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Abstract. Heat production induced by the hydration reaction and the resulting temperature evolution in
the early phases of setting and hardening processes are critical phenomena, often leading to premature
cracking of concrete members. However, the interest for simulating such phenomena is also related to the
fundamental relationships between the nature of the main concrete components, such as aggregates and
binders, and its mechanical properties. As a matter of principle, the actual efficiency of the concrete mix
can be assessed by monitoring the hydration process and the latter can be directly related to the devel-
opment of the relevant mechanical properties. This paper presents a numerical model for simulating the
hydration process of cement and the resulting time evolution of temperature inside concrete. In general,
boundary conditions ranging between isothermal and adiabatic situations can be considered. Then, the
heat-flow generated throughout the hardening concrete specimen as a result of these general boundary
conditions can be simulated by the proposed model with the aim to analyze its effect on the cement hy-
dration process and the resulting concrete maturity. After the analytical formulation of the hydration and
heat transfer problems, a consistent numerical solution based on the Finite Difference (FD) technique
is developed. Then, the same constitutive relationships are considered within a general Finite Element
(FE) procedure. The numerical results obtained through FD and FE solutions are compared with the
experimental results obtained from two concrete mixes in both adiabatic and non-adiabatic conditions.
The comparison between the two numerical predictions and the corresponding experimental results con-
firms the accuracy of the proposed model. The FD numerical solution can be easily implemented in a
spreadsheet.
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1 INTRODUCTION

As a matter of principle, the mechanical behavior of concrete can be predicted by modeling
in detail the complex phenomena arising from the hydration reaction which develops during the
setting and hardening phases and results in the heat flow often responsible of premature cracking
(van Breugel, 1991). Particularly, the behavior of concretes elaborated with partial replacement
of recycled aggregates (Caggiano et al., 2011) and alternative binders can be better understood
through such models (Aitcin, 2007). By doing so, it will be possible to take into account the
thermal boundary conditions as they occur during the chemical cementitious reaction process
(Koenders, 1997). From this, the models offer a way to consider the relationship of such thermal
mechanisms with the development of the associated materials properties such as compressive
strength and elastic modulus (Lokhorst, 1999).

A fundamental approach that can be employed to analyze the early age behavior of concretes
with (partial) replacements of binders or aggregates would be to go back to the basic analytical
formulations for temperature development and hydration, and use this as input for the evaluation
of the (prevailing) formulae for the development of the material properties (De Schutter and
Taerwe, 1996). This approach gives an enormous insight into the dependency of the material
properties towards the basic parameters that control the progress of the hydration process. In
this way, the direct relation between the degree of hydration and the outcome of the formulae for
the development of the material properties can be envisioned systematically (Lokhorst, 1999).

Temperature increments, in hardening concrete elements associated with the development of
the material properties, are the result of the exothermal chemical reaction between water and the
cementitious binder. The relevance of simulating the temperature field of hardening concrete
has been known for many decades (van Breugel, 1991). Incremental thermo-mechanical model
aimed at investigating the heat production and hardening processes from hydration phenomena
are recently proposed in literature. Relevant contributions can be found in (Cervera et al., 2002;
Hattel and Thorborg, 2003; Ortiz et al., 2005; Faria et al., 2006).

This paper deals with a theoretical formulation aimed at investigating the physical/chemical
problem for the hydration phenomena of early age concrete. The basic analytical formulae
for temperature development and hydration are outlined in section 2. The governing Partial
Differential Equation (PDE) outlined in the same section is solved numerically through the
Finite Difference (FD) approach. Formulae that characterize the development of the material
properties, such as the compressive strength and the elastic modulus, are also reported in the
same section and can be used to assess the mechanical performance of concrete at different
ages.

A numerical solution based on the Finite Element (FE) technique is developed in section 3.
The basic equations studying the heat of hydration during the hardening process and the itera-
tive integration scheme are reported therein. The results derived from the theoretical solutions
and both numerical solutions (FD and FE, respectively) are validated against measurements
achieved from experimental tests as proposed in section 4.

2 THEORETICAL FORMULATION

This section describes the main physical phenomena that occur during the concrete setting
and hardening processes and outlines the key theoretical assumptions used to simulate the ef-
fects of concrete curing.

The main aspects are related to the liberation of heat due to the exothermic nature of the
cement hydration reaction. The heat-flow, generated throughout the hardening concrete spec-
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imen as a result of non-adiabatic boundary conditions, is analyzed to simulate the effect of
variable temperature on the cement hydration process and the resulting concrete maturity. The
relationships between the hydration process and the progressive development of the relevant
mechanical properties of concrete are documented in this section.

2.1 Models for cement hydration

Modeling the hydration process of cementitious materials can be done in different ways
(Jennings and Bullard, 2011). Plenty of theoretical proposals mainly concern the way in which
the kinetics is addressed and the scale level at which the hydration processes are schematized
(Dolado and van Breugel, 2011). Analytical models generally include the kinetics as a rate
factor that changes throughout the progress of the hydration process, following a predefined
mathematical function (Dabic et al., 2000; van Breugel, 1991).

Other more advanced computer-based models deal with describing the hydration process
at a much higher level of detail, i.e. often at the micro-scale level. Even more details can be
added when including richer reaction information, obtained from more accurate nano-scale level
(Bullard et al., 2011). In general these classes of models use an integrated kinetics approach
where the models describe the formation of interparticle contacts and their explicitly effect on
the reaction rate (Bentz et al., 1993). This approach, in general, explicitly simulates the cement
chemistry, the particle size distribution, the water to cement ratio and the temperature. With
these models, the degree of hydration, representing the amount of cement that has actually
reacted with water, can be quantified.
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Figure 1: Impression of three advanced hydration models that operate at the micro-scale level: (a) Hymostruc (van
Breugel, 1991), (b) CEMHYD3D by Bentz et al. (1993) and (c) µic by Bischnoi (2008).

However, as it can be observed from the 3D schematizations presented in Fig. 1, modeling
but also measuring the degree of hydration experimentally is a complex and very demanding
exercise. In the proposed model the degree of hydration is calculated from the actual amount
of heat relative to the total amount of heat that liberates after full hydration of all the cement in
the system. However, in general, instead of the liberated heat, the adiabatic temperature curve
is used to characterize the hydration process. The actual state of hydration in the system is then
characterized by the quotient of the actual temperature and the maximum adiabatic temperature,
and this multiplied by the maximum degree of hydration that will potentially be reached after
hydration has ceased. This makes it possible to use the adiabatic temperature curve as model
input and to avoid complicated chemically-based hydration tests.
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2.2 Adiabatic curing of concrete and degree of hydration

The chemical reactions, which take place during concrete setting and hardening, are mainly
driven by the hydration process of cement grains within the concrete mix. The hydration reac-
tion of cement is exothermic in nature and results in a significant production of heat inside the
hardening concrete. The actual status of the cement reaction can be described by introducing
the so-called degree of hydration αh (t) which is defined as the ratio between the amount of hy-
drated cement at the time t and the total amount of cement within the mix (van Breugel, 1991;
Ulm and Coussy, 1995).

Since the amount of hydrated cement at time t is proportional to the total amount of heat
Q (t) produced at the same time, the degree of hydration can be analytically defined as follows
(De Schutter and Taerwe, 1995)

αh (t) =
Q (t)

Qmax

, (1)

where Qmax is the amount of heat liberated at the end of the hydration process.
The heat produced by the hydration reaction is significantly influenced by the temperature

which depends on the sample dimensions, boundary conditions and, therefore, is also controlled
by the produced heat itself. Particularly, a simple analytical relationship can be written between
the degree of hydration αh and the corresponding variation of the adiabatic temperature incre-
ment ∆Ta (t), in the ideal case of adiabatic conditions

∆Ta (t) =
CQmax

ρccc
αh (t) (2)

where C is the cement content per unit volume, ρc the specific mass of concrete and cc the
specific heat of concrete.

Thus, the current temperature Ta (t) developed within the hardening concrete can be ex-
pressed by introducing in Eq. (2) the definition of αh reported in Eq. (1)

Ta (t) = TR + ∆Ta (t) = TR +
C

ρccc
Qa (t) (3)

where Qa is the amount of heat liberated in adiabatic condition, TR the room temperature and
then, in such conditions the degree of hydration (consistently denoted as αa,h) can also be
expressed in terms of temperature increase

αa,h (t) =
Qa (t)

Qmax

=
∆Ta (t)

∆Ta,max

αh,max (4)

where αh,max is the degree of hydration theoretically achieved at the end of the hydration process
(namely, in the limit for t→∞).

Based on the experimental results on hardening concrete samples in adiabatic conditions,
van Breugel (1991) proposed two possible analytical expressions to approximate the observed
time evolution of heat Qa (t)

Qa (t) = Q∗max

(
1− e−rt

)
(5)

Qa (t) = Q∗maxe
−( τt )

β

(6)

where Q∗max is the total heat produced by the hydration reaction in adiabatic conditions; r, τ
and β control the shape of the functions introduced to describe the heat evolution in the time
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t. Further details about the above mentioned parameters can be found in Pepe et al. (2012) and
Martinelli et al. (2012).

As a matter of principle, the following relationship can be stated between Q∗max and Qmax

Q∗max = Qmax

[
lim
t→∞

αh (t)
]

= Qmaxαh,max. (7)

For the sake of simplicity, the following developments presented in this paper will be based
upon the assumption of the relationship reported in Eq. (5).

2.3 Heat production and flow in concrete during setting and hardening

Since concrete is generally cured under non-adiabatic conditions, heat-flow occurs through-
out the concrete body during setting and hardening and results in a transient temperature field.

 Room
Temperature

TR

Room 
Temperature 

TR

Hardening 
Concrete 

Insulating layer Insulating layer

x

tp L tp 

Figure 2: Geometrical description of the 1D problem.

As a matter of principle, the non-stationary heat conduction problem, characterizing the
thermal behavior of concrete during setting and hardening, can be described by the well-known
Fourier equation (Narasimhan, 1999). In the case of the 1D geometry considered in the present
study (Fig. 2), such a PDE takes the following analytical expression

ρccc
∂T

∂t
= λc

∂2T

∂x2
+ qc(x, t) (8)

where λc is the heat conduction coefficient, T is the temperature field in concrete, t the time and

qc (x, t) = C
dQc

dt
(9)

is the rate of heat source where Qc is the function describing the heat produced by the hydration
reaction of cement in general (non-adiabatic) conditions.

As already mentioned in section 2.2, heat source qc is significantly affected by the actual
values of temperature developed inside the concrete sample. Then, since temperature itself
depends on the produced heat, a clear feedback effect can be recognized between qc and T .
The effect of absolute temperature T on the rate V (T ) of chemical reaction can be generally
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expressed through the well-known Arrhenius equation which can be analytically described by
the following relationship (Acker, 1988)

V (T ) = AV e
−EA
RT (10)

where AV is a reference rate value, EA is the activation energy (usually expressed in J/mol)
and R is the universal gas constant (R ≈ 8.3145 J/molK). In principle, the values of AV and
EA can be determined by measuring the rate V under two different temperature values. How-
ever, the following applications will be based on assuming EA = 33000 J/mol for hardening
concrete, according to experimental results currently available in the scientific literature (van
Breugel, 2004; Kada-Benameur et al., 2000; D’Aloia and Chanvillard, 2002).

The Arrhenius equation (10) is useful to express the relationship between the actual rate of
flow qc(T ) and the corresponding qa(Ta) which should have been measured under adiabatic
conditions at the same stage of the hydration reaction. Thus, if the semi-adiabatic process has
achieved the degree of hydration αh(t) at the time t, an equivalent time teq can be defined to
identify the corresponding status of the hydration reaction under adiabatic conditions

Qa (teq) = αh (t)Qmax (11)

The actual analytical expression of teq depends on the analytical form chosen for describing
the functionQa(teq). For instance the following two expressions correspond to the two functions
reported in Eqs. (5) and (6), respectively

(
1− e−rteq

)
=
αh (t)

αh,max

=⇒ teq = −1

r
ln

[
1− αh (t)

αh,max

]
(12)

and

e
−
(
τ
teq

)β
=
αh (t)

αh,max

=⇒ teq = − τ{
ln
[
αh(t)
αh,max

]} 1
β

(13)

Although, in principle, the amount of heat Qc(T ) produced by the general hydration process
is equal to that correspondingly generated in the ideal process up to the time teq, the two tem-
peratures T and Ta developed in the two systems at time t and teq are not equal, as a result of
the heat transfer phenomena taking place in the former. Having pointed out this aspect, a clear
relationship can be stated through Eq. (10) between the rate of the heat source in the two above
mentioned conditions

qc [T (t)]

qa [Ta (teq)]
=

e−
EA
RT (t)

e
− EA
RTa(teq)

= e
−EA

R

Ta(teq)−T (t)

Ta(teq)T (t) . (14)

As clearly demonstrated in De Schutter and Taerwe (1996), the above approach is more ac-
curate for concrete whose binder is mainly made of Portland Cement (e.g., CEM I and CEM
II according to the European Classification EN-197-1 (2011)), as a unique dominant reaction
phase can be recognized in such materials. Under this limitation, the following analytical ex-
pression can be determined for the PDE describing the heat flow in hardening concrete

ρccc
∂T

∂t
= λc

∂2T

∂x2
+ qa [Ta (teq)] e

−EA
R

Ta(teq)−T (t)

Ta(teq)T (t()) (15)

A. CAGGIANO, M. PEPE, E.A.B. KOENDERS, E. MARTINELLI, G.J. ETSE1898

Copyright © 2012 Asociación Argentina de Mecánica Computacional http://www.amcaonline.org.ar



where the flow source in adiabatic conditions can be determined as follows

qa [Ta (teq)] = C
dQa

dt

∣∣∣∣
t=teq

. (16)

Equation (15) can be solved numerically. However, initial and boundary conditions are also
needed for its space-time integration.

Initial Dirichlet conditions are rather simple, as room temperature TR has to be imposed to
all the space domain at t = 0

T (x, t = 0) = TR. (17)

Boundary conditions at the two external sides can be directly imposed if the time evolutions
Tleft(t) and Tright(t) of temperature, measured there during the hydration process, are actually
available

T (x = −L/2, t) = Tleft (t)
T (x = L/2, t) = Tright (t)

(18)

More often an insulating layer bounds the two external faces of the concrete specimen. If tp
is the thickness of such a layer, and λp is its heat conduction coefficient, the boundary conditions
can be derived by expressing the continuity of the heat flow throughout the insulation-concrete
interfaces

qleft (t) = λp
Tleft(t)− TR

tp
= λc

∂T

∂x

∣∣∣∣
x=−L/2

, (19)

qright (t) = λp
Tright(t)− TR

tp
= −λc

∂T

∂x

∣∣∣∣
x=L/2

. (20)

Thus, equation (15), initial conditions (17) and boundary ones (19) and (20), completely
describes the 1D heat-flow occurring within hardening concrete described in Figure 2.

3 FE MODELING OF HYDRATION AND HEAT TRANSFER IN HARDENING CON-
CRETE

The calculation of temperature and stress distributions of concrete mass during its hardening
stage is of key importance in terms of crack control and durability performance of a considered
concrete structure.

The analyses of heat of hydration, during the hardening process of concrete in a general 3D
space, is proposed in this section. The thermal behavior is carried out by using a 3D finite ele-
ment approach. The theoretical model presented in section 2 is accounted into the commercial
FE code Midas/FEA (Midas-IT-User-Manual, 2010) with the aim to investigate the hydration
and heat transfer of the considered concrete samples.

3.1 Basic equations

As proposed in section 2.3, the non-stationary heat conduction problem in a general three-
dimensional space, can be described by the following Fourier equation

ρccc
∂T

∂t
−∇ · (k ∇ (T )) = qc(T ) (21)

being k the thermal conductivity, while ∇· and ∇ represent the divergence and the gradient
operators, respectively (herein∇2[] = ∇ · ∇[] is the Laplace operator).
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The temperature field T is discretized in the Finite Element (FE) domain assuming the fol-
lowing interpolation strategy

T =N · T̂ → ∇T =∇N · T̂ (22)

where N = [h1, h2, ..., hn]t is the vector collecting the shape functions, while T̂ = [T̂1, T̂2, ..., T̂n]t

the nodal temperatures of the iso-parametric FE having n nodes. The first derivative with respect
to time t of Eq. (22) can be expressed as follows

dT

dt
=N · dT̂

dt
= N · ˙̂T (23)

The following equilibrium equation in the FE domain is used to analyze the heat transfer
problem:

Ce · ˙̂T + Ke · T̂ = Fe
Q + Fe

q (24)

being

Ce =
∫
Ω

NtρcccN dΩ Capacity operator

Ke =
∫
Ω

∇Ntk∇N dΩ Conductivity operator

Fe
Q =

∫
Ω

NtQv dΩ Heat load due to heat source

Fe
q =

∫
Γn

Ntqn dΓn Heat load due to heat flow

where Qv is the rate of heat source and qn the heat flow, while the boundary surface of the
considered FE is denoted by Γn (in which the natural or Neumann conditions are imposed)
having a volume Ω.

By using the classical assembling procedures for the FE analyses in structural problems, the
following set of equations can be obtained

C · Ṫ + K ·T = FQ + Fq (25)

being C and K global constitutive matrices while FQ and Fq the assembled global vectors. T
is the vector of the nodal temperatures on the global reference system.

3.2 Integration method

In this section the well-known alpha-method is outlined as numerical approach for integrat-
ing stage-by-stage the evolution in time of Eq. (25). The following assumption is introduced in
the time domain:

αṪt+∆t + (1− α)Ṫt =
Tt+∆t −Tt

∆t
(26)

Then, the following relationship can be achieved by evaluating and joining the equilibrium
equation (26), at time t and t+ ∆t,

C ·
(
αṪt+∆t + (1− α)Ṫt

)
+ K · (αTt+∆t + (1− α)Tt) = αRt+∆t + (1− α)Rt (27)

being R = Fq.
Then, by introducing Eq. (26) into Eq. (27), the following equilibrium equation as a function

of nodal temperatures can be obtained

(C + α∆tK) ·Tt+∆t = (C− (1− α)∆tK) ·Tt + ∆t (αRt+∆t + (1− α)Rt) (28)
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in compact form
K̄ ·Tt+∆t = R̄ (29)

being

K̄ = C + α∆tK
R̄ = (C− (1− α)∆tK) ·Tt + ∆t (αRt+∆t + (1− α)Rt)

The value of the variable α adopted in this papers is α = 1 dealing with a Backward-Euler
method characterized by unconditional convergence.

4 APPLICATIONS AND COMPARISONS

In this section several numerical analyses are performed with the aim to validate the numeri-
cal proposals against the hydration process and the heat transfer behavior of early age concretes
tested in both adiabatic and non-adiabatic conditions.

4.1 Experimental benchmark

The model presented in section 2 needs to be validated in its capability for simulating the
hydration process under both adiabatic and non-adiabatic conditions. The hydration process of
four concrete mixtures, characterized by a water-cement ratio w/c = 0.4 was observed at the
Delft University of Technology (The Netherlands) and reported in Koenders (2005). However,
since the model for hydration heat mentioned in subsection 2.3 can be exclusively applied to
Portland Cement based concretes, only the specimens denoted as “Mixture 3” and “Mixture 4”
are considered in the present study. Particularly, Mixture 3 is made of 450 kg/m3 of CEM I 32.5
and the addition of 5% of silica-fume, whereas only 450 kg/m3 of CEM II/A was employed in
Mixture 4.

  

a) Adiabatic conditions    b) Non-adiabatic conditions 

  

Figure 3: Experimental equipments by Koenders (2005).

The adiabatic hydration curve is measured from a freshly cast concrete cube for which the
thermal boundary conditions are controlled in such a way that heat liberation to the surrounding
is prevented. This means that all heat that is generated inside the concrete cube will be used in
favor of the rate of the chemical reaction process. It is a method to calculate the maximum heat
generated by the concrete. The test set-up to determine the adiabatic hydration curve consists
of an insulated mold of which the thermal boundary conditions are controlled by computer and
a cryostat unit (Fig. 3a).
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Figure 4: Experimental results: time evolution of temperature by Koenders (2005).

To measure the semi-adiabatic temperature evolution a dummy setup is used (Fig. 3b), which
is part of the Thermal Stress Testing Machine (TSTM). This setup is generally used to measure
the temperature development and free deformations of hardening concrete. The temperature
evolution is measured in the centre of the specimen, at half the specimen height; the thickness
of the specimen is 100 mm, the width 150 mm and the length 750 mm, as shown in Fig.
3b. The mold is thermally insulated which leads to the increased temperature evolution during
hardening (semi-adiabatic).

Figure 4 describes the time evolution of temperatures measured in the specimens made of
the Mixtures 3 and 4 in the conditions described above. As expected, monotonic behavior
was observed for both mixtures in adiabatic conditions, whereas significantly lower maximum
temperatures develop in semi-adiabatic conditions as a results of the heat flow.
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Figure 5: Comparison between the experimental data by Koenders (2005) and the theoretical results of the time
evolution of Temperature (adiabatic heat production according to Eq. (5)): Mixture 3.
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Figure 6: Comparison between the experimental data by Koenders (2005) and the theoretical results of the time
evolution of Temperature (adiabatic heat production according to Eq. (5)): Mixture 4.

4.2 One-dimensional Hydration prediction

This subsection deals with the numerical results obtained through the 1D analytical formu-
lation of the hydration and heat transfer problem given in subsection 2.3 and solved by means
the application of a (FD) technique. Particularly the one-dimensional scheme proposed in Fig.
2 is here considered.

Figures 5 and 6 give both the adiabatic and non-adiabatic temperature histories obtained for
the Portland Cement based concretes using the test equipment outlined in section 4.1. Assuming
a specific heat, multiplied by the specific mass of concrete, ρccc = 2500 kJ/m3K, the temper-
ature curves can be simulated by means of the hydration model outlined in section 2 with the
1D assumption proposed in subsection 2.3.

The thermal parameters employed in the numerical evaluations are: the heat conduction
coefficient of concrete λc = 2.5 W/mK, the activation energy of the Arrhenius function EA =
33000 J/mol, the universal gas constant R = 8.31 J/molK and the room temperature TR =
295 K. On the other hand, the parameters calibrated for the two concrete, above mentioned, are
listed as follows:

• CEM I 32.5: αh,max = 0.78, Qmax = 350 kJ/kg and r = 0.000030 s−1.

• CEM II/A: αh,max = 0.75, Qmax = 300 kJ/kg and r = 0.000035 s−1.

The numerical predictions, in terms of Temperature vs. Time proposed in Figs. 5 and 6
and compared against experimental results, demonstrate a very good agreement. Actually, the
proposed model is able to realistically reproduce the hydration process and the resulting tem-
perature evolution in the early phases of setting and hardening of the considered concretes.

4.3 Three-dimensional FEM hydration analyses

This section describes the 3D FE simulation of the experimental tests reported by Koenders
(2005) and already employed in subsection 4.2. The results in terms of temperature evolution
in both adiabatic and non adiabatic test conditions at early ages is here reported.

Figure 7 shows the 3D geometry and the corresponding structural FE discretization employed
in the present analysis by using regular hexahedral elements (with quadratic shape functions).
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Figure 7: Geometry and boundary conditions of the FEM problem according to Koenders (2005) tests.

The front nodes and the opposites one of Fig. 7, where both convection conditions and constant
temperatures are not specified, are analyzed under the adiabatic condition without any heat
transfer. The simulation of a 150×100×150mm3 (base× height× length) concrete specimen,
ideally extracted from the tested beams according to Koenders (2005) tests, is performed in this
section. The same thermal parameters outlined in subsection 4.2 are considered.

Figs. 8 and 9 report the comparison between the temperature evolutions predicted by the
FE modeling against the ones measured during the experimental tests, for the two different
concretes. The calculated temperatures after different curing times can be shown in Figs. 10
and 11. Iso-thermal maps is generated by means of a contour plot from values defined at each
considered time.

The overall agreement of the aging model predictions with the test results is fairly good
and confirm the capability of the theoretical proposal for analyzing hydration and heat transfer
problems.

5 CONCLUDING REMARKS

A model aimed at characterizing the hydration phenomenon of early stage concretes is pro-
posed in this work. It emphasizes the role of hydration degree to describe the evolution of the
hardening process. After the analytical formulation of the hydration and heat transfer problems,
a consistent numerical solution based on the Finite Difference (FD) technique for 1D analyses is
developed. Then, in order to consider structural applications dealing with the thermal problems,
the same constitutive relationships are considered within a general Finite Element (FE) proce-
dure. Numerical comparisons with experimental tests performed for Portland cement based
concretes demonstrate the soundness and capability of the given proposal.

The method presented in this article shows a consistent and fundamental approach to in-
vestigate the physical/chemical problem for the hydration and aging phenomena of concrete
curing.

Further developments are currently ongoing to assess the heat transfer and curing aspect
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Figure 8: Comparison between the experimental data by Koenders (2005) and the FEM based results (adiabatic
heat production according to Eq. (5)): Mixture 3.

Figure 9: Comparison between the experimental data by Koenders (2005) and the FEM based results (adiabatic
heat production according to Eq. (5)): Mixture 4.

of recycled aggregate concretes. Test results in this topic are recently determined within the
framework of the European EnCoRe project www.encore-fp7.unisa.it.
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