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ABSTRACT

Buried pipelines, usually carrying essential facilities, are generally known as lifeline
facilities and are considered one of the most susceptible structures under seismic action.
Considerable research has been conducted addressing the response of buried pipes
under fault rupture and permanent ground deformation. However, research on the
response of buried pipes under seismic action is seldom found in technical writings. A
three-dimensional numerical analysis has been performed in this research using a FEM
based software, Abaqus 6.14 to focus on the insight response of buried pipe considering
potential parameters under real seismic excitation. Shell element has been used to define
the pipe model, while soils have been modeled by solid elements. The interface between
soil and pipeline has been modeled by penalty friction to ascertain a realistic soil-pipe
interaction. The vertical time history of the 1940 El Centro Earthquake has been used
for this study, and the model has been validated with an experimental study in a static
case, and a similar response has been observed that implicitly justifies the accuracy of
the model. The seismic response of buried ductile iron pipe under seismic excitation
portrays higher displacement, and significant stress has been observed. The maximum
pipe response due to seismic excitations was noticed at the mid-span along the crest line
of the pipe. Accounting for the finite model, the response of pipes under different
boundary conditions has been studied to clutch the overall response of pipelines under
different constraints.

Furthermore, a parametric study has been carried out to comprehensively examine the
sensitivity of different parameters such as burial depth, and aspect ratio (D/t);
embedment ratio (h/D), Soil-pipe interface friction co-efficient, pipe end-restraint
conditions, soil characteristics (Dry density, Modulus of elasticity, Friction angle,
Poisson’s ratio), Traffic load, operational water pressure, Unidirectional Seismic
excitation on the seismic response of straight buried pipes. The observed maximum
vertical spatial displacement, deformation, von Mises stress, plastic strain, etc., are
graphically depicted to analyze the seismic behavior of the buried pipeline. Significant
response has been noticed at shallow burial depths in the parametric analysis, and both
the burial depth and boundary conditions have been found as critical parameters in the
response of pipes under seismic action. The increase in embedment ratio (h/D) from 1 to
5 by up to 5 times, decreases pipe displacement, stress and strain by 28.7 %, 1.3 % and

23.2 % respectively. The maximum displacement and stress magnitude generated in the
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pipe increases by up to 2.87 % and 34.9 % respectively for hinge support; also, it
increases by up to 2.83 % and 34.9 % respectively for fixed support with respect to
roller support. The observed plastic strain in the pipe was 90.1% lower (roller); 53.1 %
higher (hinge); 45.9 % higher (fixed) than the minimum elongation (10%) of DI pipe. In
addition, soil properties and induced traffic load contribute substantially to the
deformation of buried pipes. The maximum displacement, stress and strain developed in
the pipe decreased by up to 59.2%, 84% and 100% respectively, due to an increase in
soil density (from 1700 to 2160 kg/m3 by 1.27 times), the modulus of elasticity (from
19 to 96 MPa by ~5 times) of soil, the Poisson’s ratio (from 0.2 to 0.45 by 2.25 times)
of soil and the friction angle (from 30° to 45° by 1.5 times) of the soil. The greatest
displacement and stress values occurred in the pipe considering the traffic load (1100
kPa) on the soil significantly increased by 135.7% and dramatically increased by (1326
%) respectively compared to the no traffic load case. The observed plastic strain in the
pipe due to traffic load was 90 % lower than the minimum elongation (10%) of DI pipe.
Overall, numerical results demonstrate that these influencing factors can impact the
seismic behaviors of the buried pipeline to different degrees and cannot be neglected in
the seismic analysis. In a nutshell, this research can be used as a direction for further
research to provide a comprehensive guideline for the design, safety evaluation, and

protection of buried pipelines crossing seismic areas.

Keywords: Seismic excitations, 3D Finite Element Analysis, Buried Pipe; Parametric

Study.
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Di [m] Inner diameter of pipe
DN [mm] Nominal diameter of pipe
DI Ductile Iron
t [mm] Wall thickness of pipe
H [m] Depth of soil continuum
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h [m] Buried depth of pipe from soil top surface to the crest of the
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FEM Finite Element Method
FE, FEA Finite Element, Finite Element Analysis
R, - Rigidity ratio (Ep/ Es)
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€ [mm/mm] Strain
gpor PE  [mm/mm] Plastic strain
v - Poisson’s ratio
pa(Yd) [kg/m®]  Dry mass density (Dry unit weight of soil)
AD [mm] Change in pipe diameter or vertical deflection of pipe due to
f=(AD/D) --- ls;ialllttening parameter or deflection (or ovality) due to soil
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Chapter 1. INTRODUCTION

1.1 General Overview

Due to higher population growth, rapid urbanization and industrialization,
construction of various buried structures e.g., pipelines etc., are commonly seen in
big cities to fulfill the demand of the increasing populations and infrastructures as
well. These buried pipelines, as utility service provider like water, sewage, oil, and
gas etc., have been constructed due to their relatively low-cost, environmental
efficiency, high-reliability, low maintenance cost, public safety etc. (Ariman &
Muleski, 1981)

Underground installations placed in earthquake zones eventually endures both
seismic and static loads. Earthquake is one of the natural hazards most damaging to
various urban and non-urban life-line utilities. With the rapid increase of the
urbanization, possible disruption due to earthquakes has been accelerated, and
rehabilitation attempts must therefore be initiated to restore some of the essential
resources including lifeline services by recognizing the most vulnerable areas that
reduce structural, human, and earthquake-related effects. The seismic behavior of
buried structures is different compared to surface structures due to fully soil or rock
enclosures and substantial length. During a medium to strong earthquake, both life
and property encounter short term and long-term threats if the operational pipelines
collapse or lose their capacity during the emergency operations. Generally,
geotechnical loads are applied on the buried pipe by relative displacement between
the pipe and its surrounding soil. It increases the stress and strain levels in the pipe,
which may distract the function and mechanical integrity of the pipeline. Buried
pipelines interact with the surrounding soil and neighboring structures both statically
and dynamically. Hence, the pipeline resistance against seismic threats should be
given higher importance otherwise it may lead to breakdown and leakage of pipes
which can disturb normal civil life, environment, the flora and fauna of the area etc.

Figure 1-1 depicts examples of some earthquake induced buried pipeline failure.
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Figure 1-1: Examples of some earthquake induced buried pipeline failures due to: 1)
bending shell buckling of steel pipeline (1999 Kocaeli earthquake); ii) liquefaction-
induced lateral spreading (1995 Kobe earthquake); iii) pullout of mechanical joints
(2011 Tohoku earthquake); iv) Joint failure of concrete pipeline (1985 Mexico City
earthquake); v) axial pullout of Asbestos Cement pipe (1999 Izmit earthquake); vi)
axial shell buckling of steel pipeline (1971 San Fernando earthquake) [Gautam et al,
2018]

To prevent these seismic hazards and secure lifeline system in urbanized areas,
further investigation of buried pipelines subjected to earthquakes is necessary. Till
date, numerous researches have concentrated on permanent ground deformation
(PGD) due to fault movement, liquefaction, differential soil movement, landslides,
etc. But few researches are available on transient ground deformation (TGD) due to
seismic excitations. Also, considering the limitations of analytical formulation and
experimental facilities, numerical analysis can be a good option. Moreover, in the
water supply industry, ductile iron pipe is used due to its good flexibility, ductility,
efficiency, and cost-effectiveness as an alternative to PVC, AC, GI, CI, and MS pipe
in most of the country, as well as in Bangladesh. Ductile Iron has ductility and
toughness superior to all other Cast Irons, and equal to many Cast and Forged steels.
The advantages of Ductile Iron are versatility, and higher performance at lower cost.
This versatility is especially evident in mechanical properties where Ductile Iron
offers the designer the option of choosing high ductility, with grades guaranteeing

more than 18% elongation, or high strength, with tensile strengths exceeding 120 ksi
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(825 MPa). The use of the most common grades of Ductile Iron "as-cast" eliminates
heat treatment costs, offering a further advantage. To shed light on these issues, this
study is concerned with a parametric evaluation of a seismically excited, relatively

large diameter, ductile iron buried pipeline.
1.2 Background Study

The buried pipelines are subjected to earthquake hazards for their considerable length
and wide geographical coverage. Breakdown or collapse of straight pipe, elbows;
distortion, pull-out or leakages of joints and fittings; failure of asbestos-cement or
concrete pipe bodies; failure of cast iron pipes etc. were some common modes of
failure observed during the 1964 Niigata earthquake, around the Niigata City
(Ariman & Muleski, 1981). It is also observed that earthquake damage has generally
been significant and common in pipelines carrying water and low-pressure natural
gas or oil (Narita, 1976). When a pipe travels from hard to soft soil having different
dynamic properties, seismic damages are caused by axial deformations of the pipe
due to the relative displacement of these two horizontally neighboring soil layers
(Kubo, 1974). The displacement of buried pipelines followed by surrounding soil in
both transverse and longitudinal directions due to seismic excitations was reported by
(Leon & Wang, 1978).

Extensive study was conducted on severe damages caused by various high intensity
earthquakes to lifeline utilities especially the gas and water supply pipelines such as
1971 San Francisco (O’Rourke & McCaffrey, 1984), 1989 Loma Prieta (O’Rourke
et al, 1991), 1994 Northridge (O’Rourke & Palmer, 1996), 1995 Hyogoken-Nanbu
(Oka, 1996), 1995 Kobe (Shinozuka et al., 1995), 1999 Kocaeli (Hashash et al.,
2001), 1999 Chi-Chi (EERI, 1999) and Izmit (JSCE, 1999) and 2010 Chile (EERI,
2010) earthquakes.

In fact, there are sufficient evidence to demonstrate that the buried structures were
weak to seismic ground motion. In southern California, in the northern San Fernando
Valley, the Northridge earthquake deformed 76 meters of the underground pipeline,
which had a diameter of 2.4 meters (Bardet & Davis, 1997). The San Francisco
earthquakes of magnitude of 7.8 and 6.6 caused huge damage to underground tanks

and buried pipelines in 1906 and 1971 (O’Rourke & Liu, 1999). In 1999, almost
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8000 kilometers of water supply pipelines were destroyed during the Chi-Chi
earthquake of magnitude 7.7 and 200 failures were recorded in the gas pipeline (Chi
et al., 2001). The Kobe earthquake of magnitude of 6.9 in 1995 caused huge damages
in buried pipelines; leaking gas from municipal gas pipeline contributed to
explosions and fires and hindered water supply to million people due to failure of
water pipelines. In Hachinohe city, the water supply pipelines suffered severe
damages like as leakages due to pull-out of mechanical joints of these pipes during
the 1968 Tokachi-Oki earthquake at northern part of Japan (Miyajima et al, 1976).
These failures indicate that failure characteristics of strong earthquake-induced
buried structures need to be studied for the protection of lifelines from the
earthquake.

The main factors that affect the seismic damage include: i) the size, shape and buried
depth of structure; ii) the characteristics of the surrounding soil; iii)
the characteristics of the buried structure; and iv) the severity of the seismic
excitation (Dowding & Rozen, 1978; St. John & Zahrah, 1987). The structural
integrity and serviceability of the pipeline get significantly affected because of the
relative displacement between the soil and buried pipelines. Relative displacement of
pipe-soil happens under geotechnically troublesome conditions due to earthquakes,
fault ruptures, landslides, aquifer over-pumping, mining and tunneling disturbances
and frost or thaw induced ground deformations ‘(Wang et al, 2011; Ni et al, 2018;
Trickey et al, 2016)’and more. In most cases, the internal pressure and the external
loads such as seismic loads, installation mechanisms, soil and pipe properties, and
degradation of materials are responsible for causing pipe failures (Davies et al, 2001;
Saadeldin et al, 2015). In general, the dynamic responses of buried pipelines are
influenced by frequency and types of seismic waves, pipe material and dimension,
surrounding soil condition, joint types, internal pressure etc. (Datta, 1999).
Generally, there are two types of seismic hazards for buried pipeline: 1) transient
ground deformations due to seismic wave propagation, 2) permanent ground
deformations due to seismic faults, landslide, land subsidence, and liquefaction
induced lateral spreading. In the past earthquakes, buried pipelines suffered
considerable damages, as stated by (O’Rourke, 2003). These damages are due to both

transient and permanent deformations on the ground (Liang & Sun, 2000).
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1.3 Problem Statement

The pipelines that are buried form an essential structural category called lifelines
(Hassani & Basirat, 2019). The buried pipeline network, which forms part of lifeline
engineering, is engaged in long-distance water supply and drainage, oil, and gas
transport etc. If the lifeline is damaged by geological disasters, particularly by a
strong earthquake, the structural integrity of the lifeline would suffer a significant
hazard. For dynamic analysis of seismic behavior of buried structures, the effects of
soil stratification, soil-structure interaction, multi directional seismic excitations,
ground water table fluctuation, material non-homogeneity, and intrinsic soil strata
properties should be considered. Seismic damages of buried pipelines are mostly due
to relative ground displacement, seismic waves travelling, liquefaction in sandy soil,
fault ruptures or differential stiffness in between two horizontally adjoining soil
layers etc. (Kubo, 1974). To determine the pipeline response subjected to strong
ground shaking, these critical factors for geo-hazard analysis of buried pipe play a

prominent role.

Bangladesh is also a Seismically active country. In the past 200 years, Bangladesh
has been subjected to numerous destructive as well as mild earthquakes. Since
gaining independence in 1971, Bangladesh has seen more than 250 earthquakes,
some of which had a magnitude larger than 6.0, however the threats cannot be
ignored. During these events, numerous structural damages of buildings, bridges,
factories, schools, medicals, and buried pipelines were occurred. In the case of § July
1918 Srimangal Earthquake (M = 7.6) scenarios in Sylhet, Damage to potable water
pipes were addressed as Total number of damaged points 204 (total affected length
118.53 km) and Damage to natural gas supply pipes were observed as Total number
of damaged points 981 (total affected length 436 km) (Sarker et al., 2010). Despite
the fact that numerous building damages were observed during the earthquakes in
Bangladesh, some utility lines (buried water and gas pipelines) were also affected
and damaged, which were not well addressed in any technical writings. For this
reason, buried pipelines need more attention during an earthquake event. So, there is

an enough scope for any structural damage specially buried pipeline damages due to
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such kind of devastating earthquakes. These examples indicate that failure
characteristics of strong earthquake-induced buried structures need to be studied for
the protection of lifelines from the earthquake.

Permanent ground deformation (PGD) is a kind of large-scale ground deformation
caused because of fault rupture or movement, settlement, subsidence/uplift,
liquefaction induced lateral spreading or landslides deformations, etc. There has been
a lot of study taking into consideration the occurrence of soil liquefaction (O’Rourke
et al. 1991, Sumer et al. 2006) and fault movement (Karamitros et al. 2007,
O’Rourke et al. 2016). For pipelines that have been running across active faults,
seismic reaction mainly depends on several aspects, such as the type of fault
movement (strike-slip, normal & reverse fault), soil conditions, dip angle, fault
displacement etc. A simplified analytical model to analyze the influence of
substantial fault movements on underground pipelines was first devised in (Newmark
& Hall, 1975). A revised analytical method for estimating the elongation of pipelines
which span either strike-slip or reverse strike-slip faults utilizing a large deflection
theory was introduced by (Wang & Yeh, 1985). Kennedy et al. (1977) presented an
approximate estimate of the pipe displacement for pipelines buried in liquefied soil.
Chaudhari et al. (2013) showed that compression failure of buried pipeline is greatly
influenced by pipe wall thickness and geometrical behavior is more significant than
material behavior, when exposed to PGD because there is a thrust fault movement.
Hongjing et al. (2008) discovered that the peak stress in buried pipe increases with
increasing D/t ratio due to fault rupture caused by PGD, and that the seismic
response of buried pipe increases with increasing soil displacement, crossing angle,
and with lower buried depth.

In line with the analysis of the buried pipe under PGD, only a few studies have been
conducted on the buried pipe subjected to seismic excitations causing Transient
Ground Deformation (TGD). Newmark initiated research on the buried pipeline
under the earthquake in 1967, whose theory is based on the concept of the inertial-
free interaction of the soil-pipeline. In China, Yaoxian Ye (Ye, 1982) first conducted
research about the soil-pipe interaction problem through a vibratory experiment in
the various filling conditions including straight and bent pipe triggered by explosion.

Afterwards, (Wenshui & ZhongHang, 1988) investigated the seismic response of 3-D
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buried pipeline using finite element approach under traveling seismic waves.
However, in the previous investigations, the soil around the pipeline was always
simplified as a spring, so how to choose a spring's stiffness coefficient in the actual
soil would be a challenge. However, significant research on the seismic response of
the buried pipe was discovered using a 2D plain strain model, modeling the soil as a
spring, a 3D model with harmonic loading, and so on. But very few works were
found in the literature review regarding the 3D FE analysis of the buried pipe under
real seismic excitations. The separate effect and failure mode of the buried pipe is
studied in this paper based on a prescribed seismic wave. Also due to comparatively
less research on the seismic response of ductile iron as pipeline material under uni-

directional seismic excitations was investigated in this paper.

1.4 Significance of the Study

Pipelines are frequently referred to as "lifelines" due to their significance in
distributing life-dependent utilities such as water, oil, gas, etc. For this reason, the
seismic related problems on the underground utility systems have drawn attention to
the recent researchers (Chaudhuri & Choudhury, 2019).

Moreover, there has been more attention given to the use of finite element
approaches that include the linear and nonlinear soil-pipe interaction in 3D numerical
analysis but less attention given to the seismic analysis. Due to the complex dynamic
pipe-soil interaction, the behavior of the burial pipeline under seismic excitations is
still not well known. In the analysis processit is also essential to take into
consideration the variation of field conditions and soil nonlinearity. This will lead us
to take scope of the future works on pipeline and soil (Chaudhuri & Choudhury,
2019).

In this context, all potential parametersthat would adversely affect the
structural integrity and reduce the life of a pipeline, must be taken into consideration.
All potential parameters are required to investigate their prominent role in the
seismic response of buried pipelines under a prescribed earthquake loading to

provide some recommendations and probable modifications to rehabilitate the buried
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pipe performance. Therefore, buried pipes under seismic events become safe if the

critical parameters are addressed properly.

1.5 Objectives of the Study

To have a precise idea of parametric evaluation of buried pipeline subjected to
earthquake excitations, numerical modelling of soil-buried pipe was conducted

keeping following objectives in mind.

» To numerically investigate the dynamic response of the soil-buried pipe
system by FEM analysis.

» To examine the sensitivity of different parameters (burial depth, and aspect
ratio (D/t); embedment ratio (H/D) on the pipe’s deformations and induced
strains, type of buried pipeline, end-restraint conditions, soil characteristics,
earthquake input ground motion etc.) on dynamic response of the soil-buried

pipe system.

1.6 Outlines of the Thesis

This thesis comprises five chapters. A brief outline of each chapter is given below:
Chapter 1 provides the background and significance of the present study and key
objectives of the study.

Chapter 2 gives a review of current literature on buried pipes for evaluating the
response of buried pipeline subjected to seismic excitations. It also provides a brief
overview of different study and their potential ability to evaluate the pipeline
performance under seismic excitations. It also summarizes the factors affecting
seismic response of buried pipe and failure mechanism of buried pipe.

Chapter 3 gives details of the 3-dimensional (3-D) finite element analysis used for
the research. It also discusses the development of the FE models used in the response
analysis of buried water-carrying pipes, and includes the geometry of the model, the
material model, boundary conditions, and the model meshing as well.

Chapter 4 presents the results of a parametric study on buried DI pipe in seismic

environment. Several influential parameters are explored including the D/t and h/D
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ratio, pipeline's burial depth, diameter and thickness of pipe, soil density, modulus of
elasticity of soil, friction angle of soil, interface friction co-efficient between pipe
and surrounding soil, boundary conditions at both pipe ends, unidirectional seismic
excitations, water flow condition etc.

Finally, Chapter 5 summarizes the key findings from the work and outlines for
further research and challenges in this area. The limitations associated with this

current work are also stated.
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Chapter 2. LITERATURE REVIEW

2.1 General Overview

A comprehensive overview of the literature on the response analysis of buried pipe
under seismic excitations is provided before continuing to the original contribution of
current research. The fundamentals of the buried pipe subjected to medium to strong
earthquake is focused. The governing factors affecting the seismic response of buried
pipeline is diagnosed elaborately. The failure mechanism of buried pipe under seismic
event are also presented. A brief synopsis on experimental, analytical and numerical
study on response analysis of buried pipe are discussed here. In this chapter, numerical
investigation has been elaborately presented to bring a succinct review of the relevant

knowledge and understandings, and then to present the research gaps.

2.2 Fundamentals of Buried Pipeline

Structural efficiency of buried pipelines in geo-hazardous areas is becoming more and
more important now a days. In fact, the pipeline operators' primary aim is to reduce
seismic damage to the pipeline in the event of an earthquake, while at the same time
protecting the unimpeded flow of fluid supplies. Buried pipelines are deformed
seriously much beyond its elastic limit due to severe seismic excitations. To preserve
the structural integrity and avoid leakages, the structural damage of the buried pipeline
should be kept to a minimum for this reason. Since buried pipelines normally travel
long geographical distances, several failures may be experienced during seismic events,
because of permanent ground displacement (PGD) and/or seismic wave propagation.
Because of permanent ground deformations, the damages usually happen in extreme
ground failure associated with higher rate of damage, whereas damages due to transient
ground deformations occur over a larger area, associated with lower rate of damages
(O’Rourke, 2003). The effects of transient ground deformations caused by on

continuous buried pipelines are discussed in this context.

10
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2.3 Factors Affecting Dynamic Response of Buried Pipelines

2.3.1 Soil-Pipe Interaction

The behavior of buried pipe exposed to seismic excitation is significantly influenced by
the soil-pipe interaction (Corrado et al., 2009). When the stiffness of soil is comparable
to the stiffness of pipeline, at that situation soil-structure interaction would be essential.
Differential displacement can develop during seismic excitation because of differences
in the dynamic properties of buried pipelines and the surrounding soil medium, resulting
in differential strain and stress. Eventually, pipeline failure may occur due to induced
axial and bending stresses by crushing or buckling. Mavridis and Pitilakis (1996) and
Dwivedi et al. (2010) demonstrated analytically that dynamic soil-pipe interaction (SSI)
effects play a significant rule in case of axial response of pipeline rather than lateral
response. They also suggested that stronger pipe material, thicker pipe wall, flexible
joints etc. may improve the seismic response of continuous segmented pipeline. A
penalty friction algorithm was used for soil-pipe interface interaction in this study to

consider the friction between the interface between soil and pipe with finite sliding.

2.3.2 Permanent Ground Deformation

Large-scale soil deformation resulting from soil liquefaction, differential soil
movement, landslide or fault movement is regarded as permanent ground deformation
(PGD). The geometrical behavior of buried pipe, when exposed to PGD under thrust
fault movement, becomes more significant than that of the material behavior of pipe or
its failure (Chaudhari et al., 2013). For example, Hongjing et al. (2008) observed that
the seismic response (peak stress) of buried pipeline subjected to PGD, was reasonably
increased as the D/t, soil displacement, and crossing angle were increased, and

decreased as the buried depth increased.

2.3.3 Seismic Wave Propagation

There are two main forms of seismic waves: (i) Body waves e.g., compressional and
shear waves, and (ii) surface waves e.g., Love and Rayleigh waves. In general, high
ground strain is produced due to the low propagation velocity of surface waves. The
reverse is true for body waves. As a matter of fact, surface waves can cause more
damages to buried pipelines than body waves. The effect of seismic wave propagation

on dynamic response of buried pipeline was investigated by Boorboor & Hosseini

11
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(2015) who found that the effect of transient action of seismic wave in the form of
stress, rotation, or damage along the straight portion of pipeline is less significant than
at the intersection or joints or at the bends of pipeline. Shaalan et al. (2014) observed
that stiffer soils permit faster seismic wave propagation by amplifying it whereas softer
soils allow slower seismic wave propagation by dampening it. In the design of
underground structures (Wood, 2015), it has been established that earthquake-
ovaling or racking deformations can be produced in a buried structure when seismic
waves propagate along the perpendicular direction (with respect to the longitudinal axis)

of the structure.

2.3.4 Miscellaneous Factors

Various other factors e.g., pipe diameter, wall thickness, buried depth, soil
characteristics, fluid density & velocity inside pipe, longitudinal slope etc. can influence
the dynamic behavior of soil-buried pipe system (Mukherjee et al., 2013; Sahoo et al.,
2013; Hosseiny et al., 2014). Mukherjee et al. (2013) reported that the axial strain in
pipe increases as the diameter increases which results in an increased pipeline slippage.
Whereas increase in buried depth reduces pipeline slippage since the confining pressure
increases with depth. It was also observed that bending moment in pipe increases
exponentially inthe vicinity of the support and away from the support, increases
linearly. Sahoo et al. (2013) found that displacement and stress variation in pipe is not
significant if the burial depth is equal or greater than twice the pipe diameter. Hosseiny
et al. (2014) observed that due to the increase in seismic acceleration, applied tension
and shear on the pipe rises due to the increase in increase in period of earthquake. It was

also reported that density of fluid inside the pipe influences the pipe deformation.

2.4 Failure Modes of Buried Continuous Pipelines

The dominant modes of failure for continuous non-corroded and welded steel
pipelines are wall rupture due to axial tension and local buckling due to
axial compression and flexural failure. The beam mode buckling due to excessive
compression can also be seen where the burial depth is shallow in case of continuous
pipelines. The failure modes of the continuous pipeline are summarized below based on

the information found in O’Rourke & Liu (1999) and Psyrras & Sextos (2018).

12
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2.4.1 Local or Shell Mode Buckling

This bulking due to compressive load or pure bending is usually found in large diameter
pipe buried in deeper depth shown in Fig. 2-1 and Fig. 2-3 (a). Local buckling (or
wrinkling) creates local structural instability at the pipeline wall. Since local shell
wrinkling initiates, the more geometric distortion is concentrated in the wrinkle or
buckle, as significant compressive strains are induced by ground deformation and
seismic wave propagation. Due to big curvatures in the pipeline wall, circumferential
cracking in the pipe wall and leakage are observed. Also, repeated loading (e.g. minor
internal pressure or temperature variations) can lead to the development of fatigue
cracks, which seriously threaten the pipeline's structural integrity (Dama et al., 2007).
This type of failure to a buried water pipeline in Mexico City was occurred due to
seismic wave propagation in the 1985 Michoacan event. (Gresnigt & Karamanos, 2009)
proposed that the buckling or Compressive strain limit generally depends on diameter-
to-thickness ratio (D/t), internal or external pressure on pipe, yield stress of pipe

material, Initial imperfections, and residual stresses.

Figure 2-1: a) Local buckling of aspiral welded pipe, D/t = 119, subjected to
longitudinal bending because of severe pipe wall compression (Vasilikis et al., 2014); b)
Locally buckled steel gas pipeline in the compression zone at north slope of Terminal Hill
in 1994 Northridge Earthquake (EERI, 1995)

2.4.2 Beam Mode Buckling

The pipeline as a slender member may buckle as a beam due to excessive quasi-uniform

compression presented in Fig. 2-2. Under this bulking, pipe is subjected to compression

causing upward bending which resisted by overlying soil displayed in Fig.2-3 (b). This
13
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kind of failure exists in shallowly buried pipes with smaller diameter (about 3 feet or
less). Beam buckling is resisted by the lateral resistance applied by the surrounding soil.
Shallow trenches and/or backfills with loose materials generally promotes this failure.
Usually, beam bulking is influenced by buried depth, stiffness of backfill material,
bending stiffness of pipe etc. (O’Rourke, 2003) suggested that the critical cover depth of
a buried pipeline by setting the minimum beam buckling stress equal to local buckling

stress so that beam buckling governs before local buckling.

Buckled Position \

nm
..-nl "hag,,
"..
N

Pipeline Axis
Initial Position 2%
(Overbend)

Figure 2-2: Beam buckling of buried pipeline due to excessive axial loading (after

Karamanos et al., 2014)

2.4.3 Flexural Failure

This type of failure is due to excessive bending strains in the pipe section. In
addition, significant bending deformations, depending on the R/t ratio of pipe, may lead

to the moment-curvature equilibrium to an ovalization or an instability limit.

2.4.4 Tensile Failure

Seismic-related threats like faulting, landslide, liquefaction, seismic excitation, and
differential ground movement causing tensile strain in the joints (i.e., arc welded butt
joints) of pipeline are responsible for this failure, displayed in Fig. 2-3 (c). Ductility
controlled pipelines are less susceptible to this kind of failure as like as Ductile Iron
pipe. (Karamanos et al., 2014) proposed that the ultimate tensile strain should be from

2% to 5% for butt-welded-water pipelines.

2.4.5 Cross-Section Ovalization

This type of failure due to bending stress changes the original diameter of the pipe and
changes the shape of pipe section from circular to oval, demonstrated in Fig. 2-3 (d).
The cross-sectional distortion may be defined with a non-dimensional “flattening
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parameter” f, in terms of change in pipe diameter to original diameter i.e., f= AD/D.
According to Gresnigt (1986), when 'f' turns to 0.15, a cross-sectional flattening limit

condition is achieved.

- Free surface

‘\ < Ground

Wrinkling

i?(

c d

Figure 2-3: Most common failure mechanisms in buried and continuous steel pipelines:
(a) shell-mode buckling due to uniform axial compression (top) and pure bending
(bottom); (b) beam-mode buckling; (c) tensile rupture and (d) cross- section ovalization
(O’Rourke & Liu,1999)

2.5 Failure Mechanism in the segmented pipeline

Axial pull out failure occurs due to tensile strain at the joints of segmented pipeline
when the joint caulking material's shear strength is much lower than the strength of
pipe. Crushing of bell and spigot joints failure occurs due to compressive strain at such
joints. Flanged joint failure occurs at such joint due to the collapse of the flange
connection by tensile strain. Circumferential flexural failure and joint rotation occur due
to lateral permanent ground displacement or seismic excitations by a combination of

joint rotation and flexure in pipe segments.

2.6 Previous Research on Buried Pipe

The impact of seismic excitations on buried pipelines and soil-pipe interaction has been
extensively studied previously. This has led to the development of numerous analytical,
experimental and numerical solutions to assess pipeline responses due to seismic
excitations. Some of these studies are discussed in the following section.
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2.6.1 Experimental Study

Ye (1982) first conducted research about the soil-pipe interaction problem through a
vibratory experiment in the various filling conditions including straight and bent pipe
triggered by explosion. Hosseini & Tafreshi (2002) developed a physical model under
seismic vertical excitation for flexible pipes. (Argyrou et al., 2019) investigated the
efficiency of a flexible ductile iron pipe strengthened by linings against the seismically
induced fault rupture using laboratory large scale experiments and 2D finite element
analysis. The dynamics response of the underground pipeline was studied initially by
Sakurai & Takanashi, 1969; and found that axial deformations in the pipe fit the ground
movement for low intensity earthquake during the Matsushiro earthquake, employing
field tests. It may also be pointed out from the test findings derived from O'Rourke et al.
(2008) 's large-scale split box test and centrifuge test that high-density Polyethylene
(HDPE) pipes can be utilized to handle substantial deformation due to earthquakes,
for their high ductility behavior.

2.6.2 Analytical Study

Newmark initiated research on buried pipeline under the action of earthquake in 1967,
whose theory was based on the concept of inertial-free interaction of soil-pipeline. For a
buried pressurized pipeline in a homogeneous elastic soil medium, Lee et al., (1984)
employed an elasto-plastic cylindrical shell formulation based on a basic flow plasticity
theory and to verify the stability of a pipe shell's dynamic equilibrium used a variational
formulation for equations of motion. Their results indicated that, under static and
dynamic conditions, the pipeline’s axisymmetric bulking stress and strain are basically
the same. Yun & Kyriakides, (1990) analyzed a buried pipeline under compressive load
and used large-deflection beam kinematics and Sander’s nonlinear thin shell theory to
formulate the problems analytically. Kouretzis et al. (2006) developed the elastic shell
equations to evaluate axial and hoop strain distribution in a long cylindrical pipe

because of out-of-phase vibration produced by travelling harmonic S-waves.
2.6.3 Numerical Study

Mesh-based numerical methods such as the Finite element method (FEM) and the
Finite-difference method (FDM) have been considered as the standard numerical

methods for solving geotechnical problems. Various methods of analysis have so far
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been proposed by researchers for the computation of seismic response of
buried pipelines, based on different types of models and the response quantities of
concern.

Newmark (1967) suggested that if no soil-pipe interaction is considered, the straight
pipeline portion would follow the deformation of soil. Sakurai & Takahashi (1969) and
O’Rourke & Hmadi (1988) proposed a quasi-static analysis incorporating beam
elements to consider the soil pipe interaction. Lee et al. (2009) conducted a numerical
simulation on buried pipes under earthquake ground motions.

As the beam model cannot assess the large deformation developed in the pipe cross
section, researchers have suggested the FEM shell model to overcome this problem
(Takada et al., 1995; Datta, 1999; Kouretzis et al., 2006). Few Studies on straight rigid
and flexible buried pipes, also conducted by Wang et al. (1906), O’Rourke et al. (2004),
and Shi et al. (2008). In all the above research, the soil-pipe interaction was simulated
with the Winkler principle and usually expressed by soil spring elements in the axial,
transverse horizontal and transverse vertical directions.

Lanzano et al. (2014) investigated the seismic behavior of a buried steel pipe by means
of 2D finite element analysis. By 3D finite-element analysis, Sahoo et al. (2014a)
analyzed the seismic responses of single steel pipe and two interacted steel pipes,
which were buried in sandy soil. Liu et al. (2017) investigated the seismic response of
segmented cast iron pipes by means of finite element analysis. Using 3D finite element
analysis, Somboonyanon & Halmen, (2018) analyzed the seismic response of the buried
steel pipeline. Lee (2010) also used FEM to investigate the response of steel pipelines
due to dead loads, traffic loads and seismic loads. The mechanical behavior of
underground pipelines under multi directional seismic excitations was analyzed by
(Yang & Zhang, 2011) using 3D FEM analysis. Datta (1999) investigated response
analysis methods, seismic performance of buried pipelines with various parametric
variations, seismic damages in pipe and seismic risk assessment of buried pipelines. For
an extreme earthquake, Ogawa & Koike (2001), suggested a simpler FEM approach for
assessing plastic deformation of the buried pipeline using a popular FE Software,

ABAQUS.
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2.6.3.1 Finite Element Method (FEM)

The finite element method (FEM) is the most popular numerical tool for addressing
issues in diverse fields of engineering and mathematical models. Structural analysis,
geo-hazard analysis, fluid flow, heat transfer, mass transportation, and electromagnetic
potentials are some common arecas of FEM. FEM applications in geotechnical
engineering include a study of buried pipeline analysis, slope stability analysis, seismic
wave propagation, dynamic soil structural interactions, analysis of dams and tunnels,
seepage analysis in soil and rock, etc. The Finite Element Method (FEM) in
computational geomechanics has been recognized as the standard grid-based numerical
solution for small and large-scale deformation problems. In the field of geotechnical
earthquake engineering, it is often troublesome to carry out field tests. As such,
numerous geotechnical problems such as retaining wall, pile foundation, embankment,
dam, buried pipe, etc. under seismic loads, have been investigated using several
numerical methods. In these problems, the dynamic finite element analysis (DFEA) is
considered as one of the efficient and powerful numerical tools to investigate the stress,
displacement, and strain responses of the soil-structure systems. In addition, FEA needs
a suitable soil constitutive model, a proper characterization of soil by field and
laboratory tests and a clearly defined seismic records as input.

FEM is useful for rigorous analysis of static and dynamic responses of underground
pipelines (Datta, 1999). Though there are limitations for exact analysis of such
problems, FEM is still capable of solving linear and non-linear problems, like the
forecasting of relative displacement, deformation, stress, strain, etc. between soil and

buried pipelines.
2.6.3.2 Time History Analysis (THA)

THA is a nonlinear dynamic analysis where a chosen seismic ground motion is applied
at the base of the structure. Instantaneous stresses in the structure are assessed at small
intervals for the entire period of the earthquake. THA provides precise results compared
to pushover analysis since it imparts real seismic data as an input file, although owing to
its greater computational time, the time history analysis is less commonly used. A
selection of earthquake records, then a digitalization of the database, is the key steps for
THA. The digitalized record is applied to the base of the model and analysis is executed

after creating the mathematical model for the structure. After that the maximum
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response of the structure in the form of displacement, stress, strain etc. can be achieved.
Taking the advantages of this method of analysis with the El Centro seismic record, it

was successfully employed in this study.

2.7 Scope of the Current Research

Many complex engineering problems related with geo-hazardous events may now be
resolved by numerical method utilizing computer codes in all disciplines of engineering
and the physical sciences. Now a days, due to less computational time and accuracy,
numerical simulation has superseded conventional analytical and experimental work
and getting popular. It is observed that in the literature, there is a little scope in
analytical approach to deal all important features of buried pipe. Sometimes analytical
solutions are excessively complicated, and many assumptions must be made for
exact solution. For experimental work, it needs more time to conduct the experimental
procedure efficiently. Also, the experimental installation must be adequately equipped,
otherwise it is impossible to correctly carry out measurements and observations. But in
numerical method these limitations are properly addressed. Additionally, numerical
simulations may be used as a tool to validate analytical solutions and experimental
findings, respectively.

For dynamic analysis of seismic behavior of buried structures, the effects of soil
stratification, soil-structure interaction, multi directional seismic excitations, ground
water table fluctuation, material non-homogeneity, and intrinsic soil strata properties
should be considered. If fluid carrying pipelines are placed in seismic prone areas, they
are subjected to seismic loads during operation. Since this issue is being investigated
sufficiently, there is not enough evidence on the study of Ductile Iron pipes using
seismic loads in the available literature. The assessment method for evaluating stresses
due to seismic loads contained in the ALA Guideline is limited to manual calculations
and its application in the FEM analysis is not adequately addressed. Due to insufficient
guidelines in the available codes, designers often fail to analyze the pipe properly which
lead to under design or overdesign of it.

Buried pipeline is the most efficient, cost-effective, and safe way of carrying fluid to
consumers and communities through long distance and is very concerned with structural

safety and durability. Flexible pipes must be able to deform considerably under
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maximum load as like as thin-walled pipes. Many hundreds of kilometers of pipeline as
flexible pipeline are used for fluid supply in urban areas. In addition, the size of
pipelines that provide utility services to the metropolitan region has been increasing day
by day with the high demand of fluid. For this reason, many cities are replacing old,
corroded, narrow pipelines with a large diameter pipeline to meet the rising demand.
There is no doubt that larger pipelines are more vulnerable to various forces like traffic
loads and seismic loads, etc. To determine the actual damage to the pipeline considering
different parameters, an analysis of large diameter pipeline under seismic loads is
therefore necessary.

The expected outcome of the proposed research is to analyze the seismic performance
of buried pipelines. The interaction between soil and buried pipe will also be analyzed.
In addition, the effect of various parameters on response of buried pipeline will be
checked quantitatively. Based on the parametric study, it is expected to find the
sensitive parameters accountable for the buried pipe analysis. Then, some
recommendation and probable modifications can be suggested to rehabilitate the buried
pipe performance. Based on this research work, the future scope of work on this topic

will be outlined.

2.8 Insights from Literature Review

The single response spectrum is generally not practical for a lengthy buried pipeline.
Keeping this fact in mind, displacement or acceleration time history of a prescribed
(real) earthquake is useful for seismic response assessment with a seismic wave
propagation velocity and a certain direction in the underground pipeline. For this
reason, in this research, time history analysis was employed to investigate the seismic
response of pipe.

Another important aspect of this study is- adaption of ductile iron (DI) pipe as buried
pipeline. DI pipes can be a key component in maintaining contemporary living,
providing enough ways to transfer drinking water, sewage, and storm water etc.
Evidence from past investigations has shown that seismic excitation damages
underground structures, including pipelines. Very few investigations into the response
and design of underground pipes under seismic shaking have been discovered in the
literature. To shed some lights on that aspect, this study was aimed at investigating the

seismic response of underground pipes when subjected to seismic excitations. A
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3D finite element model has been created in a popular FE Software, ABAQUS to study
the combined effects of the seismic excitations, traffic load, water pressure and pipe

diameter and thickness, burial depth, and the pipe end constraints etc.
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Chapter 3. NUMERICAL PROCEDURE

3.1 General Overview

A limited number of researches have been carried out on the seismic assessment and
seismic behavior of the underground pipelines. Moreover, very few studies focus on the
3D numerical modeling of buried pipes, the non-linear interaction between pipeline and
soil, and the seismic responses of pipelines caused by earthquakes. Since a 3D dynamic
analysis of the interaction between the pipeline and soil during multipoint seismic
excitation is taken into account, assessing the seismic response of underground
pipelines is quite complicated (Wang & Raymond, 1979). So, a detailed seismic
analysis should be required. To solve this problem, Finite Element Analysis (FEA)
plays a vital role considering the non-linear behavior of soil as well as buried pipeline.
In this chapter, a detailed numerical procedure using Abaqus (6.14) software for the
seismic analysis of buried pipe installed in the 3D soil continuum under prescribed

seismic excitations is presented.

3.2 Background of Numerical Procedure

Using computer codes, it is now possible to solve plenty of complex problems relating
to real-world events in all engineering and physical science disciplines. Numerical
simulation has replaced conventional theoretical approaches and experimental methods
because of its less computational time, higher accuracy and enables us to estimate
solutions to problems that can be very difficult to solve precisely by other techniques.
Obtaining a useful solution from an analytical approach frequently requires the
construction of a number of assumptions, which makes the approach too complicated.
Measurements and observations are challenging to perform accurately without a
properly equipped experimental setup. In addition to aiding in the explanation and
creation of new affairs, computational simulation serves as a tool for validating
theoretical hypotheses and experimental results. Through numerical simulation, a bridge

can be made between theoretical approaches and experimental models. Numerical
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simulations are generally carried out using two methods: grid-based or mesh-based
methods and mesh free methods. For the current thesis, Finite Element method as a
mesh-based methods were used to reproduce the soil and pipeline for a realistic
simulation using a FEM tool, Abaqus Program (version 6.14) and the nonlinear time

history analysis of the buried pipeline was performed.
3.2.1 Finite Element Method

In this method, the computational frame includes grid or mesh. It consists of grid nodes
which estimate the problem domain geometry. The grid nodes are the positions where
the field variables are analyzed, and their relationships are characterized by nodal
connectivity. Following the connectivity, grid nodes are linked to create a mesh. The
precision of the numerical extrapolation is directly correlated to the cell size and
patterns of any mesh. Mesh-based numerical methods such as the Finite element method
(FEM) and the Finite-difference method (FDM) have been considered as the standard
numerical methods for solving geotechnical problems. The finite element method
(FEM) is by far the most commonly known tool to solve engineering problems and
mathematical models. Common fields of FEM involve structural analysis, fluid flow,
heat transfer, mass transport, and electromagnetic potential. In geotechnical
engineering, FEM applications include stress analysis, propagation of stress waves,
dynamic soil-structure interactions, analysis of dams, tunnels, boreholes, buried pipes,
seepage of fluids in soils and rocks, slope stability analysis, and so on. In computational
geomechanics, the finite element method (FEM) has been regarded as the standard grid-
based numerical solution and is effective for large-scale problems. Figure 3-1 shows

the meshing concept of FEM.

Element N Node

-

Figure 3-1: Grid based methods (Finite Element Method (FEM))
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These advantages make the FEM a more generic, systematic, powerful, and easily
adaptable numerical method than other more sophisticated numerical methods. The
advantage of adopting the finite element approach is that once the model is established,
numerous cases may be studied, and the sensitivity of assumptions can be checked.
Furthermore, for those buried pipe applications that are difficult to analyze using typical
analysis techniques, a finite element analysis may be conducted. Katona & Center
(1976) pioneered the use of the finite element method to solve buried pipe
related problems.

Finite element analysis may be a useful and effective approach for analyzing the
behavior of buried pipelines under a range of geometric and loading conditions. There
are commercially available user-friendly computer programs (e.g., Abaqus etc.) that

may be used to model the soil—pipe system and produce trustworthy findings.
3.2.2 Non-linear FEM

The non-lincar FEM can be conducted using non-linear material property, non-linear
geometry and/or non-linear boundaries. If the model is loaded beyond its elastic limit
and the predicted deformation is high, non-linear FEM provides an excellent result. In
every model there are three kinds of non-linearities: a) Geometric nonlinearities, b)
Material non-linearities, ¢) Boundary nonlinearities. Few nonlinearities in the model
have also been experienced in this analysis. This study was conducted with the
introduction of non-linear geometry to provide the second ordered effect. For contact
analyses, non-linear boundaries are modelled by applying an elastic-perfectly plastic
frictional formulation. The contact between the non-connected FE meshes reveals the
boundary nonlinearities in the model. In all soil and pipeline model, Material non-
linearities can be discovered. Soil and pipe were modeled as with both elastic and

plastic behavior.

3.2.3 3-Dimensional FEM

It is more appropriate to simulate the real scenario by using three-dimensional models
for the evaluation of axial and bending deformations in pipes than a 2D or plain strain
model. A realistic and convenient 3-dimensional FEM was also developed in this study

using Abaqus Program.
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3.3 Numerical Modelling of Soil-Pipe System

The size of soil domain has been formed as a cuboid with a buried pipeline at its center

of width. Figure 3.2 represents the schematic 3D diagram of soil and pipeline model

with their proper dimensions.
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Figure 3-2: Schematic 3D diagram of a) soil and b) pipeline model

A few analyses were carried out to examine the effect of the length of the model (taken
as 20, 30, 50, and 100 m), and a minimum variation was found in the seismic response
of buried pipe. Hence, following the length of pipelines as found in various FEM related

works in case of seismic analysis, the length (L) of soil model as well as pipeline was
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considered as 30 meters [Alamatian et al. (2013); Kazemi and Saffari (2015);
Meesawasd et al. (2016); Somboonyanon and Halmen (2016)]. Also, to save the
computational time and memory, soil-pipe model length was limited to 30 m only. To
provide an affordable space in which the pipeline with soil could fail when FEA was
performed, the width (W) and height (H) of the soil were both set at 10 meters. The
pipeline was aligned with the soil model in the center of the soil width according to the
buried depths of the pipeline (h), measured from the top surface of the soil to the crest
of the pipe, such as 1D, 2D, 3D, 4D, and 5D (D is the outer diameter of the pipe). The
maximum buried depth of 5D m for the pipeline was selected because the live load is
insignificant compared to dead loads in deeply buried pipelines (Trott, 1984). While
pipes are buried at a minimum depth of 0.9 to 1.2 meters, it is possible to clearly
investigate the behavior of pipelines by evaluating measurements taken at depths above
or below these limits.

The pipeline model was defined as a 3-dimensional deformable shell because of the
small thickness of the pipeline and the soil model was defined as a 3-dimensional

deformable solid body as in Fig. 3-3 in the complete ABAQUS environment.
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Figure 3-3: 3D FE models: (a) soil as deformable solid (b) pipeline as deformable shell,
in the complete ABAQUS environment.

3.3.1 Constitutive Relation for Soil

In any numerical approach, the most difficult part is to characterize its materials. Even
in FE analysis, a proper constitutive relation is necessary to solve the stress equation.
Various approaches are available for constitutive model such as: Viscous model,
Elastoplastic model etc. Tests on soil samples reveal elastoplastic behavior of soil. Few
basic and practical soil constitutive models are available such as Hooke’s law, Linear
elastic (LE) model, Elastic Mohr-Coulomb (MC), Elasto-plastic Mohr-Coulomb (MC),
Drucker-Prager, SANI-Sand, Nor-Sand, Duncan-Chang or Hyperbolic model,
(Modified) Cam Clay, Hyper-elastic Model, Hypo-elastic Model, Hardening soil (HS)
model, Hardening soil model with small strain stiftness (HS small), Visco-plasticity
Theory, Plaxis Soft Soil (Creep) and Plaxis Hardening Soil Model etc. Most of the
models are sophisticated and require complex understanding and need several
parameters. In the context of simplicity, ease of use, less computational time, few
parameters involved and a better understanding by common geotechnical engineers,
Elasto-plastic MC model was considered in the current study to characterize the soil
behavior. This model is applicable for granular soil. MC model requires only a few
parameters that can be readily determined through direct shear tests, unlike other

models which require their parameters via proper regulated triaxial tests.
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Based on the relevant literatures and the features of FE software, the mechanical
behaviors of soil and rock material were incorporated by an elastic-perfectly plastic
Mohr-Coulomb (MC) constitutive model. In a soil-pipe interaction event, Yimsiri et al.
(2004) demonstrated that Mohr—Coulomb model gives reasonable results. This model
has also been successfully applied on soil-pipe interaction problem including large soil

deformations (Popescu et al., 2002; Guo & Stolle, 2005).

The Mohr-Coulomb model is an elastic-perfectly plastic model and forms, in fact, a
combination of Hooke’s law as a first order approximation involving isotropic linear
elastic behavior and generalized form of Coulomb’s failure criterion, formulated in a

plasticity framework (Smith & Griffith, 1982) and demonstrated in Fig. 3-4.

/ Perfectly Plastic

Peak

Residual

Work Softening

Stress

Strain

Figure 3-4: Elastic-perfectly plastic assumption of Mohr-Coulomb Model. (After Smith
& Griffith, 1982)

According to the Mohr-Coulomb criteria, failure happens when the shear stress at any

location in a material exceeds a certain threshold that varies linearly on the normal

stress in the same plane. The Mohr-Coulomb model is based on graphing Mohr's circle

in the plane of the highest and lowest principal stresses for states of stress at failure. The

best straight line that touches these Mohr's circles is the failure line as shown in Fig. 3-

3.
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(compressive stress)

Figure 3-5: Mohr-Coulomb failure model
However, the Mohr-Coulomb model may be defined by the following
T =c — otan¢ , where o is negative in case of compression.
From the Mohr's circle,
t=scos¢pand o =g, +ssin¢,
where s = %(01 — 03), the maximum shear stress; ¢y, the maximum principal stress;

03, the minimum principal stress and ¢ is the friction angle.
Substituting for r and ¢, multiplying both sides by cos ¢, and reducing, the Mohr-
Coulomb model can be expressed as
S+ oy,sing —ccos¢p =0

where g, = %(01 + 03)
This model is more readily expressed in terms of three stress invariants for generic
states of stress as

F=Ry,.q—ptangp—c=0

where,

Ry,(0,¢) = \/gc;osd)sin (G) + %) + %cos (@ + %) tan ¢

¢ is the slope of the Mohr-Coulomb yield surface in the p — R,,.q stress plane (Figure
3-6), defined as the friction angle of the material and which depends on temperature and

predefined field variables;
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¢ is the cohesion of the material; and 0 is the deviatoric polar angle which can be

expressed as

cos(30) = (%)3
and

1 . :
p = —3trace (0), is the equivalent pressure stress,

q= \[ ; (8 : S), is the Mises equivalent stress,

1

r= GS -5:S )3, is the third invariant of deviatoric stress,

S = o + pl , is the deviatoric stress.

As illustrated in Fig. 3-5, the friction angle, ¢ governs the shape of the yield surface in
the deviatoric plane and it varies from 0° < ¢ < 90°.

For ¢ = 0°, the Mohr-Coulomb model converts to the pressure-independent Tresca
model with a perfectly hexagonal deviatoric section and for ¢ = 90°, the Mohr-
Coulomb model transforms to the “tension cut-off” Rankine model with a triangular

deviatoric section.

_— Mohr-Coulomb
(¢ =20°)

O =73
—~ Tresca
(¢=0°)
—
P .
-— Rankine
) £ = 90°
- ~ (0 )
© =2n/3 e =ans

" Drucker-Prager
(Mises)

Figure 3-6: Mohr-Coulomb yield surface in meridional and deviatoric planes.
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3.3.2 Constitutive Relation for Pipe
A simple constitutive framework, i.e., the Ramberg-Osgood theory, was capable of

capturing the main trends of strain localization in a complex microstructure like mild

steel, DI, CI etc. The Ramberg-Osgood model was used for the pipe constitutive model
because its stress-strain relationship is more compatible with actual pipe material. The

material model for the pipe was approximated by the Ramberg-Osgood relation,
3.1

lo|

according to the following equation:

n—1
E€=G+a( ) o
Oy

Where 0 is the Cauchy stress, Oy is the yield stress, £ Young’s modulus, € is the total

strain, and & and 7 are the specific constants of Ramberg—Osgood model. Figure 3-7

delineates the typical stress-strain curve for ductile metals.
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Figure 3-7: Typical stress-strain curve for ductile metals (Collected from-Ductile Iron

Society)

3.3.3 Mechanical Properties of Pipe and Soil
The input properties of soil and pipe used in the model are shown in Table 3-1 and

Table 3-2. For soil, a small value of cohesion of ¢ = 0.2 kPa has been applied which had
a negligible impact on the results of simulated interactions between pipe and soil. But it
helped avoiding numerical instability. In this study, DN 1000 type DI pipe has been
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selected following the guidelines of ISO 2531, and BS EN 545 & 598. The thickness of

this pipe (t) was 15 mm and outer diameter (Do) was 1048 mm.

Table 3-1: Mechanical properties of Kubota Ductile Iron pipe (ISO 2531/ BS EN 545

and 598)
Mechanical property Parameter Value
Mass density (kg/m?) 7050
Elastic property Modulus of Elasticity (MPa) 170,000
Poisson ratio 0.27
Yield strength (MPa) 350
Plastic property :
Tensile strength (MPa) 490
(T/Y=1.4)
Minimum elongation after fracture (%) 10

Table 3-2: Material properties of Sandy soil (Liu et al., 2010; Seed & Duncan, 1985;
Nixon & Child, 1989)

Mechanical properties Parameter Value
Mass Density (kg/m?) 1700
Elastic property Modulus of Elasticity (MPa) 19
Poisson ratio 0.2
Plastic property Friction angle (deg.) 30

3.3.4 Soil-Pipe Interaction

In perspective of the material and geometric nonlinearity of the soil and pipe, and the
nonlinear behaviors such as bonding, sliding and separation at the soil-pipe contact
interface, a non-linear surface-to-surface contact model was used to simulate the
interaction between pipe and soil as shown in Fig. 3-8. Frictional interface between
pipeline and soil was also used in the researches by (Cheong et al., 2011; Paolucci et al.,

2010; Bolvardi & Bakhshi, 2010).
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Figure 3-8: Surface-to-surface contact model (Penalty) in between pipe and soil.

The Coulomb friction model with Penalty friction formulation was used in the
tangential behavior of contact surface to define the frictional behavior, with friction
coefficient as 0.5 for pipe-soil interface, whereas mechanical contact between the
circumference border of pipe and the surrounding soil, defined as "hard" contact
selected from the pressure-overclosure field with the penalty constraint enforcement
method and permissible separation after contact was applied in the normal behavior for
better numerical convergence.

The sensitiveness of the selected pipe capacity to adjust the interface friction ratio was
examined by a variation of the interface friction ratio of 0.5, 0.7, and 0.9, covering a

range of half to full value of interface friction spectrum.

3.3.4.1 Penalty Friction Method

The easiest method which is employed in the solution of contact problems is the penalty
friction method. It is employed in the solution of equality constrained optimization
problems. The penalty friction method is depicted schematically in Fig. 3-9. The master
is the bottom surface, and the slave is the upper surface. The node of the slave surface is
restricted to not enter the master surface and the node of master surface can penetrate
the slave surface. With no additional degrees of freedom, the penalty friction method
approximately enforces the contact constraint through the use of springs. Even though
the overclosure has been exaggerated, it is obvious that the stiffness of spring, k resists

the slave node from penetrating the master surface.
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Figure 3-9: Schematic diagram of the penalty method

The penalty friction method is used to model the contact between two bodies in a virtual
environment, including frictional forces. The total contact force between the two bodies
is modeled using the following equation:

Feontact = Fpenalty + Fiiiction

Where, Feontact 1s the total contact force, Fpenaity is the penalty force, and Friction 1S the
frictional force.

The penalty force is modeled using the same equation as in the penalty contact method:
Fpenalty = Kcontact X On X Neontact

Where, Kcontact 1S the contact stiffness, 6, is the normal penetration depth, and ncontact is
the unit normal vector that points from the first body to the second body at the contact
point.

The frictional force is modeled using the Coulomb friction model:

Firiction = -t X Fn X trel

where p is the coefficient of friction, Fn is the normal component of the contact force,
and t. is the relative tangential displacement vector between the two contacting
surfaces.

The relative tangential displacement vector is defined as:

trel = [V1 - V2 - (VI- V2) X Neontact’]

where v and vz are the velocities of the two bodies at the contact point.

By combining the penalty force and the frictional force, the penalty friction method
provides a more realistic model of contact between two bodies in a virtual environment.

However, the choice of parameters such as the contact stiffness and coefficient of
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friction can have a significant impact on the simulation results and should be carefully
calibrated based on experimental data or analytical solutions.

The penalty friction formulation was used in every model analyzed in this study to
model a modified Coulomb friction by placing an elastic slip in the sticking stage. The
formulations of the penalty friction allow stiffness that enables certain relative
movement of actual surfaces in the sticking stage, as an elastic displacement called
‘elastic slip’ shown in Fig. 3-10. Elastic slip influences the frictional behavior before the

slipping stage works.

Frictional force

A /— Slipping

crit

Sticking =]

» Displacement
Elastic slip

Figure 3-10: A general friction curve with penalty friction formulation

3.3.5 Incremental Loading and time steps

The solution cannot be converged if the loads are applied in a single increment in a non-
linear analysis. Therefore, the load must progressively be applied in a sequence of
smaller increments. The loads were applied in a sequence of steps in the FEM. In each
step, different load, and boundary conditions with linear incrementation follow the

process as shown in Fig. 3-11.
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Figure 3-11: Schematic diagram of the distribution of steps and increments, according to
(Bower, 2010).

3.3.6 Loads on Pipeline and Soil

The loads and their combinations are critical for any structure, buried structures are of

no exception. The loads may be categorized as functional loads (e.g., self-weights, pipe

internal fluid pressure), accidental loads (e.g., seismic loads), and environmental loads

(e.g., traffic loads). The static and dynamic loads that applied in the buried flexible DI

pipeline under static and seismic condition are shown in Table 3-3. A further

explanation is made in the following sections.

Table 3-3: Static and seismic loads (BSI., 2006, BSI., 2010, and
https://strongmotioncenter.org)

Gravity (m/s?) 9.81
Static -

Traffic load on the soil top surface (kPa) 1100
Loads

Internal water pressure in pipeline (kPa) 100

Component Y (Vertical. Comp.)
Seismic -

Peak ground acceleration (PGA) (g) -0.21 at 0.98 sec.
Load

History Time (sec.) 91.54
3.3.6.1 Static Loads

The static analysis of buried flexible pipelines was done for the total loads, which

included the effects of the operational water pressure inside the pipe, the dead load
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caused by the soil and pipe, and the live load caused by traffic. Both, dead and live
loads acting directly on the pipeline are considered as the resultant vertical load and of
static nature.

Unit-weights of both soil and pipelines were defined as gravity loads, while the traffic
loads were defined as a uniform pressure over the surface backfill.

In addition, internal water pressure in the pipeline was included. The deformability of
the buried pipeline would not be significantly affected by the internal fluid pressure.
However, to restrain the buried pipeline deformations, it could play a smaller role.
Inclusion of fluid pressure helps mitigating the expansion effect (if any) induced by
continuous water flow through the buried pipeline which can also increase stiffness of
buried pipeline. In the present study, a water pressure of 14.5 psi (100 kPa) was used to
test the critical state of a buried pipeline. Considering a full flow condition in the
pipeline, static water pressure was uniformly distributed around the interior surface of

the pipe to simulate the hydrostatic condition as shown in Fig. 3-12.

Figure 3-12: Water pressure inside the pipe under full flow, half flow
and no flow condition

Traffic loads were considered following the guidelines of BSI 2006 and BSI 2010. The
heaviest vehicle load was used to analyze the critical deformation of the pipeline.
According to BS 5400-2:2006 (BSI, 2006) and BS 9295:2010 (BSI., 2010), One of the
heaviest loads on the main road for all public highways and bridges in the United
Kingdom is the 8-wheel HB load. This induces a 112.5 kN load on each wheel which is
distributed over a contact area of 0.102 m? (1 sq. ft) on the road with a contact pressure

of 1100 kPa as shown in Fig. 3-13.
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Figure 3-13: 8-Wheel HB Truck Loading with a wheel load on contact
area of 0.102 m>.

If there are enough 8-wheel HB loads on the road, then a uniform surface load on the
road is thought to be as sufficient as 1100 kPa as shown in Fig. 3-14. For this reason,
the short-term structural serviceability condition of the underground pipeline was

investigated using a uniform surface load of 1100 kPa on soil.

Traffic
Load=
1100 kPa

w Q[

Figure 3-14: A uniform surface load of 1100 kPa on soil.

3.3.6.2 Dynamic Loads

A ground motion component is characterized by acceleration, velocity or displacement
time history with three significant factors: amplitude; frequency; and duration of strong
ground motion (Hashash et al., 2001). The seismic loading is often applied as an

acceleration time-history at the base of a model in numerical simulation. Essentially,
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time-history analysis methodologies have been built on the basis of validated FEM
methodologies for underground structures subjected to seismic excitations (Abuhajar et
al., 2015a; Abuhajar et al., 2015b; Fabozzi & Bilotta, 2016; Tsinidis et al., 2016).

To examine the nonlinear seismic behavior of the pipe a well recorded earthquake, 1940
El Centro Earthquake, was chosen in this study. The input signal was retrieved from the
recording of El Centro Valley Irrigation District, Station No. 117 32 47 43N,115 32
55W during the Imperial Valley Earthquake (1940) in USA. Figure 3-15 represent the
acceleration time history of El Centro record with a time increment of 0.02 sec. The
peak ground acceleration (PGA) of the ground motion was 0.21g (Vert comp.). The first

12 sec. of this record was used for time history analysis.

025 El Centro 1940-COMP VERT

Ground Acceleration (g)

0 9 18 27 36 45 54 63 72 81 90
Time (sec)

Figure 3-15: The accelerogram [Acceleration time history] (Vert. Comp.) of El Centro
Earthquake of 18th May 1940 (https://strongmotioncenter.org).

Figure 3-16 shows the Fourier spectrum of this excitation. It was observed from Fig.3-
16 that the predominant frequency of the record was around in the range of 1.87 to
10.18 Hz (Vert comp.).

The vertical component of real acceleration time history of El Centro earthquake was
applied through Y direction of the model at the base of the numerical model to

comprehend how a particular earthquake will affect a buried structure.
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Figure 3-16: Fourier spectrum of Vert comp. (Predominant frequency, 8.43 Hz) for the
recording of El Centro Valley Irrigation District Station during the Imperial Valley
Earthquake (1940)

3.3.7 Boundary Conditions

The static boundary conditions were used to restrain horizontal displacement of
boundary surfaces of soil model. These boundary conditions were also applied to
prevent vertical and horizontal displacements of the base of the soil model to simulate
the soil bed as bed rock and the top surface of the soil was set to be a free surface. The
static boundary conditions applied to the soil and pipeline model are summarized in
Table 3-4. U1, U2, U3 denote displacements; UR1, UR2, UR3 denote rotations; and Al,
A2, A3 denote accelerations in the X, Y, and Z directions of the 3D model, respectively.
Table 3-4: Displacement (U), Rotational (UR) and Acceleration (A) constraints

Entity Sub-Entity | Initial step and Static step Dynamic step

Pipe both ends Roller Ul1,U3 Ul1,U3

Hinge U1,U2,U3 --

Fixed U1,U2,U3

UR1,UR2,UR3 -

Soil bottom U1,U2,U3 U1,U3
Soil Front-Back Sides Ul1,U3 Ul1,U3
Soil Left-Right Sides Ul1,U3 Ul1,U3
Acceleratlon time As (Y direction)
history
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3.3.7.1 Boundary Conditions for soil continuum

The four-vertical faces of the 3D soil model were supported by roller to restrain the
horizontal displacement (i.e., Ul = U3 = 0) only as shown in Fig. 3-17. Furthermore,
roller support for these faces are practical because infinite or semi-infinite soil
medium may be expected to move in vertical direction with a substantial portion of the
soil body (Rao, 1999).

The bottom face of the 3D soil model was kept as fixed (i.e., Ul = U2 = U3 =0 to
restrain both horizontal (i.e., Ul = U3 = 0) and vertical displacement (i.e., U2 = 0),
mimicking a bed rock as shown in Fig. 3-17.

This concept is compatible with many findings from literature (Lee, 2010; Cheong et
al., 2011; Sahoo et al., 2014a). These studies employed a roller support on all FEM
faces which allowed displacement in any direction except to the normal direction.
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Figure 3-17: Boundary Conditions for soil continuum

3.3.7.2 Boundary Conditions for pipeline

The boundary conditions for the buried pipe were considered as per the below criteria.
a) Roller support at both end (U1=U3=0) as shown in Fig. 3-18.
b) Hinge support at both end (U1=U2=U3=0) as shown in Fig. 3-18.
c) Fixed support at both end (U1=U2=U3=UR1=UR2=UR3=0) as shown in Fig. 3-
18.
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Figure 3-18: Boundary Conditions for pipe end

To select a boundary condition for both pipeline ends, two typical cases were followed:
(1) a roller support to simulate the infinite length effect of a buried pipeline for its
continuous length, and (2) a hinge or fixed support to simulate the finite length effect of
a buried pipeline in between two structures.

The roller support allows the buried pipeline to displace comparatively easily with soil.
Whereas, a finite pipeline length is practical when there is a presence of structures at the
end of a buried pipeline. The ends of the pipeline remain constrained by the connection
between two structures. Hence, the restrained ends of the buried pipeline should be
hinged or fixed in all directions (i.e., U1=U2=U3=0 or,
U1=U2=U3=UR1=UR2=UR3=0).

3.3.8 The Type and Shape of Element

A first order (or linear) interpolation, with 3D shell element consisting of 4 nodal points

with reduced integration and hourglass control, titled as S4R, for pipe was selected. The
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first-order (or linear) interpolation are proven to show better convergence for contact
analysis, particularly for the surface-to-surface interactions in a soil-pipe system
(Hellgren & Lundberg, 2011). For soil, 3D solid element consisting of 8 nodal points
linear brick with reduced integration and hourglass control, titled as C3D8R, was
selected (very suitable for large deformation analysis). Table 3-5 illustrates these
element types and shapes.

Table 3-5: Selected type and shape of element for 3D-FE soil-pipe model

Name .
of Element Element Technique Geometric | Element Element shape
types shapes orders numbers
element
Soil C3D8R Hexahedral . 9000 !
First-order B -
Structured i

(or linear)

E T
Pipeline | S4R | Quadrilateral 960 @

3.3.9 Mesh Accuracy

Due to tiny meshing making calculations more accurate than coarse meshing but
increasing computational time, the convergence test for determining an adaptive mesh
size is the most effective way for verifying errors as well as accuracy in computed
displacement or stress results as well as the response of the pipe. Because a good
number of elements is an essential component in the quality of the analysis, increasing
mesh density in 3D models enhances analysis accuracy and precision. For this reason, a
coarse mesh to a fine mesh by local seeding was investigated here to determine the
optimal number of elements depending on the available computational capability. When
elements were subdivided into smaller ones, a process called "h-refinement" was used
to determine adaptive mesh size of the elements (Lee, 2010). For the h-refinement mesh
technique, the maximum mesh size was 2m as a coarse mesh, and the smallest mesh
size was 0.1m as a fine mesh, respectively. Five cases were considered as 4980, 8085,
9960, 14910, and 19920 elements to study the mesh accuracy in the 3D FE model. It
was found that 9960 elements are enough to validate the mesh accuracy because this
case shows almost the same displacement results as the largest number of elements case

(19920) as shown in Fig. 3-19.
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Figure 3-19: Effect of the element size on the Displacement of pipe

After checking the mesh accuracy, the finite element mesh of pipe was discretized to 32
segments along the circumference and 30 segments along the length of the pipeline,
resulting in a total of 960 elements for the pipeline shell. The finite element mesh of soil
outside the pipeline was optimized within 2 m from the center of pipe and needed a total

0f 9000 elements for the whole soil.
3.3.10 The size of element

The mesh size should be finer around the pipe hole within the soil and progressively the
mesh size may bigger with increasing distance from the pipe hole to achieve the cost
effective finite element result (Georges & Shephard, 1990). Since the soil response is
more significant around the pipe, finer mesh should be used in this region. To measure
strain and stress more precisely, a 2 m finer mesh zone (with respect to pipe center) was

created in soil around the pipeline as shown in Fig. 3-20.
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Figure 3-20: Meshing of soil box around pipe.

Near the pipe, the mesh was refined to accommodate for the severe stress gradients and
plasticity experienced in the soil. In the cross-sectional view, the size of the elements of
the pipe was 0.1 m along the circumference of the pipe and along the radial direction,
the size of the elements in the soil varied from 0.1 m to 0.5 m, gradually increasing
away from the soil-pipe interface up to the boundaries of the aforementioned 4m X 4m
region and then continues uniformly at 0.5 m in both directions from the exterior side of
the 4 m X 4 m box up to the exterior boundary of the soil model. The element size is
kept uniform at 1 m in the longitudinal direction (along the length) for both the pipe and

the soil model and for the remaining part.

3.3.10.1 The Evaluation of Finite Element Mesh Adequacy

The size of the elements should fulfill recommended requirements to ensure stability
and accuracy of the numerical solution.

(Kim et al, 2002; Kuhlemeyer & Lysmer, 1973) demonstrated that the element size (Al),
should be around 1/10 to 1/8 of the wavelength associated with the highest-frequency of

the input wave to accurately perform the wave propagation through a model:

A A
< to = 3.2
Al_lO to 3

where A is wavelength of the input wave in the model and can be expressed by the

following relation:
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PR
fmax

where, Vs is the shear wave velocity in the soil and pipe respectively and fimax is the

33

highest frequency (pre-dominant frequency) of the input motion found from the Fourier

analysis of the input motion. The theoretical shear wave velocity of S waves can be

E
V= |———— 3.4
21 +v)p

where E and v are Modulus of Elasticity and Poisson ratio, respectively, and p is the

determined by

mass density. Vs is the shear wave velocity in the soil and pipe, respectively.
Substituting Equation (3.3) into Equation (3.2) gives:

Al < Vs,min
10fmax

In this FEA - after evaluating the shear wave velocity in the soil and pipe system, and

3.5

using pre-dominant frequency of the input motion, and wavelength of the input wave -
the maximum and minimum element sizes were obtained as shown in Table 3-6.
Moreover, A sensitivity analysis was carried out to ensure that the mesh size did not
affect results accuracy.

Table 3-6: Element sizes for soil and pipe

Approximate local size of meshed ) ) )
Min. Element size (m) | Max. Element size (m)
elements
Soil 0.8 8.5
Pipe 1.5 10.5

3.4 FE Model Performance

To validate the used FE model performance, it should be compared with established
work. For FE model performance validation purpose, keeping all the mechanical
properties, geometries, and arrangements same for both soil & pipe, an experimental
model of Pires & Palmeira (2021) have been numerically simulated using this finite
element model for static response only. The parameters used for both the experimental

and numerical models are shown in Table 3.7.
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Table 3-7: Parameters used for both the experimental and numerical models

Mechanical property Parameters Unit Value
Mass Density ton/m. 1.67
Elastic property Young’s modulus KN /m2 4600
Soil Poisson’s Ratio - 0.3
(Sand) Friction angle ° 37
Plastic property Dilation Angle © 7
Cohesion N/m 0.1
Mass Density ton/m. 1.67
Elastic property Young’s modulus KN /m2 3100000
Pipe . .
(PVC) Poisson’s Ratio --- 0.4
Yield Strength MPa 350
Plastic property -
Tensile Strength MPa 490
A Surcharge on 250 mm strip at the center line of soil top surface | kPa 5~160
along the pipeline

Soil Continuum Dimension: L=1500 mm, H=1000 mm, W=700 mm

Pipe Dimension: L=700 mm, Outer Dia.=200 mm, t=3.2 mm

Buried Depth: 400 mm

Figure 3-21 shows the cross-section of the 3D FE model used in this research for

experimental validation. Also, Figure 3-22 depicts a 3D view of the Experimental

Model of Pires and Palmeira (2021). The study by Pires and Palmeira (2021) used a

PVC pipe in their experimental model. Though the seismic response of buried PVC pipe

is too high compared to the DI pipe used in this study, the FE model performance

considering PVC pipe shows a similar trend to the experimental one.
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Figure 3-21: Cross section of FE Model

[b]

Figure 3-22: a) Front view of Experimental Model, b) PVC Pipe (Pires & Palmeira,
2021)

The variations of pipe deflection with surface surcharge are depicted in fig. 3-23 from
both FE analysis and experimental results. The Fig. 3-23 presents the reduction (AD) in
pipe diameter along the vertical direction (in Y-direction) normalized by the initial pipe
diameter (D) with surcharge in tests and FE analysis respectively. It can be seen that
vertical displacement of pipe from FE result is only 5% higher than that of the
experimental studies. As such it can be said that the finite element model considered

here is predicting the performance very well.
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Figure 3-23: Comparison between numerical result and experimental
result (Pires & Palmeira, 2021)

As there was no comparable experimental work found in the literature dealing with real
seismic excitations, this model was compared with an experimental work by Pires and

Palmeira (2021) to investigate the static response only.
3.5 Summary

A sensitivity analysis is performed to examine the effects of internal pressure, traffic
load, depth of pipe laying, diameter and wall thickness of pipe, pipe end restraints and
soil type with different density, modulus of elasticity, friction angle, Poisson’s ratio etc.,
interface friction co-efficient, D/t ratio, h/D ratio, unidirectional seismic excitation and
discussed to achieve a better comprehension of the seismic behavior of DI pipelines

under seismic loads.
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Chapter 4. RESULTS AND DISCUSSIONS

4.1 General Overview

In this chapter, pipe-soil responses under static and dynamic (seismic) loads are
quantified based on the FEA of a 3D soil- buried pipe model. The effect of model
geometry (e.g., pipe diameter, thickness, buried depth etc.), soil properties (e.g., density,
modulus of elasticity, angle of internal friction, Poisson’s ratio etc.), support conditions
(roller, hinge, fixed etc.), contact properties, loading conditions (traffic load, fluid
pressure etc.), on the seismic response of buried DI pipe are presented and discussed.
Figure 4-1 shows the monitoring lines where maximum responses (vertical

displacement and deformation, stress and strain) of the pipe were extracted.

——% Soil Top Crown Line

4 — Pipe/ Soil Right Spring Line

|- < Pipe/Soil Crest Line

— p Pipe/ Soil Left Spring Line

e _____ |- — — — #/ — —P>Pipe/ Soil Invert Line

Figure 4-1: The location of monitoring lines.

The seismic response under prescribed ground motion was evaluated along the pipe
length at crest, invert, left and right spring lines of the pipe as shown in Fig. 4-1. The
pipeline was deformed into an oval shape along its entire length by imposed static loads
(gravity, traffic load); water pressure, and seismic loads, which allowed the crest line of
the pipeline to respond with the maximum response. The crest line of a buried pipe is
the highest point of the pipe, where the overburden soil exerts the maximum load on the
pipe. Since the crest line is subjected to the highest loads, it experiences the maximum

responses. However, the stiffness and lateral resistance of soil vary depending on its
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location with respect to the pipe. At the crest line, the soil is less confining and less
supportive of the pipe than the soil located closer to the sides of the pipe. Therefore, the
ability of soil to resist deformation and support the pipe is reduced at the crest line,
resulting in higher induced stresses and strains. Furthermore, the stiffness of the soil
decreases at the crest line, leading to greater deformation and displacement of the pipe.
Therefore, the crest line of a buried pipe is considered a critical location for evaluating
its seismic response, and it is essential to analyze the behavior of pipe and stability at

this location during seismic events.
4.2 Static and Seismic Response of Pipe

4.2.1 Response under Static and Seismic Load

In this section, the behavior of buried pipeline under static load including gravity load,
traffic load, water pressure; seismic load was discussed. The observed maximum
vertical displacement, stress, plastic strain etc. are graphically depicted to analyze the
behavior of buried pipeline at the end of static and seismic steps respectively. All the
analysis considering the influential parameters was conducted by taking the roller
support at both ends of the pipe and the buried depth of the pipe to 2D for higher
response found at that depth and to take advantage of the 4 m by 4 m box around the

pipe.
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Figure 4-2: Displacement response of pipe

From Fig. 4-2, it is observed that at the middle portion of pipe, the maximum pipe
displacement was measured at 55.60 cm and 89.51 cm for static and seismic conditions,

respectively. At the pipe end, minimum pipe displacement was noticed for both
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conditions. Since the pipeline ends were restrained by roller boundary conditions, which
do not allow the pipe to move uniformly with the soil movement, particularly at the pipe
end rather than the middle portion of the pipe, the maximum response was found at the
middle portion rather than the pipe ends. When subjected to seismic loads, the ground
experiences shaking, which can cause significant lateral and vertical movements of the
soil surrounding the buried pipe. This can result in a greater displacement of the pipe
compared to the displacement under static loads. As seismic loads are characterized by

high-frequency, short-duration vibrations, it can further amplify the displacement of the

buried pipe.
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Figure 4-3: Stress response of pipe

Observing Fig. 4-3, it is found that the maximum stress developed in the pipe through
the crest line was 363.78 MPa and 363.22 MPa at the location 8m away from both pipe
ends, as well as the minimum stress was found to be 350.4 MPa and 350.06 MPa at the
pipe end for static and seismic cases, respectively due to the roller support at the pipe
end. The maximum stress was found at the middle portion of the pipe, as the
displacement was higher at that location. It is also observed that the stress variation is
negligible for both cases. Though, it is not necessarily true that stress and strain
variation in buried pipes is negligible for static and seismic loads but the stress and
strain variations may differ depending on the nature and intensity of the applied loads
and roller support at the pipe end. The pipe follows the soil movement due to roller
support, which may cause the same stress magnitude in static and seismic cases. All the
stress found on the pipeline is greater than the yield stress (350 MPa) of ductile iron
because pipe experiences more stresses due to traffic load as it is shallowly buried. It
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could be inferred that the maximum stress generated by a pipeline at the crest and
comparatively lower stress at the invert positions makes the flexible pipeline buckle in
these locations. In this way a buckling is produced at the crest as well as at the invert of
the pipeline and a flexible pipeline is completely collapsed when stress is reached to a
critical buckling stage if there is not enough strength for resistance to static and seismic
loads. This collapse of a flexible pipeline is most likely to occur near the joint at the

crest and invert positions, where the stresses are highest and buckling is most likely to

occur.
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Figure 4-4: Strain response of pipe

Analyze the Fig. 4-4, it is noticed that at the same location of maximum stress, the
maximum pipe strain was found for static and seismic cases due to the same reason as
discussed earlier for stress response. Since the observed strain (approximately 1%) is
significantly lower than the allowable plastic strain of DI pipe (10%), there is no plastic
strain and deformation in the considered pipe.

The pipe displacement for seismic case is 61 % greater than the static case. Because,
under seismic loads, the soil may undergo significant lateral and vertical movements,
leading to greater displacement of the buried pipe. Since roller support was used as a
boundary condition for pipe ends, the buried pipeline may be moved relatively easily
with soil. Also, due to the nature and intensity of the applied loads, all other pipe
responses i.e., stress, strain shows no significant variations for static and seismic cases.
Also, all the response patterns maintain the same trend in both cases.

Hence, the effect of seismic loads on buried pipe analysis is significant because these
dynamic loads can be much larger than static loads and can cause significant

deformation, displacement, and damage to buried pipes. The large dynamic forces and
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ground motions caused by earthquakes can result in significant stress and strain on the

pipe, leading to pipe failure, leaks, and other damage.

4.2.2 Effect of Boundary Conditions

Three different boundary conditions for both pipe ends were evaluated in this study: 1)
roller support 2) hinge support and 3) fixed support. A roller support at both pipe ends
restrains displacement in the direction perpendicular to the surface. A hinge support on
both pipe ends restrains displacement in the direction perpendicular and parallel to the
surface. Also, a fixed support at both pipe ends restrains displacement in all directions,
including translational and rotational displacement. The displacement, stresses and
strains along the crest line of pipe using roller support, hinge support, and fixed support
as the boundary conditions are shown in Fig. 4-5, 4-7 and 4-9. It is observed from these
graphs that for all support conditions, the pipe response was found at almost the same
magnitude as in the middle part along the length of the pipe, up to an approximately 5 m
distance from pipe ends. One reason for this could be the restrained boundary
conditions which do not allow the pipe to move uniformly with the soil movement,
particularly at the pipe end rather than the middle portion of the pipe. Thus, the pipeline
ends were restrained by roller boundary conditions, which allowed certain displacement
(as roller support allows vertical movement) and certain stress and strain at the pipeline
end but permitted the maximum displacement, stress, and strain at the mid portion of
the pipeline through the entire length. Thus, roller support can mimic practically the
infinite-length effect of pipelines (Lee, 2010). Again, the pipeline ends were constrained
by hinge and fixed boundary conditions, which allowed zero displacement (as hinge and
fixed support allow no movement at the pipe end), maximum stress, and maximum
strain at the pipeline end (due to no movement of the pipe end, huge stress and strain
developed here), but permitted maximum displacement, minimum stress, and minimum
strain at the mid portion of the pipeline through the entire length. Thus, hinge and fixed
support can mimic practically the finite-length effect of pipelines (Lee, 2010).
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Figure 4-5: Effect of pipe end support on vertical displacement of buried

pipeline (along crest line): (a) total displacement, (b) net deformation
The total displacement refers to the change in position of the pipe relative to its initial
location in soil. The net deformation refers to the change in shape of the pipe due to
external loads. Both displacement and deformation can be important factors to consider
when designing or evaluating the performance of buried pipes in soil. From Fig. 4-5 (a),
It is clearly noticed that the pipeline response to displacement for roller support shows a
maximum value of 89.51 c¢m in the mid zone and a certain pipe displacement of 80.26
cm at the pipe end, which is due to no vertical constraint at the pipe end for roller
support. The pipe displacement is zero at the pipe end and the maximum pipe
displacement is 92.08 cm and 92.04 cm for hinge and fixed support, respectively.
In Fig. 4-5 (b), maximum pipe deformations in the middle portion of the pipe for roller,
hinge and fixed support are 9.25 cm, 92.08 cm, and 92.04 cm, respectively. The

freedom of vertical movement of the pipe leads to much lower maximum deformation at
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the mid-length of the pipe for roller support compared to hinge and fixed supports.
Since the pipe follows the soil movement relatively well at the mid-length of the pipe
due to the imposed overburden pressure of the soil, traffic load, and seismic load; at the
pipe end, the pipe goes for vertical movement or not depending on the degree of
constraints, causing the zone of maximum displacement to remain almost the same at
the mid-length of a shallowly buried pipe. Here, all pipeline responses were taken along
the crest line of the pipeline because of the maximum magnitude at that location. The
pipe displacement and deformation curve for hinge and fixed support follows the same

trend. This is possibly because of the degree of constraints at the pipe end.
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Figure 4-6: Displacement contour of DI pipe for a) roller, b) hinge, and c) fixed support
at the pipe end

Figure 4-6 shows the Displacement contour of pipe for roller, hinge, and fixed support
condition. Due to no vertical constraints applied at the pipe ends for the roller support,
the pipe is displaced with the soil movement in the vertical direction and the deformed

shape of the pipe remains almost straight. In the case of hinge and fixed support

56



Chapter 4: Results & Discussions

conditions, there is a noticeable bend near both ends of the pipe due to the translational
and/or rotational constraints, for which huge stress and strain are developed at and near
the pipe end by external loads. Analyzing the deformed shape of the pipe, it is found
that the circular cross section remains circular at the pipe ends i.e., no deformation
occurred at the pipe ends and at the middle portion, the pipe section is ovalized and
deformed slightly for roller support and ovalized and deformed extensively for hinge
and fixed support due to external loads and corresponding support conditions. Hence,
the maximum displacement as well as deformation is found in the middle portion,
through the crest line of the pipe. When the distinct changes between the four monitor
lines of pipe during an earthquake event are compared, the pipeline is deformed starting
from the top crest position (crest line), moving on to the two sides of the pipeline (left
and right spring line) and then moves to the bottom invert position (invert line), and

finally, the circular cross section of the pipe forms an oval shape.
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Figure 4-7: Effect of pipe end support on stress of buried pipeline (along
crest line)

Figure 4-7 illustrates that the stress response of a pipe shows the same pattern as the
displacement response of the pipe for hinge and fixed support. The stress response of a
pipe with hinge or fixed support is similar because both types of support limit the axial
movement of the pipe at the ends and allow for more freedom of movement towards the
middle of the pipe. This results in maximum stress at the ends of the pipe and minimum
stress at the mid-length of the pipe. From Fig. 4-7, it is observed that the maximum
stress in the pipe is 363.22 MPa at the location 8m away from pipe end and the

minimum stress is 350.06 MPa at the pipe end for the roller support. The combination
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of the bending moment and the lack of support at the mid-length of the pipe leads to
maximum stress, while the freedom of movement at the pipe ends due to roller support
results in minimum stress. For hinge and fixed support, the maximum stress in the pipe
is 490 MPa at the pipe end and the minimum stress is around 340.5 MPa, 4m away from
the pipe end. The combination of the bending moment and the resistance to axial
movement provided by the hinge or fixed support leads to maximum stress at the pipe
ends, while the lack of resistance to axial movement at the mid-length of the pipe results
in minimum stress. All the stress magnitude found exceeds the yield limit (350 MPa) of
the pipe except near the pipe end (3 to 5 m away from the pipe end) and particularly at
the pipe end it reaches the ultimate strength (490 MPa) in case of hinge and fixed
support. For shallowly buried pipe, the effect of traffic load as well as seismic load is
higher rather than deeper depth, hence, the stress magnitude may exceed the yield limit

and also reach to ultimate capacity of pipe.
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Figure 4-8: Stress contour of DI pipe for a) roller, b) hinge, and ¢) fixed support at the
pipe end
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Figure 4-8 shows the stress contour of DI pipe for roller, hinge, and fixed support
conditions. A significant stress intensity was found at the crest, invert, left and right
spring line of the pipe. Furthermore, in case of hinge and fixed support, the maximum
stress intensity was found at the ends of the pipe rather than the middle portion because
of the translational and or rotational constraints and vice-versa for roller support due to

only horizontal translational constraints.
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Figure 4-9: Effect of pipe end support on strain of buried pipeline (along
crest line)

Figure 4-9 shows that the strain response of a pipe shows the same trend as the stress
response of the pipe for hinge and fixed support. Hinge and fixed supports restrict axial
movement at the ends, leading to strain concentration and maximum strain at the ends,
while allowing more freedom of movement towards the middle of the pipe, resulting in
minimum strain at the mid-length of the pipe, leading to a similar strain response trend.
From Fig. 4-9, it is noticed that the maximum plastic strain in the pipe is around 1 % at
the location 8m away from pipe end and no plastic strain at the pipe end for the roller
support. Roller support allows the pipe to move freely along the vertical direction at the
pipe ends, resulting in minimum strain, while maximum strain is found at the mid-
length of the buried pipe due to the bending moment developed by external loads. For
hinge and fixed support, the maximum plastic strain in the pipe is around 15 % at and
close to the pipe end and the minimum plastic strain is around 1 %, 4 m away from the
pipe end. For roller support conditions, the developed plastic strain at any location is
sufficiently lower than the minimum elongation limit (10%) of the pipe. The maximum

plastic strain generated at and close to the pipe ends is higher than the minimum
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elongation (10 %) and at any location is lower than the minimum elongation (10 %) of
the pipe for hinge and fixed support conditions. The pipe failure occurs due to crossing
the minimum limit of elongation (10%) at the pipe end in the case of hinge and fixed
support.

The maximum displacement and stress magnitude generated in the pipe increases by up
to 2.87 % and 34.9 % respectively for hinge support; also, it increases by up to 2.83 %
and 34.9 % respectively for fixed support with respect to roller support. The observed
plastic strain in the pipe was 90.1% lower (roller); 53.1 % higher (hinge); 45.9 % higher
(fixed) than the minimum elongation (10%) of pipe.

4.3 Parametric Study

Effect of different parameters on the seismic response of pipes were observed and

reported in the following sections.

4.3.1 Effect of Buried Depth of Pipe (Embedment Ratio, h/D)

Different burial depths of pipes were considered to investigate their prominent role in
the seismic response of buried pipes. To examine the effect of an increase in burial
depth (h) on pipe responses, five dynamic analyses have been performed for a pipe of
outer diameter D = 1048 mm and thickness t = 15 mm. The pipe was modeled at buried
depths, h = 1D, 2D, 3D, 4D and 5D. For all these cases, roller support at both ends of
the pipe was applied. Since buried pipeline may be moved substantially with the soil if
an indefinite length of pipeline is considered, it makes sense to use a roller support as
the boundary condition between the ends of the pipeline (Lee, 2010). The normalized
response against normalized buried depth (h/D) is depicted from Fig. 4-10, 4-12 and 4-
14.
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Figure 4-10: Effect of embedment ratio (h/D) on seismic response of
pipe: (a) total displacement, (b) net deformation

The maximum pipe displacement and deformation are normalized by pipe diameter (D).
The displacement of the pipe is maximum at a burial depth equal to the diameter (1D) of
pipe, minimum at 5D and decreases with the increase in h/D (Figure 4-10a). A possible
reason for this could be the effect of traffic load on the pipe: traffic load intensity on
pipe decreases as h increases (Nath, 1994). Such results are in line with those reported
by (Sahoo et al., 2014b). They reported that at a burial depth equal to the pipe diameter,
the maximum magnitude of final displacement was observed at the end of the seismic
period. From Fig. 4-10b, it is observed that maximum pipe deformation was noticed at a
depth of 1D ~ 2D, and minimum at a depth of 5D, respectively. Since the maximum
displacement and deformation were found at shallow depths (1D ~ 2D), it may not be

safe to install pipeline at that depth to ensure structural safety.
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Figure 4-11: Displacement contour of DI pipe for h/D=1~5

The displacement contour of the pipeline under seismic loading for various h/D are
presented in Fig. 4-11. Displacement contours indicate that, in each case, the final
displacement is greater in the middle portion and gradually decreases toward the end of
the pipeline. Also, the displacement pattern along the pipeline at each burial depth is
identical in nature. It is also noticeable that the greatest displacement (red color band)

happens at the crest of the pipeline.
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Figure 4-12: Effect of embedment ratio (h/D) on seismic response
(stress) of pipe

The maximum pipe stress is normalized by yield strength of DI pipe (YS). Figure 4-12
presents the maximum stress occurred in the buried pipe at each individual normalized
buried depth, h/D. The highest stress magnitude occurred for h/D =1 ~ 2. But at deeper
depths, the pipe stress decreases for h/D = 5. This is probably due to the overburden
pressure of a lower height of backfill soil and a higher effect of traffic load at shallow
depth and a higher height of backfill soil and a lower effect of traffic load at higher
depth, along with the seismic load. All the stress values in all cases were found higher
than the limit of the yield stress (350 MPa) of the pipe due to the nature and intensity of
the applied loads.

However, the stress variation in pipe for different h/D, is not significantly large.
Because at shallow depth, traffic load may dominate, and at deeper depth, overburden
pressure from backfill soil may dominate, causing insignificant stress variation with
depth. The stress variation shows a decreasing trend with an increase in buried depth
due to the following reasons: Deeper soil is stiffer, providing better support against
external loads and reducing soil deformation, resulting in lower stress on the pipe.
Deeper soil has more mass and provides a damping effect that reduces stress induced by
seismic loads by reducing vibration susceptibility. Deeper soil has increased lateral
resistance, which improves pipe support against seismic loads and reduces soil

deformation, resulting in lower stress on the pipe.
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Figure 4-13: Stress contour of DI pipe for h/D=1~5

The stress contour of the pipeline under seismic loading for various h/D are presented in
Fig. 4-13. It can be observed that the maximum stress (red color band) is formed on the
crest line of the pipe in all cases. Also, the significant stress intensity (red color band)
was observed at the crest, invert, left and right spring lines of the pipe. During an
earthquake event, the pipeline is deformed starting from the top crest position (crest
line), moving on to the two sides of the pipeline (left and right spring line) and then
moves to the bottom invert position (invert line), and finally, the circular cross section

of the pipe forms an oval shape.
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Figure 4-14: Effect of embedment ratio (h/D) on seismic response
(strain) of pipe

Figure 4-14 shows that as h/D increases, the pipe strain (&p) decreases. Since the effect
of traffic load is higher at shallow depths and vice-versa. It can also be noticed that the
maximum pipe strain was found at h = 1D ~ 2D, and the minimum pipe strain was
found at h = 5D. It is to mention that the maximum strain is significantly smaller than
the minimum elongation of the ductile iron pipe (10%).

Overall, the increases in the embedment ratio (h/D) from 1 to 5, decreases pipe
displacement, deformation, stress and strain by 28.7 %, 15.8 %, 1.3 % and 23.2 %,

respectively.

4.3.2 Effect of D/t Ratio of Pipe

Increasing the pipe diameter would increase the soil displacement around it and
decrease the resistance of the pipe to seismic waves as the perimeter of the pipe is
increased under the earthquake load.

The increased thickness of pipes reduces the displacement of the soil around them. The

rise in the thickness of the pipe raises the pipe hardness and reduces the displacement

between the pipe and the soil.

The D/t ratio is the ratio of the outside diameter of the pipe (D) to its wall thickness (t).
A D/t spectrum from 48 to 144 was considered in this study. This spectrum of D/t
values is typical for onshore applications (oil, gas or water pipelines) (Vazouras et al.,
2010). Three pipe outer diameters of 1255 mm, 1048 mm, 842 mm and three

corresponding pipe thicknesses of 17 mm, 15 mm, 13 mm respectively were considered
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to examine the effect of diameter to thickness ratio (D/t) on the seismic response of

pipe.
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Figure 4-15: Effect of diameter-to-thickness ratio of pipe on seismic
response of pipe (a) total displacement (b) net deformation

Figure 4-15a illustrates that the pipe displacement drops with a rise in the D/t ratio of
pipe. Generally, for larger pipe dimensions, both the pipe’s diameter and thickness
increase simultaneously for practical reasons. The stiffness of a pipe increases as its
dimensions increases. As a result, a higher D/t ratio reduces pipe displacement. The
maximum pipe displacement was found at 90.45 cm with an 842 mm diameter and a 13
mm thickness. In addition, the minimum pipe displacement was measured at 87.53 cm
for the 1255 mm diameter and 17 mm thickness. But the fact is that this variation is not
significantly large due to the shorter range of the D/t ratio considered. From Fig. 4-15b,
it is observed that highest magnitude of deformation is 10.09 cm for largest D/t (73.8)

and lowest one is 7.39 cm for lowest D/t (64.8). It may be due to the higher diameter of
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the pipe, which deforms the pipe more under a given load. However, for higher pipe

deformation, the larger diameter of the pipe plays a vital role.

Displacement (U), m

Figure 4-16: Displacement contour of DI pipe for various D/t (64.8 to 73.8)

Figure 4-16 represent the displacement contour of the pipe under different D/t ratios.
The contour diagram clearly shows that the maximum pipe displacement (red color

band) was found at the crest line of pipe.
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Figure 4-17: Effect of diameter-to-thickness ratio of pipe on seismic
response (stress) of pipe

The pipe stress also decreased due to an increase in the D/t ratio of pipe, shown in Fig.
4-17. The maximum pipe stress was 357.2 MPa for diameter 842 mm and thickness 13
mm whereas the minimum pipe stress was 355 MPa for diameter 1255 mm and
thickness 17 mm. A higher D/t ratio means that the pipe is less flexible and more stiffer.
For this reason, the pipe responses decrease with an increase in the D/t ratio. An
interesting observation is that all the maximum pipe stresses were found higher than the
limit of yield stress of ductile iron pipe, i.e., 350 MPa due to the nature and intensity of

the applied loads.
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Figure 4-18: Stress contour of DI pipe for various D/t (64.8 to 73.8)
Figure 4-18 represent the stress contour of the pipe under different D/t ratios. The
contour diagram clearly shows that the maximum pipe stress (red color band) was found

at the crest line of pipe. Also, large magnitude of stress (red color band) was found at

the crest, invert, left and right spring lines of the pipe.
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Figure 4-19: Effect of diameter to thickness ratio of pipe on seismic
response (strain) of pipe

From Fig. 4-19, it is clearly noticed that by increasing the D/t ratio of pipe, the plastic
strain of the pipe is reduced. The maximum pipe strain was found at 1.12 % for a pipe
diameter of 842 mm and pipe thickness of 13 mm, as well as the minimum pipe strain
was observed at 0.84 % for a pipe diameter of 1255 mm and pipe thickness of 17 mm. It
is worth noting that all the pipe strain values were significantly lower than the value of
minimum elongation after fracture (10%). Therefore, this provides evidence that there is
much less plastic strain in the pipe for the selected D/t ratios of pipe. This appears to
imply that larger pipe dimensions are appropriate for water supply in terms of structural
safety.

The increase in pipe diameter to wall thickness ratio (D/t) from 65 to 74 by up to 1.14
times, reduces pipe displacement, stress and strain by 3.23 %, 0.62 % and 25 %

respectively.
4.3.3 Effect of the Operational Water Pressure

The flow of fluid (water in this FEA) inside the pipe generates hoop stress o, that acts
in the radial direction of the pipe cross section. This stress can be varied during the
operation of the buried pipeline. For example, hoop stress at full flow and half flow will
be entirely different compared to no flow (when pipe is empty). As such it would be
interesting how these conditions contribute to response of buried pipelines. To
investigate those 3 analyses was carried out adopting D = 1048 mm, t = 15 mm and

incorporating roller support as boundary condition for both ends of the pipe. The pipe
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was buried at a depth of h = 2D in dry sand deposit. Three operational conditions: (i)
full flow of water; (ii) half flow of water; and (¢) empty or no flow condition, were
considered. Under full flow conditions, the operational water pressure (100 kPa) causes
a maximum hoop stress of 3.5 MPa on the inner surface of pipe. The calculation of
hoop stress was performed using the well-known Mariotte’s formula (Equation 4.1).
_pD
2t
where, p = fluid pressure, D = diameter, and t = thickness. For a pipe with D = 842 mm

& t =13 mm, o, will be 3.24 MPa. For a pipe with D = 1048 mm & t = 15 mm, o, will
be 3.5 MPa. For a pipe with D = 1255 mm & t =17 mm, o, will be 3.7 MPa.

o, 4.1

Based on FEA results, the effect of flow conditions on the seismic responses of pipe are

presented in Fig. 4-20, 4-22 and 4-24.
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Figure 4-20: Effect of inside water pressure on seismic response of
pipe: (a) displacement with deformation; (b) enlarged view of total
displacement; (c¢) enlarged view of net deformation

Displacement as well as deformation responses along the crest line are given in Fig. 4-
20. Figure 4-20 (a) compares displaced and deformed crest lines for full, half and no
flow conditions. As can be seen, in each case, the final displacement is higher in the
mid-span of the pipe, and progressively reduces towards the end.In general, the
displacement patterns for different flow conditions are identical in nature. As can be
seen from Fig. 4-20 (b), an enlarged view for displacement, the maximum and
minimum pipe displacement are 89.56 cm (midspan) and 80.26 cm (end), for full flow
conditions. For half flow and no flow conditions, the maximum pipe displacement is
90.83 cm and 90.63 cm, respectively, and the minimum pipe displacement is 81.28 cm
and 80.37 cm, respectively. It is evident that maximum displacement under full flow is
slightly smaller than half and no flow case. This can perhaps be attributed to the radial
outward pressure exerted by the fluid on the inner surface of pipe, which contributed to
preventing the displacement, deformation, stress, and strain of the pipe. The
deformation, as can be seen in Fig. 4-20 (c¢) (enlarged view), was found to be as
maximum as 10.3 ¢cm for no water flow condition, and as minimum as 9.3 cm for full

water flow condition. For half water flow, it was found to be 9.5 cm.
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Figure 4-21: Displacement contour of the ductile iron pipe for different flow conditions
(full, half and no flow)

Figure 4-21 presents the displacement contours of the buried pipe for full flow, half
flow, and no flow conditions, respectively. The maximum pipe response (red color

band) is found to happen at the crest line of the pipe.
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Figure 4-22: Effect of inside water pressure on seismic response
(stress) of pipe

Figure 4-22 compares stress generated in pipe along the crest lines for full, half and no
flow conditions. From Fig. 4-22, it can be seen that the pipe stresses are maximum at
the midspan region and minimum at the pipe end for any given flow conditions. For full
flow condition, the maximum pipe stress is 356.45 MPa and the minimum stress is
349.86 MPa. For half flow and no flow condition, the maximum pipe stress is 356.5
MPa and 357.5 MPa and the minimum stress is 349.92 MPa and 350.03 MPa,
respectively. The fact that the stress variation in all cases is not significant may be due
to the nature and intensity of the applied load. However, the stress distribution for the
full flow condition is found to be slightly smaller than the other two cases. The reason
can again be attributed to the internal water pressure, as explained earlier. If compared
with the yield stress (YS) of the pipe, the stress at the pipe end reaches the yield limit,
whereas the stress is higher than the YS at any other location along the length. This is
true for other flow conditions. For half flow and no flow cases, the pipe experiences

relatively greater stress and displacement, so these cases should be considered

carefully.
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Figure 4-23: Stress contour of the ductile iron pipe for different flow conditions (full,
half and no flow)

Figure 4-23 presents the stress contours of the buried pipe for full flow, half flow, and
no flow conditions, respectively. The maximum pipe response (red color band) is found
to happen at the crest line of the pipe. The significant pipe stresses (red color band) are

concentrated at the invert, left, and right spring lines of the pipe as well.
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Figure 4-24: Effect of inside water pressure on seismic response
(strain) of pipe

Figure 4-24 compares strain induced in the pipe along the crest lines for full, half, and
no flow conditions. A maximum plastic strain of 1.2% can be noticed at the mid-length
of the pipe for no water flow condition. In contrast, a plastic strain of about 1% was
found at the same place for full water and half water flow conditions. In any flow
condition, the strain magnitudes are negligible due to the roller boundary conditions. If
compared, the induced plastic strains in the pipe are much lower than the minimum pipe
elongation (10%).

Overall, if compared with no flow condition, the maximum displacement and stress
magnitude developed in the pipe decreases by 1.2% and 0.29% respectively for full
flow condition and increases by 0.22 % and decreases by 0.28 % respectively for half
flow condition. The observed plastic strain in the pipe was about 90% lower (full flow
and half flow) and 88.4% lower (no flow) than the minimum elongation (10%) of pipe.
Hence, it is important to consider operational water pressure in the analysis of buried
pipes because the water pressure can significantly affect the structural behavior and
stability of pipe. When water flows through a pipe, it generates internal pressure that
can increase the load on the pipe and affect its deformation, stress, and strain. Therefore,
the analysis of a buried pipe must account for the operational water pressure to ensure

that the pipe can withstand both static and dynamic loads, including seismic events.
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4.3.4 Effect of Traffic load

To investigate the effect of traffic load on the seismic response of pipelines like
displacement, stress, strain, etc., two analyses on pipe with an outer diameter of 1048
mm, a thickness of 15 mm, and a burial depth of 2D in a dry sand deposit with and
without traffic load and full water flow inside the pipe have been performed. A uniform
surface load of 1100 KPa (as traffic load) on soil top surface is considered to inspect the
short-term structural serviceability condition of the buried pipeline considering the
pipeline lies in the traffic area. Generally, the dead load on the buried pipeline is
considerably higher than the live load since the effects of the live load (traffic load)
reduce quickly with an increase in soil depth (Lee, 2010). Even though the live load
becomes more critical than a dead load for the shallow buried depth of the pipeline,
(Nath, 1994). The effect of traffic load on the pipe response is easily understood by

considering traffic load and no traffic load cases.
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Figure 4-25: Effect of traffic load on seismic response of pipe (a)
displacement with deformation, (b) net deformation

The pipe displacement is 89.56 cm due to traffic load, which is higher and uniform in
the middle region of the pipe up to the closest to the pipe end and then gradually
decreases to 80.26 cm at the pipe end, as shown in Fig. 4-25 (a). For the no traffic load
case, the pipe displacement is about 38 cm, which is almost uniform throughout the pipe
length and is about 42.4 % of the displacement found in the traffic load case. As the
pipe was installed at the shallower depth of 2D, the pipe faces greater displacement due
to traffic load. In traffic load cases, the maximum pipe deformation was found to be 9.3
cm in the middle of the pipeline, and there was no noticeable deformation in the pipe

without traffic load as shown in Fig. 4-25 (b).
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Figure 4-26: Displacement contour of the ductile iron pipe with a traffic load of 1100
kPa and without traffic load

Figure 4-26 represents the displacement contour of the pipe due to traffic load and
without traffic load. Considering traffic load and no traffic load, maximum

displacement (red color band) was found at the crest line of the pipe.
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Figure 4-27: Effect of the traffic load on seismic response (stress) of pipe

If the pipe travels in the traffic area, traffic loads are frequently put on the pipes, as well
as water pressure and soil pressure. These loads are of minimal importance when the
depth of the burial is extremely low. However, when the pipes are shallowly buried,
they can play a critical function. Pipe stress is thus investigated under traffic charges
and no traffic charges, to understand how traffic loads affect the stress distribution
developed in the pipes. Figure 4-27 clearly shows that pipe stress follows a similar trend
to that of traffic and no traffic load. But there is a significant gap in stress distribution
observed in the case of traffic and no traffic load. For the same reason, the maximum
stress was found at midspan to be 356.45 MPa including traffic load and the maximum
stress was found to be 25 MPa (about 7% of the stress found including traffic load)
excluding traffic load. Most interestingly, all the stress magnitudes considering traffic

load were equal or slightly greater than the yield limit (350 MPa).
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Figure 4-28: Stress contour of the ductile iron pipe with a traffic load of 1100 kPa and
without traffic load

Figure 4-28 represents the stress contour of the pipe due to traffic load and without
traffic load. Considering traffic load, maximum response (red color band) was found at
the crest line of the pipe and significant stress intensity (red color band) was observed at
the invert, left and right spring lines of the pipe. Due to no traffic load conditions,
maximum response (red color band) was found at the crest line of the pipe, and
significant stress intensity (red color band) was observed at the invert lines of the pipe

only because of overburden soil pressure.
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Figure 4-29: Effect of the traffic load on seismic response (strain) of pipe

Figure 4-29 highlights that the plastic strain in the pipe is 1 % due to traffic load, which
is higher and uniform in the middle region of the pipe up to the closest to the pipe end
and then gradually decreases to almost 0% at the pipe end. In the case of no traffic load,
there is no plastic strain observed in the pipe. In the case of traffic load, the observed
strain in the pipe was much lower than the minimum elongation limit (10%).

The greatest displacement and stress values occurred in the pipe considering the traffic
load (1100 kPa) on the soil significantly increased by 135.7% and dramatically
increased by (1326 %) respectively compared to the no traffic load case. The observed
plastic strain in the pipe due to traffic load was 90 % lower than the minimum
elongation (10%) of pipe. If the pipe travels in the traffic area, traffic load should be

considered to ensure the structural safety of the pipe.

4.3.5 Effect of Soil Density

To examine the effect of soil density on the seismic response of the pipe, four dynamic
analyses consisting of four different dry densities of soil from 1700 kg/m® to 2160
kg/m?® (1700, 1850, 2000, and 2160 kg/m3) have been performed. The maximum pipe
displacement and deformation are normalized by pipe diameter (D). The density ratio
indicates the ratio between the density of the pipe and the density of the soil. The
density ratio is inversely proportional to the soil density. Increasing the soil density
surrounding a pipe leads to a stiffer soil that provides better support, resulting in

decreased pipe displacement, deformation, stress, and strain under external loads.
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Figure 4-30: Effect of soil density on seismic response of pipe: (a)
total displacement, (b) net deformation

Figure 4-30 (a) shows the normalized maximum pipe displacement with different
density ratios. From this figure, it was observed that due to an increase in the density
ratio, the maximum pipe displacement increased and vice-versa. The maximum pipe
displacement was found for a dry density of 1700 kg/m?®, and the minimum pipe
displacement was seen for a dry density of 2160 kg/m®. Because of higher densities of
sand, the pipeline experiences lower displacement, which is the most common
phenomenon in nature. Also, from Fig. 4-30 (b), higher and lower magnitudes of
deformation were depicted for dry densities of 1700 kg/m3 and 2160
kg/m3, respectively.
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Figure 4-31: Displacement contour of DI pipe due to variation in dry densities (1700
kg/m®to 2160 kg/m?) of soil

Figure 4-31 depicts the displacement contour of a ductile iron pipe caused by variations
in soil density. In all cases, the maximum displacement (red color band) was noticed in

the crest line of the pipe.
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Figure 4-32: Effect of soil density on seismic response (stress) of pipe
The maximum pipe stress is normalized by yield strength of pipe (YS). From Fig. 4-32,
it is depicted that maximum pipe stress increases as the density ratio increases. The
maximum pipe stress was developed for a dry density of 1700 kg/m* and the minimum
pipe stress was developed for a dry density of 2160 kg/m>. The distribution of stress in
pipes follows the same trend as pipe displacement. This is due to the higher density of
sand and the lower stress developed in the pipe as the maximum external load is carried
by the dense sand. It is obviously observed that all pipe stresses were within the limit of

yield stress of ductile iron pipe, i.e., 350 MPa, except for the pipe stresses for the soil
density of 1700 kg/m?.
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Figure 4-33: Stress contour of DI pipe due to variation in dry densities (1700 kg/m> to
2160 kg/m?) of soil

Figure 4-33 depicts the stress contour of a ductile iron pipe caused by variations in soil
density. The maximum stress (red color band) was observed in the crest line of the pipe
with a soil density of 1700 kg/m*® and 1850 kg/m?, respectively. In contrast, the
maximum stress was found in the left and right spring line of pipe for soil density of

2000 kg/m3 and 2160 kg/m3, respectively.
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Figure 4-34: Effect of soil density on seismic response (strain) of pipe

From Fig. 4-34, it was noticed that higher pipe strain was found for higher density ratio
and vice versa. The maximum plastic strain in the pipe was detected at 1% for a soil
density of 1700 kg/m?® and no plastic strain in pipe was found for other densities of sand.
The distribution of pipe strain also follows the same trend as pipe stress for the same
reason. In all the cases, the observed plastic strain in the pipe was within the minimum
limit of elongation after fracture (10%) of the pipe.

The maximum displacement, stress and strain developed in the pipe decreased by up to
59.2%, 84% and 100% respectively, due to an increase in soil density (from 1700 to
2160 kg/m® by 1.27 times). Hence, the soil backfills surrounding the pipe should have a
higher density to ensure the structural safety of buried pipes.

4.3.6 Effect of the Angle of Internal Friction of Soil

The friction angle of the soil is another variable considered in this study. To investigate
the impact of soil friction angle on the seismic response of the pipe, four dynamic
analyses with 4 different friction angles of soil (30°, 35°, 40°, and 45°) were performed
for a pipe with an outer diameter of 1048 mm, a thickness of 15 mm, roller support at

both pipe ends, and a burial depth of 2D depth.
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Figure 4-35: Effect of friction angle of soil on seismic response of
pipe (a) total displacement (b) net deformation

The maximum pipe displacement and deformation are normalized by pipe diameter (D).
It is found from Fig. 4-35(a) that the magnitude of final displacement of the pipe
decreases gradually due to an increase in the angle of internal friction of the soil. By
increasing the friction angle of the sand, the state of the sand changes from loose to
dense. Thus, the forces applied to the pipe by the sand are reduced, with a rise in the
friction angle of the sand. It can be seen from this graph that the maximum pipe
displacement was found for a friction angle of 30°, whereas the minimum pipe
displacement was found for a friction angle of 45°. Fig. 4-35(b) depicts that maximum
and minimum pipe deformation were observed for friction angles of soil of 30° and 45°,

respectively, for the same reason.

88



Chapter 4: Results & Discussions

1.20
o y =-0.0645x + 3.0519
) R2=0.9134
Z 090 -
3
E
wnn
“é 0.60 A
=
g
E 030 -
>
<
p=
000 T T T T
25 30 35 40 45 50

Friction Angle of Soil (degree)

Figure 4-36: Effect of friction angle of soil on seismic response
(stress) of pipe

The maximum pipe stress is normalized by yield strength of pipe (YS). It is obvious
from Fig. 4-36 that the pipe stress decreases while the friction angle of the soil increases
for the same reason as discussed earlier. It is clearly observed that the maximum stress
was found for the friction angle of soil of 30° and gradually reduced for the friction
angle of soil of 45°. All cases in the following graph showing stress on the pipeline are
less than the yield stress of the ductile iron pipe (350 MPa) except the pipe stress for the

friction angle of the soil of 30° due to the nature and intensity of the applied loads.
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Figure 4-37: Effect of friction angle of soil on the seismic response
(strain) of pipe

Figure 4-37 illustrates that the pipe strain follows a descending trend due to an increase

in the friction angle of the soil. From Fig. 4-37, the maximum pipe strain was observed
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at 1% for 30° and no considerable pipe strain was observed for 40° and 45°. All of the
strains are significantly less than the minimum elongation (10%) of the pipe after
fracture.

The maximum displacement, stress and strain developed in the pipe decreased by up to
59.2%, 84% and 100% respectively, due to an increase in the friction angle (from 30° to
45° by 1.5 times) of the soil.

Figure 4-31 and 4-33 show the displacement and stress contours of a ductile iron pipe
caused by variations in friction angle of soil. In all cases, the maximum displacement
was noticed in the crest line of the pipe. The maximum stress was observed in the crest
line of the pipe with a friction angle of soil of 30° and 35°, respectively. In contrast, the
significant stress was found in the left and right spring line of pipe for friction angle of
soil of 40° and 45°, respectively.

Hence, it can be said that, higher density and friction angle of soil may be recommended

for the structural safety of pipe.

4.3.7 Effect of Soil Stiffness

The type and properties of the soil around the pipe are a very effective parameter
because the greater soil stiffness (E) around the pipe, the less soil movement around the
pipe and, hence, its earthquake resistance is greater. This is because the void between
the soil particles is reduced due to its compaction.

To evaluate the effect of the modulus of elasticity of soil on the seismic response of the
pipe, 4 dynamic analyses, consisting of 4 different moduli of elasticity (19, 24, 48, and
96 MPa), for a pipe of 1048 mm in outer diameter, 15 mm in thickness with roller
support at both pipe ends and a burial depth of 2D m depth, have been performed. The
rigidity ratio indicates the ratio between the E of the pipe and the E of the soil. The

rigidity ratio is inversely proportional to the soil E.
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Figure 4-38: Effect of modulus of elasticity of soil on seismic
response of pipe (a) total displacement (b) net deformation

The maximum pipe displacement and deformation are normalized by pipe diameter (D).
Figure 4-38 (a) highlights that the pipe displacement follows an ascending trend with an
increase in the rigidity ratio. The maximum and minimum pipe displacements were
found for E to be 19 MPa and 96 MPa, respectively. One reason for this could be the
degree of denseness of the soil. If the degree of denseness of the soil is increased by
increasing the modulus of elasticity of the soil, the corresponding pipe displacement
will also be reduced. Similarly, from Fig. 4-38 (b), it is clearly noticed that a higher and
lower value of pipe deformation were found for E of 19 MPa and 96 MPa, respectively.
Increasing the modulus of elasticity of the soil surrounding a buried pipe can decrease
the displacement of pipe because a higher modulus of elasticity indicates that the soil is
stiffer and more resistant to deformation. This increased soil stiffness provides better

support for the pipe, reducing its tendency to deform or displace under external loads.
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Figure 4-39: Effect of modulus of elasticity of soil on seismic
response (stress) of pipe

The maximum pipe stress is normalized by yield strength of pipe (YS). From Fig. 4-39,
it is noticed that the stress developed in the pipe was significantly increased due to an
increase in the rigidity ratio, for the same reason. All the stress values of the pipe were
below the yield stress (350 MPa) of ductile iron pipe except the stress magnitude for the
modulus of elasticity of the soil at 19 MPa, due to the nature and intensity of external
loads. Additionally, a stiffer soil distributes the external loads more evenly across the

surface of pipe, reducing the stress and strain on the pipe.

1.2
~ y =0.0001x - 0.3506
= R>=0.576 *
g 09
n
&
= 0.6
g
g
= 03
<
=

0.0 * * *

0 2000 4000 6000 8000 10000
Rigidity Ratio

Figure 4-40: Effect of modulus of elasticity of soil on seismic
response (strain) of pipe

An analysis of Fig. 4-40 illustrates that by increasing the rigidity ratio, the pipe strain
increases. As shown in this graph, for an E of 19 MPa, the pipe strain was 1 %, whereas

for other cases, it was almost null. A notable fact is that the total amount of plastic strain
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discovered in the pipe is significantly less than the minimum elongation of pipe after
fracture (10%).

The maximum displacement, stress and strain developed in the pipe decreased by up to
59.2%, 84% and 100% respectively, due to an increase in the modulus of elasticity
(from 19 to 96 MPa by ~5 times) of soil.

Figure 4-31 and 4-33 show the displacement and stress contours of a ductile iron pipe
caused by variations in modulus of elasticity of soil. In all cases, the maximum
displacement (red color band) was noticed in the crest line of the pipe. The maximum
stress (red color band) was observed in the crest line of the pipe with a modulus of
elasticity of soil of 19 MPa and 24 MPa, respectively. In contrast, the significant stress
(red color band) was found in the left and right spring line of pipe for modulus of

elasticity of soil of 48 MPa and 96 MPa, respectively.
4.3.8 Effect of the Poisson’s Ratio of Soil

Since the material non-linearity of soil was considered in this study, Poisson’s ratio of
soil may be an important parameter for analysis. To determine the effect of Poisson's
ratio of soil on the seismic response of the pipe, four dynamic analyses with 4 different
Poisson’s ratios of soil (0.2, 0.3, 0.4, and 0.45) were performed for a pipe with an outer
diameter of 1048 mm, a thickness of 15 mm, roller support at both pipe ends, and a

burial depth of 2D.
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Figure 4-41: Effect of Poisson’s Ratio of soil on seismic response of
pipe (a) total displacement, (b) net deformation

The maximum pipe displacement and deformation are normalized by pipe diameter (D).
An analysis of Fig. 4-41 (a) illustrates that the pipe displacement becomes lower when
the Poisson’s ratio of soil increases. As the Poisson's Ratio of the soil increases, the
porosity in the soil continuum decreases, resulting in less influence of the surrounding
soil on the pipe, resulting in a decrease in pipe displacement and deformation as well.
Analyzing Fig. 4-41 (b), it is found that the maximum pipe deformation was found for a

Poisson’s ratio of 0.2, which gradually reduces up to a Poisson’s ratio of 0.45.
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Figure 4-42: Effect of Poisson’s Ratio of soil on seismic response
(stress) of pipe

The maximum pipe stress is normalized by yield strength of pipe (YS). From Fig. 4-42,
it was found that by increasing the Poisson’s Ratio of the soil, the pipe stress decreases

for the same reason. Most interestingly, in each case, the stresses developed in the pipe
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did not cross the yield limit (350 MPa) of the pipe, except for the pipe stress due to the

Poisson’s Ratio of soil of 0.2.
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Figure 4-43: Effect of Poisson’s Ratio of soil on seismic response
(strain) of pipe

From Fig. 4-43, it is quite clear that the magnitude of strain on pipelines decreases with
an increase in Poisson’s ratio of soil due to a decrease in porosity in the soil.
Furthermore, the results show that the maximum pipe strain occurs at a Poisson's ratio
of soil of 0.2 to 1%, and no considerable pipe strain occurs for other Poisson's ratios of
soil. A higher Poisson's ratio indicates that the soil is more resistant to lateral
deformation, resulting in lower induced strains on the pipe. An important point to note
is that the developed plastic strain in the pipe is within the minimum elongation limit
(10%) of the pipe.

The maximum displacement, stress and strain developed in the pipe decreased by up to
59.2%, 84% and 100% respectively, due to an increase in the Poisson’s ratio (from 0.2
to 0.45 by 2.25 times) of soil.

Figure 4-31 and 4-33 show the displacement and stress contours of a ductile iron pipe
caused by variations in Poisson’s ratio of soil. In all cases, the maximum displacement
(red color band) was noticed in the crest line of the pipe. The maximum stress (red color
band) was observed in the crest line of the pipe with a Poisson’s ratio of soil of 0.2 and
0.3, respectively. In contrast, the significant stress (red color band) was found in the left
and right spring line of pipe for Poisson’s ratio of soil of 0.4 and 0.45, respectively.
Therefore, an increase in the Poisson's ratio of the soil can improve the seismic response

of a buried pipe and increase its stability.
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4.3.9 Effect of Interface Friction Co-efficient

To explore the impact of interface friction co-efficient () on pipeline seismic response,
3 analyses on pipe with a diameter of 1048 mm, thickness of 15 mm and burial depth of
2D have been performed.

The sensitiveness of the pipe capacity to adjust the interface friction ratio was examined
by a variation of the interface friction ratio of 0.5, 0.7, and 0.9, covering a range of 0.5

to 1 of interface friction co-efficient [Leeuw (2022); Somboonyanon (2016)].
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Figure 4-44: Effect of interface friction co-efficient (i) on the seismic
response of pipe: (a) total displacement (b) net deformation

The maximum pipe displacement and deformation are normalized by pipe diameter (D).
It is illustrated in Fig. 4-44 that the variation of interface friction co-efficient shows
negligible effect on the maximum pipe displacement and deformation as well. Though a
slight decreasing trend is observed in the pipe displacement and deformation due to an

increase in L.
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A higher interface friction coefficient (1) means that the pipe is more firmly anchored in
the soil, and this can reduce the likelihood of the pipe experiencing excessive
displacement or deformation during seismic events. The frictional forces at the pipe-soil
interface can resist the lateral movement of the pipe, reducing the induced strains and
stresses. As a result, a higher interface friction coefficient can lead to a more stable and

less vulnerable buried pipe system during seismic events.
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Figure 4-45: Displacement contour of the ductile iron pipe for different interface
friction co-efficient (n = 0.5 to 0.9)

Figure 4-45 highlights the pipe displacement contour due to variations in the interface
friction co-efficient. In all cases, the maximum (red color band) pipe displacement was

found in the crest line of the pipe.
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Figure 4-46: Effect of interface friction co-efficient (i) on the seismic
response (stress) of pipe

The maximum pipe stress is normalized by yield strength of pipe (YS). From Fig. 4-46,
it is noticed that the change in interface friction co-efficient shows very little variation
in the pipe stress as observed earlier in the displacement case. From Fig. 4-46,
maximum and minimum pipe stresses were observed for a p of 0.5 and 0.9,
respectively. It was noticed that all the pipe stress values were above the yield limit

(350 MPa) of the pipe due to the nature and intensity of the external loads.
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Figure 4-47: Stress contour of the ductile iron pipe for different interface friction co-
efficient (L= 0.5 to 0.9)

Figure 4-47 highlights the pipe stress contour due to variations in the interface friction
co-efficient. In all cases, the maximum pipe stress (red color band) was found in the
crest line of the pipe. Also, the significant stress intensity (red color band) was also

observed at the invert, left and right spring lines of the pipe.
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Figure 4-48: Effect of interface friction co-efficient (i) on the seismic
response (strain) of pipe

From Fig. 4-48, it was found that the plastic strain curve of the pipe follows the same
trend as for displacement or stress response. The maximum strain was at 1.02 % for
p=0.5 and the minimum strain was at 0.96% for u=0.9. It can be said that the observed
plastic strain values of the pipe are sufficiently lower than the minimum elongation
(10%) of the pipe.

When considering the soil-pipe interaction, the magnitude of maximum displacement,
stress, and strain on the pipe decreases by 0.03%, 0.11%, and 5.9 %, respectively, as
interface friction between the soil and the pipe increases via an interface friction co-
efficient or ratio from 0.5 to 0.9 by up to 1.8 times.

Therefore, a proper assessment of the interface friction coefficient is necessary to ensure

the stability and safety of buried pipes during seismic events.

4.4 Summary

A sensitivity analysis was conducted to investigate the effects of internal water pressure,
traffic load, buried depth of pipe, diameter and wall thickness of pipe, pipe end
boundary conditions and soil types with different density, modulus of elasticity, friction
angle, Poisson’s ratio; interface friction co-efficient, diameter to thickness ratio (D/t) of
pipe, embedment ratio (h/D), unidirectional seismic excitations (vertical component) on
the seismic behavior of Ductile Iron pipelines subjected to traffic load, water pressure
and the EI Centro seismic record. The FEM was used for all the analyses in this

research work. The results were provided herewith in the form of spatial displacement,
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von mises stress, plastic strain etc. of the pipe due to seismic time history. The results
reveal that buried depth, seismic excitations, water pressure, soil types, pipe end support
condition, soil-pipe interface friction and traffic loads play a significant role in the pipe
response. The interesting findings of this research are that higher density, modulus of
elasticity, friction angle, Poisson’s ratio of soil; full flow condition; higher diameter,
higher wall thickness of pipe; higher buried depth of pipe is recommended for the
structural safety of pipe. Also, soil-pipe interaction, seismic excitations, traffic load, and
pipe end restraints may be a crucial factor in the response analysis of pipes. The
outcomes of this study may be utilized to build performance-based design techniques

for underground pipelines.

101



Chapter 5: Conclusion and Recommendation

Chapter 5. CONCLUSION AND RECOMMENDATION

5.1 General Overview

In this study, the seismic response of the Ductile Iron pipe used for water supply system
was investigated. 3D Finite element analyses considering soil-pipe interaction were
carried out using Abaqus Program (version 6.14) to study the effects of some influential
parameters on the pipe response. A sensitivity analysis is performed to examine the
effects of internal pressure, traffic load, buried depth of pipe, diameter and wall
thickness of pipe, pipe end boundary conditions and soil type with different density,
modulus of elasticity, friction angle, Poisson’s ratio etc., interface friction co-efficient,
D/t ratio, h/D ratio, unidirectional seismic excitation and discussed to achieve a better
comprehension of the seismic behavior of pipelines under seismic loads. Load-
controlled analyses were carried out to determine the ultimate capacity of the pipe under
seismic load. The outcomes are in the form of spatial vertical displacement and
deformation, von Mises stress, plastic strain, etc. of the pipe subjected to the
acceleration time history of the EL Centro seismic record. The results reveal that buried
depth, seismic excitation, water pressure, soil types, pipe end support condition, soil-

pipe interface friction and traffic loads are important determinants of the pipe response.

5.2 Conclusions

1) Seismic excitation plays a vital role in the pipe response.

2) The maximum pipe response due to seismic excitations was noticed at the crest
line of the pipe.

3) When the distinct changes between the four monitor lines of pipe during an
earthquake are compared, the pipeline is deformed starting from the top crest
position (crest line), moving on to the two sides of the pipeline (left and right
spring line) and then moves to the bottom invert position (invert line), and
finally, the circular cross section of the pipe forms an oval shape.

4) The maximum pipe response (displacement, stress) due to seismic excitations

was noticed at the mid span along the crest line of the pipe in all cases compared
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5)

6)

7)

8)

9)

to the pipe ends, which may be caused by the direction of seismic excitation and
the type of boundary conditions assigned to the pipe end.

Roller support can simulate the infinite-length effect of pipelines whereas Hinge
and fixed support can simulate the finite-length effect of pipelines.

The maximum displacement, stress and strain developed in the pipe decreased
by up to 59.2%, 84% and 100% respectively, due to an increase in soil density
(from 1700 to 2160 kg/m® by 1.27 times), the modulus of elasticity (from 19 to
96 MPa by ~5 times) of soil, the Poisson’s ratio (from 0.2 to 0.45 by 2.25 times)
of soil and the friction angle (from 30° to 45° by 1.5 times) of the soil.

The maximum displacement and stress magnitude generated in the pipe
increases by up to 2.87 % and 34.9 % respectively for hinge support; also, it
increases by up to 2.83 % and 34.9 % respectively for fixed support with respect
to roller support. The observed plastic strain in the pipe was 90.1% lower
(roller); 53.1 % higher (hinge); 45.9 % higher (fixed) than the minimum
elongation (10%) of DI pipe.

The greatest displacement and stress values occurred in the pipe considering the
traffic load (1100 kPa) on the soil significantly increased by 135.7% and
dramatically increased by (1326 %) respectively compared to the no traffic load
case. The observed plastic strain in the pipe due to traffic load was 90 % lower
than the minimum elongation (10%) of DI pipe.

The maximum displacement and stress magnitude developed in the pipe
decreases by 1.2 % and 0.29 % respectively for full water flow condition (flow
through full circular cross-section); also, it increases by 0.22 % and decreases by
0.28 % respectively for half water flow condition (flow through lower half of
circular cross-section) with respect to no water flow in the pipe. The observed
plastic strain in the pipe was 89.9 % lower (full flow); 89.8% lower (half flow);
88.4 % higher (no flow) than the minimum elongation (10%) of pipe.

10) When considering the soil-pipe interaction, the magnitude of maximum

displacement, stress, and strain on the pipe increases by 0.03%, 0.11%, and 5.9
%, respectively, as interface friction between the soil and the pipe increases via

an interface friction co-efficient or ratio from 0.5 to 0.9 by up to 1.8 times.

11) The increase in embedment ratio (h/D) from 1 to 5 by up to 5 times, decreases

pipe displacement, stress and strain by 28.7 %, 1.3 % and 23.2 % respectively.
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12) The increase in pipe diameter to wall thickness ratio (D/t) from 65 to 74 by up to
1.14 times, reduces pipe displacement, stress and strain by 3.23 %, 0.62 % and
25 % respectively.

13) The maximum response of pipe at the burial depth of 1D to 2D of the pipelines
was discovered. So, it might be more beneficial from the design point of view to
prevent the burial depth of pipe equal to 1D to 2D.

14) Soil property, seismic excitations, traffic load, buried depth, pipe end restraints
are the sensitive parameters than others.

15) Higher density, modulus of elasticity, friction angle, Poisson’s ratio of soil;
higher diameter, wall thickness of pipe; higher buried depth of pipe is
recommended for the structural safety of pipe.

16) Soil-pipe interaction, seismic excitations, traffic load, and pipe end restraints

should be considered carefully for the response analysis of pipes.

5.3 Mitigation Measures Against Seismic Actions

There are several strategies that can be used to reduce seismic damage to pipelines. The
simplest and most apparent measure is to modify pipeline alignment (pipeline re-
routing) to preclude geo-hazardous zones. This may not be achievable in certain
circumstances, however; other mitigating steps should thus be taken (Karamanos et al.,
2014). More specifically:

* The increasing diameter and wall thickness of the pipeline enhances the robustness of
the pipeline against seismic actions.

» The usage of a superior grade of pipe material with optimized ductility of high-
strength steel enhances the strength of the pipeline.

* The designer may consider isolating the pipeline from ground movements in regions
where considerable permanent ground-induced activity is predicted.

 Higher density, modulus of elasticity, friction angle, Poisson’s ratio of soil; higher
diameter, wall thickness of pipe; higher buried depth of pipe may be recommended for
the structural safety of pipe.

* Soil-pipe interaction, seismic excitations, traffic load, and pipe end restraints should be

considered carefully for the response analysis of pipes.
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* In regions of landslides, ground conditions can be improved before the pipe
installation and the quantity of soil movement is reduced.

* The application of flexible joints, which may be adaptable at suitable places for
expansion/contraction or rotation, can be helpful for the pipeline, therefore minimizing
the stress or strains caused, particularly axial tension.

* Avoid the short depth of burial when installing pipeline to decrease the vulnerability
of geometric failure of the pipes due to the PGD produced by a strong earthquake.

* The effect of earthquake induced PGD may also be reduced by installing very strong
containment around pipes and taking into consideration the flexible kind of pipe
material rather than rigid one.

* Pipeline positioning should be away from active faults, steep slopes, and soft ground.

* Improve the pipe flexibility using more ductile and flexible joints.

* Ensuring "fail-safe approach" systems at the areas where the seismic damages may be

predicted.

5.4 Limitations of the Current Study

For this research work, the following limitations were identified:

* There are no investigations into soil material parameters and how they are determined;
the material parameters are already known.

* Other soils besides sand are not considered

* Only a finite element approach and solid elements are considered in the modeling of
the soil as a continuum.

* Only El Centro seismic record was considered. The Parametric study was done by the
vertical component of El Centro earthquake only.

* Only dry sandy soil and Ductile iron pipe was used in the simulation.

* Mohr-Coulomb model, a simple and straightforward model was used for modelling the

soil.

5.5 Scope for Further Research

While a certain number of issues were identified in this investigation, several concerns
arise. For future study, it may be interesting to identify new advance analysis techniques

to demonstrate the pipe failure. The failure mechanisms derived from the results of the
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finite element analysis reported in this thesis could be indicative of future study.
Furthermore, it might be another burning issue for future research to address this
influence of seismic load on saturated or partially saturated sandy soil, clay soil and
silty soil on pipeline capacity. The effects of different types of pipe material and fluids
(gas, oil, sewage etc.) inside the pipe should be considered in the buried pipe seismic
analysis. Advanced soil models that are currently available should be used to efficiently
model the soil. Also, multidirectional seismic excitations with more prescribed
earthquakes should be considered in the analysis to replicate the real scenario.

However, in these specific lifeline systems, a lot of work still must be done. A
substantial shortage of field data appears to be one of the greatest obstacles in
characterizing the input signal. The formation of a dense strong motion network might
probably solve this critical deficit. A minimal number of experimental and field studies
for underground pipelines in seismic events is another important shortcoming in this
domain. In this regard, the sensitivity of the potential parameters derived from the
results of the finite element analysis reported in this thesis could be indicative of future

study.
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Appendix A: Modal Analysis

Modal Analysis

Modal analysis of the soil-pipe system was carried out in Abaqus, a FEM Program to
obtain damping coefficients to use in further simulations. Rayleigh damping is
generally used to model the damping in the soil-pipe system. Rayleigh damping consists
of mass and stiffness components and can mathematically be presented as (Equation
A1),

C=aM+ PBK A.l
where o and B are coefficients for mass and stiffness proportional damping, M is the
mass matrix and K is the stiffness matrix. The coefficients a and p were evaluated from
the natural frequencies of the soil-pipe system obtained separately through modal

analyses in Abaqus Program.

Computation of Rayleigh Damping Coefficients

In dynamic analysis of structures and foundations damping plays an important role. The
most effective way to treat damping within modal analysis framework is to treat the
damping value as an equivalent Rayleigh Damping in the form of

[C] = a [M] + BIK] A2
where, [C] = damping matrix of the physical system; [M] = mass matrix of the physical
system; [K] = stiffness matrix of the system; a and {3 are pre-defined constants. Figure

A-1 represents the variation of natural frequency with damping ratio of a large system.
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Figure A-1: Variation of damping ratio with natural frequency of a system. (Chowdhury
& Dasgupta, 2003)

A method, proposed by Chowdhury & Dasgupta (2003) is described in the following
through which one can arrive at the unique values of Rayleigh coefficients. These
outputs are valid for systems having large degrees of freedom as well.

1. Select {;, the damping ratio for the first mode of the system.
2. Select ¢, the damping ratio for the m™ significant mode.
3. For intermediate modes i, where 1< i < m, obtain {; from the following equation

based on linear interpolation.

(§m — 1)

(W — 1)

in which, {; = damping ratio for the i™ mode (for all i < m); w; = natural frequency for

$i = (w; —wy) + & A3

the i mode; w; = natural frequency for the first mode; w,,= natural frequency for the
m™ significant mode considered for the analysis.
4. For modes greater than m extrapolate the values based on the following expression

Em —&1) , where m < i < km
(wm — wl) (wm+i - (‘)m) + 51

$i =

5. Select first set of data consisting of {;, {;, W1, W,
6. Based on the above sets of data obtain § from the equation

(2(1(‘)1 - ZZm(‘)m)
(] — wf)

B = A5

7. Back substituting the value of § in the following expression
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2(w, = a + Bw? A6
8. Obtain the value of a.
9. Next select a second set of data consisting of {;, {xm, ®W1, Wgm .
10. Find out a and B based on Equations (A.5) and (A.6).
11. Now one has the three sets of data:
(a) Based on linear interpolation
(b) Based on data set {;, {;, W1, Wy
(c) Based on {3, (jm» W1, Wim
(d) Obtain a fourth set of data based on the averages of a, b and ¢ as mentioned
above.
Finally, average all values of a and § from (a) to (d), to obtain the desired value of o and

B. Table A-1 shows the value of a and  for soil continuum and pipeline considered in

this study.
Table A-1: Chart of o and B for soil and pipe
a p

Solid section 0.148 0.011

Soil
With hollow section 0.144 0.012
Pipe end roller 0.160 0.010
Pipe Pipe end hinge 0.182 0.010
Pipe end fixed 0.186 0.010

119




