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ABSTRACT

In this work a coupled thermo-chemo-mechanical model for the behaviour
of concrete at early ages is proposed. The model allows to simulate the
observed phenomena of hydration, aging, damage and creep. It is formu-
lated within a consistent thermodynamic framework, from which the state
equations are derived. In this first part the formulation and assessment of
the thermo-chemical 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 re-
lated 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 behaviour is modelled via a viscoelastic
damage model which accounts for the aging effects. The formulation and
assessment of the mechanical part of the model are relegated to a companion
paper that follows.
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INTRODUCTION

Quality control during construction is one of the challenges of todays engi-
neering practice, both with regard to the loss of durability and functionality
of the structures being built. In concrete technology, cracking is a cause of
major concern, and it is primarily associated with thermal (and shrinkage)
effects, specially at early ages.

The chemical processes associated to the hardening of young concrete
in the first days after casting are accompanied by significant temperature
and volume changes. Initially, the reaction of hydration is highly exother-
mal, and the heat generated may produce an increment of temperature up
to 50-60°C under adiabatic conditions. As the stiffness of concrete is then
quite low, this usually leads to moderate, and mainly compressive, stresses.
Later, when the stiffness has significantly increased, the concrete starts to
cool down. The low conductivity of the material, differential effects due to
the evolutive construction process and convection phenomena with the envi-
roment may generate considerable thermal gradients. These, together with
geometrical aspects and external restraints may develop relatively impor-
tant tensile stresses. The tensile strength of the material is specially small
at this early age and cracking may appear. This may result in structural
damage even before the structure is loaded and, in any case, it may af-
fect 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 temperature rises, the evolution of the concrete
strength and stiffness, as well as the development of tensile stresses and
the possibility of cracking during the construction process.

This paper presents a thermo-chemo-mechanical model which 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. Firstly, a thermo-chemical model is proposed to
model the evolution of the chemical reaction of concrete hydration and the
heat generated during the process. The model is based on the Theory of Re-
active Porous Media, within a consistent thermodynamic framework. The
assumption of a closed chemical system allows a local description of the
internal variables. Secondly, 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 allows to account for the
effect of the curing temperature in the final attained strength in a more
realistic manner than the hydration degree or the maturity concepts. Other
properties such as the tensile strength and the elastic moduli are then re-
lated to the compressive strength following the usual engineering practice.
Finally, different available experimental data sets are used to compare the
observed behaviour 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 which involves quite a num-
ber of chemical and physical phenomena at the microscopic level. Basically,
the free water present in the mixture reacts with the unhydrated cement
to form hydrates. Portland cement is formed by four main mineral con-
stituents: calcium silicates like C3S and CoS, calcium aluminates like C3A
and calcium aluminoferrites like C4AF. They react and combine with water
to form differents hydrates: calcium silicate hydrate CSH, calcium hydrox-
ide CH, ettringite Aft, monosulfate Afm, etc. The hydration mechanisms
have been investigated for the last hundred years, but they are not clearly
understood. However, it is clear that the rates of reaction of the individual
constituents differ quite significantly. Therefore, the mathematical mod-
elling of the interaction in a hydrating poly-mineral and poly-size system is
very complicated, as chemical, physical, stereological and granular aspects
have to be considered. These complications make it mandatory to consider
the phenomenon of clinker hydration rather than hydration of the individ-
ual 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 re-
action, so that a thermo-chemical model is necessary for its modellization.
State variables need to be defined and a proper thermodynamical framework
must be provided to establish the relevant state equations.

The thermo-chemical model used in this work is based on the theory
of reactive porous media developed by Coussy (1995), and its application
to (chemo-plastic) concrete as proposed by Ulm and Coussy (1995, 1996).
Within this framework, 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 which 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 kinetics 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 stechiometric relationships and the molar masses). In the hy-
pothesis 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 this conditions, the free energy for the thermo-chemical system can
be expressed in terms of one external variable, the temperature T', and one
internal variable, the hydration extent x:

U =¥(T,x) = V(T) + L(T, x) + H(x) (1)
In this expression V (T') is the thermal contribution
1C 2
V(T) = —51—10(71~T0) (2)



where T} is the initial temperature and C' is the heat capacity per unit vol-
ume (in a stress free experiment), which can be assumed to be a constant
material property, that is, independent on temperature and the hydration
extent. The thermo-chemical coupling is represented by L, with the expres-
sion

ur0 = E - ®

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 (Reinhard 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 assume a linear dependency of
the form

Q(x) = @xx (4)

where @, is the latent heat per unit of hydration extent, here assumed a
constant material property.

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

1 1/7A,
HO) = ko + 5 (222 = bt ) 6 = Ao )
3 2 \ Xoo
where k, and A,q are material properties and xoo is the final value of x.
The state equations are obtained from Eq. (1) using Coleman’s method

as:
S=—0rU(T,x) = TiO[C(T—:m — Q)] (6)

Ay =-0¥(T,x) = ky (kAXO + X) (Xoo — X) — OxL (7)
x X oo
where S is the entropy and A, is the chemical affinity of the reaction, the
thermodynamical forces conjugated to the temperature and the hydration
extent, respectively. In the usual range of temperatures for concrete appli-
cations, the last term in Eq. (7), —0y L, is considered negligible. Note that
A,o is the initial affinity of the reaction (at x = 0 and T' = Tp) and that
Ay, =0 for x = xeo (at T = Tp). Note also that setting ky = 0 a linear
A, — x relationship is established (Ulm and Coussy 1995).
The chemical dissipation can then be expressed as:

Dchem = AxX > 0 (8)

where y, the time derivative of yx, is called 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 equation such as

A, E,
X = " eXp< RT) (9)

where F, is the activation energy of the reaction, R is the constant for ideal
gases and 7, is the 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
3000 to 8000 °K for concrete. Hansen and Nielsen (1985) and van Breugel
(1992a) found that the apparent activation energy decreases with tempera-
ture, but it remains mostly constant above 20 °C.

The viscosity 7, is an increasing function of x, since the growth of the
layers of hydrates increases the diffussion time of the free water to reach the
unhydrated cement. Inspired in de Schutter and Taerwe (1995), it is here
proposed to consider 7, = 7,(x) so that

_ X
Ty = 7x0 €XP <nX—> (10)

o0

where 7,0 and 7] are material constants. Note that the chemical dissipation
can then be expressed as

A2 X E
Depern = X exp (=% (_ e ) > 0 11
chem Ty €xp ( UXOO> €xp RT = ( )

which is automatically satisfied if 7,0 > 0. Now, using Eq. (10), Eq. (9)
may be written as

. ky Ao ( _X > ( Ea)
X = o <kxX X) (Xoo — X) €xP 7IX P RT) = (12)

where it can be seen that as x increases and approaches its final value oo,
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, defined as £ = x/Xoo, Where
Xoo is the final value of x in ideal conditions, that is, with an adequate
water/cement ratio to ensure 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
Xoo < Xoo and, therefore, £5, < 1 (Bentz et al. 1998). The final degree of
hydration €. is related to the water/cement ratio of the mixture (Byfors
1980; Waller et al. 1996), and it can be estimated as a function of it as, for
instance (Pantazopoulo and Mills 1995),

1.031w/c
oo =

©0.194 + w/e (13)

Now, defining the material constants Q¢ = QyXoo, ke = kx)‘cgo, Ag =
Ay0Xoo and mgo = nxo)‘cgo, we can write the thermo-chemical coupling term
in Eq. (3) as:

rr,e = L 7 - (1)

0
where Q(£) = Q¢€, because of the linear assumption in Eq. (4). Note that
because of this, the hydration degree can also be defined as ¢ = Q/Qc,
where Qo is the final ammount of liberated heat in ideal conditions (Tor-

renti 1992; de Schutter and Taerwe 1995; Boumuz and Tenoudji 1996; Acker
1997).



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

A
H(E) = ket + ( - kgfoo) €2 — At (15)

The evolution of the newly defined internal variable reads now:

i = % (kfgjoJrf) (600 = exp (-7 ) ex - =)

- M)exp (-p2) =0 (16)

The function ﬁg(f ) = Ag/ne was introduced in Ulm and Coussy (1996)
as a normalized affinity that completely characterizes the macroscopic hy-
dration kinetics for a given concrete 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.

Thermal Field Equation

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

where R,z are the external volume heat sources, @ is the heat flux and D
is the dissipation (here, D = Dcpem), Which is usually considered negligible
compared to the other terms in the equation. Taking the time derivative
of the state equation for the entropy, Eq. (6), yields Tp $=CT-Q =
T — Qe 5, so that the thermal field equation can be written in its usual
temperature rate form, as

CT — Q¢€ = Rewt + kr V- (VT) (18)

where Fourier’s Law has been used (Q = kr VT'), with kr being the thermal
conductivity. Note that the term due to the hydration heat, Q, actually acts
as a nonlinear internal heat source. The thermo-chemical model described
explicitly allows the determination of this term through Eq. (16).

Experimental Determination

During the performance of an adiabatic calorimetric test, the thermal field
equation, Eq. (18) reduces to

CT™ = Q¢ (19)

This, together with the linear relationship Q(¢§) = Q¢¢, allows to relate the
hydration degree to the temperature rise in the adiabatic experiment in the
form

¢ Tad _ T
o T -T (20)

where Tp is the initial temperature, T%? is the measured temperature of
concrete along the experiment and Tgod is final reached temperature. Also



the average value of the constant Q¢ for the experiment can be evaluated

as
Q = § (1% _ 1) = C (T2 - T) (21)

where T2 is the final reached temperature in ideal conditions (when {o =
1). Now, using Egs. (16), (19) and (21), the normalized affinity can be
expressed as

N _ od E.
Aﬁ(ﬁ) = ;(%1 — T €xp (RTad> (22)

where 7% is the measured temperature rate along the experiment. There-
fore, it is possible to measure the relationship Zg — £ experimentally. The
use of the analytical expression proposed in the present model for this func-
tion, Eq. (16), allows the definition of the experimentally obtained function
by the calibration of three material properties, k¢ /neo, Ago/ke and 7, which
fully characterize the chemical behaviour of the concrete mix.

Figure 1(a) shows the temperature rise versus time for a conventional
concrete as computed from the model. The hydration reaction starts quite
slowly, because of the low initial chemical affinity. However, it accelerates
after the so-called activation period. Afterwards, the reaction is very fast in
adiabatic conditions, due to its thermo-activated character. Temperature
rises rapidly during the first hours, until the hydration degree reaches a value
close to the percolation threshold. An inflexion is evident then in the curve,
and the reaction slows down very significantly. Figure 1(b) corresponds to
the graphical representation of the normalised chemical affinity introduced
in Eq. (16). The maximum in the hydration rate corresponds to the inflexion
point in the temperature rise.

100 T T T T T T 1
0
_ £
Q = -
) — @
L 2
e z 5
2 > 06—\ et
g . *
9 60 £ }
[ g O \ ]
E %
© o i
o 40 < |
g 0 02
2 E \\
[<}
pA
g 779 ) % 02 03 05 08
Time [hs] (a) Hydration degree (b)

Figure 1: Temperature evolution and norm. affinity in Adiabatic Test.

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 expresions 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 al. 1962; Carino 1981; Hansen and Nielsen 1985;
Chengju 1989) which leads to a maturity concept defined as

(T, 8) = /Ot exp [ - E—(T—b—) _ Ti)] dr (23)

where t is the time or, in rate form, as

. E,s 1 1
fie = exp[—f(fp(—t)—ﬁ)] (24)

where T, is the reference temperature for which maturity coincides with real
time. From a more fundamental standpoint, it is clear that the concept of
maturity has to be related to the concepts of hydration extent and hydration
degree. In the present model, comparing Egs. (16) and (24) yields the
relation (Ulm and Coussy 1996)

% exp (- ) AcO) = A (25)
where ¢, is a constant. This differential equation can be integrated to ob-
tain 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, although the hy-
dration degree concept provides a link with a consistent thermodinamical
framework that it is lacking in the concept of maturity. However, neither
the hydration degree by itself, nor, alternatively, the concept of maturity
can determine uniquely the development of strength for a given mixture.
This is 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 properties of the basic
constituents of concrete during the chemical reaction of hydration is a phe-
nomenon 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
hydration degree. The influence of the hydration process is qualitatively the
same for mortar and concrete (Neville 1981) and the relation between their
strength (for the same w/c ratio) is linear (Walker and Blem 1958).

From a microscopic level the hydration of cement consists of (Acker
1988): (a) an initial suspension phase during the first 1-2 hours after the
adding of the water to the cement, in which gel starts to form around the
grains but no forces exist between the particles, (b) an intermediate setting
phase during the 3-24 hours 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,
and (c) a final hardening phase, between 1 to 28 days after the mixing,
which corresponds to the formation of the stable solid skeleton by the filling
of the capillary and interstitial pores by the hydrates. Furthermore, when
considering the aging of concrete, the microestructutal behaviour of the
interphase between the cement matrix and the aggregates must also be
taken into account.



During the last decades, many aging models have been proposed in which
the mechanical properties of young concrete were expressed in terms of the
hydration degree, or alternatively, 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 independently of the hydration kinetics occurred to reach
that hydration degree (or maturity).

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

These results are consistent with electronic microscope observations that
show that the increase of the curing temperature produces changes in the
density and distribution of cement grains. This phenomenon is more pro-
nounced when the temperature rise occurs earlier in the setting and hydra-
tion process (Kjellsen and Detwiler 1993). Being the hydration of cement a
thermoactivated reaction, at low curing temperatures the hydration prod-
ucts 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 temperature increases the rate of hydration. The hydration products
form faster and they deposit close to the unhydrated cement grains. The
micro-diffussion process of the free water through the forming 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 microestructure, and the
mechanical properties depend on the size and distribution of the interstitial
pores between the grains and the cement paste. Low curing temperatures
lead to a uniform distribution 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 hydration process are larger.
In these conditions, the mechanical properties of the resulting microstruc-
ture, 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 without the consideration of the hydration
kinetics. A realistic aging model must be established in which the mechan-
ical properties act as internal-like variables, and their evolution laws must
be formulated in terms of, at least, hydration degree and temperature.

The aging model presented here contemplates the evolution of the com-
pressive and tensile uniaxial strengths and the uniaxial elastic modulus dur-
ing the hydration process of the concrete, because these are the basic pa-
rameters used in the mechanical 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 mostly used in practice for the mechanical characterization
of concrete is the compressive strength, f~. Other relevant mechanical
properties such as the tensile strength, ftand the elastic modulus, E, are
usually estimated as functions of f~. Such is certainly the common rule in
most codes of practice (ACI 1987; CEB 1990; MOPT 1991). Here, the same
procedure will be followed.

It is common practice for aging models to consider the evolution of the
compressive strength of concrete as a direct function of the hydration degree,
defining an aging function A (¢), in the form

7@ =26 fs (26)

where f is the final compressive strength and the aging function satisfies
the conditions Ay (€) > 0 and A; (§o) = 1. In rate form, this relation can
be written as

F7€) = X37(8) fo = M fo (27)

where /\JT,E = d)\j_, /d¢. Linear, bilinear, parabolic and cubic expressions have
been proposed in the literature for the aging function (Byfors 1980; Neville
1981; Parrot et al. 1990; Torrenti 1992; Rostassy et al. 1993; de Schutter
and Taerwe 1995; Mak and Torri 1995; Ulm and Coussy 1995).

However, as it was explained above, the effect of the curing temperature
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 Eq. (26) is replaced by

() =k fs K20 (28)

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

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

B =< Mr(T)Aje6) > € (29)

For the term Ay we propose the expression

TT—T )TlT

Ap= (TT - Tref

(30)
where Tes is the reference temperature for the determination of fo , Tt
represents the maximum temperature at which hardening of concrete may
occur and nr is a material property. Note that for T' > They it results
Ar < 1, thus diminishing the increase of strength; on the contrary, for
T < Trey it results Ar > 1, thus enhancing the increase of strength.

For the term )‘;,E we propose the linear expression

Niel€) = A+ By for £ et (31)

where &g is a value defining the end of the setting phase, just when the
concrete may begin to be considered a solid (Byfors 1980; Boumiz and
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Tenoudji 1996; Acker 1997). Values et = 0.1 to 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

Af = 2f/(f5E%s) and By = 0 may be considered for £ < &set-
Substituting Eq. (16) into Eq. (29) we have

k=< Ar@)e©) > A exp (- ) (32)
which clearly expresses the dependency of the aging variable both on the
hydration degree and on temperature.

It should be noted that the present approach corresponds to the physical
observation that two concrete samples with identical mixing but cured at
different temperatures show different strengths for the same hydration de-
gree. In Kjellsen and Detwiler (1993) the activation energy of the reaction
was considered 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.

Tensile Strength and Elastic Moduli

The final tensile strength is usually considered to be related to the final
compressive strength. Most codes of practice (ACT 1987; CEB 1990; MOPT
1991) recommend for this relation the expression f& = Ay (f2)%3, where
A, is a constant. If this relationship holds for the whole aging process, and
considering Eq. (28), it follows that (Rostassy et al. 1993)

fr(8) = Xf(w) £ = &2 15 (33)

The final elastic modulus is also often considered a function of the final
compressive strength (CEB 1990; MOPT 1991), a usual dependency being
of the form Ey = Ag (f3)'/?, where Ag is a constant. If this dependency
holds for the whole aging process, and considering Eq. (28), we can write

E(k) = Mg(k) B = k% Euo (34)

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

K(k) = Me(k) Koo and G(k) = Ag(K) Go (35)

with the usual expressions Koo = Eoo/3(1 — 2v) and Goo = Eoo/2(1 +v).
The functional dependencies expressed by Eqgs. (33) and (34) need to be
experimentally confirmed. 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 con-
crete ages, ranging from 24 hours to 28 days, in order to study the evolution
of the softening behaviour during hardening. The experimentally found ex-
ponent for the tensile strength varied between 0.46 and 0.88, with an average
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value of 0.70. These results are consistent with the present proposal of a
2/3 exponent.

Figure 2(a) shows the evolution of the strength in terms of the hydration
degree at different curing temperatures (T;.cf, Trey + 20 °C, T,cp + 40 °C).
Note how an increase of the curing temperature leads to a significant de-
crease in the attained final compressive strength. This is important in
massive concrete structures, where most of the concrete hardens in quasi-
adiabatic conditions, with important temperature rises above the placing
temperature. Figure 2(b) shows curves of relative evolution of the normal-
ized compressive strength, tensile strength and elastic modulus in terms of
the aging degree.
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Figure 2: (a) Strength evolution at different temperatures; (b) Relative
mechanical aging.

Tensile and Compressive Fracture Energies

The stored elastic energy per unit volume is proportional to the square of
the stress and inversally proportional to the elastic moduli of the material.
The energies released per unit area when damage or fracture (under tension
or compression) occurs are considered material properties called the tensile
and compressive fracture energies, G}r and G;, respectively. These material
properties increase as the hydration of concrete progresses, and therefore,
they depend on the aging degree:
G}L(kc) = Xir) G}roo and Gy (k) = Ag(k) G (36)
Here, we will assume that the fracture energies are proportional to the
maximum stored elastic energy per unit volume, thus establishing the de-
pendence of the fracture energies on the aging degree as

AT (k)2

A(k) = AfE((%)) = K5/6 (37)
A7 (k)2

X5(k) = /\; ((H)) — x3/2 (38)

These functional dependencies also need to be experimentally 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 exponent.

12



NUMERICAL SIMULATIONS

This Section presents an assessment of the thermo-chemical model described
above. All the problems presented are solved advancing step-by-step in time.
For each time step, the thermal equation, Eq. (18) is solved, together with
the differential equation governing the chemical process, Eq. (16) (Prato
et al. 1997).

Hydration model

This Subsection is devoted to compare available experimental data with
numerical predictions obtained using the thermo-chemical model proposed
above. Therefore, all the tests in this Subsection were conducted in adiabatic
conditions.

Bentz et al. (1998) conducted a series of experimental adiabatic tests
to measure the temperature rise observed during the curing of conventional
and high-performance concretes. We have selected here the results reported
for conventional concretes with w/c = 0.35 and w/c = 0.45, as well as for
high-performance concrete with w/c = 0.45 and silica fume-to-cement mass
ratio s/c = 0.20. The material properties used for the numerical simulation
are listed in Table 1. Note that only the chemical related properties are
necessary. The values used for the final degree of hydration, {, are those
given by Eq. (13).

Figure 3 shows the comparison between the experiments and the results
obtained using the proposed thermo-chemical model. The dots represent the
experimental values; the solid line represents the prediction by the model.
Figures 3(a) and 3(c) show the temperature rise versus time for both con-
ventional concrete mixes, respectively.

The hydration reaction starts quite slowly, because of its very low initial
chemical affinity. However, it accelerates after the first 2-3 hours, the so-
called activation period. Afterwards, the reaction is very fast in adiabatic
conditions, due to its thermo-activated character. Temperature rises rapidly
during the first 12 hours, until the hydration degree reaches a value close to
£set = 0.2, which can be considered the percolation threshold. An inflexion
is evident then in the curves, and the reaction slows down very significantly.

|  Properties | Bentz et al. (I) | Bentz et al. (IT) | Bentz et al. (ITI) |

w/c 0.35 0.45 0.45
s/c 0.0 0.0 0.20

C [J/m3°C] 2.33 x 10° 2.33 x 10° 2.33 x 10°
kr [J/mhs°C] 5400 5400 5400
Tp [°C] 21 21 21
Exs 0.66 0.72 0.72

ke /neo [1/hs) 0.35 x 108 0.28 x 108 0.15 x 108
n 6 5.3 4.0

Ago/ ke 1.0x107° 5.0x 107* 5.0 x 107*
E,/R[°K] 5000 5000 5000

Qe [J/m?] 2.39 x 108 2.02 x 108 1.73 x 10®

Table 1: Material Properties for Hydration Numerical Simulations.
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The process is practically completed after 6 days in figure 3(a) and 5 days
in figure 3(c). Note that the overall behaviour is very well captured, and
that the deviations between the model predictions and the experimental
measurements are minimal.

Figures 3(b) and 3(d) show a graphical representation of the normalised
chemical affinity introduced in Eq. (16). The experimental values have been
obtained from the corresponding temperature versus time measured curves
using the procedure described by Eq. (22). The above described stages
during the hydration process are also quite evident in these two figures.
The maxima in the hydration rate correspond to the inflexion point in the
temperature rise.

Figures 3(e) and 3(f) show results corresponding to the high performance
concrete with silica fume addition. Note that the proposed model is also
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able to match adequately the experimental behaviour of this type of concrete
mixes. This means that the pozzolanic reaction between calcium hydroxide
(CH) and silica fume (5) does not differ too much from the other chemi-
cal reactions that take place during the hydration of conventional Portland
cement concretes. This is a fortunate and useful verification of the possi-
bilities 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 experimental evidence shows that concretes made with
blast furnace slag cement exhibit a different heat production rate than that
of conventional Portland cement (de Schutter and Taerwe 1995). These

specific features are not contemplated in the present model.

Aging model

This Subsection is devoted to compare available experimental data with
numerical predictions obtained using the aging model proposed above. The
experimental sets selected focus on the influence of the curing temperature
in the evolution of the compressive strength. Therefore, all the tests in this
Subsection were conducted in isothermal conditions.

Kjellsen’s Tests

The first set consists of tests conducted by Kjellsen (1990), and also reported
in Kjellsen and Detwiler (1993). They refer to w/c = 0.5 mortar, the
cement used being ASTM Type I/IIL. The material properties used for the
numerical simulation are listed in Table 2. Note that only the chemical and
aging related properties are necessary. The value used for the final degree
of hydration, £u, is estimated using Eq. (13).

ﬁ Properties l Kjellsen l Carino lWild et alJ

w/c 0.5 0.43 0.5
C [J/m3°C] | 2.07 x 10° | 2.07 x 10° | 2.07 x g
kr [J/mhs°C] 5400 5400 5400
Ty [°C) 21 21 21
Eso 0.75 0.71 0.75
ke/neo [1/hs] | 0.32x 10° | 0.3 x 108 | 0.2x10°
7 6.5 6 6
Ago/ke 1.0x 1075 | L.0x 107 [ 1.0 x 107*
E,/R[°K] 5000 5000 3000
Qe [J/m?] 1.25 x 108 | 1.25 x 108 | 1.25 x 10®
Eset 0.2 0.2 0.2
Ay 0.47 1.98 0.87
By 0.66 0.43 0.15
f% [MPa] 58 59 88.0
Tr [°C) 100 100 100
Tres [°C] 20 23 20
nr 0.4 0.4 0.25
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Table 2: Material Properties for Aging Numerical Simulations.
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Figure 4: Strength evolution for Kjellsen’s Tests.

Figure 4 shows the compressive strength versus time curves obtained for
the curing temperatures Ty = 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 neglecting the influence
of the temperature in the evolution of the aging function, that is, taking
Ar =1 in Eq. (29).

The effect of the curing temperature is twofold: (a) the thermoactivated
character of the hydration reaction is well evident in these plots, as the
process of hardening is accelerated by the increase in curing temperature;
and (b) 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 the activation phase being shortened as the curing temperaure
is increased. The second effect makes, for instance, that mortar cured at
50 °C shows a loss of attainable strength of 23 %, compared to the one
cured at 12.5 °C. Therefore, the necessity of accounting for the effect of the
temperature in a realistic chemo-aging model is demonstrated, particularly
for higher curing temperatures.

The overall agreement between experimental and numerical results is
very good. Both significant effects of the curing temperature in the evolu-
tion of the strength are well captured with the present model. Note that
the proposed model allows for remarkably good predictions for curing tem-
peratures below and above the reference temperature, T, .
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Figure 5: Strength evolution for Carino’s Tests.

Carino’s Tests

The second set consists of tests conducted by Carino (1981), and also re-
ported in Kjellsen and Detwiler (1993). They refer to w/c = 0.43 mortar,
the cement used being ASTM Type . The material properties used for the
numerical simulation are listed in Table 2.

Figure 5 shows the compressive strength versus time curves obtained for
the curing temperatures Tp = 12, 23, 32 and 43 °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 neglecting the influence of
the temperature in the evolution of the aging function. Note that mortar
cured at 43 °C shows a loss of attainable strength of 13 %, compared to the
one cured at 12 °C. The agreement between numerical and experimental
results is very good for all the cases considered, both for curing temperatures
below and above the reference temperature, Ty.f.

Wild et al. Tests

The third set consists of tests conducted by Wild et al. (1995) to investigate
the factors influencing the strength development of concrete containing silica
fume. The results used here refer to Ordinary Portland Concrete. The mix
was designed according to the US Department of Enviroment specifications
with the aim of producing high strength concrete (70 MPa). The material
properties used for the numerical simulation are listed in Table 2.

Figure 6 shows the compressive strength versus time curves obtained for
the curing temperatures Ty = 20 and 50 °C, respectively. The dots represent
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the experimental values, the solid line is the prediction by the model, and the
dashed line is the result obtained neglecting the influence of the temperature
in the evolution of the aging function. Note that concrete cured at 50 °C
shows a loss of attainable strength of 6 %, compared to the one cured at
20 °C, which is significantly less than the percentage measured for mortars
in Sets I and II. The overall agreement obtained between numerical and
experimental results is good.
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Figure 6: Strength evolution for Wild at al. Tests.

This paper describes a thermo-chemo-mechanical model that accounts for
many of the features observed in the behaviour of concrete at early ages. A
consistent thermodynamic framework is provided for these irreversible pro-
cesses. Expressions 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
thermo-chemical part. A novel aging model is introduced which accounts
for the effect of the curing temperature in the evolution of the relevant me-
chanical properties. The aging degree is introduced as an internal variable,
different from the commonly used hydration degree or maturity concepts.
The model is well suited for its implementation in a finite element devised for
thermal analysis. The capabilities and potentiality of the model are shown
by performing numerical simulations of adiabatic and isothermal tests in
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;s, By
Axa AxO
Ag, Aéo
Ag

C

D, Dchem
E, Ey
E,
e
Sset

5

Gy

H

kT

K,G

L

nr

R

Re:z:t

Q

Qoo

QX, Q£
Q

S

s/c

T, T,
T3, 72

E, éfet
§o0s €0

= Material properties for aging evolution;

= Chemical affinity, Initial chemical affinity (ref. to x);

= Chemical affinity, Initial chemical affinity (ref. to &);

= Normalized chemical affinity;

= Heat capacity per unit volume;

= Dissipation, Chemical dissipation;

= Elastic modulus, Final elastic modulus;

= Activation energy;

= Tensile/compressive strength, Final values;

= Compressive strength at setting;

= Elastic limit in uniaxial tests (tension/compression);

= Tensile/compressive fracture energy;

= Chemical contribution to the free energy;

= Thermal conductivity;

= Bulk and shear moduli;

= Thermo-mechanical contribution to the free energy;

= Exponent for strength evolution;

= Contant for ideal gases;

= External volume heat sources;

= Hydration heat per unit volume;

= Final ammount of liberated heat (in ideal conditions);

= Hydration heat per unit of hydration extent, degree;

= Heat flux;

= Entropy;

= Silica fume/cement mass ratio;

= Temperature, Initial temperature;

= Final reached temperature in an adiabatic test,
idem in ideal conditions;

= Reference temperature for maturity calculation;

= Reference temperature;

= Maximum temperature for strength evolution;

= Thermal contribution to the free energy;

= Water/cement mass ratio;

= Hydration extent;

= Final hydration extent, idem in ideal conditions;

= Viscosity, Reference viscosity (ref. to x);

= Viscosity, Reference viscosity (ref. to §);

= Exponent for viscosity;

= Aging degree;

= Elastic modulus aging function;

= Tensile/compressive strength aging function;

= Tensile/compressive fracture energy aging functions;

= Maturity;

= Poisson’s ratio;

= Free energy;

= Hydration degree, Hydration degree at setting;

= Final hydration degree, idem in ideal conditions;
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