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Abstract. Current research is devoted to the behavior of reinforced concrete structures with complex internal geometry when exposed to high temperatures, taking into account the material of the cavity-forming liners. The use of non-removable liners made it possible to create a new architectural and construction system «MONOFANT». It is characterized by a reduction in the weight of the main reinforced concrete elements of the frame house and the use of liners as insulation. This necessitates both full-scale and numerical studies in this direction. The work considers the equations of anisotropic structures thermoelasticity. The thermophysical properties of materials depend on temperature, so the problem is considered as nonlinear. Under conditions of stationary temperature loading of reinforced concrete structures, the effect of temperature on deformations appears, as well as the effect of deformation on the temperature field. The temperature distribution fields along the height of the cross-section of anisotropic structure when heated under the standard fire mode for the time interval between 0 and 240 min. The PFD of a reinforced concrete slab in the architectural and construction system «MONOFANT» under the influence of high temperatures when heated under the standard fire mode and taking into account changes in the design scheme is considered. A numerical experiment has proven the compliance of the slab with the fire resistance limit R60. The impact of the transformation in the design section was not significant. The reduction in the load-bearing capacity was about 17% compared to the unheated slab. An algorithm is proposed that takes into account the transformation of design schemes depending on the temperature values and excess pressure in the cavities where the insulation is located.
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THEORETICAL OVERVIEW
Recently, the theory of thermoelasticity has achieved significant advances in the development of new structures, since for many modern structures that operate in extreme or close to extreme conditions, the presence of thermal effects is evident both during the manufacturing process and during their operation [1].
Elements of these structures operate under conditions of uneven heating, in which the physical and mechanical properties of materials change and temperature gradients arise, which are accompanied by unequal changes in parts of the elements.
Uneven thermal change in the general case cannot occur freely in a solid body; it causes thermal (temperature) stresses. Knowledge of the magnitude and nature of the way thermal stresses work is necessary for a multifactorial analysis of the structure strength.
Thermal stresses by themselves and in combination with mechanical stresses from external forces can cause cracks and destruction in a structure made of a material with increased fragility. Some materials, when stresses occur rapidly due to the influence of a sharply unsteady temperature field, become brittle and cannot withstand thermal shock. Repeated action of thermal stresses leads to thermal fatigue failure of structural elements. The influence of thermal stresses can cause significant plastic deformation, leading to complete or progressive failure of the structure, e.g. thermal buckling of a thin-walled structure or similar occurrences. In this regard, it seems relevant to study the influence of temperature on the stress-strain state of an element, but the inverse problem is of even greater interest: the influence of deformations on temperature.
LITERATURE REVIEW
The issue about thermal conductivity of a material was once considered by researchers such as L.D. Landau and E.M. Lifshitz [2, 3]. Using the methods of classical thermodynamics, they obtained the related equations of thermoelasticity. For clarity, let us consider the equations of thermal conductivity in solids proposed by L.D. Landau.
A non-uniformly heated solid medium does not lead to the occurrence of convection in it, as is usually the case in liquids. Therefore, heat transfer here is carried out only by thermal conductivity. In this regard, the processes of thermal conductivity in solids are described by relatively simpler equations than in liquids, where they are complicated by convection.





The equation of thermal conductivity in a solid medium can be derived directly from the law of energy conservation, which is expressed in the form of a continuity equation for the amount of heat. The amount of heat absorbed per unit of time per unit of the body volume is also , where  stands for entropy per unit of volume. This quantity should be equated to –  q, where q is heat flux density. This flux is almost always proportional to the temperature gradient, i.e. it can be written as q=- ( – thermal conductivity). Thus, 


		(1)


We will assume that, as it is usually the case, the temperature differences present in the body are small enough to allow us to consider such quantities as constants. Then in equation (1), after substituting the value for S the expression will take the following form: 

According to the formula we have: 


Derivative from  can be written as 



(derivativeis taken with  that is, at constant volume).
As a result, we obtain the thermal conductivity equation in the following form:


		(2)

In order to obtain a complete system of equations, we must add here an equation that determines the deformation of an unevenly heated body. This equation is the equilibrium equation.



	 	(3)


From equation (1), we can, in principle, determine the deformation of a body at an arbitrarily given temperature distribution. Substituting the expression thus obtained for equation (2) will lead to an equation defining the temperature distribution in which the unknown function is only one

Consider, for example, thermal conductivity in an unbounded solid medium with a temperature distribution that satisfies only one condition: at infinity, the temperature tends to a constant limit  and there is no deformation. 



In this case, equation (3) leads to the following relationship between  and : 
Substituting this expression with (2), we obtain an equation similar to a simple heat conduction one:


		(4)




The same type of equation describes the temperature distribution along the length of a thin straight rod, if at least one of its ends is not fixed. The temperature distribution along each of the cross-sections of the rod can be considered constant, that is, T and will be a function only of the coordinate x along its length (and per unit of time). Thermal expansion of such a rod leads only to a change in its length without changing its rectilinear shape and without the appearance of internal stresses in it. Therefore, it is clear that the derivative in the general equation (1) must be taken at constant pressure, and since , then the temperature distribution will be described by the one-dimensional heat conduction equation: 
It should be noted, however, that with practically sufficient accuracy the temperature distribution in a solid can always be determined by a simple heat conduction equation. But in solids the difference between various heat capacities is usually very small and if it is neglected, then the heat conduction equation in solids can always be written in the following form:


		(5)





where   is the thermal conductivity, which is defined as the ratio . Coefficient  to some average heat capacity  per unit of volume.
The next stage of development in solving the problem is the work of V. Novatsky [4], which generalizes into a single whole two previously independent disciplines - the theory of elasticity and the theory of heat conduction, opening a new section of mechanics - thermoelasticity. The main idea of the thermoelasticity theory is the mutual influence of the deformation and temperature fields.
The solution, in this case, is built in the following order: based on the heat conduction equation, the temperature distribution in the structure is found, and then the equations of the theory of elasticity are integrated in the displacements, containing the already found terms dependent on the temperature gradient [4]. Such an approach significantly simplifies the solution of the problem under consideration.
The problems of fire resistance in frame reinforced concrete structures have been studied by many researchers [5, 6, 7, 8, 9, 10]. For example, in work [5] the results of extensive tests conducted on reinforced concrete frame structures are presented. Both individual structural elements and full-size frames were considered. The problems of modeling frame reinforced concrete structures are discussed in [6, 7]. In these works, as in the vast majority of modern works on modeling the effects of high temperatures due to the extreme effects of fire, software complexes based on the application of the finite element method (FEM) were used. The features of materials when exposed to high temperatures are highlighted in [8, 9, 10]. In connection with the above, it is necessary to build a mathematical model of processes for numerical study of the effect of deformations of the inner layer (insulation) on the temperature distribution in a reinforced concrete structure, which has a complex internal geometry due to non-removable cavity-forming inserts. Expanded polystyrene (EPS) is widely used as a heater. Such a structure can be considered monocoque in the form of an outer reinforced concrete shell. Under the influence of temperature, changes were established inside the structure, namely, a change in the shape of the polystyrene foam liner [11] and the transition of the solid to the liquid and gaseous state. Polystyrene foam is a thermoplastic material. The beginning of the PPS decomposition is determined by the temperature of 265 ° C, which corresponds to a loss of 8% of the mass due to the removal of moisture and volatile products. The temperature of the maximum destruction rate of 320 ° C corresponds to 40% of the mass loss. This process is preceded by vitrification at a temperature of 180 ° C and oxidation, characterized by the beginning at a temperature of 230 ° C and the end at a temperature of 390 ° C (72% of the mass loss). Oxidative processes reach a maximum at temperatures of 300-350 ° C. In the general case, a change in body temperature occurs not only as a result of the heat supply from external sources, but also as a result of the deformation process itself.

METHODOLOGY
In the process of the modern construction development with the use of monolithic and prefabricated reinforced concrete, the requirements for the structures being erected are constantly increasing, namely: the creation of new architectural forms for the arrangement of various residential and civil objects, the simplification of the structures used and the improvement of traditional concreting technologies by using new materials [12]. One of the systems that meet modern requirements for reinforced concrete structures is the architectural and construction system «MONOFANT» [11, 13, 14, 15, 16], developed under the leadership of Prof. V.S. Shmukler The features of this system are that the hollow-forming inserts are used to reduce the weight not only of reinforced concrete floors, but also of all the main elements in the frame house (Fig. 1). The use of this system is possible during the construction of new or reconstruction of existing buildings [16]. All the main structures of the system can be considered as shells consisting of external skins, internal ribs and hollow-forming inserts. An additional function of the liners is their use as insulation. The effectiveness of reinforced concrete structures of this system is due to the possibility of changing the shape and size of the liners and the thickness of the outer skins and inner ribs. Due to this, it is possible to achieve a more uniform distributing the values of internal forces (bending moments) in the elements of the system.

[image: рис2.6.jpg]

FIGURE 1. Design of elements of the architectural and building system «Monofant»: a - location of inserts in the floor and external stiffeners; b - location of inserts in the system elements; 1 - cavity-forming insert; 2 - internal stiffeners of the floor; 3 - external edging of the floor with a stiffener; 4 - cavity-forming insert in external stiffeners; 5 - internal edging of the floor with a stiffener; 6 - openings in the floor; 7 - cavity-forming insert in the column

Despite all the advantages of the «MONOFANT» system, it is necessary to investigate the effect of high temperatures due to an emergency (fire) on the reinforced concrete structure. In this work, we will consider only the floor slab of the system that will be exposed to fire. The design of the floor slab is characterized by a simple external and complex internal geometry (Fig. 2). The main feature of this design is the inserts in the body of the slab, made of lightweight materials often used in construction (expanded polystyrene, mineral wool, etc.).
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FIGURE 2. Structural features of the floor slab in the architectural and construction system «MONOFANT»
(1 – top cteel mesh; 2 – top flange of the slab; 3 – bottom steel mesh; 4 – frame; 5 – bottom flange of the slab; 6 – formwork filler)
PROPOSED ALGORITHM
Since the internal anisotropic structure of the floor slab elements is formed from different materials, there are locally increased inhomogeneous heat flows. This inhomogeneity can hypothetically cause the interaction of temperature and deformation and vice versa. Thus, it seems appropriate to evaluate this interaction using the dynamic theory of thermoelasticity [3].
This theory is based on the assumptions of V. Novatsky [4] that the deformation of a solid is closely related to the change in the heat contained in it and the temperature distribution in the structure. The temperature field changing in time causes the deformation field to change and vice versa. The internal energy of the structure is respectively determined by deformations and temperatures.
It is worth noting that the influence of the deformation field on the temperature distribution in solids is insignificant, except in cases of a substantial (jumpy) change in temperatures [4, 11, 12]. However, given the heterogeneous internal structure of the formed construction and the lack of knowledge about the processes that can occur in stable and, especially, anomalous conditions, it is considered natural to initially abandon the traditional hypotheses and assumptions that justify the separation of the Voigt-Jeffries and Lame equations [17, 18]. In this regard, we first consider a model defined by a system of linear equations [4]:


		(6)


given the boundary and initial conditions.
In system (6), written in vector form, the following notations are accepted:

 − displacement vector;

 − temperature;


,  − Lamé constants corresponding to the isothermal state;

;

 − inertia coefficient (generalized mass)

;





− coefficient of linear thermal expansion;

− the amount of heat produced per unit of a body volume per unit of time;

 − thermal conductivity coefficient;

 − body temperature in an undeformed and unstressed state (no external forces);

 − specific heat capacity at constant strain;
To the model given in (6), we add a number of prerequisites and assumptions:
1. It is considered approximately possible to identify the dependence «stress intensity - strain intensity» with the dependence «stress - strain» obtained by experimental testing of a standard sample under uniaxial loading (analogous to the second hypothesis of the small elastic-plastic deformations theory);
2. The dependences of the structure material’s physical and mechanical characteristics on temperatures are considered known (mostly from experiments) [3];
3. The values of the strength and deformation parameters for the cavity-forming liners are considered to be second-order values of infinitesimal values in relation to similar parameters of the base material (reinforced concrete);
4. The structure undergoes a number of states during heating (cooling) characterized by changes in the temperature of the shell, pressure and volume of material in the internal cavity;
5. The material of the cavity-forming liner, on the other hand, can change from a solid state to a liquid state (melting point) and from a liquid state to a gaseous state when heated [3];
6. 


The temperature and pressure fluctuations that occur in the shell cavity (due to the convective process) are considered to be harmonic, i.e. , ( − temperature amplitude,  − frequency);
7. 


It is assumed that the pressure in the cavities changes in time according to the expression  
( − max pressure,  − known function (constant), the type of which must be established by considering the process of crack formation of the embrace and physical and mechanical fluctuations of the insulation);
8. The specified fluctuations in the liner material necessitate the introduction into consideration of a number of sequential calculation schemes that reflect this specificity (Fig. 3);
9. System (6) under given boundary and initial conditions should be solved iteratively.
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FIGURE 3. Calculation schemes that take into account fluctuations of the cavity-forming liner: 1 − reinforced concrete shell; 2 − cavity-forming liner; 3 − liquid substance; 4 − gaseous substance with pressure P; 5 − cracks



а) for  (− melting point);

б) for temperatures  (before the formation of cracks);

в) for temperatures  (after the formation of cracks).
Then the solution algorithm will include the following operations:
− setting the temperature field T that satisfies the initial conditions;
− determining the displacement vector (the first equation of system (1)) using the finite element method;

− substituting the found vector in (1) and field definition Т;

− Substituting the temperature field T into (1) and determining a new displacement vector ;


− performing output vector mapping and a new vector  of movements;


		(7)

where к −1, 1…N,
N – number of comparison points;

 − specified accuracy.

If (7) is applied, the procedure is suspended. Otherwise, the assignment is performedand the whole procedure is repeated again until completed (7).
AIM AND SCOPE
The small number of papers devoted to the study of reinforced concrete structures with complex internal geometry under the influence of high temperatures, taking into account the material of the cavity-forming elements, explains the need to conduct both full-scale and numerical research. The aim of the latter shall be not only to determine the real temperature limits in the cross-sections of structures during the time intervals established by regulatory documents, but also to study the transformation of design schemes (geometric nonlinearity) due to the effect of high temperatures, as well as to develop a general approach to taking these factors into account. The object of the study was the floor slab of the architectural and construction system «MONOFANT».
We will conduct a study of the stress-strain state of a new type of architectural and construction system «MONOFANT» due to the simultaneous influence of vertical loads and heating under a standard fire mode. We will obtain temperature fields along the height of the cross-section for all fire resistance limits. The proposed algorithm takes into account the transformations of the calculation scheme depending on the temperature values and excess pressure in the cavities where the insulation is located.
NUMERICAL STUDIES OF THE OBJECT
The object of the numerical study was a square slab with a side size of 4 m, made of heavy concrete, class C25/30. The working reinforcement in each edge was as follows: at the bottom − 114А400С, at the top − 18А400С The height of the slab section is 300 mm; the rib pitch is 1 m, and the rib width is 150 mm. The thickness of the upper and lower skins is 50 mm. The total vertical load, including the self-weight, is 10 kN/m2. 
The numerical study procedure included the following stages:
1. Determination of the temperature field in the floor slab under the influence of high temperatures when heated from below under the standard fire mode.
2. Analysis in the finite element formulation of the flat sections of the slab at different times with the specification of vertical loads, the operating temperature and excess pressure from the melting of the PPS, if such could be at this time, in order to determine the moment of transformation of the calculation scheme.
3. Determining the reduced bending thickness of the floor slab and establishment of the arising forces due to the influence of temperature at a given time and vertical load.
4. Determining the bearing capacity of the slab section in accordance with the deformation method specified in SSU B.V.2.6-156:2010 [19], taking into account the requirements of EN 1992-1-2 [20] and comparison of these data with the arising forces.
It should be noted that experimental studies of the fire resistance for reinforced concrete structures were conducted by Prof. Shmukler V.S. (Fig. 4) [12].

[image: 4,3,5а] [image: 4,3,5б]

FIGURE 4. Fire effects on building structures (research by Prof. V.S. Shmukler) [11]

To create numerical study models, software complexes using FEM were used [21]. The configuration and dimensions of elements in these models are determined on the basis of test tasks, by checking the correlation of the finite element method and assessing the accuracy of the obtained results (Fig. 5).
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FIGURE 5. Numerical study of the deformation influence of the inner layer (insulation) on the temperature distribution in the floor slab
Temperature fields across the cross-section of the floor slab during one-sided heating under the standard fire mode were obtained in the PC «Ansys» [21] on a volumetric finite element model. Temperature fields were determined for heating times from 0 min to 240 min. But for floor slabs of residential and administrative buildings, the fire resistance requirement is usually R 60, so for further analysis, temperature fields for a time not later than 60 min were used.
In order to determine the influence of excess pressure lost at the bottom of the insulation during heating, 12 flat models were developed in the PC «Lira-SAPR» created by a finite element shell of zero Gaussian curvature [22]. Each of the finite element models reflected the cross-section of the floor slab at a certain time point (5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 60 min). In accordance with the previously obtained temperature fields, the temperature was set as a load in each finite element model. In addition, a full vertical load was applied in all models, and at the points in time when the temperature of the insulation reached melting values (Fig. 6), excess pressure was applied due to the melting of the insulation [12].
Calculations showed that after 30 min, such a large excess pressure was created in the cavity of the slab that the tensile stresses for concrete C25/30 reached the limit values (fctm = 2,6 МPа) (fig. 7).
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FIGURE 6. Graph of excess pressure at the bottom of the insulation during heating [12]
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FIGURE 7. Features of deformation of the floor slab cross-section after 30 minutes of standard fire 
(1- gravity load; 2 – temperature;3 – pressure from melting insulation)

To obtain the ultimate forces from the combined effect of vertical loads and temperature, a finite element model of the slab was considered, also made of shells with zero Gaussian curvature. The reduced thickness of the slab was determined by formula (8). For example, before the influence of excess pressure from the melting of the insulation, the reduced thickness was 27.4 cm, and after the integrity of the lower skin was violated, it became 21.5 cm:


		(8)

where beff is the width of the section shelf given;
Ix – pre-calculated moment of inertia of the section (Fig. 8);
∆ – the thickness of the plate given.
Fig. 8 shows a cross-section of the floor slab: on the left, up to 30 minutes when heated according to the standard fire mode, on the right, after 30 minutes, respectively.
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FIGURE 8. Cross-section of a floor slab with an ellipse of inertia and a cross-section core

Determining the bearing capacity of sections exposed to high temperatures was carried out using the deformation method described in [19], and the temperature effect was taken into account using the 500ºC isotherm method [20]. This method assumes that concrete heated above 500ºC does not have the corresponding strength and stiffness, and concrete heated to a temperature of less than 500ºC retains the same characteristics as at a constant temperature. The physical and mechanical characteristics of the reinforcement were given taking into account the adverse effect of temperature acting for a certain period of time (60 min) at the location of the reinforcement inclusion.
A numerical experiment of the considered slab proved compliance with the fire resistance limit R60. The effect of the design section transformation was not significant. The reduction in bearing capacity was ~ 17 % compared to an unheated stove. 
CONCLUSIONS
Summing up, in the current study an algorithm is proposed that takes into account the transformation of calculation schemes depending on the temperature values and excess pressure in the cavities of the insulation.
The temperature distribution fields along the height of the cross-section in an anisotropic slab when heated under the standard fire mode for the time interval 0 − 240 min are obtained. The VAT of the floor slab from the new type of architectural and construction system «MONOFANT» under the action of high temperatures when heated under the standard fire mode and bearing in mind changes in the calculation scheme is also considered. The compliance of this slab with the fire resistance limit R60 is established.
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