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Abstt・act  

Matricpotentialinfrozensoilisderivedh・omequilibriumbetweenunfrozenwaterandicein鉦ozen  

Saline soil・The matric potentialin frozen soil，eXPreSSed herein pressure unit，is apl）rOXimately  

expressedasalinearfunctionoftcmperature，icepressureandosmoticpressure，Ofwhichcoe独：ientsare  

l・23（MPa／Oc），1・1andl・0，reSpeCtively・T長一edirectionofwatermovementisdeterminedbyasignof  

thedifferenceinthcsumofmatricplusgravitationalpotentialsbetweenfrozenandun魚・OZenreg10nS．Itis  

Predictedfromthederivedequationthatheavingpressureisproportionaitofreezingtemperatureand  
decreaseswit王1increasl一昭SOluteco11CeIltration．  

Kcywords：Matricpotentiai・Unfrozenwater・Temperattlre・Solute・Heavingpressure  

Ⅰ．Introduction  

Freezingand打ostheavingareofgreatconsequenceincoldregionsbecausetheybringonseveraldisasters，  

SuChasdestmctionofpavedroads，breakdownofbuildings，heavingofrailways，andseveranceofplantroots．1）  

Inaddition，thein鮎enceofchemicalsonthesoi＝reez）ngPhenomenonhasrecentlybeenconcemedfromthe  

viewpointofchemicalpoliutionoftheenvironment．2…4）   

Themechanismoffrostheavinghasbeenstudiedirlthepastbymanyinvestigators十6）Asaresultof  

SuChstudies，itisrevealedthatunfrozen蔦Imwaterexists5－7）andmigratestoicelensinfrozensoils．ト2）  

Figurelshowsaschematicdiagramoftheun＆ozenwaterinfrozensoiま．Theexistenceoftheunfrozenwater  

isexplainedintermsofthedecreaseofchemicalpotentialofwaterattractedonclayparticles．8血9）The  

migrationofwaterinunsaturatedsoilsistlSualiyexplainedintermsofmatricpotentialandhydraulicconductivity．  

Intheunfrozensoils，thematricpotentialisacceptablebecauseitisrelatedtomatricsuctionwhichiseasyto  
measureasapressurebymeansoftensiometer・hfrozensoils，however，itissodi飢cu蜃ttorneasuredirectly  

thepressuresofbothunfrozenwaterandicethatwecannotusethenormalconceptofpressureofwaterto  

expressthedrivingぬrceわrwatermovement．   

Theice pressurein蝕）Zen SO弘is often regarded as atmospheric presstlre for unsaturated soiland  

OVerburden／frostheavingpressureforsaturatedsoil・Thereby，aderivationofanequationhasbeenproposed  

ぬr the thermodynamic equilibriurn betweenice and waterinporous media．1・10）However，because the  

derivation has been attempted based on severalcompucated concepts，the mechanism ofunfrozen water  

movementhasnotbeenunderstoodsu琉ciently．Inthispaper，aCOnCePtOfpotentialofunfrozenwateris  

describedinthesoiトwatersystemshavingsoluteandoverburdenpressure，i11ustratingamodeltorepresentthe  
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Fig．1．Aschematicreprescntationofequilibriumbetwceniceandunfroze11Waterinなozensoil．  
Tristhefree別ngtel叩erature．PiandPl－aretllePreSSureSOriceandも1n血－ozenwater，  
respectively．  

relationshipbetweenosmoticandoverburdenpressures・Thenaderivationisgivenforthematricpotentialin  

frozensoilsandanapplicationofthederivedequationispresentedforvariousconditionsduringsoi＝reezlng  

PrOCeSS・  

ⅠⅠ，Potentialsofsoilwater  

Thetotalsoilwaterpotentialoftheconstituentwaterinsoilistheamountofusefulworkperunitquantityof  
purewaterthatmustbedonebymeansofexternallyappiiedforcestotransferreversiblyandisothermallyan  

in蝕itesimalamountofwater＆omstandardstatetosoilliquidphaseatthepointunderconsideratiorl（Bolt，  

1976）．1りItcanbeexpressedas  

¢t＝¢g十（み）・r ［J／lくg〕  （1）  

Where¢tisthetotalpotential，¢gisthegravitationalpotentiai，and（AFL）・risthechemicalpotentia王ofsoilwaterat  

thesametemperature．Thechemicalpotentialofsoilwatercanbeexpressedas  

（み）′1、＝¢m十¢。［J／kg〕  （2）  

Where¢mand¢。arethepotentialsofmatricandosmotic，reSPeCtively．   

Althoughthepotentialenergypermole，）／mol，isgenera11yusedfortheunitofthechemicalpotential，We  

usethepotentialenergypermass，J／kg，inthispaper・Thechemicalpotentialofsoilwaterisdeterminedby  

thatofpurewaterequilibratedwithsoilwateratthesameelevationandtemperaturebymeansofatensionplate  

assembly，aPreSSurel）1ateapparatus，pSyChrometermethod，etC・Inthepsychrometermethod，forexample，  

thechemicalpotentialofsoilwaterisdeterminedbythatofvapor，regardedasanidealgas，inequilibriurnwith  

thesoilwater．Forfrozensoilthechemicalpotentjaloftheunfrozenwatercanbedeterminedbythatoftheice  

insteadofthevapor．   

Thechemica11）OtentialofpuresubstancesISgenera11yexpressedasafunctionoftemperatureandpressure・  

Thenweexpressherethechemicalpotentialofsoilwateras   
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d〃＝－SIノdT十VL』PL 【．川くg】   （3）  

wheresI．isthespeci触entorpyofpurewater，J／kg／K，VListhesl）eCificvolumeofpurewater，1m3／lくg，andAPl．  

andATarethepressure，］／m3，andthetemperature，K，Ofsoilwaterrelativetothestandardstate，reSPeCtively；  

thatisAPL＝＝Pl：P。，AT＝ニT：r。，WhereP（，andT。arethepressureandthetemperatureatthestandardstate  

（N．T．P．；OOc，1atm）．Nomlauy，Sincewaterinsoilisaffectedbysoilparticlesandsolutes，SeVeraltermsmay  

beaddedtotherighthandsideinequation（3）．However，itshouldbenotedherethatAPLincludesallterms  

excepttemperaturebecausewedonothaveenoughknowledgeaboutinteractionbetweensoilandwater．  

Fortheisothermalcondiとion，equation（3）becomes  

（み）・1、ニVLJゴPL り／kg］  （4）  

T昆sequationmeansthatthechemicalpotentiaiisequlValenttothepressurefortheisotermalcondition．It  

shouldbenotedherethatthepressureusedinequations（3）and（4）isnottheso－Calledmechanicall）reSSurebut  

thepressurewhichwouldbemeasuredbymeansofan“ideal”tensiometerequilibratedwithsoilwater，For  

waterinsoilsolution，thereby，itisusefultoregardthepressureaspotentialenergyperunitvoiume，J／m：i，  

althoughpressureisnormallydefinedasaforceperunitarea，N／m20rPa・   

AconceptoftheidealtellSiometermaybeeasytounderstandifweuseananalogyofosmoticpressure  

appar；ltuS．inthesolution－pureWaterSyStemSSeParatedwithaperfectsemlpermeablemembrane，OnemuSt  

SuClくthepurewaterattheosmoticpressurerItokeepthemechanicalequiiibriuminthesystems．Thismeans  

thatthestructureofwaterinthesolutionchangesduetomainlyhydrationandthenthepotentialenergyofa  

watermoleculeisequaltothatofasuckedwatermolecule．Replaclngthesolutionwithsoilwater，thesoil  

WaterSeparatedwiththeperfectsemlPermeablemembranewillalsobeinequilibriumwiththel）ureWater  

SuCkedatAPasshowninFig．2（A）．Thisequilibriumcanbeexplainedbyaspringmodelofwatermoleculesin  

Fig．2（B）．This島gureshowsthatthesoilwater，Ofwhichpotentialenergyisreducedduetotheattractivefroce  

fromthesoilparticlesurhce，isinmechanicalequilibriumwiththepurewatersuckedbyal）iston．  

Soilwater Pure uater Soit wa七er Pu「e uatell  

（A）  ＝＝  

Fig．2．Equilibriumbetwecnsoilwaterandpurewater；（A）Soi】waterseparatedwithaperfectsemil）ermeable  
membrane（B）Modeltorepresenttheequilil）rium・1・Piston 2・Perfectsemipemeab】ememhrane  

3．Watermolectlle Ll．Soilparticle 5．Spring 6．Puliey  

Comparingequation（4）withequation（2），thewaterpressurecanbewrittenas  

』PL＝dPI、，－Ⅱ  （5）  

whereAPmisthematricpotentialexpressedbythepressureunit，Whichisequalto¢m／vLandusua11ynegative，   



MasamMIZOGtJCHI  178   

Histheosmoticpressurewhichisequalto－¢。／vLandalwayspositive・Fordilutesolution，theosmotic  

pressure12）isapproximatelyglVenaS  

ⅢニiCMRT  （6）  

whereCMistheconcentrationofsoilsolution，mOles／m3，Risthegasconstant，8・314J／mole／K，andiisthe  

Van’tHoffcoe抗cient．   

ⅠⅠⅠ．EQtJLIBR王UMBRTWEENUNIPROZENWAγERANDICRINFROZENSOIL   

Figure3illustratestemperaturedependenceofchemicalpotentials13）forliquidwaterandicewithoutsolute  
atatmosphericpressure・PurewaterexistsasicebelowOOcbecausethechemicalpotentialoficeislowerthan  

thatofliquid．Ontheotherhand，itexistsasliquidoverOOcbecausethechemicalpotentialofliquidislower  

thanthatofice．Sincethechemicalpotentialsofliquidandiceareequalatthestandardstate，iceandliquidcan  
coexist．Thentheconditionfortheequilibriumis  

（7）  βL（T。，P。）ニ〃iぐr。，P。）  

wherepisthechemicalpotentialofwater，andthesubscriptsrefertohquid（L）andice（i）・  
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Fig．3．Chenlicalpotenぬ1sofpurewaterandiceatatmosphere  

asafunctionoftemperature．i：iceL：LiquidwatersL：  

SoilwaterO：Normalたeezi一喝POingF；Freezi】鳩pO血  

ofsoilwater．  

Tf  To  T．   

Tempe「ature  

Wheniceisinequilibriumwithunfrozenwaterinh・OZenSOilatthetemperatureofTf，thechemicalpotentials  

Ofliquidandiceareequal；  

〃L（Tf，PL）＝〃i（Tr，Pi）  （8）  

wherePl．isthepressureofunfrozenwater，andPiisthepressureoficewhichisottenpostulatedtobeequalto  

overburdenpressure．Usingequation（3），thechemicalpotentialsofunfrozenwaterandicerelativetothe  

standardstatecanbeapproximatelyexpressedas  

〃L（Tぎ，PI一）＝〃L（T。，P。トSLdT汁Vl．dPL  （9）  

〝i（Tr，Pi）＝〃i（T。，P。トsidT汗Vi』Pi  （10）  

wheresiandviarethespec泊centropyandthespeci鮎volumeofice，reSPeCtively・Substituingequations（9）  

and（10）intoequation（8）andusingequation（7），thenwecangetageneraiizedClausius－Clapayronequation  

vL珊ノニ（SL－Si）dTけVi』Pi  （11）   
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Thisequationindicatesthatthechemica】potentialofunfrozenwatercanbedeterminedbytemperatureand  

PreSSure．Equation（11）isrewritteninthepressureu血tas  

dP－一ニ（耳s／vIノ）dTr＋（vi／vL）岬  （12）  

whereAZ／siswrittenforthedeferenceinspeci鮎entropybetweensl．andsi，SL－Si．SinceAs＝Ah／T。，inwl衰h  

histheenthalpyperunitmass，insertingapproximatevaluesbrtheconstansofwater，Ah＝336kl／kg，VL＝  

10叫3m3′kg，Vi＝1・1×10P3m3′kg，To＝273－15K，givesthepractica重equationattherangeoftemperaturenear  

OOc：  

dP－．＝12．3＊』Tr＋1．1＊』Pi［105pa］  （13）  

Thisequationmeansthatthepressureofunfrozenwatercanbeexpressedasalinearfunctionoftemperature  
andicepressure．  

Strictlyspeaking，thecoef鮎ientsofATfandAPiShouldalsobeexpressedasafunctionoftemperatureand  

PreSSurebecauseh，VIJandviaredependontemperatureandpressure．However，Sincethetemperature  

dependenceofthemisusuallysma軋thisequationisvalidsu琉cientlynearOOcandveryusefulぬrevaluatingthe  

pressureoftheunfrozenwaterfromthetemperatureandheavingl）reSSure，  

ⅠⅤ．jMATRIC POTI∃NでIALIN FROZEN SOIL  

Thematricpotentialinsalinesoilisexpressedinterrnsofthepurewaterpotntialandtheosmoticpotential  
aS  

』Pm＝』PIJ＋Ⅱ  （14）   

Stlbstitutingequation（13）intoequation（14），thematricpotentialinh・ozensalinesoilcanbede触edas  

dP。，＝12．3肇∈dTr＋1．1；わdPi＋Ⅱ 【105pa〕  （15）  

Thisequationmeansthatthematricpotentialinthesoilisexpressedapproximatelyasalinearfunctionof  
temperature，icepressureandosmoticpressure．ForunsaturatedsoiほeezlngWithoutoverburdenpressure，  

iceinthesoilmaybeatatmosphericpressure．ThensinceAPFO，equation（15）becomes  

dPr，－＝12．3＊dT汁Ⅱ 〔105pa］  （16）  

Itisnotedintheequationthatthematricpotentialisexpressedasafunctionoftemperatureandosmotic  
PreSSure・Furthermore，thematricpotentialisproportionaltooniyfreezlngPOintdepressionforsaltfree  

unsaturatedsoil；thatis，  

dP．。＝12．3＊』Tr 【105pa］  （17）  

Theequationsuggeststhattheunfrozenwaterinthesoilatthetemperatureoト1OcshouldbeequlValenttothe  

l）ureWaterSuCkedmechanicailyattllepreSSureOfl．23MPa（12．3bar）．   

Usingtheunitofwaterhead，CmH20，thelogarithmofequation（17）givestherelationsl玉pbetweenpFand  

theた・eezingpointdepression，Schofieidequatio㌦）：  

pF＝4．1＋王og】』Trl  （18）  

Thisequationiswe11knowntobeva王idnearOOc・Withrespecttotheequation，Lowetai．5）derivedthe   
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modifiedequationavai】ableforthewiderangeoftemperaturebyconsideringthetemperaturedeperldenceofthe  

entllalpyofwatert   

Whenthesoilwaterh・eeZeS，thethicknessofunfrozentilmwaterdecreases．Asaresult，thematric  

potentialinfrozenalsodecreases・Ifthesoilwatercontainssolute，theconcentration／theosmoticpressureof  

theresidualunfrozenwaterwillincreaseasthesoilwaterfreezes．ThefreezlngPOintofsoilwateristhen  
depressedduetoboththedecreaseofunfrozenwaterthicknessandtheincreaseofosmoticpressure・Ifthe  

soilwater魚・eezeSunderoverburdenpressure，thefreezingpointdepressionwillincrease・Thereぬre，equation  

（15）isveryimportantasastateequation良）rCOnneCtingthernatricpotentialinfrozensoiitotemperatureand  

OSmOticpressure．   

Whenweconductacomputersimulationforthesimultaneoustransportofwater，heatandsoluteinfreezing  
unsaturatedsoil，WeWilltindthetemperatureimportanttoestimatetheunfrozenwaterandicecontentsinthe  
frozenregions．Therefore，itisusehlltoexpressthestateequationforthetemperature・Solvingequation  

（16〉forthetemperature，thegeneralizedfreezingl）Ointdepressionequationyields：  

』Tf＝0．0飢×10桝岬5＊dP…－1．86癖C。、  （19）  

whereCmistheconcentrationofsoilsolution，mOles／lくg－ ′rhe触sttermoftherighthandsideisduetothe  

matricpotentialandthesecondtermisduetothesolutes・  

Ⅴ．SOILI㌻RI∃EZINGANI）WATRRMOVEMEN′r   

Liquidwatercontentinfreezingsoildecreasesabruptiybecauseofphasechangefromtheliquidtoice・  

Soilwatermovesfromun免・OZentOfrozenreg10nSinordertorecoverthedecreaseoftheliquidwater・Using  

thematricpotentiaiinfrozensoildefinedinthispaper，WeCandealwiththecontinL10uSWaterrnOVementinboth  

たoze11andunfrozenreg泊nS．   

Thedirectionofwaterrnovemelltisdeterminedbyasignofthedifferenceinthesumofmatricplus  

gravitationalpotentialsbetweenfrozenandunfrozenreg10nS‥  

ざP！－－＝（dP。－＋βgZ）ー－（』P，Ⅵ＋クgZ）。  

＝（d王｝n、）f－（dPrl、）。十βg（Zr－Zll）  （20）  

wherepisthedensityof王iquidwater，gistheaccelerationofgravity，Zistheelevatiol一，Ofthelocationofinterest  

inthesoil．Subscriptsrefertoた・占zen（f）andunh・ozen（u）regions．When5P．nisnegative，SOilwaterwillmove  

打onlun丘ozento鉦ozenre絆OnS．  

Accordingto鉦eezlngCOnditions，tllreeaSpeCtSarepredicted：  

（1）Inunsaturatedsoi＝reezing，icegrowsatatmosphericpressureトinsoil，andthematricpotentialinfrozen  

regionsisdeterminedbyequation（16〉．Therefore，if8Pmisnegative，rWatermOVeSfromunfrozentofrozen  

reglOnS・  

（2）A鮎rthevoidinsoiiis飢edwitl－theice，払eicel）reSSureincr甲SeSandthematricpotelltialin魚■OZenSOil  

increasesaccordingtoequation（15）．1f8LPn、keepsnegative，WaterCOntinuestomovefromunfrozentoh．ozen  

regionsinspiteoftheexistenceoftheicepressure・  

（3）Whentheicepressureincreasesmoreand8Pmbecomeszero，themovementofunfrozenwaterceases．  

TheicepressurewhichstopsthewaterrnovementtofrozenreglOnSisoftenregardedasmaximumheavlng   
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pressure・TalくaShietal・15）havemeasuredtherelationshipbetweentheheavlngPreSSureandh・eez王ng  

temperatureinasatura仁edsoilofwhichtlnfozenendisconmectedtoawaterreservoir．  

ForwaterinthereservoirAPI，iszerobecausethereisnosoilinit．Therefore，equation（14）becomes：  

（珊，、）．．＝n‖  （21）  

Substitutingequations（15）and（21）intoequation（20），andusingtheconditionof3Pm＝O，thenwecanderivean  

equationtoexpresstherelationshipbetweentheicepressure（heavingpressure）andthetemperaturerelatedto  

solutes．  

』Pi＝－11．2……こ』Tr－0．9；詳♂Ⅲ－0．09＊おZ ［105pa】  （22）  

Where飢swrittenforthediHerencebetweenunfrozenwaterinfrozensoilandbulkwaterinthereservoir．The  

thirdtermoftherighthandsidewi11normallybenegligible．FortheexperimentbyTakashietal．，3rIwilibe  

ZerObecausetheyhaveusedasaltた▲eewater・Therefore，equation（22）becomesmodi鮎dClausius－Clapayron  

equation：  

dPiニー11．2＊dTr ［105pa】  （23）  

Thecoe琉cientofATf，Mll．2，isknowntoagreewellwiththeexperimentalresult．Anyway，itshotlldbenoted  

inequation（22）thattheequationpredictsthattheheavingpressurewi11decreaseinfrozensaturatedsoiis  

COnt之IiIⅥngSOiutes．  
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凍土内のマトリックポテンシャルの誘導  

経 口  勝  

三蕊大学生物資源学部   

塩分を含む凍土のマトリックポテンシャルを不凍水と氷の平衡から誘導した。圧力単位で嚢示した錬士のマトリッ  

クポテンシャルは近似的に温風 水圧および浸透圧の線形和で教現される。このとき，それぞれの係数は1．23  

（MPa／Oc），1，1および1．0である。土の凍結遇種の水分移動の方向はマトリックと貌カポテンシャル和の凍結郎およ  

び未練綾部の差の符号によって決定される。本給文の誘導式から，凍上圧は凍結温度に比例し溶磐濃度が増加すると  

減少することが予測できる。   




