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1．ＩＮＴＲＯＤＵＣＴＩＯＮ

AsahikawaislocatedinthecenterofHokk2ido

inJapan・ThephysicalenvironmentofAsahikawa

districtbecomessevereinwinter、Accordingto
meteorologicaldatafbrthepastthirtyyears(Sapporo
MeteorologicalAgency，1982),theaverageairtem‐
peratureinJanuaryandFebruaryisabout-8oC，
theyearlytotalnumberoficedaysiｓ８０，andthe
yearlymeanmaxlmumsnowdepｔｈｉｓ９０ｃｍ､Ａｉｍing

0165-232X/85/$03.30、１９８５ElsevierSciencePublishersB.V、

attheproductionoficeshenswithspansfiFom20to

30m,whichcouldbeusedfbravarietyofexpedient
shelters，suchassport-leisurecenters，festivalhalls，
warehouses，carsheds，etc・inthisenvlronment,the
authorhasbeenmakingexperimentalandtheoret．

icalinvestigationsonboththestructuralsafetyand

theconstructionmethodoftheicesheuusingscale
models･Experimentsandanalysesonicedomes

with60､cmspanundershort-termloading(Kokawa
andHirasawa，1983)，experimentsonicedomes

with60.cｍ（Kokawa，1983a)，２－ｍ（Hirasawaand
Kokawa，1984)，５－ｍ（Kokawa，1983b),andlO-m
spansunderlong､termloading,andtheaxisymmetric

creepbucklinganalysisoficedomes（Kokawa，
1984a),wereconductedtogetherwithinvestigations
onthestructuralsafety・Ａｔｔｈｅｓａｍｅｔｉｍｅ，anice

shenconstructionmethodproposedbytheauthor

hasbeentestedfｂｒｍｏｄｅｌｓｗｉｔｈｓｐａｎｓｏｆ５ｍａｎｄ
ｌＯｍ(Kokawa,1984b)．
Ｔｈｅｉｃｅｓｈｅｕｉｓｔｈｉｎ,anditsstructuralmaterialis

snow・ice・Theicesheumaybeconsideredacontem・

porary“igloo,，ｏｒ“kamakura，，､Itmaybeasuitable

methodfbrusingiceandsnow-iceasstructural

materialandmayprovideanefficientarchitectural

solutiontocertainproｂｌｅｍｓｉｎｔｈｅｓｎｏｗｙａｎｄｃｏld

regions・ＴｈｅｓｎｏｗｄｏｍｅｗｉｔｈａｌＯ－ｍｓｐａｎｗａｓｃｏｎ・
structuredbyblowingmilledsnowoveraninflatable

hemispherebyaPetermiller(Menor,1968).Stanley
andGlockner（1975a,1975b,1977)carriedout,ａｔ
first，anexperimentalcreepstudyonreinfbrcedice

domeswitha2-mspanproducedbysprayingwater
ontoaninflatablemembrane,Thesameconstruction

methodwasalsousedfbricestructuresinEurope
(IＬ9,1976;Isler,1979)andinJapan．
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However，ｔｈｅｉｃｅｓｈｅｌｌｗｉｔｈａ２０－３０－ｍｓｐａｎｈａs

notyetbeenproducedbecausetherestillexistmany

problemstobesolvedrelatedtothestructuralsa企ty
andtheconstructiontechnique、Thispaperdescribes
twofeldstudiescarriedoutatHokkaidoTokaiUni‐

versityinAsahikawa、Oneisanexperimentalstudy

onthecreepconapseofa5-micｅｄｏｍｅｄｕｒｉｎｇｔｈｅ
ｗｉｎｔｅｒｏｆｌ９８１－１９８２．ＴｈｅｏｔｈｅｒｏｎｅｉｓａＥｅｌｄ

ｓｔｕｄｙｏｎｂｏｔｈｔheconstructionmethodandthe
creeｐｔｅｓｔｏｆａｌＯ－ｍｓｐａｎｉｃｅｄｏｍｅｄｕｒｉｎｇｔｈｅｗｉｎｔｅｒ
ｏｆｌ９８３－１９８４．

2.ＴＨＥＯＲＥＴｌＣＡＬＢＡＣＫＧＲＯＵＮＤ

Asisgenerallyknown，ｔｈｉｎsheⅡstructureshave
usuallyenoughstiffnessandloadcarrymgcapacity

incomparisonwiththeirownweight，andareused
tospanwideroofS，
Bycomparingthemechanicalpropertiesofflat
platesandshens，itcanbeunderstoodhowshen
structureshavesuperiorstructuralefficiency・Fig‐

urelshowsconEgurationsofasphericalshellanda

flatplate，ｅａｃｈｗｉｔｈ３０ｃｍｔｈｉｃｋｎｅｓｓａｎｄ３０ｍ

ｄｉａmeter・Comparisonsofstressanddeflectiｏｎａｒｅ
ｍａｄｅａｔｔｈｅｃｅｎｔｒａｌｐｏｉｎｔｏｆｔｈesestructures、The
methodsofcomputationarebasedonmembrane

theoryinthecaseoftheshell，ａｎｄｔｈｉｎｐｌａtetheory
inthecaseoftheflatplate(TimoshenkoandKrieger，

1959).Theresultsareasfouows：

(1)０s/op＝1/37,whereos,oparethestressofthe
shellandtheplate，respectively・Withavertical

q=500ｋｇ/m２

(ａ）Shell

壷

Fig.１.Compansonofstmctumle瞳cienCybetweenshenandplate‘
●

unitloadof9＝５００ｋｇ/ｍ2,0sbecomes１．８ｋｇ/cm2
mcompression･Thisvalueisaboutl/25thofthe
uniaxialcompressionstrengthofsnow-ice（Kokawa

andHirasawa,1983)；

（２）６s/6ｐ＝ｌ/273,where６s,６parethevertical
deflectionsofshellandplate,respectively・IfYoung，s

modulusEis5000kg/cm2,6sbecomes7.5ｍｍ，
Consequently,ｅｖｅｎifthestructuralmaterialdoes
nothaveenoughstrengthandstiffness,likesnow-ice，

iｔｉｓｐｏｓｓｉｂｌｅｔｏcoverarelativelylargespanbyusing
ashellstructure．

3.ＳＴＵＤＹＯＮＣＲＥＥＰＣＯＬＬＡＰＳＥＯＦ５－ＭＩＣＥ

ＤＯＭＥ

Asdescribedinthesection2，ｔｈｅｓｔｒｅｎｇｔｈｏｆａｎ

ｉｃｅｓｈｅｌｌｍａｙｂｅｓｕfficientforsomegivenloadsover

ashortperiod，However，sincethesnow-icecreeps，
itisimportanttoinvestigatethecreepbehayiourof
aniceshenwhichwillexperienceloadsfbralong
tiｍｅ・

Accordingtotheexperimentalstudyonthｅcreep

bucklingof60-cmspanmodels（Kokawa,1983a）
underconstantloadandtemperature,similartohigh‐

temperaturemetalvessels（GerdeenandSazawal，

1974),thedefbrmationgrowswithtimethroughthe
primary，secondaryandtertiarystagesofcreep，and
thenthestructureconapses・Afterall，thephenom‐

enonofthecreepbucklingcollapseｉｓｇｏｖｅｍｅｄｂｙａ

ｃｒｉｔｉｃａｌｔｉｍｅａｓｗｅｌｌasacriticalload･Therefbre，fbr

appreciablelifetimesandgivenanyload，ｔｈｅcreep

q=500ｋｇ/m２
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＆bucklingcollapseshouldbeavoided・Understanding

ofthisphenomenonholdsthekeytotheapplication
oficeghellg‐ ｈ

３－１Ｃｏｎｓｔｒｕｃｔｉｏｎｏｆｔｅｓｔｍｏｄｅｌ

腰Thetestmodelhasa5-mdiameteranda90-degree

openangle，ａｓｓｈｏｗｎｉｎＦｉｇ，２．Suchamodel,with

simplegeometry，fmcilitatesanalysisoftheexper‐
QB

imentalresults・Ｔｈｅmodelwasconstructedasfollows．

(1)TheboundaryofthesyntheticEbermembrane
isflxedandsealedbyboltsａｔｔｈｅｓｉｄｅｗａｌｌｏｆａｒe‐

infbrcedconcretefoundationringwitha5-minside
diameter・Inthefabricationofthemembranewhich

servesasfbrmworkfbrtheerectionofthedesired

sphericaldome，２４sphericaltriangularsegments

厚迅

Fig.４．Blowingsnowandsprayingwateronthemembrane．

werecut,andwerejoinedbymeansofweldingalong
thelongitudinalline．

（２）Themembraneisair-inflatedbyavoltex
blower，ａｎｄｔｈｅｉｎｎｅｒｐｒｅｓｓｕｒｅｉｓｈｅｌｄａｔ６ｃｍwater

headbyapressurecontrollingmachine，ａｓｓｈｏｗｎｉｎ
Ｆｉｇ､３．

(3)Snowisblownontothemembranebyarotary
snow-plow，ａｎｄｔａｐｗａｔｅｒｉｓｓｐｒayedonthesnow

withanadjustablenozzle,asshowninFig､４.Asa

resultofthisoperation,snow-icesherbetisproduced
onthemembrane,anditfireezeshardsometimelater，

Theapplicationofsnowandwaterisrepeatedupto
thedesiredthickness、

（４）Afterthesnow-icefreezesandhardens,the
membmneisdeflatedandremoved・Themembrane

canthenbereused．

(Ｄｅａｄ＋Ｓａｎｄｌｏａｄ）

Fig.３．Air-inflatedmembraneasfbrmwork
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thermocouples・Displacementsalldtemperatureswere

recordedautomaticallybyaprogrammabledata
loggerevery2or3hours．

３．３ＲｅｓｕＩｔｓａｎｄｄｉｓｃｕｓｓｉｏｎｇ

Figure8showsthreetemperature-timecurves

duringthewholeexperiment,Z6ut,恥ａｎｄ乃ceare
outside，insideandsnow-icetemperatures，respec‐
tively・TheaveragevaluesofjI6ut，Ｚ;ｎａｎｄ乃ｃｅａｒｅ

-9.65.Ｃ，-3.90.Ｃａｎｄ-5.53。Ｃ，respectively,Under
theconditionwherethedomehasasmallopening

andsomesnowcoverlikeinthistest,恥and刃ceare

about5oChigherandchangemoreslowlythan
Z6ut，duetothethermalinsulationeffectofthe

snowcoverandthesnow-ice、Althougharisein

：ｍｎａｎｄ喝ceisnotdesirable,becausethisdecreases

thestrengtｈｏｆｔｈｅｓｎｏｗ､ice,itgivesamorecomfbrt‐

ableenvironmentfbrworkandplay・Justafter

removingthesnowfiromthedome,ZHnand乃cechange
sharply,asshowninFig､８．
Figure9showsdisplacement-timecurvesfirom

thebeginningtothecollapse、６jisthedisplacement

atpointsl，２ａｎｄ３，ｓｈｏｗｎｉｎＦｉｇ．６，ａｎｄｅａｃｈｄｉｓ‐

placementexcludesthedisplacementcausedbythe

thermalexpansionofthesnow-ice・Fortwodaysjust
befOrethebeginningofthecreeptest,eachdisplace‐
mentunderthedeadloadonlywasmeasuredwiththe

variationofrice・Astheresultofthisexperiment，
ｉｔｗａｓｓｈｏｗｎｔｈａｔｔｈｅｄｉｒｅｃｔｉｏｎｏｆｔｈeobserved

displacementisdownwarｄｓｗｈｅｎ乃Ｃｅfalls,ａｎｄｕｐ‐
wardswhenitrises・Itwasconcludedthatthedis‐

placementwascausedbythethermalexpansionof

thesnow-ice，Ｔｈｅcomputedthermalexpansioncoef
且cientsofthesnow-iceateachpoint，basedupon
theobserveddisplacementsandsheUmembrane

theory,ｉｓabout５０％greaterthanthatofpolycrystal．
lineiceasreportedintheliterature(TokyoAstro‐
nomicalObservatory,1982).Thebehayiourofeach

displacementduringtwodaysjustafterthebeginning
andfromFebruary5-9isbeyondtheauthor'sunder‐

Standing,thoughfifostheavingorthermaleffectmay
beconsideredasitscause、

Takingabroadview，thecentraldisplacement-
timecurveisqualitativelysimilartotheｂｅhaviour

underconstantloadandtemperature・Ｔｈａｔｉｓ，the

defbrmationgrowslinearlywithtimeduringfirom
thebeginningtoFebruaryl7，whenthedisplace‐

ｄｉａ．〕

Fig.６.MeasurmgpomtNos・ofdisplacements‘

3.2Ｍｅｔｈｏｄｏｆｃｒｅｅｐｔｅｓｔ

Axisymmetricdistributedverticalloadwasapplied
tothetestdomebyplacing20-kgsandbagsona

circulararea(りく22.5｡)concentricwiththeapex,as
showninFig､５.Ｔｈｅｔｏｔａｌｓａｎｄｌｏａｄｏｎｔｈｅｄｏｍｅｗａｓ

２tonsfromthebeginningtoJanuary26,1982,ａｎｄ
３ｔonsfifomJanuary26totheconapse,respectively、

VerticalloadsshowninFig､２aredeterminedbyas‐

sumingthatlhedensityofthesnow-iceisO,859/cm3，
thetotalsandloadis3tons，andtheaverageshen
thicknessis9,４ｃｍ・

Ｆｉｇｕｒｅ６ｓｈｏｗｓｔｈｅｌｏｃａｔｉｏｎｏｆｔｈｅｐｏintsfbr
measuringthenormaldisplacements・Eachdisplace、
mentwasmeasuredbyadisplacementｔｒａｎｓｄｕｃｅｒ

ｗｈｉｃｈｗａｓｓｅｔｕｐａｔｔｈｅｔｏｐｏｆａｎＨ－ｓｈａｐｅｄｃｏｌｕｍｎ
ａｓｓｈｏｗｎｉｎＦｉ9.7．outside,insideandsnow-icetem‐

Peraturesweremeasuredusingcopper-constantan
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Fig.７．Installationofdisplacementtransducer‘
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（＊Removingthe

Fig.８.Temperatme-timecurves．
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Fig.９.Displacement-timecurvBs・

mentreacheshalfoftheshellthicknessandthere‐

afteracceleratesuptocreepcollapse・

Assumingthatthecomstitutivelawｏｆｔｈｅｓｎｏｗ‐
iceisapproximatelyobeyedinaccordancewithlinear

2/１1/2４

Newtonianflow(eqn､１)becauseoflowstressinthe

modelasshowninＦｉｇ．１０，andthereisnovolume

changeundercreep，andlinearshentheoryisvalid・
Thenormaldefbrmationandthestresｓｅｓｉｎｔｈｉｓ
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ｍｅｎｔｓｅｅｍｓｔｏｂｅｎｏｔａｆｆｅｃｔｅｄｓｏｍｕｃｈbyfrost

heavingandgeometricalnonlinearity・nisevaluated
asfbuows・

First,thefimction/､isdefinedas

３

/＝、［cyj-(△6j+d)]２ （２）

声l

whereiisfromlto3,andyfand△6jarethetheoret，

icaldisplacementvelocity(cm/sec)fbrn＝１(cmvkg．
s~'),andtheobservedincrementaldisplacement(c､）
overhalfaday,respectively,atpointj､Inthisanalysis，
ｙ,’九ａｎｄｙ３ａｒｅｔａｋｅｎａｓ７２８，５４１，ａｎｄ－５１．７，ｒｅ‐

spectively・Ｔｈｅｎｃｗａｓｄｅｔｅｒｍｉｎｅｄｓｏａｓｔｏｍｉｎｉｍｉze

thefimction/･withrespecttocandd・Finally,ｎｉｓ

ｃｏｍｐｕｔｅｄａｓ

ｎ＝c/(60.60.12)(cm2/k9.s~'）（３）

ＡｓｓｈｏｗｎｉｎＦｉｇ、１１，nisdirectlyrelatedtoZice，

whichistheaveragefbrhalfaday・Thepresentdata

canberepresentedbytheempiricalrelation

仰＝Aexp(一Bl7Icel）（４）

ThevaluesofAandBweredeterminedbyaleast‐

squaresfitas6､１４.ｌＯ－９ａｎｄＯ､106,respectively・The
valueofl7wassomewhathigherthanthevaluesgives
bythecreeptestreportedby（MeuorandSmith，
1966)．

Ｎｏｗ，inordertoevaluatetheexperimentalcol‐
lapsetimeandload,letusintroducethedimension・

lessexperimentalcreepbucklingvalueaCr,definedby

acr＝('7rのα＝nayrcrq （５）

Where77ayisobtainedbysubstitutingtheayerage

ZIpeduringthewholeexperiment（-5.53.C）in
eqn.(4).rcrand9aretheconapsetimeandtheunit
load，respectively，Ｉｎｔｈｉｓｃａｓｅ，eachvalueistaken
asfbⅡCWS・

nay＝3.42.10ざ(cm2/k９．s~'）

rct＝34.5(｡)，９＝582(kg/m2）

Then,fromeqn.(5),αCr＝5.93.10-4.Subsequently，
adimensionlesscreepbucklingvalueaczoisintro・
ducedasastandardvalue.αcroisobtainedbytrans・
fbrmingtheclassicalbucklingfbrmulaofaComplete
sphericalshenunderunifbrmpressuIe(TYmoshenko
andGere,1961).αcroisexpressedby

ＳＳＴｙＬｎＰｎノＯノ.５，迄

０

－１

(kg/cm2

ｒｅＳＳ、ノｎ５Ｅｎｅ皿Ｄ工ａｎＥ

）

(a)ヂｄ辻ection

？

些診ｅ､０ 5ｐＡ『
、
Ｇ
、〃ー

～一

－１

(kg/cm2） （ｂ）edirection

Fig.１０.Theoreticalstressdistribution．

model（Fig.２）werecomputedbymeansofapre、

viouslydescribedmethodⅨokawaandHirasawa，

1983).Equation(1)isgivenby
●

ｅ＝170 （１）

whereを,刀andoarestrainrate,creepcoefYicientand
stress，respectively，underuniaxialcompressionor

tension・Figurellrepresentsthel7-Z1cerelation

fromFebruaryl-17wheneachobserveddisplace‐

７

０

－５－１０

－－Ｔice(oC）
Fig.１１.C1reepcoefficientnasfUnctionｏｆ乃Ｃｅ．
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αcro＝４/(3)f）（６）

入isradius/thickness,37.7,sothatacro＝9.38.10~4．
Finally,acr/αcroisO､63.Thisvalueisintherangeof
theprevioustestresults(Kokawa,1983a).According
totheauthor，sanalysiswithrespecttoaxisymmetric

creepbucklingoficedomes(Kokawa,1984a),itis
shownthattheacr/αcroatunifbrmloadingislarger
thanthatattheconcentratedlydistributedload・

However，eventakingintoaccounttheabove，the

iceshellwitha30-mspanisindangerofcreepbuck‐

lingcollapseinashortperiod,i､e､,oneortwomonths・

Consequently,aprocedurefbrincreasingthee縦ctive

shellthicknessbyahumpedeffectwillbedescribed
insection4・Ｔｈｉｓｓｈｏｕｌｄｂｅｄｏｎｅｔｏｄｅｌａｙｔｈｅｏｃ‐

currenceofcreepbucklingconapse、

4.ＳＴＵＤＹＯＮ１０－ＭＳＰＡＮＩＣＥＳＨＥＬＬ

４．１．Ｃｏｎｓｔｒｕｃｔｉｏｎｔｅｓｔ

４．１．１Ｃｏｎｓｔｒｕｃｔｉｏｎｍｅｔｈｏｄ

Ｔｈｅｉｃｅｓｈｅｌｌｓhouldhavethef2cilitytobecon‐

structedrapidly，easilyandeconomicallytoprovide

expedientstructuresduringwinter・Bytakinghints

firomtheerectionmethodofexisting（glassfiber）
reinfbrcedconcretesheⅡ（Ishn，1977),theauthor
proposedarapid，easyandeconomicalconstruction

techniqueoftheiceshen，andhadalreadyapplied
thismethodsuccessftluytosomemodelswith5m

span・

Enlargingthescaleofthemodelfilrther，the
authortriedtoconstructanicedomewithalO-m

spanbythefbllowingmethod．

（１）Polypropyleneguyropesareanchoredto
steelbarsstakedtothegroundperipherally・The
ropesare9mmindiameter,andthediameter,length
andtotalnumberofthesteelｂａｒｓａｒｅ２５ｍｍ,８０ｃｍ

and６４，respectively・Subsequently，theperipheral
fbundationismadebysnowandwater､Atthisstage，
steelbarsareinterbeddedwiththesnow-icefbunda‐

tionring．

（２）Asyntheticfibermembranebagisplａｃｅｄ
ｏｎｔｈｅｇｒｏｕｎｄａｓｓｈｏｗｎｉｎＦｉ９．１２．'Ihismembrane
isfabricatedbywelderalongtheperipheryafter

wrappiｎｇｉｎｔｗｏｐｉｅｃｅｓｏｆｐｌａｎｅｓｈｅｅｔｓｗｉｔｈlOm
diameter・Thisbagiseasytofabricatebecausｅｔｈｅｒｅ

1６１

凸

Fig.１２.ＰＩａｃｉｎｇｍｅｍｂｒａｎｅｏｎｔｈｅ厚ound

isnothree-dimensionalcuttingasｉｎａｓａｉｌｏｒｐａｒａ‐
chute．

（３）Eachmiddleropeislaidorthogonallyonthe

membraneandconnectedwiththeguyropebya

karabiner・Ropespacingineachdirectionislm・

Ropesplayanimportantpartnotonlyinfbrming
theshapeoftheair-inflatedmembrane，ｂｕｔａｌｓｏｉｎ

ｐｒｏvidingthelocalcurvature，orhumpedsurface，

thusincreasingstructuralcapacity，includingresis‐
tancetocreepbuckling．

（４）About25piecesofstyrenepolypropylene
(SP）boards（９０ｃｍＸ１８０ｃｍ，１．５cmthickness）
areplacedatthenarrowannularspacebetweenthe
peripheryofthemembraneandthefbundation．

（５）Afterinflatingthemembranebaginashort

timebyasiroccofanOnaximumalrpressure5cm
waterhead，ｍａｘｉｍｕｍａｉｒｆｌｏｗ２０ｍ３/min)，ｔｈｅ

琴

＃．

Fig.１３.Air-inflatedmembraneasformwork‘



Sｐｒａｙｉｎｇ

Ｃｅｓｓａｔｉｏｎ

1６２

innerpressureoftheinflatedmembrａｎｅｉｓｈｅｌｄａｔ
６ｃｍｗａｔｅｒｈｅａｄｂｙａｖｏｌｔｅｘｂｌｏｗｅｒａｎｄａpressure
controllingmachine・Figurel3showstheair-inflated
membraneasafbrmwork．

(6)Thespacebetweentheperipheryofthemem‐
braneandthefbundationringisfilledwithsnow

andwater,thenfifozen．

(7)AsshowninFig､14,snowisblownontothe
membranebytworotarysnow-plowswithmaximum

throwingdistancesof6andl3m,respectively,and

tapwaterissprayedonthesnowbytheadjustable
nozzle、Asaresultofthisoperation，asnow-ice

sherbetisproducedonthemembrane,anditisfirozen

hardsometimelater・Freezingandhardeningspeed

ofthesnow-icesherbetisprimarilydependenton

theoutsideairtemperature、Itisdesirableforthe

outsidetemperaturetobebelow-10oC，becauseif
thetemperatureisabｏｖｅ－１０ｏＣ,thesnow-icesherbet
meltsratherthanfreezeswhenwaterissprayedse‐

へＬｌｌｌノ〆

■
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一一画耐

プ全

Fig.１６.Removmgmembranefrominside･
■

quentianyonthesolidsnow-ice・Figurel5shows

theoutsidetemperatureduringconstruction、The

applicationofsnowandwaterarerepeatedupto
thedesignthickness、

（８）Afterthesnow-iceheezesandhardens,the
membranebagisdeflated，ａｓｓｈｏｗｎｉｎＦｉｇ、１６，and

thentheSPboards,ropesandmembraneareremoved、
Theicesheuisthencomplete．

（９）SPboards,ropesandmembranebagcanbe

reused・Repeatingtheabove-mentionedoperations
fromsteps（１）ｔｏ(8),additionalstructurescanbe
constructed．

一ァＤａｔｅ

４．１．２Ｃｏｎｓｉｄｅｒａｔｉｏｎｏｎｔｈｅｓｈａｐｅ

Ｔｈｅｉｃｅｄomehadasmallcircularopeningwith
about70cmdiameter､Three-dimensionalcoordinates

attheinsideintersectingpointsandtheshellthick‐
nessatthemajorpointsweremeasuredafterthetest
domehadbeenfmished・Ｆｉｇｕｒｅｌ７ａｎｄＴａｂｌｅｌｓｈｏｗ

一

型毎■

Fig.１４.Applicationofsnowandwater‘

（1984）ｌ/５１/６１/７

Fig.１５．Outsideairtemperatureundersnowandwaterspraying‘

rへ，

Fig.１７.InsideintersectingpointNos‘
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（１）Therigidityofthemembraneisnegligibly
smallincomparisonwiththatoftheropes．

(2)Loadcarriedfromthemembranetotheropes
isunifbrmlydistributednormalpressure・Asthe

resultofassumption(2),theconfigurationofthe
ropeafterdefbrmationbecomesacirculararchas

indicatedinFi９．１８．Consideringthattheinitial

ropesarestraightlines，thetensionstraineofa

ropeisgive、ｂｙ

ｅ＝８/[2Sin(8/2)]－１ （７）

where8istheopenangleafterdefbrmation、Itis

assumedthattheconstitutiveｌａｗｏｆｔheropem
tensionisgivenby

jV＝αｅｂ （８）

wherejVistheropetensionfbrce，andaand6are
materialconstantsdeterminedfiromtheunね苅釧

test・SincetheareaenclosedbytheropesiｓｌｍＸ
lminthisconstruction,ﾉVcanbewrittenasfbnows

ﾉＶ＝sHL｡/[2Sin(8/2)］（９）

ｗｈｅｒｅＨａｎｄＬｏａｒｅａｌｒｐｒｅｓｓｕｒｅａｎｄｉｎitialrope

length,respectively・ＵｎｉｔｓｏｆﾉV;ＨａｎｄＬｏａｒｅｋｇ，
cmwaterhead，ａｎｄｍ，respectively・Fromeqns．

(7-9),eqn.(10)isobtainedasfbnows：

5HLC/[2Sin(8/2)]＝α{8/[2Sin(8/2)]－１}ｂ（10）

Equation（10)showsthat8isafimctionofH,In

thiscase，ｔｈｅｖａｌｕｅｓｏｆＨＬｏ，ａａｎｄｂａｒｅ６ｃｍ

ｗａｔｅｒｈｅａｄ，１０，，２１２６ｋｇand1.188,respectively・
Substitutingthesevaluesintoeqn.（10),８becomes

98.8.．Consequently，thecomputedheightofthe
centralpoint，２．３ｍ，ｉｓｉｎｆａｉｒａｇｒｅｅｍｅｎｔｗｉｔｈｔｈｅ

TABLEl

Observedthreenimensionalcoordinateateachpoint

No.ｘ(c、）ｙ(c、）ｚ(c、）

６
１
４
０
２
８
３
５
４
８
０
４
８
８
６
４
２
０
５
２
７

９
０
０
１
１
０
０
１
０
１
１
０
０
１
１
１
０
９

１
２
２
３
１
１
３
２
２
３
１
１
３
２
２
１

－
一
一
一
一
一

１
２
３
４
５
６
７
８
９
０
１
２
３
４
５
６
７
８
９
０
１

１
１
１
１
１
１
１
１
１
１
２
２

７
７
４
０
２
７
３
５
８
０
０
０
４
８
６
４
２
２
５
０
０

０
０
０
１
１
０
０
０
９
０
０
０
１
１
１
１
２
２

３
３
２
２
２
１
１
１
１
１
１
１
２
２
２
３
３

一
一
一
一
一
一
一
一
一

３
９
３
９
９
４
７
７
３
２
２
２
９
８
９
８
５
６
５
８
１

４
３
６
８
５
４
０
０
４
９
２
９
４
０
０
４
６
９
６
４
５

１
１
１
１
１
１
２
２
１
１
２
１
１
２
２
１
１
１
１
１
１

three・dimensionalcoordinatesattheinsidepointsof

thetestdome・Judgingfiromthemeasurement,these
pointswerenearlyonasphericalsurface，whose

radius，computedbymeansofleast-squaresfitting，
ｗａｓ７６５ｃｍ

ｌｎｔｈｉｓｐａｐｅｒ,acomputationalmethodtopredict

approximatelythecoordinateoftheintersecting

pointsisdeveloped，andthenthecomputedvalueis

comparedwiththeobservedvaluefbrthecentral

heightofthetestdome・Inordertosimplifythe
analysis，thefbuowingtwoassumptionsareintro、
duced．

Ｉ４１ｏｌ

羊

●

1６．５

ﾗﾉ

Fig.１８.Analyticalmodelofalrope． Fig.１９.Observedthicknessofsnow･iceplateatmajorpointS(C、)．
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1６４

aturesbetweenthewaterandthesnow-ice、Since

thesecracksarenotpropagatedwidelythroughthe

structure，itneithergivesrisetogeneralfailure
duringconstruction，noraffbctscreepstability，

ｓｉｎｃｅｔｈｅｄｏｍｅｉｓｉｎａｃｏｍｐｒｅｓｓｉｖｅｍｏdeoHowever，
ifthestructureexperiencestensionandbendin９，

thisdeficiencycoulda縦ctthemechanicalcapacity
ofthestructure．

（２）Ｒｏｐｅα"cﾉ2ｏｒ，Consideringthemechanical
behaviourandtheexecutionofthesnow-icefbunda‐

tion，thepresentmethodwhichanchorsthｅｇｕｙ
ｒｏｐｅｔｏｔｈｅｓｔｅｅｌｂａｒｓｔａｋｅｄｉｎｔothegroundisnot

rational・Ｉｔｓｅｅｍｓｔｈａｔ，insteadofthesteelbar，log

timbersalongtheperipheryarebetterforropean‐
choring．

（３）”加ｇ邸ｐ沈espaceberwee〃〃ze77z6ﾉ”ｅα"α

/b”血〃O"・BecauseofcuttingintotheSPboards

bytheropes，ｓｏｍｅｐｉｅｃｅｓｏｆｔｈｅｂｏａｒｄｓｗｅｒｅｉｍ‐
possibletoreuse．

／
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4.2.Creeptest

４．２．１Ｍｅｔｈｏｄｏｆｍｅａｓｕｒｅｍｅｎｔ

ＡｓｓｈｏｗｎｉｎＦｉ9.21,nineteenpointsfbrmeasure‐
ingdisplacementswerePreparedattheinsidesurface

ofthetestdome・Thedisplacementtransducers

wereusedfbrpointsNos、０－１５，ａｎｄｔｈｅｄｉａｌｇａｇｅｓ
ｗｅｒｅｕｓｅｄｆｂｒｔｈｅｒemainingpoints・Thedisplace‐

mentsofpointsNos､０－１４indicateverticaldisplace‐

ments，andthoseofpointsNos、１５－１８indicate

normaldisplacements・Thehangingmethodwas

adoptedsoastoeasilymeasuretheverticaldis、

placementsatthecentralpartsoftｈｅｄｏｍｅ・This
methodseemstobeavailablemoreandmorewhen

thetestedstructurｅｉｓｇｅｔｔｉｎｇｌａrge，Theconfigura‐

Fig.２０.Exteriorviewnkeagiganticchandener‘

observedvalue，２．２２ｍ、Thedistributionofthe
observedthicknessesdidnotbecomeunifbrmbecause

ofunskilledsnowblowingduringconstruction，ａｓ

ｓｈｏｗｎｉｎＦｉｇ、１９．Thecentralpartwasthinnerthan
theotherparts．

４．１．３Aestheticconsiderations

Afterthetrialconstruction，anaestheticpre・
sentationｗａｓｃａｒｒｉｅｄｏｕｔｉｎｔｈｅｎｉｇｈｔｕｓｉｎｇｃｏloured

lightsinsidethedome・Boththeinteriorandthe
exteriorwerefantasticandbeautifill・TheinterioI

hadabrilliantspacea､ditssquaregridpattem
accentedthｅｃｕrvedsurfnce・Theexteriorlooked

likeagiganticchandelier,asshowninFig,２０．

８

ィ｢T5rヅト宰雪､‘
ｌｌｌｌｌｌ、

1６

／

＃
／ Ｕ

吃

2 1４

由 ４

４．１．４SomeprobIems

Thisconstructionmethodseemsrapid，easyand

economic・However，thefbllowingfiltureproblems
havｅｔｏｂｅｓｏｌｖｅｄ．

（１）ｒｌｇ７"peﾉzz”でcmck,Whenthefirstwaterwas
sprayedagaｉｎｏｎｔｈｅｃｏｌｄｓｎｏｗ－ｉｃｅａｆｔｅｒａｎｉｎｔｅrval

ofhalfaday，temperaturecracksfbrmed、This
seemedtobecausedbythedifferenceintemper‐

１１ ’ ロ

固
●

l圏

§

1８

Fig.２１．PointNos，fbrmeasuringdisplacement：Nos、０－１５，

disp･transducer；１６－１８，dialgage；０－１４，verticaldisp.；１５－
１８，normaldisp．
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Fig.２４.Insideviewundermeasurement‘
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４５

△

４．２．２．ＭｅｔｈｏｄｏｆＩｏａｄｉｎｇ

Ｓｎｏｗｌｏａｄｗａｓａｐｐｌｉｅｄｔｏｔｈｅｔｅｓｔｄｏｍｅ・Ｔｈｅ

ｓｎｏｗｗａｓｂｌｏｗｎｏｎｔｏｔｈｅｄｏｍｅｂｙｔｈesnow-plow

atthebeginningstage・Figure25ashowssnowloads
atseveralpointsmeasuredbyathinwallsamplerat
thattime・Afterthat,snowloadincreasessomewhat

beｃａｕｓｅｏｆｓｎｏｗｆ３１１ａｓｓｈｏｗｎｉｎＦｉ9．２5ｂ・Figure25
showsthattheloaddistributionisnotunifblm

becauseofunskinedblowingandthewindeffect．

ＡccordingtoAsahikawaObservatory，smeteorolog‐

icaldata,precipitationfiomJanuary20toMaｒｃｈ２０

ｗａｓ６９､５ｍｍ，ａｎｄthisvaluecorrespondstoaload

of69.5ｋｇ/ｍ2．Therefbre,inthistestthesnowfall
loadislowerthanthebloｗｎｓｎｏｗｌｏａｄｄｕｒｉｎｇｔｈｅ
ｍｅａｓｕｒｅｍｅｎｔ

ｔｉｏｎｏｆｔｈｅｈａｎｇｉｎｇｍｅｔｈｏｄｉｓｓｈｏｗｎｉ、Ｆｉｇ．２２．

Figure23showstenpointsfbrmeasuringtemper‐

ature・Twopointsareoutside，threeinside，andfive
snow-icetemperaturesweremeasuredbycopper-

constantanthermocouples・Displacementsfieompoints

Nos、０－１５ａｎｄalltemperatureswererecorded

automaticallybyaprogrammabledataloggerat

adequateintervals（2,3ｈ）ｆｉｒｏｍｔｈｅｂｅｇｉｎｎｉｎｇｔｃ
Ｍａｒｃｈ２０，Ｆｉｇｕｒｅ２４ｓｈｏｗｓｔｈｅｉｎｓｉｄｅｏｆｔｈｅｄｏｍe
undermeasurement．

Fig.２２.Configurationofhangingmethod‘
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Fig.２３.PointNos､fbrmeasuringtemperature;c
temp.,△一insidetemp.,＊一outsidetemp．
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４．２．３Resultｓａｎｄｄｉｓｃｕｓｓｉｏｎｓ

Ｆｉｇｕｒｅ２６ｓｈｏｗｓｔｈreetemperature-timecurves・

Z6ut，‘nnandnceareoutside，insideandsnow-ice

temperatureatrepresentativepoints40，４４ａｎｄ４５，

respectively・Ｚ１ｎａｎｄ野cearehigherandchangemore

slowlythan恥utduetothethermalinsulationeffもcｔ

ｏｆｓｎｏｗａｎｄｓｎｏｗ-ice，ａｓｉｎｔｈｅｐｒｅｖｉｏｕｓｓｔｕｄｙｏｎ
ｔｈｅ５－ｍｓｐanicedome､Ｒｉｓｅｉｎ乃ceisnotdesirable
inviewofthecreepbehaviour・Ｏｎｔｈｅｏｔｈｅｒｈａｎｄ，

ahighzHngivesamorecomfbrtableenvironment・

When刃ｃｅａｎｄＺ;naretoohigh,itiseasytodecrease

byenlargingtheopeningwithastiffenededgebeam

ifZ6utislower,Althougjl恥ｕｔｏｆｔｅｎｒｏｓｅｔｏｍｏｒｅ

ｔｈａｎＯｏＣｓｉncethebeginningofMarch,Ｚ１ｎａｎｄ乃ｃｅ
ｗｅｒｅｓｔｉｌｌｂｅｌｏｗＯｏＣａｎｄｔｈｅｄｏｍｅｄidnotcollapse
immediately・Ｉｎｆａｃｔ，ｉｔｗａｓＡｐｒｉｌ７ｗｈｅｎｔｈｅｄｏｍｅ
collapsed．

4串
／



166

／ |、

手烏
】６８

声
臣
，’

i－．

'”

と志し三Ｆ ソ
、 |／

TherefOre，theauthoranalyzedthetestdomeconsid、

eringthesectionalareaoftheedgeｂｅａｍ・Thelinear

analysiswasinvestigatedbasedonthefbllowing
mathematicalmodel･Theaveragethicknessis
１２．５ｃｍ，ａｎｄｔｈｅｄｅｎｓｉｔｙｏｆｔｈｅｓｎｏｗ,icematerial

isO,８５９/cm3・Theradiusofthedomeis7､６５mas
describedinsectio、4.1.2,ａｎｄｔｈｅｏｐｅｎａｎｇｌｅｉｓ
９８､8o、Ｔｈｅｓｅｃｔｉｏｎａｌａｒｅａｏｆｅｄｇｅｂｅａｍｉｓ０．４，２
(５０cmX８０cm).Thesnowloadisconsideredtobea

deadload,itsunitweightbeingllOkg/m2．Asa
resultofthisanalysis，thereexistedthefbUowing
relationbetweenthecreepcoefficientnandthe

incrementaldisplacementatthecenter△6ｃ（m､）
ｉｎａｄａｙ

’7＝９．７７．１０－１０△6ｃ（cmvkg｡s~'）（11）

FigUre27showsdisplacement-timecurvesfrom

thebeginningtoMarch２０.PointsNos､５，７andl2

causedtroubleinthecourseofmeasurement,andthe

displacementtransducersweresetagain・Therefbre，

onlythedisplacementsatNos’５，７andl2donot

indicatedisplacementｓｆｉｒｏｍｔｈｅｓｔａｒｔ・Takingabroad

viewofFig､２７，thedefbrmationgrowslinearlywith

timefromthestart（JanuaIy20）ｔｏｔｈｅｅｎｄｏｆ
Ｆｅｂｒｕａｒｙ，andthenaccelerates・Observeddisplace・

mentsofthepointsNos・’５－１８，onperipheralparts
ofthetestdome，wereone-thirdofthoseatthe

centralpartsduringthesteadycreepstage・Ｗｈｅｎ

theboundaryispinnedorclamped，peripheral

disPlacementsareabouｔｌ/10thofthecentraldis，

placementduetothelinearanalysisshownina

precedingpaper（KokawaandHirasawa，1983)．

|／

(ｂ）２／1１（ａ）1984／1/２２

Fig.２５.Observedsnowload(kg/ｍ２)．
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3/５３/1０３/1５

Ｉｆ△6ｃｉｓ２．２ｍｍ/d，"becomes2.16.10つ・Ｔｈｅ
ｖａｌｕｅｏｆｎｉｓｌｏｗｅｒｔｈａｎｔｈｅｄｅｓｃribedvaluefbrthe

5-micedome，perhapsbecauseofthehumpedsur、

faceeffbct・Ahumpedshenimprovesthestructural

capacitybyincreasingtheequivalentinertiaascom‐
paredwiththeusualmonocoqueshel1．Thequalita‐

tiveestimationofthehumpedeffecｔｉｓａｖｅｒｙｌｍ．
●

portantproblemtobesolvedinthefUture・

ＡｓｓｈｏｗｎｉｎＦｉｇ､26,ｃｏｌｄａｉｒｗａｓｂｌｏｗｎｉｎｔｏｔｈｅ
ｄｏｍｅｂｙｔｈesiroccofanonFebruary8inorderto

checkthetheImaleffect・Asaresultofthisexper‐
1ment，ｉｔｗａｓｓｈｏｗｎｔｈａｔｔｈｅｒａｔｅｏｆｔｈｅobserve。
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Fig.２８.Deformationatonsetofcollapse‘

■おし田一一可

displacementislargewhen乃Ｃｅ皿lsfbrashorttime，
andsmallwhenitrises､IfZlcechangessharply,the

thermaldefbrmationislargerthanthecreepdefbrma‐
tion、

Thecentraldefbrmationacceleratesgradually
withtimefiromthebeginningofMarch・Therateof

displacementatpointNo､１is５．３ｍｍ/ｄａttheend
ofmeasurement・Ｉｔａｐｐｅａｒｓｔｈａｔｔｈｉｓｉｓｄｕｅｔｏｔｈｅ

ｉｎｃreaseof77byrisingZ]Ce,theincreaseinloaddue

tosnowfanandthegeometricalnonlinearity・Ｏｎ

ｔｈｅｏｔｈｅｒｈａｎｄ，therateoftheperipheraldisplace‐
mentsdidnotvarywithtime。

Afterthemeasurement，ｏｎＭａｒｃｈ２０，thestruc‐

turalbehaviOuｒｗａｓｏｂｓｅｒｖｅｄｂｙｅｙｅｕｐｔｏｔｈｅｃｏｌ‐

lapse・ThedefbrmationnearpointsNos・ｌａｎｄ２

ｗｈｅｒｅｔｈｅｓｎｏｗｌｏａｄｉｓｃｏmparativelysmallasshown

inFi９．２５ｂ，increasessuddenly，andtheoccurrence

oftheantisymmetricalmodewasobservedatabout

aweekbefbrethecollapse・Ａｔｔｈｅｏｎｓｅｔｏｆｔｈｅｃｏｌ‐
lapse，thedefbrmaｔｉｏｎｗａｓａｂｏｕｔｌＯＯｍｍｗｈｉｃｈ

ｍｅａｎｓ８ｔｉmestheshellthickness,asshowninFig､２８．
Itindicatesthatthesnow-icestructureismoreduc‐

tilethanexpected・Inotherwords，ｔｈｅcollapsedoes
notoccurabruptly，andwehaveenoughtimeto
predictthedangerofcollapse

５．ＣＯＮＣＬＵＳｌＯＮ

Thispaperhasdescribed・twofieldtestsonice

shensperfbrmedattheUniversityofHokkaidoTokａｉ
ｉｎＡＲＨｈｉｋａｗａ

1６９

Thefirstonewasanexperimentalstudyonthe

creepcollapseofa5-mspanicedomeproducedby

sprayingsnowandwater，undertheconcentratedly

distributedload，carriedoutduringthewinterof

l98１－１９８２．Basedonthecreepcoefficientsinferred

fromtheobserveddisplacementsandlinearshell

theCry，thecollapsetime，loadanddimensionless

experimentalcreepbucklingvalueacrwerecomputed、
Asaresult,acrwas63％ofthedimensionlessclassical
bucklingvalueasastandardvalue，anditwasfbund

thatevaluationofthecreepbucklingcollapseisone

ofthemostimportantinvestigationsｉｎthedesign
oficeshellstructures，

Ｔｈｅｓｅｃｏｎｄｏｎｅｗａｓａｆｉｅｌｄｓｔｕｄｙｏｎｂｏththecon‐

structiontechniqueandthecreeptｅｓｔｏｆｔｈｅｉｃｅ

ｄｏｍｅｗｉｔｈｌＯｍｓｐａｎｃａｒｒiedoutduringthewinter
ofl983-1984．Themodelwasconstructedbythe

fbllowingmethod：inflatingamembranebagcovered

witｈｒｏｐｅｂｙｓｉｌｏｃｃｏｆａｎａndblower，sprayingit

withsnowbysnow-plowaｎｄｔａｐｗａｔｅｒｗｉｔｈａｎａｄ‐

justablenozzle，solidifyingthesnow-icesherbeton

it，ｔｈｅｎremovingthebagandropesfbrreuse・This

methodsatisfiesfimdamentallythefacilityofarapid，

easyandeconomicalconstruction，thoughsome

minorimrovementsareneeded・Aftercompletion，

insideintersectingpointsofthedomesweremeasured，

andtheyagreedwithvaluescomputedbyasimpliEed

method・Subsequently，acreeptestwascarriedout

undersnowload，andstructuralbehaviouruptocol‐

lapsewasexamined・Ｉｔｉｓｇａｔｈｅｒｅｄ丘oｍｔｈｅｃｒｅｅｐ

ｔｅｓｔｔｈａｔｔｈｅｉｃｅｓhellstructureisvelryductile，ａｎｄ

ｔｈｅｈｕｍｐｅｄｓｈａｐｅｗｉｌｌｂｒｉｎｇａｎｉｍprovementin

structuralintegrity，

Basedontheresultsofthesestudies,theproduc，
tionof20-30-mspaniceshellsmaybepracticable．
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