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Abstract:� Temperature� significantly� affects� the� mechanical� properties� of� geomaterials,�1�

particularly� the� creep�behavior�of� soft� clayey� soils.�Thus,�an� appropriate� constitutive�model� to�2�

describe� the� time-dependent� stress–strain� behavior� of� clayey� soils� at� various� temperatures� is�3�

necessary.�This�study�performed�temperature-controlled�oedometer�tests�on�two�clayey�soils:�the�4�

Hong�Kong�marine�deposit�(HKMD)�and�kaolinite�clay.�The�thermally-induced�strain�and�creep�5�

strain� rates� under� different� temperature� paths� were� investigated� and� discussed.� A� novel� one-6�

dimensional�(1D)�thermal�elastic�visco–plastic�(TEVP)�model�was�developed�based�on�Yin�and�7�

Graham’s�1D�elastic�visco–plastic�(EVP)�model.�In�the�proposed�model,�the�visco–plastic�strain�8�

rate�of�soils�can�be�described�using�three�state�variables:�effective�stress,�strain,�and�temperature.�9�

The�proposed�model�can�be�implemented�in�creep�analysis�conveniently�with�the�equivalent�time�10�

concept.�The�prediction�results�of�the�TEVP�model�were�consistent�with�the�experimental�data�for�11�

HKMD�and�kaolin.��12�

�13�

Keywords:� temperature,� clayey� soils,� oedometer,� creep,� thermal� elastic� visco–plastic� (TEVP)�14�

model��15�

� �16�
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1���Introduction�17�

Temperature� effects� are� seldom� considered� in� conventional� geotechnical� engineering.�18�

However,� in� many� engineering� applications,� such� as� heated� submarine� pipelines� (Rawat� and�19�

Agarwal,�1982;�Scheeiner�et�al.,�2006;�Wen�et�al.,�2010;�Thusyanthan�et�al.,�2011;�Shahrokhabadi�20�

et�al.,�2020),�deep�disposal�of�radioactive�waste�(Houston�et�al.,�1985;�Graham�et�al.,�2001;�Abuel-21�

Naga�et�al.,�2007;�Cui�et�al.,�2009;�Kurz�et�al.,�2016),�exploitation�of�geothermal�resources�(Dupray�22�

et�al.,�2014;�Li�et� al.,�2018;�Laloui�and�Sutman,�2020;�Bergström�et�al.,�2021),�and�accelerated�23�

consolidation�of�soft�clayey�soils�with�thermal�vertical�drains�(Abuel-Naga�et�al.,�2006a;�Wang�J.�24�

et�al.,�2020),�temperature�significantly�affects�the�hydro-mechanical�behavior�of�clayey�soils.�The�25�

increase�in�temperature�in�clayey�soils�could�induce�excessive�or�differential�settlements,�increase�26�

excess�pore�water�pressure,� and� change�soil� strength,� endangering� the�corresponding� facilities.�27�

There� are� also� concerns� about� the� influences� of� different� temperatures� between� in� situ� and�28�

laboratory�conditions�on�measuring�soil�parameters�for�engineering�design�(Graham�et�al.,�2001).��29�

In�recent�years,�laboratory�investigations�have�been�conducted�on�the�thermo-mechanical�30�

properties�of� clayey� soils.� It� has� been�widely� observed� that� increasing� the� temperature� causes�31�

volumetric�strain�and�increases� the�excess�pore�water�pressure�of�clayey�soils�in�laboratory�and�32�

field�tests�(Houston�et�al.,�1985;�Abuel-Naga�et�al.,�2007a;�Bergström�et�al.,�2021).�The�thermally-33�

induced�strain�is�compressive,�large,�and�irreversible-dominated�for�normally�consolidated�soils�34�

but� small� and� reversible-dominated� for� over-consolidated� soils� (Modaressi� and� Laloui,� 1997;�35�

Burghignoli�et�al.,�2000;�Neaupane�et�al.,�2005;�Abuel-Naga�et�al.,�2007a,b;�Coccia�and�McCartney,�36�

2016a,�b).�It�was�also�found�that�the�yielding�stress�of�clayey�soils�decreased�as�the�temperature�37�

increased�in�oedometer�and�constant-rate-of-strain�consolidation�tests�(Akagi�and�Komiya,�1995;�38�

Tsutsumi�and�Tanaka,�2012;�Abuel-Naga�et�al.,�2006b;�Jarad,�2016).�The�effects�of�temperature�on�39�
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the�creep�behavior�of�clayey�soils�have�also�been�observed�and�reported�in�several�experimental�40�

studies�(Houston�et�al.,�1985;�Fox�and�Edil,�1996;�Zhu�and�Qi,�2018).�Based�on�thermal�cycling�41�

tests�on�reconstituted�clay,�Burghignoli�et�al.�(2000)�concluded�that�the�creep�behavior�of�clayey�42�

soils�was�dependent�on�their�recent�temperature�history.�Cui�et�al.�(2009)�performed�high-pressure�43�

consolidation�tests�on�stiff�Boom�clay�samples�at�different�temperatures�and�found�that�the�rate�of�44�

strain�was�dependent�on�the�temperature.�Some�studies�suggested�that�the�secondary�consolidation�45�

coefficient�Ca �increases�with�temperature�(Jarad,�2016;�Zhu�and�Qi,�2018;�Kaddouri�et�al.,�2019),�
46�

whereas�others�obtained�different�results�at�lower�temperatures�(Li�et�al.,�2018).�In�summary,�the�47�

time-dependent�stress–strain�behavior�of�clayey�soils�is�closely�related�to�temperature�and�stress�48�

history;� however,� there� still� lacks� a�widely� accepted� theoretical� framework� for� describing� the�49�

thermal�creep�characteristics�of�clayey�soils.��50�

Several�attempts�have�been�made�to�model�the�stress–strain�behavior�of�clayey�soils�with�51�

consideration�of�temperature�effects.�Zhou�et�al.�(1998)�developed�a�thermoporoelastic�model�to�52�

simulate�thermal�consolidation,�considering�only�elastic�deformation.�Other�researchers�proposed�53�

several� thermal� elastic–plastic� (TEP)�models� based�on� the� framework� of� the�Cam-Clay�model�54�

(Abuel-Naga�et�al.,�2009;�Cekerevac�et�al.,�2002;�Graham�et�al.,�2001;�Hueckel�and�Baldi,�1990;�55�

Laloui� and� Cekerevac,� 2003).� To� consider� time� dependency,� Laloui� et� al.� (2008)� developed� a�56�

thermal�visco–plastic�model� to�describe�temperature-�and�rate-dependent�yielding�stresses.�Zhu�57�

and�Qi�(2018)�adopted�the�power�function�originally�proposed�by�Moritz�(1995)�to�describe�the�58�

temperature-� and� rate-dependent� yielding� stress� of� structured� soils.� The� variation� in� the� creep�59�

coefficient�with�the�temperature�was�also�considered.�Wang�et�al.�(2020)�adopted�Moritz’s�(1995)�60�

power� function� to� model� the� thermal� visco–plastic� behavior� of� clayey� soils� under� triaxial�61�
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conditions.�Coccia�and�McCartney�(2016a,�b)�developed�a�thermally-enhanced�creep�model�for�62�

poorly�drained�soils�by�considering�a�temperature-dependent�creep�coefficient.��63�

However,� the� thermal� elastic� viscoplastic� (TEVP)� model� of� clayey� soils� can� still� be�64�

improved.� Many� existing� models� are� based� on� correlations� between� temperature� and� pre-65�

consolidation� pressure.� Owing� to� the� uncertain� nature� of� soils,� the� pre-consolidation� pressure�66�

measured� from� parallel� isothermal� compression� tests� may� suffer� from� indistinct� trends,� and�67�

repetition�may�be�required�(Tidfors�and�Sällfors,�1989;�Eriksson,�1992).�Meanwhile,�the�thermal�68�

elastic�behavior�was�not�considered�in�many�thermal�visco–plastic�models�(Laloui�et�al.,�2008;�69�

Zhu�and�Qi,�2018).�In�addition,�a�systematic�and�consistent�understanding�of�the�creep�behavior�of�70�

clayey�soils�under�various�temperature�histories�still�needs�to�be�established.�These�considerations�71�

emphasize�the�importance�of�developing�a�new�TEVP�model�to�describe�the�thermal�creep�behavior�72�

of�clayey�soils.��73�

�74�

2���Findings�from�temperature-controlled�oedometer�tests�75�

2.1���Test�apparatus,�materials,�and�procedure�76�

A�special�oedometer�cell�was�set�up�to�investigate�the�stress–strain�behavior�of�clayey�soils�77�

under� different� thermal� paths.� The� test� apparatus� consisted� of� a� conventional� oedometer� and�78�

temperature�control�systems�with�an�electric�heating�wire,�a�temperature�sensor,�and�a�thermostat.�79�

The�heating�wire�was�installed�around�the�confining� ring�of� the�specimen,�and�the�temperature�80�

sensor�was�placed�in�the�middle�of�the�surrounding�water�in�the�oedometer�cell.�The�heating�system�81�

can�control�the�temperature�in�the�cell�from�20�°C�to�60�°C�with�an�error�within�±�0.2�°C.�Fig.�1�82�

shows�the�details�of�the�test�setup.��83�
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Preliminary� tests� were� performed� to� calibrate� the� apparatus.�A� trial� soil� specimen�was�84�

installed�in�the�apparatus�and�several�temperature�sensors�were�inserted�at�different�positions�to�85�

examine� the�uniformity�of� the�temperature�distribution�within�the�soil.�The�trial�soil�specimens�86�

were�subjected�to�different�temperatures.�Fig.�2(a)�shows�that�the�temperature�measured�at�different�87�

distances� from� the� center� of� the� soil� specimen� was� uniform� (variation� within� ±� 0.5� )� and�88�

approximately�1–2�°C� lower�than� the�temperature�in�water� at�40�°C�and�60�°C.�Therefore,� the�89�

temperatures�were� set� at� 42�°C� and� 62� °C�on� the� thermostat� for� 40�°C� and�60� °C� in� the� soil,�90�

respectively,�during�the�oedometer�tests.�Fig.�2(b)�shows�the�measured�temperature�with�time�for�91�

different�heating�and�cooling�stages,�indicating�that�the�temperature�in�the�soil�could�be�balanced�92�

within�1�h.�From�20�to�40�°C,�the�balance�time�was�less�than�30�min.�The�thermal�deformation�of�93�

the�test�apparatus�components�(e.g.,�porous�stones,�stainless�steel�cap�and�base,�and�loading�piston)�94�

at� different� temperatures� was� 0.0009� mm/°C,� obtained� by� performing� heating–cooling� tests�95�

without� the�existence�of�soil� specimens.�The�deformation�was� considered� elastic�and�excluded�96�

from�the�calculation�of�the�soil�strain.��97�

Two�materials�were�used�in�this�study.�One�was�the�Hong�Kong�marine�deposit�(HKMD),�98�

primarily�composed�of�silt�and�approximately�20�%�of�clay�(particles�with�a�diameter�less�than�2�99�

μm),�and�kaolinite�clay�(kaolin),�comprising�approximately�77�%�of�clay.�Fig.�3�shows�the�particle�100�

size�distribution�curves�for�the�two�soils.�Table�1�lists�the�liquid�limit,�plastic�limit,�and�specific�101�

gravity�of�the�two�soils.��102�

The�soils�were�reconstituted�in�a�slurry�state.�The�initial�water�contents�were�100�%�and�103�

120�%�for�the�HKMD�and�kaolin�(approximately�twice�the�liquid�limit),�respectively.�The�slurry�104�

was�poured�into�a�steel�cylinder�with�a�diameter�of�110�mm�and�consolidated�under�vertical�loading�105�

by�dead�weight.�The�maximum�consolidation�pressure�for�the�reconstitution�was�approximately�20�106�
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kPa.� All� loads� were� removed� after� the� end� of� primary� consolidation.� A� confining� ring�107�

( �70�mm� �19�mmHf ´ )�was�used�to�prepare�the�oedometer�specimens�from�the�cylinder.��108�

Oedometer�tests�were�performed�under�multistage�loading�and�step-change�temperatures.�109�

Three�targeted�temperatures�of�20�°C,�40�°C,�and�60�°C�(293�K,�313�K,�and�333�K)�were�applied�110�

to�the�soils�under�different�loading�stages,�as�shown�in�Table�2.�The�test�was�designed�to�investigate�111�

the�one-dimensional�(1D)� time-dependent� stress–strain�behavior�of�clayey� soils�under�different�112�

temperature�and�stress�paths.�The�results�indicate�that�the�primary�consolidation�was�completed�113�

within�100�min�using�Casagrande’s�logarithm-of-time�fitting�method�for�all�loading�stages.�The�114�

measured�temperature�inside�the�oedometer�also�stabilized�during�this�period.�To�investigate�the�115�

creep�behavior,�the�value�of� 0t �in�Yin�and�Graham’s�(1989,�1994)’s�1D�EVP�model�was�set�to�100�
116�

min�in�this�study.�The�vertical�strain�occurring�after�100�min�of�loading�was�considered�as�“pure�117�

creep”� under� constant� effective� stress� and� temperature.� The� complicated� thermo–hydro–118�

mechanical�process�within� 0t �can�be�neglected.��119�

�120�

2.2���Characteristics�of�thermally-induced�strains�with�time�121�

As�shown�in�Table�2,�staged�changes�in�temperature�were�applied�to�soils�at�100�kPa�and�122�

400�kPa;�the�corresponding�vertical�strains�are�plotted�against�time�in�Fig.�4�and�5,�respectively.�123�

Under�heating,�an�additional�compressive�strain�was�induced,�and�creep�accelerated�rapidly.�The�124�

reduction�in�the�viscosity�of�pore�water�at�higher�temperatures�transforms�bound�water�into�free�125�

water,�generating�additional�consolidation�and�causing�heating-induced�compression.�The�decrease�126�

in�water� viscosity� also� reduces� some� interparticle�friction� and�gaps,� resulting� in� local�collapse,�127�

contraction,�and�reorganization�of�the�soil�skeleton.��128�
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As� shown� in� Fig.� 4,� there� is� no� clear� turning� point� exhibiting� the� “end� of� primary�129�

consolidation”�(EOP)�during�heating,�as�typically�observed�under�incremental�mechanical�loading.�130�

This�trend�is�similar�to�the�test�results�for�Boom�clay�obtained�by�Cui�et�al.�(2009).�Although�the�131�

pore�pressure� was� not�measured,� it� can� still� be� assumed� that� the� dissipation� of� the� thermally-132�

induced�excess�pore�pressure�was�completed�rapidly.�This�is�because�the�strain�increment�under�133�

thermal�loading�is�much�smaller�than�that�under�mechanical�loading;�therefore,�the�consolidation�134�

speed�of�the�thermal�loading�stages�should�be�faster�than�that�of�the�mechanical�loading�stages,�135�

according�to�Terzaghi’s�1D�consolidation�theory.�In�addition,�heating�accelerates�the�consolidation�136�

process�by�increasing�permeability�(Houston�et�al.,�1987;�Towhata�et�al.,�1993;�Delage�et�al.,�2000;�137�

Abuel-Naga�et�al.,�2005;�Jarad�et�al.,�2019).�Based�on�these�considerations,�the�strain�occurring�138�

after�100�min�of� temperature�change�can� certainly� be�regarded�as�“pure�creep”�under�constant�139�

temperature�and�effective�stress.�Fig.�4�demonstrates�that�the�creep�curve�after�100�min�of�heating�140�

is�a�straight�line,�and�is�similar�to�that�induced�by�mechanical�loading�at�normal�temperature�(i.e.,�141�

20�°C).��142�

Figs.�5(a)–(d)�show�the�vertical�strain�due�to�temperature�changes�with�time�for�the�HKMD�143�

and� kaolin� under� 100� kPa� and� 400� kPa,� respectively.� The� first� heating� contributed� to� a� large�144�

compression�strain.�The�soil�experienced�minimal�volumetric�strain�during� the�cooling�process,�145�

with�small�strain�rates.�The�vertical�strain�and�strain�rate�increased�after�reheating.�This�indicates�146�

that�the�amount�and�rate�of�thermally-induced�strain�are�closely�related�to�the�temperature�history�147�

of�clayey�soils.�148�

�149�

2.3���Characteristic�of�strain–temperature�relations�under�heating�and�cooling��150�
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Fig.�6� shows� the�strain–temperature� ( lnz Te - )�curves�of� the�HKMD�and�kaolin�under�151�

heating–cooling�cycles�at�different�constant�vertical�stress.�The�data�were�collected�at� 0t �(100�min)�
152�

after�the�loading�or�temperature�changes,�guaranteeing�the�total�dissipation�of�excess�pore�water�153�

pressure�and�temperature�equilibrium.��154�

Fig.�6�shows�that�the�slopes�of�the� lnz Te - �curves�during�the�first�heating�(virgin�heating)�155�

and�cooling–reheating�differed�significantly.�The�soil�experienced�a�larger�volumetric�contraction�156�

under�virgin�heating.�This�volume�strain�was�unrecoverable�during�the�subsequent�cooling�process.�157�

The� variation� in�strain� during� cooling–reheating�was� smaller� and�showed�a� reversible� (elastic)�158�

trend.�This�reversible�strain�can�be�positive�(compressive)�or�negative�(expansive)�according�to�the�159�

fitted� trendlines.� The� reversible� deformation� of� the� soil� under� temperature� changes� can� be�160�

attributed�to�the�thermal�expansion�and�contraction�of�soil�particles�and�water�and�other�reversible�161�

deformations�of�the�soil�skeleton.��162�

The�characteristics�shown�in�Fig.�6�strongly�suggest�that�the�temperature–strain�relations�163�

are�highly�similar�to�the�stress–strain�relations�for�clayey�soils.�The�virgin�heating�process�is�similar�164�

to� normal� compression,� whereas� the� cooling–reheating� process� shares� similarities� with� the�165�

unloading–reloading�process.��166�

�167�

2.4���Correlations�between�creep�strain�rate,�strain,�and�temperature�168�

The�creep�strain�rate� (i.e.,�visco–plastic� strain� rate)� is�essential� for�modeling� the�visco–169�

plastic� behavior� of� soils.�The� creep� strain� rate� ,
vp
z ie ��at� time� it ��can� be� calculated� as� the�averaged�170�

secant�slope�on�the� z te - �curves�from�the�oedometer�tests,�as�shown�in�Fig.�7�and�Eq.�(1).�171�
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where� i �represents�the�current�point�of�time,� 1i- �and� 1i+ �are�neighboring�points�before�and�after�173�

i ,�respectively,�and� vp
ze �is�the�vertical�creep�strain.��174�

According�to�the�1D�EVP�model�of�Yin�and�Graham�(1989,�1994),�the�creep�strain�rate�of�175�

clayey�soils�depends�on�the�current�stress�and�strain�states,�as�shown�in�Eq.�(2).�176�
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�������������������������������������������������(2)�177�

where� vp
ze ��is� the� creep� strain� rate,� 01V e= + ��is� the� initial� specific� volume,�y ��is� the� creep�178�

coefficient,� 0t �is�the�reference�time,�l �is�the�normal�compression�index�obtained�at� 0t ,�
'
0zps �is�the�179�

reference�pre-consolidation�pressure,�and� 0zpe �is�the�strain�measured�at� 0t �under�
'
0zps .� ( )'

0 0,zp zps e �180�

is�a�fixed�point�in�the�reference�time�line.�Eq.�(2)�can�be�rewritten�as�181�

� ( )
'

0 '
0 0

ln ln lnvp z
z z zp

zp

V

Vt

sy l
e e e

y y s

æ öé ù
= + - - + ç ÷ê ú ç ÷ë û è ø

����������������������������������������(3)�182�

According�to�Eq.�(3),� ln vp
ze �and� ze �follow�a�linear�relation�under�constant� '

zs .��183�

Fig.� 8� shows� the� calculated� creep� strain� rate� vp
ze ��against� vertical� strain� ze �at� different�184�

temperatures�T�and�vertical�stress� '
zs .� ln vp

ze �and� ze �are�linearly�correlated�under�constant�T�and�185�

'
zs ,�indicating�the�effectiveness�of�Eq.�(3)�under�different�constant�temperatures.�Regardless�of�the�186�

temperature� paths,� the� data� points�with� the� same� temperature� fall� on� the� same� ln vp
z ze e- ��line.�187�

However,� the� ln vp
z ze e- ��lines�under�different� temperatures�deviate� from� each� other� in� a� nearly�188�

parallel�pattern.�Therefore,�Eq.�(3)�should�be�modified�to�189�
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where� ( )f T �and� ( )g T �are�unknown�functions�of�temperature�derived�in�the�succeeding�sections.��192�

In� addition,� Fig.� 8� shows� that� vp
ze ��increases� instantly� with� heating� and� decreases� with�193�

cooling.�This�also�indicates�the�similarity�between�the�thermal�and�stress�effects�on�clayey�soils�as�194�

the�creep�strain�rate�increases�with�loading�and�decreases�with�unloading�according�to�the�EVP�195�

models�(Yin�and�Graham,�1994;�Chen�et�al.,�2021).��196�

The�creep�behavior�is�typically�considered�to�be�related�to�the�viscous�interparticle�contact�197�

with�the�diffusion�double�layer�and�the�viscous�flow�of�the�adsorbed�pore�fluid�(Le�et�al.,�2012).�198�

Therefore,� the�micro-origin�of�the�heating-dependent�creep�strain�rate�could�be�attributed�to�the�199�

heating-induced� reduction� in� the�viscosity� of� the� double-layer�water� and� the� energy� barrier�of�200�

adsorbed�water� (Brochard� et� al.,� 2017).�However,� to� verify� these� hypotheses,�more�quantified�201�

molecular�dynamics�simulations�need�to�be�performed�in�the�future.��202�

�203�

2.5���Compression�curves�under�stage-changed�temperatures�204�

Fig.�9(a)�shows�the�compression�curves�(
'lnz ze s- )�from�50�kPa�to�800�kPa�for�the�two�205�

soils�under�different�temperatures�in�the�normal�compression�state.�The�strain�for�each�stage�was�206�

measured� at� 0 100�mint = ��after� loading� increments.� The� dashed� lines� represent� the� normal�207�

compression�lines�(NCL)�at�20�°C,�obtained�by�connecting�the�stress–strain�points�at�three�loading�208�

stages�(50�kPa,�100�kPa,�and�400�kPa).�According�to�the�
'lnz ze s- �curves,�the�stress–strain�points�209�
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at�40�°C�and�60�°C�(under�200�kPa�and�800�kPa,�respectively)�were�below�the�NCLs�at�20�°C.�The�210�

higher�the�temperature,�the�lower�the�position�of�the�data�point.�However,�as�shown�in�Fig.�5�and�211�

8,�the�temperature�effects�on�the� 'lnz ze s- �curves�were�less�significant�than�on�creep,�owing�to�the�212�

relatively�lower�viscosity�of�the�HKMD�and�kaolin.�In�previous�studies,�the�temperature�effects�on�213�

the�curves�were�significant�for�some�clays�with�higher�clay�content�and�viscosity�(Abuel-Naga�et�214�

al.�2006;�Tsutsumi�and�Tanaka�2012;�Jarad�et�al.�2017).�Fig.�9(b)�shows�the� 'lnz ze s- �curves�of�215�

the� two� representative� marine� clays� under� temperature� changes.� Natural� Bangkok� clay� was�216�

reported�by�Abuel-Naga�et�al.�(2006),�whereas�the�results�for�natural�HK�clay�were�obtained�from�217�

an�additional�oedometer�test�performed�by�the�authors.�For�these�two�clays,�the�thermally-induced�218�

strain�was�much�larger.��219�

Although�the�thermal�effects�on�the� 'lnz ze s- �curves�are�less�apparent�for�the�two�soils,�220�

the�thermal�creep�effects�are�still�significant,�particularly�for�long-term�engineering�design.�These�221�

results�also�imply�the�difficulty�of�accurately�determining�the�yielding�stress�from�the�
'lnz ze s- �222�

curves�for�previous�TEVP�models�(e.g.,�Laloui�et�al.�2008,�Zhu�and�Qi�2018,�Wang�et�al.�2020),�223�

and�alternative�models�need�to�be�established.�224�

�225�

3���Development�of�the�1D�thermal�elastic�visco–plastic�(TEVP)�model�for�clayey�soils�226�

3.1���Introduction�to�Yin�and�Graham’s�1D�EVP�model�227�

Under�the�1D�strain�condition,�the�conventional�elastic–plastic�stress–strain�relationship�of�228�

clayey�soils�can�be�expressed�as�229�
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where�
'
zps �is�the�apparent�pre-consolidation�pressure,� zpe �is�the�strain�under�

'
zps ,�k �is�the�elastic�231�

recompression� index� for� unloading-reloading,� and� l ��is� the� compression� index� for� normal�232�

compression.��233�

In� the� 1D�EVP�model� by�Yin� and�Graham� (1989,� 1994),� the� normal� compression� line�234�

measured�at�a�fixed�time�of� 0t �is�redefined�as�the�“reference�time�line,”�whereas�the�unloading–
235�

reloading� line� is� redefined� as� the� “instant� time� line”.�The� strain� along� the� instant� time� line� is�236�

considered� elastic,� whereas� the� strain� along� the� reference� time� line� contains� visco–plastic�237�

deformation.�A� series� of� “equivalent� time� lines”� can� be� drawn� approximately� parallel� to� the�238�

reference�time�line�to�account�for�time-dependent�compression,�as�shown�in�Eq.�(6):�239�

'
0

0 '
0 0

ln ln ez
z zp

zp

t t

V V t

sl y
e e

s

+
= + + ������������������������������������������������(6)�240�

where� et �is�the�equivalent�time�describing�the�distance�between�the�current�stress–strain�point�and�
241�

the�reference�time�line,�y �is�the�creep�coefficient,�and� ( )'
0 0,zp zps e �is�a�fixed�point�at�the�reference�242�

time��line�fitted�from�the�oedometer�test�data.�243�

One�hypothesis�adopted�in�Yin�and�Graham’s�model�and�other�similar�isotach�EVP�models�244�

(Suklje,� 1957;�Leroueil� et� al.,� 1985;�Yin� et� al.,�2010)� is� that� the�visco–plastic� strain� rate�
vp
ze �is�245�

dependent�only�on�the�current�stress–strain�state�but�is�irrelevant�to�the�stress�history.�From�Eq.�(6),��246�

et �and�
vp
ze �are�expressed�in�the�following�path-independent�form:�247�
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����������������������������(7b)�249�

�250�

3.2���Modeling�the�thermally-induced�strain�251�

According�to�the�experimental�results,�the�thermally-induced�volumetric�strain�consists�of�252�

two�parts:�a�reversible�(elastic)�part�and�an�irreversible�(viscoplastic)�part.�Because�the�thermally-253�

induced�strain�exhibits�high�similarity�with� the�stress-induced�strain,� it�would�be�convenient� to�254�

model�the�temperature–strain�behaviour�in�a�way�similar�to�classical�stress–strain�models.�First,�255�

the� thermally-induced� elastic� strain� Te
zeD ��under� a� temperature� change� from�

0T ��to� T ��can� be�256�

described�using�the�following�nonlinear�function:�257�

0

lnTe T
z

T

V T

k
eD = �������������������������������������������������������������������(8)�258�

where�T �is�the�temperature�in�Kelvin�(K),�
0T �is�a�reference�temperature�(e.g.,�293�K),�and� Tk �is�259�

the�“cooling�and�reheating”�index�describing�the�thermal�elastic�behavior.�
Te
zeD �is�an�instant�and�260�

reversible�strain�under�temperature�changes�because�of�the�elastic�thermal�expansion/contraction�261�

of�pore�water�and�soil�particles� and�other� reversible�deformations�of� the�soil� skeleton.� Te
zeD �is�262�

considered�to�be�independent�of�the�over-consolidation�ratio�(OCR).�Eq.�(8)�is�equivalent�to�the�263�

nonlinear� formula� Te
v

dT
d

T
e a= ��defined� by�Abuel-Naga� et� al.� (2007b)� to� describe� the� elastic�264�

volume�changes�of�clay,�where� T

V

k
a = .��265�
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The� thermally-induced� viscoplastic� strain� is� dominant� in� the� virgin� heating� stage,�with�266�

similar� behavior� to� the� stress-induced� viscoplastic� strain� in� the� normal� compression� state.�267�

Following�the�expression�
'

'
0

ln z
z

zpV

sl
e

s
D = �for�the�normal�compression�line,�a�“virgin�heating�line”�268�

can�be�defined�as�269�

0

lnT T
z

T

V T

l
eD = ���������������������������������������������������������������(9)�270�

where� Tl ��is� the� virgin� heating� compression� index� describing� the� relationship� between� the�271�

thermally-induced�strain� T
zeD and�the�temperature�during�virgin�heating.��272�

Because� T
zeD �is�time-dependent�owing�to�creep,�as�found�in�the�oedometer�tests,�the�virgin�273�

heating�line�should�be�obtained�at�a�specific�reference�time.�The�reference�time�should�be�selected�274�

after�balancing�the�temperature�inside�the�soil�sample�and�total�dissipation�of�excess�pore�pressure,�275�

suggested�to�be�the�same�as� 0t �in�the�EVP�model.�In�this�study,�the�reference�time� 0t =�100�min�
276�

was�considered� reasonable�for� the�HKMD�and�kaolin,�as�discussed� in�previous�sections.�Creep�277�

compression�
vp
ze ��after� 0t ��under� virgin� heating� is� similar� to� that� under� normal� compression,�278�

expressed�as�
0

0

lnvp e
z

t t

V t

y
e

+
= .�279�

Fig.�10�shows�a�schematic�of�the�virgin�heating�line,�cooling–reheating�line,�and�equivalent�280�

time�lines�for�clayey�soils�under�constant�effective�stress.�For�point�A�at�the�reference�time�line,�281�

where�the�soil�is�normally�consolidated�under�a�reference�temperature�(e.g.,�room�temperature�of�282�

20� °C),� the� equivalent� time� is� 0et = �.� The� soil� then� creeps� as� et ��increases� and� becomes� over-
283�

consolidated� (from�A� to�A').�After� heating� from�
0T ��to� a� new� temperature,� the� equivalent� time�284�

decreases�and�
vp
ze �increases�as�the�soil�approaches�the�virgin�heating�line�(from�A'�to�B),�where� et �

285�
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is�zero.�If�the�soil�is�suddenly�cooled,� et �increases�rapidly�and�
vp
ze decreases.�If�the�soil�is�reheated�286�

and� reapproaches� the� virgin� heating,� et ��decreases,� and�
vp
ze ��increases� again.� Thus,� the� heating�287�

process� reduces� et ��and� increases�
vp
ze �,� whereas� the� cooling� process� causes� the� opposite.� This�288�

mechanism�coincides�with�the�experimental�observations�presented�in�previous�sections.�However,�289�

it� should�be�noted�that� the�proposed�model�was�developed�based�on� experimental�observations�290�

within�a�temperature�range�of�20�°C�to�60�°C.��291�

�292�

3.3���Modeling�the�visco–plastic�strain�rate�in�stress–strain–temperature�space�293�

As�shown�in�Fig.�11,�the�vertical�strain�under�any�stress�and�temperature�(e.g.,�point�B'�in�294�

Fig.�11)�can�be�described�using�the�normal�compression,�virgin�heating,�and�equivalent�timelines,�295�

as�indicated�in�Eq.�(10):�296�
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where�
'
0zps �and� 0zpe �are�fixed�parameters�measured�under� 0T .�It�should�be�noted�that� Tk ,� Tl �and�298�

y ��can� be� temperature-dependent,� whereas� l ��and� k ��are� reported� to� be� less� relevant� to�299�

temperature�(Fox�and�Edil,�1996;�Crilly,�1996;�Abuel-Naga�et�al.,�2009;�Batenipour�et�al.,�2009;�300�

Kurz�et�al.,�2016;�Kaddouri�et�al.,�2019).�Using�Eq.�(10),� et �and�
vp
ze �should�be�expressed�as�301�
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According�to�Eq.�(11b),�the�1D�visco–plastic�strain�rate� vp
ze �of�a�clayey�soil�is�dependent�304�

on�three�field�variables�(strain� ze ,�effective�stress� '
zs �,�and�temperature�T )�but�independent�of�the�305�

paths� of� these� variables.� The� visco–plastic� strain� rate� can� also� be� uniquely� described� using�306�

equivalent�time� et .�Other�parameters,�such�as�y ,�
'
0zps ,�and� 0zpe ,�are�measurable�in�conventional�307�

or�isothermal�oedometer�tests�under�constant�temperature�T.�This�model�is�a�simple�extension�of�308�

Yin�and�Graham’s�1D�EVP�model.�Using�Eq.�(11b),�the�preassumed�functions�in�Eq.�(4)�can�be�309�

solved�as�310�
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Eq.�(11)�introduces�a�set�of�temperature-dependent�equivalent�time�lines�below�or�above�313�

the� reference� time� line,�as� shown� in�Fig.� 11.�The�equivalent� time� and�visco–plastic� strain� rate�314�

change�with�temperature,�which�induces�different�amount�of�creep�deformation�per�unit�time.��315�

Fig.�12�further�reveals�the�elastic�visco–plastic�behavior�of�clayey�soils�in�the�strain,�stress,�316�

and�temperature�spaces.�The�equivalent�time�lines�are�extended�to�inclined�“equivalent�time�planes”�317�

in�the�
'ln lnz z Te s- - �space�using�Eq.� (11).�The� intersections�of�equivalent� time�planes�and�an�318�

equal-temperature�plane�correspond�to�the�conventional�equivalent�time�lines�in�Yin�and�Graham’s�319�

1D�EVP�model.�The�intersections�of�equivalent�time�planes�and�an�equal-stress�plane�become�the�320�

equivalent�time�lines� in�Fig.10.�A�zero-equivalent-time�plane�passes�through�the�reference�time�321�

line� at� 0T �.� For� a� soil� element� at� any� state� of� ( )' , ,z z Ts e �,� an� increase� in� either� temperature� or�322�

effective� stress� will� increase� the� visco–plastic� strain� rate.� By� contrast,� a� decrease� in� either�323�
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temperature�or�effective�stress�will�reduce�the�visco–plastic�strain�rate.�It�should�be�noted�that�the�324�

equivalent�time�planes�can�be�curved�surfaces�if�l ,�y ,�and� Tl �are�not�constant�at�different�stress�325�

or� temperatures,� although� test� results� on� Bangkok� clay� show� that� the� value� of� Tl ��may� be�326�

independent�of�vertical�effective�stress�(Abuel-Naga�et�al.,�2007a).��327�

�328�

3.4���Comparisons�with�previous�works�329�

The�proposed�model�can�be�used�to�explain�the�stress�history-dependent�thermal�behavior�330�

of�soils,�as�reported�by�previous�researchers�(Modaressi�and�Laloui,�1997;�Burghignoli�et�al.,�2000;�331�

Neaupane�et�al.,�2005;�Abuel-Naga�et�al.,�2007a,b;�Cui�et�al.,�2009).�When�soil�is�heavily�over-332�

consolidated�(by�unloading,� long-term� creep,�or� cooling),� the� equivalent� time� is� large,� and� the�333�

thermally-induced�strain�is�almost�reversible,�primarily�controlled�by� T

V

k
.�When�soil�is�normally�334�

consolidated�(with�zero�equivalent�time),�a�significant�irreversible�viscoplastic�strain�is�induced�335�

during�heating�(primarily�controlled�by� T

V

l
�and�

V

y
).�336�

The�proposed�model�shares� some�similarities�with�previous�models� in� that� the�apparent�337�

pre-consolidation�pressure�
'
zps �(i.e.,�yielding�stress)�is�a�temperature-�and�time-dependent�variable�338�

(Hueckel�and�Borsetto,�1990;�Laloui�and�Cekerevac,�2003;�Abuel-Naga�et�al.,�2007b;�Laloui�et�al.,�339�

2008;�Zhu�and�Qi,�2018;�Wang�et�al.,�2020).�The�equivalent�time�lines�are�similar�to�the�isotach.�340�

The�intersection�between�the�current�equivalent�time�line�and�the�initial�instant�corresponds�to�the�341�

yielding�stress�
'
zps �under�a�specific�loading�rate.�Therefore,�the�following�expressions�are�obtained�342�

by�substituting�

' '

0 ' '
0

ln ln
zp z

z zp

zp zpV V

s sk l
e e

s s
= + + �into�Eq.�(11b):�343�
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where�
'
zps �is�the�yielding�stress�for�the�current�temperature�and�strain�rate�in�the�1D�condition,�and�346�

zpe �is�the�corresponding�vertical�strain.�According�to�Eq.�(13b),�the�yielding�stress�decreases�with�347�

an�increase�in�temperature,�which�is�consistent�with�most�existing�models�(Laloui�et�al.,�2008;�Zhu�348�

and�Qi,�2018;�Wang�et�al.,�2020).��349�

�The�expressions�in�Eq.�(13)�require�
'
zps �to�be�measured�on�a�logarithmic�scale,�which�may�350�

rely�on�a�graphic�method�and�may�be�affected�by�manual�or�intersample�errors.�Determining� Tk �351�

and� Tl �from�the�oedometer�tests�in�this�study�will�be�more�convenient�and�requires�fewer�repeated�352�

tests.�Moreover,�with�the�equivalent�time� ( )' , ,e z zt Ts e ,�the�model�can�be�easily�implemented�in�353�

either� numerical� simulations� or� handy� calculations� for� soil� deformations� under� complicated�354�

thermomechanical�conditions.�355�

�356�

4���Verifications�of�the�TEVP�model�with�test�data�357�

4.1���Calibration�of�parameters��358�

Performing� a� staged� heating� oedometer� test� for� normally� consolidated� soil� is� the�most�359�

convenient�method�for�determining�the�parameters� Tk �and� Tl .�Thermally-induced�strains�should�360�

be�measured�using� a�predefined� 0t .�Virgin� heating� tests� can�be�used� for� fitting�
T

V

l
,�whereas�a�361�
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cooling–reheating�test�can�be�used�for�fitting� T

V

k
.�Fig.�13(a)�shows�the�results�of�the�heating�tests�362�

(from�20�°C�to�40�°C�to�60�°C)�for�kaolin�under�1600�kPa;�each�temperature�was�sustained�for�100�363�

min�without�long-term�creep.�The�value�of� T

V

l
�was�calculated�as�0.044,�as�shown�in�Fig.�13(b).��364�

However,�in�other�loading�stages,�heating�was�performed�on�the�soils�after�a�long�creep�365�

time.�Therefore,�the�soil�state�may�not�be�able�to� return�to�the�virgin�heating�line�after�heating.�366�

Therefore,�the�fitted� T

V

l
�in�Fig.�6�may�be�inaccurate.�Another�method�is�proposed�for�fitting� T

V

l
�367�

using� the� vp
z ze e- ��curves� shown� in� Fig.� 8.� The� differences� in� vertical� strain� under� equal� vp

ze �368�

between�different�temperatures,�as�shown�in�Fig.�14,�should�be�measured�carefully�and�used�to�369�

calculate� T

V

l
with�the�following�equations:��370�

( ) ( )
' '

1 2
1 2' '

0 0 0 0

exp exp

T T

z z
z zp z zp

zp zp

T TV V

Vt T Vt T
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y yy ys sy y

e e e e
y s y s

æ ö æ öæ ö æ öé ù é ù
- - = - -ç ÷ ç ÷ç ÷ ç ÷ê ú ê úç ÷ ç ÷ë û ë ûè ø è øè ø è ø

����371�

(14a)�372�

( )
1 2

1 2ln /
T z z

V T T

l e e-
Þ = �����������������������������������������������������������(14b)�373�

where�
1zeD and�

1zeD �are�the�measured�strains�under�
1T �and� 2T �with�equal� vp

ze .�Using�Eq.�(14b),�374�

the�values�of� T

V

l
�are�calculated�at�different�vertical�effective�stress,�as�shown�in�Table�3.�It�can�be�375�

observed�that�the�value�of� T

V

l
�for�kaolin�under�1600�kPa�from�the�first�method�is�similar�to�the�376�

values�from�the�second�method�under�different�stresses.��377�
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According�to�the�proposed�TEVP�model,� T

V

k
is�the�slope�of�the�thermal�elastic�deformation�378�

and�thus�can�be�determined�from�a�cooling�test�under�an�over-consolidated�state,�where�the�time-379�

dependent�deformation�is�small.�As�shown�in�Fig.�6,� T

V

k
fitted�at�a�normal�consolidation�or�slightly�380�

over-consolidation�state�can�be�positive�or�negative,�and�the�absolute�value�is�much�smaller�than�381�

that� of� T

V

l
�.� Fig.� 15� shows� the� thermally-induced� deformation� of� soils� in� different� OCRs�382�

(representing�only�the�ratio�of�the�historical�maximum�effective�stress�over�current�effective�stress)�383�

by�unloading�from�400�kPa.�It�can�be�observed�that�time-dependent�swelling�strain�occurs�and�is�384�

much�larger�for�OCR=6�than�for�OCR=1.5.�Swelling�is�another�time-dependent�behavior�during�385�

unloading� (Yin� and� Tong,� 2011,� Feng� et� al.,� 2016),� which� was� not� discussed� in� this� study.�386�

According�to�Feng�et�al.�(2017),�OCR=1.5�is�likely�to�be�in�the�neutral�region�between�the�creep�387�

and�swelling�sides,�and�the�deformation�should�be�almost�purely�elastic.�For�simplification,� T

V

k
is�388�

considered�constant�for�all�stress–strain�states�and�fitted�from�the�cooling�process�when�OCR=1.5�389�

and� '
zs =267�kPa.�390�

The�values�of�
V

k
,�
V

l
,�and�

V

y
�can�be�determined�through�multistage�oedometer�tests.�In�391�

this�model,�
V

k
can�be�obtained�from�the�unloading�curves�in�the�multistage�oedometer�tests�under�392�

a� constant� temperature,� and�
V

l
� �can� be� fitted� by� the� normal� compression� line� under�393�

0 20� C�=�293KT = ° �and� 0t .�
V

y
�was�fitted�using�creep�tests�under�a�constant�temperature.�Because�394�
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no�strong�evidence�shows�the�temperature�or�stress�dependency�of�
V

y
�under�different�loadings,�it�395�

is�assumed�that�
V

y
�is�constant�for�the�tested�soils.��396�

�397�

4.2���Predicted�creep�compression�by�TEVP�compared�with�test�results��398�

With�the�proposed�model�and�calibrated�parameters,�time-dependent�compression�curves�399�

of�the�HKMD�and�kaolin�at�different� temperatures�were�constructed.� Immediate�thermal�elastic�400�

strains�occur�with�changes� in�temperature�under�constant�vertical�stress.�The�thermally-induced�401�

excess�pore�pressure�should�be�fully�dissipated�within� 0t = 100�min�for�the�tested�soils.�Therefore,�402�

the�new�volumetric�strain�at� 0t �after�changing�the�temperature�from� 1T �to� 2T �is�determined�as�403�

0

'
2 2

2 1 0 '
1 0 0

max ln , ln lnt T z T
z z zp

zp

T T

V T V V T

k s ll
e e e

s

é ùæ öæ ö
= + + +ê úç ÷ç ÷ ç ÷ê úè ø è øë û

������������������������������(15)�404�

where� 1ze �is�the�vertical�strain�before�the�temperature�change,�and� 0

2
t
ze �is�the�vertical�strain�at� 0t �

405�

under� the� new� temperature.� The� equivalent� time� 2et ��of� the� specimen� after� 0t ��at� the� new�406�

temperature�can�be�calculated�according�to�Eq.�(11a)�as�407�

0

'

2 2 0 0 0'
0 0

exp ln lnt z T
e z zp

zp

T V
t t t

V V T

s ll
e e

s y

é ùæ ö
= - - - -ê úç ÷ç ÷ê úè øë û

�����������������������������������(16a)�408�

If� 2et �is�equal�to�zero,�then�the�soil�state�is�on�the�virgin�heating�line.�If� 2et �is�greater�than�zero,�the�409�

soil�state�is�below�the�virgin�heating�line.�The�vertical�strain� ( )2z te �with�elapsed�time�under�the�410�

new�temperature�can�then�be�calculated�as�411�

( ) 0 2
2 2

2 0

ln ����for� 100�mint e
z z

e

t t
t t

V t t

y
e e

+
= + >

+
�����������������������������������(16b)�412�
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� Fig.�16�shows� the�predicted�and�measured� strain–time�curves�of�the�HKMD�and�kaolin�413�

owing�to�temperature�changes�under�different�constant�vertical�stresses.�The�curves�predicted�by�414�

the�TEVP�model�fit�well�with�the�test�data,�confirming�the�reliability�of�the�model.�The�evolution�415�

of� et �with�time�and�temperature�is�also�shown�in�the�figure,�indicating�that�heating�always�reduces�
416�

the�equivalent�time,�whereas�cooling�results�in�the�opposite.��417�

�418�

5���Conclusions�419�

� This� study� performed� temperature-controlled� oedometer� tests� to� investigate� the� creep�420�

behavior� of� two� clayey� soils� under� different� temperature� conditions.� Based� on� experimental�421�

observations,� a� new� 1D� TEVP� model� is� proposed� to� describe� the� thermal� creep� behavior� of�422�

saturated�clayey�soils.�The�TEVP�model�was�extended�from�Yin�and�Graham’s�(1989,�1994)�1D�423�

EVP�model�with�equivalent�time,�and�the�temperature�was�introduced�as�a�state�variable.�Thermal�424�

elastic�and�thermal�visco–plastic�deformations�were�considered�in�the�model�with�two�independent�425�

parameters:� Tk �and� Tl .�The�following�conclusions�were�drawn:�426�

(1)�The�effects�of�temperature�on�the�time-dependent�behavior�of�clayey�soils�were�similar�to�427�

the�effects�of�mechanical� loading.�Virgin� heating,� cooling,� and� reheating� have�different�428�

effects�on�the�1D�compression�of�soils.�Temperature�conditions�significantly�influence�the�429�

creep�behavior�of�clayey�soils.�430�

(2)�The�visco–plastic�strain�rate�
vp
ze �is�dependent�on�the�current�state�of�the�effective�stress,�431�

temperature,�and�strain,�but�is�independent�of�the�history�of�these�variables.�The�equivalent�432�

timelines� in�Yin� and�Graham’s�EVP�model�can�be�extended� to� inclined�equivalent� time�433�

planes� in� the� stress–strain–temperature� space.� Each� equivalent� time� plane� uniquely�434�
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represents� the� viscoplastic� strain� rate� vp
ze �.� The� concept� of� equivalent� time� enables� the�435�

convenient�modeling�of�creep�in�soils�with�complicated�temperature�and�stress�histories.��436�

(3)�The� proposed�TEVP�model� was� calibrated� and� validated� using� experimental� data.�The�437�

results� indicate�that� the�proposed�model�can�simulate�the�thermal�creep�behavior�of�two�438�

clayey�soils�accurately.�439�

Further�studies�need�to�be�carried�out�to�determine�the�temperature�and�stress�dependency�440�

of�y ,� Tk ,�and� Tl ,� to�demonstrate�the�correlations�between�the�proposed�parameters�with�basic�441�

properties� of� soil� such� as� plasticity� index,� and� to� validate� the� model� with� a� wider� range� of�442�

temperatures�as�in�natural�conditions�(e.g.,�from�0�°C�to�100�°C�or�even�higher).�Different� test�443�

methods,�such�as�constant-rate-of-strain,�stress�relaxation,�laboratory�model,�and�field�tests,�should�444�

also�be�performed�to�verify�the�effectiveness�of�the�proposed�model�under�more�general�conditions.��445�
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Table�1.� � � Basic�physical�properties�of�the�tested�soils�

�
Specific�gravity,�
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Table�2.� � � Loading�and�temperature�scheme�for�the�two�specimens�
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Table�3.� � � Parameters�for�TEVP�model�in�the�prediction� �
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Figure�Captions�

�

Fig.1.� � � Test�setup�of�the�temperature-controlled�oedometer� �

�

Fig.2.� � � Calibration�results�for�the�temperature-controlled�oedometer:�(a)�temperature�

distribution�inside�the�soil;�(b)�temperature�with�time� �

�

Fig.3.� � � Particle�size�distribution�curves�of�HKMD�and�kaolin� �

�

Fig.4.� � � Typical� ( )logz te - � curves�under�loading�and�heating�in�oedometer�(HKMD�

under�100�kPa)�

�

Fig.5.� � � Measured�relations�of�vertical�strain�and�time�under�changes�of�temperature:�

(a)�HKMD�under�100�kPa;�(b)�HKMD�under�400�kPa;�(c)�kaolin�under�100�kPa;�(d)�

kaolin�under�400�kPa�

�

Fig.6.� � � Measured�relations�of�vertical�strain�and�temperature:�(a)�HKMD�under�100�

kPa;�(b)�HKMD�under�400�kPa;�(c)�kaolin�under�100�kPa;�(d)�kaolin�under�400�kPa�

�

Fig.7.� � � Illustration� for� the�calculation�of�creep�strain� rate� vp
ze � with� the�oedometer�

test�data�

�

Fig.8.� � � Measured� relations� between� creep� strain� rate� vp
ze � and� vertical� strain� ze �

under�different�temperatures:�(a)�HKMD�under�100�kPa;�(b)�HKMD�under�400�kPa;�(c)�

kaolin�under�100�kPa;�(d)�kaolin�under�400�kPa�

�

Fig.9.� � � 1D� compression� curves� for:� (a)� HKMD� and� kaolin� (at� 0t );� (b)� natural�

Bangkok�clay�(after�Abuel-Naga�et�al.�2006)�and�HK�clay�

�

Fig.10.� � � A�schematic�diagram�for�modelling�the�effect�of�temperature�under�constant�

effective�vertical�stress�

�

Fig.11.� � � A�schematic�diagram�on�incorporating�temperature�into�1D�EVP�model�

�

Fig.12.� � � A�schematic�graph� indicating�the�stress–temperature–strain�relationship�in�

TEVP�model�

�

Fig.13.� � The�thermal�induced�strain�of�kaolin�under�1600�kPa�with�three�incremental�

temperature�loadings�(20�°C,�40�°C�and�60�°C):�(a)�vertical�strain�with�log(time);�(b)�

vertical�strain�with�different�temperatures�(at� 0t � unless�otherwise�stated)�



Fig.14.� � � Illustration�of�the�second�method�for�calculating� T

V

l
� with� ln vp

z ze e- � data�

Fig.15.� � � Measured� relations� between� temperature� and� strain� of� over-consolidated�

HKMD�under�different�OCR�(at� 0t � unless�otherwise�stated)�

�

Fig.16.� � � Predictions�of�1D�creep�strain�under�changes�of�temperature�by�TEVP�with�

comparisons�to�experimental�data:�(a)�HKMD�under�100�kPa;�(b)�HKMD�under�200�

kPa;�(c)�HKMD�under�400�kPa;�(d)�HKMD�under�800�kPa;�(e)�kaolin�under�100�kPa�

(e)�kaolin�under�200�kPa;�(g)�kaolin�under�400�kPa;�(h)�kaolin�under�800�kPa�

�

�




