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NUMERICAL SIMULATIONS OF HARDENING AND COOLINGOF THE EARLY-AGE CONCRETEGrzegorz KNORInstitute of Fundamental Tehnologial ResearhPolish Aademy of SienesPawi«skiego 5B, 02-106 Warszawa, Polande-mail: gknor�ippt.pan.plReeived 26 September 2013, in �nal form 30 September 2013,published online 2 Otober 2013Abstrat: The paper presents a new method of ontrol, modeling and identi�ation of thermal �eldsin onrete strutures. The proposed methodology boils down to four interdependent tasks: 1) the de-termination of a time-dependent intensity of the heat of hardening and other thermophysial propertiesof onrete by means of the numerial inverse problem solution, whih is based on experimental mea-surements of temperature, 2) numerial modeling of the evolution of the thermal �eld in the maturingonrete struture, using material properties determined in the �rst point, 3) experimental veri�ationof a thermal �eld modeling (point 2) using 2D and 3D onrete samples, 4) the formulation of theproblem of optimum design of the ooling system to mitigate thermal stress onentrations duringmaturing of massive onrete strutures.Key words: onrete strutures, inverse heat transfer problem, pipe ooling system.1. IntrodutionEarly-age onrete behaviour is a problem of great onern. Espeially important arethermal issues in a fresh onrete beause of exothermi nature of hydration reationsand possible negative e�ets of high temperature on mehanial onrete properties. Toalulate temperature evolution in onrete strutures aurate values of the thermo-physial oe�ients are needed together with the preise numerial model. In proposedmethod a standard heat ondution equation is used to ompute temperature distri-bution in onrete elements. To develop individual parameters appearing in the heatequation for a partiular onrete mixture a method based on the inverse heat transferproblem [1�2℄ ombined with point temperature measurements in the one-dimensionalmold (Fig. 1a) is adapted. The identi�ation is formulated as an optimization problemand it is solved by means of mesh adaptive diret searh (MADS) algorithm [3℄. Thesolution of the inverse problem allows to alulate temperature �elds in any onretestruture. In this paper the so-alled 2D and 3D ases are presented (see Fig. 1b and 1).However, in ase of very massive onrete strutures like bridge pylons or dams, there isa problem with heat removal due to relatively big size of the struture and low thermal



12 Grzegorz Knorondutivity of ement-based materials. In suh ases, to improve heat dissipation, oftena ooling pipe system is introdued to the onstrution. In this paper a simple model ofequispaed pipe network [4℄ is used to propose the optimal ooling system. To performthis task two ost funtions, maximum temperature and maximum temperature gra-dient are minimized simultaneously. It leads to the bi-objetive optimization problem,whih is solved by means of BiMADS algorithm [3℄. The result is a set of undominatedpoints whih are Pareto optimal.a)

b)
)

Fig. 1. Measurement molds: a) 1D, b) 2D, ) 3D.



Numerial simulations of hardening and ooling of the early-age onrete 132. Mathematial modelIn general ase heat ondution equation for onrete an be written as follows:(1) ρc
∂T

∂t
= ∇ · (k∇T ) + S,where T is the temperature, S is an internal heat soure, ρ is density, c is spei�heat apaity and k is a thermal ondutivity. In proposed model Eq. (1) is solvedsimultaneously with the ordinary di�erential equation for equivalent age of onrete te(whih replaes time in ase of transient thermal properties of onrete):(2) dte
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,where in Eq. (2) E is an ativation energy, R is the universal gas onstant and βTis maturity funtion. Standard Dirihlet and Neumann boundary onditions are used.The problem is solved by means of the method of lines [5℄ in one-dimensional ase,and using in-house �nite element method software in other ases [6℄. To determinethermophysial parameters the objetive funtion E, whih is based on a numerialalulation T n and experimental temperature measurement Tm, is introdued. It isimportant to bear in mind that all values of thermal properties are hanging duringhydration proess, whih depends on temperature, hemial omposition of onrete andmixing ratio. Therefore the objetive funtion depends on a set of unknown parameters αwhih desribe three unknown funtions: heat soure, spei� heat apaity and thermalondutivity:(3) E(α) = ‖T n − Tm‖+ γ

P∑

p=1

α2
p.The term γ in Eq. (3) is a Tikhonov regularization parameter introdued to themodel to improve stability of the objetive funtion. Eah problem was solved at least20 times with diret searh optimization algorithm with random initial values for un-known α parameters. Additionally, the information about the heat loss through wallwas introdued to the model.In order to alulate the in�uene of ooling pipe network on temperature distribu-tion in massive onrete struture, the heat ondution equation for onrete (Eq. (1))has to be oupled with the heat equation for water. To solve this task a series of sim-pli�ations were applied. Firstly, the heat �ow is onsidered only in a representativeylindrial element oneptually extrated from the whole struture with entrally lo-ated ooling pipe [4℄. It is assumed that onrete ylinder is thermally insulated on theboundaries. This assumption makes the ondution in z diretion muh smaller than in

r diretion, thus the derivative with respet to z an be omitted in Eq. (1) (the systemof equations is written in ylindrial oordinates). Due to relative fast veloity of liq-uid through the pipe the Reynolds number is approximately equal to 13 500 for typialvalues in desribed problem and as a onsequene the water �ow is turbulent. It meansthat mean veloity in radial and angular diretion is equal to zero. Also it is assumedthat temperature of water θ only minimally depends on the radial position and instead



14 Grzegorz Knorthe mean temperature θ is onsidered. The next assumption is based on the fat thatthe Nusselt number for the problem is approximately equal to 100, it means that theondutive omponent is muh smaller than the onvetive one and an be negletedin heat equation for water. Last simpli�ation leads to neglet the time derivative, be-ause of di�erent time sale for onrete and water [4℄. The �nal set of equation an bewritten as
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θ = T − (T − θ0)e
−H̃z,where θ0 denotes initial temperature of water and H̃ is heat exhange oe�ient be-tween ooling pipe and onrete. The set of Eqs. (4) is solved iteratively for subsequentonrete layers in the z-diretion and as a result one an obtain temperature evolutionin onrete sleeve and in piped water. Based on alulated temperature it is possible toperform a multi-objetive optimization using bi-objetive BiMADS algorithm [3℄ withthe following ost funtion:(5) min
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∇T ).The BiMADS launhes suessive runs of MADS algorithm on a single-objetivereformulations of the problem to onstrut Pareto front of undominated points.3. ResultsLaboratory tests were performed on two kinds of experimental onrete mixture:with high alium �y ash addition (mixtures A) and mixtures where ement ontentwas elevated over standard levels (mixtures B). The results of temperature evolutionduring hardening of onrete in 1D molds are presented in Fig. 2. In eah ase mea-surements were performed with two sensor on�gurations. It is learly seen that �y ashaddition dereases maximum temperature. The results of the inverse problem solutionare presented in Fig. 3. Similarly as in the ase of temperature the intensity of the heatsoure is muh higher for mixture B. Based on the analytial approximations of the heatsoure funtions an optimization problem for ooling system was solved in respet to theinlet water temperature (θ0), pipe wall thikness (s), water �ow (Q), onrete ylinderradius (R) and pipe radius (a). Figure 4 shows the Pareto front for two onrete mix-tures (in eah ase three examples of solutions are presented in detail). Figure 4a showsPareto front for mixture A, and Fig. 4b shows it for mixture B. As mentioned earlierin this approah there is no possibility to hoose one optimal solution beause of themulti-objetive optimization nature. Finally, results of the omparison between modeland measurements are presented in Fig. 5. The temperature measurements obtained inthe experiment have been ompared with alulated values in 2D mold for mixture B
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Fig. 2. Temperature evolution during hardening of onrete in 1D molds: a) mixture A,b) mixture B. Solid lines denote measurement in on�guration C1, and dashed lines inon�guration C2. Sensor positions in eah on�guration are listed in the legend.

Fig. 3. Heat soure determined by means of inverse heat transfer problem solution for mixture A(red points) and mixture B (blak points). Solid lines denote �tted analytial approximations of thesefuntions.
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Fig. 4. Pareto front: a) for mixture A, b) for mixture B.and in 3D mold for mixture A (in the latter ase presented temperatures were mea-sured in the ross-setion through the enter of uboid mold). Calulated temperature�elds show fair agreement in eah ase, whih proves that implemented model an besuessfully used to alulate temperature in onrete strutures.



Numerial simulations of hardening and ooling of the early-age onrete 17a)

b)

Fig. 5. Model validation: a) 2D ase � mixture B, b) 3D ase (ross-setion) mixture A.Lines denote numerial solution, irles denote measurements.4. ConlusionsThermal properties of hardening onrete were e�etively determined using an un-onventional approah. The obtained simulation results are onsistent with experimen-tal data, whih indiates that this proedure an be adequate in real-size struture.Therefore the proposed proedure an replae the ostly and time-onsuming experi-mental studies designed to determine thermal properties of any onrete mixture bypoint temperature measurements and numerial solution of the inverse heat transferproblem. The solution gives also hints at how to design an optimal ooling system toavoid thermal raking.
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