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INTRODUCTION

dvances in both technology and the never-ending needs of the modern society has ushered in the construction of

mega-structures which accommodate an enormous space capacity in a single structure such as large footings,

concrete gravity dams, nuclear reactors and powerhouses, large-area concrete slabs [1]. When a vast bulk of fresh
concrete is cast, questions on the effects of the hydration reaction of cement with water which brings about initial stress
conditions in concrete arise. Emission of considerable hydration heat from the exothermic reaction and the relatively
lower conductivity coupled with the large size of the concrete material lead to the manifestation of adiabatic conditions in
a mass concrete [2]. The heat at the core of the mass concrete prompts the need for internal cooling or use of low-heat-
producing materials to be used [3]. Studies contend that plain cement paste cured above 50°C has large pores and
increased permeability which brings about corrosion of the embedded reinforcing steel and inadvertently impair the
durability, integrity of the concrete structure in the long-term [4]. Moreover, it’s derived that temperature at concrete
surfaces are relatively lower than those at the core of the concrete mass due to surface heat loss to external ambient
cooling. This creates a temperature difference which may lead to tensile stresses higher than the tensile strength of
concrete, affecting its durability and serviceability due to cracking [5]. The genesis of high-performance concretes and
their increasing relevance in the built environment has given rise to concerns in traditionally thin structural members with
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respect to early age concrete cracking [6]. Also, of concern to contractors, designers and researchers are the negative
effects on the aesthetics of the structure [7]. To enhance the integrity of mass concrete, various temperature control
measures exist. If administered, they prevent cracking by regulating the initial stresses provoked by the hydration process
of cement in concrete [8]. Various techniques are available in the literature to constrain the thermal gradient in concrete,
such as the precooling methods of an ice-water mixture or liquid nitrogen to lower the temperature of fresh concrete [9]
or concrete mixed with MgO to delay the concrete volume expansion [10], the post cooling methods including but not
limited to, use of cooling pipes embedded in concrete for heat removal [11], surface curing and so on. Curing period and
curing temperature influence both the early and later age strengths [12]. Over the past two decades, relevant experimental
programs and numerical models were developed to predict the early age behaviour of concrete and the effect of cooling
methods on the mechanical behaviour [13—16]. Largely, this paper explores aggregates and pipes cooling methods. For the
latter, the principle is to lay thin pipes in the structure. As concrete casting kick-starts, cold water is pumped into these
pipes to limit the temperature rise inside the concrete during the hydration. During the cooling process, the water gets
warmed up by absorbing the heat from the hydration of concrete. However, use of piped water cooling in mass concrete
can trigger adverse effects as there’s a potential creation of an extreme temperature gradient within the concrete around
the cooling pipes, presenting significant thermal stresses which are enough for cracking to yield [17]. According to [18], in
massive structures, a 6°C lowering of the placing temperature below the average air temperature will result in a 3°C
decrease of the maximum temperature reached by the concrete. These findings surmise that the lower the temperature of
the concrete when it passes from a plastic condition to an elastic state upon hardening, the less will be the tendency
toward cracking. Cognizant of the fact that aggregates occupy the greatest part of a concrete mixture, a change in the
temperature of the aggregates will translate to the greatest change in the temperature of the concrete. It’s proffered that
the amount of cement in lean mass concrete mixtures is relatively small; cooling under a control program is inutile. A
plethora of methods for aggregate cooling exist ranging from cold weather aggregate processing to chilled water spraying.
However, depending on the context, the use of other methods could achieve better results when dealing with the insanely
high temperature in mass concrete. Costs have to be factored in as well, for methods such as pipes cooling surge the
construction costs. It then would be of great service to use surface insulation in place of pipes cooling for it is cheaper and
easy to implement, unfortunately it slows down the construction process as temperatures will be stabilizing. Although
many attempts have been made to model the influence of early age state on the mechanical behaviour of concrete, the
effect of aggregate and the pipe cooling systems on concrete behaviour at early age was rarely investigated at a mesoscopic
scale. A full desctiption of aggregate/pipe based cooling systems needs a mesoscale approach where concrete constituents
are explicitly represented. The meso-scale permits an explicit representation of the concrete constituents where concrete is
considered as a biphasic material. The mortar and the aggregate phases are described by their own characteristic behavior.
Herein, a mesoscale investigation of the initial stress conditions of a concrete undergoing eatly age hydration is
undertaken and the subsequent consequences of these initial stresses on the mechanical behaviour of concrete atre
analyzed. A study on the mass concrete hydration temperature control systems is as well undertaken with the resultant
impact on the mechanical behaviour of concrete. These studies are conducted by means of 2D mesoscopic chemo-
thermo-mechanical model implemented in the free FE software Cast3M. Developed by the French Atomic Energy
Commission (CEA), Cast3M is a software based on the finite element method for the mechanical and heat transfer
analysis of linear and non-linear problems in structures and fluids.

Static-monotonic and cyclic loadings are considered to study the mechanical analysis of the consequences brought by the
hydration initial state. A damage-plasticity based model is employed to describe the softening behaviour of concrete. The
theory of continuum damage mechanics (CDM) coupled with plasticity is considered as an attractive way to deal with
concrete degradation [19-22]. The concrete is considered as a two-phase material, composed of aggregate and the
concrete paste matrix. All aggregates whose diameter is less than 2.5mm are considered as part of the matrix. For
aggregate cooling investigation, the initial temperature of the aggregates is considered different from that of the matrix
and it is also considered that only the matrix undergoes hydration. A theoretical aggregate geometry is adopted; aggregates
are considered as circular in shape. The Chemo-Thermo-Mechanical model developed is firstly presented. Subsequently,
the results of the numerical investigation are discussed.

CHEMO-THERMO-MECHANICAL MODEL

he hydration of cement paste is a thermo-activated process. This process may be expressed with an Arrhenius type
law. The evolution of hydration is achieved by the use of a chemical affinity [23]:
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where E, is the activation energy [ J.mol _]],R is the ideal gas constant, T is the temperature [K], & is the hydration

degree and A(&) is the chemical affinity [S B } given by

AE) = a+bE+cE2 +dE + et 4 1+ 40 ©)

where a, b, ¢, d, e, f and g are constant material parameters which could be identified from a semi-adiabatic test. The
energy balance equation, which includes the heat release due to hydration reaction is solved to obtain the temperature
evolution [24]:

CT=VVT)+ L& 3)

In which L is the latent hydration heat [ ]m_ﬂ ,k is the thermal conductivity [Wm_1K_l] and C is the volumetric heat
capacity [ ]77773K71:| , which is assumed constant. The boundary conditions are assumed to be of convective type. The

convective heat flux ¢[Wm72] reads:

¢ =h(T; ) ®

where 4 is the exchange coefficient including convection (after linearization) [Wm_zK _1], T.is the temperature on the

surface [K] and T

ext

is the ambient temperature [K] [24].

The thermal strain is related to the temperature variation, due to the release of heat by hydration, and the coefficient of
thermal expansion & (considered as constant):

&, =all (5)

As concrete hardens, autogenous shrinkage develops. The autogenous shrinkage is related to the evolution of hydration.
Experimental results show that autogenous shrinkage evolution is linear with respect to the hydration degree. The
autogenous shrinkage &, could be described by [23] :

Eay =—kE] for £>&, ©)

The evolution of the mechanical parameters (Young's modulus, Poisson's ratio, tensile strength ...) with respect to
hydration process will be discussed after presenting the mechanical damage model.

DAMAGE PLASTICITY MODEL FOR THE NON-LINEAR BEHAVIOUR OF CONCRETE

developed by [19]. The effective stress in the damaged material is related to the macroscopic stress. The

T he non-linear mechanical behaviour of concrete is described by a damage model. The model used has been
relationship between stress and strain tensors is given by:
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where CZZ;””‘@’} is the stiffness of the damaged matetial. The effective stress & is given by :

~ 0 damaged . —1
i =C it Cijs kb ©

C;M is the initial stiffness tensor. For the isotropic version of the model (where damage is described by a scalar

parameter), the relation between total stress 0, and effective stress G, is given by the expression below [25]:
o.=(1-d)o, )

where 4 is the damage variable. Physically, the variable 4 is defined as the ratio between micro crack surface and that of
the total section material. The evolution law of the scalar damage variable is given through the normality rule using the
following loading function:

f=E=E40-¢ (10)

whete &, is the damage threshold. ¢ is a hatrdening/softening vatiable. After integration, the evolution law is written as
[19]:

&
d =1~ exp(B(s 5, - ) (11)

&

B is a parameter which commands the slope of the softening curve defined by the exponential expression. In its original
version, the model couples damage and plasticity. In the present work, plasticity is not considered.

CRACK OPENING ESTIMATION

uniformly across the width of the localized failure band. The strain-softening behavior leads to ill-posedness of the

boundary value problem and spurious mesh sensitivity in finite element computations. To capture the non locality
during the cracking process, various regularisation methods have been proposed to deal with mesh sensitivity, including
non-local or gradient continua, Cosserat continua etc. [26]. When dealing with Diffuse Interface Modeling approaches,
Pascuzzo et al [27] show that the use of zero-thickness interface elements, whose strength and toughness properties are
spatially randomized, presents a reliable numerical tool to avoid the well-known mesh dependency issues. Another simple
remedy for the spurious mesh sensitivity caused by the strain softening is to adopt the crack band model based on the
fracture energy regularization [28]. Indeed, the crack band model, in which the crack is smeared over the finite element of
a width equal to the crack band width, has been successfully used to deal with concrete fracture process. In this
investigation, the practical method to estimate crack opening from a finite element computation based on damage and/or
plastic models developed by Matallah et al [25] is used. This method, based on the fracture energy regularization, is
proposed in the Finite Element code Cast3M (OUVFISS Procedure). The basic idea is that if the finite element size is
modified, then the material parameters that control the damage-cracking strain must be adjusted in such a way that the
energy dissipated by large and small elements per unit length and width of the crack band would be identical. This method
is applicable to all continuous damage-plasticity based models. The softening behaviour is governed by the fracture energy

I ! EM-based continuous approaches are based on an indirect representation of cracking by inelastic strains smeared

parameter. Under tensile loading G, is given by:
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o0 0 2
G, =h[ EQ-d)ede = h[ B exp(B(e - & eds = b(% + %} (12)
0 0 &

After the finite element computation using the nonlinear damage/plasticity model, the stress tensor is calculated by Eq.
(13):

e -0
05 =Ciirirl (13)

The total deformation in the concrete & is decomposed into two parts, namely :(i) an elastic part é’;‘; and (ii) a cracking

part represented by the unitary crack opening deformation tensor (Unitary Crack Opening) S;CO

£, =gl +&m 14
By multiplying Eq. (14) by the undamaged elastic stiffness tensor C;,d , we obtain:

o} = Cé%/%/ = Cé’-/@zgia,/ +C 2‘&/‘927 =0+ ‘72” (15)
So, the tensor of the crack opening strain is given by:

uco _ -0 =1 _in
e =(Chpy) 0 (16)

The inelastic stress tensor is therefore given by:
mn

e 5
(Ty- —O'y-—o? 17

Eq.(16) gives the Unitary Crack Opening strain tensor. The normal crack opening displacement value is given by:
O, =moOn, =mhe; n, (18)
7 : the unit vector normal to the crack, &, : the normal displacement of the crack opening. The method has been validated

under different arbitrary loadings and complex boundary conditions [29-31].

EVOLUTION OF THE MECHANICAL PARAMETERS WITH RESPECT TO THE HYDRATION DEGREE

uring the hydration process, the mechanical properties are evolving:
o Young’s Modulus for the Young’s modulus, the following equation is adopted

E(&)= Bl (19)
ith & = = %0 in whic is the mechanical percolation threshold. It is kept constant and equal to 0.1. s the
With eﬁi(g hich h h 1p 1 hreshold. It is kep d equal to 0.1. Gy is th
© =50/ 4

final hydration degree. Eis the final Young's modulus, £ is a constant equal to O.62.< > 4 refers to the positive part

oper ator.
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o Doisson ratio:
The Poisson ratio is relatively stable for concrete. Neville [32] tecommends a value equal to 0.2 for most conctrete mixes.
However, De Schutter [33] suggests an evolution depending on the hydration degtree as follows

U=O.185in%§+0.56xp(—10§) (20)

o Tensile strength
&)= frool! 1)

where f;is the final tensile strength, y is taken as equal to 0.46.

The evolution of the tensile strain threshold &, is computed from the evolution of ft and E .

£,0(8) = % = %E%ﬁ = gdowgy—ﬂ (22)

o0

o Fracture energy
The fracture energy is represented by the stress-crack opening displacement curve under tension. Using the damage

formulation exposed above, the fracture energy is given by:

i T L Edo £40” , €40

G, =h[ E(l=d)ede =h | E-=exp(B(¢ 5= ¢ )ede = Eh(—"—+-"=) (23)
S 0 0 5 2 B

The term (&, / 2) could be neglected. The length scale which is introduced into the model is the finite element size /.

For the numerical simulation, the damage parameter B is function of 4 of and controls the slope of the strain softening
curve [34]

B=stt 24)
Cr

So, using the evolution equation of f; and G £ we propose the following evolution of B as:

B(&)=Boé! ™% (25)

Jto0

with Boy = h—12
G oo (1-H)

,and ¢ =0.8.

VALIDATION OF THE CTM MODEL

temperature results of a numerical simulation at 3D scale with experimental and numerical results given by Sofi el al
[35]. The development of temperature in massive structures is influenced by various factors such as the initial
temperature (which depends on the cooling process), external conditions, cement type, formwork type, etc. In [35], a
block of concrete was made and cured under laboratory conditions to monitor the temperature development in the
concrete. The concrete block was cured under laboratory conditions with a constant temperature of 20 = 3 C°, RH =
70%. The concrete temperature development was monitored over time using three sensors at different depths. Both

I n this section, we evaluate the reliability of the CTM model presented above. The validation is done by comparing
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numerical and experimental results obtained in [35] are used to validate the CTM model. The concrete block dimensions
and the FE mesh 3D are shown in Fig. 1. The channels are located at different depths of the block concrete in order to
capture the evolution of temperature in the block. Thus, the sensors C1, C2 and C3 were respectively placed at 100 mm,
150 mm and 200 mm. The ambient temperature evolution is presented in Fig. 2. The thermal properties of concrete and
the boundary conditions are summarized in Tab. 1. Fig. 3 shows the comparison between the numerical results obtained
by the CTM model developed and the results from [35] at the level of sensor 3. Results show good agreement with
deviations that never overcome 2°C.

i3}
[=n

Channel C1-C3
Polywood:P1-P5
Alre

Figure 1: Concrete block: (a) dimensions and location the thermocouple; (b) 3D FE mesh.
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Figure 2: Ambient recorded temperature.
Parameter Value
Concrete thermal conductivity 2(W/mK)
Concrete volumetric heat specific capacity 4600 ( K] / ;ﬂ3 K_l)
Convection-radiation coefficient between concrete and air 75 (Wm_zK_l)
Equivalent convection-radiation coefficient between concrete and 6 (Wm% Kil)
Framework
Arthenius constant Ea/R 4000 (°K)
Latent hydration heat 137000 (K / )
a 16.62
b 50.81
c 192.21
d -1173.77
e 602.27
f 1624.42
g -1367.28

Table 1: Thermal properties and parameters of the CTM model.
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Figure 3: Concrete temperature: CTM Vs results from [35].

MESOSCOPIC MODELING OF EARLY AGE BEHAVIOUR

s stated, this study will be carried out at a mesoscale level, i.e. the concrete will be considered a heterogeneous

material with aggregates and mortar matrix. The meso-scale permits an explicit representation of concrete

constituents [29]; [30]; [36]. Only the mortar matrix undergoes early age hydration. The fracture behaviours of the
aggregates and of the mortar matrix follow the isotropic damage model with damage parameters corresponding to each
component. The Interfacial Transition Zone (ITZ) is not considered. Due to mechanical parameters contrasts (elastic and
fracture parameters), stress concentrations occur at the aggregate-matrix interface and lead to damage creation. The
impact of the ITZ has been extensively discussed by Grondin and Matallah in [37]. A list of all the input mechanical
parameters is presented in Tab. 2. As stated before, these parameters ate evolving with hydration. Tab. 2 gives the values
of the mechanical parameters at final hydration.

Eo(GPa) Voo Fjop (MPa) G fo (N /m)
Mortar 15 0.2 3 20
Coarse aggregate 60 0.2 6 60

Table 2: Model parameters.

Diameter (mm) Volumetric (%o)
21 4
20
16
14.5
12
10.5
7
5

A~ B~ O 0 0 &N D

Table 3: Volume fraction of each granular class.

The finite element problem is solved using the classical procedure for nonlinear problems that is implemented in the
Cast3M code [38]. The numerical concrete has its aggregates randomly distributed in the concrete specimen to form the
granular skeleton and the cement paste (matrix) fills the space between the aggregates. In the model, the matrix depends
entirely on the spatial distribution of the aggregates. The digital concrete specimen is represented in 2D form. Tab. 3
shows the granular class composition used. The shape of the aggregates used in this simulation is circular. Although this is
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not the case in practicality, the impact of the geometry of the aggregate in the model is minimal to the study we are going
to be focusing on. Fig. 2 shows the (10X10) cm? and (20X20) cm? sample meshes.
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) m

(

Figure 4: Mesoscopic mesh for the two samples.

The behaviours of the two samples are firstly simulated under hydration to investigate the initial state after hydration. The
size of mesh is related to the smallest considered aggregate. In this investigation, quadrangle elements (QUA4) of 0.4mm
size were used to model aggregates and mortar, whereas a number of 536 segment elements (2-node line) were used to
mesh the cooling pipes. Fig. 5 shows an example of the pipe cooling meshing. Parameters for pipe cooling listed in Tab. 4
were adopted from [39]. For aggregate cooling system, Tab. 5 shows the initial temperatures for aggregate cooling. Tab. 6

gives the other parameters used in the simulations.

Characteristics of the cooling pipe system Values
The coefficient of convective heat transfer
on the pipe loop, W / (m?°C) 282
Speed, m/s 0.5
Water temperatures in the pipes, K 293
The density of water, kg / m3 1000
Specific heat capacity, kJ/ (kg °C) 1.12
Thermal conductivity, w / (m °C) 0.64
Pipe radius, m 0.003
The duration of cooling 172hss
Ambient temperature, K 203

Table 4: Model parameters for the cooling pipes.

Type Initial Temperature (K)
Aggregates 283
Cement paste 293

Table 5: Initial temperatures for aggregate cooling method.
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Characteristics of the cooling pipe system Values Units
Volumettic mass 2500 kg/m?
Volumetric heat capacity 2400 kJ / (m?°C)
Thermal conductivity of concrete 2.6 W / (m. °K)
Activation energy 45729.75 J / mol
Gas constant 8.3145 J/ (K. mol)
Convection coefficient 12.5 W/ (K. m?
Latent heat of hydration 117840 kJ. m?
Chemical affinity 12 sl
Thermal coefficient 7.5 um / (m. °C)
Final endogenous shrinkage 40 pm / m
A 64.417
B 18042
C -94620
D 215819
E -280339
F 208172
G -67901
Ambient room temperature 293 K

Table 6: Other parametric values used in the simulations.

Aggregates

Homogenized Mortar

Pipe cooling

Figure 5: Pipe cooling mesh.

After hydration, the concrete samples are subjected to uni-axial tensile and cyclic loading. The numerical simulations are
driven under 2D plane stress condition. The samples are isostatically restrained. Before the mechanical loading, initial
states are simulated with and without cooling. For tensile and cyclic loading, computations are driven under displacements
control A (Fig. 6).
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A

Figure 6: Pipe cooling mesh. Boundary conditions. (a) Eatly age only, (b) Eatly Age + Traction, (c) Early Age + Cyclic loading.

NUMERICAL SIMULATION OF EARLY AGE BEHAVIOUR

clow are findings from the numerical simulation of early age state of the concrete samples followed by a

mechanical analysis of the consequences brought by this initial state under tensile and cyclic loadings. Two

concrete specimens of different dimensions (10X10) cm? and, (20X20) cm? were simulated with eatly age to analyse
the effects of geometry or dimensions on the maximum hydration temperature in concrete. Fig. 7 shows the temperature
evolution of the two samples.

300

= = 10x10 Model
— 20x20 Model

Temperature(K)

292

o 20 a4 60 80 100 120 140
Time (hr)

Figure 7: Hydration temperatutre evolution of a (10X10) cm? model and a (20X20) cm? model.

As observed from Fig. 7, a lower peak and a favourable thermal evolution in the (10x10) cm? sample is witnessed as
compared to the (20X20) cm? one. These observations further demonstrate the vulnerability of massive structures with
respect to eatly age hydration. The (20%20) cm? sample will be chosen for the following simulations. Obviously, larger
dimensions could be used; however, mesoscale computations are very time consuming.

EFFECT OF EARLY AGE ON MECHANICAL BEHAVIOUR OF CONCRETE

ig. 8 shows stress, damage and crack openings for concrete with early age hydration. Obviously, concrete without considering
eatly age hydration does not exhibit any stresses, damage or crack openings.
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Without Early Age

With Early Age
-4 !‘ :ﬁ —

Stress ny 7 7 7 No initial stresses

Damage ) No Damage

Crack Openings

No Crack Openings

Figure 8: Stress, damage and crack openings due to early age hydration without cooling.

GLOBAL AND LOCAL BEHAVIOURS UNDER TENSILE LOADING

(20%20) cm? sample is simulated under tensile loading. Fig. 9 shows stress-displacement evolution of eatly age
concrete and concrete without early age under traction. Concrete with initial state shows a premature non-linear
behaviour due to the existence of initial stresses (The elastic phase in not linear). Regarding the peak strength, the two

T o study the mechanical analysis of the consequences brought by the hydration initial state, the behaviour of the
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simulations show quite similar results. However, local behaviour shows a noticeable difference. Fig. 10 shows damage and
crack opening evolution of early age concrete and concrete without early age under traction loading. Crack openings have
been estimated using the post-processing method exposed above (Matallah and al [25]). A more significant damage density
is witnessed on early age concrete. Regarding crack opening values, concrete with initial early age state shows higher crack
openings. Cracks propagate in the matrix perpendicular to the loading directions.

—— Without Early Age
—— With Early Age

Stress (MPa)

0 0,05 01 0,15 0,2 0,25 03 0,35
Displacement (mm)
Figure 9: Global mechanical behaviour of early age concrete under tensile loading.
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B kIE=00

=32 . 2HE=-086

Crack Openings

Crack Openings

Figure 10: Damage and crack openings due to early age under traction
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GLOBAL-LOCAL BEHAVIOUR UNDER CYCLIC LOADING.

here may be situations where additional or unpredicted loads may be encountered during the service life of

concrete structures. During a seismic excitation and under cyclic loadings, crack opening-closing effects ate

observed. During a loading cycle, cracks open then close upon load reversal from tension to compression. During
the load reversals, micro cracks close progressively and the tangent stiffness of the material should increase. In the damage
model proposed above, the unilateral condition is taken into account by a separation of the stress tensor into positive and
negative parts. In case of cyclic loadings, the stress is given:

7 (o), +(0)- 2

0 e 0 0
=(1-d)H{c +1-d95(c (¢ 27
;= )< gk/g/@/>+ (=2 yk/< gk/g/@/> B @)

The damage variables 4" and 4° describe the influence of damage on the response of the material in tension and
compression respectively. The two variables are related by the following equations:

d° =(d’ )a 28)

—— Without early age

Stress (MPa)

04
" e With Early Age

-2

Displacement (mm)

Figure 11: Global behaviour of concrete under cyclic loading.

As stated, concrete with early age exhibits a premature nonlinear behaviour due to the existence of initial stress state.
Regarding the cyclic behaviour, as the closing process is driven by the stress tensor sign, the crack closure stress equal
too =0 correspond to a zero strain € =0 (Under tension, in Eqn. (27) £ =0 = o =0). However, Fig. 11 depicts that the
initial stress state (concrete with early age) due to the hydration process plays an important role. After complete
unloading o =0, permanent displacements are observed. The reason being that the behaviour at eatly age computed is
considered as an initial state (stresses, internal variables, displacements). This state of stress is at the origin of a part of the
inelastic strains. Strictly speaking, for concrete with early age, complete unloading (o =0) does not correspond to zero
deformations (displacements). Even if the model does not consider plastic strain, permanent displacements
(corresponding to damage, inelastic strain, cracking) are observed. These irreversible strains are caused by the initial eatly
age state.
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Regarding the local behaviour, Fig. 12 shows the damage distribution and the crack opening values due after a loading
cycle. After a complete unloading (ie o =0MPz), the maximum crack openings values obtained for concrete with early
age is about 1.95um . For concrete without eatly age, cracks are closed (of about 0.04 u»z = 0) .

With Early Age
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Figure 12: Damage and crack openings due to the eatly age after a loading cycle.

EFFECT OF AGGREGATE COOLING AND PIPE COOLING ON EARLY AGE CONCRETE

study on the mass concrete hydration temperature control systems is undertaken with the resultant impact on the

mechanical behaviour of concrete under tensile and cyclic loadings. The model parameters for the numerical

computation of pipes and aggregate cooling systems were given in Tab. 4 and Tab. 5.
Fig. 13 shows the hydration temperature evolution of the two models. Aggregate cooling method has relatively lower
initial and peak temperatures as compated to pipe cooling. The thermal evolution is almost comparable though better for
pipes cooling system with relation to initial and final temperature fluctuations. Fig. 14 shows stress, damage and crack
openings of aggregate and pipe cooled concrete samples due to eatly age hydration. The two systems permit to reduce the
effect of the hydration process in terms of damage and cracks. The spatial distribution of damage is different. Aggregate
cooling system gives a smeared distribution of damage. Lower values are obtained for both damage and crack openings
for the two cooling systems compared to concrete without cooling.
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Figure 14: Stress, damage and crack openings due to early age (Aggregate and pipe cooled concrete).

EFFECT OF AGGREGATE COOLING AND PIPE COOLING ON EARLY AGE CONCRETE UNDER TENSILE
LOADING

he impact of the hydration temperature control systems on the mechanical behaviour of concrete is investigated

under tensile loadings. Fig. 15 shows the global behaviour of pipe and aggregate cooled early age concrete. Quite

similar results are obtained regarding the peak stress. Both samples portray a brittle behaviour; however, the
behaviour of pipe cooled concrete is more brittle. This result is in accordance with damage patterns obtained at early age.
Smeared damage behaviour is obtained with aggregate cooling. As it has been outlined before, initial state due to eatly age
leads to a premature non-linear behaviour. Fig. 16 shows that pipe and aggregate cooled concretes do not exhibit this
behaviour; the elastic phase is characterized by a linear behaviour similar to concrete without early age. Overall, the result
shows a significant improvement of concrete treated with these cooling methods.
Fig. 17 illustrates the evolution of damage and crack openings. Pipe cooled concrete exhibits a mote localized damage and
higher values of crack openings. This localisation is the consequence of the initial state computed at early age.

0.8
— Aggregate Cooling

= Pipe Cooling
0,6

Stress (MPa)

0,2

Displacement (mm)
Figure 15: Global mechanical behaviour of pipe and aggregate cooled concrete samples under tension.
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Figure 16: Global mechanical behaviour of aggregate, pipe cooled, early age (EA) concrete and concrete without eatly age (WEA)
under tension.
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Figure 17: Damage and crack openings of concrete with early age under tension. (Aggregate and pipe cooled).
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EFFECT OF AGGREGATE COOLING AND PIPE COOLING ON EARLY AGE CONCRETE UNDER CYCLIC LOADING

s it has been outlined before, when the specimen is subjected to a loading cycle (tension-compression cycle), due
to the presence of the initial stress state, instead of obtaining zero displacements (as the model does not consider
plastic strains), eatly age concrete exhibits permanent displacement at a complete unloading o =0. Fig. 18
shows that both pipe and aggregate cooling systems reduce the initial state resulting in lower permanent displacements
compared to concrete without cooling. Fig. 19 shows a comparison of the global behaviour of different configurations
(Early Age, Without Early Age, Pipe cooling, Aggregate cooling). Pipe and aggregate cooled concretes have similar

behaviour to concrete without early age. Both controlling systems are efficient enough to reduce the effect of eatly age
state.

—— Pipe cooling
-0,4 04
— Aggregate cooling

Stress (MPa)

-2
Displacement (mm)

Figure 18: Global behaviour of concrete under cyclic loading (Aggregate and Pipe cooled).
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Figure 19: Global mechanical behaviour of aggregate, pipe cooled, EA concrete and WEA concrete under cyclic loading,

Fig. 20 shows the distribution of stresses, damage and crack openings of an aggregate and pipe cooled model under cyclic
loading computed after a complete unloadingo = 0. Lower crack opening values are obtained compared to eatly age
concrete. After complete recovering & = 0MPa , the maximum crack openings values are 1.70 um for aggregate cooled
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concrete and 1.38 pm for pipe cooled concrete. These values are lower than those obtained for concrete at eatly age
without cooling 1.95 pm (see Fig. 12).
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Figure 20: Damage and crack openings due to early age under cyclic loading. (Aggregate and pipe cooled).

CONCLUSION

numerical investigation was carried out into the effect of pipe cooling and aggregate cooling methods on the

mechanical behaviour of concrete. The numerical computations were driven using a Chemo-Thermo-Mechanical

model. The eatly age behaviour has been investigated using the CTM model at a mesoscale level. The mechanical
analysis of the consequences brought by this initial state has been investigated under tensile and cyclic loadings.
Observations show significant improvements regarding to final damage and cracking of concrete treated with cooling
methods. Aggregate cooling method gives diffused damage with compatison to the pipe cooling method. Under tensile
loading, the result shows a significant improvement of cooled concrete. Regarding the cyclic behaviour, initial state due to
the hydration process leads to permanent displacements corresponding to damage and inelastic strains (cracking). Using
pipe or aggregate cooled concrete can reduce the initial stress state and improve the behaviour of concrete during the
service life of structures.
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