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Abstract. This article examines the justification for using one-dimensional structural models in the
analysis of the thermo-stressed state in massive concrete and reinforced concrete structures during the
building period. The paper presents calculation results for the thermo-stressed state in massive
foundation slabs with different planform dimension ratios. Special attention is paid to presence/absence
of thermal insulation on the sides of the slab during the mixture pouring process. Generally, one-
dimensional structural model is suitable in cases when ratio h/l <0.17, h stands for the minimal plane
dimension in a construction such as slab. The research indicates the existence of zones near the sides of
slabs, where values of the tensile stress exceed the values that were obtained with use of one-
dimensional structural model. This excess may account for 9.5 %.

AHHOTaumAa. B Hactoswen pabote paccmaTpuBaeTcs 0BOCHOBaAHHOCTb —WCMONb30BaHUSA
OOHOMEPHbIX pacyeTHbIX CXeM MpPW aHanuM3e TePMOHAaNPSXXeHHOro COCTOSHWSA MaCCUBHBIX OETOHHbIX U
Kerne3o0eTOHHbIX KOHCTPYKUMA 30aHUA W COOPYXEeHUW B CTpouTenbHbii nepuod. [puBeaeHsbl
pe3ynbTaTbl pac4eTHOro MCCnefoBaHUA TEPMOHAaNPs>KEHHOro COCTOAHUSA MacCUMBHOW hyHOAMEHTHON
NAMTbl C pasfUMYHbIM COOTHOLIEHWeM MraHoBblX pa3mepoB. OcobeHHOe BHUMaHWe yaeneHo
HanMuMI/OTCYTCTBUIO TEMMOU30NALMN Ha Topuax nNpu yknagkn 6etoHHom cmecu. OnpegeneHo, 4YTo B
obulem cnyyae oOfHOMepHas pacyeTHas cxema npuMmeHuMa npu cooTHoweHun h/1<0.17, rge
h—MeHbWNA M3 NnaHoBbLIX pa3MepoB KOHCTPYKUMM Tuna nnuTel. [lpoBegeHHoe wuccnegoBaHue
nokasblBaeT HanmuMume 30H (B MPUTOPLEBbIX Yy4yacTkax), B KOTOPbIX pacTarvsBalowwme HanpsxeHus
HECKOIMbKO MpeBOoCXoaAT 3Ha4dYeHud, nony4vyeHHble no O,D,HOMepHOI7I 3agave. I'IpeBblmeHme MOXeT
coctaBuTb 9.5 %.

Introduction

Structural calculation methods involve the use of structural models that are made with certain
assumptions and simplifications that greatly facilitate the calculation. There is a limit for the use of each
structural model after which it becomes invalid. Calculation with an incorrectly chosen structural model
cannot be valid, even when using the most accurate methods.

Most of the industrial and civil constructions (especially nuclear power plants [NPP] and high-rise
buildings) use large sized reinforced concrete slabs (many times longer than they are thick) for the
foundation, for massive walls, and as floor slabs.
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During the building period, non-stationary and non-uniform temperature fields [1-7] appear in the
concrete as a result of cement setting and heat exchange with the environment, consequently leading to
the formation of thermal stresses [8-16]. Uneven temperature fields are the cause of tensile stresses
(and consequently of extension strains) on the surface of the foundation, which are capable of generating
dangerous cracking [17-23].

The problem of evaluating the fracture resistance of the concrete and the reinforced concrete
blocks during the building period is rather complicated from an engineering point of view [24—-30]. Strictly
speaking, the foundation (wall, slab) is a 3D object, so the problem should be solved in a 3D formulation.
Also, the large dimensions of the massive constructions necessitate the use of a large amount of finite
elements in such a design model. The need to consider the influence of temperature on the thermal
characteristics and deformability of the concrete (physical nonlinearity of the problem) significantly
complicates the calculations. It is also important that the solution of the thermo-elastic problem will be
extremely approximate; it is necessary to consider deformations due to concrete creep [31-33].

In the case when the plane dimensions of the slabs considerably exceed their thickness, a one-
dimensional structural model can be applied for the central part of the slab with a sufficient degree of
accuracy when tension and temperature are functions of a single spatial coordinate — the vertical one [14,
28-31].

The transition to this model is valid for a certain ratio between the thickness of the structure and its

. . . . : . . h 11
plane dimensions. In [10-12] there is an approximate numerical value for this ratio 0 < 3" where |- the

smallest dimension of the block; h- thickness of the array of blocks.

The one-dimensional model has the following advantages:

1. itis a solution to the wide range of problems that arise in modern practice during the erection of
massive concrete structures;

2. the method is comparatively simple ;
3. the implementation of the algorithms is simpler and consequently shortens calculations.

: : . h 11 .
There are the disadvantages of this model as well: ratio T < 372 often are not satisfied and heat

flow from the side surfaces becomes significant. In such situations, it is necessary to use 2D and 3D
structural models.

For the foregoing reasons, finding the precise meaning of ratio % is the vital task. Since calculation
with an incorrectly chosen structural model cannot be valid, even when using the most accurate methods.

The purposes of this article are an elaboration of the numerical ratio % , Which allows a change to

one-dimensional structural model for the calculation of thermal-stressed state of concrete massifs (such
as slabs, ceiling panels or walls) during the construction period, and an assessment of observational
errors in case of the changing 2D and 3D models to the one-dimensional structural model.

Thermo-stressed state is meticulously surveyed on the ends (2D model) of foundation slabs (walls,
ceiling panels), considering the heat sink from the side surfaces. As initial data (thermophysical and
stress-related characteristics of concrete, cement heat radiation) the results or research, obtained in
laboratory “Polytech-SKiM-Test” in CUBS department by Professor Y.G. Barabanschikov were accepted.

Statement of the problem

To define thermal stresses in a construction a concrete slab was analyzed. This slab does not
have restraints in deformations and it is laid as one block and has height in a range of [0.5...2.5] m.

The process of concreting takes place in summer period.

In a slab’s cross-section the problem is two-dimensional, since stresses and temperatures are
functions of the two spatial coordinates — vertical and horizontal.
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It is required to analyze the thermal stressed state of foundation slab considering that the heat flow
is two-dimensional, to assess influence of the heat flow from the ends with different ratio % to elaborate

. h . . . .
the ratio n wherein a structural model can be considered as one-dimensional.

This paper demonstrates calculation of the foundation slab’s thermal stressed state with the help of
TERM software [14] developed by the Institute of Civil Engineering at the St. Petersburg State
Polytechnic University. This software calculates nonstationary fields of temperature and thermal stresses
in slabs. In order to estimate the cracking resistance of the foundation slab, we would use the
deformation criterion suggested by P.I. Vasiliev [24—-28]. An essential feature of the TERM software is the
consideration of temperature influence on thermophysical and stress-related concrete characteristics,
which is vital for problems of the construction period.

The results of analysis of the thermal stressed state of foundation slab allow us to elaborate the %

ratio, which permits change to one-dimensional structural model. The assessment of the possible
measurement errors is provided. The dangerous zones in the ends of the slab are surveyed.

Initial data.

1. Technological conditions of concrete mixture pouring:
a. ambient temperature (temperature of ambient air): 15°C;
b. concrete mix temperature: 15°C;

2. Conditions of heat transfer on the surface: third type boundary conditions. Heat transfer
according to the Newton’s law:

or _p

3. Geometry and plan dimensions: slab thickness equals to 1; 1.5; 2 m;

4. Thermal and physical characteristics of the concrete: thermal conductivity= 2.67 W/m-°C,
thermal capacity c= 1.0 kJ/kg-°C;

5. Stress-related characteristics:
a. According to N.A. Malinin, the instantaneous elastic deformation modulus of concrete follows the
equation [13]:

E(t) = Ep(1—6™) 2

where Emaxz 38000 MPa is the limit value of the concrete deformation [24]. Functional dependency
parameters are x= —0.37, y = 0.32, and t stands for the current time;
b. The heat dissipation process follows the 1.D. Zaporozhets equation [2]:

1

Q(r) = Quu | 1- A+ A7) ™ @3)

The parameters of heat dissipation process were defined experimentally. The results of research
which was conducted by professor Barabanschiov Y.G. were used as initial data for heat dissipation
process: the maximum heat dissipation Qmax=1.66x105 kJ/m3; heat dissipation’s rate of increase
coefficient at 20°C A2 = 1x10%s?; 1/(m-1) = 0.833.

For accurate results, sizes of a finite element (in this problem 8-knot isoparametric finite elements
are used) were not changed during the calculations. The structural model is represented at Figure 1.
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Figure 1. The structural model

Analysis of the thermo-stressed state
First experiment.

The following situation was modeled: for the structural model (Figure 1), the heat transfer from the
ends is prohibited by artificial input of infinitesimal reduced heat transfer coefficient fred. The point of
time where the maximum of exothermic heat of the plate takes place is explored (first and second day).
There is an extension on the surface in this moment, while in the center — compression. Tensile stresses

on the surface of the slab are dangerous and may cause crack formation.

As an example, we analyze the thermal stress of the slab, cross section of which is equal to the
size 1.5 x 11 m. The temperature fields and thermal stress fields will look (on the 2nd day after laying the

mixture) as shown in Figures 2-3.
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Figure 2. The temperature field on second day after pouring the concrete mixture (0C)

Figure 3. The stress field on second day after pouring the concrete mixture (kg/cm2)
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Analysis of temperature fields (Figure 3) shows that temperature field is one-dimensional: the
temperature’s value varies along the Z-axis (height boards) only. The problem connected with stresses is
still two-dimensional.

The diagrams of thermal stress (the X-axis) on the surface of the slab, as shown in Figure 4,
decrease monotonically from the center to the sides of the slab. The values of the X-axis on the chart —
the number of cross-section of the slab, considering that number 1 is a central cross-section.
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Figure 4. The diagrams of thermal stresses of the surface of the slab

At the same time it is possible to identify two areas inside the cross section (Figure 5) end region A
(the amount of such areas - the number of the ends, which equals to 2) and the central region B over the
area along the X coordinate are: zone B — 8.370 m, zone A — 2.630 m, or in relative units (relative to the
length of the slab), respectively, 76.1 % and 23.9 %.

In the zone B stresses vary are relative only to the Z coordinate and it is suitable to apply the one-
dimensional structural model. Obviously, in the zone A we can’t obtain a sufficiently accurate solution
without using 2D structural model.

A B A

Figure 5. Zones of the slab
Second experiment.

In case of heat flow from the sides of the slab (that is what happens during the real building
process), the diagrams of tensile stresses of the surface of the slab are different.

11.9 16.9 22.0 27.1 32.2 37.3 4

2.3 47.4 52.5 57.6

Figure 6. The temperature field on second day after pouring the concrete mixture (0C)
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Figure 7. The stress field on second day after pouring the concrete mixture (kg/cm2)

The temperature field is non-uniform (2D problem). The diagrams of thermal stresses (X-axis) of
the surface of the slab, according to the figure 7 decrease monotonously (they have maximum) — from
the center of the slab to it's sides. As it shown on the Figure 9, in the cross-section of the slab there are 3
zones A, B, C. C — a new zone (mostly because zone B became shorter). C — is a zone of enhanced
tensile stresses on the surface of the slab.

The length of zones along the X-axis equals to: zone B — 6.935 m, zone C — 2.152 m,
zone A — 1.913 m. In relative units (relative to the length of the slab), respectively, 63 %, 19.6 % and
17.4 %.

Thermal stresses in zone C exceed stresses in zone B for first 3 days (when there are tensile
stresses on the surface) from 7.63 % to 14.85 %
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Figure 8. The diagrams of thermal stresses of the surface of the slab
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Figure 9. Zones of the slab
It is known that thicknesses of slabs which are used in industrial and civil constructions (especially
in NPP and high-rise buildings) have range of 0.5-0.3 m. First and second numerical experiments were
conducted for thicknesses 0.5-0.3 m and ratio ?Was changing. There were 100 numerical experiments
conducted.
For convenience the results of the experiments are represented in the table, part of which is listed

below. The first and second columns are description of initial data for the experiment: the sizes of the
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cross-section and calculated ratio ? The third column is the number of days after the beginning of the

experiment, when the mixture was poured. The fourth column is the length of zone B in percentage from
the whole length. The fifth column the length of zone A, %. The sixth column is the maximal excess of
thermal stress values in zone C above the values in zone B.

Table 1. The results of the numerical experiment

Slab’s cross-section
sizes h Davs The length of The length of | The maximal excess in
1 y zone B, % zone A, % zone C, %
hxl, m
1 19.2 46.2
1x3 0.33 8.7
2 15.4 46.2
1 38.2 44.7
1x4 0.25 9.4
2 29.4 44.7
1 50.0 38.1
1x5 0.2 7.0
2 33.3 38.1
1 56.0 32.0
1x6 0.17 7.0
2 44.0 32.0
1 26.3 42.1
1.5x4.5 0.33 7.2
2 21.1 42.1
1 36.0 36.0
1.5x6 0.25 8.5
2 32.0 36.0
1 51.6 25.8
1.5x7.5 0.2 7.9
2 41.9 25.8
1 56.8 21.6
1.5x9 0.17 8.5
2 51.4 21.6
1 28.0 36.0
2x6 0.33 9.3
2 18.0 36.0
1 42.4 30.3
2x8 0.25 9.2
2 33.3 30.3
1 53.7 21.9
2x10 0.2 9.2
2 43.9 21.9
1 59.2 19.4
2x12 0.17 9.2
2 51.0 19.4
Discussion

There is a limit for each structural model when it becomes impossible to use. The application of
this research is that more accurate value of ? ratio was found and this ratio allows the use of one-
dimensional structural models for calculations of massive concrete and reinforced concrete structures
during the building period. In this research of the thermo-stressed state in massive foundation slabs with
different planform dimension ratios the elaborated ratio ?was found allowing the use of one-dimensional

structural model for the central part of the slab with a sufficient degree of accuracy when tension and
temperature are functions of a single spatial coordinate — the vertical one: T(z,t) = f(2); o(z,1) = f(2).

The transition to this model is valid for ratio ? < 0.17. This value does not equal to the value that
1

was used by other authors in articles [10-12, 14, 28-31]. They used the ratio in the range of % < é'”Z'

. h . . .
The elaborated ratio T decreases the number of observational errors in calculations. It also

diminishes the calculation time and intensity. This ratio can be used to solve the wide range of problems
that arise in modern practice during the erection of massive concrete structures.
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10.

Conclusions
The results of the conducted experiments allow us to make following conclusions:

. . . . . . h
1. Generally, one-dimensional structural model is suitable in cases when ratio 7 < 0.17, h stands
for the minimal plane dimension in a construction such as slab;

2. The calculation results of thermo-stressed state with use of one-dimensional structural model
should be used carefully in assessment of crack resistance of building blocks. This research indicates the
existence of zones near the sides of slabs, where values of the tensile stress exceed the values that were
obtained with use of one-dimensional structural model. This excess may account for 9.5 %;

3. In a real practice, ratio ? should be found individually, since intensity and amount of the heat

dissipation significantly depend on exothermic characteristics of applicable cement and the amount of
cement in the concrete mixture. Listed calculation results are based on constant concrete composition.

The amount of cement and it's characteristics are averaged. There is also an influence on ?from Brea Of
the sides of the slabs and there are different unaccounted factors.
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