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Abstract. One of the important aspects of the production technology of 

monolithic reinforced concrete is to ensure the rational temperature 

hardening of concrete that can provide high-quality concrete with a 

minimum duration of heat treatment and minimize energy costs.     

The article contains ways to solve the problem of ensuring a rational 

temperature setting of hardening. The task requires the development of a 

general method for calculating the temperature field of concrete in a 

hardening reinforced concrete structure. The proposed method of 

calculating considers a mathematical model of the temperature field in a 

hardening concrete structure of any shape with different conditions on the 

heat exchange surfaces and can be applied in various ways of heat 

treatment of concrete. For solving the equations of thermal conductivity 

and kinetics of heat release of concrete, the initial and boundary conditions 

must be specified. Moreover, the influence of reinforcing and simulation of 

heat distribution in the frozen basis is studied. 

1 Introduction 

Currently, in the construction industry, the direction of forming a set of measures for the 

use of technology and the organization of construction by the method of concrete and 

reinforced concrete monolithic housing construction has received a significant accelerated 

volume of implementation. [1-3]. An important element in the production of reinforced 

concrete technology is to ensure the rational temperature concrete hardening [4-7]. For a 

satisfactory solution to this problem, it is necessary to have a common method of 

calculating the temperature field in the hardening concrete structure [8-13,17].  

The implementation of this method of calculation using computer modeling has now 

become possible and relevant due to the widespread use of computer technology in various 

fields of the economy. [5, 18]. Under the influence of the inhomogeneous and non-

stationary temperature field in the hardening concrete thermal stress arises in it as a 

condition that can lead to a decrease in the final strength of the structure [1,3]. Therefore, it 

is necessary to know the dynamics of temperature fields in concrete structures for different 

methods of heat treatment. By choosing the most efficient mode of heat treatment of 

concrete structures, it is possible to provide high-quality concrete with a minimum duration 

of heat treatment and minimize energy costs [8,9]. During the heat treatment of the 

concrete, the temperature field in the structure can be controlled by changing the initial 
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concrete temperature, the heating power of the heating elements and heat exchange 

conditions on the surface of the structure [21-24]. There is the task of finding such heat 

treatment mode, in which the temperature field has the desired characteristics. These 

characteristics include temperature, its rate of rising and temperature gradient [16,20]. 

The first step in solving the problem of heat treatment mode is to create a sufficiently 

accurate mathematical model of the temperature field in the hardening concrete. 

The second step should be devoted to the numerical solution of the equations of the 

model that allows us to calculate the temperature field in the hardening concrete structure 

using computer software. With this method, you can use the computer software to 

investigate the dynamics of the temperature field at various modes of heat treatment and to 

develop the most rational modes without resorting to a big series of scientific experiments. 

2 Methods 

The article presents a mathematical model of the temperature field in a hardening concrete 

structure of any shape with different conditions on the heat exchange surfaces. A locally 

one-dimensional scheme is applied for the numerical solution of the model equations. The 

proposed method of calculating the temperature field can be used in various ways of heat 

treatment of concrete, when choosing the power and thermal insulation of the designed 

heating formwork, as well as for the calculation of the thermal conditions of buildings and 

structures.  

A mathematical model of the temperature field. The heat equation. The propagation of 

heat in the concrete in the absence of intensive sources (waste) water and steam is mainly 

determined by the heat conductivity. The heat equation for a three-dimensional domain G 

has the form: 

С
∂U

∂t
= Lu + f ,   Lu = ∑ Lp

3
P=1 u ,    (1) 

Lu =
∂y

∂xp
( λp

∂u

∂xp
) ,  x⃗⃗ = (x1, x2, x3)ϵG     (2) 

where C - specific volumetric heat capacity, J/m3°C; λρ - coefficient of thermal 

conductivity, W/m°C; hr (P = 1; 2; 3) the Cartesian rectangular coordinates, m; t - time, 

sec.; u - temperature, °C; f - intense inner heat, W/m3. 

A task of the area. Area G must include not only the fresh concrete, temperature field 

that we are interested in (the temperature of which is studied), but also the parts of the 

solids that are in contact with it (for example, the previously poured concrete, soil 

foundation, etc.). 

3 Results 

Influence of reinforcement. Steel reinforcement in concrete usually takes a small relative 

volume so its effect on the values of С and j insignificant. However, since the coefficient of 

thermal conductivity (λρ) of steel is much larger than λρ of concrete, it is necessary to 

consider the heat flows that extend on rebars. Thus, the thermal conductivity (λρ) also 

depends on the location and direction of the reinforcement (anisotropic medium). 

Internal heat sources. The intensity of internal heat sources is the sum of the intensity of 

the energy flow from the outside (electric heating, etc.) and the intensity of the heat 

produced by the concrete itself. The first term is the control action and is given as a 

function of position and time. Concrete heat intensity depends on the temperature and 

conditions of the concrete. It should be noted that the hardening concrete thermal 
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conductivity also depends on temperature and its state. Currently, this issue needs to be a 

pilot study. 

Simulation of heat distribution in the frozen basis. Let us look at pouring concrete on a 

partially frozen subgrade. During the process of hardening of concrete, the interface 

between the thawed and frozen zones in the ground moves. The temperature at the 

boundary between zones is constant and equal to the phase transition temperature. Each 

zone temperature satisfies the equation (1); moreover, the heat capacity and thermal 

conductivity in the frozen and thawed zones are different. Each point g = (g, gg, 5z) E 

moves along the normal to the interface at that point. The values related to the frozen zone 

will be denoted by the index 1, and in the melt zone - index 2. Suppose 2 is the unit vector 

normal to the interface from the melt zone to the frozen. Then the velocity of the interface 

is determined by the heat balance equation. 

qf (
dξ⃗ 

dt
∗ n⃗ ) =  λ1

∂u

∂n⃗⃗ 
|−λ2

∂u

∂n⃗⃗ 
|    (3) 

Where q is the specific heat of the volume phase transition, J/m3. 

Instead of the two heat conduction equations for the frozen and thawed areas and 

bonding heat balance equation, you can use one type of equation (1), in which the heat of 

the phase transition takes into account changes by an artificial change in the heat capacity 

of the environment. 

In the real ground interface between frozen and thawed areas is not surface. To account 

for the latent heat is introduced b - shaped continuous function b (u - Uкр, Δ) which is 

different from zero only in the interval (u - Δ, Uкр) and satisfies the normalization 

condition. 

∫ b(u
ukr

ukr−Δ
−  Δ , ukr) du = 1 −

1

qf
∫ с (u

ukr

ukr−Δ
)du;   (4) 

Then the process of heat distribution in the frozen and thawed areas is modeled by one 

equation with thermal capacity (5) and thermal conductivity λ =  λ⃗ (u). 

с = с (u) + qf δ(u −  Δ , ukr);    (5) 

4 Discussion 

The equation of kinetics of heat release of concrete. The intensity of hardening concrete 

heat at any given time is determined by the temperature and condition of the concrete that 

established to this point in time.  

Concrete condition parameter. Fundamentally, it is possible to determine the state of 

hardening concrete with a set of physical parameters that change during the hardening 

process [14, 15]. If the concrete does not have destructive changes its state is determined by 

the composition of the concrete mix and some parameter that monotonously changes during 

the process of hardening of the concrete [11, 12]. Thus, we can assume that the physical 

parameters are uniquely expressed through their initial values and this generalized 

parameter. As such a parameter, it is convenient to take the specific heat release of concrete 

Q (J / m3) or the relative heat where Qmah - maximum specific heat of concrete, J/m3. 

General form of the equation of kinetics of heat release of concrete. As it is described 

above, concrete heat intensity is function of the temperature and the relative heat: 

dQ

dt
= QmaxE(u, ω)    (6) 
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dω

dt
=  E(u, ω)     (7) 

Where E (U, W) - heat release function coefficients determined by the composition of 

the concrete mix. This equation is the equation of the state of concrete and, at the same 

time, the equation of the kinetics of heat release, since the relative heat release of concrete 

is chosen as the state parameter (Q). Heat function can be represented as the product of a 

function of temperature φ and state function ψ. 

E(u, ω) = φ(u)ψ(ω)         (8) 

For isothermal modes of hardening, such a representation is equivalent to the regularity 

of temporarily equal heat releases, which is in good agreement with experimental data in 

wкр< w>1 region, where wкр - the critical value of the relative heat in which the heat release 

rate in the isothermal mode reaches a maximum. 

In the region 0 < w<wкр the regularity of times equal heat generation is violated, 

therefore in this area function cannot be represented as a product. However, the difference 

between wкр and w0 (relative heat release of concrete laid in the formwork) is small, so for 

practical calculations, it is permissible to have a heat release function in the equation of 

heat release kinetics as a product in the field 0 1  . 

Heat function of the concrete. The state function is defined as: 

ψ(ω) =  (1 −  ω)ν    (9) 

Where v - a constant coefficient. 

The best approximation of the experimental data to the heat dissipation of the concrete 

is provided by two functions: 

φ̃(u) =  K exp (
u−20

ξ
),     (10) 

φ̅(u) =  K (
u−u3

20−u3
)
ζ

 ,     (11) 

Where u3 - freezing point of the concrete, °C; K, ξ, ζ - coefficients depending on the 

composition of the concrete mix. 

Function (a) leads to the known relationship: 

 
φ ̃(u2)

φ ̃(u1)
= 2

u2−u1
ℰ  , ℰ =  ξ ∗ ln 2            (12) 

Thus, the concrete heat function takes the form: 

Е(u, ⍵) =  φ̅(u)ψ(⍵) = K(
u−u3

20−u3
)
ζ

(1 − ⍵)ν,           (13) 

Where the function φ̅(u)  can be replaced by φ̃(u). Moreover, the coefficients of heat 

function is determined experimentally. 

The heat equations and kinetics of heat release of concrete should be supplemented by 

initial and boundary conditions. 

Initial conditions. The initial condition for the heat equation is the temperature 

distribution in region 0 at the initial moment of the heat treatment process of the concrete 

mix 

U/t=0= u0(x)    (14) 
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The area occupied by the concrete mix, the function u0(x) can be assumed constant. In 

areas previously occupied by the poured concrete or gravel base should be made a real 

temperature distribution. If this distribution is not known, it must first be calculated by the 

method described in the article. The initial condition for the kinetics of heat dissipation of 

concrete is the distribution of the state parameter in the region O at the initial moment of 

the heat treatment process: 

⍵/t=0= ⍵0(x)    (15) 

The area occupied by the concrete mix, the function ⍵0(x) assumed to be constant. If 

the area has a zone of previously poured concrete, the process of heat generation in which 

has not been completed yet, then the distribution of the state parameter in this zone should 

be obtained by preliminary calculation. In the rest of the region, the state parameter is equal 

to one. Boundary conditions. The condition of constant temperature is set on the part of the 

boundary G of the region G, passing in the ground or in the old concrete. In this case, you 

should move the border area. The boundary condition for the rest of the boundaries is the 

heat balance equation: 

[λ
∂u

∂n⃗⃗ 
+

1

R
(u − v) + cn

∂u

∂t
]
x⃗ ϵr

= qn                                         (16) 

Where: R – thermal resistivity, (m2оС)/W; 

      
1

R
 – coefficient of heat transfer, W/(m2оС); 

                  V – environment temperature,оС; 

                  cn –  heat capacity of formwork, J/(m2оС); 

                  qn – specific power of heating formwork, W/m2. 

The values R, cn and qn may depend on coordinates and time.  

For flat boundary thermal resistance is the expression: 

R =  
d

λ
+

1

⍺
                                                                (17) 

Where α – outside film coefficient of heat transfer that depends on wind speed, 

temperature, emissivity and orientation of the border area, W/(m2оС); 

    d – thickness of thermal insulation layer, m; 

    λ – coefficient of thermal conductivity of heat insulating material, W/(m2оС). 

The heat transfer resistance may be significantly less in some areas where there is a 

metallic connection of the deck with the outer surface of the formwork. In this case, the 

corresponding value α is introduced into the boundary condition. In the presence of a steel 

deck, it is necessary to consider the flow of heat that spreads over the deck. 

5 Conclusions 

The article considered the task of ensuring rational temperature conditions for concrete 

hardening. To solve this problem, we examined the parameters necessary for calculating the 

thermal regime of concrete and some of the components that affect the temperature field of 

concrete.There are some conclusions: 

 The method of calculating the temperature field explored in the article can be applied to 

various methods of heat treatment.  

 Thermal conductivity in general determines the process of heat distribution in concrete. 

The article presented the heat equation for the three-dimensional region. 

 It is necessary to take into account not only the area of freshly poured concrete, but also 

the areas of solids that are in contact with it. 
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 The reinforcement has almost no effect on the temperature conditions of the concrete. 

 Requires an additional experimental study of the dependence of the thermal 

conductivity of hardening concrete on its temperature and condition. 

 The state of hardening concrete may be determined by some set of physical parameters 

that vary during the hardening process. 

 The heat intensity of concrete is a function of temperature and relative heat. 

 To solve the heat conduction equation and the kinetics of heat generation in concrete, it 

is necessary to set the boundary conditions.  

In addition, the specific power of the heating formwork is the main insulating effect on the 

temperature field of concrete. It can be changed during the hardening process according to 

any technologically acceptable law in order to choose the most rational mode of heat 

treatment. 
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