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A computer-based numerical model is presented, with which hydration and micro- 
structural development in Portland cement-based materials can be simulated. The 
model, called HYMOSTRUC, the acronym for HYdration, Morphology and STRUC- 
tural development, enables the prediction of hydration curves as a function of the 
particle size distribution and chemical composition of the cement, the water/ce- 
ment ratio and the actual reaction temperature. The influence of microstructural 
development, i.e. the formation of interparticle contacts, on the rate of hydration 
is modelled explicitly. 
The background and structure of the simulation model are discussed in Part I of 
the series. Characteristic model features and the predictive potential of the model 
as regards the hydration process, hydration temperatures and microstructural devel- 
opment in both bulk cement paste and in the matrix-aggregate interfacial zone will 
be dealt with in Part II. A detailed explanation of the model is found in (2). 

Introduction 

Quality control on the building site is one of the major challenges in engineering practice in our 
days. In this framework computer programs have been developed for analyzing the risk of early- 
age thermal cracking in concrete structures. The input for most of these "macro-level programs" 
consists of, among other things, either an adiabatic, an isothermal or a semi-adiabatic hydration 
curve of the concrete mix. There is in increasing demand for predictive models with which these 
curves can be generated numerically. For this purpose a numerical model has been developed 
with which the engineer's wishes can be fulfilled to a large extent and which is, moreover, as 
consistent as possible with present views on processes and mechanisms involved in hydration and 
microstructural development. 

Main Characteristics Of Existing (Numerical) Models 

Hardening of cement-based materials is affected by at least four parameters, viz. the chemical 
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composition and particle size distribution of the cement, the reaction temperature and the w/c ra- 
tio. The effect of each of these parameters on the rate of hydration has been investigated tho- 
roughly in the past by researchers from different disciplines: cement chemistry, stereology and 
granulometry, physics and colloid chemistry. 

Among the chemistry-oriented models are the Avrami-Erofeev and Kolmogoroff-Erofeev mo- 
dels. In those models the effect of the particle size distribution and the development of interparti- 
cle contacts on the rate of hydration are allowed for implicitly in the experimental formula 
constants of the model. 

The importance of the particle size distribution of the cement on the rate of hydration has 
been emphasized in classical papers of Kondo et al. (9), Taplin (10) and, later, Bezjak (3) and 
Knudsen (11). As regards the type of reaction the first authors distinguished between, among 
other things, boundary and diffusion controlled reactions. In the diffusion layer, formed by the 
reaction products, there was distinguished both inner and outer product with different diffusion 
coefficients. Pommersheim (13) furthermore considered an intermediate layer, which would gra- 
dually disappear with increasing degree of hydration. A decrease of the diffusion coefficient with 
increasing degree of hydration, as observed in many tests, has been ascribed to densification of 
the gel due to merging of hydration products when formed in an increasingly confined space (22). 

Parrott (14) has suggested approximating the rate of reaction of a poly-mineral material like 
cement by adding the separate contributions of the individual components, assuming that these 
components hydrate independently. Although good results with this model have been reported 
it can not be denied that in a number of experiments at least some interaction between hydration 
compounds has been observed (15,20). The truth seems to be somewhere between the two ex- 
tremes formed by the "independent hydration concept" as proposed by Parrott on the one hand, 
and the "equal fractional rates concept" as supported by Brownmiller (15), Rexford (34) and 
others on the other hand (for a survey, see (2)). 

In those models microstructural development and its effect on the rate of hydration are not 
considered explicitly. Explicit modelling of interferences between processes, mechanisms and 
reactions involved in the hardening of a poly-size and poly-mineral cement-water system is, in 
essence, a prerequisite for consistent modelling and is certainly one of the most intricate chal- 
lenges of computational materials science. Frohnsdorff (16) was among the first who outlined the 
structure of a numerical model, with which hydration and microstructural development of a ce- 
ment paste could be simulated more or less comprehensively. The potential of modern computers 
to simulate the complex and mutually interrelated processes and mechanisms occurring in har- 
dening cement based materials have been emphasized more recently by Jennings (17). Recent 
work of Bentz and Garboczi (1,18) is a good example of the computer-based approach on a fun- 
damental level. 

Objectives Of The Study 

A major objective of the present study was to develop a model with which hydration and micro- 
structural development in a hardening cement paste could be simulated as two interrelated pheno- 
mena. In the model allowance should be made for the effect of the chemical composition, the 
particle size distribution of the cement, the w/c ratio and the temperature regime. Explicit model- 
ling of microstructural development should illuminate mechanisms and parameters involved in 
strength development. 

In view of the desired applicability of the model in engineering practice, the computation 
time required for one single simulation should not exceed what is considered reasonable within 
the stringent time schedules normal to engineering practice. 
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Beating in mind the complexity of the subject and in order to end up with a workable mo- 
del, rigorous systematization will be required to describe the predominant characteristics of the 
cement itself, of the hydration products and of the mechanisms and processes involved in hydra- 
tion and structural development. In order to be able to implement additional options in the model 
in later stages without drastic restructuring of the model, the structure of the model should be as 
"open" as possible (see also Jennings (17)). 

Model For Hydration And Microstructural Development 

Background considerations and assumptions 

In the model the development of microstructure is considered as a process of formation of con- : : ~  
tacts between expanding cement particles. Expansion occurs because the volume of the reaction :: :i~ 
products exceeds the volume of the dissolving reactant by a factor v, i.e. v _=_ 2.2. For numerical i~::i ~ :::i: 
simulation of the formation of interparticle contacts it is assumed that: ::: :. 
1. Reaction products are formed close to dissolving cement grains (6); : :  
2. The density of the reaction product (gel) in case of isothermal curing is constant throughout 

the hydration process and independent of the place where it is formed. The effect of the curing : : : :  
at elevated temperatures on the (capillary) pore structure and density is modelled explicitly, i : 

3. Both dissolution and expansion of the cement particles occur concentrically. The rate at which 
the reaction front proceeds into an anhydrous cement grain is expected to be a function of the :::~:~ : :~ :~ 
chemical composition of the cement. 

4. Particles of the same size hydrate at the same rate. 
5. Cement components are considered to hydrate at equal fractional rates. In a later stage of 

development of the model the effect of physio-chemical interactions between different hydra- 
ting constituents on the rate of reaction has to be considered in more detailed. 

With progress of the hydration process small particles, located in the close vicinity of bigger par- 
ticles, will gradually become engulfed by, and embedded in, the outer shell of the latter. The ef- 
fect of embedding particles in the outer shell of expanding particles on the rate of hydration is 
at least two-fold. Firstly, embedding of particles causes an extra increase of the product layer and 
will, therefore, cause a decrease of the rate at which ions can diffuse from the aqueous phase to 
the anhydrous cement core and vice versa. Secondly, embedded particles, which are not fully hy- 
drated at the moment when they become engulfed, will continue to hydrate while withdrawing 
a certain amount of water from the particle in the outer shell of which they are embedded, thus 
reducing the rate of hydration of the latter particle, Particles and clusters of particles, which are 
not embedded in the outer shell of bigger particles, are identified as free particles and free clus- 
ters. 

For quantification of the interaction process described, the stereological aspect of microstruc- 
tural development is of paramount importance and necessitates considering both the particle size 
distribution and the spatial distribution of the cement particles in the paste. 

Stereological aspects of particle interaction 

For the particle size distribution of the cement the well-known Rosin-Ramler distribution: 

G(x) = 1 - exp(-bx n) (1) 

has been adopted, with x [larn] the particle diameter and b and n constants which are determined 
so that G(x---)oo) = 1 gram. The particles are assumed to be spherical. It has to be born in mind 
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that the assumption of sphericallity of cement particles affects the interpretation of hydration data. 
The rate of penetration of a reaction front found by back-calculation from the degree of hydration 
will be higher for spherical particles than for non-spherical particles (2,23). 
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FIG. 1 
Schematic representation of expansion mechanism and water withdrawal (2). 
a. Upper part - Left: No embedding of particles 

Upper part - Right: Enhanced expansion caused by embedding of neighbouring particles 
Bottom part: Shell density curves ~sh;xA 

b. Water withdrawal mechanism: schematic 

In reality the cement particles will be randomly distributed in the paste. Since each particle 
has, therefore, a unique position in the system, the formation of interparticle contacts, as well as 
the effect of these contacts on the hydration kinetics of each particle, will be different for each 
individual particle. If we would decide to follow the hydration process of each individual particle 
explicitly, the computation times required for a simulation of a representative polysize sample 
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would soon exceed the capacity of present generation personal computers (which was considered 
a prerequisite). The computation time is reduced dramatically by postulating that particles of the 
same size hydrate at-the same rate, so that the mean rate of hydration is computed. This is, in 
fact, the rate of hydration of interest in engineering practice. 

In the calculation procedure the cement particles are first assumed to be equally spaced in 
the paste. An arbitrary particle x is considered to be located in the centre of a "cell", and is called 
the "central particle". For this homogeneous distribution of the cement particles it is relatively 
easy to determine the amount of cement present in afictitious shell around an arbitrary central 
particle x. For the purpose a shell density factor ~sh;x,d is defined: 

~sh;x,d = amount of cement [~trn 3] in a spherical shell with thickness d (2) 

total volume [larn 3] of the shell 

For a particular paste the course of the shell density factor belonging to a particle with diameter 
x is shown schematically in the bottom part of Fig. la. Going from the periphery of the central 
particle x in the outward direction the shell density graduall.y 1 increases from zero at the surface 
of the central particle to the bulk density ~pa = [l+c°0*Pce]- ' in which o) 0 is the w/c ratio and 
Pce the specific mass of the cement. 

In order to allow for the actual randomness of the particle distribution it is assumed in fur- 
ther numerical evaluations that the cement present in a fictitious shell around a central particle 
x consists of particles with diameters < x pro. A consequence of the chosen procedure is that the 
number of particles involved in the interaction process must be counted carefully in order not to 
count them more than once (for additional details, see (2)). 

Particle expansion mechanism. Basic structure of the algorithm 

An arbitrary stage in the hydration process of a central particle of diameter x is shown schemati- 
cally in the upper part of Fig. la. At a certain time, say tj, the degree of hydration of the particle 
is ~x;j. For the corresponding penetration depth ~in;xd of the reaction front it holds: 

1 
X 

~in;x,j = "~" * [1 - { 1-~Zx, j} 3 ] (3) 

The volume of outer product that corresponds with the degree of hydration ax;j of particle x fol- 
lows from: 
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Vou;x,j = ( v - l )  * (~x,j *Vx (4) 

with v x the volume of particle x in its anhydrous state. If no cement would be found in the sphe- 
rical outer shell which is filled up with outer product of the expanding particle (Fig. la, upper- 
left), the outer radius Rou;x,j of particle x would be: 

1 
Rou;x, j [ Vou;x,j X 3 "~" = + (_~) ] (5) 

- 4x/3 

For the thickness 8ou;x,j of the outer shell it would follow: 
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X 
8ou;x,j -- Rou;x,j - ~ (6) 

In reality a certain amount of cement will be present in the outer shell. The volume of the cement 
in a shell with thickness 8ou. x :, called the directly embedded cement volume Veto. x j, is determined 
by multiplying the shell voluJme Vou;x,j by the corresponding shell density factor ~ou;x,d0 (with 

d o = 5ou;x,j): 

Vem;x,j = ~sh;x,do * Vou;x,j (7) 

The volume of the embedded, partly hydrated, cement accounts for an additional expansion 
ASou;x,j of the outer shell of particle x. In turn this additional expansion results in an increase of 
the amount of embedded cement. The volume of cement found in the shell with a thickness 
A~ou.xj is called the indirectly embedded cement volume. The total volume of directly and indi- 
rectly ~mbedded cement can be calculated analogously to the procedure for the determination of 
the directly embedded cement (formulae (2) and (7)), albeit that the shell density factor is a little 
higher because of the increase of the thickness of the outer shell (Fig. la, bottom part: ~sh;x,dl 
> ~sh;x,d0)" The increase in the amount of embedded cement causes another additional increase 
in thickness of the outer shell and the process is repeated. This expansion mechanism can be 
written in the form of a geometrical series. Numerical evaluation results in workable expressions 
for the thickness of the outer shell of particle x and for the total thickness of the layer of reaction 
products at time tj, viz. 8 x :, as well as for the amount of cement embedded in the outer shell of 

,J , . 
particle x. Adding the amounts of cement embedded in the outer shells of all free particles m the 
system yields the amount of cement involved in the interaction process at time tj. 

Rate of penetration of the reaction front 

The rate of penetration of the reaction front in an individual cement particle x at time tj is com- 
puted with a basic rate formula (written in a reduced form): 

A~in;x,j+l (~tr(')) [51 k 
Atj +1 -- K0(.)*~l(.)*~2(.)*~3(.)*Fl(. ) * [ F2(. ) * ~ ] (8) 

with AS. • - the increase of the penetration depth in time step At . . ,  K,(  ) the basic rate factor ln ;X, l+l  ] + t  - - 0  " 
[~lm]h], ~tr(. ) the transition thickness [prn], being the total thickness of the product layer 8xj at 
which the reaction for the particle in view changes from a boundary reaction (~, = 0) into a d'fjCfu - 
sion controlled reaction (~. = 1). The thickness, at which this change will take place, depends on 
the type of cement and has been determined by evaluating hydration data obtained with different 
Portland cements. ~1 is an empirical constant. 

The first five factors on the right-hand part of eq. (8) are operational during both the boun- 
dary reaction and the diffusion controlled stage of hydration, whereas the term in straight 
brackets is only operational in the diffusion controlled stage. The value of the term in straight 
brackets has been determined so that the rate of penetration of the reaction front immediately 
before and after the change from a phase-boundary reaction to a diffusion controlled reaction is 
the same. 

Boundary reaction 
The basic rate factor Ko(.) is assumed to be a function of the chemical composition of the cement 
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FIG. 2 
Reduction factor ~.(x,ct .) accounting 1 x,j 
for water withdrawal by embedded parti- 
cles (a  = overall degree of hydration.) (2). 

and has to be determined from an evaluation of hydration tests. The f~i(.)-factors (i = 1,2,3) allow 
for the state of water in the pore system of the hardening paste. The Fi(.)-factor (i = 1) accounts 
for the effect of temperature on the rate of reaction. 

The factor fL(  ) = fL(x ,a  .) accounts for the effect of water withdrawal by the embedded 
1 " 1 x , J  

and still hydrating particles on the rate of penetration of the reaction front in particle x. The 
water withdrawal mechanism is shown schematically in Fig. lb. For three particle sizes, viz. 
x = 20, 40 and 110 gm, the reduction factors f~l(') are given in Fig. 2 for a paste with m 0 = 0.4. 
For low w/c ratios the reduction factors for large particles may approach zero because most of 
water needed for further hydration is consumed by embedded small particles. 

The factor f~2(') = f~2(ix) allows for the effect of the distribution of the water in the pore 
system of the paste. The water in the paste is concentrated in the smaller pores, whereas larger 
pores are gradually emptied. The absence of water in the larger pores causes a reduction of the 
rate at which the cement immediately adjacent to the walls of the empty pores can hydrate, thus 
reducing the overall rate of hydration. For quantifying this "empty pore effect" the following 
formula has been derived (2): 

~bwat.a-~O , *por'ot 
~2(a)  = ~ ~ (9) 

wa.  

in which (~wat;a and (~por;a are the pore diameters of the largest capillary pore which is still 
completely filled with water and the largest capillary pore in the paste as a whole, respectively. 

reduction factor f~, (x,ct,.j) reduction factor  f22 (0() 

o. 8 ~" 
~ o  0 / -  : : : : :  
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0.4 :0 o i 

o . 2 -  - i 
Or  9 I T 
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degree of hydration oc 

FIG. 3 
Reduction factor f~2(a) as a function of the 
degree of hydration. Thickness of adsorption 
layer as parameter (2). 

q)0 is the (minimum) characteristic size of gel pores as proposed by Powers (28), i.e. ~)0 = 20/~. 
Formula (9) represents the ratio between the capillary pore wall area in contact with water and 
the total capillary pore wall area. For the pore size distribution and changes of it with progress 
of the hydration process experimental data (mercury intrusion) of Whiting et al. (29) were used. 
By definition these experimental data of pore size distribution depends on the adopted measuring 
method. As a consequence of this the factor f~2(ct) gives a trend and enables the performance 
of sensitivity studies regarding the effect in view. Indicative values for f~2((x) are shown in Fig. 
3 for pastes with m 0 = 0.2 and m 0 = 0.4. The curves in this figure are obtained for different 
thicknesses F [/~] of the water layer adsorbed at the walls of the empty pores. Thickness is a 
function of the relative humidity in the pore system. For a three monomolecular water layer with 
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a thickness of about 9 ]k the ultimate degree of hydration in the paste with c00 = 0.4 would not 
exceed 85%. According to Hagymassy (30) a three monomolecular layer is stable at a relative 
humidity RH = 80%. Work of Parrott et al. (31) shows that hydration almost ceases when the 
relative humidity drops to below about 80% (see Fig. 4). This result appears to agree broadly 
with the cessation of hydration as predicted with the factor ~2(o0. 

Besides the distribution of the water the amount of water also affects the rate of hydration. 
For hydration of C3S Damidot et al. (32) concluded that the lower the amount of water the smal- 
ler the rate of dissolution. Against the background of his result is was assumed that the gradually 
decreasing amount of water is a factor in the dynamic equilibrium of a process of dissolution of 
anhydrous cement and precipitation of reaction products. For the effect of the decreasing amount 
of water on the overall rate of hydration a reduction factor f~3(o0 is postulated (2): 

o~ o - 0 . 4  c~ 
~'23(o 0 = (10) 

O) 0 

According to this reduction factor the overall rate of hydration reduces proportionally with the 
amount of capillary water. A similar correlation between the rate of hydration and the capillary 
pore water has been suggested by Rrhling et al. (33). For further justification of this reduction 
factor additional research is required. In this research due attention has to be given to the fact, 
that almost simultaneously with the decrease of the amount of water in the paste a significant 
change in the ion concentration occurs. This change starts at the beginning of the acceleration 
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1.0 //  • 

0.8 ' ~RH ; Parrott 

o.6 \ \  

0.4 
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l E A  
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relative humidity RH [%] 

FIG. 4 
Effect of relative humidity on the rate 
of hydration. Experimental data indicated 
with discrete points (2). 
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FIG. 5 
Relationship between basic rate factor 
K0(. ), diffusion coefficient Kl(.) and 
transition thickness 5tr(.). Schematic. 

period, when the degree of hydration is still rather low [19]. Whether this change is the cause 
or the results of a lower rate of hydration, and what role the amount of water plays is still a point 
of discussion. More information on interrelated phenomena, processes and mechanisms involved 
in this stage of hardening is certainly needed. 

Literature data (21,24) on the relationship between the development of the pore size distribu- 
tion in a hydrating paste and thermodynamically determined relationships between the amount 
and distribution of pore water in a given pore system and the relative humidity in the empty 
pores, enable us to correlate the degree of hydration with the relative humidity in the pore system 
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(2). The correlation between the degree of hydration and the relative humidity being known for 
a particular mix, the combination factor f~23(~) = f~2(~)*D3(~) can be presented as a function 
of the relative humidity RH. This enables us to compare the combination factor f223(RH) with 
a similar reduction factor 15~_i proposed by Parrott (14). As shown in Fig. 4, the f~23-RH relation- 
ship is in good agreement with the reduction factor proposed by Parrott and the experimental pre- 
sented by him. 

The effect of temperature on the rate of reaction is accounted for with the function FI(.) ac- 
cording to the Arrhenius function: 

AE{T,~,C3S} 

FI{T,~,C3S} = A * e R*(273+T) (11) 

in which R is the gas constant (8.31 J/mol K) and AE the apparent activation energy. The latter 
quantity was found to be an empirical function of the actual values of the degree of hydration 
~, the curing temperature T and the chemical composition of the cement, ergo the C3S content 
(2). From an evaluation of experimental data published by Lerch et al. (8) the following 
expression for the apparent activation energy EA was obtained: 

: : : : : : : : : : : : : : :  
: : : : : : : : : : : : : : : : : : : : : : : : : :  3 

_[ rn . (C3S%)n+0.025.T "~ ] ~ i :::::~:~:~: 
AE{T,~,C3S} = P0 * c~ * e + 0.33.(C3S%) + 30 (12) 

: : : : : : : : : : : : . . :  
: : : : : : : : : : : : : : : : : : : : :  :::::::::::::::::::::: 

with m = 2.52 10 -11 and n = 6.15 (2). For the constant A in eq. (11) it holds: 

AE (T20) 
: : : : : : : : : : : : : : : : : : : :  

A -- e R.293 (13) 

in which AE(T20 ) is the apparent activation energy for T = 20°C. The fact that the apparent acti- 
vation energy appears to be function of temperature demonstrates that this quantity can not be 
considered as an activation energy in the proper sense of the word. The temperature dependency 
of this empirical quantity is assumed to be attributable to temperature dependent changes in the 
microstructure. 

Diffusion controlled stage 
When the thickness of the product layer has reached the transition thickness ~tr(')' the term in 
straight brackets on the right-hand part of eq. (8) becomes operational (~ = 1). In this stage the 
rate of penetration in particle x is inversely proportional to the ~l-power of the thickness of the 
product layer 8 = 8 x j at time t:. For a smooth change from the boundary reaction into the diffu- 
sion controlled reaction the following relationship between the basic rate factor Ko(.) and the co- 
efficient of diffusion KI(.) [tamZ/h] is proposed (see also Fig. 5): 

KI(. ) = K0(. ) * 8tr I~1 (14) 

By writing the diffusion coefficient KI(. ) as the product of the basic rate factor K0(.) and the 
transition thickness 8tr(.), the determination of the diffusion coefficient has been brought back 
to the determination of the transition thickness, supposing that the basic rate factor is known al- 
ready from a detailed evaluation of hydration kinetics in the stage when the phase-boundary reac- 
tion was rate controlling. 

In the case of isothermal curing the diffusion resistance of the gel is assumed to be a constant 
throughout the hydration process. An increase of diffusion resistance with elapsed time as sug- 
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gested by several authors (Pommersheim et al. (25)), and which has been ascribed to densifica- 
tion of the gel due to the development of interparticle contacts, was not considered since the ef- 
fect of the development of interparticle contacts is allowed for explicitly in the present model. 

Experimental data on the relationship between capillary porosity and curing temperature shows 
an increase in capillary porosity with increasing temperature (26,27). This has been ascribed to 
densification of the hydration products and a corresponding reduction of the porosity of the cal- 
cium silicate hydrates with increasing curing temperature above 20°C (38). A temperature func- 
tion F2(. ) is introduced to allow for this temperature-related densification of the hydration pro- 
ducts on the rate of hydration. From experimental data of Bentur et al. (26) on the effect of tem- 
perature on the capillary pore structure on C3S pastes the following expression for the tempera- 
ture dependency of the density of hydration products has been derived (valid in the temperature 
range from 0°C < T < 60°C) (2): 

v(T) = 2.22 * e -28 10-6*T 2 (15) 

In this expression the temperature T is a constant. In case of a variable curing temperature, as 
is the normal case in engineering practice, a "weighted temperature "i'", i.e. the mean temperature 
in the hydration domain, is adopted according to: 

= 1 c~. (16) 

The temperature-caused densification of the diffusion layer is assumed to cause an increase of 
the diffusion resistance and hence a reduction of the rate of penetration of the reaction front (36). 
In the absence of quantitative data on the effect of densification of the reaction products on the 
rate of penetration of the reaction front a reduction factor was adopted according to: 

F2(T ) _- ( v ( T )  ) fi2 (17) 
v20 

in which v20 = v(T20 ) = 2.2. ~2 is an empirical constant. 
The temperature dependency of the density of the hydration products will also affect the mag- 

nitude of the transition thickness 8tr(. ). Temperature-induced densification of the products layer 
is assumed to cause a reduction of the transition thickness according to: 

~tr (T) = ~tr,20 * ( v ( T )  ) [32 (18) 
v20 

in which ~tr,20 is the transition thickness for isothermal hydration at T = 20°C. In its final form 
the term in straight brackets in eq. 8 reduces to (2): 

~" v(T~ ) 132 {(v(Tj) )132 (~tr,20) 131 ~" 
[F2(. ) * ( 7 . )  1316tr ] = [(. * • } ] 

xj vtr(T~ V2o 
(19) 

Using this relation the rate of penetration of the reaction front in a cement particle with diameter 
x can be determined from eq. (8). From the penetration depth the amount of cement that has re- 
acted can be computed. The overall degree of hydration of a poly-size sample is found by adding 
the amounts of the cement of all the cement particles in the system. 
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In the basic rate formula (8) the effect of the particle size distribution, the w/c factor and the 
temperature are now allowed for explicitly. The model parameters K0(.), ~tr('), ~1 and ~2 are 
functions of the chemical composition of the cement. 

Model Parameters 

For the determination of the model parameters Ko(.), ~tr('), ~1 and ~2 an evaluation program was 
conducted. In this program over 60 hydration tests were involved, comprising 27 different types 
of Portland cement with C3S contents ranging from 15% to 70%. The w/c ratios varied from 0.16 
to 0.8, particle size distributions with n-values (eq. (1)) ranging from 0.73 to 3.15 and curing 
temperatures from 4°C to over 50°C. The model parameters were determined so as to achieve 
a satisfactory fit of calculated hydration curves with the experimental data (a discrepancy between : ~ :  
experimental data and simulations of 10...15% on the average was considered satisfactory). 

The K0(.)-values were written as a function of the C3S content: 
:: : : : : : :  : :  

+ 6 1 0 - 6 .  

with a standard deviation o(Ko) = 0.008 prn/hr. Attempts to correlate the Ko(.)-value to the C3A- ............ 
content or to a combination of the C3S and C3A content resulted in a higher standard deviation. 
For this reason it was decided to concentrate in this stage of the project on the correlation with 
the C3S-content. :::: :::~ : 

The basic rate factor K0(C3S ) is the only model parameter which influences the rate of reac- 
tion in the early boundary reaction stage of the hydration process. Hence, its value is not affected : 
by the values of the three remaining model parameters which become operational in the diffusion ~ :  
controlled stage of the process (eq. (8), with ~ = 1). 

The transition thickness ~ t r ( ' )  appeared to be weakly correlated with the C2S content: 

8tr(C2S) = - 0.02 * [C2S% ] + 4 [om] (21) 

For a low-heat cement values ranged from 2 to 4 pxn. For rapid hardening cements values from 
3 to 6 ~trn were found. These values are in rather good agreement with those deduced from the 
experimental work of Bezjak et al. (3) and Alujevic et ai. (4). For the ratio between rate factors 
more or less comparable with the KI(.) and K0(. ) defined in preceding sections, they found values 
from 1.7 to 3.4. For the. time being the data of Bezjak and Alujevic is the only source for 
checking the values of the transition thickness. For further justification more research is needed. 

For the factors [31 a n d  ~2 a value of 2 was applicable in the majority of cases. Variations in 
these factors in the range from 1 to 2 predict variations in the 28-days hydration values of about 
5% to 10%. Variations of the same order of magnitude can be ascribed to the gypsum content 
and the alkali content (2,35). Since the effects of gypsum and minor constituents are not ac- 
counted for explicitly in the model yet, attempts to correlate the [3-values to the chemical compo- 
sition of the cement are not warranted. 

!!i!~i21:!:!!iiiiii~ii~ili 

~ii:i)!ii'!:!i!iiiiiii~i 
~i!:ii!i:!ili:iii,~,iiii 
i~iii~ii!:!'iiiiiiiii!~ii:i 

Discussion 

In the model presented in this paper emphasis is on the stereological aspects of hydration and 
microstructural development. Less attention was paid to the chemistry-oriented aspects. Future 
work shall concentrate on a more realistic description and modelling of the chemical aspect, for 
example along the lines outlined in the work of Parrott et al. (14) and Osbeack (37). In the 
present stage of development of the model the chemical aspect is allowed for in the empirical 
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factors K0(.), 8tr(.), 61 and 62 in the basic rate equation (8). With regard to these factors the fol- 
lowing preliminary comments are made. The Ko(. )- and 8tr(.)-values vary little with variations 
in the ~-values. Only a weak correlation exists between the IS-values and the chemical composi- 
tion of the cement. Thus the effect of the chemical composition of the cement can be described 
by mainly two factors (at least in this model), viz., the basic rate factor Ko(C3S) and the tran- 
sition thickness 8tr(C2S ). 

If not specified otherwise, the simulation program HYMOSTRUC operates with the default val- 
ues for the model parameters Ko(C3S) and ~tr(CzS ) provided by the eqns. (20) and (21), respecti- 
vely, and with values ~1 = 2 and ~2 = 2. 

Characteristic model features and the predictive potential of the model are presented in a sec- 
ond part of this paper. 
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