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This study proposes a multi-component model for hydration heat of blended cement for the
temperature analysis of massive concrete structures. In the temperature analysis, a hydration heat
model of cement applicable to any given conditions is required. A multi-component system is adopted
in which each mineral compound of cement, blast furnace slag and fly ash is treated as a separate
reaction unit and the interdependencies among them are evaluated based on their individual
mechanisms. The heat generation rate of each reaction is expressed in two material functions, the
reference heat rate at constant temperature and the thermal activity. The degree of reaction of each
component is computed step by step with modified Arrhenius’ law of chemical reaction. The mutual
interactions among mineral compounds of Portland cement and pozzolans are taken into account in
terms of the specific free water and the amount of calcium hydroxide assigned as state variables
representing the chemical environment of the pore solution. The proposed model has been verified
through analyses of the adiabatic and semi-adiabatic temperature rises.
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1. INTRODUCTION

As admixtures for concrete, various powder materials such as blast furnace slag, fly ash, lime stone
powder, expansive agent and so on are used. Blast furnace slag and fly ash are especially useful for
massive concrete structures because they function as binders. In the thermal crack inspection at design
stage, combinations of powder selection and blending proportion to be examined have a wide scope
since various sorts of materials including low heat type Portland cement are used to prevent the
occurrence of thermal cracking. Therefore, it is necessary that the hydration heat model covers not
only Portland cement but also blended cement with admixtures in order to contribute to the
temperature analysis for mass concrete. This is significant for self-compacting high performance
concrete [1] which has to more than a certain unit content to maintain self-compactability, so powder
selection and blending proportion are examined carefully in the thermal crack inspection [2]. The
authors have proposed a multi-component hydration heat model which covers variations in Portland
cement types [3,4]. In this model, reactions shown in Portland cement are described in each clinker
mineral and interdependencies among them are evaluated separately. That is, the model has a
constitution in which reactions in the binder are treated as assemblies of appropriate reaction units and
mutual interactions among reactions can be rationally taken into account. This constitution makes it
easy to incorporate new components for blended admixtures. The purpose of this study is to extend
the scope of applicability of the existing multi-component hydration heat model from Portland to
blended cement which includes blast furnace slag and fly ash by incorporating new components.

For blended cement in which several admixtures are used, it is not always rational to treat a whole

powder as a single system. When a macroscopic model in which a whole system is treated as a sole

powder is considered, the degree of hydration or the accumulated heat is defined as an indicator which

represents the degree of reaction for the entire system. In the combination of reactions which have

different temperature dependencies, however, the degree of each reaction cannot be identified in terms

coifﬁghe indicator which defines the degree of reaction for the entire system when temperature history
ers.

In blended cement, the interdependencies among reactions are more complicated than Portland cement
alone and one cannot guarantee the rationality of an assumption that the degree of the entire reaction
process can be defined by any single indicator. If the whole system is treated as a single reaction
process, the interdependency of reactions in the system is not negligible and more complex modeling
might be necessary. Therefore, each reaction of clinker mineral is individually described and then
mutual interactions are taken into account in the multi-component hydration heat model in order to
account for the wide variety of Portland cements and arbitrary temperature histories. The multi-
component hydration heat model [4] in which heat rate is described for each reaction unit and
interdependencies are evaluated according to individual mechanisms has greater rationality for blended
cement which has more complex interdependencies.

The reactions of blast furnace slag and fly ash in blended cement are dependent on the calcium
hydroxide produced by alite and belite in Portland cement [5]. The reaction of admixtures proceeds if
calcium hydroxide is sufficiently supplied, and the reaction is inversely restrained due to shortages. In
order to express the exothermic process of blended cement, it is essential to evaluate quantitatively
both production from alite and belite hydration and consumption by admixture reactions in terms of
elapsed time. Thus, it is indispensable to classify reaction of blended cement into appropriate reaction
units and describe those heat rates respectively in order to evaluate accurately the interdependency of
reactions under arbitrary temperature history. This approach, in which each reaction of clinker mineral
or admixture is described respectively, can apply to various sorts of cement with different replacement
ratios and arbitrary temperature histories.

In this study, the exothermic reaction processes of blast furnace slag and fly ash are described in terms
of the amount of calcium hydroxide produced by hydration and the delaying effect of slag and fly ash
on reactions in cement is taken into account. These factors are mutual interactions which take place
between the exothermic hydration process of Portland cement and admixtures, and it becomes
possible to deal with them rationally by using the multi-component system adopted here.
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2. MODELING THE EXOTHERMIC HYDRATION PROCESS OF BLENDED CEMENT

2.1 Basic concept of multi-component hydration heating model and general formula [4]

In the model, hydration of cement is expressed by classification into individual clinker minerals which
are regarded as fundamental units of reaction. The heat reactions for alite (C5S), belite (C,S), aluminate
phase (C;A) and ferrite phase (C,AF) were individually described. To extend the scope of the model to
blended cement, blast furnace slag and fly ash are regarded as single units of reaction and incorporated
into the model as individual components. Slag and fly ash are not classified like Portland cement
because a part reacting is only glass phase at normal temperature, which can be regarded as a
homogeneous material. However, at this stage, the reaction of slag is assumed to be unaffected by the
existence of gypsum [5]. Therefore, heat rate of the entire cement including blending powders is given
as the sum of the heat rate of all reactions as follows,

H= Z p:H;
=pe,aHeaer + Hea) + Pejar (Heypper + Hear)
+pcsHe stPcsHe s+ PscHsctPratla

D

Where, i represents each mineral component including blast furnace slag (SG) and fly ash (FA). H and
H; are the heat rates of blended cement as a whole and mineral i per unit weight respectively, p; is the
weight fraction of component i in the binding powder. Hc,apr and Heyarer are both heat rates as a

result of the formation of ettringite.

The hydration heat rate of blast furnace slag and fly ash are described by two material functions which
are the reference heat generation rate expressing heat rate at a constant temperature and the thermal
activity indicating temperature dependency of the reaction as well as clinker minerals [4,6]. Here, it is
essential that interdependencies among reactions of component are adequately expressed in order to
establish modeling of the exothermic hydration process of trinal blended cement. The reactions of slag
and fly ash are dependent on the supply of calcium hydroxide produced by cement hydration, which is
a stimulant for reactions and consumed by them. To express the above reaction dependency of slag
and fly ash to calcium hydroxide, the coefficient A is introduced. In this study, other factors of mutual
interaction, such as free water consumed, are shared by components. Fly ash and organic admixture
delay reactions of Portland cement and blast furnace slag are also taken into account. Therefore, the
hydration heat rate of each component is generally expressed, with interdependency among the
reactions, as follows,

E.
Hi=Y.Bi-7\,-}1-3['Hi,Tu(Qi)eXp{—‘-}_(El:—}l_)} .
0

0 = j H,dt (3)

Where E; is the activation energy of component i, R is gas constant, H;p is the reference heat
generation rate of component / at constant temperature Ty and also the function of accumulated heat
Q;, v is a coefficient to express delaying effects of fly ash and organic admixture in the initial hydration
exothermic process, f; is a coefficient to express reduction of heat rate due to reduction of free water
(precipitation space), A is a coefficient to express change of heat rate of blast furnace slag and fly ash
depending on the amount of calcium hydroxide in the liquid phase, {1 is a coefficient to express change
of heat rate related to difference of mineral composition of Portland cement, s, is a coefficient to
express change of referential heat rate due to change of fineness of powders. Coefficients, v, 8;, A and
1 are assumed to give changing ratios when there are no effects from other factors. The minimum
coefficient is adopted as the reducing ratio when several coefficients give a value less than 1.
Coefficients A and s; are newly introduced into the proposed model and -E;/R is defined as thermal
activity.
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2.2 Reference heat generation rate of components

Hi

The reference heat generation rate H;p, at the
reference temperature 7, is set as a material function
of each reaction as shown in Fig. 1. These rates of
clinker minerals are generally set at the mineral
compositions of ordinary Portland cement and the
reference temperature 7, was set at 293K.  The
reference heat rates shown in Fig. 1, which were
originally determined by a previous study [4], are
slightly modified in this study. That is, in the
division of hydration exothermic processes of C3S
and C,S, a boundary between Stage 1 and Stage 2
was shifted from 3% to 1% of the total heat, and one
between Stage 2 and Stage 3 was shifted from 20%
t0 25% for CsS and to 30% for C,S. The reference
heat generation rates of blast furnace slag and fly ash
are assumed to be under conditions where water and
calcium hydroxide are sufficiently supplied to their
reactions. The reaction rate of fly ash, which is
referent heat rate divided by total heat generation, is
set much smaller than the slag reaction in the model
because a reaction between glass phase in fly ash and
Ca®* in the solution is relatively slow and is 0 20 40 60 80 100 120
accelerated after 1 or 3 days from mixing at the Accumulated heat (kealkg) Qi

normal temperature {5].

Heat rate (kcal/kg/hr)

Hi

Heatrate (kcal/kg/hr)

Fig. 1 Reference heat generation rate

In general, it is difficult to derive the reaction heat set for each reaction

generation rate of blending admixtures individually

from experiment, since it can not continue to react without an activator. Besides, it is well known that
heat rate measured under the addition of a reagent is not similar in blended cement since the type of
reagent affects the reactivity of admixtures [5]. Thus, the reference heat generation rates of slag and
fly ash are set by comparing the analytic to the experimental data as in Suzuki [7]. The total heat
generation per unit weight set in the model, which corresponds to 100% reaction (Q; o) can also be
derived from qualitative observations of reactions besides analytic trials. In the case of blast furnace
slag, it is well known that replacement of slag up to 50% hardly changes the ultimate temperature rise
of ordinary Portland cement in adiabatic test and gradually raises that of moderate heat Portland
cement [8]. Therefore, the total heat generation of slag was assumed to be approximately the same as
ordinary cement and slightly greater than moderate heat cement. Then, 110 kcal/kg was assumed for
the total heat generation of unit weight blast furnace slag in this study. On the other hand, quantitative
information for fly ash reaction is scarce and it is not clear that the reaction of fly ash terminates within
the testing period of adiabatic temperature rise. The total heat generation of fly ash in reference heat
generation rate was set as a temporal value (50 kcal/kg) in this study.

The proposed model should also be applicable to changes of powder fineness. In general, reaction rate
per unit mass proceeds faster with finer particles. Powder fineness is enhanced for early hardening
Portland cement with changes of mineral composition rather than ordinary cement for early strength
development. In the case of blast furnace slag, wide variations in fineness are also produced. Thus, the
material functions assumed in the model can be regarded as corresponding values to certain fineness
powders which are used in experiments adopted comparison. Here, it is assumed that the fineness of
powder affects only the probability of contact between particles and surrounding water which is the
reacting object. In this study only reference heat generation rate is changed according to powder
fineness and coefficient si represents the change of referential heat rate expressed by means of the
Blaine value as an indicator of fineness,

5; =818 @
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Where, S, is Blaine value of component i (cm’/g), Sip 0
is the reference Blaine value of component i. The
reference Blaine value of blast furnace slag and fly
ash are certain values of powders used in
experiments which were adopted for comparison
[6,7]. These are assumed to be 3380, 4330 and
3280 (cm*/g) from material specifications of
experiments. In Stage 2 of (35, C,85 and slag,
however, the effect of fineness is not taken into
account at the current stage (s; = 1).
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2.3 Temperature dependency of each reaction

Fig. 2 Thermal activity set for reaction

In this study, the thermal activity of each reaction in of each component

terms of the accumulated heat is set according to

expressions of temperature dependency of minerals developed by Suzuki et al. [6], except we assumed
that the thermal activity that may superficially undergo complicated changes for cement on the whole
[6] can be rationally explained as accumulation of reactions having individual thermal activity. Then,
setting the order of mineral reactivity in C;A>C35> C,AF>C,S, constant values ranging from -6500 to
-2500(K) were allocated to the thermal activity of each mineral with reference to the thermal activity of
cement on the whole derived by Suzuki et al. Thermal activity of each component set in this model is
shown in Fig. 2. For Stage 2 in the hydration heat process of C3S and C,S, a different thermal activity
has been set than in other divisions of the hydration process since the effect of precipitation of hydrates
from oversaturated ions already dissolved at Stage 1 exerts a prevailing influence rather than that from
newly eluded ions in the stage.

The thermal activity of blast furnace slag was given a slightly smaller value, -4500, than the one given
to Stage 3 of C38 which is a major mineral compound in cement because the thermal activity of blended
cement with 40% slag replacement showed a slightly smaller value than the entire ordinary Portland
cement in a previous study conducted by Suzuki [7]. For analysis, the same value was applied to Stage
2 and Stage 3 of the slag reaction process. For fly ash, it is difficult to assume thermal activity from the
measured value of fly ash blended cement since heat generation of the fly ash reaction is much smaller
than cement. An appropriate value for thermal activity was assumed for fly ash reaction through an
analytical approach. In the analytical reproduction of adiabatic temperature rise of fly ash blended
cement, it is difficult to ignore the heat generation of fly ash even if fly ash reaction is not active at the
normal temperature. Thus, it is supposed that the fly ash reaction is greatly accelerated at high curing
temperatures. That is why a relatively large thermal activity, -8000, was provisionally assumed at the
current stage.

2.4 Ettringite formation reaction model by aluminate and ferrite phase with gypsum dihydrate

It was reported that the ultimate temperature rise in the adiabatic test is somewhat affected by initial
temperature at casting and the higher temperature rise was observed generally when the casting
temperature became lower in experiments conducted by Suzukiet al. [9]. However, the model did not
simulate the lower initial temperature with higher ultimate temperature rise and it always results that
higher initial temperature leads to higher temperature rise. One possible reason for the initial
temperature dependency for ultimate temperature rise is the microstructure formation of hydrate
which plays a role as diffusion resistance changes according to temperature history [10]. It is also
possible that the heat generation accounted for temperature rise at the initial stage after casting
changes because the heat release during casting time from mixing to beginning of measurement is not
constant according to casting temperature in adiabatic temperature rise test. In the temperature
history of adiabatic temperature rise measured by Suzuki [6], we find the existence of a period in which
no temperature rise takes place just after casting at initial temperature 30°C, while at an initial
temperature of 10°C, a small temperature rise comes first and subsequent stagnation follows.
Temperature history changes slightly according to the initial state because the heat generation before
casting changes as a result of the temperature dependency of the reaction. It is possible that when the
initial temperature is higher, most heat generation corresponding to the first peak of the exothermic
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It is necessary to accurately model the ettringite Fig. 3 Reference heat generation rate set for
formation which brings rapid heat generation just ettringite formation reaction

after mixing in order to reproduce adequate

temperature rise according to the initial temperature. Although the heat generation model of ettringite
formation was incorporated in the previous multi-component hydration heating model proposed by the
authors, the exothermic process from mixing up to casting was not properly evaluated due to
inadequate setting of the reference heat generation rate. The reference heat generation rate is modified
and further, it is assumed that the casting time from mixing to beginning of measurement is 0.015 days
(around 20 min.) and the heat generation during this period is excluded from the analytical result of the
temperature rise. This results from the fact that a part of heat generation after mixing is already
included in the initial temperature which is the starting point of computation in this study. Therefore,
in all analyses in this study, heat generation after the start of computation up to 0.015 days is not
counted in the temperature rise. This means the starting point of the temperature rise is at 0.015 days
after hydration starts. The reference heat generation rates modified for reactions to form ettringite by
C;A and C,AF with gypsum are shown in Fig. 3. In the model, hydration heat of interstitial phases
expressed by Hess, Hegr starts immediately after ettringite formation terminates due to the

disappearance of unreacted gypsum.

2.5 Evaluation of interdependency among component reactions

In this study, reactions of minerals are described individually, so their interdependency needs to be
separately allowed for. In the multi-component hydration heating model for Portland cement, one
possible factor that causes mineral reactions to interact with one another is the amount of water
consumed by hydration and shared by constituents as the space in which hydrates can be precipitated
[4]. Another fact is then further considered and modeled which is the difference mineral composition
causes in the heat rate of each mineral to change in the diffusion control process (Stage 3) of C3S and
C,S. It was also noted that the temperature of the system on the whole changes with the heat
generation of reactions and is a factor affecting interdependency as a common environment that
governs each hydration exothermic process.

For treatment of blended cement reactions, the mutual interaction among Portland cement, blast
furnace slag and fly ash should be taken into account in the system. Both slag and fly ash are unable to
continue their reactions without Ca(OH), as an activator which is produced by C3S and C,S hydration
in cement and are quite different in their reactivity. That is, reactions of both slag and fly ash are
dependent on hydration of cement and have a correlation in which Ca(OH), is shared in trinal blended
cement. Therefore, the interdependency related to Ca(OH), should be suitably evaluated for
expanding the applicability of the model to blended cement. Further, the retarding effects by organic
admixture and fly ash to cement and slag reactions should also be included.

a) Reduction of hydration heat rate by reduction of free water
Free water is one possible source for continuation of hydration and simultaneously implies a space to
allow hydrates to precipitate. The reference heat rate set in the proposed model is based on the

assumption that hydration proceeds with an ample supply of free water. However, the actual hydration
rate is reduced against the reference heat rate at a low water cement ratio since it is impossible to
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assume that sufficient free water exists around powder particles. In the multi-component hydration
heating model it is assumed that the reduction of heat rate due to a shortage of free water results from
the reduction of the probability of contact between the reacting surface of particles and free water and
coefficient §; which represents the reduction of heat rate and is simply formulated in terms of both
amount of free water and the thickness of internal hydrates layer [4]. The function adopted varies from
0 to 1 and gives the reduction when free water exists sufficiently and hydrates layer is thin. On the
other hand, it sharply reduces the heat rate when the amount of free water is reduced and unhydrated
particles are covered by thick clusters of hydrates. In this study, the coefficient f; is modified as Eq.(5)
with coefficient s; which represents the change of reference heat generation rate due to the fineness of
powder. This is because the surface area of unit weight particles, which can come in contact with free
water also varies according to fineness as well as reference heat rate changes.

el )

where r, s, v are all material constants common for all minerals. From comparison between the
experimental and the analytic results, it was determined that r = 5.0, s = 2.4 and v = 1.0. @y, is free
water ratio, 1); is the thickness of internal reaction layer of component i. These are defined by the
following equations,

|-
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where W, i unit water content; W; is the water consumed and fixed by the reaction of constituents,
C is the unit cement content, Q; is the accumulated heat of component i and Q; e is final heat
generation (Fig. 1).

The amount of water bound by each reaction can be arrived at by multiplying the bound water ratio, as
obtained from the reaction equation of each mineral, by the degree of reaction computed by the model
(0:/ Q;c0). The reaction equations used in this model are,

C,A+6H — C;AH;
C,AF +2CH +10H — C;AH, — C;FH; ®)
20,8 +6H — C,8,H, +3CH
2C,8+4H — C,S,H, + CH

where C = Ca0, S = S,0,, A = ALLOs, F = Fe;03, H = H,0, CH = Ca(OH),. Except for the water
chemically combined, which is determined by Eq.(8), the 15% retained water ratio assumed is also
incorporated into Eq.(6) for all components, which is the water physically trapped on the surface of the
micro-texture.

The reactions of clinker minerals can be assumed to terminate with the arrival of a hydration degree of
100% or the reduction of hydration rate caused by a shortage of free water when only Portland cement
is used in the model. In the blended cement case however, the reaction rates of blast furnace slag and
fly ash are reduced because of an insufficient supply of Ca(OH),. Nevertheless, the amount of free
water is sufficient. If the shortage of Ca(OH), brings the reduction of admixture reactions, free water
left in the system can be assumed to fulfill its function in hydration of Portland cement as the reacting
object or the space where the hydrates can be precipitated. When the reaction of admixtures are

— 131 —



stagnant due to a shortage of Ca(OH), the effect of free water reduction on Portland cement is
expressed by modifying Eq.(6) as follows,

(Dfree = ‘JVtom;’ _ZW (9)
C-(ppc + M5 Psg +Mpa “Dra)
m; =B, (10)

b) Change of heat rate by difference of mineral composition

In the multi-component hydration heating model, we came to the conclusion that the heat rate of each
mineral changes with its proportioning in the Portland cement in question, since mineral reactions
depend greatly on the composition and then the coefficient . was introduced. It is not yet clearly
understood what causes the heat rate of minerals to change according to constitutive mineral
composition. One plausible factor that constitutive mineral composition influences the heat rate is
changes of pH as a result of change of Ca(OH), concentration in the liquid phase or changes of other
ions in the vicinity of the particles. If one focuses on the liquid phase in the vicinity of particles, once
the mineral composition of Portland cement changes, the existence probability of C5S and G,S adjacent
to some cement particles undergoes relative change and a reaction environment as represented by pH
changes or various ion’s concentration. The issue of reaction dependency among clinker minerals still
leaves many facts unidentified, and up to date it is still difficult to make quantitative evaluations of
possible causes and their degree of influence. It was therefore decided, for the time being, that the
effect of mineral composition on the heat rate is simply expressed by using a C35/C,S ratio that is
considered to represent the mineral composition of Portland cement and heat generation
characteristics. A function was adopted which gives larger reduction to the heat rate when the
constitutive fraction of C,S is higher and inversely increases the heat rate when C35/CoS ratio-is greater
than composition of ordinary Portland cement [4]. In this study it is assumed that the above effect is
the interdependency between C;S and C,S, and then the coefficient [ is not applied to C3A and C,/AF
even though it was applied to all mineral compounds in the previous study. With the extension of
scope of model applicability to cover early hardening and special low heat Portland cement, the
coefficient [ of the reference heat rate is modified as follows,

14
1 =14-]1-exp| —048- ffi] +01 (11
De,s

The reference heat rates of C;S and C,S in stages other than Stage 3 were assumed to be constant
regardless of any change of cement mineral compositions (1=1). This assumption is due to the fact
that it is possible to reproduce the initial adiabatic temperature history quite precisely within the range
of interest in this study without varying the heat rate in Stage 2 according to the composition and the
assumption that the effect of precipitation of ions eluted in the dormant period prevails in Stage 2.
Interdependency of mineral reactions due to composition was simply treated in Eq.(11) at the current
stage, however, the authors understand the need to further discuss this matter in the future.

¢) The evaluation of reaction rate of admixtures dependent on calcium hydroxide produced by
Portland cement hydration

Santhikumar studied the interdependency between Portland and blast furnace slag where the hydration
heat rates of blended cement at various replacements were measured by conduction calorie-meter [12].
The heat generation rate of blast furnace slag were calculated by extracting the hydration heat rate of
Portland cement according to its constitutive ratio from that of blended cement on the assumption that
the reaction of Portland cement was not affected by slag reaction. Through his study, it was found that
the slag reaction is stable at any replacement of slag in the former term of reaction process where it is
considered that Ca(OH), was sufficiently supplied and the heat generation of slag was reduced in
accordance with the reduction of Portland cement content which indicates the shortage of Ca(OH),
supply. It is assumed that a similar mechanism to slag reaction exists in the fly ash reaction though
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quantitative study of fly ash reactions having less reactivity are difficult. Therefore, the evaluation of
interdependency in which the amount of Ca(OH), is focused on is indispensable in order to evaluate
the heat generation process of blast furnace slag and fly ash in blended cement [13].

In trinal blended cement, Ca(OH), is simultaneously consumed by blast furnace slag and fly ash. The
consumption of Ca(OH), should be computed step by step with the production from Portland
hydration in the analysis. In this study, it is assumed that the reducing ratio of the reaction rate of
admixtures can be expressed by the following equation by means of a quantitative ratio between the
amount of Ca(OH), left in the system and what is necessary for active reaction of slag and fly ash at
that time and which is simply expressed by Eq.(12).

50
F,
A =1-exp ~2.O-(-———————-Cﬁ—) (12)
{ Rsgen + Rpacy

Where, Foy is the amount of Ca{OH), which is produced by hydration of (58 and C,S, and not yet
consumed by CL,AF reaction, Rygey and Rpacy are the amount of Ca(OH), necessary for reactions of
slag and fly ash when Ca(OH), is in sufficient supply. Fcg can be computed from the reaction degree
of each component and the ratios of production and consumption of Ca(OH), which is given by
chemical equations adopted in this study. Rggcm and Rgycy are computed by the consumption ratio of
Ca(OH), by blast furnace slag and fly ash, and their reaction rates when Ca(OH), is sufficient.

1t is not clear how much Ca(OH), is consumed by unit weight of reacted slag and fly ash and also the
Ca/Si ratio of products changes according to the amount of Ca(OH), supplied and the character of
admixtures [5]. However, it is assumed in this study that the consumption ratio of Ca(OH), is constant
through the whole reaction process irrelevant to character of admixture. Their values are determined
through the analysis by qualitative observation. The reaction of blast furnace slag is restrained just after
contact with water because of the formation of a low penetrable layer on the surface [5]. The supply of
OH ions from the ambient solution is essential for the continuity of active hydration of slag besides
what is eluted from the slag itself. In general, it is assumed that a sufficient supply of Ca(OH), can
apply to slag reactions up to 60-70% replacement because adiabatic temperature rise barely changes
within these replacement ranges. On the other hand, the reaction of fly ash does not proceed without
the active stimulation of OH ions from outside since the condensation degree of silicate ion is high in
the glass [5]. Therefore, Ca(OH), consumption when a unit weight of fly ash reacts seems to be much
higher than in the slag case. In fact, around 60% or 70% replacement ratio to cement is often adopted
in the slag case but fly ash replacement is 30% at most. Thus, the consumption ratios of slag and fly
ash reactions are assumed to be 22% and 100% of reacted mass for the analysis. In {rinal blended
cement, it is assumed that Ca(OH), in the liquid phase is almost completely consumed by the slag
reaction since it is faster than fly ash.

d) Delaying effect of organic admixture and fly ash on the hydration exothermic process

It is known that the addition of or§anic admixture delays the start of active heat generation [14]. The
reason is that consumption of Ca~* formed by cement hydration in the solution, which results from
reaction with organic admixtures, delays the formation of a crystal core of Ca(OH), that triggers the
start of active hydration heat generation or delays the formation rate of crystals {15]. In the multi-
component hydration heating model, the delay due to organic admixture was simply modeled as a first
approximation. It is also known that the addition of fly ash to Portland cement delays hydration [5].

Santhikumar measured the hydration heat rate of binary blended cement in various replacements of fly
ash and then observed that the exothermic peak corresponding to active hydration of cement is
retarded according to increases of fly ash replacement [12]. It was also found that fly ash has a delay
effect in the slag reaction as well as cement through the study of the reaction heat rate of binary
composite of slag and fly ash with a reagent [12]. If fly ash exists, Ca* in the liquid phase is adsorbed
on the surface of fly ash particles instead of AP* eluted just after it comes in contact with water. That
is why fly ash delays the 1nitial reaction of cement [5]. Thus, it can be assumed that the mechanism of
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the delay effect for fly ash is similar to that of Table 1 Cement mineral composition in adiabatic

organic admixture. Hence, the delay effect of fly temperature rise test

ash in reactions of Portland cement and blast ;
furnace slag is dealt with in the same way as CA CAF GS C,S CS2H Blaine
organic admixtures. OPC 104 94 472 27.0 39 3380

Unit) Blaine: cm/g
In the multi-component hydration heating model
so far, the amount of organic admixture Table 2 Concrete mix proportions in adiabatic
consumed irrelevant to delaying [15] was temperature rise test
expressed in terms of the amounts of C34, C,AF
and gypsum dihydrate assuming that it is wic W C S (:{ Ad
combined by ettringite formation. However, it is SG400 392 157 400 658 1129 025
assumed in this study that the aforementioned SG300 493 148 300 765 1129 025
organic admixture corresponds to that adsorbed $G200 785 157 200 862 1039 025
on the surface of particles immediately after FA400 392 157 400 663 1129 025
mixing since the delay effect is markedly different FA300 493 148 300 770 1129 025
between simultaneous addition of water and FAZ00 785 157 200 865 1089 025
post-addition [14]. Thus, assuming that a part of Note) Ad.: AE water reducing agent,
the organic admixture is adsorbed on the surface Unit) W/C: %, W, C, S, G: kg/mr', Ad: C%
of C;A, C,AF, blast furnace slag and fly ash
which have an Al composite, the amount of organic admixture consumed regardless of delaying effect
is expressed as,

1
O asee = 200 (16pc,a - Sca +4Pc,ar “Sc,ar T Psc " Ssc +5Dp4 Ska) (13)

where, Owasre TEpresents composite of organic admixtures which do not exert a delay effect due to
adsorption on the surface of powder particles. Thus, the effective delaying capability O, may be
expressed by the following equation,

Vspr = Psp* Xsp — Vwasee (14)

Where, psp is a dosage of organic admixture expressed as additive ratio to binder (Cx%), ysp is a
coefficient representing the delay effect per unit weight of organic admixture. Thus, Psp Ysp
represents the total delay effect brought about by added organic admixture. When the adsorption
capacity of the components exceeds total capacity of the delay effect by organic admixture, Osp is
assumed to be zero. Assuming that the delay effect brought about by fly ash is in proportion to its
replacement ratio, it is expressed as,

O pag =002pps - Sp4 (15)

In this study, CsS, C,S and blast furnace slag were adopted as providers of Ca** against the delaying
capability of organic admixture and fly ash. Then, the coefficient 7y representing the reduction of the
heat rate due to organic admixture and fly ash is expressed in terms of the above effective delaying

capability and the amount of components as offset to it, which supply Ca** as follows,

¥ = expi - 100y +Pra) | (16)
10pes - Scs +5Pc,s *Scis +25Ps6 'SSGJ

The delaying effects are regarded as an extension of the dormant period and then the delay of reactions
are expressed by reducing the heat rate of components concerned in Stage 1 which correspond to the
dormant period by means of 7y in this model. In the previous model, appropriate weights were given to
this coefficient which was defined for each component through sensitivity analysis since each
component has a different reaction rate (heat rate / total heat generation) assumed at Stage 1 [4].
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However, since the starting time of active reaction is scattered among components when the delaying
effect was so large, it is modified so that each component has the same reaction rate at Stage 1 and the
same coefficient must be given each.

3. REVIEW ON ADIABATIC TEMPERATURE RISE OF BINARY BILENDED CEMENT

The adiabatic temperature rise tests of binary blended cement including blast furnace slag or fly ash and
ordinary Portland cement as a basis were carried out systematically by Suzuki [7]. Three casting
temperatures, 10°C, 20°C and 30°C, and three unit cement contents, 200 kg/m3, 300 kg/m3 and 400
kg/m’, were examined for both slag blended cement and fly ash in the experiment (SG200, SG300,
SG400, FA200, FA300, FA400). Mineral compositions of base cement and mix proportions of
concrete are shown in Table 1 and Table 2. The delaying capability per unit weight of the delaying
type AE water reducing agent (sp= 5.0 was used in the analyses due to modification of the delaying
effect model of admixtures. Time step intervals in all analyses of this study are 0.01 days from
beginning of hydration up to 0.3 days, and after that 0.05 days is adopted. The applicability of the
multi-component hydration heating model for ordinary and moderate heat Portland cements were
reported and for early hardening cement it was also examined (Fig. 7). Experimental and analytical
results are shown in Fig. 4 and Fig. 5.
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The reference heat rate and the thermal activity =~ Table 3 Cement mineral proportion used in quasi-

were assumed so as to reproduce experimental adiabatic temperature rise tests
results. The adiabatic temperature rise history -
was quite accurately reproduced, reflecting GA CGAF GS GS CS2H Bhine

temperature dependency of reaction at each EPC 91 79 615 130 65 (4210)
casting temperature. But, in case of fly ash OPC 104 7.9 499 247 45 (3380)
blended cement when initial temperature is 10°C, MC 29 125 495 287 41 3240
the accuracy of the proposed model is not BC 25 131 263 528 45 3040
sufficient since it could not closely reproduce the _SBC 2 6 16 71 43 3480
delaying of heat generation at the latter part of Note) EPC:Early hardening Portland cement, OPC: Ordinary

Stage 2. It can be assumed that this Portland cement, MC: Moderate-heat Portland cerrent,
disagreement is not caused by the data setting of BC: Low-heat Portland cerrent; SBC: Super low-heat

fly ash characteristic, since heat generation from Portland cerment; CS2H: Gypsum dihydrate, Blane: cif/g,
Portland cement hydration delivers the (): assumed in analysis.

temperature rise of this part in the analysis. . ) ) )
Although ignorance of delaying effects by  Table4 Concrete mix proportions used in quasi-
organic admixture and fly ash at other stages adiabatic temperature rise tests

except Stage 1 and combining effects are WC W S G % Tt

possible reasons, the temperature dependency of — =t
delaying effect should be also investigated. EPC 319 174 545 857 827 1-5'? 23-50C
Further, the characteristic of the AE water OPC 316 174 550 857 827 15+" 235°C

reducing agent used in experiment needs to be MC 315 182 577 828 827 10+V 19.5°C
properly modeled. The water consumption BC 243 185 761 722 798 09*? 17.5°C
ratios of slag and fly ash were assumed to be 30%  SBC 250 187 749 722 798 09+ 13.1°C
and 10% respectively through analytical o i T T
discussion. For unit cement content of 400 kg, Ote)*z)'_ ;pfrp asgcnzei ): B-naphthalene sulfonate,
reductions in the heat rate and in the adiabatic __. . olycarbona eA 3 ap.

temperature rise in the terminal period of the Um0 WA % W, G 8, G kg, SP: C%
reaction was closely reproduced since the effect
of a low water cement ratio of 40% on hydration

Table 5 Thermal constants used in analyses

heat rate was considered. The ultimate Thermal Conductivity 71 keal/ m/day/K.
temperature rises at different initial temperatures . i
was almost the same because the loss of heat Heat Trans. Coefficient 18 keal / m'/day/K

generation mainly derived from ettringite

formation from mixing to casting was taken into consideration although the experimental results
showing a higher initial temperature bring about lower ultimate temperature rise was not accurately
reproduced.

4. VERIFICATION BY QUASI ADIABATIC TEMPERATURE TESTS

4.1 Experiment outline

To verify the applicability of the proposed hydration heat model and the material functions established
for the model, temperature measurements at center points were carried out on concrete blocks
completely covered in Styrofoam to a depth of 8 cm in the previous study [4]. In order to examine the
wider applicability of the model, the experiments on early hardening and special low heat Portland
cements were included. These experiments were conducted in an experimental room where
temperature was kept almost constant. The specimen is outlined in Fig. 6. The mix proportion for
self-compacting concrete was used for all cases. The mineral composition of cement and the mix
proportions used are shown in Table 3 and Table 4.

4.2 Temperature analysis by hydration heat model
a) Several types of Portland cement
Temperature analysis was conducted by incorporating the proposed hydration heat model to a non-

linear finite element analysis developed by Harada et al. that allows for the coupling of the hydration
exothermic process with thermal conduction [16]. The thermal constants used in thermal conductivity
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analysis are shown in Table 5. Superplasticizers
used are those based on $-naphthalene sulfonate for
early hardening (EPC), ordinary (OPC) and
moderate heat (MC) cements and on polycarbonate
for low heat belite rich cement (BC) and special low
heat (SBC). xsp was given 1.2 respectively for those
admixtures to reproduce the starting time of rapid
temperature rise shown in the experiments. The
results of the experiment and analysis are shown in
Fig. 7. The experimental results were relatively
close to those produced by the hydration heat model
for 5 cement types from early hardening cement
(EPC) to special low heat belite rich cement (SBC).
In the cases of low heat and special low heat cements
however, the peak temperature and the its drop after
peak were not satisfactorily modeled. Further
investigation needs to be carried out on the effect of
the mineral composition on the hydration heat rate,
which affects mainly Stage 3.

b) Binary blended cement

For verifying applicability of the proposed model to
binary blended cement, quasi-adiabatic temperature
rise tests were also conducted. Two mixtures were
adopted as blast furnace slag blended cement with
50% replacement of ordinary Portland cement
(O5S5) and 40 % replacement of moderate heat
Portland cement (M6S4) by blast furnace slag. As
fly ash blended cement, one mixture of 30%
replacement of ordinary Portland cement (O7F3) by
fly ash was used. 100% pure ordinary Portland
cement mixture(O10), which is the same to base
cement of fly ash blended one was also checked for
comparison. The test specimen is same shown in
Fig. 6, but sizes of O7F3 and O10 cases are slightly
larger than the others as indicated by parentheses in
the Figure. Mineral compositions of base cements
used and mix proportions of concrete are shown in
Table 6 and Table 7.

The temperature histories including maximum
temperature rise are satisfactorily reproduced in
both mixtures of O5S5 and M6S4 of blast furnace
slag blended cement (Fig. 8). For the O5S5 case
however, a 0.25 day earlier result was computed. A
possible explanation is that the effect of post

Temperature
measurement
position
(center)

Styrofoam

%) (thickness:
oo
¥ 2 SO / 80mm)
- - Q
= SO )
I | & Unit:mm

Dimensions in ( )
for 010, O7F3, OSF

Fig. 6 Quasi-adiabatic temperature rise test
specimen

o ¥ M :Experiment
: Analysis

Adiabatic temperature rise (C )
xS
o

Adiabatic temperature rise ('C)

Age (day)

Fig. 7 Analytical results of quasi-adiabatic
temperature rise test
(Various types of Portland cement)

addition of organic admixture is not taken into account in the proposed model although a part of it was
mixed in the way of post addition in the experiment. For fly ash blended cement in O7F3, analytical
and experimental results approximately coincide accompanying 100% base cement mixture O10 (Fig.
9). However, the decline after peak temperature was predicted faster than the measured data.

¢) Trinal blended cement

The quasi-adiabatic temperature rise test of concrete using trinal blended cement with blast furnace
slag and fly ash was conducted (OSF, Fig. 10). The size of the specimen is noted in parentheses of Fig.
6. The mineral composition of base cement and mix proportions are shown in Table 6 and Table 7.
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Table 6 Cement mineral proportion used in quasi-
adiabatic temperature rise tests

C3A C4AF C3S CzS CS2H Blaine

0555 104 79 499 247 45 (3380)
M6S4 29 125 495 287 41 3240

010 103 82 537 198 43 (3380)

O7F3 103 82 537 198 43 (3380

OSF 103 82 537 198 43 (3380

Unif) Blaine: cm?/g, (): assumed in analysis.

Table 7 Concrete mix proportions used in quasi-
adiabatic temperature rise tests

WC W C S G SP_Initial T.

05585 329 182 553 828 827 1.170 20.0°C
M6S4 31.3 180 576 803 827 152 16.5°C
010 360 180 500 757 902 0257 25.5°C
O7F3 360 180 500 731 873 (252 25.5°C
OSF 30.1 160 531 765 879 1270 250°C

Note) 0555: OPC 50% + slag 50%, M6S4: MC60%-+slag
40%, 010: OPC 100%, O7F3: OPC 70% + fly ash 30%,
OSF: OPC30% + slag28% + fly ash 42%,
*1): B-naphthalene sulfonate, *2): Polycarbonate
*3). AE water reducing agent

Unit) W/C: %, W, C, S, G: kg/m®, Ad: C%

The beginning point of temperature rise is
satisfactorily reproduced because the delaying
effects of organic admixture and fly ash are taken
into account in the model However,
temperature history after rising is not closely
simulated. It was determined that reactions of
slag and fly ash were greatly restrained because of
a shortage of calcium hydroxide where base
cement contained less than 30%. On the other
hand, coefficient f3; was moderated for clinker
minerals in computation since reactions of slag
and fly ash were restrained and free water was
mainly assigned to clinkers in spite of low water
cement ratio. However, the match between
analytic experimental data is not still satisfactory
at the decline aspect after peak temperature.

5. SUMMARY

Based on the multi-component hydration heat
model of Portland cement [4] in which the
hydration exothermic process is described by
dissolving chemical actions shown in Portland
cement into minerals, the hydration heat model
for blended cement is proposed by incorporating
reactions of blast furnace slag and fly ash in the
system with consideration of interdependencies
among them. The effect of initial temperature on
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Fig. 8 Analytical results of quasi-adiabatic
temperature rise test
(Blast furnace slag blended cement)
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Fig. 9 Analytical results of quasi-adiabatic
temperature rise test
(Fly ash blended cement)
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Fig. 10 Analytical results of quasi-adiabatic
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the ultimate temperature rise is discussed by considering heat generation related to reaction before
casting. The reactions of blast furnace slag and fly ash are modeled to be dependent on the amount of
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calcium hydroxide produced by cement hydration. The applicability of the proposed model was
verified by analyzing the results of existing adiabatic temperature rise tests and temperature histories of
small quasi-adiabatic blocks. A wide scope with sufficient accuracy was found for engineering
applications. It is now necessary to work on such issues as improving the precision of the model and
verifying the validity of the parameters assumed in setting it up.
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