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Abstract. In three-layer reinforced concrete structures, the inner and outer layers of concrete of
different physical and mechanical characteristics have different coefficients of thermal conductivity
and linear temperature deformation. During the operation of buildings and structures, due to the
temperature difference in the thickness of the structure along the contact planes of the layers, shear
stresses may occur, which leads to bending of the structure, an increase in its deflections and a
decrease in crack resistance. In this regard, when designing and calculating such structures, it is
necessary to take into account the operational stresses and deflections caused by the temperature
difference in the thickness of the enclosing structure.

Taking into account the fact that the cross-section of three-layer enclosing structures with a
monolithic connection of layers includes various types of concrete and reinforcement, differing in
the values of the initial modulus of elasticity, to solve the problem, the cross-section of the
enclosing structure is reduced to a homogeneous one corresponding to the largest initial modulus
of elasticity of the concrete of the outer layers.

Studies have been carried out to identify the effect of the thickness of the enclosing structure on
the change in deflection, depending on the temperature difference, and its share in the total
deflection of the structure. Despite the fact that the calculation results revealed a slight increase in
the total deflection, taking into account the proportion of deflection that depends on the
temperature difference, the study allows us to increase the accuracy of the calculation. The
tendency to reduce the material consumption of structures and, consequently, a decrease in the
thickness of the structure can lead to an increase in the proportion of deflection, depending on the
temperature difference, which must be taken into account when choosing design solutions.
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1. INTRODUCTION

A special feature of the enclosing structures of buildings and structures are the requirements for
their calculation and design, regulated by the provisions of regulatory documents, both in terms of
calculations for power loads and climatic influences [1, 2]. Based on theoretical and experimental
studies, the authors of a number of works have established the degree of influence of temperature
differences on the inner and outer surfaces on the operation of various types of structures and proposed
methodological and practical approaches for calculating this effect [3, 4].

The conducted targeted studies have established that the presence of multilayer enclosing structures
in the cross section of materials with various physical and mechanical characteristics, including
materials of low strength in the middle layer, as well as various bonds between the layers, reduces
their strength and deformation characteristics due to the fact that shear stresses can occur along the
contact planes of the layers [5]. For factory-made structures, there are also loads and impacts to which
they are subjected during transportation and installation [6, 7]. In addition, in industrial buildings, the
condition of multilayer enclosing structures is affected by changes in the microclimate of rooms and
work areas [9].

All this leads to the fact that the operation of enclosing structures in conditions of seasonal
temperature fluctuations can cause changes in the stress-strain state caused by power loads. This
affects the accuracy of the calculation methods used, and therefore it is necessary to clarify how
significantly the strength and deformation characteristics of a multilayer structure change, taking into
account the complex force and temperature effects on it, as well as the temperature difference along
the contact planes of the layers.

2. METHODS AND MATERIALS

With a steady stationary heat flow within each layer of the multilayer structure, the temperature
changes according to a linear law. In this regard, in order to determine the stresses and deformations
occurring in the layers, as well as their deflections from the temperature difference, it is necessary to
conditionally "cut" the structure along the planes of contact of the layers. Structural integrity is
restored by applying bending moments of equal magnitude and different signs to adjacent layers, as
well as longitudinal deformations along the contact plane of the layers by applying longitudinal forces
in the center of gravity of the layers.

For a three-layer structure, the task is solved in two stages: at the first stage, adjacent layers (outer
and middle) are combined, at the second stage, the layers combined at the first stage are combined
with the second outer one (from the side of the room).

For numerical studies, models of three — layer reinforced concrete structures with outer layers
5 cm thick and varying the thickness of the middle layer — 15, 25 and 35 cm. For them, the
temperature distribution over the thickness of the three-layer structure and the deformation and
stress of the three-layer enclosing structure from the temperature difference in thickness were
determined.

The temperature along the contact plane of the layers, as well as on the inner and outer sides of the
structure, is calculated after determining the value of the heat transfer resistance of the homogeneous

part of the three-layer structure Ro, m2 -0C/W according to the formula:
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where o, — heat transfer coefficient of the inner surface of the enclosing structure W/ (m2 : OC);
o - heat transfer coefficient (for winter conditions) of the outer surface of the enclosing structure

wim'’ - °0):;
Rs Rz, R1 —thermal resistance of individual layers of the enclosing structure, W/(m2 - OC);
d3, 02, 01 — layer thicknesses, m;
/3, A2, A1 — thermal conductivity of the layer materials, W/(mz- 0(j);
R;F required heat transfer resistance for specified climatic conditions, m2-°C/W;

The temperatures on the inner t*; and outer t*; surfaces of the enclosing structure, as well as on
the boundary of the layers, are determined by the following dependencies:

[ E __ _tE_t[—:_i
S
oty (1
l3_p =1, — R, (QE_'_RS) ) (2)
fr=to— 2 (L4 R, +R,)
a B
th=rp, :* (i+R3+R2+R1)

where t, — estimated indoor air temperature, °C;

t, — estimated outdoor air temperature, °C.

Since the cross-section of three-layer enclosing structures includes various types of concrete
and reinforcement, differing in the values of the initial modulus of elasticity, the cross-section of
the enclosing structure is reduced to a homogeneous one corresponding to the largest initial
modulus of elasticity of the concrete of the outer layers.

When the temperature changes with respect to the height of the section, according to the linear
law, the axis of the plate bends, and its curvature is determined by the equation:

1 astx{t?_t?]
P — ©)
r h
where ant — coefficient of linear temperature deformation of concrete layers;
tiB, tiH — TeMIieparypa COOTBETCTBECHHO BCPXHCTO U HMIXKHETO BOJIOKOH CJIOCB;
r —radius of curvature, cm.
According to the calculated value of the radius of curvature (with constant curvature along the
span length), the deflection is determined:

f:=?"_ (rz_f). (4)

4

The bending moment in this case will be:

£ (5)

The magnitude of the stresses of the extreme fibers(o?u of) and deformations (efu ') are
determined by the formulas:

o = —M:W?, (6)
0% = +M: W @)

e =—o:E, (8)
e =+o:E,. 9)
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The alignment of the deflections of adjacent layers is achieved by applying balanced moments
equal in magnitude and opposite in sign to them on supports, so that the deflections in the upper
layer increase and decrease on average (Fig. 1). In this case, the part of the deflections equal in
magnitude to the difference in deflections of the layers is inversely proportional to their stiffness:

Af =f=fir (10)
By 1o

hn =0 5w -
Ey-1y

fZ - &f . EH'I1+EH'IE, (12)

The control of the correctness of calculations is the equality of the total deflections from the
temperature difference and the moment:

flt_flm =f2t_f2w (13)

as well as the magnitudes of the moments applied to the layers

BB, I _ 8Bk

M, = 12 'f1m=Mz—T"f2m' (14)

Stresses and deformations in the layers from bending moments are determined by formulas (6-
9). When determining the sign of stresses and deformations, it is guided by the fact that the outer
layer, which is less bent by the temperature difference, bends additionally, and in the more bent
middle layer, the deflections decrease and its upper face stretches and the lower one contracts.

The calculation scheme for various coefficients of linear temperature deformation of concrete
ae 1S shown in Fig. 1. If the coefficient o, Of the upper layer (1) is greater than the coefficient o
of the middle layer (2), then during cooling the bend will face the bulge downwards, in addition,
the upper layer will be compressed and the lower stretched. Denoting the longitudinal forces by P
(kN), the radius of curvature r of the plate when bending under the influence of cooling can be
determined from the condition that at the boundary of the layers their deformations should be
equal:

P y P (ha _vs)
gy "L — =y, +——. (15)
A1°Ey r AzEy, r

where t — is the temperature at the boundary of the layers (1) u (2), °C;
a1, astz — cOefficients of linear temperature deformation of 1st and 2nd layer concrete;
P — longitudinal forces balanced in the cross section, kN.
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Fig. 1. Calculation schemes at the first and second stages of combining, respectively, the outer (1) and
middle (2) layers and the combined part of the section (1+2 layers) with the outer layer: a — when
deflections are leveled; b — when different coefficients of linear temperature deformation are taken
into account; ¢ — when identical deformations are ensured by planes of contact of layers determine P
and k, the equation of equilibrium of moments in is additionally used.

P-(y +h_}’2)=&{r_ﬂ+@' (16)

¥

The bending moment equal to M=P-(y1 +h- y2) is distributed between the layers in proportion
to their stiffness:

E,TI
M]_ — M' 1
Ey Iy +Ey Iz (17)
E, T
Mz — M' B2
Ey Iy +EyIp

The control of the correctness of the solution is the total amount of deformations along the contact
of the layers, equal to:

€= (s + ypz) - L. (18)
3. RESULTS AND DISCUSSION

Deflection, stresses and deformations caused by various coefficients of linear temperature
deformation of adjacent layers are calculated using formulas (6-9), and stresses and deformations
from force P are calculated using formulas:
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{O—pl = _P:Al, (19)
0,2 = +P: A,

{Epl - _G—DI:EB. (20)
Epz = +0,,: EB

The diagram of the forces required to ensure the same deformations in the contact plane of
layers 1 and 2 is shown in Fig. The equation of equality of deformations of adjacent layers 1 and
2 can be written as:

ele telfop T e, TELp T EL, T EL =63 5-f t 64, tE2p +E2p (21)

where £% .; 5 ; ELfi=f €2 f=f) ELaye Edayy deformations, respectively, from the temperature

difference in the thickness of the layers, the alignment of their deflection, and various coefficients of
linear temperature deformation of concrete, respectively, of the lower face of layer 1 and upper face of
layer 2;

"1, p; 8%, p — deformations from the longitudinal force P applied along the center of gravity of layers 1
and 2;

£"1,r; €%, r — deformations due to bending of the layers.

Here M and M, are obtained by formulas (17). When choosing the direction of forces P, we
assume the upper layer to be stretched, and the middle layer to be compressed. The bending
moment equal to P-(y1+h2 -y2) is distributed between the layers in proportion to their stiffness.

The accuracy of calculations is controlled by the linearity of deformations in height of the
combined layers (1+2), and the deformation line passes through the center of gravity of the outer
section layer brought to the concrete.

The sequence of calculations in the second stage is the same as in the first. In this case, the
results obtained at the first stage are used: deflections, stresses and deformations of the lower 3
layers and the combined part of the section (1+2) layers.

The bending moment and deflection of the enclosing structure from the temperature difference
in its thickness is determined by the formulas:

M, = 014243y Wiizen = Ol14243) WE 243y (22)

R (23)

9'E|<'fi1+2+3}
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Temperature drop in the thickness of the structure
ats, = 50mm, 8, =50mm
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Fig. 2. Temperature distribution over the thickness of a three-layer structure with outer, middle
and inner layers of 5, 15 and 5 cm, respectively.
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Fig. 3. Deformations and stresses in a three-layer enclosing structure from a temperature
difference in thickness (for structures with a diameter of 5, 15, and 5 cm, respectively): a —
deformations; b — stresses in the reduced section; ¢ — stresses reduced to real modules.
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Temperature drop in the thickness of the structure
at s, =50mm, 5, =50mm
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Fig. 4. Temperature distribution over the thickness of a three-layer structure with outer, middle
and inner layers of 5, 25 and 5 cm, respectively.
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Fig. 5. Deformations and stresses of a three-layer enclosing structure from a temperature
difference in thickness (for structures with a diameter of 5, 25 and 5 cm, respectively): a —
deformations; b — stresses in the reduced section; ¢ — stresses reduced to real modules.
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Temperature drop in the thickness of the structure
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Fig. 6. Temperature distribution over the thickness of a three-layer structure with outer, middle
and inner layers of 5, 35 and 5 cm, respectively.
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Fig. 7. Deformations and stresses in a three-layer enclosing structure from a temperature
difference in thickness (for structures with layers of 5, 35 and 5 cm, respectively): a —
deformations; b — stresses in the reduced section; ¢ — stresses reduced to real modules.

Analysis of the calculation data of prototype models with specified characteristics for the
temperature difference in the thickness of the structure showed that the effect of bending from the
temperature difference on the total deflection of the structure is 2.10%, 1.02% and 0.85% for models
with a total thickness of 25, 35 and 40 cm, respectively, i.e. with increasing thickness of the structure,
the effect of deflection from the temperature difference It is decreasing.

Studies of the force resistance of multilayer enclosing structures have a long history. The authors of
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a number of papers mainly used both theoretical methods and experimental or complex ones, and the
developed theoretical approaches were confirmed by the results of experimental studies [12-25].
Based on them, scientific and methodological foundations for the calculation and design of multilayer
enclosing structures for power loads have been formed [].

The development of the proposed calculation method may be associated with the use of new
methodological approaches in improving the calculation apparatus, including the use of digital tools,
applied to multilayer structures. experimental data, additional consideration of concomitant natural
and climatic factors and a specific combination of force effects.

Research related to the development of calculation methods for multilayer enclosing structures,
taking into account temperature influences caused by seasonal climatic conditions, which can be used
to improve the accuracy and operational safety of structures throughout the entire life cycle of
buildings, has important practical significance.

4. CONCLUSIONS

Due to the use of concretes with different coefficients of thermal conductivity and linear
temperature deformation in three-layer structures during operation, especially in winter, shear stresses
occur along the contact planes of the layers, which leads to bending of the structure from the plane.
The magnitude of these bending deformations varies depending on the structural parameters of the
enclosing structure, such as the physical and mechanical characteristics of the outer and inner layers,
the type of connections between the layers, the geometric characteristics of the structure, and the
thickness of the layers. The results of the calculation of multilayer enclosing structures in a given
range of parameters revealed a slight effect of deflection caused by temperature deformations of
concrete layers with different coefficients of thermal expansion in the overall deflection of the
structure. However, the tendency to reduce the material consumption of the structure, a decrease in its
thickness can lead to a more significant increase in deflections from temperature fluctuations caused
by climatic temperature influences. The results obtained make it possible to increase the accuracy of
calculations and ensure a higher level of safe operation of buildings in various climatic conditions.
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