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ABSTRACT

The thesis examines how high density polyethylene (HDPE)ipsbeled
by horizontal directional drilling (HDD) and traditional open tren¢DT)
construction techniques behave differently in saturated soil conditipitaltyf
river crossings. Design fundamentals for depth of cover are analbgbwsen
HDD and OT; however, how the product pipe is situated in the sallumeis
vastly different. This distinction in pipe bedding can produce sigmfic
differences in the post installation phase. The researchinspsed by several
incidents involving plastic pipe installed beneath rivers by HDD revhthe
pipeline penetrated the overburden soil and floated to the surface aftertiostalla
It was hypothesized that pipes installed by HDD have a lafégstige volume
due to the presence of low permeability bentonite based drillindsflin the
annular space on completion of the installation. This increasedieéfeciume
of the pipe increases the buoyant force of the pipe compared $arttes product
diameter installed by OT methods, especially in situations wtierepipe is
installed below the ground water table. To simulate these condiaaesl-scale
experiment was constructed to model the behavior of buried pipelibesesged
in saturated silty soils. A full factorial design was devetbfgeanalyze scenarios
with pipe diameters of 50, 75, and 100 mm installed at varying depthsilty
soil simulating an alluvial deposition. Contrary to the experimemgpbthesis,
pipes installed by OT required a greater depth of cover to preysnfloatation
than similarly sized pipe installed by HDD. The results sstgg that pipes
installed by HDD are better suited to survive changing depthsoweérc In



addition, finite element method (FEM) modeling was conducted to uaddrs
soil stress patterns in the soil overburden post-installation. Meisoil stresses
occurring in the soil overburden between post-OT and HDD instadlatenarios
were compared to understand the pattern of total soil stress thdyrrie two
construction methods. The results of the analysis showed that Cillaitisih
methods triggered a greater total soil stress than HDD eusballmethods. The
annular space in HDD resulted in less soil stress occumitigeisoil overburden.
Furthermore, the diameter of the HDD annular space influencedoihstress
that occurred in the soil overburden, while the density of drillingi$l did not
vastly affect soil stress variations. Thus, the diametehefannular space could
impact soil stress patterns in HDD installations post-consbructVith these
findings engineers and designers may plan, design, and constectefficient

river-crossing projects.
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Chapter 1: INTRODUCTION
1.1 Introduction

Horizontal pipeline installations crossing rivers are increagimgportant for
the efficiency of utilities transportation (i.e. natural gas, dngkiwater,
communication, and oil transmission so on) (Lixin et al 2011). For cnassings,
traditional open trench (OT) and horizontal directional drillingD) are
common construction methods. Traditional OT is a typical excavation method and
has three steps: 1) excavating surface soil to place pipelingstaliing pipeline,
and 3) backfilling and consolidating. Alternatively, HDD is antigess
technology and does not disrupt the soil surface. HDD also has tbpe %)
horizontally boring the pilot hole, 2) reaming to enlarge the pilot reoe, 3)
doing pullback to place and secure the pipe (see the definition &f $hegss in
Chapter 2). Traditionally pipelines have been installed using OT metinpds
dragline, or various isolation and excavation techniques due to theeatatt
advantages provided by these methods (Velman 2008). However, in light of
increasing environmental concern and regulations, today an inggeasnber of
pipeline projects, especially river-crossing projects, aimegbeompleted by HDD
methods, which is a more environmentally-friendly pipeline installation method.
While the basic design principles for depth of cover are similanus
consideration for borehole pressure analysis) between HDD and Offuctios
techniques, how the product pipe is situated in the soil medium iy dé&rent.
For OT installations, the pipe is typically bedded in eitherottiginal excavated

native material or buried beneath an engineered backfill. Atieetyg for HDD
1



the pipe is installed in a drilled borehole that provides an annulae spataining
a mixture of drilling fluid and native soil cuttings, referredl as “bedding”
(Figure 1.2). This distinction in pipe bedding could produce significant
differences related to the post installation behavior of the pipebunlesequently,
examining the behavior of buried pipelines under conditions typical of rive
crossings could be valuable in order to contrast these different wcisir

techniques.

g
<

River River

Figure 1.1 Different Bedding between OT and HDD in Post-Installatin

One of the most important factors in pipeline design is to deterthiae
appropriate depth of cover. Designing the depth of cover for a pipslaféected
by several factors including: soil properties, pipe materialgeainetry, and flow
characteristics of the water body; particularly scour depsindthese factors, the
depth of cover must be accurately designed and installed to preseatis
damage or failure of the buried pipeline. In the rainy season, figaul sudden
heavy rains can trigger pipeline incidents and subsequent damegesé of a
decrease in depth of cover (Wang et al 2010). Therefore, the scour depth of a rive

2



(the depth to the bottom of the scour zone) is important to determice the
underground pipeline could be exposed due to lack of cover that maydexica
by flood or inundation (Wang et al 2010). In this research, depth of ema®
utilized as H/D ratio, which is the embedment ratio betwaendepth of cover
and the diameter of the buried pipe.

This dissertation focuses on the behavior of buried High Density tRglgae
(HDPE) pipes installed by both traditional OT and HDD methods, ancritical
depth to diameter ratio (H/D ratio) required for pipe floatatmmdcur. Results
from the OT and HDD trials were compared with each other terbatiderstand
how pipes installed by these methods behave post construction. Furthermore,
theoretical results were calculated and compared to the expé&lmesults. This
comparison and analysis will lead to a better understanding of tisvibe of

underground pipeline installations in saturated silty soils.
1.2Research Objectives

The first objective is to understand how pipes installed bytioadi open
trench (OT) and horizontal directional drilling (HDD) behave in salicative of
river crossings. A pipe buried beneath the natural water tabédesrainique
problems and challenges regardless of construction technology. Duriodspei
saturation, pipeline segments may become buoyant, even when théjedre
with contents after pipeline operation. Pipe floatation can also hapgeally
shortly after burial when the backfill material is least @e(&chupp et al 2006).
In actual river crossings, the aim of the design is tomige the risk of pipeline

exposure (Veldman 2008). For this situation, both OT and HDD, common
3



construction methods for river crossings, are utilized as mentiahede. To
minimize the risk, it will be valuable to learn the behavior obuaied pipe
installed by the two construction methods.

The second objective is to compare the theoretical buoyancy bebapipes
installed by OT and HDD pipe to real scale laboratory trihe contractor and
engineers determine an appropriate depth of cover, consideringrepérties
pipe materials, and river flow characteristics. They must toafirm whether or
not a buried pipe with the determined cover depth is safe usimypdduoyancy
formula made by Archimedes’ theory (Hahn 1988). In order to deterthime
reliability of the buoyancy theory, the outcomes simulated bhlaberatory
experiment should be compared to those calculated by the buoyamzyadahat
is being utilized in the real design of pipe installations asfegsiard against pipe
floatation. This comparison is used to analyze the causes for istENTSi
between the theoretical and laboratory results if there areTére results from
this research could be useful for engineers to estimate theagai@pth of cover
in pipeline installations at water crossings.

The third objective is to determine how drilling fluid in the annulaicepat
an HDD installation affects pipe floatation. During HDD instadia, the annular
space is created and filled with drilling mud (mostly bentonité)s annular
space is the space between the outer diameter of a buried pipgeedmnare¢hole
wall. This annular space is a distinguishing element between r@THDD
because OT installation has no annular space. Through this reseandie tbe
the annular space will be revealed for pipe buoyancy behavior.

4



The fourth objective is to define a robust model for pipe buoyancy in rive
crossings through three analytical methods: theoretical, expeameand
numerical. A numerical calculation method (finite element metlk®M) has
frequently been utilized in academic research and industrialrdélig analysis
through three analytical methods (i.e. theory, experiment, and FEMyl vhelp
defining the pipe buoyancy phenomenon in river crossings.

The last objective is to determine what impact these sesaitld have on the
design and construction of river crossings by analyzing variougabayg factors
found in design and construction process of the OT and HDD method. These
acquired results from this analysis could be helpful for an actesign and

construction of river-crossing pipeline.
1.3Research Scope

Research relative to the buoyant behavior of underground high-pgdbmth
pipe (HDPE) is needed since very few studies have been conducted arda
(Polak 2005). This dissertation provides experimental data to incoeasent
understanding of the behavior of pipelines installed by both OT and &tDier
crossings.

The tasks included in this research scope are as follows:

a) Improve upon the study of buried pipeline behavior at river iogss
using data from previous studies associated with pipeline behaviotuiratsa
silty soils in order to motivate the need for additional pipeline behaviorestudi

b) Ascertain discrepancies in pipeline behavior between traditioial

and HDD in saturated silty soils post-installation.
5



c) ldentify the factors that contribute to traditional OT and Hpipe
buoyancy post-instillation.

d) Apply pipe buoyancy theory to simulate riverbed status for each
construction method.

e) Design a laboratory experiment to test the factors found ireslearch.
Using this information, identify variables, parameters and corsstamd
determine the most critical factors that influence pipeline behavior.

f) Identify previous literature for experimental buried pipellehavior
through observation of a pipeline in saturated silty soils and uttlze
information to accurately describe the behavior of a buried pipelinevext
crossings in a real-scale experiment.

g) Compare the results obtained using buoyancy theory to those found in
laboratory tests to identify any differences.

h) Conduct a numerical calculation using finite element method JFEM
and define the soil stress phase affected by varying depthvef obtained from
laboratory tests.

i) Determine the total soil stress pattern by varying thecal design
parameters (i.e. diameters and density of the annular spate) leDID design in
order to understand how these parameters affect the relationshgehehe soll
and the pipeline.

]) Determine general trends from the results, define thedmayybehavior
of pipe for river crossings, and discuss limitations and recommendatia@nder
to make a more robust model for buried pipeline buoyancy.

6



1.4Thesis Organization

Chapter 1 provides an introduction to the research motivation, background,
objectives, and recent trends related to our research. This rclebgptBes why
this research is needed.

Chapter 2 provides a detailed description of pipeline water cressiagding
several installation methods and typical riverbed soil. It alsaritbes the
methodologies used for analysis, such as theoretical methods rfoyay@ory)
and experimental designs, and previous research on pipe floatation. An
introduction to the horizontal directional drilling industry is describeduding
construction procedures and comparison to traditional open trench (OT).
Previous research advanced three research directions for undexgtdredpipe
buoyancy phenomenon. The first research direction was theorelatween soil
reaction and underground infrastructure. The second research direci®n
technical research related to pipe buoyancy affected by teenakforces (i.e.
longitudinal buckling, liquefaction). The final research directiors wee effect of
the annular space for horizontal direction drilling (HDD) instadlat This
research anticipates that the existence of the annular ispe@D method could
be the critical element to dominate the results for the pipe floatationralesea

Chapter 3 describes the experimental setup that was designetskerving
the behavior of buried pipelines in saturated silty soils by gudifferent
construction methods. While designing the experiment, we found various

influential factors that must be considered in the final analysis.experimental



procedure was modeled on an actual construction procedure. Chapter 3 als
provides the method for how to simulate the annular space for the HDD method.

Chapter 4 shows the results and observations from the laboratorfptgsfse
floatation. Experimental results are presented for each diaméterpe and
construction method. General trends of pipe floatation were observed lthroug
analysis of the results obtained from the experiment and arenfgeéselhe
comparison between laboratory results and theoretical resul@Tfaand HDD
are presented.

Chapter 5 provides the results from the numerical analysis uBsiitg
element method (FEM). FEM has been a reliable numerical methdégoribing
a phase of mechanical soil behavior by creating a mesh modeh simalates
actual three dimensional (3D) non-linear models for pipe installagotion. The
software that is utilized in this research is ABAQUS 6.10. Erpantal results
obtained in Chapter 4 are preprocessed to allow input into the meshrgddel
FEM. The acquired results from laboratory tests were used as fmp&HEM.
FEM results show the stress pattern of soil overburden in botm@HBAD post-
installation at critical depths of cover obtained by laboratong.tddoreover, the
results can be used to create a robust model for pipe behavieeratrossings.
For the HDD method, FEM was utilized in finding the influence of ¢hecal
design parameters for the annular space as well.

Chapter 6 contains the research summary and conclusions developed from
theoretical and experimental results, and numerical modeling pnegia this
research. Also, Chapter 6 presents the contributions and implicaifotise

8



research associated with its findings. For the future relse@hapter 6 describes

limitations and recommendations of this research as well.



Chapter 2: BACKGROUND AND LITERATURE REVIEW
2.1Introduction

This chapter starts to describe the pipeline construction methoddioiygio
crossings. The construction methodology of river crossings isinggrtant to
comprehend because it is expected that pipeline construction, nsaterial
procedures, and equipment utilized in actual pipeline installations rdludnce
pipeline behavior in saturated soils during or after construction.hallfactors
that influence pipe buoyancy in saturated soils can be deterntimedgh
investigating construction methods of river crossings. Hence, stadding this
part in detail will help to analyze the results of pipeline behasaftegrwards.
There are two watercourse construction methodologies for underground
excavation; open trench (OT) and trenchless technology (TT). FoloOMtypes
of pipeline construction method are described in this chapter. Thiseclapy
described horizontal directional drilling (HDD) for TT becauseDH®as chosen
for this research. The detail procedure of each constructiohothetffers the
understanding of the watercourse pipeline method, which assistxiiiyicg the
difference between the two pipeline installation methods. Funibrer, the
buoyancy theory was described as the theoretical method forett@arch. The
buoyancy theory describes how to calculate the buoyancy imppehdiag on
different construction methods. The theoretical method was sepadatadribed
by two construction methods. Lastly, this chapter described previsearch for

pipe floatation test to verify that our research is creativéd waluable. By
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grasping the trend of previous pipe floatation research, a more &coesaarch

scope and direction will be found.
2.2 Construction Methodologies for River Crossings

As mentioned above, there are many factors (i.e. river deptler atv
during construction, discharge, scour depth, field space, environmentabotuss
and streambed conditions) affecting the final decision of congtnuct
methodologies (ENGP 2011). The definite point to decide suitable cormbruct
methodologies is how well this chosen method could minimize the risk of pipeline
failure or exposure (Veldman 2008). Due to several restrictietsted to
construction regulations from each site, the number of detail fashansld be
considered when determining the most suitable watercourse crassitgpds
(ENGP 2011). Here is a list of the main considerations:

(1) Influence of fish and fish habitat (including the species andildges)
at the crossing location during the time of construction

(2) Construction consideration: complexity, risk, safety, schedule and cost

(3) Geotechnical consideration: feasibility of trenchless method, the
stability of the valley slopes and the risk of debris flow

(4) Hydrologic consideration: flow volumes, channel stability

(5) Dealing with aboriginal group, regulations, community, and
stakeholders

(6) Temporary and permanent access requirements

(7) Pipeline operation and integrity

(8) Maintenance
11



(9) Prevention of wildlife habitat

A river classification system is a particularly cruciabnsideration for
designers and engineers to decide the underground construction mettesdofoqgi
pipeline excavation. In real river crossings’ projects, therdaanetypes of river
classifications to decide the construction methodologies (MGS 2004) fifst
type is the size of the river or stream. This first typeeigulated in a water
channel that has a lasting flow and a drainage area gtbaterL,000 krh The
second is the channel with lasting flow less than 1,00bokmartially frozen to
the channel bed during winter. The third is a water channel thiaizisn to the
bed and does not flow in winter. The last one is a transient era®sing, such as
a swale and depression. This classification of water coursddwa®rly during
spring runoff, and there are no apparent banks or evidence of annualrgdedime
transport. Conveniently, the first classification could be calledrge”, the
second “Medium”, the third “No flow”, and the last “Transient.”

After and during the period of construction, the elevation of downstream
sediment loads are caused by open trench crossings. Thus, incoedeid the
sediment related environmental impacts, the alternate crossihgigees have
been utilized in river crossing installation. In open trench method, an
environmental restriction in construction sites leads an innovativénoohet
“Isolation method.” Isolation method is used to reduce the environmantha
ecological damage caused by reckless excavation. Thisiasolaethod is also
divided into two detailed ones depending on the construction site @ftuati
isolation with dam and flume and isolation with dam and pump. In to@laoter

12



crossing project, determining the suitable method of river crossingtreiction
was confirmed by the watercourse classifications menti@abede. Figure 2.1
below shows the decision making chart depending on these watercourse

categories.

Is isolation Yes
method —> I solation
available?
Yes
Spawning & No l
overwintering
habitat ?
Is trenchless Yes
method —> Trenchless
available?
Watercourse
Classification No
No
Open Trench

Transient

Figure 2.1 Construction Method Selection Diagram of River Crossings by
Water Classification (MGS 2004)

In summary of decision making for construction methods, the sizeen$ ror
streams with steady flow should be considered to minimize envirtame
damages, such as spawning and overwintering habitat. Thus, if thassi
restricted by this regulation, then an engineer must considesdlagion methods
first. If this method is feasible for that project, then itlwié determined as the
best method. However, it is not feasible at the project site, another option could be
trenchless. The suitable method for the third and forth watercolassification
(No Flow and Transient) is a conventional open trench.

Another way for selecting the best method of river crossings eoudd, but
this way has generally been utilized in actual projects. Kiingc¢he feasibility of

13



the construction technique proposed for the various water crossipgad$eon
site studies and the actual construction conditions at each cro¥siagnext
section describes the detail methods and procedures of each construction

methodology.
2.2.1 Open Trench (OT)
2.2.1.1Conventional Open Trench Technique

As shown in the Figure 2.1, open trench (OT) has four types: convdntiona
excavation and isolation methods (dam and flume, dam and pump, and coffer
dams). The traditional OT method (conventional excavation) at rivessings
has the same procedure of ground pipeline projects: cutting the scbsoirfhe
riverbed, lowering the pipeline using a crane, and backfillinge Trench is
generally excavated and backfilled by either a backhoe, or a driédige width
of the river is large, then thBauermandragline system is mostly utilized for
excavating work. This system consists of a tower or a cranesctmg draw-
cables hooked with buckets (see Figure 2.2) that move back andofestbavate
and dump repeatedly. It is suitable for excavating wet materials asutint, mud,
muskeg, blast rock, sand, gravel, large ditches, lagoons, and pipeline rive

crossings.
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Figure 2.2 Sauermann Dragline Systems (Top) and Bucket (Right)

The conventional excavation method is a pipeline installation method
without any isolation or diversion of flow away from the work araaigure 2.1,
this conventional excavation method is chosen when the river or stresanoha
flow or there is a swale or depression site situation. Alsohefet is no
overwintering or spawning in watercourse, this conventional OT could be
accepted. However, this conventional OT could be the terminal method unles

other construction techniques of water crossing are available.cdhigentional
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OT crossing technique is utilized to limit the duration of streetivity, because

this method could minimize the period of instream activity. Beméfitlude rapid
construction, mostly stable streamflow, and a relatively shortidoraf sediment
release. On the contrary, the disadvantage of this method obvisusati it
causes too much streambed and riparian vegetation disturbance, and high
sediment release potential. So, the conventional OT method must b& ueed i
sensitive watercourses that do not have an instream recoveegsagent, and

planning (RAP) program.
2.2.1.2Isolation Method (Dam and Pump)

Among OT installation methods of water crossings, the isolatidhods
were developed to minimize the release of sediments at the Tfite first
isolation method is dam and pump. If it is expected that a watsegua project
site has flow through a location or is concerned with the potential issue ofdish a
fish habitat, the watercourse needs the isolation methods. Among these
isolation with dam and pump is to dam the watercourse to excavate w
maintaining clean water flow around the crossing location using puiiyes.
construction crew must make sure there is enough workspace for, pgmeline
work, and accessibility for both crossing sides. When the sitanleandering
channels and irregular streambeds with low flow, this isolatiadh dam and
pump is a more suitable method than flumed crossing (Reid et al 2@04h
will be described in the next section. This dam and pump method is good f
minimal sediment release, but it is restricted to the idiali and removal of

dams. Also, the way of fish salvage is required in the wateredacation, and
16



river banks and riparian vegetation must be restored. Figure 2.3 lelaw

isolation method with dam and pump.

Downstream Dam

Upstream Dam

Temporary Bridge

Figure 2.3 Isolation Method with Dam and Pump

2.2.1.3Isolation Method (Dam and Flume)

The strict environmental regulations for construction methods of river
crossings and waterways have been enforced since the mid 1980&orideens
of damaging the fish habitat and spawning beds, which are ruineohisyruction
excavation, brought the renovated open trench methods to minimize thgedama
of the ecosystem in river and stream environments. Methods of cdistruc
employing water dams or flumes (or a combination of both) aitossolate the
construction activity from the waterway in an effort to elintgnar minimize the
discharge of silt. Fluming, on its own, is the simplest method e&strdiversion
and usually the most economical. Figure 2.4 below briefly depictadotation

method with dam and flume.
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Flume Seals

Flume Seals

Steel Flume —

Temporary Bridge

Figure 2.4 Isolation Method with Dam and Flume

The watercourse is intercepted and diverted through a suitabty @ze
or carrier. However, if the river flows are too large, diversipn means of
fluming becomes impractical. As similar with dam and pump method, this method
also requires the salvaging of fish and the restoration of nmpamgetation.
Construction should be careful to not block or damage the flume pipelas w
These isolation methods, including dam and pump, are best suited éocouase
construction in environmentally sensitive sites. However, these metheds
restricted depending on the size, flow, speed, and volume, and ctiastruc
duration of watercourse. In particular, the normal flumed method caovet
over 4 ni/s of the volume of flow. The superflume, which is a newly developed
approach to cross sensitive watercourses, has been recently developed toecover t
larger capacity of flow volume estimated by 1&/sr(Reid and Anderson 2000).
However, this method could cause a large volume of water seepage duri
crossings. Hence, the volume of water must be pumped from the werk s
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quickly. The method is required to monitor for containment ponds or discharge
locations. This is much fitted with large diameter pipelinessings unless
Horizontal Directional Drilling (HDD) is applicable due to econcah or
construction risky reasons. Thus, isolated crossing techniques couttebe

remarkable way for protecting aquatic environments.
2.2.1.41solation Method with Cofferdams

Two isolation methods mentioned above are mostly utilized in smzall si
of river or stream. Instead, isolation method with cofferdanselscted for big
size of river or stream. This isolation method is to construadferdam that
builds a partial island in river for in-stream work. Figure 2.lbWweds shown the

isolation method using cofferdam for a big scale river pipeline work.

lst Step 2nd Step = Installation

+—Pipe Direction

Installation N
Direction i Ll Pipe

Figure 2.5 Isolation Method with Cofferdam for Big River

In Figure 2.5, the partial area in the first step is isolatetl @lows in-
stream work for pipeline installation. River flow is allowtd continue in the

remainder of the channel. After the first step is completedsé¢hend step is to
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make a cofferdam for the isolation at the other side of rieared the pipe (see
Figure 2.5), and connect the opposite pipeline installed previously. férdaimn
can be constructed by using different materials (i.e. steet pleg, sand bags).
The suited materials for a cofferdam are influenced byrskvéactors, such as
depth of water, available space, duration of works, bed conditionss#utty,
and potential ingress of water. Besides these factors, gascatical to consider
the environmental impact. The height of a cofferdam should be considered f
potential fluctuations in water levels. Before removing the coéfer, the work
area must be re-watered to avoid sudden ingress of water. Whers alesper or
flow is faster, piled cofferdams are mostly utilized for arlagon material. Also,
besides the size of river, this isolation method with cofferdasngenerally

chosen unless trenchless technologies are effective (SEPA 2009).
2.2.2 Horizontal Directional Drilling (HDD)

In the early 1970s, for the river crossing a HDD installatiothote was
utilized by an innovative road boring contractor who completed thesingps
works of a 183 m using a modified rod pushing tool with no steering capabili
(DCCA 1994).Since then, a HDD installation method is one of the most reliable
techniques to choose due to minimum disruption of subsurface, shorter
construction duration, and small construction footprints at river cipgspeline
projects. For these particular reasons, environmental protectignlarery
agencies and environmental non-government organizations lead pratitione

select the alternative method of river crossings, which could nzeintie
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environmental damage. In this situation, HDD installations are ons#¢o be a
suitable technique for river crossings.

HDD installations have three steps for crossing projects. Téiedine is
pilot bore, the second, reaming, and the last, pipe pullback. Belbw fegtire of

pilot bore and tracking procedure, which is the first phase of crotsthgique

(Figure.2.6).

Figure.2.6 Pilot Bore in HDD (Lueke 2005)

At an entry angle between 8° and 20°, the location of a smalletikam
drill head is launched to the horizontal (Ariaratnam and Beljan )2(D#&lling
advances until the surface of a preplanned exit location is foungerieral, a
transmitter (sonde), which gives the information of a pilot tubetitatainder the
river, is installed with the drilling bit. Alternatively, thergeatwo tracking
systems such as a wireline or wireless non- walkover sySterough obtaining
an electromagnetic signal field, the depth, pitch, roll, and ostgiosition of the
drilling head are shown by the tracking system. The objectivihisftracking

system is to find the actual location of the drill head duringotire progresses.
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There are a few limitations for this tracking process, becausight be disturbed

by buried utilities, steel structures, and several lines.

Figure.2.7 Reaming Work in HDD (Lueke 2005)

The second step is reaming (see Figure.2.7). The reamer ledhsiber
the pilot bore has arrived in the exit hole. Reaming is a veppoitant step,
because the hole should be expanded before the pipe pullback processhplaces t
new pipeline inside the bore. The size of reaming is generally rhés tthe
diameter of the product line, even though this will be changed depeoxlitite
site conditions and the whole length of the installation (BennettAaiadatnam
2008). This reaming step helps reduce the frictional effects irpitheess of
pullback step and moreover, reduces the bending moments. To earnithlel@es
upsizing prior to the pullback course, a prereaming step is requipsstiasy for
the large diameter sizes of pipes. The number of reamirgpendent on the soil
properties, pipe diameter sizes, and drilling preferences. Inyarticf the pilot
bore encounters hard soils, or rocks, then the additional reaming sEeca®
required owing to torque limitations and cleaning plant capacity.tt®rpipe

pullback process, the product pipe is connected with the reamer.aAdsavyel is
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installed with the product line to allow only a reamer to drill aothte. This
swivel system helps to protect the product pipes from over- totstieas due to
the pullback process.

During all steps of HDD installation, in order to reduce the itnal
coefficient between the product line and surrounding soils, drillingsjunixed
with bentonite and water or added selective polymers or other agenitsstalled.
Stabilizing the borehole, removing the cuttings, reducing the torqubeodrill
string, lubricating the drill pipe, and cooling the drill bit could beg@od
description of the roles of drilling fluid installed particularly ithgr the pullback
step (Bennett and Ariaratnam 2008). Through the reamer orifiakisigdiluid is
installed during the reaming and pullback phase, transporting the suttind
preventing the enlarged borehole from collapsing. Also, drillingl forovides the
lubrication that reduces the frictional effects between the prquipeline and the
borehole wall. Furthermore, this existence of drilling fluid during pullback

step reduces the probability of the product line stuck under the water body.
2.3 Soils Typical of River Crossings

In order to decide the construction methods, one of the importantsfabsir
must be considered is the soil properties of riverbeds. It is rmegeky a
researcher to exactly understand soils typical of river ergsdor analyzing the
results of buried pipeline behavior. Thus, in order to learn soilsalypi river
crossings, the origin of riverbed soil must be confirmed abdiveThe soll
properties of a riverbed could be different in terms of topograplgaogy. The

types of river are a critical element to find the informationtygical soil
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properties as well. Rivers can generally be divided into eithevial] bedrock or
a mixture of the two (Julien 2002). The classification of river betl is
dependent on the topography and geology of the riverbed. Unconsolidated or
weakly consolidated sediments are the major components in allivesk.r
Moving sediments or particles composes riverbeds or banks, whictaked
alluvial rivers. Alluvial rivers erode their banks and deposit neatem their
floodplains. The channels of alluvial rivers are formed by tledras through
experiencing the magnitude and frequency of the floods. This remetgent
ability of erosion, deposit, and the transportation of sediments. Alluguoose,
unconsolidated soil or sediments, eroded, deposited, and reshaped by water in
some form of a non-marine setting. Alluvium is typically made up vériety of
materials, including fine particles ofsiltand clay and largeartiges
of sand and gravel. When this loose alluvial material is depositedmented
into a lithological unit, or lithified, it is called an alluvial degosThe bed
material in an alluvial river is relatively coarse at thadweaters of the streams
whose slopes are steep. Contrary to the headwaters, the hsateria relatively
smaller at the downstream. Bed materials vary from bouldersabtules to silts
and clays.

Bedrock rivers are found in upland and mountainous regions. Their formation
is made by cuts into the bedrock with the abrasion that sedimeni® iflow
produce through collision with the channel bed. Bedrock rivers frequentiyde

alluvium on their beds that contribute to the eroding and carving of the channel.
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The research reflects the environment of actual pipeline iastallsites that
typically have alluvial types of riverbeds. Koloski et al (1989)na&l alluvial as
sediment deposited by streams. They made the report related gedlugic
characteristics and origin of earth materials commonly founchén state of
Washington to certain geotechnical properties. This specific datd beuliseful
to recognize the general range of values for typical geoteclprimaérties, but is
not representative of all riverbed features. Based on the reporvlosk( et al
(1989), alluvial was divided into two types: high and low energy allukialvial
with high energy generally means coarse sediment such ase cszmnd, gravel,
cobbles and boulders that have been deposited by fast moving wates ditesi
found in the headwater stream. Alluvial with low energy is firergad soil, such
as fine sand and silt deposited by slow moving water. This césubd in middle
or downstream. The soil properties of river crossings can bedliffeegarding
the location of pipelines buried. The research focused on the aliuvalow
energy, which is the experimental soil utilized in this laboratesy, Based on the
unified soil classification system (USCS) from the AmamniSociety for Testing
and Materials (1985), alluvial river with low energy is specifredL (silt), SM
(silty sand), SP (poorly graded sand), and SW (well graded sande TU#®CSs

approximately describe the status of typical riverbed soils.
2.4Pipe Buoyancy Theory

This section focuses on describing the original buoyancy theotywha
created by Archimedes. Using this original buoyancy theoryhulogancy theory

for buried pipelines was created. Two buoyancy theories creat@ffand HDD
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methods could be a good description for discovery of the buoyant factors

affecting the stability of buried pipelines through the buoyancy theory.
2.4.1 Buoyancy Theory: Archimedes’ Principle

In 212 B.C., Archimedes, the Greek scientist, discovered an object
immersed in a fluid is buoyed up by a force equal to the weighheoffluid
displaced by the object. This became known as the Archimedesigie. The
Archimedes’ principle applies to objects of all densities. If deasity of the
object is greater than that of the fluid, the object will sinkh# density of the
object is equal to that of the fluid, the object will neither sink fimat. If the
density of the object is less than that of the fluid, the objedtflwdt. When a
body is totally or partially submerged in a fluid, a resultantd acts on the body
pushing the body upward. This force is called the buoyant force afgitade is

given by the weight of the fluid displaced by the body. That is

Fs =pgV (1)

, Wherep is the density of the fluid, g is the acceleration of grawhd V
is the displaced volume.

Similar with the description of object density for buoyancy theory,
buoyancy can be explained as the relation of the center otygraiie direction
of this buoyant force is upward and it passes through the cémgeawvity (CG) of
the displaced volume (not the CG of the object itself). This poictlied the
center of buoyancy (CB). For a partially submerged or floating ,bibdyweight

displaced by the fluid above the liquid surface (usually air) Ietively small
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compared to the weight displaced by the liquid, hence it can beatedl A
completely submerged body is said to be in stable equilibriurangsds its CG
(not the CG of the displaced volume) is directly below the CBhénevent when
CG is coincident with CB, the body is said to be in neutral equihtrif the CG
is above the CB then the body may be unstable, and the problem sdqctiner
analysis. Stability issues are of great concern in the mlegighips (a partially
submerged body). Consider a ship in an equilibrium condition such that CG is
directly above CB. If the ship is inclined, the location of CBhitad due to the
change in the displaced volume; if the ship is located such Bhét & the left of
CG, the buoyant force and the weight will form a couple. The tendentlyis
couple is to restore the ship to its original equilibrium positioncéehe ship is
said to be in stable equilibrium. If the ship is tipped such thatsGB the right of
CG, the produced couple tends to capsize the ship and the ship is now in an
unstable equilibrium position. This is the original principle of buoyathepry
when the object is partially or fully submerged.

In conclusion, buoyancy is the phenomenon that an object less dense than
a fluid will float in the fluid. More generally, Archimedes' ziple states that a
fluid will exert an upward force on an object immersed in it etuéie weight of
the fluid displaced by the object. This principle will be apptedreate a theory

of buried pipeline submerged in saturated soils.
2.4.2 Design Methods of Pipe Floatation in Post-Construction

The buoyancy theory mentioned above can be applied to the shallow cover

floatation effects for pipe installations in submerged soils @&®6). A high
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density polyethylene (HDPE) pipe has higher probability for buoyamicgn
installing the pipe material in areas having a high wateetablwhen trench
flooding is likely to occur. In the status of water crossingsatemtable is always
higher than the location of buried pipelines. Basically, this suggésteghncy
theory in PPI (2006) could be applied when the water table asddan a higher
position than the buried pipeline regardless of topography. PPl (20067isp
that pipe floatation in submerged soils occurs when the ground wateuisding
the pipes produces a buoyant for®¥d,) greater than the sum of the downward
forces provided by the soil weightWg), the weight of the pipeVy,), and the

weight of its contentsW) (PPI1 2006).

Ws +Wp + (We) < Wiy (2)

Not all factors \Ws, Wy, W, and W) presented by PPI (2006) were
considered in Eq. (2). In our research, the weight of a pipe’s corii&)tsvere
not considered, because the research for the pipe floatation onlyssiaseal
when an installed pipeline is not being operated. Thysis excluded in the
theory and experiment. The buoyancy theory will be utilized for praduthie
results of the theoretical method that will be compared to those of the egperim

Figure 2.8 presents how the experimental test for pipe floatsiimrates

the traditional open trench installation pipeline.
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Figure 2.8 Pipe Floatation Theory in Traditional Open Trench

If the weight of water replaced by pip@/() is larger than the weight of
the pipe plus soil overburden, a buried pipe floats to the surface. Eaissnthe
major factor of pipe floatation could be the weight of soil overbur®h the
weight of the pipe. The weight of a pipe is dependent upon materiaietdig
and standard dimension ratio (SDR). Thus, the critical factorngmeer must
consider for buoyancy is how deep the buried pipe must be installedirey
specific geotechnical situation. Denser soils increase the uopdistance force
regardless of soil types (Cheuk et al 2008). Soil density is invaivethe
calculation ofWs that is an important part for producing the uplift resistance force.
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Thus, a key point of pipe floatation for traditional open trench willdbmanage
the depth of cover over a buried pipe. Table 2.1 shows the weight of tisg\pjpe

used in both the experiment and the theoretical calculations.

Table 2.1 Weight of High Density Polyethylene (HDPE) Pipe (PE3608)

Pipe Size (mm) OD (mm) W, (kg/m)
50 (SDR17) 60.3 0.64
75 (SDR17) 88.9 1.38
100 (SDR21) 114.3 1.87

The properties such as weight and diameter were provided by asigcPI
Pipe Institute (PPI). For this particular research, three etens (50, 75, and 100
mm) were selected to be used in the experiment. The Standash$§)on Ratio
(SDR) for the HDPE pipes used was as follows: SDR17 fol5¢henm pipe,
SDR17 for the 75 mm pipe, and SDR 21 for the 100 mm pipe. These \B8&Rs
chosen because they are often utilized in real pipe installathaiditionally,
these pipes also have high probability to float to the surface, soathibelp to

present a significant difference between theoretical and experimesuibr

Table 2.2 Weight of Water Replaced by a Pipe (the buoyant force) in OT

Pipe Size (mm) OD (mm) »w (ton/nt) W, (kg/m)
50 60.3 2.87
75 88.9 1.0 6.22
100 114.3 10.27
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The weight of waterW,) replaced by a pipe in traditional open trench
installations is obtained by multiplying the replaced volume buréed pipe and
unit weight of water ),: 1.0 ton/ni) together. Table.2.2 shows the weight of
water displace by each pipe used in the experiment for OT. Tharrof this
value is the buoyant force that causes pipe floatation. To impedeuthant
force, another factor, the weight of soil overburdéw)(was calculated. The
results of the weight of soil overburden vary depending on various depth-t
diameter (H/D) ratios. First, the equation of the weight of @agrburden \(\y) is

presented by
W (Ib/ft) = (ys - yw) % [(4-7)/8 xOD + H{ x OD (3)

whereys is unit weight of saturated saitgy is unit weight of waterOD is
outer diameter of the HDPE pipand Hsis the deptlof cover over a pipe. The
weight of soil overburden is proportional to H/D ratios that could beaited to
find the critical depth of cover for each diametdg.is the only variable for this
theoretical method. Depending on varyidg the weight of saturated soils over a
buried pipeline is changed. A% increases, the total vali; also increases. If
finding the value oHs that stops pipe floatation, the calculation will be stopped,
and this obtained value could be compared to the critical depth of couetHe
experiment. When considering soil overburden, as the density of thecsedses
the uplift resistance force increases regardless of théypeil(Cheuk et al 2008).
Soil density is integral to the calculation\df. The weight of soil overburdei\f)

is calculated as the volume of soil cover over a buried pipe ugngra model.
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The buoyant force W,) is determined by multiplying the volume of outer
diameter by unit weight of water. This buoyancy model assumedathianit
equilibrium solution known as the vertical slip model applies to yistem as

described by Schaminée et al (1990).

Drilling
Fluid
(W)

Figure 2.9 Pipe Floatation Theory in Horizontal Directional Drilling

In directional drilling installation, the failure theory of the pif@atation
was applied in Figure 2.9. Unlike Figure 2.8, there is an additivierfathe
weight of drilling fluids in the annular space, which is the dougkhape in red
(see Figure 2.9). Drilling fluid in the annular space could be considerévo

influential factors that are utilized in pipe floatation theorlgeTirst factor is to
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increase the buoyant force due to a larger volume replaced lpptbkole. On
the contrary, the density of drilling fluid used or designed in exy@at or reality

is greater than that of water and of saturated surrounding sotbrdiagly, the
theoretical calculation in directional drilling considers this hole as the part of
uplift resistance forceWs). Also, the larger buoyant force, which is the first

factor suggested, is considered in the calculationoih Eq. (4).

Ws + Wp + WB + (Wc) < VVw (4)

Normally, filling the product pipe with water (increase th&) is
considered good practice to increase the effective weight gfipieeduring the
pullback step when utilizing HDD on larger pipe installations. Thisedeses the
pullback force required to install the pipe as the increase ictigeneight of the
pipe decreases the buoyancy of the pipe and the normal force thexpi® on
the crown of the borehole. It is very important that the amount of water in the pipe
during pullback should be controlled on larger installations because gaullba
forces are not inadvertently increased as a result of incrgageddrag in the
borehole or on the surface. For the diameter of the pipes utilizeithis
experiment ballast is generally not added during pullback, and ap#hef the
research was to compare the buoyancy of pipes installed byn@HRD, the
increased buoyancy assisted in conducting the experimental obmesy&tor the
situation where the HDD installation is completed sometime inpém, the
annular space will form a semi-cohesive material with low pability. This

annular space then may act as a much larger pipe displacingvai@rethan the
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pipe installed utilizing OT methods. Additionally, the annular spaméldvadd an
additional uplift resistive forcé/s) from the weight of drilling fluid and cuttings.
This approximation should be valid considering that bentonite clay is a
constituent of most drilling fluids, it forms a filter cake to\met water migration,
provides some cohesive properties, and like most clays has a lowgteirty.

Table 2.3 below is the buoyant force in HDD method.

Table 2.3 Buoyant Force in HDD

P'(pnf n?)'ze OD (mm) BD (Mm)  pw(ton/m®) Wy (Kg/m)
50 60.3 1015 8.09
75 88.9 127.1 1.0 12.69
100 114.3 177.7 24.79

In order to compare the behavior of a buried pipeline installed by
traditional open trench and HDD, the critical depths of cover, H/Ds;atre
computed by the theoretical and experimental method. The meaninD oatit's
is to minimize the value of depth to diameter ratio that cakenaaburied pipe
safe. If a critical H/D ratio is small, the pipeline does need large depth of
cover for pipe security. It means that this pipeline instaltéld small soil cover

has enough uplift resistance force against the pipe floatation.
2.5Previous Research of Pipe Floatation
2.5.1 Shear Strength of Saturated Soils

Soil is a useful building material, because it has the sheargsir to be

able to support itself and other loadings. Soils resist the com@redress using
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shear strength at contacting points between particles. In wibrels, this shear
strength of soil is the internal resistant force to rebestfailure (Das 2006). If the
maximum shear resistance of the particular soil is lolan shear stress acting
on soil ground, the original arrangement of soil particles vary, lsisddads to
shear failure of soil particles. Thus, when installing the pipelimder water, the
understanding of shear resistance for native soil could be necdsszayse shear
failure of surrounding soils around the pipeline induces the failuneipafiine
security. Geotechnical engineers must be able to predict thedpadia soil, its
strength, and determine whether it will be safe or how to modify it to makie it sa
A factor of safety against the shearing failure existfef applied stress is less
than the shear strength. To make a failure plane of a soil thasfynctional
relationship between normal stress and shear stress is exprdsse failure
envelope is basically a curve, but approximately regarded asa mmaction

(Das 2006). This function is shown as,

T =c + otan¢ (5)

where t is shear stress, c is cohesion, gnd angle of internal friction. ¢ anfl

are the value of inherent soil properties to represent the saigst that could
resist the failure of soil particles. These values are damathrough the direct
shear test. In order to research the behavior of buried pipeline®r crossings,
the first thing understand is the interaction between saturatédasa buried
infrastructure systems. The shear strength of soil could benhertiant factor for
studying the relation of saturated soils and buried pipelinextdirnal force (i.e.
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natural disaster; earthquake, flooding, and force induced by constrpobiogss;
pull back force in HDD) exerts native soils, the soil mass besastressed. All
soils have intrinsic shear strength to resist deformation igrreal force.
However, if this external stress is over the limit of thé'sshear strength, then
the soil will begin to lose its resistance to keep its calme$oil failure causes an
unstable ground situation, which can bring about various pipeline incidertd
normal stress in saturated soils, riverbed status, is the sume effective stress

(c") and the pore water pressures (u).

c=0+u (6)

This effective stress is derived from the pure soil solidshdf external
stress occurs in the ground, the pore water pressure (u) ingreasasse water
does not flow out quickly in saturated status, which causes the eareswater
pressure in the soil. The increased pore water pressureA() #s exactly the
same amount as additional stress)(from the external force, because effective
soil stressd’) is not changed (Das 2006). The shear failure of soil occurs if the
yielding stress at contacting points between soil grains is tbeeshear failure
envelop due to excess pore water pressure. Once consolidationtseasre
water pressure decreases as the soil solid stress irctess®Ise the additional
total normal stresss(+ Ac) is unchanged. The structure of soil particles starts to
vary in post-drainage due to an increase of effective sogsstiiéhe stiffness of
soil decreases, and soil structure cannot maintain a stabilized status. bigieck

pipelines in this damaged soil structure are also unsafe. Thushiéas stress
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theory including the interaction between pore water pressure feedive soil

stress must be considered for the behavior of buried pipelines in saturated soils.
2.5.2 Unstable Buried Pipeline by External Force

Soil liquefaction is a major reason for pipe floatation in s&tdraoils as
well. Kitaura and Miyajima (1985) studied the relation between budgard and
excess pore water pressure caused by an increase of theakekbece. They
described the development of the buoyant force in association with total soil stress
and external force variation. Water attempted to flow out fronsthieto a zone
of low pressure during the external force; however, the undrainecd sta not
allow water to move out smoothly, which causes excess pore pvassure. This
excess pore water pressure increased the total normalistsesbk After all, this
situation brought about the fluidal movement around a buried pipe, which
diminishes the uplift resistance force. In this research, ftheyd that the upward
force (buoyant force) does not act on the buried pipe as soon ascHss @ore
pressure increases. The buoyant force started to act whenctss gpore water
pressure built up to a certain amount.

Siddharthan and Norris (1993) also studied several factors relategoeto pi
floatation mechanism during severe storm. Heavy storm produced tlvave
could make residual pore water pressure. This increasing porepsassure can
largely diminish the uplift resistance force. This researdiectfat an increase of
residual pore water pressure by wave affects an incredlse pbsitive buoyancy,
and reduces the effective mass of the deposit owing to the upvegraiyse Teh et

al (2003) studied the stability of a marine pipeline in moving lapefied soil
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beds through an experiment, which simulated a buried pipeline in fluawe. In
liquefied condition by wave, it was found that floating or sinking depthafor
buried pipeline is mostly related to the pipeline specific greay liquefied soil
parameters (Damgaard et al 2006).

Overall, it is found that the behavior of buried pipelines in saturated s
could be linked in variation to an external force such as an earthquakeovitmati
a strong wave. The fluidal movement by the external force sdheedecrease of
uplift resistance force. In a saturated situation, providing expess water
pressure leads to the shear failure of soil as well. Funtrey; it is evident that
the shear failure of soil adjacent to structure could deterrhastatus of buried

structure.
2.5.3 Soil Arching Effect

Another factor to clarify is “soil arching effect.” Anson Mms insisted
that the load on the pipe conduit does not fully exert on the pipe dthee to
arching effect that distributes the load to the adjoining sotsirat the pipe
(Marston 1930)This is called “Soil Arching Effect,” which defines the action of
transferring forces between native soils and stationary steugtudetail. Since
this has been studied for a century, Arching Effect has beemgnieed as a
critical theory when underground infrastructure is designed and gotestr The
redistribution of soil stress during or post construction of underground
infrastructure occurs by the difference of the stiffness betwssel and the
infrastructure system (Tien 1996). Also, this theory could explaimnteeaction

of saturated native soil and artificial structure installed unadhnéhe river.
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Hence, the critical connection between soil loadings and burietingidailures
(i.e. settlement, deflection, break, and buoyancy) could help reveal the drebf
buried pipelines by learning the soil arching effect. When imsggfl man-made
structure in native soil, the shear resistance of the origmalcentrols and
distributes the amount of vertical soil pressure around the strudhisecauses
the stress to move on soils adjacent to the underground structuragfier243).
There are two types of Soil Arching Effect: 1) positiveharg, 2) negative
arching. The advent of different types of the Soil Arching Effecelevant to the
stiffness of structures and the status of soil compactions groed (Tien 1996).
First, different arching effects are produced by differencdbe stiffness
or the compressibility of structures as mentioned previously. ®heef (i.e.
positive arching) is when the structure installed is relatiflelible compared to
the surrounding soils. This flexible pipe is more compressible than
surrounding soils. Stress inclines to move at the more compressBke so this
pipe, a more compressible one, is quickly compressed compared teramais
technically. However, the actual stress exerted on thebfeeyipe is lower than
theoretical values, because the excess stress above thesfl@piblis diminished
by the positive arching effect. The latter one (negative artheanthe opposite
situation against the former one. This negative arching normafipeins to a
rigid pipe, because adjoining soils are more compressible thgit goe. Hence,
soil pressure is transferred to the center above the buried pipelttsioe@ring in

order to balance the stress acting on the plane.
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The second factor affecting the stress redistribution is theisstaf
compaction (i.e. backfill and bedding). Assuming the bedding is well-cctegha
insufficiently compacted backfill over the pipe could have high vérstass
relatively because the backfill is more compressible thawenatil. To reduce
the vertical stress for unconsolidated backfill, positive archirg@cthe backfill
so that the excess vertical stress on the pipe could be tradster side soil.
Contrary to this situation, negative arching acts on well-coragdaaackfill over
the pipe, meaning it will cover more stress for surrounding soilss Thi
redistribution of stress happens because the artificial steuatusl soil medium
respectively have different stiffness and properties for suppdhengriginal load
together. To sum up, this arching effect is contingent on the stffoka mass
(i.e. soil and structure). In reality, engineers and designersdeorthis arching
effect for the deformation of pipe or pipeline settlement when diegjgthe
underground structure (Tien 1996).

For traditional OT, the excavation of surface soil under the readd
native soils to lose their inherent stiffness. So, when burying thena@and after
backfilling, it is expected that the stress on the buried pipelithéncrease due to
the extra stress moving from loose backfilling (Negative Amghihis occurs
because the stiffness of the buried pipeline could be largeritbdadse soil that
lost its intrinsic stiffness. On the contrary, the positive archaffgct mostly
occurs in the case of trenchless construction, because the surrowadsig
adjacent to the pipeline installed by trenchless technologyadireenwhich keeps
the intrinsic stiffness of soil intact (Najafi 2010). Upward simepstresses along
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the sides are induced by the relative high vertical soil pressunreerging on the
pipe, and this action produces positive arching in order to decreasmathef
vertical stress above the pipe. The adjacent soil might have Eiffeess than
the buried pipeline has. Thus, the partial loading stress coneehtiathe buried
pipeline moves in the surrounding native soils for stress equilibriuns. Sdil

arching effect informs the soil itself to control the loadstigess adjacent to the

underground structure in order to prevent soil failure. Furthermorese the

understandings of saturated soil interaction within the infrastreictystem could

help to analyze the final results of the pipe buoyancy research.

In summary, learning the soil behavior is important, because the behavior

of a buried pipeline is contingent on the interaction of soil st&aaclusively,
this soil arching effect informs that solil itself tries tontrol the loaded stress
adjacent to the underground structure in order to avoid the soil faigre.
mentioned above, the relatively resistant force and sheanegg#t of soll
against the excess load could be a considerable relationship inflyethe
behavior of buried pipelines at river crossings. The next is ptaiexthe uplift

resistance force, the factor preventing actual pipeline floatation imside
2.5.4 Uplift Resistance Force

In previous research of pipe floatation, most of the studies d¢doois the
upheaval buckling that occurs when gas or oil with thermal heaansported
through the long pipeline installed under the ocean. This pipeline @tgasgas
or oil with higher heat and pressure much greater than the surrguwsetinvater.

This thermal discrepancy induces a large compressive foreessilt of the pipe
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and seabed friction interactions, and then this compressive forkesnthe
pipeline expand. This expansion leads to the longitudinal buckling that itinekes
pipeline move upward (Ng and Springman 1994). In real pipeline installations
upheaval buckling occurred in the North Sea due to an inaccurate reaiefin in

the depth of cover (Bransby et al 2001; Nielson and Lyngberg 1990ifidresu

depth of cover or design error happened because the upheaval buckling has not
been accurately considered.

To understand this upheaval buckling in detail, it is very criticdéaon
the uplift resistance force which prevents the pipe floatation. Cheak(2008)
found that the uplift resistance has to be mobilized to avoid the beginhing
buckling phenomenon at an adequately small displacement under @ pipee
Thus, understanding the uplift resistance and the mobilization distdneceipe
movement before the maximum uplift resistance force is reldeheritical when
designing offshore pipe installations (Palmer et al 2003).

Centrifuge tests were the method used in the calculation of uplift
resistance forces. Centrifuge tests have been extensiveéheditih the study of
soil structure interaction (Wang et al 2009). The principle behinadtaifoge test
is that the soil behavior in a small scale model can be créateel identical to
that of a full scale prototype if the stress condition in a sswale model is the
same as those of the full scale prototype. Thus, a centrifuges @sonvenient
way to determine the value of uplift resistance force wdnéull scale prototype

cannot be established in a laboratory.
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Trautmann et al (1985) analyzed the relationship between upliftaresss
force, cover depth of pipe installation and soil displacements. Thgndesia
buried pipeline in areas of vertical ground movement was patgrtlent on the
magnitude of the forces on the pipe and the soil displacementsdt thbly are
developed. The maximum uplift resistance force was produced hthispecific
range of soil displacements. The maximum uplift resistance foccurred when
the displacement of soil materials ranged from 0.005H to 0.015H ggngal
depth of installation, dimensionless).

Schupp et al (2006) focused on the relationship between depth of cover,
uplift rate, pipeline diameter, and pullout resistance in drained andhinadr
status simulating the buckling in a model pipeline under laboratory comsland
observed the relationship between soils and pipes. In the test of buketlse
research confirmed that the displacements around a buried pipavarsely
proportional to uplift resistance force at each different diameter size.

The relationship between uplift resistance force and soil demlect has
been studied by showing the real behavior of a pipe, which revdaedadil
density influences the uplift resistance force regardlessibfypes (Cheuk et al
2008). Cheuk et al (2008) concluded that the inclination of the shear zone that
affects soll friction is contingent on the soil density, with dessdrbeing more
dilatant. The magnitude of the peak uplift resistance is unaffbgt@article size
for the chosen cover depth-to-diameter ratio (H/D). Howeverwidéh of the

shear zones is strongly dependent on grain size. As a reslufticsioin affected
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by shear zone tendency could have a connection to uplift resistgjacdless of
grain size.

El-Gharbawy (2006) utilized the scale-model tests of a buried pe@adi
loose silty sand in order to examine two traditional uplift tesise force
equations (i.e. Schaminee and Pedersen) that have been genenalkbg uril
offshore pipeline. The results of the uplift behavior in the rebesihowed that
these traditional Schaminee or Pedersen uplift models may nosiieahble for
forecasting uplift resistance of pipeline, especially in lowckflh densities
because it found that the traditional equations for predicting upbfstesmce
produced uplift force higher than actual uplift force.

Cathie et al (1996) discovered very high void ratio in backfill edyspe
uplift. Subsequently, White et al (2001) proved that the relative deoisgpils
(mostly sand) has a strong influence on the uplift resistamae.fIf backfill
density is increased, uplift resistance will be increased. fEsslt is the same
effect as burial depth is increased. They explained actual kimemethanism of
pipe uplift, and investigated the connected resistance. They useetrommi
centrifuge (a 0.8m diameter) for an uplift test. Howeves, deisign method needs
the angle of dilation as an input parameter.

Mohri et al (2001) discussed the behavior of buried pipelines and adjacent
soils about pipe uplift by using a distinct element method (DENEMDs the
good method to describe a large deformation for both ground and underground

structures with small-scale model tests. They explainedtbaldvelopment of a
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shear band and the flow of soil particles around a buried pipe deterophid
resistance forces.

Bransby et al (2002) presented the capacity of uplift force in- post
installation when “Jetting” method is utilized for open trench exoavain
offshore pipeline projects. Jetting is the excavation technique nfooffahore
pipeline: a trencher is driven over the seabed, excavate and penetrghe
trencher with 2 jet legs pumps out water, which demolishes tihetete of clay.
During jetting, the seabed soil loses its intrinsic strength igndiquefied
completely. The research used centrifuge model tests faiaging the status of a
buried pipeline on completion of jetting and studying the uplift force and the load-
displacement behavior of buried pipelines in undrained status and dsiatesl
The research concluded that uplift force in undrained status was tbamernn
drained one.

In submerged condition, Endley et al (2009) demonstrated how various
liquid limits (LLs) in the particular silts or mud could affgupe floatation. They
simulated pipe floatation tests in terms of various bulk densitidwreé different
soil types, changing liquid limit (LL) by adding water thrbutpe field tests. The
range in H/D ratios utilized in this test was from 1.5 to 2.0aAssult, the uplift
resistance force decreased exponentially as water contergasadr Polyvinyl
chloride (PVC) pipe buried in very soft soils did not float at mogstontents
about 1.2 to 1.4 times the original LL regardless of soil types. Henwvavdid
float at about 2.3 times the original LL that produced the maximuoatation
force in very submerged soft soils.
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In shallow installations, Wang et al (2010) insisted that shearilootdn
can be applicable for uplift resistance force even if the HfiD designed is less
than 1.0. The current industry tended to ignore shear strengtheffec the H/D
ratio was designed less than 1. They implemented a soil athechanism,
vertical slip surface model, in loose, dense sand and gravel, and phavdbet
shear strength in the shallow cover depth (less than 1.0D) congritouteplift
resistance force.

In summary, the uplift resistance force has been researchddease
directions, such as depth of cover, soil properties (density and gjras), and
shear yielding zones. In other words, the studies of pipe floatation pkeena
have mostly been conducted by observing pipe behavior regarding ifte upl
resistance force and soil displacement, which means almogtvaktigation
concerned with pipe floatation has been oriented in the geotechniaogdouns.
Also, the trend in pipe floatation research was to present theemtihl factors
that trigger pipe floatation and the boundary condition affected byupthé&
resistance force. The next section describes the infludrdrdlimg fluid in HDD
installation that may cause different results for pipe behdagtween traditional

open trench and HDD method.
2.5.5 Annular Space

The annular space filled with drilling fluid in directional drilling
installations is a different feature from traditional open tref@f), and this is
expected to cause the varying behavior of a buried pipe in theiraepér The

definition of the annular space is the space between the outestdramh a buried
46



pipe and the borehole wall. In the middle of directional drilling itetiah,
drilling fluids in the annular space play various roles in theinlgilbperation for
protecting buried pipes and the borehole. Cleaning the cutting bit, dtibricof
the pipe, transporting the cuttings, and stabilizing of the boreh®lihe purposes
of using drilling fluids (Knight et al 2001). Mostly, bentonite clayxed with
water is the major composition of drilling fluid. If needed, dnaahounts of
polymer are added to increase the yield. Bentonite mixed witlr Yeateulates a
low permeability zone around the edge of the bore, called “the dittee.” The
filter cake exerts a positive net hydrostatic pressuransigahe bore wall,
preventing native soils from entering into the borehole. If no fulade is formed,
the effective pressure on soil particles will quickly decreaseero, even at a low
drilling fluid pressure owing to the rapid drainage of the dgllfluids into the
loose soils (Wang and Sterling 2007). The ideal conditions for tlee ¢ihke are
fast-formation, smoothness, and reduction of the movement between timg drill
fluid in the borehole and native soil. To strengthen the filter caki&ing
bentonite with polymer helps the drilling fluid flow into the boreHméeause the
required elements for the optimal drilling fluid are less viscosore pumpable,
and flowable to maintain the original shear strength of the flusths@ucting the
optimal drilling fluids in the annular space could be the major point for
constructing a sturdy borehole. Deciding the optimal mixture indr fluid
depends on the native soil around the planned borehole.

Hypothetically, low permeability made by filter cake insitie borehole
may increase buoyant force due to the larger volume of the bonedpbdéeing
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native soil. In other words, the displaced weight of water, the budyerd, is

larger since an outer diameter extends the size of the boreatkx (“Borehole

Diameter”). On the contrary, if the replaced drilling fluid hasager density than
saturated silty soil, which is native soil, this larger densiight increase the
uplift resistance force. As a result, these two points mentionedhfiuence the

result of pipe floatation tests in opposition.

The pressure of the annular space during or after installationatsasbe
considered just in case various modifications related the annulae spag
potentially affect the behavior of a buried pipeline installed B3DHmMethod.
Kennedy et al (2006) investigated the initiation of tensile fractiging finite
element analysis for simulating the sand material and tlezchlke around the
borehole. The research examined the soil response depending oniahervaf
mud pressures. They found that hydraulic fracture may be causeuidyoss.
Mud loss was identified by two mechanism theories, such as flomuaf by
tensile fractures in the ground and unconfined plastic flow of theaujaoils
induced by mud pressures during HDD installation.

Larry (2004) studied the engineering design of HDD installatian
polyethylene pipe. He examined design considerations for HDD latgial by
checking several design equations. When considering the pressurcldBD
installation, the designer must confirm not only the requirementgutiback
installation but also buried pipe behavior in post-installation. He alamieed
the pressure status for the annular space during pullback and posttinstal
During pullback, frictional resistance to pullback installation igeshelent on the
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net upward buoyant force that is proportional to the mud-cuttings rainteight.
In order to reduce the buoyant force, empty PE pipe is filled with water.
Baumert et al (2004) investigated installation loads and boreholgupees
of 19 commercial HDD installations. The soil type in these llagians was silty
clay. They found the existing model for predicting pull loads wastedein ideal
borehole condition that is a perfectly stable annular space filladaw viscosity
drilling mud. In this manner, the resistance of the annular spa@zsed by the
net buoyancy effect and bore friction at a contact surface betivegipe and the
borehole wall. However, they mentioned that this ideal situatiorotissame as
real situation. They took account of actual condition of the annulae dmac
considering a mud drag component related to viscosity of drill muzb, Ahey
explained the in some cases total fluid mud volume replaced lpipgeanay be
less than the volume of the pipe during pullback process. This will reduce the pipe
buoyancy effect. It can be indicated that the reduction ofdta mud volume
could be an influential element for the pipe buoyancy in HDD installation.
Baumert et al (2005) stated that the depth of cover, one of the primary
factors for design in HDD installation, has not been designedaraety due to
following only conventional design. When the depth of cover and drilling
equipment are determined, the amount of pulling load is one of the ramerdb
that must be considered. However, pulling load has been calculagetypigally
lower viscous shear of drilling fluid and the wrong skin frictioreféaient in
HDD, which is the conventional design style. In this manner, inaicdepth of
cover designed by pulling load could affect the behavior of a buried pipeline.
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To sum up, the annular space in HDD installation may affect tievim
of a pipe associated with the buoyancy phenomenon. The first faotdd be the
existence of the filter cake that is formed around the annusreshis filter
cake surrounds the annular space as a mass that has cohesionssgmpre
strength, and a low permeability due to hydration and consolidatios.€efigict
may lead the increase of buoyant force. Additionally, sewsttalies found that
diverse states (i.e. hydro fractures, tensile fracture, and nesdyse) around the
annular space may influence the stability of a pipeline during tar dhe
installation. Thus, it is anticipated that the existence of timellar space in HDD
leads the different behavior of a buried pipeline at river crossings be@eand
HDD.

In summary, this chapter presented several factors influerminigd
pipeline floatation in saturated soils through previous researche Thwential
factors are shear strength, arching effect, uplift r@scst force, and annular space.
If the maximum shear resistance of the particular sobwsef than shear stress
acting on soil ground, the original arrangement of soil particleg, ard this
leads to shear failure of soil particles. Shear failure ofbsading soils around
the pipeline induces the failure of pipeline security. Archiffgcé described
transferring total soil stress between materials in teoimdifference of their
stiffness. It provides how soil stress around a buried pipelieetafthe behavior
of pipelines. The equations and development of the uplift resisti@mce in
previous research help to understand mechanical soil responses pglise
movements. Finally, through previous research of annular spacentiapated
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that its features affect the buoyancy effects of pipelsudsnerged in saturated
silty soils. With prior research, the factors found in this chraptgst thoroughly
be confirmed with the research results in order to elucidate doynijgeline

behavior at river crossings.
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Chapter 3: EXPERIMENTAL DESIGN AND PROCEDURE
3.1Introduction

This chapter describes the detail experimental design and prodedyipe
buoyancy tests. The exact simulation results require systerpegparation,
methods, and procedure, which this chapter described. The objective of the
experiment is to simulate actual pipeline crossing constructionr uivées and
determine the distinct behavior of a buried pipeline in terms ofrdift
construction methods. This chapter mentions the experimental fadtqipe
floatation that may influence buried pipeline behavior in this expmrial design.
These experimental factors mentioned were acquired from thrgndasicess of a
river crossing pipeline. This chapter also described the expetainsoil, setup,
and detail experimental procedure. The experimental design igasdpa
described by two construction methods; traditional open trench (@d@) a
horizontal directional drilling (HDD). In HDD simulation, the detdéscription

for simulating the annular space status was illustrated in this chapteli.as we
3.2Experimental Factors of Pipe Floatation

Several factors that must be observed and analyzed before comatin
experiment were found. These factors were discovered by semgctual river
crossing design and construction process. There are four expealinsentp
directions for a detail understanding of influential factors eeléb pipe floatation
experiment. The first one is to determine typical soil propertie riverbed.

Finding out similar soil properties of riverbed status leads mef@ble
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experimental results and analysis. The reliable outcomes akesearch could
substantially help actual river crossing design or construction ggdoeprevent
pipe buoyancy. The second one is to organize a suitable experireetugalfor
this simulation. Imperfect experimental setup could interrupt praduaccurate
results for pipe floatation behavior. Hence, this apparatus mustciperfee
fabricated by considering there is no such impact from a wrapgrienental
design. In order to fix a pipe assembly while pouring soil-waigture, devising
supporting steel frames is a good example to organize suitablestable
simulation setup. The third one is to simulate the experimentategure
associated with different construction methods (i.e. traditionala®@d HDD).
Once the experimental setup was completed,a systematic procedurethd
experiment must be developed by considering actual pipeline constructioasoroce
While creating a practical procedure, limitation and drawbacksn fipipe
floatation experiment are confirmed. Those limitation and drawbaekseduced
at a minimum. Lastly, two different construction methods have disbtiedding
status in post-installation. The research tried to simulateetiidoedding situation
as much as possible in order to produce reliable data. For instdnieethe basic
design principles for depth of cover are similar (minus considerér borehole
pressure analysis) between HDD and OT construction techniques,thew
product pipe is situated in the soil medium is enormously diffefemt. OT
installations, the pipe is typically bedded in either the origaxalavated native
material or buried beneath an engineered backfill. Alternatively, fdd i@ pipe
is installed in a drilled borehole incased in an annular space cethmdsa
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drilling fluid and native soil cuttings. With these considerationseikperimental
procedures were made following actual construction process of covaise
crossings. These considerations for a pipe floatation experimast weadly
described based on how to organize the experiment. In these dessyiptore
detail design factors can be classified for investigating theenfe of pipe
floatation results. These detail design factors are following:

1) Pipe: Material, Service, Size, Project Length

2) Soil Bed Properties

3) Depth of Cover

4) Borehole Size (for HDD method)

5) Flow Characteristics (scour, flood, and tide)

These factors are closely concerned when watercourse pipengsosse
designed and constructed in reality. Except for flow charactsistvery factor
was managed in fabricating a proper experiment system. Foffieieré and
reliable experiment, many factors mentioned above must be considered.

organized scheme for the experiment will help acquiring accurate data set.
3.3Experimental Design

To prepare a real scale experiment for pipe floatation, thigosas to depict
in detail how the experimental design was organized. The exaabrgadized
experiment process is compulsory due to accurate results ofttadyaests. This
experiment was designed as a factorial design consideritiggtesoil, pipes,

depth of cover, and annular space that were mentioned in previous .sBgtien

54



diameters, installation methods, depths of cover, and annular spaceedsaane

a dependent variable, and soil conditions are constant.
3.3.1 Factorial Designs
3.3.1.1Saill

First of all, the most challenging work was finding an approprsail for
this pipe floatation experiment. The incidents in which pipe flaatathad
occurred were located in the eastern United States forossiog of the
Mississippi River or one of its tributaries In consultation witle engineer
involved in these crossings it was determined that the soil Wagtki minimal if
any clay, sand, or gravel. The soil had a low unit weight anall scohesive
properties. To assist in finding a similar soil local to Arizotiee researchers
employed a specialty soil consultant who eventually found a suitalilans
Tucson, AZ. This soil was pure silt, and the product of a wash plant that
processed sand and gravel for aggregate. Once the soil was detkefor the
experiment, the laboratory tests of the soil were performed tanaibi critical
soil properties that could affect pipe floatation. Also, theserésstlts helped to
determine whether or not the chosen soil sample could be suitable for simalating
river crossing. The specific gravity of the extracted saii@a was calculated. A
direct shear test was also carried out to gain the internd ahfiction and the
cohesion of the soil, which are shear strength parametersateat unit weight

was obtained by checking the value of graduated cylinder with kkivesight of
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test soils in same condition of an experiment. Table 3.1 shows eachtyifope

soil samples obtained by the laboratory test.

Table 3.1 Various Parameters of Test Soil Samples

Saturated Unit

Weight Specific Soil Moisture Friction Angle  Cohesion
: 0 o
(ton/ mg) Gravity (G.S) Contents (%) ® (kpa)
1.197 2.763 77 23.1 10.9

The saturated unit weight in the test soil sample was obtainedsait-
water mixture settled down for 24 hours. Table 3.1 showed the satunaited
weight and specific gravity for the soils used in the experiment. On adlyss
found that this soil had a specific gravity of 2.763, a saturated weightvof
1.197 ton/m, a 23.1 degree internal angle of friction, and had cohesion of 10.9
kpa. The specific gravity (G.S) of the soil sample was 2.763,ngacwithin the
range of clayey or silty soils, which vary from 2.6 to 2.9 (Das 206&grms of
PPI (2006), the saturated unit weight of silts and clay is ft0894 to 2.098
(ton/n?). This saturated unit weight in the soil sample is smallar tha given
range of soil classification in PPl (2006). Subsequently, theagtad unit weight
of 1.197 ton/m used in the experiment can be regarded as very loose silty soil.

In Das (2006), the internal angle of friction for silts has timgeeaof 26 to
35 degrees. Through the direct shear test, the internal angletiohf of the soil
was determined to be 23.1 degrees. This value for soil sample sedmdow
compared to one of silts in Das (2006). Shear strength paranoétegst soil

sample are shown in Table.3.1 above. Cohesion could be also compapadato ty
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value of general soils that have been utilized as the real applican

geotechnical research. Test soil sample had 10.9 kpa for cohesgiah is

approximate value of typical cohesive strength for SC (clagagl)sor CH (clay
of high plasticity) based on Lindeburg (2003). With these results, theasoples
could be deemed as loose clayey silts mixed with some sands. Vidless are
indicative of high plasticity clays and silts, and determined tcsuotable to
simulate a typical river deposit.

To summarize, the laboratory test revealed that the propertibe tdsted
soil samples could be classified as clayey silts or loodse with sand. As
mentioned in Chapter 2, almost of the soil parts in typical riverbedrghty are
composed of sandy silts or silty sands with different composititbmsraetween
silt and sand depending on the topological features. The soil had a low unit weight
and minimal cohesive properties. These values are indicatingdihisould be
determined as high plasticity clays and silts that are saitalbdimulate a typical
river deposit. In addition, a flocculent was added to speed thmgeitlthe silt

sized particles.
3.3.1.2Pipes

A high density polyethylene (HDPE) pipe for this research vimsen
due to highly usage of polyethylene pipe for utility infrastruetsystems. In the
mid 1950’s, polyethylene was used as a pipe material af{fiPdt2006). The use
of this polyethylene mostly was in oil field production. As theaoill gas industry
was grown up quickly, a flexible, strong, and lightweight pipe vessly needed.

The performance benefits of polyethylene pipe in the originaral gas related
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applications have led to its use in equally demanding piping irtstakasuch as
potable water distribution, industrial and mining pipe, force mains and othe
critical applications where a tough, ductile material is neededgure long-term
performance. A polyethylene pipe could be applied and utilized inyma
application including gas, municipal, industrial, marine, mining, landétid
electrical and communication duct applications. Additionally, it caefteetively
utilized for above ground, buried, trenchless, floating and marinellatgtas
regarding construction methods. Recently, a polyethylene pipeing behly
employed in especially natural gas distribution (PPI 2006).

For this experiment, the properties (i.e. weight and diametbera ftest
pipe assembly were provided by The Plastic Pipe Institute.(PRiee diameters
(50, 75, and 100 mm) particularly were selected to be used in thenegpe The
Standard Dimension Ratio (SDR) for the HDPE pipes used was lasvdol
SDR17 for the 50 mm pipe, SDR17 for the 75 mm pipe, and SDR 21 for the 100
mm pipe. These SDRs were determined because they are ofteaduiri real
pipe installations. Also, these diameters can easily be dahie to large SDRs,
so this can help save testing time and present a significhetedice between

theoretical and experimental results quickly.
3.3.1.3Depth of Cover

The depth of cover is one of the critical factors that must badaryed in
the design step of watercourse crossing. Once the crossinig vasi been taken
and the geotechnical investigation complete, a determination of the afeqmver

under the crossing is made. For the depth of cover, numerous condibons ar
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the project site must be confirmed: flow characteristics ofithex, the depth of
scour from periodic flooding, future channel widening/deepening, and the
existence of existing pipeline or cable crossings at the totakiowever, the
research did not consider these factors, which were not necesgatie
laboratory test. Instead, this research determined the depth ofisthervariable
index to compare the behavior of a buried pipeline at river crossaggsding
two construction methods. It is expected that the critical depdmatoeter ratios
obtained by an experimental and a theoretical method could claadent the
difference between two construction methods. In reality, the minimiejoth of
cover for each construction method is different depending on pipe @lamet
material, type, service, and local regulations. The importanaheodepth of
cover is also emphasized in post-installation or after pipelineatper In post
submerged pipeline installation, the regular inspection of depth of cever i
required based on the regulation of Pipeline and Hazardous MatSatdsy
Administration (PHMSA). The National Transportation Safety BoaMd B)
concluded that the probable cause of the accident was the failtive pipeline
operator to maintain the pipeline at the cover depth to which itimaally
installed (PCCI 2006). Thus, it could be proven that the cover depth in bo#h act
design step and post-installation is very important for a rivessang to prevent
potential incidents of pipeline exposure or failure.

According to the Pipeline Safety Regulations from the U.S. Dejeait of
Transportation (US DOT), for OT installation methods the minimum 102m
depth of burial is required for gas pipeline security unless comsjdecour depth
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(ASCE 1996). Additionally, in general pipes installed by HDD hawkepth of
cover of at least 6 m below the expected future river bottom, edtesidering
scour (PPI1 2006). In the section of “Experimental Procedure”, thewcritical
H/D ratios were acquired was described.
With this information an appropriate experiment could be designed and

examined three different pipe diameters and two installatiohadst(HDD and
OT) installed at varying depths with the goal of finding th&aai ratio of depth
to product diameter where the overburden pressure was sufficigmtevent

buoyancy from occurring.
3.3.1.4Creation of Annular Space

This light concrete cast for drilling fluid in the annular spaes designed
as a unit for the weight of drilling fluid utilized in the actuadtallation. Figure
3.1 below was shown light concrete mold of a HDD pipeline assemtilwfiies

the metal mold was stripped off.

Figure 3.1 Light Concrete Mold for a HDD Pipe Assembly
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Based on the pipe buoyancy theory, the critical point is the density of
materials (i.e. pipe, surrounding soil, drilling fluid) related pipgtallation. The
density of drilling fluid in the annular space is associated watbulation of\Wg
(weight of drilling fluid). Simulating a suitable specific grigvior the drilling
fluid that would be comparable to a real world installation wastiaat issue in
order to obtain reasonable results in the experiment, as the byofgnes
developed are directly linked in the density (unit weight) of salad a buried
pipe. ASTM (1999) provides an estimate of drilling fluid or bore fsblery of
approximately 1.500 ton/ fnhowever based on the unit weight of the soil utilized
in this experiment this would have been too heavy. From field obsarydhe
return mud weight generally falls between 1.200 and 1.350 (fp¢Dayvestyn
2009). Therefore for the purposes of this research, the approximagoint of
this range was utilized in the laboratory trials. The simulatatular space cast
around the pipes was constructed of a low weight concrete design@deta unit
weight of approximately 1.280 ton’mA sheet metal mold was utilized as a form
during the pouring of the concrete for the annular space, and the Hp® & as
cast in the approximate center of the mold. With this light eieamold, HDD

experiments were conducted following the same procedure of OT experiments

3.3.2 Experimental Setup

A concern for the experimental design is to find a repeated method
conduct this pipe buoyancy test. This is necessary for building aopaape test

apparatus. For this test apparatus, a pre-fabricated metaiaiok,is 900 mm in
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width, height, and length (see Figure 3.2), was created. Two seilslas a
riverbed base were constructed inside the tank (See Figuren®.3.3). The
bottom layer is 120 mm depth of sand and next layer is 230 mrit. affese two

layers are never varied in repetitive tests.

Drain
(20}

450

900

230

120

Drain
(20) Sand

900

Figure 3.2 Front View of a Manufactured Tank (unit: mm)

Additionally, two 20 mm diameter holes were drilled near the tofhef
tank, one on the right and one on the left side, and fitted with the prlymebing
to prevent overflows. The other hole was used to mount a piezoatetey the
right side of the tank. Water table or static water pressanebe checked by a

piezometer. A trap door, operating on hinges, measuring 600 mm by 600asym w
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attached to the front of the tank to facilitate the deposit and rérmabgail (see

Figure 3.3 and Figure 3.4).

Drain
(20)

450

900

230

120

/p

(20) 900

Piezometer,

Figure 3.3 Side View of a Manufactured Tank (unit: mm)

B O | | ) .

Figure 3.4 Fabricated Metal Tank
63



For simulation of an alluvial soil deposit, soil and water weipeethin the
approximate ratios of 1:3 (1 part soil to 3 parts water), andsthlisvater mixture
was poured into the tank through the dispersion trough that evenly had seven
holes to distribute the surface of soil (see Figure 3.11). Therevarflow drain
ports near the top of the tank for draining the excess water gasrthe required
number of buckets for the expected depth of cover was added. To instaifpehe
within the soil deposit, a support frame was constructed above the tiaxikgut
12.5 mm diameter threaded rod and clamp holders (see Figure 3.5). Fsom thi
support frame the pipe was supported for installation at the jredcdepth

required for the diameter of pipe and depth of cover being analyzed.

Figure 3.5 Supporting Frame System with Plastic Trough

The pipes were fabricated to be 600 mm in length to fit within dhk& t
and minimize any boundary effects from the sides of the tank{gaee 3.6). To

further minimize these edge effects, the ends of the pipe wpped and covered
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with Teflon tape to prevent any friction developing on the ends opitfhee The
pipes were held in place utilizing hollow aluminum rods inserted th@augmall
diameter hole drilled into the crown of the pipe, and seated irftallw divot in
the invert of the pipe. The aluminum rod was epoxied into place, apiphevas
sealed to prevent water penetration during the experiment. The catbguof
the rod seated in the divot in the invert of the pipe prevented anipnotdtthe
pipe as the soil-water mix was poured into the tank. The two alumiodswere
then secured to the frame above the tank utilizing clamp holdsrd={gure 3.6).
These hollow aluminum rods provided the rigidity needed to maintaipipleein
the center of the tank and at the required depth, without adding a csighifi
amount of weight or friction from the soil around them to the pipenaisly.
Multiple pipe assemblies (with the aluminum rods) were congtlufdr each

diameter tested.

Figure 3.6 Test Pipe Assembly for OT
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To conduct the test for HDD technique, a concrete cast around e&ch pip
assembly created an annular space. After testing OT, tisesepipe assemblies
were simulated using a light weight concrete designed. gtis weight concrete
is designed based on a unit weight of drilling fluid installedhim annular size.
Based on what Ariaratnam and Beljan (2005) mentioned previouslynetieod
of simulating the annular space would be considered an installatiopleteh
over a month in the past. The annular space filled by drilling flouddcbecome a
mass that has cohesion, compressive strength, and a low permedumitip
hydration and consolidation. As a result, this research devised comagte
represented the mass of drilling fluid in the annular space. Theréfer pipe and
annular space would act as one composite pipe. The concrete casicfor
assembly was painted to minimize the penetration of water intgpdin@us

concrete (Figure 3.7).

Figure 3.7 Completion of a HDD Pipeline Assembly
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3.3.3 Experimental Procedure
3.3.3.10pen Trench

We developed a standard testing procedure for testing the pipes that
included methodologies to install the pipes, and to determine theatuigpth
(height of soil cover) to diameter (H/D) ratio. A total of falays were required
to prepare the tank, install the pipe, determine the depth of coveobardve if
pipe buoyancy occurred. The procedure utilized was as follows:

(1) Preparation of soil bed: Remove silt soil to form 450 mm base above
the bottom of the tank. At all times the level of water in timk taas
maintained to be at least 50 mm above the top of the soil. Priocho ea
test the base bedding and water was thoroughly mixed with an

industrial paint mixer and then let settle for 24 hours (see Figure 3.8).

_ A

Figure 3.8 Preparation of Soil Bed

(2) Pipe Placement: After 24 hours, the pipe assembly was instalied.
pipe invert was gently pressed into the soil surface, and the aluminum

rods secured to the testing frame above the tank (see Figure 3.9).
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Figure 3.9 Pipe Placement

(3) Backfill Placement: Once secured the soil-water mixture pased
into the tank utilizing a dispersion trough to ensure an evenly
distributed placement of the soil. As discussed previously, the soil-
water mixture was added at the 1:3 volume proportions. (see Figure

3.10).

Figure 3.10 Backfilling Placement
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Through 7 holes at regular intervals on the trough, soil-water mixture
was dropped equally and consistently (see Figure 3.11). Priocho ea
pipe installation a calculation was made to estimate the amougoil of
needed to achieve the targeted depth of cover being examined. After
the required amount soil was added to the tank it was left tors24f
hours allowing a brief period of consolidation of the soil particles
around the pipe. The flocculent added to the soil assisted in this
process. The water level in the tank was kept at or near thdooverf

level to ensure that the soil was always fully submergechgldine test.

Figure 3.11 Distribution of Soil-Water Mixture

(4) Determination of the critical depth of cover: After the second 24-hour
period the actual depth of cover over the pipe was measured. Check

the depth of cover at the determined three points (front, middle, and
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end) of a buried pipe, and average them (see Figure 3.12). Then the
clamps holding the aluminum rods on the pipe assemblies were gently

released allowing free movement of the pipe. Allow 24 hours for

observation of pipe floatation (see Figure 3.13).

Figure 3.12 Recording the Depth of Cover

The assembly was watched for another 24 hours to determine if the
pipe buoyed out of the soil. If after this time period no floatation
occurred, this procedure was repeated for an incrementally smalle
depth of cover. Alternatively if buoyancy occurred the procedure was
repeated with an incrementally larger depth of cover untildtaat no
longer occurred. This procedure was repeated numerous timegfor e
pipe diameter with the objective of finding the critical deptlt@ier

where buoyancy occurred.
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Figure 3.13 Releasing the Clamps

3.3.3.2Horizontal Directional Drilling

For HDD experiment, a light weight concrete mold pipe (searEi§.7)
was used. Only the difference of the experimental procedure bet@€&eand
HDD is the use of different pipe assemblies. The procedure of beflpatation
test for HDD is different from the actual HDD construction pduwre, and
moreover this situation is not fully representing in simulating &cHD
boreholes in the riverbed. However, the buoyancy factor is closehected with

the density of pipe surroundings according to Archimedésioyancy theory.

Hence, concrete mold pipe assemblies for the annular space casfig watin
simulating buoyancy factor of actual HDD pipeline installatiowd &inding the
difference of buried pipeline behavior. Figure 3.14 is shown in the iexgaal

setup for HDD test.
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Figure 3.14 Experimental Setup for HDD

In summary, the chapter described the detail laboratory setup and
procedure to simulate the buoyant behavior of a buried pipelinel@asta) OT
and HDD. The full-factorial laboratory tests were created. Qun®yancy effects
were described as critical H/D ratios that are minimunuevaf depth of cover
ratios that prevent pipe buoyancy at varying factors. Diveedationships

between factors were also discussed in this research.
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Chapter 4: LABORATORY TESTING AND RESULTS
4.1 Introduction

This chapter describes the results of pipe floatation experinretésms of
different construction methods (open trench: OT and horizontal directional
drilling: HDD). Three diameters (i.e. 50, 75, and 100 mm) of highitjens
polyethylene (HDPE) pipe were utilized in this experimentamnalyze the results
of buoyancy effect, the critical H/D ratios are calculabgdtheoretical method
and acquired by laboratory tests. For this analysis of expetahresults the
research utilized two types of comparisons. Firstly, the exjeertal results were
compared with theoretical ones that were computed in Chapter 2. This
comparison will show the difference between pipeline instaitatiesign and
actual pipeline construction in river crossings. For instancejrdtecbmparisons
were between a theoretical and experimental method in both dredi®OT and
HDD. This result shows whether or not the design standard utilizeshirife
correctly anticipates the actual behavior of a buried pipelineugfr the
experimental simulation. Secondly, the chapter presented comparidmunried
pipeline behavior between OT and HDD. From this comparison, the difesrenc
of pipeline behavior between OT and HDD at river crossings erealed in
Chapter 4. If there are, the cause of this difference wilinbestigated and
analyzed. With all outcomes at the end of this chapter, the ceseanentions

general trends, findings, and detail analysis about the pipe floatation hesearc
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4.2 Experimental Results

A total of 57 tests were conducted for both open trench (OT) andohtaiz
directional drilling (HDD) installation. Fifty, seventy five, and omendred mm
HDPE pipe respectively was utilized and tested for obtaining theatidepth of
cover with and without a simulated annular space. The criticBl ktios
obtained by OT and HDD respectively were compared to understampiptiime
behavior. To obtain the targeted depth of cover in the test, this expenment
through many trials and errors by adding the number of bucket® wb#water
mixture is. As more experimental runs were executed, the beludtiee soil and
water mixture could be anticipated as well, and this led to etfiective
examination that determined the critical depth of cover. Depending pm pi
diameters, the experimental results of each construction methedpnesented.
As mentioned in the section, “Experimental Procedure,” the driifa ratio was
recorded whether or not a pipe floats to the surface. If a bpipedwith a given
depth of cover surfaces, this depth is recorded as the floating de@ttheanext
step is to increase the depth again and check whether or not tHaipeThis
step is repeated until the pipe stops floating. Once a buried pip@acloisat, the
depth of cover at this time is recorded as the critical depth. ¢rhisal depth
from the experimental setup is the value that is compared witbninealculated
by the theoretical method (the buoyancy theory). The cover deptheopipe
should be checked before a buried pipe is freely released in datlyrated
submerged situations. In order to record the depth of cover, three chpokitg)

(the front, middle, and end) on the pipe were used and the average vedueeof
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checking points was computed as the checked depth of cover FotesacAlso,
these three depths of cover on the pipe were used to confirm thatemiktsoil

and water equally distributes in the experiment, because theannbdl grade
over a buried pipe causes undesirable pipe floatation, which disturbscinate
experiment. In the experiment, the allowable discrepancy amoeg tiwecking
points was determined within 1 cm after the soil mixture esettlown. If the
discrepancy is over 1 cm, the cover depth recorded is judgeduasediable data
for checking pipe floatation. The average number of tests was aparieky 11

for OT and 8 for HDD. In order to determine when the experimentldisbop,

the paper regulated the allowable discrepancy for the criitfalratio recorded
between tests as 0.05. If the discrepancy between the critibatatb and the
nearest value of the critical one is over 0.05, the test should lzedpge acquire
a narrower and more accurate H/D ratio. The test of eachetdaroould end
easily if the critical H/D ratio is quickly determined withthis criterion. All

records for recording critical H/D ratios in the experimentrevehown in

Appendix A and B.
4.2.1 Open Trench

Following the experimental steps in Chapter 3, the experiment in
traditional open trench (OT) was started for each diameter (50n@51G0 mm
HDPE pipe). Table 4.1 showed the result summary of the pipe titoata

experiment in traditional OT method.
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Table.4.1 Results of Pipe Floatation in OT Experiment

Pipe Size Depth of Cover Depth from j[he Discrepancy of
([rgrg]): Cov(irmL;epth H/D ratio bOtto(rgn%f e v%/]irt?l?nel((ccnrg);
50 [60.3] 9.10 1.51 15.126 0.317
75 [88.9] 11.53 1.30 20.422 0.317
100 [114.3] 19.76 1.73 31.191 0.190

The next sub-sections described the test results of each dianatiéated

by OT method.
4.2.1.150 mm

In a 50 mm HDPE pipe, the critical H/D ratio was 1.51 anddieth of
cover 9.1 cm (1.51 x 6.03). This means when a pipe is installed at @mumni
H/D ratio of 1.51, an installed pipe is safe against pipe buoyamsybmerged
soils. The discrepancy of cover depth obtained from three checking pbows
that the mixture of soil and water easily distributes equdilthd three checked
points are not evenly distributed, a buried pipeline in the experimegtit m
unexpectedly surface. The lack of cover depth at certain positiads ® a
deficiency in the uplift resistance force. In a 50 mm HDPE plpediscrepancy
of grade at 1.51 H/D ratio was 0.317 cm. Thus, 1.51 H/D ratio could bedesh
as a reasonable result for 50 mm HDPE pipe, because the disgrepanade at
the H/D ratio of 1.51 is within the standard (1cm) mentioned. The numipgpeof

floatation tests for a 50 mm HDPE pipe is 11. A 50 mm HDPE pipd (3fn)
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is very light, so the experiment for a 50 mm HDPE pipe took mors tihey the
other diameters so as to acquire the critical depth of cover.avdrage of bucket
numbers is approximately 18. To narrow the range between depthatetdra
(H/D) ratios and to confirm whether or not the ratio found is tiiea&l depth of
cover, the researcher conducted several tests for an accutiatd EI/D ratio.

The testing data was shown in Appendix A.
4.2.1.275 mm

In a 75 mm HDPE pipe, the final result says that a 75 mmBippe
does not float if the H/D ratio is guaranteed more than 1.30, met@rdepth of
burial must be over 11.53 cm in Table 4.1. The final number of tes#&form
was 12. In this experiment, the researcher found the importance oBlequi
grade at three checking points (front, middle, and end). When oneatkshdn
H/D ratio of 1.23 (see Appendix A), which was lower than the clitiZB® ratio
(1.30) determined, a buried pipe did not float because the check poim at t
middle was higher than at other end points, and moreover, 1.58 cm of the grade
discrepancy was over the standard that the research decidedI{tbm}hecked
point at the middle is higher than at other end points, a buried pip¢ hage the
probability to be secured in soils. Hence, this recorded cover depthegarded
as unreliable due to the unequal grade for the depth of cover. Aganenti®ned
in the result section of a 50 mm HDPE pipe test, achieving tHeromievel at
the grade under the water would become an issue in traditionais@illations. If
backfilling does not achieve the equalization of grade along the pipetitadied,

a buried pipe could float even if the buried pipe has the suitable dégover
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designed by accurate calculation. Therefore, the criticBl tdtio in a 75 mm
HDPE pipe was determined at 1.30, which had well-distributed ground(t=eel

Table 4.1 or Appendix A).
4.2.1.3100 mm

In a 100 mm HDPE pipe, the critical H/D ratio for cover dep#s .73.
This ratio is a little higher than that of the 50 or 75 mm HIpRie. As described
above, the 100 mm HDPE pipe had a different standard dimension rati@{yDR
that was relatively lighter and thinner contrary to SDR17 forSi@nd 75 mm
HDPE pipe. This explains why the 100 mm HDPE pipe could have arhighe
critical H/D ratio. This pattern, the highest H/D ratio i1@ mm HDPE pipe,
was shown in the results of the theoretical method as wellv8loine replaced
by a 100 mm HDPE pipe is largest, meaning the buoyant foraksaslargest.
Subsequently, a 100 mm HDPE pipe requires more cover depth for pgueire
installation compared to other diameter sizes. The grade diacyepi@r
subsurface in a 100 mm HDPE pipe was 0.19 cm at the critical H/D ratio (1.73).

Consequently, the results of cover depth by each diameter in OT
experiment show that a bigger HDPE pipe obviously needs more soil foover
safe installation because the buoyant force becomes higher duggdostall
volume replaced by a buried pipe. The range of the critical H/iD fat the

experimental results was 1.30 to 1.73, and the average value was 1.51.
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4.2.2 Horizontal Directional Drilling

The summary of the experimental results in HDD method is shawn i

Table 4.2 below.

Table.4.2 Results of Pipe Floatation in HDD Experiment

Pipe Size Borehole Depth of Cover Depth from Dl(s):fcrergglgcy

(mnﬁ) [OD] Size Cover the bottom of (Cm)gwithin
' (mm) Depth | H/D ratio Pipe (cm) ,
1(cm)
(cm)

50 [60.3] 101.6 2.36 0.39 8.395 0.063

75 [88.9] 127 8.08 0.91 16.967 0.508
100 [114.3] 177.8 9.35 0.82 20.777 0.190

Since this section, the pipe floatation results for each dianretdDD
method are presented. In Table 4.2, the critical H/D ratio di dameter was
inconsistent. They had the discrepancy of 0.52 among three reswdtsediit
happened due to the different sizes of the annular space that wiaatéabby

concrete. This analysis was also described in the end of this chapter.
4.2.2.150 mm

The critical depth of cover in a 50 mm HDPE pipe in HDD test 286
cm (H/D ratio: 0.39) in Table 4.2. The discrepancy between chepkimgs was
within 1 cm (0.063), meaning soil particles were equally distributbd. flumber
of HDD test for the 50 mm pipe was 8. The average number of bucKiisduin
50 mm pipe experiments was about 8 buckets, which is lower than I&T. T

borehole diameter (BD) of 100 mm HDPE pipe was utilized for a SOHDRE
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pipe. This BD is 1.68 times the outer diameter (OD: 60.3 mm), whishlavger

than 1.5 times OD that the research planed.
4.2.2.275 mm

The 75 mm HDPE pipe assembly for HDD test had the BD of 5. The B
was 1.43 times greater than 75 mm outer diameter (88.9 mm). Thensxpuie
informed the critical depth of cover for 75 mm pipes was 8.08 cm (#ifiD:
0.91). The critical H/D ratio of 0.91 was relatively high agaihstresult of a 50
mm HDPE pipe. The test number was 7, and the average of buckeisasséé

S0 as to obtain the aiming depth of cover.
4.2.2.3100 mm

A 100 mm HDPE pipe assembly for HDD was manufactured in 114.3 mm
diameter BD, which is 1.56 times greater than the OD of an ofiginduct pipe.
This size was nearly close to the planned BD (1.5 times ODpa@d to other
diameters. As a result of the experiment, a 100 mm HDD pipamdng was
secured when it was installed at the minimum depth of 9.35 cm @i 0.82).

The grade after pouring soil-water mixture was well-disteduinot being over
the research limit, 1 cm. The test number was 6.

To sum up for the results of HDD pipe floatation tests, it wasrb/
revealed that the critical depth of cover or H/D ratio depended omatle
between borehole diameters (BD) and outer diameters (OD). Asrdatio

increases, the depth of cover required decreases. It means thahti@ space
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has an influence on determining the depth of cover. The detailsenaly the

experimental results is shown in the next section of the comparison.
4.3 Result Comparisons between Theory and Experiment

The ways to compare result data were divided into 4 types. Tdteafid
second one was to compare the theoretical and experimental nedtdiditional
open trench (OT) and horizontal directional drilling (HDD) methogheesvely.

The buoyancy theory (see Chapter 2) from Archimedes’ Theory espieesthe
pipeline design theory for watercourse projects. The experiinegalts could
represent the simulation of actual buried pipeline behavior. Hence, tamaing
the difference between pipeline design theory and actual bpipetine behavior
is good to analyze regardless of pipeline construction methods. THeatidr
forth section were to compare buried pipeline behavior between different
construction methods (OT and HDD). The focus of this analyss lieveal the

differences between buried pipeline behaviors in terms of construction methods.
4.3.1 Comparison: Theory vs Experiment in OT

Comparing the results of each of the pipe floatation tests froonytlzad
experiment, allows the researcher to understand the gap bethveeactual
behavior of buried pipelines from the experiment and theoretical calculatiah base

on the Archimedes theory. Table 4.3 is shown the results of pipe floatation in OT.
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Table 4.3 Critical H/D Ratios in OT

Nominal Pipe " .
Pipe Outside <OR Critical H/D Ratio in OT
Diameter Diameter .
(mm) (mm) Theory Experiment
50 60.3 17 3.0 1.51
75 88.9 17 2.99 1.30
100 114.3 21 3.15 1.73

In the theoretical results of OT, the critical H/D rativem all three

different sizes seem to be very analogous. The average efrésests is 3.05. On

the contrary, the mean of the experimental results is 1.51, whagbproximately

half of the average experimental results.

4.3.2 Comparison: Theory vs Experiment in HDD

For a HDD method, the pattern of the final pipe floatation dataalslelr

4.4 was not consistent due to the different ratios between OD andidBbi® 4.4

presented the final depth to diameter (H/D) ratios for each diameter.

Table 4.4 Critical H/D Ratios in HDD

Nomlnal P'p.e Borehole GS Critical H/D Ratio in HDD
Pipe Outside | . Annular
Diameter| Diameter Diameter Space Th E . t
(mm) (mm) (mm) (actual) eory xperimen
50 60.3 101.6 1.35 0.52 0.39
75 88.9 127 1.34 1.27 0.91
100 114.3 177.8 1.35 0.96 0.82

The clear thing found in Table 4.4 was unusually the larger coven dept

ratio required in a 75 mm HDPE pipe. Based on the ratio betweeanBD for

the 75 mm pipe assembly, the borehole had a 1.43 times largetheatithe 75
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mm outer diameter. This number is relatively lower than athigos calculated.
This could require more depth of cover or depth to diameter ratio cativedy.

This trend in Table 4.4 was observed with both a theoretical andiraepéal
result. Conversely, a 50 mm pipe assembly for HDD had a largei(ta68) than

a 75 or 100 mm pipe assembly. So, the critical depth of cover was. smal
Theoretical data still produced larger ratios than experimeatal. This was the
same pattern as the OT test shown above. The average ratio obiaithed
theoretical method was 0.92, but in the experimental method was 0.71, which i
roughly 80 % of the theoretical average. This is not a big diftereompared to

the results from OT in Table 4.3, but this still proves that the yhawoticipates

more depth of cover for secured pipeline installation.
4.3.3 Comparison: OT vs HDD in Theory

Three kinds of diameters (50, 75, and 100 mm) in HDPE pipes were
considered to understand the trend of pipe floatation through thebretica
calculation. The average critical H/D ratios in OT using thegdebuoyancy
theory was 3.01, which is approximately 3.3 times greater thanirthidDD
(0.92). Based on this comparison, OT needs more burial than HDD, méaaing
pipeline installed by HDD could be located at higher position compared to the one

by OT. The detail results are shown in Table 4.5 below.
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Table 4.5 Critical H/D Ratios in the Theoretical Method

Nominal Pipe GS . .
Pipe Outside Bprehole Annular Critical H/D Ratio in Theory
Diameter| Diameter Diameter Space
(mm) oT HDD
(mm) (mm) (actual)
50 60.3 101.6 1.35 3.0 0.52
75 88.9 127 1.34 2.99 1.27
100 114.3 177.8 1.35 3.15 0.96

This result informed that the unit weight (density) of drillifigid

replacing natural soil gives more stability to a buried pipeliBg checking

specific gravity (GS for the annular space) in the forth colinmhable 4.5, the

weight of drilling fluid (1.35) is heavier than the replaced sbi27, see Chapter

2). The buoyancy theory highly depends on the density of materiks. T

buoyancy theory highly depends on the density of each materiaC(sg#er 2).

As a result, it was expected that the larger density ofrdyifluid installed might

play a major role for increasing the uplift resistance fdined leads lower critical

H/D ratios. Mostly, the deeper the pipeline is buried, the hidleconstruction

cost becomes because there is a greater chance of facingiesblgbils or

bedrock, thus causing drilling delays.

4.3.4 Comparison: OT vs HDD in Experiment

The comparison showed the different pipeline behavior by construction

methods using the experimental method. Table 4.6 shows the experirasulisl

of the pipe floatation in terms of open trench (OT) and horizontattairel

drilling (HDD) respectively.
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Table 4.6 Critical H/D Ratios in the Experimental Method

Nominal Pipe GS . . .
Pipe Outside Bprehole Annular Critical H/D Ratio in Experiment
Diameter| Diameter Diameter Space
(mm) oT HDD
(mm) (mm) (actual)
50 60.3 101.6 1.35 1.51 0.39
75 88.9 127 1.34 1.30 0.91
100 114.3 177.8 1.35 1.73 0.82

All critical H/D ratios were relatively small comparéal the theoretical

results above. OT (1.51) required approximately twice as much depmbvef

than HDD (0.71). This pattern was discovered in the theoretical method as well.

4.3.5 Summary of Result Comparisons

In order to compare the behavior of a buried pipeline installed by

traditional OT and HDD, the critical depths of cover (H/D ratiagere

respectively acquired from both theoretical and experimental methbd

meaning of the critical H/D ratio is the minimum value of HI® ratio that can

guarantee the safety of a buried pipeline. If a critical HdDoris small, the

pipeline installed with small soil cover has enough uplift rasist force

preventing pipe floatation. At second hand, the small critical Hifip could

denote that ground or subsurface status around a buried pipe would beTstable.

obtain these final H/D ratios, four comparisons were introduced andhskeséor

the analysis of buried pipeline behavior in saturated silty sON®rall, each

comparison fully reached the following two final conclusions.
1) The critical H/D ratio in HDD method required less depth of cooer

be secured.
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2) Compared to the depth of cover obtained by the theoretical method,
the laboratory test produced a smaller depth of cover for the pipe
security.

These conclusions are supposed to be proven by reasonable and logical

analysis, which was described in the next section.
4.4 General Trends, Findings, and Detail Analysis
4.4.1 Effect of the Annular Space

Based on what the research found above, the discrepancy betveeen t
buried pipe behavior of traditional open trench (OT) and horizontal dinedti
drilling (HDD) was revealed in saturated submerged soils. §ubksdly, it could
be confirmed that traditional OT method requires more depth of covepige
security. The reason for these results was found in the efféastafled drilling
fluid in HDD. Ariaratham and Beljan (2005) mentioned that the annularespa
visually disappeared in the status of the borehole in post-constructi@n. T
integrity of borehole did not change and the unconfined shear strargihd
annular space increased in the one year cross-sectional excavatibD. Also,
the uplift resistance force in the borehole increased in theyeae excavation
compared to one day, one week, and one month. These theories support that the
stability of a pipeline will be well-maintained as time gd®s In the case of
borehole location above the groundwater table, the density of the idsthitey
mud became similar to the surrounding soil formation (Knight @0all). This

research simulated and considered when buried pipeline instaigwompleted
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over a month. As described before, one of the major roles of driliryiif HDD

is to protect the borehole wall from collapsing at the beginningHbBD

construction. To stabilize the formation of the borehole, drillimgdfforms the
filter cake around the border of borehole. This filter cake coegdke low
permeability zone within the borehole, preventing infiltration oilteafion for

some time. By low permeability of the filter cake, the stgbtif buried pipeline
is determined early in the HDD installation. This filter cake may helptaiai the
original density of drilling fluid, replacing saturated surroundsal. In my
research, it was assumed that the borehole wall was surrounditdripake that
protects infiltration from outside. Thus, the original density inlidgl fluids

would be maintained in composing the annular space in a month.

Another consideration of the annular space related pipe buoyanuy is t
existence of filter cake. The research assumed that tedike was well-built in
producing low permeability in order to simulate the annularespegated by light
concrete cast. If filter cake was not existed or in poor statwsuld lead to high
permeability around the annular space. The high permeability scdlisdal
movement for adjacent soils of a buried pipeline due to higher poraiggeste
roles of filter cake make stable borehole to prevent infiltraborexfitlration
between borehole and native soils. This action guides an increaskeaive
stress and low permeability. Finally, a filter cake is v&itical for reducing the
excess pore pressure in the annular space that causes fluidahenb\ad soils

due to the static liquefaction (Wang and Sterling 2007).
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The irregular trend of the critical H/D ratio obtained in HDE3t could
support the importance of borehole design or construction associatedunigd
pipeline behavior. The irregularity of the critical H/D rafrom each diameter
must be caused by the different ratios which are supposed to beieehé&D
and OD. BD is generally obtained by each outer diameter (@@st1.5 which is
being used when product diameter (D) is more than 203.2 mm and le€Othé
mm (Bennett and Ariaratnam 2008). The other way for BD siZE00 mm plus
outer diameter when product diameter is less 20 cm (Bennett aachtAam
2008). In this research, the theoretical calculation only considesddriiner one,
which has general application for the size of the borehole in aptpaline
projects. BD utilized in the research was created by concrelds that were not
perfectly the same size of 1.5 times OD. It was too diffimuftnd the anticipated
sizes of concrete molds that could simulate the annular spacdDrtést pipe
assemblies. This also happens in actual construction when constrtioéing
annular space design and the ideal borehole size is not eagyuie g.5 times
OD) accurately in real installations. Due to difficulty ofding a suitable size for
a mold, each borehole (diameter of annular space), for the shte @b, and 100
mm HDPE, had somewhat different sizes compared to the avermgeuld. In
theory, each BD (actual) in the experiment had a small diféerédrom an ideal
BD. The 50 mm concrete mold pipe had a borehole size of 101.6 mm, which i
1.68 times nominal the outer diameter of a 50 mm HDPE pipe. The 75 mm
concrete mold had a borehole the size of 127 mm, which was 1.43 times Inomina
outer diameter. Lastly, a 100 mm concrete mold (177.8 mm of the arsmeéqr
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had 1.55 times the nominal outer diameter of a 100 mm HDPE pipditata
for the experiment was used in the calculation of the pipe buoyHreoyy
mentioned in Chapter 3 for comparative purposes. Depending on diffatiest r
the critical H/D ratios for pipe floatation were varied gutarly. The HDD pipe
assembly having large BD size had a small H/D ratio {sdxe 4.4, 4.5 or 4.6).
Conversely, a small ratio between BD and OD (1.43: 75 mm pipe nexddady)
led to a large critical H/D ratio. Hence, it could be concludetitiiae BD to OD
ratio is smaller than 1.5, the critical H/D ratio would be increased. On theggntr
if the BD to OD ratio is larger than 1.5, the critical H&Rio would be decreased.
Overall, the result informed that BD is closely linked with pipelibehavior
under the watercourse.

Lastly, the major reason for the dissimilarity of pipeline atrabetween
OT and HDD was revealed by different densities between nséttgated soils
and drilling fluid. Cheuk et al (2008) mentioned increasing the ugsgistance
force for a buried pipe is dependent on the density of soil coveadwaried pipe
no matter what kind of solil is utilized. The unit weight of insthldrilling fluid
planned in the research was 1.281 tonf{specific gravity: 1.28) that is the
average value of general drilling fluid returns found in actual Hbddallations
(Duyvestyn 2009). In the research, larger specific gravity (aeeta8p) of the
annular space simulated in this experiment resulted in loweratii/D ratios in
theory and experiment. The unit weight of experimental soil usedhis
calculation is 1.197 tonfin which is smaller than the density of drilling fluid
simulated. The increase of the density of drilling fluid led itherease of the
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uplift resistance force that results in a small critiddD ratio. As a result, the
density of drilling fluid must be a decisive factor to make thdsgterences

between OT and HDD. Hence, the specific gravity of drillingd8uilesigned and
constructed in the annular space could be a key point for buried pipehia@dre

Every status between native soil and drilling fluid in real dosl not always
same as this pipe floatation test.

To sum up, the aforementioned analysis is sufficient for obviously grovin
the existence of the effect of the borehole about buried pipeline belvawoth
OT and HDD. The researcher can summarize three conclusions abefiett®f
the borehole.

1) The ratio between BD and OD affects the critical deptbootr (H/D

ratio).

2) The density of drilling fluid constructed in actual river crossirgs

very critical for installed pipeline security.

3) Composing well-built filter cake around the borehole wall helps to

prevent pipe buoyancy.
4.4.2 Theory vs Experiment

One of the most critical points that the research found was toveisthe
difference of buried pipeline behavior in terms of analytioathods, such as a
theoretical method (the buoyancy theory) and experimental method. The
theoretical method (the buoyancy theory) has been used for chélekibgoyant
influence of a buried pipeline. Accordingly, designing the depth of deveaised

on the calculation of the buoyancy theory that was utilized asthboretical
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method. Hence, the theoretical results could be regarded asttdoenes from the
actual pipeline design theory. Alternatively, the real-scal@grxent represents
the actual behavior of pipeline installation. As comparing the seebeliveen the
theoretical and experimental method, the theoretical method asuwlte larger

critical H/D ratio. It means that the actual behavior of addupipeline was not

the same one as the buoyancy theory forecasts.
4.4.3 Consideration of Solil Friction Effect in the Buoyancy Theory

Previous literature demonstrates that shear strength paramater
important in estimating uplift resistance force. White et28l0Q) presented the
equation of peak uplift resistance per unit length (P) that is definghe sum of
overburdened soil weight and the soil friction on the slip planesic@yy, this
equation was referred from Schaminee et al (1990). Eq. (7) is abeut t
calculation of uplift resistance force from White et al (20019 &€heuk et al

(2008).
P =y H{D +K " tan®H;? 7)

K is the earth pressure coefficient at rest, and the cover {dptis the
distance from the ground surface to the waist of the pipey @aadhe unit weight
of submerged soil. This equation is for calculation of peak uplifsteesce force
when upheaval buckling happens. The first portigrH¢D) in Eq. (7) was the
weight of soil overburden) that is also described in the buoyancy theory. The
second partK ysup tan@H¢?) in Eq. (7) describes the soil friction. In brief, the soil

friction calculated by shear strength parameter (frictimgied helps a buried pipe
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stay safe in submerged soil due to increasing uplift resistarnm® Thus, the soil
friction factor on the slip planes can be added in the original begydmeory
presented in Eqg. (1). The varied buoyancy theory was completeddiygathe
formula of soil friction to describe the relation between pipelines angaxtitles.
In the calculation of the transformed buoyancy theory, it asstina¢sa natural

friction angle in soil never varies in a saturated condition.

Wt
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Figure 4.1 Shearing Resistance of Soil with Vertical Slip Surface

The shear resistance formula is diverse in terms of sewvaitalagure
mechanisms or assumptions. In our research, the sliding block witbal/aiip

surface (see Figure 4.1) is assumed as a deformation pattenil fiailure. Eq. (7)
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was made assuming sliding block with vertical slip surface. Atsaas the
general and simple formula for uplift resistance force. Singe (), other
equations have been developed in several deformation patterns depending on
different assumptions and conditions. Different kinematic mechanieats a
series of theoretical models for uplift resistance (Trautmannalel1985;
Schaminee et al 1990). Nevertheless, the accepted solutions througmtiaeds
have not been determined and investigated as exact solutions foragiitance
force (Kvalstad 1999). Hence, it was truly hard to find the expptication
method for soil failure mechanisms regarding massive assumphdngdiféerent
conditions. Finally, the given assumptions and equations from uplift alesest
force completed the transformed equation for pipe floatation that beudghplied
in real pipeline installations. The next equation is a new equatioat giyoe

floatation by adding soll friction effect caused by shear strengtimesea ().

Ws + Wp +Wf < Ww (8)

Eqg. (8) is regarded as the transformed buoyancy theory by thegestll
friction factor. Eq. (8) says that inherent shear strengdeitain soil could affect
stopping soil failure by pipe floatation in saturated conditions. Dilefrection
factor obtained by an internal angle of friction could be a mygssine in the
original buoyancy theory. Based on Eq. (8), for pipe security #ight of soil
overburden plus pipe and soil friction must be greater than the wafighater

replaced by the pipe and buoyant force. The critical H/D ratidained by the
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transformed buoyancy theory were compared with one of the exmpeaime

method in Table 4.7.

Table 4.7 Comparison between the Transformed Buoyancy Theory and
Experiment in OT

Critical H/D Ratio in OT

Nominal Pipe

Diameter Transformed Theory Experiment
[OD] (mm) Dept?ccr)r:‘)Cover H/D ratio Dept?c?r:‘)Cover H/D ratio
50 [60.3] 411 1.73 9.10 1.51
75 [88.9] 6.03 1.72 11.53 1.30
100 [114.3] 8.06 1.79 19.76 1.73

As a result, each of the H/D ratios acquired by the tram&fdrbuoyancy
theory came fairly close to H/D ratios in the experiment. Témults of the
transformed buoyancy theory still have safe H/D ratios cordpace the
experimental results. The results shown in Table 4.7 were prodycapplying
to one of soil plastic failure assumptions. These results would begehiale
depending on what kinds of soil failure assumptions were utilized, Algs
transformed theory was only calculated for OT. Table 4.7, howevernees
that considering the soil friction factor for pipe floatatiorsttseem to be
reasonable, even if further research in association with sdiiofri factors for
pipe buoyancy will be required in the future.

Simulating the experiment for pipe floatation was a good way to show
how a buried pipeline at water crossings behaves in real pipmim&ruction.
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However, we found that the conservative buoyancy theory produced half of a
critical H/D ratio acquired from the laboratory tests. Henhe, \taried results
calculated by using the transformed buoyancy theory are good etmsglisfy
real application of pipeline installation at river crossings coethbéw the previous
results calculated by the original buoyancy theory. The fvemed theory
produced a more accurate critical H/D ratio than the orighedretical method,
while this result analysis was only confirmed for traditionalmopench (OT).
Accordingly, the soil friction factor could be a related factbat caused
difference between theory and experiment. The soil friction famtquires
engineers and contractors to obtain an internal angle of frictiailation angle
that are barely investigates real installation projects duediooenical or external
constraints. For this reason, most pipeline projects overlook theistbdrf factor.
Nevertheless, this reformative result shown in Table 4.7 enligketegiseers and
contractors about the importance of the soil friction factor cakualay the shear
strength parameter for the economical design of pipeline ingiabaat river
crossings. At this point, this topic will need more detail reseavork in the
future.

In summary, this chapter found the annular space in HDD influences the
behavior of a buried pipeline submerged in saturated silty soils. Hséyef the
annular space caused different results from OT laboratory Tés$schapter also
found the results of the conventional buoyancy theory are differenttfrose of

the laboratory tests.
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Chapter 5: NUMERICAL ANALYSIS FOR PIPE BUOYANCY
5.1Introduction

This chapter presents the results of numerical simulation for hapya
behavior. The objectives for using finite element method (FEM) were
summarized as two things: 1) comparing maximum soil stressesriog in soil
overburden between open trench (OT) and horizontal directional drillindpfHD
and 2) studying the pattern of maximum soil stress occumirsgil overburden
when critical design parameters, a density and diameter ianth@ar space, are
varied. Firstly, Chapter 5 describes the behavior of a buried pipélmegh
comparing the soil stress occurring in soil overburden betweemr@THDD
methods. Soil overburden is an important zone related to pipe buoyancyg. Whe
engineers examine plastic soil failure in riverbeds, maximuihsgess occurring
in soil overburden is the critical factor that must be withiddymoil stress. If
maximum soil stress occurring in riverbed is over the limiielld soil stress, soil
could be deformed, which leads unstable ground conditions. Thus, understanding
and comparing the pattern of soil stress post-HDD and OT ingialiatrequired
to confirm the stability of pipeline installation. Secondly, theeagsh also
discovers how the annular space in HDD method influences pipeline behavior
under rivers. For this, we examined the pattern of soil stregarging design
parameters (diameters and densities) in the annular spacereBtierc of FEM
was based on the results from laboratory tests completed in €Hhaptdotal of
42 FE models were built to analyze soil stress patternsiveelto pipeline

behavior underneath rivers.
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5.2Finite Element Method (FEM)

The finite element method (FEM) concept began as an airstafttural
analysis. The FEM is a simple technique to produce an approxsoatgon
related to diverse engineering problems by calculating difteal equations
(Pepper and Heinrich 2006). Basically, a complicated boundary that Eosech
of a continuum is simply divided into geometric shapes. Theseadlezl dinite
elements. These elements are expressed as material popegdverned by
constraints and loadings given by unknown values. Calculation of tlesergs
is completed by differential equations to show the approximatevioehaf the
continuum. The FEM has been utilized for all kinds of analyses oftstalic
mechanics, which analyze deformation and stress about the dynarnics
structures. The FEM is broadening the range of application fréonndation and
stress analysis to field analysis, such as heat flux, flowd, fmagnetic flux, and
seepage (Chandrupatla and Belegundu 2002). As the FEM technique @pddvel
more and more, the application of FEM is being extended to inc&ddptive
structures, automotive crash simulations, computational biomechanics,
computational probabilistic mechanics, simulation of advanced engigeerin
materials, material forming processes, computational fluid dwpsamand
simulation of pollutant transport in geomaterials (Kaliankin 2002). HBEM is
widely used in engineering when the deformation of complex esblabjects is
modeled. In geological areas, FEM produces better results compaitier
numerical methods (i.e. finite difference, finite volume method, le¢cause it

particularly concentrates on material interfaces for acewatcomes to discover
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the relation of solil particles, while in geoscience the accund®EM generally
depends on personal preferences, experience and background.

FEM is also good for simulating the behavior of structures builoiln ©ck
or other materials that may experience plastic flow when theld limits are
reached. Every material property in FEM is described by lament. These
elements create a mesh or grid modified by the user who drieake the shape
of the object to be modeled. The user decides the applied fordesundary
restraints for each element or zone. This element or zone beabased on a
prescribed linear or nonlinear stress-strain principle. The shape gfid can be
changed in terms of the material yield. It will easilyatd®e the plastic collapse
and flow very accurately. FEM cuts the shape of a structuoeeleiments and
reconnects the elements at nodes, which play the role of pins holdielgthents
together. FEM has the advantage of handling very complex geometilgs eas

In this research, ABAQUS 6.10 was the software used for nurhanedysis
and three-dimensional (3D) FEM was created to analyze pipelhrevioe. This
chapter describes in detail how to create mesh modeling (i.e. bowwhalyions,
applying loads, modeling, and analysis procedures) using ABAQUSa6d the
mechanical behavior theories that were applied for this model. In orderdyaeana
the results efficiently, this chapter uses various analytieghods for analyzing
FEM results. The major role of the annular space associategipétlehavior in

saturated silty soils is discussed.
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5.3Previous Research

FEM has been conducted in structural analysis and expanded in dirgase a
for academic research. Previous FEM research that exanheecklationship
between soil and pipeline is summarized in this section.

In the 1990s, numerous FEM research was conducted by examining whether
or not the experimental results were reasonable. Moore (1995) theset
dimensional FEM for studying the stress analysis in buried poliate (PE)
pipes. A 3D FEM was proven as an efficient method to estiseteral kinds of
stresses including radial, circumferential, and axial normasstHe found
maximum tensile axial stresses along with liners occurrédeaspring line and
that the depth of cover becomes deeper or backfill becomes lobser lacal
axial tension is increased.

FEM was also popular for studying the deformation of a buried ipgel
affected by diverse loads. Moore and Hu (1996) utilized a lineapn-@kastic
finite element analysis for understanding the deflection ofh hagnsity
polyethylene (HDPE). They created two different rheologicaems to study
HDPE deformation using FEM and discovered the specific ranges icavgripe
deflection rates using two deflection relaxation (5% and 10%) mdtiels
created.

Zhang and Moore (1997) also proved the superiority and reliabilitynad ti
dependent FEM outcomes in analyzing HDPE components under several loading

situations (i.e. as comparing the laboratory results). Also thé&areh proved that
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the visco-plastic model was good to predict the behavior of HDPEriaiate
behavior.

Brachman et al (2000) revealed the best condition for a labor#tsty
evaluating the structural analysis of small-diameter proplipets in soils. Due to
surface or boundary friction, accurate results were not acquirkdborsatory tests
for a buried pipeline. Unlike large-scale testing for pipeline ewparts, this
boundary friction in small-diameter pipes led to different restaisstress or
strain, which is calculated by FEM. FEM was utilized to undedsthow
boundary roughness affects the response between the soil and a pipe in the
laboratory test. They found this side friction effectively restld7% of the
maximum vertical stresses in smooth boundaries.

Dhar and Moore (2000a) conducted linear and non-linear analyses ied bur
HDPE pipes using FEM and compared the results to laboratory dme® fiypes
of mechanical behavior (i.e. linear elastic, linear visco-elastnd non-linear
visco-plastic) were chosen and analyzed in order to determiné wige would
be the best for factorial studies. They simulated and analyzedusmmd based
on HDPE deflection responses through laboratory and FEM results. The
viscoelastic model was determined as the best mechanical befavidDPE
pipe based on strain limit (0.5%). If an HDPE model is over thigeyathis
research then asserted that non-linear plastic behavior is dominated iDEts H

Finite element analysis has also been utilized for undersirabrehole
stability relative to hydraulic fracture in the annular spat&iDD installation.
Kennedy et al (2004) performed numerical calculation to anahaenydraulic

100



fracturing of the soil above the crown of the cavity during HDDaitetion. They
investigated the outcomes of elastic plate theory while edlogl the mud
pressures that cause tensile fracture. At 2 and 5 m afigpth of cover, they
conducted a factorial study in saturated clayey soil. Thdtse@angential crown
stress) simulated by FEM were compared to those calcugtdae elastic plate
theory developed by Obert and Duval (1967). Both FEM and Elastic Hiatay
(EPT) resulted in the same trend. While they did not match#teiplastic state,
both results helped develop a better method for calculating drilling fluidypeess

Wang and Sterling (2004) examined the stability of the annulae spdcose
sand using numerical simulation, FEM software, and ADINA. Thenrfaius of
their analysis was the stability of borehole wall depending oretistence of a
filter cake. They also studied shear failure around the annulee $yecalculating
plastic yield. They discovered shear failure occurs around the arspalee prior
to mud loss. A filter cake was found to reduce the excessppessure generated
in the bore wall, and that without a filter cake, static ligoda around a buried
pipe may occur due to high permeability.

Kennedy et al (2006) continually studied the tensile hoop stresadrdsaing
HDD installation using FE models. This research considered the anmiulus
filter cake in sand material when building modeling mesh. They eeshthe soil
response against the variation of mud pressure and considered dbeairfahe
sand cohesive filter cake area. They used a typical setlgiasameters for the
sand and filter cake, then applied them to FEM and examined how the variation of
mud pressures and filter cake thickness affect tensile feactuhe soil. Finally,
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they decided that the influential factors for mud loss during Iastat are the
initial cohesion €) and coefficient of lateral earth pressufg. (

Xia and Moore (2006) investigated the values of drilling mud pregsbate
causes failure of the adjacent soils to the river bed. Two graihudef theories
(tensile fracture and blowout) suggested by Kennedy et al (2006)examined
by using numerical method (FEM). Considering the influence of bethdK at
maximum pressure, they designed the suitable mud pressure for both hydr
fracture and blowout that lead to losing soil intrinsic confinemetitarextending
plastic zone up to the ground surface. At last, they determinedetdressture
theory could be the most applicable mode for preventing mud loss when
surrounding soils were normally consolidated. Alternatively, blowoutryheas
the suitable mode when soils were heavily over-consolidated.

Most FEM studies have been primarily conducted the stability oiedbur
pipelines or the relationship between pipe and soil. For HDD thditstatsithe
annular space (i.e. Hydro-Fracture) was the major topic fdd. HEetermining
suitable mud pressure to build steady annular space is absolutelgl dor
preventing hydro-fracture status, which causes the collapte dforehole wall.

The numerical analysis in previous research mostly considereddb®istability
during HDD installation, while this pipe floatation research \wasumed one
month or more after installation. This research examined thstsesls pattern in

soil overburden above an annular space and a product pipe; these reselts we
associated with stable soil overburden relative to buoyancy .effbigt research
focused on the comparison of the soil stress pattern between OHRIDd
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methods when pipelines were installed at the same criticahsieptcover found
in the previous pipe floatation experiment. Furthermore the majer af the

annular space associated with pipe behavior in saturated siltyvssildiscussed.
ABAQUS 6.10 was the software used for numerical analysis &nele-t

dimensional (3D) FEM was created to analyze pipeline behavior.
5.4FE Modeling for Buried Pipeline in Saturated Silty Soils

The FE models were built based on what laboratory tests prewitousid.
The most important findings in the experiment were the cdrideath of cover,
which is a minimum depth to diameter (H/D) ratios that prevent lpiymyancy.
The research found 6 critical H/D ratios, and FE models weatetteising these
ratios for each construction method. Each construction technique ha8l six
Dimensional-FE models, and each result from the two constructitmdsewas
compared to understand the patterns of soil stress around a burigtephMen
modeling meshes, both soils and annular space were madmlal shape that is
one of the mesh shapes in ABAQUS, but a pipeline that has small thicknesses wa
made of ashell shape. Figure 5.1 below was shown in one of the 3D-FE model

meshes created in both OT and HDD.
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Figure 5.1 FE Modeling for OT (left) and HDD (right)

The number of elements in FE models was different depending on produc
diameter, annular space size, and depth of cover. The total elementrnumbe
approximately ranged from 1500 to 3000. In order to create suitainde
organized meshes, the interval used between elements was 0.05m,wakich
assigned as the global size. The mesh shape used in the wholks made
hexagon. Soil columns over and under the buried pipe, shown in Figureebel, w
designed separately to make denser mesh. A little finer mehls section could
lead better outcomes. Figure 5.2 below was FE models createcpéingiand

annular space.
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Figure 5.2 FE Modeling for Pipeline (left) and Annular Space (right)

All contacting surfaces between materials were tied soehelt FE model
could influence or be influenced by each other. The stress analgsiconducted

and concluded based on these FE models.
5.4.1 FE model Dimensions and Applying Loads

The scales or dimensions of soil, pipeline, and annular spacerroEg&ls
were referred to by previous laboratory data described in Ch&ptérhe
dimensions for each material were specified in the next osectiModel

Parameters.” The total dimensions in FE models are shown in Figure 5.3 below.
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Figure 5.3 Total Dimensions in FE model and Applying Loads

The width and length of the total mesh were 450mm and 610mm
respectively. The total height varied depending on the depths of, goegluct
diameter sizes, and the diameters of the annular space. The aliftamcthe
bottom of the pipe to soils was 230mm, which was fixed. Both graviyriaer
load were applied to FE models. Those loads are considered aatithéoad. In
this model there were no external loads acting on soils andngpelhe gravity
was applied to this model so the weight of soil, pipe, and annulae,swaah
were called “the dead load,” were computed by inputting the neggtiaxaty (-
9.81N) that represents force direction. The second load applied noothed was
river load. This FE model was simulated in pipeline river crossings. The vegight
a river must be considered for describing a river crossing in thadéel. Also,
pipeline length is dependent on the width of a river. Only the widtihis FE
model was a constant value, which was 450mm. As a uniform load (4.412 kpa),

the weight of a river was applied to the surface of soil mesh shown in Figure 5.3.
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5.4.2 Model Parameters

This section describes the assigned parameters associ#ttefdrawious
laboratory tests in order to build FE models. In the experiment,vgasdised as
the base of the manufactured tank, but the FE models did not considerase
that may not affect the final results of FE models. In othendeg; the existence of
sand material was negligible for the results of FE modelkso,Alast numerical
analysis and modeling simplicity were why the sand baseewasaded from the
FEM modeling. Only upper soil cover was considered in a modeling steal
to focus the pipe buoyancy situation. Understanding the effestalaiverburden
could be beneficial to examining the behavior of a buried pipelinédn gaperty
(i.e. soil, pipe, and depth of cover) used in the laboratory test waeditfor
building FE models. Besides the properties stated previously, pih@zrties (i.e.
mechanical behavior) were required to create FE models. The nwpdedishes
made for soils and buried pipelines were analyzed assuming theyebelaato-
plastically. From the standpoint of soil mechanics, the stressteaid of soil do
not exactly behave linearly as elastic material (Lee 2(80).the most general
and suitable theory in this situation would be Mohr-Coulomb theory, wiash
produced reasonable outcomes in actual soil behavior. Mohr-Coulomb theory
could guide the best solution in order to understand the interaction besaie
and buried pipeline. The material properties used for an HDPE pipe we
reflected in using elastic and plastic properties referrdxy B8P (2006). The soill

properties used in this analysis were also found in previous literature.
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5.4.2. 1Riverbed Soil

The soil properties employed in the laboratory were used as an input
number to reflect riverbed soil status. The soil density found irradedoratory
tests was 1.197 tonfinthe friction angle was 23.1degrees; the cohesion was
10kpa. In Chapter 3, it was determined that this soil composition i ver
appropriately represents alluvial particles typical of rivdrbsoils. These
properties were somewhat small compared to generally rivgnmgrties (silt
conditions). However, a modeling must be consistent with the soil conoposit
acquired from previous research in order to examine and conclude thed buri
pipeline behavior is consistent with the previous work. Unlike Figure 2289r
sand and silt base is not considered adequate for building FE modalséeve
diminished mesh errors from occurring by mesh complexity apeated that
these factors would not affect the final results that were dered only by soil
overburden. This soil data is a very critical element to deterthménal results
of buried pipeline behavior in FE modeling. For OT installation, RBEemodel
was not considered backfill property for soil cover, meaning diieesver in OT
was designed the same as the one in HDD. The soil burial ukdzbmatory tests
in both OT and HDD was the same, composed of particle settleafiemt

dumping soil-water mixture.
5.4.2.2High Density Polyethylene Pipe

In this modeling, 50, 75, and 100 mm diameter of high density

polyethylene (HDPE) pipe were utilized to build FE models, whias the same
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as the previous laboratory test. The length of the HDPE pipeedtivas 61mm,
which is the size used in both the experiment and buoyancy theoryldsie

and elastic properties for an HDPE pipe were obtained in PPI (200&ddnsity

of HDPE pipe was 0.959 ton’min elastic properties, Young's modulus was
192,900 kpa, which was the mean value used during short-term period of HDPE

usage. Both Poisson ratio and yield stress were 0.45 and 31,000 kpa respectively.
5.4.2.3Drilling Mud

The simulation method of the annular space was developed to create a
light concrete mold to cover the product pipeline. Since the annular s@ece
regarded as a cohesive, consolidated, and compressive area, wedabsurties
annular space could move with a product pipe as a composite Mmaiéea
borehole diameters (BD: diameter of the annular space) werendietd to be 1.5
times the outer diameter (OD) of the product pipeline, whiclovialthe rule of
thumb size, which is referred to as the best practice of Hi3@llation (Bennett
and Ariaratnam 2008). It was difficult to find accurate mold siaeshe expected
annular space, so the light concrete molds utilized did not exadtg borehole.
In FE models, we utilized the same data found in the laboratety, teuch as
borehole diameter (BD) and the density of drilling fluids. Bothtelgmrameters
(i.e. density: 1.35t/f) Young’s modulus: 1.35tonfirand Poisson ratio: 0.5) and
plastic parameters (cohesive strength: 15 kpa, friction a@génd dilation angle:
5°) were utilized to mirror the original clay properties (Bowles 1996;108%).

In summary, all data used to create these FE models Was feom

previous research, to create a connection to the previous experiments. fitre dila
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angle of 2°, which was referred from the previous literatwas utilized (Lee

2010). SIMULIA (2009) described the range from 1° to 5° in dilation exdgl

not affect the result of FEM model. Table 5.1 below was shown isuhenary

of input data used in the FE model.

Table 5.1 Material Properties in FE model (Das, 2006; Bowles, 1996)

Saoll HDPE Drilling
Property Types (Silt) pipe Mud
Density (ton/m3) 1.197 0.959 1.35
. voung's Modulus | 54 5590 | 192,900 30,000
Elastic (kpa)
Property Poisson Ratiq( 0.35 0.45 0.5
Yield Stress (kpa) - 31,000 -
Cohesive Strength
Plastic (kpa) 10 i 15
Property Friction Angle (°) 231 - 0
Dilation Angle (°) 2 - 2

5.4.3 Boundary Conditions

The size in FE models was created by following the originakedsions
designed in the laboratory tests. In order to simulate aasisituation in the pipe
floatation experiment, a sufficient distance from the borehole awtisal to
preserve the stress diagrams in post installation (Kennedy2608). It is very
important to reduce the effects of model boundaries on the anagsi#sr
because in the previous literature of FE modeling several casieswent huge
boundary effects that may have disturbed producing accuratesrastiie shear

failure zone (Wang and Sterling 2004). In this FE modeling, both mesh
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boundaries for the annular space and pipe were almost located antiieat the
whole mesh modeling. Along the vertical borehole axis, the FE mwodsl
symmetrically designed to reduce errors from occurring on thiysasmaesults.
The mesh modeling around the upper soil burial over a buried pipe was made
finer in order to obtain more reliable results. To minimizeldbendary effect, a
sufficient distance from the center mesh boundary must be maintaguadise
distance helps keep geostatic stress conditions around buried pijpelgnstently
(Kennedy et al 2006). The FEM study was only interested invan@ation of
upper soil burial over the pipeline, and when analyzing the stnedgses in this
area, stress pattern in the middle elements cutting megheach end of FE
models was examined to ensure that the final result would be $@htee from
boundary friction. Figure 5.4 below shows the front view of boundary condition

in 3D FE model.
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Hinge

Figure 5.4 Boundary Conditions in the Front View

Figure 5.4 shows a restrained bottom side in this FE model. ©uty f
surface sides in the FE model were allowed to move vertichltyizontal
movement was restrained in the whole model. In this research, thealve
movement of soil overburden is the most important part that must belemtsi

Figure 5.5 showed the side view of the boundary condition assumed in tRi§ 3D

model.
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Figure 5.5 Boundary Conditions in the Side View

As shown above, the front and bottom surface were restrained by.hinges
This FE model followed the dimensions for what the experiment ateulil The
front sides were allowed to move vertically. The boundary conditidheatront
sides was activated by rollers. Figure 5.6 presents boundaryioasdor the end

of pipeline and annular space in FE models.

Pipcline

Roller Roller

Figure 5.6 Boundary Conditions in Pipe & Annular Space
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The pipeline was able to move vertically by rollers. The ansglace was
also assumed to be the same as boundary condition of pipeline. All bpundar
conditions were chosen to study the vertical movement while theohtal

direction was restrained.
5.5 Analytical Methodologies for FEM

To determine the behavior of a buried pipeline, this section mentioned two
analytical methods that we performed. The two methods were as follows:

1) Check maximum soil stress and its pattern around a buried pifreline
both OT and HDD: stress analysis is very critical for eegia to
decide design parameters (i.e. depth of cover, annular space gperti
density, diameter, and pressure). We only focused on maximum soil
stress in the top soil over the pipeline. Investigate the strétssrpan
soil cover boundary in both OT and HDD methods that were simulated
at the same critical H/D ratios obtained from the laboratsis. Note
the maximum soil stresses occurring in both OT and HDD methods,
and compare those. If there is a difference between those methods,
analyze why it happens.

2) Change values of design parameters (i.e. diameters, soil or mud
properties, and depth of cover) and substantiate the relationship
between them and pipe behavior through finite element analysis.
Different soil properties (i.e. density, Poisson ratio, Young’s modulus,
and plastic properties) can vary as well. This change can irtfeem

relationship of pipeline behavior regarding diverse soil status. Anothe
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way is to vary the depth of cover designed. As the depth of cover
increases, observing changes in soil stress is a good approach to
understand the relationship between soil stress and depth of cover. In
HDD installation, the properties (i.e. diameter and density otfrdgyil

fluid) of the annular space can vary. As varying these propenes,

can reveal how the annular space influences soil stress.

5.6Results

The FEM results were comprised of three stress analysesnijaring soil
stress patterns in soil overburden above the pipeline install@ftand HDD at
the same H/D ratios, 2) analyzing soil stress patterns gingadiameters of
annular space, and 3) analyzing soil stress patterns at varyisigiete of annular
space. The first results showed maximum tensile or comprestiesses
occurring in soil overburden when each pipeline installed by HDD @md
methods was buried at the same critical H/D ratio. We asod the position
where maximum stress occurred in saturated soil burial. Trendeand third
results presented how the annular space influences soil &@as a buried pipe.
In order to understand the role of the annular space, we variedtib@& design
parameters (i.e. density and diameter) in the annular space. Tity dédsilling
fluid and borehole diameter are important parameters for detegnadcurate
pipeline installation design of HDD method. Thus, these will givaitical idea
about the role of the annular space related to pipe behavior in saturated silty soil

The FE models were analyzed by the static load status, wisdshonly

applied to the gravity typical of static loads. ABAQUS 6.10 watable software
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to study the general static status. Stress considerekdisinabalysis was Von
Misses Equivalent Stress that has been utilized for plasticvioehletween
pipeline and soil (Lee 2010). This theory follows the yield criteredated to the

total strain energy theory. When modeling, these FE models asgstemed to
follow the Mohr-Coulomb theory, which is generally used in plasetdytheory.

The material properties used in this model were categorizetheahanical
behavior in materials (i.e. soil and pipe) was assumed elastteplAdditionally,

the annular space in this model was assumed to be well bailhionth, meaning

the annular space has a good filter cake, which effectivelygbsotiee borehole
wall. In one month, the boundary in the annular space could act as a singl
composite, which the previous experiment assumed. The FE model only
deliberated three-dimensional (3D) stress around soil overburden. Soill
displacements occurring at nodes were very small during tied somid static load
step. Robert and Britto (2008) found the displacement during the geatégtic
(static load) was acquired by considering the gap betweeal iaitd calculated
stresses by ABAQUS. This caused displacements that werentbdie to the

little gap between the initial and calculated stresses. Theislisplacement in this

FE model was negligible. In addition, element types in the 3DveHel were
second-order element (or Quadratic), which has 20 nodes in onentldda®
(1999) proved the results obtained by higher order meshed model are more
precise. Hence, this FE model implemented second-order intéopolahd

guadratic geometry for each element.
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5.6.1 FEM Stress Analysis: OT vs HDD

This section describes the stress pattern in the soil overburigenOaf
and HDD installations at six critical depths of cover discovandtie laboratory
tests. The subsequent sub-sections summarized and compared sods stress
affected by both construction methods at each diameter. Thestreakes were

presented in Table 5.2 below.

Table 5.2 Max-Stresses at the Critical H/D Ratios in OT and HDD

Product Diameter (mm) 50 75 100

Critical H/D Ratios 1.51 0.39 1.30 0.91 1.73 0.82

OT | 5.044| 5.074) 6.183 6.0283 7.310 6.205

Max-Stress (kpa)
HDD | 3.902| 3.722| 4.504 4.254 4.795 3.952

5.6.1.150 mm

In 50mm HDPE pipe, both 1.51 and 0.39 in critical H/D ratios were

acquired in the laboratory tests. 1.51 was the minimum value forcmaal height
to prevent pipe buoyancy for OT installation, and 0.39 was the vatudD©®

installation. Two FE models for each H/D ratio were createe flaximum
stress in soil burial over the pipe was 5.044 kpa when the pipe indiglled

was buried at 1.51 of the H/D ratio. HDD was 3.902 kpa. Appendix C heagns
in this stress pattern at about 50 mm installations. The maxistt@ss in both
OT and HDD installation occurred at the direction of 11 and 1 o’clocthe

contacting surface between soil and pipeline. While the maximmassstrend in
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both OT and HDD was almost analogous, the trend in stress covdsudtifferent.
The minimum stress occurring in the OT FE model was sprea the
contacting surface at the crown of the pipeline to the top suofattee FE model
(see Appendix C). Contrary to this, the minimum stress occuritite HDD FE
model was exited around the surface sides of the FE model. Finally, §®evsa®
decreased as the depth of cover was increased even whetiomasias minimal.
However, the relationship between depth of cover and soil stress was not
consistent compared to the results in both 75 and 100 mm diametbes next

section.
5.6.1.275 mm

In OT installation, the maximum stresses in the 75 mm productetiam
were 6.183 and 6.023 kpa at 1.30 and 0.91 of the critical H/D ratioctesghe
In HDD installation the maximum stresses were 4.504 and 4.254 kpa. {Benera
OT installation caused higher stresses in soil burial than Hia@itionally, the
location of the maximum stress occurring in the 75mm FE modetaras as the
one with 50mm. The whole stress pattern in the 75 FE model wasialdar to
that of the 50 FE model (see Appendix C). However, as the depth of cover

increased, soil stress also increased, unlike the 50 mm diameter HDPE pipe.
5.6.1.3100 mm

The same phase in 100 mm diameter of FE model was also found as
shown in Table 5.2. OT installation led to higher stresses in sadl lbvan HDD

installation, which was same as the other product diameterg\fpandix C). In
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addition, the aspect of stress contour was very similar to otlaneters.
Furthermore, another finding in both 75 and 100 mm in OT installatiorttvaas

the stress increased as the burial increased.
5.6.1.4Summary and Analysis

Twelve FE models were created in order to study the phase yamgar
stresses and to contrast the total vertical stresses let@€eand HDD FE
models when buried at the same depth of soil burial. This comparisomlgutovi
three findings for HDD and OT installations.

Firstly, the soil overburden area in OT installation had higmessts than
in HDD installation. Every 12 FE model that proved OT installatbrought
about higher soil stresses compared to HDD FE models in sam#@os. This
means that soil stress in HDD is partially transferrégd the annular space. In
other words, the annular space may observe partial stressesthaupposed to
be in soil overburden. This effect could be described by the archfagt.ef
Compared to material properties, silty soils used in the Eseeere relatively
softer and weaker than the stiffness of annular space (getsralod properties)
used in FE models. Hence, the annular space was capable of partial smkstres
terms of the arching effect that transfers compressivessse which depends on
the differences between their material stiffness.

Secondly, as the depth of cover in 50mm HDPE pipe was increased, stre
was decreased in the OT installation based on Table 5.2. Unlik&Otnen
diameter pipe, the 75 and 100 mm pipe had a different trend for thierrshap

between depth of cover and stress. Datta (1999) found this phase could be
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different depending on soil materials and pipeline properties dieeneter and
material). Thus, the two different trends between depth of cover ass$ sould
vary depending on the diverse materials and parameters; thesetondsd
examined in detail through finite element analysis.

Lastly, the locations where the maximum and minimum stressesred
in soil overburden were at the direction of 11 and 1 o’clock on the pifheisoll
burial. This trend was same in both OT and HDD FE models. The maxim
stresses axially occurred at these directions alongitiedine. The minimum
stress in OT installation occurred at the crown of the contastinface between
the pipeline and the soil while the minimum stress in HDD installation cetat
the surface soll.

Summarizing the pattern of soil vertical stress, the amountsagfimum
soil stresses between HDD and OT installations were fdiffgrent while the
pattern of soil stress contour was very analogous. Soil sbeesgring in OT
installation was approximately 1.4 times greater than thaDb khstallation due

to the existence of annular space.
5.6.2 FEM Stress Analysis: Changing BD in HDD

Two different trials were conducted in order to examine the role of annular
space. The first trial was to change the diameters ddrthalar space, which was
called “borehole diameter (BD)” shortly. The ratios betwe@hdahd OD (outer
diameter of a product pipe) in the previous laboratory tests radngedl.43 to
1.63. For this FEM trial, the data obtained in the previous 75mm HDREt@st

was utilized as a standard for FE modeling. 1.30 of critical tdt® was utilized
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as a standard depth of cover. BD in the 75mm HDPE pipe was 148 @D in

the previous pipe floatation research. As 1.5 times OD was skearnsh standard

for BD, BD was scaled from 1.33 to 1.73. A total of 15 FE models imaifefor

50, 75, and 100mm HDPE pipe. Figure 5.7 was shown in the phase of soil stress

at varying BD scales.
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Figure 5.7 Solil Stress Patterns at Varying BD Scales

As a BD scale was enlarged the total stress in soil baweal the pipe was
mostly decreased in all three diameters. If the portion oatimular space was
increased, partial soil stress could be moved into the annular dpact® the
arching effect. The contour pattern in soil stress was neanhe as the results in
the previous section. The maximum stress flew axially adlitleetion of 11 and 1
o’ clock. The strong relation between soil and annular space wasnt@ted at
the contacting surface. Based on these results, it could be condhadi¢ldet size

of the annular space also helps control the total soil stressliburial, which is
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located over the buried pipeline. The next section was anothém taster to find
out the role of annular space at varying its density. The det&iE models that

were created are shown in Appendix D, E, and F.
5.6.3 FEM Stress Analysis: Changing Densities of Annular Space

In the previous section, the study revealed that the size oérthelar
space is a critical element that is able to affect smks variation in saturated
silty sails. In this trial, changing densities in the annulacspaere also a good
indication in examination of the relationship between soil steesdysis and
annular space parameters. Figure 5.8 below was the final reshl changing

densities of annular space.
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Figure 5.8 Soil Stress Patterns at Varying Densities of BD
This graph presents the trend of varying stresses associatedBmi
densities, which almost has a linear behavior. While the incredsimgjty in the

annular space reduced soil stress, this variation was too smalpact the soil
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stress pattern. In Chapter 4, the research found that the dengitg ahnular
space affected the behavior of buried pipeline regarding pipe buoyAmc
increased density caused an increased uplift resistancetf@c@revents pipe
buoyancy as previous literature mentioned in Chapter 2. Howevdris FEM

results, the density of drilling fluid did not vastly affect theoamt of soil stress
compared to the first trial (changing diameters of the anmace). The detail

descriptions for this stress analysis were shown in Appendix G, H, and 1.
5.7 Summary in Numerical Analysis

The research revealed the stress pattern in soil cover abovaptime
installed by open trench (OT) and horizontal directional drilliRpD) at six
critical depths of cover. Also, by changing parametersdiameter and density)
in the annular space, the relationship between annular space bettess was
approached. Multiple FE models were created to perform two olgsecti
mentioned in this chapter.

The pattern of soil stress diffusion in both HDD and OT FE modatswery
analogous. The greatest soil stress occurred not at the crownpipe¢hleut at the
direction of 11 and 1 o’clock on the pipe. Maximum soil stress wiadlyakown
along the pipeline. Maximum soil stress patterns in both HDD ahdwmére
nearly identical, while they had a different pattern of minimaomn stresses. A
more interesting part was the difference of maximum spglsses between OT
and HDD methods. HDD installation brought about less soil stresstmvburied
pipes compared to OT installation. Soil stress in post-OT instalavas

approximately 1.4 times greater than HDD installation. This besause the
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annular space partially supported the soil stress that occartied soil burial due
to the arching effect. OT method caused greater soil stneseili overburden
above a buried pipeline. These results could not directly concludeHbBt
installation is a better method at the same depth of cover istdmelpoint of
pipeline safety. However, these results showed that at the cgpiies of cover
HDD could be a better construction method when riverbed status isomadxds
for plastic solil failure that happens when total soil stressrongun riverbeds is
over the limit of the original yield soil stress. In this mannesulting in less soil
stress obviously means that HDD would be better suited to soil plastic failure.
In the previous laboratory results, the annular space was &gl factor
to control the pipeline behavior. To prove this fact using FEM, wesddhe
density and diameter of the annular space to understand how thesetpesam
affect soil stress occurring in riverbeds. In the long run, thesemeders
significantly affected soil stress pattern in soil burial. iAorease in borehole
diameter (BD) and density led a decrease in the soiksbres the pipeline. Thus,
the research concluded that the annular space could help manipulatisglthe
stress occurring in riverbed. These two kinds of FE models helped substatiate

critical roles of the annular space.
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Chapter 6: CONCLUSIONS AND RECOMMENDATION
6.1 Conclusions
6.1.1 Research Summary

The main objective of this research is to reveal the buoyafifegt for
buried pipelines installed by traditional open trench (OT) and twotak
directional drilling (HDD) methods in saturated silty soils tgbiof a riverbed.
After obtaining the results of buoyant behavior, we compared QIT HDD
installation methods to define the behavior of buried pipelines. &rhiiwoyancy
factors were determined. This and other final factors thattalfferied pipeline
behavior were analyzed. To obtain the results of pipeline behaviarataby
tests and theoretical methods were performed producing criti€alrétios for
both the OT and HDD methods. A real-scaled metal tank was mamaf&end
utilized for laboratory tests simulating the pipe buoyancyceffehe diameters of
HDPE pipe used in the laboratory tests were 50, 75, and 100 mm. For the
theoretical method, buoyancy theory was applied to calculateitivaladepths of
cover, which were comparable with experimental results. Finalynumerical
analysis (FEM) was performed to understand the stress patterrsaf burial
boundary, which was created by utilizing the critical depths ofrc@¥® ratios)

obtained from the experiment.
6.1.2 Critical H/D Ratios: OT vs HDD

Among those buoyancy factors (i.e. pipe diameter and material, soil

properties, depth of cover, saturation, etc), the depth of cover is obviausly
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critical factor for pipeline design and installation becauseldblk of depth of

cover leads to pipe buoyancy post-installations. In this researcidefite of

cover was used as the variable in factorial designs in orammtoast the results
between OT and HDD methods. The summary of the results is as follow:

1) The critical depths of cover calculated in the theoreticahatetvere a
very consistent value (approximately 3.0 for OT and 1.5 for HDD) for
each diameter.

2) There was discrepancy between the theoretical results and the
experimental depth of cover ratios.

3) The depth of cover was affected by the standard dimension $&iR)(
of each diameter.

4) The annular space led different results in the laboratory bestgeeen
OT and HDD methods; HDD required less critical H/D ratlentOT
to prevent pipe buoyancy.

5) The density of annular space in HDD caused different buoyancy
behavior from OT.

6) The ratio between borehole diameter (BD) and outer diamet@y (O
was determined as a critical parameter for pipeline behavior.

The theoretical results of each diameter for both OT and HDE we
similar. Based on these results, we found that the depth of coseaffeated by
the standard dimension ratio (SDR) of each diameter. The SDke isatio of
thickness to pipe diameter. Thus, a high SDR means that the thickreepgoe is
relatively thin. In both the theoretical and experimental methd@0anm HDPE

126



pipe with a SDR of 21 required a larger H/D ratio to prevent fhipg¢ation than a
50 and 75 mm HDPE pipe with a SDR of 17. The SDR result of a 106iB¥E
pipe proved that a higher H/D ratio must be required for safe pipgabtadlation
if a HDPE pipe with a higher SDR is designed. Thus, engineess aeliberately
consider the SDR when considering the effect of pipe floatation in rivesicgss

In HDD installation, the annular space significantly influencqeklme
behavior. Depending on the parameters of the annular space orgdfillid,
pipelines installed by HDD behaved differently in saturateg siils compared
to pipelines installed by OT. The only structural difference betwOT and HDD
is the existence of the annular space. This difference is a gdazhtor of the
different outcomes between OT and HDD. Previous research discdahetetie
buoyancy effect in water body crossings relies on the deofsggil overburden.
Hence, this experiment focused on the density of surrounding soilsper pi
materials. The annular space was simulated using a light cergast that was
manufactured following the expected density (1.282 tdngme Chapter 3). The
final light concrete density (1.345 torifnwas discovered to be higher than what
was expected and all three test pipe assemblies of concretehatwlnearly the
same density. Therefore, the concrete mold density was consider@dixed
value when comparing final results.

The next influential factor was the ratio between outer diam@er.
product diameter) and borehole diameter (BD). Basically, the boredinée
simulated in the laboratory was 1.5 times the outer diametdreopipe that is
referred from Bennett and Ariaratnam’s book (HDD good praciizedeline).
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This borehole size has generally been utilized in actual constrywctatices for
HDD installation design. Due to the difficulty of finding thersasize of concrete
mold for each BD, we utilized sizes that were similar but exaict, which is
representative of actual construction practices. Conclusivelysatiee of BD to
OD became the major variable to determine the critical Hifios for each
diameter regardless of construction methods. Based on the laboratoltg e
Chapter 4, the final critical H/D ratios from the HDD te&re not consistent. A
50 mm HDPE in an HDD test had the smallest H/D ratios amonghtiee
diameters due to a higher ratio (1.68) between BD and OD. On thargomtr75
mm HDPE, which had the smallest ratio (1.43) between BD to QGDlteel in the
largest H/D ratio. A greater ratio between BD and OD requaremaller critical
H/D ratio. The ratio in the annular space installed in praatmastruction may be
very influential for the security of a buried pipeline. Enginaarsst carefully
determine a suitable ratio for the annular space if the pipe bapgituation of a
project site is questionable. Therefore, it can be concluded thakistence of
the annular space in the HDD method incurs a different pipe buoyancy
phenomena than the traditional OT installation.

The results followed our hypothesis that pipes installed in satusalty
soils by HDD and OT methods of construction behave differently. Tiieat
finding was that pipes installed by HDD require less depth ofrdbaa similarly
sized pipes installed by OT method. The main reason was due tenités in
density between the soil covering and the drilling fluid. TheidglFluid had a
greater density than the native saturated soils, so that in iHBtBllations the
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density of the drilling fluid results in a lower critical deif cover. Subsequently,
the unit weight of the drilling fluid utilized in a river crossingish be specifically
designed to minimize the conditions that could lead to pipe buoyancy.

This research also found that there was discrepancy between the
theoretical results and the experimental depth of cover ratios.thEoeetical
calculations were more conservative than in the cases examitied research.
This research did not consider soil friction created by sheamgitr factors. In
previous research (White et al 2001), the uplift resistance fmatmilation in
buoyancy theory considered solil friction factors; however, taditional pipe
buoyancy theory utilized in this research did not consider sciiocin (PPI 2006).
When considering soil friction in practical design and installationyas very
difficult to determine the appropriate shear failure theoriesilme of different
soil plastic failure assumptions. There are diverse shearefdlieories applied to
pipe buoyancy theory depending on geotechnical properties and failure
assumptions. In detail, these soil failure theories required ades@t properties
(i.e. dilation angle) that were rarely obtained by geotechnical invaetigah real
life. Due to economic reasons, pipeline construction often overlooks the
properties of riverbed soil, thereby increasing the chances of fluptation
incidents. Thus, this conventional pipeline buoyancy equation must be
supplemented by precise and reliable soil friction factors thwazantinuing
research.

Overall, two clear findings in the laboratory test can be sunzetri
Firstly, pipelines installed by HDD have more flexibilitydetermining the depth
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of cover for preparing for scour effect, which may triggerldss of soil cover.
This is because pipelines installed by OT need more depth of tt@aresimilarly
sized pipelines installed by HDD in order to prevent pipe buoyancen8hbg the
existence of the annular space is very important for safe dasdyprevention of
pipe buoyancy. Particularly, determining the density and r&tDoto OD in the
annular space was very important for pipe security in riverdcrggsojects. To
fully understand the importance of the annular space, a detaildgsianaf
annular space influence on the behavior of a buried pipe was pedo®oil
overburden above the pipe is a crucial boundary in considering pipe loyoyan
For this, numerical analysis was utilized to examine the patiérsoil stress

occurring in soil overburden.
6.1.3 Soil Stress Analysis by FEM: HDD vs OT

In Chapter 5, we suggested two objectives for using finite element
modeling (FEM) for the numerical analysis of pipeline behavidre first
objective was to compare maximum total soil stress ocguinrthe soil cover
boundary for the two installation methods. Each installation method kdeEsi
models to test the critical depths of cover found in previously laboratory tests. The
six critical H/D ratios utilized in FE models were the soithree H/D ratios each
from horizontal directional drilling (HDD) and traditional open tienT)
methods. Soil stress was considered only the section of soil bugatlgiover
the pipeline because that section of soil is critical for consigigripe floatation

behavior. The maximum soil stress occurred not at the crown qifkéne but
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at the direction of 11 or 1 o’ clock in the contacting surfacevéen the soil and
the pipeline.

A more interesting part was the difference in maximum st#sses
between OT and HDD methods. When the OT method is used for aipeéng
crossing, stress occurring in the soil cover is higher than when the HDD method is
used. This could be because the annular space partially absaibedress
preventing it from occurring in the soil cover. Additionally, wheecamining the
variation of soil stress in regards to varying depth of coversdiiestress itself
increased the most as the burial depth was increased exceptid time HDPE
pipe for the OT installation method. Overall, these results could mettlgi
conclude that HDD installation is a better method using the siampth of cover
from the standpoint of pipeline safety, because maximum sess&s obtained
from this FEM research were too small to regard these sesslta critical
situation. Nevertheless, less soil stress occurring in post-kBtllation could
be a very attractive point for engineers and contractors tondatethe suitable
construction method for river crossing projects. When total soilsstr@surring in
the soil overburden is over the limit of soil yield stress, theisaieformed. This
soil deformation brings about unstable pipeline behavior. Hence, considegahg t
soil stress occurring in the soil boundary is very important whemeexg and
contractors design and install new underground infrastructure. Conclusivelfy, al
these results support the importance of understanding annular spalziam ito

pipeline behavior, which leads to the next step of FEM.

131



6.1.4 Soil Stress Analysis by FEM: Annular Space

The first objective of using FEM was to find out the soil stdésgibution
and maximum soil stress that occurs in the soil cover area dtarhorizontal
directional drilling (HDD) and open trench (OT) methods are zatli for a
pipeline crossing through a riverbed. To determine the role ohtndax space in
HDD, two parameters, density of the drilling fluid and diametethe annular
space, were varied to show how the annular space affectsresd ;1 post-HDD
installation.

An increase in the density of the annular space, which is fillgd w
drilling fluid, led to a very small decrease in soil strasghie soil cover zone.
Although there were small variations in soil stress, the relsedetermined that
the density of the annular space did not vastly impact the variaifeswl stress
occurring in the soil overburden. On the contrary, varying the damef the
annular space led to significant variations in maximum soistiacreasing BD
shows decreased soil stress in the soil burial zone. Thus, the eliamhehe

annular space could impact on total soil stress occurring in the soil overburden.
6.2 Recommendation for Future Research
6.2.1 Pipe Floatation Research

Pipe buoyancy research was designed to simulate conditions pretent
borehole a month or more after installation. This specificafigrred to the cast
in place annular space around the pipe that was utilized to sartbkatdensity

and volume of the space typical of HDD installations. This arsalgsl not
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consider the annular pressures experienced in the borehole during ¢mrstarc
the depth of installation required to manage the borehole pressevekped
during the installation procesalith these limitations, this research may be better
suited to examine pipe installations where the depth of covegebatue to river
scour. It is possible to say that HDD would potentially be \megeficial for
pipeline safety in different riverbed configurations, including scour depth.

The research could be expanded to include a more practical studgrof
crossing pipelines. Firstly, the actual location of the pipelineléenthe annular
space should be considered in post-installation. In reality, thél@dspapeline is
generally not going to be positioned concentrically within the borelibline
installed pipeline is upwardly located inside the annulus, it noag lupper
drilling fluid, which leads to an unbalanced shape in the annular spadegLos
some amount of drilling fluid over the pipeline could cause a pipdatioa
accident due to a decrease in the uplift resistance foraan@g, practical
models must consider river flow characteristics (scour, flood, al®]. tfhese
characteristics significantly influence the behavior of a dalrpipeline in
saturated soils. Huge floods trigger pipeline erosion, exposalfl@amdtion at
river crossings (Wang et al 2010). Moreover, scour caused laction of a flow
may be one of the causes of pipe exposure (Moncada-M and Aguifr@oPe
Hence, if we deliberate these factors, then this researchl midldelosely be an
applicable and practical model for river crossings in practidardlly, the
procedure utilized provided a repeatable methodology that produced consistent
results from which the behavior could be observed, while the soilzedtin this
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examination have a lower unit weight than those that might be foundtumal
deposits. Future research should include scaling the soils to aneateproject
applicable conditions. Fourthly, this research also found that thee wa
discrepancy between the theoretical results and experimepthl afecover ratios.
The theoretical calculations were more conservative than theireep¢al results
in the cases examined in this research. This research didnsitier soil friction
created by shear strength factors. In previous research (\athdk 2001), the
uplift resistance force calculation in buoyancy theory consideoddfriction
factors; however, the traditional pipe buoyancy theory utilizeédigresearch did
not consider solil friction (PP1 2006). Thus, the next process would beitm des
accurate and desirable buoyancy theory model, which considerdristdn

factors through examinations of previous research.
6.2.2 FEM Research

Future FEM research could go in several directions: 1) changing
parameters and modeling shape, 2) determining the relationshipdebarehole
pressure and pipe buoyancy, and 3) considering the annular space Viighosi t
of a filter cake.

Firstly, several parameters (soil types, pipe material, deptkover,
consolidation, saturation, etc) could be applied to new FE models. afes st
before, the FE models created in this research were follquvengous laboratory
tests shown in Chapter 3 and 4. All scales and dimensions were &hotem
regard this model as a practical pipeline for installatiorabge the objective of

this simulation was only to compare the behavior of buried pipelstalled by
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two representative installation methods. Hence, several paranueteld be
applied to create a more practical FE model. OT installatidhe FE models did
not consider soil backfill properties, which may be looser tharsdileproperty
applied to this research. In addition, future work might change thie stegpe or
number of elements in order to obtain optimal FEM results.

Secondly, the relationship of soil and pipeline in new FE models could be
revealed through the stress analysis of different borehole presddeore
performing this, however, we would have to determine the relatjpristiveen
borehole pressures and pipe buoyancy. During HDD installation, designé
contractors should consider borehole pressures that causes hytrefrac
unconfined plastic failure. There are various stresses occurongdthe annular
space during the HDD pullback process. Tension, bending, external hoop, and
pipe overbend at the entry are good examples of stress occarangd the
pipeline during HDD installation (Harper 1999). Various forces. (puoyant or
frictional forces between the borehole wall and the product pip@&jeirthe
annular space act on segments of the pipe (Huey et al 1996). ldndergtall of
the stresses and forces found in HDD installation are impodasreaite healthy
borehole conditions. This research assumed that the annular spacgelvas
created. However, future work could be reversely assumed (borehgeor
status), simulating FE models with an unstable borehole having been installed.

Lastly, future research should clarify the relationship betweipe
buoyancy and filter cake. Wang and Sterling (2007) found that witheufilter
cake, static liquefaction in adjacent soils around a pipe could occuociigh
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permeability. This liquefaction leads to soil erosion and fluidal mevenwhich
could make a pipe float. This research was done without considetitey adke;
for future work, the filter cake should be included.

Overall, using FE models for future research will help build a tobus
model for pipe buoyancy and successful pipe installation for cootsac

engineers and even researchers.
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APPENDIX A

[FEM] CRITICAL H/D RATIOS IN OT EXPERIMENT
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Traditional Open trench

Pipe Size Depth of Cover Depth from the Float (F) or
(mm):[OD] | Test NO (cm) bottom (cm) not (N)
50 [60.3] 1 5.72| 0.95D 11.75 F
2 6.78 1.12D 12.81 F
3 7.32 1.21D 13.35 F
4 7.37 1.22D 13.40 F
5 7.72 1.28D 13.75 F
6 8.15 1.35D 14.19 F
7 8.2 1.36D 14.24 F
8 8.94 1.48D 14.97 F
9 8.99 1.49D 15.02 F
10 9.09 1.51D 15.13 N
11 9.09 1.51D 15.13 N
75 [88.9] 1 6.86| 0.77D 15.75 F
2 7.24 0.81D 16.13 F
3 7.87 | 0.89D 16.76 F
4 8.56 0.96D 17.45 F
5 10.06| 1.13D 18.95 F
6 10.67| 1.20D 19.56 F
7 10.8 1.21D 19.69 F
8 10.8 1.21D 19.69 F
9 10.9 1.23D 19.79 N
10 11.1 1.25D 19.99 F
11 11.53| 1.30D 20.42 N
12 11.63| 1.31D 20.52 N
100 [114.3] 1 9.47 | 0.83D 20.90 F
2 11.63| 1.02D 23.06 F
3 12.14| 1.06D 23.57 F
4 12.50| 1.09D 23.93 F
5 1557 | 1.36D 27.00 F
6 15.77| 1.38D 27.20 F
7 16.99| 1.49D 28.42 F
8 17.53| 1.53D 28.96 F
9 17.60| 1.54D 29.03 F
10 18.31| 1.60D 29.74 F
11 19.35| 1.69D 30.78 F
12 19.76| 1.73D 31.19 N
13 19.86| 1.74D 31.29 N
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APPENDIX B

CRITICAL H/D RATIOS IN HDD EXPERIMENT

147



Horizontal Directional Drilling

Pipe Size Depth from the
(mm):[OD] | Test NO| Depth of Cover (cm) bottom of Pipe Float (F) or not (N
(cm)
50 [60.3] 1 1.45 0.24D 7.48 F
2 2.18 0.36D 8.22 F
3 2.36 0.39D 8.39 N
4 2.44 0.40D 8.47 N
5 2.92 0.48D 8.95 N
6 3.56 0.59D 9.59 N
7 5.03 0.83D 11.06 N
8 5.61 0.93D 11.65 N
75[88.9] | 1 699  0.79D 15.88 F
2 7.49 0.84D 16.38 F
3 7.67 0.86D 16.56 F
4 7.80 0.88D 16.69 F
5 8.08 0.91D 16.97 N
6 8.18 0.92D 17.07 N
7 8.46 0.95D 17.35 N
100 [1143] 1 846 | 0.74D 19.89 F
2 8.79 0.77D 20.22 F
3 9.07 0.79D 20.50 F
4 9.35 0.82D 20.78 N
5 9.63 0.84D 21.06 N
6 10.80 0.94D 22.23 N
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APPENDIX C

[FEM] STRESS ANALYSIS AT CRITICAL H/D RATIO
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CRITICAL H/D RATIO: 1.51,DS0MM

Maximum Soil Stress over the Pipeline in &I044kpa

dard 6.10-1  Thu Apr 2

Maximum Soil Stress over the Pipeline in HDE902kpa

Abagqus/: ard 6,.10-1  Thu Apr 26

p Tirv
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CRITICAL H/D RATIO: 0.39,DSOMM

Maximum Soil Stress over the Pipeline in GI074kpa

odb  Abagu dard 6.10-1  Thu Apr 26 11:21

Maximum Soil Stress over the Pipeline in HDE722kpa

ndard 6.10-1  Thu Apr

151




CRITICAL H/D RATIO: 1.30,D75MM

Maximum Soil Stress over the Pipeline in GT183kpa

ountain Standard Time

) Time = 1.000

ntain Standard Time 20
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CRITICAL H/D RATIO: 0.91,D75MM

Maximum Soil Stress over the Pipeline in BT023kpa

"W

j

dard 6,10-1 Thu Apr 2

andard Time
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CRITICAL H/D RATIO: 1.73,D100MM

Maximum Soil Stress over the Pipeline in QT310kpa

s/Standard 6,10-1  Thu Apr 26 1.

ODE: HDDd10 Ah: dard 610-1 Thu A ta dard Time

Time = 1,000
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CRITICAL H/D RATIO: 0.82,D100MM

Maximum Soil Stress over the Pipeline in BT205kpa

‘ +1,911e+003

£

ard 6.10-1  Thu &p

ndard 6,10-1  Thu Apr 2
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APPENDIX D

[FEM] CHANGING ANNULAR SPACE DENSITY: D50MM
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DENSITY: 1.15 TON/M

Maximum Soil Stress over the Pipeline in HDDO85kpa

ountain Standard Time 2012

DENSITY: 1.25 TON/M

Maximum Soil Stress over the Pipeline in HDDO78kpa

dard Time 2012
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DENSITY: 1.35 TON/M

Maximum Soil Stress over the Pipeline in HDDO72kpa

DENSITY: 1.45 TON/M

Maximum Soil Stress over the Pipeline in HDDO65kpa
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DENSITY: 1.55 TON/M

Maximum Soil Stress over the Pipeline in HDDO58kpa

US Mountain Standard Time 2012
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APPENDIX E

[FEM] CHANGING ANNULAR SPACE DENSITY: D75MM
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DENSITY: 1.15 TON/M

Maximum Soil Stress over the Pipeline in HDD522kpa

+
+
+
+
+
+
+
+
+
+
+
+

dard 6.10-1 0: Mountain Standard Time 2012

DENSITY: 1.25 TON/M

Maximum Soil Stress over the Pipeline in HDD513kpa

bttt bt

dard 6.10-1 0 5 Mountain Standard Time 2012
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DENSITY: 1.35 TON/M

Maximum Soil Stress over the Pipeline in HDD504kpa

+
+
+
+
+
+
+
+
+
+
+
+
+

y
r
+4.504

6.0db  Abagu ard 6.10-1  Thu Apr 2

DENSITY: 1.45 TON/M

Maximum Soil Stress over the Pipeline in HDD494kpa

ODE: HDDd7511 Ah: ' Hik tai ndard Tim
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DENSITY: 1.55 TON/M

Maximum Soil Stress over the Pipeline in HDD485kpa

untain Standard Time 2012
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APPENDIX F

[FEM] CHANGING ANNULAR SPACE DENSITY: D100MM
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DENSITY: 1.15 TON/M

Maximum Soil Stress over the Pipeline in HDD957kpa

+
+
+
+
+
+
+
+
+
+
+
+
+

dard £.10-1

DENSITY: 1.25 TON/M

Maximum Soil Stress over the Pipeline in HDD947kpa

ard 6,10-1
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DENSITY: 1.35 TON/M

Maximum Soil Stress over the Pipeline in HDD937kpa

dard 6,10-1  Tue Mount: dard Time 2012

DENSITY: 1.45 TON/M

Maximum Soil Stress over the Pipeline in HDD928kpa

US Mountain Standard Time 2012

166




DENSITY: 1.55 TON/M

Maximum Soil Stress over the Pipeline in HDD918kpa
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APPENDIX G

[FEM] CHANGING ANNULAR SPACE DIAMETER: D50MM
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OUTER DIAMETER (OD) x 1.33

Maximum Soil Stress over the Pipeline in HDD289kpa

i
I
5
I
I
T
I
I
I
I
I
+2,

ODB: HOD

OUTER DIAMETER (OD) x 1.43

Maximum Soil Stress over the Pipeline in HDDO72kpa

=
B o o i o o e

QDB: HDD aha ard 6.10- tail ndard Time 2012

169




OUTER DIAMETER (OD) x 1.53

Maximum Soil Stress over the Pipeline in HDE893kpa

andard Time 2012

OUTER DIAMETER (OD) x 1.63

Maximum Soil Stress over the Pipeline in HDE963kpa

Jountain Standard Time 2012
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OUTER DIAMETER (OD) x 1.73

Maximum Soil Stress over the Pipeline in HDE778kpa

+
+
+
+
+
+
+
+
+
+
+
+
+

ountain Standard Time 2012
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APPENDIX H

[FEM] CHANGING ANNULAR SPACE DIAMETER: D75MM
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OUTER DIAMETER (OD) x 1.33

Maximum Soil Stress over the Pipeline in HDD783kpa

dard 6.10-1  Thu Apr 2 6 U ntain Standard Time 2012

OUTER DIAMETER (OD) x 1.43

Maximum Soil Stress over the Pipeline in HDD504kpa

untain Standard Time 2012
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OUTER DIAMETER (OD) x 1.53

Maximum Soil Stress over the Pipeline in HDD312kpa

odb  Ab ar a9 6 ntain Standard Time

Time = 1.000

OUTER DIAMETER (OD) x 1.63

Maximum Soil Stress over the Pipeline in HDD319kpa

ntain Standard Time 2012
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OUTER DIAMETER (OD) x 1.73

Maximum Soil Stress over the Pipeline in HDD104kpa

dard 6.10-1 Thu Apr 2
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APPENDIX |

[FEM] CHANGING ANNULAR SPACE DIAMETER: D100MM
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OUTER DIAMETER (OD) x 1.33

Maximum Soil Stress over the Pipeline in HD®R187kpa

andard Time 2012

Time = 1.000

OUTER DIAMETER (OD) x 1.43

Maximum Soil Stress over the Pipeline in HDD937kpa

aba dard 6.10-1  Tue Ma Mountain Standard Time 2012

p Time = 1.000
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OUTER DIAMETER (OD) x 1.53

Maximum Soil Stress over the Pipeline in HDD738kpa

1 Standard Time 2012

OUTER DIAMETER (OD) x 1.63

Maximum Soil Stress over the Pipeline in HDD318kpa

1 Standard Time 2012
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OUTER DIAMETER (OD) x 1.73

Maximum Soil Stress over the Pipeline in HDD204kpa

Mountain Standard Time 2012

Tire = 1.000
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