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Ｓｎｏｗａｎｄｉｃｅｈａｖｅｂｅｅｎｌｏｎｇｕｓｅｄａｓｓｔructural

materialsfbrconstructingthetemporaryenclosures
insnowyandcoldregions・Floatingice-platfblmto

supportoffShoredrillingoperationsonthearcticsea
[1],icebridgesfbrheavytransportatiｏｎ[2]andice‐
plateonariverfbrtherailwaytracｋｄｕringthe
WorldWarll[3]arewellknownastheexamplesof
civilengineeringstructures・Ｏｎｔｈｅｏｔｈｅｒｓｉｄｅ，ｔｈｅ
ｉｃｅｓｈｅｌｌｉｓｓｕｇｇｅｓｔｅｄａｓｏｎｅｏｆｔhearchitectural
structure，ａｓｓｅｅｎｉｎｔｈｅｅｘａｍｐｌｅｏｆ１ＩｉｇｌｏｏｉｎＥｓ‐
kimoiIorI1kamakurainJapani1・Ｔｈｅｉｃｅｓｈｅｌｌｉｓａｌｓｏ

ａｋｉｎｄｏｆｉｃｅｓｔｒuctureandmaybeconsidereda
contemporaryIiiglooIior11kamakura1i・Theiceshell
isthin,anditsstructuralmaterialissnow-ice､Itisa

newtypeoficestructuresbasedonthemodem
structuralengineeringanditcancoverbyfaralarge
areacomparedwiththeclassicalsnow-icestruc‐
tures・Itcreatesafmtasticandbeautiftllspaceand

mayprovideanefficientarchitecturalsolutionto
ceｒｔａｉｎｐｒｏｂｌｅｍｓｉｎｔｈｅｓｎｏｗｙａｎｄｃｏｌｄregions
duringwinter．

Aswritteninapreviouspaper[4]，aimingatthe

productionoficeshellswithspansfi･ｏｍ２０ｔｏ３０ｍ，
Ｗｈｉｃｈｃｏｕｌｄｂｅｕｓｅｄｆｂｒａｖａｒｉｅｔｙｏｆｅxpedient
shelters，westartedthestudiesonbothstructural

safebyandconstructionmethodofaniceshellatthe
beginningof19801s・Thispaperdescribes

1)lookingbackuponthestudyoficeshelldeve‐

lopedinAsahikawafbrthelast20yearsconceming
withstructuralandconstructionalengineering，ａｎｄ
2)recentarchitecturalapplicationfbrwinterleisure
spacescoveredbymanyiceshellsincludingalarge

fiFee-shapeiceshellanda20mspanicｅｄｏｍｅ，ａｔ
ＴｏｍａｍｕｉｎＨｏｌｄ〈aido．

2.Ｐ]ＲＥＶＩＯＵＳＤＥＶＥＬＯＰＭＥＮＴ

Ａ,ＣＯＮＳＴＲ１ＵＣＴＩＯＮＭＥＴＨＯ]、

Ａ､1．Outline

ThephysicalenvironmentofAsahikawadistrict
becomessevereinwinter・Ｔｈｅａｖｅｒａｇｅａｉｒｔｃｍ‐

peratureinJanuaryandFebruaryisabout-8oC,the
yearlytotalnumberoficedaysiｓａｂｏｕｔ８０,andthe
yearlymeanmaximumsnowdepthisabout90cm
Thesevereenvironmentmakestherealizationofice

shellpossible,althoughthetermofpracticaluseis
limitedtothreemonthsatthelongestduringwintcr
inAsahikawa．

IIKamakura1Iorl1IglooI1iswellknownasaclassical

snow-icestructure,butitseemsthatthesestructures

donothavebothconstructionrationalityandstruc‐

turalefficiencyinthecaseofalargespan・ｉＩＫａｍａ‐
kuraIIisaJapanesetraditionalsnowhutwherechil‐

drenplayhouseinShogatsu，constructedby
scoopingoutthesnowfromasmallsnowmountain．
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i1Igloo1IisasnowhousefbrEskimoconstructedby

heapingupsnowblockshemispherically・Onthe
otherside，ｔｈｅｉｃｅｓｈｅｌｌｉｓｃｏｎｓｔｒｕｃｔｅｄｂｙｔｈｅｆb‐
llowingmethod，whichsatisfIesfimdamentallythe
facilityofarapid，easyandeconomicalconstruc-
tiｏｎ：

1）Buildingupthe3-dimensionalfbrmworkby
inflatinga2-dimensionalmembranebagco-
veredwithropesanchoredtothesnow-ice
fbundation．

2） Coveringthemembranewiththinsnow-ice
sherbetbyblowingthemillｅｄｓｎｏｗｗｉｔｈａｒｏ‐
tarysnow-plowandsprayingtapwaterwitha
highpressureadjustablenozzle､Solidifyingthe
thinlayersnow-icesherbetduetocoolingby
coldoutsideair．

3）Repeatingtheapplicationofsnowandwaterup
tothedesiredshellthiclmess・Ｔｈｅｎremoving

thebagandropesfbrreuse、

4）Ｉftheinsidelightsufficientlytransmitsthrough
thecompletedshell,itisjudgedtheshellhavea
goodqualityofice．

Ａ､2.Featureofpneumaticibrm

Oneofthemostfeaturingthingsinthisconstruction
methodisconcemedwiththefbrmfindingmethod

bytheair-inflatedformwork，Ｔｈｅｆｂｒｍｗｏｒｋｃｏｎ－
ｓｉｓｔｓｏｆｔｈｅｍｅｍｂraneandcoveringropes・The

ropesplayanimportantroleinfbrmingtheshapeof
theair-inflatedmembra､e､Thetensionintheropes

iseqUilibratedbythefbrceintheair-inflation・The
membranedoesnotneedthe3-dimensionalcutting，

ｏｗｉｎｇｔｏｔｈｅｆｂｒｃｅｃｏｎｔｒｏｌｂｙｔｈｅｃｏｖeringropes、
so,themembraneiseasytoflabricate,eventhough
the3-dimensionalfbrmiscomplicated・Ｉｔｉｓｓｕ‐

pposedmanydifrereｎｔｆｂｒｍｓｃｏｍｅｆｔｏｍｔｈｅｓａｍｅ
ｍｅｍｂｒａｎｅbychangingthelengthandgeometric

pattemofropes，Becausethesefbrmsaredecided
automaticallyundertheunifbrmpressure,ｔｈｅｃｏｍ‐
pletediceshellworksmainlyincompressionmem‐
branefbrce，ｉｎｓｐｉｔｅｏｆ量ee-shapeshell･so，this
structuremakesthebestuseｏｆｔｈｅｉｃｅｍａｔｅｒｉａｌ

ｗｈｉｃｈｉｓｓｔｒｏｎｇｅnoughfbrcompressionfbrce・
Furthemlore,itsgeneralfbrmchosenautomatically
bythismethodisregularlyconsｉｓｔｅｄｏｆｓａｍｅｃｏｎ‐
vexpatterns・Afamilyofreinfbrcedribswithlarge
sectionalareasalongtheropesbringsnotonlythe
improvementofstructuraleffIciency，butalsothe
geometricalbeautyattheinsidesurflce．

２４

Ａ､3.Snowblowingandwaterspraying

lnordertoproducequicklyahighqualityoficeon
themembrane，somedevicesareneeded、Ｓｎｏｗｉｓ

ｂｌｏｗｎｏｎｔｏｔｈｅｍｅｍｂｒａｎｅｂｙａｒotarysnow-plow

andtapwatersprayｅｄｏｎｔｈｅｓｎｏｗｂｙａｈｉｇｈｐｒｅ－
ｓｓｕｒｅａｄｊustablenozzle．Thesnowiscalled1imilled
snowIｌＷｈｉｃｈｈａｓａｓｔｒｏｎｇbondlikeaceramic・A
snow-icesherbetproducedonthemembrane，ｉｓ
ｆｒｏｚｅｎｈａｒｄｓｏｍｅｔｉｍｅｌａｔｅｒｕｎｄｅｒtheairtempera-

ture-10oCbelow・Itisnecessaryduringoneblo‐

wingoperationtokeepthemilledsnｏｗｄｅｐｔｈｔｏｂｅ
ｌｅｓｓｔｈａｎａｂｏｕｔｌｃｍｔｈｉckness，Otherwise，when

waterissprayed,onlythesnowsurfacesolidifyand
themembranecannotholdthefbrmbecauseof

excessiveweightwhichcausematerialandgeome-
tricalimperflectionsaspreviouslyreported[５１The
snow-icesherbetsolidifiesmorequicklythanonly
waterbecauseofthelowlatentheat，andtheice

seemstobemoreductile､Itnormallytakeｓ１．５hour

togetlcmthiclmess・Whentheicethickness
reachestoanamount,theiceitselfcansupportthe
weightofanewsnow-icesherbetlayerinsteadof
theinflatedmembrane・Therefbre，ｔｈｅｍembrane

doesnotneedahighpressureandthefbrmwork
includingthefbundationbecomeslightnessandlow
cost、Theapplicationofsnowandwaterarｅｒｅ‐
peateduptothedesiredshellthiclmesswhichis
normallyaboutl/100thofthespan．
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Ｂ､ＳＴＲＵＣＴＵＲＡ]ＬＳＡＦＥＴＹ

Ｂ､1．EIasticco]nlsideR･ation

Asisgenerallyknown,thinshellstructuresusually
haveenoughstiffilessandloadcarryingcapacityin
comparisonwiththeirownweight,ａｎｄａｒｅｕｓｅｄｆｏｒ
ｗｉｄｅｓｐａｎｒｏｏｆＳｉｎａｒchitecture・Bycomparingthe
mechanicalpropertiesofaflatplateandaspherical
shell,ｅａｃｈｗｉｔｈ３０ｃｍｔｈｉｃｌｍｅｓｓａｎｄ３０ｍｄｉａｍｅter

(90ｄｅ印eeopenangleincaseoftheshell)asshown
inFig、１，itcanbeunderstoodhowshellstructures
haveasuperiorstructuralefficiency，Comparisons
ofstressanddeflectionaremadeatthecentralpoint

ofthesestructures,baseduponthemembranetheo-
ryi、ｃａｓｅｏｆｔｈｅｓｈｅｌｌａｎｄｔｈｅｔｈｉｎｐｌａｔｅｌheoryin
caseoftheflatplate[6]・Theresultsareasfbllows．

(1)ｏｐ/Cs=37,whereos,ｏｐａｒｅｔｈｅｓｔｒｅｓｓｏｆｔｈｅ
ｓｈｅｌｌａｎｄｔｈｅplate，respectively・Withavertical

loadofq=400ｋｇ/ｍ２，Ｇｓbecomes１．４ｋｇ/cm2in
compressionwhichisaboutl/30thoftheuniaxial
compressivestrengthofsnow-ice．(2)6p/6s=273,

where６s，６paretheverticaldisplacementofthe
shellandtheplate，respectively・IfYoung1s
modulusE=５ｔ/cｍ２，６ｓbecomes６．０ｍｍ、From
thesebriefdiscussions，itissupposedarelatively
largeiceshellwillbeabletoexisttheoretically，
althoughnoconsiderationonthecreepproblemof
thesmlcture．

Ｂ､2.Creepbehaviour

Thestrengthofaniceshellissufricientfbrsome

givenloadsoverashortperiod、However，asthe
snow-icecreeps，itisimportanttoinvestigatethe
creepbehaviourofaniceshellWhichwillexperien‐
ｃｅｌｏａｄｓｆｂｒａｌｏｎｇｔｉｍｅ・so，experimentsonice
domeswith60cm[7]’２ｍ[8],５ｍ[4]spansunder
long-termloading，andtheaxisymmetriccreep
bucklinganalysisoficedomes[91,wereconducted

_＝星
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togetherwiththebegilmingofinvestigationsonthe

structuralsaflety・Andlhentheexperlmentalcreep
testoflOm[4],１５ｍ[10]and20ｍ[5]spanmodel
whichwereconstructedbasedontheprescribed
method，werecarriedoutcareftllly，Ａｓｔｈｅｉｍｐｏｒ‐
tantresultofthesetests，ｉｔｉｓｃｏｎｆＩｒｍｅｄｔｈａｔｉｃｅ

shellsproducealargecreepdefbrmationslowly
befbrethecollapse,asshowninFig2[4].Itindi‐

catesalsothatthecollapsedoesnotoccurabruptly，

andwehaveenoughtimetopredictthedangerof
thecollapse・Theductile;behaviourgivesthereason
whyiceshellsarepossiblyusedasarchitecturaｌ
structures．

3.ＲＥＣＥＮＴＡＰ]P]LＩＣＡ']､[ＯＮ

Ａ･]ＰＲＯＪＥＣＴＩＮＴＯＭＡＭＵ

Ｂｅｆｂｒｅａｎｄａｆｔｅｒｔheprescribedinvestigations，on
accountofboththeeasyconstructiontechniqueand
highdurability，fbrthepastdecade，１０ｍｓｐａｎ

ｓｍａｌｌｉｃｅｄｏｍｅｈａｖｅｂｅｅｎｐｒａｃｔicallyusedfbra
varietyoftemporaryshelterssuchasawintersto‐
rageofvegetables，aflctoryhousefbrmaking

Japanesel'sakei1，anexhibitionhallfbrawintel・

flestivalandaworkingspaceatthebasement-area
fbrJapanObservatoｒｙｉｎｔｈｅＳｏｕｔｈＰｏｌｅ，Passing
throughtheseexperiences，wehavebeenina
chancetoconstructlarge-scalediceshellsfbran
architecturalspaceinTomamuwherehasmore
severewinterthanAsahikawa，Hokkaido，since
１９９７．Ａ１ｏｔｓｏｆｉｃｅｓｈｅｌｌｓｈａｖｅｂｅｅｎｃｏｎstructed

thereasshowninFi9.3byHotelAlphaResort
Tomamupeople,andtheiceshellshavebeenused
asleisurespacesfbrtouristsduringabout3months
ineachwinter・Amongthem,thedesignandcons‐
tructionprocessesofalarge丘ee-shapeiceshelland
a20mspanicedomewhichwereneverseenbe-
fbre,aredescribedwilhpicturesfbllowing．

Ｂ・ＬＡＲＧＥＦＲＥＥ－ＳＨＡ]ＰＥＩＣＥＳＨ~、』I，

Ｉｔｉｓｅａｓｙｔｏｓｅｔｕｐａ３－ｄｉｍｅｎｓｉｏｎａｌｆbrmworkcon-

sistingofa2-dimensionalmembranebaganda
coveringnet，aspreviouslymentionedinsection
‘‘FeatureofPneumaticForm，，．Ｓoitispossibleto
constructafree-shapeshellwhichhasbothstruc‐
turalrationalityandartisticbeauty,Theshellhasa

comma-shapedheraldｉｃｐｌａｎｗｉｔｈｔｈｅｓａｍｅａｒｅａａｓ
ｔｈｅｃｉｒｃｌｅｏｆｌ５ｍｄｉａｍｅｔｅｒ､Fig.４showsthesitua‐

tionofmeasuring3-dimensionalcoordinatesonthe

surfaceofl/２０scaledmodelconsistedofavinyl‐

membraneandafishing-net.'Ihedatawereusedfbr
theFiniteElementStructuralAnalysisundergravity

２侭
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load，anditconfirmedthattheconstructionofthe

shellwouldbepossiblebecausethemaximum
compressionstreｓｓｗａｓｌｅｓｓｔｈａｎｌｋｇ/cm2・Fig.５
showstheftlll-scaledpneumatiｃｆｂｒｍｗｏｒｋａｔｔｈｅ
ｓｉｔｅ・Ｔｈｅｍａｘｉｍｕｍｈｅｉｇｈｔｉｓａｂｏｕｔ４､５，．The
fbrmworkconsistsofaP.Ｖ､Ｃ、membraneand

lOmmdiameterPolypropyleneropeswhichare
laidorthogonallyontheplaneprQjection､Fig.６
showslhesnowblowingbyarotarysnow-plowand

tapwatersprayingbyaadjustablenozzle,ontothe
fbrmwork・Astheresultofthisoperation，ａｓnow‐
icesherbetisproducedonthefbrmwork,ａｎｄｉｔｉｓ
ｆｔｏｚｅｎｈａｒｄｓｏｍｅｔｉｍｅｌａｔｅｒundeｒｔｈｅａｉｒｔｅｍｐｅｒａ‐
turebelow-10oCandtheradiationheatlossover

night､Inordertoavoidmaterialimperfl3ctions,the
milledsnowdepthperoneblowingoperationisless
thanlcm､IttookL5hourtogetlcmthiclmessice
throughthisconstruction・Theapplicationofsnow
andwaterarｅｒｅｐｅａｔｅｄｕｐｔｏｌ５cmthicknessin
average・Thepneumaticfbrmworkisdeflatedafter
that，ａｎｄthenwemetabeautiftllhalflransparent

insidespacecoveredbyalhin-curvedwallwithrib
stiffeners,ａｓｓｈｏｗｎｉｎＦｉｇ､７.Theinsidespacewas

usedasamanufacturingroomwheretouristsmake

２６
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anice-glassfromaniceblock,ａｓｓｈｏｗｎｉｎＦｉｇ、８．
Fig.９showstheexteriorviewWhichislightenup
fromtheinside,Itisjudgedthatthecompletedshell
hasagoodqualilyofice．
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Ｉｔｗａｓｔｈｅｗｉｎｔｅrofl985Whenwetriedfbrthefirst

tｉｍｅｔｏｃｏｎｓｔｒｕｃｔａ２０ｍｓｐａｎｉｃｅｄｏｍｅ・Asdis-
cussedinthepaper［5]，geometricalandmaterial
imperfbctionsoftheconstructeddomewereob-
servedbecauseoftheunskilledsnowblowingope‐

rationand，ａｓresult，thestructuralbehaviourwas

notgood・Ｉｎｔｈｉｓｔｉｍｅｗｅｈａｄａｇａｉｎｔｈｅｃｈａｎｃｅｔo
constructthesamesizeofa20mspaｎｉｃｅｄｏｍｅｉｎ
Ｔｏｍａｍｕ･Afterthesnow-icefbundationringwas

finished,thedomewascarefUllyconstructedduring
February6th-8thinl999Fig・１０showsthereticu-
latedpatternofthecoveredropesbasedonageo‐
desicdivision､Thepolypropylenropeshasl4mm
diameter,andeqUallengthof１．５mbetweenpoints・
Ｆｉｇ．１１showstheinflatedfbrmworkwhichhas
about6､Sminthecentralheight・Figl2showsthe
situationofthesnoｗｂｌｏｗｉｎｇｂｙａｒｏｔａｒｙｓｎｏｗ‐

plowandtapwatersprayingbyaadjustablenozzle，
ｏｎｔｏｔｈｅｆbrmwork・Thesprayingwaterontothe
vicinitｙｏｆｔｈｅａｐｅｘ,wascarriedoutbypreparinga

F解，､ExzIe"oﾉＷｅｗ
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[5］KokawaT・andMurakamiK.，‘Challengeto20m

spanicedome，Shells，，MembranesandSpace
Frames，ProceedinglASSSymposium，Osaka，
Vol‘1,1986,297-304.

[4］KokawaT.，‘EXperimentalstudiesoniceshellsｉｎ

ＡＲ別hikawa'，ＣｏｌｄRegionsScienceandTechnology，
１１，１９８５，１５５－１７０．

[3］ＫｕｂｏＹ.，‘IntroductoryRemarksonlceological
Engineering（ｉｎJapanese)，，Tairyusha，1980.9,
42-90.

Snowandcoldbroughtanexistenceoftheiceshell

whichmayprovideaquiteuniquebuiltenviron‐
ｍｅｎｔｉｎｔｈｅｓｎｏｗｙａｎｄｃｏｌｄｒｅｇｉｏｎｓ，Ourstudy
startedatthebegimingof１９８０１s，ａｉｍｉｎｇａｔihe
productionof20~３０mspaniceshellsfbrarchitec‐
turalstructuresduringwinterinHokkaido，Japan、
Basedontheresultsofstudyfbrthepast20years，
therealizationofa30mspaniceshellcomesbasi‐
callywithinourreach,althoughthereliabilityofits
structuralsafletyandimprovementsoftheconstruc‐
tiontechniqueareneededmuchmoreｂｙｔｈｅｕｎｔｉ‐
ringstudies．

[1］BaudaisDJ.，MastersonD・ＭａｎｄＷａｔｔｓＪ.Ｓ､．

‘AsystemfbroffShoredrillingintheArcticlslands'．
』、CanadianPetroleumTeclmology，１３，３，１５－２６，
１９７４．
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[2］MichelB.,DrouinM.,LefebvreL.Ｍ､,RosenbergP，
ａｎｄＭｕｒｒｙＲ.，‘IceBridgesoftheJamesBayPro‐
ｊect',Can・Geotech.』.,11,1974,599-619.
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highstage,Aftertheicethiclmessreachedtol5cm

inaverage,themembranewasdeflated､Ａｓｓｈｏｗｎ

ｉｎＦｉｇｌ３，theinsidespacewerequitehugecom‐
ｐａｒｅｄｗｉｔｈｔｈｅｈｕｍａｎｓｃａｌｅａｎｄｇａｖｅｕsaspace‐
fiselingneverexpenencedbefbre､Figl4showsthe
exteriorviewlikeagiganticchandelier・Afterthe

completion，ｔｈｅｄｏｍｅｗａｓｕｓｅｄｆｂｒａｔｅｍｐｏｒａｌｙ
ｍｕｓicconcerthallasshowninFigl5．

＄＆
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TheStructuralMorphologyGroup(SMG)isWork‐

ingGroupNo・l5oftheIntemationalAssociation
fbrShellandSpatialStructures(IASS).Structural
MorphologyorScienceofStructuralFormisanew
fieldofengineering,anditbecomesmoreandmore
thecentreofinterestfbrmanydifferentanddiverse

disciplines．

[6］Timoshenko,S.P.andWoinoeslOﾉーKriegerS.,‘Theo‐

縄縦鰯S§暁:'MCG"w-肌London’
[9］KokawaT.,‘Axisymemccreepbucklinganalysisｏｆ
ｉｃｅｄｏｍｅｓ（InJapanese)，，BulLHokkaidoTokai
Univ・’５:17-24,1984.

[7］KokawaT.,‘Experimentalstudyoncreepbuckli､ｇ
ｃｏｌｌａｐｓｅｏｆｉｃｅｄｏｍｅｓｗｉｔｈ６０ｃｍｓｐａ、（inJapa‐
nese)，,JapanNCTAM,３３:151-152,1983.

[10]KokawaT.，‘Constructionandcreeptestofl5m

spanicedome，,ProceedingofIAHRIceSymposium
l988Sapporo,390-399.

[8］HirasawaI・ａｎｄＫｏｋａｗａＴ.，‘Onthecreepbeha‐

vioursoficedomeswith2m(ｉｎJapanese)，,Bull，
HokkaidoTokaiUniv・’５:7-15,1984.
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ThecolloquiumwilltakeplaceatTheCivilEngi‐
neeringBuildingoftheDelftUniversityofTech‐
nology,Stevinwegl,Delft,ＴｈｅNetherlands．

2９

Theｍｅｓ

Contributionsareexpectedonthefbllowingas‐
pects：theconceptualphase（fbrmalvocabulary，
designs),thevisualisation(models,software),the
dimensioning(fbrmfinding,description),thedetail‐
ing,themanufacturing(geometry,cuttingpattems)，
realisation（verification）ｏｆstructures,impossible
structures，unexpectedstructures，hybridsystems
andother．

lASS-SMG4Secretariat

c/oAnnekeKool-Meijer

CivilEngineeringBuilding,ＲｏｏｍNo.４．１１
DelftUniversityofTechnology
l，Stevinweg
２６２８ＣＮ－ＤＥＬＦＴ・ＴｈｅNetherlands・

Tel.：＋31.152783174

Fax：＋３１.l52781560

Email:annekekool＠ct､tudelfi､nｌ
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