THERMO-CHEMO-MECHANICAL MODEL FOR CONCRETE.
|: HYDRATION AND AGING
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ABSTRACT:

In this work a coupled thermo-chemo-mechanical model for the behavior of concrete at early ages

is proposed. The model allows simulation of the observed phenomena of hydration, aging, damage, and creep.
It is formulated within an appropriate thermodynamic framework, from which the state equations are derived.
In this first part, the formulation and assessment of the thermochemical aspects of the model are presented. It
is based on the reactive porous media theory, and it can accurately predict the evolution in time of the hydration
degree and the hydration heat production. The evolution of the compressive and tensile strengths and elastic
moduli is related to the aging degree, a concept introduced to account for the effect of the curing temperature
in the evolution of the mechanical properties. The short- and long-term mechanical behavior is modeled by
means of a viscoelastic damage model that accounts for the aging effects. The formulation and assessment of
the mechanical part of the model are relegated to a companion paper.

INTRODUCTION

Quality control during construction is one of the challenges
of today’s engineering practice, with regard to both the loss
of durability and the functionality of the structures being built.
In concrete technology, cracking is a cause of major concern,
and it is primarily associated with therma (and shrinkage)
effects, particularly at early ages.

The chemical processes associated with the hardening of
young concrete in the first days after casting are accompanied
by significant temperature and volume changes. Initidly, the
reaction of hydration is highly exothermal, and the heat that
is generated may produce increments of temperatures up to
50—60°C under adiabatic conditions. As the stiffness of con-
crete is then quite low, this usually leads to moderate, and
mainly compressive, stresses. L ater, when the stiffness has sig-
nificantly increased, the concrete starts to cool down. The low
conductivity of the material, differential effects due to the evo-
lutive construction process, and convection phenomena with
the environment may generate considerable thermal gradients.
These, together with geometrical aspects and externa re-
straints may develop relatively important tensile stresses. The
tensile strength of the material is particularly small at thisearly
age and cracking may appear. This may result in structural
damage even before the structure is loaded and it may affect
significantly the durability and serviceability of massive and
reinforced concrete constructions.

To monitor this type of phenomena, a coupled thermo-
chemo-mechanical model is needed to provide information on:
the progress of the hydration process, the associated temper-
ature rises, the evolution of the concrete strength and stiffness,
as well as the development of tensile stresses and the possi-
bility of cracking during the construction process.

This paper presents a thermo-chemo-mechanical model that
considers many of the relevant features of the hydration and
aging of concrete, in a format suitable for its implementation
in the general framework of the finite-element method. First,
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a thermochemical model is proposed to model the evolution
of the chemical reaction of concrete hydration and the heat
that is generated during the process. The model is based on
the theory of reactive porous media, within a consistent ther-
modynamic framework. The assumption of a closed chemical
system allows alocal description of the internal variables. Sec-
ond, an aging model is proposed to describe the evolution of
the mechanical properties of the material during the hydration
process. To this end the concept of aging degree is introduced
to monitor the evolution of the compressive strength. This al-
lows accounting for the effect of the curing temperature in the
final attained strength in a more realistic manner than the hy-
dration degree or the maturity concepts. Other properties such
as the tensile strength and the elastic moduli are then related
to the compressive strength following usual engineering prac-
tice. Finally, different available experimental data sets are used
to compare the observed behavior of conventional and high-
performance concrete mixes at early ages with the simulations
obtained using the proposed model.

HYDRATION MODEL

Hydration of concrete is a very complex process that in-
volves quite a number of chemical and physical phenomena
at the microscopic level. Basically, the free water present in
the mixture reacts with the unhydrated cement to form hy-
drates. Portland cement is formed by four main mineral con-
stituents; Calcium silicates such as C,;S and C,S; calcium alu-
minates such as C;A, and calcium aluminoferrites such as C,
AF. They react and combine with water to form different hy-
drates: Calcium silicate hydrate CSH, calcium hydroxide CH,
ettringite Aft, monosulfate Afm, etc. The hydration mecha-
nisms have been investigated for the last 100 years, but they
are not clearly understood. However, it is clear that the rates
of reaction of the individual constituents differ quite signifi-
cantly. Therefore, the mathematical modeling of the interac-
tions in a hydrating polymineral and polysize system is very
complicated, as chemical, physical, stereological, and granular
aspects must be considered. These complications make it man-
datory to consider the phenomenon of clinker hydration rather
than hydration of the individual compounds, and to state the
problem in terms of the apparent, overall hydration process
(van Breugel 1992b).

In view of this evidence, a macroscopic description of the
hydration phenomenon is adopted for engineering purposes.
From this point of view, hydration of concrete is a highly
exothermic and thermally activated reaction, so that a ther-
mochemical model is necessary for its modelization. State var-
iables need to be defined and a proper thermodynamic frame-
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work must be provided to establish the relevant state
equations.

The thermochemical model used in this work is based on
the theory of reactive porous media developed by Coussy
(1995), and its application to (chemoplastic) concrete as pro-
posed by Ulm and Coussy (1995, 1996). Within this frame-
work, the hydration process of concrete can be viewed, from
a macroscopic level, as a chemical reaction in which the free
water is a reactant phase that combines with the unhydrated
cement to form combined water in the hydrates as a product
phase. This implies that the (micro)diffusion of water through
the layers of already formed hydrates can be considered as the
dominant mechanism in the kinematics of the reaction.

Hydration Extent

Let us define the hydration (or reaction) extent x as the
number of moles of water combined per unit volume (related
to the mass of water combined through the stoichiometric re-
lationships and the molar masses). In the hypothesis of a
closed chemical system, that is, without external supply or loss
of water, the hydration extent can be considered as an internal
variable of the system.

In these conditions, the free energy for the thermochemical
system can be expressed in terms of one external variable—
the temperature T, and one internal variable—the hydration
extent

W =W(T, x) = V(T) + L(T, x) + HKX) 1)
In this expression V(T) = thermal contribution

V) = - 55 (T T @

where T, = initial temperature; and C = heat capacity per unit
volume (in a stress-free experiment), which can be assumed
to be a constant material property, that is, independent of tem-
perature and the hydration extent. The thermochemical cou-
pling is represented by L, with the expression

_ Q)

L(T, x) = T,

(T—-To ©)
where Q(x) represents the amount of heat liberated per unit
volume as a function of the reaction extent (in a stress-free
and isothermal experiment). Most authors (Reinhardt et al.
1982; Rostassy et al. 1993; Torrenti et al. 1994; de Schutter
and Taerwe 1995) identify the rate of heat liberation with the
rate of hydration. This is equivalent to assuming a linear de-
pendency of the form

Q) = Qx 4

where Q, = latent heat per unit of hydration extent, here as-
sumed to be a constant material property.

Finaly, H(x) is the chemica contribution, which in this
work will be taken as a cubic function, such as

HOO = 5k + 5 (% - kxxm> X'—Ax ®

where k, and A, = material properties; and x.. = fina value
of x.

The state equations are obtained from (1) using Coleman’'s
method as

S= —a,W(T, x) = Ti [C(T = To) — QW) ©)

A == W(T, x) =k (AKO + x) x-—x —oL (O

KX

where S = entropy; and A, = chemical affinity of the reaction,
the thermodynamic forces conjugated to the temperature and
the hydration extent, respectively. In the usua range of tem-
peratures for concrete applications, the last termin (7), —a, L,
is considered negligible. Note that A, is the initial affinity of
the reaction (at x =0 and T = T,), and that A = 0 for x =
X- (@ T = Tg). Note also that setting k, = 0, alinear A, — x
relationship is established (UIm and Coussy 1995).
The chemical dissipation can then be expressed as

@chem = AXX = O (8)

where x, the time derivative of y, is called the hydration rate.
The model is completed with the evolution equation for the
internal variable. The hydration rate is proportional to the
chemical affinity, and it is usual to assume that the hydration
reaction is thermoactivated. This leads to an Arrhenius-type

eguation such as
A E.
X:T]_EXp <__RT> 9)

where E, = activation energy of the reaction; R = constant for
ideal gases; and m, = viscosity due to microdiffusion of the
free water through the already formed hydrates.

The ratio E./R can be experimentally determined, and it
ranges from 3,000 to 8,000 K for concrete. Hansen and Niel-
sen (1985) and van Breugel (1992a) found that the apparent
activation energy decreases with temperature, but it remains
mostly constant above 20°C.

The viscosity m, is an increasing function of x, because the
growth of the layers of hydrates increases the diffusion time
of the free water to reach the unhydrated cement. Inspired in
de Schutter and Taerwe (1995), it is proposed to consider m,
=m,(x), so that

T, = Mo XD (ﬁ Xl) (10)
where m,, and m = materia constants. Note that the chemical
dissipation can then be expressed as

Depem=—&Xp|—m=)exp|—]=0 11
h o p n X p RT (11
which is automatically satisfied if m o = 0. Now, using (10),
(9) may be written as

. _ﬁ ﬂ — __L _E =
x—ngo <kxxx+x> (X- x)EXp< nxm) exr>< RT>—0
(12)

where it can be seen that as x increases and approaches its
final value .., the reaction slows down and x tends to vanish.

Hydration Degree

For practical purposes, it is convenient to rewrite the model
in terms of a normalized variable called hydration degree, de-
fined as & = x/x.., where .. is the final value of x in idea
conditions, that is, with an adequate water/cement ratio to en-
sure full hydration and perfect contact between the water and
the cement grains. In practice, these conditions are not fulfilled
during curing and complete hydration of the concrete is not
achieved, so x.. < x.., and therefore, £.. < 1 (Bentz et al. 1998).
The final degree of hydration &.. is related to the water/cement
ratio of the mixture (Byfors 1980; Waller et a. 1996), and it
can be estimated as a function of it as, for instance (Panta-
zopoulo and Mills 1995)

1.031w/c

=019 + wic (13

3
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The hydration degree is not in conflict with the assumption
of aclosed chemical system. This assumption implies that the
variation of the free water content in the mixture is equal to
the variation of combined water in the solid hydrates. There-
fore, in a closed chemica system, the hydration reaction will
come to an end either when: (1) with an adequate initial free
water content in the mix, there is no unhydrated cement left
to react; or (2) with an insufficient initial free water content
in the mix, al of the free water has already been consumed.
In this second situation, which is very common in practice,
the present definition of the hydration degree gives a redlistic
indication of the hydration degree of the mixture.

Now, defining the material constants Q, = Qx.., k. =
Kx2, Ao = Aox- ad Mo = myex2, We can write the thermo-
chemical coupling term in (3) as

Lr =2 -1 (a4)

where Q(&) = Q.£ because of the linear assumption in (4). Note
that because of this, the hydration degree can aso be defined
as & = Q/Q.., where Q.. is the final amount of liberated heat
in idea conditions (Torrenti 1992; de Schutter and Taerwe
1995; Boumiz et al. 1996; Acker 1997).

The chemical term in (5) can now be rewritten as

e (Ao

ma—3&§+2(§

The evolution of the newly defined internal variable now
reads

o X (Ao _ _~f _E
e=(fe e @ - oo (- ) en (- 5)

~ E.
= — ) =
AE)exp < RT> =0 (16)
The function A(§) = AJm, was introduced in Ulm and
Coussy (1996) as a normalized affinity that completely char-
acterizes the macroscopic hydration kinetics for a given con-
crete mixture. This function can be obtained experimentally
from an adiabatic calorimetric test, as explained below. The
model presented here proposes an analytical expression for this
function.

§§x> £ — Aot (15

Thermal Field Equation

From the first and second principles of thermodynamics, the
thermal field equation can be written, in its entropy rate form,
as

TS=R — V- Q+ @ 17
where R, = external volume heat sources; Q = heat flux; and
9 = dissipation (here, @ = D ¢pem), Which is usually considered
negligible compared with the other terms in the equation. Tak-
ing the time derivative of the state equation for the entropy
[(B)], yield T,S=CT — Q = CT — Q., so that the thermal
field equation can be written in its usua temperate rate form,
as

CT — Qi = Req + keV+(VT) (18)

where Fourier’s law has been used (Q = k;VT), with k; being
the thermal conductivity. Note that the term due to the hydra-
tion heat Q actually acts as a nonlinear internal heat source.
The thermochemical model described explicitly allows the de-
termination of this term through (16).

Experimental Determination

During the performance of an adiabatic calorimetric test, the
thermal field equation [(18)] reduces to
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CT™ = Q4 (19)

This, together with the linear relationship Q(£) = Q.£, allows
relating the hydration degree to the temperature rise in the
adiabatic experiment in the form

£__ T
Eoc T:d - To

(20)

where T, = initial temperature; T = measured temperature of
concrete along the experiment; and T2 = final reached tem-
perature. Also, the average value of the constant Q, for the
experiment can be evaluated as

C _
Q. = . (T¥ — Ty = C(T¥ — T (21)
where T2 = final reached temperature in ideal conditions

(when &.. = 1). Now, using (16), (19), and (21), the normalized
affinity can be expressed as

<o ET™ E.
AL = - &P <RTad) (22)

where T® = measured temperature rate along the experiment.
Therefore, it is possible to measure the relationship A, — £
experimentally. The use of the analytical expression proposed
in the present model for this function [(16)], alows the defi-
nition of the experimentally obtained function by the calibra-
tion of three materia properties, k./n.o, Ao/k., and m, which
fully characterize the chemical behavior of the concrete mix.

Fig. 1(a) shows the temperature rise versus time in an adi-
abatic test for a conventional concrete as computed from the
model and compared with experimental results. The hydration
reaction starts quite slowly, because of the low initial chemical
affinity. However, it accelerates after the so-called activation
period. Afterward, the reaction is very fast in adiabatic con-
ditions, due to its thermoactivated character. Temperature rises
rapidly during the first hours, until the hydration degree
reaches a value close to the percolation threshold. An inflexion
is then evident in the curve, and the reaction slows down sig-
nificantly. Fig. 1(b) corresponds to the graphical representation
of the normalized chemical affinity introduced in (16). The
maximum in the hydration rate corresponds to the inflexion
point in the temperature rise. Figs. 1(c) and 1(d) show the
corresponding curves for a high-performance concrete with ad-
dition of silica fume.

Hydration Degree and Maturity

Since its introduction by Saul (1951), many aging models
for concrete are defined in terms of maturity or equivalent age,
which is an empirical concept introduced to account for the
influence of temperature during the curing process (Rastrup
1954; Plowman 1956; Oloukon et al. 1990). Although many
expressions have been proposed for the evolution of maturity,
it is generally accepted that hydration of concrete is governed
by an Arrhenius-type equation (Copeland et a. 1960; Carino
1981; Hansen and Nielsen 1985; Chengju 1989), which leads
to a maturity concept defined as

wheret = time, or in rate form, as

. _E\i_l
“'“p[ R(Hﬂ t)] (2

where T, = reference temperature for which maturity coin-
cides with real time. From a more fundamental standpoint, it
is clear that the concept of maturity must be related to the
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FIG. 1. Temperature Evolution and Normalized Affinity for Adiabatic Tests

concepts of hydration extent and degree. In the present model,
comparing (16) and (24) yields the relation (UIm and Coussy
1996)

dg E. \ ~
G = P ( RT@) A = cuA® (25)
where ¢4 = constant. This differential equation can be inte-
grated to obtain the relation between maturity and hydration
degree for a given curing process. This means that, in general,
either of the two variables can be used indistinctly for the
definition of the aging models, athough the hydration degree
concept provides a link with a consistent thermodynamic
framework that it is lacking in the concept of maturity. How-
ever, neither the hydration degree by itself, nor, alternatively,
the concept of maturity can determine uniquely the development
of strength for a given temperature. Thisis due to the significant
role that temperature has in the development of strength at early
ages. This will be discussed in the next section.

AGING MODEL

The change in the relative proportions and physical prop-
erties of the basic constituents of concrete during the chemical
reaction of hydration is a phenomenon known as aging. From
a macroscopic level, aging is observed as the change in the
mechanical properties of the mortar as a function of the hy-
dration degree. The influence of the hydration processis qual-
itatively the same for mortar and concrete (Neville 1981) and
the relation between their strength (for the same w/c ratio) is
linear (Walker and Bloem 1958).

From a microscopic level the hydration of cement consists
of the following (Acker 1988):

1. An initial suspension phase during the first 1-2 h after
the addition of water to the cement, in which gel starts

to form around the grains but no forces exist between
the particles.

2. An intermediate setting phase during the 3—24 h after
the mixing, which corresponds to the formation of outer
products outside the grains and inner products inside
them, and the development of the basic solid skeleton
between the grains.

3. A fina hardening phase, between 1 and 28 days after the
mixing, which corresponds to the formation of the stable
solid skeleton by the filling of the capillary and intersti-
tia pores by the hydrates. Furthermore, when consider-
ing the aging of concrete, the microstructural behavior
of the interphase between the cement matrix and the ag-
gregates must also be taken into account.

During past decades, many aging models have been pro-
posed in which the mechanical properties of young concrete
were expressed in terms of the hydration degree, or alterna-
tively, of the maturity (Rastrup 1954; Plowman 1956; Oloukon
et al. 1990). The basic assumption for these models is that
concretes of the same mix at the same hydration degree (or
maturity) have the same strength, independent of the hydration
kinetics occurring to reach that hydration degree (or maturity).

However, there is experimental evidence that the evolution
of the concrete strength depends not only on the degree of
hydration, but also on the kinetics of the hydration reaction
(Byfors 1980; Volz et al. 1981; Carino 1981; Chengju 1989;
Shi and Day 1993; Bland et al. 1994; Wild et al. 1995; Tan
and Gjorv 1996; Kim et a. 1998). For instance, Verbeck and
Helmuth (1968) found that the strength of companion mortar
specimens hydrated at 50°C was about 20% lower than that
of specimens hydrated at 5°C, at a given degree of hydration.

These results are consistent with electronic microscope ob-
servations that show that the increase of the curing temperature
produces changes in the density and distribution of cement
grains. This phenomenon is more pronounced when the tem-
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perature rise occurs earlier in the setting and hydration process
(Kjellsen and Detwiler 1993). Because the hydration of cement
is a thermoactivated reaction, at low curing temperatures the
hydration products form slowly and the free water can diffuse
through the forming solid skeleton and the hydrates deposit
uniformly. On the other hand, curing at high temperatures in-
creases the rate of hydration. The hydration products form fas-
ter and they deposit close to the unhydrated cement grains.
The microdiffusion process of the free water through the form-
ing solid skeleton is hindered and the void interstitial pores
are left (Verbeck and Helmuth 1968). In Kjellsen (1990), the
formation of a shell around the cement grains as a result of
the higher rate of hydration can be observed. The strength of
mortar is influenced by the uniformity of the microstructure,
and the mechanical properties depend on the size and distri-
bution of the interstitial pores between the grains and the ce-
ment paste. Low curing temperatures lead to a uniform distri-
bution of hydration products and interstitial pores. On the
contrary, at high curing temperatures the solid skeleton is
stronger and more dense, but the pores left during the hydra-
tion process are larger. In these conditions, the mechanical
properties of the resulting microstructure, such as the strength
and the elastic modulus, are significantly reduced.

In view of this, it is concluded that concrete strength cannot
be related directly to the hydration degree (or maturity), and
therefore, the mechanical properties cannot be obtained with-
out the consideration of the hydration kinetics. A redlistic ag-
ing model must be established in which the mechanical prop-
erties act as internal-like variables, and their evolution laws
must at least be formulated in terms of hydration degree and
temperature.

The aging model presented here contemplates the evolution
of the compressive and tensile uniaxial strengths and the uni-
axial elastic modulus during the hydration process of the con-
crete, because these are the basic parameters used in the me-
chanical damage model described in the companion paper. For
simplicity, Poisson’s ratio is assumed to remain constant. The
effect of the curing temperature is explicitly included in the
model.

Compressive Strength

The parameter mainly used in practice for the mechanical
characterization of concrete is the compressive strength f .
Other relevant mechanical properties such as the tensile
strength f * and the elastic modulus E are usually estimated as
functions of f~. This is certainly the common rule in most
codes of practice (AClI 1987; CEB-FIP 1990; Instruccion
1991). Here, the same procedure will be followed.

It is common practice for aging models to consider the evo-
lution of the compressive strength of concrete as a direct func-
tion of the hydration degree, defining an aging function
i (&), in the form

=N (©OfF. (26)

where f_. = final compressive strength and the aging function
satisfies the conditions \; (§) = 0 and A (0) =0, \( (&) = 1.
This expression, independent from temperature, can be con-
sidered valid for isothermal curing conditions at a given ref-
erence temperature T.«. Linear, bilinear, parabolic, and cubic
expressions have been proposed in the literature for the aging
function (Byfors 1980; Neville 1981; Parrot et a. 1990; Tor-
renti 1992; Rostassy et a. 1993; de Schutter and Taerwe 1995;
Mak and Torri 1995; Ulm and Coussy 1995). In rate form,
this relation can be written as

F8) = A ()2 = Nt @7)
where \¢; = d\ /d§ represents the relation between the hy-
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dration rate and the hardening rate. In this work it will be
assumed that \;(&) is a parabolic function of &, and therefore,
the derivative A;; can be written as

Ne(®) = A&+ B for &= &y (28)

where &, = value defining the end of the setting phase, just
when the concrete may begin to be considered a solid (Byfors
1980; Boumiz et al. 1996; Acker 1997). Values &, = 0.1-0.4
have been proposed in the literature, depending on the type of
cement and the water/cement ratio (Torrenti 1992; de Schutter
and Taerwe 1996). A linear relationship with A =
2f o /(f2€,) and B, = 0 may be considered for £ = &

However, as explained above, the effect of the curing tem-
perature on the evolution of the compressive strength makes
it necessary to relate this evolution to the hydration kinetics.
To this end, let us introduce an aging internal variable k, so
that (26) is replaced by

f (k) =«xf., k=0 (29)

Note that k can be considered a normalized strength variable.
Thus, it will be called an aging degree. It will be shown in
the companion paper that the aging degree controls the evo-
lution of the chemical hardening.

The evolution of the aging degree must be related to the
hydration kinetics and the temperature. Inspired in (27), it is
proposed to take

k = M(T)Ne(6)E = 0 (30)

where the term A+ has been included to explicitly account for
the influence of the curing temperature. For the term \;, we
propose the expression

(T =T\"
M= (TT - Tref) =D

where T, = reference temperature for the determination of
f.; T represents the maximum temperature at which harden-
ing of concrete may occur; and n; = a material property. Note
that for T > T, A = 1 results, thus diminishing the increase
of strength; on the contrary, for T = T4, Ay = 1 results, thus
enhancing the increase of strength.

Substituting (16) into (30), we have

k = Mr(TA©A(E)exp <— RET) (32)

which clearly expresses the dependency of the aging variable
both on the hydration degree and on temperature.

Fig. 2(a) shows the evolution time of the hydration degree
for a mixture cured in isothermal conditions at three different
temperatures (5°C, T, = 20°C and 40°C). Note that due to the
thermoactivated character of the hydration reaction, the rate of
hydration is faster at higher temperatures. Nevertheless, the
final degree of hydration isthe samein all cases, as it depends
basically on the initial water content of the mixture. Fig. 2(b)
shows the evolution in time of the compressive strength (and
therefore, the aging degree) for the same mixture cured at
those same temperatures. Asin Fig. 2(a), the rate of hardening
is faster at higher temperatures, however, the fina attained
strength is smaller at higher curing temperatures. This effect
of the curing temperature cannot be reproduced by aging mod-
els based exclusively on the hydration degree, or, alternatively,
on the concept of maturity or equivalent age. On the contrary,
the present model reproduces this effect appropriately.

It should be noted that the present approach corresponds to
the physical observation that two concrete samples with iden-
tical mixing, but cured at different temperatures, show differ-
ent strengths for the same hydration degree. In Kjellsen and
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Detwiler (1993), the activation energy of the reaction was con-
sidered a function of the temperature and the hydration degree
to introduce what they called the effect of *‘retardation’” due
to high curing temperature. Even if good matches are obtained
in terms of curves showing strength increase versus time, this
alternative approach is incorrect from the physical standpoint,
as this will not only affect the evolution of strength but also
the hydration kinetics in an unrealistic manner.

Experimental Determination

The evolution of the hydration degree can be related to the
evolution of the hydration degree [see (30)], in the form

dk _

Fr Ar(T)Nre(8) (33)
which shows that, for a given hydration degree £, the relation
between the compressive strength for two identical mixtures
cured in isothermal conditions at two different temperatures
T and T3, is

K2E) AT (T — TR\
KPE) MTE) \Tr— TF

This is graphically indicated in Fig. 2(c), which shows the
evolution of strength versus hydration degree under different
curing temperatures. _

In particular, for £ = £, and T5° = T,4, and considering that,
at reference temperature, A+ (T,«) = 1, and therefore, k'S =
this yields

(34

n—fj“

Kf:MU%z(ﬂ—Ta (39)

This means that the final compressive strength attained in

isothermal conditions, according to (29), f (k) = kf.,
where f (k%) will be greater or lesser than the reference
strength f ., depending on T being lesser or greater than T,
respectively.

Consequently, it is enough to measure the final compressive
strength in an isothermal test carried out at a temperature that
is different from the reference one to be able to determine the
exponent n;.

The experimental determination of the function A\¢.(§), or
the constants A; and B if the expression in (28) is adopted,
requires the experimental determination of the hydration de-
gree. This can be easily done in an adiabatic test as explained
above [see (20)].

Tensile Strength and Elastic Moduli

The final tensile strength is usually considered to be related
to the final compressive strength. For this relation most codes
of practice (ACI 1987; CEB-FIP 1990; Instruccion 1991) rec-
ommend the expression f} = A, (f2)?3, where A, isaconstant.
If this relationship holds for the whole aging process, and con-
sidering (29), it follows that (Rostassy et al. 1993)

(k) = M ()2 = &3 (36)

The final elastic modulusis aso often considered a function
of the final compressive strength (CEB-FIP 1990; Instruccion
1991), a usual dependency being of the form E., = Ac(f2)"3,
where Ag is a constant. If this dependency holds for the whole
aging process, and considering (29), we can write

E(k) = Ae(K)E. = k"E.. (37)

With the above relationships and the hypothesis of constant
Poisson’s ratio, the bulk and shear moduli can be written as

K(k) = Ae(K)K.; G(k) = Ae(k)G.. (38a,b)
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with the usual expressions K.. = E./3(1 — 2v) and G.. = E./
2(1 + v).

Fig. 2(d) shows curves of relative evolution of the normal-
ized compressive strength, tensile strength, and elastic modu-
lus in terms of the aging degree. The functional dependencies
expressed by (36) and (37) need to be experimentally con-
firmed. In de Schutter and Taerwe (1996) it was reported that
the tensile strength develops faster than the compressive
strength, but slower than the elastic modulus. In de Schutter
and Taerwe (1997), three-point bending tests were performed
on unnotched prisms at different concrete ages, ranging from
24 to 28 days, to study the evolution of the softening behavior
during hardening. The experimentally found exponent for the
tensile strength varied between 0.46 and 0.88, with an average
value of 0.70. These results are consistent with the present
proposal of a 2/3 exponent.

Tensile and Compressive Fracture Energies

The stored elastic energy per unit volume is proportional to
the square of the stress and inversally proportiona to the elas-
tic moduli of the material. The energies released per unit area
when damage or fracture (under tension or compression) oc-
curs are considered material properties called the tensile and
compressive fracture energies G, and G, respectively. These
material properties increase as the hydration of concrete pro-
gresses, and therefore, they depend on the aging degree

Gi (k) = As(K)Grs;

Gt (k) = Aa(k)Gr-. (39a,b)

Here, we will assume that the fracture energies are propor-
tional to the maximum stored elastic energy per unit volume,
thus establishing the dependence of the fracture energies on
the aging degree as

+ _ A (k) — 56
Ao =300 = (40
No (k) = —);\';((';)) = «* (41)

These functional dependencies also need to be experimen-
tally confirmed. The experimentally found exponent for the
tensile fracture energy in de Schutter and Taerwe (1997) varied
between 0.46 and 1.10, with an average value of 0.87. These
results are consistent with the present proposal of a 5/6 ex-
ponent.

NUMERICAL SIMULATIONS

This section presents an assessment of the thermochemical
model described above. All of the problems presented are
solved advancing step-by-step in time. For each time step, the
thermal equation [(18)] is solved, together with the differential
equation governing the chemical process [(16)].

Hydration Model

This subsection compares available experimental data with
numerical predictions obtained using the thermochemical
model that is proposed above. Therefore, al of the testsin this
subsection were conducted in adiabatic conditions.

Bentz et al. (1998) conducted a series of experimental adia-
batic tests to measure the temperature rise observed during the
curing of conventional and high-performance concretes. We
have selected results reported for conventional concrete w/c =
0.45, as well as for high-performance concrete with wi/c = 0.45
and silica fume-to-cement mass ratio s/c = 0.20. The mate-
rial properties used for the numerical simulation are listed in
Table 1. Note that only the chemical related properties are
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TABLE 1. Material Properties for Numerical Simulations
Properties Bentz (I) | Bentz (Il) | Kjellsen | Wild et al.
) &) (3 ) (5)
w/c 0.45 0.45 0.50 0.50
slc 0.00 0.20 0.00 0.00
C (10° Jm?® °C) 2.33 233 207 2.07
kr (10° Im h °C) 5.40 5.40 5.40 5.40
T, (°C) 21.0 21.0 21.0 21.0
I 0.72 0.72 0.75 0.75
K./ (10° 1/h) 0.28 0.15 0.32 0.20
n 5.30 4.00 6.50 6.00
Aylk. (107°) 0.50 0.50 1.00 1.00
E./R (10° K) 5.00 5.00 5.00 3.00
Q. (10° Im®) 2.02 1.73 125 1.25
et — — 0.20 0.20
A — — 0.47 0.87
By — — 0.66 0.15
f.. (MPa) — — 58.0 88.0
Tt (°C) — — 20.0 20.0
T+ (°C) — — 100.0 100.0
ne — — 0.40 0.25

necessary. The values used for the final degree of hydration
&. are those given by (13).

Fig. 1 shows the comparison between the experiments and
the results obtained using the proposed thermochemical model.
The dots represent the experimental values; the solid line rep-
resents the prediction by the model.

Fig. 1(a) shows the temperature rise versus time for the
conventional concrete mix. The hydration reaction starts quite
slowly, because of its very low initial chemical affinity. How-
ever, it accelerates after the first 2—3 h, the so-called activation
period. Afterward, the reaction is very fast in adiabatic con-
ditions, due to its thermoactivated character. Temperature rises
rapidly during the first 12 h, until the hydration degree reaches
a value close to & = 0.2, which can be considered the per-
colation threshold. An inflexion is then evident in the curves,
and the reaction slows down significantly. The process is
nearly completed after 5 days. Note that the overall behavior
is very well captured, and that the deviations between the
model predictions and the experimental measurements are
minimal. Fig. 1(b) shows a graphical representation of the nor-
malized chemical affinity introduced in (16). The experimental
values have been obtained from the corresponding temperature
versus time measured curves using the procedure described by
(22). The above-described stages during the hydration process
are also quite evident in this figure. The maximum in the hy-
dration rate corresponds to the inflexion point in the temper-
ature rise.

Figs. 1(c) and 1(d) show results corresponding to the high-
performance concrete with silica fume addition. Note that the
proposed model is also able to match the experimental behav-
ior of thistype of concrete mix. This means that the pozzolanic
reaction between calcium hydroxide (CH) and silica fume (S)
does not differ too much from the other chemical reactions
that take place during the hydration of conventional portland
cement concretes. Thisis a fortunate and useful verification of
the possibilities of the model. However, this does not mean
that the present model can be used for other types of concrete
mixes without careful consideration. For instance, the experi-
mental evidence shows that concrete made with blast furnace
slag cement exhibits a different heat production rate than that
of conventional portland cement (de Schutter and Taerwe
1995). These specific features are not contemplated in the pres-
ent model.

Aging Model

This subsection compares available experimental data with
numerical predictions obtained using the aging model that is
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FIG. 3. Strength Evolution for Kjellsen’s Tests

proposed above. The experimental sets focused on the influ-
ence of the curing temperature in the evolution of the com-
pressive strength. Therefore, all of the tests in this subsection
were conducted in isothermal conditions.

Kjellsen’s Tests

The first experimental set consists of tests conducted by
Kjellsen (1990), and they are also reported in Kjellsen and
Detwiler (1993). They refer to w/c = 0.5 mortar, the cement
used being ASTM Type I/111. The material properties used for
the numerical simulation are listed in Table 1. Note that only
the chemical and aging related properties are necessary. The
value used for the final degree of hydration &. is estimated
using (13).

Fig. 3 shows the compressive strength versus time curves
obtained for the curing temperatures T, = 12.5, 20, 35, and
50°C, respectively. The dots represent the experimental values,
the solid line is the prediction by the model, and the dashed
line is the result obtained when neglecting the influence of the
temperature in the evolution of the aging function, that is,
taking A+ = 1 in (30).

The effect of the curing temperature is twofold: (1) The
thermoactivated character of the hydration reaction is very evi-
dent in these plots, as the process of hardening is accelerated
by the increase in curing temperature; and (2) the significant
loss of strength with increasing curing temperature is clear.
The first effect is particularly evident at the initiation of the
hydration process, with an activation phase being shortened as
the curing temperature is increased. The second effect shows,
for instance, that mortar cured at 50°C shows a loss of attain-
able strength of 23%, compared with that cured at 12.5°C. This
demonstrates the necessity of accounting for the effect of the
temperature in a realistic chemoaging model, particularly for
higher curing temperatures.

The overall agreement between experimental and numerical

results is very good. Both significant effects of the curing tem-
perature in the evolution of the strength are well captured with
the present model. Note that the proposed model allows for
remarkably good predictions for curing temperatures below
and above the reference temperature.

Wild et al. Tests

The second set consists of tests conducted by Wild et al.
(1995). The results used here refer to ordinary portland
concrete, the mix being designed according to the U.S. De-
partment of the Environment specifications with the aim of pro-
ducing high-strength concrete (70 MPa). The materia properties
used for the numerical smulation are listed in Table 1.

Fig. 4 shows the compressive strength versus time curves
obtained for the curing temperatures T, = 20 and 50°C, re-
spectively. The dots represent the experimental values, the
solid line is the prediction by the model, and the dashed line
is the result obtained by neglecting the influence of the tem-
perature in the evolution of the aging function. Note that con-
crete cured at 50°C shows a loss of attainable strength of 6%,
compared with that cured at 20°C, which is significantly less
than the percentage measured for the mortar tested by Kjellsen.
The overal agreement obtained between numerica and ex-
perimental results is good.

CONCLUSIONS

This paper describes a thermo-chemo-mechanical model
that accounts for many of the features observed in the behavior
of concrete at early ages. An appropriate thermodynamic
framework is provided for these irreversible processes. Ex-
pressions for the free energy are provided from which the state
equations are derived. Positive dissipation is guaranteed in all
situations. The hydration model is based on the reactive porous
media theory on its thermochemical part. A novel aging model
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FIG. 4. Strength Evolution for Wild et al. Tests

is introduced that accounts for the effect of the curing tem-
perature in the evolution of the relevant mechanical properties.
The aging degree is introduced as an internal variable, differ-
ent from the commonly used hydration degree or maturity con-
cepts. The model is well suited for its implementation in a
finite-element program devised for thermal analysis. The ca-
pabilities and potentiality of the model are shown by perform-
ing numerical simulations of adiabatic and isothermal testsin
concrete samples. The qualitative and quantitative agreement
between the model results and the available experimental data
is remarkably good in all situations.
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APPENDIX II. NOTATION
The following symbols are used in this paper:
A, B = material properties for aging evolution,
A, = normalized chemical affinity;
A, A, = chemical affinity, initial chemical affinity (ref. to &),
A, Ao = chemical affinity, initial chemical affinity (ref. to x);
C = heat capacity per unit volume;
D, Denem = dissipation, chemical dissipation;
E, E. = éastic modulus, final elastic modulus;
E. = activation energy;
f*, fZ = tensile compressive strength, final values;
fo = elastic limit in uniaxial tests (tension/compression);
f« = compressive strength at setting;
i = tensile/lcompressive fracture energy;
H = chemical contribution to free energy;
K, G = bulk and shear moduli;
k: = thermal conductivity;
L = thermomechanical contribution to free energy;

n: = exponent for strength evolution;
R = constant for idea gases,
R.. = external volume heat sources;
Q = hydration heat per unit volume;
Q = heat flux;
Q,. Q. = hydration heat per unit of hydration extent, (°);
Q.. = fina amount of liberated heat (in ideal conditions);
S = entropy;
s/c = silica fume/cement mass ratio;
T, T, = temperature, initial temperature;
T2, T = final reached temperature in adiabatic test, asin ideal
conditions;
T'* = temperature for curing in isothermal conditions;
T.« = reference temperature;
T = maximum temperature for strength evolution;
V = therma contribution to free energy;
w/c = water/cement mass ratio;
mn = exponent for viscosity;
Mg Mo = Viscosity, reference viscosity (ref. to £);
M, My = Viscosity, reference viscosity (ref. to x);
k = aging degree;
K., Ko = final aging degree, as in isothermal conditions;
Ae = elastic modulus aging function;
\i = tensile/compressive strength aging function;
\e = tensile/compressive fracture energy aging functions;
W = maturity;
v = Poisson’s ratio;
&, & = hydration degree, hydration degree at setting;
., & = fina hydration degree, as in idea conditions;
x = hydration extent;
X- X~ = final hydration extent, as in ideal conditions; and
¥ = free energy.
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