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Forord

I foreliggande rapport redovisas resultatet av en undersokning av frysbart vatten och
frostbestindighet hos betong vid frysning till mycket 1&g temperatur, ca -50°C a -60°C.
Bakgrunden till projektet dr att man vill anvéinda betong till behéllare for lagring av flytande
naturgas (LPG). Betongs frostbestindighet vid extremt ldg temperatur &r i stort sett helt
outforskad. Skanska Teknik initierade dirfér hosten 2001 denna understkning som
genomfordes vid avdelning byggnadsmaterial vid LTH. Vid avdelningen finns foljande
instrument som 4r limpade for studier av material vid 14g temperatur:

(1) lagtemperaturkalorimeter for studier av isbildning och issmaltning ned till -190°C

(2) frysskap for styrd nedfrysning och smiltning ned till ca -70°C
(3) utrustning for mitning av inre forstorelse av material.

Projektet genomfordes av Tekn dr. Bjorn Johannesson som ocksé utarbetat den Huvudrapport
som aterfinns nedan. Denna har forfattats pa engelska.

Foreliggande rapport innehéller dven en Sammanfattande Rapport p svenska innehéllande
bakgrundsbeskrivning till projektet, samt en kortfattad beskrivning av genomftrda forssk och
slutsatser av projektet. Denna text har utarbetats av undertecknad.

Undersokningen omfattar steg I av en tinkt undersokning omfattande tva steg. Steg II
kommer att genomforas om medel beviljas. I steg II avser vi att prova betong som fore
nedfrysning utsatts for mycket hog fuktbelastning, samt att nidrmare studera isbildning och

issmiltning vid temperaturer inom omradet -50°C och -190°C.

Till projektet har knutits en referensgrupp bestdende av foljande personer:

Kyosti Tuutti, Skanska Teknik

Sture Forshillen, Skanska

Per-Erik Petersson, Sveriges Provnings- och Forskningsinstitut (SP)
Jan Alemo, Vattenfall Utveckling AB (VUAB)

Projektet har initierats och administrerats av Skanska Teknik AB genom prof. Kydsti Tuutti.

LTH:s del av projektet har finansierats genom anslag frin SBUF. Vi vill framfora ett varmt
tack till Skanska och SBUF for att de gett oss mojlighet att genomfora denna studie.

Lund i oktober 2003

Goran Fagerlund
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1. Problemstillning

Gasol och annan naturgas (Liquified Petroleum Gas, LPG) kan lagras vid normalt tryck om
temperaturen sdnks till ca -50°C. Den exakta temperatur som erfordras beror pd gasens
sammansittning, sdvil hogre som ldgre temperatur dn -50°C kan krivas. Gasen lagras ofta i
betongtankar inspringda i berg. Betongen kan bli utsatt for mycket 13g temperatur. Ar den
dessutom periodvis exponerad for vatten, t.ex. grundvatten, kan man inte utesluta att
frostsprangning sker trots att detta inte skulle ske vid normal anvindning av samma betong

vid normal utomhustemperatur, dvs. minimum ca -25°C.

Betong innehaller rétt stor mingd potentiellt frysbart vatten. Foljande samband mellan
fryspunkten i en por och den relativa fuktighet vid vilken vattendnga kondenserar i samma por
vid temperaturen +20°C kan hirledas. Formeln bygger pa vissa forutsittningar betriffande
tryckférhallanden i is och vatten. (En generell teoretisk analys av jamvikten mellan ofruset
vatten, vattenanga och is har genomforts av Defay, Prigogine, Bellemans och Everett'. Deras
analys leder till mera komplexa uttryck.)

InRH=[AH/(R-293)]in(T/273) (1)

dér RH #r relativa fuktigheten [-], R 4r allménna gaskonstanten [8314J/(kmol-grad)], T dr
fryspunkten [grad K], AH #r smiltvirmet vilket dr temperaturberoende
[AH=18(334+2-0):10° J/kmol] dar O #r temperaturen i °C.

Sé tex, vid -25°C kan i princip allt porvatten som Gverstiger jamvikt med ca 82 % relativ fukt
frysa. -50°C motsvarar ca 70% rf. -60°C motsvarar ca 67% rf. Mangd icke frysbart vatten
kan siledes bedomas ur jimviktsfuktkurvan for betongen. Mingd frysbart vatten ir lika med
den aktuella vattenhalten minus den icke frysbara enligt ovan. Detta ger foljande potentiellt
frysbar vattenmingd hos betong som dr helt vattenmattad (luftporerna antas inte vara
vattenfyllda och ballasten antas vara icke-pords). (Hydratationsgraden antas vara 60% for
vet=0,40 och 80% for vet=0,50 och 0,60. Jimviktsfuktkurvor vid desorption angivna av
Nilsson har anvints?).

Tabell I: Berdknad frysbar vattenmiingd hos vattenmdttad betong som saknar luft (samma
cementhalter som anvindes vid forsdken)

Vattencementtal Cementhalt Ungefirlig potentiellt frysbar vattenméiingd

kg/m’ kg/m’
-25°C -50°C
0,60 350 64 88
0,50 480 57 73
0,40 525 41 58

! ) Defay, R., Prigogine, I.,Bellemans, A., Everett, D.H.: Surface Tension and Adsorption. Wiley,New York,

1966.
2) Nilsson,L-O.: Fuktproblem vid betonggolv. Avd byggnadsmaterialldra, LTH. Rapport TVBM-3002, Lund

1977.



Detta innebir att -50°C ger ca 35% hdgre potentiellt frysbar vattenméingd &n -25°C. Detta
behover inte medfora att betongen fryser sonder eftersom den alltid har viss méngd icke-
vattenfyllda porer som kan skydda mer eller mindre vil. Troligen erfordras dock hogre
lufthalt vid extremt 18g temperatur én vid normaltemperatur. Betong som dr bestéindig under
normala klimatbetingelser kan ddrfor bli obestindig under extrema temperaturforhallanden.

En teoretisk analys visar att en frysbar vattenmingd av storleksordningen 5 a 10 liter/m’
betong ricker for att allvarligt skada betongen om denna &dr 100% vattenmiittad’.

Det finns emellertid ett annat fenomen som torde ge dnnu storre inverkan av extremt 1ag
temperatur, nimligen homogen isbildning av underkylt vatten. Detta fenomen intréffar vid ca
-40°C. Niur temperaturen sinks i en betong fryser inte allt vatten vid den rétta
frystemperaturen, vilken ges av ekv. (I), utan en stor andel av vattnet forblir underkylt. Ju
mindre por vattnet befinner sig i, desto storre sannolikhet dr det att vattnet dr underkylt,
forutsatt att poren isoleras frén andra porer som innehéller iskroppar genom att omges av ett
finpordst nitverk av ofrysbart vatten. Detta fall giller sk vattentit betong, dvs betong med vct
<ca 0,60. En sddan betong innehéaller alltid en viss andel vattenfyllda kapillarporer som &r
ondbara av den is som bildats i storre porer eftersom de dr omgivna av fina gelporer i vilka
vatten inte kan frysa. Sannolikheten #r dirfor stor att vattnet forblir ofruset.

Underkylning av vatten har studerats ingdende eftersom fenomenet har stor betydelse inom
meteorologien. Man har vid studier av sma vattenvolymer i form av droppar pavisat att den
mest sannolika frystemperaturen minskar med minskad droppstorlek. I Figur I visas
frekvensfunktionen for frystemperaturen for droppar med 1 mm diameter. Som synes kan
mycket stor underkylning ske. Frystemperaturen #r i medeltal -24°C. Vid &nnu mindre
droppar sjunker frystemperaturen ytterligare. Vid 0,01 mm droppstorlek sker frysning i
medeltal inte forran vid ca -40°C.

For att frysning av en liten vattendroppe 6verhuvud taget skall ske méste isbildning aktiveras
genom mekanisk pé&verkan eller genom att droppen berors med en iskristall.

Relative ?requencg of freezing
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Figur I: Frekvenskurva for frystemperatur hos Imm stora droppar®

%) Fagerlund, G.: Internal Frost Attack-State of the Art. Suggestions for Future Research. Proceedings of the
International RILEM Workshop “Frost Resistance of Concrete” . Essen Sept 22-23, 1997. Editors, Setzer, M.
and Auberg,R. RILEM, Cachan, 1997.

) Bigg, E.K.: The super-cooling of water. Proc. Physical Society, B66, London 1953.
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Kapillirporerna i betong ir inte storre #n maximalt ca 10 mm. Detta gor att
underkylningsfenomenet dr betydelsefullt, vilket i sin tur medfor att verklig mingd frysbart
vatten i betong #4r mycket mindre 4n den potentiella. Exempel pé detta visas i Figur II, som
visar mitningar av frysbart vatten vid ca -20°C hos otorkad betong (Kurva A). Enligt denna
figur giller att den frysbara vattenmingden ar ca 20 kg/m’ for betong med vct=0,50, vilket
skall jimforas med den potentiellt frysbara vattenmingden som ir ca 40 kg/m® enligt
kombination av betongens jamviktsfuktkurva med ekvation (I). For vct=0,40 dr motsvarande
virden ca 10 kg/m’ resp. ca 35 kg/m”.
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Figur II: Mditning av frysbart vatten hos aldrig torkad betong vid ca -20°C °. Kurva A galler
Jfor betong som aldrig torkat. Kurva B gdller for betong som torkats vid +105°C och sedan
dteruppfuktats.

Detta gor att pafrestningen under frysning vid normala frystemperaturer torde bli mindre 4n
vad den skulle bli om allt potentiellt frysbart vatten verkligen fros.

Vid ca -40°C kan inte vatten langre vara underkylt, utan isbildning sker momentant av allt
potentiellt frysbart vatten. Kalorimeterforsok har ocksé visat att stor isbildning sker nir
temperaturen gar under -40°C. Detta framgér av Figur III (ddremot tinar detta vatten vid
mycket hogre temperatur vilket styrker féorekomsten av lokala underkylningsfenomen under
nedfrysningsskedet). Forekomsten av omfattande isbildning vid ca -40°C och stor hysteresis
mellan isbildning och issméltning framgar #ven av de mitningar som redovisas i
Huvudrapporten nedan.

Den stora och snabba isbildning av underkylt vatten som sker vid temperaturer understigande
ca -40°C kan troligen medfora frostnedbrytning som inte noteras vid konventionell
frysprovning. Vid en siddan anvdnds en frystemperatur av ca -17°C enligt den ASTM-
frysmetod som anvinds i USA® och manga andra linder, och ca -20°C enligt svensk
frysprovningsmetod’. Risken for skador kar ocksd pa grund av att betongen vid temperatur

*) Vuorinen, J.: On determination of effective degree of saturation of concrete. Concrete and Soils
Laboratory, Imatran Voima OY, 1973, Uleaborg.

6y ASTM C666: Resistance of Concrete to Rapid Freezing and Thawing.

7} 8S 13 72 44: Concrete Testing -Hardened Concrete. Frost Resistance
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lagre 4n -40°C #r betydligt titare an vad den &r vid hogre temperatur, eftersom is som bildats
vid hogre temperatur kan forvintas tippa till porsystemet sd att vatten har svart att pressas
undan vid isbildningen.
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Figur III: Mditning av (A) isbildning och (B) issmdiltning hos cementpasta8.
(a) vet=0,35. (b) vet=0,40. (c) vet=0,45. (d) vet=0,50. (e) vet=0,60.

2. Syfte

Syftet med projektet &r:

e att undersoka isbildning i betong vid mycket 14g temperatur.

e att genom frysprovning klargora risken for frostskador hos betong som fryses ner till den
mycket 1iga temperatur som anvénds vid lagring av flytande naturgas.

e att utreda inverkan av betongkvaliteten (vct, lufthalt) pd frysskaderisken och att
ddrigenom ge underlag till val av betongkvalitet till gaslager.

%) Bager,D., Sellevold,E.: Low temperature calorimetry as a pore structure probe. 7™ Int. Congress on the
Chemistry of Cement, Paris 1980.
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3. Genomforande

3.1 Betongtyper

Frysprovning av betongprover genomfordes med betongtyper enligt Tabell I1.

Typerna har valts med tanke p& de som kan tinkas bli anvinda i gaslager. Betong savil utan
extra luft som med lufttillsittning provades. Maximal ballaststorlek var 8 mm. Ballasten var
av icke sedimentirt ursprung med forsumbar porositet. Cementet var lagalkaliskt och
sulfatresistent (Anldggningscement).

Tabell I1: Provade betongtyper

vcet | Lufthalt Cementhalt | Totalporositet *
fiarsk betong| (kg/m®) (%)
2,6 340 18,1+0,6
0,60 4,7 350 20,3+0,2
7,8 335 23,240,3
2,0 480 17,5%0,4
0,50 3,6 480 18,610,8
54 480 21,6+0,2
2,5 515 16,4%£0,4
0,40 4,2 525 16,810,0
6,1 525 18,1+1,5

* Bestimd genom vigning av vakuummittat prov och torrt prov
** Baserad pa antagen ballastdensitet 2650 kg/m®

3.2 Luftporstruktur

Luftporstrukturen bestimdes genom bildanalys av en polerad betongyta. Ytan infdrgades med
svart farg varefter zinkpasta breddes ut pa ytan sd att de gropar som bildas av avskurna
luftporer fylldes. Overflodig zinkpasta skrapades av. Luftporerna framtrider som vita flickar
mot den morka ytan. Luftporanalysen genomférdes med ett automatiskt datorbaserat

bildanalyssystem.

Analysen ger virden pa totala lufthalten, a %, och luftporsystemets specifika yta, o mm’.
Den senare definieras som total mantelyta hos alla luftporer dividerad med total luftporvolym.
Matematiska principer for analysen ges i Huvudrapporten kapitel 3.4.

Ur dessa bada virden kan den s k. Power’s avstandsfaktor L mm beriknas.

L= (3/a){1,4(Vy/a+1)'? ~1}

Dir V, % &r cementpastahalten (exklusive luftporer).

Miitta virden pd a tillsammans beriknade virden pa L ges i Tabell IIL.

Avstandsfaktorn minskar som forvintat med okad lufthalt.

ix



Tabell 111: Luftporstruktur

vet | Firska betongens Luftporanalys
lufthalt (%)
Lufthalt (%) | Avstandsfaktor (mm)
2,6 3,2 0,40
0,60 4,7 4,6 0,20
7.8 8,4 0,13
2,0 2,1 0,54
0,50 3.6 3,1 0,24
5.4 4,9 0,15
2,5 2,7 0,54
0,40 4,2 4.3 0,34
6,1 4.9 0,16

3.3 Provkroppar
Av varje betongsats tillverkades tva betongblock med tjocklek 20 cm och area 50x50 cm.
Dessutom tillverkades kuber med 10 cm sida. Den fdrska betongens densitet och lufthalt

bestidmdes.

Efter ett dygn togs foljande prover ut ur blocken:

e cylindrar med diameter 1,4 cm och lingd 6 cm avsedda for métningar av frysbart vatten.

e Stavar med tvidrsnitt 2x2 cm och ldngd 16 cm avsedda for undersokning av lingdéndring
under frysning (dilatometri).

e Plattor med area 10x10 cm och tjocklek 15 cm avsedda for bestdimning av luftporstruktur.

3.4 Vattenlagring fore frysning
Vattenhalten i betongen dr avgorande for frostbesté‘indigheteng. Betong i ett gaslager under
mark kan komma att utsittas for yttre vatten under lang tid. Dessutom kan vattnet std under
yttre overtryck. Foljaktligen kan mycket hoga fuktnivier uppnds. I andra situationer kommer
vattenbelastningen att vara légre.

Avsikten med denna understkning dr att undersdka hur betong beter sig vid frysning efter att
ha lagrats i vatten vid atmosfirstryck under lang tid. Vid vattenlagring absorberas vatten i
betongens porsystem pa ett “naturligt” satt, dvs. utan att det forceras in med hjilp av yttre
overtryck eller genom foregdende vakuumbehandling. Den vattenhalt som uppnds beror pé
vattenlagringstiden, ju ldangre tid desto hogre vattenhalt. Efter ndgon ménads kontinuerlig
vattenabsorption #r vattenabsorptionshastigheten mycket 14g. Nagra manaders vattenabsorp-
tion kan forvintas ge en vattenhalt i betongen som motsvarar den som maximalt kan férvintas
uppnds under sddana forhallanden didr betongen inte utsitts for yttre vattentryck. Vid
langvarig exponering for yttre vattentryck fore frysning, eller om betongen stér i hydraulisk
kontakt med ofruset vatten under nedfrysnings- resp. upptiningsfaser kan hogre vattenhalter
uppnds dn vad som motsvarar vattenlagring under normaltryck. Avsikten &r att studera
effekten av dessa hoga fuktnivaer i fortsatta undersdkningar.

%) Inverkan av vattenhalten p4 materials frosbestéindighet behandlas t.ex. i: Fagerlund, G.: Internal frost attack -
State of the art. ”Int. Workshop on Resistance of Concrete to Freezing and Thawing. Essen, September 22-23,
1997, Proceedings (editors Setzer, M.J and Auberg, R. Cachan 1997.



I denna undersokning exponerades betongproverna for vattenlagring vid atmosfarstryck under
4 ménader. Start av vattenlagring skedde dagen efter gjutning. Avslutning av vattenlagring
skedde direkt fore frysning eller bestimning av frysbart vatten. Vattnet i lagringsbasséngen
var mittat med kalciumhydroxid for att undvika urlakning.

Uppnédda vattenhalter efter 4 méanaders kontinuerlig vattenlagring uppmittes i prover for
kalorimeterexperiment genom vigning av torkat prov efter avslutade forsok Vattenhalterna
anges i Tabell IV. Virdena i gram har omriknats till vattenhalt i kg/m betong. Dessa virden
baseras pad antagandet att provkropparna ar representativa for betongen och att samtliga
provers volym 4r 9,23 cm® (diameter 1,4 cm, lingd 6 cm). I tabellen visas ocksd de
vattenhalter som enligt Tabell I (kolumnen for totalporositet) skulle gélla om alla porer i
betongen var helt vattenfyllda.

Tabell IV: Vattenhalt efter vattenlagring under 4 mdnader. Virdena baseras pd
mditning av vattenhalten [ prover for bestimning av frysbart vatten.
Ungefir samma vattenméingd i kg/m géiller dven for frysprovade stavar.

vet Lufthalt | Vattenhalti prover Vattenhalt vid fullstindig
(%)* for frysbart vatten vattenmiittnad enligt métt
gram kg/m’ totalporositet
kg/m’
3,2 1,567 170 18116
0,60 4,6 1,672 181 20312
8.4 1,480 160 23243
2,1 1,527 165 17514
0,50 3.1 1,634 177 18618
4,9 1,575 171 21642
2,7 1,311 142 164+4
0,40 4,3 1,483 161 168
4,9 1,542 167 181+15

* Hardnad betong

Det exakta virdet pi vattenmdittnadsgraden i proverna har inte berdknats. Under forutsittning
av att virdena i sista kolumnen i Tabell IV motsvarar fullstindig vattenméttnad
(vattenmittnadsgrad =1) giller de vattenmiittnadsgrader som anges 1 Tabell V for prover som
vattenlagrats under fyra ménader.

I tabellen har dven de vattenméttnadsgrader lagts in som skulle gilla om alla porer utom
luftporerna ir helt vattenfyllda.

Beriknad andel vattenfylld luftporvolym efter 4 manaders vattenlagring har ocksa lagts in i
tabellen.
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Tabell V: Ungefirlig vattenmdttnadsgrad hos prover vattenlagrade under fyra mdnader.
Teoretisk vattenmdittnadsgrad om inga luftporer vattenfyllts under vattenlagringen.
Andel vattenfylld lufiporvolym

vet | Lufthalt| Vattenmittnads- Genomsnittlig teoretisk Genomsnittlig andel
(%) * grad vattenmittnadsgrad om vattenfylld
inga luftporer ér luftporvolym **
vattenfyllda**
3,2 0,94+0,03 0,82 66 %
0,60 4,6 0,89+0,01 0,77 51%
84 0,6910,01 0,64 14%
2,1 0,9410,02 0,88 50%
0,50 3,1 0,95+0,04 0,83 70%
4,9 0,7940,01 0,77 7%
2,7 0,87£0,03 0,84 21%
0,40, 4,3 0,96 0,74 84%
4,9 0,92+0,08 0,73 70%

* Hardnad betongs lufthalt. ** Baserat pa hardnade betongens lufthalt.

Beriknade vattenméttnadsgrader dr rimliga eftersom man kan forvinta att enbart en viss andel
av luftporerna vattenfylls vid 4 manaders vattenlagring. Dérfor bor verklig vattenmétt-
nadsgrad vara hogre #n den teoretiska baserade pa att inga luftporer dr vattenfyllda. Det &r
dessutom rimligt att vattenmittnadsgraden minskar vid ¢kad lufthalt nér vet dr konstant,
eftersom dven den effektiva, verkligt luftfyllda luftvolymen tkar med okad lufthalt. Detta
forhallande giller alla prover utom vct 0,40, 2,7 % luft.

3.5 Frysforsok
Frostpéverkan p& de fuktlagrade betongproverna (stavar 2x2x16 cm) undersdktes genom tva

successiva nedfrysningar direkt foljda av upptiningar. Stavarna var fuktisolerade genom
insvepning i plastfolie. Under frysnings-upptiningscyklerna var stavarna monterade i en
dilatometerram tillverkad av INVAR, som #r ett rostfritt stdl med mycket lag
langdutvidgningskoefficient. Proverna understoddes i undre #nden av en spetsig dubb och i
ovre dnden av en ldgesgivare (LVDT-givare). Utrustningen visas i Huvudrapporten, Figur 4.

Frysforsoken genomfordes i frysskap genom sdnkning av temperaturen ned till ca
-50°C 2 -60 °C. Nedfrysningshastigheten var ca 4°C/tim. Direfter tinades prover upp med
ungefidr samma hastighet.

Skador detekterades genom mitning av lingdéndring och forlust av dynamisk E-modul.

3.6 Bestimning av isbildning/issmiltning
Isbildning och issmiltning som funktion av temperaturen bestimdes med en Scanning-

kalorimeter av fabrikat Setaram. Provet placeras i en mdtcell som i sin tur placeras i ett sk
kalorimeterblock beldget centralt i kalorimetern. Kalorimeterblockets temperatur #ndras
(sdnks eller hojs) enligt ett forutbestimt program. Varje skillnad mellan mitcellens och
blockets temperatur mits med mycket hog precision. Vid isbildning utvecklas virme vilket
hojer mitcellens temperatur, vice versa vid issmiltning. Ur temperaturdifferensen mellan
block och mitcell kan mingden bildad is i provet, respektive méingden smilt is, métas med
hog precision. Mitningar gjordes inom temperaturintervallet 0 °C till ca -50°C a -60 °C.

Enstaka frysningar gjordes till -190 °C.
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3.7 Bestimning av inre nedbrytning

Ett métt pd inre nedbrytning fas ur foljande métningar.

e Expansion under nedfrysning. Expansion definieras enligt Figur I'V.

e Permanent expansion efter upptining. Se Figur IV.

e Forindring av dynamisk E-modul (dynamisk E definieras av E=konstant-f.” dir f, ir
provkroppens egenfrekvens vid transversell vibration.) Mitutrustningen visas i
Huvudrapportens Figur 2.

Provkroppsliangd
ermanent
expansion
- \Exp ansion vid
-30C
-50C
l l | |
-50 -30 0 +20
Temperatur

Figur IV: Definition av expansion.

4. Resultat

Resultaten fran samtliga forsok redovisas i Huvudrapporten. Nedan ges en Oversiktlig
sammanstéllning 1 tabellform.

Resultat av bestimning av frysbart vatten vid nedfrysning, lingdédndring vid nedfrysning och
efter upptining, samt dndring av dynamisk E-modul f6érorsakad av frysning visas i Tabell VL.

Tabell VI: Mcitresultat fér prover som vattenlagrats 4 manader fore férsoken.

vct | Lufthalt | Frysbart vatten under Lingdindring vid Andring av
(%)* nedfrysning forsta cykeln (%o) dynamisk
(% av total vattenhalt) E-modul (%)
Vid Vid Vid | Vid Efter
-30°C -50°C  |-30°C|-50°C | upptining
2,6 34 48 +0,26 | +0,9 +0,26 -22
0,60 4,7 42 55 +0 | +0,2 +0 -2
7,8 39 50 +0 |+0,04| +0,02 +1
2,0 24 39 +0,44 [ +1,09 | +0,35 =27
0,50 3.6 30 44 +0,06 | +0,31 10 -4
5,4 31 45 +0 |+0,10 +0 -3
2,5 18 31 +0 |[+0,39 0 -8
040| 4,2 22,5 36 +0 | +0,07 +0 +0
6,1 27,5 42 +0 |+0,05 +0 +5

* Hirsk betong
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5. Analys av resultat

5.1 Isbildning-issmiéltning
Foljande iakttagelser gors:

(1) Vid nedfrysning av prover upptrider en avsevird isbildning vid ca -40 °C; se figurer i
Huvudrapporten. Detta styrker hypotesen om homogen isbildning av vatten utsatt for lokal
underkylning i isolerade kapilldrporer, presenterad ovan i “Problemstillning”.

(2) Okningen av bildad mingd is mellan temperaturnivierna -20°C och -50°C, resp. mellan
-30°C och -50°C ar péfallande stor, vilket framgér av Tabell VII. Detta innebdr att man
kan forvinta okade pafrestningar om temperaturen sdnks till ligre nivder dn de som
normalt anvénds vid frysprovning av betong; ca -20°C.

Tabell VII: Okning av bildad is inom intervallen -20°C och -50°C,
respektive -30°C och -50°C.

Vet | Lufthalt Procentuell 6kning av méingd bildad is
(%) * | Mellan -20°C och -50°C | Mellan -30°C och -50°C

2,6 92% 41%
0,60 4,7 53% 72%

7,8 67% 28%

2,0 160% 63%
0,50 3,6 96% 47%

54 93% 45%

2,5 182% 72%
0,40 4,2 157% 60%

6,1 121% 53%

* Firsk betong

(3) I stort sett all isbildning har avslutats vid -50°C. Nagra fa kalorimetermétningar gjordes
ned till -190°C. Ingen ytterligare isbildning kunde noteras inom omrédet -50°C till
-190°C.

(4) Frysbara vattenmiéngder baserade pa berdknade vattenhalter i Tabell IV visas i Tabell

VIIIL.
Frysbara vattenmingden dr timligen hog dven i betong med 1agt vet. Detta dr dock inte
ovintat med tanke pd den teoretiska berdkningen av frysbar vattenmingd enligt Tabell I.

I tabellen har #ven lagts in teoretiskt berdknade frysbara vattenmingder vid -50°C. Dessa
virden har berdknats pé foljande sitt:

Wr 50 = We-Wo, 700:f (1)
Diér W _so dr mingd frysbart vatten vid -50°C, W, ir total vattenhalt (fas fran Tabell IV),
We 709 dr vattenhalten vid jamvikt med 70% rf (dvs. den teoretiskt antagna icke frysbara

vattenmingden.). Denna fés ur betongens jamviktsfuktkurva vid desorption, och ekv (I).

Uttrycket ovan dr ekvivalent med foljande uttryck:
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Wf,-joc = VVﬁo + x-A (IH)

Dir W, dr teoretiskt berdknad frysbar vattenmingd i vattenméttad luftfri betong (enligt
Tabell I), x &r andelen vattenfylld porvolym (enligt Tabell V), A #r luftvolymen i liter
(farsk betongs lufthalt har anvints vid berikningen).

Overensstdmmelsen mellan teoretiskt beriknad och verkligt uppmiitt frysbar vattenmiingd
dr forhallandevis god med tanke pa osidkerheten bakom de antaganden som ligger bakom

den teoretiska berdkningen. Storsta avvikelsen giller for ldgsta vattencementtalet (0,40).

Tabell VIII: Frysbar vattenméngd vid nedfrysning.

vet Lufthalt Miitt frysbar Teoretisk frysbar vattenmingd
(%) * vattenméingd vid beriknad fran jaimviktsfuktkurvan
nedfrysning vid desorption
(kg/m?®) (kg/m’)
-20°C | -30°C | -50°C -50°C

2,6 44 58 82 104
0,60 4,7 65 76 100 106

7,8 48 52 80 107

2,0 25 40 64 87
0,50 3,6 40 53 78 90

5.4 38 53 77 85

2,5 15 26 44 63
0,40 4,2 23 36 58 87

6,1 32 46 70 89

* Farsk betong

(5) De hogsta frysbara vattenméngderna giller i flertalet fall vid hogsta lufthalten (Tabell

VIII) vilket visar att uftporer absorberar vatten vid langvarig Vattenlagringlo. Att sd #r
fallet framgar dven av Tabell V. Vattenhalterna #r sd hoga att de teoretiskt sett kan ge
allvarliga frostskador, forutsatt att betongen &r vattenmittad (eller har vattenhalt
Overstigande den kritiska vattenméittnadsgraden.)

(6) Den icke frysbara vattenmiingden ér ur rent teoretisk synpunkt mer intressant én den

frysbara vattenmingden eftersom den i princip #r en “materialegenskap” bestdmd enbart
av materialstrukturen. Den icke frysbara vattenmidngden kan darfor vid given
frystemperatur forvintas vara oberoende av den totala vattenhalten si ldnge denna dr
hogre dn den icke frysbara vattenmingden. Dessutom bor den vara oberoende av méngden
luftporer. Den icke frysbara vattenmingden bestims ndmligen i princip av den finaste
porstrukturen och denna dr oberoende av aktuell vattenhalt och lufthalt.

W= W,-Wy av)

Dar W; dr frysbar vattenméngd (m*/m®), W, #r total vattenhalt (m*/m®), W dr icke frysbar
vattenhalt (m>/m>). W, beror pa yttre fuktforhallanden medan W &r konstant. Saledes dr
Wevariabel.

1) Vattenabsorption i luftporer behandlas teoretiskt i: Fagerlund, G.: Predicting the Service Life of Concrete
Exposed to Frost Action Through a Modelling of the Water Absorption Process in the Air-Pore System. NATO
Conference "The Modelling of Microstructure and its Potential for Studying Transport Properties and
Durability”. Editors Jennings, H., Kropp, J., Scrivener, K. Kluwer Academic Publishers,Boston ,1996.
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Icke frysbar vattenmingd for de testade betongtyperna visas i Tabell IX. Som forvintat
enligt resonemanget ovan &r den i stort sett helt oberoende av lufthalten. Ddremot minskar
den som forvintat med sankt frystemperatur.

Inverkan av vct pa icke frysbar vattenmingd &r timligen liten vilket kan bero pé att
hydratationsgraden minskar med minskat vct. Foljaktligen dr méngden mycket sma sk
gelporer inte sirskilt mycket hogre i betong med vet 0,40 én i betong med vet 0,60.

Teoretiskt beriknad icke frysbar vattenméngd vid -50°C har lagts in i tabellen. Den &r
baserad pé& en antagen hydratationsgrad av 80% for vct=0,50 och 0,60 och 60% for
vet=0,40.

Tabell IX: Icke frysbar vattenméingd.

vet | Lufthalt | MEtt ofrysbar vattenmiingd | Teoretiskt beriknad
(%) * vid nedfrysning ofrysbar vattenméingd
(kg/m’) (kg/m’)
-20°C | -30°C | -50°C -50°C
2,6 126 112 88
0,60 4,7 116 105 81 69
8,7 112 108 80
2,0 140 125 101
0,50 3,6 137 124 99 94
5,4 133 118 94
2,5 127 116 98
0,40 4,2 138 125 103 92
6,1 135 121 97

* Hardnad betong

(7) Det 4r mycket stor hysteresis mellan isbildningskurvor och issméltningskurvor. Smiltning
sker vid betydligt hogre temperatur #n frysning. Orsaken dr sannolikt den lokala
underkylning i isolerade prover som beskrevs ovan; smiltkurvor utgéende fran en
temperatur av -50°C #r vildefinierade “jamviktskurvor”, medan fryskurvor &r av
”stokastisk natur” med ett utseende som beror pa frysforhéllandena och som kan péverkas
av strukturella forindringar i materialet, t.ex. mikrosprickbildning, torkning ete. .

5.2 Frysskador

5.2.1 Inverkan av lufthalt

Expansionen vid -50°C under nedfrysningsskedet som funktion av firska och hérdnade
betongens lufthalt visas i Figur V och VL. Som synes ¢kar expansionen vid given lufthalt med
okat vct, dvs. om vct 6kas kravs hogre lufthalt.

Om man som villkor for oskadad betong anser att expansion under nedfrysning inte far
sverstiga 0,1%o giller de ligsta lufthalter som anges i Tabell X. For betong med vct=0,40 kan
ungefir 4% lufthalt ricka for att betongen skall klara nedfrysning till -50°C. For betong med
hogre vet krivs hogre lufthalt; upp till 7% for vet=0,60 nir expansion under frysning anvénds
som kriterium. Erforderlig lufthalt dr emellertid till stor del en funktion av luftporsystemets

1 )} Hysteresisfenomenet behandlas i: Fagerlund,G.: Non-Freezable Water Contents of Porous Building
Materials. Div. of Building Technology, Lund Institute of Technology, Report 42, Lund 1974.
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utseende. Andra cementsorter och andra typer av luftporbildare och flyttillsatsmedel 4n de
som anvénts i denna undersokning kan ge simre utbildade luftporsystem och ddrmed kriva
hogre lufthalt.

Expansion vid -50C, promille
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0,6

0,4

0,2
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| —e—vcit=0,60
{ —vet=0,50
i ——vct=0,40
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|

— |

0 2 4 6 8 10

Fédrska betongens lufthalt, %

Figur V: Expansion vid -50°C under nedfrysningsskedet som funktion av fdrska betongens
lufthalt.

Expansion vid -50C, promille
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Figur VI: Expansion vid -50°C under nedfrysningsskedet som funktion av hdrdnade

betongens lufthalt.

Kvarstéende expansion efter upptining som funktion av firska betongens lufthalt visas 1 Figur
VII. En jimforelse med Figur V visar att kvarstdende deformation efter upptining dr mindre
4n expansion under nedfrysningsskedet. Det innebir att om samma skadekriterium anvénds,
0,1%o0, kommer erforderlig lufthalt att vara mindre om skadan baseras pd permanent
deformation. Sambandet mellan permanent expansion och expansion vid -50°C visas i Figur
VIII. Som synes kan expansion under nedfrysning uppgé till ca 0,4%o utan att man far nigon
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permanent expansion. Detta dr svart att forklara eftersom en expansion pa 0,4%¢ borde ge
vissa skador. Mojligen #r betongens brottdjning hogre i fruset stadium pd grund av isens
“armerande” effekt. Det #r t.ex. vilkint att betongs héllfasthet okar nér den 4r frusen forutsatt
att vattenhalten inte 4r s& hog att betongen skadas vid frysningen'?.

0,4

0,35

(=]
w

0,25

0,05 4

Expansion efter upptining,
promille
o
S

:— vct:O,éE)
—& vct=0,50
—4—vct=0,40

2 4 6 8 10

Fédrska betongens lufthalt %

Figur VII: Permanent expansion efter upptining som funktion av fdrska
betongens lufthalt.
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Expansion vid -50C, promille

Figur VIII: Samband mellan expansion vid -50°C och permanent expansion efter upptining.

Inverkan av firska betongens lufthalt pa forlusten i E-modul visas i Figur IX. Aven denna
figur visar att ldgre lufthalt kan accepteras i betong med ligre vct. En E-modulforlust av 5%
torde kunna accepteras; se Figur X. Erforderlig lufthalt for att klara detta krav varierar mellan
ca 3% for vet=0,40 och ca 4,5% for vct=0,60. Se dven Tabell X.

2y En analys av inverkan av 13ga temperaturer pa betongens egenskaper ges i: Bergstrom, S.G.: Influence of
frost on the physical and mechanical properties of concrete. Cement och Betong Institutet, Rapport nr 3:76,

Stockholm 1976.
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Figur IX: Samband mellan firska betongens lufthalt och forlust i dynamisk E-modul.

De bada metoderna att bestimma om skada intriffat, forlust i E-modul resp. expansion under
och efter frysning, jamfors i Figur X. Som synes kan betongen ha avsevird expansion under
frysning utan att E-modulen paverkas, vilket styrker resultaten i Figur VIII. Diremot
torefaller det som om en expansion efter upptining pd 0,1%o0 ungefir motsvarar E-
modulforlusten 10%. Virdet 5% som anviénds i Tabell X kan saledes vara négot konservativt.

[ ¢ Expansion -50_C
—- Permanent expansion

E-modulférlust %

Expansion, promille

Figur X: samband mellan expansion och E-modulforlust.
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5.2.2 Inverkan av avstandsfaktorn
Ofta okar en betongs frostbestindighet med minskande avstandsfaktor. Detta giller dven vid
denna undersokning; se Figur XI-XIII, som visar samband mellan avstandsfaktor och olika

skadeparametrar.
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Figur XI: Expansion vid -50°C under nedfrysningsskedet som funktion av avstindsfaktorn.
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Figur XII: Kvarstdende expansion efter upptining som funktion av avstandsfaktorn.
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Figur XIII: Forlust i dynamisk E-modul efter upptining som funktion av avstandsfaktorn.
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Om man som villkor for frostskador viljer maximalt tilliten expansion 0,1%o0 och maximalt
tilliten E-modulférlust 5% fas de maximalt tillitna avstdndsfaktorer som anges i Tabell X.

Av tabellen framgar att kritisk avstdndsfaktor 4r starkt beroende av vct; for vet=0,40 kan higa
virden tolereras; >0,35 mm. For vct=0,60 fir avstandsfaktorn inte dverstiga ca 0,15 mm.

Det méste noteras att de avstandsfaktorer som beriiknats och anges i figurerna baseras pa hela
lufiporsystemet. De inkluderar alltsd dven de luftporer som #r vattenfyllda. Enligt Tabell V 4r
i flertalet betongtyper mer dn 50% av luftporsystemet vattenfyllt. Man kan alltsd starkt
ifrigasitta om avsténdsfaktorn definierad p& detta sdtt har nidgon som helst koppling till
frostbesténdighet. Det vore rimligare att i stillet anvénd den verkliga avstandsfaktorn, dvs. det
medelavstind som finns mellan de luftporer som verkligen dr luftfyllda och ddrmed kan tjéna
som tryckutjimnare vid frysning®”.

Tabell X: Légsta tillatna lufthalt och hégsta tilldina avstandsfaktor enligt olika kriterier.

Kriterium for Ligsta lufthalt Ligsta lufthalt | Hogsta tillatna
storsta tillatna skada firsk betong hardnad betong | avstandsfaktor
Max expansion vet=0,60 T % 7 % 0,15 mm
vid -50°C: 0,1%0 vet=0,50 5.5 % 4,5% 0,15 mm
vet=0,40 4 % 4 % 0,35 mm
Max expansion efter vct=0,60 4 % Ungefédr samma 0,27 mm
upptining: 0,1%o vet=0,50 3,5 % som for farsk 0,39 mm
vet=0,40 ca2 % betong >0,55 mm
Max forlust i E-modul | vet=0,60 4,5 % Ungefér samma 0,22 mm
5% vet=0,50 3,5% som for farsk 0,24 mm
vet=0,40 3% betong 0,47 mm

6. Slutsatser

Inom temperaturomradet -20°C till -50°C bildas stor m#ngd is sdvil i normalbetong (vct=0.50
a 0.60) som i hogvirdig betong (vct=0.40). Diremot tycks ingen ny is bildas om temperaturen
sinks ytterligare till -190°C. Denna slutsats baseras emellertid pa ndgra f& mitningar och bor
dérfor undersokas ytterligare.

Trots den stora isbildningen i omradet -20°C till -50°C skadas inte betong trots att den lagrats
lang tid i vatten (4 manader), forutsatt att lufthalten i den hardnade betongen overstiger ca 4%.
Visserligen vattenfylls upp till 50% av luftporerna under vattenlagringen, men resterande
“effektiva” luftvolym (ca 2%) ir tillrackligt stor for att betongen skall skyddas. Virdet 4%
giller for aktuell kombination av cement och tillsatsmedel. Andra materialkombinationer kan
ge annat resultat'. Vid hogre vt 4n 0,40 bor lufthalten av sdkerhetsskil okas utsver 4% for

att man med sikerhet skall undvika frostskador.

13) Begreppet avstindsfaktor och dennas betydelse for frostbestindighet och behov av luft i betongen behandlas
utforligt i artikeln: Fagerlund, G.: The required air content of concrete. "Mass-Energy Transfer and Deterioration
of Building Components”, Conference at CSTB, Paris, 9-11 Jan. 1995. Building Reserach Institute. Ministry of
Construction, Japan, 19. BRI Proceedings No 2, 1995.

14y Att inverkan av cementtyp och tillsatsmedelstyp kan ha avgorande betydelse for frostbestindigheten hos
betong visas t.ex. i: Fagerlund,G.: Effect of air-entraining and other admixtures on the salt-scaling resistance of
concrete. “Durability of Concrete. Aspects of Admixtures and Industrial By-Products”. Proceedings of the
International Seminar, Chalmers, April, 1986 (Edited by Lars-Olof Nilsson). Swedish Council for Building
Research, Document D1:1988, Stockholm 1988.
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Total mingd frysbart vatten vid -50°C &r enligt Tabell VIII ca 60 a 120 liter per m’® betong
beroende pé betongkvaliteten. Teoretiskt erfordras dérfor ca 0,6 & 1,1 % luftporer for att ta
hand om den 9-procentiga expansionen av detta vatten nér det dvergar till is. Denna berdkning
forutsitter att all vattenexpansion kan tas hand om lokalt dér frysning sker. Detta &r ett
tveksamt antagande eftersom ofrysbart vatten i anslutning till den por ddr isbildning sker
normalt méaste pressas undan en viss stricka innan det nar ett luftfyllt utrymme. Dérvid
uppstar spianningar i betongen som kan vara tillréickligt stora for att forstora betongen.
Foljaktligen kan man forvinta att ndgot mer in 0,6 a 1,1% “effektiv” lufthalt erfordras.

Om luftporerna skulle fyllas med #nnu mer vatten é@n det som tas upp under 4 ménaders
kontinuerlig vattenlagring ir risken 6verhingande att betongen forstors, sdvida den inte har s
hog initiell lufthalt att resterande effektiva lufthalt, trots lang vattenlagring, ricker for att ge
skydd.

Vattenabsorptionen i betongen dkar med 6kande exponeringstid for vatten. Dessutom Okar
den med tkande tryck hos omgivande vatten. Detta innebir att en betong som sténdigt eller
intermittent under langre perioder utsitts for t.ex. grundvatten under overtryck kan forvintas
ta upp stor méngd vatten i luftporsystemet. Man kan inte utesluta att absorptionen efter ett
antal ar har blivit sé stor att frostskador kan uppsté. En frusen betong i hydraulisk kontakt med
ofruset vatten kan dessutom ta upp ytterligare vatten genom en mekanism som &r ekvivalent
med tjélbildning i mark; iskroppar inne i betongen drar till sig ofruset vatten utifrdn varvid
iskropparna sviller och springer betongen'®.

Den genomforda undersékningen visar alltsd att betong med lufthalt hos hdrdnad betong av
ligst ca 4% inte torde skadas av frystemperaturer ner till ca -50°C eller ldgre, forutsatt ait
betongens vattenhalt inte dverstiger den som nds efter ca 4 mdnaders kontinuerlig
vattenlagring och vct understiger ca 0,50. En ytterligare forutsiittning dr att lufiporsystemet
har hig kvalitet och inte utbildar ett mer eller mindre kontinuerligt kanalsystem. Vid dnnu
langvarigare vattenabsorption erfordras hogre lufthalt. Kontinuerliga luftporsystem torde
aldrig kunna ge hig frostbestindighet under fuktiga forhallanden eftersom det kan férvintas
bli vattenfyllt.

For att kontrollera om en betong kan forvintas vara frostbestindig vid ldg temperatur kan
man genomfora expansionsmdningar av den typ som genomforts i denna undersdkning. Fore
provning bér provkropparna lagras minst 4 mdanader i vatten. En lidgsta frystemperatur av
-30°C torde vara tillriicklig eftersom undersokningen visat att inget prov som varit bestdndigt
vid -30°C har féatt skador néir temperaturen sankts ytterligare till -50°C eller ldgre.

Betong som kan komma att utsittas for stiindig exponering for vatten, eller som av andra
skél, t.ex. hogt vattentryck hos omgivande vatten, kan nd hogre fukiniva dn vad som fas
genom 4 mdnaders vattenlagring. Risken for skador dkar dirfor kraftigt. Detsamma giiller
betong som innehdller pords ballast eller som innehdller defekter, t.ex. sprickor.

12y Mekanismen bakom denna typ av frostnedbrytning, ”den hydrauliska tryckteorien”, har utvecklats i detal; i
Powers,T.C.: The Air Requirement of Frost Resistant Concrete. Proceedings, Highway Research Board, No29

1949.
'8y Denna mekanism beskrivs i rapporten refererad i fotnot 3.
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7. Fortsatta studier

Det vore onskvirt att genomfora ett antal kompletterande undersékningar for att fa klarhet i
hur andra sitt for fuktabsorption #n den som anvints hir, 4 ménaders vattenabsorption,
paverkar bestindigheten hos betong vid 1dg temperatur. Samtidigt vore det onskvért att
genomfora ytterligare undersokningar till temperaturer av storleksordningen -100 a -150°C.

Tédnkbara vattenabsorptionsmetoder #r; (1) inpressning av vatten under Overtryck, (2)
vattenlagring efter vakuumbehandling till varierande resttryck, (3) fuktdiffusion orsakad av
tjdlskjutningsmekanismen” (iskroppar i betongen drar till sig ofruset vatten frin
omgivningen). Av dessa metoder #r vakuumabsorptionen enklast att genomféra. Genom att
variera resttrycket kan man simulera olika fuktférhallanden.
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1. Introduction

Three different concrete qualities has been tested with regard to frost attack.
Each concrete quality has been produced with three nominal contents of air, 2,
4 and 6%. The tests consisted of (i) calorimetric measurements during freezing
and thawing, (ii) length changes during freezing and thawing (separate mea-
surements), (iii) loss in elastic modulus caused by freezing and thawing, (iv)
porosity measurements, air content and slump measurements on fresh con-
crete, and imagine analysis on the geometry of air bubbles and air content on
well hydrated samples.

The main purpose of the investigation was to measure important properties
related to frost damage in concrete at low or extremely low temperatures. A
main result obtained is that no ice formation occur in concrete below about 50
degree Celsius. Further is the importance of air content observed, i.e. a high air
content (above about 4% of total volume) is required to minimize the damage
caused by ice formation in the pore system. No specific relation regarding the
mean spacing between air bubbles in concrete and damage could be observed
with the adopted test methods.



2. Concrete recipes and preparation of samples

The nine recipes of the different concretes used in this investigation is shown in
Tables below. The samples was produced in 120 liters batches in the laboratory.
Two different granite aggregates where used (0-3 mm and 4-8 mm). A part of
the aggregate used was dried in an oven the day before the manufacturing of
the concrete samples in order to adjust the recipes for water present in aggre-
gate. The two aggregate types used were mixed with cement, (sulfate resistant
Portland cement SRPC) before adding water. In cases where the nominal air
content was set to 4 or 6% an air-enbraining agent was used. The water content
in the agent was compensated for in order to get the correct target water to
cement ratio. The fresh concrete was placed in two moulds with the size 0.2
x 0.5 x 0.5m and in cubic moulds with sides with the dimension 0.1m. The
moulds where vibrated a few seconds before cover them with plastic to prevent
evaporation. 5 liters of the fresh concrete where used to measure the density
and the air content in mix.

After one day of hydration the concrete was sawn into small cylinders with
diameter 1.4cm and a length of 6 cm suited for measurements in the scanning
calorimeter and into blocks with size 2 x 2 x 16em suited for length change
measurements during freezing and thawing. Plates with the dimensions 10 x
10 x 5cm was sawn out from the blocks, which are suited for evaluation of air
content and spacing between air bubbles in the material



3. Calorimeter investigations and evaluation of frozen/melted water

Micro-concrete cylinders with diameter 1.4 cm and a length of 6 cm were used in
the calorimetric measurements. A Calvet-type scanning calorimeter operating
between +20 and -130°C (produced by Setaram, France) was used. The normal
cycle adopted in this investigation was, +20 to -80°C and -80 to +20°C with
a freezing and thawing rate of 0.09°C per minute. The cooling system consist
of liquid nitrogen which flows through the outer shells of the calorimeter vessel.
The outer part of the calorimeter consist of wall construction which is evacuated
to vacuum to prevent heat exchange with the environment. The reference and
sample containers are located at top of the calorimeter (e.g. see Figure). These
containers are adjusted to a state of vacuum and then filled with dry nitrogen
gas at atmospheric pressure before the desired programmed temperature cycle
are runned. The instrument are carefully calibrated for this specific condition
in the chambers.

The size of samples are chosen so as to fit the sample container as good
as possible. The gap between sample and sample wall is approximately 0.5
mm. This small gap was shown to delay the heating and cooling very little
by evaluating data from different measurements. However, it is very difficult
to prevent water being evaporated or expelled {due to pressures caused by the
formed ice) from the sample. This phenomena can contribute to a small amount
of water being adsorbed on the inner sides of the chamber walls, which will
affect the heat response in a unwanted way. Tt has been suggested that samples
should be wrapped up with, for example, aluminium foil, but evaporation and
expelled water will also in this case be adsorbed on the foil an contribute to
the same kind of error. A totally dry concrete sample (with length of 6 cm and
diameter 1.4 cm) are placed in the reference vessel. The same reference is used
for all measurements in this investigation. The small difference between the dry
weight of reference sample and the current test samples are compensated for
in an explicit manner, which is due to the structure of the evaluation method
adopted. The duration of a test cycle is approximately two days.

While in use the calorimeter records the calibrated heat supplied or released
from the specimen, i.e. the instrument measures the difference of response of
reference and the sample vessel. At the same time the heat response is measured
at each time level the corresponding actual temperature in sample chamber is
recorded.

The sample are weighted before and after a measurement in the calorimeter
in order to check the amount of water being expelled from sample. Typically
the loss in water of sample is 0.08 weight percent of total amount of water.



U .

Figure 1: Top of the calorimetric bottle. The nitrogen is suppled with the tube
seen on the left-hand side of the figure.

The results are evaluated in the sense that the integral values of the heat re-
sponse from the calorimeter is calculated. This function is used in a stringent
way to account for changes in the capacitance in the sample relative to the
reference due to different relations between concentration of ice and pore-water
in specimen during the run of experiment. A base line is obtained by making
approximations of the integrated heat of water and ice separately. Weighted
values between these lines are calculated and its magnitude are dependent on
how much ice which has been formed at different temperature. The method
further utilizes the fact that the total heat must be zero after a complete cycle.
Small heat losses or effects caused by the reference sample are compensated for
in a direct manner. The integrated heat response for all samples tested are
shown in appendix. In these figures the method of evaluation of the amount of
ice formed is also shown by dashed lines illustrating the base lines on which the
method is based on.



4. Test method for elastic modulus

Concrete samples with the dimensions 2 x 2 x 16cm was tested for loss in sonic
elastic-modulus due to a freeze - thaw cycle. The instrument (Grindosonic, see
Figure) measures the speed of sound in sample using a pickup and a receiver.
The speed of sound of in the sample is very much determined by the presence
of micro-cracks. The non-normalized value of the elastic-modulus in an elastic
material is approximately proportional to the square of the speed of the sound in
the same material, it is therefore ideally suited for determination of the degree
of damage of specimens in a non-destructive manner.

The sample to be tested was placed on a soft plastic plate (see Figure) and
the pickup was placed at the center of the sample by hand. A small hammer
(see Figure) was used to initiate a sonic vibration at the end of the sample suited
for the instrument.

The samples was tested with the instrument before and after being subjected
to a freeze-thaw cycle from 20 to -55°C and back to 20°C with a cooling and
heating rate of 0.09°C per minute. A significant difference in the speed of sound
was observed in the samples being damaged due to ice formation in the pore
system and samples not being damaged. It is approximated that the instrument
can be used to define several different degrees of damage, a division into about 20
different degrees of damage seems to be the order of accuracy of the instrument

in use.
o A

Figure 2: Sonic measurements of the concrete samples. The concrete sample is
placed on o soft plate. The instrument measures the vibration frequency when
tilted with a small hammer.

Results of the ultrasonic measurements are shown in appendix.



3. Measurement of air pore system of hardened concrete

Concrete samples with the dimensions 10 x 10 x 5cm was tested for air content
and spacing between air bubbles using an imagine technique.

The sample surfaces (the 10 x 10cm side) was grinded in a way that re-
sulted in that flat surface was obtained. Small cavities or lines on the surface
introduced by the grinding procedure was avoided as much as possible since it
affects the evaluation of the adopted method. The wet grinded samples was
then supplied with a heated sink-paste over the surface and smoothly smeared
on the surface using a plate. The paste fills the natural present air-bubbles and
cavities present on the surface and becomes visible due to its sharp white color.

Figure 3: Microscopic measurements with the LABEYE equipment. Several
pictures is analysed for each specimen to obtain the size of circles (bubbles)
which are registrated in different class intervall by the computer.

The measured diameters on the plane of polish are divided in different class
intervals, i.e., r1,79,73,...7,, where n denotes the number of class interval used
and noting that each radii is the maximum value in the interval. If P, ; is the
probability of a test plane intersecting a sphere of diameter 5 to yield sections
of diameter 7, then

Py = e [l = i - i -0

T j,max

where 7; max corresponds to the maximum radius of the sphere of each class
interval, i.e., for example, when considering the fifth class interval 75,max = T5-

10



The probability F; ; can equally be expressed as

Pig= b bk (2)

74, max 74, max

where h is a height interval in which a plane is cut which means that it is assumed
that all particles in each class interval has the same size. In other words, P ;
expresses the probability of hitting an air void sphere with the ’known’ radii
belonging to class 7 so that the measured cut sphere yields a radii belonging to
the interval belonging to class 7.

The total number of void area per unit total area measured by the plane
of polish belonging to class 7 is denoted (Nj),, regardless of its origin. The
corresponding calculated total number of air void volume per unit total volume,
with its origin from the area class with radii such that it is belonging to 4, is
denoted (Ny);. By denoting the measured cut sphere diameter D;, the relation
between (N4); and (Ny); can be expressed as

(Na); = Pi;D; (Nv); (3)

The greatest value of Dj;, i.e. D,y can be seen as the confidence interval and
all other values of D; is parts of the total confidence interval. Therefore, D,
should be interpreted as the probability of hitting different sphere classes in the
plane of polish method.

In order to simplify the method an example will be presented. Consider a
small problem in which only five class interval is studied. The greatest measured
cut radii is denoted r. The classes is divided to five equally sized interval, i.e.

1 2 4
£ ED gr, i and r (4)
or in simpler notation

L, T2, T3, T4, and s (5)

The measured total number of sections of a given size per unit area, regardless
of origin, is

(NA)l ) (NA)z ) (NA)gy (NA)4 and (NA)s (6)
where the section in each class vary from
Otory, ri1tory, rotors, r3tory, and rqtors (7)

The number of air void volume per total volume having different radii are the
properties to be calculated and are denoted by

(Nv)y,  (Nv)y, (Nv)sz, (Nv)g and (Ny)g (8)

11



Following the expression (2) the probabilities for hitting the different spheres in
a certaln cut giving a visible plan radii, one obtain

Py = 1
Pia = 01340, Py5 = 0.8660

Pig = 00572, Ppz=0.1975, Ps3=/0.7454

Pia = 00317, Pps=0.1022, Psq=02046, Py4=0.6614

Prs = 00200, Pps=00633, Ps5=0.1165, Pys=0.2000, Pss = 0.6000

It should be noted that the sum of the rows in the above list are equal to
unity, which expresses the fact the sum of probabilities cutting a certain sphere
in different ways is always equal to 1. For example, the smallest interval, i.c.
the class j = 1, can only be a sphere cut in one way only in the plane of
polish. On the other hand class § = 3 can be cut in three different ways, Le.
it can be registered by cuts giving three different radii-intervals, which sum of
probabilities is equal to unity.

Hernce, the relation between the measured values of (Na);,, i =1,..,5 and
the unknowns (Ny),, i = 1,...,5, is

(Na)s PssDs 0 0 0 0 (Ny)g
(Na)y PysDs  PyaDy 0 0 0 (Nv),
(Na)s | = | PssDs PsaDy Ps3D3 0 0 (Nv)4
(Na), PosDs  Py4Dy PogD3 PhaDy 0 (Ny),
(Na), Py sDs PiyDy Py3Ds PipDy Py (Nv),
The inverse to this expression, for r = 1, is
(Nv)s 0.8333 0 0 0 0 (Na)s
(Nv), —0.3150 0.9450 0 0 0 (Na),
(Nv); | = | —0.1018 —0.3458 1.1180 0 0 (Na)g
(Nv), —0.0431 —0.1047 —0.3824 14434 0 (Na),
(Nv), —0.0144 —-0.0325 -0.0893 —0.3868 2.5 (N4),
For example, (Ny); = 1.1180 (N4)5 — 0.3458 (Na), — 0.1018 (N4)s.
The inverse can also be expressed as
(Nv)g 03333 0 0 0 0 (Na)s
(Nv), 1 | —01260 03780 0 0 0 (Na)y
(Nv)y | = x| —0.0407 —0.1383 0.4472 0O 0 | | (Na)s
(Nv), —0.0172 —0.0419 —0.1530 05774 0 (Na),y
(Nv); —0.0057 —0.0130 —0.0357 —0.1547 1 (Na),

where A is the constant interval diameters of classes, i.e. in this example A =

2/5, see (2). For example, (Nv)3 =5/2[0.4472 (Na)s —0.1383 (N4), — 0.0407 (Na)s].
The values of the inverse matrix above for different number of intervals can be
found in tabulated form in Underwood, for a maximum of 15 classes. With to-

day use of computers these results need, however, only to be used for checking

the correctness of computer calculations.

12



It should be observed that the general expression valid is

(NA)S PanDn 0 - 0 (Nv)5
(NA)4 Pn—l,nDn Pn—l,n—lpn—l " 0 (NV)4
(NA)S = Pn—Z,nDn P'n—2,n—1Dn—-1 0 (NV)3
(Na)s = : .0 (Vv )q
(Na), Py Dy Pipn1Dny .. PiaDy (Nv),

It should be observed that the model does only include the existence of
perfectly spherical air bubbles and that any deviation from this will affect the
results. Another important topic is that it is directly concluded that the model
can give negative numerical values of the air content for different pore sizes, e.g.
see above. Suggestions on how to treat this problem has been studied by, for
example, Vesikari.

the important benefit of the model is mainly the possibility to predict the
air bubble size distribution. Such results is shown in the appendix of this work.

13



6. Measurement of length change during freezing and thawing

4 month water stored concrete specimens with the dimension 2x2x16 cm
were tested for length change during freezing and thawing using the device
shown in Figure below. Before testing the samples was supplied with a small
metal cone glued on top and bottom of specimen. This cone is constructed to
perfectly join the gauge on the sample holder which can contain maximum six
specimens. This construction is used to avoid slipping and formation of small
ice crystals on the suspensions. Before mounting the samples on the holder
they are wrapped in plastic to prevent evaporation from samples and supplied
with a thermo-element which records the temperature on the specimen surface
independently on all six samples. The current length of specimens are recorded
by LVDT-instruments which are connected to a computer. The specimen holder
consists of an invar construction which minimizes changes in the dimension of
the holder at different temperatures.

The sample holder are placed in a large refrigerator which automatically
runs a desired temperature cycle. In this case it was of interest to make this
cycle similar to the one used in the calorimetric measurements. The LVDT-
instruments, however, has the limitation of being operating correct only down
to about -55°C. Therefore, the cycle in use was 20 to -55°C and back to 20°C
with a cooling and heating rate of 0.09°C per minute.

The specimen were weighted before and after test in order to check the
loss of water from sample during the test. Typically the loss was 0.6% of total
weight of water.

Results of the measurements is in accordance with the ultrasonic measure-
ments. That is a large remaining deformation was measured in the dilatometer
in the freeze box when samples also had a high loss in E-modulus detected by
the ultrasonic measurements. Furthermore, the deformation during freezing and
thawing is in accordance with the evaluated ice contents from the calorimetric
measurements, i.e. when the ice content decreases according to the calorimeter
the length decreases in a similar fashion.

14



Figure 4: Sample holder for the freeze-thow test in which the lengt change s
registrated. Two samples of each concrete quality are tested in order to get an
estimate of the performance of the experiment.
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7. Results
7.1 Concrete 602n (w/c 0.60. 2.6% air)

The (SRPC) concrete with composition according to Table 1. were tested with
the calorimetric device and length change device during freezing and thawing.
The evaluation of the calorimetric measurement is described in Section 3.2. Note
that the temperature dependence on the fusion of ice is included in this model.
Water to cement ratio 0.60, no air-entraining agent is used, air content 0.026
measured on fresh concrete. Samples being stored in water about four months
before testing. T

The calorimetric and length change measurements were performed from 20°C
to about -80°C and back to 20°C with a rate at about 0.1°C per minute. The
effect of cooling and heating rate on the test results are not studied in this
investigation. The slow rate used in this work can, however be assumed to be
a quasi-static condition, which means that slower or slightly higher rates would
give the same results.

The initiation of ice growth can sometimes differ some few degrees between
the length change and calorimetric measurements. Test, performed in other
investigations, however, shows that .initiations occur at the same temperature
when measurements of lenght change and heat flow are measured with one
instrument on one single sample.

17



Table 1: Mix proportion of concrete with water to cement ratio 0.60, air content 2,6%.

Me 602 Actual'weight (kg)
Cement (SRPC) 38.5
Agpregate 0-3 mm 98.51
Apggregate 4-8 mm 08.67
Water 23.26

Air-entraining agent
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Figure 8: Picture from LABEYE, orginal size 100x100mm. Mc 602n, measured
aircontent on fresh concret 0.026, and 0.032 on mature concrete (LABEYE).
The plane of polish is obtained by carefully cut and polish a plane surface and

putting hot silicon paste on to surface to maoke air bubbles vistble in microscope.
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Figure 9: Mc602n Accumulated volume of air voids as a function of pore size.

Analyze performed using quantitative stereology method, see Section 3.4. The

total accumulated air bubble content represent the air content as measured by
the method.
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7.2 Concrete 604n (w/c 0.60. 4.7 % air)

The (SRPC) concrete with composition according to Table 2. were tested with
the calorimetric device and length change device during freezing and thawing.
The evaluation of the calorimetric measurement is described in Section 3.2.
Note that the temperature dependence on the fusion of ice is included in this
model. Water to cement ratio 0.60, air-entraining agent is used, air content
0.047 measured on fresh concrete. Samples being stored in water about four
months before testing.

The calorimetric and length change measurements were performed from 20°C
to about -80°C and back to 20°C with a rate at about 0.1°C per minute. The
effect of cooling and heating rate on the test results are not studied in this
investigation. The slow rate used in this work can, however be assumed to be
a quasi-static condition, which means that slower or slightly higher rates would
give the same results.

The initiation of ice growth can sometimes differ some tew degrees between
the length change and calorimetric measurements. Test, performed in other
investigations, howéver, shows that initiations occur at the same temperature
when measurements of leright change and heat flow are measured with one
instrument on one single sample.
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Table 2: Mix proportion of concrete with water to cement ratio 0.60, air content 4,7%.

Mec 604 Actual-weight (kg)
Cement (SRPC) 38.5
Aggregate 0-3 mm 92.66
Aggregate 4-8 mm 03.28
Water 23.06
Air-entraining agent 0.044
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Figure 11: Integrated heat flow from specimen 604n. Dashed lines show base line correction
caused by temperature dependence of heat of fusion and heat capacitance of ice and water.
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Figure 14: Picture from LABEYE, orginal size 24x16mm. Mc 604, measured
aircontent on fresh concret 0.047, and 0.046 on mature concrete (LABEYE).
The plane of polish is obtained by carefully cut and polish a plane surface and
pulting hot silicon paste on to surfece to make air bubbles visible in microscope.
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Figure 15: Mc604n Accumulated volume of air voids as a function of pore size.
Analyze performed using quantitative stereology method, see Section 3.4. The
total accumulated air bubble content represent the air content as measured by

the method.
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7.3 Concrete 606n (w/c 0.60. 7.8% air)

The (SRPC) concrete with composition according to Table 3. were tested with
the calorimetric device and length change devicé during freezing and thawing.
The evaluation of the calorimetric measurement is described in Section 3.2.
Note that the temperature dependence on the fusion of ice is included in this
model. Water to cement ratio 0.60, air-entraining agent is used, air content
0.078 measured on fresh concrete. Samples being stored in water about four
months before testing. S

The calorimetric and length change measurements were performed from 20°C
to about -80°C and back to 20°C with a rate at about 0.1°C per minute. The
effect of cooling and heating rate on the test results are not studied in this
investigation. The slow rate used in this work can, however be assumed to be
a quasi-static condition, which means that slower or slightly higher rates would
give the same results.

The initiation of ice growth can sometimes differ some few degrees between
the length change and calorimetric measurements. Test, performed in other
investigations, howevéi‘",‘ shows that initiations occur at the same temperature
when measurements of lenght change and heat flow are measured with one
instrument on one single sample.
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Table 3: Mix proportion of concrete with water to cement ratio 0.60, air content 7,8%.

Mc 606 Actual weight (kg)
Cement (SRPC) 38.5
Aggregate 0-3 mm 88.98
Aggregate 4-8 mm 93.28
Water 23.14
Air-entraining agent 0.165
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Figure 16: Measured heat flux for concrete 606n. Moisture content 1.480 g
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caused by temperature dependence of heat of fusion and heat capacitance of ice and water.
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Figure 20: Picture from LABEYE, orginal size 24x16mm. Mc 606n, measured
atrcontent on fresh concret 0.078, and 0.084 on mature concrete (LABEYE).
The plane of polish is obtained by carefully cut and polish a plane surface and
putting hot silicon paste on to surface to make air bubbles visible in microscope.
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Figure 21: Mc606n Accumulated volume of air voids as a function of pore size.
Analyze performed using quantitative stereology method, see Section 3.4. The

total accumulated air bubble content represent the air content as measured by
the method.
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7.4 Concrete 502n (w/c 0.50. 2.0% air)

The (SRPC) concrete with composition according to Table 4. were tested with
the calorimetric device and length change device during freezing and thawing.
"The evaluation of the calorimetric measurement is described in Section 3.2. Note
that the temperature dependence on the fusion of ice is included in this model.
Water to cement ratio 0.50, no air-entraining agent is used, air content 0.029
measured on fresh concrete. Samples being stored in water about four months
before testing.

The calorimetric and length change measurements were performed from 20°C
to about -80°C and back to 20°C with a rate at about 0.1°C per minute. The
effect of cooling and heating rate on the test results are not studied in this
investigation. The slow rate used in this work can, however be assurmed to be
a quasi-static condition, which means that slower or slightly higher rates would
give the same results. '

The initiation of ice growth can sométimes differ some few degrees between
the length change and calorimetric measurements. Test, performed in other
investigations, however; shows that initiations occur al the same temperature
when measurements of lenght change and heat flow are measured with one
instrument on one single sample.
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Table 4: Mix proportion of concrete with water to cement ratio 0.50, air content 2,0%.

Me 502 Actual weight (kg)
Cement (SRPC) 48.4
Aggregate 0-3 mm 78.7
Aggregate 4-8 mm 8.7
Water 24.2
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Figure 22: Measured heat flux for concrete 502n. Moisture content 1 527 g.
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Figure 26: Picture from LABEYE, orginal size 24x16mm. Mc 502n, measured
aircontent on fresh concret 0.020, and 0.021 on mature concrete (LABEYE).
The plane of polish is obtained by carefully cut and polish a plane surface and
putting hot silicon paste on to surface to make air bubbles visible in microscope.
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Figure 27: Mc502n Accumulated volume of air voids as a Junction of pore size.
Analyze performed using quantitative stereology method, see Section 8.4. The
total accurnulated air bubble content represent the air content as measured by

the method.
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7.5 Concrete 504n (w/c 0.50. 3.6 % air)

The (SRPC) concrete with composition according to Table 5. were tested with
the calorimetric device and length change device during freezing and thawing.
The evaluation of the calorimetric measurement is described in Section 3.2.
Note that the temperature dependence on the fusion of ice is included in this
model. Water to cement ratio 0.30, air-entraining agent is used, air content
0.036 measured on fresh concrete. Samples being stored in water about four
months before testing. : '

The calorimetric and length change measurements were performed from 20°C
to about -80°C and back to 20°C with a rate at about 0.1°C per minute. The
effect of cooling and heating rate on the test results are not studied in this
investigation. The slow rate used in this work can, however be assumed to be
a quasi-static condition, which means that slower or slightly higher rates would
give the same results.

The initiation of ice growth can sometimes differ some few degrees between
the length change and calorimetric measurements, Test, performed in other
investigations, however, shows that initiations occur at the same temperature
when measurements of lenght change and heat flow are measured with one
instrument on one single sample.
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Table 5: Mix proportion of concrete with water to cement ratio 0.50, air content 3,6%.

Mc 504 Actual weight (kg)
Cement (SRPC) 484
Aggregate 0-3 mm 76.0
Aggregate 4-8 mm 76.0
Water 24.2
Air-entraining agent 0.076
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Figure 28: Measured heat Jlux for concrete 504n. Moisture content 1.634 &

46



900
800
700
600
500
400
300
200
100

Ackumulated relative heat [J]

I 1

i P! IO
Of - " | |

| | I

L L 1

0 80 w0 40 20 0 20 40
Calorimetric block temperature [C°]

Figure 29: Integrated heat flow from specimen 504n. Dashed lines show base line correction
caused by temperature dependence of heat of fusion and heat capacitance of ice and water.
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Figure 31: Length change of concrete 504n during freeze-thaw (two tests).

E-modulus ratio after and before freeze-thaw, 0.96.
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Figure 32: Picture from LABEYE, orginal size 2fxlbmm. Me 50)n, measured
aircontent on fresh coneret 0.036, and 0.081 on mature concrete (LABEYE).

The plane of polish is obtained by carefully cut and polish a plane surface and
putiing hot silicon paste on to surface to make air bubbles visible in microscope.
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Figure 33: Mc504n Accumulated volume of air voids as a function of pore size.

Analyze performed using quantitative stereology method, see Section 8.4. The

total accumulated air bubble content represent the air content as measured by
the method.
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7.6 Concrete 506n (w/c 0.50. 5.4% air)

The (SRPC) concrete with composition according to Table 6. were tested with
the calorimetric device and length change device during freezing and thawing.
The evaluation of the calorimetric measurement is described in Section 3.2.
Note that the temperature dependence on the fusion of ice is included in this
model. Water to cement ratio 0.50, air-entraining agent is used, air content
0.054 measured on fresh concrete. Samples being stored in water about four
months before testing. L

The calorimetric and length change measurements were performed from 20°C
to about -80°C and back to 20°C with a rate at about 0.1°C per minute. The
effect of cooling and heating rate on the test results arve not studied in this
investigation. The slow rate used in this work can, however be assumed to be
a quasi-static condition, which means that slower or slightly higher rates would
give the same results. '

The initiation of ice growth can sometimes differ some few degrees between
the length change and calorimetric measurements. Test, performed in other
investigations, however; shows that initiations occur at the same temperature
when measurements of lenglit change and heat flow are measured with one
instrument on one single sample.
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Table 6: Mix proportion of concrete with water to cement ratio 0.50, air content 5,4%.

Mc 506 Actual weight (kg)
Cement (SRPC) 484
Aggregate 0-3 mm 73.4
Aggregate 4-8 mm 73.4
Water 24.2
Air-entraining agent 0.187
169 T i T T : T
I I I ] ] 1
100f === < == = =- ' - j= - - F=——
R S N
3 | |
T I . |
) 1 1
o} =n ot
A |
1 1 i ] 1
: : : i ' i
B (T T =" R a—r 0 20 40

Calorimetric block temperature [C°]

Figure 34: Measured heat flux for concrete 506n. Moisture content 1,575 g
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Figure 37: Length change of-conctete 506n during freeze-thaw (two tests).

-modulus ratio after and before freeze-thaw, 0.97.
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Figure 38: Picture from LABEYE, orginal size 24z16mm. Mc 506n, measured
aircontent on fresh concret 0.054, and 0.049 on mature concrete (LABEYE).
The plane of polish is obtained by carefully cut and polish o plane surface and
putting hot silicon paste on to surface to make air bubbles visible in microscope.
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Figure 39: Mc506n Accumulated volume of air voids as a function of pore size.
Analyze performed using quantitative stereology method, see Section 3.4. The
total accumulated air bubble content represent the air content as measured by

the method.
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7.7 Concrete 402n (w/c 0.40. 2.5% air)

The (SRPC) concrete with composition according to Table 7. were tested with
the calorimetric device and length change device during freezing and thawing.
The evaluation of the calorimetric measurement is described in Section 3.2. Note
that the temperature dependence on the fusion of ice is included in this model.
Water to cement ratio 0.40, no air-entraining agent is used, air content 0.025
measured on fresh concrete. Samples being stored in water about four months
before testing. : '

The calorimetric and length change measurements were performed from 20°C
to about -80°C and back to 20°C with a rate at about 0.1°C per minute. The
effect of cooling and heating rate on the test results are not studied in this
investigation. The slow rate used in this work can, however be assumed to be
a quasi-static condition, which means that slower or slightly-higher rates would
give the same results. )

The initiation of ice growth can sometimes differ some few degrees between
the length change- and calorimetric measurements. Test, performed in other
investigations, however-,‘"'shows that initiations occur at the same temperature
when measurements of lenght change and heat flow are measured with one
instrument on one single sample.
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Table 7: Mix proportion of concrete with water to cement ratio 0.40, air content 2,5%.

Me 402 Actual weight (kg)
Cement (SRPC) 57.8
Aggregate 0-3 mm 90.3
Aggregate 4-8 mm 90.3
Water 23.1
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(2]
o
R

£
=]

N
(=)

Heat flux [mW]
8 o

A
o

]
'
4
I
i
]
t
T
|
|
|
i

8
&<
=

60 -40 -20 0 20 40
Calorimetric block temperature [C°]

Figure 40: Measured heat flux for concrete 402n. Moisture content 1.311 g.
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Integrated heat flow from specimen 402n. Dashed lines show base line correction
caused by temperature dependence of heat of fusion and heat capacitance of ice and water.
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Figure 42: Estimated ice content at freezing and thawing for sample Mc 402n.
The effect of temperature dependence of the heat of fusion is embedded in the

estimation.
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Figure 44: Picture from LABEYE, orginal size 24x16mm. Mc 402n, measured
aircontent on fresh concret 0.025 and 0.027 on mature concrete (LABEYE).
The plane of polish is obtained by carefully cut and polish o plane surface and

putting hot silicon paste on to surface to make air bubbles visible in microscope.
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Figure 45: Mc/02n Accumulated volume of air voids as a function of pore size.
Analyze performed using quantitative stereology method, see Section 8.4. The
total accumulated air bubble content represent the air content as measured by

the method.
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7.8 Concrete 404n (w/c 0.40. 4.2 % air)

The (SRPC) concrete with composition according to Table 8. were tested with
the calorimetric device and length change device during freezing and thawing.
The evaluation of the calorimetric measurement is described in Section 3.2.
Note that the temperature dependence on the fusion of ice is included in this
model. Water to cement ratio 0.40, air-entraining agent is used, air content
0.042 measured on fresh concrete. Samples being stored in water about four
months before testing.

The calorimetric and length change measurements were performed from 20°C
to about -80°C and back to 20°C with a rate at about 0.1°C per minute. The
effect of cooling and heating rate on the test results are not studied in this
investigation. The slow rate used in this work can, however be assumed to be
a quasi-static condition, which means that slower or slightly. higher rates would
give the same results.

The initiation of ice growth can sometimes differ some few degrees between
the length change and calorimetric measurements. Test, performed in other
investigations, howevel shows that initiations occur at the same temperature
when measurements of lenght change and heat flow are measured with one
instrument on one single sample.
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Table 8: Mix proportion of concrete with water to cement ratio 0.40, air content 4,2%.

Mc 404 Actual weight (kg)
Cement (SRPC) 57.8
Aggregate 0-3 mm 83.6
Agpregate 4-8 mm 84.6
Water 23.1
Air-entraining agent 0.132
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Figure 46: Measured heat flux Jor concrete 404n. Moisture content 1.483 g.
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Figure 48: Estimated ice content at freezing and thawing for sample Mc 404n.
The effect of temperature dependence of the heat of fusion is embedded in the
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Figure 50: Picture from LABEYE, orginal size 24x16mm. Mc 404n, measured
aircontent on fresh concret 0.042 and 0.048 on mature concrete (LABEYE).
The plane of polish is obtained by carefully cut and polish a plane surface and
putting hot silicon paste on to surface to make air bubbles visible in microscope.
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Figure 51: Mc404n Accumulated volume of air voids as function of pore size.
Analyze performed using quantitative stereology method, see Section 8.4. The
total accumulated air bubble content represent the air content as measured by

the method.
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7.9 Concrete 406n (w/c 0.40. 6.1% air)

The (SRPC) concrete with composition according to Table 9. were tested with
the calorimetric device and length change device during freezing and thawing.
The evaluation of the calorimetric measurement is described in Section 3.2.
Note that the temperature dependence on the fusion of ice is included in bhis
model. Water to cement ratio 0.40, air-entraining agent is used, air content
0.061 measured on fresh concrete. Samples being stored in water about four
months before testing. i :

The calorimetric and length change measurements were performed from 20°C
to about -80°C and back to 20°C with a rate at about 0.1°C per minute. The
effect of cooling and heating rate on thé test results are not studied in this
investigation. The slow rate used in this work can, however be assumed to be
a quasi-static condition, which means that slower or slightly, higher rates would
give the same results.

The initiation of ice growth can sometimes differ some few degrees between
the length change and calorimetric measurements. Test, performed in other
investigations, howevet; shows that initiations occur at the same temperature
when measurements of lenght change and heat flow are measured with one
instrument on one single sample.
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Table 9: Mix proportion of concrete with water to cement ratio 0.40, air content 6,1%.

Mec 406 Actual weight (kg)
Cement (SRPC) 57.75
Aggregate 0-3 mm 81.52
Aggregate 4-8 mm 81.25
Water 23.1
Air-entraining agent 0.187
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Figure 52: Measured heat flux for concrete 406n. Moisture content 1.542 g.
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grated heat flow from specimen 406n. Dashed lines show base line correction

caused by temperature dependence of heat of fusion and heat capacitance of ice and water.

Figure 53: Inte
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estimation.

Calorimetric block tempetrature [CC]
ce content at freezing and thawing for sample Mec 406n.

ture dependence of the heat of fusion is embedded in the

Figure 54: Estimated i
The effect of tempera
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Length change of concrete 406n during freeze-thaw (two tests).

-modulus ratio after and before freeze-thaw, 1.05.

Figure 55:
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Figure 56: Picture from LABEYE, original size 24x16mm. Mc 406n, measured
air content on fresh concrete 0.061 and 0.049 on mature concrete (LABEYE).
The plane of polish is obtained by carefully cut and polish a plane surface and
putting hot stlicon paste on to surface to maoke air bubbles visible in microscope.
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Figure §7: Mc406n. Accumulated volume of air voids as o function of pore
size. Analyze performed using quantitative stereology method, see Section 3.4.
The total accumulated air bubble content represent the air content as measured

by the method.
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APPENDIX: Density, porosity, air content, E-modulus

Table Al: Concrete with water to cement ratio 0.60, air content in fresh concrete
0.026, 0.047 and 0.087.

Mec 602 Mc 604 Mec 606

Measured density on fresch conc. (kg/m?) 2352 2269 2185
Computed density from recept (kg/m?) 2294 2239 2169
Computed density using vaccum tests (kg/m3) 2218 2140 2066
Measured air content on fresh conc, ) 2.6 4.7 7.8
Measured air content using picture analyzis (-) 3.2 4.6 8.4
Spacing factor (Powers) (mm) 0.40 0.20 0.13
Porosity using vaccum tests (-) 0181  0.203 0.232

Slump (mm) 31 210 130

Table A2: Concrete with water to cement ratio 0.50, air content in fresh concrete
0.020, 0.036 and 0.054.

Mc 502 Mc 504 Mc 506

Measured density on fresch conc. (kg/m*) 2357 2294 2271
Computed density from recept (kg/m?) 2275 2233 2186
Computed density using vaccum tests (kg/m3) 2222 2184 2109
Measured air content on fresh conc. ) 2.0 3.6 5.4
Measured air content using picture analyzis (-) 2.1 3.1 4.9
Spacing factor (Powers) (mm) 0.54 0.24 0.15

Porosity using vaccum tests (-) 0.175 0.186 0.216
‘Slump (mm) 140 140 110

Table A3: Concrete with water to cement ratio 0.40, air content in fresh concrete
0.025, 0.042 and 0.061.

Mc 402 Mc 404 Mc 406
Measured density on fresch conc. (kg/m?) 2375 2372 2280

Computed density from recept (kg/m®) 2326 2274 2216
Computed density using vaccum tests (kg/m?) 2244 2245 2211
Measured air content on fresh cone. ) 2.5 4.2 6.1
Measured air content using picture analyzis ) 2.7 4.3 4.9
Spacing factor (Powers) (mm) 0.54 0.34 0.16
Porosity using vaccum tests (-) 0.165 0.168 0.181
Slump (mm) 10 32 75
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Table A4: Test A: Concrete with water to cement ratio 0.40, water saturated, air
contents 0.025, 0.042 and 0.061. Elastic modulus before and after freeze-thaw

Lest.

. () (B)" ()" () (fm)” Damago
Mc A402n, before freezing 9.4 7.9 9.4 7.9 8.6 -
Mc A402n, after freezing 7.5 8.9 7.5 8.9 8.2 0.95
Mc A404n, before freezing 8.2 7.6 8.1 8.2 8.0 -
Me A404n, after freezing 7.9 8.1 8.1 81 8.0 1.00
Mec A406n, before freezing 6.0 5.6 6.0 5.7 5.8 -
Mc A406n, after freezing 6.8 58 6.8 58 64 1.08

Table AS: Test B: Concrete with water to cement ratio 0.40, water saturated, air
coutents 0.025, 0.042 and 0.061. Elastic modulus before and after freeze-thaw

test,
(f1)” (2)° ()" (f)" (fm)” Damage
Me B402n, before freezing 8.5 - 7.8 8.5 7.8 8.1 -
Mc B402n, after freezing 7.2 7.2 7.3 7.2 7.2 0.89
Mc B404n, before freezing 7.7 8.7 7.6 8.6 8.2

Mc B404n, after freezing 8.6 7.5 8.6 7.6 8.1 0.99
Mc B406n, before freezing 7.1 6.9 64 6.5 6.7 -
Mc B406n, after freezing 7.0 7.0 6.9 6.7 6.9 1.03

Table A6: Test A: Concrete with water to cement ratio 0. 50, water saturated,
air content 0.020, 0.036 and 0.054. Elastic modulus before and after freeze«thaw

best.
() () (B (Jo) (fm)° Damage
Mec A502n, IJefore freezing 7.7 8.1 7.7 8.1 7.9 -
Mc A502n after freezing 6.0 61 58 55 5.8 0.73
Mc A504n, before freezing 8.1 7.3 8.1 7.5 7.8 -
Mc A504n, after freezing 7.8 7.3 7.8 71 7.5 0.96
Mc Ab06n, before freezing 6.1 6.2 6.0 6.2 6.1 -
Mc A506n, after freezing 59" 6.2 6.0 5.3 5.9 0.97

Table A7: Test B: Concrete with water to cement ratio 0. 60, air content 0.020,
0.036 and 0.054. Blastic modul efore and after fr thﬂ be
— ()" () (fs)° (f1)' (Jm)’ Damage
Mc B502n, before freezing 8.0 8.8 8.2 8.8 8.4 -
Mc B502n, after freezing 6.2 6.3 6.1 5.8 6.1 0.73
Mec B504n, before freezing 7.0 6.9 7.0 6.9 7.0 -
Me B504n, after freezing 6.8 6.7 6.6 6.6 6.7 0.96
Mc B506n, before freezing 6.4 6.2 6.5 6.2 6.3 -
Mc B506n, after freezing 6.3 6.1 6.2 5.8 6.1 0.97
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Table A8: Test A: Concrete with water to cement ratio 0.60, water saturated,
air content 0.026, 0.047 and 0.078. Elastic modulus before and after freeze- thaw
test.

()" ()" (B)” (fa)" (fn)” Damage
Mc A602n, before freezing 6.8 6.8 6.8 6.8 6.8 .
Mc A602n, after freezing 5.3 5.5 5.2 5.3 5.3 0.78
Mc A604n, before freezing 5.8 6.0 5.5 6.0 5.8 -
Mc A604n, after freezing 5.8 5.7 5.8 5.8 '5.8 1.00
Mc A606n, before freezing 5.4 55 5.3 5.5 5.4 -
Mc A606n, after freezing ‘5.2 5.4 5.3 5.4 5.3 0.98

Table A9: Test B: Concrete with water to cement ratio 0.60, water saturated,
air content 0.026, 0.047 and 0.078. Elastlc modulus before and after freeze- thaw

test.
¢ (f)*  (f: 2)°  (f: 3)” (fa)° (fm)” Damage
Mec B602n, before freezing 6.4 6.6 6.5 6.6 6.5

Mc B602n, after freezing = 5.1 4.8 5.1 5.3 5.1 0.78
Mc B604n, before freezing 6.6 6.6 6.7 6.6 6.6 -
Mc B604n, after freezing 6.3 6.4 6.4 6.4 6.4 0.97
Mc B606n, before freezing 5.2 5.1 5.2 5.4 5.2 -
Mc B606n, after freezing 54 5.5 5.3 5.5 5.4 1.04
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