EFFECT ON SLAG HYDRATION OF BLAST-FURNACE SLAG CEMENT
IN DIFFERENT CURING CONDITIONS

'Takeshi IYODA*
! Department of Civil Engineering, Shibaura InstitefeTechnology, Tokyo, Japan
?Kimihiro INOKUCHI
2 Department of Civil Engineering, Shibaura Insttwtf Technology, Tokyo, Japan
*Taketo UOMOTO
% Public Works Research Institute, Ibaraki, Japan

Abstract

In Japan, the usage of blast furnace slag in cacston will increase due to environmental considienas. However,
the effect of curing condition and curing periodtbe hydration of cement and slag hydration in bkshcements is not
clear, nor is the relative contribution of cememidaslag hydration to strength and durability deyeteent in blended
cement. In this research, the cement and slag tigdraatio in blast-furnace slag cement under dif@ curing
conditions, such as temperature, relative humidityd curing period, is measured using the seleatiigsolution
method. It was found that hydration stops if relathumidity is less than 80%, and that if 80% ieathumidity is
maintained hydration can occur even at temperat@edow as 7 degrees Celsius. On the other haredsgieed of
hydration is faster at higher temperatures such@glegrees Celsius than at normal temperatures asc?0 degrees
Celsius, so it can be concluded that the influesfceemperature on blast-furnace slag in blast-fuuealag cement is
similar to that of temperature on ordinary Portlacgment. The hydration of blast-furnace slag i® afgluenced by
mix proportions such as water-cement ratio and iB& fineness of cement. In the case of high waderent ratio, the
hydration ratio of slag will increase and reach gl hydration ratio; however, in the case of lowteracement ratio
the hydration of slag will stop at a low hydraticatio at an early age. Using these results showhreghydration ratio
of slag with different mix proportions and curingnglitions, estimation of the hydration of blastrface slag cement
under different conditions may be performed.

Originality

Until now, measurement of the hydration ratio addtifurnace slag in blast-furnace slag cement hesnbperformed
under sealed condition — which represents the idaak — in order to clearly show the slag hydratiBiowever, these
conditions are not reflective of the actual coratit of concrete structures, so it is important stneate the hydration
ratio of blast-furnace slag under real conditiorensidering both varying temperatures and relativenidity. It is also
necessary to consider the effect of hydration ratigarying mix proportions and different typedtast furnace slag.

Chief contributions

Concrete structure is exposed to various envirorinsech as drying condition, high relative humidétigd different
temperatures. And also internal condition in conerstructure is influenced high temperature by lileat of cement
hydration. Estimation of the hydration of blastfface slag in blast-furnace slag cement on differamtdition is

necessary for estimating the properties and duigbibf concrete structures. Currently, it is podsilio estimate
durability properties such as drying and autogerealrinkage, strength for concrete structures usimdinary

Portland cement from hydration of cement on mixpprtions, but it is difficult to apply the same heds when using
blast-furnace slag cement, because it is diffecfrdement hydration and slag reaction. This reskar@ay contribute
to increasing the usage of blast-furnace slag instauction and thus helping to protecetplobal environment.

Keywords: Blast-furnace slag cement, slag reaction, seleatigsolution, curing temperature, curing relativenhidity

*Coresponding author: E-mailyoda@sic.shibaura-it.ac,jjel- +81-5859-8356, Fax- +81-5859-8401




1. Introduction

In recent years, the usage of blast-furnace slagnefor concrete structures has increased in aoder
reduce carbon dioxide emissions and for improviagdility. When compared to OPC, such blended
cement produces smaller diameter pores due toahemt hydration products, and controlling the
cement hydration is very important to ensure thecoete structure’s durability and strength. However
the mechanism of hydration or reaction in blastéme slag cement is not clear — particularly the
reaction of slag in blended cement — so it is reargsto clarify this mechanism. In addition, curiag
very important to achieve adequate binder hydrati@mnstruction is generally conducted outdoors,
where curing conditions and environmental condgibave a large influence, so it is also necessary t
consider the effects of temperature and humidityherhydration mechanism.

This research investigated the influence of cutamgperature, mix proportion, and slag replacement
ratio on the slag reaction in blast-furnace slage® under sealed conditions during Steps 1 aia 2.
Step 3 of this research, the effect of curing comias on cement hydration under various temperature
and humidity conditions was investigated and comgdetween OPC and blast-furnace slag cement.

2. Experimental Outline
2.1 Material

Ordinary Portland cement (OPC) and Ground GrandilBlest-Furnace slag (GGBFS) were used in
this research. Table-1 shows the mineral comporrtese materials.

Table-1 Chemical components of the experimentaénas
Gravity Blaine Chemical Components (%)
(glen?)[(em?/g)| ig.loss| SIQ | AlLO, | FeO,| CaO | MgO| TiQ | MnO| SQ | Na,O| K,0 | P,O,| ClI
oPc| 3.15| 3419 231 20.73 554 2183 6428 1.00 0.29 [0.10 |2.16€0{0.0.40 0.17 0.010

GGBFS 2.89| 476( 1.31 32.%0 13572 0[{26 44.36 6.00 .75 0.26 8/2.0.22 0.29 0.08 0.006

2.2 Samples

In Steps 1 and 2 the cement paste sample was nsame 20 milliliter glass bins, and sealed curing
conditions, such as not demolded, were set fotatad experimental age. Specimens were prepared in
the laboratory at 20 degree Celsius. After preparagamples were capped immediately and exposed
to each water curing environment, in which the wedmperature was adjusted.

In Step 3, the sample size was 20x30x10 millimetersrder to maintain uniform humidity in each
sample, and the samples were exposed to eachveehatmidity condition for the total experimental
total. Samples were prepared in the laboratornpadetjree Celsius and demolded after 24 hours, then
exposed to various curing conditions. However, daswere dried in the atmosphere for 2 to 3 hours
before exposure to each curing condition in ordeavioid changing the humidity setting due to water
evaporation from the samples. The set curing cimmdfiarameters were the temperature and humidity.

2.3 Parameters

Factors affecting the hydration or slag reactionrevearied, focusing particularly on material
component such as slag replacement at differenpdaeatures, water-binder ratios and curing
conditions. Tables 2 to 4 show the parametersisfrdsearch. The samples used were cement paste.
Steps 1 and 2 targeted the measurement of thetlyydratio of cement and GGBFS under sealed, or
ideal, conditions. Step 3 focused on the measurewfetne hydration ratio of cement and GGBFS
under environmental conditions.

Step 1 (Table-2) focused on the effect of curingpgerature and GGBFS replacement on the reaction
ratio. The water-binder ratio was constant at 58f@, curing temperatures were 5 degrees Celsius for



winter conditions, 20 degrees Celsius for normailditions, and 30, 40, and 60 degrees Celsius for
summer conditions. The slag replacement ratio MagOPC), 20% (blast-furnace slag cement type

BA), 42% (BB) and 67% (BC).

Step 2 (Table 3) focused on the effect of mix propn and slag replacement ratio on the reaction

ratio under normal curing temperatures at 20 de@edsius. Three water binder ratios were set: 30%,
50%, and 60%; and there were three GGBFS repladematsrs: 0%, 20/30%, 50%, and 70%.

Step 3 (Table 4) focused on the effect of relaliuenidity and temperature on the reaction ratio. The

water binder ratio was 50% and slag replacement@&s The curing temperature was 7.5, 20 and 40
degrees Celsius, and four curing relative humidajues were selected: 40%, 60%, 80% and sealed
conditions. Humidity was controlled by sodium hyxide in order to preventing changes to the pore

distribution and cement hydration due to carbomafithe humidity control error was +3%.

Table-2 Parameters of Step 1 (curing temperature)
Replacement (%)

N BA | BB | BC
0% | 20% | 42%| 67%
> ©) ©) ©) ©)
20 ) @) ©) ©)
30 o) o)
40 ) ©) ©) ©)

60 O O O O
Table-3 Parameters of Step 2 (mix proportion)

Temperature
condition(°C)

Replacement
N BA BB BC
0% 20% 30% 50% 70%
L (30%) LO — L30 L50 L70
W/B [M(50%)| MO M20 — M50 M70
H (60%) HO — H30 H50 H70

Table-4 Parameters of Step 3 (curing conditions)
Relative Humidity

40% | 60% | 80% | Sealed
4 | 75¢C O O O
E 20°C o) o) o) @)
40°C o) o) o)

2.4 Methodsfor experiment

The hydration ratio and hydration products weresuezd using the following method.
(1) Sample preparation
The gathered samples were crushed at the testmgniad) soaked in acetone for 24 hours to stop

hydration. For Steps 1 and 2, the testing ages WeBe 7, 28, 56 and 91 days; for Step 3, therntgsti
ages were 1, 3, 7 and 28 days.



(2) Cement hydration

The cement hydration was measured by ignition Weight at 700 degree Celsius, which includes
evaporation of free and chemically-bound waterfgaration with cement and GGBFS. Oxidized slag
is also protected in high temperature environmewitg;h is why 700 degree Celsius was selected.

(3) Reaction ratio of blast-furnace slag

The reaction ratio was measured by the selectssotlition method using salicylate acid — acetone —
methanol solution. It is possible to measure thantjties of an-hydrated blast-furnace slag in this
method. The grained sample (0.5g) was mixed witicydate acid (2.5g), acetone (35ml) and
methanol (15ml) for 1 hour, then allowed to sit 23 hours. The ratio of slag hydration was caledat
by using Equation [1] from the result for quantiyan-hydrated slag.

x¢)[ 00— Ig'(t)) — mkk, 00— Ig(t)) x100 [1]

a(t) =100-
migk, 00— 1g(t))

Where : t= hydration agey(t)= ratio of slag hydration (%),
X(t)= amount of insolutive samples (mg), m=sampig),
Ig(t) = ignition loss of hydrated samples (%),
Ig’(t)=ignition loss of insolutive samples(%),
k1=Content ratio of Ordinary Portland Cement fdcekated non-hydrated(%),
k2=ratio of insolutive only OPC(%),
k3= Content ratio of Blast-Furnace slag for caltaedenon-hydrated(%),
K4= ratio of insolutive only Blast-Furnace slag(%)

(4) Quantitative analysis of calcium hydroxide by TGAT

Quantitative analysis of calcium hydroxide was agtdd using TG-DTA. The heating rate was
assumed to be 30 degrees Celsius per minute. Twasureament results were targeted: (1) for
obtaining the amount of hydration product, the amaf weight for evaporated water from 20 to 200
degrees Celsius was calculated; (2) for obtainhmy ¢cement hydration ratio, the weight loss for
evaporated water from 20 to 700 degrees Celsiuscafasilated. 700 degrees Celsius was assumed
due to the influence of the oxidation of S includedGGBFS; (3) for obtaining the amount of
Ca(OHy), the point where inclination of curve was differaras calculated.

3. Experimental result
3.1 Effect of curing temperature and dag replacement under sealed conditions (Step 1)

Figure-1 shows the total binder ignition loss undganying temperatures for each slag replacement. At
low temperatures (5 degrees Celsius), the hydraifogress was slow. The hydration ratio at low
temperatures was the same as at 20 degrees Catsk® days of age; however, the hydration
continued over a long period. On the other hand,high temperature conditions the hydration
progress occurred very early and the value of jfigdtion ratio was saturated at an early age,Haut t
hydration ratio was smaller for high slag replacetriban for OPC. Figure-2 shows the slag reaction
ratio under different temperature conditions focheaslag replacement. The slag reaction ratio
followed the same behavior as the cement hydratita — that is, when the amount of slag increased
the ratio of slag reaction tended to become small.
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Figure-1 Ignition loss results for varying typesceiment and temperatures
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Figure-2 Slag reaction result for varying typesefent and temperatures
3.2 Effect of mix proportions (Step 2)

Figure-3 shows the cement hydration ratio resuasured by the ignition loss for each water binder
ratio. Total ignition loss of OPC (LO, MO and HO}Yhat means the evaporated water from combined
water at 700 degree Celsius — was smaller tharothdended cement. For the low water-cement ratio,
cement hydration was stopped at early age dueckodBwater. On the other hand, in the case of high
water-cement ratio cement hydration progressed auiting age.

Figure-4 shows the slag reaction results for diffierwater-binder ratios. For the medium and high
water-binder ratios, slag reaction progressed witing age. However, for low water-cement ratio the

slag reaction stopped at an early age and withadl sadue reaction ratio (15-20%). When comparing

M and H, in the case of M (W/C=0.50) the progrekslag reaction occurred earlier than that of H,

which suggests that may be the best water-bindiergansidering slag reaction.

3.3 Effect of curing humidity (Step 3)
The ignition loss results are shown in Figure-5m€rt hydration under sealed conditions progressed

for each cement type and temperature, and the Itheezuring humidity, the lower the initial ignitio
loss. In addition, the cement hydration stoppedtddack of hydration water in dry conditions, as
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Figure-4 Slag reaction ratio for varying water-l@ndatio and slag replacement

shown by the similarly-low hydration ratios of RH4Gand RH60%. On the other hand, the hydration
of RH80% was lower than the hydration in the seakesk but proceeded over time, so the minimum
humidity needed for hydration to proceed was betmiREI60% and RH80%. Hydration was delayed
under low temperatures, but under high temperatadyg hydration proceeded but then stopped.

The results of the blast furnace slag reactionddgcsive dissolution method are shown in Figure-6.
Similar to ignition loss, the slag reaction procegdinder high humidity but stopped in dry condiion
(RH40% and RH60%). The reaction was also delaydovintemperature and the reaction of RH80%
stopped at the level of RH60%. However, at highperature the results of RH80% were comparable
to the results of the sealed conditions.

4. Conclusion

Table-5 Summary of the research results

Table-5 shows the summary

of the research results. — slag reaction -
stop slow Normal quick
Temperature ® 20C 40,60C
Step 1
Slag replacement BC BB BA
Step 2 | Waterbinderratip  L(30% M(50%) H(60%)
Step 3 | Relative humidityl RH40,60% RH80% Sealq&d
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Figure-5 Ignition loss results for varying temperatand relative humidity
(Upper: OPC, Lower: Blast-furnace slag cement)
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Figure-6 Ratio of slag reaction results for varyiemperature and relative humidity
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