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Abstract : To limit environmental impact related to the ceimproduction process (GQelease
into the atmosphere and energy consumption), themutrend is to decrease the clinker content
in cement through the use of mineral admixtures.gdrecast applications, an alternative solution
is to use ternary binders such as cement/blastaderrslag/flash metakaolin. In this study,
different proportions of slag and flash metakadie considered in order to investigate the
mechanical (flexural and compressive strength) dmchbility (porosity, water absorption and
permeability) characteristics of steam-cured mert&he main properties of such binders should
have high reactivity at an early age (1 day), optiperformance at 28 days, and enhanced long-
term durability. The results show that ternary leinchortars have similar or ever better properties
than the control mortar, which uses only cementrédwer, mortars with binders with 25% flash
metakaolin show better performance than the commtar, particularly in terms of mechanical
properties. From an environmental standpoint, spup to 40% of clinker (with the ternary
binder) is a promising approach that reduces ensvggumption (-23%) and the amount of CO
released into the atmosphere (-34%).
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1. Introduction

Precast concrete products must present certainan@eth properties so that the pre-tensioned
strands can be released as early as one day efnalgihe material quality can be checked at 28
days. For that purpose, CEMI-52.5R cements (eqemialb GU cement in Canadian standard)
are used because they combine a high clinker coaeteast 95% by weight), a large reactivity
at early age and a 28-day minimum compressive gitieof 52.5MPa measured on normalized
mortars[1]. In addition, the maturation of such products #mel development of mechanical
properties at a younger age are enhanced undertémperature curing. However, the heat
treatment adversely affects the strength at lajes[)] .

In the precast context, an interesting alternatvie use of CEMI-52.5R cements, which release
high levels of CQ@ during production (1t clinker = 1t GY) is to study the behavior of the
combination of a binary cement (CEMII-52.5N typefiaa mineral addition like flash metakaolin
(MK). Metakaolin, obtained from the calcination kdolinite clay at 600-700°C (Eq.1), shows
promise as an effective product with a lower envinental impacf3].

Aly0s, 2SI, 2H0 — Al0s, 2SIG + 2H,0 Eq.l1

To obtain this artificial pozzolana, the industrmabcess involves "suspension” or "flash" heat
exchanges (Figure I)]. Flash calcination parameters (high temperatuwes fshort duration)
are different than traditional calcination (minimukf® minutes duration), but they nevertheless
enables to establish a thermo-chemical model thatlgtes the transformation. The flash process
leads to a special mineralogy and structure ofimadcclay with flat and round particles (Figure
2).

Figure 1. Production of metakaolin by flash proqéssmel, France)
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First, the global deshydroxylation reaction of kaaloes not produce GQas described by Eq.1.
During MK production, C@emissions only come from the production processdetion of raw
materials, kiln, etc.). Second, MK presents a plaaro effect on hydratiofi5]. During cement
hydration, the siliceous and aluminous componessised from the dissolution of MK react with
the calcium hydroxide to produce a mixture of C-SE&4AH 3, CsAHs, CASH, etc.[6]. This
addition has multiple effects on environmental gedformantial aspects due to mechanical and
durability performance improvemerjs7]).

This study examines the progressive replaceme@Edfll-52.5R by a cement with low clinker
content such as CEMII 52.5N (binary slag cemenhe Tise of CEMI-52.5R and CEMII-52.5N
cements blended with flash MK is considered. Theedalve is to quantify the mechanical
properties (flexural and compressive strength) dodability properties (porosity and water
absorption) of mortars incorporating such bindarsteam-cured condition and to compare their
performances with that of mortars containing cenogihy.

2. Experimental program

2.1 Raw materials
To ensure satisfactory early age performance ofreve@ as well as at long term, the cement C1
with CEM | 52.5R designatiofil] was used due to its significant great finenessedddogue’s
composition (GA=62%, GS=10%, GA=8%, C,AF=8%, Gypsum=5%) and large amount of
clinker (97% and 3% limestone filler by weight).erbement C2, a binary cement with CEM Il
52.R designatiopl] was also used. It came from the same productterbsit differed in clinker
content; 18% of clinker by weight was replaced Bgsb furnace slag (GGBS). The main
properties of cements (C1 and C2), and slag (GGB&shown in Table 1.

Table 1. Physical properties and chemical compmositf raw materials

Physical properties

Specific gravity (kg/m) Fineness (chig) Dso (LM)
C1l 3150 4322 14.0
c2 3120 4241 17.0
GGBS 2900 4700 /
MK 2500 187000 11.5

Chemical compositions ™
SIO,  AlLO; FeOs CaOoO MgO kO NaQ SO Lol

C1 20.4 4.9 2.3 64.0 1.6 0.9 0.2 3.5 0.9
Cc2 23.2 6.00 2.0 60.6 2.8 0.8 0.2 2.6 0.7
GGBS 37.8 10.6 0.4 41.5 8.6 0.2 / / tr
MK 56.2 37.2 1.4 1.2 0.2 1.2 / / 2.1

" Blaine Method, ™ BET Method, ™ % weight, Lol = Loss of Ignition, tr = trace.

1 n cement chemistry: C=Ca0, S=Sigq) A=Al,O;, F=FeQ;, H=H,0
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The flash metakaolin (MK) was obtained by usingapid calcination of ground kaolin by the
flash process. Table 1 presents the characteristitee MK. It should be noted that the silicon
dioxide/aluminium oxide ratio by mass (S/A) is vérgh (2.67) in comparison with the one
usually observed for pure metakaolin (close to R)is difference is explained by the high
impurity content of the product (47% by weight,luding 43% quartz). Flat and round particles
are visible in scanning electron microscopy (SEM3eyvations, as shown in Figure 2. The flat
particles are attributed to the intrinsic structafelay (sheet structure), while the round paescl
occur due to the rapid calcination process, whiemsforms a crystallised, organised phase
(kaolinite) into a disorganised phase (metakaahnjugh crystal lattice failure.

Figure 2. SEM observations of (a) flat and (b) ibech particles of flash MK (x1000 — SEI)
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2.2 Compositions, mixing and placing procedure
The control mix (containing no flash MK) and allxes containing flash MK are presented in
Table 2. The cement replacement by flash MK is esged as the mass fraction of cement in the
control mix (12.5% and 25% replacement rates).dgiven composition, a batch was prepared
using a Controlab mixer with 2L maximum capacitj\eTmixing sequence complied with EN
196-1[1]. Next, the mixture was placed in 4x4x18amplds using vibration (48Hz, 1.6g).

Table 2. Mix designs of one batch of mortar Mi (g)

Designation €(C1,C2) Flash MK Sand Water
M;-0% 450.00 0.00 1350 225
M;i-12,5% 393.75 56.25 1350 225
M;-25% 337.50 112.50 1350 225

2.3 Steam-cured maturation
Immediately after placing, the mortar prisms wexpased to a simulated steam curing cycle
with a maximum temperature of 55°C and a total tlomeof 17.8 h. The test included 2.83 h of
pre-setting at 30°C, followed by 2 h of heatindL@tC, with a temperature increase every hour
up to 55°C, 12.5 h of exposure at 55°C, and a 2tirpdown period. This cycle corresponds to
an average of different steam curing cycles pradtia a factory settinfg]. After de-moulding,
the mortar and cement paste samples were exposeldnig-term curing in water at room
temperature (20°C = 1°C).




2.4 Tests
The various binders (combination of clinker/GGBS/Mie tested on steam cured mortars at the
hardened state on mechanical and durability coiesti

Mechanical performances. At ages of 1, 7 and 28 days, flexural and congivesstrength tests
were performed strictly in accordance with Europ&andardg1]. For each composition, an
average strength was calculated from three flexueslsurements on 4x4x16tprisms and five
compressive measurements on 4x4x8tealf prisms.

Durability indicators. Durability criteria such as water porosity, wasdrsorption and oxygen
permeability are described in the AFPC-AFREM recandationd 9]. Both tests were done at
35 days of age. For porosityfp which is characterized by the global volume ofdvin the
material, the mortar specimens (4-cm cubic specinemre weighed in hydrostatic, humid and
dry conditions (20°C) after void saturation. The@vaabsorption test measures the mass increase
due to water introduced by capillarity pore. Withsttest, absorption after 24h of immersion
(Aba4r) and sorptivity or absorption velocity (S) can umed to characterize the capillary pore
network. Analysis of durability results {pAb.4n and S) is associated with Washburn’s theory on
impregnation dynamidslO].

For the permeability test, oxygen gas was usechaspermeating fluid because it does not
interact with the cementitious matrix. Measurememisre made with a constant head
permeameter developed by Cembur¢8l Permeability measurements were made on dried
cylindrical samples (@30mmx15 mm) to avoid theuafice of water content on the permeability
coefficient. The apparent permeability coefficievds calculated at three pressure values: 0.10,
0.25 and 0.40 MPa. Results analysis (intrinsic peatility k.. and Klinkemberg coefficierfi) is
associated with the Klinkemberg theory on flow efgolating fluid in porous network41].

3. Results and discussion

3.1 Mechanical considerations
Strength results of mortars at 1, 7 and 28 dayslawe/n in Table 3.

Table 3. Results of flexural and compressive stitef the various steam cured mortars

M1-0% M1-12.5% M1-25% M2-0% M2-12.5% M2-25%
Flexural strength
1d 5.60(x043) 5.36 (+0.25)5.72 (+x0.39) 5.89 (+0.60) 4.97 (+0.21) 6.18 (x0.03)
7d 5.94(+£0.46) 5.89 (+0.35) 5.92 (+0.29) 6.08 (+0.26) 6.40 (+0.28) 7.32 (x0.49)
28d 7.56 (+0.05) 6.42 (+0.46) 6.60 (+0.39) 6.86 (+0.70) 6.87 (+0.30) 8.40 (+0.57)
Compressive strength
1d 33.9(x0.96) 27.5(%0.75) 37.4 (x0.23) 38.4 (+1.02) 31.8 (+0.94) 35.5 (+0.47)
7d 38.4(+1.15) 34.6 (+0.88) 40.1 (x0.69) 43.2 (+0.96) 37.5 (+1.06) 37.8 (x0.57)
28d 47.6(x1.21) 425 (+1.41) 47.6 (£1.59) 51.8 (+1.58) 45.5 (+1.01) 47.0 (£0.94)

In order to easily assess the performance of amgo#MK combination, figure 3 shows strength
relative to the reference strength. Eq. 2 introduedative strength noted RSi (d). The reference
strength values correspond to the average valiveled% (bold type in Table 3).
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RSi(d) =

Reference(

Rci(d)

d)

RSi(d): relative strength of tested binder i in pamson
with reference binder at d days Eq.2
Rci(d): strength of tested binder i at d days (MPa) 9.
Rcreferenckd): strength of reference blend at d days (MPa)

Figures 3 show flexural and compressive relativengfth values (RS) obtained from cements C1
and C2 respectively, according to the levels oif teplacement with MK, from 0% to 25%.

a-Flexural strength

b-Compressive strength

Figure 3. Relative strength for various steam cineders: a-Flexural b-Compressive

1.40
Relative strength 01 day @ 7 days® 28 days
N
N
<~ ©
1.20 =
[ee]
Q
™ —
S] Q S
Reference — Si 3 Si
1.00
0.80 -
0.60
M1-0% M2-0%  M1-12.5% M1-25% M2-12.5% M2-25%
1.40 _ ,
Relative strength (01 day @ 7 daysH 28 days
1.20 0oy
3 Sog
-3 5 2
Reference 3 © — 23
1.00 — = S 133
> =)
S o
—
@
o
0.80
0.60
M1-0% M2-0% M1-12.5% M1-25% M2-12.5% M2-25%



Flexural strength. Several observations and comments can be madat abe flexural
performance (a in Figure 3). Lower performance waserved for C2 than for C1 (comparison
between M1-0% and M2-0%). At early age and at 7sddlyis level of performance can be
explained by the clinker dilution by slag (18% ee@ment rate). Accordingly, C2 appears to be
unsuitable for some precast applications. Neveztiselin comparison with control mortars (M1-
0% and M2-0%), performance was improved when flddk was incorporated up to a
substitution rate of 25%, regardless what cemerst wged. It is important to note that a better
long-term performance was achieved in the case bfnary cement (comparison between
reference strength and M2-25%, cement C2). Hends, possible to substitute up to 25% of
cement with flash MK in steam-cured materials abthim mechanical properties that are very
similar (1 day) or significantly higher than thdernce samples (28 days). In terms of flexural
considerations, this promising result encouragesiie of a ternary binder (cement + slag + flash
MK) as a component of concrete mix designs forptteeast industry.

Compressve strength. In regards to compressive performance (b in EgQ8), several
observations and comments can be made. Firsteinabe of CEM | cements (C1), compressive
strength increases with the increase in MK suliginurate. However, in the near future, cement
containing large amounts of clinker like CEM | wialtogressively disappear in order to limit £0
emissions. Second, when compared to C1 (CEM | jygke binary cement C2 presents the
weakest characteristics at all ages (see compeesdiength or relative strength results of
corresponding standardized mortars M1-0% and M2k@%able 3 or in Figure 3). In precast
conditions, it is not possible to achieve the expeaesults with this type of cement, i.e.
guaranteed strength both at early ages (1 dayjnathe long term (28 days). Conversely, when a
part of C2 is replaced with flash MK, the reacividf the resulting binder is significantly
improved at 1 day and 28 days. These observatienaaurate for 12.5% and 25% substitution
rate. In terms of compressive strength, binary cgn(€2), a less reactive cement than CEM |
cement (C1), could be a promising product whenigbrtreplaced with flash MK. When
compared with CEM | cements in steam-cured contitioeplacing 25% by mass of a CEM I
with flash MK saves 40% of clinker, yields improvegchanical performance at early ages, and
has similar mechanical performances in the longter

3.2 Durability considerations
Porosity, absorption and permeability are the prymaarameters for characterizing durability
properties. Table 4 presents the results of dunahidicators like water porosity (), water
absorption after 24 hours of immersion ¢Ap and sorptivity (S) traducing the absorption
velocity, intrinsic oxygen permeability (B and Klinkemberg coefficieny.

Table 4. Durability indicatorf9]

Designation M1-0% M1-12.5% M1-25% M2-0% M2-12.5% M2-25%
Water porosity

P (%0) 16.3+0.12 15.7#0.35 17.6£0.09 17.7+0.19 17.430 17.9+0.23
Absor ption test

Abggn (kg/nt) 3.90 4.49 5.12 4.29 6.64 4.90

Sorptivity S (kg.rivh) 0.88 0.99 1.17 0.90 1.39 0.99
Oxygen per meability

Intrinsic perm. ; (n?) 8.4 62.6 24.8 11.6 27.4 14.1

Klinkemberg coeff 0.45 0.26 0.83 0.29 0.27 0.25




Water porosity. Irrespective of the cement (C1 or C2), the pdyo§d,) of flash MK-based
mortar in steam-cured conditions increases (M1-X#b lsl2-X%) in comparison with reference
material made with CEM | only (M1-0%). The porositycreases with the increase in MK
substitution ratio. The water porosity is slightigreased when flash MK is incorporated (+1.1 to
1.6%). The low variation of porosity values (frofs.Z to 17.9%) shows that the porous volume
is not significantly modified.

Water absorption. The water absorption coefficient after 24h imn@rgAb,4r) is higher for the
control mortar (M1-0%) than for mortars incorpongtiffash MK (Mi-X%). Furthermore, the
sorptivity (S), which is relative to water absogptikinetics, is slower in the control mortar (M1-
0%) than in the MK-based material. However, inmportant to note that these different increases
do not fundamentally affect the durability propestiof mortars with flash MK. These variations
can explain a change in the porous network withrtbeease of average pore size when flash MK
is incorporated.

Oxygen permeability. Intrinsic permeability values (R are equivalent for all the mortars studied.
Indeed, they only begin to differ with a 10 or 1fa@tor. For the Klinkemberg coefficiens)(
traducing the connectivity and tortuosity of porowetwork, permeability can be observed at a
low evolution. It is well known that permeabilitg controlled by the percolation path resulting
from the connectivity and tortuosity of the poroumetwork. However, based on the
measurements, there is no indication to show tbis ponnectivity and tortuosity have changed.
It is only possible to conclude that the incorparatof MK does not significantly modify the
oxygen permeability.

3.4 Environmental considerations
Environmentally speaking, flash MK is an interegtiproduct. Table 5 presents the values
concerning energy consumption and G€lease into the atmosphere. First, flash MK pctidn
releases less GOnto the atmosphere than cement production; glébalin dehydroxylation
reaction by the flash process does not producge(EQ1). The CQrelease from MK production
(1 ton of flash MK produced = 175 kg of @nly comes from the process (extraction of raw
materials, kiln, etc.) and not from the chemicalateon (dehydroxilation). In cement production,
this release is due to the decarboxylation of Ca@bnkerization) and the process (1 ton of
clinker produced = 1 ton of G

Second, during production, there is less thermatgyngenerated for flash MK than for clinker (1
ton of MK produced = 2.95 GJ, calculated from cdefitial data of an environmental impact
assessment, and 1 ton of cement produced = 4 [A253J

Without factoring in the transport of raw materjalable 5 presents the environmental impact of
balance for the various precast concrete bindets @2, flash MK combination) based on energy
and CQ release. Regardless of the concrete applicatapiacing cement (C1 or C2) with flash
metakaolin gives similar performances on mecharindl durability criteria (Figure 3 and tables
3 and 4), and has a positive effect on the envieminbecause the manufacture of precast
elements offers significant energy savings in teofmsaw material production (-4.7% to -22.8%)
and reduced C{release (-10.3% to -34.1%).



Table 5. Environmental balance of 1 ton of bindesdal on energy and C@lease

Calculus hypothesis on raw materials

Clinker[12] GGBS[13] MK [14]
CO; release (kglt) 1000 0 175
Consumed energy (GJ/t) 4.69 0.00 2.95
Calculusfor 1 ton of binder

. Energetic .
CO; release (kglt) Benefit* consumption (GJ/) Benefit*

M1-0% 1000 / 4.69 /
M1-12.5% 897 -10.3% 4.47 -4.7%
M1-25% 794 -20.6% 4.26 -9.2%
M2-0% 820 -18.0% 3.85 -17.9%
M2-12.5% 739 -26.1% 3.73 -20.5%
M2-25% 659 -34.1% 3.62 -22.8%

* Benefit corresponding to the decrease of critedmpared with CEM | cement (i.e. M1-0%)

4. Conclusion

To ensure day-to-day profitability, the precastusty regularly employs CEM | 52.5R cement
and thermal maturation (steam curing). Both apgreadead to good mechanical performance at
early age (1 day) and in the long term (28 days)r&sent, environmental concerns are leading
precast concrete producers to look for alternasiofitions that will decrease the high clinker
content in concrete design. This paper has inwvasiijthe effect of flash MK incorporation in
binary cement (clinker + slag) on the mechanicalpprties (flexural and compressive) and
durability properties (porosity, water absorptiondaoxygen permeability) of steam-cured
mortars. The following conclusions can be drawn:

- From a mechanical point of view, the replacemen€BM I-52.5R cement by CEM Il
52.5N / flash MK binder is possible. An increasetlie substitution rate of flash MK
shows equivalent flexural strength in comparisontite control mortar. In terms of
compressive strength, when 25% of CEM Il 52.5Neiglaced by flash MK, strength is
improved at early age and not affected at 28 dggs eompared to the incorporation of
CEM | 52.5R only.

- From a durability point of view, indicators suchwaater porosity, water absorption and
gas permeability are maintained; a variation ofggheous network is assumed when MK
flash is incorporated into mortars.

- From an environmental perspective, saving up to 40%inker (with ternary binder) is a
promising approach due to decreased energy congump3%) and reduced GO
released into the atmosphere (-34%).

Although flash MK is not well-known, the performantevels of flash MK-based mortar are

similar to those of the mortar containing no MKsfia Furthermore, the cement/slag/flash
metakaolin combination is a low carbon dioxide/ggebinder, currently of interest to cement

makers. The results presented in this study anmipnag for precast concrete manufacturers who
are concerned about preserving the environment.
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