ROLE OF GEOTECHNICAL ENGINEERING IN
ASSURING THE INTEGRITY OF BURIED PIPELINE
SYSTEMS

Dharma Wijewickreme®

University of British Columbia, Vancouver, B.C., Canada
Telephone: 1-604-822-5112; Fax: 1-604-822-6901
E-mail: dharmaw@civil.ubc.ca

Abstract

Buried pipeline systems form a major part of global infrastructure that threads the human-made
physical environment, contributing to the health, safety, and welfare of communities. Satisfactory
performance of these pipeline systems, therefore, has become a key factor in assuring a sustainably
built environment since any significant disruption to them often translates into undesirable impacts on
economies or the living conditions of citizens. Geotechnical engineering has a dominant role to play
in ensuring satisfactory performance of buried pipelines. Adequate knowledge of site-specific soil
and groundwater conditions is critical to the design of pipelines, as well as ensuring good predictions
of their field performance. Quantification of anticipated geotechnical hazards and evaluation of their
impacts are other important considerations in assessing the long-term performance of buried
pipelines. The interaction between buried pipes and surrounding soil is complex. Therefore,
approaches ranging from those based on simplified assumptions to sophisticated numerical modeling
techniques need to be employed in solving soil-pipe interaction problems. The overall goal is to
reduce the risk of damage to buried pipelines from geotechnical hazards. A spectrum of options such
as isolation from the hazard, accommodation of the hazard, or mitigation of the hazard using ground
improvement can be considered in this regard.
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1. Introduction

Buried pipeline systems form a key part of global lifeline infrastructure that serves as the backbone to
the human-made physical environment that contributes to upholding the health, safety, and welfare of
society. Pipeline systems are commonly used to transport large quantities of fluids between
geographic locations. Compared to ground transportation, they offer a mode of transfer of fluids at
lower cost per unit volume and at higher capacity; the transportation of water, sanitary waste, oil, gas,
and hot water (for district heating) are some examples in this regard. Most pipelines are located
along over-land alignments although there are some major pipelines that are located under the sea
primarily to transport petroleum products.

In spite of the advantages in terms of efficiently serving the society, the risk of damage to pipelines is
a key consideration from a sustainability point of view. Any significant disruption to the performance
of pipeline systems often translates into undesirable impacts on regional businesses, economies, the
living conditions of citizens, along with likely adverse effects on the environment (e.g., risk of harm
to the environment from loss of integrity in oil pipelines). Based on available data from the U. S.
Pipeline and Hazardous Materials Safety Administration (PMHSA 2011), the average damage costs
arising from significant pipeline damage incidents over the past 10 years have been in excess of
$400M/year. Pipeline damage statistics from Canada, Europe, and the United States indicate that
about one-eighth of all pipeline damage incidents over the last 30 years have been due to geotechnical
hazards. It has been noted that pipeline failures induced due to ground movements would typically
lead to damage costs more than double those arising from other hazards.

In addition to the loads from the transported content, it is critical that buried pipelines accommodate
external loads that are transmitted through the surrounding soils (generally referred to as “soil loads”).
The soil loads on pipelines can be wide ranging, and they include one or a combination of the
following loadings that arise during different phases over the lifespan of a pipeline system: (i) pipeline
installation; (ii) general operation; and (iii) extreme situations (e.g., landslides, earthquake-induced
ground movements, etc.). Therefore, geotechnical engineering, the sub-discipline of civil engineering
that addresses the concerns related to the use of earth as an engineering material, has a critical role to
play in the design, construction, and satisfactory operation of pipelines.

This paper is aimed at presenting geotechnical considerations associated with pipeline engineering
with particular reference to the above phases. Pipeline materials and installation methods are briefly

discussed at the outset and the approaches available to identify and quantify geotechnical hazards on
buried pipelines, and engineering solutions to mitigate geotechnical hazards are then discussed.

2. Pipeline materials and installation methods
2.1 Pipeline materials

The type of pipeline material selected is dependent on many factors. When transporting content under
high pressure, the expected maximum internal pressure mostly governs the pipe design. Pipe



materials with good stress crack resistance, low permeation, high impact resistance, and satisfactory
UV performance are often sought by the designers.

Welded large diameter steel pipes are often used in industry applications for conveying pressurized
water, oil, and natural gas. Usually, the exterior of steel pipes are specially coated to protect against
corrosion and abrasion. Due to the high strength and ductile nature, steel pipes are equally good in
many applications involving rough terrains or regions where ground movements are expected.
Polymeric plastic piping (e.g., PVC - Polyvinyl chloride, PE - Polyethylene, PB - Polybutylene, and
PP - Polypropylene) is also used for industrial applications such as sewer and municipal and industrial
waste, natural gas distribution, potable water transportation or as subsoil field drains. The plastic pipes
are considered advantageous because of their lower material, installation, and maintenance costs and
their high corrosion resistance and extensibility.

The pipes used for district heating have a composite cross-section since they are typically pre-
insulated, bonded DH pipes where three different materials are combined in the manufacturing
process. These materials include: steel pipes for the supply of hot water, surrounding insulation foam
made of polyurethane, and an outer pipe coating made of polyethylene. Consequently, the interface
between the pipe and the surrounding soil is polyethylene (Weidlich and Wijewickreme 2012).

2. 2 Pipeline installation methods

Installation of the pipelines below the ground surface has been found to be very attractive since it
provides a convenient mode of supporting and protecting the pipelines. The determination of critical
loads for engineering design of buried pipes requires consideration of the internal pressure of
transported fluid and/or external loads from the soil surrounding. For example, the design of high
pressure lines under operating conditions is mostly governed by the internal content pressure (e.g., oil
and gas pipelines) as the external soil loads are comparatively small under typical operating
conditions. In comparison, for pipelines with relatively low internal pressure (e.g., water and sewer
pipelines), the soil overburden loads can be a significant operating consideration.

Most pipelines are buried at shallow depths below the ground (less than 1.5 m) for the ease of
installation and access during maintenance or repair. The open-cut (or cut-and-cover) is the most
common method of pipe installation in such shallow burial depths, in which a trench is excavated
from the ground surface, and then pipes are placed to meet a certain gradient and alignment (Figure
1). In the presence of space constraints, earth support systems of trenches and groundwater
dewatering may be required. The trench is backfilled with select material types or with the native soil.
When pipeline are below roadways, the backfill often requires to be compacted to a specified density.

Buried pipelines need to be located at greater depths in situations such as below-water river crossings
(see Figure 2), mountain passes, etc., and trenchless techniques are adopted in such installations
(Chehab and Moore 2008; Moore 2010). Some of the technologies for trenchless installations
include: (a) horizontal auger boring; (b) horizontal directional drilling (HDD); (c) micro-tunneling;
(d) pipe ramming; (e) moling; and (f) pipe bursting. Depending on the available or chosen alignment,



trenchless pipeline installation processes can be economically and technically demanding, however,
the methods are becoming increasingly popular due to the advantages in protecting the environment
and impacting developed areas. The North American Society for Trenchless Technology (NASTT
2012) serves as one of the leading engineering societies and trade associations promoting and
educating with respect to the renewal and installation of buried infrastructure using trenchless
technology and the practical, social and environmental benefits thereof.
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Figure 2: Example of a below-water pipeline river crossing; plan and profile of design pipeline
alignment — FortisBC Fraser River Crossing Project, Vancouver, British Columbia, Canada.



3. General geotechnical engineering considerations

Detailed understanding of subsurface soil and groundwater conditions along a given pipeline
alignment through adequate geotechnical investigation is one of the keys to good design and
construction of pipelines to meet the performance requirements. This is particularly important for
trenchless techniques where special construction risks and significant challenges during pipe
installation may arise due to potentially unforeseen soil and groundwater conditions.

Geotechnical investigations to determine site-specific soil and groundwater conditions could range
from sampled test pits to other in-situ testing and geophysical profiling techniques. The extent of
exploratory test holes (in terms of number and depth) and the investigation methodology should be
based on the general knowledge of the regional geology, length/depth of the subject pipeline
alignment, and the level of sophistication of the installation technique. Relatively deep drilled
geotechnical test holes are typically required in cases with trenchless installations with deep
alignments. While drilled test holes should be located close to the pipeline alignment, it is preferable
that they are performed with at least a 10-m offset from the proposed alignment to minimize the risk
of drill fluid escaping during trenchless pipeline installation work. If the initial findings indicate
anomalies, discontinuity in the strata, the presence of rock or large concentrations of gravel, it is
advisable to make additional borings to better define the strata. At below-water channel crossings,
serious consideration should be given to carrying out adequate investigation within the channel
section.

Laboratory sieve analyses and index testing are generally carried out on selected samples to classify
the soils and to prepare detailed borehole logs, as appropriate. Information on the shear strength of
fine-grained soils may be obtained using vane shear testing, unconfined laboratory compressive
strength testing, etc. If rock is encountered, the type of rock and mineralogy, the Rock Quality
Designation (RQD), the relative hardness, and the unconfined compressive strength should generally
be determined.

4. Soil loads on pipelines during construction and general
operational conditions

Forces imparted by soils on a buried pipe is dependent on a number of factors: (i) the type and
mechanical properties of the soil; (ii) the type and mechanical properties of the pipe material and pipe
geometry; and (iii) pipe-soil interaction which is largely driven by the relative stiffness and strength of
pipe materials in relation to the soil surrounding.

There have been many methods developed to determine the pipe performance under static loading.
They range from closed-form solutions mainly developed assuming elastic pipe/soil material
conditions; empirical and semi-empirical approaches; and numerical analyses methods based on two-
dimensional and three-dimensional finite-element and finite-difference analyses supported by physical
field and laboratory testing.



4.1 Static loads

Static soil loads on pipes buried in soils are based on the use of methods developed for determining
geostatic stresses under free-field conditions (i.e., stress conditions prevalent without pipe). The
vertical stress and horizontal stress, therefore, are expressed using the following formulae:

o =yH 1)
o, =Ko, )

where: o = vertical effective stress at a given depth; oy = horizontal effective stress at that depth;, '
= average effective unit weight of soil above pipe; H = depth from ground surface to the point of
interest; K = coefficient of lateral earth pressure (Note: under geostatic “at rest” conditions, K =K
= coefficient of lateral earth pressure at rest). While the loads only from effective soil stresses are
considered in the subsequent discussions, groundwater pressures should be accounted as appropriate.
In the presence of groundwater, additional pore pressure could develop due to soil shear-induced
volume change tendencies.

The weight of soil within the rectangular prism of soil having a width equal to the pipe diameter (D)
and a height equal to the depth of soil (h) above the crown level of the pipe (termed "prism load", W,)
is often used for computation of static soil stresses on pipes (see Figure 3). The “prism” load is
generally used to determine the vertical load on relatively flexible pipes, except when such pipes are
buried in micro-tunnels or pipes installed in jacked casings.

A= Crown
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Figure 3: “Prism load” (W, ) used in computation of static soil stresses on pipes.

Marston developed a theory to express the soil load on the pipe under this vertical stress. It is assumed
that the settlement of the backfill and pipe generates shearing or friction forces at the sides of the



trench. With these assumptions, the soil load on a rigid pipe in trench installation can be obtained
from the following:

W, =C,7Bg (3)

Cy =[1-exp(-2K ,H / B))]/[2K ]

B, = Trench width

K, = Sail friction coefficient (recommended value is 0.15).
H = Depth of earth fill over pipe (in feet).

In situations with relatively rigid compacted soil embankments constructed over pipe alignments, or
wide pipe trenches backfilled with compacted soil, negative arching can result in higher vertical
stresses than the simple overburden stress in relatively rigid pipes.

4.2 Live loads

At pipeline crossings below roads, highways, or railways, live loads on the pipelines can be obtained
from respective guidelines: e.g., ALA (2001) provides guidelines for the live loads based on HS20 of
AASHTO (2002) for truck loads and Manual for Railway Engineering of American Railway
Engineering Association (1975) for rail loads. Effects from point-live loads can be determined from
Boussinesq’s equation arising from elastic theory.

4.3 Buoyancy forces and thermal loads

The buoyancy force due to presence of water can become a significant factor for pipelines located
below groundwater table, if the net upward buoyancy force exceeds the downward force arising due
to earth loads and pipe weight. The most critical situation will arise when the pipe is empty or filled
with air or gas. Buoyancy force per unit length of straight buried pipelines located entirely below the
water table can be obtained as per guidelines by ALA (2001).

Pipelines may also be subjected to expansion or contraction due to temperature changes caused by
seasonal temperature variations or by the temperature difference in soil and fluid conveyed through
the pipeline. In the presence of end restraints from soil friction and/or by physical components such
as pipe bends and joints, the pipes can develop compressive or tensile forces due to the thermal
changes. The maximum stress arising due to thermal loading (o) can be conservatively estimated
assuming fully restraint conditions at the pipe ends as suggested by the American Lifeline Alliance
(ALA 2001). If the thermal loads are significant, pipes may be thermally insulated. If plastic pipe
could be exposed to very high temperatures prior to insertion or direct burial, this initial temperature
must be considered and the corresponding thermal loads should be calculated.



4.4 Deformations in low pressure pipes due to soil stresses

In pipes with low internal pressure subject to external static loading, a given pipeline can be
categorized as relatively rigid or relatively flexible. In rigid pipes, pipe stiffness is significantly large
compared to the stiffness of the soil, whereas, in flexible pipes, the in-plane pipe wall bending
stiffness of the pipe can be comparable to or smaller than soil. The transmission of soil loads to the
pipe is influenced by the relative stiffness of the pipe with respect to the soil — i.e., a soil-pipe
interaction problem. For example, the soil-load carrying capacity of flexible pipes made of
corrugated metal, thin-walled steel, or plastic is heavily dependent on soil-pipe interaction. Moreover,
pipe bedding and other support conditions are critical to the ability of a flexible pipe system to
withstand loads.

A given pipe, in the absence of lateral support, has only limited vertical load carrying capacity since
the tendency would be for the pipe to deflect laterally under vertical loads. In most instances, lateral
support derived from surrounding soil has an important role to play in maintaining the stability of
buried pipes. It is also of interest to note that the ring deflection at the crown will induce the soil to
arch, in turn, developing a tendency for relieving a significant portion of the vertical soil load. With
proper understanding and accounting of these combined pipe-soil interaction effects in the vertical
and horizontal directions, buried flexible pipe-soil system can be designed effectively to meet the
performance criteria.

Spangler (1956) developed a method to calculate the change in horizontal diameter of flexible metal
pipes once the total vertical load on the pipe per unit length have been determined. Similar methods
have been developed over the years (e.g. Burns and Richard 1964; Hoeg 1968; Einstein and Schwartz
1979; and Moore 1987). The soil deformation modulus (E") represents the supporting strength of the
surrounding soil which has considerable influence on the deflection of flexible pipes. Although the
direct measurement of E’ is not generally possible, this parameter is determined empirically based on
the degree of soil compaction, soil type, effective stress conditions, etc. It is important to provide
sufficiently rigid pipes in places where adequate lateral soil support cannot be assured.

5. Geotechnical hazards impacting pipelines

In addition to the loadings under operational conditions, potential loads on buried pipelines from
external hazards are of importance in assessing the performance of pipeline systems since such loads
can lead to potentially unacceptable strains in the pipelines. Typical hazards to pipelines include
damage during construction, permanent ground deformation hazards such as slope failures (Figure 4),
earthquake-induced soil displacements, ground movements at topographic discontinuities or faults,
volcanic hazards, and tsunami inundation.

In particular, earthquake-induced permanent ground deformations have been recognized as one of the
major causes of system damage and associated service disruption to lifeline facilities during past
earthquakes (Hamada and O'Rourke 1992). The extent of permanent ground displacements is
expected to increase with the increasing amplitude of earthquake accelerations and with the duration



of seismic shaking. These ground movement extents can be classified as flowslides (more than ~5m),
lateral spreading flowslides (~5 m to ~0.3 m), and ground oscillation (less than ~0.3 m). In addition
to liquefaction-induced ground movements, flotation and soil uplift could also be identified as another
potential concern in relation to the reduction in soil strength associated with liquefaction. This would
be of particular concern if the pipe trench backfill materials are poorly compacted and susceptible to
liquefaction.

When it is necessary to assess wide-area pipeline networks, regional approaches are required to
determine the ground displacement hazards (Wijewickreme et al. 2005). The approach proposed by
Youd and Perkins (1987) provides a general method for mapping the liquefaction susceptibility based
on the geological characteristics of a given area. Youd and Perkins (1987) have defined "liquefaction
susceptibility” as the capacity of the soil to resist liquefaction (see Figure 5). They suggested that the
age of the deposit, relative density, particle size, and depth to groundwater table are the primary
factors that influence the liquefaction susceptibility. This approach provides a convenient and
effective method of assessing the liquefaction susceptibility of a large area for a regional zonation
study, where general surficial geological data are available but site specific data are limited.

The methods available for the computation of earthquake-induced permanent lateral ground
displacements can be broadly classified into (a) empirical approaches developed based on measured
displacements (e.g., Youd et al. 2002); and (b) mechanistic approaches which rely more on the
principles of engineering mechanics (e.g., Newmark 1965; Byrne et al. 2004). Mechanistic methods
mostly involve finite element or finite difference analyses, which are more appropriate for detailed
site-specific analyses requiring a greater level of confidence. The estimation of earthquake-induced
ground deformations, particularly from the viewpoint of regional assessments, still relies heavily on
empirical correlations. Both empirical and mechanistic approaches would require the selection of
earthquake magnitude and epicentral distance that is consistent with the probabilistic seismic hazard
considered in the design.

Liquefaction can also produce overall volume changes in the liquefied soil mass that take place due to
the dissipation of earthquake-shear-induced excess pore water pressures. The volume changes
manifest in the field as post-liquefaction settlements, and they may occur both during and after
earthquake shaking. The adverse impacts of these settlements on the performance of structural
foundations and linear lifelines (such as buried pipelines and bridges) have been well recognized.
Several simplified methods have been proposed to estimate settlements of soils knowing the field
penetration resistance (i.e., standard penetration resistance N-value or cone penetration testing
resistance) or laboratory cyclic shear resistance and the cyclic stress ratio corresponding to the level of
ground shaking being considered (e.g., Tokimatsu and Seed 1987; Wu 2002; Wijewickreme and
Sanin 2010). Much larger vertical movements are expected at river crossings, in the vicinity of dykes,
ditches, road embankments, etc. due to distortion of the soil mass. Estimation of such vertical
deformations would require rigorous site-specific analyses.



6. Pipeline response to geotechnical hazards

Evaluation of the performance of pipeline systems under anticipated geotechnical hazards commonly
uses equations based on simplified assumptions or sophisticated numerical modeling techniques as
described in guidelines dating back to mid-1970s (e.g., ASCE 1984) and recently updated (e.g., PRCI
2009).
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Figure 4: Soil loads on pipeline(s) during ground movements.

Nonlinear finite element techniques are the only practical means available to analyze all but the
simplest problems. Methods relating to generic ground displacement values to the rates of pipeline
damage, such as those incorporated into HAZUS risk assessment software (FEMA 2011) and
presented in American Lifelines Alliance guidelines (ALA 2001) are usable for the assessment of
non-welded pipelines with bell-and-spigot type connections; however, they are totally inappropriate
for assessing oil and gas pipeline damage.

Finite element approaches provide a means to investigate the effects of changes in backfill
characteristics, pipeline material, wall thickness, and pipeline alignment. The pipeline is modeled with
pipe elements that are essentially beam elements that are capable of accounting for internal pressure
effects. Soil restraint is modeled with non-linear spring elements that act independently in the axial,
horizontal, and vertical directions relative to the axis of the pipeline (see Figure 6). Ground
displacement induced by earthquakes is modeled as displacements applied to the base of the soil
springs. There are no restrictions on the analysis software that can be used as long as it is capable of
capturing the non-linear behaviour of soil springs, user-defined stress-strain curves for the pipe
material, and large changes in pipeline geometry. The analysis software should include a pipe element



in its element library with the capability to model internal pressure and provide output at various
circumferential locations.
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Figure 5: Liquefaction susceptibility map developed as a part of a pipeline study for FortisBC,
Vancouver, British Columbia, Canada.

Figure 6: The use of soil-spring model for modeling for pipe-soil interaction at “element” level.
(Note: Soil-springs: T = axial, P = horizontal, and Q = vertical directions relative to the pipeline).

The length of the pipeline model should be sufficient to adequately capture the anchoring effects of
the soil outside the zone of ground movement. The pipe element length in regions where the pipe
strain is expected to exceed the yield strain (typically at abrupt transitions in ground displacement or
locations with abrupt changes in soil restraint such as elbows) generally should not exceed one pipe



diameter. The one-diameter rule is related to the fact that a gauge length of approximately one pipe
diameter was the basis for reporting strains in tests used to establish strain acceptance criteria.

Available methods for modeling soil restraint with soil springs assumes that the spring forces always
act in the axial, horizontal, and vertical directions relative to the pipeline. In most analyses, the
direction of the soil spring forces do not maintain an axial, horizontal, and vertical orientation relative
to the pipeline if the pipeline undergoes large rotations. The error introduced by this misalignment is
acceptable considering other assumptions and uncertainties inherent in the analysis such as those
related to the relationships used to compute soil spring properties. Most of this uncertainty is related
to estimates of the soil strength parameters.

7. Mitigation methods to reduce risk to pipelines from
geotechnical hazards

Upon identification of the geotechnical hazards and the resulting vulnerability, a combination of
structural retrofitting and/or geotechnical remediation (ground improvement) is often considered in
the design of mitigation measures for buried pipelines against such hazards. Detailed site-specific
studies are required to quantify potential for pipeline damage, and to determine whether or not
practical alternatives exist to reduce the risk. Development of site-specific recommendations requires
careful consideration of many factors including site geology, environmental conditions, pipeline
response characteristics, and system performance requirements.

In general, there are four options to improve the performance of a given pipeline against an identified
geotechnical hazard (i.e., ground movements): (a) avoid the hazard by relocation; (b) isolate the
pipeline from the hazard; (c) accommodate the hazard by strengthening the pipeline or increasing
flexibility; and (d) mitigate the hazard using ground improvement. Although avoiding the hazard by
relocation is the most effective approach, this option is often not attractive because of prohibitive
costs associated with acquisition of pipeline right-of-way for realignment.

The potential for pipeline failure can be reduced by reducing exposure of the pipeline to ground
movement hazard. Other than rerouting, there are a few other methods to reduce pipeline exposure to
the hazard. As indicated earlier, horizontal directional drilling techniques can be used to locate the
pipeline below the zone of ground displacement. This technique is most commonly used to avoid
lateral spread hazards at river crossings. Use of isolation culverts or above-ground supports provide
effective means of isolating pipelines from ground movement hazards. The idea herein is to provide a
mechanism for the ground that is subjected to movement to “slide past” the pipeline using a sliding
support system. The above-ground isolation structure specifically designed to protect the Trans-
Alaska Pipeline crossing of the Denali fault performed successfully during the 2002 M7.9 Denali fault
earthquake, confirming the suitability of such isolation measures against geotechnical hazards.
Moreover, soil restraint acting on the pipelines can be reduced by careful selection of pipeline trench
geometry and backfill material, low-friction pipeline coatings, and wrapping pipeline with two layers
of geotextile fabric, or placing a portion of the pipeline on the ground surface.



The potential for pipeline failure can also be reduced by increasing the pipeline wall thickness and
material strength and also modifying the pipeline alignment to provide a more beneficial angle
between the direction of ground displacement and the pipeline axis. The latter option is generally
only possible during the design of new pipelines because of difficulties in obtaining new right-of-way.

Ground improvement is emerging as one of the widely adopted mitigation measures to reduce the
impact of earthquake-related ground displacement hazards. In mitigation works, the design
philosophy often revolves around implementing ground improvement measures to limit deformations
in a given pipeline to acceptable levels (e.g., design to minimize the loss of pressure integrity in
pipelines). Observations following major earthquake events have indicated that sites with improved
ground had performed well during earthquakes (Mitchell et al. 1995). The ground improvement
configurations used in practice are dependent on geotechnical risks that are to be mitigated, and these
configurations essentially fall into one of the following categories: (i) in-ground densified barrier(s)
aligned perpendicular to the direction of ground movement; and (ii) densification of wide-area
footprints beneath and around foundation footprints.

The selection of the most suitable remedial option is governed by many factors including, but not
limited to: soil conditions, space restrictions, issues related to the protection of existing structures
during ground improvement, operational constraints, environmental regulatory requirements, and land
availability. A variety of ground improvement techniques have evolved in the past few decades.
These measures include dynamic deep compaction, vibro-replacement using stone columns,
compaction piling, explosive compaction, and compaction grouting. The method of vibro-replacement
using stone columns is the most preferred technique of ground improvement in sandy soils. The
method can be effectively used to densify soils within about 25 m below existing ground level (see
Figure 7). The method is attractive because of the potential availability of drainage through stone
columns for the dissipation of excess pore water pressures in addition to the densification effect.
Compaction grouting is a useful tool not only in fine-grained soils, but also in improving sites that
have physical constraints such as low headroom. Deep dynamic compaction is another viable means
of improving the settlement characteristics and liquefaction resistance of random fills and alluvial
soils that are in a state of loose relative density and difficult for a probe to penetrate through. In-situ
verification using penetration resistance measurements confirm that this method can be used to a
maximum depth of about 10 to 12 m below existing ground level. Below this depth, the achieved
improvement in penetration resistance diminishes considerably.

Verification testing for quality control forms a key component in undertaking ground improvement
works. Evaluation of the treated soil type, method of ground improvement, and site constraints is
required in selecting the parameters and testing tools to assess the conformance of ground
improvement to specified criteria. In addition, effects from ageing and pore pressure dissipation can
have significant influence on the observations from verification testing, and they should be carefully
evaluated in determining the acceptability of a given ground improvement. The need to protect
adjacent existing pipelines/structures is often a key consideration during ground improvement. Thus,
systematic monitoring of existing facilities during ground improvement and structural evaluation of
the performance of structures based on data from monitoring is essential.



8. Challenges and future trends

The available data on soil and groundwater conditions along pipeline alignments are typically limited.
As a result, characterization of sites for soil-pipe interaction often becomes a challenging task. In
addition, high variability of soil conditions along pipeline alignments combined with complexities
associated with the mechanical behaviour of soil (e.g., stress and strain level dependence, effects of
particle fabric, effects of loading paths, etc.) present additional constraints to the level of accuracy
attainable in geotechnical evaluations. Sensitivity of the geotechnical hazard estimates to the above
considerations along with the uncertainties arising due to the difficulties in accurately defining
loadings such as earthquake shaking should be kept in mind when interpreting outcomes from hazard
assessments.

Wet Top Feed (WTF)

Figure 7: Illustration of the method of vibro-replacement methodology for densification of coarse-
grained soils (Geopac Inc.) [Methodology: (i) Position vibro-probe vertically over compaction point;
(ii) Penetrate to required target depth and terminate penetration; (iii) Begin feeding densification stone
backfill from the skip bucket / vibro-probe hopper for DBF or directly at ground surface with wheel
loader for WTF. (See WTF/DBF photos); (iv) Working in 0.5 m to 1.0 m depth increments starting
from the maximum penetration depth; and (v) Continue building stone column at appropriate
amperage level for each depth increment from maximum depth to the surface, while adding stone as
required with wheel loader].

8.1 Numerical modeling

In general, soil-pipe interaction problems are statically indeterminate. The use of numerical
modeling, in general, allows assessing the effect of a wide range of variables in a timely and efficient



manner. A vast amount of numerical analysis has also been performed to comprehend the complex
interactions between pipe and soil (e.g., Rowe and Davis 1982; Guo and Stolle 2005).

The data generated from physical testing work would be of great applicability to calibrate and verify
the numerical models. Despite the difficulties of attempting to use for routine engineering
applications, continuum modeling methods have value in increasing the understanding of the general
soil-pipe interaction problems, particularly with respect to improved definition of equivalent soil
springs. One example in this regard is the need to understand the response of pipelines subject to
ground movements that are oblique to the pipeline alignment; clearly, 3-dimensional continuum
modeling becomes valuable in the modeling of such problems that cannot be captured in a 2-
dimensional analysis. It also appears that discrete element methods seem to have a role to play in
modeling complex soil-pipe interaction situations, especially when the particulate nature of soil seems
to be the major governing factor of the observed response (e.g., modeling of the effectiveness of using
geotextile interfaces, or coarse-grained trench backfills, in in reducing soil loads on pipelines).

8.2 Non-linear pipe material behavior of plastic pipelines

Polyethylene (PE) pipes (either high density polyethylene (HDPE) or medium density polyethylene
(MDPE)) are becoming popular in natural gas distribution networks due to its lower material
installation and maintenance costs, corrosion resistance, lower friction at the interface, lightweight,
and its apparent capacity to accommodate larger displacements than steel pipes. The use of MDPE
pipes takes advantage of having higher flexibility and fracture toughness while having comparable
long-term strength and stiffness to that of HDPE (Stewart et al. 1999).

Reported research on the response of buried PE pipe systems subject to ground movement is very
limited. Considering the relatively smaller deformation stiffness and time-dependent and nonlinear
stress-strain response (viscoelastic and creep behavior) of PE pipe material, significant limitations
could arise when methods developed for steel pipes are used for evaluating PE pipes. Data from
controlled experimental work on pipelines subject to axial movement, particularly at full-scale level,
is needed to advance the knowledge of the response of buried PE pipe systems subject to ground
movement. A number of research programs have been already undertaken to investigate the response
of PE pipe systems under permanent ground movements and analytical methods have been developed
to account for the mobilization of soil loads in buried PE pipes under such ground movements
(Weerasekara and Wijewickreme 2008).

8.3 Full-scale model testing

Laboratory modeling of full-scale pipeline configurations is an attractive way of understanding the
complexities in soil-pipe interaction. For example, full-scale testing provides a meaningful approach
to estimate parameters of soil-springs to model the interaction between pipe and soil in different
directions. Physical models simulating the field situations also play a key role in calibrating and
validating the analytical approaches and numerical models. Some of the large soil chambers for full-
scale testing of pipe-soil interaction problems are available at Cornell University (Trautmann and



O’Rourke 1983), Center for Cold Oceans Resources Engineering (Paulin et al. 1997), Queen’s
University (Moore and Brachman 1994), and University of British Columbia (Wijewickreme et al.
2009; see Figure 8 and 9 for details related to the Advanced Soil Pipe Interaction Research
(ASPIRe™) test facility at the University of British Columbia (UBC)).
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Figure 8: Layout of Physical Modeling Facility at UBC and Test System Components.
8.4 Field monitoring and testing of pipeline performance

Field monitoring of the pipelines and soil mass in the vicinity can play an important role with respect
to several key aspects of pipeline geotechnical engineering. In particular, this allows: (i) assessment
of imminent concerns; (ii) assessing pipeline performance in areas of varying, geotechnical
conditions; and (iii) obtaining real-life data for validation of outcomes from numerical modeling of
pipe-soil interaction problems.

Continuous field monitoring of pipelines become essential in situations where numerical modeling is
complicated due to difficulties in determining the actual pipe-soil interaction because of field



variability on many fronts. An advantage in field monitoring is that they could be conducted over
longer periods, without the space-time constraints that are common in laboratory environments.

Figure 9: View of Physical Modeling Facility at UBC (set up for axial soil-pipe restraint testing).
9. Summary and Conclusions

Pipeline systems serve as a critical element in maintaining a sustainably built physical environment.
Geotechnical engineering has a key role to play in ensuring satisfactory performance of buried
pipelines in all of the following aspects of pipeline engineering: (i) construction/installation; (ii)
routine operations; and (iii) extreme, less frequent, loading conditions (such as land-sliding,
earthquake-induced ground movements, etc.).

The methods of installation of buried pipelines can be broadly classified into trenched (open-cut)
installations and trenchless installations. Open-cut method is the simplest form of installation that
involves placement pipe in an excavated trench and subsequent backfilling of the trench with soil.
Trenchless technology uses horizontal drilling or jacking methods (i.e., horizontal auger boring,
horizontal directional drilling, microtunneling, pipe ramming, moling, pipe bursting) where tools of
varying levels of sophistication are used for alignment-tracking during installation work. Although
generally more expensive than open-cut installations, trenchless methods are popular because of the
advantages in protecting the environment and minimizing the impacts on developed urban areas.

Adequate knowledge of site-specific soil and groundwater conditions is critical to the success of a
pipeline construction project, predicting the performance of a given pipeline system under operational
conditions as well as during extreme loading situations. The soil loads imparted on pipelines can be
wide ranging and typically include loadings that are encountered during day-to-day operations as well
as those arising from extreme loadings that are less frequent. Estimation of pipeline performance is a
difficult because of complex non-linear soil-pipe interaction. This task gets further complex due to



the difficulties in quantifying geotechnical hazards (e.g., landslide risk, liquefactions susceptibility
and liquefaction-induced ground displacements, etc.).

In general, there are four options to improve the performance of a given pipeline against an identified
geotechnical hazard: (a) avoid the hazard by relocation; (b) isolate the pipeline from the hazard; (c)
accommodate the hazard by strengthening the pipeline or increasing flexibility; and (d) mitigate the
hazard using ground improvement. In addition to mitigation, field monitoring and physical testing of
pipeline performance are important considerations in the performance evaluation of buried pipelines.
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