Additionally, it was observed that the axial force of the buried pipeline in the
hard soil cases attenuated within much shorter distances in comparison with the soft soil cases
(e.g., the axial force became zero after 20 m from the fault in the hard soil and after 150 m from
the fault in the soft soil).

In all cases, the maximum axial force of the buried pipeline was observed at the point of
intersection of pipeline with the fault, which means that dN /dx was zero at point x = 0.

ON

., =" (3.19)

As shown in Fig. 3.11a-d, in the cases without axial soil-pipe interaction, by comparing the
axial force responses of FEM cases 3 and 4 with the analytical cases 1 and 2 in the soft and
hard soil, it was found that an axial force appeared in the curved zone of the pipeline in the
FEM cases. The effect of this axial force can even be seen in cases with axial soil-pipe
interaction. In all cases with same soil in the curved zone, an additional equal increase in the
axial force response of the buried pipelines was observed. This increase in the axial force at the
curved zone resulted from the appearance of membrane force at the large deflected zone of the
pipeline which amount of it is calculable by Eq. 18.

The maximum amount of this membrane force (Hm) was 0.88 kN in the case of the soft soil
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and 5.74 kN in the case of the hard soil. In the cases wherein the pipeline was buried in hard
soil, the deflection was higher and based on Eq. 17 made higher &,, and consequently, based
on Eq. 18 made higher membrane force in the curved zone of the pipeline, which was 6.5 times
larger than that of the soft soil.

(D). Shear force response (V)

With regard to Fig. 3.11e,f, there existed three extrema in the shear diagram of the pipeline
crossing the strike-slip fault. As mentioned previously, the absolute extrema (maximum shear
force of pipeline) existed at the intersection point of the pipeline and fault, and the axial force
was also maximum at that point. Therefore, the high shear force also amplified the stresses at
the critical point of the pipeline.

By comparing the shear force results obtained by the FEM analysis in the cases with and
without axial soil-pipe interaction springs, it was found that the shear force diagram was same
for all cases without axial soil-pipe interaction springs, even with different faulting angles.
Additionally, the shear force diagram was higher than that in all cases with axial soil-pipe
interaction springs. Accordingly, the axial soil-pipe interaction exerted strong a diminishing
effect on the shear force response of the buried pipeline at the strike-slip fault crossing.

In cases with axial soil-pipe interaction, the faulting angle was very effective in the shear
force of the pipeline. The case with a 90° faulting angle was determined as the case with the
highest shear force response. Additionally, it was found that the shear forces decreased with
the decrease of the faulting angle from 90° up to 45°. In cases wherein the pipeline was buried
in soft soil, a 20% and 32% decrease in the maximum shear force of the buried pipeline was
observed with the decrease of the faulting angle (¢) from 90° to 60° and from 90° to 45°,
respectively. Additionally, in the cases wherein the pipeline was buried in hard soil, a 22% and
37% decrease in the shear forces of the buried pipeline was observed with the decrease of the
faulting angle (¢) from 90° to 60° and from 90° to 45°, respectively (Fig. 3.11e,f).

For all cases observed at the point of intersection with the fault, dV /dx was zero at the point
of x=0 and could be used as a boundary condition for the analytical solutions at x=0, as
expressed by Eq. 20.
64Wy

=0 3.20

x=0

By comparing the shear force response of pipeline between the soft and hard soil cases,
approximately 32-fold increase was observed for the ma