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Abstract

This thesis investigates the interaction between frozen soil and a pipeline embedded
in a discontinuous frost heave zone. The computational modelling procedures pro-
posed in the thesis include the modelling of frost heave generation, the constitutive
modelling of the {rozen soil, the structural behaviour of the pipeline and the constitu-
tive modelling of the soil-pipeline interface. The interactive thermo-hydro-mechanical
processes encountered in the problem are generally time-dependent and non-linear.

The frost heave modelling utilizes the three-dimensional form of a modified hy-
drodynamic frost heave model. A finite element implementation of the model is used
to estimate the frost heave in a one-dimensional element. The comparison of the
numerical results with an experimental result indicates that the prediction by com-
putational modelling can reasonably simulate observations of one-dimensional exper-
iments. Two-dimensicnal and three-dimensional simulations also indicate that the
numerical modelling can predict trends of frost heave development which are consis-
tent with the localized cooling at the base of a cuboidal element.

In the development of the interaction effects, the mechanical behaviour of the
frozen soil is represented by a complete creep model. The proposed complete creep
model can take into consideration all three creep processes associated with frozen
soils. Computations have also been conducted to calibrate the predictions of the
creep model with observed experimental data. Extensive computations have been
performed to investigate the general creep responses of a variety of geotechnical struc-

tures.
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To examine frozen soil-pipeiine interaction problets, the pipeline is modelled i
ther as a Bernoulli-Euler beamm or as a evlindrical shell which accommeodates both
flexural and shear stiffness effects. The numerical procedures are applied to examine
the pipeline freczing experiment conducted at the large scale facility in Caen, France,
The temperature profiles. soil heave. pipeline deformation and tlexural moments de-
veloped in the pipeline due to the generation of frost heave in the discontinuous [rost

heave region are documented.
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Résumeé:

L' objectif de la présente étude porte sur les interactions existant entre un sol a [’état de gel et
un pipeline souterrain localisé dans une zone discontinue de soulévement di au gel. Les
méthodes de modélisation suggérées a 'intérieur de ce document comprennent la modélisation
de 'engendrement du soulévement du sol causé par le gel, la modélisation constitutive du sol
a I'état de gel, le comportement mécanique du pipeline de méme que la modélisation constitutive
de I'interface sol-pipeline. Les divers phénoménes thermo-hydro-mécaniques interactifs observés
au sein de cette ¢tude furent, de fagon générale, non linéaires et s’exprimaient en fonction du
temps.

La modélisation du phénomeéne de soulévement du au gel utilisée consiste en une version
tridimensionnelle d’'un modéle hydrodynamique de soulévement did au gel. L'utilisation du
modele, cette fois basé sur les principes d’analyse d’éléments finis, fit mis de 1'avant afin
d’obtenir une estimation du phénomene de soulévement di au gel dans un élément uni-
dimensionnel. La comparaison des résultats numériques avec les données expérimentales indique
qu’une prédiction par le biais d’une modélisation informatisée simule, de fagon raisonnable, les
résultats observés lors d’expériences uni-dimensionnelles. Des simulations 2 deux et trois
dimensions indiquent également qu’une modélisation numérique peut prédire les tendences de
de soulévement di au gel, ces derniéres étant conformes avec le refroidissement localisé a la
base d'un élément cuboide.

Lors du développement d’effets interactifs, le comportement mécanique du sol a i’état
de gel est représenté par un modéle portant sur le comportement du sol au fluage. Ce modéle
peut inclure les trois procédés de fluage associés au sol a 1'état de gel. Divers calculs ont
également ét¢ effectués afin de calibrer les prédictions du modele de comportement au fluage
avec les données expérimentales. Ces calculs furent exécutés dans le but d’érudier le
comportement réactionnel de diverses structures géotechniques face a la propriété de fluage a
long temps du sol.

Afin d’examiner divers scénarios interactifs sol-pipeline, ce dernier est modélisé soit
comime une poutre de type Bernoulli-Euler ou comme un membre cylindrique répondant a la fois
aux effets de flexion et de rigidité au cisaillement. L’application des procédés numériques fit
orientée dans le but d'examiner les expériences de gel de sections de pipeline réalisées au
laboratoire & grande échelle de Caen, France. Finalement, ce document inclue 1’interprétation
compléte des variations de température, soulévement du sol di au gel, déformation de pipeline,
de méme que I’engendrement de momeuts de flexion dans le pipeline causé par la formation de
zones de soulévement.
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Chapter 1
Introduction

1.1 General

In North America. the first documented use of an oil pipeline is that constructed
in Pennsylvania in 1861 (Wolbert, 1979). This pipelinc measured 10 cm in diam-
eter and 10 km in length. Since then, pipclines have been increasingly utilized as
efficient means for the transportation of many resources. At present, pipelines are
used to transport energy resources and other fluidized materials. such as oil. natural
gas, refined hydrocarbons, coal slurries, mine tailings, municipal and industrial waste
and water (Selvadurai and Lee, 1931, 1982; Pickell, 1983; Jeyapalan, 1985; Sclvadu-
rai, et al., 1983). The common sizes of pipeline range from 35.56 ¢cm (14 inches)
to 76.2 cm (30 inches) in diameter. Large diameter pipelines, up to 121.92 em (48
inches) in diameter, are gaining popularity as increased demands and are placed on
the transportation of the above commodities. The wal! thicknesses of pipelines can
range from 0.32 em (0.125 inch) to 1.27 ecm (0.50 inch). Pipelines are a favoured
mode for the transportation of the above various materials. The primary reasons are
as follows: (i) long distance pipelines are less expensive compared to other forms of
transportation such as trucks and rail. Pipeline rate for transportation of oil, for ex-
ample, is about } of the rail rate, = of the highway rate and less than that for marine
transportation; (ii) because of its stationary nature, pipelines are not as sensitive to
malfunction or damage. Its continuous, reliable, efficient and safe operation is ideal

for operations involving energy resource transportation; (iii} pipelines are able to
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operate in adverse enviromment, for instance, in retnote unexplored arcas, ofishore re-
gions and permafrost arctie regions: (iv) buried pipelines can keep the environmental
disturbances to a minnmm,

There are of course disadvantages associated with the utilization of pipelines,
These include the followings: (i) the initial capital cost is often large: (i1) leakage
or blockage during operation cannot be easily located and rectified: (iil) with buried
pipelines, the interaction with surrounding soils can introduce unfavourable operating
conditions.

Pipelines have been extended to cover almost all populated arexs in North Amer-
ica.  In the carly 1970s. two large pipeline projects were proposed to recover and
transport the abundant resources of petroleum and natural gas discovered in north-
ern arctic sedimentary basins. Due to great distances to southern consumers and the
large volume of products to be transported. pipelines were considered to be ideally
suited and feasible. The details of these proposed pipelines were as follows:

Alyveska warm oil pipeline (see Figure 1.1) is 1300 km in length and 121.92 cm (138
inches) in diameter, with 60 °C — 70 °C operating temperature . The construction
commenced with an above ground pipeline in 1975 and the project was completed in
1977. Basically it has been regarded as a successful pipeline.

Alcan chilled gas pipeline was proposed from Prudhoe Bay field within the Arctic
Circle. down the Mackenzie Valley to the United States (see Figure 1.2). A consider-
ation of environmental factors. native rights and economical aspects suggested that
buried pipelines were more acceptable. The 121.92 ¢m (48-inch) diameter and 6440
km (4000 mile) long pipeline would deliver 90.6 million m® (3.2 billion cubic feet) per
day and 5% of total US consumption of natural gas. The pipeline would have been
the most expensive non-military project ever undertaken at that time (1977). Public

inquiries into variors aspects of the project, however, lead to its abandonment.
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Figure 1.2: Route location of proposed Alcan chilled gas pipelire (after Williams,
1986)
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1.2 Geotechnical Problems Associated with
Buried Pipelines

Unlike above ground pipelines which can be subjected to the detrimental influences
of corrosion. wind loads, carthquakes and interaction with human activities. buried
pipeline behaviour is strongly influenced by considerations of geotechnical nature.
The structural analysis and design of buried pipelines should take into consideration
the mutual interaction between che pipeline and surrounding soil. Such interactions
can result from the following (Selvadurai et al.. 1983): (i) movement of the sur-
rounding soil: fault displacement. frost heave. thawing settlement. soil consolidation.
soil creep. ground subsidence due to underground mining. tunnelling. excavation or
dewatering. ground movement due to landslides: (ii) deformation and movement of
pipeline: these could include expansion or contraction due to temperature changes.
flotation of a gas pipeline due to buovancy caused by soil inundation, shape change
due to internal pressure; and (iii) external loadings: including earthquakes, weight
of earth embankments and berms, traffic loads and overburden. Variability of soil
properties, environmental conditions and external loads along the length of pipeline
can initiate differential movement of ground. Such differential ground movements can
induce large stresses and strains in a pipeline located at transition zones and threaten
its integrity.

The Alyeska oil pipeline and the Alcan gas pipeline were planred to pass through
several thousand kilometres of continuous and discontinuous permafrost terrain un-
der adverse climate condition. At the time of planning of these facilities, very few
long distance pipelines had been built in northern region. Consequently little experi-
ence and information were available. The problems encountered by oil pipelines are
substantially different from those encountered by gas pipelines because of the differe-

nences in operating temperatures of the conveyed materials. The preferable operating
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temperature for otl is about 60°C 1o 70°C’. Transportation of vil at lower temperature
becomes unfeasible since viscosity forces will inhibit their ellicient transport. The pri-
mary problem asscciated with transportation of warm oil is that of the melting of
permafrost and the resulting thaw-induced settlement around pipeline, In contrast
to the warm operating temperature of oil. pressurized gax can be transported iu a
chilled state, usually a few degrees below 0°C and slightly colder than the ambicent
temperature within the near surface region of permafrost. Gas in a chilled state will
not induce thawing of the permafrost, which minmizes the risk of thaw settlement
and environmental damage and a hazard to the pipeline in terms of tlotation. It
can, however, present alternative problems. The presence of a chilled gas pipeline in
a frost susceptible zone can result in the gradual evolution of a zone of frozen suil
around the pipeline. The uniform development of frost heave along & buried pipeline
is not expected to have an adverse effect on the pipeline. However. when the frost
susceptibility of the soil varies along the pipeline, and particularly if a pipeline located
at the transition zone of frozen to unfrozen ground, freczing causes discontinuous or
non-uniform heave which can create uplift of the pipeline particularly at zones where
the heave processes are markedly different (see Figure 1.3).

Under these conditions. the dominant creep characteristics are a special {eature of
frozen soil. When uplift forces are large enough, significant movement of pipeline and
failure of soils may occur. Bending and uplift forces on a pipeline also develop large
strains and stresses in the pipe and can influence the performance of pipelines during
their service life. An understanding of the frost heave processes and their accurate

modelling are therefore important to the design of a buried pipeline.
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Figure 1.3: Uplift force on pipeline induced by discontinuous frost heave
1.3 Methodologies for Analysis and Design

A successful design can be enhanced by the development of satisfactory procedures
for the moadelling and analysis of soil-pipeline interaction. A modelling of interaction
in a buried pipeline should include the following three aspects: (1) the mechanical be-
haviour of the soil (ii) the structural response of the pipeline. and (iii) the soil-pipeline
interface which achieves the interaction between the pipeline and soil. In general, soils
are non-homogencous and can exhibit complicated non-linear, anisotropic and time-
dependent constitutive properties. Pipelines exhibit resistance to axial, flexural and
torsional stiffness as well as in plane flexural and membrane stiffness of the shell. The
interface between the pipe wall and the soil can also exhibit complicated constitutive
characteristics (Selvadurai and Boulon, 1995)

Analytical and computational techniques of varying complexity can be developed
for the analysis of a soil-pipeline interaction problem. The rigorous modelling of the
interaction problem involving 3-D responses of the pipeline and the soil mass is a

complex exercise in computation modelling. Such solutions are computing intensive,
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particularly in situations where non-lincar and time-dependent effects are involved.
An alternative approach to the three dimensional modelling utilizes simplitied repre-

sentations of the soil-pipeline interaction problem.

1.3.1 Winkler type models and other simplified models

The one dimensional Winkler model (Winkler, 1867: Hetenyi, 1946; Selvadurai, 1979)
is the most basic and simplified model and has been extensively studied. Tn the linear
elastic Winkler model. the soils surrounding the buried pipeline are treated as a series
of unconnected linear elastic spring clements and the deflection & at any point. ix thus
directly proportional to the load (or stress) at that point and independent of loads
(or stresses) applied at other points. The proportionality constant & is referred to
the modulus of subgrade reaction. Reviews of the analysis of finite or infinite beam
resting on linearly elastic deformable media are given in the treatises by Hetenyi
{(1946) and Selvadurai (1979).

Selvadurai (1985a) examined the soil-pipeline interaction induced by differential
ground movement in the vertical direction. Soil was represented by lincar elastic
Winkler model and pipeline was modelled by Bernoulli-Euler beam. The flexural
moments in the pipeline were obtained by the solution of the differential equation
governing the Winkler type model. The paper also presented approximate expressions
for estimating the elastic stiffness & under different depths of embedment. Also, the
induced maximum flexural moments of pipeline embedded in stiff clay and in soft
clay under ground displacement indicated that the latter casc had smaller flexural

moments.

Elastic idealization of soil cannot predict the complete deformation of soil since
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naturally oceurring soil media exhibit non-lincar and time-dependent effects. How-
ever, it can be considered as a first approximation for the solution of a soil-pipeline
interaction problem. Also the clastic modelling can be used for verification of numer-
ical techniques which can be better adapted for the solution of complex practical sit-
uations. To represent the non-linearity of soils. following high order Winkler models.
such as elastic-plastic. hyperbolic, bilincar Winkler models have also been developed
(sce e.g. Selvadurai et al.. 1983).

Sclvadurai et al. (1983) summarized the relationships that have been developed to
describe the lateral load displacement behaviour of buried pipe. These relationships
were of the hyperbolic (Audibert and Nyman. 1977). elastic-perfectly plastic type
(Peng, 1978). which were based on experimental results and empirical estimations.
Linear clastic parameters and shear strength parameters were utilized to characterize
the above models.

Soldatos and Selvadurai (1985b) examined the problem of a lincarly elastic beam
resting on a nonlincar Winkler-type medium. The nonlinear elasticity of a soil
medium was described by a hyperbolic function. A perturbation-Galerkin technique
was used to reduce the initially nonlinear equation to a system of linearized equations.
Analytical solutions were presented for the problem involving flexure of a beam of
finite length which was subjected to a concentrated line load and the flexure of a
finite beam having frec edges subjected to an initial displacement at its middle point.

The advantage of the Winkler-type models is that the governing equations can
be easily solved by finite difference methods, finite element methods and boundary
element methods. The primary disadvantage of this model is specification of the
subgrade modulus parameter k. A single parameter k cannot accurately represent
the complex constitutive behaviour of soil. Furthermore it is not easy to obtain a

value for k by experiment and the value of k varies with the change of supporting
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conditions and the relative stiffuess of the soil-pipeline svstem (Selvadurai, 1985a).
Also the assumption that deflections occur only under the loading point is not reafistic
because of the strength of soil which allows foad transmissibility within it (Selvadurai,
1979).

Instead of using the single parameter k for the Winkler model, two-parameter
elastic models which possess some [eatures of continuity were proposed by Milonenko-
Borodich (1910). Hetenyi (1946). Pasternak (1954). Reissner (1958). Kerr (196:1)
and Vlazov and Leontiev (1966). A complete discussion of these models is given by
Selvadurai (1979).

The interaction between pipcline and soil was examined by Selvadurai et al. (1990)
and Selvadurai (1991) using the Pasternak two-parameter soil model which assumed
the existence of shear interaction between the spring clements to represent the load
transmissibility or continuity of soils. The pipeline of infinite length was assumed to
rest on the surface of a soil overlain by a soft backfill which acted only as a flexible
surcharge load. The interactions were induced by prescribing displacements which
vary in a random [ashion (Selvadurai et al.. 1990) and random ground movements
(Selvadurai, 1991). The Galerkin finite element scheme was used to solve the basic
differential equations. A comparison was made between the Winkler model and the
two-parameter Pasternak model to examine the influence of shear continuity and
relative stiffness of the soil-pipeline system on the distribution of flexural moments.
The results of these studies indicated that as the relative stiffness of the soil-pipeline
system increased, the flexural moments by the two models were close. As the relative

stiffness of the soil-pipeline system decreased, the flexural moments derived from the

two models were largely different.
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1.3.2 Numerical analysis using continuum models

Finite clement methods have been used quite extensively for the analvsis of soil-
structure interaction problems. In numerical analysis. the soil masses are treated as
continuous media and their mechanical behaviour can be represented by a variety
of constitutive models corresponding to their properties. such as the elastic model,
the plastic model, the visco-plastic model. etc. Similar considerations apply to the
modelling of the structural response of the pipeline. In clementary treatments, the
pipeline is modelled as a flexible beam that possesses flexural, axial. shear and tor-
sional stiffness. In more advanced treatments. the shell action of the pipeline and
non-linear stress-strain-time behaviour of the shell material are taken into consider-
ation (Selvadurai and Pang. 1988).

A coupled boundary element and fuite element scheme was used to simulate
numerically the soil-pipeline interaction in a ground subsidence zone (Selvadurai.
1985b), and induced by surface load, ground movement or frost heave (Selvadurai.
1988). Here the surrounding soil was treated as an elastic medium and was repre-
sented by boundary elements. The pipeline was modelled as a series of finite elements
which experiences only flexural behaviour consistent with the conventional Bernoulli-
Euler beam theory. The effect of interface between soil and pipeline was assumed to
be perfectly continuous. These results illustrated that the relative rigidity of the soil-
pipeline system and location of the pipeline can influence the deflections and flexural
moments.

Selvadurai and Pang (1988) carried out a 3-D non-linear finite element analysis
of interaction which was induced by discontinuous ground displacement. Soil was
modelled as an ideal elastic-plastic continuum which obeyed the Drucker-Prager yield

criterion which in turn obeyed an associative flow rule. Soil was modelled by solid
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brick elements and the pipeline was modelled by exlindrical shell clements, Complete
continuous coupling between the shell elements and brick elements was considered.
Distribution of bending moment along the pipeline and hoop stresses of the pipe
induced by ground subsidence were given, The results indicated the relative stifiness
of the soil-pipeline svstem and the yielding of the surrounding soils intluence the
magnitude of induced flexural stresses in pipelines,

In the modelling of soil-pipeline interaction induced by {rost heave, adeqguate con-
siderations should be given to the various time-dependent thermo-mechanical phe-
nomena. The frost heave gencration around a chilled gas pipeline and the resulting
interaction between the pipeline and the {rozen soil have been investigated by Nixon
et al. (1933), Konrad and Morgenstern (1984). Ladanyi and Lemaire (1934), Dal-
limore and Williams (1984), Nixon (1987). Shen and Ladanyt (1991) and Selvadurai
and Shinde (1993).

Nixon, Morgenstern and Reesor {1983) implemented a 2-D finite element analysis
to examine the problem of a pipeline which crosses the transition zone fron: unfrozen
to frozen ground. Soil was described by both a linear elastic model and a noa-linear
viscous power law model. Frost heave was predicted by the segregation potential
model proposed by Konrad and Morgenstern (1952) and the effect of frost heave on
the pipeline was simulated by non-linear applied pressure. The analysis ignored the
influence of the stiffness of the pipeline and in the computation it was treated as a
passive structural member. Soil strain at the pipe elevation was used to represent the
strain in the pipeline. The results which used the power law creep model indicated
that the maximum curvature at the pipe elevation was strongly dependent on the
thickness of permafrost.

Konrad and Morgenstern (1984) calculated the amount of frost heave under a

chilled gas pipeline using the segregation potential model. Radial heat flow and
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cireular svmmetry along the centreline were assumed. The effect of pipe temperature,
pipe insulation and ground temperature on frost heave were also discussed.

A model for the coupled analysis of heat. moisture and the stress field was pro-
posed by Shen and Ladanyt (1991) to examine a soil-pipeline interaction problem.
The prediction of frost heave was based on the hydrodynamic model. The stress-
strain relationships were expressed by the incremental forms. and included a creep
strain increment and a volume expansion strain increment. A two-dimensional cou-
pled analysis of the heat transfer and moisture transfer equations were solved by a
finite difference method. The mechanical equations were solved by the hinite element
method. At two extreme pipe-confinenient conditions, i.e. one in which the pipeline
was cither rigidly fixed or {ree floating. @ stress field. temperature field and moisture
ficld at a given time were presented. It was considered that the true conditions would
be located between these two limiting cases. The results of the analysis showed that
the temperature field agreed well with the experimental value and stress fields around
pipeline were close to the measurements.

The most comprehensive computational continuum modelling to date on the prob-
lem of frost heave induced soil-pipeline interaction was presented by Selvadurai and
Shinde (1993). In their analysis, frost heave was simulated using a simple evolving
two-dimensional rectangular frost bulb obtained via an empirical geothermal simula-
tor (Nixon. 1987). The pipeline was modelled as a flexible beam with a circular cross
section. The mechanical behaviour of the frozen soil was represented by a primary
creep model and the unfrozen soil was modelled as an elastic medium. The influences
of the he~ e process and creep behaviour in the primary stage of the frozen soils on the
displacement and stress in the buried pipeline were presented. A fundamental obser-
vatiou was iitat the influences of creep deformation on flexural stresses in the pipeline

were at variance with the conventional interpretations. where creep processes have the
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general effect of relieving the stresses in embedded structural elements. The results
of Selvadurai aud Shinde (1993) pointed out that creep deformations of the frozen
soils increased the relative displacements in the pipeline and in turn contributed to

the development of increased fAexural moments in the embedded pipeline,
p ]

1.3.3 Experimental modelling

A limited number of experiments which are related to the scope of this research deal-
ing with sotl-pipeline interaction have been reported in the literature. Experimental
research related to pipelines embedded in unfrozen media are given by Selvadurai and
Lee (1931, 1982). Pickell (1973) and Jeyapalan (1935). In this section, some results
of interest to the soil-pipeline interaction problem will be presented.

Dallimore (1935) summarized the result of the Canada-France co-operative pipeline
freezing test which was carried out at Station de Gel at the Centre de Geomorphologie
at Caen, France. In a controlled environment hall, a steel pipeline measuring 18 m in
length and 273 mm in diameter and containing an independent refrigeration system
was buried at a transition boundary between a non-frost susceptible sandy soil and
a highly frost susceptible silt. The experiment was a multi-disciplinary investigation
which examined the evolution of frost heave. the deformation of pipeline and the
induced stresses in the pipeline and the surrounding soils.

Slusarchuk et al. (1978) presented the results of a field test which studied the
behaviour of a chilled, large-diameter gas pipeline buried in unfrozen frost susceptible
ground. Four separate sections of pipe measuring 1.22 m in diameter and 12.2 m in
length were buried under different conditions. These conditions were represented
by the control, deep burial, restrained and gravel sections. The temperature in all

sections was maintained at about —10°C by circulating chilled air through the pipes.
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Frost penetration. frost heave and pore water pressure were monitored in the test.
The results showed that small changes in the clay fraction appear to cause significant
differences in the heave behaviour. The results also indicated that the increased
overburden pressure had an effect on the rate of frost heave.

Trautmann ct al. (1983) conducted a series of tests which examined the uplift
force-displacement response of a pipe buried in granular soil defining under plane
strain conditions. Force-displacement curves presented in these tests particularly
emphasized the influence of the burial depth and soil density. The results showed
that the finite clement method which uses either hyperbolic or bilinear relationships
can closely predict pipe uplift force in medium and dense sands. This study also
indicated that maximum soil forces develop at displacements ranging from 0.005H
to 0.015H . where H is the depth of embedment to the centre of the pipe section.

Selvadurai (1993} summarized the results of a series of experiments which exam-
incd the enhancement of uplift capacity of buried pipeline embedded in compacted.
moist. fine-grained and coarse-grained granular soils. by the arching action of strata-
grid reinforcement. The strata-grid was placed immediately above the buried pipeline
in an inclined configuration. It was observed the uplift capacity can be substantially
increased by the use of this configuration of the reinforcement. It indicated that the
increased uplift capacity can be maintained with increasing uplift displacements of
the pipe section. This is in contrast to the result for unreinforced soil where the uplift

capacity continues to deteriorate with progressive uplift displacements.
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1.4 Scope of the Research

The general objective of this thesis rescarch was to investigate the interaction between
a buried chilled gas pipeline and surrounding soils using numerical methods which
utilize the continuum approach for modelling of soil media. The interaction was
induced by differential frost heave. The specific objectives of the rescarch were as
follows:

1. Based on the extensive review of available frost heave models in the litera-
ture. select a continuum frost heave model which can be utilized to stmulate three-
dimensional cffects of {rost heave generation.

2. Develop a constitutive model for frozen soil which accommodates frost heave
induced deformations. clastic deformations and creep phenomena.  Attention was
focused on the development of a complete constitutive model which can describe the
entire range of creep behaviour of frozen soils.

3. Implement the frost heave generation models and the constitutive models in
a finite element code which can examine the frost heave induced interaction at the
transition zone involving a frost susceptible soil. The pipeline was to be modelled
either as a Bernoulli-Euler beam or a shell element which accommodates flexural and
shear stiffness effects.

4. Identify through a review of the literature the plausible range of parameters
governing the frost heave and constitutive responses of specific frost susceptible and
frozen soils. Calibrate the model by available data from either laboratory studies or
large scale experiments.

5. Conduct a numerical modelling of results of the Canada-France co-operative
pipeline project, obtained at different stages of the test, by examining the tempera-

ture profiles, soil heave, pipeline deformations, bending moments and stresses in the
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pipeline. The pipeline is located in a discontinuous frost heave region at the boundary

between a frozen sand and a frost susceptible soil.

1.5 Summaries of Chapters

Chapter 2 deals with the three-dimensional frost heave modelling which is based on a
modificd hydrodynamic {rost heave model. The basic processes in the model involves
both heat transfer and moisture flow due to cryogenic cffects. Then the model is
implemented in a finite clement code and such a code is used to examine frost heave
gencration under three-dimensional conditions. The results of the computational
modelling of one-dimensional problems are compared with results of time-dependent
frost heave generation in frost susceptible soils tested under one-dimensional condi-
tions.

Chapter 3 focusses on the modelling of mechanical behaviour of frozen soils sus-
ceptible to creep. The chapter reviews the varying creep models available in the
literature. The chapter also presents the development of a complete creep model.
The proposed complete creep model takes into consideration all three creep processes
associated with frozen soils. Computations are also conducted to calibrate the pre-
dictions of the creep model with observed experimental data.

Chapter 4 develops the numerical modelling of the pipeline. The formulations
of a Bernoulli-Euler beam element and a shell element which accommodates flexural
and shear stiffness effects are documented. The chapter also contains a verification
of shell element modelling by comparison with a known analytical solution.

Chapter 5 deals with the computational analysis of the general creep responses of
a variety of geotechnical structures. The structures used in the simulations include a

cylindrical footing embedded in a frozen soil and a circular flexible footing placed on
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the surface of frozen soil. The loadings can take the forms of either time-independent
axial and lateral loads. a multi-step load or a quasi-eyclic load.  Other problems
examined include a pipe section subjected to uplift loads and an embedded looting
which has an interface effect.

Chapter 6 focusses on the computational modelling of the Canada-France co-
operative pipeline freezing test. This freezing experiment consists of two major freez-
ing stages. The numerical modelling of the first freezing stage is to examine a buried
chilled pipeline intersecting the boundary between the two inttially unfrozen soils with
significantly different frost susceptibility criteria. The modelling of second {reezing
stage investigates the problem of a buried chilled pipeline intersecting a transition
zone between prefrozen and unfrozen. frost-susceptible soils. Numerical modelling for
frost heave when cooling is provided only from an embedded pipeline is also presented.

Chapter 7 presents the conclusions drawn from the thesis research programme

and recommendations for future research.
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Three-dimensional Modelling of
Frost Heave

2.1 General

Frost heave is volumetric expansion by freezing in situ porewater and mainly migra-
tion water during the soil freezing process. The conditions which are required {or frost
heaving to occur include (i) freezing temperature: (ii) availability of water and (iii)
frost-susceptible soil. Penner and Ueda (1977) showed that the overburden pressure
also influences the magnitude of frost heave. Non-uniform distribution of any above
conditions as well as restriction of frost heaving can induce considerable magnitude
of force acting on structures.

The freezing of fine-grained soils often results in the generation of segregated ice,
known as ice-lenses. Experimental observations indicate that the ice lenses grow at
the isotherm of segregation temperature T, which is normal to the direction of water
flow (Hoekstra, 1969). The zone from the T, isotherm, which is termed the freezing
front, to the frost front (0° C isotherm) is referred to as freezing fringe (Miller, 1970).
Further experimental evidence of the existence of a freezing fringe were obtained by

Loch and Kay (1978).

18



Chapter 2. Three-dimensional Modelling of Frost Heave 1o

2.2 Review of Frost Heave Models

Numerous frost heave models have been documented in the literature in geotechnical

engineering and soil science. These models will be brietly discussed in this section.
Capillary model

The primary driving force which induces water movenent to the warmest ice lenses
is classified as capillary suction. In this model, the concept of ice intrusion is used and
the advance of the {reezing front can be determined by the comparison of radius of
pore size r, in the soil and the radius of interfacial curvature ryy which is dependent
on temperature. If r, > rj,. ice can penetrate into the rigid soil. otherwise the
freezing front ceases to advance. Therealter. water can migrate toward the freezing
front due to suction until the ice starts to penetrate. As mentioned above, ice lenses
usually form at some distance behind the freezing front for clay and silt. which is not

identical with what is predicted by this model (Miller, 19738: Gilpin, 1979).
Hydrodynamic model

The coupling heat and moisture transport in a {rozen soil was frst proposed by
Harlan (1973) in a hydrodynamic model. Frost heave generation and influence of
overburden pressure were taken into consideration by Guymon and Luthin (1971).
Taylor and Luthin (1978), Hopke (1930), Sheppard, Kay and Loch (1978), Jame and
Norum (1980). Outcalt(1980), Berg et al. (1930) and Shen and Ladanyi (1987). The
driving force of flow takes different forms including the concept of diffusivity and the

water potential which is determined by the Clausius - Clapeyron equation.

Segregation potential model

Konrad and Morgenstern (1930, 1981, 1982) introduced a concept of Segregation
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Potential. In their series of papers. segregation potential is regarded as an engineer-
ing parameter which can be used to couple the transfer of mass flow to heat flow,
Based on the assumptions that (1) the Clausius-Clapeyron equation is vaiid at the
base of the ice lens: (2) water llow is coutinuous across the frozen [ringe. and water
accumulates at the base of the warmest ice-lens: (3) the fringe is characterized by an
overal]l permeability and (1) the temperature varies linearly in the fringe. when a soil
sample freezes under different cold-side step temperatures but the same warm side
temperature, the water intake flux is proportional to the temperature gradient in the

fringe. The expression is given in the form

V=25SP AT (2.1)

where

V is water intake velocity vector;

SP is the segregation potential parameter:

AT is temperature gradicnt in the {reezing [ringe.

Using the segregation potential approach, Nixon (1987) and Selvadurai and Shinde
(1993) approximated the evolving frost bulb by a rectangular cross section which is
defined by a time-dependent width B(t) and a time dependent depth X (¢) below the

base of the pipeline (see Figure 2.1) in the empirical forms

X(t) = Xot™

B(t) = Byt"® (2.2)

where Xg. Bp.nx and ng are constants which depend on the thermal and frost sus-

ceptibility characteristics of the soil.
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Figure 2.1: Evolving frost bulb by a rectangular region (after Selvadurai and Shinde.
1993)

Rigid ice model

Miller (1978, 1930) assumed that the pore ice and segregated ice in the freezing
fringe are inter-connected and form an intricate and continuous rigid body of ice.
Ice moves around the soil grains in a freezing fringe under temperature and pressure
gradients. which refers to regelation. Ice lenses form by filling the gap which is caused
by the relative movement of soil particles under ice pressure.

The above models primarily focus on one-dimensional treatments of frost heave
generation. However. one-dimensional uniform deformations of frost heave are of lim-
ited interest to practical problems associated with frozen ground engineering. Frost
heave mostly occurs in a non-uniform, discontinuous three-dimensional fashion. Re-
cently, two- and three-dimensional frost heave models have been presented by Shen
and Ladanyi (1991) and Fremond and Mikkola (1991).

A comprehensive continuum model of frost heave mechanics should take into
consideration a variety of complex hydro-thermo-mechanical processes. These could

include: (1) heat transfer and moisture migration within both unfrozen and frozen
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regions: (2) ice lens formation due to segregation phase change and moving freez-
ing front; (3) stress state and mechanical behaviour of frozen soill especially creep
phenomena. An accurate frost heave model should simultancously take into consid-
cration the above processes and the model should also: (1) be defined in terms of
parameters which can be determined either from laboratory tests or ficld studies.
and (2) be amenable to implementation in a computational code. At present a model
which can meet all above requirements in three-dimensional form does not exist in
the literature and coupling of all of the above processes in a mathematical model is

a difficult task (Sclvadurai and Shinde, 1993).

2.3 Modified Hydrodynamic Frost Heave Model

Shen and Ladanyi (1987, 1991) suggested a modificd hydrodynamic model which cou-
ples the process of licat conduction. moisture migration and mechanical effects. The
model can be extended to include generalized three-dimensional effects. The frost
heave modelling in this thesis utilizes the methodology proposed by Shen and Ladanyi
(1987, 1991) and calibrates a modified hydrodynamic model for frost action in soils
with available experimental data.

It is assumed that the main mode of heat transfer in the frozen soil is by conduction
and that the medium is thermally and hydraulically isotropic. In the ensuing sections,
the governing equations are summarized. The equation governing heat conduction is
given by (Shen and Ladanyi, 1957)

arTr o8

_— 2 . —(‘) 9
C T AV-T + Lpg) T (2.3)

where
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T:LTL"'L (2
e y* (=<

is Laplace™ vperator referred to the three dimensional rectangular Cartesian coordi:
nates (o2 ) Also,

T is the temperature at a point within the continuwm (units V¢

0,y is the volume [raction of the fee (units /) which is related to the gravi
metric ice content by 0 = pgwe/p..

The thermal and physical parameters of soil are as follows:

A - thermal conductivity of soil {Wan=t("C"=")];

L- latent heat of fusion [J/kg]:

(- heat capacity of soil [Jr=Y"C~H)):

Pl Prey- density of ice and water [kg/m?):

pa - dry density of soil [kg/nrh:

w - water content by weight (kg/kg).

lu a fine-grained soil. not all the water within the soil pores freezes at 0°C, In
some clays up to 50 % of the moisture may exist in a liquid state even at =20C
(Konrad. 1984). This unfrozen water is mobile and can migrate under the action of a
suction gradient. Again. assuming isotropy in relation to the moisture {low processes.

the equation governing moisture flow can be obtained as

d i) k
._[o(u: + —0 i =
7 ) Py ( )] P Y

2 9=
V2P (2.5)
where

P, is the cryogenic suction pressure in the unfrozen water (Pa);

0.y is the volume fraction of water;

g is gravitational acceleration [m/sec?].
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Py 15 density of water {hg/m]:

ks permeability of soil [m/sec].

the ice pressure (14;). The water pressure and the ice pressure are related by the
Clausius - Clapeyron equation. By assuming that (i) the ice pressure reduces to zero
at the frost front (0°C isotherm). {ii) is cqual to the local mean stress at or below the
segregation temperature (7, isotherm). and (iii) has a linear variation between the
0UC and T, isotherm (Shen and Ladanyi. 1987). the water pressure can be obtained

from the relationship:

!_)(L} - ﬂ = Lln(ﬁ
flw) £ Ty

where T} is the absolute temperature in the soil. Assuming that 8,y = f(T). and

) (2.6)

using Equations (2.3). (2.3) and (2.6). we obtain the equation governing coupled heat

and moisture flow as

?%—T = szT + LP(tl:] kvzph')

(2.7)
where
%,
C=C+L ""95(17) (2.3)
k 2 L‘.".
X = o (2.9)
T:

If the effect of ice pressure on the heat conduction can be neglected, Equation

(2.7) can be reduced to the form

— =2AVT 2.10)
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Equations (2.5), (2.6) and (2.10) serve as the governing equations for coupled heat
conduction and moisture flow. In these equations, the relationship between the liguid
water content in frozen soil and the temperature 8, = (1) ninst be determined
expertimentally.

The boundary conditions governing the field equations are related to 708, and
0.y Considering a region € with boundary S, the essential boundary conditions for

the temperature ficld can be written as

T=T" on(r.y.2)e S (2.11)

where & is a subset of S, For a boundary S through which there is heat loss

[h1s ol

.\a— +arl +bpr =0 on (r.y.2) €S, 2.0
n

where ar and b are constants chosen to fit a particular boundary and n is the unit

normal to Sa.

Similarly on a boundary with prescribed £,,) we have

Py = Ppy on (2.9.3) € 85 (2.13)

The boundary condition governing restricted water flow across a boundary can

be written as

aP(w)

k I + Cu) Pluw) + diw) =0 on (r.y.z} € Sy (2.11)

where ¢(,,) and dy,, are constants chosen to fit the particular boundary. The formula-
tion of the problem will be complete when suitable, initial conditions are prescribed

for T and .P(w],. ie.
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O,

T = Pluy = T){(,--') on {ooy.2) € Q

—_—
1~
4
—
o

—

It must be remarked that in the Clausius-Clapeyron Equation (2.6). both the pore
water pressure and ice pressure are treated as scalar variables. While the pore water
pressure can be treated as a scalar variable, the pressures in the ice will not be a scalar
quantity. Due to the rigidity of the ice, the stresses in the ice will have a tensorial
structure, This aspeet is a limitation in the modelling but a useful and universally
accepted result. The Clausins-Clapeyron equation can be generalized to include three
dimensional effects (see e.g. Fremound and Mikkola. 1991). The adaptation of these
results is however beyoud the scope of this thesis.

The heat capacity and thermal conductivity in Equation (2.3) can be defined as

follows (see e.ge Kay et al.. (1977))

C =G0, + Co0. + Cil; (2.16)

where C,. C,, and C; are the heat capacities of the soil grains, water and ice and 4,.0,,
and 6; are the respective volume fractions. Also following Kay et al. (1977). we note

that

A= %Al (2.17)

where A, Ay and A; are. respectively, the thermal conductivities of the solid particles.
water and ice.

The freezing of pore water induces a volumetric strain. By virtue of ice lens
formation, the volumetric expansion is generally anisotropic. In the current study,
however, the frost heave is assumed to be isotropic and associated incremental strains

are given by
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-

de! = g, (2.1

b))

where det™ is the volumetric expansion strain due to {rost heave for a time interval

di. i.e.

de!") = 0.09d0;; + d0, (2.1

where dl;) and df;, are respectively the incremental changes in the pore ice content

and pore water at time di,

2.4 Finite Element Modelling

2.4.1 General

lo the finite element scheme. the domain of the soil region which includes frozen
and unfrozen soils is modelled by 8-noded three dimensional solid isoparametric ele-
ments. The continuous displacement vector {#} within the material domain can be

represented by the discretized nodal displacement vector {u;}.

{e} = [INHu:} (2.20)

where [N] is the shape function matrix for the element. The strain vector can be

written in the matrix form as

{e} =[V{u} (2.21)

where [V] is a differential operator matrix relating displacements to strains. it follows

that
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[} = IVIIN}{u} = [B]{x.} (2.22)

where [B] is & matrix of strain-displacement relationship. A typical sub-matrix B,

IS given as

- ON -
@ 00
0 %% 0
oy
0 0 =X
= : 9
Bl=| g s (223)
dy wr
0 X oM
Jd= Jdy
- Oz dr
The incremental form of the stress-strain relationship can be expressed as
{dg} = [D|{d¢c} (2:24)

where the stress increment vector {dg'} and the strain increment vector {d¢} are

defined. respectively. as

{do}T ={do.s doy,, do.. do., do,. do..} (2.25)

{d_s}r = {derr dey, de.. dey, deys  deg.} (2.26)

For an isotropic linear-elastic material, [D] can be expressed in the form
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Lo 0 0 0]
L = 0 0 0
Eil=» ! 0 0 0
[D] = —— ( )., (2.27)
(1 + )i =2v) L g g
sym. 31;_'"— {
1=
- 1-
where E is Young's modulus and » is Poisson’s ratio.
The clement stiffness matrix can be written as
K] = fn [B]™"[D][B]d® (2.28)

2.4.2 Finite element representation of heat transfer

In the finite element treatment of heat transfer. the Galerkin techuique can be used
to obtain the integral or weak form of the governing diflerential equation (2.10). By

introducing an arbitrary weighting function 6T for the temperature field, in general,

we have

f {(AVST(VT) - ca:r—}dn + j §T{arT + br}dS =0 2.29)

where ar and by are constants which are chosen to fit the boundary S

Introducing the shape function [N]. it can be shown that (see Equation (2.10))
j [N]AV*T)dQ = f [N]E"gzdﬂ (2.30)
Considering the natural boundary condition

aTr
— = 2.
I 0 (2.31)
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and using the resalt

{T} = [N{Ti} (2.32)

Equation (2.30) can be rewritten as

9{T}

KT} - (K =2t = (F) (2.33)
where
HQ=mePmM) (2:34)
md=Lamrmw1 (2.35)
[B] = V[N] (2.36)

[B]T" denotes the transpose of [B] and {F} is a column matrix which is determined
by the internal heat source and boundary conditions.

The time integration in Equation (2.33) is performed by employing a Crank-
Nicholson method {Crank and Nicholson. 1947; Eranti. 1985). For the j** and (j+1)t

time increment

K]+ SKTY* = SR - KITY +2(F) (237

The temperature field at any time ¢t can be computed by summation of all tem-
peratures computed by Equation (2.37) for each time step. It should be noted that
the Crank-Nicholson method is stable for all values of time intervals. When the tem-

peratures at some points are below the freezing temperature. the cryogenic suction or
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pore water pressure, Pl at these locations can be caleulated by using the Clausius
Clapeyron equation (2.6). The moisture movement can be defined by the coupling

between the volumetric moisture content f,y and pore water pressure £7,.

2.4.3 Finite difference representation of water movement

The governing equation (2.5) can be solved by using an explicit linite difference

scheme. We have

j Plrw)
Okt = () + 5= [“ X P(u [
—(a;\-l—l- + ('1'\1+L)(P(‘L))lnm + bl’\';:} (Plll')){-:llmn]
!;’((w) [a""\f:-f. (P(“ )lm—hl (a“" \::-—l_ (2‘38)

+b'“ '\:T-:L)(I){“')){':'ll + b'" '\:::l (P(" {':ll"] + ,;:(")) [(l“ \.H-l (P(h )]lmn-

—(an:\-{+ L + !'rxf\,,+L)(P('(-) )';,-:,l, + br;f\f.-:.lL(P(u lmn.H]
f:)(u}[ G{w)!nm) (o(mjlmn )J]

with

a = = (2.39)
"7 An(Az + Arin) -
At
b = 2.4
"7 Az (Az + Axigy) (2.40)

I.m and n are the spatial nodes along z,y and = directions respectively.

2.4.4 Equivalent nodal force

The ultimate objective of the coupled heat-moisture flow algorithm is to utilize the

procedures to compute the time-dependent evolution of frost heave strains within
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the medium. Using the incremental initial strain method, the equivalent nodal foree

increment vector d{R} due to volumetric expansion in soil can be written ax

d{R} = j BI" D) (dc™ 4 del! + a0 (2.11)
Q

where
h . - . . . .
de EJ-') is heave strain increment given in Equation (2.19):
et is creep strain increments

(¢h

de;, " is thermal strain increment.

The thermal strain increment can be expressed in the form

tl
dcgj‘) = a dT§; (2.12)
where
a is cocfficient of lincar expansion;

dT is the increment of temperature:

&;; is Wronecker delta function.

2.5 Numerical Simulation

A three-dimensional finite clement code was developed following the procedures in
the preceding sections. Using this code it is possible to model one-dimensional, two-
dimensional and three-dimensional problems by applyving the relevant initial condi-
tions and boundary conditions. The results of the following frost heave experiments

are used for the purpose of comparison with computational models.
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-
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2.5.1 The one-dimensional problem of frost heave

development

(1) Penner’s test

In the test carried out by Penner (1986), & evlindrical sample of saturated soil
measuring 10 e in diameter and 10 em o length was used (see Figare 22200 The
freezing was conducted in an open system by rinnping the temperature at the two
ends of the exlindrical sample at 0.02YC /day. The nitial temperature at the top of
the sample was 0.55 YC" and the temperature at the base of the sample was specitied at
—0.35 °C. The resulting time-dependent frost heave and the frost penetration were
recorded. The finite clement procedure was used to examine this one dimensionad
problem. Figure 2.3 shows the three-dimensional finite clement conliguration usedl to
model the one dimensional {rost heave problem. Although the configuration of the
finite clement discretization is three dimensional. the boundary conditions applicable
to heat flow. moisture transfer and deformations are organized in such a way that
the hydro-thermo-mechanical processes result in a one-dimensional problem referred
to a cuboidal region. The analysis is therefore applicable to the one-dimensional
experimental configuration discussed by Penner (1936).

The paper by Penner (1936) recorded the development of frost heave in an exper-
iment which lasted approximately 250 hours. Unfortunately, there was no record of
the hydro-thermo-mechanical parameters applicable to the particular soil. The ther-
mal conductivity and heat capacity parameters for soil grains. water and ice used in

the numerical computation are the same as those cited by Harlan and Nixon (1978):

C,=220x10° Cp =418 x10° Ci =193 x 10° (Jm=*°C™!) (2.43)
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Figure 2.2: Onc-dimensional frost heave generation in a cuboidal region
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Figure 2.3: Finite element discretization of the cuboidal element
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A= 1950 AL = 0602 N, = 2220 (WwmtreTh (2.1

The sell weight of the soit is taken as 19 AN/t F = 12,000 A2a: = 0.3,
The hydraalic conductivity of the frozen soil is modelled as a temperature depen-
dent property. An example of such a variation was given by Horiguehi and Miller
{1983).
3072 x 107 T o 3eC < T < T
b= mfsee (2.15)
50053 x 107 T < -03°C
Since the hivdraulie conductivite of the frost susceptible soil is an important pa-

rameter m the problem. its value is varied according to

3072V x 10=H BT gp/see =0 C< T < T
5.433N x 10713 m/see T £ -03°C
where N € {1.10).

Figure 2.4 shows the comparison of the results of the finite element technique
proposed in this study with the results obtained by Penner (1936). These results
have been matched by varving the value the hydraulic conductivity and the specilic
vitlue used in the computations corresponding to the case where the constant N
occurring in Equation (2.46) is set equal to 6. Figure 2.5 illustrates the influence
of & on the magnitude of frost heave. As is evident. the reduction in the hydraulic
conductivity results in a corresponding reduction in the magnitude of the frost heave.

A simulation was also performed by taking the coefficient of permeability of Caen
silt as the value given by Shen and Ladanyi (1991) (Caen silt was the silty soil used
in a large scale laboratory test involving a pipeline in a frost heave zone conducted

at the Centre de Geomorphologie at Caen. France): i.e.



Chapter 2. Three-dimnensional Modelling of Frost Heave a7

0.012 T Y T v
0.01 —dv—  Simulated by three-dimensional code -
== Experimental data by Penner 11956
—@— Simulated by Shen and Ladanyi (1987

- 00 -
E 0.008 -
14
3
-
=
T 0.006 - .
-
L
]
Q)
-
2
’Eﬂ 0.004 -
-
-ty

0.002 - ~

0 L L
0 50 100 150 200 200

Time (hourn)
Figure 2.4: Frost heave generation in a sauple of silty clay
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Figure 2.6 shows the time-dependent evolution of one-dimensional frost heave in
a cuboidal element measuring 10 em x 10 em x 10 cmi. The results obtained by
Shen and Ladanyi (1987) for the specific case when the permeability is defined by
Equation (2.47) and the experimental results obtained by Penner (1986) are also
shown for purposes of comparison. The results given in Figure 2.6 indicate that
the development of frost heave under one-dimensional conditions obtained by the
computational modelling can be matched reasonably well with observations of one-

dimensional experiments. In particular, the trends of the computational results agree
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Figure 2.5: Influence of hydraulic conductivity on the generation of frost heave

very closely with experimental results.
(2) Frost heave test at Carleton University

In the test conducted at the Geotechnical Science Laboratory. Carleton University.
a cylindrical soil sample was 110 mm long and 102 mm in diameter. The sample was
prepared by the consolidation of a 50 percent soil-water slurry in a test cell {(Dallimore,
1985). The one-dimensional freezing was conducted with constant end temperature.
The temperature at the top of the sample was 1.3 °C and the temperature at the
base of the sample was —35 °C.

We adopt the finite element configuration shown in Figure 2.3 and thermal con-

stants which were assigned to the simulation of Penner’s test. By modifying the
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Figure 2.6: Frost heave generation in a sample of silt clay

cocflicient of permeability to

26.25 x 10723 Q3 C < T < Ty
k= m/see

12,07 x 10~ T < =03

(2,18}

the results of the computational modelling can reasonably match the results of the

experiment (Figure 2.7).
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Figure 2.7: One-dimensional generation of frost heave in a sample of Caen silt

2.5.2 The two-dimensional problem of frost heave

development

The computational modelling procedure was used to examine the problem of two
dimensional development of frost heave in a cuboidal element of dimensions 10 cm
x 10 cm x 10 em. The two-dimensional nature of the frost heave development was
achieved by allowing the freezing action to develop along a line of elements located
at the edge of the cuboidal element (see Figure 2.8). The initial freezing temperature
was —0.35°C and the initial temperature at the top of the sample was 0.55°C. These
temperatures were ramped at 0.02°C /day in the freezing period. The thermal and
mechanical properties of the soil are identical to those used in the one-dimensional

modelling and permeability is defined by the value applicable to Caen silt in Equation
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\ @ Nodes subjected to {reezing

Figure 2.8: Nodes subjected to freezing at two-dimensional case

(2.47). Figures 2.9 and 2.10 illustrate the temperature contours within one plane
(x=0) of the cuboidal clement for lapsed times of ¢t = 100 hours and 233 lours
respectively. It is evident that the pattern of heat transfer is consistent with the
imposed thermal boundary conditions.

We now focus attention on the development of frost heave at the surface of the
element due to the internal cooling along a line of nodes located along the base of
the element. Figures 2.11 and 2.12 illustrate the development of frost heave at the
surface of the cuboidal element for lapsed times of 30 hours and 233 hours respectively.
Again. the frost heave profiles are consistent with the boundary conditions associated
with the cuboidal element. The surface heave above the line of nodes subjected to

freezing, by virtue of symmetry, has a zero slope.
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Figure 2.9: Temperature contour (°C) within a cuboidal Caen silt region at 100 hours
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2.5.3 The three-dimensional problem of frost heave

development

We now consider the three dimensional problem where the cuboidal element is sub-
jected to cooling at the base of the element at two nodes locations (see Figure 2.13).
The Figures 2.14 and 2.15 illustrate the development of frost heave at the surface of
the cuboidal element. Again it is evident that the trend indicated in the development
of frost heave is consistent with the cooling of isolated nodes located at the base of

the cuboidal element,

Frost heave

_____
-
XY
XY

........
-
-
S
.................
..........
-— - e
- . - -

® Nodes subjected to freezing

Figure 2.13: Nodes subjected to freezing at three-dimensional case
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Heave (*0.1) mrm

Figure 2.14: Surface heave of a cuboidal element subjected to base freezing at two
edge nodes at 50 hours: Maximum heave = 0.211 mm
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Figure 2.15: Surface heave of a cuboidal element subjected to base freezing at two
edge nodes at 233 hours: Maximum heave = 2.26 mm



Chapter 3

Mechanical Modelling of Frozen
Soils

3.1 General

Creep characteristics [cature dominantly in the mechanical behaviour of a frozen soil
owing 1o the presence of ice and unfrozen water within it. Creep hehaviour of a frozen
soil has three characteristic stages involving primary. secondary and tertiary creep.
The creep rate strongly depends upon the temperature and applied stress,

During the past four decades, the modelling of creep in frozen soils has received
considerable attention. The interests in such creep processes stem from the involve-
ment in engineering in the northern environments where geomaterials such as per-
mafrost can be predominant. Many models and empirical relationships have been
put forward to describe the creep behaviour of frozen soils. Earlier research in this
area focused largely on the description of mainly the creep behaviour in the primary
stage. Examples of such models include the power function relationships proposed
by Vyalov (1963), Assur (1963), Savles (1973) and the exponential function rep-
resentations given by Andersland and AlNouri (1970). In subsequent studies, creep
behaviour in the secondary stage was taken into consideration in modelling. A purely
secondary creep model which uses a power function was proposed by Hult (1966) and

Ladanyi (1972) to represent creep responses in which the stage of the secondary creep

49
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dominates the complete creep enrve and the creep strain rate was approximated by
a hnear funetion, Ting and Martin {(1979) emploved Andrade’s equation 1o repre-
sent the ereep in the secondary stage. Complete creep models were proposed by Fish
(1980, 1983). Ting (1983) and Gardner et al. (1984). These models all utilize a single
equation and they beloug to the family of ereep curves characterized by a rate process
theory, It is noted that these complete creep models can only represent primary and
tertiary creep stages and the secondary stage degenerates to an inflexion point of the
complete creep curve. Secondary creep behaviour. however, does exist and it is a
recognizable component in the constitutive behaviour of many frozen soils.
Comparisons of creep models mentioned above were made by Hampton et al.
(1983) and Sayles (1988). These studies found that a power function is able to predict
tite ereep behaviour of {rozen soil at primary stage. but it is not applicable to the latter
two stages. The engincering model proposed by Ladanyi {1972) is only applicable
to situations where the sccondary creep stage dominates the complete creep curve.
The models by Fish (1980) and Gardner et al. (1984) greatiy overestimate the creep
strain in the carly portion of the curve but give better agreement in other stages of the
creep response. ‘The model by Ting (1983) fits well the early part of the creep curve.
but under-predicts the strain for other ranges of creep. From these observations.
it would appear that the available models are only capable of describing, at most.
only one or two stages of the total creep behaviour. There is no single complete
model that can accurately predict all three stages of creep behaviour. It may even
be questioned whether it is reasonable to use a single equation to represent the three

distinct mechanisms inherent in a typical crecp curve.
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3.2 A Complete Creep Model for Frozen Soils

A complete creep model s proposed as a method for characterizing the complete
creep behaviour of a frozen soil which exhibits all three stages of creep behaviour.
It is well known that the initiation of tertiary creep implies the generation of creep
failure within the frozen soil. 1t is assumed that the occurrence of tertiary creep
in a frozen sotl does not imiply the complete collapse of the region. however, it cau
induce relatively large creep deformations. In the proposed model. instead of using
a single equation to describe a complete creep curve, three separate ereep equations
arc used to characterize. individually, primary, sccondary and tertiary stages of creep
behaviour. The model is made complete by preseribing criteria for transition from

one stage of creep behaviour to another.

3.2.1 Primary stage

The power law representations have been one of the most popular procedures for
characterizing creep cozstitutive phenomena and as such has been widely accepted
for the description of primary cteep. i.e. the primary creep behaviour is modelled by

the power law:

. 3
Cg’ = _':ACO}B-lfC-1S;J’ (3.1)

where ¢7 is the creep strain rate in the primary stage:

e = \/3si;8;; is equivalent stress :
i = 03 — Lowdi; is the stress deviator tensor;
$ij = Oij — 30105 1S the stress deviator tensor;

A, B and C can be temperature dependent material parameters.

3.2.2 Secondary stage

The secondary creep stage is also described by a power law of the form
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ca

(0= e Py {3.2)

| SN R

where 7 is the creep strain rate in the secondary stage:r Ay and Br can also be
temperature dependent material parameters.

Primary creep parameters oA, B.C and secondary creep parameters 1y and Bs.
can be evaluated from the creep curves of a uniaxial constant stress creep test by

a graphical method. The detail of these procedures are given by Andersland et al

(1978).

3.2.3 Tertiary stage

In this study. tertiary creep is modelled using a phenomenological theory of creep
damage mechanics. The theory of damage mechanics has been used to examine ihe
stress inauced progressive deterioration of engineering materials such as concrete. ice.
composites. ete. (Rachanov, 1936; Lemaitre and Chaboche. 1974: Boehler and Khan.
1991; Sclvadurai and Au. 1991: Selvadurai. 1994 ). In the phenomenological theory
of creep damage, the damage is identified as the tin-dependent stress induced accu-
mulation and growth of micro-voids within a material. The strain rate acceleration
in the tertiary stage and the process of creep rupture are explained by appeal to the
degradation of the material. Consider a material element in a body, with undamaged
original arca Ap. As damage evolves, the effective load carrying area diminishes with
the creation of voids. The area of voids induced k3 damage is defined by Ap (Figure

3.1). A damage variable (w) applicable to a uniaxial stress state can be:

Ap
W= E (3.3)

The damage process reduces the load-bearing area of material. Consequenily the
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net stress @ in a damaged material i1s defined as:

(3.1)

Undamaged element Damagred clement

Figure 3.1: Evolving damage in element

The parameter w is understood to be an evolving internal variable of the system.
For a given stress state at a given time, the evolution of damage will be a property
of the material.

Such damage evolution criteria can either be postulated or determined by recourse
to creep experiments which are carried out to include the tertiary stage. In the current
study we assume that the rate of evolution of damage can be determined by a power

law of type:

) (3.5)
where D and k& are temperature dependent constants.
Darmnage evolution is generally anisotropic {Lemaitre and Chaboche, 1974; Chow

and Wang, 1987). Here we adopt a simplified isotropic damage model. The creep
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strain vate in the tertiary stage ¢ derived from Eguation (3.2) is therefore defined

by

hT S
(I'_r =

Ay (= ytBemt Ty 3.6
T m Rty gt (3.6)

wlhere As, By are temperature dependent constants referred to the stconaary creep

I |

slage,

A new creep equation for the tertiary stage is derived from Equations (3.5) and

(3.06)
. 3 (B2=1) k =
&= s T = (h+ DD(e )] sy (3.7)

All four parameters Aa. Ba. D and & in Equation (3.7) can be determined from
creep curves obtained from uniaxial constant stress creep tests. The procedures of
determining D and & are as follows: (i) two sets of uniaxial creep tests are conducted
at different but constant stress levels (oy.62). {i1) the creep curves ¢, vs ¢t and €5 vs i
arc obtained. and (iii) Equation (3.7) is applied to cach creep test giving rise to the
following equations. The unknown parameters D and & can be obtained by solving

the non-linear equations.

& = Aq 2 B2
En = A P2 By -

(1= (k+1) Dok 5T
3.2.4 Trausition of creep stages

In addition to the creep laws governing each stage it is necessary to specify the specific
times at which transition occurs from one creep process to the other. In the proposed
unified creep model. the function of inflerion times T, and their corresponding equiv-

alent stresses o, are established either by power law T,,, = Eo.~F with a least squares
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technique (£ and F are material parameters) or numerical interpolation, depending
on available sets of experimental data. Numerical interpolation polynomial method
s a stmple and an effective means of approximation. In this modelling, Aitken and
Neville's algorithm (Kopal. 1935) is suggested to represent the funetion.

Let (00 Tmn) (Gens Tt ) (e o T b (G0 e Do) be support points, Here 75,
and o, represent respectively the jth set of experimental intlexion times and their
corresponding cquivalent stresses. The computing scheme for this algorithin ix given

bv

_ (O', - a'c.u) (o'r - "’r.u) -
I(J.l.'.!....n(ac) - (Uc.o _ O'r,n) Iu.l..!....n—l(o'c) + (0}_,, — ﬂr‘u)lt‘-_‘.m..(ﬂ,) {;))
where
. - T %} rg T Yen
IB.].'-‘.-...?I-I(GC) = u'(n+l)(al0:) z (U.J)(o‘ o T ) (.Ll(])

=0 {o. — U,.J)(O‘.. - cr,_,,)l-l',‘:_,_, (ar..y)

11'2"“"(0}) - I'V(n..}.l)(o'r) Z T‘m(o'e.j)(ar.j - O'r.l)) (3.11)

s (6e = Cejllor — T )W), 00

I'l-"(n.,_n(a',) = (G‘c - O‘._-,o)(a'c- - ae‘l)(a'r. - 0',._2}...(0'.. - Uem) (312}

where Ig ) .2...n(0.) denotes the interpolation polynomial which coincides in value with
ce; at § = 1,2,..n. The advantage of this algorithm rests on the fact that the nth
polynomial can be directly derived by the (n — 1)th polynomial and nth point. The

scheme is summarized in Table 3.1.
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Table 3.1
T 0 7‘rrA.U = !U
Cet Tm.l = 11 fu.l
Te2 Tm.z =1l fia Io,l.':
Ted Tm.a = I3 fon 11.2.3 10.1.2.3

Using the discrete experimental points of inflexion time 7, versus o, obtained
from uniaxial creep test data (Gardner et al.. 1984). the functions defined by Aitken
and Neville's interpolation and power law procedures are shown in Figure 3.2, For
any stress o.. its corresponding inflexion time 75, can be calculated by the interpo-
lation subroutine or power function. It indicates that the creep process has entered
the next stage when the actual time is greater than the inflexion time. Figure 3.2
illustrates that the interpolation technique may give better modelling when available
experimental data are limited { only 3 sets of data are used in the above example).
However a power law with least square technique is recommended when adequate
sets of inflexion times T, versus o, are presented.

By the simulation of creep stage transition, the complete creep model is able to
examine, depending on the stress levels, both individual and combinations of the
creep processes (e.g. the primary stage, the secondary stage, the primary and the

tertiary stages, secondary and tertiary stages and the combination of all three stages).
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Figure 3.2: Modelling of stage transitions

3.3 Example: Description of Complete Creep

Curve

A family of creep test data under three different stress levels is shown in Figure 3.3,
(Gardner et al., 1954). All parameters determined from experimental data are listed
in Table 3.2.

The experimental results and predictions by creep models are compared in Figure
3.3. Figure 3.3 also gives the sct of predictions at other stress levels. The numerical
results demonstrate that the complete mode! is able to provide satisfactory trends in

characterizing the creep behaviour of frozen soils.
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Table 3.2

Creep model

Parameters

Primary creep model

A = 0.00002115. B =105 C=0.29

Secondary creep model

Az = 0.00014611. B, =1.111

Tertiary creep model

D =0.00013712, & =0.7619

14 | : / P- 300 kPa —
’ N P- 500 kPa ~----
! ! ; P- 640 kPa s
/ P-700 kPa —-
12k ; ; P- 900 kPa -- -
. / P-1500 kPa -
/; ; P-2000 kPa
: E-640kPa o
1wk N K E-700kPa - -
- ! P R E-900kPa ©
% B - '.c '."‘ }.,//l R
2 -~ » P- Predicted by Unified creap modal
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_.a' e
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Figure 3.3: One-dimensional creep curves predicted by the complete creep model
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3.4 Finite Eiement Implementation

3.4.1 Creep analysis aigorithin

Details of the finite element modelling of media susceptible 1o ereep are given by
Zienkiewicz (1977) and in this section a brief account of the important elements
is outlined. A general incremental constitutive relationship can be developed by
assuming that the incremental strain rate is the sum ol the incremental strain rate

compounents assoctated with the respective stages. 1.,

{dé;j} = {dcf;} + {de} + {de3} + {de] {3.13)

where
{dé;;} - total incremental strain rate:
{dé5;} - incremental elastic strain rate;
{dé7} - incremental creep strain rate in the primary stage:
{d¢5}} -incremental creep strain rate in the sccondary stage;
{dé§i} -incremental creep strain rate in the tertiary stage.
A fully implicit algorithm is used for creep analysis (Zienkiewicz, 1577). 1 {¢];}h4

and {efj}“ are respectively creep strain vectors at time .4, and £, then we can write

: ey Agle . o ap Odei} _ A, A}
{Cl'i}““‘l_{cij}ﬂ_Atﬂ{fi.i}ﬂﬂ'—At a{ q}({au}n-i-u {‘TU}" = 3{ u} ad({ 'J}n

(3.14)
where
Aty = gy = b3
{oi;}n is stress vector at time {,;

{ci;} is current stress vector;
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a is a conditioning parameter.

The governing finite element equation for this algorithm is given by

0(i5)
2N

where { A, }uer is the vector of incremental nodal displacement: AF, are incremental

( f B ID]°(BJdV) {A6;;} s +AF, — ] [B]" D]’ At 22 a{ Aoy}, = 0 (3.15)

loads applied during the time interval At,,.

The matrix [D]° in Equation (3.13) can be derived as follows:

{8} = DI{3¢;h = {AG = {AdTh - {Ah) (3.16)

where {Aef;}y is the increment of stress vector during the interval Af, and [D] is

the elastic matrix: From Equations (3.14) and (3.16)

{06}

{Aes}n = D7 HAGE I + {A¢S} = (D] + At“{a )

a}{Acf}n (3.17)

1

A{efin = {Ac: 3.18
T TR o
Hence
1
D = (3.19)
(ID]™ + Aty zita)

If & >  the scheme is unconditionally stable (Zienkiewicz, 1977).

3.4.2 Procedure for post failure analysis

Consider the problem of a pipeline which is embedded in a frozen soil. Due to the

process of discontinuous heave the pipe section can be subjected to an uplift force.
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such forces can initiate tertiary ereep damage in hmited zones of the froven sotl, With
further loading there can oceur distinet zones of failure or localized damage which
nltimately will resalt in the development of eracking or separation. Conseguently,
the stress dependent tertiary creep damage can intiuence falure that can result from
inclastic or plastic phenomena. This section considers the problem of tailure develop:
nment as a consequence of creep phenemena, which ineludes all three stages. Inorder
tu achiceve this, constitutive equations which deseribe failure have to he introdueed.,

The inttiation of lailure of [rozen soil is preseribed by appeal to the Mohie-Coulomb
failure criterion with a tension cut olf condition (MLl 1950; Zienkiowicz, 1977 Desan
and Siriwardane, 1984). The Mohr-Coulomb failure criterion. F in the compressian

range takes the form:

. L .
F= -:-El—.wm‘: + \/I,(rus{} - \/:_{sm()smo) —(hroso = 1) (3.20)

where

l . W3 Jy by b
= —sin= =28y Icp< X 3.2
TR (=5 s0=g) (=)
L = o
Jg = 30’30‘30‘3 (3-22
1
Jy = 553‘7;{-0'2
D 1 4 o
ai_j = au - iakkélj ('i"!'s)

Cy is the cohesion and ¢ is the angle of internal friction.
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For the tensile failure eriterion, £ is given by

F={0)=Rp=0 (3.24)

where Ry is the tensile strength.
Incremental theory of plasticity is used to develop the constitutive relationships
which describe post [ailure processes. We assume that the total incremental strain

in the medium undergoing clasto-plastic failure takes the form

{dei;} = {d} + {det;} (3.25)
where clastic strain {d¢f;} = [D"]"l{dcr,fj} and [D7] is an clastic matrix. It must be
noted that the elasticity matrix [D€] should correspond to that which relates to elastic
behaviour at the particular level of damage [DS]. The limits of elastic behaviour are
such that [D]] — [D] when w — 0 and [Df] = 0 as w — 1. In this study. however.
we assume that, since «w € (0,0.2). the elasticity matrix in the damaged state [D¢]
is approximated by the initial elasticity matrix [Df]. The plastic strain increment

{dc;} can be obtained for a flow rule of the type

{de;} = dA-gf;: F=0: dF >0 (2.26)
i

where G is the plastic potential function and dX is the positive scalar factor of pro-
portionality.

The general elastic-plastic vonstitutive matrix [D?] can be written as

DS HEEY D]
T T

da,; 9oy,

[D?} = [D] - [D?} = [D*] - (3.27)

where A is the hardening parameter.
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The initial stress algorithm (Zienkiewiez, 1977) for not-lincar analysis, used as
the iteration procedure. will be summarized in the following: (1) Determine tf an
clement has failed by applying the [ailure eriteria at each tine iterval, (1) lor
an clement which has experienced failure, adjust the state of stress hased on the
corresponding post-failure constitutive relations and compute the initial stress {ou}.
The initial stress of cach element can be evaluated by the difference of stress before
and after adjustment. In this analysis. we use an associated ow rule (¢ = F and the
hardening parameter A is assumed to be 0 {perfectly plastic material) . (11) Compute
the equivalent force inducea by the initial stress gy and repeat the above scheme till

convergence ({go} — 0) is established.

3.4.3 Modelling of interface adireezing

Adfreezing describes the mechanism of strength generavion at a {rozen soil-structure
interface. In pipelines embedded in frozen soils or soils susceptible to freezing, ad-
freczing can generate strength at the interface. In the analysis of soil-pipeline interac-
tion some accounts should be made to incorporate adfreezing. If interface adfreezing
strength is sufficiently large, failure will initiate in the frozen soil. For the purposes
of a generalized trcatment, the effects of adfreezing will be modelled by considering
interface mechanics of a zero thickness interface clement {sce e.g. Goodman ct al.
1963; Desai et al. 1984; Soo et al. 1987; Selvadurai and Boulon, 1995).

In this interface element, stress has two components, a shear stress which is parallel
to the bond interiace and a normal stress which is normal to the bond interface. The

constitutive relation at the bond interface is given by

Ts K, 0 d,
Cn 0 KA, d,

(3.28)
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where shear stiffness A, is the slope of curve of shear stress-displacement: Normal
stilfness K, is the slope of curve of normal stress-displacement; d, is shear displace-
ment and d, is normal displacement te the bond interface,

When creep components are involved, the constitutive cquation can be re-written

as follows (Sco ct al. 1437)

T K, 0 dy — d
- (3.29)
Ty 0 AN, d, — d

where d and d arc creep displacement components in shear and normal directions
respectively, These displacement cemponents can be calculated by the complete creep
models which were developed in Section 3.2.

The interface element failure includes shear failure along the the length of interface
and detachment of the interface element due to tensile failure. Post-failure analysis
for an interface element follows the incremental plastic theory (Equation (3.27)) and
initial stress algorithm which was previously stated. For shear failure along the

interface, the Mohr-Coulomb failure criteria takes the form:

F=|r|-C;+otand; =0 (3.30)

where Cy, ¢~ Cohesion and angle of internal friction of interface.

If A=0and G = F. the elastic-plastic constitutive equation (3.27) can be re-

K, 0 1 K> K,
(D) = - = i (3.31)
0 K, Qo \ ALS,  5°

So = K, + Rptan®dy;

written in the form

where

51 = Katangy
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3.5 Verification of Computational Procedures

This section presents an analytical solution of a classical problem, whicli is used for
validating the accuracy and capabilities of the finite element procedures for creep
analysis described in srevious sections, Thereafter. the verilied computer program
can be applicd to solve the problems of frozen soil-structure interaction i practical
sitnations.

The problem of a simply supported frozen beam subjected to a concentrated
vertical load at the midspan is considered. The frozen beam has & cross section
measuring 0.15 m in height and 0.1 m in width and a span length of 1 m. The
identical finite element configuration with Klein and Jessberger (1977) and Puswewala
and Rajapakse (1990) is considered. in which only hall of the beam is diseretized with
50 plane stress elements, 66 nodes due to the symmetry of the problem (Figure 3.1}
{1) Purely primary creep

The investigation of creep behaviour of frozen soil in the primary stage is con-
ducted by applying a 4 &N concentrated load on an artificially frozen Emscher-Marl
beam (Klein and Jessberger, 1977) for which the creep parameters are A = 7.6 % 10~17,
B = 4. C = 0.1. The analytical solution for the rate of vertical deflection at the

midspan was given in the form ( Odqvist. 1966; Puswewaia and Rajapakse. 1990)

. K PB LB+2(1)28+2
b= B+2

-t (3.32)

where

A
K = 3.33
bt o
2 2B+1

in which & is the rate of the vertical deflection at the centre of the beam; P is the
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* P=4 kN l
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Figure 3.4: A simple supported frozen beam and its finite element model

applied vertical concentrated load (kN); L is beam span (m); h is beam height (m)
and b is beam breadth (m); A, B and C are creep parameters.

Figure 3.5 indicates that the numerical simulation compares very accurately with
the analytical solution (Equation (3.32)). The maximum discrepancy between the
two sets of results is 2.2 % .

(2) Purely secondary creep
Creep parameters for secondary stage are not available for Emscher-Marl frozen

beam. For purposes of calibration, the parameters governing the secondary creep
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Figure 3.5: Creep deflection of {rozen beam (primary stage only
l ) B )

model! can be obtained using t'.e creep test data which closely approximate the steady
stage for artificially frozen Emscher-Marl provided by Klein (1979), te. 4 = 3.7 x
10-1°. B = 1.08. The analytical solution from Equation (3.32) {(C = | ) gives a
deflection rate at the center of the beam 1.954 x 10=% m/h and the corresponding
result for the numerical simulation is 1.7778 x 10™%m/h.

The expression of steady-state stress distribution over a cross-section was given

by Odqvist and Hult {1962) and Klein and Jessberger (1977).
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2 , M 2z A RIRAR
=‘74-=‘(‘1+}})(m}(7’—)“ {334

where M is the bending moment on the cross-section and 2 1s the distance from the
natural axis of the cross-section.

The stress distribution for a cross-section of {rozen beam obtained by Equation
330 and fnite clement simulation are shown in Figure 3.6, It is noted that the
parameter 13 in Equation (3.31) should be set equal to 3 = 1.08 for secondary model.
not the value 3 = for primary model (Kletn and Jessberger, 1977). It verified this

code can provide the satisfied numerical simulation for stress analysis,

0.06 - = = Creep Analytical B=1,08
—— Creep FEM
004 — == Creep Analytical Bad B
sweese Elastic Solution
002 [~ =
orr -

002 ™ Creep parnmeters at primary stage
A=76 %10 17 Bay caod
Creep parameters at secondary stage
004 " Aw37x10 -10 Bal0s

Distance from neutral axis (cm)

0.073
3000 2000 ~1000 0 1000 2000 30u0

Stress Gy (kpa) at the cross section x= 0475 m

Figure 3.G: Stress redistribution at creep steady stage
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(3) Primary and secondary creep
Strain rate continues to attenwate in primaey stage (7 = At o 1 auil
the rate reaches a critical value which is determined by secondary creep model (¢
Apet) As the process continues into secondary stage. creep rate will keep constant.
Figures 3.7 compares the erecp dellection curves obtained by purely primary creep,
purely secondary creep and a model incorporating primary and secondary creep. It
is observed that the results derived for a model which incorporates cither primary

creep or secondary creep will be siguificantly different to the results obtained lor a

material which exhibits both primary and secondary ereep phenomena,

-0.03 ; T T T T T T v T
__E' Creep paliaietsrs it pnmary stoge
g "0.025 An6 x10 17 Bag cend
g Creep purnineters at secondary stage
= A=3Tx10 10 paros
S 002
]
e
&
s
3 0.015 Secondary stage only -
2 -0
2
=
=2 .
g -0 Primary nnd secondury stuges =
b P
=
=}
=] '\ .
= -0.005 Primary stage only ~
3]
L=
[}
a

i i 1 1 i i 1 n

L

o)
0 1000 2000 3000 4000 5000 6000 7000 8000 8000 10000
Time ( hours )

Figure 3.7: Creep deflection of frozen beam (Primary and sccondary creep)

(4) Creep failure
From Equation (3.7), the time to failure from the initiation of tertiary stage can

be obtained by setting (c";'; — o0). Assuming that e, s;;, A2, B2 and k are finite, for
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Figure 3.8: Complete creep deflection of {rozen beam

t; = [(k+1)Deor]™ (3.35)

Now consider the problem of the flexure of a beam examined previously. Substi-
tuting Equation (3.34) in Equation (3.35) the analytical selution for the time from

the initiation of tertiary stage to failure of the beam can be written as

: . . kY1
ty = {(k +1D[ + 2o } (3.36)



Chapter 3. Mechanical Modelling of Frozen Soils 71

By incorporating the creep parameters in Table 320 Figure 3.8 illustranes the
complete creep detlection curve at midspan of the [rozen beam, Figure 3.8 also shows
the variation of damage paramceter w with time. Creep fatlere initiates at the point
: = ’_—' of cross-section at the midspan of the beam. The time for failure from
the commencement of tertiary creep derived via Equation (3.36) is 91.9 hours. The
corresponding time obtained via the computational modelling i 97,25 Lours { Figure

3.8).



Chapter 4
Mechanical Modelling of Pipeline

4.1 General

Pipclines are generally shell-type flexible structures. In any computational modelling.
the pipeline should he represented by thin/thick shells or solid regions which can ac-
commodate all axial. flexural. shear and torsional effects. The extent to which such
processes would dominate will depend on the relative dimensions of the pipeline. In
long distance pipelines the predominant effects are bound to be those induced by
flexural and axial effects, where the interaction processes take place over shorter dis-
tance (e.g. transition and overbends, sharp change in curvature) or where the loading
patterns are localized. The axial, shear and torsional effects could be independent.
Many investigations have adopted beam and shell models to describe the behaviour
of long distance pipeline (see eg Selvadurai and Pang, 1988; Selvadurai and Shinde,

1993)

4.2 One-dimensional Bernoulli-Euler Beam

Element

In the recent study of frost heave induced flexural interaction, Selvadurai and Shinde

(1993) examined three representations of pipeline behaviour by appeal to (i) a beam
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model (ii) a shell model and (iii) a solid element model. In all three cases, the
flexural stiffness of the pipeline and its outer dimension was kept constant by suitably
adjusting the effective siaiic modulus of the pipeline. These investigations showed
that with a range of relative stiffness values of practical interest, the beam model
of the pipeline gives flexural moments which are consistent with a shell idealization
(Figure 4.1). These results were derived for the case where the embedded pipeline was
subjected to a uniform surface load of finite extent. The results nevertheless indicate
that the representation of the pipeline by an elementary Bernoulli-Euler beam model

is a useful first approximation in the examination of soil-pipeline interaction problem.

—&—Beam element model (430 )
b —a—Solid element model (o aud)
1.0 - —&—=Shell element model { ¢ dgd )

o
mﬁ

0.0 3 — : - —
10 10°? 19° t0 1
E.\ I

E,d’

Figure 4.1: Surface loading induced flexural moments in buried pipeline: Comparison
of models of pipeline response (after Selvadurai and Shinde, 1993)

The soil-pipeline interaction is modelled by representing the pipeline as a flexible
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circular beam clement of stilfness E'1. The continuity between the beam and the
surrounding soil medium is achieved by assuming continuity of displacement between
nodal points of the beam element and the nodal points of the elements representing
the soil region. To achieve compatibility between the 8-noded three-dimensional con-
tinuum element which has 24 degrees of freedom. the one-dimensional beam clements
must be incorporated with a double node at each nodal point. The four nodes of this
new beam element has six degrees of freedom at each node including three displace-
ments and three rotations., The continuity between the continuum elements and the
beam eclements is achieved through the three displacement components. The finite

clement formulation for a beam element can be written as

{u} = [K|{F} (4.1)

where the vector of nodal deflections {u} and the vector of nodal forces {F} are

defined, respectively, as

{u}T'={u, Uy Uz 91 92 03} (42}

{(FY'={RA F. F5 M M, M) (43)

[K] is beam: element stiffness matrix and takes the form

K] Kii K2 4)
K{» K= .

where the submatrices are
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Ky = " (L5)

£ g 0 0 0]
o B 0 o o0 =H
0 0o BE o s g ‘
Kaz = {-1.6)
0 0 0 & 0 o0
GEf anr
0 o0 S0 oo
L0 = 0 0 0 ]
Bl 0 0 0 0 )
0 -ll'.:.El 0 0 0 _I;E’
)} 0 —12K1 0 —_h}ﬂ 0
Kiz = : . (1.7)
0 0 0o = 0 0
GEl L1
0 0 2 N
Lo =E 0 0 o L

where E is Young’s modulus; G is shear modulus: I and J are the second moments
of area about the axis of flexure and the polar moment of inertia respectively and A
is effective cross-section area. For a typical cross section of pipeline, f,.J and A are

defined as (see Figure 4.2 ).
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Figure 420 A cross section of pipeline
4.3 Shell Element

In this study. the shell 1s tdealized as a sertes of Hat plate clements, The Hat plate
clements can be subjected to both in-plane forces and bhending effects which can
occur independently. Since attention is restricted to owing lincar clastiec behaviour
of the pipeline. the stretching and flexural effects can be superposed. The lat plate
element representation of the shell behaviour has been extensively reported in the
literature (see c.g. Greene et al. 1961; Clough and Johnson. 196 Zienkicwicz and
Cheung. 1965: Zienkiewicz. 1977). The elements that are used quite frequently in
the modelling of flat elements are rectangular and triangular elements. A shell with
sharp changes in curvature can be better approximated by a triangular clement. For
pipelines which are of the long distance type. the shell element can be represented by

rectangular element.

4.3.1 Stiffness matrix of a typical flat element

Consider a typical rectangular flat element which subjects to in-planc forees and
bending (see Figure 4.3). For in-plane stretching action, the strain can be defined in
terms of the u and ¢ displacement components in the = and y directions of each node

i. Therefore the stiffness relation is given by
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Figure 1.3: A typical rectangular flat clement

{FI} = [Kp]{6?} (-1.3)

where {F7} is the veetor of in-plane forces

=]t
{ i}_{w} (4.9)

{87} is the vertor of in-plane displacements

() = { } (1.10)

and [Kp] is stiffness matrix of plane stress element.
Taking a bending action. the strain is defined in terms of w. the displacement in

= direction and two rotations @; and 8,. The stiffness relation for bending can be

written as’

{F} = Ky]{$} (4.11)

where the vector of generalized forces is defined by
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[ W
V.

{F'y =3 M. BRRS
1 M,
and the vector of generalized displacements
i
{80} = < 0, (113
0

1

Details of the documentation of the stiffness matrices for plane stress ([KP]) and
bending ([K®]) are given by Zienkiewicz (1977).

The combined stilfness relationship can be expressed in the form

{F:} = [K]{&} (1.1:)

where the combined stiffness matrix [K] is given by

'K), Ki» O 0 0 07

K KL 0 0O 0 o
0 0 K} Kp Kip 0 i
K] = o wh (4.15)

0 0 Kz K3 K 0

0 0 K3 K K3 0

Lo 0 o0 0 0 o

The combined generalized force vector is given by

(FY© ={U:; Vi W, Ma M,; M} (1.16)

and the combined generalized displacement vector is given by



Chapter 1. Mechanical Modeliing of Pipeline 79

{bl}T. = { t; ryoy Ua'i 0y;£ Uﬂ } (]1?)

It has to be noted that rotation 8., does not enter as a parameter in definition of

deformations in either plane stress or bending mode. M., always equals to 0.

4.3.2 Local co-ordinates and global co-ordinates of a
rectangular shell element

The development in the previous section is formulated in a local frame of reference.
To express the appropriate cquilibrium equations and to conduct assembly of the
clements. it is necessary to transform the stiffness matrix in local co-ordinates to
that in global co-ordinates.

Considering a local co-ordinate system (&', 3. =') and the global co-ordinate system
(r.y. =) (see Figure 4.4). the transformation of the generalized displacements is given

by

yf

Figure 4.4: Local co-ordinates and global co-ordinates of a rectangular shell element
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{81} = [L]{l\} ERRY

and the transformation of the vector of generalized lorces take the form

{1} = [L{F} (4.19)
in (4.18) and (1.19)
A D
[L] = [ ] (-1.20)
0 A

where A is a 3 X 3 matrix of direction cosines of angles formed by the two sets of axes

(e.y.z) and (&' y' 2.

f\.r’.r '\.r'y A.r’:
A= Agr Agp Ags (4.21)
/\:'.r ’\:’y 4\:':

and Az, refers to the cosine of angles between & and x' axes. cte.
For the entire set of nodes of an element. the transformation relation for the
generalized dispiacements, generalized forces and the generalized stiffness matrix can

be written as

{6}, = [M]{é}. (4.22)
{F}. = M|{F}. (4.23)
K] = [M)T'[K].[M] (4.24)

where [M] is given as
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(L) 0 0 07
(M] = o oo (-1.25)
0 0 [L] o0
L0 0 0 (L]

4.4 Validation of the Shell Element Formulation

The accuracy of the flat plate model for the representation of a shell has been in-
vestigated by a number of authors including Zienkiewicz and Cheung (1964). In
this section a verification procedure is adopted to test the accuracy of the flat plate
clement.

We consider the problem of cylindrical tank made of a thin cylindrical shell with
uniform wall thickness. The shell is fixed at the basc and is subjected to pressure by
a retained fluid. As illustrated in Figure 4.5. the dimensions of tank are: the radius
a = 9.144 m, the height & = 8 m and the thickness th = 0.356 m. The Poisson’s
ratio of steel is 0.25. The weight per unit volume of the liquid v is 9.8 kN/m3.

L

il e T T Y —
— — g— e — — g — — — —

Tank liquid

(w)ho =0
(8)mo =0

Figure 4.5: A cylindrical tank subjected to liquid pressure



Chapter 1. Mechanical Modelling of Pipeline

i’
re

The analytical solutions for the variations of deflection w and the bending moment
M, along a generator of the shell is given by Timoshenko and Woinowsky-Krieger

(1959)

~a*d x I . s

w = = [1- i 3y - (1 - :}:})\(.f.r ] (L.28)
yadh . i

M = ————=[-((3 — —=)0(3. 4.27

! 12(1 —y'-’)[ e+ ;‘3(1)0( r)] (4:27)

where

i - 3(1 - ”2) ! G
8= ) (41.28)
0(8x) = e cosPr (-1.29)
((8z) = e sinpr (4.30)

Taking into account the symmetry of the problem it is convenient to adopt the
finite element discretization of the quarter tank, where appropriate displacement and
shear boundary conditions are invoked. The finite element discretization is shown
in Figure 4.6. The variation of deflection along the shell obtained via the analytical
solution (Timoshenko and Woinowsky-Krieger. 1959) and via numerical modelling
are shown in Figure 4.7. Figure 4.8 illustrates the variation of bending moment along
the shell as derived from the analytical solution and from the finite element scheme.

The maximum discrepancy between the results is less than 10 %.
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Figure 4.6: Finite element configuration of the cylindrical Tank
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Figure 4.3: Bending moment distribution along the wall of tank



Chapter 5

Computational Analysis of
Structure-Frozen Soil Interaction

5.1 General

Several numerical simulations of structure-frozen soil interaction involving creep mod-
elling can be found in the literature. Most creep models used in such analysis employ
power laws, which are valid only for describing the primary or sccondary creep stages
(Ladanyi, 1972, 1981, 1935). Examples of these include the investigation of creep
behaviour of frozen tunnel walls (Ixlein, 1979) and the analysis of the settlement of
vertically loaded cylindrical footings embedded in [rozen soil (Puswewala and Ra-
japakse, 1990, 1991). Using the creep model proposed by Fish {19383). Puswewala
and Rajapakse (1990) also examined the creep curve of a pressuremeter test. a plate
load test and laterally loaded rigid cores. However, the unified creep model proposed
by Fish (1983) incorporates only primary and tertiary creep stages and secondary
stage is not included.

In this chapter the finite element method is used to investigate the complete creep
behaviour of certain problems related to structure-frozen soil interaction, where the
creep response is modelled by a complete creep model which accounts for all three
stages (see Section 3.2). The structures used in the computational modelling deal

with problems related to an embedded cylindrical {ooting and an embedded pile in the

36
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A

frozen eronnd, The loadings ean take the forms of cither an axial load. o lateral load,
a mltiostep load or o quasi-stetic evelie luad, Other problems examined include a
pipe section subjected to uplift loads and an embedded footing which has an inteface

eflect,

5.2 Embedded Cylindrical Footing Subjected to
Axial Load

We consider the axisyiinetric problem of a evlindrical concrete footing which is
embedded in a frozen soll and bonded to the surrounding frozen soil medium. Due
1o the axial symmetry of the footing and the loading. only the discretization in the
r. = plane need be considered. The finite element discretization of the domain. which
involves 100 four-noded tsoparametric elements. is shown in Figure 1.2. The boundary
conditions applicable to the problem are also indicated in Figure 1.2, The interface
between the footing and the frozen soil is assumed to be bonded. The dimensions of
the concrete footing arc as follows: diameter=1 m. embedded depth=] m. and the
matcerial properties are E. = 20 GPa, v. = 0.3. The self-weight of the concrete is
taken as 25 EN/m® and that of frozen soil is taken as 19 kN/m>. The frozen soil
is characterized by the creep parameters given in Table 3.2 and E = 520 A/ Pa and
v = 0.3 (Klein et al.. 1979). All above parameters used in computational modelling
are also shown in Figure 1.2. A set of vertical compressive loadings of magnitude,
-100.300. 625,730 kPa. arc applied in sequence to observe the general responses of

creep behaviour.

The two creep settlement curves at the basal centre of a circular footing, under

different compressive loading, are compared in Figure 1.2 to Figure 1.5 (it is noted
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Figure 3.1: Finite clement discretization of circular footing embedded in frazen

soil

that since E./E is large. the footing essentially behaves as a rigid body and the
deflections at the basal centre also correspond to the overall settlement of the footing).
In these Figures. one creep curve incorporates the complete creep model and the other
incorporates the primary creep model. It is evident that when compressive pressure
(p) is below 400 %Pa. all locations within the frozen soil remain in primary creep
stage. Therefore creep strain rates exhibit attenuating behaviour. At p = 100 kPa.
elements in the vicinity of the base of the footing enter tertiary stage at 1 = 2560 days,
The tertiary effects are not sufficiently dominant to allow one to distinguish between
the results for the two material models. When the load is increased to p = 500 & Pa.
the displacement behaviour for the tertiary model shows an accelerated response.
The creep curves display failure behaviour at 1950 days when p = 625 kPa and at

t = 1000 days when p = 750 kPa ( Figures 5.4 and 5.5).
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Figure 5.6 compares the complete creep curves for the cylindrical foundation which
is subjected to axial loadings. The computational results indicate that different
magnitude of the applied load results in significantly different creep responses.

The creep curves for footings with different diameter to embedded depth ratios
and for different creep responses (primary creep effects or complete creep effects)
are illustrated in Figure 5.7 to Figure 5.10. If the embedded depth is kept constant
(h = 1 m), the footings with a lower diameter to depth ratio may vield a greater creep
deformation. 1f the diameter of footing is kept constant (d = 1 m), the creep curves
indicate that the larger the footing embedded depth the lower the creep settlement.
It is also observed that when compressive loading is held constant the time for the

onset of the tertiary stage is sensitive to the diameter to embedded depth ratio.
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Figure 5.8: Creep displacements of cylindrical footing subjected to compressive load-
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5.3 Uniform circular Loading

As a second example we consider the problem of the indentation of a hallspace region
of frozen soil by a uniform circular loading. The fintte element mesh used in Figure
5.2 was modified to simulate the above problem. in that the cmbedded conerete
footing region in Figure 5.2 was replaced by {rozen soil. A set of loading intensities,
p = 100.200.300 and 500 kPa, corresponding to total loads of P = T&.5,137.235.5
and 392.5 AN respectively were applied.

Figure 5.11 illustrates the general creep displacement at the centre of the loading
determined by using the complete creep model. For a uniform loading of stress
intensity 100 kPa. the general response of complete creep curve attenuated and the
result was similar to the curve obtained with the primary stage only for 3000 days.
When p = 200 kPa. the complete creep curve accclerated at 2000 days (i.c. the time
at which a deviation from the displacement behaviour observed with purely primary
creep model). It can be observed that under a load of stress intensity 300 kPa Lhe
creep curve displays an acceleraled displacement behaviour at 500 days. For a load
of 500 kPa, the creep curve accelerates at 14 days.

Figure 5.12 illustrates the evolution of time-dependent creep damage for the
stresses of p = 500 kPa and p = 200 kPa. It illustrates that for a load of 500 kPa
larger regions of the frozen soil experience tertiary creep and tertiary creep occurs
much sooner.

It may be noted that the magnitude of load initiating the onset of the acceleration
of creep curve when circular loading is applied on the frozen ground is about half of
the load on the footing with same diameter embedded in frozen soil (where embedded
depth is 1 m).
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5.4 Circular Flexible Footing Subjected to Vari-

able Loading

In engineering practice. loading conditions are much more complicated than that
of a load which remains constant with time, The loading cases may clude stop-
loading. loading-unloading and quasi-static eyvelie loading.  Variable loadiugs can
induce a sharp. discontinuous variation of both the stress and the creep strain rate.
To simulate the creep behaviour under multi-step loading, a moditication of the creep
model is required.

In reviewing the complete creep model, it may be noted that creep phenomena
are dependent on the current stress stale and the time from latest applied external
loading. Puswewala and Rajapakse (1992) assumed that pthe prevailing deformation
resulting from the previous load attenuates sufficiently and exerts no influence on
further creep development by a new step loading. Therelore the primary creep model
may be given in the form where ¢ refers to current time; /; refers to time at which

latest load is applied. i.e.

e

&P = SACa Bt = 1) s

|
—_
an

5.1)

5

Puswewala et al. (1992) examined the primary creep behaviour of step-loading,.
In this thesis. the complete creep behaviour under step-loading, load-unloading and
quasi-static cyclic loading cases were investigated. Based on the assumption for the
primary creep stage (Equation (5.1)). the creep model for the tertiary stage can be

modified to the following form:

—Jtn

& = §-4=(a,)‘”='”[1 = (k+1)D(e.) (¢ = t)] ™7 s (5.2
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where all parameters are defined in Chapter 3. The determination of stage transition
ts based on the following assumptions: when a new load is applied. if the elements
are in primary creep stage by previous loading. the transition times are re-caleulated
nsing a stage transition function (see Section 3.2.4). All elements in the tertiary stage
will remain in the tertiary stage regardless of loading condition.

Fignres 5.13 and 5.14 show respectively the applied step loadings with time (up
to a peak value of 300 £Pa) and the resulting total displacements (including creep
and clastic displacements) at the centre of the flexible circular footing. Figures 5.13
and 5.14 also indicate. {or purpose of comparison. the load-time and displacement-
time history for the case where the stress of 300 kPa is applied instantly. For the
step loading case 1. cach increment 150 £Pe was applied separately at { = 0 and
t = 100 days. For the step loading case 2, the magnitude of load at ¢ = 0 is 100 4 Pa.
At t = 100 days and { = 200 days, further compressive loads of 100 kPa were
applicd. From Figure 5.14. it is evident that the creep curves of step loadings are
considerably different from the case where load was applied as a single step. The
creep curve for the latter case displays failure behaviour at 550 davs. In contrast.
the creep curve by step loading 1 accelerates at 1600 days. The creep curve shows
failure behaviour at 2000 days for the step loading case 2. These phenomena imply
that the load applied in steps can reduce the creep deformation and delay the time of
acceleration of displacement. This can be attributed to the occurrence of appreciable
stress relaxation before application of subsequent step loadings.

Figure 5.15 indicates the loading history where loading. unloading in a step fashion
takes place between 0 and 500 kPa. which is followed by a constant loading at the

500 kPa level. The creep settlement of the cylindrical footing subjected loading-
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Figure 5.16: Creep displacement of circular flexible footing subjected to loading and
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-unloading-reloading is illustrated in Figure 5.16. Unlike the creep displacement
induced by constant loading at p = 500 kPa from t = 0, for which the tertiary stage
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initiated at ¢ = 2200 davs. the creep displacement curve under loading-unloading

would not accelerate for a duration of 3000 davs.
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Figure 53.17: Time-dependent quasi-static cyclic loading history
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The sinmlation of quasi-evelie loading 2 = 500 kP« including stress reversal is
shown in Figure 5.17 and Figure 5,18, It shows that with evelie load reversal, the

displacement is more sensitive to activation of tertiary creep.,

5.5 Pile Subjected to Lateral Load

In this section we consider the problem of a flexible pile which is embedded in bonded
contact with a ereep susceptible soil. The flexural behaviour of the steel pile is
modelled by the Bernoulli-Euler beam theory. The geometry of the problem and the
finite clement discretization are shown in Figure 5.19. The steel pile has a Young's
modulus of 210 G P« and a Poisson’s ratio of 0.3. Different flexural rigidities of pile
are represented by varying the diameter of pile from 15 em 10 30 e, Simulations
arc carricd out for a set of lateral loadings. applied at the top of the pile. The
magnitude of the loadings are 125.250,500.650 and 1000 AN. Results shown in
Figure 5.20 illustrate the variation in the lateral displacements of the pile with time.
The creep curves indicate that remarkably different shapes of displacement responses
are displayed under the varyving magnitudes of lateral loadings. The creep deflection
accelerates at the very beginning when the applied load is 1000 £N. For an applied
load of 125 &N, the creep curve enters a near steady state at 823 hours.

Figure 5.21 compares the elastic pile deflection with creep deflection in the case of
1000 AN. Larger creep deflection takes place on the top of the pile. In view of Figure
5.22. The bending moment along the length of pile shows that creep of frozen soil
may increase the moment of the pile. Figures 5.23 and 5.24 give the deflection profile
and bending moment along the pile respectively in the case of diameter 30 cm at
the loading of 2500 AN. The results also illustrate the expected trend that different
flexural rigidities can significantly change the shapes of the pile deflection and bending

moment profiles.
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Figure 5.24: Bending moment along the length of pile

5.6 A Pipeline Subjected to Uplift Load

Pipelines which convey chilled gas which are located in discontinuous frost sus-
ceptible regions can be subjected to non-uniform displacements. The non-uniform
displacements can create uplift in transition regions in which the frozen soils are
either frost susceptible or non-frost susceptible. The mechanics of the soil-pipeline
interaction in such discontinuous regions are influenced by the creep characteristics
of the frozen soil. In this section, finite element technique is used to examire an
idealized two-dimensional plane strain problem of the time-dependent displacement
of a pipe which is subjected to uplift loads which are kept constant with time. The
modelling also focusses on the time-dependent evolution of creep failure zones within

the frozen soil.
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A pipeline of diameter 30 e and wall thickness 0.5 e is located at a depth of
175 e below the surface of a frozen laver. The mechanical parameters of pipe and
frozen soil were assumed as follows: Piper £, = 200 (P, v = 030 Frozen soil:
E =520 MPa.r=03 Cy= 13 MPu. o=30" The tensile strength of frozen soil
was assumed 1o be 0.5 M Pa. The weight of the frozen soil was taken as 19 &N/,
The mesh discretization with 152 clements and 182 nodes is shown in Figure 5.25.
The creep parameters used for simulation are given in Table 3.2,

Case 1: Anuplift load P = 80 £ is applied to the pipe and this load is maintained
constant with time, The magnitude of load was chosen in order 1o nitiate detachment
of elements in the vicinity of the base of the pipe. upon application of the load.
Figure 5.26 illustrates the influence of the post failure analysis on the time dependent
displacement of the pipe section. The influence of tertiary creep failure of the medinm
on the rate and magnitude of the displacement is clearly evident in the results given
in Figure 5.26. A tertiary crecp analysis which incorporates the development of post
failure detachment gives a much larger value of total displacement after 6300 hours
than for simulation where post failure detachment is not included. Figure 5.27 also
indicates the time-dependent evolution of failure in the frozen soil which couples
tertiary creep with failure development.

Case 2: In this problem, a 60 &NV load is applied to the pipe and this load is
maintained constant with time. At this load level there is no initiation of detachment
of the pipe from the frozen soil. At the time of application of the 60 &N load, however,
failure is allowed to develop by the initiation and evolution of tertiary creep. The
elements in the vicinity of the base of the pipe enter the tertiary stage at ¢ = 1010
hours. The maximum tensile stresses in these elements are attained and failure
occurs at ¢ = 3100 h, due to material degradation and reduction of loading-bearing
area within frozen soils. Figure 5.28 shows the resulting total displacement and creep

displacement with time. Figure 5.29 illustrates the contour of the progressive failure
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Figure 5.25: Discreted finite element mesh of pipe embedded in a laver of frozen soil
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zone. As can be observed. the failure zone initiates at 3100 hours after the application
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of the uplift foad. The failure zone gradually expanded thereafter amd the displace
ment curve accelerated markediy at 78300 hours. Further computations also tndicate
that the frozen medinm remains in the primary stage, without evolution of tertiary
creep and fatlure, when the aplift load ix 10 AN, The 10 AN load can be identified
as the peak loading in the range for a duration of 10000 hours approximately 1.1

vears),
5.7 Embedded circular footing with the effect of

Interface

lu this section, we examine the problem of the rigid evlindrical foundation embied.
ded in a creep susceptible region. The interface between the rigid foundation and the
creep susceptible medium is incorporated with a non-lincar interface element which
is developed in Section 3.4.3. Figure 530 shows the interface element configuration
incorporated at the interface. The constitutive parameters of interface are assumed
as follows: Ay, =1 GPa. Ky =25 MPa.Cy =0.5 M Pa and op = 30"

An axial compressive load P = 1500 &N is applied at the surface of the footing,
The induced creep settlement and total settlement (which includes elastic and creep
deformations) are shown in Figures 5.31 and 5.32. The results indicate the mod-
elling which includes interface clements can give a larger total settlement and lower
creep settlement than the analysis in which the footing was assumed to be completely
bonded with surrounding soils. In the analysis of incorporated with interface failure
modelling. it is observed that shear failure occurs at interface 1. which gives consid-
erably larger total settlements and creep settlements in comparison with the analysis

where interface failure is not involved.
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Chapter 6

Numerical Modelling of
Soil-Pipeline Interaction

6.1 General

The structural analysis and design of a buried chilled gas pipeline should take into
consideration the interaction between the soil and the pipeline induced by thermo-
hydro-mechanical processes associated with soil freezing. The simulation of these
processes should include the modelling of frost heave, constitutive behaviour of frozen
and unfrozen soils, mechanical response of the pipeline and the constitutive response
of the interface between the pipeline and the frozen and unfrozen soils. In this chapter.
we apply the finite element procedures which were developed in the previous chapters
to conduct a numerical modelling of the Canada-France pipeline freezing test which
was carried out at Station de Gel at the Centre de Geomorphologie at Caen, France.

The Caen pipeline test is a multi-disciplinary investigation involving many as-
pects. including. fundamental studies related to soil freezing and thawing of soil and
the study of soil-pipeline interaction, including the measurement of deformations and
stresses induced in both the pipeline and surrounding soils, for the situation where
a full scale chilled pipeline was buried at 2 transition zone between a highly frost
susceptible soil and a non-frost susceptible soil. The physical, thermal and moisture

influx conditions at the test facility were controllable.

113
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The freezing experiment consisted of two major stages. The tirst stage commeneed
in September. 1982 with four freczing periods. The purpose of this stage was to exam-
ine the behaviour of a buried chilled pipeline passing through the boundary between
two initially unfrozen soils with significantly different responses to [rost susceptibility.
The experimental data on this phase of the test was presented by Dallimore (1985),

The second stage was designed to investigate the behaviour of a buried chilled
pipeline crossing a transition zone between prefrozen and unfrozen frost-susceptible
soils. The details of this stage refer to the Preliminary Database Report (National

Energy Board. 1994) for the Caen frost heave test [acility.

6.2 Test Facility

The test facility consisted of a temperature-controlled hall with the following dimen-
sion: 18 m in length, § m in width and 5 m in height. which was originally designed
for the study of freeze-thaw problems encountered in highways. The base of trough
of the temperature controlled hall can isolate the thermal and hydraulic regime from
the natural ground conditions and the trough can be filled with soil to a depth of
2 m. A steel pipeline measured 18 m in length and 273 mm in diameter was buried
in the trough at a depth of 33 cm from the surface. This pipeline can be subjected
to independent refrigeration temperature. In order to model a pipeline of substan-
tial length, both ends of the pipeline were maintained free of constraint. The wall
thickness of pipe was 0.5 cm.

Longitudinal and transverse sections of the Caen test facility are shown in Figures

6.1 and 6.2.
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In the experiments condueted at this facility, two types of soils with contrasting
frost susceptibifities. were placed in cach half of the troughe The satl with high
susceptibility 1o frost heave was Caen silt (Dallimore, TOS5)0 A granu sice analysis
of the Caen silt gave the following: 13 to 2000 clay, 65 1o T35 silt and 10 to 204
sand. The soil with low susceptibility to frost heave used i the experiments was the
SNEC sand. A grain size analysis indicated that the SNEC sand has a composition
of approximately 10% silt and 90% sand. The water table in the test facility was

maintained at 30 e below the base of the pipeline.

6.3 Instrumentation

Extensive instrumentation was incorporated in the Caen pipeline test facility to mea-
sure thermal regimes. moisture regimes. internal soil displacements, soil surface heave,
earth pressure, pipe movements. strains and stresses in the pipeline. For the measure
ment of heave. more than 100 test points. were installed. The test points measured
the time dependent heave of the surface of the entire soil.

The temperature profiles were collected antomatically by 160 thermocouples. 20
thermistors and several heat flux meters located at critical locations.  Additional
portable thermistors were used manually to collect the temperature data. The mois-
ture regimes were measured with time domain reflectometry probes (TDR) and the
water table was measured by piezometer wells. The change of apparent diclectric
constant of the soil due to soil freezing was measured by time domain reflectometry
probes and the resulting change was related to the unfrozen water content. Internal
soil deformation was measured by sets of magnet heave measurement systems and
telescoping tubes. Soil surface heave was measured by a grid of surveying nails which

were fixed to the ground surface. The carth pressure was measured via Gloetzl total
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pressure cells which were buried in both the Caen silt and the SNEC sand.

Pipe displacenent was monitored by conducting an optical survey of vertical rods
which were welded to the crown of the pipe, The vertical rods were 0.5 me in length
and they were installed at intervals of 0.5 1 along the length of pipe. The strain
gauges mounted on the pipe were used to record the strain in the pipeline at important

locations and these strains were used to compute the stresses in the pipeline.

6.4 Finite Element Modelling

The methodologics described in the previous chapters were used to carry out exercises
in computational modelling of the experiments conducted at the Caen test facility.
The finite clement discretization of the soil mass in test basin measuring 18 m x
8 m x 1.75 m is shown in Figure 6.3. A total of 3360 continuum elements and 24
beam eclements were used in the computation.

Propertics of soils and pipeline used in the computational modelling are given as
follows:
(1) Caen silt

The Geotechnical Science Laboratory at Carleton University conducted a series of
laboratory tests of Caen silt samples. The measured thermal conductivity and heat
capacity at 5 °C were 1.97 [Wm™'(°C~1)] and 2.72 [MJIm~3(°C~")] respectively. The
unfrozen water at —1°9C is about 18% by volume.

The coefficients of permeability of Caen silt were determined with a specially
devised frost heave cell (Wood and Williams. 1983). The relationships between the
coefficient of permeability and temperature were generalized as (Shen and Ladanyi.

1991)
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LOTH % 1073 —ovC < T < Ty
b= mfsee (6.1)

8.0499 x 101 T < =03

Young's modulus of unfrozen silt was taken as 11.2 M Pa. 1o general, Young's
modulus of frozen Cacn silt was considered to be a function ol temperatures below
the lreezing point. In the following modelling, the temperature-dependent Young's
modulus of the lrozen Caen silt was accounted for by utilizing the relationship (Shen
and Ladanyi, 1991)

r

E= 13.75(%)'-‘3 {M Pa) (6.2)

r

where T, (= =1"C) is the reference temperature,

The unit weight of the Cacn silt was taken as 13 AN/m3, The initial moisture
content was 0% .
(1) SNEC sand

The thermal conductivity and heat capacity of the sand were taken as 2.5 [Wm ™!
(°C-")] and and 2.5 [MJm™3(°C"")] respectively according to Harlan and Nixon
(1978). The unfrozen permeability of the sand was determined as 1.5 x 107° m/s at
a test density of 1.9 x 10* kg/m® (Dallimore, 1985). The experiment also indicated
that the unfrozen water content drops off sharply below 0°C and the permeability
below freezing temperature is very low. Young's modulus of unfrozen sand was taken
as 20 M Pa. The temperature-dependent Young’s modulus of the frozen SNEC sand
was assumed in the form
T
T,

E =24.75(=)"* (MPa) (6.3)

The unit weight of the SNEC sand was taken as 19 kN/m?. Poisson’s ratios for

all soils were set equal to 0.3.
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(3) Pipeline

Young's modulus of the steel pipeline was taken as 200 (CPa aud Poisson’s ratio
was set to 0.3, The moment of tnertia of the pipeline [ was 3638 < 107 ! (Shen.
1991). Therefore the lexural rigidity of the pipeline F7 used in the computation wis
7750 AN m. The coefficient of thermal expansion was 0.00012 /Y.

The computational modelling incorporated the complete creep models which were
developed is Chapter 3. The creep parameters of frozen soils at all stages are referred

to Table 3.2,

6.5 Numerical Modelling of First Stage of Test

In this stage of the experimentation, the Cacen silt and the SNEC sand were main-
tained in an initially unfrozen condition. As mentioned previously, this stage con-
sisted of four freezing periods. The duration of the first freezing period was approxi-
mately 8.5 months from September 21. 1982 vo June 8. 1983. The air temperature in
the hall was maintained at —0.75°C and pipe temperature was maintained at —2°C",
After a four month thawing period. which took place immediately aller the first
freezing period, the second freezing period began on Qctober 17, 1983, In the second
freezing period, the temperature of the pipe was reduced to —5°C' and maintained for
a longer duration. All other operating conditions in the second period were identical
to the first one. The second period lasted about 450 days. Since extensive experi-
mental data were documented for the second freezing period (Dallimore, 1985), this

period was selected for numerical modelling.
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6.5.1 Temperature profiles

Before the initiation of the second freezing period. the ambient air temperature in
the hall was raised 1o +149C and was maintained at this temperature for 4 months,
It was observed that nearly all of the annulus of frozen soil formed during the first
freezing period had thawed.

The second [reezing period began by lowering the air temperature to =0.73%¢C aud
cireulating gas temperature in the pipeline at =5°C. A moving [reezing front was
formed by the combination ol the freezing effects due to ambient air temperature and
the advance of a freezing front from cooling due to the pipeline. The experinental
results for the time-dependent evolutions of the frozen zone along seetions of the silt
and the sand are shown in Figure 6.1, These results indicate that the development
of the freezing front in the sand was comparatively larger than that in the silt. This
can be attributed to the higher thermal conductivity and lower heat capacity of the
sand.

Figure 6.5 itlustrates the temperature contours obtained from the computation
modelling at section B-B (silt) for lapsed times of 21. 105 and 378 days. Figure
6.6 illustrates the computational estimation for temperature contours at section A-A
(sand) for duration of 21, 105 and 378 days.

The computational results of evolution of frost bulb around the pipeline in the
sand and silt. derived from Figures 6.5 and 6.6, are illustrated in Figure 6.7. The Fig-
ures 6.1 and 6.7 indicate that the contours obtained from the computational model
correlate well with equivalent results obtained from the experiment. Figure 6.8 com-
pares the frost penetration beneath the centreline of pipeline measured in the Caen
pipeline test with results obtained from the computational model. There is good

correlation between the experimental and computational results for both silt and
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Figure 6.7: Computational modelling of evolution of frozen zone around pipeline

6.5.2 Development of frost heave

Figure 6.9 illustrates the experimental results for the surface heave of the silt and
the sand after 227 days from the initiation of second freezing peried. It is evident
that substantial frost heave, up to 160 mm at surface occurred in the silt during this

period. In contrast the SNEC sand experienced relatively small frost heave.
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Fquivalent results for the pattern of frost heave development in both soils were
determined from the computational modelling arve shown in Figure 6.10. It was also
convenient to llustrate the results from the computational estimation in a three-
dimensional fashion. Such results are shown in Figure 6.11.

Both the experimental results and computational estimates indicate that in all
soils (the Caen silt and the SNEC sand) the frost heave was concentrated along the
axis of the buried pipeline. Figure 6.12 compares the cumulative frost heave curves at
section B-B (silt) and section A-A (sand) derived from the experiment with equivalent
results obtained from the computational modelling. It is observed that a reasonable

prediction was obtained for frost heave curves both in silt and in sand.

6.5.3 Displacement of pipeline

In the Caen pipeline test. the vertical displacement of the pipe was measured by direct
observations of the movement of vertical rods welded to the crown of the pipeline.
The distribution of longitudinal displacement shown in Figure 6.13 illustrates that
the section of the pipeline buried in the highly frost susceptible Caen silt had un-
dergone considerably larger displacements than the section of the pipeline buried in
SNEC sand. The displacement of the pipeline in the transition zone was substantially
reduced due to the restraint provided by the frozen sand. Figure 6.14 illustrates the
corresponding displacements of the pipeline developed from the computational model.
From Figure 6.13 and Figure 6.14. it is clear that the computational methodologies
can predict reasonably accurately both the pattern and magnitude of the pipeline

displacements.
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6.5.4 Stresses in pipeline

Non-unifortn displacentent of a pipeline can induce large stresses in the pipeline lo-
cated in the transition zone. The induced stresses were measured by strain gauges.
Figure 6.15 shows the experimental results for the variation of bending stresses devel-
oped in the pipeline axis. In the numerical modelling. the pipeline was modelled by
2.1 beam elements which possessed flexural. axial, shear and torsional stiffness. The
results for the bending stresses along the pipeline developed via the numerical mod-
elling arc shown in Figure 6.16. By comparing Figures 6.15 and 6.16. the satisfactory
order of maximum bending stresses along the axis of the pipeline by computational
modelling was obtained.

The computational modelling was also conducted for the two types of behaviour
of the frozen soils. These included (i) no crecp effects: (ii) purely primary creep.
The cumulative (rost heave curves from the above two models are compared with the
curves obtained using the complcte creep model in Figure 6.17. It is observed that
the cumulative frost heave curve which incorporates the complete creep model gives
the largest value of frost heave. Figures 6.18 shows time-dependent development of
bending moments for the case where the frozen soil exhibits no creep effects. The
stress distribution can be compared with the distribution for bending stresses derived
from the Caen experiment. The comparison at salient points can be summarized as

follows:

{ (Mmar(445 days)]no creep

e (405 4258 leepmoimenrey et frozen site = 0.901 (6.4)
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Figure 6.17: Time-dependent variation of frost heave at the surface of Caen silt

6.5.5 Range of bending stresses along pipeline

In order to examine the sensitivity of the frost heave induced soil-pipeline interaction
to the soil permeability. the value of the permeability as defined by Equation (6.5) is

varied by factors N (0.5 and 2.0). ie.

m/[sec (6.5)

. { 1.075 x 10™%¢®97T x N —0.3°C<T< Ty
8.0499 x 10~ x N T < -0.3°C
Figure {6.19) shows the range of bending stress distribution obtained along the

pipeline as a result of the variation in the soil permeability.
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6.6 Numerical Modelling of Secondary Stage of

Test

The second stage of the freezing test was carried out at same site from 1990 to 1993,
A pipeline was placed crossing a transition zone between the prefrozen soil and the
unfrozen highly frost susceptible Caen silt. The test was designed to examine the
force that would be exerted on the pipeline which was anchored by the prefrozen
soil. In order to allow comparison with the previous expertment. the composition of
silt. the size of pipeline, the depth of burial of the pipeline and water table remained
unchanged in the second freczing stage.

An insulating thermal wall was constructed to divide the facility and soil into two
sections whose temperatures could be controlled separately. Prior to the start of the
experiment, the soil on one side of the wall was frozen. The first freezing period was
initiated at an ambient air temperature of —0.75°C and a pipe circulation tempera-
ture of =59C. This thermal condition was maintained for the first 215 days. From
day 215 to day 256. the pipc temperature was lowered to about —8.5°C. Following
that. there was a thawing period and a second freezing period. The numerical com-
putations performed took into consideration only the first freezing period from 0 to
256 days.

Due to the anchoring of the pipeline in prefrozen soil, it was to be expected that
the pipeline would experience a smaller displacement and a larger bending moment in
the transition zone than in the case where both the Caen silt and the SNEC sand were
initially kept unfrozen. Figure 6.20 presents the variation of pipeline displacement
with time for the second stage of the freezing test. At 150 days. the maximum
pipeline displacement was 0.135 m in the first stage (see Figure 6.14) and 0.116

m in the second stage (Figure 6.20). It may be noted that in the situation where
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the pipe was embedded innitially unfrozen soils. the vertical pipeline displacement
experienced an upward movement along its entire length (see Figure 61400 Tn the
case of prefrozen soil test, the pipeline experienced a downward displacement at the
prefrozen end (Figure 6.21). Also at 150 days. the maximum bending stress in the
pitpeline was 135 M Pa in first stage (see Figure 6.16) and 150 M Pa i the case of

the initially prefrozen soil (Figure 6.22).
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Figure 6.20: Numerical result for the displacement of the pipeline: initially prefrozen
soil on one side

From the extensive measurements of surface heave made during this experiment
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it was possible to determine the pattern of frost heave development with time across
both the prefrozen sand and the silt. Figure 6.23 illustrates the experimental results
of the frost heave pattern obtained at 246 days. Similar results can also be derived
from the computational modelling. Figure 6.24 illustrates the surface heave pattern
obtained from the computational modelling. The frost heave contours determined

from the computational modelling arc shown in Figure 6.25.

0.15 T T T

0.125 =

At unfrozen end

0.1

0.075

0.05

Pipeline displacement (m)

0.025

1]
At prefrozen end
-0.025 . : . 2 L
o 50 100 150 200 250 306
Time (days)

Figure 6.21: Variation of pipeline displacement with time: initially pre-frozen soil on
one side
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Figure 6.23: Experimental results for heave of the soil surface: initially prefrozen soil
on one side (National Energy Board report, 1994)
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144

Figure 6.24: Computational results for the heave of the soil surface at 246 days:
initially prefrozen soil on one side, maximum heave = 0.152 m
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Figure 6.25: Frost heave contours at 246 days: initially prefrozen soil on one side
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6.7 Modelling of Soil-Pipeline Interaction In-
duced by Pipeline Subjected to Cooling

We now consider a problem of the soils where the freezing is induced only by the cool-
ing temperature =5°C in the embedded pipeline which intersects the frost susceptible
Caen silt and the SNEC sand. Both soils are initially unfrozen and air temperature is
maintained at -1 °C. This is a hypothetical problem which has not been examined
in the Caen pipeline experiment.

Figures 6.26 illustrates the temperature contours in Caen silt section B-B at 21,
105 and 378 days respectively. The temperature contours in SNEC sand section A-A
at 21, 105 and 378 days are illustrated in Figures 6.27. It can be observed that the
freezing [ront advances nearly radially from the pipeline for both sand and silt. which
indicates that the moving {reczing {ronts follow closely with the thermal boundary
conditions.

The frost heave pattern obtained from the computational modelling is shown in
Figures 6.28. The frost heave contours determined from the computational modelling
arc shown in Figure 6.29. It is evident that the magnitude of the frost heave is
substantially smaller than for the cases where cooling from both soil surface and
pipeiine.

From the results given in Figures 6.30, it is evident that when freezing was only
from the pipeline, the induced pipeline displacement was reduced to half of the max-
imum displacement that was associated with both ambient and pipeline cooling
( see Figure 6.14 ). The maximum bending moment in Figure 6.31 was also reduced

to about half of the values given in Figure 6.16.
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Figure 6.26: Temperature contours (°C) at section B-B (silt) for the case where
cooling is induced only from pipeline
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Figure 6.27: Temperature contours (°C) at section A-A (sand) for the case where
cooling is induced only from pipeline
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Figure 6.28: Computational results for the heave of the soil surface after 227 days of
freezing: cooling is induced only from the pipeline, maximum heave = 0.075 m
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6.8 Moaelling of Soil-Pipeline Interaction using

Shell Elements

The representation of the pipeline as a flexible beam element is an idealization which
considerably reduces the computational modelling efforts. In a situation where the
pipeline is subjected to a rapid change in curvature. it is necessary to take into con-
sideration the three-dimensional configuration of the pipeline shell. In this chapter.
a pipeline wax modelled as a evlindrical shell . The finite eletmient modelling of the
pipeline shell element combines a plane stress element with a plate bending element.
T'his model of the pipeline shell is used to study the flexural interaction between the
soil and the pipeline. The numerical modelling assumed a complete bonded condition
at the soil-pipeline interface.

As an example of the modelling. consider the second stage of the Caen pipeline
freezing test. in which the SNEC sand was kept in a prefrozen condition and the
Cacn silt was unfrozen initially, Figure 6.32 shows the finite element discretization of
the cross section through the soil-pipeline configuration. Owing to the symmetry of
the problem, only hall of the system nceded to be discretized. There are 2236 solid
clements and 144 shell elements in the finite element discretization. The boundary
conditions applicable to the problem are also illustrated in Figure 6.32. The properties
of the shell were as follows: E = 200 GPa and the thickness of the shell was 0.5 em.

In the Caen pipeline test, T2 strain gauges were mounted on the pipe in two
configurations:

(1) Ten radial arrays were installed at intervals of 1 m on both unfrozen and prefrozen
sides, starting 0.5 m from the interface of the two soils. Each radial array consisted
of six gauges which were wired for a quarter bridge measurement (Labelled 12, 2, 4.

6. 8 and 10 o'clock).
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12} Six pairs of gauges were placed at 1 m intervals starting 1 m beyond the last
radial array on either side of the transition. Each pair of gauges consisted of two
gauges which were wired for half bridge measurement (Labelled 12, 6 o'clock).

Due to equipment malfunction. the strain gauges failed to collect the data for
the first 256 days. Figure 6.33 illustrates the typical pipe strain at positions on the
initially unfrozen side after the end of first freezing period (day 256). Although the
period after day 256 was not simulated (following day 236. it was a relaxation period.
the pipe temperature was raised to +5 °C). strain profiles illustrate an approximately

proportional relationship between strains at different locations {o’ciock).
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Figure 6.33: Radial strain gauge array: 0.5 m from interface, unfrozen side (National
Energy Board report, 1994)
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Figure 6.31 tHustrates the bending stress profile at the 12, 2046 o'clock positions
for day 253 of the second stage ol the test. It indicates that the maximum bending
stresses ook place at the 12 and 6 o'clock locatiors. The results also Hlustrated
that the stresses at 20 4 o'clock were approximately halt of the stresses at 120 6
o clock locations, which were analogoue to Figure 6.33. The maximum bending stress

predicted by the shell model was slightly greater than that predicted by the beam

model. The pipe configuration after 256 dayvs is shown in Figure 6.35.
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Figure 6.34: Computational results for the variation of bending stresses along the
pipeline at the locations at the 12, 2, 4, 6 o’clock
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Chapter 7

Conclusions and
Recommendations

This thesis developed a computational methodology for the analysis of soil-pipeline
interaction problems in which the interaction is induced by frost heave elfects. As a
first step towards the development of such a methodology it was necessary to identify
a complete hydro-thermo-mechanical constitutive model which addresses the coupled
processes of heat transter. moisture transport. generation of freezing action and me-
chanical effects in frost susceptible soils. The [rost action itsell is governed by heat
transfer. moisture transport and stress state within the soil. The development of an
all encompassing model which rigorously coupled heat transfer. moisture transport
and mechanical action in a freczing soil is a difficult exereise. As has been pointed
out by Selvadurai and Shinde (1993). such a model involves a variety of constitutive
parameters. governing both individual and coupled effects. which would be difficult
to determine even under highly controlled laboratory conditions. In the context of a
realistic geotechnical situation. such as that encountered along a long distance buried
pipeline. the determination of these paranmeters for a fully coupled model is a very dif-
ficult task. For this reason a simplified model of [rost heave generation was proposed
in which the heat transfer and moisture transfer are weakly coupled to the mechan-

ical variables in a frozen soil such as elasticity, plasticity. creep and failure/lracture.

156
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| he weak coupling is derived [rom the application of Clausius-Clapeyron velationship
where the temperature field in the frozen zone is related to the pressure in the pore
Muid aand the pressure 0 the iee. The frost heave generation in the soil is achioved
throngh the cousideration of

(i) heat transfer in the soil mass

(1) moisture transport in the soil mass due to crvogente suction and

(¢} the assnmption of the Clausius-Clapeyron equation which governs the rela-
tionship between temperature, water pressure and ice pressure,

The mechanical behaviour of frozen soils was modelied by continuum creep phe-
nomena which exhibits primary. secondary and tertiary effects. In particular the ter-
tiary effects were modelled by consideration of damage mechanies. The constitutive
models governing both frost heave generation and the complete creep model which in-
corporated primary. secondary and tertiary creep phenomena were incorporated into
axisymmetric and three-dimensional finite element computational schemes which in-
volved spatial discretization via finite clements and temporal discretization via a finite
dillerence scheme. The numerical procedures could examine fully three-dimensional
processes of time-dependent frost heave generation and the computational method-
ology was applied to the examination of frost heave generation in typical frost sus-
ceptible soils, The results illustrated satisfactory trends and in particular the results
of computational models correlate well with observed trends of experimental data.

The computational modelling was first applied to the study of foundations either
embedded in or resting on frozen soil media. The modelling also took into account
the influence of sustained loads and unloading and load reversal phenomena on the
settlement behaviour. It was observed that for the particular creep damage evolution
law chosen. the displacement behaviour was sensitive to the prescribed load-path.

The results also demonstrated that the finite element approach. which incorporates
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the propased complete creep model. can characterize the cotplete ereep behaviour
and the modelling is viewed ax a methoduology for identifving time and foad history
dependent peak loads that can be sustalned by structures located in frozen groumd,
The thesis also develops a method of post failure analysis which is of special interest 1o
failure that takes place at identifiable interfaces. The finite element procedure which
incorporates a complete creep model and the algorithm for post failure analysis was
applied to examine the uplift behaviour of a section of pipe which is embedded ina
frozen soil. The technique was applied to examine the time-dependent displacement
of a scction of pipe which is subjected to different magnitudes of uplift loads which
remain constant with time. The time-dependent evolution of creep fatlure zones
within the frozen soil were also examined. The numerical procedure can be applied
to estimate the maximum uplift loads that can be sustained by a frozen soil in a
region where an embedded pipe is subjected to uplift loads.

For the analysis of the soil-pipcline interaction. the pipeline was represented by
either a flexible beam element or a shell element. Beam element used the conventional
Bernoulli-Euler beam theory with a double-node configuration. The finite element
modelling of a shell structure used a flat clement which combined a plane stress
element with & plate bending element. The finite clement scheme of shell element
was calibrated via known solutions of analytical results.

The computational model was applied to examine the frost heave induced in-
teraction between a flexible near surface buried pipeline and a frost heaving zone.
The thesis presented a numerical simulation of the Canada-France pipeline freczing
test which was carried out at Station de Gel at the Centre de Geomorphologic at
Caen, France. The thesis focussed on the computational modelling of the two test
stages. The comparisons were conducted by the examining the temperature profiles,

soil surface heave, displacements of the pipeline and stresses in the pipeline.
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The results indicate that the temperature contours obtained {rom numerical com-
putations compare well with results obtained from the experiment. The frost heave
of the soil surface which is obtained from the numerical computation also compare
well both in magnitude and pattern with results obtained from experiments. These
results apply for the frost heave patterns obtained for puth the silt and the sand. The
computation modelling also predicts both the trend and the magnitude of pipeline
displacement accurately. An accurate prediction of distribution of maximum bending
stresses which are induced by non-uniform displacement of the pipeline was also given
in the simulation.

Numerical modelling of the pipeline crossing a transition zone between prefrozen
soil and an unfrozen soil of high frost susceptibility shows that the pipeline experiences
smaller displacements. greater bending moment in the transition zone than in the case
of both soil and sand inttially being unfrozen in a given time. This result is identical
to the experimental modelling.

Computations were also conducted to examine the idealized test problem where
the {reezing was induced only from the cooling temperature in the pipeline which
crosses the soil with contrasting frost susceptibilities and which are maintained in
an initiaily unfrozen condition. It is observed that the magnitude of the maximum
heave is much less and such effects are more concentrated along the axis of the buried
pipeline.

Finally. the Caen pipeline was modelled as a cylindrical shell which combined
plane stress elements with plate bending elements. Bending stress profiles at the 12.
2. 4. 6 o'clock locations along the pipeline are presented.

The major contributions of this thesis research can be summarized as follows:
(1) development and verification of a finite element procedure for three-dimensional

frost h-ave modelling,.
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(2) development and verification of the proposed complete creep model.
(3) adaptation of a creep fatlure model which iz partienlarly applicable far the soil-
pipeline interaction problem.
(1) incorporation of a Bernoulhi-Euler beam and a ¢yvlindrical shell to represent the
behaviour of pipeline.
(5) application of the developed finite element technijues to the investigation of the
general creep responses of a variety of geotechnical structures,
(6) application. of the computational model to the study of near large scale controlled
pipeline freezing test: the results obtaine! from the computational modet give trends
which compare well with experimental observations,
(7) extension of the scope of knowledge with regarding to the soil-pipeline interaction
involve interactive thermo-hydro-mechanical processes.

The following recommendations for future work are suggested:
(1) The modificd hydrodynamic model proposed by Shen and Ladanyi (1987) is con-
sidered as a good approximation in the description of frost ticave modelling. However,
the phernomenon of the gencration of ice lenscs at scgregation temperature is not ac-
counted for in this model. where water freezes at all locations of the region where the
temperature is below zero. The ice lenses which gencrate only at the freezing front
in numerical modelling can better represent the frost heaving processes,
(2) Most geotechnical problems involving {rost heave are primarily concerned with
frost heave effects close to the ground surface. Examples of these include near surface
chilled gas pipelines and highway pavements. The soils in these zones are usually
unsaturated. Consequently, the assumption of a fully saturated state can be violated
in these near surface frost heave effects. To account for the deficiency it is necessary

to address the problem of frost heave development in unsaturated zones.
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(3) The accuracy of numerical modelling of frost heave largely depends on the ther-
mal. hydraulic and mechanical parameters of soil used in the computation. Of these
parameters, a funetion of permeability with temperature is the most sensitive to the
computational results. Accurate measurement and procedures lor determining such

functions will greatly enhance the modelling of the problem.
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