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The assessment of fire resistance for building constructions has been carried out by the solution of the heat engineering problem for heating up building structures under the conditions of non-stationary heat exposure with standard fire conditions. The finite element method is used as the solution method. Numerical simulation of heating of considered building structures under fire conditions was carried out using the Ansys Mechanical computer complex, which allows for a thermal engineering design to be calculated on the basis of its software model. The resulting functional dependence allows for determining the actual fire resistance of Pf depending on the thickness of sheets δ of the outer skin made of the basalt fire-proof material, as well as the geometric parameters of the protective screen (δ) depending on the required fire resistance from the condition of compliance with the requirements of constructive fire safety (Pf > Preq). Experimental studies to determine the fire resistance for membrane wall structures showed that an increase in temperature on its unheated surface vs. structure temperature prior to testing more than 180° С (195°С) occurs not earlier than 31 min. Upon reaching the critical temperatures on the unheated surface of the membrane wall structure independing on its thickness, the fire resistance limits REI 30-REI 120 are reached.
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INTRODUCTION
In the recent years, large multifunctional and high-rise buildings and complexes have been under construction in many cities. The multifunctional buildings include groups of premises for different functional purposes (residential, administrative, office, cultural and entertainment, health care, parking, etc.). To ensure fire safety and limit the spread of combustion products to other premises outside the fire area, the building is divided into fire compartments separated by Type 1 fire barriers:
(1) for parts of the building of a certain functional fire hazard class (residential, public, car park, etc.);
(2) for groups of premises of one functional fire hazard class, if their area exceeds the maximum allowable floor area between fire barriers of type 1.
Volumetric planning solutions of modern multifunctional buildings are becoming more and more complex, buildings now include multi-level atriums, arcades, premises of large volumes and areas, fully glazed facades.
Among the variety of modern multifunctional facilities, a special place is held by airports–the facilities with unique infrastructure. Fires occurring at airports are in most cases accompanied by heavy death toll, group injury, and significant material damage. The implementation of fire safety requirements for fire resistance and for airport design, as well as for designing atriums (multi-storied) involves the use of innovative solutions, the introduction of new technologies to limit the spread of fire hazards. The implementation of fire safety requirements to fire resistance limits and the construction of airport buildings, as well as the design of atrium spaces involves the use of innovative solutions, the introduction of new technologies to limit the spread of fire hazards.
MATERIALS AND METHODS
Technical Decisions of the Fireproof Non-load-bearing Walls
The fire barriers also include fireproof non-load-bearing walls. The purpose of non-bearing fire walls is to prevent the spread of fire, as well as to separate the building into fire compartments, so that fire and combustion products do not spread from one part of the building to another. In this case, at normal time (not in fire mode), the load-bearing wall is mounted in a box in the wall partition and does not interfere with the free movement of people, and in case of emergency, the signal is automatically activated, by which the wall is extended, creating an obstacle to the fire (to heat and gas flows).
In the international practice nowadays there are technical decisions concerning the design and application of fire safety barriers, which have been approved for designing and construction of protected facilities of different classes of functional fire hazard. To avoid the spread of fire hazards, the use of screen structures (screen walls) is allowed (Figure 1).
[image: Figure 1]FIGURE 1 | The fireproof non-load-bearing walls: (A) The screen structures in the trade center; (B) The screen structures in the airport terminal.
Structurally, a fire protection wall consists of a supporting frame made of a profile tube to which steel sheets are welded. The steel sheets are pre-bent to give additional rigidity. The inner side of the sheets is covered with a fire protection compound. Basalt slabs are placed between the sheets. To the lower part of the frame, slides are welded. The wall is moved by a linear actuator automatically on command from sensors (Figures 2, 3).
[image: Figure 2]FIGURE 2 | The technical scheme of the screen wall.
[image: Figure 3]FIGURE 3 | The functioning scheme of the screen wall.
In accordance with the Program for the Development of National Standards of Russia and the Program of International Standardization, an international GOST standard has been developed “Extended application of the results of fire resistance testing. Non-bearing walls. Screen walls”, part 6. The provisions of this standard define the procedure for establishing the exact parameters and factors governing the design of non-load-bearing enclosing structures (screen walls).
Innovative aspect of this method is the introduction of fire resistance tests of extended application - the expected behavior of a nonbearing enclosure and its components under the influence of flames, which may be based on interpolation and extrapolation of data obtained in the relevant tests.
The nonbearing enclosing structure under test functions as an integral system in which each individual element (frame and fixing system, frame filling panels, perimeter seals and vertical clearance seals) is selected in such a way as to effectively ensure the required fire resistance values. In addition to the rules for the structure as a whole, this document also defines the rules for the individual components of the nonbearing enclosing structures: the fixing system, the frame filling panels, the methods of their fastening, the perimeter gaskets and the vertical clearance gaskets as well as the supporting structures (walls, floor). Not only can this technical solution solve many problems associated with the zoning of multifunctional transport infrastructure facilities, including passenger terminals, but it can also provide technological links and prevent the spread of fire.
The limit state is the state of a structure at which it ceases to meet the operational requirements, i.e. it either loses the ability to resist external influences or suffers unacceptable deformation or local damage. Further operation of such a structure is inadmissible or unreasonable.
The fire resistance limit is an indicator that defines the protection of a building or structure from direct exposure to fire. In fact, it is a time factor during which a building retains its functional and load-bearing characteristics, i.e. it preserves its original construction without being destroyed or deformed (walls, slabs and roofs are not destroyed). The actual fire resistance limit is the value of fire resistance, which is revealed at the stage of fire testing of a structural element. As a rule, the actual fire resistance limit is calculated, but for typical constructions experimental methods of determination of the actual fire resistance limit can also be applied. A structure with an actual fire resistance limit retains its bearing function for the period of time required to ensure safety:
[image: image]
where Rf–the actual value of the fire resistance limit of the structure, Rreq–required value of fire resistance limit of the structure.
As a research method for determining fire and technical characteristics of the screen wall material, the possibility of applying a proven method for determining the thermal radiation of the incident heat flow has been considered. This method is developed on the basis of analysis of the causes of fire propagation among the protected facilities and takes into account the radiant heat exchange. The convective component of the heat flow is neglected, as in fires it is always directed upwards and does not affect the degree of heating of the irradiated object.
The method is based on the classical theory of radiant heat exchange. The problem is reduced to comparison of real (incident) density of heat flux for the irradiated object qinc with the maximum permissible qperm.
The safety condition is fulfilled, if qinc ≤ qperm.
In this case, the permissible radiation intensity is an experimental value. In order to determine this value, appropriate experimental studies have been conducted.
According to the theory of combustion processes, the incident heat flux on the sample is partly reflected, partly absorbed and partly passed (Figure 4).
[image: Figure 4]FIGURE 4 | The scheme of interaction between incident heat flow and sample: qi–incident heat flow, W/m2; qr–reflected heat flow, W/m2; qA–absorbed heat flow, W/m2; qD–heat flow passed through the body, W/m2.
If the specified heat fluxes are related to the incident heat flux, the energy conservation equation is written by the formula:
[image: image]
where qi–incident heat flux, W/m2; qr–reflected heat flux, W/m2; qA–absorbed heat flux, W/m2; qD–passed through the body heat flux, W/m2.
To determine which fraction of the incident heat flow is reflected, absorbed, or passed through the sample, the formula is presented in a dimensionless form (each term is divided by the incident heat flow):
[image: image]
where R is the reflectivity coefficient of the body; A is the absorption coefficient of the body; D is the body transmittance coefficient.
The investigation of the temperature regime and critical values of the incident heat flow when using screen walls is based on determining the coefficients of reflection, absorption and transmission capacity of the presented sample. To determine these coefficients, a series of experiments are planned, during which the experimental test benches are adapted for determining the specified coefficients. To determine the behavior of the screen wall structure at high temperature (prior to large-scale testing of the structure assembly), it is possible to determine the applicability of the proposed screen wall material.
Evaluation of the fire resistance limit of the filler of the enclosing structure under consideration is carried out by solving the heat engineering problem of heating the building structures in conditions of non-stationary heat influence under the standard fire conditions. When calculating the thermal state of arbitrary structures, the problem of finding a non-stationary temperature field in a predefined area is solved. Several approaches are possible: experimental, analytical and numerical. Available experimental data on testing of structures similar to those under consideration allow us to determine the fire resistance limit without fire tests. In this case, the finite element method (FEM) is used. The method is based on the principle of division of the investigated area into a set of sub-regions with given thermophysical characteristics.
Numerical modeling of the heating of the structures considered under fire conditions was carried out with the help of Ansys Mechanical computing complex, which makes it possible to carry out heat engineering calculation of the structure on the basis of its software model.
Development of the Initial Software Model of the Screen Wall Construction
Numerical The mathematical description of heating of any construction includes the differential equation describing heat distribution in a solid body with known thermophysical properties, as well as initial and boundary conditions.
Unambiguous conditions for solving the differential equation of heat conductivity by numerical methods include:
• Geometric properties of the system (its shape and dimensions).
• Boundary conditions that take into account the interaction with the environment.
• Time (initial) conditions characterizing the state of the system at the initial moment.
• Thermophysical properties containing physical constants of materials in the system under consideration.
It is assumed that the materials that make up the screen wall have isotropic thermophysical properties, and there are no internal heat sources.
Geometric Properties of the System
The screen wall structure is a combination of three layers of isotropic materials in direct contact with each other. The geometrical model of the system, due to the isotropic nature of its materials, is adopted as a fragment having the form of a rectangular parallelepiped with dimensions of 0.1 × 0.1 × 0.03 m and different thicknesses, depending on the type of screen wall construction under study. The geometrical model of the structure is shown on Figure 5.
[image: Figure 5]FIGURE 5 | The fragment of the geometric model of the investigated screen wall with dimensions: 0,1 × 0,1 × 0,03 m: Outer layer - sandwich panels; inner layer - fireproof composition; fireproof composition consumption: 8.0–8.7 kg/m2.
Boundary Conditions, Taking Into Account the Interaction With the Environment
We use boundary conditions of the third kind, which are the law of the ambient temperature change and the law of heat exchange between the body surface and the environment. For high-temperature conditions, the standard fire mode is adopted as the law of the ambient temperature change. The change in the heat transfer coefficient of the “fire chamber - screen wall surface” system is set by the dependence:
[image: image]
Time (Initial) Conditions of the System State
Law of temperature distribution inside the body at the initial moment (at τ = 0): t = t0 = const = 20°C.
Investigation of the thermophysical characteristics of the screen wall materials
These studies are conducted using laboratory methods. The general scheme of the research carried out corresponds to the solution of the inverse problem of heat conductivity, at its solution such values of heat conductivity and heat capacity of the material are set, at which the results of the numerical calculation coincide with the results of heating obtained during laboratory tests of samples.
Based on the results of the conducted tests, the temperature dependences of the thermal conductivity coefficient and thermal capacity of local volumes of materials taking into account their moisture content have been obtained.
Verification of the Software Model of a Protective Screen Wall
On the basis of the developed program model of the screen wall construction using the obtained temperature dependencies of the thermophysical parameters of materials it is possible to estimate the fire resistance limit of the screen wall construction using the selected numerical modeling method.
To obtain reliable results of numerical calculations, verification of the developed software model on the basis of data on fire tests of similar construction is carried out. Verification of the initial model is carried out on the basis of reaching coincidence of the numerical calculation results with the results of fire tests of similar construction.
The conditions of the numerical modeling were accepted similar to those of the conducted fire tests. Figure 6 shows the results of the numerical calculation of the heating of the screen wall structure used in the fire tests.
[image: Figure 6]FIGURE 6 | The temperature fields in the cross-section of the investigated screen wall after the heating time of 60 min.
The verification results allow us to draw the following conclusions:
• Effective values of heat conductivity and heat capacity coefficients determined in the course of solving the inverse problem provide satisfactory convergence of the results of numerical calculation and results of fire tests, including those for large-scale tests;
• The developed software model can be used for further research into the fire resistance of screen walls with the various geometrical parameters.
• Further research on the fire resistance of screen walls will be carried out for various thickness values of their outer layers (samples 5, 8, 10, 13, 16), in order to build a generalized dependence for the possibility of subsequent analytical calculation of the screen wall fire resistance with any intermediate values of the outer layers thickness of the protective material.
RESULTS
The program complex ANSYS Mechanical was used for the research, based on the calculation-analytical approach to justification of real fire resistance limit for screen wall construction, considered in the work.
Fire Resistance Limits of the Considered “Sandwich” Type Screen Walls
The generalized results of calculation of fire resistance limits of screen walls with various designs are given in Table 1 and shown on Figure 7.
TABLE 1 | Results of calculation of fire resistance limits of screen walls with various designs (samples No 5, 8, 10, 13, 16).
[image: Table 1][image: Figure 7]FIGURE 7 | The time to reach the critical temperature on the unheated surface of the structure depending on the thickness of one panel of external facing (1) when it is placed on both sides and the middle layer is made of flame retardant composition (2).
The obtained results of fire resistance calculation of the protective screen walls of the various designs allow to reveal the functional dependence between the thickness of the outer paneling made of fireproof basalt material and the fire resistance limit of the protective screen wall (Sharovarnikov and Korolchenko, 2013; Korolchenko and Voevoda, 2016a; Korolchenko and Voevoda, 2016b; Korolchenko and Kholshchevnikov, 2017; Volkov et al., 2018). The research of properties of the components of the protective screen wall taking into account its fire-protective filling is based on experimental and theoretical studies (Markeev et al., 2006; Korolchenko et al., 2014; Korolchenko et al., 2015a; Korolchenko et al., 2015b; Degaev et al., 2015; Korolchenko D. et al., 2015; Bezrodnyy et al., 2016; Polandov et al., 2016; Degaev and Korolchenko, 2017; Konstantinova et al., 2019).
Determination of the functional dependence is carried out by the method of regression analysis of the data obtained from the numerical calculations (Ruban and Zaikov, 2001; Eremina, 2003; Wang and Chow, 2005; Zybina et al., 2009; Khalturinsky and Krupkin, 2011; Eremina et al., 2012; Lyapin et al., 2016; Zybina and Babkin, 2018). The regression equation can be presented as follows:
[image: image]
where X = X(X1, X2, …, Xm) – vector of independent (explanatory) variables; β–vector of parameters (to be defined); ε–random error (deviation); Y–dependent (explanatory) variable.
Evaluation of the Regression Equation
Let us define the vector of regression coefficient estimates. According to the least squares method, vector s is determined from the expression:
[image: image]
The vector of regression equation coefficients estimations has the following form:
FBUIL_fbuil-06-607305_gs_gx001
The regression equation will be the following:
[image: image]
As a result of calculations the regression equation was obtained:
[image: image]
where Pf–the actual fire resistance limit, min;δ–thickness of external panels, mm.
CONCLUSION
Taking into account peculiarities of origin and development of fires at multifunctional, technically complicated facilities with large number of people, calculation and analytical approaches to substantiation of actual fire resistance limits of screen wall construction are essential. Based on the series of experiments to determine fire resistance for the screen wall structure it was found that the increase in temperature on its unheated surface in comparison with the temperature of the structure before the test by more than 180°C (195°C) occurs not earlier than in 31 min. New functional dependence in the form of multiple regression equation has been established, which makes it possible to determine the actual fire resistance limits of screen walls by the thickness of the inner heat-and-burn resistant material, ensuring the prevention of fire propagation, as well as their geometrical parameters without large-scale fire tests. Defined new patterns of behavior of structural elements screen walls under high-temperature exposure, which made it possible to install the actual area of application of screen walls, as well as fire-technical characteristics of structures and filling materials.
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