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Abstract

This thesis investigates the interaction between frozen soil and a pipeline embedded

in a discontinuous frost heave ~one. The computational modelling procedures pro­

posed in the thesis include the modelling of frost heave generation, the constitutive

modelling of the frozen soil, the structural behaviour of the pipeline and the constitu­

tive modelling of the soil-pipeline interface. The interactive thermo-hydro-merhanical

processcs 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 lrost heave model. A fini te element implementation of the model is used

to estimate the frost heave in a one-dimensional element. The comparison of the

'lumerical rcsults \Vith an experimental result indicates that the prediction by com­

putational modelling can reasonably simulate observations of one-dimensional exper­

iments. T\Vo-dimension~1 and three-dimensional simulations also indicate that the

numerical modelling can predict trends of frost heave development \Vhich are consis­

tent \Vith the localized cooling at the base of a cuboidal element.

ln the development of the interaction effects, the mechanical behaviour of the

frozen soil is represented by a complete creep mode!. The proposed complete creep

model can take into consideration ail three creep processes associated \Vith frozen

soils. Computations have also been conducted to ca1ibrate the predictions of the

creep model \\ith observed experimental data. Extensive computations have been

performed to investigat~the general creep responses of a variety of geotechnical struc­

tures.

II



•

•

•

1'0 l'xamine fr02<:'n soil-pipdine intl'raction prohl"ms, tll<' pip"\in,' is mod,'lI,'d "i·

ther as a Bernonlli·Enler beam or as a cylindrical ,1\<'11 whidl ar..ommOllatl', hoth

tlexural and shear ,tiffness elfects, l'Ill' nnmerical prü",'dnres are applied to "l'amin,'

the pipeline freezing l'l'periment condnctl'd at Ih,'!al'!!-e , ...11,' farilit.y in Caen, Fran",',

The temperat.ure profiles. ;"il hea\'e. pipe1illl' ddormilti'lll ilnd tI"l'llra! moment' dl"

\'e1oped in t.he pipeline due to the generation of l'l'ost heil\'" in the disrontinuou, fro't,

hea\'e region are documented,

iii
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Résumé:

L'obj~ctif de la présent~ étude porte sur les interactions existant entre un sol à l'état de gel ~t

un pip~line souterrain localisé dans une zône discontinue de souli:vement dû au gel. Les
méthodes de modélisation suggérées à l'intérieur de ce document comprennent la modélisation
d~ l'engendrement du sO'lli:vement du sol causé par le gel, la modélisation constirutive du sol
à l'état de gel, le comportement mécanique du pipeline de même que la modélisation constirutive
de l'interface sol-pipeline. Les divers phénomènes thermo-hydro-mécaniques interactifs observés
au sein de cette érude furent, de façon générale, non linéaires et s'exprimaient en fonction du
temps.

La modélisation du phénomène de soulèvement dû au gel utilisée consiste en une version
tridimensionnelle d'un modèle hydrodynamique de soulèvement dû au gel. L'utilisation du
modèle, cette fois basé sur les principes d'analyse d'éléments finis, fût mis de l'avant afin
d'obtenir une estimation du phénomène de soulèvement dû 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 façon raisonnable, les
résultats observés lors d'expériences uni-dimensionnelles. Des simulations à deux et trois
dimensions indiquent également qu'une modélisation numérique peut prédire les tendences de
de soulèvement dû au gel, ces dernières étant conformes avec le refroidissement localisé à la
base d'un élément cuboïde.

Lors du développement d'effets interactifs, le comportement mécanique du sol à l'état
de gel est représenté par un modèle portant sur le comportement du sol au fluage. Ce modèle
peut inclure les trois procédés de fluage associés au sol à l'état de gel. Divers calculs ont
également été effecrués afin de calibrer les prédictions du modèle de comportement au fluage
avec les données expérimentales. Ces calculs furent exécutés dans le but d'érudier le
comportement réactionnel de diverses strucrures géotechniques face à la propriété de fluage à
long temps du sol.

Afm d'examiner divers scénarios interactifs sol-pipeline, ce dernier est modélisé soit
comme une poutre de type Bernoulli-Euler ou comme un membre cylindrique répondant à la fois
aux effets de flexion et de rigidité au cisaillement. L'application des procédés numériques fût
orientée dans le but d'examiner les expériences de gel de sections de pipeline réalisées au
laboratoire à grande échelle de Caen, France, Finalement, ce document inclue l'interprétation
complète des variations de température, soulèvement du sol dû au gel, déformation de pipeline,
de même que l'engendrement de momeuts de flexion dans le pipeline causé par la formation de
zônes de soulèvement.
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Chapter 1

Introduction

1.1 General

In North America. the first documented use of an oil pipdine is that. construct"d

in Pennsylvania in 1861 (\Volbert, 19;9). This pipeline measured 10 cm in diam·

eter and 10 km in length. Since then, pipelines have bœn increasingly utilized as

efficient means for the transportation of many resourœs. At present. pipelines arc

used to transport energy resources and other fiuidized materials. such as oil. natural

gas. refined hydrocarbons, coal slurries, mine tailings. municipal and industrial waste

and water (Selvadurai aI!d Lee, 1981, 1982; Pickell, 1983; Jeyapalan, 1985; Selvadu·

rai, et al., 1983). The common sizes of pipeline range from 35.56 cm (1·1 inches)

to ;6.2 cm (30 inches) in diameter. Large diarneter pipelines, up to 121.92 cm (4~

inches) in diarneter, 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 cm (0.125 inch) to 1.2; cm (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 e.xpensive compared to other forms of

transportation such as trucks and rail. Pipeline rate for transportation of oil, for ex·

ample, is about kof 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

1
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UIH'I'I1I' in (I<I\,('I'S(' C'II\'irotliIlt'llt. l'or illstallCl'. in !,('1I1ott'1l1\('xplol'l'd art'as. ofr:--hol'l' 1'('­

~i{)lIs 'lIJd pl'rtllélfl'usl tll'ctic {'('giulls: (i\') 1>t1l'ied pipe1ilH's rail kl'l'IJ tIll' l'1l\'ÎI'OIlIlll'lllai

dislllrl,.lIIC('S tu êI Illillitlllltil.

Then' are or course disad\'tllltagt's <l.,",socialed with the utilizatioll of pipelitlc's.

'1'11<'''' incind" t.1)(' followings: (i) tilt' initial capit.al cost. is ofl<'n larg,,: (ii) I"akag,·

01' hlockage dnring operat.ion cannot. he e;L'ily locat.ed and rectified: (iii) wilh bl1ried

pipl'iin"s, the int.eraction I\'it.h sUI'I'ounding soils can int.roduce unfavourable operaling

conditions.

Pill<'lines ha\'" been f'xt.ended to COVt'I' almost. ail populated are;:,; in :\ort h Anll'r·

Îl'a. In th" early 19ïOs. two large pip<'!ine projects were proposcd to recover and

transport t.he abundant. resources of petroleum and natural gas discovered in north·

t'rn arctic sedimentary basins. Duc 1.0 great distances to southern consumers and the

large volume of products 1.0 be transported. pipelines were considered t.o be ideally

suit,,,,1 and feasible. The details of these proposed pipelines were as follows:

Alyeska warm oil pipeline (sec Figure 1.1) is 1:300 km in length and 121.92 cm (·18

inches) in diameter, with 60 oC - iO oC operating temperature. The construction

commenœd \Vith an above ground pipeline in 19i.5 and the project "las completed in

19ii. Basically it has becn regarded as a successful pipeline.

Alcan chilled gas pipeline \Vas proposcd from Prndhoe Bay field within the Arctic

C'irclt'. down the Mackenzie Valley to the United States (sec Figure 1.2). A consider·

ation of el1\'ironmental factors. native rights and economical aspects suggested that

buried pipelines were more acceptable. The 121.92 cm (4$-inch) diameter and 6440

km (4000 mile) long pipeline \Vould deliver 90.6 million m3 (:3.2 billion cubic feet) pel'

day and 5% of total US consumption of natural gas. The pipeline would have been

the most expensive non-military project l'ver undertaken at that time (19ii). Public

inquiries into variOl"S aspects of the project, however, lead to its abandonment.
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Figure 1.1: Route location of Alyeska oil pipeline (after Williams, 1986)

Figure 1.2: Route location of proposed Alcan chilled gas pipelil"e (after Williams,
1986)
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• 1.2 Geotechnical Problems Associated with

Buried Pipelines

,1

•

•

linlike abo,'e ground pipeline~ which can be subjected 1,0 the detrinH'ntal influences

of corrosion. wind loads. ('arthquakes and interaction with human acti,'it ies. buried

pipeline bdlaviour is strong!y influenccd by considerations of geotechnical nature,

The structural analysi~ and design of buried pipelines should take into consideration

the mutual interaction bctween .Ile pipeline and surrounding soil. Such interactions

can result from the following (Selvadurai ct al.. 1983): (i) lI/ovclI/cnl of Ihe sur·

"OlLlldiIl9 soi!: 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) defOl'1nalion and 7Il0vcmenl of

pipeline: thcse could include expansion or contraction due 1,0 temperature changes.

notation of a gas pipeline due to buoyancy caused by soil inundation, shape change

due to internai pressure; and (iii) external loadings: including earthquakes. wcight

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 differentia! movcment 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 \Vere planned 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 hac! been built in northern region. Consequently little experi­

ence and information \Vere 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



!l'Illperallll'e fol' oil i, ahoul llO"C' 10 ïo"e, Trau,p,)rtali"ll ,,1' "il "t 1",,,,,1' t"lllp,'r"t Urt'

bl'coll1l" uufea,i hl" ,i lin- "i,,'o,i Iy forCl" wi Il ili hihi l ,1ll'i l' d lici"lI' t r;lll' p"rl, Th,' pri

111ary problt..~nl a.,....sc.ciated \\'Ît h t.rllllSportat ion llf \\',\1"111 ",lil il" t hat 1,,)1' t Ill' IUt'iI itl~ I"lf

pl'rmafro'l and Ihl' rl',ulting Ihilw·indun-d ,,'ttklll"Ut ;\l',,uIlll pipdilll-, lu ....IIII';"t

10 Ihe \\'arll1 opel'ating telllpl'l'alure of oil. pl'l'''lIl'iz,-d g;" cali hl' 1r;\lI,p"I'Il-d in ;\

chilled 'Iatl', u,ually a l'l'\\' degl'l'l" bdo\\' o"e and ,light Iy c"ld,'1' 1h;\l1 1Ill' alllhi,'n\

tl'mpera\lIl'e within thl' nl'ar 'lII'fan' l'l'gion of pl'rmafr",!. (;;" in " chilled ,ta,l' will

not induce tha\\'il:g of the pl'rlllafro't, \\'hich Illininliz,', ,hl' ri,k of 1h;I\\' ",tt I,'nll-ut

and environmental damage and a hazard to lhl' pipl'!inl' in !l'rlll' uf l1"t;,\ i"n, It

can, ho\\'en'r, pr<"ent altl'rnati\'e probklll', Thl' prl"'l'nCl' of a "hilkll ga, pipl'1in,' in

a fro,t susceptible zone can l't.'Sult in IL,' graduai e,'olul ion of a zonl' uf fmzl'n ",il

al'Ound the pipeline, The uniform de\'e10plllent of fro,t hl'a\'<' alung il huril'll pipdin,'

is not expected to have an adverse effcet on the pipe1il\l', 110\\""\'<'1', \\'I\l'n thl' frust

susceptibility of the soil varies a10ng the pipe1ine, and particularly if a pipl'1Îlll' 10('atl'll

at the transition zone of frozen to unfrozen gl'Ound, freezing caus<" discontinuous or

non-uniform heave which can create uplift of the pipe1inl' particularly al zonl'" Whl'rt'

the heave proc= are marke<1ly different (sec Figure 1.:1),

Under these conditions. the dominant creep characteristics are a spccial featnre of

frozen soil. When uplift forces are large enough. significant movement of pipelilll' and

failure of soils may occur, Bending and uplift forces on a pipeline also develop large

strains and stre."Ses in the pipe and can influence the performance of pipelines during

their service life. An understanding of the frost heave proccsscs and their accurate

modelling are therefore important to the design of a buried pipeline.

•

•

•
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Figure l.:l: liplift force on pipeline induced by di8continuou8 fr08t heave

1.3 Methodologies for Analysis and Design

fi

•

•

:\ 8ucc('$8ful dC8igu can be enhanccd by the development of 8ati8factory proccdurC8

for the modelling and analY8i8 of 80il-pipeline interaction. :\ modelling of interaction

in a bnrit'd pipt'1ine 8hollid include the following threc a8pect8: (i) the mechanical be­

haviollr of the soil (ii) the structural rC8ponse of the pipeline. and (iii) the soil-pipeline

interface which achievC8 the interaction between the pipeline and 80il. In generaL soils

arc non-homogencolls and can exhibit complicated non-linear, anisotropie and time­

dependent con8titutive propertiC8. Pipelines exhibit resistance to a.xiaL f1exural and

torsional stiffnC8s as weil a8 in plane f1exural and membrane stiffness of the shell. The

interface between the pipe wall and the soil can also exhibit complicated constitutive

characteristics (Seh-adurai and Boulon, 1995)

Allalytical 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 in\'olving 3-D rC8ponses 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 \\'hl'n~ tHl11-lilll'<\l' illld tillll'-dl'\H'lHlt'llt l'ifl'cts arl' iu,·üh'l'('l.

An a!tc'rnativl' approach 10 tlll' tllt'c'" dimc'n,ional modl'lIin~ IItilizc, ,implili,'d \'l'J'l""

,entation, of the ,oil-pipelillc' intl'racl ion prohlcm,

1.3.1 Winkler type models and other simplified models

The one dinwnsional Winkler model (Winkll'r, l86i: lll'l<'nyi. 1~J.l(): Sdv,"lmai, l!li~l)

is the most basic and simplifil'd mode! and has bel'n l'xten,ivcly ,lndi,"1. ln t Ill' lint'olt·

dastic \Vinkll'r mode\. the soils surrounding the buril'd pipelinc' are tt'l'atl'd '" a 'l'l,il"

of unconnectl'd linl'ar e!astic spring e!l'ml'nts and the (It,fiection t~ at auy point. i, tllll'

dirl'ctly proportional to the load (or stress) at that point and indc'p('ndl'ut of loacb

(or stresses) applil'd at othl'r points. The proportionality con'taut ~, i, rd'l'l'I'cd 10

the modulus of subgrade l'l'action. Revie,,"s of the analysis of fiuitc' or infinitc' bc'am

œsting on linl'arly elastic dl'formabll' media arc gi\'l'n III the treal.i,l's by Hl'lc'uyi

(19·16) and Selvadurai (1979).

Sclvadurai (1985a) l'xan1Ïned the sail-pipeline interaction inducl'd by dirrl'r,'ntial

ground movement in the vertical direction. Sail was represented by linl'ar clastic

Winkler model and pipeline was modelled by Bernoulli-Euler beam. The fiexural

moments in the pipeline were obtained by the solution of the dirrerential eqnation

governing the 'Ninkler type mode\. The paper also presl'nted approximate expressions

for cstimating the dastic stirrness k under dirrerent depths of embedmenL. Also, the

induced ma..ximum f1exural moments of pipeline embedded in stilT clay and in soft

clay under ground displacement indicated that the latter case had smaller f1exural

moments.

Elastic idealization of soil cannot predict the complete dcformation of soil sincc



natlll'ally occlII'ring soil media t'xhibit 1I01l-linear and time-dt'pt'Ildent eff,·cts. Ho\\'­

ever. it cali be consider('d ;c' a first approximation for the solution of a soii·pipelille

interaction problem. :\Iso the elastic modelling can be used for verification of numer­

ical techniques \Vhich can be better adapted for the solution of complex practical sit­

uations. '1'0 represent tilt' non-linearity of soils. follo\Ving high order \Vinkler rnodcls.

such as el;c,tic-plastic. hyperbolic. bilinear Winkler modcls have also been devcloped

(sel' e.g. Selvadurai et al.. 198:3).

Selvadurai ct al. (198:3) summarized the rclationships that have becn developed to

describe the lateral load displacement behaviour of buried pipe. These rclationships

were of the hyp"rbolic (Audibert and Nyman. 19ii). cIastic-perfectly plastic type

(Peng, 19i8). \Vhich \Vere based on experimental results and empirica! estimations.

Linear cIastic parameters and shear strength paramelers \Vere utilized to characterize

the above modcls.

Soldatos and Selvadurai (1985b) examined the problem of a lincarly clastic beam

rcsting on a nonlinear Winklcr-type medium. The nonlinear clasticity of a soil

medium was describcd by a hyperbolic function. A perturbation-Galerkin technique

was used to redure the initially nonlinear equation to a system of linearized equations.

Analytical solutions were prescntcd for the problem involving flexure of a beam of

fini te length which \Vas subjected to a concentrated line load and the flexure of a

finite beam having free cdges subjectcd to an initial displacement at its middle point.

The advantage of the Winkler-type models is that the governing equations can

be easily solvcd by finite difference methods, fini te element methods and boundary

clement 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 beha\;our of soil. Furthermore it is not casy 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 relati\'e st.irrness of the soil-pipelin,' syst"lll (S,'I\'adm<li. 19:;"a),

Also the assumption that. deflect ious OCClU' ouly uuder thl' loadiu~ poiut is lIot realist.ic

becanse of the st.rength of soil which allows load transmÎssihility wit hiu it (Sd\'adurai,

19ï9).

Instead of using t.he single paraml'ler k for th,' \\ïukl,'r mode!. t wo·paranll't.,'r

elastic models which possess some fl'atures of coutiuuity w,'n' proposed hy Filoueuko­

Borodich (19·10). Hetenyi (l!l·IG), Pilsl<'l'Ilak (1!15·1). Ih'issuer (1 !l:;~), 1\"lT (1 !!li·I)

and Vlazo\' and Leontiev (1966). A complete discussion of thl's,' lllodds is !\i\"'u hy

Selvadurai (19ï9).

The interaction betwccn pipeline and soil was examined by Sclvildurai l't al. (1 !190)

and Seh'adurai (1991) using the Pasternak two-parameter soil modd whi<-h assuu1l'd

the existence of shear interaction betwccn the spring clements to rl'pn'sl'ut th,' load

transmissibilityor continuity of soils. The pipeline of infinit" length was i\..,sumed to

l'est on the surface of a soil overlain by a soft backfill which acted only i\..' a flexibll'

surcharge load. The interactions were induced by prescribing displaceml'uts which

vary in a random fashion (Selvadurai ct al.. 1990) and l'andom ground movements

(Selvadurai. 1991). The Galerkin fini te clement scheme was used to solve the basic

differential equations. A comparison was made betwccn the Winkler modcl 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 stilfness 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

ID

•

•

Finitl' e!<.'ment Illethods have been used qllite extensi"e!y for t.he analysis of soil­

strllct.ure interaction problems. In numerical analysis. the soil masses are treated il>;

contilluouS media and their mechanical behaviour can be represented by il variely

of constitutive mode!s corresponding to their properties. such as the eli1stic mode!.

the plastic modeL the "isco-plastic modeL etc. Similar considel'iltions apply to the

modelling of the structural response of the pipeline. In e!el11entary treatments. the

pipe!illl' is lllodelled as a flexible beam that possesses flexural. a.xiaL shear and tor­

sional stilfness. In more advanced treatments. the shell action of the pipeline and

non-linear stress-strain-time behaviour of the shel! material arc taken into consider­

ation (Se!vadurai and Pang. 1988).

A coupied boundary element and fini te element scheme \Vas used to simulate

numerically the soil-pipeline interaction in a ground subsidence zone (Seh·adurai.

1985b). and induced by surface load. grollnd movement or frost heave (Selvadurai.

1988). Herc the sllrrollnding soil was treated as an elastic medium and was rcpre­

sented by boundary elements. The pipeline was modeIIed as a series of finite elements

which experiences only f1exural behaviour consistent with the conventional Bernoulli·

Euler beam theory. The e!feet of interface between soil and pipeline was assumed to

be perfeetly continuous. These results iIIustrated that the relative rigidity of the soil­

pipeline system and location of the pipeline cao influence the defleetions and f1exural

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 ideai elastic-plastic continuum which obeyed the Drucker.Prager yieid

criterion which in turn obeyed an associative f10w rule. Soil \Vas modelled by soUd



brick element.s and t.hl' pipeline wa.' modelled by cylindriral ,hdl ell'ml'nts. Compll't.e

cont.inuous coupling llL'\wC'"n t.1,,' shelll'!t-nwnt.s and brirk d,-nll'nts w,~' l'onsid,-n-,1.

Dist.ribution of b"nding moment along the pipdin,' and hoop stn'ssl'S of th,' pip,­

induced by gronnd subsid"nc,' w,'r" givl'n. Th" r"snlt, indirat,'d the relati\'<' stilfl"'ss

of t.h" soil-pipl'iin" syst,'m and th" yiclding of th,' slll'l'onnding soils in!luenn' the

magnit.udl' of induced n,'xlll'al stres",'s in pipl'iin,'s.

In the mod"l\ing of sail-pipeline interaction induCl'd by frost. h,'a\·,'. adequat,· l'on­

siderations should be given ta the ,'arious tinll~d"p"ndl'nt thl'rmo-ml'rhaniral phl'­

nomena. The frost hea"e generation around a chi1l"d ga.' pipl'iinl' and th,' n'snlt.ing

interaction between the pipeline and the frozen soil have b,'<'n ill\,('Stigalt'<l hy Nixon

et a\. (1983), Konrad and l\Iorgenstern (198,1). Ladanyi and L,'main' (I!JS·l). Dal­

limore and Williams (198-1). Nixon (198;). Shen and Ladanyi (1991) and Sd,';,dnmi

and Shinde (1993).

Nixon, Morgenstern and Reesor (19S:~) implemented a 2·D fini te l'iement ana.!ysis

to c,'l:amine the problem of a pipeline which crosses the transition ZOIll' frolh unfroz,'n

to frozen ground. Soil was described by both a linear elastic 1Il0del and a nO.l-\inear

viscous power law mode\. Frost heave was predicted by the segregation potential

model proposed by Konrad and Morgenstern (1982) and the e!fert of frost heave on

the pipeline \Vas simulated by non-linear applied pressure. The analysis ignored the

influence of the stiffness of the pipeline and in the computation it was trcated a.., a

passive structura.! member. Soil strain at the pipe elevation \Vas used to rcpresent the

strain in the pipeline. The results \Vhich used the power law creep modcl 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 mode\. Radial hœt flow and

•
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("irnil'lr :-.YJlllIH"t ry ;dulI"; tilt' n'lit !"t'!ill(' Wl'n- iISSUtlH'd. l'lit' t'fft'ct of pipe l\'III(J('rlll url'.

l'il)!' illStlilltiu!1 and bJ'Utllld tt'l1lJJl'l'atun' ou [rost ht'<l\'(' \\'('l't' aIsa disctlssed.

:\ IIlud,,1 for 1h" cUllpl"d allaly,i, of heat. moi,t un' alld 1h" ,11'"" fi"ld W1L' l'l'o·

I,,)s,'d by SI"'II alld Ladallyi (1991) lu ,'xamill" a ,oil·pipelill" illt"racliull 1'1'01>1,,111.

TI", pn'diet iOIl uf fro,t I",a\'l' W1lS 1>a,,,d 011 the hydrodYllamic mudd. Th" ,t l''''''

'traill n'laliulI,hip, W('I"" l'xpr"""d by the illcr"ml':ttal form,. alld illcludl'd a Cl"l'''P

'traill illCl"l'mt'lIt and a \'olunw ,'xpall,ion 'traill incrl'nwnt. A two·dimell,ional CClU'

pied allaly,i, uf th" hl'al l!"<tll,fl'r alld moi,turl' t!"<tn,fer l'qualiolls Wt're sol\"l'd by a

iillil" diffl'r"lICl' ml'thod. Tht' lIll'challic;tl l'qualioll' W"rl' ,ol\"('d by thl'lillill'l'1"ml'nl

IIwthod. :\1 Iwo l'xlrl'IIW pipl',colllinl'IIWIII condilions, i.l'. Olle in whieh the pipelille

w.\.' l'ithl'r rigidly Iixl'd or frl'l' noating. 1l stress fidtl. tt'mpl'!"<tturt' fidd and moi,turl'

fidd al a gi\"l'II timl' Wl'rl' prt'Sellted. It was considered thal the true conditions would

bl' locatl'd bl'I\Wl'n lhl'Se IWO limiling cases. The results of lhe analysis showed lhal

the lt'mperaturt' fidd agrœd wdl with the experimental \-alue and stress fidds around

pipèlilll' Wt'rt' dose to the measnremenls.

l'hl' most comprehensi\"e computalional continnnm moddling to date on the l'rob·

!L'm of frosl hm\'<' indnced soil·pipdine interaction was presented by Seh-adurai and

Shinde (199:J). ln thl'ir analysis. frost hea\"e was simulated using a simple e\'oh'ing

two-dimensional reclangnlar frost bulb obtained \'ia an empirical gcothermal simula­

tor (Nixon. 1987). The pipeline was modelled as a flexible beam with a circulaI' cross

section. The mechanical beha\"iour of the frozen soil was represented by a prima!")­

creep mode! 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·

\-atiou was .llat the influences of creep deforrnation on f1e.'(ura1 stresses in the pipeline

\Vere at \-arÎance \Vith the con\'entional interpretations. where creep processes have the
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gl'nl'ral l'ffl'ct of relie\'ing thl' stresses in embedded slructur<ll d"Ill.'nts. Th,' \'t'slllts

of Scl\'adurai and Shinde (1993) poinled ont. th<lt. e\'t'ep d.-fonn<ltions of Ihe froz.'n

soib inerl'ased the rd<lti\'e displacemell\s in t.he pipdine <lnd in tum conl ribntt'd lo

t.he dl'\'elopment of increased f1exuralmonH'nt.s in th,' ,'mllt'dded pi l'di ne.

1.3.3 Experimental modelling

A limited number of el'periments which arc rclat.ed to Ihe scope of t.his \'t'search deal·

ing with soil-pipeline int.eraction ha\'e bccn rl'ported in t.he lit.eraturl'. Experinlt'nt.al

research rdated to pipelines embedded in unfrozen lllt'dia art' gi\'en by Sd\'<ldnmi ami

Lee (1981. 1982). Pickell (1973) and Jeyapalan (1985). In this section, sonlt' rl'snlts

of interest to the soil-pipeline interaction problem will bl:' pr<:'Sented.

Dallimorc (1985) summarizcd the r<:'Sult of the Canada-Francl:' co·operati\'\' pipdiue

freezing test which was carricd out at Siniioll de Gcl at the CCIII.'!: de G"olllol'pirologir

at Caen. France. In a controllcd environment hall. a steel pipeliue measuring 18111 in

length and 273 mm in diameter and containing an independent rcfrigeration system

was buricd at a transition boundary between a non-frost susceptible sandy soil and

a highly frost susceptible silt. The l'l'periment was a multi·disciplinary investigation

which el'amincd the evolution of frost heave. the deformation of pipeline and the

induced stresses in the pipeline and the surrounding soils.

Slusarchuk et al. (1978) presentcd the results of a field test \Vhich studicd the

behaviour of a chillcd.large-diameter gas pipeline buricd in unfrozen frost susceptible

ground. Four separate sections of pipe measuring 1.22 m in diameter and 12.2 m in

length \Vere buried under different conditions. These conditions \Vere represented

by the control, deep burial, restrained and gravel sections. The temperature in all

sections was maintained at about -10oe by circulating chilled air through the pipes.
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Frost penetration, rrost heave and pore- water pressure were 1110nitored in the test.

TIlt' results showed t.hat. small changes in the clay fract.ion i1ppear to cause- significant

diff"J"('nC<'s in t.he heave behaviour. TIlt' result.s also indicat.,·d that t.he increased

o\'t'rburden pressure had an errect on the- rate- of frost. he-i1ve.

Trautmann et aL (1985) conducte-d a se-rie-s of te-sts which ('xamined the- uplift

force-disp!aCC'l11ent re-sponse of a pipe- buried in granulaI' soil defining under plane­

strain conditions, Forcc-displacel11ent cun'cs presented in these tests particu!ar!y

emphasized the innuencc of the burial depth and soil density, The l'esults showl,d

that the- finite clement method which uscs either hyperbolic or bilinear rclationships

l'an closcly predict pipe uplift force in medium and dense sands, This study also

indicated that ma.ximum soil forccs develop at displacements ranging from Q,QQ5H

to Q,QISH. where H is the depth of embedment to the centre of the pipe section.

Sclvadurai (1993) summarized the results of a serics of experiments which l'l'am·

ine<! the enhancement of uplift capacity of burie<! pipeline embedde<! 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 l'an be substantially

increased by the use of this configuration of the reinforcement, It indicated that the

increased uplift capacity l'an be maintained \Vith 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 objeeti\'e of this thesis research was to in\"l'st igat" thl' intl'raet iOIl hd \\',~'tl

a buried chillt'd gas pipeline and surrounding soils usiug nunll'rical Illl'thods whidt

utilize the continuum approach for modelling of soil Ill,'dia. Th,' inll'raet iOll was

induced by differential frost he,wc. The specific ohj",·ti\·l's of th,' n'sl'areh W,'l"<' '"

follows:

1. Based on thc extt'nsive review of availabll' frost lll'a\"l' Illodds iu th,' lit,'ra­

ture. sc\ect a continuum frost heavc modd which can bl' utilizl'd 1.0 silllulat" thm.'­

dimensional efferts of frost hea\'e gl'neration.

2. De\'c\op a constituti\'e model for frozen soil which accommodat"" frost hl'avl'

induccd deformations. elastic dcformations and creep phcnoml'na. Attention was

focuscd on the developmenl. of a complete constitutivc modd which can dl'Scrih,' th,'

entire range of creep beha\'iour of frozen soils.

3. Implement the frost heave generation modcls and the constituti",' models in

a finite element code which can exanline the frost heavc induccd interaction at thl'

transition zone involving a frost susceptible soi\. The pipeline was to be modelled

either as a Bernoulli-Euler beanl or a sheU element which accommodatcs llexural and

shear sti!fness e!fects.

4. Identify through a review of the literature the plausible range of parameters

governing the frost heave and constitutive responses of specifie frost susceptible and

frozen soi!s. Calibrate the model by available data from either laboratory studies or

large scale e."periments.

5. Conduet a numerical modelling of re;ults of the Canada-France co-operative

pipeline project, obtained at di!ferent stages of the test, by examining the tempera­

ture profiles, soi! hea\'e, pipeline deformations, bending moments and stresses in the



pipeline, The pipeline is locilled in il disconlinuous frosl heil\'e region ill the boundilry

bt'lweeu il frozeu silnd ilnd il frosl susceptible soi!.•
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1.5 Summaries of Chapters

Chilpter :2 deals with the threc-dimensionill frost hea\'e modelling which is based on il

modified hydrodynamic frost heave mode!. The basic processes in the mode! in\'oh'es

both heat transfer and moisture flow duc to cryogenie e!fects, Then the model is

implemented in a finite clement code and such a code is used to examine frost heave

generation under threc-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 modcls available in the

Iiterature. The chapter also presents the development of a complete creep mode\.

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 \Vith observed e.''l:perimental data.

Chapter 4 develops the numerical modelling of the pipeline. The formulations

of a Bernoulli-Euler bearn element and a shell element \Vhich acco=odates fie.'l:ural

and shear sti!fness e!fects 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

C)'lindrical footing embedded in a frozen soil and a circular fie.'l:Ïble footing placed on



the surface of frozen soil. The loadings can takt' tIlt' forms of eit Ilt'r timl'-illdqll'ndl'nt

a.'da! and lateral loads, a multi-step 10ad or a qnasi·cyrik load. Ot h,'r l'r,>bl,'m,

examined !nclude a pipe section subjected to uplift loads and an l'mlwdd,'d foot ill~

",hich has an interface effect.

Chapter 6 focusses 011 the computational moddling of tll" Canada- Fl'<lnc<' co­

operatÏ\'e pipeline freezing test. This freezing l'l'periment consis!s of 1."'0 major ft'l,l'z­

ing stages. The numerical modelling of the first frel'zing stag" is 1.0 l'l'amine a buri,'d

chilled pipeline intersecting the boundary bet",een the t",o initially unfrozen soils ",ith

significantly different l'l'ost susceptibility criteria. The moddling of St'cond frt'<'zing

stage invcstigates the problem of a buried chilled pipeline intersecting " tl'<lnsition

zone bet",cen prefrozen and unfrozen. frost-susceptible soils. Numericalmoddling for

l'l'ost heave when cooling is pro\'idcd only l'rom an embedded pipeline is "Iso prcsented.

Chapter ï presents the conclusions dra",n l'rom the thesis l't'Search programme

and recommendations for future research.

•

•

•
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Chapter 2

Three-dimensional Modelling of
Frost Heave

2.1 General

Frost heave is volumetrie expansion by freezing in situ porewater and mainly migra­

tion water during the soi! freezing process. The conditions which are required for frost

heaving to occur include (i) freezing temperature: (ii) a\"ailability of water and (iii)

frost-susceptible soi!. Penner and Ueda (19ii) 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 cau 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-Ienses. 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, 19iO).

Further experimental evidence of the existence of a freezing fringe were obtained by

Loch and Kay (19i8).

18
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• 2.2 Review of Frost Heave Models

•

•

Numerous l'l'ost ht'i1\'l' modds h,I\'e bt'l'n dOClllll,'n!l'd in the 1i!l'l'il t ll!'" iIl !,-,'o!l'd.nÏ<';d

enginl'ering and soi1 SCil'nCl', Thl'st, modd, will Ill' hril'!l~' di,cu",'d in 1his ,el'! i'lIl.

Capillary model

The primary dri\'ing forcl' which indul'l'S wiltl'r IllO\"'Ill,'nl to th,' W,ll'nll',1 icl' l,'nst"

is classified as capillary suction, ln thi, lllodl'l. thl' conn'pt of icl' int nt,ion i, u,,'d and

the ad,'ance of the frl'l'zing front can bl' detl'rminl'd hy th,' cOlllpilri,on of radin, of

pore size rp in the soil and the radius of intl'l'faciall'ul'\'atnr,' r,i", whid. i, dqll'nd,'nt

on temperature. If rp > ri"" ice can pen<'tratl' into thl' rigid soil. ot l1<'rwis,' th,'

frcczing front ceases to ad\'ance, Thereaft<'r, water can migrat<' towanl the fn'l'zing

front due to suction until th<, ice starts to p<'nctrat<', As ml'ntionl'<! abo\'<'. in' l,'nst.,.

usually form at some distance behind th<, fl'l'<'zing front for clay and silt, whid. i, not

identical \\'ith what is predicted by this mode! (Mill<'r. l!Jï8: Gilpin. l!Jï!l).

Hydrodynamic model

The coupling heat and moisture transport in a frozen soil was first Prol)OS~'<! hy

Harlan (19ï3) in a hydrodynamic mode\. Frost heave generation and innu~'nc(' of

overburden pressure were taken into consideration by Guymon and Luthin (19ï,I).

Taylor and Luthin (19ï8). Hopke (1980). Sheppard, Kay and Loch (19ï8), Jame and

Norum (1980), Outcalt(1980), Berg et al, (1980) and Shen and Lac\anyi (198ï), The

driving force of f10w takes different forms induding the concept of diffusivity and the

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

Segregation potential model

Konrad and Morgenstern (1980, 1981, 198'2) introduced a concept of Srgregation
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1)0/, lilial. III t iwir s<'ri('s of j>ap(,l"s. segregation pol(,lItiai is t"egarch'd élS clll ('nginc('r­

illl', pMalll<'l"r \\'hich cali 1", ""'d to couple the lrallsfer of Illass f10\\' \0 h,'a\ f10\\'.

Ba,,'" 011 t II<' assullipt iOlls \ hat (1) \ he Clausills-Clapeyroll equatioll is \'alid at \ he

I><L'" of tll<' iCI' lells: (2) \\'aler f1o\\' is cOlltinuous across lhe f!"Ozell frillge. and \\'a\('r

acnlllllIlales a\ the I>1L'" of lhe warlllest ic('·lens: (:l) th(' frillge is charac\('riz('d by an

ovel'<lll p('rlllea!>i li ly and (,1) the telll peratme va ries 1in('ar!y in the fringe. when a soi1

salllple fr('('zes under diff('r('nt cold·side step temperatures but the same warm side

telllpel'<lture. the water intake flux is proportional to the temperature gradient in the

friuge. The expression is given in the form

V= SP li.T (2.1 )

•
where

V is watt'r intake \'elocity vector:

SPis the segregation potential paramcter:

li.T is temperature gradient in the frcezing fringe.

Using the scgregatiotl potctltiai approach. Nixon (19Sï) and Selvadurai and Shinde

(199:3) approximatcd the evolving frost bulb by a rectangular cross section which is

defincd by a time-dependent width B(t) and a time dependent depth X(t) below the

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

X(t) _ Xot"X

B(t) - Bot"a (2.2)

•
where Xo•Ba. fJx and fJB are constants which depend on the thermal and frost sus­

ceptibility characteristics of the sail.
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Figure 2.1: Evolving frost bulb by a rC'ctangular region (aftl'r Sd"adurai and Shindl'.
1993)

Rigid ice model

Miller (19ïS. 19S0) assumed that the pore ice and segregated ice in the frl'Czing

fringe are inter-connected and form an intricate and continuous rigid body of iet,.

!ce moves around the soi! grains in a freezing fringe under temperaturl' and pressnrl'

gradients, \\'hich refers to regelation. !ce lenses form by filling the gap \\'hich is caused

by the relative movement of soil particles under ice pressure.

The abo\'e models primarily focus on one-dimensional treatments of frost heave

generation. Ho\\'ever. one-dimensional uniform deformations of frost heave are of lim­

ited interest to practical problems associated \\'ith frozen ground engineering. Frost

heave mostly occurs in a non-uniform, discontinuous three-dimellsional fashion. Re­

cently. t\\'o- and three-dimensional frost heave models have been presented by Shen

and Ladan~; (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

inc1ude: (1) heat transfer and moisture migration within both unfrozen and frozen
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illg frollt; (:l) stl'ess stilt" illld mech,,"ica! beh"vioul' of frozell soil. especially crel'p

ph(,lIollle"", :\ Il "ccmate frost hea"e model should si lIlult alleously take i1110 consid-

(,l',,tioll th,' abo\'(' pl'Ocesses ,,"d the mode! shou!d also: (!) be defined in t<-I'ms of

p"l'alll('tel's ",hich can \)(' del"l'Inined eithel' from laboratol'Y tests 01' field studi,'s.

and (2) \)(' illll"lIable to implemelltation in "computational code, At present a mode!

",hich can n1<'et ail above l'l'qui,'emellts in thl'ee-dimensiona! fOl'm does not exist in

the iiter"tme "nd coup!ing of ail of the above processes in a m"thematicalmodel is

a difficult task (Seh'"dmai and Shinde, 199:3).

2.3 Modified Hydrodynamic Frost Heave Model

Shen and Ladanyi (198i. 1991) suggested a modificd hydrodYllumic modd \\"hich cou­

ples the process of heat conduction. moisture migration and mechanical effects. The

model can be extended to include generalized thrcc-dimensional effects. The frost

heave modclling in this thesis utilizcs the methodology proposed by Shen and Ladanyi

(198i. 1991) and calibratcs a modificd hydrodynumic mode! for frost action in soils

\\"ith 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 isotropie. In the ensuing sections,

the goveming equations are summarized. The equation goveming heat conduction is

given by (Shen and Ladanyi, 198i)

(2.3)

•
\\"here



• ,'= iJ' il' ii'
, ,

-,-, -r -,-,. "'t'" -,-,
,i.l'" ,i!1" ,i,-

\~,I \

•

lIat", l.l'. y,,) ..\1,,,,

Tb tlll' lt.'111pl'ratl11"t.' at (1 point \\'Îtllill tlll' Clllltilltllllll lllllit:.- ~l( '):

01,) is II", VOIIlIll" rrarti,," or Ih,' i""l""il' 1/,"/11(') \\'hich i, r"lall'd tl> II,,· )',r,,\'i

n1<'1 l'il' ire rontelll by 0 = (1';11'/1'( ... ),

Tht' Ihermal and physical parameters or Sl,il arl' as 1',,1\,,\\,,:

.\ . Ihermal rOlldurlivily or ,oil [II'I/,-'("e- I )):

1.. lalelll heal or rusiou [.1/ kg]:

('- h,'al rapacily of soi! [./III-"("('-')]:

(1.; - dry d,'nsily of soil [kY/III"j:

Il' • \\'al,'r l'onlenl by \\'t'ighl (kg/kg).

lu a fin,~grain,'(l soil. not al! tht' \\'at,'r within th,' soil por,,,, 1'rt'l'z,'s al. o"e. lu

some clays up to 50 % of the hloisture may exist in a liqllid sta1.e "\'l'n al. _:!"('

(Konrad. 1984). This unfrozen \\'ater is mobile and l'an migrat" und,'r th,' al'tillnllr a

suction gradient. Again. assuming isotropy in rdalion to th,' moistu\'l' Ilo\\' l'l'm""''''''.

the t'quation gO\'erning moistllrt' no\\' l'an be obtained as

( ') -)_.a

•

\\'here

p(w) is the cryogenic suction pressure in the unfrozen \\'ater (Pa);

6(w) is the volume fraction of water;

9 is gravitational acceleration [mlsec2).
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fil"') is d,'usily of \\'i111'1' [.'Y/III"]:

ho is P"J'III<',t\,iiily of soil [Ul/Sl'C],

l'I'l'SSUI'<' d, '\'dopl'd iIl thl' fl'''l'ziug proc"SS('S cousisl s of wa t"r PI'<'SSUI'<' (p( ,p)) i1ud

1hl' je(' pressure (1'1;))' Th(' watl'r press\ll'l' aud tlll' in' preSS\ll'e arl' rdaled by t hl'

Clausius· Clapl'yrou l'quatiou. By ilSsullling that (i) thl' icl' pressurl' redun's 10 z<'ro

ilt tlll' frost front (O"C isothl'rlll), (ii) is l'quai to thl' localllll'au strl'ss al or bdow the

s,'grl'gation telllP"l'atur,' (1: isothl'rlll). and (iii) hilS a linl"u' \'ilriation bd.\\'('('n the

o"e :Uld r. isotherm (Shl'n ilnd Ladanyi. 198i). the water pressure rau bl' obtained

from th" rdationship:

Plu') _ Pl;) = L ln( Tk )

1'10<') l'(i) Ta

wh,'l'l' Tk is th,' ilbsolute temperatul'l' in the soil. Assullling that 0(,0') = f(T). and

using Equations (2.:l). (2•.5) and (2.6). we obtain the t'quatiou gO\'Cl'uiug couple<! heat

and Illoistul'l' fiow as

(2.i)

where

(2.8)

(2.9)
.. kpf..)L2
A=À+....:...:~

Tk

If the elreet of ire pressure on the heat conduction cau be negleete<!. Equation

(2.i) cau he reduce<! to the forro

•
(2.10)
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l'quat ions l2.;;), \2,(;) and (2. Ill) ,,'rVl' '" 1hl' ~ll\'l'rn iII~ l'qna1illns fl'r ù 'n pied hl'a1

conduction and tlloi,lun'Ilow. In thl''''l'quations, tl", rl'iatil'Ilship hd'Wl'II Ih('\iquill

watl'r cout l'nt iu fl'l)zl'n soil aud th(, tl'tll!W'';ltm(' III") = .l'll') nll"t 1", dl'l<'nnill('d

cl(pcri lllcnt ally,

Thc boundary conditions g;ov,'rning; lh,'lidd ,'quations are r,'latl'd III 1'./'1 ...1 and

O(U-), C'onsidering a n'gion n with boundary ~, 1h,' """lIt i,l1 bOllllllary condil ions for

thc t"lllpcralmc [idd l'an Iw wrill"1l '"

nomlal to S~.

whcrc ar and br arc constants choscn to fit a partÏ<"u\ar boullliary allli /1 is th,' unit.•

T = r 0/1 (J',y,:) E ~I

whcrc.5\ is a subset. of S, For a bound,~ry S~ through whidl t.hl'I\' j, h,'al loss

ôT
.\-ô +arT + /IT =a 0/1 (.r, y. :) E S~

/1

(:!.I 1)

(2,1 ~)

(2.1·1)

•

Similarlyon a boundary with pn'Scribed p{",) wc ha\'c

The boundary condition governing rcstrÏ<"tro water Ilow acros.~ a boundary l'an

be written as

ap(w)
ka;;- +c(w)p(w) + d{w) = 0 011 (x.y. =) E S4

where C(w) and dlw) are constants chosen ta fit the particular boundary. The formula,

tian of the problem will he complete when suitable. initial conditions are prcscribcd

for T and p{w). i.e•
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It nlust \'" rl'markl'd that in the Clausius-Clap,'yron Equation (2.6). hoth the pore

wat"r prl'ssurl' and in' pl'l'ssur,' arl' trl'alt'd as sl'alar \'ariabll's. \Vhill' t hl' P0l'l' watl'r

prl'ssurl' l'.UI hl' trl'atl'd as a scalar \·ariabll'. the prl'SSUl"'S in thl' icl' \\'illnot bl' a scalar

quantity, Dul' to the rigidity of the in'. tlll' strl'SSl'S in the icI' \\'ill ha\'l' a t,'nsorial

st.rul'l url', This 'L'l'l'ct is a limitation in thl' moddling but a usdul and uni\'l'rsally

acn'pLl'd l'l'Sult. Th" Clausins-Clapl'yron l'<Juation C.ll1 bc gt'lll'ralized to indude thrl'l'

diml'nsiollall'ffl'cts (Sl'l.' l'.g. Frl'mond and Mikkola. 1991). The adaptation of these

rl'Sults is hO\\'l'\'l'r bl'yond the SCOpl' of this thl'Sis.

l'hl' Ill'at capacity and tlll'rmai conducti\'ity in Equation (2.:3) l'an bl' dl'fined as

•
follo\\'s (Sl't'l'.g. KaYl't al.. (19ii))

C = C.O. +C",O". +C.O, (2,16)

whl're C•• C," and C. are the heat capacitics of the soil grains. water and ice and 0•• 0,"

and 0, an' the rt'Spccti\'e \'Olume fractions. Also follo\\'ing Kayet a\. (19ii). \\'1' note

that

(2.1i)

•

w!-ere À., ,\", and Ài are. respecti\'ely. the thermal conducti\'ities of the solid l'articles.

water and ice.

The freezing of pore water induces a volumetrie strain. By virtue of ice lens

formation, the \'Olumetrie expansion is generally anisotropie. In the current study,

hO\\'e\'er. the frost hea\'e is assumed to be isotropie and associated incremental strains

are gÏ\'en by
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(:2,l~)

dl. i.l'.

(:2.\!I)

•

",here d0(i) and dO(.<'l are re:<pecli\'('ly the illCrl'llll'nl,d dl<\n!\"~ in th" 1'''1'<' in' n>nt,'nt

and pore ",ater al time dl.

2.4 Finite Element Modelling

2.4.1 General

ln the finite e!ement scheme. the domain of the soil region which inclndes froll'n

and llnfrozen soils is modelled by S·noded thrce dimensional sai id isoparamdric dl~

ments. The continllolls displaœment \'cctor {~} within the material domain can he

represented by the discretized nodal displacement \'cctor {~i}'

{~} = [N]{~i} (2.20)

where [N] is the shape fllnction matrix for the e1ement. The strain vcctor can be

written in the matrix form as

(2.21)

•
where ['7] is a differential operator matrix relating displacements to strains. lt follows

that
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LU = [v][NH'!!'.) = [BH'!!'.} (2.22)

\\,1)(,1"<' [B] is a Illatrix uf straill·dispia('t'II11'llt l'clat iOllship. :\ typical sllh'lllat rix [B],

is ~i \"l'Il as

0..& 0 0ar

0 :2& 0
~jll

0 0 :2&
[B], = a: (') ')'3)

~ ::l&
_._,

"'li ..Ir 0

0 :2& ~
.:.J: ay

:1& 0 ~
\j: ~I.r

The incrl'tncntal form of the str<'SS-strain rclationship ('an bl' cxpresse<! as

whcr<' the stress in('retncnt \'l'<'tor {d~} and the strain inerement Vl'<'tor {d,t} are

ddlne<!. respcctivdy. as
• {d~} = [D]{d,t} (2.2,1 )

(2.25)

(2.26)

•

For an isotropie linear-elastie material, [Dl l'an he expresse<! in the form
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• ,.
ï=.-: -'-' 0 0 0

1-1'

..
0 II II-

1-1'

0 0 0

t-~l'

l~.~,)
I-j'

0 0

l-'.!I' II1-1'

l.=J!.:
1-1-

wherl' E is Young'~ modulus and Il is Poisson's ratio.

The clement stilfnc'ss matrix ,an bc' writt.l'n <1.'

[K] =!n[Bf'[DHBldH (" "s)_._\

ln the finite clement treatment of heat transfer. thc' Galc'rkin tc'c'hniquc' ,an Ill' u",,1

to obtain the integral or weak form of the gO\'erning dilfc'rc'ntialc'qual.ion (2.lll). 13y

introdudng an arbitrary wdghting function 61' for thc' tc'm\ll'ratnrc' lidd, in !\"llc'ral.
•

2.4,2 Finite element representation of heat transfer

(2.29)

we have

({Av6T(vT) - C6T~T }dH + { 6T{arT +br}clS =0Jo ui Js

where aT and br are constants which arc chosen to fit the boundary S.

lntroducing the shape function [N]. it can be shown that (sec Equation (2.\0))

•
Considering the natura! boundary condition

aT =0
an

(2.:J0)

(2.:Jl)



•
:lO

and lISillg t lit' l't suit

{T} = [N]{Tïl

Eqll<ltioll (:1.:10) cali IJ{' n'writtl'Il 'L'

[K]{T} - [Kcla~~} = {F}

",I]l'n'

•

[K] = kX[Bf'[B]dr!

[B] = ,,[N]

(2.:3·1 )

(.) '3-)_.' .)

(2.36)

•

[B]T" denotcs the transpose of [B] and {F} is a column matrix which is determinro

by the internai heat source and boundary conditions.

The time integration in Equation (2.33) is performro by employing a Crank·

Nicholsonmethod (Crank and Nicholson. 19·1;: Eranti. 1986). For the ph and (j+1)'h

time incl'('ment

.) .)

[[K] + ~t [KclHT}i+l = [~t [Kcl - [K]HT}i + 2{F} (2.3;)

The temperatul'(' field at any time t cau be computed by summation of all tem­

peratures comput<.-d by Equation (2.3;) for each time step. It should be noted that

the Crank-Nicholson method is stable for ail values of time interva\s. "Vhen the tem-

peratures at sorne points are below the freezing temperature. the Ct)'ogenic suction or
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Clapl'yron cquation (:?,G). 'l'hl' Illoisl un' IllO\'l'nll'tlt l'an Il<' d..iill('d h.\· t hl' l'ouplin)!,

bl'twl'Cn thl' volun1l'trir Illoisturl' rontl'nt 0(".) and l'or.. watl'r Pt'l'SSllt'l' 1'(".).

2.4.3 Finite difference representation of water movement

Thc gO\'crning cquation (:?,5) r.ln bl' sol\'l'd hy IIsing; an l'xplicil linitl' dilr"t'l'nl'l'

schclllc. Wc ha\'c

•

(0 )i+l
(i) lmu

(:!.:\8 )

with

b, = ~t
~XI+I(~XI +~Xl+tl

1, m and n are the spatial nodes along x, y and =directions respectivcly.

2.4.4 Equivalent nodal force

(:!.:J9)

(2..10)

•
The ultimate objective of the coupled heat-rnoisture f10w algorithrn is to utilize the

procedures to compute the tirne-dependent evolution of frost heave strains within



• tlw IIwdilllll. t'sill.'!. tlj(' Îllcn'JlU'lltal initial strain IlIdhod. tlll' ('qUi\'(l1f'llt 1I0dal for\('

iIlCI'('T1WIlt. \'(·ct.OI' (/{R} dw' lu \'olultl('tl'Îr expansion in soi! can he' \\,rittt'Il ,\:-'

•

\\' ll<'rl'

"d~') is hl'a\'(' stl'ain incrl'menl gi\'en in Equation (2.19):

ddj) is crN'p strain Încretnenl:

1 (t/o). 1 1 .•
( {il lS t ll"rIl1(l slrall1 lIlCrClllcnt.

Th" th"rmal strain increment l'an be expressed in the form

d (t/o) d
(i) = a Tti,j

a is coefficient of linear expansion:

dT is the increment of temperature:

liij is Kronecker dclta fundion.

2.5 N umerical Simulation

(2.·11 )

(2.·12)

•

A three-dimensional finite clement code was de\'eloped following the procedures in

the preceding sections. Using this code it is possible to model one-dimensional. two­

dimensional and three-dimensional problems by applying the relevant initial condi­

tions and boundary conditions. The results of the following frost hea\'e experiments

are use<! for the purpose of comparison with computational models.



• 2.5.1 The one-dimensiollal problem of frost heave

development

:n

•

•

(1) 1"'1111"1'" t"'1

ln t hl' h~st carril'd llUt hy Pt't111t'l' (1 ~)~(i), ,I cylilldric:d ~tllnplt' l)f Silt ltr~lIt'd :'-llil

llwasurillg lO nn in diall1l'tt'r Clnd 1Ll l'Ill in h'lIgt h \\'ilS ltSt'd lSt't' Fip.lll't' ~,~l. The

fr('('zing was ronductt'd in ail 01ll'11 sysll'lll hy ratllpin~ tlll' tt'I1I}ll't'o:ltlll't' III tlll' tWll

l'tHb of th,' cylilldrica\ """l'Il' al 0,02 lie jday, Thl' illitial l''ttlpt'rallll"t' al Ih.' Illl' ,,1'

the satnplt~ \\"~\S O..:);} UC' :\11<1 t Ill' tt'Inpt'rat Urt~ at t hl' haSt' of tltt, S:lI11pll' Wt\~ ~pt,t"ilit'd ;tl

-0.a5 lie, TIll' rl',ult illg timt'·dl'pelldl'Ilt fr"'t hl"\\'t' all.l 1h,' fro'l l'l'Ill'! l'al illll Wt'rt'

rl'cord..d. The fiuitl' l'lenll'Ilt proCl'dttrl' \\'as USl',1 10 l'l'ami Ill' 1hi, Ollt' dittlt'lI,illllal

probkm. Figure 2.:1 sho\\'s th.. IhrCl'·dimellsiollal fiuitl' dl'nll'nl conligllralioll Il'l'd III

modd lh.. on.. dim..usiona! fro't h..a\',' probll'm. Ailhollgh Ihl' couligllr,,! iOIl llf 1h,'

finite d ..m..nt di,crl'tizalioll i, thrCl' diml'nsional. lhl' hOlllldary l'llllllilioll' applkahll'

to h..at f1o\\'. moislur.. transf..r and ddormatinns arl' organizl'<l in ,uch a way Ih.,l

lh.. hydro-th..rmo-m..chanical proc..ss..s rcsull in a ollc-dimrll.,iol/lr! Ilmb/nll rl'ft,rrt'<l

ta a cuboidal r..gion. Th.. analysi, is lh..rdor.. applicabll' la the llltt~diml'lI,illllal

..xperimental configuration discuss..d by P..nll..r (1986).

Th.. paper by Penn..r (1986) rl'Cord..d lh.. d,,\'dopmenl of frosl h..a\"l' ill an l'xp,'r­

imenl \\'hich lasted approximatdy 250 hours. linforlunaldy, lh..re wa.., no record of

the hydro-thermo-mechanical parameters applicable ta the particular soil. 'l'hl' lhl'r­

mal conducti\'ity and heat capacity parameters for soil grains, \\'aler and icl' uSt,<1 in

the numerical computation arc the same as those citcd by Harlan and Nixoll (l!li8):
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Figure 2,2: Olle-dimensional frost heave generation in a cuboidal region
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Figure 2.3: Finite element discretization of the cuboidal clement



• (:! .11 )

TIlt' h~'c1l'aulic cuuducl i"ity uf th" fl'uz,'u ,uil i, llludl'iI"c1 ;" a t<'lllp"l'allll'" dl'pl'u,

clt'1I1 prop('rty. :\11 ('Xillllpi(' or SlICIt Cl variation \\'.1:-\ gi\'l'lI hy }-Iurigllchi illH.I ~lillt:1'

( 1~IS:I),

-0,:1"(' < T < 'If:
wj .... ('C'

T :s; -0.:1°("
(,) 1")-,' .)

Siun' 1lit' h,,'c1I';lldic cUlldUCli\'ily of th" fro'l 'I1"',,plibl,' ,oil i, ail illlpUI'!au! pa·

l'allll'!l'I' iu 1h" pl'Ohl"Ill. il' "ahl<' i, \'ariN! accordillg 10

Vigul'l' 2.·1 shows the comparisoll of the rcsults of the Iillite dcml'nt tl'Chnique

proposed in this sludy with the l'esults obtained by l'enlier (1986). Thesl' results

•
-0.:1"(" < T < 'Ii:

T :s; _0.:1°('

wh,'I'l';\' E (1.10).

(2..1G)

•

ha",' bl't'Il matched by \'arying tlll' "alue the hydraulic conducti"ity and the spl'cilie

\'alul' Il,,·d in thl' computations corresponding to the case wher(' the constanl :\'

occlll'ring in Equation (2..16) is set l'quaI to 6. Figure Vi illustrates the influence

of k on Ih.. magnitude of l'l'ost hea\'e. As is e\·ident. the reduction in the hydraulic

conducti,'ity results in a corresponding reduction in the magnitude of the l'l'ost hea\·e.

A simulation was also pcrformed by taking the coefficient of permeability of Caen

silt a' the "alue gh'en by Shen and Ladanyi (1991) (Caen silt was the silty soil used

in a large scale laboratory test invol\'ing a pipeline in a l'l'ost hea\'e zone conducted

at tllL' Centre de Geomorphologie at Caen. France): i.e.
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Figure 2.4: Frost hea\'e generation in a sampll' of silty clay

(2..li)
-0.3"C < T < T,:
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1.0i5 X 1O-9 c23.,,9T

k-
8.0499 X 10-13 T ~ -0.30C

Figure 2.6 shows the time-dependent evolution of one-dimensional frost heav<' in

•

a cuboidal element measuring 10 cm x 10 cm x 10 cm. The results obtaincd by

Shen and Ladanyi (198i) for the specific case when the permcability is defined by

Equation (2.4i) and the experimental results obtained by Penncr (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 obtaincd by the

computational modelling cao be matched reasonably weil with observations of one­

dimensional e:q)eriments. In particular, the trends of the computational results agree
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•

•

\'('ry dosdy with cl'pcrimcntal r<'Sults.

(2) Frost heave test at Carleton UnÏ\'crsity

Inthc test conducled at the Geotechnical Science Laboratory. Carleton University.

a cylindrical soil sample was 110 mm long and 102 mm in diameter. The sample was

prt'pared by the consolidation of a 50 percent soil-water slurry in a test ceU (Dallimore,

1985). The onc-dimcnsional frcczillg was conducted with constant end temperature.

The tcmpcraturc at thc top of the sample was 1.8 oC and the temperature at the

base of the sample was -5 oC.

We adopt the finite clement 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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Figurl' 2.6: Fro~t hl',wl' gl'nl'ralion in a ~ampl.. of ~ill day

codlkil'nl of pl'rnll'abilily lo

(:l.IS)
{

26.25 x 1O-"c,23.''''T -0.:1"(' < T < Tf:
k = '" j.,u·

12.07 X 10-12 T:s -O.:lo('

the rl'Sult~ of the computational mod..lling can rcasonably match lhl' r<"sllll~ uf lll<"

experiment (Figure 2.7) .

•
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Figure 2.ï: One-dinU'llsional gcneratioll of frost hca\'c in a samplc 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 de\"e1opment of frost hea.\"e in a cuboidal e1ement of dimensions 10 cm

x 10 cm x 10 cm. The two-dimensional nature of the frost hea\"e de\"elopment was

achie\"ed by a1lowing the freezing action to de\"elop a10ng a line of elements located

at the edge of the cuboidal clement (see Figure 2.8). The initial freezing temperature

was -0.350 C and the initial temperature at the top of the sample was 0.550 C. These

temperatures were ramped at O.02°C Iday in the freezing period. The thermal and

mechanical properties of the soil are identical to those used in the one-dimensional

modelling and permea.bility is defined by the value applicable to Caen silt in Equation
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Figure 2.8: Nodcs subjected to fn'l'zing at two-dim,'nsion"l C'L','

(2..li). Figures 2.9 and 2.10 illustrate the temperatun' contours within one plan,·

(x=O) of the cuboidal dement for lapse<! timcs of t = 100 hours and 233 hours

respective1y. lt is e\'ident that the pattern of heat transfer is consistent with the

impose<! thennal boundary conditions.

\Ve now focus attention on the deve10pment of frost heave Olt the surface of the

clement due to the intentai cooling along a line of nodes located along the base of

the clement. Figures 2.11 and 2.12 illustrate the devdopment of frost hea\'!.' Olt the

surface of the cuboidal e1ement for lapsed times of 50 hours and 2:J:j honrs rl-spectivdy.

Again. th" frost heave profiles are consistent \Vith the boundary conditions associated

\Vith the cuboidal e1ement. The surface heave above the line of nodes subjcctcd to

freezing, by virtue of symmetry, has a zero slope.



•
Chilpler:2. Three-d;l1leIls;oIlill .\IoddJing of Frost J{ea"e ·12

0.00 1.67 3.33 5.00 6.67 8.33 10.00
10.00 10.00

0.4
8.33 0.4 8.33

0.35 -- -S 6.67 0.3 -0.35 6.67

0
"- O.~

C1.I 5.00 0.3 5.00
'1"'1

>:
as

N
S.55 S.SS

O.~

• 1.87 1.67

0.00 ~>.D..lu..ll...J-J..U.....u...L-Ilu-.L..JI....J......L..JL..J......L..JI.....J.....L..JI.....J...J0.00
0.00 1.67 3.SS 5.00 6.67 8.SS 10.00

y axis (cm)

Figure 2.9: Temperature contour (OC) within a cuboidal Caen silt region at 100 hours
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Figure 2.11: Surface hea.ve of a cuboidal e1ement subjected to base freezing along a.
line of edge nodes a.t 50 hours: ~Iaximum hea.ve =0.465 mm
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Chapter"2. Three-dimensional .\lodeJling of Frost Ht',l\'t"

co

·15

•

Figure 2.12: Surface heave of a cuboida.l clement subjected to base freezing a.long a
line of edge nodes at 233 hours: Maximum hea\'e = 4.;8 mm
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2.5.3 The three-dimensional problem of frost heave

development

,16

\'ie now consider the thrt't, dillleusionai problelll wher<' the cuboidal elelllent is sub·

jected to cooliug at th(, ba.'e of the c1elllent at two nodes locations (se(' Figure 2.1:1).

The Figures 2.1-1 aud 2.15 illust.rate tll<' de\'eiopment of frost hea\'<' al the surface of

the cuboidal eieuH'nt. Agaiu it is e\'ident t.hat the trend indicated in the dC\'eiopnl<'nl

of frost h('a\'e is consist('nt with the cooling of isolated nodes 10cated at the base of

the cnboidal eielllenl.

•
Frost heave ..- ......

---__ x

• Nodes subjected to freezing

•

Figure 2.13: Nodes subjected to freezing at three-dirnensional case
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•

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



•
Chap/cr 2. Three·dimcnsionaJ .\lodcl/ing of Frosr Hea\'e

•
~
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Figo..lre 2.15: Surface heave of a cuboidal element subjected to base freezing at two
edge nodes at 233 hours: Ma:<:imum hea.ve = 2.26 mm
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Chapter 3

Mechanical Modelling of Frozen
Soils

3.1 General

Crœp characteristics feature dominant!y in the mechanicai behaviour of a froz,'n soil

owing to the presence of ice and llnfrozen water within il. en'l'P l",ha\'ionl' of;, frozell

.oil has thrce characteristic stages involving primary, secondary and t.el,tiary Cl'loep.

The crccp rate strongly depends upon t.he temperatllre and applied str,,,s,

During the past four decades, the modelling of creep in frozen soils ha.' receiVl'd

considerable attention. The interests in such creep processes stem from t.he invol",,·

ment in engineering in the northern environments where geomaterials snch as pel"

mafrost can be predominant. Many models and cmpirical relationships havl' h''l'n

put forward to describe the creep behaviour of frozen soils. Ear!ier research in thi"

area focused largc1yon the description of mainly the crccp behaviollr in thc primary

stage. Examples of such modc1s inc1ude the power functioil rclatiollships proposed

by Vyalov (1963). Assur (1963), Sayles (19i:3) and the exponential function rel"

resentations given by Andersland and AINouri (19iO). ln subsequent studies, crecp

behaviour in the secondary stage was taken into consideration in modclling. A purcly

secondary creep model which uses a power function was proposed by Huit (1966) and

Ladanyi (19i2) to represent creep responscs in which the stage of the secondary crccp

49
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dUlllillidt':-' tlll' ('{)lllpll'lt' ('{'('('p C\lI"\'(' and Ill(' (Tt't'P :-:traill 1"(11(' Wi\S approxil1lat<,d hy

il :il"'<II' fIlJlC'I;oll. Ting ilnd :'I<II'lin (l!Jï!J) ('Inploy('d :\Ildrild('"s 1''1IWlioll \0 rl'pr(',

st'Ilt tl", <T('('P in 1Ire sl'('ondary stage, Complet<' Cl'<'t'p modt'1s \l'l'l'<' proposl'd hy Fislr

( i!J~(). 1!)~:l), Ting (1 !JS:l) ami Gardner el al. (Ul8·1), 'lll('sC modds ail ut iiiz(' a singlc

<'quation alll! they belong to tll<' family of cree!, cun'es characterizcd by a!'<lte proccss

tll<'ory, It is noted that th,'se completc l'l'l'el' Illodels l'an only l'<:prcsent primary and

tt'rtiary cl'<'ep stilges and tll<' secondary stage degellt'r<ttes to an inflexion point of the

('omplet<· cr<'t'p cur\'e, Sccondary creep beha\'iour, hO\l'e\'('r, does exist and it is a

l'<'coguizahle con'polll'ut in 1hl' constitutive behaviour of many frozen soils.

COlllpal'isous of CI'<'Cp modcls nlentioned above \l'ere made by Hampton et al.

(1 !l85) and Saylcs (I!lS8), Thesc studies found that a pO\l'er function is able to prediet

the cr,,,,!, behaviour of frozen soi! at primary stage, but it is not applicahle to the latter

two stages, The engine<'ring mode! propos<'d by Ladanyi (19ï2) is only applicahle

to situations where the secondary creep stage dominates the complete creep curve.

'l'h<' mode!s by Fish (1!J80) and Gardner ct al. (1984) greatly overestimate the crœp

stmin in the carly portion of the curve but give better agreement in other stages of the

crœp response, The mode! by Ting (198:3) fits weIl the carly part of the crcep curve.

but under-prediets the strain for other ranges of crcep. From these observations.

it would appear that the available modcls arc only capable of describing, at most.

only one or two stages of the total crcep behaviour. There is ,no single complete

modcl that cau accurat.E'ly prl'dict al! t.hrec stages of crccp behaviour. lt may l'ven

be questioned whether it is reasonable to use a singlE' equation to l'l'present the thrcc

distinct mechanisms inherent in a typical crccp curve.



• 3.2 A Complete Creep Model for Frozen Soils

:\ comp!<'ll' crl"'p modd is prnpü:,,'d as a 111<'lhnd for c!lara('I,'rizill1l. th,' ('nllll'I<'I<'

l'n'el' beha\"iollr of a fl'OZt'll soil \\'hich ,'xhibils ail Ihl'<'" sla1l."s nf ('1'(',,1' I,,'ha\"illlll',

It is \\'ell kllO\\'ll that t ht' Îllitiatinll of I<'rt iary cret'p iml'Ii,'s 11\l' 1l."tH'ral i"ll "f ('1'<'<'1'

failllre \\'ithill tht' frozell soil. It is asstlll1<'d that tilt' n('('tI!T"lll'<' nf I<'rt iary n<'('1'

in a frozl'n soil does 1l0t imply tht' ('omplete ('ollal'St' of the 1'<'!!;iOIl, ho\\,('\'('r. il <'all

induce re!alin'!y large creep deformatiolls, ln tht' pt'lll'os<,d modd, ills!<'ad "f tlSill1l.

a singlt' eqtlatioll 1.0 dt'scribe " complete cr<'el' ('tll'\"', 1Im'<' St'I'aral<' <Tt"'1' "(l'lai illllS

are nsed t.o characterize, indi\"idnally. primary. St'('ondary alld I<'rlial'y sta1l."s of <T"t'I'

beha\"ionr. The mode! is made complet.l' by prl'scribing ('ril.<'ria for t rallsit ion from

one stage of l'l'CCp beha\"ionr to another.

The power law l'l'presentations ha\'e bœn one of thl' mûst. pOl'lllm' pron'dures for• 3.2.1 Primary stage

characterizing creep co::~tito.:t.i\'e phenomena and as snch has bl't.'n widdy a(,Ct'pt.,'d

for the description of primary Cl~p, i,e, the primary crœp beh",'ionr is I\lûdelled by

the power law:

'cp ;3 le 8-1/,-1
(ij = ~I ,(j~ . Sij

where i.'If is the creep strain rate in the primary stage:

(1. = J~SijSij is equi\'alent stress:

Sij = (1ij - k(1kkbij is the stress de\'iator tensor:

A. Band C l'an be temperature dependent material parameters,

(:I,I )

3.2.2 Secondary stage

•
The secondary l'l'l'el' stage is also described by a power law of the form
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wll<'l'<' (':'~' is tilt' ere'l'p straÎtI rat.(' in the secondary Slilg(': :l~ and 13~ can abo hl'

ll'111)l'rat.tlt'<' dept'II<1<'Ilt 111aterial parallll't,el's.

Pritllary ('l't't'P partllllt'tel'S A. B. C and s('('ondary (,,1't'('P partlllle1.el'S A~ and 13-~.

'""II 1)(' ('valll,,\ed from the cr('ep ,"ul"\'e~ of a 1I11iaxiai ,"oll~tallt ~trl'SS <Tt't'P tl'~t by

a graphieal Jl1l'\hod. The de\ai! of the~e pro,"edure~ are giwn by :\lIder~laJld et al

( 19ï5),

3.2.3 Tertiary stage

(3.3)

•

•

ln this study. tertiary creep is modelled using a phenomenological thecry of creep

damage mechanics. The thecry of damage mechanics has been used to examine the

stre~s inàuced progressive deterioration of engineering materials such as concrete. ice.

composites. etc. (Kachano\·. 1!186: Lemaitre and Chaboche. 19ï-l: Boehler and Khan.

1991: Selvadurai and Au. 1991: Selvadurai. 199-1 ). In the phenomenological theory

of creep damage, the damage is identified as the t;'l~,~dependentstress induced accu­

mulation and growth of micro-voids within a materia1. The strain rate acceleration

in the tertiary stage and the process of creep rupture are explained by appeal to the

degradation of the materia1. Consider a material element in a body. with undamaged

original area Ao. As damage l'volves, the effective load carrying area diminishes with

the creation of voids. The area of voids induced è~' damage is defined by AD (Figure

3.1). :\ damage variable (w) applicable to a unia.,::ial stress state can be:

AD
/J.:=­

.4.0

The danlage process reduces the load-bearing area of material. Consequer.tly the
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net stress (7 in a damaged material is dl'finl'd a-,:

_ 0'0
a=-­

1- i.I..'
(3..l )

Undnm~ e1em~nt

A,

n

OamDi:'-'Ci elcment

(3.5)

•

•

Figure 3.1: Evolving damage in clement

The parameter w is understood to be an evolving interna! \'ariable of the system.

For a given stress state at a given time, the evolution of damage will be a propcrty

of the material.

Such damage evolution criteria can either be postulated or determined by rccourse

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:

w=D(..-!!2-)k
l-w

where D and k are temperature dependent constants.

Damage evoIution is generally anisotropic (Lemaitre and Chaboche, 19;4; Chow

and Wang, 198;). Here we adopt a simplified isotropic damage mode!. The creep
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• stl'itill raIt' in 11w tC'l'lial'\" St<ll'(' id (It'l'j\'(·d froll1 E<llltllioll (:~.:2) is t!l('l't'fon' d<'fiJlt·d. ..... '.r

"., = ~ .\ .. (~ )(H,-n[ '-'J 1
'J :!"' 1 - w' ' (1 - w')

wl,,'n' :h. H" arl' tl'llIpl'I'alun' t!l'Pl'Ut!l'ut coustauts rl.fl'rrl't! 10 the .-,rollllllry crl'l'p

A Ul'W crl"'p l'quatiou for the tl'rtiary stage is t!erived from Equatious (:J.5) and

(:1.6 )

(:1. i)

•

•

Ali four paraml'tel'S ,,\~, B~. D and k in Equation (:1. i) can ue detel'mined fl'om

crl'l'p cun'es outainl'd from unia..xial constant st.!'l'ss crl'l'p te~ts. The procedures of

t!l'tel'miuiug D and k are as follows: (i) two sets of unia..xial Cl'CCp tests arc conduded

at differenl, uut constant stress levcls (0"1.0"2), (ii) the crccp cun'es ,h ,'s 1 aud (2 vs 1

are outained. and (Hi) Equation (:3.i) is applied to each crccp test giving risc to the

following cquations. The unknown parametcrs D and k can ue outained by solving

the non-linear cquations.

3.2.4 Transition of creep stages

ln addition to the creep laws goveming each stage it is nccessary to specify the specifie

times at which transition occurs from one crccp process to the other. In the proposed

unified crccp mode!. the function of inflexion lime,,; Tm and their corresponding equiv­

aIent stresses O"e are established either by power law Tm = EO"e-F with a least squares
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technique (1:' and Fare mall'rial paranll'll'rs) <'l' nllnH'rica\ inll·l'j'<l\ati<lll. dl'll('lldill~

is a. simple and an dft,ctÎ':l' I1H.'atlS of apprnXitlltltioll. 111 titis ItHllll'llill~. .\itkt'Il ~\1Id

Let (err.o. 7~Il.u), (Ur.lo Tm.l ). ((Tr,), T,Il.)) .... ((j'-.1I.1~Il.II) Ill' St1!lport IlI..lÎllts. 11t'l"t' 1'''1 ..1

and 17,,) rcprcsl'Ilt rl'spl'ctin'ly Ihl' jl1l s<·t of <'xlwrinH'nlal inlll'xi<lll tinll's alld Ihl'i,'

cOl'l'csponding l''lui\'alcnt stresses. 'l'hl' compllt in~ Sc!I<'l\ll' f<lr t his al~<lrit Inll is ~in'II

by

1 ) (17, - 17,.,,) 1 () (17, - l'T,.u) 1
0.1.2 .... ,,(0', = ( ) U.I.2...."-1 0', + ( ) 1.2 .... ,,(lT,)

0'(",0 - Ur,u (J'r.1I - l'Tr,U

wherc

• l" )-11" (17)-2- T(I7',J)(O',.j-lT,.,,)
0.1......,,_,(17. - (,,+1) • L.- ( _ .)( _ )1.1" ( )

J=O U(" u"v U,. O"I"'.U 11+1 ur.,}

1 ) IF ()-2- T",(O'•.j)(I7',J-I7,.O)
1.2....,,(17. = . (,,+1) 17. L.- ( . )( )11"

j=l Cfr:. - U,..j U,. - 0',.,0 "11+1 Ur

(:1.10)

(:l.12)

•

where 10.1.2....n(I7.) denotes the interpolation polynomial which coincides in valuc with

(j.'; at j = 1,2, ...n. The advantage of this algorithm rcsts on the fact that the 71th

polynomial can be directly derived by the (11 - 1)th polynomial and 71th point. The

scheme is summarized in Table :l.l .
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Table 3.1

CT, .0 1:,.,u = /u

0\",1 1:11 ,1 = /, /u.,

(jt:.':]. 7~1I.2 = /2 /1.2 /U.I.2

f7r .3 Tnt ,3 = 1" h3 11.2.3 l U•I •2•3

: : :

:;G

•

•

Using the discrete experimental points of inflexion time Ton \'emls (7', obtained

from uniaxial creep te;;t data (Gardner ct al.. 198-1). the functions defined by Aitken

and Neville's interpolation and power law procedure;; arc shown in Figure 3.2. For

any st.ress (7',. its corre;;ponding inflexion time Tm can be calculated by the interpo­

lation subroutine or power function. It indicates that the creep proce;;s has entered

the next stage when the aetual time is greater than the inflexion time. Figure 3.2

illustrates that the interpolation technique may give better modelling when available

experimental data arc limited ( only 3 sets of data are used in the above example).

Howe\'er a power law with least square technique is recommended when adequate

sets of inflexion times Tm versus (7', 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 ail three stages).
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Figure :3.2: Moddling of stage transit iOlls

Example: Description of Complete Creep

Curve

•

/Jo. family of creep test data, under three different stress le\'ds is shown in Figure :1.:3,

(Gardner et aL 1984). Ali parameters determinc<1 from experimelltal data are listed

in Table 3.2.

The experimental results and predictions by creep models arc comparc<1 in Figure

3.3. Figure 3.3 also gives the set of predictions at other stress levels. The Ilurnerical

results demonstrate that the complete model is able ta provide satisfactory trends in

characterizing the creep behaviour of frozen soils.
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Table 3.2

58

Crcep mode! Panuncters

Primary l'rcep mode! ri =0.00002115. B =1.05. C =0.29

Secondary crec!, modd .'1, = 0.OU01·161 J. Bz = l.lll

Tertiary creep mode! D = O.OOOlai 12. k = 0.ï6·19

40

P·300kPe -
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p. 700 kPe·····
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•

Figure 3.3: One-dimensional creep curves predicted by the complete creep model

•
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• 3.4 Finite Element Implementation

3.4.1 Creep analysis algorithrn

Det.ail~ of thl' finite t'1enH'1I1 modt'1ling of n1<'dia ~n~ceptihl(' 10 <'1'1'('1' an' gin'Il hy

Zil'lIkiewÎcz (19ii) and in t.his se<'tion " bl'i,of a<'l'OlIllt. of the inlpOl'tallt. el(·IIl\·nt.~

is outlined, A general incl'ement,,1 <'onsti1.lIti\',· l't'1at.iollship can be <I('\'('lope<l hy

assuming that the incremelltal stl'ain rat.e is the s\lm of t.he illl'l"·Illl'IIt.al ~t l'aill l'ale

compollent.s associated wit.h the respect.Ï\'e st.ag<'s. i,l'.

where

{d'} {l"} {/,q,} {l""} {)""}(ij = (lij + «(ij + (t· ij + (ttij (:1.1:1)

•

•

{di ij } - total incremental strain ratc:

{di~j} - incrementai e1astic str,ùn rate:

{di;}'} - incremental crccp strain rate in the primary stag":

{di;}} ·incrementai crcep strain rate in the secondary st.age;

{din} -incrementai crcep strain l'ale in the lertiary slag<',

A fully implicit algorithm is used for crcep analysis (ZienkiewÎcz. Hi;;). if {tij }.. +I

and {Efj}n are respectiveiycreep strain vectors al. timel"+1 and 1.. , then wc can write

aw} ;)W}
{Efj}n+!-{EiJn = ~tn{i;j}n+" =~lna{u~} ({Uij},,+,,-{ l7ij} .. ) =~lna{u:~} (\'~{UiJ}n

(:l.J.l)

where

~tn = tn+! - ln;

{Uij}n is stress veetor al. time tn;

{Uij} is current stress veetor;
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n is él rOl1ditiouing paraJlletcr.

The gU\'('ruing finit<· dentent cquativn fol' thi" algorithm is gi\'l'n by

GO

wllt'rt' {,::J.fJ,j }"+l is th" ,"cetOl' of incrcmcntalnodal displacemcnt: ~F" are inC1'emental

loads applil'd dllring the time inten'al ~t".

The mal l'il' [DIU in Equation (:1.l.5) l'an be deri\'"d a..< follows:

(:l.16)

•
where {~(l'iJn is the increment of stress \'ector during the inter\'al ~l" and [0] is

the dastic matril': From Equations (3.14) and (3.16)

(3.1 i)

Hence

[0]0 _ 1
- ([0]-1 +!ll {Ji:.! a)

n{Ja'J}

If a ~ ~ the scheme is unconditionally stable (Zienkiewicz, 19ii).

(3.1S)

(3.19)

3.4.2 Procedure for post fallure analysis

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

process of discontinuous hea\'e the pipe section cau be subjected to an uplift force.
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lllt.'Ilt il:-- il rOllsl'qUt'Ilt.:c or Cl't't'P pht't1lmll'Il<t. which illdlldl'~ ail t!ln't' sta,!!.l'S. III tH,dt'r

tu ilchil'\'(' t !lis. const Îtut ivl' l'<!u,\tiotls which dt'scrilu' railtlrt, han' to hl' illt rodlh'cd.

failur<' critl'rion with .. tension l'ut olf mm!iti."1 (Hill, 1~I,'iO: Zi,·nki'·\\'icz. 1~ljj: il,·s.. i

and SiriwardatH'. WS-I). Tht' ~loh1'-('oll!olllh faill\l't' e1'itt'rion, Jo' in tht' eunlpl'l'ssiun

rang<' takt's tIlt' fonn:

1• I" Ji; 0 l '('" ) ,. = - .... tllt:> + . .,(ru.... - j:} ....ttll .... l"C.·' - ( ll(·O.... <,"> === II
:1 • v:l

\\'ht'1't'

O l''_l{ :lv'1 J:I}= - ..... /n ----- •
•~ .) l. - Ji

(:I.:.! 1)

[1 = O'kk

Jz 1 D D D (:I.:.!2)= -;t"ij(jijf7 ij

J 3
I DIJIJ= 3UiJ Ujk(Tki

=

•
Co is the cohesion and ~ is the angle of internai friction.
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Jo' = {O',) - UT = 0

wll<'l'<' UT is III<' tt'nsilt' st rt'ngth,

(,.)
l_

In('l't'Illt'nl.<t! tht'ory of plasticily is nsed 1.0 ,:evdop the constitllli",' rplationships

which dt'scribt' post failllrt' proc,·ssPS. \Ve assllme that the total inC\'('llll'ntal strain

in tht' medilllll lIml"rgoing e1asto-plastic failure takl's thp fonn

('3 'r), ,_'J

•

wlH'\,(' e1astic strain {ri'L} = [D'rI {dO";j} and [D'] is an e!astic matrix, It must be

noll'd thal the e1asticily matrix [D'] should correspond to that which relates to e1astic

behaviour al the l'articulaI' level of damage [D;:,J. The limits of e1astic behaviom are

such that [D:] -> [D'] when w -> 0 and [D~] -> 0 as w -> J. In th:s study. howe\'er.

wc assume that. sincc ù.' E (0,0.2), the e1asticity matrix in the damaged state [D~]

is approximated by the initial e1asticity matrix [D']. 'l'he plastic strain increment

{derJ l'an be obtained for a fiow l'nIe of the type

{derj} = d>' :~j ; F = 0: dF > 0

whet'C G is the plastic potential function and d>' is the positive scalar factor of pro-

portionality.

The general elastic-plastic <.onstitutive matrix [D'P] l'an be \\'ritten as

•

[D']{ DG }{ DF }TO[D']
[D'P] = [D'- - [DPj = [D'] - ~ ~ ,

J A +{.2LtT"[D']{..2Q.}
ÔU') J au,)

where fi is the hardening parameter.

(3.2i)
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The initial sIre" algorithm (Zienkiewicz. \\);;) l'nI' nnil-lilll'ar analy,i,. n,,'d '"

the iteralinn procedllrl'. will \'" snmmarized in Ih,· l'oll,)wing, (i) Ilt-Iennin,' il' an

clement has f;\Îled by applying Ih,' failun' rril,"'ia al ,'ach lim,' inl,'n'al. (ii) l'nI'

corresponding post-faillll'" constitnti\'e relation, and t'tlll'l}\II"II", inilial 'In'" {IT,,}.

The initial st n'" of l'ach c1l'n1l'nl can I)l' e\'aluated by 1h,' dilf,'n'nt't' nI' stn'" lH'fnr,'

and aftl'r adjustml'nt. In this analysis. 11',' U'l' an associal,'d Ilnw ru l,' (o' = Jo' au,~ 1\",

hardening parametl'r Ais assumed to 1", 0 (p"rfeclly plastic mat,'rial). (iii) (\"''I)ll1<'

the e'1ui\'alent force indncecl by the initial stress (Tu ,\IId rep"i1t the ,d,O\'" sd"'n,,' till

con\'ergence ({ (Ta} .... 0) is establi,hed.

Adfrœzing describes the mechanism of strength genel'iuion i1t a l'rozen soil-stmt'l,nr,'

interface. In pipelines embede!ed in frozen soils or soils suscept.ihll' t.o freezing. ad­

freezing can generate strengt.h al. the interface. In th" analysis of soil·pipelint' int.l'mc­

tion some accounts should be mae!e 1.0 inC01'porate adfreezing. If int.erface i1c1fn'ezinp;

strength is sufficiently large, failure will initiate in t.he frozen soil. For t.he purposes

of a generalizccl t.reatment, the effeds of adfrcczing will be modclled by considering

interface mechanics of a zero thickness interface clement (scc e,g, Goodman et al.

•
3.4.3 Modelling of interface adtreezing

1968; Desai et al. 1984: Soo et al. 198;; Selvae!urai ane! Boulon, 1995).

In this interface element, ~tress has two components, a shear stress which is pamllcl

1.0 the bone! interiace ane! a normal stress which is normal 1.0 the bone! interface. The

constitutive relation al. the bone! interface is given by

•
(

T. ) (I\. 0) (d.. )
(T" = 0 I\n dn

(:3,28)



where she"r stirrness J,'.• is the slop" or rtlr";" or sll<'ilr stress-displacement: Normal•
C}IiJ!'/er .'1. }1"c1Jilllira1 .\loddJillg o[ FroiWIJ Soi}, G-I

stirrne" J,'u is the slope of C\ll'\'(' of normal stress·displac('ment: d, is shear disp!ace·

ment and du is normal displacelllent to th... hond interfac('.

\Vhell cre('p rOlllponellts are ;Il\·ol\'(·,1. the constitllt.ive eqllation can he re-written

as follows (Soo ct al. 19~i)

(
T, J' = (1\"
(Jn a

0) (d.. -d;)
/\n d" - d~

(a.29)

•

where d; and d~ arc crccp displacement components in shear and normal directions

respectivc1y. These displacement CC':nponents can be calculated by the complete crccp

modcls which were devcloped in Section a.2.

The interface clement failure incllldes sl:ear failure along the the length of interface

and detachment of the interface clement duc to tensile failure. Post·failure analysis

fol' an interface clement follows the incrementa! plastic thcory (Equation (a.2i)) and

initial stress algorithm which was previously stated. For shear failure along the

interface. the Moltr-Coulomb failure criteria takes the form:

where Cio <PI' Cohesion and angle of internai friction of interface.

If .4 = 0 and G = F. the elastic-pIastic constitutive equation (3.2i) can be re­

wntten in the form

(a.31)

•

wnere

So = f\. + I\ntan29J;

SI = I\ntan<PJ
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• 3.5 Verification of Computational Procedures

(:l.:J:J)

•

•

This section presents an ilnalyt.ical solntion or il dilssil'ill l'robl''Ill. whirh is lIS"t! l'tll'

va.1idating the accuracy and capahilities or t.he liuill' l'\t'l1H'lIt pnJcl'dul'l's rlH' Ct'l't'p

l'an be applied t.o solve the l'roblt'ms or l'roZl'11 soil-strllcllll'l' intl'rill'lioll in l'ral'til'ill

~i t nat.ions.

The problem or il simply slll'I'orkcl l'rozl'n b",1Il1 sllbj"l'l.ed t.n il l'onl'l'nt.ratl'd

,'ertical 10ad at the midspan is considered. Th" Îrozl'n beilm h,", a no" sel't.ion

meilSnring 0.15 Hl in height and 0,1 III in widt.h and a sl'an Il'ngt.h or 1 III, Th,'

identical finite e!ement configuration with Klein and ,JeSSbl'I'gl'r (1977) and l'nswl'wala

and Rajapakse (1990) is considered. in which only hall' of t.he I",am is discrl'l.iZl'd wit h

50 plane stress e!ement.s. 66 nodes duc to the symnH't.ry of till' probll'm (Fip;nrl':\..1 ),

(1) Purely primary l'l'CCp

The investigation of crccp behaviour of frozen soil m th,' primary stage is con­

ducted by applying a.[ ~,N concent.rated load on an artificially frozen Emsdll'r-i'l'lari

beam (Klein and .Jessberger, 1977) for which the cret'p parametl'lS are A = 7,u X 10- 17
•

B = ·1. C = 0.1. The analytical solution for the rate of v<'rtical d"f1ec1.ion at. t.he

midspan WilS given in the form ( Odqvist. 1966; Pnswewi1.la 1:.ud najapaksl'. 19!1O)

where

J' .4\ = H

[b( ~)2+t .2!LJ
2 28+1

in which 8 is the rate of the vertical deflection at the cent.re of the beam; P is the
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•
Figure 3.4: A simple supporte<! frozen beam and its finitc clement modcl

applied vertical conccntrated load (kN); L is beam span (m); h is beam height (m)

and b is beam breadth (m); A, Band C are creep parameters.

Figure 3.5 indicates that the numerical simulation compares very accurately with

the analytical solution (Equation (3.32)). The ma.ximum discrepancy between the

two sets of results is 2.2 % .

•

(2) Purely secondary creep

Creep paramet,ers for secondary stage are not available for Emscher-Marl frozen

beaul. For purposes of calibration, the parameters goveming the secondary creep
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Figure :l ..'): Creep defleclion of frozen beam (primary st.agl' only)

mode! can be obtained using f.e creep test data which closcly approximat.e the st.l'ady

stage for artificially frozen Emscher-Marl prO\'ided by Klein (19i9), i.e. Il = :1. i x

10-10 • B = 1.08. The analytical solution from Equation (:3.:32) (C = 1 ) gives a

deflection rate al. the center of t.he beam 1.954 x 10-6 lIl/h and the corresponding

l'l'suit. for the numer'ica! simulation is l.iii8 x IO-om/h.

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

by Odqvist and Huit (1962) and Klein and Jessberger (19ii) .

•
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wlwrt'.\1 is tilt' iH'lI<iillg IIIUIII<'lIt. Ut! t.1I(' rl'oss-~·wrtioll alld =is lllt' distillJ('(' frolll tlll'

tl.Il,lIral axis of the cross-s('ct.ioll.

'l'II<' sln'ss dislril>llliull fur a cross-sl'ctioll of frazl'II I",am obl"ill<'d hy 1-:'1l1alioll

:1.:l·1 alld Iillil!' ,·1"11"'111 silln"al iOIl an' sholl'II ill Fi)(lIn' :Ui. Il is ,I<>I<,d 1hal 1hl'

l'"rall"'I"r IJ ill 1':"lIal iUII (:l.:l.!) shollid hl' set <'quai 10 R = l.O~ fol' sl'('olldary 1110.1"'.

1101 th<, \'a.llle IJ =·1 for primary 1110dl'! (Kleill and .Jessbl'rgt·''. 19ïï). lt \'erified this

('ud,· ('ail pra\'ide the satisfied lIul11erical sil11ulatioll fol' stress analysis.
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Figure :3.6: Stress redistribution at creep steady stage
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Figure :l.i: Creep deflection of frozen beam (Primary and secondary crœp)

(4) Creep l'ailure

From Equation (:3.i), the time ta l'ai1ure l'rom the initiation of tertiary stage C;LlI

be obtained by setting (è~j ..... 00). Assuming that 17., S;j, A" 8, and k ;,re fillit.e, for
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Figure 3.S: Complete creep deflection of frozen bcam

(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 solution for the time from

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

•
(3.36)



By incorporating the creep paraml't,'r~ in Table :I.:!. Figlll'e :U; illu~t r,"e~ the

complete crel'I' c1el1ection CUl"\'e at mid~pa" of the fl'tn"n Ill"am. Figlll'l' :U; ,d~o ~ho\\"~

the variation ûf dauHlgt' parall1l't.er ..' "'Îtli tinIl'. ('n'l'p f.d!llrl' inÎtiah's at tlll' pllillt

z = fr. of cro"''''ct ion at t hl' mid~pan of the Ill"am. Th,' t inll' for faillll'" fl'om

the commc'ncc'ment of tertiary crel'I' <!<'rÎ\'c'c1 \'ia Equation (:1.:\(;) i~ 91.!l houl'~. 'l'I\('

COl"l"l'sponding time obtainecl \'ia th,' computationa! nlOtldling is llj.:!,i hour~ (Figul't'

•
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•

•

:3.8).
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Chapter 4

Mechanical Modelling of Pipeline

4.1 General

Pipelines are general!y shell-type flexible structures. In any computational modelling.

the pipeline should l)e represented by thin/thick shel!s or solid regions which can ac­

commodate al! a.xial. f1exuraJ. shear and torsional elfects. The extent to which slll:h

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

f1exural and axial elfects. wl:.ere the interaction processes take place over shorter dis­

tance (e.g. transition and overbends. sharp change in curvature) or where the loading

patterns arc localized. The a.xial. shear and torsional elfects could be independent.

Many investigations have adopted beam and shel! models to describe the behaviour

of long distance pipeline (see e.g. Selvadurai and Pang. 1988; Selvadurai and Shinde.

1993)

4.2 One-dimensional Bernoulli-Euler Beam

Element

ln the recent study of frast heave induced f1e.\."UI'al interaction, Selvadurai and Shinde

(1993) e.xamined three representations of pipeline behaviour by appeal to (i) a beam



model (ii) a shell mode! and (iii) a solid element mode!. In ail thrt'e cases, the

flexural stiffness of the pipeline and its outer dimension W?oS kept constant by suitably

adjusting the effective slal;c modulus of the pipeline. These investigations showed

that with a range of relative stiffness values of practi:al interest, the beam mode!

of the pipeline gives flexural moments which are consistent with a shell idealization

(Fi~ure 4.1). These results were derived for the case where the embedded pipdine was

subjected to a uniform surface load of finite extent. The results nevertheless indicate

that the representation of the pipeline by an e!ementary Bernoulli-Euler beam mode!

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

•
Chapter 4. Mechanical Modelling of Pipeline ï3

5.0

la­•
; _ 1.0

o7- 3.0
I.U .

~.O

:l.U .

__Beam element model ( .:;::- )
- Salid element model ( ..... )

.1.11 __Sh.n element model ( .::::: )

•

110
U.o .L.---.-----.,...-_-=::;:::==&01

10' 10' 10'

E.I
Ead'

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



circlli<ll' l"'illlI ,'It'lIl<'lIt of sI ilflll'" El. 'l'II<' COllt illllily 1)('1 \\'('('11 t Il<' i)('illll illld 1h(,•
('Ili/fJltT·/. .\!t'chillli,.;,) .\loth'J1ill;'; or PifJelill(, '.}

SlIITOlllldillg soi1 IJll'diUl1I is arliip\'('d by êL",sullIing rontill11ity of dispian'llll't1t iH'tw('('tl

llodal poillt.s of th(' !)('illll ('It'llU'llt. alld t.1lt' lloda! poillt.s of t.ht' <'1('llH'lIls r('pn'St'Ilt illg

t.h(' soil n'gioll, '1'0 i1chil'\'<' t'Olllpatibilit.y bl'l.\\'l'l'll the 8-11odl'd thrl't··dillwllsiolla! COll-

t.illlllllll l'1ellwllt. ",hich h,LS 2·1 dt'gr('('s of frt't·dom. the olle·dimt'llsiollal bt'am <'1l'mt'll1s

must. oe illcorporated ",ith a douole llode at each nodal point. The four nodes of this

ne\\' bl'am <'1enlt'nt. has six degrces of frt-edom at each nodt' including threl' displace-

ments and t.hr('(· rotations. The cont.inuity bet"'t'Cn the cont.inuum c1ement.s and t.he

b('am l'1"m('nts is aclli"ved through t.h" thrt'C disp!acem"nt. compon"nts. Th" finite

c1"nwnt formulation for a beam c1"m"nt can be "'ritten as

",h"r" th" \·"ctor of nodal deflections {u} and the \'eetor of nodal forces {F} are

del1n(',I. respectivcly. as•
{u} = [K]{F}

[K] is beam clement stiffness matrix and takes the form

(·1.1)

(-1.2)

(-1.:3)

•

[
Kn

[K] = Ki;

where the submat,rices are

(-1.4)
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0 l~FJ 0 II II ,;FI
/'- [~-

U 0 ,"FI II -la,'} II
Ku =

-,-, ;:.-
(1.;">\

( ~.1II 0 0 T 0 0

a 0 -,;FI 0 ·IFI 0l' -/-

a .iFI (] (] (] ·!FI
l' -/-

FA (] (] a (] 0-/

a IZEl 0 a a -1'F1-/.-, l'

a a lZEI a 1;1-.'1 a
K:!:! =

-i":' l'
(-!.li)

r.Ja a a -1 a a
a a t'Fl a ·\FI al' -/-

a -t'El a a a ·11-:1

• l' -1-

-E..I a a a a u-l-

a -IzEl a a a -l'EI---p- l'

a a -12F:1 a -t'Et a
KI:! =

-p- l'
(.1.i)

-r.Ja a a -l- a a
a a tiEI a û;;/ aT -l-

a -tl.lo~1 a a a "lEI
l' -1-

where E is Young's modulus; G is shear modulus: 1 and J arc thc sccond momcnts

of area about the a."ds of flexure and the polar moment of inertia respcctivcly and A

is effective cross-section arE'a. For a typica1 cross section of pipelinc, l, J and Aar"

defined as (sec Fi;sure 4.2 ).

•
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4.3 Shell Element

ln this sludy. tlll' sh..11 is i,!<-aliz,'d as a sNi..s or liaI l'laI<' ,'l''lu..nts. 'l'Il<' Ilat l'laI<'

occur indepencil-nt!y. Sinn' attention is r..strÎct..d 10 owin)!; lin,'ar dasti,' 1"'I""'jour

of the pipeline. the stretching and fiexlll"ai dfects l'ail 1)<' S1tI"'rl'oSl"1. Th.. liai l'laI<'

clement representation of the shell behaviour has I)<'en ext,'nsi\"l'Iy r<,\,orted in th,'

literature (see e,g. Greene et al. 1!)61: C\ough and ,Johnson. 1%·1: Zi..nki<'wicz allli

Cheung. 196.5: Zienkiewicz. 1977). TIll' clements that are n,,'d quit." rn'qu<'nl.ly iu

the mo,lelling of fiat elements are rectangu\al' and triangnlar <'1<'I1I<'nl.s. :\ sll<'l1 wil.h

sharp changes in cun'ature l'an be better approximat"cl ily a triangn\ar <'It'II\<'nt.. For

pipelines which are of the long distance type, the shdl c1el1lenl. l'an b<' repn's,'nl.,'d by

rectangu\ar element.

4.3.1 Stiffness matrix of a typical fiat element

Consider a typica1 rectangular flat clement which subjects to in·plane forces and

bending (sec Figure 4.:3). For in-plane stretching action, the strain l'an be defined in

tenus of the u and t' displacement components in the x and y directions of e«ch node

i. Thereforc the stiffncss relation is givcn by



• •, ,

,,

x

w,(W)!
i.

• y

In plant· force

v,N,) y

Bendinl: force

•

Figllr<' -La: :\ typical rectanglllar flat d<'ment

wh<'re {/:;"} is th<, \"<'ctor of in-plane forces

{Fr} = {U~}
h

{6n is the v<,rtor of in-plane displacements

{u-}{m= '
tOi

(-1.8 )

(·1.9 )

(4.10)

and [Kp ] is stilfncss matrix of plane stress element.

Taking a bending action. the strain is defined in terms of IV. the displacement in

:: direction and two rotations Or and 0•. The stiffness relation for bending can be

written as-

•
where the vector of generalized forces is defined by

(4.11 )



• f 1\', )

{/·n = 1.IC,

l.H"
and the' \','clol' of gellel'alize'd di~plal'eIllt'llt~

l 1.1~)

(1.1 :1)1
/1'; )

{tIn = li,.,

DYI

l)ctail~ of the docUIllentation of the ~l ilfncss IIIal l'il'('~ fol' plallt' ~l n'ss ([KI']) ,,,I<I

bcnding ([Kb ]) al'c gÏ\'cn by Zienkie'wicz (IH;;).

Thc combincd ~lilfne~~ l'dation~hip can he' expt'l,~~,'d in 1hl' fOI'Ill

{Fi} = [K]{ t\} (·1.1-1 )

• \\'hcl'c thc combincd stiffncss matl'ix [K] is givcn by

K~\ Ki2 0 0 0 0

Kgl Kg2 0 0 0 0

0 0 K~l K~2 K~3 0
[K] =

K~l K~2 Kh (·1.1;,)
0 0 23 0

0 0 K~l K~2 K~3 0

0 0 0 0 0 0

The combined generalized force vcetor is given by

•
and the combine<! generalize<! displacernent veetor is given by

(4.16)
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• r{h,} = {fi; ,.,

ï9

(·1.1 ïl

•

It !las 10 1", 1101.('(\ tltitt rotation 0:; cloes Ilot enlet" ilS Cl parcuHe1,er in (h'finition of

<!"fonllat.iolls ill "it.h<'l" l'ialle sI ress or belldillg mode. "/,; a!ways equa!s to O.

4.3.2 Local co-ordinates and global co-ordinates of a

rectangular shell element

The deve1opment. in t.he pre\'ious section is formulated in a local frame of referenCl'.

'1'0 express the appropriate equilibriull1 equations and to conduct assembly of the

e1ements. it is necessary to transform the stiffness matrix in local co-ordinates to

that in global co-ordinates.

Considering a local co-ordinate system (.r'. y'. :::') and the global co-ordinate system

(.r. y.:::) (sec Figure .1..\). the transformation of the generalized displacements is given

by

z

y
yI

•
Figure 4.4.: Local co-ordinates and global co-ordinates of a rectangular shell element



•
rhapceI"·1. .\!t'chanic;,} .\/or1elling of l'il'c1inl'

and tht' transformation of tlll' \'t'clor of !!:l'lIera!izl'd forces {akt' Ihl' 1'''1'111

{Ff} = [L]{Fi }

in (·l.lS) and (.l.l9)

[,\ 0]
[L]=

a ,\

(1.\ ~)

(1. 1!l)

(·I.:!O)

where À is a a x :3 matrix of dirt'ction cosines of allg!es fornll'd by tht' 1.\\'0 Sl'ts of "x,'s

(.r.y.=) and (:r'.y'.=').

• [
À,,'" '\"'Y À"':]

À = Ày'" À•• y À•• :

À:'.r "\:'u "\:'.:

and À"." refers to the cosine of angles betwœn .r and .r' "-''cs. etc.

(·1.21 )

For the entire set of nodes of an element. the transformation relation for the

generalized dispiacements. generalized forces and the gelleralizcd stilflless mat.rix cali

be \\'ritten as

•
where [M] is given as

{F}~ = [M]{F}<

[K] = [M]T"[K]e[M]

(4.23)

(4.24)
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• [L] 0 0 0

0 [L] 0 0
[M] = ( 1')").._.)

0 0 [L] 0

0 0 0 [L]

4.4 Validation of the Shell Element Formulation

The aCCllracy of the fiat plate model for the representation of a shell has bccn in-

\'('stigated by a number of authors including Zienkiewicz and Cheung (196·1). In

this section a verification procedure is adopted to test the accuracy of the fiat plate

clement.

•
Wc consider the problem of cylindrical tank made of a thin cylindrical shell with

uniform wall thickness. The sheU is fixed at the base and is subjected to pressure by

a retained i1uid. As illustrated in Figure 4.5. the dimensions of tank are: the radius

a = 9.144 m, the height h = 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 1 is 9.8 kN/m3

x

Tank liquid
h

(W)xoO =0
(9)xoo =0

•
Figure 4.5: A cylindrical tank subjected to liquid pressure
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The analyt.ical solutions for t lw \ïWÎ,ltions of dc.'I1l'c1 ion li' <lnd t hl' lll'tllÎil1~ 11\011\\'llt

(1959)

•

where

l(l'.!d.Z" 1
11' = --,-[1- - -O(d,r) - (1 - -K(;,")]

Eh d dd

,culh 1
Ur = [-((:J.r) + (1 - --I)O(d.r)]

JI"]'( 1 - IIZ ) dc

(I.:!li)

(1.:!7)

(.I.:!!) )

(,\.:\0 )

•

Taking into account the symmetry of the problem il. is convcnient 1.0 adopt. t.1ll'

finite element discretization of the quarter tank, wherc appropriate displaccment and

shear boundary conditions are invoked. The finite clement discret.izat.ion 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 fini te clement scheme.

The ma.'Cimum 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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Chapter 5

Computational Analysis of
Structure-Frozen Soil Interaction

5.1 General

Several numerical simulations of structllf<.'-frozen soil interaction in\'oh'ing <Tl'l'p 1ll0l1·

elling can be found in the literature. Most crœp modds used in snch an;L1ysis l'Illploy

power laws, which are "a!id only for describing the primary or sl'condary cm.'p st.agl's

(Ladanyi, 1972, 1981. 198.5). Examples of these include the investigat.ion 01' cm.'p

behaviour of frozen tunnel walls (Klein, 1979) and the analysis of the seulelllent of

vertically loaded cylindrical footings embedded in frozen soil (PlIswewala and Ra·

japakse. 1990, 1991). Using the creep model proposc<1 by Fish (198:3). PlIswewala

and Rajapakse (1990) also examined the creep curve of a pressllfemeter 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 ail threc

stages (sec Section 3.2). The structures used in the computational modelling deal

with problems related ta an embedded cylindrical footing and an embedded pile in the

86
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fruzl'Il ~rc'lIlld. l'Ill' IO;ldill!.!,s C;.ll I;,kt· 111(' r()IlIlS of (·it lwl' ,tll (lxi.i1 \u'ld .•\ \,l1t'r,1! ln;ld.

,1 1IlIl!li sl.,p lu'ld ur ,1 qtl;lsi-st;~tic ('~'("Iic !ucld. Otll('!' pru!Jlt'llls ('X;lllliIH'd illrllHlt' il

pipI' S('I'! iU11 SlJ!)j"('ll'd lu lIplift IU'lfls alld .tll (,ltdH'ddt'd foot ill.!!, wiIirll lIc:\S ail inll'dan'

•,If. '("1 ,

5.2 Embedded Cylindrical Footing Subjected to

Axial Load

vVe consid,'r the axisYI:l1l1e1.ric problel11 of a cylil1drical cOl1crete footing \\"hirh is

('1111><'dd"d in a frozen soil and bonde? to the sllrrounding rrozen soil m('diul11. Due

1,0 th.. al'i;1i sYl11m,·try of th., footing itnd the loadi.lg. only the discr..tization in the

,,, z plane n,'e<l be considered. The finite del11ent discretization of the domain. \\"hich

ill\'olves ·100 four-noded isoparal11etric e\ements. is sho\\"n in Figure 1.2, The bOllndary

conditions applicable 1.0 the problel11 arc also indicated in Figure 1.2. Th,' interface

Lwt\\",'<'n the footing and the frozen soil is assumed 1.0 be bonded. Th(' dimensions of

the concrete footing arc as follows: diameter= Lm. embedded depth= 1 ln. and the

material properties arc E< = 20 GPa, Vc = 0.:3. The self-\\"eight of the concret(' is

taken as 2,5 kN/m3 and that of frozen soil is taken as 19 kN/m3
• The frozen soil

is characterized by the crccp parameters gi\'en in Table :3.2 and E = 520 JIPa and

l' = 0.:3 (Klein ct al.. 19;9), Ail above parameters used in computationa! modelling

art' also shown in Figure 1.2. A set of \'ertical comprcssi\'e loadings of magnitude.

-100. ,500. 625. ;50 ~·Pa. ar(' applied in sequence to obser\'e the general responses of

l'l'l'el' beha\'iour.

The t\\"o crccp settlement cur\'es at the basal centre of a circular footing, under

different compressi\'e loading, are compared in Figure 1.2 1,0 Figure 1.5 (il, is noted
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Figure 5.1: Fiuite e!ement discretization of circulaI' fuotin~ ,'ml",..I",'\1 in ff\lz,'n

soil

that since EJ E is large. the footing csscntially bdl""'''' il.' a rigid hmly and lh,'

deflections at the basal centre also correspond to the O\'erall s"ttl"llI,'nt of th,' footing).

In these Figures. one creep curve incorporatcs the completecreep 1lI0dd an" llll' oth,'r

incorporates the primary creep mode!. It is l'vident that when cOlllprc>.-si\...• pressure

(1') is below 400 kPa, ail locations within the frozen soil remain in primary ('n...·p

stage. Therefore creep strain rates exhibit attenuating beha\·iour. At p = ,tOO kPa.

elements in the vieinity of the base of the footing enter tertiary stage at 1 = 2860 days.

The tertiary effects are not suflieiently dominant to allow one to distinguish bctwCt'n

the results for the two material models. When the load is incrcased to l' = 500 k Pa.

the displacement behaviour for th" tertiary mode! shows an accderated responSf',

•
The creep curves display faüure behaviour at 19::;0 days when l' = 6'2.5 kPa and at

t =1000 days when l' =i50 kPa ( Figures 5.4 and 5.5).
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Figure 5.3: Creep dispJacements of cylindrical footing su!>jected to compressive Joad­
ing
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Figure 5.6: Creep displacements of cylindrical footing subjected to compressive load·
ings: influence of load level

Figure 5.6 compares the complete creep curves for the cylindrical foundation which

is subjected to a.'(ial 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.i to Figure 5.10. If the embedded depth is kept constant

(h = 1 m), the footings with a lower diameter to depth ratio may yield a greater creep

deformation. If the diameter of footing is kept constant (d =1 ml, 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.i: Creep displacelllents of cylindrical footing subjected t.o compressive \Oil<\'
ing: influence of aspect. ratio of footing
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Figure 5.8: Creep displacements of cylindrical footing subjected to compressive load­
ing: influence of aspect ratio of footing
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Figure 5.10: Creep displacements of cylindrical footing subjected to compressive
loading: influence of aspect ratio of footing
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• 5.3 U niform circular Loading

•

•

As a second example we consider the problem of \Ill' indentat ion of il halfspan' region

of frozen soil by a uniform circulaI' loading. The fi ni1<' ,'lement. nlt'sh ns,'d in Fignn'

5.2 was modified to simulate the abo\'e problem. in that the "ml",dd"d ,'<lntTe\e

footing region in Figure 5.2 was replaced by frozen soi!. A s"t of loading intellsities.

p = 100.200.300 and 500 kP". corresponding to total loads of P = iS..5. 15i.2;1,",.5

and 392.5 kN respectively were applied.

Figurt. 5.11 illustrates the general crœp displacement at th,' n'ntl'l' of th,' loading

determined by using the complete crœp mode!. For a nniform loading of stn'ss

intensity 100 kP". the general response of complete creep cmve att,'nnatt'd and th,'

{esult \Vas similar to the curve obtained \Vith the primary stage only for :3000 days.

When p = 200 kP". the complete creep curve acce1erated at 2000 days (i.,·. the tim,·

at which a deviation from the displacement behaviour observc<1 \Vith pmely primary

creep model). It can be observe<! that under a load of stress intensity :300 kP" the

creep curve displays an acceleralcd disp/acemenl behaviour at .500 days. For a 10ad

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 saoner.

It may be noted that the magnitude of load initiating the onset of the acce1eration

of ereep 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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Figure 5.12: Evolution of time-dependent creep damage of frozen soil



• 5.4 Circular Flexible Footing Subjected to Vari-

able Loading

•

of a 10ad \\'hkll l'l.'lnaÎllS const.ant wit.h t.inll'. l'hl.' loadinp; Côl:-t':-- tllay iuciudl' ~ll'p-

loading. loading-unloitding and qlla-,i-~tat ic l'yc!il' loadinp;, Varia!>l,' loadillp;~ l""1

induce il ~harp. di~continuoll~ \'ariation of both thl' ~trl''' "lId th,' <T""p ~t raill rail',

Ta sil11ulat(· tIll' Cl'l'l'p br'hël\"iour under tnulti·step loadil1~_ a IlH)(.1ilit:atioll of t Ill' en't'p

mode! i~ requir,'d.

In reviewing the complete creep mode!, it may hl' noll'd that, ,'\'l'''p pll<'lI<11l1"lIa

are dependent on the current ~tress state and thl' time l'Will latl'~t ''1'pli,'cl ,'xll'l'Il,d

loading, Puswewala and Rajapakse (l!J92) asslln1l'd that J.h,' pre\'aiiillp; dl'fol'lllatioli

resulting l'rom the previous load attenuates sulficielltly alld ex,'rts 110 illlitl"l1"" 011

further creep de\'clopment by a new step loading. TIlt'rcfor,' tlll' primary l'\'l'l'P 1ll001l'i

may be gÎ\'en in the form where 1 rcfers to current time; li r,'f,'rs 1,0 tillll' al, whidl

latest load is applied. i,e,

,cp :3 'IC a-Ill 1 )C-I
(ij = 2'0" ,Gr: . - -j ~iJ (5,1 )

Puswewala ct al. (1992) examined the primary creep behaviour of step·loadillg.

In this thesis. the complete creep behaviour under step-loadillg, load-unloading and

quasi-static cyclic [oading cases were investigated, Ba$ed on the a$sllmption for the

primary creep stage (Equation (5.1)), the creep modcl for the tertiary stage can be

modified to the following form;

•
(- '»)'J._
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•

•

('II ill) t('1" 'j. ('V/lll)/J t;1t iUII id :\ JI idysis vr Sr I"II Cl Il I"('-!';'V;(CII Svif /11/ ('I"a c/ jVII ~J i

wll<'rt, ail paI'{tlIlt'1,('J'S ilJ'(' d<'fiJH'd in ('liapter a. The dl'l('rtnilliltioll of stage' tramdtion

is I,ast'ci VII t/", follol\"illg il'SllIlIptioIlS: 1\"1"'11 a Ile\\" load is appli<'d, if tltt' l'Ielllt'1I1s

(LI'(' ill pril1létry ("!"('t"f> st.agt· 1>y pn'\"iolls loading. t.he trétll~itioll tinll's an- t'('-calrulatt'd

llsillp' ft st.;I~(·l.réttlsitioll fUIlCl.ioll (sel' Section a.:!.-l). ;\11 ('I<.'I11<.'1l1s in tlle t.l'rt.iary stitg('

will n'Illaill in t.1H' t(·rl.iary stage l'('gardk'ss of loadillg coudition.

Figlll"('s 5.1:1 alld :>.1·1 shol\" respl'cti\'l'1y the applil'd step loadillgs \\"ith limt' (up

tu a peak valut' of :100 I.. Pa) alld the rl'sulting tOtit! displan'ml'nts (includillg crl'ep

"lId l'1astic disp!aCl'nll'nts) at the centre of the fil'xible circulaI' footillg. Figures ,"J.l:1

alld 5.1·' "Iso indic"tl'. for purpOSl' of comparison. the load-timl' and disp!aceml'nt­

time history for th.· case \\"hl'rl' the stress of aoo kPa is applied instant!y. For the

step loading case J. e"ch increment 1.50 ~,Pa was applied separately at t = 0 and

t = 100 days. For the step loading case 2. the magnitude of load at t = 0 is 100 kPa.

At 1 = 100 days and t = 200 days, further comprcssÏ\'e loads of 100 kPa I\"ere

applied. From Figure 5.1·1. it is e\'ident that the creep cun'es of step loadings are

considl'rably di!ferl'nt from the case where load was applied as a single step. The

Crl'l'p curve for the latter case displays failure behaviour at .550 days. In contrdSt.

the creep cun'e by step loading 1 accelerates at 1600 days. The creep curve shows

failure beha\'iour at 2000 d"ys for the step loading case 2. These phenomena imp!y

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 rela.xation before application of subsequent step loadings.

Figure 5.15 indicates the loading histor)" 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 Ic\"eI. The creep settlement of the cylindrical footing subjected loading-
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Figure 5.14: Creep displacement of circular flexible footing subjected to step loading
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Figure 5.16: Creep displacement of circular flexible footing subjected to loading and
unloading

•
-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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Figure 5.18: Creep displacement of circular f1e.xible footing subjected to quasi-static
cyclic loading
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TIll' sillllliat.i<J11 of qll(tsi-('~'c1ic loadillg. 1) = ·jOO I.·Pa illcllldillg stress revcrsal is

S"O\\'II ill Fi!'.ur(' :>.17 aile! FiguCl' ;j.I~, Il s"o\\'s l''al \\'il" cyciic h,,1 l'l'\'('rsal. 11",

displaCt'IIH'IIt. Îs 1lI0r<' S('t1sÎtin' to <t("t.i\'':It.ioll of terti':lry ("l't'l'p.

5.5 Pile Subjected to Lateral Load

III t."is s('ct ion \l'e consider t.11<' prob1('m of a n"xibl" pile \l'hic" is ('mb"dded in bond,'d

cont.act. \l'il" a ('1'<'<'1' suscepl ihle soil. TI,~ fkxural heha\'iour of t."" st.eel pile is

Illoddl"e! hy the Bel'lloulli·Euler bealll t.heory. Th" g"on1<'t.ry of th" probll'm and t.h"

finit" "Ienl<'nt. discr<'l.izat.ion are sho\l'n in Figur" .j.l9. The st"d pil" has a 'Young's

Illodulus of 210 GPll and a Poisson's ratio of 0.:3. Different fl"xuralrigidities of pilt·

are r"pres"ntl'd by \'arying the diameter of pile from 15 cm to :30 cm. Simulatious

al''' carried out for a set of lateral loadings. applied at the top of the pile. The

magnitude of the loadings are 12.j. 250•.jOO. 6.jO and 1000 kN. Results shown in

Figur,' .j.20 illustrate the variation in the lateral displacements of the pile with time.

The crccp cur\'es indicate that remarkably different shapes of displacement responses

ar,' displayed under the \'arying magnitudes of lateral loadings. The creep deflection

accderates at the \'ery beginning when the applied load is 1000 kN. For an applie<!

load of 12.j kN. the creep cur\'e enters a near steady state at 825 hours.

Figure 5.21 compares the elastic pile deflection with creep deflection in the case of

1000 kN. 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 kN. The results also illustrate the expecte<! trend that different

flexural rigidities can significantly change the shapes of the pile deflection and bending

moment profiles.
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Figure 5.19: Finite element configuration of frozen soil-pile system
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Figure 5.20: Creep displacement with time
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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, fini te element technique is used to examine 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 sail.
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Chilpl CI" 5, ('0111 pli 1a1Ït'II"J ..\ Il.ily,,;,, of Sr I"lIclll n', hOZl 'II So;/ 1111l'r"l'l iOIl 10\;

..\ pipelin,' of diamctcr ,,0 ('III and wall thickne" Ll.') l'III j, !ocat,'d at a dcpth ,,1'

1j;j l'III bc!ow 1.11<' surface of a froz,'n layer, Th,' nll'chanical paranl,'t<'r, of pip" and

frozen ,ail w"t"<',assnllled '" follows: Pipe: 1:'" = :WO (;/'", l'" = 0.:1: Fn'zl'n soil:

E = 3:W .\1 Pa, /1 = 0,:3. ClI = 1.;) '\//'/1, 0 = :1O". Th,' Il'nsi!,' 'trl'n~th of fl'l,z,'n soi!

'l'ilS ilssumed t,o be 0.3;\/ Pa. l'hl' weight of the fl'Ozen soil 'l'as tak<'n a, I~l /.-.\'/111".

The mesh discrdization with 132 dements and 182 nodes is shawn in Fi~ur,' ;'.2;'.

The creep paramcters used for simulation arc given in Table :1,2,

Case 1: An uplift load l' = SO I.'N is applil'd ta th" pip" and thi, load is llIaintaill<'d

constant with timl', The magnitnde of load 'l'a" <'Ilo,,'n in ordl'I' ta initiat" dda<'llllll'nt

of dl'ments in the \'icinity of the basl' of the piPl', upon application of the lo"d,

Figure ,5,26 illustrates the influence of thl' post l'ai1ure analysis on the tillll' d"I)(,lld,'nl

displacel11ent of the pipe section, l'hl' influence of te\,tiary ('l'''t'P failut"<' of th,' IlIl'dinlll

on the rate and magnitude of the displacel11ent is cll'arly evidl'Ilt in th.: l'l'SU!ts giv,'n

in Figure 5.26. A tertiary creep analysis 'l'hich incorporates the devdoplllent of post

failure detachment gives a much larger value of total displacement al'ter G:lOll hours

than for simulation where post failure detachment is not included. Figure 5.2j also

indicates the time-dependent evolution of failnre in the frozen soil which couples

tertiary creep with failure development.

Case 2: ln this problem, a 60 kN load is applied to the pipe and this load \s

maintained constant with time. At this load level there is no initiation of detachment

ofthe pipe l'rom the frozen soi!. At the timeof application of the 60 kN load, howe"er,

failure is allowed to develop by the initiation and evolution of tertiary creep. The

elements in the vieinity of the base of the pipe enter t.he tertiary stage at t = 1010

hours. The ma.ximum tensile stresses in thcse elements are attained and failure

occurs at t =3100 h, due to material degradation and reduction of loading-bearing

area within frozen soiIs. Figure 5.28 shows the resulting total displacement and creep

displacement with time. Figure 5.29 illustrates the contour of the progressive failur<'
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Figure 5.25: Discreted finite clement mesh of pipe embedded in a layer of frozen soil
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Figure 5.2ï: Evolution of failurc in the frozen soil when P=80 k:'\
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• ,,1' tll<' uplift 1",,,1. l'Ii .. failun' /"'''' ~radually ,'xpaud..d 11I<'n'a ft ,'1' aud tli.. displ,,,'"

tlH'llt ~'llrn' acn'it'r,I1t'd lllarkl'dly al 7:'00 htHtt':-o. FlIrtht'r C\lIl1JHll~\tillll:-;' ~d:"ll illdil';ltl'

that tlll' frozl'l1 1l1l'diull1 t'l'tHaï:!:" in tlH' prilllary :-ot.\~t.·. withtHlt l'\'o!111illll tif tt'rti;\t,y

cn','p aud faillir'" 1I"1i"1I th,' uplift I"ad is ·Ill h'.\". l'lu' III k.\" I",ul C'UI I>l' id"lIlili,'d

." th.. pl'ak loadill~ ill tll<' rall~" l'H' a dllrati"l1 ,,1' Illllllll IUl\lrs lappr"xiluall'Iy 1.11

year:-').

5.7 Embedded circular footing with the effect of

interface

•

•

lu 1his "'cl iOll, l".' '·X'lllliul' II,,· pl'ùhl"lll of 1Ill' ri~i.l,·yliudrÎ<'al f"uudal i"u "Iu!>,'d

dl'd iu a crl""p '11"epl ible regiou. 'l'Ii.· iull'rfacl' I><'l'''...·u t h.· ri~id f"ululali"l1 aud Ilu'

crl'Cp ,u,cl'plibl<- llll"liulll i, iucorporaled lI"ilh a uou·liul'ar iull'rfa...• .'l''IIll·lIt II"hidl

i, devdopl,<l in St'('tion :l..l,:!. Figurl' 5,:10 ,holl"' th,· inlerfal'l' dellll'Ilt ClIl\Ii~lIrati"lI

iucorporated at thl' intl'rfacl', 'l'Ill' con'Iitutil'l' par.ulll't'·I'" ,,1' int,·rfa,'.· an' 'L''111u.·d

as follow,: l'Ï" = 1 GPa. K, = 25 M Pa. Cf = 0.5 M Pli and 6f = :lll",

An a.'dal comprc,,,i\'l' load P = 1500 ki'; i, applil'd at Ihl' surfa,'l' of Ihl' footiu!!;.

The induccd creep sl'ttll'ment and total settlement (which includl'S l'la.,ti<- aud l'rl...·!'

deformations) arc shown in Figures 5.:11 and 5.:12. The !'l'Sults iudieatl' t.h,· lllOlI·

eHing which includes interface dl'ments l'an gi"e a lar!!;"r total St'ttlelllellt and 1011"1'1'

creep settlement than the analysis in which the footing 1I"a.' a.'Sllllll'<l to Il<' l'Olllpll·t,·ly

bondcd with sUrl'Ounding soils. In the analysis of incorporatcd with interface failurl'

modelling. it is observcd that shcar failure occurs at interface L which gives consid·

erably larger total settlements and creep settlements in comparison with the analysis

where interface l'ailure is not involvcd.



•
Chapter .5. Compllt<lt.ional ArJillysis of Structllre-Frozcn Sail Interaction ]]]

Interface elements

A
1

1 2 3 4

A

1-"m
( P H ca ,,",le footing

q; ..
t:>

t:>

t:>

t:>

t:> l.

I>.i

•

•

Figure 5.30: Finite element configuration \Vith interface element
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Figure 5.31: Modelling of interface and adfrcczillg cr<:'Cp
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Figure 5.3'2: Modelling of interface and adfreezing creep
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Chapter 6

Numerical Modelling of
Soil-Pipeline Interaction

6.1 General

The structural analysis and design of a bllried chilled gas pipeline should take into

consideration the interaction bctween the soi! and the pipeline induced by thermo­

hydro-mechanical proccsses associated with soil freczing. The simulation of these

proccsses should include the modelling of frost hea\'e, constitutive beha\'iour 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 freczing 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 a transition zone between a highly frost

susceptible soi! and a non-frost susceptible soil. The physical, thermal and moisture

influx conditions at the test facility were controllable.

113



The freezing C'xperinwnt consisted of t\\"o major stag;"s, l'hl' tirst st "g;" <"o1\1\1\,'n(""<1

in SC'ptembC'r, 1982 \\"ith four freezing perio<ls. l'Ill' purpos,' of t his st;'g;" \\""s t,) l'X;1\1\­

inC' the beha\"iour of a buried chi lied pipelin,' passing; Ihrollg;h th,' bOllll<l"ry kt W,','lI

two initially unfrozen soils with significantly <lilTer"lIt responses 1.0 frosl sllst'l'ptibility,

The experimental data on this phase of t,he tl'st \\""s preSl'nt<-d hy Dallimol"l' (1 ~l~:l).

The sel'ond stage was designed 1.0 in\"estigate tll<' l",h;I\'iour of " hmil'd <'iIill,'d

pipeline crossing a transition zone between prefrozl'n and lInfrozl'n frost-snsCl'ptihl,'

soils, The details of this stage refer 1.0 the P"'/illlilllll'Y Da/abas," UqlOl"/ (Nation,,'

Energy Board. 199·1) for the Caen frost heil\'e test facility,

•
C'hapter (i, SUllJeri,.'.1 .\1oc1ellillg of SoiJ-Pipclill" 1111,'r;'<"tioll 11·\

•

•

6.2 Test Facility

The test facility consisted of a temperature-controlled hall with the follo\\"ing dimen­

sion: 18 m in length, 8 m in width and ,) III in hcight. which was originally d,'signed

for the study of freeze-thaw problems cncountcred in highways. The base of trollgh

of the temperature controlled hall can isolatc the thermal and hydralllic 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 2ï:J mm in diamcter was bnried

in the trough at a depth of 33 cm from the surface. This pipeline can be subjectcd

to independent refrigeration temperature. ln 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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Figure 6.1: Longitudinal section of Caen test facility (after Dallimore et al. 198-1)
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Figure 6.2: Transverse section of Caen test facility (after Dallimore et al. 1984)
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('/1"1'1"1' (i. SllIllt'ri ..,,/ .\/o<i,,/lillg of Soil·l'iJ>t'iillt'11I1''l';lt·1i,'" 11\;

sand. The sail wit.h lo\\" SllSCl'pt ihility tu l'l'ost ht'l\\"c' tlst'd in t Ill' t'Xlwrill11'llts "'0\:-. 1Il,'

SNEC sand. A grain siz,' analysis indi('att'd that tht' S:'\EC sand has;, t'olll\ll.,iti"n

of approximate1y 10% silt and !JO',:;, sand, Th.· ,,"at"r tahlt' in th.· tt'st f;\t'ility,,"a,

maint.aint'd al :30 ('Ill hdo,," the hast' of th" pipdine.

6.3 Instrumentation

•

•

Extensi\"(' instrumentation ""'" incorporated in th,' Ca"n pipdin,' tt'st facilily to nlt·a·

sure thermal regimes. moisture regim,'S. int.erna! soil displan·Ill,·nts. s"il snrfat',· h.·,,,·.·.

earth pressure. pipe mo\·ements. strains and stresses in the pip,·lin,·. For th,' Ill"""tr<··

ment of hea\·e. more than ·100 test points. ,,"cre installe<!. TIlt' t,'St points 1ll'·'L'IIl~...1
the time dependent hea\'e of the snl'face of th(' entirt.· soil.

The temperature profiles ,,"cre colleeted automatically by 160 therlllocoupb. 20

thermistors and se\,{'ral heat flux metcrs 10cat('(1 at critical locations. Additional

portable thermistors were used manually to colleet the tt'mp"ratUl'(, data. TIlt' mois­

ture regimes were measured with time domain refleeton1l'try pro!>.'S (TOR) and the

water table \\'as measured by piezometer wells. The change of apparent dicleetric

constant of the soil due to soil freezing was measured by time domain rel1eetomdry

probes and the resulting change was related to the unfrozen wat('r content. Internai

soir deformation was measured by sets of magnet hea\'e measurement systems and

telescoping tubes. Soi! surface hea\'e was measured by a grid of sUl'\'eying nails which

were fixed to the ground surface. The earth pressure was measured \'ia Gloetzl total



1'1'<'''111'(' n,Ils \l'hich \l'''I'<'IHlri,'d il1 hoth th(' ('a('11 silt alld tll(' S:\E(, salld,

Pip" displ;'('<'IIl<'1l1 \l',cs mOllitor"d by cOllductillg ail api icai sun'('y of \','rt ical rads

\l'hich \1'('1'<' \l'eld"d ta tll(' cro\l'Il of th" pip", Th,' \'el'tical l'ods \1'('1''' 0,5 /li ill !,,"gth

illI(l th"y \l','n' illstilli,'d at ill1<'n'als of 0,5 /II alollg tll(' !,,"glh of pipe, The straill

l-\,llll\"S m01l1l",d 011 the pi P(' \l'l'l''' uSl'd ta record the st rai Il i Il t he pi peli Ile at import alit

locatiolls alld thes<' straills \l't'I'l' used ta compute the stress<'s ill the pipelill",

•
('1/;'1"('1' Ij, .\'l1l1lf'l'ic;,l ,\I()ddlillg o[ Soil-Pil'elill(, 111 1(,l';,cl jOli 117

•
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6.4 Finite Element Modelling

Th" Illelhodologies descl'ibed in the previous chaptel'S \l'el'e used ta carry out exerrisl's

in computational modelling of the el'periments conducted at the Caen test facility.

The finit" e!ement discrclization of the sail mass in test basin measuring 18 /li x

8 111 X 1.75 111 is shawn in Figure 6.3. A total of 3360 continuum e!ements and 2-1

beam dements were used in the computation.

Prop"rtÏt'S of soils and pipeline used in th" computationa! modelling al''' gÏ\'"n as

follo\l's:

(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

capacityat 5 oC were 1.97 [Wm-1(OC-l)] and 2.72 [MJm-3(OC-l)] respectively. The

unfrozen water at -1°C is about 18% by volume.

The coefficients of permeability of Caen silt were determined with a specially

de\'ised frost hea\'e cell (Wood and Williams. 1985). The relationships between the

coefficient of permeability and temperature were generalized as (Shen and Ladanyi.

1991 )



rhilprt'I' 6. SUlll"I'ic;11 .\[oddlillg of SoiJ·Pipt'iillt' IWt'I'ilcr iOll ll~

2l
c
Cl

E
Cl

"Ci
E
CI
Cl

.0

.c:-.~
Ë
Cl-..>...
Cl
C

~
Q,

j-
'0.....

C>
l:
.2-CI
.!::!-Cl.......
'6-c
Cl

E
Cl

"Ci
Cl., -c ï::

CI ii:c;.

~
co>
cci
Cl..
6'.
ii:

E
><. o, -r-.

~ 'V

~
"E
~ A. ov

K
-v

~
A- <
lf"

~

• -.- ~

· ••lf" -v
.-
~.-

e
~

.,
A- -•

A- ""•

.- Lr.~.- ,v

~ k

A- _. -'
-v

"c
ï
il:

r'-'-'-,
1,
1,

1,

1,

<1- 1,
1,
1,
1,
1
•
1,
1·
1,
1,
1
•

c:ll- 1
•
1,
1·
1
•
1·>- 1 _

,----_.~

1 1 ~
i E i li. . ~
1 ::: 1 ~

i i j

~i.
l:
Cl
CIo

•

•

•



( 'h il!, Il'r (j. .\"11 If'ri(';,} ,\1"ri('lJ iIlg "r SoiJ. Pi[J" JiIle JIl/ ('r;,,'/ JOIl

•
{

1,07;) x 10-", ",."""
J.. =

S.O·I!!!! x 10- 1:1

-0.:1"(' < l' < 'If:
111 j...;c ('

l' S _O.:ltl('

119

(6, 1)

YOIlTlg's IIlOdllillS of llllfroz('11 silt. \\'a~ t.aken as II.:! JIIJa . ln g(,IH'l'a1. '\ üung ~

1I1("IIIIIIS of frozell ('a('11 silt. \\'a.S cOllsidel'l'd 10 1", a fllllctiOIl or telllpel'at.ur('s b,'lo\\'

t.1", fn"'zill!\ poillt. III t.he rollo\\'illg Illod<'ilillg. the t.elllpel'iltlll',··dep'·lId'·1I1 YOlIlIg's

1Il0dlllllS of t.he fl'Ozell Ca"11 silt. \\'as accoullled fol' by utilizillg t.h,' l'e1a! iOllship (Sh"11

;",d Ladilllyi. Iml])

(6.2)

(6.:3 )

•

•

\\'h"l'l' '1~ (= -l''C) is t.11l' l'erel'euce t.elllpel'atUl'l'.

The ullit \\'eight of the Caen silt \\'as taken as I.'i A·:'"i/m 3 • The initial llloistUl'l'

cont.ellt \\'as ·10'1(, •

(1) SNEC sand

The thel'Illal conducti\'ity and heat capacity of the sand \\'el'e taken as 2..5 [I-I:m- I

(OC-1)] and and 2..5 [AlJm-3(OC-I}] l'espective1y accol'ding to Hal'Ian and Nixon

(1978). The unfl'ozen pel'Illeability of the sand was detel'mined as 1.5 x 10-5 mis at

a test density of 1.9 x 103 kg/m3 (Dallimore, 1985). The experiment also indicated

that the unfl'Ozen water content drops off sharply belo\\' DoC and the permeability

belo\\' frcczing temperature is \'ery lo\\'. Young's modulus of unfrozen sand was taken

a.s 20 M Pa. The temperature-dependent Young's modulus of the frozen SNEC sand

WilS assU111t-d in the 1'01'111

E = 24.i5(~}I.IS (MPa)

The unit weight of the SNEC sand was taken as 19 kN/m3
• Poisson's ratios for

ail soils were set <'quai to 0.:3.



(3) Pipc1ine

Young's modulus of the ste,'1 pipelin,' was tak,'n as ~1111 (;l'a and 1\,isSlln\ rat;"

was sl'l to 0.:1, Th,' mOlllent of illertia of th,' pip<'!in,· 1 was :l.(i~~ " 10-" Il'' (SI"·II.

1991), Therefol'(' the Ikxural rigidily of th,' pip<'!illl' FI uSl'd in lhe Cl1nljllltatil1l1 was

7i50 J."\' 111 2 • The codfici('lIt of th,'rmalexpallsioll was 11.01101:! /,,(',

The computatiollal moddling incorporatl'd th,' "Olllp!l'l,' <"1""'1' nll1dl'1s which w,'r,'

de\'e1oped is Chapkr :1, l'Ill' Cl'{'('p paranll'll'rs of frozen soils ilt ail sla!'.,·s al't' l'('I"'1'1"'d

to Table :3.2.

•
ChilpCel" (j, ;\lJllJeric;i/ .\/oddJillg of Soi1-l'il',·Jiw· IlJlt'rilcri,," 1~11

•

•

6.5 Numerical Modelling of First Stage of Test

In this stage of the experimentation. the Caen silt and th,' SNEC sand W,'rt' Inain·

tained in an initially unfrozen condition. As m,'ntiOlll'd prt'\'iously, this stage <,on­

sisted of four freezing periods. The duration of the first frœzing pl'riod wa.~ approxi·

mately S.5 months l'rom September 21. 19S2 LO June S, 19S:l. The air t"lllp,'r:'t.ure in

the hall was maintaine<1 at -0.750 C and pipe temperatur,' wa.~ maintailll'd at. -2°('.

Al'ter a four month thawing period, which look place immediate1y aft,'r t.he tirst.

freezing period, the second freezing period began on October 1j, 19S:1. In t.h,' second

freezing period, the temperature of the pipe was rc<luce<! lo -SoC and mainlained for

a longer duration. Ali other operating conditions in the second period were idenlical

to the first one. The second period lasted about 450 days. Since exlensiVl' experi­

mental data were documented for lhe second freezing period (Dallimore, 1985), lhis

period was selected for numerical modelling.



• 6.5.1 Temperature profiles
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•

•

Bd'on' tilt, illitÎiltioll of tilt' sl't'ond fn'l'zillg I)l·l'iud. llU' tltlli)ic.'llt air tl'1I1pt.'riltun' in

tlll' h;dl \l'as l'ais,'d tu +1"(' alld \l'as tllailltain"d al this l"tllp"l'alllrt' fur ·1 Inunlh"

It \l'a, ubS"l'v"d 1ha t Ill'al'Iy aIl uf 1h" annllills of froz"n soi1 fUrIll"d duri ng, 1h,' li l'sI

fl',,'zin.!!, p"l'iOli 1",,1 1ha\l'"d.

Tilt, second fn't'zinp, pc.·riud IH.'~all hy IO\\'t'riuA t IH' <tir tl'Illlle.'ral Urt' tu -U. jr)lI(' illld

cil'C1datin!!, !!,as ",nlp"l'allll''' in Ih" pip"linl' al -:;"C. A movin/( fl'l'l'zin/( fl'Onl \l'as

fUl'nH,d by 1Ill' ù>I"binal iun uf 1hl' f!'l't'zin/( <'Ir,'cls dll" 10 ,u"bi,'nt air tl'mp,'rat ur,' and

tlll' ,,,"'anCl' uf a f!'l't'zin/( frunt frum ,'ooling du,' to tll" pipdin,'. Th" ,'xpl'rim,'ntal

rt'SllltS fur th" 1inH~d"p,'nd"nl "'·Ollll ions of the frozl'n zon" along, "'ct ions uf Ih,' silt

"IHi 1h,' s"'ld a!'l' sho\l'n in Fi/(lIl'" 6.·1. Th,,,,,, r,,,,"lts indical" that th,' d,'\"e1opml'nt

"f th,' fr''t'zin/( front in th,' sand \l'a.' comparati\"e1y larg,'r than that in tht' silt. This

,'an Ilt' attrilllltt'd to th,' hight'r tht'rmal conductÎ\'ity and 10\l't'r ht'at capacity of tht'

S'lit'!.

Figur,' 6.,; illustrat,,,, the temperaturl' contours obtain,,<1 from tht' computation

modelling at ,<,,:tion B·B (silt) for lapse<1 times of 21. 105 and :Jï8 days. Figure

6.6 illustrat,,,, tIlt' computational estimation for temperaturl' contours at section A·'\

(sand) for duration of 21. 105 and :Jï8 days.

Tht' computationa! resu\ts of e"olution of frost bulb around the pipeline in the

s.'1.nd and silt. deri\',,<! from Figures 6.5 and 6.6. are illustrated in Figure 6.7. The Fig·

ur,,,, 6..1 and 6.ï indicate that the contours obtained from the computational model

correlatt' \l'ell with <'quivalent results obtained from the experiment. Figure 6.8 corn·

part'" the frost penetration beneath the centreline of pipeline measured in the Caen

pipeline test \l'ith results obtained from the computational mode!. There is good

correlation between the experimental and computational results for both silt and
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Figure 6.5: Temperature profile (OC) at section B-B (sUt)
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Figure 6.•: Computational modelling of e\'oiution of frozen zone around pipeline

6.5.2 Development of frost heave

•

Figure 6.9 illustrates the experimental resuits for the surface heave of the silt and

the sand after 22. days From the initiation of second freezing period. lt is e\;dent

that substantial Frost heave, up to 160 mm at surface occurred in the silt during this

period. ln contrast the SNEC sanè e:l:perienced relatively small Frost heave.
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Equival"111 n'sults for tll<' patlNII of frost hea\"(' d"\"eiop"l<'"t ill both soils were

dt't('nllillt'd frolll tilt' ("Otllputaliollall11odelling cu"(' ~howll in Figure (LlO. lt was alsa

cOlln'lIi"lIt to illustraI<' III<' n-sliits from the computatiollal estimatioll ill a three·

dilll<'lIsiolial fa;;hioll, Such results art' showll in Figure 6.11.

Both th.. ('l'pNinH'ntai r"snlts and computationa\ ('slima1<'s indical(' t hat in ail

soils (the ('a('n silt and Ihe S;'IiEC sand) Ill{' frosl hea"e wa.S concenlral"d along Ihe

iL,is of the burit'd pipeiint'. Figure 6,12 compares t Il<' cumulatÏ\'" frosl hea\'(' cun'es at

section B·B (silt) and section A·A (sand) deriV<'d from th" el'periment with cquÏ\'alent

results obtaint-d from th" computationalmodclling. lt is obs{'f\"ed that a rcasonabl"

prediction WiLS obtained for frost ht'a,'e cun'es both in sill and in sand.

ln the Cat'n pipeline test. the ,'ertical displacement of the pipe was measured by direct

obs"J"\'ations of t.he movement of ,'ertical rods welded to the crown of the pipeline.

The distribution of longitudinal displaccment shown in Figure 6.I:J illustrates that

the St'Ction 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

t't-duced dut' to the restraint provided by the frozen sand. Figure 6.14 illustrates the

corresponding displacements of the pipeline developed from the computational mode!.

From Figure 6.13 and Figure 6.14. it is c1ear that the computational methodologies

can predict reasonably accurately both the pattern and magnitude of the pipeline

displacements.

•

•

6.5.3 Displacement of pipeline
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Figure 6.9: E.'l:perimenta1 resu1ts for frost hea.ve contours after 2"2; days of freezing
(after Dallimore, 198-5)
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Figure 6.10: Computational estimates for frost heave development after 2"2ï days of
freezing

Figure 6.11: Computational estimates for frost heave de\'e!opment after 22ï days of
freezing: isometric view, maximum heave =0.165 m
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• 6.5.4 Stresses in pipeline

•

",oll,ullifonll displacenl<'lIt of il pipelilll' cali illduce large st l'esses ill the pipl'lille 10-

cated in tht.' transition zone. The Încluced stresses \\'cl'e tl1('(lSUI"e<! by st raill gallg<·s.

Figure 6.15 shows the expel'imentall'esults fol' the \'i1l'iiltion of bellding stresses de\'(·I·

oped in the pipeline i1xis. In the numel'ical modelling. the pipeline was modelled by

2·1 beam elements which possessed fiexura!. iL'da!. sheal' i1nd tOl'sional stilfness. The

l'esults fol' the bending stresses i1long the pipeline d<'\'clop<'d via the nunlt'I'ical modo

elling arc shown in Figlll'e 6.16. By compal'ing Figures 6.15 and 6.16. the siltisfactol'Y

ol'del' of ma.,imum bending stresses along the a.,is of the pipeline by computational

modelling was obtained.

The computational modelling was also conducted for the two types of bcllaviour

of the frozen soils. These induded (i) no crecp elfects: (ii) purely primary crecp.

The cumulative frost heave curves from the above two models are compared with the

curves obtained using the complete creep model in Figure 6.1 ï. It is obsen'ed that

the cumulative frost heave curve which incorporatcs the complete crecp mode! gi\'es

the largest value of frost heave. Figures 6.18 shows timc-dependent deve!opment 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 l'l'periment. The comparison at salient points can be summarized as

follows:

•

{
[Mm...(445 days)]no c....p }

[
lI (445 d .)] . in;!;al Jro:en .il! = 0.901
Hlma.r . ays e.rpcrlmentcl

(6.4)
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6.5.5 Range of bending stresses along pipeline

(6.5)

•

In order to examine the sensitivity of the frost hea\'c induccd soi\·pipc1inl' intt'raclion

to the soil permeability. the \'alue of the permeability as dcfinClI by Equation (6.5) is

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

{

l.Oi5 X 1O-9 c23•99T x N -0.3°C < T < Tf;
k = mj.,cc

8.0499 X 10-13 x N T ~ -0.:3°C

Figure (6.19) shows the range of bending stress distribution obtaincd along thc

pipeline as a result of the variation in the soil permeability.
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139

Numerical Modelling of Secondary Stage of

Test

•

•

Th.. "'''olld stap;.. of th" fn'l'zillg t..st W,L' "arril'<1 out at sam,' sit.. from 19!1O to 199:1.

:\ pi peli Ill' wa" plan'd crossillg a trallsit iOIl ZOlll' b"1 Wl't'II the prl'froz"l1 soil all<1 thl'

ullfroz"l1 highly frost susceptible Cal'u sil!. Th,' Il'st wa,; dl'sigul'd to l'xalllil1l' the

force Ihat would bl' l'Xl'rt"<1 ou th,' pipl'1iul' which W,L' auchorl'd by th,' prdroz,'u

soil. III ord,'r to allow cOlllparison with thl' prl'\'ious l'xpl'riml'Ill. the composition of

silt. Ih,' sizl' of pipl'1inl'. the dl'pth of burial of the pipl'1inl' and water table rclllained

ullchang''ll in the sl'Colld frl'Czing stage.

An insulating thermal wall was constructcd to dh'ide thl' facility and soil into two

sl'Ctions whos,' tl'mperaturcs could bl' controllcd separatcly. Prior to thl' start of the

expl'riml'nt, the soil on one side of the wall was frozen. The !irst frcezing period was

initiatcd at an ambient air temperatun.' of -O.i5oe and a pipe circulation tempera­

turc of -5°C. This thermal condition was maintaincd for the !irst 215 days. From

day 215 to day 256. the pipe temperature was lowercd to about -S.50e. Following

that, there was a thawing period and a second freezing period. The numerical com­

putations perforrncd took into consideration only the !irst freezing period from 0 to

256 days,

Due to the anchoring of the pipeline in prefrozen soil, it was to be expectcd that

the pipeline \Vould ell:perience 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 ma.'dmum

pipeline displacement \Vas 0.135 m in the !irst stage (sec Figure 6.14) and 0.116

m in the second stage (Figure 6.20). It may he noted that in the situation where



thl' pipI' \\'as l'mlwddl'd ill illitial1y 1Illfroz<'1l ",ik tJ\(, ,·('rtiral pipl'iill<' displal"'l1\('llt•
C'hapu'r li, SUlll<'ric;11 .\lodt'llillg of :;oiI-Pil'<,lillt, IIl/<'I';IClioll 1·1ll

l'xpl'riellCl'd ail IIp\\'ard mO\'I'ml'nt aloll~ its l'nt in' kn~th l'<'" Fi~lIn' li.l·' 1. III th,'

case of prl'frozen soil !l'st. t hl' pipl'1inl' l'XIWril'nCl'd a do\\'n\\'ard dispiac,'n\('llt ;lt t Il<'

prefrozen end (Figure 6.21). Also al 150 days. th,' maximllm l'''ndin~ strl'SS in th,'

pipeline \\'il>' 135 JI Pa in fi l'st slagl' (SI'" Figurl' G.lli) and 1:,0 .\ll'" ill t Il<' l'as" "f

th,' inilial1y prefrozl'Il soil (Figurl' 6.22).
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Figure 6.20: Numerical result for the displacement of the pipeline: inilially prefrozen
soil on one side
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From the extensive measurements of surface heave made during this experimcnl
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il WilS possible ta ùelermil){' the pattern of frosl hea\"e de\"('!opment with time across

bath the prefrozen sanù and the si!t. Figure 6.2:3 illustrates the experimenla! results

of the frost hea\"e pattern obtained at 2·16 days. Similar results can also be deri\"t'd

from the computational modelling. Figure 6.2·' illustrates the surface hea\'e pattern

obtained from the computational modelling. The frost he1t\'e contours determined

from the computational Illodelling are shawn in Figme 6.25.
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Figure 6.21: Variation of pipeline displacement with time: initia1ly pre-frozen soil on
one side

•



•
Chapter 6. SUIll,·rical.\laddling of Sail-Pipeline lnt,'ractio/l 1·\:!

300 r---r---r---r-----,r---.----,r---,-----,-----,---,

0 da~~ 0+-

10 d:,ylt .....
31 da~~ -0- .

59 dl\~"!l

_.
101 daytt .....
150 dnYM ••
2~3 da~~ 0+-

" .
'"..."""\, ...'f Prt'fro:ccn ~lOil

" ~ ....
't<"::-- •- , .....

la "Q, ,~•
Çf ..... ....'0:....

1 ..... .

200

~ 100
Initial!)' unfrozen sUt

ca
"-
.§.,
"-'s.
c:
Q

'" 0
'".,..-'"~
c:

:.a
c:• CJ

.<>
"t:l ·100

CJ
'-'
::l

"t:l
c:-

·200

18166 8 10 12 14

Distance along pipeline axis (ml
42

-300 l..-_---1__-.l.__-l-.__..L-.--l._.I-_--J'--_--l.__--l.._---l

o

Figure 6.22: Numerical results for the variation of hending stresses along pipeline:
initially prefrozen soil on one sicle

•



Chapler 6. Sumerical ModeJling of Soil·Pipeline lnleraclion 1-13

•

............­ -.-

1 3.o
7 _3~1

-7 5
- -3-1

....... 10
E
~ 5

o
-5 -

w
~
W
I:
U-
0:: -10
::J
(f) -15

DAY 246
lstFreeze

•

Figure 6.23: Experimental results for heave of the soi! surface: initially prefrozen soi!
on one side (National Energy Board report, 1994)
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•
Figure 6.24: Computational results for the heave of the sail surface at 246 days:
initially prefrozen sail on one side. ma:dmum heave =0.152 m
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Figure 6.25: Frost hea\'e contours at 246 days: initially prefrozen soil on one side
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• 6.7

j·l,j

Modelling of Soil-Pipeline Interaction In­

duced by Pipeline Subjected to Cooling

•

•

\\",. 1I0W collsidel' a probll'nl of the soils whel'e t 1", fl'eezing is indn('ed ollly by t he cool·

illg tel11perature -5°(' in the el11bedded pipeline which illtersecls the fl'ost susceptible

Caen silt and the SNEC sand. Both soils are illitially unfrozen and air tel1lperature is

l11ailltailled al. +1 0('. This is a hypothetical problem which has not been examined

ill th(' Cacn pipelinc cxpcrimcnt.

Figurcs 6.26 illuslrates thc tcmperature contours in Cacn silt section B·B at 21.

105 and :3i8 days respectively. Thc tcmperature contours in SNEC sand section A·A

at 21. 10" and :3i8 days arc illustrated in Figures 6.2i. It can be obsel'\'ed that the

frcczing front ad\'ilIlccs nearly radially from the pipelinc for both sand and silt. which

indicates that the moving freezing fronts follow doscly with the thermal boundary

conditions.

The frost heave pattern obtained from the computational modelling is sho\\':1 in

Figures 6.28. The frost heave contours determined from the computational modelling

are shown in Figure 6.29. It is l'vident that the magnitude of the frost heave is

substantially smaller than for the cases where cooling from both soil surface and

pipeline.

From the results given in Figures 6.30, it is l'vident that when freezing was only

from the pipeline, the induced pipeline displacement was reduced to half of the ma.'(·

imum displaœment that was associated with both ambient and pipeline cooling

( sec Figure 6.14 ). The ma.'(imum 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 (OC) at section B-B (silt) for the case where
cooling is induced only !rom pipeline
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Figure 6.2;: Temperature contours (OC) at section A-A (sand) for the ca~e where
cooling is induced onl~' from pipeline
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•
Figure 6.28: Computational results for the heave of the soil surface after 22i days of
freezing: cooling is induced only from the pipeline, ma.'I(imum heave = 0.Oi5 III
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Figure 6.29: Contours of surface heave after 22i days of freezing: cooling is induced
only from the pipeline
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• 6.8

1·'; 1

Modelling of Soil-Pipeline Interaction using

Shell Elements

•

•

TIlt' l't'PJ'<·St·lltaliull of lh.. pipl'Iill" i'" il f1l'xibl,' bealll ''l''Ill,,"t i, ail id"alizat iOIl \l'hirh

!'ull,id..rabl." redure, lhe cOlllpulalioual 1I10d"lIing e!rort" ln a ,ilualÎon \l'h,'J'<' 1hl'

pipeliut' is subject('d to a rapid chauge in cur\'aturc. it is tll'ccssary 10 take into con­

,id"rat iUIl th.. t hJ'< ...·-dilll,·u,ioual configuraI ion of the pipeliu,' ,hell, ln 1hi, chaptel'.

il l'il,,·lin,· \l'a, lllod,·II..d a, a c."lind,·icai ,hell . Th,' fini", ''l''n\('nl Illodelling of thl'

pip..lin,· ,hell c1elllent combiue, a plant' ,tre,," dt'nlt'nt. \\'ith a plat'· bending dt·m,'nl.

'l'hi, model of th" pipdine shdl is used to study the flexural interaction bet\\'ccu the

,oil and th" pipc!itlt'. The num"ricalmodelling assumed a complete bonded condition

al. th" soil-pipdine iuterface.

A, au example of tht' modelling, consider the second stage of the Caeu pipcline

freezing t·,'St, in \\'hich tilt' SNEC sand \\'as kept in a prefrozen condition and the

Cat'n silt \\'as unfrozeu initially. Fignre 6.32 sho\\'s the fini te dement discretization of

tilt' ,'1'0,," ,,'ction through tht' soil-pipeline configuration. O\\'ing to the symmetry of

the probk'm, on\y half of the system needed to be discretized. There are 22.56 solid

clements and 1~-l shell e1ements in the finite e1ement discretization. The boundary

conditions applicable to the problem are also illustrated in Figure 6.:32. The properties

of the shell \\'ere as follo\\'s: E = 200 CPa and the thiàness of the shell \\'as 0.5 cm.

ln tht' Caen pipeline test. ï2 strain gauges were mounted on the pipe in two

configurations:

(1) l'en radial arrays \\'ere installed at intervals of 1 mon both unfrozen and prefrozen

sides. starting 0.5 m from the interface of the two soils. Each radial array consisted

of six gauges \\'hich \\'t're wired for a quarter bridge measurement (Labelled 12. 2. ~.

6.8 and 10 o·dock).
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12) Si=< pairs of ganges were placed at 1 m inten'a!s startiug 1 III beyoud the last

radial array ou either side of the transition. Each pair of gauges consi:;ted of IWO•
Chapter 6. SlIlllericai .\1odeJJing of Soil·Pipeline Interaction 1·5:3

ganges which were wired for half bridge measurement (Labelled 12.6 o·dock).

Due to equipment malfunction. the strain gauges failed to collect the data for

the first 2-56 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 aIter day 2.56 was not simulated (following day 2-56, it was a rela.'(ation period.

the pipe temperature was raised to +5 OC), strain profiles illustrate an appro=<imately

proportional relationship between strains at different locations (o'dock).
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Figure 6.33: Radial strain gaage array: 0.5 m from interface, unfrozen side (National
Energy Board report, 1994)
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for .la\' 2;;3 of the s"cond 'la!!;" of lh" l",t. lt indical," Ihal Ih,' InaxinHlIH 1>,'"din!!;.. .
slr,'s",'s look place al Ih" 12 and (i o"<'\ock localiol':'. Th" l',',nlt, id,,, il1",rralt-d

that t Ilt~ st rt.'SSCS al. 2. ·1 0 "dock "'l'n' approxilnatc'Iy half of 1h... stl't.'S:-il'S at l:!. (l

o'dock locations. \l'hich \\'"1''' analo~ouc 10 Fi"Ill'" G.:l:l. The lllaxilllullllwndin" st 1'<'''''-- b t-

prcdictcd by the shell mode! \l'a..' slight!y great,'r than that pr",!it-l<'d hy 1h.. lwanl

mode!. Tht' pipt' configul'ittion aftt'l' 25(1 days js sho\l'n in Figur,' (i.:\5.

300 ,.---......--..,....--...,-----.--.,----.----,---.......--.,----,

.. 10o'clock
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.. 1:.! o'dock

'·1

t.. ..~..
,.~ ...

.. 1~ ..
.. :" ..... .-

.. l '.. ."'· . ... . '.. :
l' •· '.. :-· . .
1 • •. .: .......
1

..
Initi:ùly unfrozen si1t

........ .
6 o'clock ••- ....".' ..'\ .... .... ,. ,

8 o'dock ....- ...

X- .., ~ .. ...•, . ".... ." ...
_..~....... ..

01'---:=::::-:::~=--' - - -. . . . - -

-200

·100

•

-300 0 2 4 6 8 10 12 14 16 18

DÙJtnnte wonl: pipeline axis (m)

Figure 6.:34: Computational results for the variation of bending stresses along the
pipeline at the locations at the 12, 2, 4, 6 o'dock
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Chapter 7

Conclusions and
Recommendations

This thesis de\"t~loped a complitatiollalllH'thodolog~' for 1i1l' allalysis of soil·pipt'Iillt"

intl'r<lction pl'Oblell1s in \\'hich 1hl' illteraction is indllCl'ti Il\" fl"osl I,,'a't' ('If"c". :\s a

Hl·~t st('P l.owal'ds t.he deYl'1opnH.'nt of sucll a 1l1d,hodulop;y il. \\'a~ ll(·t"(·ssar~· III id"111 il\"

a complele hydl'O·thl'rlllo.nH'chaniral const.illlli\'l' 1l10ti"1 \\'hirh atitirt'''t's 1il" collpbl

processes of hea\. lransfer. 1l10istnn' transport. p;ellt'ration of fr,~'zin!\ actioll alld ni'"

chanical e[ects in frost susceptibk soils, The frost action it.sl'If is !\t)\'l'rnl'ti by I,,'at

transfer. moist.ure transport and stress stat,' \\'ithin t.!,,' soil. 'l'hl' dt'\'l'lopllll'nt "f ""

all encompassing 1l10dd \\'hich rigorously couplt'd heat transft'r. 1l10istlll"t' transporl

and mechanical action in a frcczing soil is a diflicult exercise, As h;~, b"l'Il poilll,'"

out by Se!vadurai and Shinde (199:3). such a modcl invol\"l's a ,ariety of constitlltiv"

parameters. governing both indi,idua! and cOllp!ed elferts. \\'hidl \\'ollid Ill' lliUindt

to determine l'Ven under highly controll,,<I laboratory condit.ions. In IIIt' cOlIl,'xl of a

realistic geotechnical situation. such as that encountt'red along a long distanC<' bllrÏt'"

pipeline. the determination of these parametcrs for il fully COll pied modd is a l'"ry <Iif·

ficnlt task. For this reason a simplificd mode! of frost hea"e gencration \\'as propusen

in \\'hich the heat transfer and moisture transfcr arc \\'eakly cou pIed to tbe nwc!l'lll'

ical variables in a frozen soil such as elasticity, plasticity. crcep and failure/fracture.

156
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Illl' \\"";tk ("ullplillg j:-; d,'rin-cl frolll th,' _q)piiccl! iOIl of (ïêl\bitl:-'~('!ap(':ï'lJlI n·lat iutl~liip

wllt"rt, 11j(' 1('IJIJH'l'al Urt' fit'Id in ,11\' t'rOZt'lI ZO!l(' is n,-I'th'rI to tIlt' pn'ssllrt' in tilt' port­

l1uit! itild Ihl' pn'sslIl'l' il! tlw je(', Till' frost lH'a\"(' ~('lll'ratioll in tile soil is 'tcilil'\'(·d

t Il rOllgh 1lit' flJlIsidt'I"ll iOIl of

(a) heal 1ra,,,fer ill Ill<' soil mass

(l,) lIloist.ure t.l"illlsport ill t.lte soil miL'S due to cryog<'lIic sucl iou aud

(l') tll<' ,~""l1lplion of t.hl' Clausius· Clapeyron l'quai ion ll'ltich go\'<'ms t.hl' rda­

t.it.Hlship hd \\'('t'Il lt.'tll}Jl'rat urt.'. water pressure and kt' preSSlll"<.',

Th<' IIll'challic.d I",ha"iour of fraz<'11 soils ll'as Illoddlt'd h~' contilluum c",'ep pltl'­

lIo111<'lIa II'hich l'xhibit.s primary. sl'condary alld terliary drects. In particular the ter·

tiary l'ffect.s II'l'r<' moddll'd by consideration of damage nll'cltanics. The constitutiw

modl'b gov,'millg hoth frost hea,'(' generation and the complt'tl' creep mode! II'hich in·

clwporatl'd primary. "~condalY and tertiary creep phenomena were incorporated into

a:"isymnll'tric and thrl,t:'-dimensional finite e1ement computational schemes which in·

volved spatial discrl,tization \'ia finitc e!ements and temporal discretization via a finite

difference scheme. The numerical procedures could examine fully threc-dimensional

processl':.' of timl~dependent frost hea\'(' generation and the computational method·

ology ll'iL' applied to the l'xamination of frost hea\'e gl'neration in typical frost sus·

ceptible soik Tite rl'Sults ilIustrated satisfactory trends and in particular the rl'Sults

of computational modds correlate well with obsen'ed trends of experimental data.

The computational modelling was first applied to the study of foundations either

embeddl'(! in or resting on frozen soil media. The modelling also took into account

the influence of sustained loads and unloading and load reversai 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 proposl'd complete <T""p modl'!. l'an dlarac!<'riz,' thl' COlllp!<'t" n",,!' h<'ha";'>lII'

and the tl10dellillg b \'if'wl'd as il Ilwt.hodolùgy f~ll' idl'ut ifyi1\~ tÎIlH' '\Ild h),H,\ hish.H'Y

dt'pendent peak 10,Ids that l'an 1)(' ,u'taiued hy 'tl'llclllt'<" locat('d in froz,'n ~nllln,1.

The thesis also ck"dops a lllethod of 1'0'1 fai!llt'l' ana!y,;, wh;ch i, of ,p<'c;a\ int,'r"'1 10

faiillt'e that take, place at idenliliahk' inl<'rfac,'" l'hl' lin;tl' <'I,'n1<'nt pl'on'dtll'" which

incorp0l'atl's a completl' cr,,,'p lllod<'1 and th,' al!,-orit hlll f'H' 1'0'1 fa;lIlr,· 'lIt:dy,i, wa,

applied to examine the uplift ]",ha"iour of a St'ction of pipe wh;ch i, <'lIllwddl'd ill a

l'l'ozeIl soi!. The technique \\.", applied 10 l'xaminl' the tillle·dep,·n,!<'lIt di'plan'I1\<'1l1

of a section of pipe which is ,ubjeC\I'd to dilferellt l1\a~nilndl" of lIplift load, which

l'l'main constant with time. The time·dl'pl'lH!<'nt e\'olut.ion of cn"'p failllt'l' ZUtu',

wit.hin the frozen soil \\'el'e also examined, The numl'l'icaII'I'OCl'dllt'l' 1',UI hl' appli<'d

to estimate the ma..,imum uplift loads that l'an he sustained hy a froz,'n soil in a

region where an embedded pipe is subjl'Cted to uplift loads.

Fol' the analysis of the soil-pipeline interaction. the pipclitl<, \\'", l'l'pl',,,,ellted hy

either a flexible beam element 01' a shell elemenl. Bl'am c1ellll'n\ used t.he cOII\'('IIt.ional

Bernoulli-Euler beam theOl'y with a double-node configurat.ion. l'hl' finitl' <·I<'IIll'II\

modelling of a shell structure used a flat clement which combined a plall<' ,trl"'S

element with ;, plate bending element. The finite clement scheme of shell deml'n\

was calibrated via known solutions of analytical results.

The computational model was applied to examine the l'l'ost heave induced in­

teraction between a flexible near surface buried pipeline and a l'l'ost hca\'ing zone.

The thesis presented a numerical simulation of the Canada-France pipeline frCC'zing

test which was carried out at Station de Gel at the Ce1ltre de GeomoryJhologie 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 hea\·e. displacements of the pipeline and stresses in the pipeline.



Tlw n':-illlts illdiC,I1(' Ih;t1 tll<' t('IIII)('1'all1r<' c")1I1otlr:~ ohtaill('d frollII1111l1<'l'ical com­

jJlIUl1 ions ('Olllpan' \\,(·11 wil il {'('suIt s ol,tailH'd from t II<' ('XP<'rillH'llt. Tht' l'l'ost ht'él\"C

of t.lw soil sl1rfan' which is OhUtÎTl('d fronI tile !Itllllt'ricai comput.atioll ;dso compan'

\\",11 \'01 h in llIa!',nit ud,' and l'al tertl \\'it h results obtainl'd frolll expl'riml'nls, Thesl'

l'l'sults apply for tlll' frost h"a,'e pat !l'rtlS obI ained fOl' 1)<.' h the silt and 1Ill' sand. 'l'hl'

computation mod,'lIing also predirts both the trend and th,' magnitudC' of pip<'iinC'

displacen1l'nt accul'<ltdy, An accu rat,· prediction of distribulion of maximulll bending

stresses \\'hich arl' inducl'd by non-uniform dispiacl'ment of thC' pip<'iilll' was also gi\'en

in the simulation.

Numerical mod<'iling of the pip<'iinC' crossing a transition zone :)etween prefrozen

soil and an unfroz{'n soil of high frost susceptibility shows that the pipeline experien~('s

smaller displac('ments.l!;rl'at('l' bending moment in th<, t.ransition zone than in ~he case

of both soil and sand initially being unfrozen in a gi\'<,n time. This r<'sult is identical

to thl' experimental modelling.

Computations were also condncted to examine the idealized test problem where

the fr<'<'zing was induced only from the cooling temp<'ratut'e in the pipeline which

crosses the soil with contrasting frost susceptibilities and which are maintained in

an init;~.::y nnfrozen condition. Il is observed that the magnitude of the ma."(imum

hea\'e is much less and such e[eds are more concentrated along the a."(is of the buried

pipeline.

Finally. the Caen pipeline was modelled as a cylindrical shell which combined

plane stress elements with plate bending clements. Bending stress profiles al. the 12.

2. ·1. G0 'dock locations along the pipeline are presented.

The major contribntions of this thesis resean.h l'an be summarized as follows:

(1) ùevelopment and verification of a finite element procedure for three-dimensional

frost h·,,"e modelling.

•

•

•
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(2) dl'vt'!opnlt'nl and \"l'rilirat iOIl of the pr"IHlS,'d l'l'mpll'I" lT,'ep Il,,,d,,\.

(:3) adaplalioll of a lTel'p f"ilul"<' 1l1<,dd ",hich i, p","liCli\arl~' ;lJlplic;i\'I,' fur Ih,' ",il·

pipt'!ille illteract iOIl prohl"1l1.

(·1) incorporation of a Bernoulli-Euler Ill'am and a eylilldrical ,heillo rl'J 1l"l''''111 tll<'

beh",'iour of pipeline.

(5) application of the de\'eloped fiuite t'!en1l'lllll'dm::[lll" to th,' illvesli).!.alioll of Ih,'

general l'l'CCp l"l'spOllses of a variely of gl'oll'rhllicai ,trllcl.ur,'"

(6) applicatiol. of the compulatiollalmodt'! to th,' ,t~:dy of Ill'"," lar).!.e "'alt' eoulrulled

pipeline freezing test: the results obtaiuc·: from the computilliollallllod,'! ).!.iv,' t rt'Illb

which compare weil with experinl<'ntal obsl'l'\·al.ious.

(i) l'l'tension of the scope of knowIedgl' wi th rcgard iug 10 tht' soi I-pi pt'! iue iIlll'rad i"11

involve interactive thermo-hydro-mechanical l'rocesses.

The following recommendations for futurl' work .~re suggested:

(1) The modificd hydrodYllamic modcl proposed b:i Shen and Lildanyi (1!18i) is rOIl­

sidered as a good approximation in the de'cription of l'l'ost lll'a\'(' Illoddlillg. Ho",,'ver,

the pher.omenon of the generation of ire lenses at scgI"Cgal.iol/ I.cmI.JCI'tlI..tI't: is not ac­

counted for in this mode\. where water frcczes at ail locations of the region whcre th,'

temperature is below zero. The ice lenscs which generate ouly at the frl'c?ill;; frollt

in numerical modelling l'an bdter represent the l'l'ost heaving processes.

(2) Most geotechnical problems involving frost heave arc primarily concerned \Vit.h

l'l'ost heave elfects close to the ground surface. Examplcs of these include near surface

chilled gas pipelines and highway pavements. The soils in these zOlles arc usually

unsaturated. Consequently, the assumption of a fully saturated state l'an be violated

in these near surface l'l'ost heave elfects. 1'0 account for the deficiellcy it is Ileccssary

to address the problem of frost heave devclopment in unsaturated zones.
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(:1) 'l'II<' ilCClICiI..}' of Illllll<'ricallllodellillg of frost heil\"(' larg"I}' <Jcpcllds 011 the ther­

Illai. h;'drillllic alld Illechallical parallH'ters of soilllsed in the COlllplltiltion. Of tht'se

par;ulld.ers, a fllllct.ioll of pertlll'ahilil}' with temperilture is thc most sellsiti\'c 1.0 the

COlllplltatiollal rt'sults. Accurate Jl1eilSurelllent and procedures for dd.erlllilling such

fUllctiolls will great!}' cllhance t.he llloddling of t.he pl'Oblelll.
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