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RESUME Les études expérimentales menées sur les cotstisien béton autoplacant (BAP) ont montré queeteait de
séchage est I'un des principaux parameétres respesale leur fissuration. Le présent travail s'mggse a I'étude de
I'impact des additions minérales tel que le laitile haut fourneau; les cendres volantes et le kaétiin sur le retrait
empéché de béton autoplagant (BAP). Quatre fornamatde BAP avec un rapport constant eau sur |{&fit=0,368) ont
été réalisées. Trois formulations de BAP ont ébéidaées par 'usage de trois ciments industriedsnrme européenne EN
197-1: CEM | 52.5N (ciment Portland), CEM III/A 52.%timent au laitier) et CEM V 42.5N (ciment composéadtier et
les cendres volantes), une quatrieme a été effe@néemplacant 15% de ciment Portland par du ke&hn. Sur la base
des résultats obtenus, nous avons constaté quig terme, le retrait empéché du BAP-CEM lll est sigpé a celui du
BAP a base de ciment portland et de CEM V. La sufisth de 15% du ciment Portland par du métakaadidiminué le
retrait, I'utilisation des additions minérales a den coté, réduit les ouvertures de fissures d’ainmun facteur de 2.

ABSTRACT. Experience studies the constructiondfed@mpacting concrete (SCC) show that the dryingrétage is one of
the major parameters responsible for their crackifiis paper investigated the impact of the supptaary cementitious
materials (SCMs) such as high blast-furnace slag;ath and metakaolin on restrained shrinkage of-amhpacting
concrete (SCC). Four SCCs mixtures were performed wsiognstant water-to-binder ratio (w/b) of 0.368. Tér8CCs
mixtures were manufactured using three industrighests according to European standard EN 197-1: CEBREN
(Portland cement), CEM IlI/A 52.5L (slag cement) &M V 42.5N (blended cement containing slag anddh), another
was performed by substituting 15% of Portland cengrnetakaolin. Based on the findings of this sttiy result analysis
showed that, a long-term restrained shrinkage of SXEB4 Il is higher than Portland cement SCC and SCC-CEMhé
replacement of 15% of the Portland cement by metakadecreases the free total shrinkage and disouse of SCMs (slag,
metakaolin and fly ash) reduces the crack openliygat least a factor of 2.

MOTS-CLES béton autoplagant, additions minérales, retraitgeché, fissuration.
KEYWORDS self compacting concrete, supplementary cemeunstmaterials, restrained shrinkage, cracking.
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1. Introduction

Experience studies the constructions of self-cotipgconcrete (SCC) show that the drying shrinkege
one of the major parameters responsible for theicking. Indeed, their composition with a volumepaifste
greater than the ordinary concrete induces grestteénkage and increases their susceptibility tccldrey.

Cracking is a complex phenomenon, which is dependenseveral factors including free shrinkage, age

dependent material property development, creexattm, shrinkage rate, and degree of restrainenEsmall
cracks in concrete will cause problems in concrggng mineral admixtures as cement replacemergtanbe
in concrete has a tendency to increase by theefutuorder to provide greater sustainability in touction
industry. The partial replacement of cement by mahadmixtures can refine the porosity of the migtand
also reduce the pore diameters consequently aatecthe total shrinkage and also opening of cradihvthat
increase the durability of concreffeHl 07]. To resolve the previously mentioned problemsrtstrained ring
test will be further investigated in this researgling tests generally will induce cracking and alléor the
comparison of various concrete mixtures. A restairing test is not standardized but must be dedifor each
case to model a specific type of restraint.

There is also a concern with stress relaxationoofcoete when addressing the early age reactionsssSt
relaxation is the loss of stress over time wittoastant level of strain in the concrete. The stimigenerated by
shrinkage forces but during the early ages it fcdit to account for any mechanisms providing aans of
stress relaxation. There is no correlation betwisenmagnitudes of early age and long term shrinkage
shrinkage occurring during these two stages shbelthken together as the “total shrinkage” for accete. In
some cases, such as poor curing conditions withl rdqying, the first day’s shrinkage can easily eed the
long-term measurements. The long-term shrinkaget@deying was equivalent in all cases, thoughfittet day
had a significant change to the magnitude of “tetalinkage” and thus affected the expected cracKiing
purpose of this research is to determine the shgaland cracking potential of self-consolidatingaete due to
various changes in mixture proportions. Analytisalutions are used for the calculation of the nesiidtresses
that are induced by non-uniform shrinkage.

2. Materials and methods

2.1. Materials
A granular class 0/4 sand (S) with a density ofttr® and limestone gravel (G) with 6.3/10 granuiss,

2.66 t/nt of density were used in this study. Three cemant®rding to European standard EN 197-1: CEM |
52.5N (Portland cement), CEM III/A 52.5L (slag cemjeand CEM V 42.5N (blended cement containing slag

and fly ash); limestone filler (LF) and metakadlMK) were tested.

Tablel. Composition and physical properties of cementsrairgeral additions

Name CEM | CEM Il CEMV LF MK

Clinker content (% in mass) 98 36 54 _ _
Slag content (% in mass) _ 62 25 _ _
Fly ash content (% in mass) _ _ 20

Specific Surface Blaine (cm?#/g) 3650 4263 4250 41 17000

Specific gravity (g/cm3) 3.15 2.98 2.85 2. 2.4

Table 2. Mix proportions and physical properties at the fredate

Composition (kg/m?) SCC-CEM | SCC-CEM I/MK SCC-CEM I SCC-CEM V
Aggregate 6.3/10 760 760 760 760
Sand 0/4 780 780 780 780
CEM | 330 280.5 330 330
CEM Il - - - -
CEM YV - - - -
Limestone filler 240 240 240 240
Metakaolin - 495 - -
Water 210 210 210 210
Superplasticizer 2.8 4.4 2 25
w/b 0.368 0.368 0.368 0.368
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Slump (cm) 66 68 69 67
Segregation (%) 8.3 7 9.6 7.9
L-Box (Hx/H,) 0.82 0.83 0.87 0.84

Their composition and properties are given in Tdbld total of four SCCs mixtures with a constarater-
to-binder ratio (w/b) of 0.368 and a total bindemtent of 570 kg/m3 were investigated. Designatiani<
proportions and physical properties at the freatesdf the different SCCs are given in Table 2.

2.2. Testing methods

2.2.1. Compressive and splitting tensile strenggasarements

The compressive strength was measured on 7&T8nmmx70 mm specimen at the curing ages of 1, 7, 28,
90 and 360 days. The split tensile strength wassored according to NFP 18-412 standard on cyliatiric
specimen @110 mmx H220 mm). In this test, the specimen was placedzbotally between the loading
surfaces of the compression testing machine antb#tiewas applied till failure of the cylinder. Thplit tensile
strength R was then calculated using the Equation (1). Thewpression and the split tensile tests were
conducted on compression testing machine of capag0 kN.

2F
R =— (1]

Where F is the compressive load value at failurand L are respectively the diameter and the leafjthe
tested cylindrical specimen.

2.2.2. Restrained shrinkage testing

The restrained shrinkage test was performed inrdaoge with AASHTO PP34-98 standard practice for
estimating the trend of concrete cracking. The oetecwas cast around a steel ring that had an iiaeneter
(r)) of 260 mm and an outer diameter of 310 mgh (Fhe concrete ring had a diameter of 380 myngnd a
height of 140 mm. The geometry of the ring is diésct in Figure 1. Three strain gauges are gluedidtheight
outer surface of the steel ring to control the dafation in the steel ring caused by the shrinkaigeoacrete.
Other three strain gauges are glued at mid-heighthe outside surface of the concrete ring to nmeathe
restrained shrinkage of concrete as shown in Figjuss the concrete shrinks, a compressive steepsoduced
in the steel ring, which is balanced by a tendiless in the concrete. When cracking occurs irctirerete, the
stress and thus the strain in the steel ring isas@d. Strain gauges were connected to a compilter.
deformation values were recorded every 5 minutesd4fb days. Measurements of crack opening were also
recorded every 5 minutes using a crack sensor.ii@pas were then placed in a air-controlled envirentrof
20*1°C and50%2% relative humidity. In order to ensure a radialidgy the top surfaces of the concrete rings
are protected from drying by a double layer of ahum adhesive.

Concrete Ring .
Specimen Seal
Steel
Ring H=140mm Drying
diraction
Pl k.
o\ b 260 0m j l PVC
A 310 mm pla.te
' I . PVC 380 mm —J

SECTION A-A

Figure 1. Restrained ring specimen geometry and device.

2.2.3. Calculation of residual stress in the rings

The ring test was used to measure the restraingokalge and predict cracking in cementitious matsri
(mortar, concrete). This test may also give infaroraabout the residual stresses present aftekioiguthat
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develop in these materials at the interface with fimg. Indeed, must be considered the concretg ag1a
cylinder exposed to uniform pressure on its intesnaface, while the metal ring is exposed to wee pressure
on its outer surface. The residual stress can loelaged thanks to an analytical approach propbsdGAO 13].
According to this approach, one can calculate thg&imum residual stress developed in the concreterding
to the deformation measured by the strain gaugssedlon the concrete rings. These stresses wengdatatl
according to the following Equation:

Oetf(t) = Ogor(t) — or (1) (2]

Where o (t) is the effective stress due to the shrinkaggt) is the total stress measured by the strain
gauges andp(t) the stress due to creen(t) is calculated using the following Equation:

seff(t) = ssh(t) - screep (t' tO) [3]

Where ¢, is effective shrinkage strain that actually bedugor generation of shrinkage stress in the
concrete ring, t ang &re loading end and the load start time respdgtieg.., is the creep strain after loading
period of (t-§). The creep strain may relate with the effectilierkage strain by a so-called creep coefficient
factor:

€creep(tto) [4]
geff(tto)

(P(t, tO) =

Different models exist for the prediction of creepefficient of concrete, in this study the CEB-RAI90
model for estimating the creep coefficient is usetbom calculating the creep coefficient, one camaiob
effective shrinkage strain by:

(tto)
seff(t) = sSh(t) [1 - 1T(P(t,0to) [5]

After considering creep of concrete, the interfapr@ssure stress generated from concrete shrirkagdd
be reduced. Gao et abpO 13 obtained the interfacial pressure stress afte@sickering creep relaxation for
varied loading history as:

o(tty) ] fr3

2 n [
i=1(1 Egpirdr
r%—r% 21—1 1+o(tt)] 2 shi

= A 6
q 1 (1—u1)r§+(1+u1)r% L1 (1—u2)r%+(1+u2)r% [ ]
Eq r3+r3 "E r3+r2

On the other hand, the interfacial stress g carelag¢ed to the inner surface strain on the steel &:

5}

q=—-11-(2) |E:z 7]

T2

The straireg is measured from experiments by the gauges ostéed ring.
3. Resultsand discussion

3.1. Compressive and tensile strength

The compressive strength of the different mixturedifferent ages is shown in Figure 2. As canpeeted,
the compressive strength of all the studied SCCmmees by the age. This enhancement is more infense
SCCs with SCMs. Compared to the reference SCC, S@BSCMs exhibit lower compressive strength atyve
early age. In fact, at one day of aging, the cosgive strength of SCC-CEM I/MK, SCC-CEM Il and SCC
CEM V is respectively 18%, 54% and 56% lower thha bne of SCC-CEM I|. However, at 7 days, the
compressive strength of SCC-CEM I/MK is only 6% &wthan the one of the control SCC and at 28 days,
became slightly higher. The latter observationnisagreement with the results found in previous istidor
ordinary concretes containing metakolin [KHA 05pbwever for high performance concrete, MK seemsateeh
more significant influence. The obtained resultgagls that MK have an important effect on the dgwaent of
hydrates even before 28 days of aging probablytdls pozzolanic reactivity and to nucleation sitbat it
offers [KHA 05]. Compared to SCC with MK, SCCs wi@EM Ill and CEM V exhibit lower compressive
strength at early ages particularly due to the edwn slow hydration kinetics of slag [ATI 09]. &e results
are in a good agreement with the experimental tesfl previous studies performed on SCC based ap sl
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cements [PAL 03]. However, at long term (360 daybg compressive strength of SCCs with mineral
admixtures exceeds the one of the reference SCdiciarly, SCC based on CEM Ill presents the hgihe
compressive strength, 21% higher than the oneeofdference SCC at 360 days.
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Figure 2. Compressive strength and Splitting tensile stremdtine studied SCCs.

The tensile strength by splitting test of the stddSCCs measured at 1, 3, 7, 28, 90 and 360 day®ven
graphically in Figure 3. This figure suggests titet development of splitting tensile strength mikir to that of
the compressive strength. Neville [NEV 96] indichtbat there was a direct proportionality betweplitteng
tensile strength and compressive strength of thecrete strength. In other words, while the compoess
strength increases, the tensile strength alsoasegkat a lower rate.

3.2. Restrained shrinkage and stress calculated in the steel and concreterings

Figure 4 shows the effect of SCMs on restrainethkhge due to drying at 40 days. Evaluation ofresséd
shrinkage by drying in the mixtures shows that #5846 replacing of Portland cement by metakaolin was
improved restrained shrinkage. The effect of MKwesoonly after 9 days with a slight decrease oin&lage. In
the long term, the presence of MK reduces the khge of SCC-CEM I/MK concrete by 17% compared to
SCC-CEM I. This reduction of shrinkage by incorgiama of metakaolin can be attributed to the pozaigla
reaction of the metakaolin with calcium hydroxideetated during the hydration of the cement whiah create
an additional C-S-H gel and consequently redudiienporosity [KHA 05]. By comparing the developmeiit
shrinkage for three types of cements, we find &M Il concrete has a greater shrinkage by 26% 2i#b
relative to SCC-CEM | and SCC-CEM V respectively.
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Figure 4. Development of restrained shrinkage. Figure5. Development of stresses in the concrete
rings.
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The amplitudes of restrained shrinkage in CEM | &&dM V concrete are comparable: -6id/m and -650
um/m respectively at 40 days.

This may be because there is less evaporable weatdlable in the mixtures as hydration and pozzolan
reactions used up significant amount of free wabe shrinkage stresses developed in the intedhtee steel
and concrete ring is calculated from measure d@irstconcrete by the gauges. These stresses ardatatt
according to the equation (6) taking into accoinet ¢ffect of creep deformation. Using the creepiheétion
(ecreep) Obtained in present paper the development oftthieksage stress with and without creep correctiam ¢
then be calculated. Figure 5 represents the rdsgttess calculated with and without creep effeont the
deformation of the concrete ring. SCC based on QHEMhow greater shrinkage kinetics and low stréngt

early age compared to SCC-CEM | and SCC-CEM V whkihses reach earlier at the threshold of elastcit
therefore crack earlier.

The developments of strain along circle directiomaldle location of the inner surface of the staad with
age for the SCCs are presentedrigure 6 From the results displayed this figurg first we can observe the
strain increases with age after concrete set. Hwveldping rate of circle strain is gradually deseshand the
strain achieves a maximum value, finally at certege then suddenly jumps to a small value. Thigjimtircle
strain indicates shrinkage induced cracking ocautbe concrete ring. Figure 7 show the stresseasored by
deformations of the steel ring. In these curvesetlig the falls stress to almost zero showing dgeracking
which is correspond the drop of deformations iruFeg6.
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Figure 6. Development of strain in the steel ring. Figure 7. Development of stress in the steel ring.

The stress curves of the steel ring show that (&€ Based on MK subject to lower stress comparetido
reference SCC. However, the interface pressuretlfadesidual stress that developed in metakaoktispen
were slightly lower than the others mixtures. Thiay be due to lower shrinkage in metakaolin at twhe
cracking. Indeed the concrete may not result iniform deformation of the outside steel ring aldtsgheight (Z
direction) and as a result, the strain measurdtieamid-height of the ring may be higher than tirails that
develops at the top and bottom of the ring. By carimg the three types of cements, we concludedtiieaSCC
based on CEM Il shows a higher stress in the fiaderof the concrete-steel ring before crackingtdue greater
shrinkage at early age. At the time of crack, thesile stresses measured in restrained specimeascigsed to
the splitting tensile strengtimeasured experimentally by cylinders specimensliosf SCCs mixtures. Table 3
shows the tensile strength values at cracking tithese ratios correspond with the values foundAiyT[01].
After cracking, the concrete ring released itssstr@nd then it falls to zero.

Table 3. Relationship between tensile strength and tessitss at cracking.

Tensile stress (Mpa) CEM | CEM I/MK CEM 1lI CEM V
P (9 days) (7 days) (3,5 days) (5 days)
experimental ;) 3.35 3.1 1.81 2.53
analytical 6.rack) 3.1 2.6 1.7 2.15
Ri/Ocrack 1.08 1.19 1.06 1.17
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3.3. Crack initiation and propagation in concreterings

Only one crack was developed on the different medwand started at different ages: first in the STEM
I, then in SCC-CEM V followed by SCC with CEM 5% of MK and finally in SCC-CEM I. The age of

crack initiation due to the restrained shrinkage ba directly deduced from Figure 6. The valuesgiwen in
Table 4.
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Figure 8. Measures the cracks width by the crack sensoth@ISCC.

Table 4. Age of crack initiation and crack width value.

References Age of crack (days) Crack width (mn#Qatlays
SCC-CEM | 8.83 0.9
SCC-CEM I/MK 6.56 0,39
SCC-CEM IlI 3.5 0.57
SCC-CEM V 51 0.46

The initiation point of crack opening was measurgda micrometer microscope. The evolution of theckr
width as recorded by the crack sensor is giverignré 8. This last figure show a limited crack opgnn SCCs
containing SCMs compared to the reference SCCaekaridth at least 1.58 times lower than the onelbped
in the reference SCC. Particularly, SCC with meddikapresents the more interesting behavior witbrack

opening 2.3 times lower than the one of SCC-CEMHis reduction can be attributed to the fine pdyosi
involved by of the use of MK.

4. Conclusion

At present, the economic and environmental contexés leading precast concrete makers to look for
alternative solutions to compensate for the pragvesdisappearance of CEM | 52.5R cement. In thjzep, the
effect of composed cements (clinker + slag + fliy)and partial replacement of CEM | with 15% of aietolin
on the mechanical properties and durability of -selisolidating concrete (SCC) is studied. Basedthen
findings of this study, the following conclusiongynbe drawn:

- Replacement of Portland cement by 15% of MK, CEMald CEM V involves a significant decrease
of the compressive strength at very early ageikh can be explained by a lower development ef th
hydrate in early age for the SCC based on minalitians. This can be linked to their slow hydratio
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kinetics. But at 28 days of hardening, SCC with lsikd CEM 1l exhibits higher compressive strength
value than reference SCC. For SCC based on CEMs\iitreasevill start after 90 days.

- At long term and in restrained drying conditionkriskage of SCC-CEM V is closed to the one of
SCC-CEM | and both are lower than the one obtawéd CEM Il cement. However, SCC with
metakaolin presents the best resistance to restrarying shrinkage. Substituting the Portland agme
by 15% of metakaolin involves a significant deceean the total shrinkage by 20% at 40 days.

- In restrained and drying conditions, one crack degeloped on the different mixtures and started at
different ages: first in the SCC-CEM |Ill, then iIi€S-CEM V followed by SCC with CEM 1+15% of
MK and finally in SCC-CEM I, showing the sensihjliof SCCs with SCMs to early cracking.
However, the crack opening in SCCs with SCMs ideast 1.57 times lower than the one of the
reference SCC which presents a very interestinguatdge for durability considerations. Particularly,
the effect of shrinkage cracking on gas and watgmpability in SCC with the considered SCMs
should be limited since this last property is direcelated to the crack width.
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