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AbsLmcE：Thispaperdescribestheexperimentalmethodsandresultsonthefbrma－  

tionofhardcompactedsnowinRikubetsuinnorthernJapanduringthewinterof1999．  

Thisbasicresc8rChwasthefirststeptowardsthcconstructionofacompactcd－SnOW  

runwayontheAntarcticiceshcet．InRikubctsu，WCCOnStruCtedthreetest鮎1ds（20  

minlcngth，7minwidth，and O．4－1．Omin thickness）on compacted basalsnow  

（approximately O．05min thickness）．First，0．l－0．35－m・thicklayers ofsnowwere  

depositcdonthebasalsnoworthefieldsusing8rOtarySnOWplow．Next，thesurface  

SnOWWa＄SmOOthcd using ancxcavator．Final1y，thesnowlayerswerecompacted  

fourtime＄uSlngabulldozer．ThisentifeprOCCSSWaSrePCatedthrectofburtimesin  

OrdertoconstruCtO．4－1．ひm・thicktest鮎1ds．Theramhrdnes＄，SnOWdensity，and  

SnOW StruCture Ofthc＄e鮎1ds wereinvestigatcd．A comparisonwith the criteria  

establishedbyaU．S．scientistfbralargcaircraft－SuChastheC－130（Abele，1990）－  

revealedthatifsnowinthefbrmofthreeO．2－0．25・m・thick18yerSiscompact  

timesbyabu11dozcr，itissu航cientlyhardtoserveasarunwayatH68（69011′29”s，  
4lOo3′34”E，12鵬ma．s．1．）fbrawheeledC・130．ThcJapanc＄CAntarcticRescaECh  
ExpeditionplanstoconductaftasibilitystudyontheconstruCtionofthehardcom・  

pacted－SnOWrunWayatthislocation．  

keyYYOrds：COmpaCted，SnOWfunWay，CXPerimentalresultsinRikubetsu，Antarcticice  

Sheet  

1．IntrodⅦttion  

Recently，Antarctica hasbecomethefbcalpointofglobalenvironmentalissues  
becausetheglobalenvironmentcanbemomitoredandobservationsrelevanttochanges  
in the globalenvironment can be nade at thislocation．Therefbre，theJapanese  

AntarcticResearchExpedition（JARE）considersthatitisimportanttoconstruCta  

runwayneartheirmainresearchstation－‘‘SyowaStation”（69Ooo′s，39O35′E）－fbrthe  

eLBcienttransportation ofscientistsandequlPmentfronJapan．However，inSyowa  
Station，Whichislocatedonasmallisland（EastOngulIsland）and4km丘omtheEast  
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Antarcticicesheet，itisdimculttolocateasu侃cientlywideandflatlandingarea（ca．3  
kminlengthandlOOminwidthfbrtheLockheedC－130Hercules）．Moreover，the  
campaign“PreservationofNaturalEnvironmentinAntarctica”（e・gリBonner，1994）is  
anobstacletobuildevenasma11runwayonthegroundinAntarctica．Thus，WemuSt  
findasuitablelocationonseaice，glacialice，OrSnOW．   

Since1947，COmPaCted－SnOWrunWaySnearLittleAmericaIVontheRossIceShelf  
havebeenusedbytheU．S．AntarcticProgram（Moser，1963）．Currently，SuChrun－  
waysarewidelyusedonicesheetsinAntarcticaandGreenland・Severalworkshave  
beenpublishedontheconstructionofcompacted－SnOWrunWayS（e・g・，Moser，1963；  
Wuori，1963；GowandRamseier，1964；MoserandSherwood，1967；Aver’anovetat．，  
1985；Leeetat．，1988；Russell－HeadandBudd，1989；Abele，1990；KlokovandShiraishi，  
1997；Blaisdelletat．，1998）．Abele（1990），inparticular，Summarizedauthesuccessful  
techniquesfbrconstruCtingandmaintainingcompacted－SnOWrunWaySandprovidedthe  
strength criteria fbr compacted－SnOW r11nWayS tO SuPrK）rt SeVeraltypes ofwheeled  

aircrafts（DHC－2，C－7，C47，C－130，KC－135，andC－141），KlokovandShiraishi（1997）  
suggestedasimplemethodfbrtheconstruCtionoftheserunwaysIThus，WeCOnClude  
thattheconstructionofcompacted－SnOWrunWaySOntheicesheetnearSyowaStation  
isafeasible solution．   

Inthispaper，WeSummarizetheexperimentalresultswithregardtotheconstruC－  
tionofahardcompacted－SnOWlayer（20minlength，7minwidth，andO・4－1・Omin  
thickness），Theseexperimentsarethefirststeptowardtheconstructionofcompacted－  
snowrunWaySOntheAntarcticicesheetfbralargewheeledaircrafL Thepreliminary  
resultsoftheseexperimentshavealreadybeenpublishedinKamedaetat・（2000）・  

2．Experiment81method  

ZJ．Co〝虜r〟C血乃q／fe∫J．仲J血   

The experiments were conductedfromJanuary15toFebruary28，1998，and  
January16toFebruary20，1999，inthe Kamitomamuarea，Rikubetsu，Hokkaido・  
Japan（Fig．1）．Theexperimentalmethodsemployedinboththeyearsarebasicallythe  
sameasthatofKldkovandShiraishi（1997）：SnOWdepositionbyarotarysnowplow  

鞠．J．山肌血肌＝げ凡胞血如J〃〝d幻一朗扉加  

肋た加地乃〃r′九e和郎〃孔   
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鞄2．肋owクdr庇ね∫ぴdi乃伽叩nme血．   

fb1lowedbycompactionofthe deposited snowuslngabulldozer．Additionally，We  

usedanexcavatorfbrsurfacesmoothingjustafterthedepositionofsnowbytherotary  
SnOWplow．Thesnowwasdepositedoncompactedbasalsnow（approxinatelyO．05m  
in thickness and compacted using the bulldozer）．Most ofthe snow usedin these  

experlmentSWaSCOmPOSedofsmallandsolidfacetedparticlesinadrycondition，aS  
ShowninFig．2．ThegrainsizeoftheseparticlesrangedffomO．5to2．Omm，Which  
COrreSPOndstomediumtocoarseaccordingtotheinternationalclassificationofseasonal  

SnOWbyColbecketaZ．（1990）．   

In1998，We COnductedsonepreliminaryeXpenmentSOnthefbrmationofhard  
COmpaCtedsnowusingarotarysnowplow（Fig．3a；typeHK－130，KaihatsuNohkiCo．  
Ltd．，Japan），eXCaVatOr（Fig．3b；tyPe PC－40，Komatsu Ltd．，Japan），and bulldozer  

（Fig．3c；typeDSC，CaterpillarMitsubishiCo．Ltd．，Japan；CaterpillarpressureofO．027  

MPaunderstaticconditions）．Wefbundthatthetimeintervalbetweensnowdeposi－  
tion and snow compactionisimportant．When the bulldozer was used fbr snow  

COmPaCtionsoonafterdepositionbytherotarysnowplow，thesnowlayerwasbroken  

andsufBcienthardnesswasnotachieved．Thus，COmPaCtionmustbeper払rmedatleast  

lhourafterthedeposition，Wethinkthatthesnow－Sinteringprocess，inwhichsnow  

Particlesconnecttoeachother，gOVemSthehardeningprocess．Fromthesepreliminary  

experiments，itwasalsofbundthatthesnowneededtobecompactedfburtimesinorder  
to supportlarge aircraftssuchasawheeledC－130Hercules，aSSuggeStedbyAbele  

（1990）．   

In1999，WePerfbrmedexperimentsbyconstructingthreetestfields－A，B，andC  

（20minlengthand7minwidth）－Withthesamemethodusedin1998．First，0．1rO．35－  

m－thicklayers ofsnow were deposited on thefields using a rotary SnOWPlow（0．1－  

m－thicklayerfbrtestfieldA；0．2－0．25－m－thicklayer，B；andO．30－0．35－m－thicklayer，  

C）．Thesurfhcesnowwasthensmoothedusinganexcavatorbucket．Onehotlrlater，  

thesnowwascompactedfburtimesuslngabu11dozer．Thisprocesswasrepeatedthree  
（BandC）tofbur（A）timesatsevenrdayintervals．Theintervalperiodofsevendays   
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hasnosigmificance；WeCOuldllSethemachinesonlyonweekends，Thesnowsurface  

WaSSmOOthedimmediatelyafterdepositionuslngtheexcavatorbucket．Thesmooth－  

1ngWaSPerfbrmedcarefu11ytoensurethatthebucketdoesnotcompressthesurface  
SnOW．AllthetestGeldswerecarefullycompactedfburtimesbasedontheexperiments  
COnductedin1998．Thetimetakenfbrcompactionwasapproximatelylhour．Tests  

fieldsBandCwerefbrmedonJanuary30andtest鮎1dAonFebruary6，andthesnow  
WaSCOmPaCtedfburtimesatseven－dayintervalsonFebruary7，14，and20．   

2．2．助摘花eぶち鹿乃ぶ卸，α〝dぶf用Cf〟作q／d甲0∫よねdぶ乃OW  

Thesnowhardnesswasmeasuredusingthe“rammsonde”，WhichiscommonlyllSed  

toquantifythehardnessofcompacted－SnOWrunWayS（e．g．，Abele，1990）．Theram－  

msondeisaconepenetrometercomprlSlngaho1low，2－Cm－diametersteelshaftwitha  

600comicaltip・The tippenetratesthe snow due tothefreefallofthe hammer  

（typically3kg）alongtheguideshaftoftherammsonde，Theramhardness（R）was  

CalculatedfromthefollowiJlgeXpreSSiongivenbyUedaetat．（1975）：  

R＝陣取机玩＋e＋町  

WhereR＝ramhardness（kg），W＝Weightofthehammer（kg），h＝1iftofthehammer  

（cm），n＝numberofhammerblows，X＝penetrationaftern falls（cm），Q＝Weightof  

therammsonde（kg）．Wemeasuredthe ramhardnessofthetestfields丘omtopto  

bottoⅡlatO．05mintervals．  

Bulksnowsamples（crosssectionofapproximatelyO．2mXO．2m）obtainedftom  

thethreetestfieldsonFebruary20weretransrx）rtedusinganinsulationboxtoacold  
roomintheKitamiInstituteofTechnology（KIT）．KITislocatedapproxi血ately40  

kmnortheastofRikulxtsu，andthetransportationffomRikubetsutoKITtakesabout  
anhour・AstheairtemperatureWaSblowOOcdmingthetransrx）rtationofsnow  
SamPlesfromRikubetsutoKIT，thevariationsobservedinitsstructurewereminimum．  

Inthecoldroom，thesampleswerecutintorectangles（averagevolumeof200cm3）  

uslngabandsaw．ThesnowdensitiesofthesamplesweremeasuredonFebruary21  

With a measure（mininum reading oflmm）and an electronic balance（minimum  

resolutionofO．1g；tyPeEL－500，ShimadzuCo．Ltd．，Japan）．Themaximumerrorin  
themeasurementsis±1kgm．3・  

TheanilinethinsectionmethoddevelopedbyKinoshitaandWakahama（1959）was  
employedfbrpreparlngthethinsectionsinthecoldroom．  

3．Meteorologic81conditionsinRik11betsuduringexperitnentsaTId  
COmp8risonwithE8＄tAntarcticsites  

Duringtheexperimentsconductedin1999，theairtemperaturenearthetestfields  
WaSreCOrdedataheightofl．5m，aSShowninFig．4a．ThesnowtemperatureSatSix  

heights丘omthetopofthebasalsnowlayerintestReldCarealsoshowninFig．4b．  

ThistestReldwasfbrmedlayerbylayeronJanuary16，23，and30，andthecollection  

Ofsnowtemperaturedataatthe sixheightswasstartedonJanuary16，25，and30，  

respeCtively（thestartingdatefbrsnowtemperaturemeasurementsatheightsofO．4m  

andO．55mwasdelayedbytwodays，Le．，January25insteadofJanuary23）．   
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Table11iststheaverageairtemperatureinRikubetsuduringtheexperlmentS，the  
averagesnowtemperatureintestfieldC，andtheaverageairtemperatureattWOEast  
AntarcticsitesffomDecembertoJanuary．SinceJAREplanstoconductaftasibility  
studyontheconstructionofhardcoppacted・SnOWrunWaySatS17（69001′32Us，400  
04′58UE，608皿a，S．1．）andH68（69Oll′29uS，4lOo3′34”E，1204ma．s．1．）（Shiraishiand  

Kldkov，1997；TakahashielaL．，2003），WeCOmparedtheairtemperatureconditionsat  
RikubetsuwiththoseatthetwoEastAntarcticsites．  

S17islocatedlkmsouthofS16－thebcation丘omwhichJAREsnowvehicles  
begintheirexpeditiontotheinlandAntarcticicesheet．Therefore，S17isconvemient  
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fbrtheconstructionofacompacted－SnOWrunWay．Ontheotherhand，H68islocated  

atasma11convexpointontheicesheet，anditsaverageannualsnowaccumulationis  
relativelylow（annualsnow accllmulation of130mmfromJanuary1993toJanuary  

2001accordingtothedataofMotoyamaetat，（1995），Shiraiwaetal，（1996），A2＝uma  

etal．（1997），Flわita etat．（1998），Motoyama etal．（1999），and Furukawa etal．  

（2002））．Thislowaccumulationrateissuitableforthemaintenanceofcompacted－  
SnOWrunWayS，TheaverageairtemperaturesatS17andH68，aSShowninTablel，WaS  

CalculatedusingthemonthlymeanairtemperaturefromDecembertoJanuary1973－  
1982atSyowaStation（69000′s，39035′E，21ma．s．1．）andMizuhoStation（70042′s，  

44020′E，2260ma．s．1．）（NationalInstituteofPolarResearch，1985）assumingacon－  

Stantlapse rate between the two stationsin each month．The monthly mean air  
temperatureduringthisperiodwasselectedbecausemostoftheoperationsbyaircrafts  
inAntarcticawnlbecarriedoutduringthissummerseason．  

Asevident from Tablel，the average airtemperatureinRikulxtsllduring the  
experimentsin1999islowerthanthatatS17，butsimilartothatatH68．However，  

SincewedonothaveanydataonthesnowtemperatureSatS17andH68，itisdiJRcult  
todrawacomparisonbetweenthesetemperatureS．S17islocatedinthepercolation  
ZOne，WherelO－20－mm－thickicelayersweresometimesobservedinthesurfacesnow  

Strataduetotherefteezingofsurfacemeltwater（Watanabe，1972）；thus，themaximum  

SnOW temperature near the surfaceincreases to O℃in summer．The strong solar  

radiationinsummercontributestoanincreaseinthesnowtemperaturenearthesnow  
Surface．Ontheotherhand，H68islocatedjustabovetheperCOlationzone，Whereice  

layersarerarelyobserved（Watanab，1972；Takahashietat．，2003）；thus，themaximum  
snowtemperatureislessthanOOc・Sincewedidnotfindanythickicelayersinthe  

threetestfieldsinRikubetsu，thesnowtemperatureconditioninthisstudyisconsidered  
tobesimi1artothatatH68，butprdbablylowerthanthatatS17．  

4．Results8nddistⅧSSions   

イ．J．加m加紹乃e凪ぶ〝〃W虎〝∫わちd乃dぶ伽WぶfmcJ〟柁f〝feぶり言e肋d，凰α乃dC  

Figure5showsthetimeseriesoftheramhardnessprofi1esfbrthethreetestfields  
－A，B，and C－」ust after the snowis compacted fbur times each day uslng the  

bulldozer．Each profi1e represents the average oftwo measurements．The heights  
fromthetopofthecompactedbasalsnowlayerareshowninthisfigure．Thesnow  

layerslabeled（a）to（d）were depositedonJanuary16，23，and30andFebruary7，  

respeCtively．Layer（d）wasfbrmedonlyontestfieldAtoincreaseitsthicknessto  

approximatelyO．4m，Thetimeanddateoftheramhardnessmeasurementsareshown  
Withinparentheses．   

Itwasfbundthatingeneral，the ram hardnessincreasedwithtime duetothe  
COmpaCtionbythebulldozer，densiRcationoftheoverlyingsnow，andtheaglnge鮎ct  

CauSed by the thickening ofice bonds between snow grains，The ram hardness，  

however，decreasedin some cases（e．g．，uPPerPartOflayer（b）in testAeld Cfrom  

February7－14）．ThiswasprobablycauseddlletOtheinadequatefbrmationofhard  

COmPaCted snowinareasthatwere not compressed sdiciently．Theramhardness  
showed the maximum at a distance ofO．05－0．1m below the snow surfhce．Thisis   
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PrObablybecausethe surねcesnowlayerwasmixedbytheO．05－m－longpawIsofthe  

bulldozer，thusleadingtoine鮎ctivecompressionofthesnowlayer．Althoughtheair  

temperatureexceededO℃duringtheexperiments，Wedidnotobserveanysignificantice  
layers（＞1mminthickness）inthetest鮎1ds，andthelayerswithhighramhardness  

COn痍或edsolelyofsnow．  

Figure6showsthesnowdensitiesoftestfieldsA，B，andConFebruary20．The  

averagesnowdensitieswere488，494，and518kgm‾3，reSpeCtively・Theheightsabove  

thecompactedbasalsnowlayerarealsoshown．Thesehighdensitieswereachievedby  
allowlng the snow to fallffeely from a height ofapproximately3m uslng a rOtary  

SnOWPlow（Fig．3a）andbycompactingitfourtimesusingab1111dozer（Fig．3c）．The  

low－density reglOnSin testfield Cindicated by the arrowsin Fig．6correspond to  

mechamically weaklayers detected by the rammsonde．We think that theseless  
COmPaCtedandmechanicallyweaklayerswerefbrmeddlletOthedepositionofthick  
SnOWlayers（0．3－0．35m）bytherotarysnowplow．Becausethepressureappliedbythe  
bulldozeratthesnowsllrfacedecreasedwiththedistancefromthesurface，theseweak  

layerswerefbrmed，  

Te8tfieldA  TestfieldB  TestfieldC  

如2016：56）  

200 400 600 0 200 400 600 0 200 400 600  

Den8ity（短m●8）  

梅丘 勤owde〝∫卸ゐ什め〃fわ乃げJe∫f．砕ム血J．且d柁dC（，〝J屯あⅢdワ2玖J99久  

Figure7ashowsthesnowstructuresataheightofO．6mabovethebasalsnowlayer  
intest鮎1dB，Whichwaspreparedbytheamilinethinsectionmethod（Kinoshitaand  

Wakahama，1959）andfromthesamesamplesusedfbrthedensitymeasurements．As  
Showninthis丘gure，thesnowparticlesareconnectedtoformanetWOrkofsma11ice  

Particles．Figure7b shows the magniRed view ofthe snow structure ofthe same  
SamPle．Further，the netwofks ofbondedice particles are clearly observedin this  

負gure．Thesenetworksandthehighdensityofsnowlayersarethemainreasonsfbrthe  

highramhardnessobservedinourtest負eld．Thus，inordertoconstruCtaCOmPaCted－   
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SnOWrunWayOnthe Antarcticice sheet，itisessentialtoproducehigh－densitysnow  

layerswithconnectediceparticles，aSShowninFig．7b．   
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U．S．andRussianscientistshave examinedthe criteriafbrthe saftlandingand  

takeoqofaircrafts on the compacted－SnOWrunWaySin Antarctica and Greenland．  

Usingalargeamountofexperimentaldata，Abele（1990）determinedthesnowhardness  
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PrOAlesrequiredforthesafelandingandtakeoqofvariousaircrafts（Fig．8）．Itisclear  
thattheminimumthicknessofthecompacted－SnOWlayerfbrthelandingofawheeled  
C－130isabout70cm．Figure9comparesourfinalresults（February20，1999）forthe  
threetestGeldswiththeproRleoftheC－130showninFig．8．Itisevidentthatthesnow  
hardness pro負1e oftestfield Aislarger than that required fbrthe C－130，but the  
thicknessisinsufBcient．Thisis because test丘eld A was construCtedfrom fburlO  

－Cm－thicksnowlayers．Theprofi1eoftestReldBnearlycoincideswiththatrequiredfbr  

theC－130．Ontheotherhand，theproRleoftestfieldCisgenerallysma11erthanthat  
requiredfbrtheC－130，becauseitwasconstructedfromO．3－0．35－mlayersthatwere  
relativelythickandcontainedmechanicallyweaklayerstosomeextent．  

Since the average air and snow temperature COnditions ofthe experlmentSin  

RikubetsuaresimilartothoseatH68duringtheperiod丘omDecembertoJanuary，We  
CanCOnCllldethattheparametersoftestfieldB（depsitionofO．2rO．25－m－thicksnow  
layersthatarecompactedfourtimesusingabulldozer）aretheoptimumconditionsfbr  

COnStruCtingacompacted－SnOWrunWayatH68foralargewheeledaircraft（e，g．，C－130  
Hercules）．However，inordertoconstructahardcompacted－SnOWrunWayatH68，We  
musttakegreatcarenottofbrmlesscompactedandmechanicanyweaklayersduring  
theformationofthehardcompactedlayer．ThisisthekeyissuetoconstruCtahard  
COmPaCted－SnOWrunWayOntheicesheet．   

IfweapplythisresdttoawarmerplacesuchasS17，theproceduresapphedintest  

fieldBwulbesu伯cient．Ontheotherhand，ifweapplytheseresultstoacolderplace  

OntheAntarcticicesheets，amOree鮎ctivecompactionmethodshouldbeemployed，  
Forexample，（1）thethicknessofthesnowlayerdepositedusingtherotarysnowplow  

Shouldbereduced（1essthanO．2m），（2）ahighersnowcompactionpressureshouldbe  

200400600800 0 200400600800 0 200400600800  
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appliedusingaspecialtypeofbu11dozer，（3）thenumberofcompactionprocessesshou）d  

beincreased，and（4）thesnowtemperatllreShouldbeincreasedbyprovidingadditional  

beating．  

5．Concludingrem8rks  

We construCted a O．4－1．0－m－thick hard compacted－SnOWrunWay uSlng a rOtary  

SnOWPlow，eXCaVatOr，andbu11dozerduringthewinterof1999inRikubetsu，Japan．In  

OrdertosatisfythecriteriabyAbele（1990）fbrconstruCtingacompacted－SnOWrunWay  

fbralargewheeledaircraft（e，g．，C－130Hercules），themaximumheightofthedeposited  

SnOWlayersuslngtherotarysnowplowshouldbeO．2－0．25m，andthesnowshouldbe  

COmPaCtedfburtimesuslngabulldozer．Thiswholeprocessshouldlxrepeatedatleast  
threetimestoobtainhardcompactedsnowwithathicknessofO．7m．Sincetheairand  
SnOWtemPeratureCOnditionsduringtheexperimentsweresimilartothoseatH68（1204  
ma．s．1．）一locatedontheEastAntarcticicesheet－fromDecembertoJanuary，WeCan  

COnCludethattheabovementionedproceduresareapplicableatH68，WhereJAREplans  
toconductafeasibilitystudyontheconstructionofhardcompacted－SnOWrunWayS．  
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