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NUMERICAL MODELLING ON BEHAVIOR OF FLEXIBLE
UNDERGROUND PIPELINES UNDER SEISMIC LOADS

SUMMARY

In this study, a numerical calculation on interaction between soil and flexible
pipelines was performed. Properties of soil and pipe may cause significant effects on
the movements of buried pipelines. Generally, Earthquakes damage the buried pipes
and facilities in two forms: (1) Permanent Ground Deformation (PGD) and (2) Wave
Propagation.

In this research the behavior of buried pipes under the harmonic and the earthquake
loads using 2D finite element software PLAXIS by investigating acceleration,
displacement, PSA (pseudo-acceleration response spectrum) and also axial force,
bending moment and shear force in different soil conditions for the soils in the
bottom layer of the pipe (bedding) and also the soil surrounding the pipe has been
modeled and investigated.

In order to verify the results of PLAXIS, acceleration and displacement values
computed by PLAXIS were compared by the same parameters generated by the 1D
software DEEPSOIL in the equal condition of soil and depth and under the equal
Harmonic Loads where the little difference in the results was due to the fact that
DEEPSOIL is 1D and needs more input parameters than PLAXIS. In this study, a
model with the dimension of 10m x 10m containing bedding soil with the thickness
of 8.0 meters and trapezius-shape layer as the backfill surrounding the pips with the
thickness of 2.0 meters and the bases of 1.5 m and 2.5 m at the top and the bottom
respectively where two types of soil namely dense and loose were applied.

The material of the modeled pipe was Polyethylene with the diameter of 400 mm and
the wall thickness of 12 mm at the depth of 2.0 m where for the more precise
investigation of the pipe behavior under the dynamic loads, 3 points on the periphery
of the pipe and 3 points on the model bedding (wave entrance) top of the model at
the ground surface and also at the free field were considered.

It is concluded that the maximum horizontal displacement values for all soil position,
(different bedding and backfill) are approximately the same. However, for the points
located on the pipe, there is more displacement for the point located just on the
bedding, compared with the points located in other positions.

The maximum horizontal displacement values for all soil position, (different bedding
and backfill) are approximately the same. However, for the points located on the
pipe, there is more displacement for the point located just on the bedding, compared
with the points located in other positions, when the vertical displacement in loose
sand is significant, regardless of the backfill materials (nearly four times more than
dense value). It can be said that any increase in the bending moment, above the level
of maximum allowable moment, can cause failure in the pipe. This is while axial
force and shear force do not have significant effect in pipe failure.

XiX



The amount of strain as an important factor in the assessment of the behavior of the
pipes buried under the effect of dynamic weights, based on the figures indicated in
the PLAXIS application, the study can conclude that the level of horizontal and
vertical strain in loose sand is higher than that of dense sand.
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SiSMiK YUKLER ALTINDA GOMULU ESNEK BORULARIN DAVRANISI
UZERINE SAYISAL MODELLEME

OZET

Bu ¢alismada, zemin ve esnek boru hatlar1 arasindaki etkilesim {izerine bir sayisal
analiz yapilmistir. Zemin ve boru o6zellikleri, gomiilii boru hatlarinin hareketleri
tizerinde onemli etkilere neden olabilir. Dinamik yiiklemeye maruz boru hatlarinin
davranigin1 parametrik olarak incelemek i¢in, gdmiilmiis Polietilen borularinin
harmonik ve deprem vyiikleri altindaki davranislarini iki boyutlu (2D) PLAXIS sonlu
elemanlar programi araci ile ele alinmistir. Sonuglar tartisilmis ve tek degiskenli
dogrusal ve dogrusal olmayan matematiksel modelleme ile calisilmigtir. Zemin
tipleri (gevsek ve siki kum), farkli depremler gibi faktorler ile irdelendi. Sonuglar
dikkate alindiginda, bu faktorlerin (zemin cinsi ve boru 6zellikleri) dinamik ytikler
etkisinde boru hattinin deplasmanina sebep olabilecek onemli 6geler oldugu
sonucuna varilmistir. Bazi 6nemli karsilastirmalar ve sonuglar verilmistir.

Borunun altindaki zemin kosullarinin ivme, akim degeri, sézde spektral ivme
(pseudo spectral acceleration — PSA) ve eksenel ve kesme kuvvetleri incelenmistir.
Genel olarak deprem iki sekilde borularda ciddi hasarlar yaratmaktadir: birinci kalici
zemin deformasyonlari, ikincisi ise dalga yayilmasidir. Literatiirde ve analitik
incelemelerde dalga yayilimindan ortaya ¢ikan tesisatin kopma ve kirilmasi kalic
zemin deformasyonlar1 (PGD) ile karsilastirildiginda elde edilen oranlarin arasinda
cok farklilik olmadig: belirtilmistir. Gegmis depremler boru hatlarinin kalict zemin
hareketleri tarafindan tehdit altinda bulundugunu gostermistir. Depremler sonucunda
olusan kalic1 zemin deformasyonlar1 nedeniyle boru hatlarinda 6nemli bircok hasar
olugsmustur. Maddi ve yasamsal kaza riskini azaltmak amaciyla deprem nedeniyle
olusan kalic1 zemin deformasyonlarina maruz gémiilii boru hatlarinin davranislarinin
incelenmesi  gerekmektedir.  Sonlu  elemanlar  yontemi  kalici  zemin
deformasyonlarina maruz borularin davramisini incelemek ic¢in yararli olan
yontemlerden biridir.

O’Rourke (1999), 1971 yilinda meydana gelen San Fernando depreminde olusan
yanal kalict1 zemin deformasyonlarini incelemistir. Hamada ve O’Rourke (1992),
1964 yilinda meydana gelen Niigata depreminde olusan yanal kalici zemin
deformasyonlarini incelemislerdir. Yapilan bu g¢aligmalar sonucunda iki tip yanal
kalict zemin deformasyonuna rastlanmis olup, gozlenen bu yanal kalici zemin
deformasyonlari dagili yayili kalici zemin deformasyonu ve bolgesel ani kalic1 zemin
deformasyonu  olarak  smiflandirilmiglardir.  Dagili  yayilh  kaliet  zemin
deformasyonlar1 sivilasmaya bagli olusan kalici zemin deformasyonu durumlarinda,
bolgesel ani kalict zemin deformasyonlart ise zemin kaymasi durumlarinda
g6zlemlenmektedir.

Literatliirde yapilan c¢alismalar incelendiginde gomiilii boru ile zemin arasindaki
etkilesimin dogrusal olmayan yay elemanlar1 ile modellendigi goriilmektedir. Bu
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calisma kapsaminda, boru ve zemin arasindaki etkilesim dogrusal olmayan davranisa
sahip eksenel ve yanal baglanti elemanlar1 kullanilarak modellenmistir. Baglanti
elemanlarinin dogrusal olmayan davranmisinin modellenebilmesi i¢in gerekli olan
parametreler; maksimum zemin direnci ve maksimum elastik deformasyondur. Bu
parametreler ALA (2001)’de onerilen bagintilar yardimiyla hesaplanmustir.

Plaxis programindan elde edilen sonuglarin dogrulanmasi i¢in zemin tiirii, tabaka
derinligi ve esit harmonik yiikii gibi parametreleri esit kosullarda DEEPSOIL
programi ile elde edilen sonuglar karsilastirilmistir. Iki programdan elde edilen
sonuglarin arasinda ¢ok az bir fark ortaya ¢ikmustir, bu farklilik ise DEEPSOIL
programinimn tek boyutlu oldugu ve PLAXIS programmnin iki boyutlu olmasindan
daha fazla verinin girilmesinden kaynaklanmasi oldugu soylenebilir, bu yiizden her
iki programda elde edilen sonuclar kabul edilmektedir.

Bu calismada iki modelleme yapilmaktadir. iki tabakadan olusan ve 8.0 metre
kalinlikta olan 10m x 10m boyutunda dikdortgen seklinde boru altindaki zemin ve
diger modelleme ise 2.0 metre kalinliginda ve borunun alt ve iistiinde bulunan 2.5m x
1.5m boyutlarinda trapez bir modelleme kullanilmistir. Zemin tiirii ise Gevsek Kum
ve Siki Kum olarak segilmistir. Zemin davranisini modelleyebilmek i¢in Hs Small
modeli kullanilmistir.

Modellemede kullanilan borunun 6zellikleri 400 mm capinda ve 12 mm kalinliginda
olup yeryiiziinden 2.0 m derinliginde gémiilmiis olan polietilen bir borudur. Deprem
etkisini incelemek iizere borunun cevresinde 3 nokta belirlenmis ayrica borunun
zeminle temas ettigi yatagin lizerinde ise deprem dalgalarinin gelecegi noktaya 3 ayr1
nokta belirlenmistir. Analizler harmonik yiikler ve deprem yiikleri altinda
gerceklestirilmistir. Harmonik analiz i¢in ivme biiyiikliigii 1m/s? ve frekans 5Hz
ozelliklerine sahip olan harmonik yiikii 10 saniyelik bir zaman diliminde siki1 kum
tabakasinin altinda uygulanmistir. Programdan edinilen sonuglara bakildiginda
borunun iizerinde, i¢inde ve dolgu tabakanin yiizeyinde ve de dogal zemin(free field)
yiizeyindeki deprem ivmeleri ¢ok farklilik gdstermistir. Bunun nedeni ise gelen
dalganin enerjisinin iist tabakaya hareket ettiginde azalmasi olarak diisiiniilebilir.

Borunun ¢evresindeki zeminin yumusak olmasi nedeniyle buradaki enerjinin dagilip
tikenmesi yataktaki enerji degerinden daha fazla olmasi tespit edilmistir bu yiizden
deplasman degeri borunun g¢evresinden uzak noktalara gore daha fazla olmustur.
Harmonik yiikiin etkisi sonucu PSA degeri serbest noktalarda yatak noktalariyla
hemen hemen ayni deger bulunmustur. Halbuki bu deger borunun g¢evresindeki
noktalarda diger noktalara kiyasen daha azd.

Ikinci analizde zemin ve boru arasindaki etkilesimi ve dolgu zeminin boruda etkisini
arastirmak i¢in Kobe depremindeki deprem yiikiini (PGA= 0.76g) 48 saniye
icerisinde dort degisik zemin tiirlinde (gevsek ve siki yatak zemin, yumusak ve ya
sert dolgu) incelenmistir. Elde edilen sonuglara bakildiginda en yiiksek ivme degeri
sik1 yatak tabaka ve sert dolguda ve en diisiik ivme ise gevsek yatak tabaka ve
yumusak dolguda belirtilmistir. lvme gibi, PSA degeri de en yiiksek ve en diisiik
degerleri sik1 ve gevsek zeminde ortaya ¢ikmistir. Yatay deplasman zeminin tiim dort
yoniinde de ayn1 degerde olup dikey deplasmanda ise en yliksek deger gevsek kumda
belirtilmistir; bu degerin siki kumda gevsek kuma goére daha az oldugu da
gbzlenmistir. Sonug olarak gevsek kumda oturma orani daha yiiksek olup bu degerin
yiiksek olmas1 borularda ciddi hasarlara yol agmustir.

Boru ve borunun cevresindeki zeminde iki nokta ele alinarak iki nokta arasindaki
goreceli deplasman siki kumda, gevsek kumdan daha yiiksek oldugu gozlenmistir bu
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yuzden borunun hareketi ¢evresindeki zeminden fazla olup sonucta boru daha ciddi
hasar gorecegi belirlenmistir. Borunun dinamik yiikler altindaki davraniglarini
degerlendirilmesinde birim deformasyon parametresinin énemli bir 6l¢iit oldugundan
ve Plaxis’de elde edilen sonuglara gore yatay ve dikey eksenel birim deformasyon
gevsek kumda sik1 kumdan daha fazla oldugu gézlenmistir.

Tiim eksenel ve kesme kuvvetleri ve egilme momenti degerlerine bakildiginda
borunun deprem yiikleri altinda emniyet momentinden daha yiiksek bir egilme
momente sahip oldugu ortaya ¢ikmistir. Egilme momentinin yiliksek olmasi borunun
kirllma ve bozulmasina sebep olmustur. Halbuki kesme kuvveti ve eksenel
kuvvetlerin degeri emniyet degerlerinden daha diisiik bir degere sahip olduklari ve
borunun kirilma ve kopmasinda etkin bir rol oynamadiklar1 gériinmiistiir.

Eksenel birim deformasyon hesaplamalar1 igin literatiirde mevcut bagintilar
kullanilarak dalga yayilimi sonucu ortaya ¢ikan eksenel birim deformasyonlar
hesaplanmistir. Sonuglarin  Plaxis analiz sonuglar1 ile benzerlik gosterdigi
gOriilmiistiir.
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1. INTRODUCTION

It is acknowledged that underground structures suffer less damage from earthquakes
than structures on the ground surface. Recent earthquakes have damaged many
lifeline structures. Buried gas and water pipelines are also no exceptions. The
damage or disruption of buried pipelines due to earthquakes may severely affect civil
lifeline structures since it may cause fires, economic losses, and disable of lifeline
networks. There is substantial pipeline damage in past major earthquakes, such as
1906 San Fransisco Earthquake, 1933 Long Beach Earthquake, 1952 and 1954 Kern
County Earthquakes, 1964 Nigata, 1971 San Fernando, 1979 Imperial Valley
Earthquake, 1989 Loma Prieta Earthquake, 1994 Northridge Earthquake, 1999
Duzce Earthquake and 1999 Chi Chi Earthquake (O’Rourke and Lane, 1989;
O’Rourke and Palmer, 1996). These earthquakes demonstrated that the permanent
ground deformation (PGD) caused by earthquakes generated significant damages on
buried pipelines. The principle form of permanent ground deformation caused by
earthquake is observed as land sliding, surface faulting, lateral spreading and seismic
settlement. Transverse permanent ground deformation includes land sliding and
lateral spreading. O’Rourke and Tawfik (1983) and Hamada and O’Rourke (1992)
observed two types of transverse PGD as spatially distributed transverse PGD and
abrupt transverse PGD. Subsequently, the seismic analysis and behavior of buried
pipelines have been investigated by many researchers. Most of the studies mainly
deal with the numerical modeling of buried pipelines, soil-pipeline interaction, and
earthquake induced pipeline stress. Finite Element Methods (FEM) is also helpful for

executing rigorous analysis for seismic response analysis of buried pipelines.

Investigating geotechnical problems using FEM has been widely used in this
research area for many years even though there are limitations for analyzing such
problems accurately. However, linear and nonlinear problems such as prediction of
settlement and deformation between buried pipelines and soil is highly amenable to
solution by FEM. For this reason, PLAXIS, which is used for general Finite Element

Analysis (FEA), was chosen in order to estimate failure aspects of buried pipelines.



The main purpose of this study is to understand failure aspects of flexible buried
pipeline caused by earthquake through FEA. Most of the researches conducted on
soil-pipe interaction are focused on steel pipes; however, there are a few studies on
seismic behavior of underground pipelines with materials other than steel and in
particular high-density polyethylene (HDPE). With HDPE pipelines now becoming
the industry standard for natural gas and water distribution systems, a detailed
investigation into the interaction of these types of pipes with the surrounding soil is
needed to ensure that the response of both pipeline and soil components is properly
understood during design. The aim of this study is to determine behavior of pipeline
subjected to seismic loads. For this aim, the behavior of pipeline subjected to
harmonic and earthquake load is investigated parametrically for different soil layers,
flexible type of pipe, and material properties of backfill, using PLAXIS finite
element software. The thesis is divided into five chapters. Following this
introduction, chapter two presents the review of literature on the subject. The
literature discussed includes a summary of earthquake effects, explaining the
mechanism of earthquake-induced ground movements and their interactions with
buried pipelines. This chapter constitutes a detailed treatment of the behavior of
buried pipelines subject to ground shaking. Then, the Soil-Pipe interaction has been

investigated.

Chapter Three gives the definition of the PLAXIS software and the use of Hs small
model is presented. Also in this chapter a verification study between PLAXIS and
DEEPSOIL is performed. In chapter Four, the dynamic analysis for buried pipeline
in different soil has been computed. In continue, presents the results of the numerical

modeling analysis.

Displacements, accelerations, spectral response acceleration of both pipeline and soil
have been investigated for different values of seismic parameters and soil media.

Chapter Five presents the main suggested conclusion of the research.



2. LITERATURE REVIEW

According to literature survey for large ground deformation response of pipelines
shows that the study of aboveground pipelines for large ground motion hazards is
relatively less reported compared to buried pipelines, also pipelines are usually
buried (FEM-233, 1992). That is why in this report emphasize was given to buried
pipelines and its performance. Seismic hazard of pipeline is well demonstrated and
documented during past several earthquakes all over the world. Few of them are

summarized below.

e The 1971 San Fernando earthquake, over 80 transmission line failures occurred in
pipelines due to shaking that had oxy-acetylene welded joints while less than five
occurred in pipelines with electric arc welded joints. For transmission lines subjected
to permanent ground deformation, approximately 10 failures each occurred in oxy-
acetylene and electric arc welded pipe. Failures in electric arc welded pipe occurred
in areas with offsets of two meters while no failures occurred in another are

subjected to two to three meters of displacement (USGS, 2008).

e In 1989 Loma Prieta earthquake had three failures of transmission lines and
extensive pipe damage to cast iron distribution system in the San Francisco Marina
District resulted in an extensive cast iron pipe replacement program using
Polyethylene (USGS, 2008).

¢ In1994 Northridge earthquake there were 209 repairs required to metallic
distribution lines and 27 to polyethylene lines (USGS, 2008).

e In addition, Tsai et al. (2000) reported that during 1999 Chi-Chi (Taiwan)
earthquake 2000 mm diameter pipe destroyed by rupture of Chelungpu fault. The
fault was steep reverse type and during earthquake fault offsets, around 4 to 10 m

were observed along its length (Rajkumar and Ilamparuthi, 2008).

Permanent ground deformation was distinctive source for major pipeline damages,

damage from ground waves has been also observed in pipelines, which were



weakened either by corrosion or by welds of poor quality, even though there are
cases of combinations of these damage modes.

2.1 Permanent Ground Deformation (PGD) Hazard

As mentioned by O’Rourke and Liu (1999) pipelines can be categorized into two
distinctive groups, continuous and segmented pipelines. For pipelines, seismic
hazards can be classified as being either wave propagation hazards or Permanent
Ground Deformation (PGD) hazard (O’Rourke and Liu, 1999). Permanent ground
deformation (PGD) may arise because of landslides, creeping of land, liquefaction
induce ground deformation, and abrupt surface shatter due to faulting. In literature
PGD hazard generally referred hazard due to ground motion causes by landslide or
liquefaction, discussed in subsequent topics. Hall and Newmark (1977) stated that
there was no case of a modern buried welded steel pipeline failure because of ground
shaking. However there are some examples of pipe damages due to wave
propagation, which includes pipeline damage in Mexico City by 1985 Michoacan
earthquake. O’Rourke and Liu (1999) suggested that PGD hazards are usually
limited to small regions; their potential for damage is very high since they impose
large deformation on pipelines. On other hand, the wave propagation hazards
typically affect the whole pipeline network, but with lower damage rates.

It is not particularly meaningful to assign average proportions of damage to either
permanent ground movement or seismic shaking. Both the forms of displacement
often are interrelated so that a clear distinction cannot be made between damage
caused by one or other. Nevertheless, it is important to recognize that permanent
differential ground movements may accompany any earthquake and that the
movements can assume a variety of patterns depending on local soil and other
geological conditions. There for analysis can be simplified by assuming a one to one
correspondence between pipeline and soil movement. The principal forms of
permanent ground deformation (PGD) are surface faulting, land sliding, seismic
settlement and lateral spreading due to soil liquefaction. Whether the buried pipeline
fails when subjected to PGD depends, in part, on the amount and spatial extent of the

PGD, which are introduced here.



2.1.1 Fault hazard

An active fault is a discontinuity between two portions of the earth crust along which
relative movements can occur. The movement is concentrated in relatively narrow
fault zones. Principal types of fault movement include strike and dip slip. In strike-
slip fault the predominant motion is horizontal, which further divided as right lateral
and left lateral (Figure 2.1). The lateral fault deforms a continuous pipe primarily in
tension or compression depending on the pipe-fault intersectional angle. In dip-
normal and dip-reverse faults, the predominant ground displacement is vertical.
When the overhanging side of fault moves downwards, the fault is normal (Figure
2.1), which primarily deforms a pipe in tension. On other hand, when the
overhanging side of fault moves relatively up, the fault is term as reverse fault

(Figure 2.1), that deforms a pipeline in compression.

Pipelines crossing
tectonic faults

-+ shrike-slip
{horizontsl) fault

Figure 2.1: Schematic representation of pipeline configuration crossing faults (Jos,
2015).

The pioneering study of the pipe-fault crossing is done by Newmark and Hall (1975)
which further modified by Kennedy et al (1977) and Wang and Yeh (1985) in which
they proposed simplified analytical model for pipe strike-slip fault crossing.

2.1.1.1 Newmark and Hall

The considered model of Newmark and Hall (1975) is shown in Figure 2.2. To
estimate axial tensile strain and to predict the pipeline’s response crossing strike-slip
fault. In this study, Newmark and Hall (1975) treated the pipeline like a cable. Total

& fault movement with pipe-fault intersection angle g < 90" is considered which

results in tensile strain in the pipe. The only force that acts on the pipeline is the



friction force at the pipe-soil interface along the longitudinal direction. As an initially
step, a maximum axial stress value is assumed in the pipeline and length of the
pipeline required for the zero frictional force condition is determine. This length is
considered as anchor length (L,) as shown in figure. For assumed stress-strain
(elasto-plastic) relationship, stress induced deformation over L, is calculated. The
physical deformation of pipe is estimated from fault geometry is then compared with
deformation using pipeline fault geometry. Using new value of maximum axial
strain, deformation is calculated until convergence of physical and calculated
deformation attains. Since Newmark and Hall (1975) modeled the pipe as cable,
which can carry only tensile strain. Hence, bending strength of pipe and lateral

interaction at pipe-soil interface are totally ignored.

Strike Slip Fault
Anchor » La o .
- L Anchaor
mm,/-t |/ Point
Z'P\Peline \<

(a) Before Fault Movement

Anchor
Point

Frictional Resistance
Mobilized Along
Circular Deformed Arc

Anchor
Point

(b) After Fault Movement

Figure 2.2: Pipeline crossing right lateral strike slip fault (Newmark and Hall, 1975).

2.1.1.2 Kennedy et al.

Kennedy et al. (1977) improved the Newmark and Hall (1975) method for estimating
the maximum axial strain in pipe by incorporates the effect of lateral soil interaction.
In this method, it is assumed that pipeline would bend in circular arc of constant radii
on both side of fault line as shown in Figure 2.3. For calculating radii of curvature, it
is assumed that pipe as negligible bending stiffness, which is only possible for large
fault movement when pipe material gets strain well beyond the yield point under



tensile strain. Rest of procedure is similar to that of Newmark and Hall (1975)
method.

dysin f/2

Figure 2.3: Kennedy et al. (1977) model with lateral soil pressure.
2.1.1.3 Wang and Yeh

In sequence of Newmark and Hall (1975) and Kennedy et al. (1977)’s work, Wang
and Yeh (1985) introduced some additional modifications. In this method, total pipe
length is divided in to three regions, with I and Il region as curved of constant radius
as shown in Figure 2.4.

Pipeline B

I

Re¢

Figure 2.4: Three zone in Wang and Yeh (1985) model.

The radius of curvature calculated from force and deformation compatibility. It was
also assumed that strain in region Il and 111 are elastic while the strain in region 1 is
inelastic. For straight portion in region Ill, they used the theory of beam on elastic
foundation. In a method they notify that maximum bending strain is in the region Il
and crucial combination of axial and bending strain will develop at point B (Figure
2.4) hence concluded that the pipe would fail at point B, which seems
counterintuitive since one expects tensile ruptures at or very near to the fault

crossing.



2.1.1.4 Wells and Coppersmith

It is possible to estimate fault displacement PGDy in terms of earthquake moment
magnitude using empirical relations, e.g. Wells and Coppersmith (1994).
Subsequently, the axial strain induced by the fault movement in the pipeline wall can
be computed analytically, following the procedure in Kennedy et al. (1977). For the
case of horizontal faults (Figure 2.5), using the horizontal ground-induced

displacement PGDpy the maximum axial strain is:

2
PGD PGDry .
e=—="H cos O+ (Tmsm 9) (2.1)

Ly H

Where 6 is the angle between the fault plane and the pipeline axis, Ly is the
distance between the fault and the ‘“anchor point”, estimated by the following

expression:

Ly =+/(Fy/ky) sin 6 (2.2)

Where ky is the horizontal soil stiffness and Fy is the plastic axial force. In the case
of an oblique fault, with simultaneous fault movement PGDg, in the vertical
direction, one may write the following equation for the axial strain in the pipeline,

2 2

PGD PGDpy . PGD

e=—"cos O+ (—FH sin 9) + (—FV) (2.3)
Ly 3Ly 3Ly

Where Ly is the distance between the fault and the “anchor point” in the vertical

plane, estimated from equation (2.2) using the vertical soil stiffness k;, .

R fault PGDgy, cosd
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Figure 2.5: Pipeline deformation crossing a horizontal fault at angle 6 (Wells and
Coppersmith, 1994).



2.1.1.5 Takada et al.

Takada et al. (1998) discretized pipeline by four nodes thin shell element with elasto-
plastic material characteristic and soil as nonlinear springs. One end of the springs
are connected to the nodes of shell elements and the another ends are given forced
displacement to simulate the fault movements (Figure 2.6). Total model length L =
30D is considered, where D is diameter of the pipe, analysis performed for 1m
normal and reveres fault displacements. In this work, both geometric and material
nonlinearities were considered. Results are compared for normal and reverse fault
motions. It is found that because of the local buckling in reverse fault motion, high
strains are developing near the fault region. Parametric study has done for both
normal and reverse faulting to finding the effect of soil rigidity, in which observed
that the pipeline is more susceptible to the reverse fault than normal fault, but as the
increment of the soil stiffness, normal and reverse fault have the same effect on the
pipeline. The effects of the fault angle and diameter-to-thickness ratio are also
considered. Post yielding results, of Takada et al. (1998) model do not matches with
experimental results. This model cannot ensnare actual behavior of soil during large
deformation and failure of the soil this might have resulted in higher estimation of
plastic strains.

Vertical
bearing

Figure 2.6: Pipe as shell element and soil as spring model (Takada et al., 1998).
2.1.16 Liuetal.

To reduce the memory and calculation time requirement, Liu et al (2004) developed
shell finite model with an equivalent boundary condition for estimating the response
of a buried pipeline under fault movement (Figure 2.7). In this study, only the
pipeline segment near fault is modeled with plastic shell elements. The material
property of pipe segment far away from the fault is considered as elastic and

nonlinear spring elements at equivalent boundaries are obtained, applied to two ends



of shell model. The inelastic property of equivalent boundary spring is derived by
considering axial strain in the pipe similar like Newmark and Hall (1975)
assumption. From static and sliding friction force equation they developed force per
unit deformation, which is, consider as inelastic property of equivalent boundary
spring. Then results of 60 m model are compared with 300 m and 180 m fixed
boundary model that coincided. However, Liu et al. (2004) derived equivalent
boundary condition but did not clarified minimum requirement of length for shell

model pipeline.

Equivalent
boundary (K,)

Equivalent
boundary (K,)

Figure 2.7: Liu et al. (2004) equivalent boundary model.

2.1.1.7 Karamitros et al.

Karamitros et al. (2007) newly introduced a number of refinements in the method
proposed by Wang and Yeh (1985). Previous method overlooked the effect of axial
force on bending stiffness. Karamitros et al. (2007) suggested most unfavorable
combination of axial and bending would not necessarily take place at the end of high
curvature portion but within the zone, closer to the fault crossing point. As first step
analysis like Wang and Yeh (1985), Karamitros et al. (2007) treated the straight end
segments AA’ and CC’ (Figure 2.8) as beams on elastic foundation in order to obtain
the relation between shear force, bending moment and rotation angle at points A and
C. In step two, they consider the boundary conditions determined in first step, and
then segments AB and BC are analyzed according to the elastic-beam theory in order
to derive the maximum bending moment. In third step, axial force on the pipeline, at
the intersection with the fault trace (point B), are obtained by equalizing the required
and the available pipeline elongation. In fourth step, bending strains are calculated,

considering geometric second-order effects. In fifth step, the maximum pipeline
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strain is computed from the demand for equilibrium between the externally applied
axial force and the internal stresses developing on the pipeline cross-section. Finally,
given the stress and strain distribution within the cross-section, an updated secant
Young’s modulus is computed and steps 2-6 are repeated until convergence is
accomplished.

The results compare using hybrid shell-beam finite element model with total 2000 m
pipe length. In which 50 m long cylindrical shell and 450 m beam is taken. To
simulate soil pipeline interaction effects, each node of the model was connected to
axial, transverse horizontal and vertical soil springs, modeled as elastic-perfectly

plastic elements.

pipeline

Figure 2.8: Segments partitioning of the pipeline in Karamitros et al. (2007) model.

Though this method refine the actual method proposed by Kennedy et al. (1977) and
Wang and Yeh (1985) but could not able to overcome basic limitation of actual
method that is restricted applicability to strike-slip fault motion, where pipeline

should be strictly in tension.

In addition to above, analytical models there are several numerical models proposed,
which includes beam on nonlinear Winkler foundation. In which pipe modeled with
beam/shell elements and soil with springs (Radan, 2000). Nodes of the shell elements
of the pipe are attached to soil that is modeled as springs (Takada et al., 1998; Liu et
al., 2004; Karamitros et al., 2007) comprehensively explained in ITK-GSDMA
(2007).

2.1.2 Landslide hazard

Landslides are permanent mass movements of the ground that may be triggered by
rains, floods, seismic shaking, and other natural causes as well as human-made
causes, such as grading, terrain cutting and filling, excessive development etc. Based

on soil movements, geometry of soil movement and the types of material involved
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O’Rourke and Liu 1999 categorized landslide as slides, rock falls and topples,
spread, and slump-flow (Figure 2.9). Lateral spreading is considered liquefaction

induced phenomenon, discussed in subsequent subsection.

Depending up on the type, landslide can produce diverse effect on the pipeline. Rock
fall and rock topple (a), which can cause damage to aboveground pipelines by direct
impact of falling rocks. This type of landslide has relatively little effect on buried
pipelines. Another form landslide which has adverse effect on pipeline is earth slump
or earth slide (b). This usually occurs along natural slopes, embankments, river

channels; often pipeline runs through such regions.

Rock Fall Rock Topple

(a) Type |
Weathered Bedrodk
Soil, ele.

.\<, Source Area

. Main Track
Depositional
Area

NG A Bedrock
Debris Avalanche (Very Rapid
to Extremely Rapid)

(b) Type II
Main Scarp Bluff Line

Earth Flow (Very Slow to Rapid)

Earth Slump Earth Block Slide
{c) Type 1Nl

After Meyersohn, 1891

Figure 2.9: Type of ground failure associated with landslide (O’Rourke and Liu
1999).

2.1.3 Liquefaction hazard

Seismic shaking to a loose saturated sandy soil deposited usually results in loss of
shear strength is known as liquefaction, which in turn results in the flow or lateral
movement of liquefied soil. Small component of vertical soil movement is often
accompanied with liquefaction induced lateral spreading and disregarded herein.

There are two possibilities as regard of pipeline response to liquefaction-induced

12



lateral spreading. In first case such as at the Ogata Primary School site during the
1964 Niigata event, the top surface of the liquefied layer is essentially at the ground
surface. For the first case, a pipeline is subjected to horizontal force due to liquefied
soil flow over and around the pipeline as well as uplift or buoyancy forces. In second
case such as at Mission Creek site during the 1906 San Francisco event, the top
surface of the liquefied layer is located below the bottom of a typical pipeline. That
is, the pipeline is contained in a non-liquefied surface soil layer that rides over the
liquefied layer. For second case, the pipeline is subject to horizontal forces due to
non-liquefied soil-structure interaction but not subject to buoyancy effects (O’Rourke
and Liu, 1999). Pipeline response in a non-liquefied surface soil layer is considered

for this study.

O’Rourke and Liu (1999) suggested four geometric characteristics of a lateral spread
that influence pipeline response in horizontal plane. In reference to Figure 2.10, these
are the amount of PDG movement 9, the transverse width of the PGD zone W, the
longitudinal length of the PGD zone L, and the pattern or distribution of ground
movement across and along the zone. Depending on whether the lateral spread takes
place parallel or perpendicular to the pipeline axis, the PGD is classified as
longitudinal or transverse PGD respectively (Figure 2.11). Under longitudinal PGD,
a corrosion-free continuous pipeline may fail at welded joints, may buckle locally
(wrinkle) in a compressive zone, and/or may rupture in a tensile zone. When the
depth is very shallow, the pipeline may buckle globally (beam buckling) in a

compressive zone.

To accommodate the transverse ground movement due to transverse PGD a
continuous pipeline stretch and bends, this result in an axial tension (stretch due to
arc length effect) and flexural (bending) strain of failure mode in continuous
pipeline. That is, if the axial tension strain is low, the pipe wall may buckle in
compression due to excessive bending or if axial tension is not small, the pipe may
rupture in tension due to the combined effect of axial tension and flexure. O’Rourke
and Liu, 1999 cited example of 1971 San Fernando event, continuous pipe failure
due to PGD. The transverse component of PGD was approximately 1.7 m caused
multiple breaks. Also at some location required repair within PGD zone. The records

indicate that three repairs near the eastern boundary of the soil movement were due
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to tensile failure and two other repairs near the western boundary were due to

compressive failure.
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Figure 2.10: Characteristic of a lateral spread (O’Rourke and Liu, 1999).

Tension

Figure 2.11: Longitudinal and transverse pipe-PGD crossing (IITK-
GSDMA, 2007).

2.1.3.1 O’Rourke and Liu

To suggest damage of the pipeline subjected to the longitudinal PGD during 1994
Northridge California event, O’Rourke and Liu proposed failure criterion (O’Rourke
and Liu, 1994). For the analysis purpose, two cases were considered. In first case
amount of ground movement assumed large and strain of pipe considered the
function of the PGD zone width. While other case zone width assumed large and
pipe strain is assumed as a function of ground movement. In both tension and
compression, strain is varying linearly up to peak strain point. Critical pipe length is

determined from the friction force and ground movement. For the above assumption
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peak strains are compared with the criterion given by the Newmark and Hall (1975)

for pipe failure in tension and compression.

To find the response of continuous pipeline subjected to transverse PGD many
researchers have developed numerical model using finite element technique also

used different pattern to idealize PGD briefly described below.

2.1.3.2 Finite Element Models

Certain researchers (Suzuki et al., 1988; Kobayashi et al., 1989; Liu and O’Rourke,
1997) used finite element approaches to evaluate response of buried pipelines

subjected to spatially transverse PGD.

2.1.3.3 O’Rourke and Lane

O’Rourke and Lane (1989) approximated PGD pattern by the beta probability
density function (Figure 2.12) given by

Y(X) =8 [s/5m]” "H(1 = 5)/(1 — s,)]7 " (2.4)

Where s,, = 0.5,7' = 2.5 and 7 =5.0.

In this model, O'Rourke and Lane (1989) assumed pipeline is anchored at a distance
La from the margin of the PGD boundary. The anchor point was taken the point
where the bending strain of the pipe is less than 1x1075. The pipe consider for the
analysis was APl X-60 grade, 0.61m in diameter with 0.0095m wall thickness and
buried at 1.5m. O’Rourke and Lane (1989) studied the effect of 6 on maximum
tensile strain by varying width of PGD zone as 10, 30, and 50m.

Pipe Displacemant — Ground Displacement

Anchor Point . Pipeline

L L & W | L L
il gl

Figure 2.12: O’Rourke and Lane (1989) model.
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2.1.3.4 Suzuki et al

Suzuki et al. (1988) and Kobayashi et al. (1989) expressed the pattern of transverse

ground displacement by the cosine function raised to the n power as given below.
X n
y(x) = & |cosZ| (2.5)

2.1.3.5 Liu and O’Rourke

Liu and O’Rourke (1997) predicted the spatially distributed transverse permanent
ground deformation by using the following function:

(2.6)

y(x) = g [1 — cos Zwﬂ]
Where x is the non-normalized distance from the margin of the PGD zone. When n is
equal to 2 in the Suzuki et al. (1988) and Kobayashi et al. (1989)’s function,
O’Rourke’s function takes the same shape of the Suzuki et al. (1988) and Kobayashi

et al. (1989)’s models.

The maximum soil deformation occurs at the center of PGD zone and the soil
deformation is accepted as zero at the margins. These assumptions are valid for all

patterns.

2.1.3.6 O’Rourke

O’Rourke (1989) developed a simple analytical model for pipeline response to
spatially distributed transverse PGD. He considered two types of response as shown
in Figure 2.13. For a wide width of PGD zone, the pipeline is relatively flexible and
its lateral displacement is assumed to closely match that of soil. For this case, the
pipe strain was assumed to be mainly due to the ground curvature (i.e. displacement
controlled). For a narrow width, the pipeline is relatively stiff and the pipe lateral
displacement is substantially less than that of the soil. In this case, the pipe strain was

assumed to be due to loading as the soil-pipe interface (i.e. loading controlled).

For the wide PGD width/flexible pipe case, the pipe is assumed to match the soil

deformation given.

y(x) = g [1 — cos ZWLx] (2.7)
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For the wide PGD width/flexible pipe case, the pipe is assumed to match the soil

deformation given.

28D

w2

Ep= i (28)

In this model, the axial tensile strain is based solely upon the arc-length of the pipe

between the PGD zone margins. Assuming the pipe matches exactly the lateral soil

displacement, the average axial tensile strain, &, is approximated

_(r 2 15\?
= (z) () @9)
For the narrow width/stiff pipe case, the pipe is modeled as a beam, built at each
margin (i.e. fixed-fixed beam), subjected to the maximum lateral force per unit

length Pu at the pipe-soil interface. For this case, the axial tension due to arc-length

effects is small and neglected. Hence, the maximum strain in the pipe is given by

_+ P‘L(.W2

E&p— T >mEtD2 (210)
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After M. ORourke, 1988

Figure 2.13: O’Rourke’s analytical model for pipeline subject to spatially
distributed transverse PGD (O’Rourke, 1989)

2.2 Wave Propagation Hazards to Continuous Pipeline

It appears that Eguchi was the first to separate wave propagation damage and PGD

damage (Wai-Fah and Charkes, 2003) in his study to correlate pipeline repair rate
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with Modified Mercalli Intensity (MMI). In which only wave propagation damage
correlated with MMI. Ground deformations and displacements, rather than inertial
forces caused by ground accelerations are the major cause of earthquake damage to
pipelines. The ground strains caused by seismic wave propagation do not result in
large permanent deformations (FEM-233, 1992). There have been some events, such
as 1999 M 7.4 Kocaeli, M 7.2 Duzce, Turkey earthquakes, substantial water supply
damage occurred in many cities. For example, the entire water distribution system in
Adapazari was damaged. The water service could not be restored until many months
after the earthquake (Toprak and Taskin, 2006). In addition to above there are some
more events for which wave propagation was the predominant hazard such as 1964
Pugel Sound, 1969 Santa Rosa, 1983 Coalinga and 1985 Michoacan earthquakes
(O’Rourke and Liu 1999). Either wave propagation hazards mostly occur in water
supply (segmented pipeline) or in pipeline which were weakened either by corrosion
or by welds of poor quality (FEM-233, 1992). There are no written cases of newer

continuous pipeline failure due to wave propagation hazards.

The peak ground motion parameters (acceleration and velocity) as well as the
appropriate propagation velocity characterize the wave propagation hazard for a
particular site. There are two types of seismic waves, body waves and surface waves.
Body waves propagate through the earth, while surface waves travel along the
ground surface. Seismic faulting while, for the simplest case, surface waves are
generated by the reflection and refraction of body waves at the ground surface
generates body waves. Body waves include compression waves (P waves) and shear
waves (S waves). In compression waves, the ground moves parallel to the direction
of propagation, which generates alternating compression and tensile strain. For S-
waves, the ground moves perpendicular to the direction of propagation. The situation
for surface waves is somewhat more complex. Rayleigh and Love waves are the two
main types of surface waves generated by earthquakes. For the Love waves (L
waves), the particle motion is along a horizontal line perpendicular to the direction of
propagation, while for Rayleigh waves (R waves) the particle motion traces a
retrograde ellipse in a vertical plane with the horizontal component of motion being
parallel to the direction of propagation. For both L and R waves, the amplitude of
motions decreases with depth below the ground surface. Note that if R waves are

present, they occur after the arrival of the direct body waves. That is, P waves arrive
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at a site first, followed by S waves. If surface waves are present, they typically arrive
after the body waves.

In general, the axial strain induced in a straight continuous pipeline depends on the
ground strain, the wavelength of the travelling waves, and the interaction forces at
the pipe-soil interface. For small to moderate ground motion, one may simply
assume that pipe strain is equal to ground strain. However, for large ground motion,
slippage typically occurs at the pipe—soil interface, resulting in pipe strain somewhat

less than the ground strain.

Since pipelines are typically buried horizontally 1 to 3 m below the ground surface,
both body and surface waves are of interest. The following sections focus on the

techniques for estimating effective propagation velocity for body and surface waves.

2.2.1 Body Waves

For body waves, we consider herein only S-waves since S-waves carry more energy
and tend to generate larger ground motion than P-waves. For the S-wave, the
horizontal propagation velocity, that is the propagation velocity with respect to the
ground surface, is the key parameter. For vertically incident S-waves, the apparent
propagation velocity is infinity. However, there is typically a small angle of
incidence in the vertical plane leading to non-zero horizontal ground strain.
O’Rourke and Avyala (1993) have studied the apparent horizontal propagation
velocity, C, for body waves. They developed an analytical technique, utilizing all
three components of motion at the ground surface and a ground motion intensity
tensor, for evaluating the angle of incidence of S-waves. The apparent propagation

velocity for S-waves is then given by:

C=-% (2.10)

sinyg

Where y; is the incidence angle of S-waves with respect to the vertical and Cs is the
shear wave velocity of the surface soils.
2.2.2 Surface Waves

For surface waves, we only consider R-waves since L-waves generate bending
strains in buried pipelines, which, particularly for moderate pipe diameters, are

significantly less than axial strain induced by R-waves. As indicated previously, R-
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waves cause the ground particles to move in a retrograde ellipse within a vertical
plane. The horizontal component of the ground motions for R waves is parallel to the
propagation path and thus will generate axial strain in a pipe lying parallel to the
direction of wave propagation. Since R-waves always travel parallel to the ground

surface, the phase velocity of the R-waves,C,, is the apparent propagation velocity.

Note that the phase velocity is defined as the velocity at which a transient vertical
disturbance at a given frequency, originating at the ground surface, propagates across
the surface of the medium. The phase velocity is a function of the variation of the
shear wave velocity with depth, and, unlike body waves, is also a function of
frequency. For R-waves, the wavelengthA, frequency f and the phase velocity C,,, are

interrelated by:
Cpop = Af (2.11)

The variation with frequency is typically quantified by a dispersion curve. Analytical
and numerical solutions are available in the technical literature to generate dispersion

curves for layered soil profiles.

O’Rourke and Palmer (1996) developed a simple procedure for determining the
dispersion curve for layered soil profiles in which the shear wave velocity increases
with depth. Figure 2.13 presents a normalized dispersion curve for a uniform layer of
thickness,Hs with shear velocity C; and Poisson’s ratio,v, over a half space with
shear velocity Cy; and Poisson’s ratio,vy. The curves are for two values of the shear
velocity ratio. The dispersion relationship is not strongly affected by the densities of

the layer and half space and those parameters are excluded from Figure 2.14.

Considering first the simplest case of a uniform layer over a half space, they found
that at low frequencies (Hyf/C, < 0.25), the wavelength is large compared to the
layer thickness, and the phase velocity is slightly less than the shear wave velocity of
the stiffer half space. That is, the R-wave is not greatly affected by the “thin” layer.
Conversely, at high frequencies (Hyf /C;, > 0.5), the wavelength is comparable to or
smaller than the layer thickness, and the phase velocity is slightly less than the shear
wave velocity of the layer. The dispersion curve for an arbitrary single layer over a
half space can be approximated by:
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( 0.875C,, =L<0.25

CL

Con :{ 0.875Cy — %(% —0.25), 0.25 < H,f/C, <0050  (2.12)
l c B/ > 0.50
L L

Where f is the frequency in Hz.
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Figure 2.14: Normalized dispersion curve for single layer over half space.

2.2.3 Wavelength

For typical soil profiles, in which the material stiffness increases with depth, the
propagation or phase velocity of the fundamental R-waves is an increasing function
of the wavelength. That is, long wavelength waves travel faster than short
wavelength waves. Hence, the effective propagation velocity for strain calculations
with stations separated by a distanceLg could very well be related to the phase

velocity of R-waves having a wavelength A proportional toL;.

A precise analytical relationship between separation distance, Lg and the appropriate
wavelength, A, is complicated by the fact that the displacement amplitudes associated
with various wavelengths are not constant. However, a reasonable starting point
might be 2L, < A <4L,. As pointed out by Takada et al. (1998), ground motion of
two points due to a wave with L =2L; would be out-of-phase by 180°, leading large

relative displacements and strains. Similarly, ground motion at two points due to a
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wave with A =4L, would be out-of-phase by 90°, again leading to relative
displacements and strains. If L =L, , the ground motions would be in-phase, and there
would be no contribution to relative displacements and strains due to that

wavelength. Thus, the effective propagation velocity,C, ¢, would appear to be the R-
wave phase veIocity,Cph, for a wavelength equal to about 2-4 separation distances.to

Figure 2.15 presents back calculated values for the effective propagation velocity
during the 1971 San Fernando event for a number of stations at the northern end of
the Los Angeles Basin, as well as the phase velocity for the fundamental R-waves,
calculated for A =2L¢ and A =4L,. The R-wave model with A =4L, seems to provide a
better overall match to the observed effective propagation velocity data than the R-
wave model with X =2L;. As shown in Figure 3.7, for separation distances less than
about 500 m (1640 ft.), the R-wave model with A =4L,; matches fairly well the
observed effective propagation velocity data. For separation distances greater than
500 m the R-wave model with A = 4L, is conservative, i.e., an underestimation of the
effective propagation velocity. However, these large separation distances are fast

approaching the upper limit for engineering applications.

R-Wave Model
with A = 4L ¢

¥ R-Wave Model
with A =201,

Effective Propagation Velocity C.j (km/sec)

1 | 1 L |
0 200 400 600 800 1000

Separation Distance Lg (m)

v

After M. O'Rourke et al., 1584

Figure 2.15: Effective propagation velocity vs. separation distance.

2.2.4 Ground Strain and Curvature Due to Wave Propagation

For the analysis and design of buried pipelines, the effects of seismic wave
propagation are typically characterized by the induced ground strain and curvature.
Newmark and Hall (1975) developed a simplified procedure to estimate the ground

strain. He considers a simple traveling wave with a constant wave shape. That is, on

22



an absolute time scale, the acceleration, velocity and displacement time histories of
two points along the propagation path are assumed to differ only by a time lag, which
is a function of the separation distance between the two points and the speed of the

seismic wave. For such a case, he shows that the maximum ground strain € (tension

and compression) in the direction of wave propagation is given by:

Vm
gg = ~ (2.13)

Where V,,, is the maximum horizontal ground velocity in the direction of wave

propagation and C is the propagation velocity of the seismic wave.

Similarly, the maximum ground curvature,kg that is the second derivative of the

transverse displacement with respect to distance, is given by:
ky ==2 (2.14)

Where A,, is the maximum ground acceleration perpendicular to the direction of

wave propagation.

These two relations for ground strain and curvature along the direction of wave
propagation are relatively straightforward. The ground motion parameters V,,, and4,,,,
the maximum particle velocity and acceleration can be obtained from earthquake
records or from attenuation relations, discussed previously. For R-wave propagation,
Equation 2.26 gives the ground strain parallel to the ground surface where C, as
shown above, can be taken as the phase velocity corresponding to a wavelength
equal to four times the separation distance. However, these relations for ground
strain and curvature need to be modified if the direction of interest is not parallel to

the direction of wave propagation.

Consider the case of S-waves. If the pipeline were orientated parallel to the direction
of propagation, S-waves would induce bending in the pipeline. The corresponding
ground curvature is given by Equation 2.27 where C is the apparent propagation
velocity with respect to the ground surface given in Equation 2.23. If there is an
angle in the horizontal plane between the pipe axis and the direction of propagation,
there is a component of ground motion parallel to the pipe axis. The resulting ground
strain along the pipe axis is a function of this angle in the horizontal plane. Wang and
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Yeh (1985) have shown that the ground strain is a maximum for an angle of 45°in

the horizontal plane where

Vin
gy = 2 (2.15)

Where C is the apparent propagation velocity with respect to the ground surface
given in Equation 2.15. For R-waves propagation, Equation 2.16 gives the horizontal
ground strain along the direction of propagation where C is the phase velocity for a

wavelength equal to roughly four times the separation distance.

When looking at a horizontally oriented pipeline, the ground curvature is only of
importance when shear waves travel parallel to the pipeline. As in this report upward
propagating SH waves are considered, it is not very likely that this situation will
occur. Moreover, O’Rourke & Liu (1994) note that the pipeline bending strains
caused by the ground curvature is typically an order of magnitude smaller than the

induced axial strains from a shear wave.

Figure 2.16: Shear wave propagation towards a continuous pipeline.

When the relative angle between the shear wave propagation path and the pipeline
is, the induced axial strains from shear wave propagation are maximal. This can be
shown by recalling from equation (2.16) that ¢, = V;,/C where V,, is the maximum
particle velocity in the direction parallel to the wave propagation path, C the apparent

shear wave velocity and ¢, the ground strain parallel to wave propagation path.

If a shear wave with propagation velocity V; travels towards a pipeline under an
arbitrary angle 8 as presented in Figure 2.16, the apparent shear wave velocity C in
axial pipeline direction is given by C = V,/cos 8. The maximum particle velocity in

the direction of the propagation path 1}, can be determined by using the horizontal

24



peak ground velocity PGV and using its component in the direction of the wave

propagation path. In this way, it is obtained that

&g = P‘fv sin 6 cos 6 (2.16)

N

This gives a maximum for &, at 6 = 45°. For a constant sinusoidal wave shape,
the PGV is related to the peak ground acceleration by PGA =2rf PGV. Since in this

report the peak ground acceleration is used, this will be done here as well.

The question that remains is how the ground strains in axial direction are transferred
to the pipeline. Newmark and Hall (1975) simply assumed the pipeline strain to be
equal to the ground strain, but as noted that there is a limit to the friction that can be
transferred from the soil to the pipeline at the interface, in longitudinal direction

given byt,, .

By assuming that this friction force t, is reached everywhere along the pipeline,
O’Rourke and Tawfik (1983) reason that the maximum pipeline strain can be found
by taking into account that t,, works over a distance of 1/4 as presented in Figure
2.17.
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(a) Ground Displacement
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/N

Ib} Ground Strain

e e e e e

-

() Friction Forces on Pipeline

ML O'Rourke and Bl Hradi, 1988
Figure2.17: Friction strain model for wave propagation effects on buried pipelines.
Given this maximum and working out equation (2.17) it can be found that the
maximum pipeline strain ¢, , given that a shear wave that approaches the pipeline at

an angle of 45, is:

_ tyvs
X AEA(f

(2.17)
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Where :

&, = Pipe strain

t,, = Friction force between pipe and ground
vs = Shear wave velocity

E = Elastisite modulus of pipe

Ag = Pipe section area

f = Ground frequency

2.3 Soil —Pipe Interaction

Buried pipelines are interaction with soil surrounding them. Earthquakes cause that
the buried pipelines are damaged because of deformation and forces loaded on them
along interactions at the pipe soil interface. When the earthquake occurs, the pipe and
the soil-surrounding pipe move relatively different from each other. This relative
movement induces pipe to become deformed (O’Rourke and Liu, 1999). According
to O’Rourke and Liu (1999), the interaction between soil and pipe can be divided
into two groups as longitudinal and transverse. In the transverse direction, the
interaction between soil and pipe includes horizontal and vertical movement.
Furthermore, the vertical component of the interaction between soil and pipe
involves upward and downward pipe movement. The interaction between soil and
pipe should be divided into two groups with regards to the soil surrounding pipe as
the pipelines surrounded by non-liquefied soil, and pipelines located in a liquefied
layer (O’Rourke and Liu, 1999). As mentioned before, in this research the case of

non-liquefied soil is considered.

Despite laboratory tests have demonstrated that at large relative displacement the
maximum soil force on pipeline decreases, ALA (2001) proposes an assumption

based on that the soil force is constant once it reaches the maximum value.
The Pipeline Located in Non-liquefied Soil

Trautmann and O’Rourke (1985) found a force-deformation relation for horizontal
lateral movement as a result of laboratory tests, which were performed to determine
soil interaction forces for a pipeline surrounded by non-liquefied soil. The ASCE
Technical Council on Lifeline Earthquake Engineering (TCLEE) Committee on Gas
and Liquid Fuel Lifelines (ASCE, 2001) proposed idealized elasto-plastic models in
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order to model the interaction between soil and pipe. The elasto-plastic model
consists of two parameters. These parameters are the maximum resistance Pu, Tu,
Qu, Qd in transverse horizontal, axial and transverse vertical directions respectively

and the maximum elastic deformation Ap, At, Aqd, Aqu respectively (Figure 2.18 to
2.20).

2.3.1 Axial soil springs

Regarding to the soil embankment material used for trench of pipeline, soil axial
spring features are estimated. Though this is appropriate only when pipeline
movement response relative to neighboring embankment is not significantly affected
by trench outside soil, in the Figure 2.18 ideal behavioral curve of axial soil spring is

shown.

Figure 2.18: Bi-linear axial soil springs used to represent soil force on pipe (ALA,
2001).

The maximum axial soil force per unit length of pipe can be calculated by using
equation 2.18.
w = mDac + mDHy (1+TK°) tan 6 (2.18)

0.274 + 0.695
c2+1  c¢3+1

a =0.608 —0.123¢c —

(2.19)

In the above equations, parameters are as follows:

D = Pipe external diameter

C = Soil coherence inside channel (c is in kPa/100)
H = Pipe axis depth from ground surface

y = Specific weight of soil

K, = Coefficient of soil pressure at rest

a = Coherence ratio
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8 = Friction angle between pipe and soil (6§ =f @)

@ = Soil internal friction angle

f = Coating dependent factor resulting from Soil internal friction angle and friction
angle between pipe and soil

The following table (Table 2.1) is used to determine the coating dependent factor for

different materials.

Table 2.1: Coating dependent factor of soil.

Material f

Concrete 1
Coal tar 0.9
Hardened steel 0.80
Mild steel 0.7
Epoxy 0.6
Polyethylene 0.6

The maximum elastic deformation (A;) values change depending on types of soil
surrounding pipe. The maximum elastic deformation for various soil types are given

below.

A, = displacement at T,
= 0.1 inches (3 mm) for dense sand
= 0.2 inches (5 mm) for loose sand
= 0.3 inches (8 mm) for stiff clay
= 0.4 inches (10 mm) for soft clay

2.3.2 Lateral soil springs

Lateral soil springs simulate the resistance of surrounding soils to any horizontal
translation of pipeline. Therefore, the mechanisms of soil pipeline interaction are
similar with vertical anchor plates or footings moving horizontally relative to the
surrounding soils, and thus passive type of earth pressure (Figure 2.19). The
maximum lateral soil force per unit length of pipe can be calculated by using
equation 2.20.
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Figure 2.19: Bi-linear lateral soil springs used to represent soil force on pipe (ALA,

2001).
Pu = NchCD + th]/HD (220)
Where:
N, = horizontal bearing capacity factor for clay (0 for c=0)

[ d
(x+1)2 (x+1)3 —

Ng, =a+b(x)+

N,,= horizontal bearing capacity factor (0 for ¢ =0")
Ngn =at b (x) +c (x* ) +d (x® ) +e (x* )

D= pipe outside diameter

c= soil cohesion representative of the soil backfill
H= depth to pipe centerline

y= effective unit weight of soil

N, and N, values can be derived from Table 2.2.

In addition, displacement in lateral force point transferred to pipe Pu is obtained by

the equation 2.21:
_ D
A, =0.04(H + 7) < 0.1D — 0.15D (2.21)
or,

A, = displacement at B,
= (0.07 ~ 0.10)(H + D/2) for loose sand
=(0.03 ~ 0.05)(H + D/2) for medium sand
=(0.02 ~ 0.03)(H + D/2) for dense clay
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Table 2.2: Nch and Ngh value determination for lateral soil springs.

Factor )} X a b C d €

Ncn 0’ H/D 6.752 0.065 -11.063 7.119 -

Ngyn 20° H/D 2.399 0.439 -0.03 1.059E-3 -1.1754 E-5
Ngn 25° H/D 3.332 0.839 -0.090 5.606 E-3  -1.319E-4
Ngyn 300 H/D 4.565 1.234 -0.089  4.275E-3  -9.159E-5
Ngyw 35 H/D 6.816 2.019 -0.146 7.651 E-3  -1.683E-4
Ngw 40° H/D 10.959 1.783 0.045 -5.425E-3  -1.153E-4
Ngyw 45 H/D 17.568 3.309 0.048 -6.443 E-3  -1.299E-4

2.3.3 Vertical soil springs

2.3.3.1 Vertical uplift soil springs

The maximum vertical uplift soil force per unit length of pipe can be calculated by

using equation 2.22. Figure 2.20 shows the vertical bearing and uplift soil force on

pipe.

Q, Uplift

Baaring
Figure 2.20: Bi-linear vertical soil springs used to represent soil force on pipe (ALA,
2001).
Qyu =N cD+ Ng, yHD (2.22)

Where:
N, = vertical uplift factor for clay (0 for c= 0)

Ng,,= vertical uplift factor for sand (0 for ¢= 0)
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N.,=2* (g) < 10 applicable for sand (%) <10

_ (9OH
qu‘ (m) < Nq

N,= exp (m tan @) tan? (45+§ )
A gy, = displacement at Q,,

=0.01 to 0.02 for dense to loose sands < 0.1 D
=0.1 to 0.2 for stiff to soft clays < 0.2 D

2.3.3.2 Vertical bearing soil springs

The maximum vertical bearing soil force per unit length of pipe can be calculated by

using equation below.
2
Qq =NcCD + NgyHD + Nyjy = (2.23)

Where:

N.,N,N, = bearing capacity factors

N.= [cot(@ + 0.001)] (exp[n tan @ + 0.001]tan? (45 + ¢+°2'°°1) - 1)

N,= exp (wtan@) tan®(45 + g)

— ,(0.189-2.5
N,= el )

N¢,NgN, can also be determined by using Figure 2.21
y= total unit weight of soil
Aqq = displacement at Q4

=0.1D for granular soils

=0.2D for cohesive soils

2.4 Pipe Failure Modes and Failure Criterion

When earthquake occurs, buried pipelines can be damaged because the buried
pipelines are exposed to seismic loading. The principal failure modes for corrosion-
free continuous pipelines are rupture due to axial tension, local buckling due to axial
compression and flexural failure. Tensile failure occurs due to excessive axial
tension along the buried pipeline and local buckling occurs because of excess axial
compression and flexural failure. Beam buckling is a failure mode that occurs if the

burial depth is shallow and if continuous pipelines are exposed to axial compression.
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These failure modes will be summarized and failure criterion for these failure modes

will be presented.
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Figure 2.21: Bearing capacity factors (N, N, and N,) (ALA, 2001).

According to O’Rourke and Liu (1999), the principal failure modes for continuous
pipeline with burial depth of about one meter or more are tensile failure and local
Buckling. If the burial depth of continuous pipeline is less than about one meter,

continuous pipeline may be experienced to beam buckling behavior

2.4.1 Tensile failure criterion

The strain associated with tensile failure is generally well above about 4% (Newmark
and Hall, 1975). Beyond the tensile value of 4%, the pipeline is considered to have

failed in tension so ultimate tensile value can be considered as 4%.

Tensile failure can be divided into four categories as ductile tensile failure, brittle
tensile failure, fatigue failure and bending failure. According to material behavior
and loading conditions, tensile failure can occur in various forms. If pipe material has
a good degree of ductility, the pipe will stretch until ultimate strength of pipe is
reached. The brittle tensile failure is opposite of the ductile tensile failure. The pipe
material is working properly one moment and the next it has failed. Fatigue failure

occurs due to the application of cyclic tensile load.
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To understand failures we must understand the behavior of the pipe material.
Ramberg and Osgood (1943) proposed a model for description of the post yield
stress-strain behavior. The Ramberg and Osgood (1943) model is given by:

£ = %[1 + ﬁ (Giy)r] (2.24)

Where E is the initial Young’s modulus, ¢ is the uniaxial tensile stress, € is the
engineering strain, gy, is the apparent yield stress, n and r are Ramberg and Osgood

(1943) parameters.

Table 2.3: Ramberg and Osgood (1943) for mild steel and X-grade steel.

Grade-B X-42 X-52 X-60 X-70

Yield Stress (Mpa) 227 310 358 413 517
n 10 15 9 10 55
r 100 32 10 12 16.6

2.4.2 Local buckling

Local buckling occurs due to axial compression. The axial compression in the pipe
causes structural stability broken down. In consequence of a sudden change from a
stable to unstable condition, local instability of pipe wall can occur. Hall and
Newmark (1977) performed laboratory tests on thin wall cylinders and they observed

that local buckling in a pipe starts at a strain of 1/3 to 1/4 of the theoretical value of:
Etheory = 0.6 * /R (2.25)

2.4.3 Beam buckling

Beam buckling generally occurs when the pipelines are buried in shallow trenches
and /or backfilled with loose material (O’Rourke and Liu, 1999). Meyersohn (1991)
made a study about critical cover depth when the beam buckling of pipelines occurs.
Meyersohn (1991) obtained the relationship between critical cover depth and t/D
ratio for sands having different relative density.
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3. FINITE ELEMENT ANALYSIS

3.1 Finite Element Method Definition

PLAXIS is software used for analyzing deformations and stability in geotechnical
engineering projects. Usually, in major geotechnical issues, there is a need for an
advanced behavioral model for modeling non-linear and time-dependent behavior of
soils relative to desired purpose. By this software, one can model excavation and
embankment with various loading and boundary conditions using 6 and 15 nodal
triangle elements. First edition of this software was commissioned by water resource
management of Netherlands in Delft Industrial University in 1987 to analysis earth
dams constructed on soft soil in low-level areas of this country. Then in 1993, it was
extended and confirmed and supported by Center for Civil Engineering Research and
Codes institution. In this software, behavioral models of Mohr-Coulomb, hardening
hyperbolic model, softening model (Cam-Clay) and soft soil creep model are
applicable. As it became apparent in the previous chapters, there are many
restrictions when applying and combining relatively simple methods to estimate
ground deformations and the corresponding pipeline responses. An alternative
approach altogether is using finite element software such as PLAXIS. The basic idea
behind a finite element approach is cutting up the construction (or in this case cross-
sectional plane) into a finite number of smaller elements that are connected to each
other at their nodes. Continuous field parameters, such as displacements, are
described by the values at these nodes and the values between the nodes are
determined by interpolation. Because the relations that describe the behavior of the
nodes are dependent on the other nodes as well, the governing equations have to be
solved simultaneously by using a numerical, often iterative procedure. As the size of
the used elements approaches zero (number of nodes goes to infinity), the outcome
of the model is expected to be an exact solution of the governing equations.

Although the description above sounds very promising, various aspects may cause

problems, the most important being calculation time and/or computing power. For
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this reason the choice is made to use PLAXIS 2D, considering the limited amount of
time available for the research described in this report. Because the nature of the
physical behavior in some cases is clearly three-dimensional, smart workarounds
may be required. Furthermore, although in theory the outcome of the model could be
exact, the question is whether the selected governing equations are indeed capable of
describing the actual physical behavior.

In line with this approach, also for the finite element analysis it is chosen to first
consider the ground deformations and later add the pipeline to the cross-section. By

doing this it is will be easier to address the cause of deviating results.

3.2 Soil Models

This section will treat the constitutive soil model that will be used for the finite
element calculations. A constitutive soil model can be seen as a specific set of
governing equations that describe a certain type of soil behavior. In the following
paragraphs, the pros and cons of the used model will be discussed. As some basic

terminology is required to explain this model.

3.2.1 Calibration of the HS small model

In dynamic conditions, the soil is subjected to cyclic shear loading, showing not only
a non linear but also a dissipative behavior. The hysteretic loop generrated during
cyclic shear loading consist of a sequence of loading and unloading paths,because of
the irrevesibale behavior of the soil. In general, it has been observed that earthquakes
induce a small strain level in the soil, that exhibits a high shear stiffness G, ,and that
G decreases while the amount of dissipated energy increased by increasing the

magnitude of the shear strain y (Brinkgreve, 2015).

The account for these aspects of maerial behavior, the Hardening Soil model with
small-strain stiffness (HS small model), based on the Hardening Soil model, is used
in this study. The Hardening Soil model already accounts for the stress dependency
of the stiffness according to a power law expressed by the m parameter. Compared to
the Hardening Soil model, the HS small is extended by introducing two additional
parameters: the high stiffness at small strain level (G,) and the shear strain at which
G has reduced to 70% of the initial G, (y,7) (PLAXIS-2D, 2014).
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The stress dependency is expressed by the following formula:

I - m
€.cos p—04.5in @
Go =Gy ( ) 3.1

0 0 c.cos @+pTef.sin @ (3.1)

Where the initial shear stiffness G, is a function of the effective stress, the strengh
parameter (c and g ) and the m parameter which depends on the soil type (it generally

varies between 0.5 and 1, according the soil type).

The typical hysteretic behavior is shown in Figure 3.1. The initial tangent and secant
stiffness of the initial loading curve coincide with the maximum shear stiffness G,.
By increasing the shear strain, the stiffness decays. When the load direction is
inverted, the stiffness starts from the same Gyand decreases until the next laod

reversal. The stress-strain relationship is given by:
T =Gy (3.2)
Where G, represents the secant shear stiffness.

The local hysteretic damping ratio is described by the following formula:

§ =D

" ATE, (33)

Where E, represnts the dissipated energy, given by the area of the closed loop
(yellow and green areas), and E; is the energy accumulated at the maximum shear
strain y,. (green and blue areas). The damping ratio & applies until the material

behavior remains elastic and the shear modulus decreases with the strian.

To calibrate the parameters that need to be entered in PLAXIS it is suggested to refer
to experimental data from site and laboratoary tests performed in the chosen area.

Considering the Eq.(3.1), it is possible to calibrate G™ and m in order to have the
best fitting. The decay of the shear modulus with strain is displayed Figure 3.1. The
green curve shows the ratio of the secant shear modulus over the initial shear
stiffness Gg/G, and the orange curve shows the ratio of tangent shear modulus over
the initial shear stiffness G./G,, which can be calculated from Eq.(3.2) by taking the

derivative with respect to thee shear strain.

In the HS small model, the tangent shear modulus is bound by a lower limit, G,,., to
scale back to the original Hardening Soil model at higher strain levels. G, is related

to E,,, and v,,- according to the following expression:
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— EuT
Gy = 200+ (3.4)

Figure 3.1 : Hysteretic behavior in the HS saml model

Here the most important properties of the model will be explained without going into
too much detail on the equations that are used (see Benz, 2007 and Brinkgreve,
2015).

Consider the case that some element of soil is loaded by the combination of a shear
and compressional force. Before loading the stress, state was p; ,q; and afterwards
the stress state becomesps;, q,. If both stress states lie within the elastic region of
Figure 3.2, the stiffness of the soil is constant and has a magnitude E,,., where the

subscript stand for unloading/reloading.

If the stress-path from p;j ,q; to p; ,q, reaches the shear yield surface f° the edge
of the elastic region is reached, where plastic (irreversible) strains will develop due

to the amount of induced shear stress.

The amount of plastic strains depends on the mobilized dilatancy angle w,, . This is
a function of both the mobilized friction angle¢,,, which represent the stress state of
the soil, and the critical friction angleg.,, which is a material constant that
determines whether the soil shows dilative or contractive behavior. In the HS small
model only positive values of w,,are considered, which means that only dilative

behavior is accounted for, contractive behavior is not. The parameter that largely

controls the behavior of the shear yield surface is Es,
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tq

elastic region

P

C coto P,

Figure 3.2: Yield surfaces for the HS small model (Benz, 2007).

If the stress-path from p; ,q; to p3 ,q, reaches the cap yield surface f¢ the edge of
the elastic region is also reached, where in this case plastic strains will develop due
to the amount of induced compressive stress. The parameter that largely controls the

behavior of the cap yield surface is E,.q4.

As the soil, stiffness is very dependent on the magnitude of the shear strains. The
shear strains induced by earthquakes are very small and therefore the

unloading/reloading stiffness of the soil E,,may underestimate this stiffness

significantly.
ot _—
--==<laliure i

axial strain - =4

Figure 3.3: Hyperbolic relation between vertical strain ( &;) and deviatoric stress in a
triaxial test. On the left for the standard Hardening Soil model, on the right by also
accounting for the small strain stiffness.

For shear strains that are below a certain threshold value (dependent on the parameter
Yo.7) Of the shear strain y; , the soil stiffness is thus dependent on the level of itself.
Above this threshold, value E,, is still applied for unloading/reloading situations
Figure (3.3).
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3.2.2 Soil parameters

To determine the initial stress distribution in the cross-section for sandy soil layers
also parameters are defined for the HS small model. Brinkgreve (2010) present
several correlation equations based on the relative density Dy that can be used to
estimate these parameters. The correlations are obtained by performing a regression
analysis on a collection of soil test data. It is noted that although not all derived
equations and parameters have been validated in sufficient detail, the equations may
give a reasonable approximation and are useful when only limited soil data is

available. They are presented at the end of this paragraph in Table 3.3.

3.3 Damping (Site Response Analysis)

The governing equations in a finite element model do not always take into account
damping, which means it has to be added manually. PLAXIS allows two ways to do
this: Newmark time integration damping and Rayleigh damping. The parameters for
the Newmark time integration damping are by default set to a minimum to allow for
a stable calculation process. These parameters will not be adjusted here and only
Rayleigh damping will be considered.

Rayleigh damping is a frequency dependent type of damping and the curve that
determines the damping ¢ per frequency f (=w/2m) is given by equation (3.6) in
which ap and Sy are the Rayleigh damping parameters. By assigning two different
damping percentages at two different frequencies these parameters can be calculated

fw)=2+52 (35)

Rayleigh damping is in engineering practice mostly between 0.5% and 2% for both
the firstand second target frequencies. In this study, the first calculations were
performed based on the method target frequencies. In this study the first calculations
were performed based on the method mentioned by Hudson, et al. (1994) where the
first target frequency is set equal to fundamental frequency of the soil profile and the
second frequency is the first odd number of the ratio: fundamental frequency of the
input signal/ fundamental frequency of soil profile. According to this procedure, the

frequency of Target 1 is given by:
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- %
f= e (3.6)

Where V; represents the shear wave velocity and H is the thickness of the soil layer.
The value of I; has been chosen as an average value over the whole depth. Based on

the shear stiffness profile G and the unit weight of soil, it is possible to calculate the

shear wave velocity profile with depth:
Vs = |- (3.7)
Where p is equal to the ratio over the gravity acceleration g.

3.4 Calibration of the Finite Element Model (FEM)

For the site response analysis of the FEM model, DEEPSOIL program was used to
compare the soil behavior during a harmonic load applied at 30 m depth. This
comparison was mainly executed to examine the influence of the boundaries
disturbances at the bottom and sides, kind of boundaries chosen in DEEPSOIL and

PLAXIS, mesh size and performance of the chosen soil model.

3.4.1 PLAXIS model

In this problem, analysis of a nonlinear, drained soil subjected to a specific seismic
ground motion has been performed using Hs small Strain model in PLAXIS
Dynamic module. The applied ground motion corresponds to the harmonic load with
certain values of Amplitude and Frequency (Figure3.4).

Ci:_ DynLineDisplacement_1_1
=} Multiplier _x: DisplacementMultiplier_1
Signal: Harmonic
Amplitude: 1.000
Freguency: 1.660 Hz
Phase: 0,000 ®
Data type: Accelerations

Multiplier_y: <not assigned =

Figure3.4: The values of amplitude and frequency.
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Table 3.1: Parameters of the HS small model for sandy soil layers (D in %).

Loose Dense .
Symbol Unit Explanation Brﬁfgrg?éq Sand Sand Bzf:lIIEiII ng;(f]fi”
' (Dr=%25) (Dr=%100)

Yunsar ~ KN/m3 Unit Weight 15 + 4.0 Dr/100 16 19 14 16
Vsat KN/m3 Saturated Unit Weight 19 +1.6 Dr/100 19.4 20.6 18 19.4
Esrgf KN/m? Secant stiffness in standard 60000 Dr /100 15000 60000 10000 15000

drained triaxial
E§§§ kN/m? Tangent stiffness for primary 60000 Dr /100 15000 60000 10000 15000
odometer loading

E;ﬁf kN/m?  Unloading / reloading stiffness 180000RD /100 45000 180000 30000 45000

m - Power for stress-level 0.7 -Dr/320 0.622 0.387 0.65 0.622
dependency of stiffness

Cler kN/m? Cohesion - 1.0 1.0 1.0 1.0
0] 0 Friction angle 28+12.5 Dr/100 31 40.5 25 31
] 0 Dilatancy angle -2+12.5DR/100 1 10.5 0 1
R¢ - Failure ratio 1-Dr /800 0.969 0.875 .99 0.969

Yo7 - Shear strain at which (2 -Dr/100)x10~* 1.8E-4 1E-4 1.8E-4 1.8E-4

(Gs=0.722G,)
G, KN/m? Shear modulus. at very small 60000 +68000Dr /100 77000 128000 40000 77000
strains
Vur - Poisson's ratio 0.2 0.2 0.2 0.2 0.2
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3.4.2 DEEPSOIL model

DEEPSOIL is a one-dimensional site response analysis program that can perform: a)
1-D nonlinear time domain analyses with and without pore water pressure
generation, and b) 1-D equivalent linear frequency domain analyses including
convolution and deconvolution. The program is provided as-is and the user assumes
full responsibility for all results. The use of the DEEPSOIL program requires
knowledge in the theory and procedures for seismic site response analysis and
geotechnical earthquake engineering. It is suggested that the user reviews relevant
literature and seek appropriate expertise in developing input of the analysis and
interpretation of the results.

In PLAXIS 2D the plane strain mesh is 50 m wide and 30 m deep and consists of 6-
node elements. In PLAXIS 3D the model is extended by 1m in the y-direction. The
input motion is applied horizontally at the base of model; the model is shown in
Figure 3.5. A nonlinear material is used with VVs=200 m/s and Y=16.5 kN/ m?(Loose

Sand).The first natural frequency of this deep deposit may be calculated to be:

=% =29 -1 66 Hz (3.8)

4H 4%30

The soil damping is taking into account using Rayleigh damping with az =0.0928
and Bz =138E-3 (this values correspond to 1.0 % damping according to DEEPSOIL
results with natural frequencies of the deposit being considered as 1.03 Hz and 5.15
Hz). Figure 3.6 shows the geometry 1-D modeling and soil profile definition of
DEEPSOIL.

3.4.3 Boundary conditions

For the vertical model boundaries, the proper options can be applied: free field or
tied degrees of freedom. The free-field option implies that waves from the model
travel outward with minimum reflection at the boundaries. Energy is thus absorbed at
the boundaries, but it can be reasoned that in reality also energy enters the model
from outside the boundaries.
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Point A
(2.0 m below
the surface)

30.0m

\%

50.0 m

Figure 3.5: Geometry (50 x 30 m) and boundary conditions of PLAXIS modeling with seismic acceleration applied at the base.
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Dapth [m|

Layer 11

Point A

Figure 3.6: Geometry 1-D modeling and soil profile definition of DEEPSOIL.
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Loose Sand 1.92222758860352 0.0206 0.18 163 0915 0O 0| 063 0.31
Loose Sand 200 1650 8000 1.39319153382907 0.0263 018 1485 0915 0| 0| 0686 03
Loose Sand 200 1650 100.00 1.2055513463632 0.0333 0.18 15 0915 0| 0| 0688 03
Loose Sand 300 1650 150,00 1.07281458248702 0.036 018 1455 0915 0| 0| 0672 0.238
Loose Sand 300 1650 12000 0.974175240685359 0.0442 013| 157%| 0515 0| 0| 0672 0278
Loose Sand 300 1650 180,00 0.9506141262343355 0.0462 013| 1515 0915 O 0O 0663 0272
Loose Sand 300 1650 180,00 0.854324502080708 0.0512 0.13 15 05| 0 0| 067 0274
Loose Sand 300 1650 18000 0.814437343602332 0.0554 0.13 153 05| 0 0| 067 0274
Loose Sand 300 1650 20000 0.731701014336749 0.0576 013| 1575 0915 0| 0O 0666 0263
Loose Sand 300 1650 20000 0.753876964513942 0.0608 013 159 09315 0| 0| 0666 0263
Loose Sand 300 1650 20000 O0.730146100504624 0.0606 0.18 153 0915 0O 0O 0664 0264




By using the tied degrees of freedom option, the nodes on the left side of the model
undergo the same displacements as the nodes on the right side of the model. Due to
the fact that, the used PLAXIS program in this study (2D, AE) done have no Free
Field option, therefore to adapt to free filed case, the wide of model consider 50.0
meter by trial and error, but the coefficient of boundary conditions assumed by
default (C;=C,=1.0).

3.4.4 Mesh size

The mesh generation is fully automatic and base on a robust triangulation procedure.
The dimension of the triangular elements needs tube controlled and the mesh
refinement allows to get specific value for the average length of the element side.
Kuhmeyer & Lysmer (1973) suggest to assume a size less than or equal to one-eighth
of the wavelength associated with the maximum frequency component f,,,, Of the
input wave (i.e. the highest frequency component that contains appreciable energy):

. A Vemi
Average Element Size < = = =>™% (3.9)
8 8fmax

Where Vg i is the lowest wave velocity. Based on the shear stiffness profile and the
unit weight of soil, it is possible to calculate the shear wave velocity profile with
depth. The lowest V.., is equal to 70 m/s in sandy soils. From the Fourier
spectrum, it can be found that the maximum frequency component is about 5 Hz,

which leads to an average length of 1.75 m.

3.4.5 Comparison of results

The results of the analysis have been obtained in form of Acceleration and Relative
displacement of certain point close to surface. These results are compared with the

results obtained from the analysis of the same problem in DEEPSOIL.

Figure 3.7 shows the horizontal Displacement Ux of the point (25,-2) versus time
located at the depth of 2 m below the surface, as obtained from PLAXIS. In addition,
Figure 3.8 indicates the Acceleration (g) obtained from PLAXIS versus time. The
Acceleration (g) and Relative Displacement obtained from DEEPSOIL versus time it

can be seen in figure 3.9.

46



Relative Displa..

Total Accelerat.

Figure 3.7: The relative displacement (Ux) of the point (25,-2) versus time

a, () (]

0.2

Dynamic time [s]

0.1+

-0.1+

-0.2

---------------------------------------------------------------------------------------------------------

Figure 3.8: The Acceleration (g) obtained from PLAXIS versus time.

SiESi==lse
o Gh e Oh oo G Do

Dynamic time [s]

0

Figure 3.9: The acceleration (g) and relative displacement obtained from
DEEPSOIL vs. time.

2
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The results at a depth of 2.0 m from the surface level are compared in terms of time

history horizontal acceleration and horizontal relative displacement. The results
obtained in PLAXIS are in good agreement with the output of DEEPSOIL. Small

differences may be due to the different hypothesis at the origin of the calculations:

while DEEPSOIL considers a viscoelastic nonlinear soil, PLAXIS accounts for

plasticity in the HS small model. One additional reason may be to boundary
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condition that has been set at the bottom of the model: when a fully reflective
boundary is modeled, the downward propagating waves are reflected back into
model leading to large amplitude periodic vibration and smaller displacement.
Figures 3.10 and 3.11 show the comparison acceleration and relative displacement,

respectively in EXCEL charts.

0.15

0.1

0.05

——DEEPSOQIL

a-x(g)

-0.05 —PLAXIS

-0.15

-0.2

Time (s)

Figure 3.10: Comparison acceleration (g) obtained from DEEPSOIL and PLAXIS.

2.5

2

15
T
EO'Z A_.D(\r Y[Y\ ‘ A —— DEEPSOIL
£ o A o TS
g b1

! v

15

2 Time (s)

Figure 3.11: Comparison relative displacement obtained from DEEPSOIL and
PLAXIS.
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4. NUMERICAL ANALYSIS OF BURIED PVC PIPELINES

To evaluate the behvior of bureid plastic pipeline and soil-pipe interaction under
seismic loads, a certain type of flexible continuous pipe is modeled in four different

cases of soil conditions. The details are presented below.

4.1 The Geometry of the Model

The soil was zoned into two sections as bedding and backfill in order to represent
normal method of installation. Appropriate properties have been assigned where the
model consists of a square with 10.0 m depth and 10.0 m wide. Also a trapezius as
backfill of surrounding the pipe, with 2.0 m wide at surface and 1.0 m in bottom
under 2.0 m of surface have been considered as can be seen in Figure 4.1. Soil layer
as bedding is considered sandy soils (Loose Sand, Dense Sand) and backfill materials
with two types of soft and stiff soil properties covered the pipe around. The
properties of four soils (loose sand, dense sand, soft backfill, stiff backfill) are given
in Table 3.3 in the previous chapter. The axial center of pipe is located 1.80 meter

under the surface level.

.- i Soft
. \ 5 Backfill
Stiff |

Pipeline (HDPE)

10.0 m

T

=l | i Loose Sand

Soil layer:
DenseSand |

.

W

10.0 m

Figure 4.1: A sketch of buried pipeline modeled in PLAXIS 2D.
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4.2 Pipeline Properties

In order to accomplish the specific study for failure aspects of buried pipelines
caused by earthquake, the relative large diameter HDPE pipeline that is used for
water supply has been chosen, and an elastic, perfectly plastic and isotropic analysis
for pipeline has been conducted on this study as mentioned in Table 4.1. The position
of points A, B, C, D, E, F and G are shown in Figure 4.2. Coordinates of the points A
to G in Figure 4.2 are given in Table 4.2.

Table4.1: Properties of HDPE pipe

Material PIPE (ASTM D638)
Diameter (m) 0.4
Thickness (mm) 12
Elasticity modulus (psi) 130000
Tensile Strength (psi) 3200

Figure 4.2: Positions of the points A to G in the model.

Table 4.2: Coordinates of the points A to G in PLAXIS model.

Points Coordinates Location
A (5.0,-10.0) bottom
B (5.0,-2.0) pipe
C (5.20,-1.80) pipe
D (5.0,-1.60) pipe
E (5.0,0.0) surface
F (8.50,0.0) free field
G (5.30,-1.80) Adjacent to the pipe
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4.3 Finite Element Analysis Results

4.3.1 Numerical analysis under harmonic loading

At the first step of pipeline analysis under seismic loads, the case of model including

dense sand as soil layer with stiff backfill is presnted.

Table4.3: Harmonic load properties

Amplitude Fequency Time interval
1m/s? 5 Hz 10 sec

Figure 4.3 shows the acceleration versus time for points A, B, C, D, E and F. As can

be seen in all graphs, since the material properties are changed at point B, a
significant change in acceleration is observed while transferring from soil to the
backfill. However, this difference is not such significant at point F.

0.15

0_1 .................................................

0.05

Point A

a-x(g)

Point B
-0.05

0.1 pHRRR R

-0.15

Time(s)
(@) Point B versus Point A
0.15

0.1

0.05

—— Point A

a-«(g)

Point C
-0.05

-0.1

-0.15

Time(s)

(b) Point C versus Point A

Figure 4.3: Acceleration in points A,B,D,E and F under harmonic load in dense sand
with stiff backfill.
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a-x(g)

Point A

Point D
-0.05
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-0.15

Time(s)
(c) Point D versus Point D
0.15

0.1

0.05

a-x(g)

——Point A

Point E
-0.05

-0.1

-0.15

Time(s)
(d) Point E versus Point A
0.15

0_1 .................................................

0.05

Point A

a-x(g)

0 Point F

-0.05

0.1

-0.15
Time(s)

(e) Point F versus Point A

Figure 4.3 (continued): Acceleration in points A,B,D,E and F under harmonic load
in dense sand with stiff backfill

When acceleration records are double integrated to get displacement records, the data

may be shifted up due to integration constants added. In order to overcome this issue
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Baseline Correction was applied for obtaining harmonic displacements. Figure 4.4
shows horizontal displacement of the points after baseline correction process.

0.2

Dlsplacement (cm)
o
o
&
—

-

=]

=

=

1ot \1 \"H'HH \\"”'M 4.\\‘\”' M" 'H"'\ HMH‘U o

0.1 I‘

Time (s)
(a) Point B versus Point A
0.2

0.15  {f-mmmmmmrm oo

0.1

0.05

Point A
Point C

f ‘H'Hl"\'H"'/' li
Ll )

-0.05

Displacement (cm)
=)

0.1

-0.15 -

0.2

Time (s)
(b) Point C versus Point A
0.2

I L

01 | . o

g |y
A

0.1 ' --------------------------------------------------------

Point A
Point D

-0.05

Displacement (cm)
[an]

B L O B

-0.2
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Figure 4.4: Baseline corrected relative horizontal displacement of points B to F to
point A.
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Figure 4.4 (continued): Baseline corrected relative horizontal displacement of
points B to F to point A.

According to figure 4.4, considering that the amount of damping at backfill material
surroundnig the pipe is higher than the bedding material, the energy loss around the

pipe is high in comparison to the other points (A, E, F).

In figure 4.5 Pesedo Spectral response of Acceleration (PSA) for all points illustrated
versus period. From these plots, it can be derived that, acceleration responses at
points E, F are closed to the acceleration applied at the base at point A, while the
PSA values drop at points B, C, D.

4.3.2 Numerical analysis under earthquake loading

For better evaluation of the soil- pipe interaction and the effect of backfill role,
analysis continued under Earthquake loading under four different bedding and

backfill conditions seperately.
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Figure 4.5: PSA for points A, B,C,D,E and F.

Table4.4: Earthquake load properties

Earthgake PGA Time interval
Kobe 0.769 48 sec

4.3.2.1 Acceleration-time histories

In Figure 4.6, acceleration response of each local points is shown in four different
soil conditions (dense and loose bedding with soft and stiff backfill). It can be seen
that the maximum acceleration response is observed in dense sand with stiff backfill
and vice versa the minimum acceleration response is illustrated in loose sand with
soft backfill.
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Loose Sand with

0.2 Soft backfill
. 0 Loose Sand with
% Stiff backfill
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Soft backfill
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Stiff backfill

Time (s)

(c) Point B

Figure 4.6: Acceleration in points A,B,C,D,E and F under earthquake in four
different soil and backfill.
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Figure 4.6 (continued) : Acceleration in points A,B,C,D,E and F under earthquake
in four different soil and backfill.
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4.3.2.2 Horizontal displacement - time histories

In Figure 4.7 (a to e), horizontal displacement versus time are plotted for each point
in all cases of soil conditions. It can be seen that the maximum horizontal
displacement values for all soil cases are approximately the same. However,
comparing the points located on pipe, point B that located just on bedding, shows
more displacement in comparison to the points C and D in all four cases.
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Figure 4.7: Horizontal displacement in points A,B,C,D,E and F under earthquake
loading in four different soil and backfill.
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Figure 4.7 (continued): Horizontal displacement in points A,B,C,D,E and F under
earthquake loading in four different soil and backfill.

To evaluate the relative displacement between pipe and backfill, a certain point G
(adjacent to point C) was selected in the model into backfill. Figure 4.8 shows the
difference horizontal displacements between two mentioned points. The relative
displacement is significant in dense bedding soil in comparison to loose sand. Hence,

due to more slippage between pipe and soil, it is clear that looser sands provide safer
condition for the buried pipeline.
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Figure 4.8: Relative horizontal displacement of point C to point G.

4.3.2.3 Vertical displacement - time histories

In Figure 4.9 vertical displacement are plotted for different soil material conditions.
Unlike the horizontal displacement, the vertical displacement in loose sand without
considering the backfill materials has significant amount (around four times of the

value in dense sand).
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Figure 4.9: Vertical displacement at points A,B,C,D,E and F under earthquake
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loading in four different types of soil and backfill.

61



0.05

-0.05
-0.1
-0.15
-0.2
-0.25
-0.3
-0.35
-0.4
-0.45

Displacement {m)

Figure 4.9 (continued): Vertical displacement at points A,B,C,D,E and F under

Loose Sand with
Soft backfill

Loose Sand with
Stiff backfill

Dense Sand with
Soft backfill

y AO 20 30 40
"
th —
\
k!'l Point F |
e SR
Time (s)
(e) Point F

Dense Sand with
Stiff backfill

earthquake loading in four different types of soil and backfill.

4.3.2.4 Pseudo-acceleration response spectrum (PSA)

According to figure 4.10 the peak spectral acceleration response shows that since
point B is located on the bedding, it has less damping value and energy dissipation.
Therefore, the acceleration response is higher than points C and D. Also points B and
C in contrast to points D, E, F, in dense sand bedding have greater values of

acceleration response. For points D, E and F ,the maximum response can be seen in

the soils with loose materails.

Position of Points

(@) Cross Section

Figure 4.10: PSA for points A, B,C,D, E and F.
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Figure 4.10 (continued): PSA for points A, B,C,D, E and F.

With respect to the cited analysis results, it can be concluded that among the four

different cases of bedding and backfill materials, the case of dense soil layer with

stiff backfill could be considered as critical condition in terms of soil-pipe interaction

and more slippage between soil and pipe. However, the vertical displacement and

settlement, in loose sand is more considerable. In below figures, graphically the

behavior of pipe is illustrated.

Figures 4.11 and 4.12 show the strain distributions in both horizontal and vertical

directions in dense and loose sand. As can be observed, the horizontal and vertical
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strains around the pipe have the same quantity in both soil conditions; however, the
values in loose sand are greater than the dense sand.
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Figure 4.11: Horizontal and vertical strain distributions in dense sand.
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Figure 4.12: Horizontal and vertical strain distributions in loose sand.

4.3.2.6 Distribution of displacements in differnt sections.

Figures 4.13 and 4.14 illustrate the distribution of total displacement in the height of
the model, inside and outside of backfill for both cases. With respect to the given
maximum values, it is obvious that loose soil has more displacement in the height of
the model. Hence, it would cause significant damage to the pipe in comparison to
dense sand.
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Figure 4.14: Distribution of total displacement in two vertical sections (loose sand).

Similarly, for the distribution of total displacement and settlement in the width of
the model, the results repeat and represent that vertical displacement is more in soft

backfill and loose sand.
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Since this analysis computed applying the earthquake load with high intensity (Kobe
earthquake, PGA =0.76 @), to verify the results, the whole process was performed
using another earthquake loading with low intensity (Kocaeli earthquake, PGA =
0.16g). To compare the results obtained from two analysis under different
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earthquakes loading, data about acceleration, horizontal and vertical displacemnet are
plotted for point C(critical point on pipe) in four soil conditions. From the figure
(4.17), it can be concluded that, the beahavior of pipe under differnt earthquakes in
every soil condition has the same response with different value. For instance, the

acceleration at point C has high value in dense sand, vice versa the maximum vertical

displacement happens in loose sand.
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Figure 4.17: Comparison between acceleration, horizontal displacement and vertical
displacement at point C under two different earthquakes loading.

4.3.2.7 The forces and moments exerted on the pipe

Since in PLAXIS the pipe is modeled using plate option, when a plate is displayed,

the options axial force N, Shear Force Q and Bending Moment are available from



the Force ment in Output of the program. All of these forces represent the actual
forces at the end of the calculation step.

In addition to the actual forces, PLAXIS keeps track of the historical maximum and

minimum values forces in all subsequent phases.

The Axial force N; is the axial force in the first direction. The Shear force Q5 is in
the plane shear force. The bending moment M;, is the bending moment over the

second axis. Figure 4.18 illustrates the configuration of forces applied in plate.

Zlr=lired
/

Ny E; e Qi3 G13 713 M K13

Figure 4.18 : Positive axial force N, shear force Q and bending moment M in plates.

As mentioned above, since the pipe is modelled by plate, so for pipe this force can be
shown in figure 4.19.

D=0.41n |

' A \m t — _____r,x‘

M

Figure 4.19: Schematic representation of axial force, shear force and bending
moment applied on pipe.

Figures 4.20, 4.21 and 4.22 show the maximum and minimum values of axial force,
shear force and bending moments in pipe using the plate option of PLAXIS. The
values of the mentioned parameters can be obtained for each calculated phase
(Plastic and Dynamic) seperately. By selecting the Envelop bottom in Output, the
maximum values can be derived, and these values can be used for evaluating the

pipe failure considering the pipe properties.
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Figure 4.20: Configuration of axial forces in pipe in two phases.
As Figure 4.21 shows, the maximum and minimum shear force impose more change
under dynamic load. Difference between two phases represents that the effect of

earthquake on the shear force is considerable and significant in comparison to axial

force and bending moment.
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Figure 4.21: Configuration of shear forces in pipe in two phases.

The same as axial force, bending moment has the same increase in quantity in

dynamic phase, around two-times of plastic value in first phase.(Figure 4.22)
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Figure 4.22: Configuration of bending moments in pipe in two phases.

Table 4.5 gives data about the values of Axial Forces, Shear Forces, and Bending
moments at the points located on the pipe as plate material in PLAXIS. It can be seen
that the critical point on pipe is C that has greater values in comparison to other
points B and D. Also for the cited point, the values increase in dense sand, so failure
probability in denser soil is higher.
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Table 4.5: The values of N, Q and M on pipe in four cases.

Case POint N Nmin Nmax Q Qmin Qmax M Mmin Mmax
L oose B -7.67 | -10.20 | 0.00 | 0.35 | -1.75 | 2.76 | -0.41 | -0.80 | 0.00
sé%r}? C |-13.28 | -16.39 | 0.00 | 1.44 | -1.40 | 2.54 | -1.49 | -1.73 | 0.00
Backfill | D -151 | -4.28 | 0.00 | -0.43 | -1.51 | 1.20 | -0.54 | -0.80 | 0.00
L oose B -6.54 | -9.01 | 0.00 | -0.84 | -2.33 | 3.13 | -0.47 | -0.88 | 0.00
g?ﬂ‘? C | -13.27 | -15.26 | 0.00 | -0.08 | -2.35 | 2.40 | -1.38 | -1.55 | 0.00
Backfill D -1.26 | -4.19 | 0.00 | 0.19 |-1.95| 2.58 | -0.50 | -0.75 | 0.00
L oose B 785 | -9.21 | 0.00 | 0.84 | -4.48 | 7.19 | -0.25 | -0.51 | 0.03
sé%r;? C |-1532 | -17.91 | 0.00 | 1.73 | -1.75 | 4.78 | -1.81 | -2.14 | 0.00
Backfill D 012 | -2.08 | 1.34 | -0.13 | -3.05 | 3.55 | -0.40 | -0.63 | 0.00
Dense B 741 | -8.86 | 0.00 | -0.87 | -6.02 | 6.54 | -0.33 | -0.57 | 0.00
Ss?ﬂ‘? C | -1550 | -18.92 | 0.00 | 1.35 | -2.23 | 4.90 | -1.77 | -2.20 | 0.00
Backfill D -0.32 | -2.38 | 0.92 | -0.19 | -3.32 | 4.10 | -0.40 | -0.64 | 0.00

According to the above data , by evaluation of all the values of N, Q and M for the
four soil condition, it can be concluded that ,dense sand with stiff backfill has

significant values.

4.4 Pipe Failure Analysis

The structure was modeled as elasto-plastic, in order to simulate the pipeline break
PLAXIS account for plasticity through a yielding bending moment My and hoop
force Ny. For the HDPE, these yielding internal forces define a rhombus shape
domain in the M-N plane. On the basis of the yielding stress fy, these stress

characteristics were evaluated as (Beer et. al., 2015):

Nmax attowable = Fy *bx*t (4.1)

Qmax allowable = Fy *b*t*0.6 (4.2)
b.t?

Mmax atiowabte = —— -Fy (4.3)

Where the base of the equivalent rectangle was b=1m and the height is the thickness
t, as required by the PLAXIS input.

Nmax allowable =(3200/014‘5) *1%0.012= 264.82 kN
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Omax atiowabie =(3200/0.145) *1*0.012*0.6=158.90 kN

b.t?

M= — Fr Fy= 3200 psi (Tensile Strength Yield of pipe)

M= % *(3200/0.145) = 0.79 kN.m/m

According above calculation the values of maximum, axial force, shear force and
bending moment for each point located in pipe are 264.82 kN, 158.90 kN and 0.79
kN.m/m respectively, so if there is the greater moment of this , it would be caused to

reach yielding stress and then appearing the any type of deformation and breaking.
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5. CONCLUSION

The performance of buried pipeline systems in areas subjected to seismic load is an

important engineering consideration for natural water, wastewater, gas and oil utility

owners, because the failure of these systems can affect the public property and

safety. The present study investigates the behavior of High-density polyethylene

(HDPE) buried pipeline subjected to harmonic and earthquake loads using PLAXIS-

2D program software, where the acceleration, displacement, spectral response

acceleration and force values have been plotted against different parameters like

bedding and backfill material properties, harmonic and earthquake loads. Based on

the results of the figures, the following conclusions have been made.

1-

Earthquake can induce significant damage to pipeline in two different processes:
permanent ground deformation (PGD) and wave propagation. According to the
literature and analytical investigation, it was observed that the failure caused by
wave propagation in comparison to PGD is negligible.

Considering the fact that the amount of damping at backfill material surrounding
the pipe is higher than the bedding material, the energy loss around the pipe is
high. Consequently, smaller values of horizontal displacement are for soft soils,
in comparison to the other points (further the backfill).

Under a certain harmonic loading, PSA maximum spectral acceleration response
in points located at surface and free field is close to the value of PSA at the
bottom of model as input motion.

The maximum acceleration response is observed in dense sand with stiff backfill
and vice versa. The minimum acceleration response is illustrated in loose sand
with soft backfill.

The maximum horizontal displacement values for all soil position, (different
bedding and backfill) are approximately the same. However, for the points
located on the pipe, there is more displacement for the point located just on the

bedding, compared with the points located in other positions.
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Unlike the horizontal displacement, the vertical displacement in loose sand is
significant, regardless of the backfill materials (nearly four times more than
dense value).

It can be said that any increase in the bending moment, above the level of
maximum allowable moment, can cause failure in the pipe. This is while axial
force and shear force do not have significant effect in pipe failure.

The comparison of two selected points close in pipe and soil (backfill) shows that
relative displacement of two points is high in dense sand, so the more the
slippage, the more damage will occur in denser sand.

By examining the amount of strain as an important factor in the assessment of the
behavior of the pipes buried under the effect of dynamic weights, based on the
figures indicated in the PLAXIS application, the study can conclude that the level

of horizontal and vertical strain in loose sand is higher than that of dense sand.

In this study, the behavior of buried pipeline under dynamic loads was evaluated 2D

software. The internal forces in pipeline can change depending on the orientation of

buried pipelines according to permanent ground deformation and wave propagation

direction. It can be suggested for future works, 3D model can be used to perform

finite element analysis of buried subjected seismic loads.
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