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BAKGRUND

| dag stalls krav fran Trafikverket och andra bestéllare att entreprendrerna skall berakna och
vidta atgarder for att begransa risken for temperatursprickor i betongen under gjutning och
hardning, se AMA Anlaggning EBE.11. Utover kravet pa anlaggningskonstruktioner har
husbyggnadssidan bdrjat se fordelarna med sprickbegransningar i kallarkonstruktioner som
utsatts for grundvattentryck samt mojligheten att optimera gjutetappernas langd for att undvika
eller minimera behovet av aktiva atgarder som kylning.

Kravens pa spricksakerhet vid gjutning och efterféljande hardning, som stélls enligt AMA
Anlaggning ar kopplade till konstruktionens exponeringsklass, och utgar fran att en viss andel
av den aktuella draghallfastheten utnyttjas. Nivan pa acceptabel spricksakerhet beror pa i vilken
omfattning den aktuella betongen har provats se Figur 1.

Ur AMA Anlaggning 07
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Figur 1: Spricksakerhetskrav enligt AMA Anlaggning mht provning av materialdata for
aktuell betong.

| utvecklingsarbete med det branschgemensamma prognosverktyget Produktionsplanering
Betong (PPB) i SBUF-projekten 12799, 13057, 13059 och 13064 har det visats pa vikten av
tillgang till bra materialdata. Forutsattningarna for bra prognoser via alla typer av
berakningsprogram ar starkt beroende pa kvaliteten pa indata.

Avseende varme, mognad och hallfasthet anses detta vara I6st. Utvarderingen och provningen
av temperatur- och hallfasthetsutveckling for en betong ar relativt enkel. Likasa ar idag
tilampade materialmodellerna som beskriver temperatur- och hallfasthetsutvecklingen for
betong enkla att anpassa mot provningsresultaten. Darfor togs det i SBUF 12799 fram och
implementerades som en del av PPB ett verktyg, Materialkalkylatorn, dar anvandaren ges



mojlighet att sjalv utféra utvardering av egna materialdata for temperatur-, hallfasthets- och
mognadsutveckling i nygjuten betong.

Nar det kommer till spanning och sprickriskbeddmning i PPB SBUF 13059 har det redan
konstaterats att den senaste materialmodelleringen fran berakningsverktyget ConTeSt kommer
att anvandas med smarre justeringar och forbattringar. ldag tas dessa materialdata fram av ett
laboratorium i Sverige, Complab LTU. Forfarandet kraver matutrustning, som i dagslaget endast
Complab LTU har. Utvarderingen ar ocksa kravande och komplex och det ar inom detta omrade
som situationen har blivit akut redan idag.

Entreprendrernas intresse for att ta fram spanningsdata har de senaste aren tkat mycket i
framforallt medelstora och stora projekt. Kunskapen om betongenens egenskaper ar vardefulla
redan i anbudsfasen, men ger en mdjlighet till produktivitetsékning vid genomférandet av
entreprenaden. Exempelvis kan etappindelningar, gjut- och hardningsatgarder optimeras ur
produktionsaspekt for att nd avsedd kvalitet. Aven optimering av erforderliga
vattentatningsatgarder mellan gjutfogar kan bedémas varvid kostnader for extra
vattentatningsatgarder kan reduceras alternativt elimineras.

Effekten av AMA:s spricksékerhetskrav illustreras i Figur 2 dar man ser att for en konstruktion
utsatt for ensidigt vattentryck kan den erforderliga mangden kylrdr dubbleras jamfort med nar
entreprendren har tillgang till en provad betong och fullstandiga materialparametrar.
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Figur 2: Jamforande berakningar av erforderlig kylrorsmangd mht tillaten spanningskvot.

Flera entreprendrer samt betong- och cementtillverkare dnskar att fa sina betong testade infor
kommande projekt. Utvarderingen av materialdata for branschens behov utgér en klar flaskhals
for entreprendrerna.

Med tanke pa de allt strangare kraven pa att cement och betong skall reducera sin CO2-
belastning kommer betongens beteende att férandras och darmed fortsatt stort behov av
egenskapsprovning av nya betongsammansattningar.

SYFTE

Syftet med detta projekt har varit att ta fram en modul for strukturerad materialutvardering av
spanningsdata — Materialkalkylator Spanning. Detta kommer att vara en omfattande utdkning av
dagens Materialkalkylator. Utvarderingen av spanningsdata ar bade mer omfattande och mer



komplex, men den bygger delvis pa utvardering av mognad och hallfasthet. Detta kommer att
sékerstalla att:

o Tillgangliga laboratorium, som kan genomfdra erforderliga provningar, har ett verktyg for
kvalitativ utvardering av spanningsdata och framtagning av egna materialdata fér ung
betong.

e SBUF kan lata fler laboratorium fa tillgang till verktyget vid behov.

Pa grund av verktygets komplexitet ar tanken att Materialkalkylator Spanning inte gors allmant
tillganglig for PPB:s normala anvandare utan endast anvands av kvalificerade laboratorier som
forfogar 6ver nédvandig matutrustning samt kunskap och kompets inom omradet.

GENOMFORANDE

| projektet har en revidering av existerande materialmodeller skett. Vidare har en stabilisering av
dagens utvarderingsmetodik utforts sa att den slutligen kunnat omformas till en repeterbar och
stringent process for utvardering. Slutligen har ett verktyg, liknande den idag existerande
materialkalkylatorn, for temperatur, hallfasthet och mognad att utvecklas, PPB
Materialkalkylatorn Spanning, som innefattar:

e Materialutvarderingsmodul for mognad, hallfasthet och varme enligt dagens PPB
Materialkalkylator

e Materialutvarderingsmodul for krypning

e Materialutvarderingsmodul for frirbrelse

e Materialutvarderingsmodul for icke-linjart samband mellan spanning och tojning

e Manual och dokumentation av materialbeskrivande ekvationer

RESULTAT

Detta projekt har resulterat i ett utvarderingsverktyg som féljer den "Svenska sprickmodellen”.
Utvarderingsverktyget "YoungCon” har utgatt fran den provnings- och utvarderingsmetodik som
utvecklats vid Luled tekniska universitet (LTU) under de senaste 40 aren. LTU &r i dagslaget det
enda laboratorium som har utrustning for att genomfdra en fullstandig provning av samtliga
relevanta materialparametrar for att méta de krav som exempelvis Trafikverket staller i sina

projekt. _ x

Utvarderingsverktygets startlogotyp:

YoungCon

Version 1.1.1.0

Delfinsmsierst ov:
Svenska Byggbranschens Utvecklingsfond (SBUF)

[

Materialutviarderingsmodul for mognad, hallfasthet och viarme

Utvarderingen av materialparametrar borjar med att hallfasthetsutvecklingen vid olika
temperaturer utvarderas for att fa tag i den aktuella betongens mognadsfunktion. All utvardering



utgar fran radata, dvs data som ej blivit behandlad, forenklad eller paverkad av nagon i
utvarderingskedjan.

Den principiella arbetsgangen for utvarderingsverktyget ar baserat pa huvudflikar med
tillhérande underflikar, se Figur 3.
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Figur 3: Illustration av principiell arbetsgang vid utvardering av materialparametrar.

Hallfasthetsutveckling och mognad

Indata importeras till programmet fran exempelvis en textfil, Excel eller anpassat till
matutrustningens dataformat. | Figur 4 ses importerade data fran provad hallfasthetsutveckling
vid lagring av provkroppar i ca 20°C. For att utvardera materialparametrar som beskriver
hallfasthetsutvecklingen vid olika temperaturer, dvs mognadsfunktionen, importeras fler
provresultat fran andra lagringstemperaturer (har 5, 35 och 50°C)
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Figur 4: Exempel - Importerade indata fran hallfasthetsprovning av provkroppar i ca 20°C.

Efter import av rddata sker en preliminar berakning av hallfasthetsutvecklingen baserat pa data
fran prover lagrade i 20°C. Darefter beréknas ett antal méjliga kombinationer av
materialparametrar som beskriver den aktuella betongens mognadsfunktion, se Figur 5.
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Figur 5: Resultat av anpassning till referenshallfasthet baserat pa hallfasthetsprovning
vid olika temperaturer.

Reduktion av hallfasthet

Vissa cementsammansattningar ar temperaturkansliga och har en tendens att tappa i hallfasthet
vid férhojd hardningstemperatur under langre tid. | utvarderingsverktyget finns mojlighet att
utvardera och ta fram materialparametrar som beskriver hallfasthetsforlust for
temperaturkansliga cement vid forhojd hardningstemperatur.

| Figur 6 kan ses hur provresultat fran hallfasthetsprovning vid 35 och 50°C (bla respektive gron
kurva) avviker markant och ar lagre referenshallfasthetsprovning vid 20°C (magenta kurva).
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Figur 6: Resultat av anpassning av hallfasthetsreduktion for ett temperaturkansligt
cement.

Varmeutveckling



Radata importeras fran en eller flera matutrustningar (semi-adiabater) dar en tid-temperaturvag
registrerat vid kanda avsvalningsfoérhallanden och varmefloden, se Figur 7.
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Figur 7: Exempel - Importerade indata fran temperaturmétning vid gjutning samt
avsvalning i en semi-adiabatisk utrustning.

Efter import av radata beréknas ett antal mojliga kombinationer av materialparametrar som
beskriver den aktuella betongens hydratationsvarme, se Figur 8.
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Figur 8: Resultat av anpassning till hydratationsvarmet baserat pa semiadiabatisk
provning.



Materialutvarderingsmodul for krypning
Réadata importeras fran en eller flera matutrustningar dar en deformation av provkropp
registrerats under tid och temperatur parallellt med en obelastad provkropp, se Figur 9.
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Figur 9: Exempel - Importerade indata fran belastad och obelastad provkropp vid en
belastningsalder och en temperaturhistoria.

Darefter berdknas materialparametrar enligt materialmodell for att beskriva krypdeformation
under last (komplians) i betongen, se Figur 10.
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Figur 10: Resultat av anpassning till krypdeformation (komplians) fran belastningsforsok.

Efter att materialparametrar som beskriver betongens komplians har utvarderats konverteras
dessa till relaxationsdata, se Figur 11. Relaxationsdata beskriver betongens krypningsbeteende
vid olika aldrar samt E-modulsutvecklingen (summa av relaxationsdata for en alder).
Relaxationsdata &r en av de viktigaste data vid spanningsberakningarna.
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Figur 11: Betongens krypning konverterad till relaxationskurvor for ett antal aldrar.

Materialutviarderingsmodul for frirorelse

Radata importeras fran en eller flera matutrustningar dar en rorelse, till foljd av en styrd tid-
temperaturhistorik, paverkar provkroppen varvid dess positionsférandring registrerats, se Figur
12. Parallellt sker registrering av en provkropp vid konstant temperatur, se Figur 13.

Med kdnnedom om betongens fria deformation vid konstant respektive styrd temperatur
utvarderas materialparametrarna som beskriver betongens frirbrelse vid temperaturandring
(temperaturrorelse) samt vid konstant temperatur (autogen krympning).
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Figur 12: Exempel - Importerade indata fran temperaturstyrd provkropp.
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Figur 13: Exempel - Importerade indata fran konstant temperaturbelastning pa provkropp
(dvs autogen krympning).
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Materialutvarderingsmodul for icke-linjart samband mellan spadnning
och tojning
Radata importeras fran en matutrustning dar en forhindrad rorelse och den kraft som behovs for

att bibehalla provkroppens langd oavsett rorelse och deformation vid en styrd tid-

temperaturhistorik, paverkar provkroppen varvid dess positionsférandring registrerats, se Figur
15.

Efter import av rddata beraknar och optimerar utvarderingsvarktyget ett antal
materialparametrar som beskriver spanningsutvecklingen och icke-linjart beteende hos
betongen vid langsam belastningsforandring, se Figur 16.
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Figur 15: Exempel - Importerade indata fran temperaturstyrd provkropp dar rérelsen
forhindrats.
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Sammanstallning av resultat

Efter att respektive utvarderingssteg genomférts sammanstalls alla valda
materialparametrarkombinationer som beskriver betongens beteende i en sista resultatflik i
utvarderingsprogrammet, se Figur 17.

Export av utvarderade parameteruppsattning kan i dag ske till en textfil, men &ar férberedd for en
direkt export till PPB materialkalkylatorn i en planerad spanningsmodul.
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Figur 17: Sammanstallning av samtliga resultat fran utvarderingen av respektive
materialbeteende.

Manual och dokumentation av materialbeskrivande ekvationer
Hantering av utvarderingsverktyget kraver kunskap och kompetens inom omradet pa sa val
provningsmetodik, kvalitet och materialmodellering samt strukturbeteende. Denna rapport
beskriver metodiken for utvardering och handhavandet av programmet féljer samma principer
som PPB (Produktionsplanering Betong, www.sbuf.se/ppb).

For dokumentation av materialbeskrivande ekvationer bifogas en utvarderingsrapport fran LTU,
se bilaga.

SAMMANFATTNING

Den utvecklade utvarderingsverktyget for framtagande av materialparametrar for spanningsberakningar
av nygjutna betongkonstruktioner anvands idag vid utvardering av provningar vid LTU. Byggnadsmaterial
vid LTH har deltagit i projektet och om eller nér de besitter provningsutrustningar och kompetens inom
omrédet kan den utvecklade programvaran anvandas aven dar.

Vid LTU har en traningskurs genomforts med medarbetare vid Complab, doktorander samt personal vid
Konstruktionsteknik vid LTU.

Erfarenhetsaterforingen till branschen har genom detta projekt l6st en mangarig flaskhals dar endast ett
fatal personer har haft tillrackligt med kunskaper inom omradet for att prova, bedéma relevans och
utvardera en uppsattning materialparametrar for temperaturspanningsberakningar av
hardnande betongkonstruktioner for en betongsammansattning.

13
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Berakningsverktyget mojliggor att anvandaren kan samla all radata och utvarderade data pa ett
kvalitetssakrat och sparbart sétt.

En exekverbar fil av programmet tillhandahalls till SBUF, vilket endast bor finnas tillganglig for
eventuell distribution via SBUF:s kansli och i samrad med programutvecklaren.
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Preface

This report comprises measurement and evaluation of material properties for hardening
concretes with binder ANL-FA. The task is given from Skanska AB to Luled University of
technology.

Every concrete is tested within the following five areas:

- Temperature sensitivity and strength growth
- Heat of hydration

- Creep

- Free movements

- Stress at full restraint

The developed parameters give the basis to study the following properties for hardening
concrete:

- Temperature development for young concrete
- Degree of maturity in relation to calculated concrete temperatures
- Strength growth in relation to calculated concrete temperatures

The temperature evolution is governed mainly by three factors:

- Concrete's inherent property to produce heat energy exothermically during the
hydration process

- Ambient air and adjacent structures temperature

- Which workplace measures are taken, such as coverage, cooling and / or
heating.

A temperature calculation for the young concrete leads to the state parameters: temperature and
pore humidity for arbitrary point in the young concrete. The stress development is dependent
on both the variation of the state in the newly poured concrete as well as the temperature and
moisture relation to adjoining structures' condition. In addition to these stress-related
circumstances, the state of stress in the young concrete is highly dependent on the degree to
which the connecting structures counteracts the movements that occur in the newly poured
concrete, and this is usually described as the effect of restraint from the environment.

Stress development at full restraint is tested in a TSTM (Temperature Stress Testing Machine)
for a wall of thickness 0.7m. This situation is a typical representative case simulating one
example of “real structural behaviour”, and from the testing the crack sensitivity for each tested
concrete mix can be given by the stress/tensile strength ratio at the time of the maximum ratio.
Very high risk of cracking means a ratio = 1, where the full restraint results in a “self-cracking”
situation. For concretes with lower sensitivity the stress to tensile strength ratio (< 1) at time of
its maximum ratio is direct a measure on the relative crack sensitivity for the tested concrete.

The properties of concrete are evaluated in such a way that interpolation and cautious
extrapolation are suggested to be possible to perform.

The evaluation will create parameters for stress calculation with the computer program
ConTeSt 5.1.

Luled, 4™ of February 2018

At aam

Jan-Erik Jonasson
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Concrete mix parameters

Two mixes, denoted Skanska Normal and Skanska SCC, representing concrete class C35/45
with water-to-cement ratio about 0.39, are tested. Some important mix parameters are given in
Table 1, and the mixes are designed by Cementa AB and Skanska AB in co-operation.

Table 1. Mix parameters for the two concretes tested

Guideline values Skanska Normal C35/45 with AEA | Skanska SCC C35/45 with AEA

Constituent materials Batch = 20 litres | Batch=1m? | Batch =20 litres | Batch=1m?
Anlaggningscement FA , kg
Limestone Filler (Limus 40), kg
Water, kg

SX-A (plasticizer), kg

SR-N (plasticizer), kg

Master Air 105 (AEA), kg
Aggregate 0/8 mm (Jarna), kg
Aggregate 11/16 mm (Vallsta),
kg

Guidelines, consistency and air
content

Slump/Slump flow, mm

Air content, %

Adjustment LTU laboratory Skanska Normal C35/45 with AEA | Skanska SKB C35/45 with AEA |

Constituent materials Batch =20 litres | Batch=1m? | Batch=20litres | Batch=1m?3
SX-A (plasticizer), kg

SR-N (plasticizer), kg

Master Air 105 (AEA), kg

Adjustment LTU laboratory

Consistency and air content
Slump/Slump flow, mm
Air content, %

Temperature sensitivity and reference strength growth

The specimens for compressive strength testing are 100 mm cubes. The specimens are stored in
temperate water. All specimens for each concrete are taken from the same mix in order not to
get into unnecessary mixing variations in the measurements. The temperature levels used were
5°C, 20°C, 35°C and 50°C, respectively. Measurement of the cubes compressive strength is
performed at each time on three specimens in the wet state, and the 20°C-storage were tested
on five occasions, and the 5°C, 35°C and the 50°C-storage were tested on four occasions. The
temperature of the concrete is recorded continuously, and then evaluated based on the measured
temperature variation for each water bath. Registered temperatures for the stored cubes are
presented in Figure 1.
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Figure 1. Concrete temperatures for stored cubes with concretes according to Table 1.

By means of the developed temperature factor, see Figure 2, the real time can be translated to
temperature equivalent time (z.7, see Eq. 3). The temperature factor describes the hydration rate
factor for the cement reaction in relation to the rate at the chosen reference temperature 20 °C.
The temperature factor is also denoted maturity function.

Note that the temperature in Figure 2 is shown as a function of the average temperature for
each temperature level, which means that the measured rates may be regarded as a quantitative
approximation. If the maturity function has been a linear line as a function of temperature,
Figure 2 has directly been representative for the tested rate factors. The “real” checkpoint
concerning maturity function with respect to strength development is shown in Figure 3, where
an acceptable fit for the reference curve with respect to all temperature levels tested indicates a
significant maturity function. The reason is that the calculated equivalent age in Figure 3 is
based on the real temperature variations for each time when strength is tested, taking the non-
linear maturity function into account.
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Figure 2. Evaluated temperature factor (maturity function) for studied ANL-FA concretes.

Measured strengths as a function of equivalent time is reported in Figure 3, where each strength
value represents an average of three tested cubes. The reference strength development is
modelled according to Eq. 1.

Strength reduction at elevated temperatures is a common phenomenon for many cement types,
and the concretes tested here show some reduction of strength for recorded temperatures during
the test period, and the observed strength reductions are modelled by Eq. 2.
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Figure 3. Reference compressive strength for cubes stored in the tempered water baths.
Every point shows the average from three tested cubes.

Hydration heat

Concrete curing is an exothermic process which generates so-called hydration heat. The
measurement starts with the registration of air temperature and concrete temperatures in two
semi-adiabatic equipments (A and B) per recipe, see Figure 4.
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Figure 4. Measurements in two semi-adiabatic equipments (A and B) per recipe.

In addition to the natural temperature development of Figure 4, a cooling period after artificial
heating of the concrete is registered, and a so-called cooling factor is determined for each semi-
adiabatic equipment, see Figure 5. The adaptations in Figure 5 start at a temperature marked as
TmaxA and TmaxB, respectively. This temperature is slightly above the corresponding
maximum temperatures in Figure 4.
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Figure 5. Evaluation of cooling factors for semi-adiabatic equipments A and B for the
tested recipes.

Based on the information presented in Figures 4 and 5 the heat of hydration is determined as a
function of equivalent time, see Figure 6 and Eq. 4.
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Figure 6.  Determination of heat of hydration for tested recipes.
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Creep

The tests concerning creep were performed at loading ages 5d and 14d, respectively.
Unfortunately, the original test results at loading for the lower age, 5d, were easily seen to be
wrong for the mix Skanska Normal, see test series 5 1 and 5_2 1 in left part of Figure 7.
Therefore, the creep tests at the loading age 5d for Skanska Normal were repeated. But, again,
wrong elastic moduli starting at age 5d were observed, see test series 5d_repeat 1 and

5d repeat 2, which now resulted in lower elastic modulus than expected in Figure 7. The
reasons to the problems are not known at present, but one contributory circumstance might be
that the measuring points have been changed recently before the testing in question, from glued
to clamped deformation points. As the absolute deformations are rather small, even a small
tentative slip might cause a significant change in the evaluated elastic modulus. For the mix
Skanska SCC the loading at age 5d seems to be stable, but one of the elastic modulus at age
14d in the right part of Figure 7 seems to be wrong. Fortunately, the development of the elastic
modulus by time is generally known, and the calculated curves in Figure 7 are regarded as
representative for the tested mixes.
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Figure 7. Determination of elastic modulus at time duration = 0.001 d after loading.

The concrete deformation by time, i.e. the creep part, seems to be very stable for all tested
loading ages, see preferably Figure 8b. Therefore, the creep part at the tested loading ages
seems to reflect a relevant behavior reflected by the straight lines in Figure 8b.

The creep curves in Figure 8 are extrapolated by the technique in Larson (2003), and the result
is presented in Figure 9. The raise of the short term creep at lower load durations, see the
assumption for lower times of loading (< 5d in Figure) for concrete Skanska SCC is reflecting
the result from the stress rig test (Figure 12) that the compression stress is significantly lower
for Skanska SCC in comparison with Skanska Normal.

The transformation of the elastic moduli (Figure 7) and the creep curves (governed by Figure 9)
into a relaxation spectra for the use in ConTeSt Pro 5.1 is presented in Figure 10. Both these
sets of relaxation curves are continuous and show no sign of so called “negative relaxation”.
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Time after loading, d

b) Creep curves in logarithmic time scale

Fitting of creep curves with respect to assumed robust logical behavior both

for loading at age 5d and 14d.
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Figure 10. Relaxation curves in accordance with data shown in Figure 9. The figures defining
each individual curve is the maturity age, h, at time of loading.

Free movements

The tests concerning free movements consist of a deformation registration at about constant
room temperature and at a temperature time development for a representative structure, the
average temperature time curve for a wall of thickness 0.7m.

The evaluation of material data is here done without respect to measured free deformations, as
the tests concerning free movements have not been significantly calibrated after the change of
parts of the test procedure. Therefore, a reasonable evaluation of the free deformation is
performed by fitting the measured stress at full restraint, which is an application of a
“backwards fitting” procedure. This can be done, as the measured stress at full restraint is the
only ultimate checking point of the total evaluation procedure, and the assumed total free
deformations during the regulated temperature time curve in the stress rig have to be correct
within a reasonable span when the calculated stresses coincide acceptable with measured
stresses, see further section ‘Stress at full restraint’ below. The splitting between thermal
dilation and basic (autogenous) shrinkage has to be chosen in advance in a proper manner, and
here the following assumptions are stated:

- The thermal dilation coefficient shall be, based on experience from a lot of
earlier test procedures of commercial concrete mixes, within the span
8-12-10°°C", and they should roughly the same for both concrete mixes, as
the mix parameters differ only slightly.

- The basic shrinkage shall be approximately in the same size of order for both
concrete mixes tested, as the water-to-cement ratios is the same. The mix
Skanska SCC also contains limestone filler, see Table 1, which might get a
higher basic shrinkage, as the water-to-powder ratio is lower.

The following free deformations were obtained at fitting of stresses shown in section ‘Stress at
full restraint’ below:

- Thermal dilation coefficient (ar) = 11.4-10° °C! for Skanska Normal and
11.6- 10 °C! for Skanska SCC, which are in the span stated above.
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- The basic shrinkage curves for the two concrete mixes are shown in Figure
11, and both these shrinkage curves correspond with the assumption above.
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Figure 11. Used basic shrinkage curves for Skanska Normal and Skanska SCC.

Stress at full restraint

With a temperature load equal to the average temperature for a 0.7 m wall the stress is
registered at full restraint (100 % restraint) in a TSTM (Temperature Stress Testing Machine).
The registered stress is relevant for assessment of the risk of through cracking at full restraint.
Usually the restraint for the typical case wall-on-slab founded at frictional material (not on
rock) the restraint in the wall is in the size of order of 50-60 %. The Swedish measuring
equipment was originally developed by Emborg (1989) and later modified by Westman (1999).
Later updates have included modernization of control, regulation and data collection systems
while maintaining the basis of the test method.

Figure 12 shows that the mix Skanska Normal went to failure in the stress rig at 100% restraint
about 6 days after casting. At roughly the same time after casting also the mix Skanska SCC
was very near failure, as the stress-to-tensile strength ratio was about 95%, but formally the
SCC mix was artificially forced to failure about 14 days after casting. So, the mix Skanska SCC
seems to be slightly better with respect to risk of cracking than the mix Skanska Normal. All
the calculations are performed with the program ConTeSt 5.1.
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Figurel2.  Evaluation of stresses at full restraint for studied concretes with ANL-FA.
Calculations are performed with program ConTeSt 5.1.

The comparison between measured and calculated stresses in figure 12 shows satisfactory
agreement for the whole testing period, although some model parameters are created
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‘theoretically’ to get an acceptable fit. This indicates that calculation of stresses and estimation
of cracking risks probably can be performed with confidence.

The testing in the stress rig may also be regarded as a direct classification of the tested
concrete, as the regulated temperature time curve for a 0.7m thick wall can be regarded as a
rather common ‘representative real structure’.

Obtained model parameters

For description of the properties presented in this report, a number of parameters for tested
concretes are presented in Tables 2 — 7, and the equations behind are shown in the chapter
Underlying model expressions below.

Table 2. Parameters describing the reference strength

ReCipe f;c28 . s, tS ) tA ’ nyo Rec28d > fA i
MPa | - | h |h | - o |LME

Skanska Normal
Skanska SCC

Table 3.  Parameters describing the strength drop
Recipe Temp,, , K Fomp timey,, K
o C _ h = Drop

Skanska Normal

Skanska SCC

Table 4.  Parameters describing the maturity function
Recipe

Skanska Normal
Skanska SCC

Table 5. Parameters describing the heat of hydration
Recipe w,, il K1,

Skanska Normal
Skanska SCC

Table 6.  Parameters describing the free movements

Recipe a,, i e Lo Msis »
Skanska Normal
Skanska SCC
Table 7. Parameters describing the tensile strength and stress estimation
Recipe fcjej 5 ff’ 5 B o Pr> Py s B Ne>
MPa | MPa = = - - GPa -
Skanska Normal

Skanska SCC
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Underlying model expressions

Reference strength at 20°C

The reference strength curve at 20 °C is expressed, see Fjellstrom (2013), for three stages: a)
fresh concrete (0 < z.7 < fs5), b) surface treatment period (¢s < .7 < t4), and ¢) hardening period
(ter 2 t4), by:

0 for 0<1t, <t
n
A
t.—1
£ = f4( G/ J for tg<t,,<t, (1a)
tA_tS
el 1 672+ nchSd—|
L cc28 p teT_t* ’J for teT ZtA

The numerical value of #* has no physical meaning, and it is determined to fulfil the condition
1 = f, for t,. =t, by the following calculation

/7,050,
O, = (l—lnLl]

w2 S
and finally (1b)
oo 672-6.-t,
1-6,
where

f,(t,) 1s usually chosen = 0.5 MPa, representing the finishing of the surface treatment period
att, =t,.

ts, t4 and n4 are adaption parameters for concrete at very early age, and these parameters are
here set to logical reasonable values, which later on can be supplemented, if additional
tests are conducted.

fec2s, s and nec2sq4 are adaption parameters in the period of hardening concrete, where strength
measurements are tested in this project.

Strength reduction due to elevated curing temperatures
The strength reduction due to elevated hardening temperatures is only calculated for the
hardening period (fer > t4), see Fjellstrom (2013), by

f;'c = f;’ff - ydrop : Ag:?; ' fchS for teT > tA (23)
5dro
ydrop = 6 - (Zb)
ref
Z, *

da

el
5dr0p = J. yTenzp ’ ytime ’ d_ dteT (2C)
0 t

eT
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672

da’
67‘6 = ytime : ’ dte (2d)
0= g
_KTemp
yTemp = eXp - T |—| (26)
Temp,, |

p ‘| ’Ktime
ytime = eXp (_ |:C)—T| J (2ﬂ
time,, |

. e, Y
o =exp|—|In| 1+ | (2g)

4

) . —(K1+1)
do _ @ ~K1~[ln(1+a—T)—| (2h)

dt, t+t,

Note that Eq. 2g is identically the same as the subsequent Eq. 4, and the parameters ¢; and «;
are identified from the adaption of the heat of hydration.

Maturity age or equivalent time, z.7, is expressed by

t
L :ﬂAIﬂT'dZ"'Atg (3a)
0
where
1 1]
— exp| O — — 3b
Pr eXp( {293 T+273|Jj (3b)
30 3
d ©=0 3
n ref(T+10j G0

where O, and x5 are maturity parameters, which are determined based on measured strength

levels at different curing temperatures; 8, and At. are, as a reference situation, set to:

B, =1and A’ =0, and they can be adapted to model effects of different admixtures

then what is used in a reference mix.
Equivalent time according to Eq. 3a is here denoted with index e, since the temperature is
explicitly taken into account for the concrete curing via temperature factor, S, , and a
technically correct term for maturity age in Eq. 3a would be" temperature related maturity age”
or "temperature equivalent time". For simplicity, in this report, only "age of maturity" and
"equivalent time" are used. This approach labeled as "maturity function" is recognized
internationally for temperature related hardening.

Heat of hydration

The calculated heat of hydration is formulated as

Q=Wu'05*'c (4a)
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with

—K
1
a*=exp —{mm ’ti)ﬂ and a=a*a (4b)
1

where O = heat of hydration per volume unit of the concrete; ,, = heat of hydration per
cement weight after ”infinite” time; C' = cement content per volume unit of the
concrete; o * = apparent degree of hydration; o = degree of reaction; o, = degree of

reaction after “infinite” time; #, and x, are together with ¥, adaption parameters
using Egs. 4a and 4b.

Free movements

The non-elastic thermal dilation at variable temperature (thermal dilation coefficients) is
described by
o, oT
Zer il 5
o0 | ot ©)

where T' = concrete temperature; ¢ = real time; g? = the thermal dilation of concrete; o, =

thermal dilation coefficient of concrete.

The basic (= autogenous) shrinkage, ggH , 1s described, see Hedlund (2000), by

—ITISH
Egy = €Xp| — sl | 8§Z for t. > t5 (6)
te - tsO J
where ¢ , ¢, and 7, are adaption parameters; #,, is set to the “initial setting time”, see

Eq. la.

Creep

Creep is defined as the increase of deformation with time for a loaded concrete body. Creep
occurs for both compressive and tensile load of concrete. From a technical perspective, it is
common to define elastic and time-dependent deformation for concrete according to Eq. 11:

e (t,t)=¢€,(t)+e. (t,t)= %ﬁoi- (1+q0(t,t0)) (11)

where ¢ = time (concrete age) when the strain is studied; ¢, = time (concrete age) when the
loading starts; &, = total strain of the concrete ; ¢, = elastic ("momentaneous”)
strain of concrete; ¢,, = creep strain of the concrete; o, = applied concrete stress;

E,. = elastic modulus of the concrete; ¢(t,7,) = creep ratio of the concrete.

An alternative way of describing the total strain is to define strain per unit of applied stress,
which is defined as the compliance, J [Pa'], according to Eq. 12:

J.(t,t)=¢.(t,t,) o (t)=J () +J,.(1,1) (12a)
with
J.o(t)=1/E (t,) (12b)
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Eq. 12 is useful when you have so-called linear creep, which means that both elastic strain and
creep strain is linearly dependent on the applied stress. For studies of young concrete in this
report, compliance is formally defined according to Eq. 12 for an effective modulus of load
width = #-#p = 0.001 d with the following relationship:

0 forz,, <t

Ec(tO) =<

|1/ +0.00L,1,) = E628~{exp(sE~(1—\/(28—ts)/(teT —zs)))}nE R s )

where 7, =1, , as the time scale for momentaneous deformation and creep is related to
equivalent time.

With known E-modulus the total deformation (compliance) is estimated as “elastic”
deformation and one (for t—¢, <¢,,,)andtwo (for t—¢, >¢, ) straight lines, respectively,

in logarithmic time scale dependent on the load width ¢#—¢, (Larson, 2003) according to:

(1/E_(t,)+a,- "log((t—1,)/0.001) for 0,001 d<z-1,< ¢,

Jc (t’ t()) = 10 10 (14)
1/ E.(t,)+a,- " log((t,,,)/0.001)+a,- "log((¢t-1¢))/¢,,,) fort-t,>t¢,

reak

Stress at full restraint

The calculations for adaption of the results from the stress rig formally takes place at a point,
because the test specimen is considered to have a homogeneous stress state over its cross
section. The stress calculation is performed as step-by-step calculations in time, and for the
calculation from the time = # to time #:+,, the stress change from o, to o,,, can directly be

expressed by the constitutive equation by:
0, =0;+Ac,, (152)
with

Ao, =E7-(A¢, - Agi(ll) (15b)

m,i+1

where E = total fictitious elastic modulus including creep during the time step and

considering a non-linear stress-strain curve according to Figurel3,

Ag = change of stress related “material” strain during the time step,

m,i+l1

Ag’, = total non-elastic deformation during the time step, see E. 20.

The fictitious E-modulus is described by
Ett-(:i = Ecc,i+l ) (1 + yd) (16)

where E = effective E-modulus including creep effects calculated from the so called

ce,i+l
relaxation spectra (Jonasson och Westman, 1999)
y, = correction factor for non-linear application of the stress-strain relationship, see

Figure 11.

For monotonic loading along the virgin curve for o / f,, > a,, the following is valid

2 =exp(—<M—aa)/<l—ad>j—1 (17)

€
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where ¢, ,,, =average stress related “material” strain during the time step,

& = f.!E,.,, = strain where a thought straight line reaches the tensile strength,
f., = tensile strength for the concrete,
a,, = limit where the linear relation between stress and strain ceases, see Figure 11.

For all other cases of stress changes the following is valid:
Ye=0 (18)

which is equivalent to "slope = 1" in Figure 12.

O /e

ot |

0 |
0 1 €m/€g

Figure 12. Assumed stress-strain curve for concrete.

The tensile strength of concrete, f,,, is related to the compressive strength according to

fu = £2 g (19)

where £, = current compressive strength; £/, £/

cc ?Jct

and 3, are adaption parameters.

0
i+l

The total non-elastic deformation during the time step, see A¢, , in Eq. 20, is expressed by

A’ = Ag

i+l T rel + A‘C"T + A(C"SH (20)
where A¢,, = formal non-elastic strain change estimated from the relaxation of the concrete

during the time step,
Ag, = strain change due to temperature change during the time step, see Eqs. 8 and 9

Ag g, = strain change due to shrinkage during the time step, see Eq. 10
To be able to consider so-called "stress-induced" deformation (Bazant and Chern, 1985 and

Jonasson, 1994), the stress dependent temperature and moisture related free strains need to be
adjusted according to

A, =Ag)-(1+p,- 2. sign(AT)) (21)

ct
Asg, =Aely-(1+p, - % sign(AT)) (22)

where p, and p, are adaption parameters. p, =0and p, =0 without adjustments due to

stress induced free movements.
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