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Snowandcoldenabletheapplicatioｎｏｆａｎｉｃｅ
ｓｈｅｌｌ,whichprovidesanefficientsolutiontocertain
problemsinsnowyandcoldregions､Theiceshell
isthin,anditsstructuralmateIialisice・Itisanew

typeoficestructurebasedonmodernstructural
engineeringanditcancoveralargerareacompared
totheclassicalsnow-icestructuｒｅｓｓｕｃｈａｓ

"Kamakura，，ｏｒ‘‘Igloo，，､Ithadbeensuggestedthat
theiceshellcouldbeusedfbrcreatingarather
uniquebuiltenvlronmentasanewideaof
architecturaltechniqUeinthesnowyandcold
regionsduringwinter［l],becauseithasaspecial
shapeandahalfLtransparenttextureoftheice．

Anattemptneverexperiencedbefbretoconstruct

iceshellsfbranarchitecturalspace，hadbeen
developedinTomamu,HoldKaidosincel997［２１
Manyiceshellshavebeenusedasleisurespacefbr
visitorsabout3monthsineachwinterandthese

havecreatedafBntasticandbeautifUlspace
providingqUiteauniqUebuiltenvironmentin
winter，Takingitsarchitecturalsafetyintoconsi‐
deration，ｔｈｅｓｉｚｅｏｆｔｈｅｓｅｓｈｅｌｌｓｉｓｌｉｍｉｔｅｄｕpto
l5mspanfbrthetimebeing､However,extensively

interpretingtheresultsinthepaststudy,alargeice

shellwithspansfi｡ｏｍ２０ｍｔｏ３０ｍｍｉｇｈｔｂｅ
ｐｏｓｓｉｂｌｅｔｏｕｓｅａｓａｎａｒchitecturalstructure･Ａｎｄ

then，ｔｗｏｆｉｅｌｄｓｔｕｄｉｅｓｏｎａ２０－ｍｓｐａｎｉｃｅｄｏｍｅ
ｗｉｔｈ６・sminheighthavebeencalriedoｕｔａｔｔｈｅ
ｓａｍｅｓｉｔｅｏｆＴｏｍａｍｕｉｎｔｈｅｙｅarsl999and2000・
Thesetest-domeshadshownahighstructuraleffi‐

ciency,anditconcludesthata20-mspanicedome
ispossibletouseasanarchitecturalstructure[3]．

FollowingthesuccessfUlexperimeｎｔｏｆａ２０－ｍｓｐａｎ

ｉｃｅｄｏｍｅ,afieldstudyonboththeconstructionand
creeptestofa30-mspaniceｄｏｍｅ(２５minbase
diameter,９．２minheightand25cminaverageice
thickness)neverexistedbefbre,wascarriedoutat

TomamuinHokkaidｏｄｕｒｉｎｇｔｈｅｗｉｎｔｅｒｏｆ２００１，
searchingthepossibilityoftherealizationfioomthe
aspectofarchitecturalengineering・Basedonthe

resultofthisstudy,itconcludestheapplicationｏｆａ
３０－ｍｓｐａｎｉｃｅｄｏｍｅｆｂｒａｎａｒｃｈｉｔｅcturalflacility
couldbebasicallypossible．

2.ＣＯＮＳＴＲＵＣＴＩＯＮＴ]ESi]ｒ

2.1.Outli血eofConstructionalSequemlce

１．Constructingsnow-icefbundationｗｉｔｈａｂｏｕｔａ
２５minnerdiameter、

2．Buildingupthe3-dimensionalfbrmworkby
inflatinga2-dimensionalmembranebagof30m

9３
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diameter，coveredwithropeswithareticular
pattemdeterminedbythegeodesicdivision
anchoredtothesnow-icefbundation．

3．Coveringthemembranewiththinsnow-ice

sherbetbyblowingthemilledsnowwitha

rotarysnowplowandsprayingtapwaterwitha

high-pressureadjustablenozzleinthevicinityof
thetop・Solidifyingthethinlayersnow-ice
sherbetduetocoolingbycoldoutsideair、

4．Repeatingtheapplicationofsnowandwaterup
tothe25cmshellthickness・Ｔｈｅｎremovingthe
bagandropesfbrreuse．

2．ＡｓｓｈｏｗｎｉｎＦｉｇｕｒｅ２，thegeometryofthenet

wasdeterminedbythegeodesicTriacondivision

８firequencies,Thenetwasmadeof●l4mm
polypropyleneropeanditslengthshownin
Figure3betweenpointswascalculatedby
Sphericaltrigonometry，supposingthedesign

sectionshowninFigure4Supposingmaximum

waterｈｅａｄｏｆａｐｏｒｔａｂｌｅｂｌｏｗｅｒａｓ４６ｍｍａｑ.，
thetensionfbrcebecomeaboutltonｏｎ

ｃｏｍｐutation，ｓｏｔｈｅｌ４ｍｍＰ・Ｐ、ｒｏｐｅｉｓｓｔｒｏｎｇ

enoughagainst3tonesofitsbreakingfbrce

2.2.Smow-iceFoIInlIationRing

TheconstructionwasdonefifomFebruary4thto6th
in200１．Ｆollowingthemeasurementandread-

justmentofthesiteonFebruary4th，ａｈｅａｖｙ
ｍａｃｈｉｎｅａｓｓｈｏｗｎｉｎＦｉｇｕｒｅｌｗasusedfbrthe
constructionoftheringwithabout25mininner
diameter,４０rope-anchorswerelocatedequallyon
theinnercircleandatthebase,preventingtherise
indomefromexcessiveheightcausedbythe5％
elongationoftheP.Ｐ､rope．
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Thefbrmworkconsistsofmembranebagandcove‐
●

rmgrope．

1．ThemembranebagisfBbricatedbywelding

alongthePeripheryafterwrappingintwopieces
ofplanesheetswｉｔｈ３０ｍｉｎｄｉａｍｅｔｅｒ、The
specificationsofthemembraneareasfbnowＳ．

Ｐ．Ｖ,Ｃ､,T-SFlOO％,weight:530~５７０９/ｍ2,Ten-
silestrength：longitudmall50±２０ｋｇ/3ｃｍ，
TransversellO±２０ｋｇ/3ｃｍ,Color:daIk-green．
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2.4.Inflatiom

2／1２２/1３２／1４２／1５２/1６２/1フ

ThefirstinflationtestwascarriedoutonFebruary

7th・Aportableblower，whichhasacapacityair-
flowof44ｍ３/ｍin.，wasusedfbrtheinflation,so
theinflationtimeshouldbewithinaboutlhouron

thecomputation・However,becauseofsometrou‐
blessuchasanadjustmentbetweenthemembrane
andropes，ittookseveralhoursfbrtheinflation
beyondthetheory､Figure5showstheair-inflated
fbrmworkaftertheinflation､OnFebruaryl2th,just
befbretheapplicationofsnowandwater,about40

piecesofStyrofbamsticksfbrcheckingtheshell
thicknessundertheconstructionwerepreparedｏｎ
ｔｈemembrane・However,astheadhesiveagentwas
noteffectivebecauseofaverylowairtemperature
of-l3oCbelowatthatmoment,almostallofthem
werenotattachedonthemembrane､so,therational
methodofattachmentshouldbedevisedinfUture

construction．
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thanlcmduringoneoperation・Theonewiththe

capacityof22mmaximumthrowingdistanceswas
usedfbrblowingthesnowexceptthevicinityofthe
apex,Theotherwith30mthrowingdistanceswas

appliedincaseofthecentralpartsofthedome,Itis

assumedthatthethicknessofthecompleteddome
wasapproximately25cminaverage・Ｉｔｔｏｏｋ２
ｈｏｕｒｓｔｏｇｅｔｌｃｍｉｃｅｔｈｉｃｋｎｅssinthisexperiment
becauseitneeｄｅｄ５６ｈｏｕｒｓｉｎｔｏｔａｌｔｉｍｅｆｂｒｔｈｅ

ａｐｐlicationofsnowandwater．

Applicationofsnowandwaterwascarriedoutftom

Februaryl2theveninｇｔｏｌ６ｔｈｅａｒｌｙｍｏｍｉｎｇ、Ａｓ
ｓｈｏｗｎｉｎＦｉｇｕｒｅ６，itwasveryniceweatherto
constructiceshellsatthatperiod、Figure7shows

thesituationunderconstructionA巾４０hoseand

sixウ２０hoseswereusedfbrsprayingwateronto
themilledsnowTotalamountofsprayingwater

was240-2901itter/min.､Itisassumedthatthe4)４０
hosenormallysuppliedl50-2001ittelmin.(b20
hoseswerecontinuouslyoperatedonfivehigh

stages，ａｎｄ（|)４０hosewasintermittentlyused
movingaroundthedomeaccordingthesituation・

Ｏｎｔｈｅｏｔｈｅｒｈａｎｄ，blowingthemilledsnowonto
themembranewaｓｃａｒｅｆＵｌｌｙｄｏｎｅｂｙｔｗｏ
ｓｎｏｗｐｌｏｗｓｓｏａｓｔｏｋｅｅｐｔｈｅｓｎｏｗｔｈｉｃｋｎｅｓｓｌｅｓｓ

em5

Theairmembranebagbegantodeflatｅａｔ８ａｍ､on

Februaryl6th・Figure8showsaninsideviewunder
deflation､Ｉｔｔｏｏｋａｂｏｕｔ５ｈｏｕｒｓｔｏｒｅｍｏｖｅｔｈｅａｉｒ

ｏｕｔｏｆｔｈｅｂａｇ,andthenthemembranewasfblded
andｐｕｌｌｅｄｏｕｔｔｈｅｄｏｍｅ，Figure9showsthe

exteriorviewofthecompleted30mspangigantic
icedoｍｅａｓｎｅｖｅｒｓｅｅnbefbre．
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Inordertoprovetheactualpossibilityofappli‐
cationtoanarchitecturalstructuｒｅｉｎｃａｓｅｏｆｓｕｃｈａ

ｈｕｇｅｉｃｅｄｏｍｅ，ｔｈｅstructuralpropertyofthe
completｅｄｉｃｅｄｏｍｅｗａｓｅｘａｍｉｎｅｄｕｐｔｏｔｈｅｃｏ‐
llapsewhichoccurredonAprillOth・Afterthe
automaticallymeasurement,thestructuralbehavior

wasobservedbyeyeuptothecollapse､Theresults
ofthistestweremadeincomparlsonwiththe
structuralbehａｖｉｏｒｓｏｆｔｈｅ２０ｍｓｐａｎｉｃｅｄｏｍｅｉｎ
２０００[3]．

3.1.IcethickneSsandGeometry

Atthebeginningrofthedeflation,thepreparationof～〆

thepointfbrmeasuringdisplacementandthe
measurementoficethickness，asshowninFigure
lO，ｗｅｒｅｄｏｎｅａｔｔｈｅｓａｍｅｔｉｍｅ、Asaresult,the

thicknessattheupperpartofthｅｄｏｍｅｗａｓ２２ｃｍ
ｔｏ２６ｃｍ・Thethicknessatthemiddleandloweｒ

ｐａｒｔｓｏｆｔｈｅｄｏmeweremeasuredbycarefUlly

９６

Ｎ

4｡‘，

●verticaldiRnlucu皿8ｎt，（１～５）

Oinsidctomperaturo（６～７）

△iCetemp．（８～１０）◇oUtsidotGmp．（１ユ）

ＦＸｇｍ上ｅｊﾙiCk77“Sα"‘"1eaSZ"･加gpOi"/Ｍﾌﾉ・
veﾉガcα/(油p/Zzce"ze"な&/e"Zpeﾉ．α血"･as，

ｒｅａｄｉｎｇｔｈｅｓｃａｌｅｏｆｌＯｐｉｅｃｅｓｏｆｔｈｅStyrofbam
sticks．

Asaresult,thethicknessatthewestside(windward
side)wasdistributedfrom25cmto30cm,andthe

eastside（leewardside）wascomparativelythin
fi･ｏｍ２２ｃｍｔｏ２７ｃｍ,Thetopheight921cmfhirly

correspondedto926cmcalculatedas５％ofrope
elongation．

3.Z・Displa理ｍｅｌ１ｌａ皿。,１，唖叩erat皿睡

Displacementsandtemperatureswereautomatically
measuredfiomFebruaryl7thtoMarch23rd・s

pointsfbrmeasurlngverticaldisplacementsand6

pointsfbrmeasuringtemperatures（Onepointof

outside,twoinside,andthreeicetemperatures)are
showninFigurelO・Figurellshowsthemethodof
measuringaverticaldisplacement,Aprogrammable
dataloggerrecordedthesedisplacementsautoma-
ticallyat3-hourintervals､AselfLrecordedthermo-

metermeasuredthetemperaturesatl-hourinter‐
vals、Figurel2showstemperature-timecurves
duringthewholeperiod[However,theoutsideair
temperatures(Tout)fiFomMarch4thtoMarchl3th
werenoｔｓｈｏｗｎｈｅｒｅ,becauseitwasnoticedlater
thattheoutsidethermometerwasembeddedinthe

snow1Tablelshowsaveragetemperatureatevery
point､ItrecognizesthatTout,theinsideairtempe‐
ratures(Tin)andtheicetemperatures(Tice)ｗｅｒｅ
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lowinorder,Tinwaslowinaverageanditschange

wasverylarge,becausethecoldoutsideairentered

easilyintotheinsidefiomtheopeninginstalledthe
windwardside､Figurel3shows5pointsofdispla‐
cements-timecurvesduringthesameperiodThe
behaviorsofthesepointswerealmostsame
quantitativelyandqualitatively・Asshowninsome
examples，aboutl50mmdownwardsdisplacement
fromMarch20thto21st，aboutl90mmupwards
fifomMarch21stto22nd,unbelievablelargechange
ofdisplacementoccurredallovertherecorｄａｎｄｉｔ
ｓｅｅｍｅｄｔｈａｔＦｉｇｕｒｅｌ３ｄｉｄｎｏｔshowtruedispla‐
cementbehavior・Ａｎｄthen，inordertoseekthe

reason，varlousaspectssuchasthethermal
expansionoficeorchain,themovementofsnow
levelbyfreezingandtheinfluenceofthecracknear

theopeningwerecheckedbothquantitativelyand
qualitatively、However,astheresult,theseftlctors
didnotseemtogiverationalreasonfbrthe

phenomenon・Ａｔｌａｓｔ，theinfluenceofthetempe‐
ratureonthedisplacementtransducerwasinvesti-
gatedexperimentally・Figurel4showsthedisplace‐
ment,temperature-timecurveunderthecondition
thatthetransducerwasinstalledbetweentwoExed

points・Asaresult，ａｓｓｅｅｎｉｎｔｈｅｅｘａｍｐｌｅｔｈａｔ
４５ｍｍｃｈａｎｇｅｄａgainstl3deg、intemperature
change，thetemperaturechangeclearlyhadabig
influenceonthedisplacementtransducer､Further‐
more，ｉｎｔｈｅｓａｍｅｆｉｇｕｒｅ，ｔｈｅdisplacementcurve
wasapproximatelyfittedtothestraightlinebythe
methodofleastsquaremeanandtheslopeofthe
linebecameOwhichmeansnomovementbetween

－－－Tice<point8）

←cablelength
L=1.5～2.0ｍ

displacement
transducer
DTP-5１，sＣｆ
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riment，asalargedefbrmationwasnotobserved
befbrethecollapse、Itindicatesthatthecollapse
doesoccurabruptly，andthepredictionofthe
collapseisdifficultbyeyeobservation,Therefbre，
brittlecollapseisnotsuitablefbrthearchitectural
structurewhichneedsenoughtimetopredictthe
dangerofthecollapse、Futureexperimentsofa
30-mspanicedomeshouldbeconfilmedwhether
suchalargeshellbringsthebrittlebehaviorof
collapseornot・Thebrokenpiecesoficeplatesat
thｅｓｏｕｔｈｓｉｄｅｗｅｒｅｖｅｒｙｐｏｏｒｄｕｅｔｏｔｈｅdamageby
solarradiation・Itissuggestedtospraywaterand
bloｗｓｎowontothedomeseveraltimesduringits

application，astheeasymethodfbrkeepingthe
qualityoficewhichmeansimprovementofthe
structuralsafetyoftheiceｄｏｍｅ､Figurel6shows
thetemperaturesduringuntilthecollapse・After

twofixedpoints・Basedupontheconsideration,as
showninFigurel5,themethodwasappliedtothe
averagedisplacementof5curvesshowninFigure
l3anditsaveragedisplacemeｎｔｗａｓｃｏｍｐｕｔｅｄａｓ
６､５ｍｍ/day・Thisvaluecoincidesverywellwith
thevalue５．４ｔｏ７．２ｍｍ/daycalculatedfromthe
membraneshelltheory，Maxwell，linearviscose
materialandthe3to４ｍｍ/dayintheexperimental
studyof20mspanicedome[3]．

9８

Afterremovingthedisplacementtransducerson
March23rd,thestructuralbehaviorwasobserved

byeyeupuntilthecollapse，whichoccmredat
aboutlp.ｍ､onAprillOthlnthiscase,thebeha‐
viorwas‘‘brittle，,neverseenatthepreviousexpe‐
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Accordingtothemembraneshelltheory，the
compressionstressattheapexofthisdomecovered
unifbrmlywith50cmsnowdepth(colrespondingto
lOOkg/m2verticalload）ｉｓｃｏｍｐｕｔｅｄａｓａｂｏｕｔ
ｌｋｇ/ｃｍ２ｗｈｉｃｈｉｓａｂｏｕｔｌ/40thoftheuniaxial
compressivestreｎｇｔｈｏｆａｎｉｃｅ・Ｔｈｉｓｉｓｔｈｅｓｉｍｐｌｅ
ｒｅａｓｏｎｗｈｙｔｈｅ３０-mspanicedomehasenough
strengthtoexiststructurally・Therefbre，anactual
prooftestof30-mspanicedomeconcemingtothe
constructiontechniqUeandthestructuralsafetywas
challengedatTomamu，Hokkaidoinwinterof
2001‐

９９

２

colIapse

l:Ｏ０Ｐｍ.(AprillOth）

FXg6mmg”eノロ”e-""Zea"Te6碗ﾉ℃ＣＯﾉﾉａｐｓｅ

April2nd，theoutsideairtemperatureoften
exceededOoCandthesunshinebecamestrong、
Accordingtoanon-siteobserver，theweather
conditionpromotedrapidly,ｔｈｅｍｅｌｔｉｎｇｉｃｅｏｆｔｈｅ
ｄｏｍｅａｎｄｔｈｅｓｏundofthemeltingechoedinside，
Figurel7showsthesequentialordeｒｏｆｔｈｅｃｏ‐
llapse・Ｔｈｅｆｉｒｓｔｃｏllapseoccurredatthemiddleof
thesouthsidewherethesunshinewasthestrongest
overthedome・Furthelmore,thecrackbesidesthe
openingwasnoｔｓｏｓｐｒｅａｄａｎｄｄｉｄｎｏｔａｆｆｅｃｔｔｈｅ
ｓｔｒucturalbehavior・Figurel8showstheexterior
viewafterthesecondcollapse．

風
４

4.ＣＯＮＣＬＵＳｌＯＮ

Asaresult,itisconcludedthattheapplicatioｎｏｆａ
３０－ｍｓｐａｎｉｃｅｄｏｍｅｆｂｒａｎａｒｃｈｉｔecturalfIacility
couldbebasicallypossible､Thisconstructionme‐
thodofblowingsnowandsprayingwaterontoan
ai趣nflatedmembraneasfbrmwork,isveryrational
fbralargeiceshellbecauseitneededonlysixdays
fbrthecompletionofthe30-mspanicedome､Ａｎｄ

瓦９１８.Ebrreﾉｆｏ７･Wew伽r城eﾉ･ＣＯ"αpse
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then,itisconfirmedthecompleteddomehadahigh
structuralefficiency，becauseitsaveragedispla-
cementｒａｔｅａｔｔｈｅｃｅntralpartofthedomewas
estimated６．５ｍｍ/dayduringthewinterperiodand
thecollapseoccurredonAprillO1haftertheoutside
airtemperatureoftenexceededOoCandthreedays
overOoCinaverageairtemperaturelasted．

Takingtheactualconstructionequipmentssuchas
thesnowplowfbrblowingsnowandtheadjustable
nozzlefbrsprayingwaterintoconsideration，ｔｈｅ
ｓｉｚｅｏｆｔｈｅｉｃｅｄｏｍｅｍａｙｂｅｌｉｍｉｔｅｄｕｐｔｏ３０－ｍ

ｓｐａｎｓｏｆａｒ、However，itwouldbepossibleto
construｃｔａ４０－ｍｓｐａｎｉｃｅｄｏｍｅｉｆｔｈｅｅｑｕｉｐｍｅnts
wereprepared，ＰantheoninRomeconstructedin
abouｔｌ２０Ａ.Ｃ､ｉｓｗｅｌｌｋｎｏｗｎａｓｏｎｅｏｆｔｈｅｂｉｇｇｅｓｔ
ｃｌassicalstonedomeanditssizehasabout40min

basediameter,Theicematel･ialiseasiertomanu-

flElcturethanstoneanditsstrength/densityisbetter

thanstoneinshorttermloading，soitcouldbe

possibletorealizestructurallysuchasizeofice
domeinsteadofastonedome,Ｏｎｔｈｅｏｔｈｅｒｈａｎｄ，

theiceisahalftranslucentmaterial,sotheiceshell

createsafmtastic,beautifillspaceprovidingquitea

uniquebuiltenvironmentinwinter､Particularly,in
caseofalargespan,itwillbemoreexcitingartis-
ticallyandgettingmoreusefhltoapplytovanous
kindsofarchitecturalfをicilitiesfbrwinterevents．

Ａ３０－ｍｓｐａｎｉｃｅｄｏｍｅｉｓｑｕｉｔｅａｈｕｇｅｉｃeshell
neverexperiencedbefbre,soitsstructuralbehaviors
arenotｋｎｏｗｎａｓｗｅｌｌ,Therefbre,theconfidenceof

itsstructuralreliabilityisnotenoughatall，even
thoughthisfirstexperimentwassuccessfill・Toward
therealizationofthe30-ｍｓｐａｎｉｃｅｄｏｍｅｆｂｒarchi‐
tecturalstructure,theuntiringfieldstudiesconcer‐

ningtothereliabilityofitsstructuralsafetyandthe
improvementoftheconstructiontechniquewillbe
neededmuchmoreintheftlture．

ＡＣＫＮＯＷＬＥＤＧＥＭＥＮＴＳ

ThisworkwasmadepoSsiblebythefinancial
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