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Abstract

One of the most important issues to be taken intmant while defining the construction phasing of
massive elements, such as dams or thick wallkeiheéight of each construction stage. In factyéf t
height of casting of each construction stage iscim®ed, the temperature variations associatedato he
of hydration are raised, with a consequent increasencrete cracking risk. On the other handhef t
height of each construction phase is reduced, bwaastruction schedules are penalized, and costs
are increased. The thickness of the concrete elsrm@be cast in each stage should be then asdarge
possible without causing thermal cracks. The evinaf alternative construction scenarios andrthei
cracking risk can be assessed with thermo-mecHancalels. This paper aims to present an
application of thermo-mechanical modeling to thatad wall of a dam spillway entrance. The case
study has added interest in view of the extensietenal characterization, in-situ monitoring of
temperature/strain, and the use of air-cooled gipesduce temperature increase in concrete.

1. Introduction

The construction phasing of massive concrete elesnienan issue that frequently raises doubts to
practitioner engineers in regard to the risks efitinal cracking. A sustained estimation of tempeeatu
and self-induced stress development that occuesady ages can only be achieved by numerical
simulation with thermo-mechanical models, throughhick scenarios of construction
phasing/scheduling can be compared. Such numeiioalation tools, as support to decision-making,
can help to take important decisions about thelat@n of construction phasing, while maintaining
early cracking risk under acceptable levels. Theelkecation of construction brings important bersefit
in terms of cost-effectiveness, and increasesvheatl sustainability of construction.

A thermo-mechanical simulation consists on theiahitomputation of the temperature field, and
subsequent evaluation of the corresponding stre$¢esthermal field is calculated considering the
variable environmental temperature, the exotheramad thermally activated nature of cement
hydration reactions, as well as the adequate mnodedif boundary conditions. The stress field is
determined for each time step considering the spoeding temperature variation and the thermal
dilation coefficient of concrete. The evolution Bfmodulus, tensile strength and the creep behaviour
at early ages are of particularly importance, aredatgso carefully estimated.

This paper deals with the assessment of the tetuperand stress development in the construction of
a 27.5m long wall integrated in a dam spillway,hwat thickness that attains a maximum of 2.8m.
This wall has a total height of 15m, and is corded by stages. Particular attention is devoted to
segment of the construction, in which a 2.5m talareting was performed, and internal cooling of
concrete was made with recourse to prestressirgtsh@to which air was blown by industrial fans.
Parts of this casting phase were monitored by testye sensors (thermocouples and thermistors)
and vibrating wire strain gages.

The paper encompasses an initial description ofsthdied structure, along with the corresponding
environmental conditions. A brief description oétmonitoring system to measure temperatures and



strains is also done. A summary discussion of ooy characterization tests is made, and the dvera
properties of the studied concrete are providederMards, focus is given to the description of
modelling strategies and the interpretation of ebéained results, taking into account the available
laboratory test data and the in-situ conditionthefspillway wall.

2. Thermo-mechanical modelling

This section deals with a brief description of thenerical strategy adopted. It is organized in two
sub-sections that respectively regard the temperatalculations (including the hydration reaction
field) and the mechanical analysis. The approacipiad in this research matches the one described in
[1], and thus the reader is redirected for sucheregfce for further details about the
models/implementation.

2.1. Thermal analysis

Temperature calculation in concrete is made thrahghequation of transient thermal equilibrium in
homogeneous isotropic continuous media, which a@l@alculating temperature distributidn in
concrete taking into account the thermal condugtid the volumetric specific heatc and the

internal heat generation rat®,, caused by cement hydration.
kOQOT) +Q =pcT (1)

Usual approaches in temperature field computat®r8] tend to consider th&tand oc are constant
throughout the analyses, even though it has belemadedged that these properties suffer changes
along hydration, with a starting value that decesasbout 10% and 15% along maturingkf@nd oc,
respectively [4]. However, parametric analyses cotet reported in [1] have shown that the effect of
considering evolutionary values fdr and pc along hydration does not significantly affect the
computed temperature field, thus justifying theuglhility of assuming these properties with constan
value.

To evaluateQ an Arrhenius-type equation is adopted [5],

Ea
Q - A f((x) e_R(273.15+T) 2)
whereT is expressed in °Qy is the degree of heat development and is commttedch instartt (in
each node) by the quotient between the heat gewesat farQ(t) and the total heat that would be
generated upon completion of hydration reactiQpg f(a) is the normalized heat generation function
that provides information about chemical reactiatygng hydrationA is proportional to the maximum

heat generation ra@mIx (Qmax can be obtained through multiplicationAby the exponential term

in equation (2))E. is the activation energy; amlis the Universal Gas Constant (8.314 Jhi¢l™).

In order to obtain data for equation (2), calorinegtiesting is usually required. The work reportede
takes advantage of the extensive experimental anogie of calorimetric characterization of
Portuguese cements reported in [1]. Such experahgmbgramme involved the analysis of 11
cements (marketed by two major Portuguese cememduption companies) in an isothermal
conduction calorimeter at several temperaturesd280°C, 40°C, 50°C and 60°C), and the treatment
of the corresponding data, which resulted in tabfedata for equation (2) for concretes contairtimg
cements marketed in Portugal.

The spatial resolution of equation (1) requiresoaoating for the thermal fluxes occurring at the
boundaries between concrete and the surroundingoanvent. Such thermal fluxegr can be
evaluated by a convection/radiation boundary caoomit

& =h(T,-T) 3)

whereT, is the temperature of concrete at the boundaryTamslthe environmental temperature. The
convection/radiation coefficienh,, combines the effect of convection and radiatioadi@tion



transmission equation was linearized and adjoilmedonvection flow), and can be assessed by an
estimate of the average wind speed [6, 7]. Bounddigcts of solar radiation, night cooling and
evaporative cooling are disregarded in the pressmk in view of their limited effect on massive
structures. It should however be remarked that &beuracy of surface cracking estimations is
negatively affected by such simplifications.

2.2. Mechanical analysis

The stress calculations are made with standardegtoes for transient simulation of mechanical
behaviour of hardened concrete. Nonetheless, simeelti-physics simulation is being carried oug (i.
temperature fields have been explicitly calculatul) concrete at early ages has certain spe@fciti
some adaptations have to be made. Firstly, thantddestrains are calculated with basis on the
computed temperatures and the thermal dilationficesit (TDC). Even though it has been reported
that TDC endures evolution at early ages [8], starvith higher value when concrete is still fresh,
few works exist that provide clear information abawch evolution. In fact, the experimental
procedure to measure TDC at early ages poses mahlems, and doubts arise about the accuracy of
measurements. As a consequence, distinct typegobften are reported by different authors [9, 10].
However, all authors tend to be coherent in onedsjpy the age of ~15 hours, the value of TDC is
reasonably similar to the value expected for hazdeconcrete. Therefore, the errors associated to
considering constant thermal dilation coefficiamihumerical simulations are deemed acceptably low
for the calculation of the early age stressesoag bs the E-modulus of concrete is still very low
within the period in which TDC evolves. Therefoitayas decided to maintain the TDC with constant
value in the numerical analyses.

Another topic of importance in the mechanical asadyof concrete at early ages is the necessity of
accurately pinpoint the evolution of mechanical gendies (namely the E-modulus and tensile
strength), which are naturally influenced by theedeped temperatures (thermally activated hydration
reactions). Therefore, a strategy based on thevalgunt aget., concept is followed in regard to a
given reference temperaturgy:

t _E [ 1 ~ 1 ]
teq _ I e R (27315 T(r) 273157, dr 4)
0

wheret stands for the instant of time wheggmeans to be calculated.

The viscoelastic behaviour of concrete at earlysaigemore pronounced than that of hardened
concrete. For such reason, it is often necessans¢ocreep laws that are specially devised for the
analysis of concrete at early ages, and whose géeasnare usually fixed upon experimental analysis
of the actual concrete being used. The presenamdsdias adopted the Double Power Law [11] that
has shown adequate predictive performance in pusvapplications [12, 13]. The corresponding
compliance functiod is formulated as:

N SR Ry
J(t, 1) = £ + E.() T (-7 (5)

wheret is the age at load applicatidiy(1) is the asymptotic E-modulus upon loadipgijs the creep
coefficient andn, n are material parameters.

3. Dam spillway: General description and monitoring

3.1. Overview

The dam spillway under study has been recentlyt buthe North of Portugal, and the work reported
here pertains to the construction phasing of thrabwall of the spillway at the level of its iki&

The wall is 27.5m long, 15m tall and has varialiekness (with a maximum value of 2.8m) — see
plan and longitudinal cross section in Figure lerEfiore the construction had to be performed by
stages, which generally corresponded to castinggshaf 1.2m height (limitation posed by the owner,
based on previous experience). However, at tRec@struction phase there was a demand for having
a taller concreting height of 2.5m due to the emfma of steel parts of a sluice gate within thghti

of the concreting phase. The larger volume of cstecinvolved causes higher temperatures in



concrete, and thus a greater cracking risk is é&pée To minimize such cracking risk it was dedide
to implement a cooling system based on air circadainside prestressing sheaths of 90mm inner
diameter. Such kind of cooling system was inspoadhe work reported by Hedlund [14] in which
vertically placed air-cooled tubes were placeddasthick columns to minimize hydration heat
development. However, due to formwork-related latidns, in the present case it was decided to
place the cooling tubes in horizontal position.

Figure 1: Central wall of the spillway: a) plan;lbhgitudinal cross section B-B’

A total of six tubes were placed according to thispasition shown in Figure 2 for the 21
construction phase, and they were dully sealed wément paste after the cooling process. An
industrial fan was placed on the downstream extsedfithe tubes, blowing air inside at a measured
speed of ~8.6 m/s. No specific cooling measure® wetken in regard to the blown air. The fan was
only turned on 14h after casting (i.e. well aftettisng) in order to avoid deleterious effects agged

to concrete re-vibration caused by operation offdine
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Figure 2: Placement of cooling tubes inside corcf2f' stage): a) plgn; b) cross section A-A’
(T;= cooling tube; CyY= thermal resistive sensor and strain gage)

3.2. Materials and characterization

The majority of the 2L construction phase has been built with C30/37 macccording to EN1992
[15], and the corresponding composition is showable 1. It should however be remarked that the
concrete placed at the embedment of the sluicelgatesmaller aggregate size (due to reinforcement
density), but a quite similar cement content (280rK).

Table 1: Concrete composition of the'Zbnstruction phase

Component Gravel Gravel Gravel Sand CEMI Fly Ash Pozzolith  water
14/32 10/16 4/8 0/8 42,5R 390S

(%Ea/ntist;/ 449.00 438.00 306.00 621.00 224.00 96.00 2.20 170.00
g/m

It was not possible to conduct laboratory caloriioetharacterization for the concrete used in this
wall (e.g. semi-adiabatic or adiabatic testing).wdweer, data of cement heat generation from the
recent comprehensive study of the cements marlketBdrtugal [1] has been used. Such information



allows a reasonable estimate of the heat generatiothe concrete used in the wall by mere
multiplication of the expectable thermal outputtteé cement paste (given in [1] as a function of the
mass of cement in the paste) by the volumetric esandf cement in the concrete. Therefore, the
necessary data for simulating the thermal outputcarficrete was computed and the resulting
parameters for application in equation (2) ag:= 37.31 kJ/mol, A = 4.989x0/m?, Qoot =
8.295x10J/n?, and functionf(a) characterized by the following set of datg f(a)] = [0.00; 0.00],
[0.05; 0.58], [0.10; 0.85], [0.15; 0.98], [0.20;00], [0.30; 0.94], [0.40; 0.69], [0.50; 0.41], [0:6
0.22], [0.70; 0.13], [0.80; 0.07], [0.90; 0.02],00; 0.00].

Concerning the concrete mechanical characterizatieneral cubes (15cm edge — for compressive
strength evaluation) and cylinders (15cm diameter 30cm tall) were cast to evaluate the evolution
of compressive strength, tensile strength (spijttiest) and E-modulus at several ages, under wet
curing and at 20°C temperature. The evolution offm@ssive strength.(une), tensile strengthfg sy

and E-modulusK) along time is given in the following list [days); . cubes (MPa); fersp (MPa); E
(GPa)]=[1; 6.74; -; 14.7]; [2; -; 1.4; -];[3; 19.99 20.9]; [7; 29.92; 2.1; 25.6]; [15; -; -; 26;3R9;
42.3; 2.6; 28.6]. Further test specimens were densd in order to assess the feasibility of the
equivalent age concept forwarded in equation (4)tfie evolution of mechanical properties, and
evaluate if the activation energy obtained by caletry testing can be used for mechanical propertie
estimation. Therefore, twelve more cubes were aagtplaced in a 40°C water bath in order to assess
the mechanical activation energy based on commpeessiength tests at several ages. By applying the
superposition method [16], the mechanical activagoergy can be evaluated with basis on the result
of compressive strength for curing at 20°C and 40P@e computed activation energy was of
37.0 kd/mol, which is rather consistent with théugaof 37.31 kJ/mol forwarded for the thermal
activation energy reported above (based on caltryjndata). Compressive creep tests were also
carried out (basic creep) for the loading ages, & dnd 7 days, and the resulting parameters éapcr
estimation according to equation (5) wapg:2.15;m=0.48;n=0.19.

3.3. In-situ experiments and monitoring

3.3.1 Heat of hydration assessment

As no laboratory tests were made regarding hehyafation of the concrete used in the wall, it was

decided to make a simple semi-adiabatic calorimpgtsitu. Such semi-adiabatic calorimeter consisted
in a concrete cube of 30 cm edge, cast inside anfwde of extruded polystyrene foam (XPS) and
wood according to the scheme of Figure 3a. The to@d temperatures inside the cube are shown in
Figure 3b. These results will be used as a vabddbr the heat generation rate parameters memtione
in the previous section. The corresponding numkesgaulation is relegated to section 4.1 of this

paper.
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3.3.2 Continuous E-modulus measurement

A new methodology for continuous measurement otte E-modulus since the instant of casting,
named EMM-ARM (‘Elasticity Modulus Measurement thgh Ambient Response Method’), has
been recently proposed by Azenblal[17]. Such methodology consists in the continuousiah
identification of the resonant frequency of a cosimobeam made of a form with known stiffness
(e.g. acrylic or steel) and geometry, into whiaksfr concrete is poured. Along hydration, the resbna
frequency of the composite beam is increased duketancreasing stiffness of concrete. Therefore,
based on the equations of motion of the beampossible to calculate the E-modulus of concrete. Th
original version of the method has been improveddeusability and ease of use [18] and it has been
applied to the characterization of the E-moduluslgtion of the concrete used in the wall — see phot
of the test setup in Figure 4a. Further detailshis experimental methodology and its description i
the scope of this application are given elsewh&. [The results of this experimental technique are
shown in Figure 4b, where the corresponding resoifisined from cyclic compressive tests in
cylinders are also depicted. The obtained coherahosvs good prospects for the application of
EMM-ARM with the purpose of obtaining adequatefegs estimates at very early ages, which is
fundamental for accurate numerical simulation ofyestress development.
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Figure 4: EMM-ARM tests: a) photo; b) results comgubto compressive tests

3.3.1 Monitoring of temperatures and strains

Twenty temperature sensors (thermocouples type KKrasistive sensors) and seven strain sensors
(vibrating wire strain gages) were applied in sitithe 2 construction phase. Most of these sensors
were placed near the thickest part of the walkantion A-A’ as labelled in Figure 2a. The layo@it o
some of the most relevant sensors in section AsAhown in Figure 2b, and the strain measurements
were taken in the longitudinal direction of the walata logging was made at a sampling rate of one
measurement in all sensors per 30 minutes (at)letise most relevant results will be shown in
section 4.2 upon comparison with the numerical &tian, but all the data is available in [19].

4. Numerical simulation

4.1. Thermal simulation of the semi-adiabatic expément in-situ

The numerical simulation of the temperatures deatan the semi-adiabatic calorimeter described in
section 3.3.1 is shown here. A 3D thermal analgbthe concrete cube with the finite element method
has been carried out. As the thickness of the soding polystyrene and wood is significant, the
simplification of considering them lumped into aguevalent convection coefficient would be
unacceptable since it would cause important d@natiin results. Therefore, it was decided to
explicitly model the polystyrene and wood in theité element model. Eight node solid elements were
used with 2 x 2 x 2 integration points. Due to tleeible symmetry of the experiment, only one fourth
of the specimen and form was modelled. The resufijEometry of the FE model is shown in Figure
5a, whereas the values of the main parametersfasélde numerical simulation are shown in Figure
5b. The thermal conductivity and specific heat haeen obtained by averaging the corresponding
values of the components of the mix [19]. For tbhawection/radiation coefficient, the adopted value
of 15 W m? K is considered reasonable in view of an estimatestage wind speed of 2.5 m/s



according to the relationships reported in [1]. Térevironmental temperature was taken from a
temperature sensor placed in-situ and used as datatfor the convective boundaries. Solar radiatio
and night cooling could be disregarded due to dleatlon of the calorimeter (no direct line of sigit
the sky). The numerical simulation was carriedfouta total of 168 hours with time steps of 1 hour.
The calculated temperature development is compatdde monitored point in Figure 3b. A rather
good coherence is found, indicating that the usa®heat generation parameters (namelfa), Quo
andE,) indicated in section 3.2 is feasible for usehi@ actual concrete of this construction. The good
coherence also indicates that reasonable estirhates been taken fde and pc, as well as for the
boundary convection coefficients.

convective boundaries

XPS
Concrete Wood XPS
wood k (W/m%K) 2.400 0.150 0.035
pc (J/m3K) | 2.4000E+06 | 8.544E+05 | 2.840E+04
Qpot ) 8.2947E+07 - -
concrete [ g (kJ/mol) 3731 - -
A (W) 4.9885E+09 - -

Convective boundaries

o.gm\m)ﬁ‘wﬁ\){‘\ adiabatic Convection coefficient (W/m2K) ‘ 15.250
002 0 boundaries

Figure 5: a) 3D view of the simulation model; b)iMparameters used for the numerical simulation

4.2. Thermo-mechanical simulation of the 21 construction phase

The numerical simulation of stresses developedhe 2f' construction phase demanded the
consideration of the entire height of constructigm to this phase in order to simulate realistic
conditions of restraint to deformation, as well the thermal exchanges between hardening and
hardened concrete. Bearing in mind that thermah&mges also occur along horizontal planes (both
longitudinal and transverse), the necessity foDan®del for simulation is clearly established. Even
though a realistic simulation would also demand fillé construction schedule to be taken into
account, thus leading to the necessity of a phasatysis, it was decided to make a simplification o
this matter and perform an analysis that only casegrthe 2% phase, assuming that all the preceeding
phases have already attained thermal equilibriuth thie environment. Even though such assumption
may not hold entirely true, it is not far from rgl and the corresponding benefits in terms of
computational cost are rather significant.

Another important topic regarding the overall mdidgl strategy is the consideration of the cooling
tubes. The model shown here corresponds to aafitsinpt of modelling in which it was decided to
not include specific cooling tube elements [20,.Zferefore, the tubes were modelled as hollow
parts of concrete in which convective boundariesevemnsidered. The temperature input to the tube
boundaries was obtained from the monitoring ati@ed-A’, which is thus only actually correct for
section A-A’ due to the heating effect that conerbas on the circulating air. It was nonetheless
considered that this simplification was acceptdbtea first trial, mainly bearing in mind that most
sensors where placed at the section A-A’. Howevshould be beard in mind that the trustworthiness
of results in sections away from A-A’ is reduced.

A schematic cross section of the 3D model can be BeFigure 6a, where a colour description of the
considered boundaries is made (valid throughout éhtire 3D model). The distinct boundary
coefficients correspond to: (a) concrete in di@mttact with the surrounding environment, for which
a convection coefficiertt = 15 W n¥ K is considered:; (b) coincides with the symmetrynplavhere

no heat flux occurs; (c) for surfaces in contadhvihe formwork of the Ziphase, with adoption of
h=6.0 W n¥ K*; (d) cooling pipes, whera=30.0 W nf K* was adopted during the time of forced
ventilation and null in the other instants. Thei@itemperature for concrete was considered to be



14.5°C for the 2’Lcasting phase, and 10.3°C for the previously iexjstoncrete (in correspondence to
the average environmental temperature of the 3piag days).

The finite element mesh has slight differenceseims of number of nodes per element for thermal
and mechanical analyses, even though the cornexsnoidthe elements are always coincident. The
thermal analysis uses 8 node solid elements focretam (2x2x2 integration scheme) and 4 node
planar elements for boundary elements (2x2 integra The elements for mechanical analysis for
concrete are 20 node solid elements with 3x3x3iaton scheme. The finite element mesh adopted
for calculations has a total of 25537 nodes and &dments, and it is represented in Figure 6b.
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Figure 6: a) Schematic cross-section of the FE m&&D view of the adopted mesh

3,9m

The thermal properties of concrete in the modeleveemsidered to be the same as those described in
Section 4.1. Mechanical properties were considaambrding to the data shown in sections 3.2 and
3.3, namely in what regards to: evolution of E-mladuand tensile strength; creep; equivalent age
computation. Poisson’s coefficient was considem@tstant with the value of 0.2. Finally, in regand t
support conditions of the mechanical model, symynstmpports were considered in the symmetry
plane, and vertical supports were considered béfmrvbottommost horizontal surface of the model
(where one of the nodes was also longitudinallyragsed to assure equilibrium in such direction).

Due to space limitations, only some of the mairultesare shown, both in terms of thermal and
mechanical analyses. In regard to the temperatomelations, it is worth discussing the simulation
results (and corresponding monitored temperatwaef)e location of sensors CV1 (located near the
bottom boundary of the ZIphase) and CV5 (see locations in Figure 2b) asvshespectively in
Figures 7a and 7b. A good coherence is obtaindmih sensors during the temperature rise period,
having however a slight underestimation of head,lparticularly in sensor CV1. This may be related
to the simplification of ignoring the constructiphasing, which may have led to inaccuracies in the
temperature field below the casting phase undelysiy remark is given to the fact that the calcedat
temperatures at the location of the other tempe¥agensors had similar coherences, thus pointing to
the feasibility of the temperature simulation a thicinity of section A-A’. In regard to the effamcy

of the cooling pipes at section A-A’, it can beessed by comparing the numerical results with those
that would be obtained without consideration oflz@ppipes. The temperature rise in sensor CV5
(one of the hotter regions of the model), which amed to ~25°C with cooling pipes, would have
amounted to ~30°C if pipes had not been used. Eha@myh this is a non-negligible improvement, the
effectiveness of cooling pipes would have been édrigha different configuration had been adopted:
more pipes, with less development of each pipegatmncrete. In fact, the air inside the pipes that
were used in this wall was significantly heatechglits path (e.g. from ~13°C at its entrance ta°€35

at its end at the age of 24 hours), thus limitisgcapacity of cooling concrete.



Mechanical simulation results have to be validdtdihg the measured strains. Before showing such
results, a brief comment is made in regard to theadly measured strains. Due to uncertainties tabou
the instant at which the strain gage is actually olidarized to concrete, zeroing the sensoutpat

is difficult (as before full solidarization, thersor is actually just measuring its free deformgtio
Therefore, in the presentation of results, it wasidked to make a vertical shifting of each sensor’s
output as to match the peak numerically simulatedrs The corresponding results for sensors CV1
and CV5 are shown in Figure 8. It can once agaircd&irmed that reasonable coherences are
obtained, pointing to the feasibility and realishitee numerical simulations.

15 = CV5 Monitored
10 = +CV5 Numerical

15 + ——CV1 Monitored
10 - — -CV1 Numerical

Temperature (°C)
N
o
Temperature (°C)

0 1 2 3 45 6 7 8 9 10 0 1 2 3 45 6 7 8 9 10
a) Time (days) b) Time (days)
Figure 7: Monitored and calculated temperaturegiais at the locations of sensors: a) CV1; b) CV5

In view of the feasibility of the numerically obte&id temperatures and stresses in comparison to
monitored results, it can be argued that stresdigifens of the model are bound to be realisticericv
though such detailed discussion cannot be maddiin paper, some brief notes are given. The
calculated stresses and their comparison to thesiagotensile strength of concrete has led to the
conclusion that surface cracking risk was relagivelv in the 21’ phase, and that the risk of internal
cracking upon cooling of concrete was significdntt circumscribed to relatively small core areas.
Therefore, upon what has been stated, no visilglerthl cracking was expectable for the construction
in view of the numerical simulation. Such absendecracking has been confirmed by visual
inspection of the wall both during and after comstion.
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Figure 8: Monitored and calculated strain evolwianthe locations of sensors: a) CV1; b) CV5

5. Conclusions

The thermo-mechanical simulation of the centrall whlthe entrance of a dam spillway has been
presented in this paper. The numerical simulatiaas tbeen backed by extensive material
characterization, and positively validated by corgmms with the results of an in-situ monitoring
program that included temperature and strain measemts. The case study had added interest in view
of the use of air-cooled pipes to diminish temp@etdevelopment in concrete. The presented
validation of numerical models and parameter chiaraation show a good level of confidence of
current practices for cracking risk evaluation ias® concrete. In view of the simplified approach
adopted for simulation of the cooling pipes (impbsé temperatures), further improvements to the
numerical model regard the explicit modeling of #ie flow inside the pipes and evaluation of its
interaction with the surrounding concrete.
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