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Abstract 

Laboratory and field tests have shown that accelerated compression of peat soils 
occurs in response to moderate heating and an effective overconsolidation is produced 
on subsequent cooling. This phenomenon has been termed thermal precompression. 
In this study, long-term laboratory and field tests were conducted to investigate 
secondary compression behavior of peat as a function of stress and temperature. Step­
stress and step-temperature compression tests were conducted on two peat soils. 
Dramatic effects were observed upon heating and cooling. A field test site in 
Middleton, Wisconsin, USA was constructed to test the thermal precompression 
concept for in situ peats. The site contained two instrumented embankments. The 
soils under one test embankment were left at ambient temperature conditions. The 
soils beneath the second embankment were heated for a one-year period using a 
circulating hot water system. An increase in temperature up to 20°C over ambient 
conditions was achieved at depths extending to 5 m. Secondary compression rates for 
the heated embankment were up to 4 times greater than the corresponding rates for the 
unheated embankment. After the soils under the second embankment cooled for one 
year, a second lift of soil was applied to both embankments and subsequent settlement 
was monitored over a ten-year period. The relationship of rate of void ratio change 
during secondary compression as a result of temperature and stress changes is 
described. This is provided as a function of void ratio for the peat soils using 
laboratory tests and for in situ compression using the field test site data. 
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IntroductionIntroduction 

SoftSoft organicorganic soilssoils andand peatspeats oftenoften needneed improvementimprovement forfor variousvarious applications.applications. 
ConventionalConventional groundground improvementimprovement techniquestechniques suchsuch asas preloadingpreloading presentpresent difficultiesdifficulties 
whenwhen appliedapplied toto softsoft soils.soils. TheThe largelarge loadsloads associatedassociated withwith preloading,preloading, forfor example,example, 
cancan causecause failurefailure ofof weakweak soils.soils. SuchSuch problemsproblems cancan bebe avoidedavoided usingusing stagedstaged 
construction,construction, chemicalchemical stabilization,stabilization, andand groundground reinforcement.reinforcement. 

ThisThis studystudy waswas conductedconducted toto evaluateevaluate aa hybridhybrid softsoft groundground improvementimprovement 
techniquetechnique forfor peatspeats thatthat involvesinvolves simultaneoussimultaneous moderatemoderate groundground heatingheating andand surchargesurcharge 
loading.loading. TheThe studystudy consistedconsisted ofof laboratorylaboratory teststests andand aa fieldfield demonstrationdemonstration project.project. 
TheThe effectseffects ofof temperaturetemperature andand stressstress onon secondarysecondary compressioncompression ofof peatspeats areare 
determineddetermined forfor laboratorylaboratory andand fieldfield conditions.conditions. TheThe behaviorbehavior isis quantifiedquantified usingusing 
parametersparameters thatthat relaterelate thethe variationvariation ofof raterate ofof voidvoid ratioratio changechange toto stressstress andand 
temperature.temperature. 

BackgroundBackground 

TheThe compressioncompression behaviorbehavior ofof peatpeat variesvaries fromfrom thethe compressioncompression behaviorbehavior ofof 
otherother typestypes ofof soilssoils inin twotwo ways.ways. First,First, peatspeats generallygenerally compresscompress moremore thanthan otherother soilssoils 
andand second,second, thethe long-termlong-term (secondary(secondary compression)compression) portionportion ofof settlementsettlement playsplays aa moremore 
significantsignificant rolerole inin determiningdetermining thethe totaltotal settlementsettlement ofof peatspeats comparedcompared withwith otherother soilsoil 
types.types. SecondarySecondary compressioncompression involvesinvolves adjustmentadjustment ofof thethe soilsoil structurestructure oror soilsoil 
skeletonskeleton underunder constantconstant effectiveeffective stressstress (Le., afterafter excessexcess porepore waterwater pressurespressures havehave 
dissipated).dissipated). ForFor manymany peats,peats, primaryprimary consolidationconsolidation isis completedcompleted inin aa shortshort timetime duedue toto 
theirtheir typicaltypical highhigh initialinitial hydraulichydraulic conductivity.conductivity. Therefore,Therefore, secondarysecondary compressioncompression 
beginsbegins soonsoon afterafter loadingloading andand continuescontinues indefinitely.indefinitely. e-log 

(i.e., 

ForFor peatpeat soils,soils, thethe e-Iog tt curvecurve 
beyondbeyond endend ofof primaryprimary consolidationconsolidation isis commonlycommonly non-linearnon-linear showingshowing anan increaseincrease inin 
slopeslope withwith increasingincreasing timetime (Edil(Edil andand DhowianDhowian 1979).1979). 

TheThe raterate ofof secondarysecondary compressioncompression inin soilssoils isis temperaturetemperature dependentdependent (Finn(Finn 
1951).1951). CampanellaCampanella andand MitchellMitchell (1968)(1968) performedperformed extensiveextensive consolidationconsolidation teststests usingusing 
temperature-controlledtemperature-controlled triaxialtriaxial equipment.equipment. TheThe equipmentequipment allowedallowed forfor testingtesting atat aa 
rangerange ofof temperaturestemperatures fromfrom 2020 toto 60°C. ThisThis testingtesting programprogram isis thethe mostmost definitivedefinitive toto 
datedate becausebecause itit recognizedrecognized twotwo separateseparate mechanismsmechanisms ofof heatingheating effectseffects onon 
consolidation:consolidation: anan increaseincrease inin porepore waterwater pressurepressure andand aa decreasedecrease inin thethe viscosityviscosity ofof thethe 
soilsoil skeleton.skeleton. InIn general,general, secondarysecondary compressioncompression raterate increasesincreases withwith increasingincreasing 
temperature.temperature. ItIt hashas beenbeen shownshown thatthat temperaturetemperature effectseffects areare moremore prominentprominent inin 

60~ 

normallynormally consolidatedconsolidated claysclays thanthan inin overconsolidatedoverconsolidated claysclays (LeroueiI1994).(Leroueil 1994). 

ThermalThermal precompressionprecompression isis thethe processprocess ofof heatingheating aa soilsoil depositdeposit underunder aa 
surchargesurcharge loadload andand thenthen allowingallowing itit toto returnreturn toto ambientambient temperature.temperature. ForFor peat,peat, aa largelarge 
settlementsettlement hashas beenbeen observedobserved toto accompanyaccompany thisthis processprocess followedfollowed byby anan 
overconsolidationoverconsolidation effecteffect inin whichwhich thethe soilsoil exhibitsexhibits increasedincreased stiffnessstiffness uponupon furtherfurther 
loadingloading (Fox(Fox 1992).1992). 

TestingTesting ProgramProgram 

TheThe testingtesting programprogram consistedconsisted ofof laboratorylaboratory andand fieldfield tests.tests. TheThe laboratorylaboratory 
testingtesting programprogram includedincluded step-stress,step-stress, step-temperature,step-temperature, andand constantconstant rate-of-strainrate-of-strain 
tests.tests. 



Material~Materials 
TestsTests werewere conductedconducted onon aa fibrousfibrous peatpeat andand sedimentarysedimentary peatpeat takentaken atat depthsdepths ofof 

approximatelyapproximately 22 mm andand 33 mm belowbelow thethe groundground surfacesurface atat thethe fieldfield testtest site.site. TheThe 
sedimentarysedimentary peatpeat isis greenish-browngreenish-brown andand isis characterizedcharacterized byby thethe presencepresence ofof highlyhighly 
decomposeddecomposed plantplant remainsremains thatthat resembleresemble grassgrass andand leaves.leaves. TheThe fibrousfibrous peatpeat isis brown,brown, 
isis lessless uniformlyuniformly decomposed,decomposed, andand isis characterizedcharacterized byby thethe presencepresence ofof rootsroots andand limbs.limbs. 
BothBoth peatspeats havehave anan anisotropicanisotropic fabricfabric withwith elementselements generallygenerally orientedoriented inin thethe horizontalhorizontal 
plane.plane. PhysicalPhysical propertiesproperties ofof bothboth soilssoils areare givengiven inin TableTable I.1. 

TableTable I. PropertiesProperties ofof FibrousFibrous PeatPeat andand SedimentarySedimentary PeatPeat1. 

Property 
PhysicalPhysical 
Prooertv Designation 

ASTMASTM TestTest 
Desitmation 

FibrousFibrous 
PeatPeat 

SedimentarySedimentary 
PeatPeat 

SpecificSpecific GravityGravity D854D854 1.71.7 1.71.7 

InitialInitial VoidVoid RatioRatio D2345D2345 10 + 21O±2 7.47.4 11 

WaterWater ContentContent D2216D2216 500-700%500-700% 430-520%430-520% 

OrganicOrganic ContentContent D2974D2974 88-95%88-95% 58-65%58-65% 

FiberFiber ContentContent D1997 30-60%30-60% 20-30%20-30%Dl997 

WetWet UnitUnit WeightWeight D2345 10 + 0.4 1O.3±0.202345 1O±0.4 10.3 + 0.2 
(kN/m(leN/m33)) 

DryDry UnitUnit D2345WeightWeight D2345 1.25-1.881.25-1.88 1.6-2.01.6-2.0 
(leN/m3)) 
VonVon D5715PostPost D5715 H3H3 H6H6 

ClassificationClassification 
PreconsolidationPreconsolidation D 2345 40-8040-80 

(kN/mj 

D2345 25-5025-50 
PressurePressure, o~ D 4186crr (kPa)(kPa)	 D4186 

D2976D2976 5.04±0.025.04 + 0.02 6.06 + 0.03pHpH	 6.06±0.03 

Laboratorv Testing,LaboratOlY Testing ProgramProgram 
TileThe objectiveobjective ofof thethe laboratorylaboratory testingtesting programprogram waswas toto quantifyquantify thethe secondarysecondary 

compressioncompression behaviorbehavior ofof fibrousfibrous peatpeat andand sedimentarysedimentary peat.peat. PeatPeat samplessamples werewere 
obtainedobtained fromfrom thethe fieldfield usingusing 75mm-diameter ShelbyShelby tubes.tubes. TwoTwo methodsmethods ofof75ram-diameter 
consolidationconsolidation testingtesting werewere usedused toto obtainobtain thethe desireddesired parameters:parameters: thethe step-stress/step­
temperaturetemperature teststests andand constantconstant rate-of-strainrate-of-strain (CRS)(CRS) tests.tests. SamplesSamples werewere 63.563.5 mmmm inin 
diameterdiameter andand eithereither 1919 mmmm oror 2525 mmmm inin height.height. VerticalVertical deformationsdeformations werewere monitoredmonitored 
usingusing dialdial gaugesgauges withwith aa precisionprecision ofof 2525 ~m.~m. PorePore waterwater pressurespressures atat thethe basebase ofof eacheach 
specimenspecimen werewere monitoredmonitored throughoutthroughout eacheach test.test. 

step-stress/step-

TheThe step-stress!step-temperature teststests werewere conductedconducted inin temperature-controlledtemperature-controlled 
consolidometers.consolidometers. FoxFox andand EdilEdil (1996)(1996) provideprovide detailsdetails ofof thethe apparatusapparatus andand testingtesting 
method.method. ForFor thisthis procedure,procedure, specimensspecimens werewere subjectedsubjected toto incrementalincremental changeschanges inin 
stressstress andand temperature.temperature. AA loadingloading andand heatingheating scheduleschedule waswas adoptedadopted thatthat providedprovided anan 
assessmentassessment ofof thethe individualindividual contributionscontributions ofof stressstress changechange andand temperaturetemperature changechange atat 
variousvarious voidvoid ratios.ratios. StressStress changeschanges werewere appliedapplied atat constantconstant temperaturetemperature andand 
temperaturetemperature changeschanges werewere appliedapplied atat constantconstant stress.stress. 

step-stress/step-temperature 



TheThe loadload incrementsincrements werewere appliedapplied usingusing deaddead weightsweights soso thatthat loadsloads wouldwould bebe 
absolutelyabsolutely constantconstant duringduring long-termlong-term consolidationconsolidation tests.tests. MostMost ofof thethe step-stressstep-stress 
testingtesting involvedinvolved consecutiveconsecutive stepssteps ofof increasingincreasing stress.stress. TheThe loadingloading scheduleschedule 
alternatedalternated betweenbetween largelarge loadload stepssteps (Load(Load IncrementIncrement Ratio,Ratio, LIRLIR ofof approximatelyapproximately 0.6)0.6) 
andand smallsmall loadload stepssteps (LIR(LIR ofof approximatelyapproximately 0.1).0.1). TheThe smallsmall loadload incrementsincrements allowedallowed 
forfor characterizationcharacterization ofof peatpeat underunder varyingvarying normalnormal loadsloads atat essentiallyessentially thethe samesame voidvoid 
ratio.ratio. LoadLoad incrementincrement durationsdurations rangedranged fromfrom approximatelyapproximately 11 weekweek toto 1010 weeks.weeks. 
TotalTotal consolidationconsolidation testtest durationsdurations werewere approximatelyapproximately 2323 monthsmonths forfor mostmost sedimentarysedimentary 
peatpeat teststests andand ofof variousvarious durationsdurations forfor fibrousfibrous peatpeat withwith thethe longestlongest teststests extendingextending toto 22 
years.years. TheThe step-temperaturestep-temperature teststests consistedconsisted ofof subjectingsubjecting aa peatpeat specimenspecimen toto increasingincreasing 
oror decreasingdecreasing temperaturetemperature stepssteps duringduring secondarysecondary compression.compression. TemperaturesTemperatures werewere 
controlledcontrolled usingusing aa closed-loopclosed-loop waterwater circulationcirculation system.system. Typically,Typically, temperaturetemperature stepssteps 
ofof lOoC werewere appliedapplied toto thethe peatpeat specimens.specimens. UnderUnder normalnormal operation,operation, thethe variationvariation inin10~ 

+ I~ TemperaturesTemperatures inin thethe rangerange ofof 15°C15~temperaturetemperature ofof thethe circulationcirculation systemsystem waswas ± 1°C. 
65~ DurationsDurations ofof temperaturetemperature stepsstepstoto 65°C werewere maintainedmaintained forfor thethe consolidationconsolidation tests.tests. 

werewere aa functionfunction ofof thethe loadingloading andand heatingheating scheduleschedule forfor eacheach specimen,specimen, butbut generallygenerally 
rangedranged fromfrom 44 weeksweeks toto 1212 weeks.weeks. BecauseBecause thethe testingtesting goalsgoals werewere primarilyprimarily toto 
characterizecharacterize secondarysecondary compressioncompression behavior,behavior, thethe timetime requiredrequired toto reachreach endend ofof 
primaryprimary (EOP)(EOP) consolidationconsolidation waswas determineddetermined forfor eacheach loadload oror temperaturetemperature incrementincrement 
fromfrom porepore waterwater pressurepressure measurements.measurements. 

TheThe CRSCRS teststests werewere conductedconducted inin conventionalconventional consolidometersconsolidometers atat laboratorylaboratory 
(20~ + l~ 4x10-5 -1 2x10-7 sec-1. TheseThesetemperaturetemperature (20°C± 1°C) usingusing strainstrain ratesrates fromfrom 4xlO-5 secsec l toto 2xlO-7 sec-I. 

strainstrain ratesrates areare fasterfaster thanthan ratesrates observedobserved forfor long-termlong-term fieldfield compression.compression. 

ResultsResults areare presentedpresented forfor thethe step-stress/step-temperaturestep-stress/step-temperature teststests andand thethe CRSCRS 
tests.tests. TheThe dramaticdramatic impactimpact ofof temperaturetemperature onon compressioncompression ofof fibrousfibrous peatpeat isis 
introducedintroduced withwith resultsresults fromfrom aa step-stress/step-temperaturestep-stress/step-temperature test.test. FoxFox (1992)(1992) andand FoxFox 
andand EdilEdil (1996)(1996) presentpresent detaileddetailed resultsresults forfor thethe fibrousfibrous peatpeat tests.tests. ResultsResults shownshown 
hereinherein emphasizeemphasize thethe sedimentarysedimentary peatpeat tests.tests. AA comparisoncomparison ofof thethe influenceinfluence ofof stressstress 
andand temperaturetemperature changeschanges onon thethe compressioncompression behaviorbehavior ofof fibrousfibrous peatpeat andand sedimentarysedimentary 
peatpeat isis includedincluded atat thethe endend ofof thethe paper.paper. 

TheThe effecteffect ofof thermalthermal precompressionprecompression onon aa laboratorylaboratory specimenspecimen ofof fibrousfibrous peatpeat 
isis shownshown inin FigureFigure 11 forfor aa step-stress/step-temperaturestep-stress/step-temperature test.test. AA substantialsubstantial increaseincrease ofof 
compressioncompression raterate occurredoccurred asas thethe specimenspecimen waswas heatedheated fromfrom 14°C toto 60°C atat constantconstant 
verticalvertical stress.stress. Ca 

14~ 60~ 
TheThe secondarysecondary compressioncompression index,index, C" (slope(slope ofof thethe e-log[t]e-log[t] lineline afterafter 

EOP)EOP) isis alsoalso substantiallysubstantially higherhigher atat thethe higherhigher temperature.temperature. ItIt cancan bebe seenseen thatthat 
secondarysecondary compressioncompression waswas essentiallyessentially arrestedarrested uponupon coolingcooling thethe specimenspecimen fromfrom 60°C 

24~ SubstantialSubstantial increasesincreases inin secondarysecondary compressioncompression ratesrates ofof sedimentarysedimentary 
60~ 

toto 24°C that.that. 
peatpeat underunder heatedheated conditionsconditions werewere alsoalso observedobserved byby HansonHanson (1996).(1996). 
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FigureFigure 1.1. LaboratoryLaboratory DemonstrationDemonstration ofof ThermalThermal PrecompressionPrecompression 
ofof FibrousFibrous PeatPeat (Fox(Fox andand EdilEdil 1994)1994) 

TheThe relationshiprelationship betweenbetween voidvoid ratioratio andand voidvoid ratioratio raterate (-de/dt)(-de/dt) isis presentedpresented inin 
FigureFigure 22 forfor loadload andand temperaturetemperature stepssteps associatedassociated withwith oneone laboratorylaboratory specimenspecimen ofof 

step-stress/step-temperature LargeLarge circlescircles onon thisthissedimentarysedimentary peatpeat undergoingundergoing aa step-stresslstep-temperature test.test.
 
plotplot indicateindicate EOPEOP forfor eacheach loadload oror temperaturetemperature step.step. Chronologically,Chronologically, thethe testtest datadata
 
.proceeds (i.e., low e). AA substantialsubstantial
proceeds fromfrom rightright toto leftleft inin FigureFigure 22 (Le., fromfrom highhigh ee toto lowe).
 
increaseincrease inin voidvoid ratioratio raterate immediatelyimmediately followsfollows applicationapplication ofof bothboth stressstress andand
 
temperaturetemperature steps.steps. TheThe peakpeak inin voidvoid ratioratio raterate duedue toto applicationapplication ofof stressstress oror
 
temperaturetemperature diminishesdiminishes inin magnitudemagnitude asas thethe soilsoil becomebecome furtherfurther compressed.compressed.
 

TrendsTrends forfor thethe CRSCRS teststests onon sedimentarysedimentary peatpeat areare shownshown inin TableTable 22 andand FigureFigure 
3.3. ExcessExcess porepore waterwater pressurespressures measuredmeasured duringduring thethe teststests werewere considerablyconsiderably largerlarger forfor 
thethe fasterfaster strainstrain ratesrates thanthan thethe slowerslower strainstrain rates.rates. AA comparisoncomparison ofof maximummaximum porepore 
pressurespressures andand preconsolidationpreconsolidation stressesstresses isis shownshown inin TableTable 22 forfor CRSCRS teststests onon 
sedimentarysedimentary peat.peat. VariationVariation ofof verticalvertical strainstrain withwith loglog effectiveeffective stressstress isis shownshown forfor allall 
CRSCRS teststests onon sedimentarysedimentary peatpeat inin FigureFigure 3.3. TheThe apparentapparent preconsolidationpreconsolidation stressstress ofof 
sedimentarysedimentary peatpeat isis observedobserved toto increaseincrease withwith increasingincreasing strainstrain raterate inin aa CRSCRS 
consolidationconsolidation test,test, similarsimilar toto thethe behaviorbehavior forfor inorganicinorganic clayclay soilssoils (Tidfors(Tidfors andand SallforsSallfors 
1989).1989). 

AA uniqueunique effectiveeffective stress-voidstress-void ratio-voidratio-void ratioratio raterate relationshiprelationship waswas investigatedinvestigated 
forfor allall ofof thesethese teststests andand isis demonstrateddemonstrated forfor bothboth fibrousfibrous peatpeat andand sedimentarysedimentary peatpeat 

Edil 1996,(Lan(Lan 1992,1992, FoxFox andand Edi11996, HansonHanson 1996).1996). 
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FigureFigure 2.2. VoidVoid RatioRatio vs.vs. VoidVoid RatioRatio RateRate forfor StressStress andand TemperatureTemperature 
StepsSteps AppliedApplied toto SedimentarySedimentary PeatPeat (Hanson(Hanson 1996)1996) 

TableTable 2.2. SummarySummary ofof CRSCRS TestTest ProgramProgram ResultsResults forfor SedimentarySedimentary PeatPeat 

CRS Approximate Strain Maximum Preconsolidation 
Test umber Test Rate .au Stress 

Duration (l/sec) (kPa) (kPa) 
BS3 50 minutes 4.0 x 10'~ 640 18 
BS4 9 hours 1.1 x 10" 430 30 
BS6 4 days 1.5 x 10'· 92 47 
BS5 36 days 2.0 x 10' g 80 
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StrainStrain vs.vs. Logari~m ofof EffectiveEffective StressStress forfor SedimentarySedimentary PeatPeat CRSCRS TestsTestsFigureFigure 3.3. Logarithm 

FieldField DemonstrationDemonstration ProjectProject 
TheThe fieldfield site,site,-located inin Middleton,Middleton, WisconsinWisconsin USA,USA, containedcontainedlocated twotwo 

instrumentedinstrumented embankments.embankments. TheThe projectproject involvedinvolved monitoringmonitoring thethe settlementsettlement beneathbeneath 
bothboth embankmentsembankments toto comparecompare thethe consolidationconsolidation behaviorbehavior ofof peatpeat soilssoils atat ambientambient 
groundground temperaturetemperature conditionsconditions (Test(Test FillFill A)A) andand underunder conditionsconditions ofof inin situsitu heatingheating andand 
naturalnatural coolingcooling (Test(Test FillFill B).B). TheThe unheatedunheated testtest fillfill waswas monitoredmonitored forfor nearlynearly IO years.years. 
TheThe heatedheated testtest fillfill waswas monitoredmonitored forfor approximatelyapproximately 66 years.years. 

10 

TheThe testtest sitesite consistsconsists ofof twotwo 1313 mm xx 1313 mm compactedcompacted fillfill embankmentsembankments overover aa 
commoncommon soilsoil stratigraphy.stratigraphy. GroundGround elevationselevations andand deformations,deformations, groundground temperatures,temperatures, 
andand porepore waterwater pressurespressures werewere monitoredmonitored atat differentdifferent depthsdepths withinwithin thethe soilsoil mass.mass. 
ControlControl andand referencereference sitessites werewere locatedlocated awayaway fromfrom thethe fillsfills toto monitormonitor thethe unloadedunloaded 
andand unheatedunheated conditionsconditions atat thethe site.site. AA schematicschematic planplan viewview ofof thethe fieldfield sitesite isis shownshown inin 
FigureFigure 4.4. AA soilsoil profileprofile withwith typicaltypical instrumentationinstrumentation isis shownshown inin FigureFigure 5.5. FibrousFibrous 
peatpeat isis presentpresent asas aa 0.8-m-thick0.8-m-thick layerlayer belowbelow 1.5-m-thick1.5-m-thick layerlayer ofof surfacesurface silt.silt. 2-m-AA 2-m­
thickthick layerlayer ofof sedimentarysedimentary peatpeat isis belowbelow thethe fibrousfibrous peat.peat. UnderlyingUnderlying thethe peatpeat layerslayers isis 
aa 0.6-m-thick0.6-m-thick layerlayer ofof organicorganic siltsilt andand aa 6.2-m-thick6.2-m-thick layerlayer ofof marlymarly silt.silt. 

TwoTwo liftslifts werewere constructedconstructed atat TestTest FillFill A,A, eacheach liftlift 1.51.5 mm high.high. TheThe firstfirst liftlift 
waswas appliedapplied inin NovemberNovember 19891989 andand thethe secondsecond liftlift waswas appliedapplied inin JuneJune 1992.1992. TheThe 
groundground waswas notnot heatedheated underunder TestTest FillFill A.A. TwoTwo liftslifts werewere alsoalso appliedapplied toto TestTest FillFill B,B, 
eacheach 1.51.5 mm high.high. TheThe firstfirst liftlift atat TestTest FillFill BB waswas appliedapplied inin JuneJune 1992.1992. GroundGround 
heatingheating waswas initiatedinitiated underunder TestTest FillFill BB inin SeptemberSeptember 19921992 andand waswas terminatedterminated inin 
OctoberOctober 1993.1993. AA secondsecond liftlift waswas appliedapplied toto TestTest FillFill BB inin OctoberOctober 19941994 toto assessassess thethe 
post-heatingpost-heating compressioncompression behaviorbehavior atat thethe site.site. SomeSome residualresidual heatheat contentcontent remainedremained inin 



thethe soilsoil beneathbeneath TestTest FillFill BB atat thethe timetime ofof applicationapplication ofof thethe secondsecond lift.lift. TheThe loadingloading 
andand heatingheating schedulesschedules forfor thethe embankmentsembankments areare shownshown inin FigureFigure 6.6. 
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FigureFigure 4.4. PlanPlan ViewView ofof FieldField DemonstrationDemonstration SiteSite (Hanson(Hanson 1996)1996) 
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FigureFigure 6.6. LoadingLoading andand HeatingHeating ScheduleSchedule atat FieldField DemonstrationDemonstration Site.Site. 

TheThe initialinitial unheatedunheated consolidationconsolidation periodperiod ofof TestTest FillFill BB (June(June toto SeptemberSeptember 
1992)1992) allowedallowed aa directdirect comparisoncomparison ofof thethe settlementsettlement forfor TestTest FillsFills AA andand BB underunder 
ambientambient temperaturetemperature conditions.conditions. TheThe subsequentsubsequent time-settlementtime-settlement curvescurves forfor thethe testtest 
fillsfills reflectreflect thethe effectseffects ofof heatingheating andand coolingcooling ofof thethe groundground onon secondarysecondary compressioncompression 
ratesrates (Figure(Figure 7a).7a). FigureFigure 7a7a showsshows aa comparisoncomparison ofof settlementsettlement ofof thethe testtest fillsfills forfor thethe 
durationduration ofof thethe firstfirst liftlift ofof thethe loadingloading sequencesequence asas measuredmeasured byby settlementsettlement platesplates 
(Figure(Figure 5).5). SettlementsSettlements werewere largerlarger beneathbeneath TestTest FillFill BB thanthan TestTest FillFill A.A. AlthoughAlthough thethe 
compressibilitycompressibility atat TestTest FillFill BB beforebefore applicationapplication ofof heatheat waswas determineddetermined toto bebe slightlyslightly 
greatergreater thanthan atat TestTest FillFill A.A, thethe differencedifference inin measuredmeasured settlementsettlement waswas muchmuch largerlarger 
duringduring heatedheated periods.periods. 

SettlementSettlement raterate isis defineddefined asas thethe instantaneousinstantaneous tangentialtangential slopeslope ofof thethe 
settlement-timesettlement-time plot.plot. AA plotplot ofof settlementsettlement raterate vs.vs. timetime showsshows thethe dramaticdramatic effectseffects duedue 
toto heatingheating (Figure(Figure 7b).7b). 1SettlementSettlement ratesrates greatergreater thanthan I mm/daymm/day occurredoccurred duringduring 
primaryprimary consolidationconsolidation atat thethe testtest fillsfills yetyet areare notnot shownshown inin FiguresFigures 7b7b andand 88 soso thatthat 
secondarysecondary compressioncompression cancan bebe presentedpresented withwith greatergreater resolution.resolution. SettlementSettlement ratesrates 
duringduring peakpeak heatingheating periodsperiods forfor TestTest FillFill BB werewere upup toto 44 timestimes greatergreater thanthan 
correspondingcorresponding measuredmeasured ratesrates atat TestTest FillFill A.A. ItIt alsoalso appearsappears thatthat secondarysecondary 
compressioncompression hadhad slowedslowed considerablyconsiderably duringduring coolingcooling periodsperiods duedue toto mechanicalmechanical 
problemsproblems withwith thethe heatingheating systemsystem (approximately(approximately dayday 200200 andand dayday 300).300). TheThe effectseffects 
ofof thesethese heatingheating problemsproblems areare evidentevident inin temperaturetemperature andand settlementsettlement raterate atat TestTest FillFill BB 
(Figure(Figure 7b).7b). B,InIn additionaddition toto thethe responseresponse atat TestTest FillFill B. thethe secondarysecondary compressioncompression 
ratesrates atat TestTest FillFill AA alsoalso appearappear toto bebe aa functionfunction ofof seasonalseasonal groundground temperatures.temperatures. AA 
parallelparallel responseresponse ofof settlementsettlement raterate andand temperaturetemperature cancan bebe observedobserved duedue toto thethe 
relativelyrelatively smallsmall fluctuationsfluctuations ofof seasonalseasonal groundground temperaturestemperatures measuredmeasured atat aa nearbynearby 
unheatedunheated referencereference sitesite (day(day 300-800300-800 onon FigureFigure 7b).7b). 
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the entireSettlementSettlement ratesrates forfor the entire two-lifttwo-lift loadingloading sequencesequence areare shownshown inin FigureFigure 8.8. 
TheThe peakpeak inin settlementsettlement raterate atat daysdays 850850 andand 940940 correspondscorresponds toto thethe placementplacement ofof thethe 
secondsecond liftlift atat eacheach testtest fill.fill. IncreasedIncreased ratesrates ofof secondarysecondary compressioncompression areare mostmost 
pronouncedpronounced duringduring heating,heating, althoughalthough aa slightlyslightly higherhigher settlementsettlement raterate isis observedobserved atat 
TestTest FillFill BB duringduring thethe post-heatingpost-heating phasephase (Figure(Figure 8).8). TheThe post-heatingpost-heating fieldfield 
compressioncompression behaviorbehavior waswas differentdifferent thanthan whatwhat waswas demonstrateddemonstrated inin thethe laboratorylaboratory 
(where(where settlementsettlement waswas essentiallyessentially arrested,arrested, FigureFigure 11 byby cooling)cooling) becausebecause rapidrapid andand 
uniformuniform coolingcooling waswas appliedapplied whereaswhereas inin thethe fieldfield thethe soilssoils werewere allowedallowed toto coolcool 
naturally.naturally. ResidualResidual heatheat remainedremained inin thethe groundground forfor approximatelyapproximately 22 yearsyears afterafter thethe 
activeactive heatingheating period.period. SettlementSettlement ratesrates forfor thethe projectproject durationduration indicateindicate thatthat thethe 

at the site (asmoderatemoderate groundground heatingheating waswas beneficialbeneficial forfor attainingattaining additionaladditional settlementsettlement at the site (as 
comparedcompared toto unheatedunheated conditions).conditions). However,However, thethe settlementsettlement ratesrates atat TestTest FillFill BB diddid notnot 
showshow aa dramaticdramatic decreasedecrease uponupon terminationtermination ofof heatingheating (as(as waswas demonstrateddemonstrated inin thethe 
laboratory).laboratory). TheThe compressioncompression behaviorbehavior atat thethe fieldfield sitesite supportssupports thethe useuse ofof groundground 
heatingheating toto accelerateaccelerate settlements,settlements, yetyet indicatesindicates thethe importanceimportance ofof post-compressionpost-compression 
coolingcooling ofof thethe groundground toto induceinduce thethe settlementsettlement arrestingarresting effecteffect indicatedindicated byby laboratorylaboratory 
tests.tests. 

Continuous-sampleContinuous-sample boringsborings werewere obtainedobtained fromfrom thethe centercenter ofof eacheach testtest fillfill andand 
atat anan unloaded,unloaded, unheatedunheated referencereference sitesite inin JuneJune 19971997 toto accuratelyaccurately assessassess layerlayer interfaceinterface 
elevationselevations andand determinedetermine propertiesproperties ofof thethe layers.layers. TheThe boringsborings beneathbeneath thethe testtest fillsfills 
extendedextended toto aa depthdepth ofof 1212 mm andand thethe boringboring atat thethe unheated,unheated, unloadedunloaded referencereference sitesite 
extendedextended toto 1515 m.m. mmTheThe continuouscontinuous samplessamples werewere cutcut intointo 7575 rnrn lengthslengths toto givegive thethe 
profilesprofiles ofof subsurfacesubsurface waterwater contentcontent andand organicorganic contentcontent shownshown inin FigureFigure 99 (Reinicker 
1998).1998). 

(Reinicker 
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AlthoughAlthough organicorganic contentcontent ofof laboratorylaboratory sedimentarysedimentary peatpeat samplessamples remainedremained 
effectivelyeffectively unchangedunchanged overover aa 2.52.5 yearyear heatedheated testingtesting periodperiod atat elevatedelevated temperaturestemperatures 
(Hanson(Hanson 1996),1996), thethe fieldfield datadata showsshows evidenceevidence ofof lowerlower organicorganic contentscontents underunder thethe 
heatedheated andand loadedloaded conditionsconditions (Figure(Figure 9).9). TheThe consistentlyconsistently lowerlower organicorganic contentscontents 



underunder heatedheated conditionsconditions suggestsuggest increasedincreased ratesrates ofof decompositiondecomposition ofof thethe peats.peats. Mata-Mata­
AlvarezAlvarez andand Martinez-Viturtia (1986)(1986) reportedreported thatthat optimaloptimal biologicalbiological degradationdegradation ratesratesMartinez-Viturtia 
ofof municipalmunicipal solidsolid wastewaste occuroccur betweenbetween temperaturestemperatures fromfrom 3636 toto 38°C. MesriMesri etet al.al. 
(1997)(1997) andand FoxFox etet al.al. (1999)(1999) presentpresent thethe possiblepossible influenceinfluence ofof biodegradationbiodegradation onon 
secondarysecondary compressioncompression ofof organicorganic soils.soils. TheThe effecteffect ofof decompositiondecomposition onon secondarysecondary 
compressioncompression atat thethe fieldfield sitesite hashas notnot beenbeen verifiedverified experimentallyexperimentally inin thisthis study.study. InIn 
additionaddition toto lowerlower organicorganic contents,contents, lowerlower waterwater contentscontents areare presentpresent beneathbeneath thethe testtest 

38~ 

fills (due(due toto consolidationconsolidation ofof thethe soils)soils) andand thethe distributiondistribution ofof waterwater contentcontent andand organicorganic 
contentcontent withwith depthdepth isis shiftedshifted downwarddownward (due(due toto settlementsettlement ofof underlyingunderlying soilsoil layers).layers). 
fdls 

PredictionPrediction ParametersParameters 

FoxFox andand EdilEdil (1996)(1996) presentedpresented aa methodmethod forfor predictingpredicting responseresponse ofof fibrousfibrous peatpeat 
(referred(referred toto asas MiddletonMiddleton peat)peat) toto changeschanges inin temperaturetemperature andand stress.stress. TheThe methodmethod 
includesincludes twotwo parameters:parameters: stressstress coefficientcoefficient ofof secondarysecondary compression,compression, C,,,C", andand 
temperaturetemperature coefficientcoefficient ofof secondarysecondary compression,compression, CCrr (Equations(Equations 11 andand 2).2). TheThe 
parametersparameters cancan bebe usedused toto quantifyquantify thethe changechange inin voidvoid ratioratio raterate duedue toto stressstress andand 
temperaturetemperature changeschanges duringduring secondarysecondary compression.compression. TheThe relationshipsrelationships forfor thesethese 
parametersparameters asas aa functionfunction ofof voidvoid ratioratio areare shownshown forfor fibrousfibrous peat,peat, sedimentarysedimentary peat,peat, 
andand generalgeneral fieldfield responseresponse inin FigureFigure 10.10. 

CCa ==_IneInk2-1no~z -Ine, _ dlnb  (1)(1) 
" d(r v, -~  v,-d dtCv 

Cr=  Ink2 - 1 n 6 , _  dlnk (2)(2) 
r 2 - T, dT 

wherewhere e~ ==voidvoid ratioratio raterate (-de/dt),(-de/dt), crtrv' = v ' =verticalvertical effectiveeffective stress,stress, andand TT == temperature.temperature. 

FoxFox (1992)(1992) determineddetermined thatthat thethe temperaturetemperature coefficientcoefficient ofof secondarysecondary 
compressioncompression forfor fibrousfibrous peatpeat isis independentindependent ofof voidvoid ratioratio andand thatthat thethe loglog ofof stressstress 
coefficientcoefficient ofof secondarysecondary compressioncompression increasesincreases linearlylinearly withwith increasingincreasing voidvoid ratio.ratio. 
TheThe generalgeneral trendstrends ofof thethe parametersparameters areare similarsimilar forfor sedimentarysedimentary peat,peat, althoughalthough lessless 
datadata isis availableavailable thanthan forfor fibrousfibrous peatpeat (Figure(Figure 10).10). TheThe valuesvalues ofof bothboth parametersparameters areare 
generallygenerally largerlarger andand moremore scatteredscattered forfor sedimentarysedimentary peatpeat thanthan forfor fibrousfibrous peat.peat. 
ExponentialExponential best-fitbest-fit curvescurves werewere usedused toto characterizecharacterize thethe C" datadata forfor eacheach soilsoil as:as:Ca 

[llkPa] (3)(3)C"-jibrousCa-f,b.... == 0.0128*exp(0.367e)0.0128*exp(0.367e) [1/kPa] 

C,~.,eai..... ,'y== 0.0311 *exp(0.310.031 l*exp(O.31Oe)Oe) [llkPa] (4)(4)C,,-sedimenlary [1/kPa] 

TheseThese exponentialexponential curvecurve fitsfits areare shownshown inin FigureFigure lOa10a andand aa lineline atat CCrr == 0.28/oC isis0.28/~ 
providedprovided forfor referencereference inin FigureFigure lOb.10b. HighHigh valuesvalues ofof CCrr andand C" resultresult inin largelarge changeschangesCa 

C~ AccordingAccording toto thetheinin Co< forfor aa givengiven stressstress oror temperaturetemperature changechange (Fox(Fox andand EdilEdil 1996).1996).
 
parameterparameter valuesvalues determineddetermined inin thethe laboratory,laboratory, thethe sensitivitysensitivity ofof secondarysecondary
 
compressioncompression raterate toto bothboth temperaturetemperature andand stressstress changeschanges isis greatergreater forfor sedimentarysedimentary peatpeat
 
thanthan forfor fibrousfibrous peat.peat.
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TheThe heatingheating periodperiod atat thethe fieldfield testtest sitesite waswas alsoalso usedused toto determinedetermine CCoI1 andand Cr­Cr. 
TheThe valuevalue ofof CC

I1
o fromfrom thethe fieldfield testtest isis consistentconsistent withwith thethe laboratorylaboratory data,data, whereaswhereas thethe 

valuevalue ofof CCTr isis lower.lower. TwoTwo reasonsreasons forfor thethe discrepancydiscrepancy inin CCTr areare thethe non-uniformnon-uniform 
Edil 1996),heatingheating conditionsconditions inin thethe fieldfield (Fox(Fox andand EdilI996), andand thethe impactimpact ofof underlyingunderlying soilssoils 

onon parameterparameter determination.determination. TheThe underlyingunderlying soilssoils areare lessless compressiblecompressible thanthan thethe peatpeat 
layerslayers andand thereforetherefore wouldwould bebe expectedexpected toto contributecontribute lessless effecteffect duedue toto temperaturetemperature 
changeschanges duringduring secondarysecondary compression.compression. DueDue toto problemsproblems withwith thethe layer-specificlayer-specific fieldfield 
instrumentationinstrumentation (settlement(settlement forks)forks) [Hanson[Hanson 1996],1996], thethe parametersparameters werewere determineddetermined 
usingusing totaltotal settlement beneath thethe centercenter ofof eacheach test fill fromfrom settlementsettlement plateplate readings.readings.settlement beneath 	 test fill 
TheseThese readingsreadings includeinclude deformationsdeformations ofof allall soilsoil layers,layers, preventingpreventing isolationisolation ofof peat­
specificspecific values.values. 

peat-

ConclusionsConclusions 

ConclusionsConclusions areare drawndrawn fromfrom laboratorylaboratory andand fieldfield teststests performedperformed toto investigateinvestigate thethe 
longlong termterm secondarysecondary compressioncompression behaviorbehavior ofof fibrousfibrous peatpeat andand sedimentarysedimentary peatpeat underunder 
conditionsconditions ofof changingchanging stressstress andand temperature.temperature. TheThe fieldfield testtest involvedinvolved monitoringmonitoring 
settlementssettlements beneathbeneath twotwo embankments,embankments, oneone atat heatedheated conditionsconditions andand oneone atat ambientambient 
temperaturetemperature conditions.conditions. ParametersParameters toto quantifyquantify thethe effecteffect ofof temperaturetemperature andand stressstress onon 
settlementsettlement raterate duringduring secondarysecondary compressioncompression werewere determined.determined. TheThe followingfollowing 
conclusionsconclusions areare drawn:drawn: 

I)1) 	 SedimentarySedimentary peatpeat andand fibrousfibrous peatpeat displaydisplay aa similarsimilar behaviorbehavior ofof acceleratedaccelerated voidvoid 
ratioratio ratesrates duringduring secondarysecondary compressioncompression underunder heatedheated conditionsconditions inin thethe 
laboratory.laboratory. LoadLoad stepssteps andand temperaturetemperature stepssteps induceinduce similarsimilar effectseffects onon thethe soilsoil byby 
increasingincreasing thethe voidvoid ratioratio raterate ofof secondarysecondary compression.compression. SubsequentSubsequent rapidrapid coolingcooling 
causescauses aa dramaticdramatic reductionreduction inin settlement.settlement. TheThe magnitudemagnitude ofof thethe peakpeak voidvoid ratioratio 
raterate thatthat isis observedobserved duedue toto applicationapplication ofof stressstress oror temperaturetemperature stepstep reducesreduces withwith 
decreasingdecreasing voidvoid ratio.ratio. 

2)2)	 TheThe apparentapparent preconsolidationpreconsolidation stressstress ofof sedimentarysedimentary peatpeat isis observedobserved toto increaseincrease 
withwith increasingincreasing raterate ofof compressioncompression inin aa constant-rate-of-strainconstant-rate-of-strain consolidationconsolidation test,test, 
similarsimilar toto thethe behaviorbehavior forfor inorganicinorganic clayclay soils.soils. TheseThese resultsresults andand thethe resultsresults ofof 



conventionalconventional teststests onon thesethese peatspeats werewere consistentconsistent withwith thethe uniqueunique effectiveeffective stress­
voidvoid ratio-voidratio-void ratioratio raterate relationshiprelationship proposedproposed byby LeroueilLeroueil etet al.al. (1985).(1985). 

Co r, areare 

stress-

3)3)	 StressStress andand temperaturetemperature coefficientscoefficients ofof secondarysecondary compression,compression, C" andand CCp 

largerlarger forfor sedimentarysedimentary peatpeat thanthan forfor fibrousfibrous peat.peat. Therefore,Therefore, thethe sensitivitysensitivity ofof 
secondarysecondary compressioncompression raterate toto changeschanges inin temperaturetemperature andand stressstress isis greatergreater forfor 

peat, C"Co andand CCr determineddetermined fromfrom thethe fieldfield sitesitesedimentarysedimentary peatpeat thanthan forfor fibrousfibrous peat. r 
areare generallygenerally consistentconsistent withwith thosethose determineddetermined inin thethe laboratory.laboratory. 

(4)(4) Field-scaleField-scale groundground heatingheating forfor thermalthermal precompressionprecompression applicationsapplications isis feasible.feasible. AA 
heatingheating systemsystem circulatingcirculating hothot waterwater cancan bebe usedused toto raiseraise groundground temperaturestemperatures 
beneathbeneath thethe embankmentembankment approximatelyapproximately 10-20~1O-20°C aboveabove ambientambient temperaturetemperature 
conditions.conditions. 

(5)(5) SettlementSettlement measurementsmeasurements indicateindicate thatthat thethe secondarysecondary compressioncompression	 raterate ofof peatspeats 
increasesincreases withwith heatingheating andand decreasesdecreases withwith coolingcooling inin thethe field.field. TheThe moderatemoderate 
heatingheating appliedapplied inin thethe currentcurrent studystudy causedcaused anan increaseincrease inin thethe settlementsettlement raterate ofof 
aboutabout 44 timestimes asas comparedcompared toto thethe settlementsettlement raterate ofof thethe unheatedunheated controlcontrol fill.fill. AfterAfter 
thethe terminationtermination ofof heating,heating, secondarysecondary compressioncompression settlementssettlements areare reduced;reduced; butbut notnot 
asas dramaticallydramatically asas indicatedindicated byby laboratorylaboratory testtest resultsresults becausebecause activeactive coolingcooling waswas 
notnot appliedapplied inin thethe field.field. IncreasedIncreased ratesrates ofof secondarysecondary compressioncompression areare evidentevident 
throughoutthroughout thethe entireentire heatedheated periodperiod inin thethe field.field. 

(6)(6)	 BasedBased onon thethe dramaticdramatic accelerationacceleration ofof settlementsettlement atat thethe heatedheated fill,fill, thermalthermal 
precompressionprecompression maymay offeroffer anan alternativealternative forfor groundground improvementimprovement whenwhen thethe 
economiceconomic conditionsconditions andand timetime constraintsconstraints renderrender itit favorable.favorable. 
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