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Abstract. This paper presents the results of numerical studies of the temperature regime and the thermal
stressed state of the reinforced concrete wall of the nuclear power plant foundation block during the
construction period with continuous concreting at full height. Calculations were done both using the
dependence of the change in heat liberation over time on the hardening temperature, according to the
theory of I.D. Zaporozhets, as well as the experimental data. It is established that if Zaporozhets equation
is used in calculations, the correction of heat release values should be performed in the first 45 hours of
concrete hardening. In order to correct the theoretical values of the specific heat, the last one should be
multiplied by the correction factor. The dependence of the factor on the time within the range of 4 to 45
hours is approximated with sufficient accuracy by the obtained fifth degree polynomial. The crack resistance
of the structure was determined using a deformation criterion, taking into account the change in the ultimate
elongation of concrete over time. In this particular case of concreting a structure it is shown that when the
correction function is introduced into the calculation program there is no need to use thermal insulation.
The direct economic effect, as well as the indirect one associated with the decrease in the construction
period, allow avoiding the rise of the construction costs. It is proposed to use the developed methodology
in practical calculations of thermal crack resistance of massive concrete and reinforced concrete structures
during the construction period.
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1. Introduction

The hardening of massive concrete and reinforced concrete structures has a number of features.
During the building period, the formation and development of cracks are possible. The main reasons for
that are non-uniform temperature distribution in the concrete body and the temperature gradient between
the core and surface of the block [1-3]. In turn, temperature non-uniformity is caused by fluctuations of the
ambient temperature, the heat release due to cement hydration, as well as difference between the
maximum temperature in the block and the temperature of its faces, the rate of block cooling [4-6]. The
presence of such damage in structures of high responsibility level is unacceptable.

The problem of assessing the thermal crack resistance of massive concrete and reinforced concrete
structures in early period consists of determining the temperature fields based on the solutions of heat
conductivity equations [7—10] and stresses, and verifying certain conditions meeting the thermal cracks
formation. The allowable core-surface temperature gradient was accepted as a crack resistance criterion
in papers [11-13]. The energy [1] and the deformation criterion [13] are more accurate and approved in
national design codes of concrete structures. The latter one is used in the current work.
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The heat liberation due to the cement hydration contributes greatly to the formation of non-uniform
temperature fields of massive concrete and reinforced concrete structures during the building period.
Special attention is paid to this factor [14—-29].

The theory of I.D. Zaporozhets describes the kinetics of concrete heat release depending on
temperature and time of hardening [14]. The experimental studies show that at the initial stage the heat
release of concrete differs from the results obtained on the basis of the |.D. Zaporozhets equation used in
computer programs [15, 16]. Moreover, the hydration temperature influence on the heat liberation process
should be taken into account [13].

Neglecting the above-specified factors causes the error in the concrete thermal stressed state
analysis. As a result, the calculated characteristics of concrete protection measures against cracking may
be overestimated (thickness of thermal insulation, terms of its removal).

Therefore, the aim of the current work is to develop the procedure for refining the design heat release
function based on the experimental data for more accurate application of specific measures against
cracking.

2. Methods

2.1. Analysis Procedure

The TERM program developed at the Department of Building Structures and Materials of Peter the
Great St. Petersburg Polytechnic University (SPbPU) was used in analysis [13]. An important feature of the
program is the ability to take into account the influence of time and temperature on the deformative and
thermophysical characteristics of concrete, which is relevant for the construction period.

The first block of the program solves the problem of determining non-stationary temperature fields in
a concrete structure in contact with the base and other elements. The inhomogeneous differential heat
conductivity equation for 2D calculation cases is as follows:

2 2
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where ( is the heat of the cement hydration exothermic reaction;
¢ is concrete specific heat capacity;
A is concrete internal heat conductivity coefficient;
¥ is concrete density;
t is temperature;

T is time.

Concrete heat liberation according to |.D. Zaporozhets is treated as a function of time and
temperature not depended on the coordinates of an element:

1
O(7) = Oy | 1 = (1+ A7) ™1 (2)

where O, is the limit, which the concrete heat liberation goes for;

AT is the increase rate of heat liberation coefficient providing the constant temperature T in time;

m is reaction order with respect to water, which is 2+2.3 for Portland cement;
The temperature influence on the heat liberation is taken into account with the temperature function:

i)

fn=2¢ (3)
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where ¢ is the characteristic temperature subtraction which shows the times of heat liberation velocity
alteration providing the temperature variation in & degrees. The characteristic temperature subtraction

depends on temperature: & =kt +1, where k =~ 0.13; [/ =~ 8 are characteristics revealed with experiment.
On the outer contour of structure the 3-d kind boundary conditions are accepted, assuming that the
heat exchange between the concrete surface and the air environment occurs according to Newton's

convective heat transfer law. In this case, the heat flow, coming from the inner concrete layers to the
surface, must be accepted by the environment. This condition is written as equality of two flows:

ot
A—= _/B(tcs _tem) (4)
On
where [ is the heat exchange coefficient depended on surface heat exchange conditions (wind velocity

and direction in the open air, curing conditions: into the temporary hide, the presence on the concrete
surface the membrane, thermal insulation, framework);

t

s Ul

-m 1S the concrete surface and environment temperature respectively;

n is the normal vector to the concrete surface.

The reduced heat transfer coefficient allows to take in account the thermal insulation, covering,
framework influence:

/Bnp = 1— )]

where R is the insulation thermal resistance.

At the border of contact with the base or other elements of the concrete structure, boundary
conditions of the 4-th kind are accepted. From the condition of the continuity of the temperature field, it
follows that at the contact of two bodies in an infinitely thin layer the temperature of the first body is equal
to the temperature of the second one. In addition, the equality of heat flows at the border of two bodies

must be satisfied:
ot ot
Al — | =h|— 6
1(871]1 ﬂQ(@nl ( )

The second block of the program calculates the values of thermal stresses. The resolving system of
integral-differential equations is obtained by substituting dependencies describing deformations taking into
account the hypothesis of flat sections. Also the relationship between stresses and deformations considers
creep through the relaxation function according to the linear hereditary theory of aging, and the condition
of static equivalence to zero of the temperature forces across the section. When solving the system, the
finite element method and numerical integration are used.

The third block of the program evaluates the thermal crack resistance of a concrete structure. The
criterion proposed by P.l. Vasiliev, suggesting the appearance of cracks due to the insufficient ability of
concrete to deform under the tensile stresses, is used:

() = 737 b6E1im P Ep (1) (7)
where o () is the thermal stresses at time £

Vpe is the working condition coefficient;

Vp3 is the coefficient taking in account the gradient of strain across the section influence on the
strength of concrete in tension;

&y 18 limit concrete elongation;
@(t) is the coefficient taking in account dependence of &;,, from the age;

Eb () is initial elasticity modulus of concrete at age less than 180 days.
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2.2. Initial Data

We investigated the thermally stressed state of the monolithic reinforced concrete wall of the NPP
foundation block, continuously concreted to the entire height with and without taking into account
corrections in the heat release equation. Despite the reinforcement of the wall, the work of the reinforcement
is neglected due to approximately the same thermal expansion coefficient as that of concrete. Since the
length of the wall significantly exceeds its thickness and height, the analysis in plane strain way is
considered in this paper. The design characteristics and design parameters are presented in Tables 1 and
2, respectively.

Table 1. Construction parameters.

No Name Material Thickness, m Height, m
1 Foundation slab  Concrete B40 2.6 -
2 Wall Concrete B30 2.0 54

Table 2. Design parameters for the thermal stress state analysis.

No Design parameter Property
1 Concrete strength class B30
2 Cement consumption for concrete, C 230 kg/m?
3 Deformation modulus of concrete, Eb 33.1GPa
4 Environment temperature 10 °C
5 Concrete mixture temperature before casting 20 °C
6 Reduced heat transmission coefficient of 20 mm plywood 2.64 W/m2-°C
timbering and 10 mm heat insulation

3
7 Concrete maximum heat liberation, Qmax 102.4 MJ/m
8 Heat liberation growth rate coefficient, A20 0.61
9 Power index, m 2.2

The comparative assessment of the calculation results is presented using Equation (2) in the original
and corrected versions. The correction was made by introducing the correction factors equal to the ratio of
experimental data to theoretical ones.

2.3. Heat Liberation Experimental Results

The heat release of concrete was determined experimentally: in a semi-adiabatic calorimeter, as well
as by calculation: using the temperature function [14] with a reduction to isothermal hardening under a
temperature of 20 °C. In order to reveal the dependence of the specific heat release on time, the average
values of four samples were used. The laboratory results and theoretical values are presented in Table 3
and Figure 1.

Table 3. Concrete unit heat liberation.

Time 7 ,h 4.0 8.0 12.1 16.0 203 242 282 324 358 40.0
G1est + Klkg 6.0 126 325 622 973 1255 1496 169.0 1815 1944
9 calcs kKIkg 345 636 892 1101 130.3 146.4 1615 1754 1855 197.0

(Geate —iest )/ Qres: 475 405 1.74 077 034 047 008 004 002 0.01

k=G5! qeqe 0174 0198 0364 0.565 0.747 0.857 0.926 0.964 0.978 0.987

NOTE: ¢, is the experimental specific heat liberation of, ¢ ,;. is the theoretical specific heat liberation: according to
Equation (2).
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Figure 1. Specific concrete heat liberation: 1 — experimental; 2 — theoretical.

Fig. 1 and Table 3 show that the curves are different from each other in the first 40 hours. The excess
of the theoretical value of heat release over the experimental one is from 1 to 475%. The closer the time is
to the beginning of concrete hardening, the more significant the distinction is, what may be explained by
the impossibility to take into account the retarding action of gypsum, softeners and other additives in
Equation (2).

Correction of theoretical values of specific heat release is carried out by multiplying the correction
factor k. The dependence of factor k on time 7 in the range from 4 to 45 hours with sufficient accuracy

(R2 =0.9999) is approximated with the fifth degree polynomial (Fig. 2).
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Figure 2 Approximation of the correction factor £ = f(7) with the fifth degree polynomial.

3. Results and Discussion

The plane problem of determining the temperature fields and stresses of a reinforced concrete wall
for two cases of taking into account the heat release of concrete was solved: 1) heat release was taken
according to the equation of I.D. Zaporozhets (Eq. (2)); 2) heat release is taken according to the equation
of 1.D. Zaporozhets with a correcting function k = (7). Thermal insulation and formwork are dismantled

10 days after placing the concrete mixture.
3.1. The first design case

Temperature and stress distributions in the center and on wall surface according to the
I.D. Zaporozhets heat liberation theory that was not corrected with the experimental data are presented in
Fig. 3 and 4 respectively. The notional strength is the right part of the equation (7).
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Figure 3. Temperature variation in the center and on the surface of the wall (the 1st case).
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Figure 4. Stress variation in the center and on the surface of the wall (the 1st case).

Figure 3 shows that 3 days later the temperature in the center of the wall rose to a maximum value
of 49 °C, and the surface temperature was 37 °C. Ten days later, as a result of thermal insulation and
formwork removing, a sharp drop in the surface temperature from 30 °C to 14 °C is observed. Along with
it, a sharp jump up to 2.5 MPa of tensile stresses is observed. This phenomenon is called the heat stroke.

3.2. The second design case

Temperature and stress distributions in the center and on the surface of the wall according to the
I.D. Zaporozhets heat liberation theory that was not corrected with the experimental data are presented in
Fig. 3 and 4 respectively.

Temperature and stress distributions in the center and on the wall surface using the correction
function k£ = f(7) to the equation of I.D. Zaporozhets heat liberation theory are presented in Fig. 5 and 6,
respectively.
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Figure 5. Temperature variation in the center and on the surface of the wall (the 2nd case).
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Figure 6. Stress variation in the center and on the surface of the wall (the 2nd case).

In this case, there is a decrease in the maximum temperature in the wall center to 44 °C and in the

surface layer to 33 °C. In addition, the temperature drop and the stress jump after the thermal insulation
removal decreased to 11 °C and 2.3 MPa respectively.

3.3. Refusal from insulation

Reducing temperature differences and thermal stresses as a result of applying the corrective function
and obtaining more reliable results allows us to reject the insulation and reduce the cost of concrete work,
which is confirmed by the calculations (see Figures 7 and 8).
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Figure 7. Temperature variation in the center and on the surface of the wall (the 3rd case).
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Figure 8. Stress variation in the center and on the surface of the wall (the 3rd case).
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The concrete thermal stress state results obtained for the 3 design cases are presented in Tables 4

and 5.
Table 4. Thermal stressed state calculation results on the 1st day after concrete pouring.
No Calculation case  Time. davs Max temperature Max temperature Tensile stresses,
» day center/surface, °C contrast, °C MPa
1 Heat liberation 1 38/31 7 0.41
not corrected
2 Heat liberation 1 31/26 5 0.26
corrected
3 Heat liberation
corrected and 1 30/21 9 0.42
without
insulation

The results of the thermal stressed state analysis on the 1st day after concrete pouring are presented
in Table 4. Such a time step is indicative from comparing the old method of determining the heat liberation
of concrete and the new point of view. For this purpose, the crack resistance calculation was carried out
separately, taking into account the heat liberation according to the old method in the absence of thermal
insulation on the upper face of the wall. As a result, on the 1st day, the crack resistance criterion is not met:
the operating stresses are 0.66 MPa, the notional strength is 0.58 MPa, which requires a thermal insulation.
When the calculations of crack resistance use a new method for estimating heat liberation (case 3 of
Table 4), crack resistance is met and thermal insulation is not required.

Table 5. Thermal stressed state calculation results for the maximum temperature rise.

Time Max temperature Max Tensile Maximum tensile
No Calculation case ’ center/surface, temperature stresses due to thermal
days o o stresses, MPa
C contrast, °C stroke, MPa
1 Heat liberation 3 49/37 12 0.82 25
not corrected
2 Heatlberation 44/33 11 0.74 23
corrected
3 Heat liberation
corrected and 3 41/25 16 0.78 0.05
without
insulation

Turning attention to Table 5, in the first case, to ensure the thermal crack resistance of concrete,
according to the calculation, it is necessary to apply thermal insulation. Here, the largest temperature
difference between the center and the wall surface is observed on the 3rd day and amounted to 12 °C, with
the corresponding tensile stress of 0.82 MPa. Tensile stresses acquire the highest value (2.5 MPa) on the
10th day after the insulation and formwork removal. However, by this age concrete has time to gain the
necessary strength and elasticity to resist cracking.

In comparison with the previous case, the correction of the heat liberation formula gave a delay of
one day for the onset of the largest temperature difference and the corresponding stress at their lower
values (11 °C and 0.74 MPa). In addition, there was a decrease in the peak of tensile stresses during
thermal stroke.

Thus, the refinement of the heat release parameters on the basis of experimental data allows us to
obtain more reliable calculation results and reject the unreasonable use of insulation. The removal of the
formwork does not lead to the phenomenon of heat stroke (Fig. 8), and the terms of removal can be
assigned without consideration of the thermal stressed state of the structure.

Due to the specifics of the study made, the results can be compared with the data of other
researchers only without taking into account the introduction of a corrective function, which are close to the
similar calculations [2—4].

4. Conclusions

1. The work shows that the theoretical dependence of the heat liberation of concrete on the
hardening time used in the calculations of the thermal stress state differs from the experimental one and
gives not entirely reliable results on the crack resistance of concrete.

2. Due to the difficulties in the analytical description of the real curve of the cement exotherm, which
has a double curvature, the possibility of bringing the theoretical dependence of heat release on time to a
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more reliable form is shown by multiplying by correcting function obtained on the basis of experimental
data.

3. The work established that, using the equation of I.D. Zaporozhets, heat release values must be
corrected in the first 40 hours of concrete hardening. During this period, the actual heat release is lower
than the calculated one.

4. It is shown that when the correction function is introduced into the calculation program, in this
particular case of concreting a massive structure, there is no need to use thermal insulation. A direct
economic effect, as well as an indirect one, associated with a reduction in the construction period of massive
structures, will help to avoid a rise in the cost of construction. Therefore, the proposed methodology can be
recommended for practical calculations of thermal crack resistance of massive concrete and reinforced
concrete structures during the construction period.

5. The offered methodology of estimating the thermal stresses of massive concrete structures during
the building period is applicable when the concrete has acquired elastic properties.
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