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Abstract

Pipelines have been constructed and designed to transport essential natural resources such

as water, oil, and natural gas for the last 160 years. Many pipeline sections built are buried

at shallow depths below the ground surface and through di�erent geologic terrains. This

includes complex terrains where permanent ground deformations can occur such as mov-

ing slopes/landslides, surface faulting, and ground subsidence. Pipeline sections subjected

to such permanent ground deformations can yield because of large strain accumulation over

time leading to large pipe stresses. The mode of pipe yielding promoted by permanent ground

deformations is dependent on the pipeline axis orientation with respect to the ground move-

ment direction. Longitudinal ground movements promote pipe buckling, transverse ground

movements promote pipe bending, and complex ground movements promote a mix of pipe

bending and buckling. This study introduces a set of numerical tools aimed at predicting

the soil movement before a buried pipeline section reaches the onset of yielding. Various

numerical tools are developed for pipelines buried in compacted clay soils such as Regina

clay. Compacted clay soils are of speci�c interest as they exhibit signi�cant time-dependent

behavior such as creep, constant strain rate e�ect, and stress relaxation. The main bene�t

of the numerical tools developed in this thesis is for the pipeline industry to be able to con-

tinually assess pipeline performance in areas with unstable soil movements and to perform

necessary remediation procedures such as pipe stress relief to prolong pipeline operation at

the right time. The three phases of numerical tool development include: 1) Determination

of constitutive models for compacted Regina clay and soil-pipe interface, 2) Validation of the

longitudinal, transverse and vertical uplift soil resistances in existing buried pipeline guide-

lines through a series of physical soil-pipe prototype tests, and 3) Validation of the physical

prototype test results through the creation of an Extended Finite Element Method (XFEM)

numerical model. The physical prototype test results illustrate consistency with existing

guidelines for transverse horizontal soil resistances, but a discrepancy for vertical uplift soil
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resistances. There also exists behavior discrepancy in the longitudinal soil resistances. The

discrepancy in vertical pipe uplift results arises from neglecting the tensile failure mode of

the soil in the guidelines. The behavior discrepancy in longitudinal loading is due to dif-

ferences in adhesion factor estimation, also neglected in the guidelines. The �nal XFEM

numerical model with cap (modi�ed Drucker-Prager) plasticity coupled with Singh-Mitchell

creep law for Regina clay demonstrate good predictions of soil-pipe interactions from physical

prototype tests.
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Chapter 1

Introduction

1.1 Problem

Over the last 160 years, buried pipelines have been designed and used to transport essential

natural resources like oil, water, and natural gas. Buried pipelines run through di�erent geo-

logical terrains. This includes pipelines buried at shallow depths in moving slopes. Pipelines

which cross a potential moving slope can be subjected to long-term, non-recoverable ground

movements. Permanent ground deformations along part of the pipeline length can cause

the pipe to reach its yield capacity due to large strain accumulation over time. Thus, the

e�ect of permanent ground deformations on buried pipelines is critical for their safety and

structural integrity. Existing buried pipeline design guidelines by American Lifelines Al-

liance (ALA 2001) and Pipeline Research Council International (PRCI 2009) have identi�ed

three distinct permanent ground deformation types buried pipelines can be subjected to: (1)

longitudinal (axial) ground movement, (2) transverse ground movement, and (3) complex

ground movement (Figure 1.1). In longitudinal ground movement, the unstable soil mass is

oriented parallel to the pipe axis, with yielding of the pipe due to pipe buckling. In trans-

verse ground movement, the unstable soil mass is oriented orthogonally to the pipe axis,

with yielding of the pipe due to pipe bending. Transverse ground movement can be sub-
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classi�ed into vertical uplift, transverse horizontal, or oblique (combination of vertical uplift

and transverse horizontal) movement. Complex ground movement includes a combination

of longitudinal and transverse ground movement components. Complex ground movement

can either occur as shallow planar slips or deep-seated movements. Yielding of the pipe due

to complex ground movement is a combination of pipe buckling and bending. For pipelines

buried in elastic visco-plastic (EVP) soils such as clayey soil, the long-term strain accumula-

tion is highly inuenced by its viscous (time-dependent) behavior including creep, constant

rate of strain, and stress relaxation e�ects. Existing guidelines, however, do not include

such behavior and may provide a conservative estimation of long-term strain accumulation

duration.

1.2 Thesis Objective

The main objective of this thesis is to develop numerical tools for the design, prediction, and

analysis of buried pipeline systems subjected to long-term ground movements in unsaturated

elastic visco-plastic (EVP) soil. The main bene�t of the proposed numerical tools is to help

pipeline designers and engineers continually assess the pipeline operation performance and

make decisions on necessary remediation measures before the onset of pipe yielding. An

example of a remediation measure taken is a stress relief procedure presented in Song et al.

(2006). This procedure is applied to a pipe by removing the soil around the pipe, and allowing

the pipe to spring back to its initial state if the pipe stresses exerted by the ground movements

are excessive. The frequency of stress relief procedure is dependent on the severity of loading

and soil conditions. The numerical tools developed require inputs such as time-dependent

soil constitutive law, subgrade reaction, and pipe material properties. These numerical tools

will be used to evaluate the e�ect of di�erent soil displacement rates on the subgrade reaction

for soil-pipe interaction in unsaturated EVP soil. The results obtained from the numerical

tools development will be validated against existing buried pipeline design guidelines.
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1.3 Thesis Structure

This thesis is organized into six chapters. The present chapter introduces the reader to the

problem de�nition, the main objective to be achieved by the thesis, and the structure of the

thesis.

Chapter 2 presents a literature review on soil-pipeline interaction analysis, unsaturated

soil mechanics, and time-dependent behavior in EVP soil. A comprehensive review of the

existing literature on these topics is essential in outlining the limitations need to be addressed

in this thesis.

Chapter 3 presents the geotechnical characterization of compacted Regina clay, used as

the example of an unsaturated EVP soil in this thesis. The main properties of deforma-

tion, strength, and time-dependent characteristics are identi�ed in Chapter 3 for compacted

Regina clay.

Chapter 4 presents the physical prototype models used in simulating soil-pipeline inter-

actions. The methodologies used to conduct pipe tests subjected to longitudinal (axial) and

transverse (horizontal and vertical uplift) soil movements are elaborated in Chapter 4. The

results presented in Chapter 4 are thereafter used to validate existing buried pipeline design

guidelines. In addition, a semi-analytical solution based on a fracture model are proposed

to explain the inuence of crack initiation, crack propagation, and soil beam bending on the

results of the vertical uplift tests.

Chapter 5 presents the numerical model used to validate the physical model test results

in Chapter 4. The constitutive behavior (geotechnical properties) determined for compacted

Regina clay in Chapter 3 serves as a key input into the numerical model.

Finally, the sixth and �nal chapter summarizes the key �ndings of this study and suggests

future areas of research in soil-pipeline interactions. This thesis also incorporates three

supplementary appendices. The appendices provide additional materials further supporting

the main �ndings of this thesis.
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Appendix A is a supplementary appendix for Chapter 3. This appendix shows the com-

prehensive results for all geotechnical characterization tests completed on compacted Regina

clay. These tests include uncon�ned and con�ned triaxial compression element tests and

direct shear tests.

Appendix B as a supplementary appendix for Chapter 4, shows the comprehensive results

for all soil-pipe interaction tests conducted in this thesis: longitudinal (axial) tests LA1 and

LA2, vertical uplift tests VU1 and VU2, and transverse horizontal tests TH1 and TH2.

Finally, Appendix C is a supplementary appendix for Chapter 5, which presents ad-

ditional numerical modeling simulations in validation of the results against the following

physical soil-pipe interaction prototype tests: vertical uplift test VU2 and the two trans-

verse horizontal tests TH1 and TH2.
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(a)

(b)

(c)

Figure 1.1: Schematics of pipelines subjected to permanent ground deformations. a) longi-
tudinal (axial), b) transverse horizontal, and c) complex ground movements (left: shallow
planar complex movement, right: deep-seated movement).
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Chapter 2

Literature Review

2.1 Introduction

This thesis investigates behavior of buried pipelines in elasto-viscoplastic (EVP) soil under

long term ground movement. In general, construction of pipelines involves soil excavation,

pipe placement, and back�ll with compacted soil. The typical compacted back�ll soil is

unsaturated with some clay content which exhibits EVP behavior. Therefore, the literature

review includes past studies relevant to soil-pipe interaction and soil mechanics in unsatu-

rated compacted clayey soil.

2.2 Characterization of Soil-Pipe Interaction

Many soil-pipeline interaction models have been developed based on research in soil-pile

and soil-anchor plate interactions. Research investigations on soil-pipe interaction have been

conducted since the early 1960s, and relevant research studies on such soil-pile and soil-anchor

interaction could be dated back to the pioneering works by Winkler (1867) and Het�enyi

(1946). Several design guidelines (e.g., ASCE 1984; NEN 3650 1991; ALA 2001; Honegger &

Nyman 2001, and PRCI 2009) have been published for the design and assessment of buried

oil and gas steel pipelines. Pipeline Research Council International Incorporation (PRCI
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2009) published a comprehensive report on the historical record, empirical and analytical

studies on soil-pipe interaction and related mechanisms, and numerical procedures. The

report also presented and identi�ed the signi�cant issues and challenges related to modelling

pipe-soil interaction. This section provides a brief review on the di�erent mechanisms in

soil-pipe interaction and delineates the issues addressed by the research investigation in this

thesis.

2.2.1 Theoretical Analysis

In engineering design practice, the soil-pipeline system is represented by a structural beam

(for the pipe) and spring elements (for the soil) in the axial (longitudinal), transverse hor-

izontal, and transverse vertical directions (ASCE 1984), Figure 2.1. This simpli�cation

is derived from the concept of sub-grade reaction originally proposed by Winkler (1867).

Usually, the force-displacement relationships of soil are nonlinear and there exist ultimate

resistance limits for three loading directions. For simplicity, the relationships are approxi-

mated by a bilinear plot of soil resistance force versus pipe displacement. This thesis focuses

on the determination of the ultimate soil forces on the pipe. The characterization of initial

sti�ness or spring constant is beyond the scope of the thesis.

Determination of the ultimate resistance has been achieved using two distinct approaches:

(1) use of analytical solutions or numerical simulations based on soil mechanics to derive

equivalent simpli�ed relationships (e.g., Vesic 1971; Popescu & Konuk 2001; Guo & Stolle

2005; and Saadeldin et al. 2015), and (2) use of physical model test data to develop empiri-

cal relationships (e.g., Rizkalla et al. 1996; Paulin et al. 1997; and Al-Khazaali & Vanapalli

2017). The developed solutions were validated with experimental results (e.g., Trautmann

& O’Rourke 1985; Popescu et al. 1999; and Wijewickreme et al. 2009).

Ultimate Resistance in Longitudinal (Axial) Loading Direction (LA)

For a buried pipeline, loads are induced in the pipeline when di�erential motion between the
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pipeline and the surrounding soil occurs. The axial interaction force between the pipeline

and the soil is the friction force at the soil-pipeline interface. According to the latest PRCI

guidelines (PRCI 2009), the ultimate resistance consists of both the frictional and cohesion

components in the ultimate longitudinal soil resistance on pipe movement:

T u = �D�c+ �DH0(
1 +K0

2
) tan � (2.1)

where D = pipe outside diameter; c = soil cohesion representative of the soil back�ll; H

= depth to pipe centreline; g’ = e�ective unit weight of soil; K0 = lateral earth pressure

coe�cient at-rest; a = adhesion factor; d = interface angle of friction for pipe and soil.

Ultimate Resistance in Transverse Horizontal Loading Direction (TH)

For a buried pipeline, transverse horizontal loads are induced in the pipeline when the soil

mass moves in a direction perpendicular to the pipeline axis. PRCI guidelines (PRCI 2009)

consider the contributions of both soil friction and cohesion to the lateral soil resistance in

the following form:

P u = N chcD +Nqh0HD (2.2)

where Nch = horizontal bearing capacity factor for cohesive e�ects; Nqh = horizontal bearing

capacity factor for frictional e�ects. The expressions for Nch and Nqh are closed form �ts to

published empirical results based on the work of laterally loaded piles (Hansen 1961), and

the work of vertical smooth anchors (Rowe & Davis 1982a,b).

Ultimate Resistance in Transverse Vertical Uplift Loading Direction (VU)

If the pipe is subjected to vertical uplift motion in an unstable slope, the ultimate soil load

per unit length of pipeline is related to the cohesion and friction angle of soil (PRCI 2009):
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Qu = N cvcD +Nqv0HD (2.3)

where Ncv and Nqv are the vertical uplift factors which are also determined based on the

work of vertical anchors in soil (Rowe & Davis 1982a,b; Trautmann & O’Rourke 1983).

2.2.2 Physical Modelling

Laboratory model tests and centrifuge tests have been conducted to investigate soil-pipe

interaction in soils to validate the theoretical results. Dickin (1988) studied the lateral dis-

placement of pipelines and vertical anchor plates in both loose and dense sands by centrifuge

tests. The test results broadly validated the assumption that a laterally displaced pipeline

can be treated as a laterally loaded vertical anchor plate in the theoretical estimation of

lateral resistance.

Krstelj (1996) conducted a series of centrifuge tests on pipelines with a prototype diameter

of 0.1-1.3 m and a range of embedment ratios, H/D = 3-7 to investigate the behaviour of

pipes buried in dry and saturated sand under static loading. The model test results match

the predictions from the method of Rowe & Davis (1982b) very well.

Paulin et al. (1998) carried out a series of full-scale tests to quantify the response of

buried pipelines in sands under both lateral and axial loading. They found that the relative

density of sand had a signi�cant e�ect on the interaction forces. The post-peak lateral loads

in dense sand were much higher than those in loose sand at large deformations. Cappelletto

et al. (1998) also observed that softening force-displacement responses at relatively large

displacements were common in densely compacted soils. Wijewickreme et al. (2009) also ob-

served that the sand dilatancy behaviour had a signi�cant impact on the ultimate resistance

in axial loading because the mobilized shear stress around the pipe was enhanced due to the

increasing con�ning stress induced by sand dilation during axial movement.
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Al-Khazaali & Vanapalli (2017) investigated the e�ect of matric suction in unsaturated

sand on the response of buried pipe under axial loading using small-scale model tests. The

matric suction could increase the axial resistance, but the magnitude was small as the matric

suction in unsaturated sands is low.

Paulin (1998) and Paulin et al. (1998) conducted both full-scale and centrifuge tests on

clay under both lateral and axial loading. For lateral loading, experimental data appeared

to be bounded by the interaction curves from Rowe & Davis (1982a). However, for axial

loading, test results in clay reveal that the measured ultimate load in axial loading is much

lower than those recommended in the PRCI guidelines. This discrepancy is probably due to

the uncertainty in estimation of the adhesion factor in clayey soil.

2.2.3 Numerical Modelling

Analytical solutions for estimation of ultimate soil resistances are derived based on certain

idealized assumptions. To include other e�ects such as soil plastic behaviour, soil hetero-

geneity, soil-pipe interfacial behaviour, complex boundary conditions, large displacements,

loading history, direction and rate, numerical methods are required to carry out the com-

plicated computation. Bruschi et al. (1995) conducted �nite element analysis to investigate

long-term soil-pipe interaction using a structural-type �nite element model where the pipe

was modelled as a structural beam supported by soil spring elements. Another type of �nite

element analysis is based on the continuum model. Continuum �nite element models are

robust and comprehensive numerical tools, but requires knowledge of soil and pipe consti-

tutive behaviour and soil{pipe interfacial deformation mechanism (e.g., Popescu & Konuk

2001; Wijewickreme et al. 2009; and Farhadi & Wong 2014).
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2.3 Geotechnical Behavior of Compacted (Unsaturated)

Soil

Since the pipe is buried at shallow depths, the behavior of compacted soil at low con�ning

stresses under long-term loading is critical in understanding the soil-pipe interaction. This

section reviews the behavior of unsaturated clay at low con�ning stresses and its viscous

(time-dependent) behavior.

2.3.1 Tensile and Shear Behavior

Some pipeline design guidelines (PRCI 2009) are based on the studies of piles and anchors

in soil. Tensile, shear or mixed failure in soil was detected depending on the burial depth

(Rowe & Davis 1982a). Therefore, it is important to study the tensile and shear behaviour

of compacted soil.

Tensile and shear behavior of unsaturated soil have been investigated separately in the

past. However, there is no comprehensive study on the transition from tensile to shear failure

in compacted clayey soils. An important aspect of this research is to quantify the e�ects

of matric suction and con�ning stress on the hybrid failure from tensile to shear failure in

compacted clayey soils.

Studies on the tensile strength of soils are limiting. Bishop & Garga (1969) conducted

con�ned drained tension tests on London clay specimens. They found that the relationship

between the uncon�ned drained compression strength and drained tensile strength follows

the modi�ed Gri�th fracture theory (Gri�th 1924; McClintock & Walsh 1963; and Hoek

1968).

Tang et al. (2015) developed a direct tension test apparatus to measure the tensile

strength of compacted clay specimens. The clay content, plastic and liquid limits of the

specimens were 22, 20 and 37%, respectively. The water contents and dry densities lie in the
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ranges of 4.3-28.5% and 1.5-1.7 Mg/m3, respectively. The tensile strength lies in a range of

30-85 kPa. It peaks at the optimum water content of 11.5% and decreases on the dry and

wet sides of the compaction curve. Recently, Stirling et al. (2015) developed a direct tensile

test device with digital imaging correlation technique to infer tensile stresses and strains

within test specimens of compacted clayey materials and determine their tensile strengths.

In contrast to soil tensile strength, shear strength of unsaturated compacted soils has been

studied extensively (e.g., Bishop 1959; Escario & Juca 1989; Alonso et al. 1990; Fredlund

et al. 1996; Gens 1996; Vanapalli et al. 1996; Khalili & Khabbaz 1988; Lu & Likos 2004; and

Fredlund et al. 2012). Bishop (1959) modi�ed the e�ective stress for unsaturated soils and

included the e�ect of matric suction on the shear strength of unsaturated soils, td.

�d = c0 + [(� � ua) + �(ua � uw)] tan�0 (2.4)

where td and s are shear and normal stresses, respectively; c’ and f’ are the cohesion and

angle of shearing resistance of the material; (ua-uw) is the di�erence between the air pressure

and pore uid pressure, termed the matric suction; q is a parameter depending on soil type,

saturation, and drying-wetting cycle.

Fredlund & Morgenstern (1977) proposed two dependent stress state variables controlling

shear strength of unsaturated soils. The shear strength of unsaturated soils is given by:

�d = c0 + (� � ua) tan�0 + (ua � uw) tan�b (2.5)

where fb is the friction angle as a function of saturation.

Fredlund et al. (1996) and Vanapalli et al. (1996) modi�ed equation (2.5) and related the

shear resistance component via the soil water characteristic curve (SWCC):

�d = c0 + (� � ua) tan�0 + (ua � uw)�k tan�0 (2.6)
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where J is the normalized volumetric water content; k is a curve �tting parameter depending

on soil type. In other words, the J term is a function of SWCC. Comparing equations (2.4)

and (2.6), Bishop’s q-parameter is comparable to Jk.

Lu & Likos (2006) considered the interparticle forces in unsaturated soils and derived an

expression for the average intergranular (contact) stress. The shear strength of unsaturated

soils proposed by Lu & Likos (2006) is given as:

�d = c0 + (� � ua) tan�0 + (ua � uw)Se tan�0 (2.7)

where Se is the e�ective water saturation parameter.

From equations (2.6) and (2.7), the shear strength criteria proposed by Fredlund et al.

(1996), Vanapalli et al. (1996) and Lu & Likos (2006) are comparable. Fredlund et al. (1996)

and Vanapalli et al. (1996) derived the J parameter from SWCC developed by Fredlund &

Xing (1994), whereas Lu & Likos (2006) estimated Se parameter from SWCC developed by

van Genuchten (1980). Fredlund et al. (1996) and Vanapalli et al. (1996) postulated the

k-parameter varies with soil type and increases with soil plasticity index, Ip. For Ip = 0 (silt

and sand), k = 1. For Ip = 35 (high plastic clay), k = 2.9. Lu & Likos (2006) assumed k =

1.

2.3.2 Viscous (Time-Dependent) Behavior

2.3.2.1 1D compression

The time-dependent behavior of saturated clay in 1D compression under constant load (CL)

and constant rate of strain (CRS) has been studied for decades. Two hypotheses, A and B

are usually adopted to interpret and analyze the observed behavior.

Models based on Hypothesis A

Hypothesis A is a clear-cut and practical concept. It is for instance widely seen in soil
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mechanics textbooks such as Budhu (2007). The observed time-dependent 1D compression

behavior under constant load is divided arbitrarily into two phases. The �rst phase follows

Terzaghi’s 1D consolidation process in which elastic and plastic strains occur due to changes

in e�ective stress. The second phase starts at the end of primary consolidation, and the

strain induced by viscous or creep e�ect develops under an approximately constant e�ective

stress. Di�erent functions (for example; semi-logarithmic, power, exponential and hyperbolic

curves) can be used to match the observed plots of e{s’ and e{t in the primary consolidation

and secondary compression phases. The total strain consisting of elastic (ee) and plastic (ep)

strains due to the incremental load resulting from elastic deformation process and primary

consolidation, and viscous strains (ev) due to constant load in secondary compression is given

in a general form:

� = �e + �p + �v = S(�0) + T (t) (2.8a)

�e + �p = S(�0) (2.8b)

�v = T (t) (2.8c)

where S(s’) and T(t) are the e�ective stress and time functions, respectively.

The semi-logarithmic function is used herein for illustration.

� = �e + �p + �v = CE(�0 � �o
0) + Cce ln(

�0

�0
0 ) + Cae ln(

t
t0

) (2.9)

where CE is the elastic compression index, Cce is the compression index, Cc, divided by

(1+eo), Cae is the secondary compression index, Ca, divided by (1+eo), eo is the initial void

ratio at the reference consolidation pressure so’ (= 1 kPa), eEOP is the reference time taken

at the end of primary consolidation, t is the time for viscous or creep deformation at a given

constant s’ (t > to), and to = tEOP. With _e = de/dt = dev/dt = _ev = Cae/t and t = Cae/_ev

in secondary compression (i.e., for t > to, s’ becomes constant and _ee = _ep = 0) and the
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assumption elastic strains are in�nitesimally small, equation (2.9) becomes:

�c = �p + �v = Cce ln(
�0

�0
0 ) + Cae ln(

_�0

_�v
) (2.10)

where ec is the axial strain composed of plastic and viscous strains; _e0 is the strain rate at

tEOP. The above equation (2.9) or equation (2.10) assumes that eEOP and tEOP are unique

properties, independent of clay thickness.

Models based on Hypothesis B

Hypothesis B is a more intricate concept in which the total strain consists of time-

independent instantaneous elastic and time-dependent viscoplastic strains. The viscoplastic

strain is the combined e�ect of changes in e�ective stress and creep or viscous behaviour

under a constant e�ective stress, and it occurs at the start of incremental load, i.e., there

are no primary and secondary compression phases; eEOP and tEOP are not well-de�ned or

unique any more. The total strain is decomposed as:

� = �e + �vp (2.11)

Leroueil et al. (1988) and Leroueil (2006) adopted the isotache concept to develop a

unique relationship of s’-evp-t or s’-evp-_evp for soft clay. For a given _evp, there exists a unique

non-linear relationship of evp-ln(s’) with a unique preconsolidation pressure sp’, illustrated

in Figure 2.2. In addition, there exists a unique non-linear relationship of ln _evp-ln sp’.

Curves of evp-ln s’ with varying _evp converge into a single master curve if the normalized ln

(s’/sp’) is used. Normalization of ev-ln (s’) plot by the preconsolidation pressure sp’ may

also be applied to equation (2.10) of Hypothesis A (note that ev and _ev instead of evp and

_evp are used). Expressing s’ in term of ev and dividing by sp’ yields:

ln(
�0

�p
0 ) = ln(

�0
0

�p
0 ) �

Cae

Cce
ln(

_�0

_�v
) +

�c

Cce
(2.12)
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To have normalization work on equation (2.12), i.e., all curves of varying strain rates converge

into one unique curve, the following condition must hold:

ln(
�0
0

�p
0 ) �

Cae

Cce
ln(

_�0

_�v
) = K (2.13)

where K is the normalized constant. From equation (2.13), the relationship of ln _ev/_e0 versus

ln (sp’/s0’)(_ev/_e0) is linear given by the inverse of Cae/Cce. It implies that Hypothesis A is

based on the use of constant Cae/Cce concept. The constant Cae/Cce concept can substantiate

both Hypotheses A and B, but the same strain concept at the end of primary consolidation

supports only Hypothesis A, i.e., eEOP and tEOP are unique properties independent of clay

thickness. It is well known that Cae tends to decrease with time. A constant Cae results

in an in�nite compression in an in�nite time. The isotache concept allows non-linearity in

Cae/Cce, and supports Hypothesis B because time-dependent viscous behavior commences

at the start of the loading along with plastic deformation.

Viewing the limitations of constant Cae/Cce concept, Watabe & Leroueil (2012) extended

the use of the isotache concept and developed a three-isotache-parameters model to represent

the variation of preconsolidation pressure with strain rate based on experimental data of

world-wide clay specimens:

ln(
�p
0 � �pL

0

�pL
0 ) = c1 + c2 ln( _�vp) (2.14)

where c1 and c2 are constants at a large strain rate (_evp = 1 s-1), and spL’ is the lower limit

of the preconsolidation pressure at very small strain rate _evp close to 0. Watabe & Leroueil

(2012) further developed an integrated �tting curve to normalize all the observed data of

world-wide clay specimens at a reference strain rate of _evp0 = 1x10-7 s-1 (0.864%/D) which

is close to the average strain rate attained in a 24-hour-incremental loading consolidation

oedometer test. The sp’ is de�ned as sp0’ at this reference strain rate. Then, c1 = 0.935,

sp’/sL’= 0.70, and by default c2 = 0.107. In such case, the integrated curve passes the
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point (_evp = 1x10-7 s-1, sp’/s0’= 1), and intersects at very small strain rate with a value of

sp’/sL’= 0.70 (Figure 2.3a and 2.3b of semi-log and log-log plots, respectively). Therefore,

the variation or relationship between the preconsolidation pressure and viscoplastic strain

rate can be readily obtained from a standard 24-hour-incremental loading consolidation test

in which the value of sp’ is determined from the plot of e-ln s’.

Remarks

Either hypotheses A or B can be used to explain time-dependent behavior of saturated

clay observed in 1D compression. Hypothesis A assumes that time-dependent behavior is

dominated by viscous strain ev and its strain rate _ev whereas Hypothesis B postulates that

time-dependent behavior is governed by viscoplastic strain evp and its strain rate _evp. In

a constant load test, the total strain or strain rate is close to the viscous strain or strain

rate after a critical time. In a constant rate of strain test, the total strain and strain rate

are the viscoplastic strain and rate if the elastic strain is small. The question is: if there

is a unique relationship of stress-strain-time (or stress-strain-strain rate) according to the

isotache concept, are the strain and its rate total, viscoplastic or viscous, and does it matter

in engineering applications (in the work by Watabe & Leroueil (2012), the terms for strain

and its rate are not consistently de�ned as total or viscoplastic)?

In Hypothesis A, two simple mathematical functions (function examples include: semi-

logarithmic, exponential, power and hyperbolic) are used to match stress and time functions

in terms of ep in primary consolidation and ev in secondary compression, respectively. In

Hypothesis B, a more complex single mathematical function is required to curve �t evp in

the entire process. There exists a unique non-linear relationship of ln _evp-ln sp’. It appears

that for a given _evp, the normalization of the ln s’-evp plot by sp’ yields a unique plot of ln

(s’/sp’)-evp under constant rate of strain. The question is: can the above hypothesis and

normalization be extended to triaxial compression under constant load and constant rate of

strain?
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2.3.2.2 Triaxial Compression

Models based on Hypothesis A

The strain decomposition approach in 1D compression has been extended to triaxial

compression. Based on an analysis of single step constant load triaxial compression tests on

saturated clay under drained and undrained conditions, Singh & Mitchell (1968) proposed

an empirical creep model for axial strain:

�c = �p + �v = S(�0)T (t) (2.15)

in which ec is the axial strain composed of plastic and viscous strains; stress function

S(s’)=B1exp(aD) in which B1 and a are �tting constants, and D = (s1-s3)/(s1-s3)f (the

deviatoric stress at failure (s1-s3)f is expected to be a function of strain rate); time function

T(t) = e1(t/t1)m in which t is the elapsed time greater than t1, and e1 is equivalent to ec

evaluated at t = t1 and equal to the plastic strain induced by the stress function (the stress

function is assumed to fully developed at t = t1). Equation (2.15) follows Hypothesis A in

which the plastic strain induced by the stress function occurs for t < t1, and after t = t1,

the viscous strain commences. Thus, equation (2.15) can be expressed as:

�c = B1 exp(�D)(
t
t1

)m (2.16)

Equation (2.16) can be used to model 1D compression test data in place of equation (2.10).

Mesri et al. (1981) found that the exponential model of equation (2.16) predicts unrealistic

stress-strain behavior at deviatoric stress levels of D < 0.2 and D > 0.8. As a result, they

proposed a hyperbolic stress function to replace the exponential stress function in equation

(2.16). The alternative creep model is given as:

�c =
(�1 � �3)f

Ed

D
1 �RfD

(
t
t1

)n (2.17)
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where Ed is the initial slope of the best hyperbolic �t extrapolated at zero strain; Rf is

a �tting parameter relating the ultimate value of (s1-s3) at large strain. At t = t1, the

plastic strain induced by the stress increment is completely developed, given as e1 = [(s1-

s3)f/Ed]1[D/(1-RfD)]1, and the creep strain starts to occur. Thus, equation (2.17) becomes:

�c = [
(�1 � �3)f

Ed
]1[

D
1 �RfD

]1[
t
t1

]n (2.18)

To model behavior under constant rate of strain and relaxation, Mesri et al. (1981) re-wrote

equation (2.18) in term of strain rate:

�c = [
(�1 � �3)f

Ed
]1[

D
1 �RfD

]1[
_�1

_�c
]c (2.19)

in which c = n/(n-1). The constant n can be determined from the slope of a plot of ln(ec)-

ln(t) at varying D in a multiple step constant load test. The values of [(s1-s3)f/Ed]1 and

Rf can be obtained from the intercept and slope of a plot of e/D { e at the particular t1,

respectively. Rearranging equation (2.19), the deviatoric stress ratio D can be expressed in

terms of axial strain and strain rate:

D =
�c

[ (�1��3)f
Ed

]1[ _�1
_�c

]c +Rf�c

(2.20)

Equation (2.20) infers that at a given strain rate _ec corresponding to the viscous e�ect,

i.e., under constant rate of strain, the stress-strain curve is hyperbolic. The initial slope of

the hyperbola is given by [(s1-s3)f/Ed]1/[_e1/_ec]c which is a function of the strain rate. The

asymptote is denoted by the constant Rf. According to Duncan & Chang (1970), Rf < 1.

Lai et al. (2014) adopted the hyperbolic model of equation (2.20) to match the experimental

data on the creep behaviour of an unsaturated clay. They found that Rf is a function of

the applied matric suction. Some of their curve-�tted Rf values are as low as 0.4 which may

predict unrealistic high (s1-s3)f. Dividing equation (2.20) by the preconsolidation pressure
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sp’ from the unique relationship of ln _evp-ln sp’ developed by Watabe & Leroueil (2012),

equation (2.21) becomes:

�1 � �3

�p
0( _�vp)

=
�c

([�p0(�1��3)f
Ed

][ _�1
_�c

]c + Rf�p0

(�1��3)f
�)

(2.21)

(it is important to note that di�erent strain rates _ec and _evp are used in equation (2.21);

compare equation (2.21) to equation (2.23) later). Normalization works if the following

criteria are satis�ed:

[
�p
0(�1 � �3)f

Ed
][

_�1

_�c
]c = a;

Rf�p
0

(�1 � �3)f
= b (2.22)

where a and b are normalized constants. This implies that the inverse of the function [sp’(s1-

s3)f/Ed] carries a similar form of function [_e1/_ec]c, and the same principle applies to both

terms sp’ and (s1-s3)f which are dependent on the strain rate.

Models based on Hypothesis B

The viscoplastic strain component can be decoupled from the total strain by calculating

the elastic strain component in the stress-strain behaviour observed in constant rate of strain

triaxial compression tests. A mathematical function describing a hyperbola can be used to

match the data set of (s1-s3) versus evp. For a given _evp; the stress-strain relationship is

given as:

q = (�1 � �3) =
�vp

1
Ei( _�vp) + �vp

(�1��3)u( _�vp))
=

�vp
h( _�vp) + k( _�vp)�vp

(2.23a)

or

D =
�1 � �3

(�1 � �3)f
=

�vp
(�1��3)f
Ei( _�vp) +Rf�vp

(2.23b)

where Ei (_evp) and (s1-s3)u (_evp) are the initial slope and asymptote of the hyperbola and

both are function of the viscoplastic strain rate; Rf=(s1-s3)f/(s1-s3)u. It appears that

equation (2.23b) is quite comparable to equation (2.20) proposed by Mesri et al. (1981).
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However, the strains and their rates are di�erent in terms of viscous and viscoplastic e�ects

which are obtained from constant load (CL) and constant rate of strain (CRS) tests. In

equation (2.20), the initial slope term denoted by [(s1-s3)f/Ed]1[_e1/_ec]c is limited to a power

function, and the asymptote de�ned by Rf is constant. In equation (2.23b), both the initial

slope and asymptote terms are more exible, expressed in any functional form. In addition,

the use of strain and strain rate in equation (2.23) is more consistent than those in equation

(2.21). Again, normalization of equation (2.23a) by the preconsolidation pressure sp’ yields

the following equation:

�1 � �3

�p
0(�vp)

=
�vp

�p0(�vp)
Ei( _�) + �p0( _�vp)

(�1��3)u( _�)�vp

=
�vp

h( _�vp) + �p0( _�vp)
k( _�) _�vp

(2.24)

Normalization works if the following validities hold:

�p
0( _�vp)
Ei( _�)

=
�p
0( _�vp)
h( _�)

= a (2.25a)

�p
0( _�vp)

(�1 � �3)u( _�)
=
�p
0( _�vp)
k( _�)

= b (2.25b)

where a and b are normalized constants. The function sp’(_evp) which is given by equation

(2.14) can be approximated by a power function of sp’= m1evp
n1 where m1 and n1 are

constants. The Ei(_e) or h(_e) also follows a power function of Ei = m2evp
n2 . The normalization

principle imposes the condition of n1 = n2. From equation (2.14), n1 is about 0.02 (Figure

2.3; Watabe & Leroueil 2012). These low values of n1 and n2 imply that the e�ect of _evp

on the initial Young’s modulus is less than that of con�ning stress as observed by Duncan

& Chang (1970) in which the con�ning stress is raised to a power of n = 0.5-0.7. Similar

characteristics are applied to the ultimate deviatoric stress function (s1-s3)u(_e).

The main advantage of normalization is to reduce the number of tests required to es-

tablish the complete constitutive model. Watabe & Leroueil (2012) recommended the time-
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dependent behavior of clay can be quanti�ed mathematically from test data of one CL test

and one CRS test if the above normalization works. In practice, constant load tests are read-

ily available in most laboratories while CRS tests of very small strain rates require advanced

apparatus and long testing duration. For a general case of using the hyperbolic model to

curve �t the CRS data as shown in equation (2.23a), its change in deviatoric stress, q and

tangential modulus, Et with respect to the change in strain rate are given as:

dq
d _�

=
�q[dh( _�)

d _� + �dk( _�)
d _� ]

h( _�) + k( _�)�
(2.26a)

dEt

d _�
=

[dh( _�c)
d _� � 2Et(dh( _�c)

d _� + �dk( _�c)
d _� )]

[h(d _�) + k(d _�)�]2
(2.26b)

where Et=dq/de=(h(_e))/[h(_e)+k(_e)e]2:

For the model of equation (2.20) proposed by Mesri et al. (1981), k(d_e)=Rf, dk(_e)/d_e = 0,

h(_e) = [(s1-s3)f/Ed][e1/ec]c, and dh(_e)/d_e = [(s1-s3)f/Ed]c[e1/ec]c-1.

2.4 Issues Addressed by This Research Thesis

Based on the literature review, several issues related to soil-pipe interaction can be identi�ed

and will be pursued and addressed in this thesis.

Most of the studies on soil-pipe interaction were conducted on dry and saturated sands

with a limited number of experimental studies carried out on saturated clay. In addition,

the physical tests were run within a short duration, in which the long-term behaviour of

soil on soil-pipe interaction could not be quanti�ed. In practical applications, back�ll soils

usually contain some clay content, and are compacted to about 90% of the initial in-situ

bulk density. The compacted soil is in the unsaturated state and therefore subjected to

matric suction. As discussed above, the e�ect of loading rate has a signi�cant impact on

the soil strength deformation behaviour, i.e., time-dependent or isotache behaviour in clay

soil (Liingaard et al. 2004; Watabe & Leroueil 2012). Also, the e�ect of matric suction may
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exert unknown aspects a�ecting soil strength-deformation, soil-pipe interaction (shear load

and adhesion transfers between soil and pipe), and in-situ stresses distribution. Furthermore,

all soil springs are assumed to act independent of each other and the e�ect of shear stress

between two adjacent soil springs is not considered in the guidelines. They are unable to

describe complicated soil behaviour such as dilatancy, stress path dependency and to some

extent strain softening. This thesis attempts to investigate the time-dependent response

of compacted clay in soil-pipe interaction using physical and numerical modelling. The soil

material used in the program is compacted Regina clay with about 50% clay content. The soil

conditions satisfy two critical criteria: (i) unsaturated state; and (ii) high viscous behaviour

resulting in rate dependence.
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Figure 2.1: Schematic of the soil-pipe interaction problem. It illustrates the pipe like a beam
with vertical (kv), horizontal (kh), and axial (ka) soil springs. (ALA 2001)
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(a)

(b)

Figure 2.2: Illustration of unique non-linear relationship of stress-strain-strain rate for clay.
(a) Results of vertical strain (ev) versus vertical e�ective stress (sv’) in 1D oedometer com-
pression tests on Batiscan clay illustrating isotaches (Leroueil et al. 1985), (b) Equivalent
linear representation of isotaches in a semi-logarithmic plot. (spi’ = preconsolidation pressure
at strain rate _evpi)
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(a)

(b)

Figure 2.3: Integrated �tting curve { normalized preconsolidation pressure as a function
of strain rate. sp0 is the reference preconsolidation pressure at a reference strain rate _e =
1x10-7 s-1. (a) semi-logarithmic plot (b) log-log plot (Watabe & Leroueil 2012), which can
be approximated by sp/sp0=3.2e0.02.
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Chapter 3

Geotechnical Characterization of

Regina Clay

3.1 Introduction

Long-term soil movements have been observed in natural slopes and embankments compris-

ing Regina clay in Saskatchewan due to high clay content (Chowdhury 2013). Thus, Regina

clay is selected as the material used in the physical model tests, where the clay is compacted

around the pipe according to the construction conditions in the �eld. The compacted Regina

clay is an unsaturated soil. Geotechnical characterization of compacted Regina clay is es-

sential as it will serve as important inputs to the numerical model for simulating soil-pipe

interaction. This chapter is devoted to the investigation of the key properties governing the

elasto-viscoplastic behaviour of compacted Regina clay.
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3.2 Postulated Behavior { Transition from Tensile to

Shear Failure

As gas and oil pipelines are commonly buried in shallow depths of 1-2 m below the ground

surface, studies on the behavior of back�ll material (compacted clay in this study) at low

con�ning stresses are of relevance. It is postulated that compacted clay displays tensile split-

ting, tensile-shear and shear failure modes in uniaxial tension, uncon�ned compression test,

direct shear/triaxial compression tests, respectively. Figure 3.1 is a conceptual illustration

of the postulated theory for failure envelopes of compacted clay in tensile and compressive

regimes. Point ‘a’ or Mohr circle ‘I’ represents the failure stress state for isotropic tension.

Circles ‘II’ and ‘III’ correspond to Mohr circles of uniaxial tension and uncon�ned com-

pression, respectively. A line tangent to two circles at points ‘b’ and ‘c’ yields a bound for

tensile-shear failure, which is described by a cohesion intercept, ct and angle, ft in tensile

regime. For simplicity, the isotropic tensile strength is assumed to lie along this line which is

not necessarily true. As the con�ning stress increases, there is a transition in failure mode,

i.e., the shear failure mode becomes dominant. Mohr circles of triaxial compression tests and

stress path of direct shear test are denoted by circles ‘IV’, ‘V’ and arrow ‘VI’, respectively.

A linear Mohr-Coulomb failure envelope (line e-f-g with a cohesion intercept, cs and angle,

fs, Figure 3.1) is drawn to delineate the shear failure in compression regime.

The tensile-shear and shear failure envelopes are given by:

� = ct + � tan�t (3.1)

� = cs + � tan�s (3.2)

where ct and ft are cohesion intercept and friction angle of tensile failure envelope, re-

spectively; cs and fs are cohesion intercept and friction angle of shear failure envelope,
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respectively. cs can be viewed as apparent cohesion parameter which is dependent on matric

suction. Two linear envelopes intersect at point ‘d’ which is de�ned by:

� =
(ct � cs)

(tan�t � tan�s)
(3.3)

� = cs +
(ct � cs)

(tan�t � tan�s)
tan�s (3.4)

For practical convenience, cohesion, ct is related to uniaxial tensile strength, sut or uncon�ned

compression strength, suc in the following equations:

ct =
�ut

2
tan�t(1 +

1
sin�t

) (3.5)

ct =
�uc

2
tan(

�
2

�
�t

2
) (3.6)

3.3 Testing Program

3.3.1 Material Used

The material used is Regina clay, a dark brown highly expansive clay. The clay was obtained

from an excavation site near Mosaic Stadium in Regina, Saskatchewan. Regina clay has an

optimum water content at 28.5% with a dry density of 1500 kg/m3. The clay content and

liquid limit are 50% and 80%, respectively. The clay fraction comprises approximately 20-

75% montmorillonite, 15-45% illite, and 10% kaolinite by mineralogy. (Krahn & Fredlund

1972; Feng et al. 1998).
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3.3.2 Test Types and Methods

3.3.2.1 One-Dimensional Compression Tests

The objective of this test series is to investigate the 1D compression behaviour of saturated

Regina clay samples and to determine coe�cients of consolidation, cv, and compression index,

Cc. The Casagrande-type oedometers were used in this study. Each oedometer consists of a

oating-type con�ning ring (60 mm in diameter and 25 mm in height), a consolidation cell,

a pair of porous discs, and a loading cap. Oedometer tests were conducted in duplicates (i.e.

two tests conducted with the same loading scheme) under double (top and bottom) drainage.

To avoid clogging of clay particles inside the porous disc, a piece of �lter paper was placed

between the porous disc and the sample end. Regina clay samples were reconstituted with

distilled water at 5% above the liquid limit. The water-saturated clay slurry was placed into

the oedometer ring. A �lm of silicon grease was applied on the inner surface of the ring to

reduce the friction between the sample and the ring wall. The oedometer ring was placed in

the oedometer cell. The fully assembled oedometer cell (with the sample) was placed under

a consolidation frame. Each test was conducted using various multi-stage loading schemes

of 24, 60, 120, 240, and 270 kPa. Each stage last for a period of between 7-10 days. The soil

settlement and applied stress were continually monitored during the entire test.

3.3.2.2 Modi�ed Cyclic Simple Shear Tests

The objective of this test series is to determine the intrinsic angle of internal friction of

compacted Regina clay using the method proposed by Bjerrum & Landva (1966).

A direct shear box made of brass (15.2 cm in length and 13.2 cm in width with a cylindrical

sample holder of 6 cm in diameter and 2.5 cm in thickness) was used. The standard brass

shear box was modi�ed to incorporate the changes required to conduct the simple shear

test. Figure 3.2 shows the schematic diagram of the modi�ed shear box. The shear box

was modi�ed in such a manner that a thin sample up to a maximum thickness of 4 mm
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can be used for the measurement of its shear strength value by shearing it back and forth

over a distance of 2.5 mm. GEOTEST Instrument Corporation’s S2215 digital direct shear

machine, with a maximum vertical loading capacity of 10 kN and a shear loading capacity

of 10 kN, was used. Standard linear variable di�erential transformer (LVDT) transducers

with an accuracy of 0.001 mm were used to measure vertical and horizontal displacement

measurements.

The clay samples were reconstituted at a water content of 5% above its liquid limit, and

placed in an oedometer ring. The reconstituted sample with a diameter of 60 cm and a

thickness of about 4 to 5 mm was allowed to consolidate at a normal stress of 200 kPa for 24

hours. After consolidation, the thin disk sample was carefully extruded from the oedometer

ring and placed inside the shear box. A normal stress of 100 kPa was applied to the sample.

Cyclic shearing was applied to the sample until it reached the critical shear stress state. A

displacement rate of 0.005 mm/min was used. Data comprising normal stress, shear stress,

vertical and horizontal displacements were recorded.

3.3.2.3 Proctor Compaction Test

The Proctor compaction test is a laboratory-scale test conducted to determine the maxi-

mum dry density and the corresponding optimum water content of a particular soil when

compacted. Under the standard ASTM D698 (ASTM 2012), the main equipment required

to conduct a compaction test include a Proctor hammer (a mass of 2.5 kg and a free fall

height of 305 mm) and a Proctor compaction mold (116.4 mm in height and 101.6 mm in

diameter) and collar setup. Dry soil is mixed with water until a desired water content is

attained. The freshly mixed soil is placed into the mold in three equal layers with 25 blows

being impacted per soil layer. Once the mold is �lled, the �nal wet mass of the compacted

sample is measured to determine the corresponding dry density.
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3.3.2.4 Matric Suction Measurement

The objective of this test series is to determine the SWCC of compacted Regina clay. The �l-

ter paper method which has been developed primarily in soil science and agronomy was used

in this study. This method is classi�ed as an \indirect method" of measuring soil suction.

When a piece of �lter paper is in direct contact with a moist soil specimen, moisture ex-

change takes place between the soil specimen and the �lter paper until an equilibration state

is attained. The moisture content of the �lter paper at the equilibration state corresponds

to the matric suction within the soil. Calibration curves of �lter paper water content versus

matric suction have been developed for di�erent �lter paper types (Fawcett & Collis-George

1967; McQueen & Miller 1968).

In this study, Whatman No. 42 �lter paper as per ASTM standard speci�cation E832

(ASTM (2016)) was used. Filter paper pieces of 55 and 60 mm in diameters were soaked

with a 2% formaldehyde solution and placed in an oven for 24 hours. This was done to

prevent mold from developing on the �lter paper during the test.

For determination of the SWCC, the moist soil specimen was prepared at its desired

water content and placed in an air-tight plastic bag for 24 hours to allow uniform hydration.

Then, the moist soil was compacted to a speci�c bulk density in a stainless steel oedometer

ring of 62 mm in diameter and 25 mm in height, and the compacted soil specimen was

removed from the ring. Another identical compacted soil specimen was prepared. A stack of

three �lter papers consisting of pretreated �lter paper with a diameter of 55 mm sandwiched

between two pretreated �lter paper pieces with a diameter of 60 mm, was inserted between

two compacted soil specimens. Two outer �lter paper pieces were used to prevent soil

contamination, and the middle one was used for moisture measurement. Two compacted

soil specimens were held tightly with plastic electrical tape, and the whole assembly was

placed inside an air-tight glass container in a closed thermostat box at 21oC to allow the

specimen to reach its equilibration state which took about 8-10 days. Upon equilibration, the

moist 55-mm �lter paper and soil specimens were weighed. Then, they were oven-dried and
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weighed to obtain their respective water contents. The soil matric suction was determined

using the calibration curves (Leong et al. 2002; Fredlund et al. 2012):

Log (matric suction in kPa) = 4.945 { 0.0673 w (for w < 47%)

Log (matric suction in kPa) = 2.909 { 0.0229 w (for w > 47%)

where w = water content in %. The soil water content was used for determining the degree

of saturation for constructing the SWCC.

Besides the determination of the soil-water characteristic curve for compacted Regina

clay, the �lter paper method was also applied to measure the matric suction of compacted

Regina clay samples in strain-controlled uncon�ned compression, stress-controlled uncon�ned

compression, consolidated triaxial compression and direct shear box tests. The duration of

these tests must be greater than 8-10 days to allow the specimen matric suction to reach its

equilibration state.

3.3.2.5 Uniaxial Tension Tests

The objective of this test series is to determine the uniaxial tensile strength of compacted

Regina clay in tensile-shear regime as a function of matric suction. The test apparatus

for the uniaxial tension test consists of a mold for preparing the test specimens, specimen

holders, and a load frame. The mold is made up of two brass split halves (Figure 3.3). The

mold holds a dog-bone shaped specimen of 75 mm in length, maximum 41 mm in width

at its widest point, 25 mm in width at the middle and 25 mm in thickness. The specimen

holders are two adjustable clamps with cables attached. One cable is attached to the loading

frame made of a metal stand to hold the specimen in an upright position. The other cable

is attached to a hanger with dead weights.

For preparation of soil specimen, 120 g of crushed oven-dried soil powder was mixed with

the required amount of distilled water to achieve the desired water content. The soil mixture

was placed into the mold, and compacted in one layer to the predetermined dry density. The

compacted specimen was extruded from the mold, and was sealed in an air-tight plastic bag
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for 24 hours to allow uniform hydration within the specimen. The specimen was aligned in

an upright position using the clamps and the loading frame. Dead weights of 0.1 N each

were added to the hanger until the specimen failed. The failed specimen was then oven-dried

to obtain its water content. Using the measured water content, the specimen matric suction

was estimated from the SWCC.

Tests were repeated at varying water contents and bulk densities. At each water content,

�ve dog-bone shaped specimens were prepared for uniaxial tension tests, and the average

value of measured uniaxial tensile strengths was calculated for the analysis.

3.3.2.6 Direct Shear Tests

The objective of this test series is to determine the shear strength (apparent cohesion and

friction angle) of compacted Regina clay in the compressive regime as a function of matric

suction. The GEOTEST 2215 shear box apparatus was utilized for the direct shear tests.

The apparatus comprises the direct shear testing machine and the shear box itself. The key

supplementary parts of the testing machine include horizontal and vertical linear variable

displacement transducers (LVDT), and two load cells aligned in the horizontal and vertical

directions to measure the shear force and the con�ning vertical load applied on the specimen

during the consolidation and shearing phases. The direct shear box comprises two halves and

a brass loading cap. Each halve is a 25 mm thick rectangular brass plate with a circular hole

of 100 mm in diameter inscribed on the plate. About 600 g of crushed oven-dried soil powder

was prepared and conditioned at a desired water content of 25-32% by spraying water and

mixing the soil. The direct shear box was assembled by attaching the top and bottom halves

with four set screws on each corner. The preconditioned soil was then compacted within

one layer within the shear box. The compaction collar was removed from the shear box and

excess moist soil was scraped with a straight edge to make the soil surface at. The loading

cap was placed on the top of the soil, and vacuum grease was applied to the gap between two

shear box halves to prevent moisture loss during consolidation and shearing. The specimen
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was allowed to consolidate under a de�ned normal con�ning stress for 24 hours. A shear

displacement rate of 0.001 mm/min was used, and the duration of each direct shear test

was about 4-5 days which was su�cient to allow air-water pressure equilibration within the

sheared specimen. After the direct shear test, the specimen was extruded from the shear box

for determination of its water content and bulk density. These physical properties were used

to estimate its matric suction from its SWCC. Direct shear tests were repeated at varying

water contents of 25-32% and normal con�ning stresses of 30 to 180 kPa.

Table 3.1 shows the sample and test details of direct shear tests.

3.3.2.7 Stress-controlled Uncon�ned Compression Tests

The objective of this test series is to determine the uncon�ned compressive strength and de-

formation behavior of compacted Regina clay in the tensile-compressive regime as a function

of matric suction, and its creep behaviour under constant load. Cores of 62 mm in diameter

were extruded from the compacted soil using Shelby tubes. The extruded cores were then

trimmed to 125 mm in height. Two pieces of pretreated Whatman No. 42 �lter paper (55

mm and 60 mm in diameter) were placed at both ends of the specimen for matric suction

measurements. A sheet of aluminium foil was then used to wrap around the specimen. Vac-

uum grease was applied to the joints of the sheet to prevent any vapour or moisture loss

during shearing. The specimen was mounted on two end platens and wrapped with a latex

membrane and neoprene O-rings on the platens. Then, the assembly was positioned inside a

consolidation load frame used for the 1D compression test (Figure 3.4), and load increments

of varying magnitude were applied to the specimen until the specimen failed. The axial de-

formation of the loaded sample was monitored at each constant load, and the creep duration

varied in each load increment. The duration of each entire compression test was about 21-25

days. After the completion of each compression test, the water contents of the �lter paper

and specimen were measured to obtain the matric suction and degree of in the sample.

Table 3.2 shows the sample and test details of stress-controlled uncon�ned compression
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tests.

3.3.2.8 Strain-controlled Uncon�ned and Triaxial Compression Tests

The objective of this test series is to determine the compressive strength and deformation

behavior of compacted Regina clay in the tensile-compressive regime as a function of matric

suction and con�ning pressure, and to study the e�ect of strain rate on the stress-strain

response. The GDS triaxial apparatus was utilized for these tests. The apparatus itself

consists of a 2 MPa capacity triaxial cell, a 10 kN capacity load cell, a 25 kN capacity

loading frame, two displacement pumps (for maintaining cell pressure and back pressure),

four sets of LVDTs (an external axial, two local axial, and a local radial), a plastic loading

cap, and a computer control and data acquisition system.

The sample preparation and setup is similar to those for the strain-controlled uncon-

�ned compression tests. Then, tests were conducted either with no con�ning pressure or a

speci�ed con�ning pressure was applied to the specimen to allow consolidation for 1 day.

After equilibration, varying axial strain rates were applied to the specimen. The axial load,

con�ning pressure, axial and radial displacements were monitored during the test which took

more than 20 days to complete. After the test, the water contents of the �lter paper and

soil specimen were measured to estimate its matric suction and degree of saturation.

Tables 3.3 and 3.4 show the sample and test details of strain-controlled uncon�ned and

triaxial compression tests, respectively.

3.3.2.9 Interface Tests between Regina Clay and Pipe Steel

An integral component in understanding soil-pipe interaction is to understand the interface

behavior between the soil and the steel surface of the pipe. To achieve this objective, one

set of direct shear box tests were conducted to simulate this interface behavior. The main

parameters of interest from these tests are the peak and residual values of interface friction

angle and interface adhesion. Instead of a conventional shear box setup with both brass shear
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box halves holding the soil, only the top half was used with the bottom half being replaced

with a solid steel plate with a rough surface. Both the top half and the solid steel plate were

assembled with a pair of set screws. Regina clay with a desired water content was compacted

inside the modi�ed shear box setup. The GEOTEST S2215 direct shear machine was used

to conduct the soil-steel interface tests with the modi�ed shear box setup, as described in

Sections 3.3.2.2 and 3.3.2.6. The shearing rates varied from 0.002-0.1 mm/min.

Sample and test details of the interface tests are included in Table 3.1.

3.4 Test Results

More than 30 tests were performed to characterize the geotechnical properties of saturated

and compacted Regina clay samples. For clarity, one typical test result from each test type

will be presented in detail along with key features. The test results of other tests are presented

in detail in Appendix A for reference. All the test results were compiled, interpreted and

analyzed for determination of input parameters of soil constitutive models used in analytical

and numerical modelling in subsequent chapters.

3.4.1 One-dimensional Compression Tests

Casagrande’s logarithmic-time method was used to determine the void ratio at the end of pri-

mary consolidation (eEOP), and the time required for completion of the primary consolidation

(tEOP) for each load increment. The primary consolidation occurred in about 60 minutes.

The secondary compression displayed a linear decreasing trend with log(time). Figure 3.5

shows the variation of coe�cient of consolidation (cv) with e�ective stress for a series of

loading stages. The coe�cient lies in a narrow range of 1.4-2.4x10-8 m2/s in the stress range

of 24-240 kPa. Figure 3.6 plots the void ratio at the end of primary consolidation (eEOP) and

its corresponding e�ective stress for water-saturated clay samples on a semi-log plot. The

curve follows the well-known Terzaghi’s linear relationship de�ned by the compression index
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(Cc) of 0.253, and e0 of 2.430. It is interesting to compare the fabric structure based on the

void ratio. It is clear that the void ratio values of all the compacted Regina clay specimens

lie below the NCC. This implies that the di�used double layer is not fully developed in the

compacted specimens generating cohesion e�ect due to overconsolidation. The compacted

clay may behave a \granular" assembly rather a \cohesive" one.

Using the compression index, Cc, the permeability values of the clay sample were calcu-

lated and included in Figure 3.5. The permeability value decreases with increasing stress.

The e�ect of stress on permeability is much larger (about an order of magnitude) compared

to the coe�cient of consolidation, cv.

3.4.2 Modi�ed Cyclic Simple Shear Tests

Results of a cyclic simple shear test on a water-saturated sample are shown in Figure 3.7.

The sample was subjected to four shearing cycles with a displacement amplitude of 2.5

mm. The vertical displacement recorded was less than 0.01 mm implying that the sample

maintained its simple shear con�guration. Kenney (1967) proposed that in the repeated

shear box test, when the sample is sheared forward and backward over a distance of 2 to 2.5

mm, the reduction in the cross sectional area should range between 0 to 5%. For our tests

this was achieved: as such the minor changes in computed normal and shear stresses had

minimal e�ect on the behavior of the clay.

From Figure 3.7, the normalized shear stress decreases with increasing number of cycles,

and reaches to an average constant value of 0.36. The angle of internal friction for saturated

Regina clay is about 22o.

3.4.3 Proctor Compaction tests and Matric Suction Measurement

Figure 3.8 illustrates the compaction curve for Regina clay. It shows an optimum water

content of 28.5% at a maximum dry density of 1500 kg/m3.

Figure 3.9 presents data of matric suction measurements using �lter paper method on
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compacted Regina clay specimens. Included in the �gures are data from Fredlund & Xing

(1994) and Chowdhury (2013). Fredlund & Xing (1994) used specimens prepared from slurry

mixtures whereas Chowdhury measured matric suctions on compacted specimens with a dew

point potentiometer (WP4-T). From Figure 3.9, the SWCC of the slurry mixture is very

di�erent from that of the compacted mixture. For a given saturation, the slurry mixture

has a much higher matric suction than the compacted specimen. This may be attributed to

the di�erences in physical properties, distribution and orientation of clay particles, particle

assemblies, pore air and water distributions (Romero et al. 1999). The optimum water

content, clay content, plastic and liquid limits of Regina clay used in Chowdhury’s study

are 24, 60, 27, and 77%, respectively, which are comparable to those in this study; whereas

no data were reported in Fredlund & Xing (1994). The slurry mixture carries a dispersed

structure in which the clay particles and pores are distributed in a random manner. An

aggregate structure is more likely produced in compacted specimens particularly at low water

contents on the dry side of optimum water content. The data of this study fall between those

two SWCCs. In this study, we are interested in the strength characteristics of compacted

Regina clay with water contents of 2-3% on both dry and wet sides of optimum water content.

According to the zone classi�cation identi�ed by Vanapalli et al. (1996), the test specimens

lie in boundary e�ect and primary transition zones. According to the structure classi�cation

postulated by Tang et al. (2015), the specimens are in funicular and capillary regimes.

Data of Figure 3.9 were re-plotted in Figure 3.10 of matric suction versus water content,

and a power function was used to curve �t the data so that matric suction could be readily

estimated with measured water content.

3.4.4 Deformation and Strength Characteristics of Compacted Regina

Clay

Uniaxial Tension Tests

Figure 3.11 plots the measured tensile strength as a function of matric suction. The matric
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suction data were not measured from the test specimens as the test took less than 30 minutes,

and they were estimated from the SWCC of Figure 3.10 based on the measurement of water

content and bulk density values of the test specimens after the tests. A power function was

used to curve �t the data trend (Figure 3.11). The tensile strength of compacted Regina

clay increases with matric suction, but starts to level o� at a high matric suction of about

1 MPa. To investigate further the e�ect of matric suction on soil strength, three compacted

dog-bone shaped specimens of varying water contents were submerged in water inside a

beaker. Each end of the dog-bone shaped specimen was coated with wax and the mid-

section was covered with a piece of �lter paper so that its middle section was exposed to

water and water imbibition was allowed to occur. The initial matric suction holding up

the specimen decreased with increasing degree of saturation due to water penetration. The

specimen failed at the location of the �lter paper within 24-48 hours (Figure 3.12). This

suggests that the tensile strength of compacted Regina clay specimen is solely related to the

negative pore pressure and surface tension e�ects cohesion developed in matric suction.

Direct Shear Tests

Figure 3.13 shows a typical test result for a direct shear test on compacted Regina clay

sample DS1. The shear strength increases with increasing shear displacement and reaches a

peak value of 64 kPa after 2.7 mm of shear displacement. This sample had a matric suction

of 74 kPa. The mobilized peak and residual frictional angles were determined to be 52o

and 39o, respectively. It appears that the rate of shearing displacement has some impact

on the shearing behaviour, i.e., the sti�ness and shear strength decrease with decreasing

displacement rate.

Results of direct shear tests on compacted Regina clay specimens with a narrow range in

matric suction of 40-50 kPa are plotted in Figure 3.14. The clay specimens were compacted at

water contents of about 2 to 3% on the wet side of optimum water content. Linear regression

of test data gives an apparent cohesion and friction angle of 55 kPa, and 23o, respectively,

which are consistent with those reported by Chowdhury (2013). This friction angle is also
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comparable to that measured in modi�ed simple shear tests on saturated samples, and thus

this value is considered as an intrinsic property of the material which is independent of

con�ning stress and matric suction.

Stress-controlled Uncon�ned Compression Tests

Figure 3.15 shows typical deviatoric stress-axial strain response of compacted Regina clay

sample RC1-1 in a stress-controlled uncon�ned compression test. The other test data of

volumetric strain versus axial strain, axial strain versus time and radial strain versus time

are presented in Appendix A. Stress increments of 30 kPa were applied to the sample every

�ve minutes from 0 kPa to 210 kPa. A load-unload cycle was then applied at ea = 0.072

before creep stage at 210 kPa. The sample displayed non-linear hyperbolic stress-strain

response. When the sample was loaded at 210 kPa signi�cant creep deformation occurred.

Strain-Controlled Uncon�ned and Triaxial Compression Tests

Figures 3.16 and 3.17 illustrate typical deviatoric stress-axial strain responses of compacted

Regina clay samples RC4-1 and RC2-2 in strain-controlled uncon�ned and triaxial compres-

sion tests, respectively. Test data for volumetric strain versus axial strain, axial strain versus

time and radial strain versus time are presented in Appendix A.

From Figures 3.16 and 3.17 it can be seen that compacted Regina clay samples exhibit

non-linear hardening upon shearing with volumetric compaction. Isotache behaviour was

clearly observed in both strain-controlled uncon�ned and triaxial compression tests. Physi-

cally, isotache behaviour implies that there is a unique material response for a given strain

rate. For an increase in strain rate, the stress response becomes sti�er (i.e., increase in

stress towards a higher \isotache" curve). For a decrease in strain rate, a softening response

occurs in the stress response. In addition, another time-dependent phenomenon, relaxation

was detected in both strain-controlled uncon�ned and triaxial compression tests. In sample

RC4-1 (Figure 3.16), the deviatoric stress drops from 216 to 146 kPa during stress relaxation

at an axial strain of 0.062. The stress reduction is about 32%. In the triaxial compression
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test, sample RC2-2 experiences a stress relaxation from 241 to 153 kPa or a 35% stress drop

at an axial strain of 0.061.

Data of UCS measured from stress- and strain-controlled uncon�ned compression tests

were plotted against matric suction in Figure 3.18. Some matric suction measurements were

inferred from the SWCC while others were obtained using �lter paper method. A power

function was used to curve �t the data trend. The matric suction has a more prominent

e�ect on the UCS of compacted Regina clay at the low end of 0-500 kPa, but the e�ect

becomes insigni�cant at matric suction beyond 500 kPa.

For each triaxial compression test, the apparent cohesion of the test material was cal-

culated from equation (3.4) based on the friction angle of 23o estimated from direct shear

test data of Figure 3.14. Results of apparent cohesion were plotted against matric suction in

Figure 3.19 along with those from direct shear tests. A power function was used to curve �t

the data trend. The clay has no cohesion at full saturation. The rate of increase in apparent

cohesion due to matric suction is high at matric suctions of 0-200 kPa, and is much reduced

to a constant value for matric suction beyond 400 kPa. Bai & Lui (2012) also observed a

similar relationship between the apparent cohesion and matric suction of an expansive soil

determined from direct shear tests using the �lter paper method.

The sample failure mode observed in uncon�ned compression tests were di�erent from

those observed in triaxial compression tests. Under uncon�ned compression, nearly vertical

tensile cracks were initiated, and the cracks widened as the axial strain increased, suggesting

the failure mechanism follows the Gri�th model in which under uncon�ned compression,

tensile stress is induced at the tips of vertical cracks or voids. When a con�ning stress of

50 kPa was applied to a compacted Regina clay specimen, the specimen failed along single

or multiple shear planes. The failure surfaces were relatively smooth compared to those

observed in uniaxial tension tests. It appears that the applied con�ning stress inhibited the

development of tensile cracks and promoted the shear failure mode according to the Mohr-

Coulomb postulate. This is a clear evidence that there is a transition from tensile cracking
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to shear sliding.

In general, compacted Regina clay samples display nonlinear hyperbolic stress-strain

trend under uncon�ned and triaxial compression. The shear strength of unsaturated soil

increases with con�ning stress and matric suction. The deformation modulus along the

primary loading is lower than that along unload-reload path. It is clear plastic yielding

occurs during the primary loading path. For simplicity, secant modulus of elasticity was used

to estimate the primary deformation modulus denoted by E. Secant modulus of elasticity

is de�ned as the slope of a line from the origin to any point on a stress-strain curve. In

this study, the point at 50% of the ultimate strength was adopted. Figure 3.20 plots the

secant modulus versus matric suction for compacted Regina clay. The corresponding (secant)

Poisson’s ratio values are presented in Figure 3.21. The specimen compacted on the dry

side of optimum yields a higher primary loading deformation modulus of about 10-30 MPa

whereas the specimen conditioned on the wet side 100% displays a lower modulus of about

5-10 MPa. The measured Poisson ratio varies in a range of 0.3{0.4 which is less sensitive to

the e�ects of matric suction. By inferring both Figures 3.20 and 3.21, at a matric suction

value of 50 kPa, the average values of E and n are 5.3 MPa and 0.3, respectively.

Construction of Failure Envelopes for Tensile and Shear Failure

Compacted Regina clay displays tensile splitting, tensile-shear and shear failure modes in

uniaxial tension, uncon�ned compression test, direct shear/triaxial compression tests, re-

spectively. Given the relationships among uniaxial tensile strength, uncon�ned compressive

strength, apparent cohesion in compressive regime and matric suction (Figures 3.11, 3.18,

and 3.19), and f = 23o (Figure 3.13), the tensile-shear and shear failure envelopes of equa-

tions 3.1 and 3.2 of compacted Regina clay were determined for matric suction of 0, 50, 200,

500 and 1000 kPa, and plotted in Figure 3.22. This �gure illustrates the bilinear failure enve-

lope encompassing tensile and shear failure mechanism at di�erent matric suction values for

compacted Regina clay. The slopes of shear failure envelopes carry the same constant while

the slope of tensile failure envelope decreases with increasing matric suction (Figure 3.22).
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The slope of tensile failure envelope is greater than that of shear failure envelope and could

be explained by the di�erence in failure surface morphology observed in the two distinct

failure modes. Under tensile-shear failure, rough ruptured surface promotes shear dilation

increasing the mobilized friction along the surface. The shear dilatancy rate is suppressed

with increasing matric suction. This phenomenon is illustrated in Figure 3.22. At ua-uw =

1000 kPa, the slope of tensile failure envelope is much reduced, and becomes comparable

to that of shear failure envelope. Figure 3.23 illustrates ft increases with decreasing matric

suction.

The tensile-shear envelope expressed in Mohr-Coulomb plot can be converted in the

principal stresses plot as shown in Figure 3.24.

Direct Shear Tests on Compacted Regina Clay and Steel Interface

Figure 3.25 shows typical test result of a direct shear test on the interface between compacted

Regina clay and steel on sample ST1. No normal con�ning pressure was applied to the sample

in this test. A peak shear strength value of 6 kPa was mobilized at a shear displacement of

1.4 mm. Figure 3.26 plots the peak and residual strength envelopes for the interface as a

result of the direct shear tests conducted at various normal stresses. It can be summarized

the peak and residual interface friction angles were 16.2o and 16.0o, respectively. In addition,

the peak and residual soil-pipe interface adhesion values were 16 kPa and 5 kPa, respectively.

3.4.5 Viscous (Time-Dependent) Behavior

This section investigates and develops constitutive models for the time-dependent behaviour

of compacted Regina clay in triaxial compression under constant load (CL) and constant

rate of strain (CRS) conditions.

The objectives of this investigation are:

1. To estimate the parameters of the hyperbolic model of equation (2.20) from a constant

load test (on compacted Regina clay sample RC1-3).
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2. To generate stress-strain curves of uncon�ned compression under varying strain rates

using equation (2.20) based on the parameters obtained in objective (1).

3. To normalize the stress-strain curves obtained in objective (2) using the principle

delineated in section 2.5.2 of literature review and to quantify its validity.

4. To compare the stress-strain curves obtained in objective (2) with data of the constant

strain rate test on sample RC4-1.

Test details and data of compacted Regina clay samples RC1-3 and RC4-1 can be found

in Chapter 3 and Appendix A. Figure 3.27 shows the axial and radial strain versus time

for sample RC1-3. They are linear in a log-log plot, and the slopes denoted by n values

for di�erent values of deviatoric stress D are listed in Table 3.5. The n-values fall within a

narrow range, and the average value is used in the modelling. The values of [(s1-s3)f/Ed]1

and Rf were obtained from the intercept and slope of a plot of e/D { e at a particular t1 (t1

= 60 minutes), respectively (Figure 3.28), and included in Table 3.5.

Figure 3.29 plots the stress-strain curves for di�erent constant rates of strain. Each curve

corresponds to a constant rate of strain test. The rate of strain of 1x10-7 s-1 (0.864%/day)

is close to the average strain rate attained in a 24-hour-incremental loading consolidation

oedometer test. The smallest displacement rate attained in conventional step-motor driven

triaxial apparatus is 0.0001 mm/min (0.144 mm/day), and the corresponding strain rate

is about 1.39x10-8 s-1 (0.12%/day) for a 120 mm height specimen. The displacement rate

encountered in the �eld is about 50 mm/year or 0.14 mm/day. Thus, the in-situ strain rate

may be in the low range of 1x10-11 to 1x10-14 s-1.

Results of normalization with the integrated preconsolidation pressure-strain rate curve

shown in Figure 2.3 were calculated and presented in Figure 3.30. For strains up to 20%,

most of the stress-strain curves with di�erent constant rates of strain lie within a narrow

zone. This may validate the uniqueness of the stress-strain-strain rate relationship or isotache

concept.
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Test results for the constant rate of strain test on sample RC4-1 were compared against

the results predicted by the hyperbolic model in Figure 3.31. The �gure shows that the

isotache trends are very consistent, i.e., the deviatoric stress increases with increasing strain

rate and vice versa. The isotache ranges are reasonable.

It is important to note that the total strains are used in the above analysis. It is of

practical importance to investigate which strain and strain rate (total, viscoplastic or viscous)

should be used in isotache modelling. Figures 3.32 to 3.37 compare the isotache contours

of creep and total strain rates in 1D compression for saturated remolded Regina clay (Cc =

0.329, e0 = 2.836 and Ca = 0.038; these values are intrinsic parameters of NCL not based

on EOP, which are consistent with typical values of a high-plasticity clay). The normally

consolidation line (NCL) is plotted in Figure 3.32. Creep behavior under constant loads of

10, 50, 100, 500 and 1000 kPa are illustrated in a plot of total strain against time in Figure

3.33. The creep strain rates of 0.0034 and 0.0009 %/min at t = 290 and 1070 min were

estimated. Since the ratio of Ca/Cc is constant, thus the creep strain rate at a given time, t,

is constant, independent of stress level. The stress-strain data sets of t = 290 and 1070 min

are plotted in Figure 3.33. Each data set corresponds to the isotache of a given constant

creep strain rate. In Figure 3.33, two constant total strain rates of 0.03 and 0.06 %/min

are included. The slope of each straight line represents a constant total strain rate. The

intersection of each straight line and each creep strain curve yields a point on the stress-strain

plot of Figure 3.32. Joining those points yields the isotache of a speci�ed given total strain

rate. These data points are included in Figure 3.32. Since the data fall within a narrow

range of strain, enlarged plots are shown in Figures 3.34 to 3.36 to illustrate the isotache

trends. The isotache estimated based on creep strain shows that they are parallel to the

NCL which is explained by the constant concept Ca/Cc. Smaller the creep strain rate, the

isotache is farther away from the NCL. The isotache estimated based on the total strain

display a similar trend. As both rates become smaller, both isotaches converge. The slope

of the isotache of total strain rate of 0.06 %/min has a slope very close to those of NCL and
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creep strain isotache (Figure 3.37).

Based on the above exercise, it appears that the isotache concept can be adopted using

either total or creep strain. In addition, the isotache concepts based on Hypotheses A and

B yield similar predictions. Thus, the hyperbolic model based on constant load test data of

Hypothesis A can be used to predict the constant rate of strain test results of Hypothesis B.

The ultimate deviatoric stresses, qf, at 6% axial strain for di�erent strain rates were

extrapolated from test data of sample RC4-1 and plotted against strain rate in Figure 3.38

of log-log plot. The data suggests a linear relationship with slope of m = 0.0434. This m-value

falls within the range of 0.009 - 0.074 as shown in Figure 2.3b. This further substantiates

the validation of the normalization principle in triaxial compression.

The proposed model requires further research such as further validation of the normal-

ization principle with high quality constant rate of strain tests on homogeneous specimens

at very small strain rates. E�ects of matric suction, void ratio (compaction e�ort) and con-

�ning stress, clay type and content on the stress-strain-strain rate or isotache parameters

should be considered. The most important �nding of practical implication from this analysis

is that if the integrated �tting curve and the normalization principle are valid for any clay

type, then only one CL or CRS test is required to determine the entire stress-strain-strain

relationship. This �nding could be applied to other tests such as, soil-steel interface tests,

and soil-pipe interaction tests.

3.5 Summary

This chapter highlights the importance in characterizing the geotechnical parameters for

both compacted Regina clay and the interface between compacted Regina clay and pipe

steel surface.

The strength and deformation characteristic of compacted Regina clay were investigated

by uniaxial tension, stress-controlled uncon�ned compression, strain-controlled uncon�ned
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and triaxial compression, and direct shear tests. In addition, geotechnical parameters for the

interface between compacted Regina clay and pipe steel surface were examined using direct

shear tests. Understanding this constitutive behavior will lead to an appropriate numerical

model simulating the results of the experimental program in soil-buried pipeline interaction.

For the physical model tests, Regina clay will be homogeneously moisturized and compacted

at a water content of about 30 +/- 2%. Based on the test results, the following values have

been chosen as input parameters: water content of 30%, matric suction of 50 kPa, tensile

strength of 25 kPa, apparent cohesion of 45 kPa, friction angle of 23o, deformation modulus

of 5 MPa, and Poisson’s ratio of 0.3. It is important to understand that these constants are

average values, and variations are expected in the soil mass compacted in the physical model

tests as the compaction e�ort is unlikely uniform.

The investigation of the viscous (time-dependent behavior) of compacted clay reveal

the following main points. Compacted Regina clay specimens display isotache behaviour in

uncon�ned and triaxial compression tests. The unique relationship between preconsolidation

pressure and strain rate in 1D compression developed by Watabe & Leroueil (2012) was also

observed in uncon�ned and triaxial compression on compacted Regina clay. The stress-

strain curves in these compression tests can be normalized by strain or displacement rate.

Normalization of stress-strain behaviour with preconsolidation pressure reduces the number

of tests required to characterize the time-dependent behavior of compacted Regina clay.

Total strain, viscous strain or viscoplastic strain can be used in the construction of isotache

contours.
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Sample
ID

Test type rb (kg/m3) w.c. (%) sn (kPa) ds/dt
(mm/min)

ua-uw
(kPa)

DS1 Soil-soil 1831 27 30 0.002-0.04 54-74
DS2 Soil-soil 1910 28 65 0.017-

0.033
n.a.

DS3 Soil-soil 1781 42 100 0.003-0.05 18-22
DS4 Soil-soil 1866 34 180 0.002-0.01 10-26
ST1 Soil-steel 1948 28 0 0.0019-0.3 n.a.
ST2 Soil-steel 1950 28 10 0.0019 n.a.
ST3 Soil-steel 1900 31 10 0.002-0.5 n.a.
ST4 Soil-steel 1875 25 40 0.0015-1.0 n.a.
ST5 Soil-steel 1907 28 40 0.0015-1.0 n.a.
ST6 Soil-steel 1894 32 40 0.0015-1.0 n.a.
ST7 Soil-steel 2058 28 65 0.018-

0.033
n.a.

ST8 Soil-steel 1951 28 30 0.0019 n.a.
ST9 Soil-steel 1925 31 100 0.002-0.5 n.a.
ST10 Soil-steel 1884 33 180 0.002-0.5 n.a.

Table 3.1: Properties of compacted Regina clay samples used in direct shear tests.

rb = bulk density; w.c. = water content; sn = normal stress; ds/dt = shear displacement

rate; ua-uw = matric suction
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Sample ID Sample preparation Bulk
density
(kg/m3)

Water
content
(%)

Average
matric
suction
(kPa)

Uncon�ned
com-
pressive
strength
(kPa)

RC1-1 Shelby tube sample ex-
trusion from compacted
clay in test VU1

1906 27.5 181 210

RC2-3 Shelby tube sample ex-
trusion from compacted
clay in test VU2

1946 33.9 746 270

RC1-3 Shelby tube sample ex-
trusion from compacted
clay in test VU1

1941 30.3 219 210

RC2-1 Shelby tube sample ex-
trusion from compacted
clay in test VU2

1922 29.2 643 270

Table 3.2: Properties of compacted Regina clay samples used in stress-controlled uncon�ned
compression tests.
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Sample ID Sample preparation Bulk
density
(kg/m3)

Water
content
(%)

Average
matric
suction
(kPa)

Uncon�ned
com-
pressive
strength
(kPa)

RC4-1 Shelby tube sample ex-
trusion from compacted
clay in test LA1

1919 29.4 149 216

RC4-2 Shelby tube sample ex-
trusion from compacted
clay in test LA1

1942 29.2 207 161

RC7-1 Shelby tube sample ex-
trusion from compacted
clay in test TH1

1926 28.6 209 230

Table 3.3: Properties of compacted Regina clay samples used in strain-controlled uncon�ned
compression tests.
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Sample
ID

Sample preparation Con�ning
pressure
(kPa)

Bulk
density
(kg/m3)

Water
content
(%)

Matric
suction
(kPa)

Maximum
deviatoric
stress,
qmax (kPa)

RC2-2 Shelby tube sample ex-
trusion from compacted
clay in VU2

10 1884 29.9 136.7 233

RC1-2 Shelby tube sample ex-
trusion from compacted
clay in VU1

50 1905 31.8 13.2 135

RC4-4 Shelby tube sample ex-
trusion from compacted
clay in LA1

25 1795 31.6 92.3 143

RC4-3b Shelby tube sample ex-
trusion from compacted
clay in LA1

50 1847 28.1 140.6 132

Table 3.4: Properties of compacted Regina clay samples used in consolidated triaxial com-
pression tests.
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q-stress (kPa) D n e1/D Rf (s1-s3)/Ed

120 0.44 0.0606 4.135
170 0.63 0.0616 6.432 0.79 0.0287
220 0.81 0.0696 7.461

Table 3.5: Hyperbolic model parameters estimated from test results of the stress-controlled
(constant load) uncon�ned compression test on compacted Regina clay sample RC2-1.
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Figure 3.1: Conceptual illustration of tensile and shear failure behavior of compacted clay
for given constant matric suction. A bilinear Mohr-Coulomb failure envelope is used to
approximate the strengths in tensile and compressive regimes.
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Figure 3.2: Modi�ed simple direct shear box.

Figure 3.3: Brass mold for preparation of dog-bone shaped specimen for tension test. The
mold is made of two split halves held by clamps at two ends. The soil was compacted in one
layer.
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(a)

(b)

Figure 3.4: Stress-controlled uncon�ned compression test: (a) soil sample assembly, (b)
set-up.
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Figure 3.5: Coe�cients of consolidation (cv) and permeability (k) versus e�ective stress for
saturated Regina clay

Figure 3.6: Normally consolidated curve of saturated Regina clay - void ratio versus e�ective
stress.
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Figure 3.7: Result of modi�ed cyclic simple shear test on saturated Regina clay sample - nor-
malized shear stress versus shear displacement (shearing displacement rate of 0.02 mm/min;
con�ning stress of 100 kPa).

Figure 3.8: Proctor compaction test results for Regina Clay.
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Figure 3.9: Soil water characteristic curve of compacted Regina clay (degree of saturation
versus matric suction).

Figure 3.10: Soil-water characteristic curve of compacted Regina clay (matric suction versus
water content).
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Figure 3.11: Uniaxial tensile strength versus matric suction of compacted Regina clay. The
matric suction was estimated from SWCC based on measured water content.

Figure 3.12: Failure of compacted Regina clay specimen under water.
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Figure 3.13: Result of direct shear test on compacted Regina clay sample DS1 consolidated
at 30 kPa - shear stress versus horizontal displacement.

Figure 3.14: Direct shear test results of Regina clay samples compacted at water content of
32%.
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Figure 3.15: Stress-controlled uncon�ned compression test results of compacted Regina clay
sample RC1-1 - deviatoric stress versus axial strain. Stress increments of 30 kPa were applied
every �ve minutes from 0 kPa to 210 kPa. Load-unload cycle was then applied at ea = 0.072
before creep stage at 210 kPa.

Figure 3.16: Strain-controlled uncon�ned compression test results of compacted Regina clay
sample RC4-1 - deviatoric stress versus axial strain. The strain rates for ea = 0-0.01,
0.01-0.02, 0.02-0.03, 0.03-0.035, 0.035-0.045, 0.045-0.055, and 0.055-0.061 are 115%/day,
11.5%/day, 1.15%/day, 0.115%/day, 1.15%/day, 11.5%/day and 115%/day, respectively.
Stress relaxation was allowed at the end of test.
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Figure 3.17: Strain-controlled triaxial compression test results of compacted Regina clay
sample RC2-2 at con�ning pressure of 10 kPa - deviatoric stress versus axial strain. The
strain rates for ea = 0-0.01, 0.01-0.02, 0.02-0.03, 0.03-0.035, 0.035-0.045, 0.045-0.055, and
0.055-0.06 are 116%/day, 11.6%/day, 1.16%/day, 0.116%/day, 1.16%/day, 11.6%/day and
116%/day, respectively. Stress relaxation was allowed at the end of test.

Figure 3.18: Uncon�ned compressive strength versus matric suction for compacted Regina
clay. UC tests and UC creep tests correspond to uncon�ned compression tests under strain
and stress control, respectively.
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Figure 3.19: Apparent cohesion in compressive regime (cs) versus matric suction for com-
pacted Regina clay.

Figure 3.20: Average deformation modulus with respect to matric suction for compacted
Regina clay.
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Figure 3.21: Average Poisson’s ratio with respect to matric suction for compacted Regina
clay.

Figure 3.22: Tensile and shear failure envelopes of compacted Regina clay. Envelopes plotted
using maximum principal stress, s1, with respect to minimum principal stress, s3.
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Figure 3.23: Friction angle in tensile-shear regime (ft) versus matric suction for compacted
Regina clay.

Figure 3.24: Tensile and shear failure envelopes of compacted Regina clay.
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Figure 3.25: Direct shear test results of Regina clay-steel sample ST1 consolidated at 0
kPa: shear stress versus horizontal displacement. Stress relaxation was allowed at the end
of forward shearing.

Figure 3.26: Direct shear test results of interface between compacted Regina clay samples
and steel { peak and residual strengths.
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(a)

(b)

Figure 3.27: Strain-time relationships based on the results of a multi-stage constant load test
on compacted Regina clay sample RC1-3. (a) axial strain-time curves, (b) radial strain-time
curves. Loading stages of 120 kPa, 170 kPa, and 200 kPa are illustrated.
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Figure 3.28: Relationship of e1/D1 versus e1 for determination of parameters in hyperbolic
model.

Figure 3.29: Curves of deviatoric stress versus strain at varying strain rates predicted by
hyperbolic model using experimental data from the constant load test on compacted Regina
clay sample RC1-3. The strain rates are in units of s-1.
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Figure 3.30: Curves of deviatoric stress versus strain at varying strain rates normalized by
the function proposed by Watabe and Leroueil (2012). The strain rates are in units of s-1.

Figure 3.31: Comparison of experimental data from a test conducted under constant rate of
strain on compacted Regina clay sample ’RC4-1’ with the predicted isotache results of the
hyperbolic model based on constant load test on compacted Regina clay sample ’RC1-3’.
The strain rates are in units of s-1.
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Figure 3.32: Relationship of strain versus stress (Cc = 0.329, e0 = 2.836 and Ca = 0.038).

Figure 3.33: Strain versus time for constant load and constant rate of strain (Cc = 0.329, e0
= 2.836 and Ca = 0.038).
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Figure 3.34: Locus of di�erent creep strain and total strain rates at stress of 50 kPa (Cc =
0.329, e0 = 2.836 and Ca = 0.038).

Figure 3.35: Locus of di�erent creep strain and total strain rates at stress of 100 kPa (Cc =
0.329, e0 = 2.836 and Ca = 0.038).
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Figure 3.36: Locus of di�erent creep strain and total strain rates at stress of 500 kPa (Cc =
0.329, e0 = 2.836 and Ca = 0.038).

Figure 3.37: Slopes of NCL and isotache of total strain rate of 0.03%/min (Cc = 0.329, e0
= 2.836 and Ca = 0.038).
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Figure 3.38: Log-log plot of ultimate deviatoric stress, qf, versus strain rate, _e, for the
constant rate of strain triaxial compression test on compacted Regina clay specimen RC4-1.
The ultimate shear strength, qf for _e = 1.15%/day was estimated at 6% axial strain. The
other three data points correspond to the ultimate qf for _e = 0.115%/day, 0.0115%/day, and
0.001%/day, respectively. They were estimated by tracing equivalent isotache (hyperbolic)
patterns.
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Chapter 4

Physical Modelling

4.1 Introduction

This chapter is devoted to detailing the apparatus, procedures, and results of di�erent physi-

cal model tests completed to understand soil-pipe interactions. The aim of the physical model

tests is to evaluate existing soil resistance equations in buried pipeline design guidelines set

by the American Lifelines Alliance (ALA 2001) and Pipeline Research Council International

(PRCI 2009).

4.2 Test Types and Methods

In the buried pipeline design guidelines established by the ALA (2001), there exist a set

of equations describing three distinct soil resistances against various pipe displacement (or

loading) types: soil longitudinal (axial), vertical uplift, and transverse horizontal (lateral)

springs. Thus, the physical model tests conducted in this experimental program are based

on these three loading types. Herein, details of each test type and its respective apparatus:

longitudinal (axial) (LA) loading tests, vertical uplift (VU) loading tests, and transverse

horizontal (TH) loading tests, are presented. Typical test results are presented in this

chapter, and the raw data are presented in detail in Appendix B.
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4.2.1 Apparatus

Two main apparatus types utilized for the physical model tests include the rectangular box

built by Golder Associates, herein called Golder box, and the circular tank built in the

University of Calgary. Details of each apparatus are provided herein.

4.2.1.1 Golder Box

The Golder box is located in the Golder Associates geotechnical laboratory in Calgary,

Alberta. The box was designed and fabricated to carry out soil-pipe interaction tests on

frozen soils. Figure 4.1 shows an overview of the box. The box is a rectangular steel chamber

with dimensions of 0.9 m in width and in height, and 2.4 m in length. Open slots were made

on the side walls of the box to allow installation of the pipe buried in the compacted soil.

For longitudinal (axial) loading tests, the pipe is inserted in the open slots, placed at the

middle position of the box, and aligned parallel to the longer direction (length) of the box.

Both ends of the pipe extend beyond the side walls of the box. An actuator driven by a

step motor is attached horizontally to one end of the pipe so that a constant displacement

rate can be applied to the pipe along the longitudinal axis. A load cell of 90-kN capacity

is inserted between the actuator and the pipe end to monitor the force exerted on the pipe

by the actuator along the longitudinal direction. Linear variable di�erential transducers

(LVDT) are mounted on the pipe ends to monitor vertical and horizontal displacements of

the pipe. In addition, a set of LVDTs are mounted on the soil surface in the box to measure

the soil surface heave induced by the longitudinal loading. For vertical uplift loading tests,

the pipe is installed parallel to the shorter direction (width) of the box with it ends extending

outside the walls.. The pipe is supported on two steel circular brackets at its extended ends.

At each end, the circular bracket rests on an actuator driven by a step motor. A load cell

of 90 kN capacity is inserted between the circular bracket and the load cell to monitor the

vertical uplift force exerted on the pipe. The pipe vertical uplift displacement is controlled
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and synchronized by the two actuators at both ends. Thus, the total soil resistance on the

pipe is the summation of the forces measured at both ends, and the pipe displacement is

taken as the average value of the displacement readings at both ends.

All load cell and LVDT readings are recorded by a data acquisition system.

4.2.1.2 University of Calgary Circular Tank

Figure 4.2 illustrates the general assembly of the apparatus for the physical model testing.

The apparatus consists of two main components: a circular tank containing test soil material

and a loading frame. The circular tank is attached mechanically to the loading frame by

bolts. Four casters are welded at the base of the loading frame so that the tank and the

loading frame acting as a unit can freely transverse on a rail system �xed to the ground.

The circular tank has dimensions of 60" (1.5 m) in diameter and 48" (1.2 m) in height.

The wall thickness is 0.5" (12.7 mm). Two oval-in-shape slots of 8" (203 mm) by 10" (254

mm) were cut from the tank wall to allow the installation of a pipe buried horizontally in

the soil inside the tank. The slots also provide space for lateral pipe displacement. The

slots are 15.825" (400 mm) from the base, i.e., the maximum soil overburden thickness is

about 32" (0.8 m). The tank base is a steel circular plate of 0.5" (12.7 mm) thick, and was

welded to the wall. Holes at varying angles were drilled at the base to allow the rotation of

the tank with respect to the loading direction so that di�erent loading directions could be

applied in soil-pipe interaction tests. Hoisting hooks were welded to the top of the tank wall

for positioning the tank on the frame with the speci�ed alignment.

The L-shaped loading frame was built of hollow steel sections of HSS 4x4x0.25. The tank

base rests on the frame and is bolted at four base connections. Bolts of 1" (25.4 mm) in

diameter are used. The loading frame was designed in two operation options: (i) longitudinal

loading and (ii) transverse horizontal loading. For longitudinal loading, the frame acts as a

self-reaction frame against the pipe. A gear-driven loading press of 10000 lb (50 kN) capacity

with a load cell attached is mounted at the elbow end of the loading frame to apply direct
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push to the pipe running parallel to the frame. The gear-driven press is a stepper motor in

which the motor armature rotates through some �xed angles and then locks in place within

the torque capacity of the motor. The step motor provides a displacement rate in a range of

0.001-10 mm per min. For transverse horizontal loading, the loading frame with the tank is

amounted on two rails underneath the frame. The two rails built of steel angles (L2xL2x1/4)

are anchored to the structural oor using four bolts. Four rigid plate v-grooved casters are

welded to hollow sections of the loading frame. The material of the castors is forged steel.

Each caster wheel width is 6" (152 mm). The gear-driven loading press is mounted on an

external reaction support anchored rigidly to the structural oor and is used to push against

the loading frame (Figure 4.2a). In transverse horizontal loading tests, the pipe is positioned

perpendicular to the movement direction of the loading frame. The pipe is supported at its

ends which are designed as a pinned support or connection. At each pinned support, two

links are used to connect the pipe end to an external rigid support anchored to the structural

oor (Figure 4.2b). The links are built of 0.5" (12.7 mm) diameter aluminum alloy rod, steel

ball joint ends and adjustable turnbuckle style threaded connected rods. Strain gauges are

amounted on the rod to measure the axial force on each link. Thus, the soil resistance exerted

on the pipe subject to transverse horizontal loading can be determined by the load cell and

strain-gauged links. Contact friction between the casters and the rails can be estimated by

conducting calibration tests in which the pipe supports at both ends are removed.

For the circular tank and loading frame, the steel material used is CSA G40.21 44W. The

design details and dimensions of the system are presented in Appendix B.

LVDTs are mounted on the pipe ends to monitor vertical and horizontal displacements of

the pipe. All load cell, strain gauge and LVDT readings are recorded by a data acquisition

system.

A key assumption in simplifying the analysis of the physical model test results is to ensure

the tests are conducted in plane-strain condition. In a test where the soil is compacted

all around the cylindrical tank, plane-strain condition is not fully achieved. To ensure the
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physical model tests in the circular tank mimics the plane-strain condition, customized pieces

of plywood were crafted. Two pieces of plywood were cut in half, followed by semi-circular

slots being cut for the plywood pieces to �t around the pipe. To prevent the plywood from

the absorption of moisture from the compacted soil, the plywood pieces were �rst painted

with a primer and coat combination. Once the paint was dried, the plywood pieces were then

stapled with polyethylene sheets. When the plywood pieces were installed into in the tank,

the pieces were supported and stabilized upright with semi-circular wooden pieces. Figure

4.3 shows the plane-strain con�guration within the circular tank.

4.2.2 Compaction Procedure

From Chapter 3, it was determined the maximum dry density for compacted Regina clay was

1500 kg/m3 and the optimum water content was 28.5%. For the compaction of Regina clay in

the physical model tests, however, it was decided the soil water content was set at 30%. This

was to ensure easier compaction within the test apparatus while achieving a relatively high

dry density simultaneously (85-90% of the maximum dry density). The soil, as a result, was

homogenized using a concrete mixer and moisture conditioned to 30% and then was stored

in sealed steel barrels. Each barrel with the moisturized soil had a mass of 200 kg each.

The barrels were then emptied into the rectangular box or the circular tank and the loose

clumps of wet Regina clay were compacted in 150 mm (6") layers. In the Golder box tests,

compaction of Regina clay was completed using a custom-made wooden compactor. The

wooden compactor comprised a wooden crate with two pieces of plywood bolted onto the

crate sides, acting as handles. Veri�cation of the compacted dry density with the expected

dry density was conducted with a nuclear densometer after several soil layers were �lled at

one time. In addition, samples were extracted at the end of the test using 62.5 mm (2.5")

diameter Shelby tubes to check for compacted bulk and dry densities. In the University of

Calgary circular tank tests, a pneumatic back�ll tamper, manufactured by Ingersoll Rand

Inc. in Davidson, North Carolina was used for the compaction itself. The tamper has a
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compressed air outlet, serving as an input air pressure for the tamper to function repetitively

in cycles. After two to three 150 mm (6") soil layers were packed in, the pipe was then placed

inside the apparatus slot, on top of the packed soil. A Proctor compaction hammer was then

used to compact and �ll in the arc-shaped voids surrounding the bottom half of the pipe.

Afterwards, compaction of 150 mm (6") layers with the pneumatic tamper continued until

the speci�ed pipe embedment depth was achieved. Veri�cation of the compacted dry density

with the expected dry density was only conducted by extracting samples at the end of the

test using 62.5 mm (2.5") diameter Shelby tubes. Due to concerns with radioactivity and

other safety hazards, nuclear densometers could not be used to check compacted densities

of Regina clay in the circular tank test.

At the end of soil compaction, the soil surface was covered with sheets of aluminum foil

and heavy duty plastic covers to prevent soil moisture loss.

Table 4.1 presents a summary of all the physical model tests conducted for this experi-

mental program.

4.3 Test Results

This section presents results of the following physical model tests completed in this experi-

mental program: longitudinal, vertical uplift, and transverse horizontal loading tests.

4.3.1 Longitudinal Loading Tests { LA1 and LA2

Two sets of longitudinal loading tests were conducted, one with the Golder rectangular box,

and the other with the University of Calgary circular tank. The objective of both tests is to

determine the maximum longitudinal subgrade reaction (soil resistance) and compare them

against existing buried pipe design guidelines. Figure 4.4 illustrates the force-displacement

response in the longitudinal loading test LA1, conducted in the Golder rectangular box. The

maximum subgrade reaction in this test (LA1) was 1.9 kN/m at a longitudinal displacement
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of approximately 2.5 mm. The total cumulative axial displacement in this test was 9 mm.

This test was conducted with three di�erent displacement rates; 0.3, 1, and 2 mm/day, and

with four stress relaxation phases. The change in soil resistance due to a change in the dis-

placement rate was the largest from 4.5 to 5.5 mm of axial displacement in stage S7. The rate

changed from 1 mm/day to 0.3 mm/day, resulting in a drop of 0.1 kN/m in soil resistance.

The highest amount of stress relaxation occurred in the �rst relaxation phase (stage S2),

where the subgrade reaction resistance dropped by 0.7 kN/m, a drop in longitudinal loading

by 40%. Figure 4.5 illustrates the force-displacement response in the longitudinal loading

test LA2, conducted in the University of Calgary circular tank. The maximum subgrade

reaction in this test (LA2) was 8.5 kN/m at a longitudinal displacement of approximately

0.4 mm. The subgrade reaction eventually settled towards a residual value of 3.5 kN/m after

6 mm of longitudinal displacement. The total cumulative axial displacement in this test

was 9.5 mm. This test was conducted with various displacement rates ranging from 0.04

to 20.5 mm/day and with one stress relaxation phase. The change in soil resistance due to

a change in the displacement rate was the largest from 1 to 3.5 mm of axial displacement

(stages S1 and S2). The rate changed from 20 mm/day to 2 mm/day, resulting in a drop of

2.5 kN/m in soil resistance. The amount of stress relaxation in the relaxation phase (stage

S11) was a drop of 0.6 kN/m in longitudinal loading, a drop in longitudinal loading by 17%.

It is also noted in test LA2, a peak resistance was mobilized followed by a drop towards a

residual resistance, whereas test LA1 only showed gradual hardening type behavior. The

contrasting magnitude of both tests, in terms of the maximum subgrade reaction and stress

drop during relaxation may be attributed to the di�erence in the e�ort and consistency in

the soil compaction process in the two tests. With manual compaction completed in the test

LA1 conducted in the Golder rectangular box, the void space surrounding the bottom arc of

the pipe surface might not necessarily be �lled and compacted properly compared to that in

test LA2. This might result in a smaller contact area between the soil and the pipe, leading

to a lower maximum resistance value in test LA1. In addition, the amount of energy for
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each blow can vary during manual compaction, leading to inconsistencies in dry and bulk

densities. For the test conducted in the circular tank, soil compaction was completed using

the pneumatic tamper that resulted in consistent, repetitive compaction strokes. However,

the energy per blow using the pneumatic tamper could be high enough to over densify the

soil in comparison to manual compaction, possibly leading to sti�er soil resistances. The

raw data for both tests LA1 and LA2 are presented in Appendix B.

4.3.2 Vertical Uplift Loading Tests - VU1 and VU2

Two vertical uplift loading tests VU1 and VU2, were conducted on compacted Regina clay

using the Golder box. The objective of the tests is to determine the maximum vertical

uplift subgrade reaction and compare against existing buried pipe design guidelines. Figure

4.6 illustrates the force-uplift displacement response of test VU1. The maximum subgrade

reaction in this test was 17.8 kN/m at an uplift displacement of approximately 3.2 mm. The

total vertical uplift displacement was 7.7 mm. The original data readings for the uplift force

and uplift displacement were measured using two load cells and displacement transducers

placed on either end of the pipe. As a result, the uplift force is the summation of the two

load cell readings and the uplift displacement is the average value of the two displacement

transducer readings. The raw data for test VU1 are presented in Appendix B. Test VU1

was conducted with three di�erent displacement rates; 0.3, 1, and 2 mm/day, and four stress

relaxation phases. The change in soil resistance due to a change in the displacement rate was

the largest from 5.8 to 6.8 mm of vertical uplift displacement during stage S10 where the rate

changed from 0.3 mm/day to 1 mm/day, resulting in an increase of 1 kN/m in soil resistance.

The highest amount of stress relaxation occurred in the �rst relaxation phase (stage S2),

where the subgrade reaction dropped by 5.8 kN/m, a drop in vertical uplift loading of 33%.

Figure 4.7 displays observations of the soil surface at the end of test VU1. Tension cracks

were observed along the pipe shoulder and on the soil surface. This is an indication of

some tensile failure in compacted Regina clay due to pipe uplift. Figure 4.8 illustrates the
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force-uplift displacement response of test VU2. The maximum subgrade reaction in this

test was 24.1 kN/m at an uplift displacement of approximately 6.5 mm. The total vertical

uplift displacement was 8.4 mm. The main di�erence between tests VU2 and VU1 was the

pipe size. The outer diameter of the pipe in Test VU2 was 250 mm (10") compared to 150

mm (6") in test VU1. Due to geometric constraints of the Golder rectangular box, H/D

was limited to 2.5 in test VU2. Like in test VU1, test VU2 was conducted with various

displacement rates from 0.2 to 1.9 mm/day, and four stress relaxation phases. The change

in soil resistance due to a change in the displacement rate was the largest from 6.3 to 7 mm

of vertical uplift displacement during stage S10 when the rate changed from 0.3 mm/day

to 1 mm/day, resulting in an increase of 1.5 kN/m in soil resistance. The highest amount

of stress relaxation occurred in the �rst relaxation phase (stage S2), where the subgrade

reaction dropped by 5.5 kN/m, a drop in vertical uplift loading of 28.9%. The raw data for

test VU2 are also presented in Appendix B.

Besides the vertical uplift tests in the Golder box, a set of small-scale uplift tests were

conducted in a specially prepared transparent box using sand and silt with varying water

saturation. The objective of the small-scale tests was to verify the soil tensile cracking

around the pipe and on the surface observed in the vertical uplift test using the Golder box.

Test details and results of small-scale vertical uplift tests are summarized in Table 4.2. The

apparatus for the small-scale tests include an ELE uniaxial loading frame, a plexi-glass soil

box with a wooden base (145 mm in width, 125 mm in height, and 500 mm length), and an

aluminum tube (20 mm in outer diameter) as illustrated in Figure 4.9. A 40 mm layer of

di�erent soil (dry sand, moist sand and silt) was compacted inside the plexi-glass box before

the tube was installed to mimic a pipe. Two small holes were drilled near each end of the tube

to �t on a 1.9 mm (0.75") diameter aircraft cable, used for lifting the pipe in the test. After

the tube was installed, more soil was compacted and laid in the box until an embedment

depth to pipe diameter ratio, H/D of 3 was achieved. The box was then positioned onto the

ELE uniaxial loading frame. The aircraft wire was placed into the S-shaped hook below the
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10-kN load cell on the ELE frame. A constant uplift displacement rate of 0.1 mm/min was

used. The vertical uplift force monitored by the load cell was recorded continually using a

data acquisition system, and pictures were taken at di�erent stages. After the test, physical

properties of the soil were measured. The matric suction was measured using a Quick Draw

tensiometer probe or �lter paper method. Figure 4.10 illustrates the force-displacement

response of all the small-scale uplift tests. It illustrates dry sand yielded the lowest uplift

resistance of 0.07 kN/m while the highest resistance was attained for silt with 9% saturation

at 1.33 kN/m. In general, tests with moist silt yielded higher soil resistances than those with

moist sand due to the role of matric suction in mobilizing the capillary induced tensile and

cohesive strength of silt. Either local or global shear failure was observed in the tests with

dry or moist sand. The uplift resistance results for all small-scale uplift tests are listed in

Table 4.2. Figure 4.11 displays the failure mechanism at the end of one of the small-scale

uplift tests highlighting the development of wing cracks from the tube springline and soil

surface cracks similar to that observed in the Golder box tests.

4.3.3 Transverse Horizontal Loading Tests { TH1 and TH2

Two transverse horizontal loading tests were conducted in the University of Calgary circu-

lar tank. The objective of these tests is to determine the maximum transverse horizontal

subgrade reaction and compare them against existing buried pipe design guidelines. The

di�erences between tests TH1 and TH2 are the geometric con�guration of the compacted

soil inside the tank. In test TH1, Regina clay was compacted all around the circular tank

where as in test TH2, the plane-strain plywood formwork was placed into the tank.

Figure 4.12 illustrates the force-displacement response in the transverse horizontal load-

ing test TH1. The maximum subgrade reaction in this test was 24.8 kN/m at a transverse

horizontal displacement of approximately 21 mm. The total transverse horizontal displace-

ment was 33 mm. Test TH1 was conducted with various displacement rates ranging from 0.4

mm/day to 4.3 mm/day, one unloading-reloading cycle (stages S5 and S6), and two stress
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relaxation phases (stages S4 and S8). The highest amount of stress relaxation occurred in

stage S8 where there was a drop in transverse horizontal load by 8.5%, corresponding a drop

in subgrade reaction resistance of 1.6 kN/m. The change in the soil resistance due to a

change in displacement rate was very minimal in test TH1. Figure 4.13 illustrates a picture

taken at the contact between the soil and the pipe at the end of the test TH1. Cracks can

be seen to have developed at the crown of the pipe, in addition to a void created at the

pipe springline to the left. In addition, a surface crack caused by the transverse horizontal

movement was detected (Figure 4.14).

With the soil being compacted all around the tank in test TH1, plane strain condition

was not met. To ensure plane strain con�guration, the plywood formwork was installed

in the tank for test TH2. The pieces of plywood limited the width of the soil block to

0.9 m instead of covering the full diameter of the circular tank. Figure 4.15 illustrates the

force-displacement response in test TH2. The maximum horizontal subgrade reaction in

this test was 36.0 kN/m at a transverse horizontal displacement of approximately 29 mm.

The total cumulative transverse horizontal displacement in this test was 40 mm. This test

was conducted with various displacement rates ranging from 0.2 mm/day to 16.7 mm/day,

one unloading-reloading cycle (stages S7 and S8), and one stress relaxation phase (stage

S6). The amount of stress relaxation as measured by the drop in transverse horizontal load

was 6.6%, corresponding to a drop in subgrade resistance of 2.1 kN/m. The change in soil

resistance due to a change in displacement rate was noticeable in test TH2 compared to

test TH1, illustrating the \isotache" phenomenon. For example, the largest change in soil

resistance in test TH2 occurred from stage S4 to S5, where a drop of 1 kN/m occurred when

the displacement rate dropped from 0.96 mm/day to 0.17 mm/day. The raw data for both

tests TH1 and TH2 are presented in Appendix B.

In addition to transverse horizontal loading tests TH1 and TH2, a small-scale trans-

verse horizontal loading test was conducted to verify soil cracking near the crown and void

development behind the pipe during loading. The apparatus for the transverse horizontal
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small-scale tests was the same as that used in the small-scale uplift tests. The procedure

was also similar where the displacement rate was maintained at 0.1 mm/min. The force-

displacement response was not recorded; however, the failure mode at the end of the test was

captured in Figure 4.16. The failure mode is consistent with those observed in tests TH1

and TH2. A tensile crack was detected above the pipe. The crack started from the pipe and

propagated upward intersecting the free surface. Passive wedges on the side when the pipe

was pushed sideways. The e�ect of tensile cracks on the ultimate resistance requires further

investigation.

4.3.4 Friction on the Rail System of the Circular Tank

Figure 4.17 illustrates the force-displacement response of the friction test with an empty

tank. A constant frictional resistance of 1.4 kN was achieved at a displacement rate of 0.2

mm/min. This corresponds to a friction coe�cient value of 0.15, as the tank and loading

frame has a total weight of 9.5 kN. Figure 4.18 shows the force-displacement response of the

friction test with a soil-�lled tank. A constant frictional resistance of 1.6 kN was achieved at

a displacement rate of 0.2 mm/min. This corresponds to a friction coe�cient value of 0.07,

as the tank, loading frame, and compacted soil have an estimated total weight of 23.9 kN.

The additional weight of the compacted soil has minimal e�ect on the friction of the railing

system for the tank and loading frame. The load data measured from both the links and

the load cell are consistent. Readings from the load cell were always higher than those from

the links due to friction. Thus, the data measured for all transverse horizontal loading tests

conducted in the circular tank are based on those measured by the links.

4.4 Interpretation and Analysis of Test Results

This section provides an interpretation and analysis of the test results and comparison with

design guidelines that were reviewed in Chapter 2.
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4.4.1 Buried Pipeline Design Guideline Equations

As highlighted in Chapter 2, guidelines on shallow buried pipeline design (PRCI, 2009)

contain a set of equations describing soil resistances based on some form of limit equilibrium

analysis.

The longitudinal loading equation comprises two main components, a soil cohesion-

dependent and a friction-dependent component:

TU = �D�c+ �DH0(
1 +K0

2
) tan � (4.1)

By comparing closely with the Canadian Engineering Foundation Manual (Canadian Geotech-

incal Society, 2006), the longitudinal soil resistance equation is analogous to the design of a

pile foundation.

The vertical uplift loading equation comprises two main components, a soil cohesion-

dependent and a weight surcharge component:

QU = N cvcD +Nqv0HD (4.2)

Both Ncv and Nqv are dependent on the pipe embedment depth, H, and outer pipe diameter,

D (ALA, 2001). Likewise, by comparing closely with the Canadian Engineering Foundation

Manual (Canadian Geotechincal Society, 2006), the vertical uplift resistance equation is

analogous to the design of a shallow foundation.

The transverse horizontal resistance equation comprises two main components, a cohesion-

dependent and a weight surcharge component:

PU = N chcD +Nqh0HD (4.3)

where Nch is the horizontal bearing capacity factor for clay and Nqh is the horizontal bearing

capacity for sand. Both Nch and Nqh are determined from empirical correlations.
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4.4.2 Comparison between Experimental Results and Guideline

Predictions

Longitudinal Loading Tests

Table 4.3 lists the numerical values of parameters required for equation (4.1). The soil

parameters are based on test results of compacted Regina clay presented in Chapter 3. The

theoretical soil longitudinal resistance predicted by the guidelines using equation (4.1) is

7.2 kN/m. The result from test LA1 (1.9 kN/m) is an under estimation of the theoretical

resistance by 5.3 kN/m (Table 4.1). For test LA2, the soil peak and residual resistances

are 8.5 and 3.3 kN/m, respectively. The guidelines under-predicts the peak value, but

overestimates the residual value signi�cantly.

The discrepancy between the measured and predicted soil resistances is attributed to the

uncertainty in the estimation of the adhesion factor. The adhesion factor recommended by

the guidelines is derived based on pile behavior in saturated soil. In compacted soil, the

adhesion factor will be a function of matric suction and compaction e�ort.

Vertical Uplift Loading Tests

Table 4.4 lists the numerical values of parameters required in equation (4.2). By substituting

the values from Table 4.4 into equation (4.2), the theoretical soil vertical uplift resistances

predicted by the guidelines are 42.5 and 60.0 kN/m for test VU1 and VU2, respectively. The

observed soil resistances in tests VU1 and VU2 are 17.8 and 24.1 kN/m, respectively (Table

4.1).

The large discrepancy between the measured and predicted soil resistances in vertical

uplift loading is attributed to the fact that the observed failure mode is quite di�erent from

those assumed in the guidelines. Equation (4.2) from the guidelines assumes a general shear

failure mechanism in the soil under pipe vertical uplift. Spiral shear slip planes developed

above the pipe provides soil passive resistance against pipe uplift (Figure 4.19). This is
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similar to the soil response of a loaded footing (shallow foundation) except there is an e�ect

of the surface boundary on the derived resistance. A rigid soil wedge forms above the

pipe, pushing the adjacent soils sideways. These soils undergo plastic ow when the uplift

displacement or load reaches a certain limiting magnitude. The extent of plastic ow grows

with increasing upward pipe displacement.

Formation of tensile cracks along the pipe shoulder and on the soil surface were observed

in the vertical uplift tests in compacted Regina clay. Thus, it can be postulated a mixed

tensile-shear failure mode is the dominating mechanism governing the pipe uplift resistance.

Hence, the lower resistance is detected in the uplift tests in comparison to the guidelines. In

addition, the guidelines do not take the tensile strength of compacted clay into consideration

in any of its theoretical models proposed in the guidelines. Thus, a new model with the

consideration of the tensile strength of compacted clay is proposed in Section 4.5 for pipe

vertical uplift.

Transverse Horizontal Loading Tests

Table 4.5 lists the numerical values of parameters required in equation (4.3). By substitut-

ing the values from Table 4.5 into equation (4.3), the theoretical soil transverse horizontal

resistances predicted by the guidelines are 29.2 and 39.4 kN/m for H/D of 1.5 and 3, respec-

tively (Table 4.1). Although the predicted values are higher than those measured in tests

TH1 (24.8 kN/m) and TH2 (36.0 kN/m), they are comparable. Thus, the equations for soil

transverse horizontal resistance in the guidelines appear adequate in predicting transverse

horizontal loading on buried pipelines. The vertical tensile crack starting at the top of the

pipe to the soil surface does not appear to have any inuence on the transverse horizontal

soil resistance.
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4.5 Proposed Model for Vertical Uplift Loading in Com-

pacted Clay

Due to the signi�cant discrepancies between the maximum soil resistance in the vertical uplift

test and the buried pipeline design guidelines resulting from the observed failure patterns,

a new model is needed to better predict vertical uplift loading on pipelines in compacted

clayey soil. Test observations and results from tests VU1 and VU2 reveal there are several

distinct phases or mechanisms in the uplift process. In the initial phase of vertical upward

pipe displacement, tensile cracks are initiated in the soil around the upper periphery of

the pipe-soil contact (i.e., the springline or shoulder of the pipe) when the induced stress

exceeds the uniaxial tensile strength of the soil. Physical separation between the pipe and

soil is developed at the bottom of the pipe as a result. With further pipe uplift, cracks

grow and propagate away from the pipe, and with a soil beam developing above the pipe

supported at both ends of the crack tips. The soil beam is subjected to upward bending due

to continual upward displacement of the pipe. Tensile cracks occur at the soil surface above

the pipe centerline when the stress induced by exural action exceeds the uniaxial tensile

strength of the compacted soil upon vertical upward pipe displacement. Details of the new

model, incorporating these distinct mechanisms are explained below.

4.5.1 Failure Initiation around the Hole

The vertical uplift problem is analogous to a pin-loaded hole in a plate illustrated in Figure

4.20. de Jong (1977) proposed analytical solutions for stress distributions round the pin-

loaded hole in an elastically isotropic and orthotropic plate of in�nite length. He assumed

the pin was in�nitely rigid and the contact between the pin and the hole is smooth. Other

researchers (e.g. de Jong 1982; Hyer & Liu 1983; Hyer & Klang 1985; Tomlinson 2006;

Aluko & Whitworth 2008) analytically and experimentally investigated the e�ect of contact
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friction, clearance, and pin sti�ness on the stress distribution around the pin-loaded hole in

laminates.

The tangential, radial, and shear stresses around the pin-loaded hole can be expressed in

normalized forms of the stress ratio, h:

�� =
��
�b

(4.4a)

�r =
�r
�b

(4.4b)

�� =
�
�b

(4.4c)

where sj, sr, t, and sb are the tangential, radial, shear and bearing stresses, respectively.

The bearing stress is de�ned according to the classical form of sb equal to Qu/D where Qu

is the concentrated point load acting on the pipe.

In an isotropic elastic material with smooth pin-hole contact, the maximum tangential

stress occurs at an angle j of 0o with its value hj of 0.57 where the angle j is measured

counter-clockwise with respect to the horizontal x-axis (de Jong 1977, 1982). The maximum

shear stress is initiated at j = 55o with ht = 0.38. The maximum radial stress in compression

or bearing develops at the crown of the hole with hr equal to 0.6. As the pin-hole contact

friction increases to 0.2 and 0.4, the hj value for the maximum tangential stress decreases

from 0.51 to 0.47 with j increasing from 3o to 4o. The ht value for the maximum shear stress

decreases from 0.35 to 0.33 with j decreasing from 80o to 68o whereas the hr value for the

maximum radial stress decreases from 0.49 to 0.42 with j decreasing from 72o to 59o.

This study assumes that tensile cracking occurs when the induced tangential stress around

the hole exceeds the soil uniaxial tensile strength (st) and its initial tangential stress due to

gravity (sj0). Using equation (4.4a) and including the gravity stress, the uplift force required

to cause crack initiation is given by eliminating sb:

Quc = (
�t + �j0

��
)D (4.5)
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Normalizing Quc by cuD yields, where cu is the uncon�ned compressive strength:

Quc

cuD
=

n
��

+
m
��

(
H
D

) (4.6)

where n = st/cu and m = gD/cu.

4.5.2 Crack Propagation

Once a crack is initiated at the hole periphery, the crack will extend outward with increasing

uplift displacement. The resulting force required for crack propagation will reduce with

increasing crack length or upward pipe displacement.

To simulate crack propagation, this study assumes that the hole with bi-wing cracks is

approximated by an elliptical opening of dimensions (D and L) as shown in Figure 4.21, and

is subject to an internal pressure. Lu & Luo (2001) derived an analytical solution for the

tangential stress distribution around an elliptical hole subjected to an internal pressure. The

tangential stress around the elliptical hole is given by:

�� = qc
1 � 3a2 + 2a(cos 2�)
1 + a2 � 2a(cos 2�)

(4.7)

where qc is the internal pressure, a = (1-D/L)/(1+D/L), and j is the angle measured counter-

clockwise with respect to the horizontal axis of the hole.

For a circular hole (L/D = 1), sj (tension) = qc at j = 0o and 90o (at the side and the

crown of the hole, respectively). The tangential stress at the side increases with increasing

L/D. For L/D > 2, the tangential stress at the side is still in tension, but the stress at the

crown becomes compressive.

The criterion of crack initiation and propagation is de�ned as: the crack will extend

when the tangential stress at the hole periphery exceeds the soil uniaxial tensile strength.

The vertical uplift force, Qu, is assumed to be uniformly distributed around the upper half

of the hole, denoted by qc (qc = Qu/D). For the continuation of side crack propagation, the
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induced tangential stress sj due to qc must exceed the resultant of the soil uniaxial tensile

strength and its initial tangential stress. The Quc (Quc =qcD) corresponding to the crack

propagation is given by:

Quc

cuD
= 2(

�t

cu
+
D
cu

H
D

)
L
D

1 + a2 � 2a
1 � 3a2 + 2a

(4.8a)

or
Quc

cuD
= 2(n+m

H
D

)
L
D

1 + a2 � 2a
1 � 3a2 + 2a

(4.8b)

The factor of 2 is included in the above equation because the qc is only applied to the upper

half of the hole. Again, equation (4.8) is a function of soil unit weight and burial depth.

4.5.3 Soil Beam Flexure Failure

The inclined cracks shown in Figure 4.21 continues to extend until the con�ning stress at the

crack tip is su�ciently high to prevent the crack from further opening. The con�ning stress

can be contributed from the gravity stress and the soil arch or beam above the pipe. The

soil beam above the pipe is subject to upward exural mechanism illustrated in Figure 4.22.

This exural mechanism can be treated as a beam supported at two �xed ends, with the

uplift force, Qum acting in the middle of the beam. Thus, the maximum bending moment at

the middle, M, is:

M =
QumL

8
�
HL2

24
(4.9)

where L is the beam length or total crack length. The self-weight of the soil beam is assumed

to be uniform with a thickness of H. The beam length, L is the distance between the tensile

crack ends. The �rst and second terms correspond to the moments induced by the pipe point

load and the soil uniform distributed load, respectively. The maximum bending stress at

the middle section of the soil beam for this mechanism is governed by the maximum tensile
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stress as follows:

�t =
Mc
I

(4.10)

where c is half of the beam thickness at the middle section c=(1/2)((H-D)/2) and I is the

second moment of inertia of the beam cross section I=(bh3)=12 = ((1m)(H �D=2)3)=12:

Under bending, the top surface at the middle section of the soil beam is subjected to

tension. A tensile crack could develop if the induced tensile stress reaches the soil uniaxial

tensile strength. The initial stress at the top is zero, and thus the initial stress has no inuence

on the ultimate exure capacity of the soil beam. By substituting the bending moment from

the bending stress equation (4.10) into the maximum bending moment equation (4.9), the

uplift resistance Qum can be expressed as:

Qum =
4

3L
�t(

H �D
2

)2 +
HL

3
(4.11a)

or in terms of other dimensionless parameters:

Qum

cuD
=

4n
3

[
H
D

2

�
H
D

+
1
4

]
D
L

+
m
3
H
D
L
D

(4.11b)

Thus, the normalized uplift resistance, Qum/cuD is dependent on the embedment depth ratio

and crack length as well, in addition to parameters, m and n. The �rst term due to the soil

uniaxial tensile strength decreases with increasing crack length L, whereas the second term

due to the soil self-weight increases with increasing crack length.

Taking the �rst derivative of equation (4.11) with respect to L yields the critical length:

Lcritical

D
= 2[

H
D

�
1
2

]
r

�t
H

(4.12)

This critical length yields the minimum value of Qum/cuD for varying L at a given H/D

ratio. However, this value does not provide the actual crack length as the crack propagation
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is controlled by the con�nement at the support ends or crack tips.

4.5.4 Evaluation of Vertical Uplift Test Results Using the Pro-

posed Model

Physical Model Tests in Compacted Regina Clay

Figure 4.23 plots the calculated results predicted by equation (4.2) of PRCI (2009) and

equation (4.6) of the proposed model for vertical uplift resistance required to cause tensile

crack initiation, respectively. The corresponding soil and pipe physical dimensions are listed

in Tables 4.4 and 4.6. According to the guidelines (PRCI 2009), the uplift resistance increases

linearly with the burial depth ratio, H/D. For H/D ranging from 1 to 5, Qu/cuD increases

from 1.35 to 7.20. For H/D greater than 5, the slope reduces to a lower value due to a

constant Ncv value of 10. For tensile crack initiation, the hj value of 0.51 was used for

calculation of the maximum tangential stress using equation (4.6). The cracks occur at the

angle j of 4o. The Quc/cuD value required for crack initiation also increases linearly with

burial depth ratio. The slope represents the e�ect of the gravity stress. For a vertical uplift

test with D = 0.15 m in compacted Regina clay, tensile failure is the dominant mechanism.

For H/D = 3, the Qu/cuD values for tensile failure and vertical uplift failure are 0.97 and

4.18, respectively.

In cases where the soil uniaxial tensile strength is lower than the uncon�ned shear strength

and the burial depth is shallow, the tensile failure mode will govern the ultimate resistance.

Once the crack initiation occurs at the side of the hole, the crack extends outward with

increasing uplift displacement. The uplift force for crack propagation decreases, which can be

estimated from equation (4.8). The normalized Quc/cuD are plotted against the normalized

crack length (L/D) in Figure 4.24 for H/D = 3 and D = 0.15 m with soil properties shown

in Table 4.6. The crack initiation occurs when Quc/cuD = 0.97, and the value of Quc/cuD

drops to 0.5 at L/D = 5. The Qum/cuD values for exural failure determined from equation

(4.11) are also plotted in Figure 4.23. The exural failure has a similar trend like the crack
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propagation, i.e., the resistance decreases with crack length (Qum/cuD = 3.04 and 0.78 at

L/D = 1 and 5, respectively). From Figure 4.24, both Quc/cuD and Qum/cuD values lie below

Qu/cuD for vertical uplift implying that tensile failure with crack propagation dominates over

general shear failure in compacted clay.

Based on the test result of physical model test VU1, the observed L/D is about 2 to 3 and

the ultimate soil resistance is 17.7 kN/m or Qu/cuD is 1.74. From Figure 4.24, the proposed

model predicts Qu/cuD values of 1.11-1.57 for exure failure. The discrepancy between the

measured and predicted soil resistance could be attributed to the assumptions made in the

proposed model. The compacted soil is assumed to behave as a homogeneous and isotropic

material. The stress concentration obeys the solution based on the problem of a pin-loaded

hole in an in�nite plate, and the e�ect of free surface is not included. The crack propagation

is simulated by the evolution of an elliptical opening. The soil beam deforms in a symmetric

pure bending manner with a uniform section.

Based on the above evaluation, it is inferred that the following stages occur in the vertical

uplift tests in compacted clay:

1. Tensile cracking initiates at the shoulder of the hole when the induced tensile stress

caused by the vertical uplift force exceeds the soil uniaxial tensile strength and in situ

(vertical) stress, i.e., at Quc/cuD = 0.97.

2. The crack propagates outward with a reducing uplift force. However, the exure mode

(upward bending at two �xed ends) starts to develop as the crack length grows. The

cracks will stop to propagate if the con�ning stress due to combined e�ect of gravity

and bending is su�ciently large to resist crack opening.

3. New surface crack can be developed at the surface.

Results of Figures 4.23 and 4.24 are based on the parameters of the physical model tests,

and thus are dependent on n and m parameters. It is of practical interest to extend the above

analysis to the �eld scale for H = 3 m and D = 1 m. The results are presented in Figures 4.25
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and 4.26. The tensile-exural failure is still the dominant mechanism rather than the shear

failure assumed in the guidelines (PRCI 2009) guidelines. It is because the burial depth is

still shallow, and the gravity e�ect has a secondary e�ect on the ultimate resistance. For

deep buried pipelines, shear failure might be the controlling mechanism instead of tensile

failure.

Small-scale Model Tests in Compacted Dry and Moist Sand and Silt

In addition to the physical model tests on compacted clay, small-scale vertical uplift tests

were conducted in sand and silt with varying degrees of saturation. Unsaturation of sand

and silt provides capillary induced tensile strength.

Pictures of di�erent failure modes are presented in Figures 4.27 to 4.30 and in Figure

4.11. It is evident that matric suction plays a major role in the failure mode and the ultimate

resistance as well. In general, the ultimate uplift force increases with increasing matric

suction. Figure 4.31 depicts and illustrates the failure patterns observed in the small-scale

uplift tests.

� Local or global shear failure occurs in dry sand and sand with small matric suction.

Localized shear bands are formed in soil above the pipe (Figure 4.31a and 4.31b). The

failure mode illustrated in Figure 4.31b is assumed by the guidelines (PRCI 2009).

� As the matric suction increases in silt, failure is dominated by the capillary induced

tensile strength. Tensile cracks are initiated at both sides of the hole, and they prop-

agate at an inclined angle to promote mixed shear-tensile failure mode (Figures 4.31c

and 4.31d). The soil portion above the pipe acts like a beam to resist the uplift force.

Surface crack forms when the induced stress exceeds capillary induced tensile strength

of the soil.

� With a very high capillary induced tensile strength, tensile cracks at the sides grow in

the horizontal instead of inclined direction (Figure 4.31e).

Equation (4.2) of shear failure and equation (4.5) of tensile failure were used to back cal-
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culate the cohesive and uniaxial tensile strengths for occurrence of such failure mechanisms,

and the results were included in Table 4.2 to compare the representative measured values.

Kim & Sture (2008) measured capillary induced tensile strength of 1 to 1.5 kPa at S =

20-60% in poorly graded F75 Ottawa silica sand of mean size diameter of 0.22 mm. Fredlund

& Xing (1994) measured matric suction of 3-4 kPa in sands at S = 60-70%. Table 4.2 shows

that the uniaxial tensile strength required to induce tensile failure in sand are higher than

those provided by sand with f = 44o in equation (4.2). Thus, the shear failure was observed

in the small-scale model tests with dry sand and unsaturated sand. The estimated cohesion

in sand is apparent due to dilation or small matric suction.

Ibarra et al. (2004) reported a much higher tensile strength of 4-36 kPa in compacted

sandy loam samples consisting of 15% silt and clay size particles, 44% �ne sands and 25%

median sand with moisture content of 24%. According to Fredlund & Xing (1994), silt has a

higher matric suction than sand, 70, 90, and >280 kPa for S = 73, 59, and 10%, respectively.

Table 4.2 illustrates that the back calculated uniaxial tensile strengths based on the small-

scale tests are comparable to those report in the literature. The apparent cohesive strengths

are relatively low as compared to the measured. This explains why tensile failure along

with exural failure is dominant in the small-scale model tests with unsaturated silt which

is consistent with that in the proposed model of this study.

4.6 Isotache Behavior Observed in Soil-Pipe Interac-

tion Tests

The soil ultimate resistance values at varying displacement rates for all physical soil-pipe

prototype tests in this chapter were extrapolated by tracing isotaches (hyperbolic) patterns

and plotted in Figure 4.32 of log-log plot. The ultimate soil resistance is analogous to the

deviatoric stress at failure, qf, and the displacement rate is analogous to the strain rate, _evp,

in triaxial compression. The relationships display linear trends in log-log plot, and their
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slope values are illustrated in the same plot. The values of the slope fall in a range of 0.030

{ 0.089, which are consistent with the range shown in Figure 2.3b. In Figure 2.3b, the slope

value decreases from 0.009 to 0.074 with increasing strain rate from 1x10-14 to 1x10-4 s-1.

This observation validates the normalization principle presented in Section 2.5.2.

4.7 Summary

The results of the physical model tests presented in this chapter have illustrated the following

points:

� For longitudinal (axial) soil-pipe interaction, there exists discrepancies between the

experimental and the predicted results. These discrepancies are attributed to the un-

certainty in estimation of the adhesion factor in compacted clay. Further investigations

are required to understand the e�ects of matric suction and compaction e�ort on the

adhesion factor in compacted soil.

� For vertical uplift loading, signi�cant discrepancy exists between the experimental re-

sults and predictions from the ALA guidelines. It was shown in the vertical uplift tests,

tensile cracking failure is critical for compacted soil, which is not included in existing

guidelines. Thus, the ALA guidelines are not appropriate for predicting vertical up-

lift soil resistances. As a result, a new model was proposed for vertical uplift loading

which includes the mechanisms of crack initiation, crack propagation, and soil beam

development.

� For transverse horizontal pipe movements, the experimental results and predictions

from the guidelines are within a close range even within uncertainty in soil properties.

Thus, the guidelines are adequate in predicting soil transverse horizontal resistances.
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Test type and
ID

Apparatus H/D Pipe size
(mm)

Measured
maximum
soil resistance
(kN/m)

Predicted
maximum
soil resis-
tance by
PRCI (2009)
(kN/m)

Longitudinal
loading LA1

Golder box 3 150 1.9 7.2

Longitudinal
loading LA2

Circular
tank

3 150 8.5 7.2

Vertical uplift
loading VU1

Golder box 3 150 17.8 42.5

Vertical uplift
loading VU2

Golder box 2.5 250 24.1 60.0

Transverse
horizontal
loading TH1

Circular
tank

1.5 150 24.8 29.0

Transverse
horizontal
loading TH2

Circular
tank

3 150 36.0 39.0

Table 4.1: Details of physical model tests and test results

Soil
type

Bulk
density
(kg/m3)

Void ratio Soil sat-
uration
(%)

Matric
suction
(kPa)

Measured
Qu (kN/m)

Estimated
cohesion
for shear
failure
(kPa)

Estimated
tensile
strength
for tensile
failure
(kPa)

Sand 1551 0.71 0 - 0.07 0.2 1.7
Sand 1908 0.60 66 2.2 0.18 2.0 4.6
Silt 1902 0.79 73 10.9 0.34 4.8 8.7
Silt 1785 0.73 59 23.5 0.61 9.2 15.6
Silt 1671 0.62 9 >10000* 1.33 14.9 33.9

Table 4.2: Properties of soil in small-scale model tests. The cohesive and tensile strengths
were estimated from the measured soil vertical uplift force. (*Measured by �lter paper
method, others by tensiometer probe)
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Parameter Value
Outer pipe diameter, D (m) 0.15
Pipe embedment depth, H (m) 0.45
Soil adhesion factor, a 0.3*
E�ective soil unit weight, g’ (kN/m3) 18.5
Lateral coe�cient at-rest, K0 0.5
Soil and pipe interface friction angle, d (o) 16

Table 4.3: Numerical parameters for calculation of soil longitudinal resistance. (*Based on
Figure 2 from ALA (2001) with an uncon�ned compressive strength of 130 kPa for compacted
Regina clay)

Test
ID

Parameter Value

VU1 Vertical bearing capacity for clay, Ncv 6
VU1 Vertical bearing capacity for sand, Nqv 1.57
VU2 Vertical bearing capacity for clay, Ncv 5
VU2 Vertical bearing capacity for sand, Nqv 1.31

Table 4.4: Numerical parameters for calculation of soil vertical uplift resistance. The values
of H, D, and g’ used in the calculations are those listed in Tables 4.1 and 4.3.

Parameter Value
Transverse horizontal bearing capacity for clay,
Nch

5

Transverse horizontal bearing capacity for sand,
Nqh

4.5

Table 4.5: Numerical parameters for calculation of soil transverse horizontal resistance.

Parameter Value
Soil bulk unit weight, g’ 18.5 kN/m3

Cohesion, c 45 kPa
Friction angle, f 23o

Uniaxial tensile strength, st 25 kPa
n (= st/cu) 0.36
m (= g’D/cu) 0.044

Table 4.6: Properties of compacted Regina clay used in the proposed model.
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Figure 4.1: Overview of the Golder box used for vertical uplift and longitudinal loading tests.
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(a)

(b)

(c)

Figure 4.2: Pictures showing the University of Calgary circular tank: a) overall view, b)
aluminium links with strain gauges, c) load cell. The tank is used for longitudinal and
transverse horizontal loading tests.
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(a)

(b)

Figure 4.3: Illustration of plane-strain con�guration inside the University of Calgary circular
tank: a) general view, b) with compacted soil.
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Figure 4.4: Results of longitudinal (axial) loading test LA1 on compacted Regina clay (H/D
= 3). The pipe displacement rates (in mm/day) are: 1.87 (stage S1), 1.72 (stage S3), 1.66
(stage S11), 1 (stages S4, S6, and S10), 0.2 (stages S7 and S9), and relaxation (stages S2,
S5, S8, and S12).

105



Figure 4.5: Results of longitudinal (axial) loading test LA2 on compacted Regina clay (H/D
= 3). The pipe displacement rates (in mm/day) are: 22.11 (stage S6), 20.51 (stage S1), 2.23
(stage S2), 1.67 (stage S10), 1.10 (stage S3), 1.05 (stage S8), 0.28 (stage S4), 0.09 (stage S7),
0.04 (stage S9), and relaxation (stages S5 and S11).
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Figure 4.6: Results of vertical (uplift) loading test VU1 on compacted Regina clay (H/D
= 3). The pipe displacement rates (in mm/day) are: 1.87 (stage S1), 1.72 (stage S3), 1.66
(stage S11), 1 (stages S4, S6, and S10), 0.2 (stages S7 and S9), and relaxation (stages S2,
S5, S8, and S12).
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(a)

(b)

Figure 4.7: Illustration of failure at the end of the vertical uplift test: a) tension cracks along
pipe springline and b) soil surface cracks.
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Figure 4.8: Results of vertical (uplift) loading test VU2 on compacted Regina clay (H/D =
2.5). The pipe displacement rates (in mm/day) are: 1.87 (stage S1), 1.72 (stage S3), 1.66
(stage S11), 1 (stages S4, S6, and S10), 0.2 (stages S7 and S9), and relaxation (stages S2,
S5, S8, and S12).
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Figure 4.9: Sketch showing the experimental setup for small-scale vertical uplift tests.

Figure 4.10: Results of small-scale vertical uplift tests in sand and silt with di�erent degrees
of saturation.
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Figure 4.11: Picture showing tensile failure mechanism in small-scale pipe uplift test in silt
with S = 9%.

Figure 4.12: Results of transverse horizontal loading test TH1 on compacted Regina clay
(H/D = 1.5). The pipe displacement rates (in mm/day) are: 28.19 (stage S5, unloading),
4.28 (stage S7), 3.21 (stage S1), 2.68 (stage S6, reloading), 1.02 (stage S2), 0.42 (stage S3),
relaxation (stages S4 and S8), and unloading (stage S9).
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Figure 4.13: Picture showing soil crack near the pipe crown and void behind the pipe in
transverse horizontal loading test TH1 (H/D = 1.5).
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Figure 4.14: Picture showing surface crack in transverse horizontal loading test TH1 (H/D
= 1.5).
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Figure 4.15: Results of transverse horizontal displacement test TH2 on compacted Regina
clay (H/D = 3, plane strain loading). The pipe displacement rates (in mm/day) are: 288.1
(stage S8, reloading), 28.19 (stage S7, unloading), 52.6 (stage S9), 16.72 (stage S2), 3.16
(stage S1), 2.89 (stage S10), 2.62 (stage S3), 0.96 (stage S4); 0.17 (stage S5), relaxation
(stage S6), and unloading (stage S11).
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(a)

(b)

Figure 4.16: Pictures showing failure mechanism in small-scale transverse horizontal test in
silt with S = 29%: (a) tensile crack above the pipe, and (b) passive failure.
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Figure 4.17: Force required to overcome friction between the castors and rails exerted by the
empty circular tank.

Figure 4.18: Force required to overcome friction between the castors and rails exerted by the
circular tank �lled with compacted soil in test TH2.

116



Figure 4.19: Shear failure mechanism in soil under pipe vertical uplift.

Figure 4.20: Sketch showing the \pin-loaded hole in plate" problem.

117



Figure 4.21: Sketch showing crack initiation and propagation near the pipe induced by pipe
uplift. The cracked zone is approximated by an elliptical region denoted by minor and major
axes of D and L, respectively.

Figure 4.22: Illustrated concept for development of a soil beam above the pipe under pipe
uplift. Surface crack is induced.
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Figure 4.23: Relationships of vertical uplift force versus burial depth ratio (H/D) for shear
failure predicted by the PRCI guidelines (triangular symbol) and tensile crack initiation of
proposed model (circular symbol) in physical model tests with n = 0.36, m = 0.044 and hj
= 0.51.

Figure 4.24: Relationships of vertical uplift force versus crack length ratio (L/D) for shear
failure predicted by the PRCI guidelines (triangular symbol), tensile crack initiation and
propagation of proposed model (circular symbol) and exural mechanism of proposed model
(diamond symbol) in physical model tests with n = 0.36; m = 0.044, for a constant H/D of
3.
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Figure 4.25: Relationships of vertical uplift force versus burial depth ratio (H/D) for shear
failure predicted by the PRCI guidelines (triangular symbol) and (ii) tensile crack initiation
of proposed model (circular symbol) in full-scale tests (D = 1 m and H = 3 m) with n =
0.36; m = 0.29, hj = 0.51.

Figure 4.26: Relationships of vertical uplift force versus crack length ratio (L/D) for shear
failure predicted by the PRCI guidelines (triangular symbol), tensile crack initiation and
propagation of proposed model (circular symbol) and exural mechanism of proposed model
(diamond symbol) in full-scale tests (D = 1 m and H = 3 m) with n = 0.36; m = 0.29, for
a constant H/D of 3.

120



Figure 4.27: Picture showing local shear failure mechanism in pipe uplift test in dry sand.

Figure 4.28: Picture showing general shear failure mechanism in pipe uplift test in sand with
S = 66%.
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Figure 4.29: Picture showing tensile failure mechanism in pipe uplift test in silt with S =
73%.

Figure 4.30: Picture showing tensile failure mechanism in pipe uplift test in silt with S =
59%.
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(a)

(b)

(c)

(d)

(e)

Figure 4.31: Failure patterns observed in small scale model tests: (a) dry sand { local shear
(b) sand with S = 66% - general shear (c) silt with S = 73% - tensile-shear (d) silt with S
= 59% - tensile-exural and (e) silt with S = 9% - tensile-shear.
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Figure 4.32: Log-log plot of ultimate force versus displacement rate for all soil-pipe inter-
action tests on compacted Regina clay: vertical uplift, transverse displacement and axial
loading tests. An additional plot of a vertical uplift test (VU-YYC) on compacted Calgary
till was added for information purposes. The ultimate forces for varying displacement rates
were estimated by tracing isotache patterns.

124



Chapter 5

Numerical Modelling

5.1 Introduction

This chapter describes the use of numerical model simulations to validate the experimental

results of the vertical uplift soil-pipe interaction test VU1, described in Chapter 4. The

numerical simulations were completed using the �nite element software package, ABAQUS

(Dassault Syst�emes 2011).

5.2 Preliminary Vertical Uplift Simulations with Mohr-

Coulomb Plasticity Model

The compacted Regina clay deformation and strength characteristics determined in Chapter

3 was used as input parameters in a preliminary �nite element model to simulate the results

of vertical uplift test VU1. Figure 5.1 illustrates the geometry and mesh con�guration of

the preliminary model using ABAQUS. The geometric con�guration is a 2D cross section

with a rectangular Regina clay block and a steel pipe embedded inside. The Regina clay

block has dimensions of 2.4 m in length and 0.9 m height. The steel pipe has a diameter

of 0.15 m (6") and is buried at an embedment depth to pipe diameter ratio, H/D, of 3

125



in the middle of the Regina clay block. Both the Regina clay block and the pipe were

meshed with 2D plane-strain triangular shell linear (CPE3) elements as 2D plane-strain

boundary conditions were met (Note: 2D solid elements do not exist in ABAQUS). The

steel pipe was treated as a simple linear elastic material with a density of 7850 kg/m3, an

elastic modulus, E = 200 GPa and a Poisson’s ratio, n = 0.3. Regina clay was treated as

an elastoplastic material with the use of Mohr-Coulomb plasticity as the plasticity model.

The elastic properties used were a deformation modulus, E = 5 MPa and a Poisson’s ratio,

n = 0.3. The Mohr-Coulomb plasticity parameters included an apparent cohesion, c = 45

kPa, a friction angle, f = 23o, and a dilation angle, y = 13o. The density of Regina clay

was chosen to be 1920 kg/m3. Besides inputting the properties of Regina clay and the steel

pipe, the contact properties of the soil-pipe interface were also de�ned. \Hard" contact

was chosen for the normal component of the interface. For the tangential component of

the interface, the penalty friction formulation was used with a friction coe�cient value of

0.27. This friction coe�cient value was chosen based on the results of the soil-steel interface

direct shear tests described in Chapter 3. Figure 5.2 illustrates the uplift force-displacement

response simulated with the preliminary Mohr-Coulomb model. A maximum soil vertical

uplift resistance of 41 kN/m was achieved for 20 mm of pipe uplift displacement.

The Mohr-Coulomb plasticity model in ABAQUS includes an additional sub-option to

include a tensile cut-o� value, de�ning the tensile strength of a Mohr-Coulomb material.

Using the same preliminary Mohr-Coulomb �nite element model generated, and by adding

a tensile cut-o� value of 25 kPa for Regina clay, Figure 5.3 illustrates the simulated uplift

force-displacement response. It is shown a maximum soil vertical uplift resistance of 32

kN/m was achieved for 20 mm of pipe uplift displacement. The reduction from 41 kN/m to

32 kN/m is attributed to the promotion of mixed-tensile shear failure due to the introduction

of tensile cut-o� as some elements are prone to reach the tensile failure envelope.

The magnitude of the soil maximum vertical uplift resistance (41 kN/m) without tensile

cut-o� achieved using the Mohr-Coulomb plasticity model for plastic behavior in Regina
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clay in ABAQUS is comparable to the magnitudes predicted by the ALA guidelines (42.5

kN/m) although signi�cantly higher than the maximum uplift soil resistance measured in

the vertical uplift test VU1 of 17.7 kN/m. One major limitation in the conventional �nite

element method is the Regina clay block is treated as a continuum. With the Mohr-Coulomb

plasticity model utilized in a continuum medium, the plausible mode of failure is likely one

of general shear, as postulated in the ALA guidelines. Figure 5.4 illustrates distinct shear

zones on the Regina clay block to support the notion of a plausible general shear failure.

Thus, modi�cations to the preliminary Mohr-Coulomb model are required to address the

observations of tensile crack formation in Regina clay in the vertical uplift test VU1.

5.3 Vertical Uplift Simulations using XFEM with Mohr-

Coulomb Plasticity Model

To address the limitation of simulating tensile cracking in Regina clay with the conventional

�nite element method, the extended �nite element method (XFEM) is introduced (Dassault

Syst�emes 2011).

XFEM allows dislocations such as cracks to be modeled in a normal continuum medium

without changing any existing �nite element mesh con�gurations. XFEM was �rst intro-

duced by Belytschko & Black (1999) and is an extension of the conventional �nite element

method based on the concept of partition of unity described in Melenk & Babuska (1996).

This means local enrichment functions can be incorporated into the �nite element approxima-

tion. Without the introduction of local enrichment functions, the mesh in the conventional

�nite element must be continuously re�ned to accurately depict a growing discontinuity or

crack. Such an iteration process is described in the ABAQUS documentation as \cumber-

some" (Dassault Syst�emes 2011).

Two types of enrichment functions are associated with XFEM, the �rst type is the near-

tip asymptotic function which captures the crack tip singularity, and the second type is the
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discontinuous function which captures displacement jumps across the crack surface. Thus,

the displacement vector, u, can be approximated with the partition of unity enrichment as:

u =
NX

i=1

N i(x)[ui +H(x)ai +
4X

�=1

F�(x)bi
a] (5.1)

where Ni(x) are the usual nodal shape functions, ui is the usual nodal displacement vector

associated with the continuous part of the �nite element solution. For the second term, ai is

the nodal enriched degree of freedom vector, and H(x) is the associated discontinuous jump

function across the crack surfaces. For the last term, bi
a is the the nodal enriched degree of

freedom vector, and Fa(x) is the associated elastic asymptotic crack-tip function. The �rst

term on the right-hand side of equation (5.1) is applicable to all the nodes in the model. The

second term is valid for nodes whose shape function support is cut by the crack interior, and

the third term is used only for nodes whose shape function support is cut by the crack tip.

Based on ABAQUS documentation (Dassault Syst�emes 2011), XFEM only works on

models withath 3D solid elements or 2D planar shell elements. It does not work on models

with 3D shell elements. For the XFEM simulations to work, an additional damage initiation

model has to be implemented in the Regina clay constitutive model in addition to elastic

and Mohr-Coulomb plasticity parameters to allow the simulation of crack propagation.

In the �rst set of XFEM simulations, a traction-separation maximum principal stress

damage model was entered as input. The maximum principal stress value was equivalent to

the Regina clay tensile strength of 25 kPa. This input replaces the tensile cut-o� sub-option

with the Mohr-Coulomb model. A damage evolution sub-option input is also required for

the damage model. The damage evolution criterion can be inputted as a displacement-based

criterion or an energy-based criterion. A displacement-based damage evolution criterion

was chosen with a 5 mm (0.005 m) failure displacement. This means tensile failure or crack

propagation will begin once the crack aperture is 5 mm in width after crack initiation, similar

to that observed in the compacted soil adjacent to either pipe springline in test VU1. The
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initial crack locations are explicitly de�ned in the XFEM simulation by creating 2D wire

sections within the Regina clay block as illustrated in Figure 5.5. The Regina clay block is

speci�ed as the crack domain before the wire sections are selected as the speci�c initial crack

locations. The wire sections were placed on the surface and on either springline adjacent to

the pipe of the Regina clay block. The wire-mesh sections representing the springline cracks

were 0.075 m (3") long and orientated horizontally. The wire-mesh section representing the

surface crack was 0.05 m long and oriented in the vertical direction. Due to convergence

issues with a triangular mesh and the cracked domain in XFEM, the Regina clay block

and the steel pipe were re-meshed using 2D plane-strain quadrilateral (CPE4) shell linear

elements instead as illustrated in Figure 5.6. Note the Regina clay block was partitioned

into six rectangular subsections as shown in Figure 5.5. This was to ensure a �ner mesh

con�guration closer to the pipe, leading to more accurate results near the soil-pipe interface.

Figure 5.7a illustrates the simulated uplift force-displacement response with XFEM and

Figure 5.7b illustrates the simulated cracks on the XFEM mesh. It is shown a maximum

soil vertical uplift resistance of 19 kN/m at a pipe uplift displacement of 8 mm was achieved

in the preliminary XFEM Mohr-Coulomb model simulation. In addition, it is important to

note that the soil vertical uplift resistance dropped to a residual value of 13 kN/m at the

end of the simulation (at a pipe uplift displacement of 20 mm). This is di�erent from the

results of the preliminary �nite element model where gradual hardening was observed in

the simulation. The maximum or peak soil vertical uplift resistance (19 kN/m) achieved in

the XFEM Mohr-Coulomb simulation is close and comparable to the soil maximum vertical

uplift resistance in the vertical uplift test VU1 of 17.7 kN/m.

From observations of the cracks in test VU1, however, the cracks did not propagate

horizontally from the springline but instead propagated at an angle of about 7o from the

horizontal with respect to the centre of the pipe. As a result, the wired sections originating

from the springline in the �rst XFEM model was readjusted and oriented at 7o with respect

to the horizontal from the pipe centre point (Figure 5.8). The length of the wired sections
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adjacent to the pipe were kept at 0.075 m with no convergence issues. In addition, the failure

displacement for the damage criterion was kept at 5 mm.

Figure 5.9a illustrates the force-displacement response simulated using the modi�ed wired

sections in Figure 5.8. It is shown a maximum soil vertical uplift resistance of 18.2 kN/m at

9 mm of pipe uplift displacement is reached when the wired sections are adjusted to 7o from

the horizontal in the XFEM model, which is a reasonable �t with the result of the vertical

uplift test VU1. The soil vertical uplift resistance eventually reaches a residual value of 17.2

kN/m at the end of the simulation. The simulated crack propagation on the modi�ed XFEM

mesh is illustrated in Figure 5.9b. A point worth noting is the shear zones in the XFEM

simulations are less pronounced in comparison to the conventional �nite element simulations

as illustrated in Figure 5.9c. This is reasonable due to the introduction of tensile cracking in

the XFEM model. Despite the XFEM Mohr-Coulomb simulation yielding a relatively good

match with the results of test VU1, the Mohr-Coulomb plasticity model cannot be coupled

with a classical creep model in ABAQUS. This is essential as Regina clay exhibits signi�cant

time-dependent behavior, which should be incorporated into the Regina clay constitutive

model within ABAQUS.

5.4 Numerical Modelling of Time-Dependent Behavior

in Regina Clay

Time-dependent behavior in clay soils, such as Regina clay is well documented as highlighted

in Chapter 3. The unique isotache loading paths for di�erent strain or displacement rates

have been exhibited in one-dimensional compression tests, constant rate of strain triaxial

compression tests, and soil-pipe interaction prototype tests. To accurately validate the re-

sults of the soil-pipe interaction tests using numerical modelling, the constitutive model for

Regina clay should incorporate time-dependent e�ects along with elasto-plasticity. Neglect-

ing the importance of time-dependent e�ects may provide conservative estimates of the time
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when critical pipeline stresses are reached, leading to unnecessary pipeline remediation pro-

cedures (i.e., stress relief). Thus, the cap plasticity model in ABAQUS will be used to replace

of the Mohr-Coulomb model as the plasticity constitutive component for Regina clay.

The cap plasticity model is a modi�ed Drucker-Prager plasticity model (Dassault Syst�emes

2011). The �rst set of inputs ABAQUS requires for the cap plasticity model include material

cohesion, material friction angle, cap eccentricity parameter, initial cap yield surface position

on the volumetric inelastic strain axis, transitional surface radius parameter, and ow stress

ratio. The material cohesion and friction angle values in cap plasticity are not the same

as the Mohr-Coulomb cohesion and friction angles. The conversion from Mohr-Coulomb

plasticity to cap plasticity for the cohesion and friction angle values are listed as follows

(Dassault Syst�emes 2011):

d =
18c cos�
3 � sin�

(5.2)

tan � =
6 sin�

3 � sin�
(5.3)

where d and b are the equivalent material cohesion and material friction angle values in

cap plasticity, and c and f are the material cohesion and material friction angle (used in

Mohr-Coulomb plasticity), respectively. The cap eccentricity parameter must be a positive

value and can range from 0.0001 to 1000. With time-dependent (creep) behavior being

modelled, there is no transition surface and thus both the initial cap yield surface position

on the volumetric inelastic strain axis and transitional surface radius are set to zero. The

ow stress ratio is the ratio of ow stress in tension to the ow stress in compression and is

equal to 1 due to creep properties being considered. The cap plasticity model in ABAQUS

can only function with the \cap hardening" sub-option enabled. In the \cap hardening" sub-

option, the user must input a table relating the yield stress with respect to its volumetric

plastic strain. The time-dependent behavior can be simulated by enabling the \cap creep

cohesion" sub-option and/or the \cap creep consolidation" sub-option. In both the \cap

creep cohesion" and \cap creep consolidation" sub-options, a creep law has to be de�ned.
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Four types of creep laws are available to be de�ned in ABAQUS: strain-hardening creep law,

time-hardening creep law, Singh-Mitchell creep law, or a user de�ned creep law. The creep

law chosen for this set of simulations was the Singh-Mitchell creep law:

�cr = A exp(��cr)(
t1
t

)m (5.4)

where ecr is the creep strain rate, A, a, and m are constant multipliers, scr is a critical

e�ective stress, and t1 is a reference time at the end of the primary consolidation phase

(de�ned with respect to total time).

5.4.1 Modelling of Time-Dependent Behavior in Triaxial Tests on

Regina Clay

Before implementing the cap plasticity with the creep model into Regina clay for the soil-

pipe uplift interaction simulations, the cap plasticity with the creep model was validated

against experimental data from various triaxial compression tests on Regina clay. Validation

of the cap plasticity model was conducted to ensure the model with its creep sub-options

is able to produce unique isotaches when the Regina clay sample is subjected to di�erent

strain or displacement rates. The two Regina clay tests on samples RC4-1 and RC2-2 were

uncon�ned and triaxial compression tests with varying constant rates of strain, respectively.

The con�ning pressure applied to the sample RC2-2 was 10 kPa. Table 5.1 lists the values

used for the cap plasticity model parameters in an attempt to match the results of RC4-1.

Figure 5.10 illustrates the comparison between the isotaches generated by the cap plasticity

model in ABAQUS and the experimental result from the test on RC4-1. It can be seen that

there is a relatively good �t between the experimental and numerical simulation results.

Similar comparisons were undertaken with the results of the test on sample RC2-2. Table

5.2 lists the values used for the cap plasticity model parameters in an attempt to match the

results of RC2-2. Figure 5.11 illustrates the comparison between the isotaches generated by

132



the cap plasticity model in ABAQUS and the experimental result from the test on RC2-

2. Again, there is a relatively good �t between the experimental and numerical simulation

results. The Singh-Mitchell creep model parameters listed in Tables 5.1 and 5.2 are similar

in magnitude. Thus, either set of parameters could be used in the numerical simulations of

pipe vertical uplift in Regina clay.

5.4.2 Creep Law Parametric Study

Despite the observations of relatively good �ts between the experimental results from the

triaxial tests and the numerical model simulations, a deeper understanding of how each of

the constant multipliers, A, a, m, as well as reference time t1, in the Singh-Mitchell creep law

will a�ect the stress-strain curve pattern will better simulate the isotache behavior exhibited

in Regina clay. Table 5.3 lists the constant multipliers used as a base case for comparison.

The triaxial sample in the base case was uncon�ned (s3 = 0) and subjected to the same

axial strain rates as sample RC4-1: 115%/day, 11.5%/day, 1.15%/day, and 0.115%/day. For

the �rst parametric study, the value of A is modi�ed. Figure 5.12 illustrates the variation

in the stress-strain curve patterns with respect to the base case for varying magnitudes

of A. The general trend illustrates, the lower the magnitude of A, the greater and sti�er

the stress-strain response will be. It is because a low A value induces less creep strain in

the mobilized total strain. However, the di�erence becomes minimal when the magnitude

of A drops from 4x10-6 to 4x10-7. The next parametric study involves the variation of a.

Figure 5.13 illustrates the variation in the stress-strain curve patterns with respect to the

base case for varying maginitudes of a. Similar to the multiplier A, as the magnitude of a

decreases, the greater and sti�er the stress-strain response will be. The di�erence becomes

minimal when the magnitude of a drops from 5x10-6 to 5x10-7. The �rst two parametric

studies demonstrate changes in the magnitudes of A and a with a range of 10-7 to 10-3

will signi�cantly impact the stress function S(s’) within the Singh-Mitchell creep law. The

higher magnitudes of deviatoric stresses with increasing strain due to decreasing magnitudes
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of A and a, however, also means the development of creep strains is insigni�cant. Thus,

�tting triaxial experimental results by changing A or a may not yield appropriate isotache

simulations. The next two parametric studies conducted are relevant to the inuence of the

time function T(t) within the Singh-Mitchell creep law. The two parameters of interest that

a�ect the time T(t) are the multiplier m and the reference time, t1. Figure 5.14 illustrates

the variation in the stress-strain curve patterns with respect to the base case for varying

magnitudes of m. The general trend illustrates, the higher the magnitude of m, the greater

and sti�er the stress-strain response will be. However, the amount of creep strain is lower

for an increasing value of m, leading to narrower isotache ranges. Figure 5.15 illustrates

this concept by simulating the test on sample RC4-1 at its highest displacement rate (0.1

mm/min) and it lowest displacement rate (0.0001 mm/min). For an m value of 0.8, the

di�erence between the lowest and highest isotaches is 5 kPa, whereas for an m value of 0.2,

this di�erence is 99 kPa. The �nal parametric study completed involves the variation of

reference time t1. Figure 5.16 illustrates the variation in the stress-strain curve patterns

with respect to the base case for varying values of t1. The general trend is as t1 increases,

the lower and softer the stress-strain response becomes. As a result, the amount of creep

strain increases. In the end, in order to model the isotache behavior exhibited in Regina

clay appropriately, the values of m and t1 should be manipulated as the time function T(t)

inuences the time-dependent behavior. The value of m should be as low as possible and

the value of t1 should be as high as possible to obtain the best isotaches �t.

5.5 Final Vertical Uplift Numerical Model Develop-

ment

In the �rst trial for developing the �nal numerical model for pipe vertical uplift, the param-

eters for the cap plasticity model with creep law used to �t the experimental data of the

triaxial sample RC4-1 (Table 5.1) was used as the constitutive model for Regina clay. Figure
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5.17 illustrates the resulting force-displacement response simulated in the XFEM model in

comparison to the results of vertical uplift test VU1. The force-displacement response shows

little isotache behavior and force relaxation behavior. In addition, the force-displacement

response illustrates a gradual hardening trend. Thus, the parameters of the cap plasticity

model with creep law needed to be modi�ed to better �t the results of vertical uplift test

VU1. The triaxial sample RC4-1, may not be representative of the whole compacted Regina

clay mass due to disturbances from Shelby tube extraction. After a few iterations of varying

the constant multiplier values of A, a, t1, and m. Table 5.4 illustrates the constant multiplier

values used for the �nal vertical uplift model. Figure 5.18 illustrates the force-displacement

response simulated in the �nal XFEM model in comparison to the results of vertical uplift

test VU1. The force-displacement response shows more distinct isotache behavior and sig-

ni�cant force relaxation behavior. In addition, the simulated force-displacement response is

almost close to the results of test VU1. Thus, the validation of the vertical uplift test with

the numerical model is attained. Figure 5.19 illustrates the resulting deformed XFEM mesh

with the �nal model.
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Material cohesion (kPa) 150
Material friction angle (o) 42
Cap eccentricity 0.01
Initial yield surface position 0
Transitional surface radius 0
Flow stress ratio 1

(a)
Yield stress (kPa) Volumetric plastic strain*
30 0
70 0.074632
110 0.114445
150 0.141764
190 0.162586
230 0.179414
270 0.193538

(b)
A a t1 m
3x10-5 5x10-5 0.001 0.65

(c)

Table 5.1: List of cap model parameters used in �tting results on compacted Regina clay
sample RC4-1. a) basic cap model inputs, b) cap hardening parameters, c) Singh-Mitchell
creep law parameters for cap creep cohesion and consolidation sub-option inputs.

*The equation for the volumetric plastic strain in the cap plasticity model is:

ev
p=((l-k)/(1+e0))ln(p’/p0’), where l = 0.2, k = 0.03, e0 = 0.93, and p0’ = 30 kPa.
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Equivalent material cohesion (kPa) 150
Equivalent material friction angle (o) 42
Cap eccentricity 0.01
Initial yield surface position 0
Transitional surface radius 0
Flow stress ratio 1

(a)
Yield stress (kPa) Volumetric plastic strain*
30 0
70 0.074632
110 0.114445
150 0.141764
190 0.162586
230 0.179414
270 0.193538

(b)
A a t1 m
9x10-6 5x10-5 0.001 0.65

(c)

Table 5.2: List of cap model parameters used in �tting results on compacted Regina clay
sample RC2-2. a) basic cap model inputs, b) cap hardening parameters, c) Singh-Mitchell
creep law parameters for cap creep cohesion and consolidation sub-option inputs.

*The equation for the volumetric plastic strain in the cap plasticity model is:

ev
p=((l-k)/(1+e0))ln(p’/p0’), where l = 0.2, k = 0.03, e0 = 0.93, and p0’ = 30 kPa.
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Equivalent material cohesion (kPa) 127
Equivalent material friction angle (o) 42
Cap eccentricity 0.3
Initial yield surface position 0
Transitional surface radius 0
Flow stress ratio 1

(a)
Yield Stress (kPa) Volumetric Plastic Strain*
48 0
88 0.05339
128 0.08639
168 0.11035
208 0.12916
248 0.14465
288 0.15782

(b)
A a t1 m
4x10-4 5x10-5 1 0.8

(c)

Table 5.3: List of cap hardening and Singh-Mitchell creep law parameters for the base case
in the creep law parametric study. a) basic cap model inputs, b) cap hardening parameters,
c) Singh-Mitchell creep law parameters for cap creep cohesion and consolidation sub-option
inputs.

*The equation for the volumetric plastic strain in the cap plasticity model is:

ev
p=((l-k)/(1+e0))ln(p’/p0’), l = 0.2, k = 0.03, e0 = 0.93, and p0’ = 48 kPa for the base

case in the creep law parametric study.
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Equivalent material cohesion (kPa) 150
Equivalent material friction angle (o) 42
Cap eccentricity 0.2
Initial yield surface position 0
Transitional surface radius 0
Flow stress ratio 1

(a)
Yield stress (kPa) Volumetric plastic strain*
30 0
70 0.074632
110 0.114445
150 0.141764
190 0.162586
230 0.179414
270 0.193538

(b)
A a t1 m
9x10-5 6x10-5 0.04167** 0.25

(c)

Table 5.4: List of cap model parameters used in the �nal vertical uplift model. a) basic cap
model inputs, b) cap hardening parameters, c) Singh-Mitchell creep law parameters for cap
creep cohesion and consolidation sub-option inputs.

*The equation for the volumetric plastic strain in the cap plasticity model is:

ev
p=((l-k)/(1+e0))ln(p’/p0’), where l = 0.2, k = 0.03, e0 = 0.93, and p0’ = 30 kPa.

**Based on an end of primary consolidation time of 60 minutes using Hypothesis A in

describing creep behaviour. 60 minutes is equivalent to 0.04167 days.
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Figure 5.1: Illustration of the geometric con�guration and �nite element mesh for pipe
vertical uplift in compacted Regina clay using ABAQUS.
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Figure 5.2: Force-displacement response of the vertical uplift test VU1 simulated using the
Mohr-Coulomb plasticity model for Regina clay.

Figure 5.3: Force-displacement response of the vertical uplift test VU1 simulated using the
Mohr-Coulomb plasticity model with inputted tensile cut-o� sub-option for Regina clay.
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(a)

(b)

Figure 5.4: Illustration of distinct shear zones demonstrating plausible general shear failure
of Regina clay in the simulation of the vertical uplift test VU1. Note: the pipe is not
shown here in order to emphasize the distinct shear zones on the Regina clay block. a)
Mohr-Coulomb model, b) Mohr-Coulomb model with tensile cut-o�.
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Figure 5.5: Illustration of the extended �nite element method (XFEM) geometric con�gura-
tion for soil-pipe uplift problem in compacted Regina clay. The wired sections indicate the
proposed crack locations, two springline cracks and one surface crack.

Figure 5.6: Illustration of the extended �nite element (XFEM) mesh con�guration for soil-
pipe uplift problem in compacted Regina clay.
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(a)

(b)

Figure 5.7: a) Force-displacement response for the vertical uplift test VU1 simulated with
XFEM using the Mohr-Coulomb plasticity model for Regina clay, b) resulting deformed
XFEM mesh.
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Figure 5.8: Illustration of the extended �nite element method (XFEM) geometric con�gu-
ration with the tensile crack wired sections located at 7o from the horizontal with respect to
the pipe centre.
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(a)

(b)
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(c)

Figure 5.9: a) Force-displacement response for the vertical uplift test VU1 simulated with
XFEM using the Mohr-Coulomb plasticity model for Regina clay. The wired sections were
oriented 7o from the horizontal with respect to the pipe centre, b) resulting deformed XFEM
mesh, c) illustration of smaller shear zone in XFEM compared to the simulations in the
conventional FEM method with no cracks.

Figure 5.10: Comparison between test results of triaxial test on sample RC4-1 and isotaches
generated by the cap plasticity model with Singh-Mitchell creep.
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Figure 5.11: Comparison between test results of triaxial test on sample RC2-2 and isotaches
generated by the cap plasticity model with Singh-Mitchell creep law.

Figure 5.12: Variation of deviatoric stress-axial strain curve with varying magnitudes of the
multiplier A in the Singh-Mitchell creep law.
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Figure 5.13: Variation of deviatoric stress-axial strain curve with varying magnitudes of the
multiplier a in the Singh-Mitchell creep law.

Figure 5.14: Variation of deviatoric stress-axial strain curve with varying magnitudes of the
multiplier m in the Singh-Mitchell creep law.
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(a)

(b)
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(c)

Figure 5.15: Variation of deviatoric stress-axial strain patterns with values of m: a) m =
0.8, b) m = 0.5, c) m = 0.3.

Figure 5.16: Variation of deviatoric stress-axial strain curve patterns for varying magnitudes
of the reference time t1 in the Singh-Mitchell creep law.
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Figure 5.17: Force-displacement response for vertical uplift test VU1 simulated with XFEM
using the cap plasticity model with creep law. The material parameters were estimated
based on Table 5.1.
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Figure 5.18: Force-displacement response for vertical uplift test VU1 simulated with XFEM
using the cap plasticity model with creep law. The material parameters were estimated
based on Table 5.4.

Figure 5.19: Resulting deformed mesh with the �nal XFEM model for vertical pipe uplift.
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Chapter 6

Conclusions and Recommendations

A set of numerical tools have been developed to aid pipeline designers and engineers in the

design, prediction, and analysis of buried pipeline systems subjected to permanent ground

deformations. The numerical tools developed in this thesis are based on examining soil-

pipeline interactions in unsaturated clay soils. Unsaturated clay soils such as compacted

Regina clay are of particular interest due to exhibition of time-dependent behavior such as

creep, constant strain rate, and stress relaxation e�ects. These time-dependent character-

istics will a�ect the frequency of pipe stress remediation before the onset of pipe yielding

resulting from large strain accumulation. The following points summarize the logic placed

into the development of the numerical tools in assessing pipeline performance against per-

manent ground deformations:

In Chapter 2, a comprehensive reivew was conducted on existing literature regarding

soil-pipeline interaction analysis, unsaturated soil mechanics, and time-dependent behavior

in unsaturated elastic visco-plastic (EVP) soil in order to determine limitations needed to

be addressed in this thesis.

In Chapter 3, the geotechnical characterization of compacted Regina clay was conducted

by determining deformation and strength characteristics through a series of experiments

including triaxial compression tests and direct shear tests. The deformation and strength

154



characteristics determined in Chapter 3 form the basis of a constitutive model for compacted

Regina clay based on a bi-linear mixed tensile-shear Mohr-Coulomb failure criterion. The

deformation characteristics for compacted Regina clay are summarized as: deformation mod-

ulus, E = 5 GPa and Poisson’s ratio, n = 0.3. The strength characteristics are summarized

as: friction angle, f = 23o, apparent cohesion, c = 45 kPa, and tensile strength, st = 25

kPa. These deformation and strength characteristics values are based on a moisture content

of 30% and a constant matric suction, ua-uw = 50 kPa.

In Chapter 4, a series of physical prototype soil-pipe interaction tests were conducted

to simulate pipes subjected to longitudinal (axial), vertical uplift, and transverse horizontal

permanent ground deformations. The objective of the tests were to validate soil resistance

equations in existing buried pipeline design guidelines. The results from the transverse hori-

zontal tests were consistent with existing guidelines and no revisions are suggested. However,

the results from the vertical uplift tests illustrate a signi�cant discrepancy with existing

guidelines. The discrepancy is due to observations of mixed tensile-shear failure in com-

pacted Regina clay as opposed to only shear failure postulated in existing guidelines. The

existing guidelines do not account for the tensile strength of compacted clay soils in vertical

pipe uplift and is recommended be revised. The observations of mixed tensile-shear failure in

vertical pipe uplift serves as motivation for the bi-linear mixed tensile-shear Mohr-Coulomb

failure criterion in Chapter 3. In addition, a proposed semi-analytical solution was developed

for vertical pipe uplift considering crack initiation, propagation, and soil beam bending. The

semi-analytical solution only considers force calculations due to crack initiation. The results

of the two longitudinal tests LA1 and LA2 show contrasting force-displacement responses.

In test LA1, gradual hardening behavior was exhibited whereas in test LA2, a mobilized

peak soil resistance with subsequent post-peak softening was exhibited. This is due to the

di�erence in the adhesion factor estimation within the soil-pipe interface. The adhesion

factor may vary due to compaction e�ort and soil matric suction.

Unique time-dependent isotache patterns were exhibited in triaxial compression tests
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(Chapter 3) and soil-pipe interaction tests (Chapter 4) with compacted Regina clay. Thus,

the normalization principle can be applied in describing time-dependent characteristics of

compacted Regina clay. The major advantage of normalizing isotaches with respect to the iso-

tache preconsolidation pressure is the number of tests needed to characterize time-dependent

behavior of unsaturated EVP soil is reduced. In the physical model tests, the time-dependent

(isotache) behavior observed in the longitudinal tests was not as signi�cant compared to the

vertical uplift tests. This was because only a small displacement was required to mobilize the

peak strength in the longitudinal tests compared to the vertical uplift tests. In addition, in

the vertical uplift tests, a greater displacement is required to mobilize passive soil movement

than in active soil movement whereas there is neither passive nor active soil movement in

the longitudinal tests.

In Chapter 5, a numerical model was developed using the extended �nite element method

(XFEM) for vertical pipe uplift. The numerical model was used to validate the physical

prototype test results from Chapter 4. The bi-linear mixed tensile-shear Mohr-Coulomb

failure criterion described in Chapter 3 was initially used as the constitutive model for

compacted Regina clay in the numerical model. Due to limitations in coupling the Mohr-

Coulomb plasticity criterion with a creep law in modelling time-dependent behavior, a cap

plasticity (modi�ed Drucker-Prager) criterion with the Singh-Mitchell creep law was adopted

for the �nal numerical model instead. The �nal numerical model matched the results of the

vertical uplift physical prototype test VU1 appropriately. The �nal numerical model was

also used in validating the results of the vertical uplift test VU2 and the two transverse

horizontal physical prototype tests TH1 and TH2. The match between the numerical model

and tests VU2, TH1, and TH2 was appropriate as well.
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6.1 Areas of Further Work

While this thesis has helped further enhance the state-of-the-art knowledge on soil-pipe

interactions in unsaturated clay soils, there are still areas of knowledge left to be discovered.

Some areas that could be considered for future studies include:

Physical prototype soil-pipe interaction tests at complex oblique loading directions, i.e.

the pipe is neither laid longitudinally nor transversely against moving soil; the question

of how dynamic wheel loads will a�ect soil-pipe interaction modelling; use of a hyperbolic

creep law instead of the Singh-Mitchell creep law for the time-dependent constitutive model

of compacted clay; mapping the matric suction distribution of a compacted clay specimen.

The matric suction was assumed to be a constant value for a constant moisture content.

This is not necessarily true. The matric suction will a�ect the overall tensile strength and

apparent cohesion; using discrete element method (DEM) instead of the extended �nite

element method (XFEM) in modelling the soil-pipe interactions; investigation on varying

isotache di�erences in vertical pipe uplift, transverse horizontal movement, and longitudinal

(axial) movement; further investigations to quantify the adhesion factor e�ect in unsaturated

soil in longitudinal loading.
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Appendix A

Geotechnical Characterization of

Regina Clay { Test Results
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(a)

(b)
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(c)

(d)

Figure A.1: Stress-controlled uncon�ned compression test results of compacted Regina clay
sample RC1-1: (a) deviatoric stress versus axial strain, (b) volumetric strain versus axial
strain, (c) axial strain versus time, (d) radial strain versus time. Stress increments of 30 kPa
were applied every �ve minutes from 0 kPa to 210 kPa. Load-unload cycle was then applied
at ea = 0.027 before creep stage at 210 kPa.

169



(a)

(b)
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(c)

(d)

Figure A.2: Stress-controlled uncon�ned compression test results of compacted Regina clay
sample RC2-3: (a) deviatoric stress versus axial strain, (b) volumetric strain versus axial
strain, (c) axial strain versus time, (d) radial strain versus time. Stress increments of 15
kPa were applied every �ve minutes from 0 kPa to 90 kPa. Load-unload cycles were applied
at ea = 0.009, 0.019, 0.025 and 0.027, respectively before creep stage. Thereafter, stress
increments of 45 kPa were applied every �ve minutes until 270 kPa at which the sample
creeped and failed.
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(a)

(b)
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(c)

(d)

Figure A.3: Stress-controlled uncon�ned compression test results of compacted Regina clay
sample RC1-3: (a) deviatoric stress versus axial strain, (b) volumetric strain versus axial
strain, (c) axial strain versus time, (d) radial strain versus time. Stress increments of 30 kPa
were applied every �ve minutes from 0 kPa to 120 kPa. The sample was allowed to creep
at 120 kPa until ea = 0.035. Stress increments of 10 kPa were applied every �ve minutes
afterwards until 170 kPa for another creep stage. Thereafter, stress increments of 5 kPa
were applied until 200 kPa. Load-unload cycle was then applied at ea = 0.06 before the �nal
creep stage and failure at 210 kPa.
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(a)

(b)
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(c)

(d)

Figure A.4: Stress-controlled uncon�ned compression test results of compacted Regina clay
sample RC2-1: (a) deviatoric stress versus axial strain, (b) volumetric strain versus axial
strain, (c) axial strain versus time, (d) radial strain versus time. Stress increments of 20
kPa were applied every �ve minutes from 0 kPa to 120 kPa followed by the �rst creep stage.
After the �rst creep stage, stress increments of 10 kPa were then applied every �ve minutes
to 170 kPa followed by the second creep stage. Load-unload cycle was then applied at ea =
0.036 before stress increments of 10 kPa were applied up to 210 kPa. The third creep stage
at 210 kPa occurred before load-unload cycle at ea = 0.045. Afterwards, stress increments
of 10 kPa were applied until failure at 350 kPa.
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(a)

(b)

Figure A.5: Strain-controlled uncon�ned compression test results of compacted Regina clay
sample RC4-1: (a) deviatoric stress versus axial strain, (b) deviatoric stress versus time for
relaxation stage at ea = 0.061. The volumetric strain was not measured in this test. The
strain rates for ea = 0-0.01, 0.01-0.02, 0.02-0.03, 0.03-0.035, 0.035-0.045, 0.045-0.055, and
0.055-0.061 are 115%/day, 11.5%/day, 1.15%/day, 0.115%/day, 1.15%/day, 11.5%/day and
115%/day, respectively.
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(a)

(b)

Figure A.6: Strain-controlled uncon�ned compression test results of compacted Regina clay
sample RC4-2: (a) deviatoric stress versus axial strain, (b) deviatoric stress versus time
for relaxation stage ea = 0.04. The volumetric strain was not measured in this test. The
strain rates for ea = 0-0.01, 0.01-0.015, 0.015-0.02, 0.02-0.025, 0.025-0.032, and 0.032-0.04
are 113%/day, 11.3%/day, 1.13%/day, 0.113%/day, 1.13%/day and 11.3%/day, respectively.
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(a)

(b)

Figure A.7: Strain-controlled uncon�ned compression test results of compacted Regina clay
sample RC7-1: (a) deviatoric stress versus axial strain, (b) deviatoric stress versus time for
relaxation stage ea = 0.062. The volumetric strain was not measured in this test. The strain
rates for ea = 0-0.02, 0.02-0.03, 0.03-0.06, 0.06-0.08, 0.08-0.09 and 0.09-0.1 are 0.77%/day,
0.23%/day, 0.77%/day, 0.77%/day, 0.077%/day and 0.23%/day, respectively.
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(a)

(b)

Figure A.8: Strain-controlled triaxial compression test results of compacted Regina clay
sample RC2-2 at con�ning pressure of 10 kPa: (a) deviatoric stress versus axial strain, (b)
deviatoric stress versus time for relaxation stage ea = 0.061. The volumetric strain was
not measured in this test. The strain rates for ea = 0-0.01, 0.01-0.02, 0.02-0.03, 0.03-0.035,
0.035-0.045, 0.045-0.055, and 0.055-0.06 are 116%/day, 11.6%/day, 1.16%/day, 0.116%/day,
1.16%/day, 11.6%/day and 116%/day, respectively.
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(a)

(b)

Figure A.9: Strain-controlled triaxial compression test results of compacted Regina clay
sample RC1-2 at con�ning pressure of 50 kPa: (a) deviatoric stress versus axial strain, (b)
deviatoric stress versus time for relaxation stage ea = 0.058. The volumetric strain was
not measured in this test. The strain rates for ea = 0-0.01, 0.01-0.02, 0.02-0.03, 0.03-0.035,
0.035-0.045, 0.045-0.055, and 0.055-0.06 are 104%/day, 10.4%/day, 1.04%/day, 0.104%/day,
1.04%/day, 10.4%/day and 104%/day, respectively.
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(a)

(b)

Figure A.10: Strain-controlled triaxial compression test results of compacted Regina clay
sample RC4-4 at con�ning pressure of 25 kPa: (a) deviatoric stress versus axial strain,
(b) deviatoric stress versus time for relaxation stage ea = 0.033. The volumetric strain
was not measured in this test. The strain rates for ea = 0-0.0075, 0.075-0.015, 0.015-
0.0165, 0.0165-0.0175, 0.0175-0.02, 0.02-0.025, and 0.025-0.035 are 105%/day, 10.5%/day,
1.05%/day, 0.105%/day, 1.05%/day, 10.5%/day, and 105%/day, respectively.
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Figure A.11: Strain-controlled triaxial compression test results of compacted Regina clay
sample RC4-3b at con�ning pressure of 50 kPa: deviatoric stress versus axial strain. The
volumetric strain was not measured in this test. The strain rates for ea = 0-0.01, 0.01-0.02,
0.02-0.04, 0.04-0.045, and 0.045-0.05 are 155%/day, 15.5%/day, 1.55%/day, 0.155%/day and
1.55%/day, respectively.
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(c)

Figure A.12: Direct shear test results of compacted Regina clay sample DS1 consolidated at
30 kPa: (a) shear stress versus horizontal displacement, (b) and (c) shear stress relaxation
stages at displacements of 2.7 and 4.1 mm, respectively.
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(a)

(b)

Figure A.13: Direct shear test results of compacted Regina clay sample DS2 consolidated at
65 kPa: (a) shear stress versus horizontal displacement, (b) shear stress relaxation stage at
displacement of 1.4 mm, respectively.
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(a)

(b)
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(c)

Figure A.14: Direct shear test results of compacted Regina clay sample DS3 consolidated at
100 kPa: (a) shear stress versus horizontal displacement, (b) and (c) shear stress relaxation
stages at displacements of 3.2 and 4.7 mm, respectively.
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(a)

(b)
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(c)

Figure A.15: Direct shear test results of compacted Regina clay sample DS4 consolidated at
180 kPa: (a) shear stress versus horizontal displacement, (b) and (c) shear stress relaxation
stages at displacements of 2.5 and 8.2 mm, respectively.
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(a)

(b)

Figure A.16: Direct shear test results of Regina clay-steel sample ST1 consolidated at 0 kPa:
(a) shear stress versus horizontal displacement, (b) shear stress relaxation at displacement
of 5.5 mm.
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(a)

(b)

Figure A.17: Direct shear test results of Regina clay-steel sample ST2 consolidated at 10 kPa:
(a) shear stress versus horizontal displacement, (b) shear stress relaxation at displacement
of 5.5 mm.
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(a)

(b)

Figure A.18: Direct shear test results of Regina clay-steel sample ST3 consolidated at 10 kPa:
(a) shear stress versus horizontal displacement, (b) shear stress relaxation at displacement
of 5.4 mm.
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(a)

(b)

Figure A.19: Direct shear test results of Regina clay-steel sample ST4 consolidated at 40 kPa:
(a) shear stress versus horizontal displacement, (b) shear stress relaxation at displacement
of 5.5 mm.
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(a)

(b)

Figure A.20: Direct shear test results of Regina clay-steel sample ST5 consolidated at 40 kPa:
(a) shear stress versus horizontal displacement, (b) shear stress relaxation at displacement
of 8.2 mm.
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(a)

(b)

Figure A.21: Direct shear test results of Regina clay-steel sample ST6 consolidated at 40 kPa:
(a) shear stress versus horizontal displacement, (b) shear stress relaxation at displacement
of 8.2 mm.
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(b)
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(c)

Figure A.22: Direct shear test results of Regina clay-steel sample ST7 consolidated at 65
kPa: (a) shear stress versus horizontal displacement, (b) and (c) shear stress relaxation at
displacements of 2 and (c) 5 mm.
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(c)

Figure A.23: Direct shear test results of Regina clay-steel sample ST8 consolidated at 30 kPa:
(a) shear stress versus horizontal displacement (b) shear stress relaxation at displacements
of 2.5 and (c) 4 mm.
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(b)
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(c)

Figure A.24: Direct shear test results of Regina clay-steel sample ST9 consolidated at 100
kPa: (a) shear stress versus horizontal displacement (b) shear stress relaxation at displace-
ments of 2.5 and (c) 4 mm.
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(a)

(b)
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(c)

Figure A.25: Direct shear test results of Regina clay-steel sample ST100 consolidated at 180
kPa: (a) shear stress versus horizontal displacement (b) shear stress relaxation at displace-
ments of 2.7 and (c) 4.2 mm.
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Appendix B

Physical Model Test Data and Design

Details
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(a)

(b)
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(c)

Figure B.1: Longitudinal (axial) loading test LA1 (H/D =3): (a) pipe axial force versus
time, (b) relaxation stage S5, (c) relaxation stage S11.
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(a)

(b)

Figure B.2: Vertical uplift loading test VU1 (H/D = 3): (a) forces monitored at two actua-
tors, (b) relaxation stages S2, S5, S8 and S12.
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(a)

(b)

Figure B.3: Vertical uplift loading test VU2 (H/D = 2.5): (a) forces monitored at two
actuators, (b) relaxation stages S2, S5, S8 and S12.
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(a)

(b)
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(c)

(d)

Figure B.4: Transverse horizontal loading test TH1 (H/D = 1.5): (a) forces measured by
the two aluminum links, (b) forces measured by the load cells and links, (c) relaxation stage
S4, (d) relaxation stage S8.
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(a)

(b)
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(c)

Figure B.5: Transverse horizontal loading test TH2 (H/D = 3): (a) forces measured by the
two aluminum links, (b) forces measured by load cell and links, (c) relaxation stage S6.

Figure B.6: Isometric view of soil chamber and loading frame.
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Figure B.7: Dimensions and details of soil chamber (Dimensions are listed in inches).
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Figure B.8: Dimensions and details of soil chamber base (Dimensions are listed in inches.
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Figure B.9: Dimensions and details of loading frame (Dimensions are listed in inches).
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Figure B.10: Isometric view of rail system for transverse loading test.

Figure B.11: Isometric view of rigid plate v-grooved caster.
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(a)

(b)

Figure B.12: (a) Isometric view (b) plan view of pipe end support.
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Appendix C

Additional Numerical Simulations of

Physical Model Results
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Equivalent material cohesion (kPa) 150
Equivalent material friction angle (o) 42
Cap eccentricity 0.2
Initial yield surface position 0
Transitional surface radius 0
Flow stress ratio 1

(a)
Yield stress (kPa) Volumetric plastic strain*
30 0
70 0.074632
110 0.114445
150 0.141764
190 0.162586
230 0.179414
270 0.193538

(b)
A a t1 m
3x10-5 5x10-5 0.04167 0.3

(c)

Table C.1: List of cap model parameters used in �tting results on transverse horizontal
loading test TH2. a) basic cap model inputs, b) cap hardening parameters, c) Singh-Mitchell
creep law parameters for cap creep cohesion and consolidation sub-option inputs.

*The equation for the volumetric plastic strain in the cap plasticity model is:

ev
p=((l-k)/(1+e0))ln(p’/p0’), where l = 0.2, k = 0.03, e0 = 0.93, and p0’ = 30 kPa.
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Figure C.1: Illustration of the geometric con�guration and �nite element mesh for vertical
uplift test VU2 in compacted Regina clay using ABAQUS.

Figure C.2: Force-displacement response of the vertical uplift test VU2 simulated using the
Mohr-Coulomb plasticity model for Regina clay.
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Figure C.3: Force-displacement response of the vertical uplift test VU2 simulated using the
Mohr-Coulomb plasticity model with inputted tensile cut-o� sub-option for Regina clay.
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(a)

(b)

Figure C.4: Illustration of distinct shear zones demonstrating plausible general shear failure
of Regina clay in the simulation of the vertical uplift test VU2. Note: the pipe is not
shown here in order to emphasize the distinct shear zones on the Regina clay block. a)
Mohr-Coulomb model b) Mohr-Coulomb model with tensile cut-o�.
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Figure C.5: Illustration of the extended �nite element method (XFEM) geometric con�gu-
ration for test VU2 with the tensile crack wired sections orientated at 7o from the horizontal
with respect to the pipe centre.

Figure C.6: Illustration of the extended �nite element (XFEM) mesh con�guration for sim-
ulating the vertical uplift test VU2 in compacted Regina clay.

223



(a)

(b)

Figure C.7: a) Force-displacement response for the vertical uplift test VU2 simulated with
XFEM using the Mohr-Coulomb plasticity model for Regina clay, b) resulting deformed
XFEM mesh.
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Figure C.8: Illustration of the geometric con�guration and �nite element mesh for transverse
horizontal test TH1 in compacted Regina clay using ABAQUS.

Figure C.9: Force-displacement response of the transverse horizontal test TH1 simulated
using the Mohr-Coulomb plasticity model for Regina clay.
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Figure C.10: Force-displacement response of the transverse horizontal test TH1 simulated
using the Mohr-Coulomb plasticity model with inputted tensile cut-o� sub-option for Regina
clay.

Figure C.11: Illustration of the extended �nite element method (XFEM) geometric con�gu-
ration for test TH1 with a vertical surface crack.
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Figure C.12: Illustration of the extended �nite element (XFEM) mesh con�guration for
simulating the transverse horizontal test TH1 in compacted Regina clay.
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(a)

(b)

Figure C.13: Force-displacement response for the transverse horizontal test TH1 simulated
with XFEM using the Mohr-Coulomb plasticity model for Regina clay in ABAQUS, b)
resulting deformed XFEM mesh.
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Figure C.14: Illustration of the geometric con�guration and �nite element mesh for transverse
horizontal test TH2 in compacted Regina clay using ABAQUS.

Figure C.15: Force-displacement response of the transverse horizontal test TH2 simulated
using the Mohr-Coulomb plasticity model for Regina clay.
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Figure C.16: Force-displacement response of the transverse horizontal test TH2 simulated
using the Mohr-Coulomb plasticity model with inputted tensile cut-o� sub-option for Regina
clay.

Figure C.17: Illustration of the extended �nite element method (XFEM) geometric con�gu-
ration for test TH2 with a vertical surface crack and a vertical crown crack.
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Figure C.18: Illustration of the extended �nite element (XFEM) mesh con�guration for
simulating the transverse horizontal test TH2 in compacted Regina clay.
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(a)

(b)

Figure C.19: a) Force-displacement response for the transverse horizontal test TH2 simulated
with XFEM using the Mohr-Coulomb plasticity model for Regina clay, b) resulting deformed
XFEM mesh.
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(a)

(b)

Figure C.20: a) Force-displacement response for the transverse horizontal test TH2 simulated
with XFEM using the cap plasticity model with Singh-Mitchell creep law for Regina clay,
b) resulting deformed XFEM mesh. Note: The isotache behavior in the simulation is not as
signi�cant compared to the vertical uplift tests. This veri�es the observations seen in TH1
and TH2.
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