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CONCRETE WALLS CONDUCT UNDER THE FIREINFLUENCE INVESTIGATIONUSING FINAL ELEMENTS METHOD

The main objective of the study is to improve the methods for calculating the fire resistance of reinforced concrete load-bearing walls to ensure the requirements of the relevant building codes. To solve these issues, the use of the finite element method is considered to be promising, since it has advantages over other methods. To study all aspects of the application of this method in solving the fire resistance problems of reinforced concrete walls, the elevator shaft block is reviewed. When solving a heat problem, a mathematical model of heat transfer is used according to the recommendations of Eurocodes. To solve the heat problem using this mathematical model, the finite element method is used. The article describes the main aspects of the implementation of the finite element method for solving the heat problem, the design scheme and temperature distributions in the wall section at different times of the fire. The article also presents the curves of the temperature dependence on the transverse coordinate of the cross section at different points in time and the heating temperature of different points of the cross section depending on time.

In solving the structural problem, the finite element method is used. At the same time, the properties of concrete and reinforcing steel were adopted, according to the recommendations of Eurocodes. The article presents the algorithm and the results of solving the structural problem. After the calculation, the parameters of the stress-strain state of the wall for each minute of fire development were obtained. For the given wall with different levels of mechanical load, normal stresses and crack distributions at different points in time of the fire, as well as the positions of fragmented elements at different points in time of the fire are shown. It was revealed that the wall first bends towards the thermal effect of the fire, and then, after passing the initial equilibrium position, it bends in the opposite direction. As a result of the work, the dependence of the fire resistance limit on the bearing capacity of the wall on the value of the acting mechanical load is obtained.
Key words: fire resistance, "standard fire", concrete wall, final element method.

Posing the question. To reduce the risk of significant social and economic losses during buildings and structures fires it is necessary to ensure concrete walls proper functioning under conditions of thermal fire action, that guarantee their compliance with existing regulatory technical standards that determine their fire resistance limits [1]. Determining the actual limits of fire resistancethe method of natural fire tests is the most valid and reliable [1]. The method of fire testing consists in the heatingof specimen, which wholly or partly meets the real element of concrete structure in a special fire stove at a temperature range that is defined in the regulations [1 - 3] called standard temperature fire curve, with appropriate application of mechanical stress. Testing of concrete bearing walls fire resistance is in accordance with the applicable standards of Ukraine [2, 3]. According to these standards the wall should be subjected to the firing of action in terms of its load and reliance in accordance with the design scheme of the building structure. When implementing such terms there are certain technical difficulties that are in non-compliance of the wall load and fixing in the construction conditions, non-complianceof the sample dimensions for testing and real walls, etc. Besides the method of fire testing is costly and time consuming.

An alternative to experimental methods is calculation methods application. At present, the theoretical and methodological framework for such an approach contains a series of regulations [4], valid in Ukraine. These methods are flexible, allowing to take into account all the diversity of limiting conditions, materials, geometric dimensions and others. walls parameters, and they are much less time-consuming and costly.

Many of these methods are based on materials resistance hypotheses and work well when 

there is a clear understanding of the construction element conduct under the fire influence. The lackof such information restricts the use of calculation methods, because its obtaining is associated with scale experiments. To solve these problems it is effective to use mathematical modeling involving heavy engineering computer systems based on the final element method as it provides a large amount of data on the load-bearing walls conduct under the fire influence. In accordance with mentioned above the importance and topicality of bearing concrete walls under the fire influence conduct problems study can be pointed out.

Analysis of recent achievements and publications. In this research [5] the approach of the concrete structures conduct under the fire influence study is provided, which is to conduct mathematical modeling with final element method (hereinafter - FEM) supplemented with plastic deformation mathematical models, strength theory, model of the material mechanical properties material if there is a crack in integration point, etc. This approach refers to the revised calculation methods and enables accurately describe concrete structures elements conduct under the fire influence. In this paper much attention is paid to the behavior of concrete beams and slabs conduct.

As for compressed elements - columns and walls such attention is not paid. Columns work for this approach has been investigated in the article [6]. There are a number of works devoted to the load-bearing walls conduct under the fire influence, detailed analysis are presented in the thesis [7]. But the question of the stress-strain state parameters distribution still remains (hereinafter - SSS) in the section, deformation schemes, defects distribution as well as information on the mechanism and causes of bearing concrete walls destruction under the fire influence.

In this regard, the objective of the study is defined.

The problem statement and its solution. Purpose is to determine the main parameters of the stress-strain state, deformation schemes, distribution of defects, as well as information on the mechanism and causes of bearing concrete walls destruction under the fire influence when using the final element method. Figure 1 Scheme of concrete wall reinforcement is provided.
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Figure 1  – Scheme of concrete wall reinforcement.

To study the load-bearing concrete walls conduct the concrete wall is considered, the main technical parameters of which are given in the Table 1.
Table 1 - The main technical parameters of concrete wall.

	Parameter
	Signs
	Value
	Unit

	Geometric dimensions

• width

• width of the protective layer

• length of the wall

• wall height
	s

w

l

h
	0,2

0,02

3,2

3
	m

	Concrete type
	Heavy with the granite aggregates
	Class

С 30/35 (В30)
	

	Concrete density
	(В
	2300
	kg/m3

	Extreme humidity
	u
	< 3
	%

	Internal working armature:

· diameter
	d1
	Class А500С

0,016
	m

	External working armature:

· diameter
	d2
	Class А240С

0,016
	m

	Frame armature:

· diameter
	d3
	Class А240С

0,008
	m


To describe the concrete walls conduct under the fire influence the approaches of such problems solving are analyzed [4, 5]. Approaches analysis in these data sources allows to formulate the basic preconditions and assumptions that can be presented in such general form:

1. Mathematical model of thermal and mechanical reaction to fire thermal influence is described by the heat equation and systems of differential equations of solidsSSS in their numerical implementation on the basis of FEM.

2. For the solution of heat engineering problems two-dimensional non-stationary quasilinear heat equation is used with effective thermophysical characteristics (TFH) of concrete according to regulatory documents [4] based on the assumption that the SSS does not affect on them..

3. The possibility of the wall material cracking duringits stretching istakenintoaccount, and duringits compression thestoneworkconduct is nonlinear considering descending branch deformation diagrams, the parameters depending on temperature.

4. Concrete cracking is determined by the relevant concrete strength theory.

5. Plastic deformation of the material is determined associative plasticity theory.

6. The wall total destruction condition is defined withextreme deformations associated with the formation of a local plastic deformation zone.

To solve the problem the complex source data usage is required, which include the material properties of the wall, extreme conditions and parameters, taking into account the load application, and thermal effect. Figure 2 shows the thermal properties of concrete, the wall described in the current standard of Ukraine is made of [4] for calculating the fire resistance of concrete structures. These characteristics are the temperature dependence of effective characteristics that describe the material as homogeneous and isotropic, which is valid for these calculations [4, 5].
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Figure 2 - Blocks masonry of lightweight concrete thermal characteristics, heat conductivity coefficient (a) specific heat (b).

Figure 3 presents thermomechanical properties of concrete used for calculation.
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Figure 3 - Thermomechanical properties of concrete: deformation diagram (a) thermal deformation (b).
Figure 4 presents thermomechanical properties of reinforced.
steel
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Figure 4 – Thermomechanical properties of reinforced steel: deformation diagram (a) thermal deformation (b).

For the calculation mathematical models parameters of which are given in Table 2 are used. 

Table 2 - Basic mathematical model for the wall fire resistance calculation.

	Wall material conduct features
	Mathematical model (method) used
	Source

	Thermotechnical task

	Heat conductivity
	Nonstationary heat conductivity equation with FEM
	[5]

	Extreme conditions
	ІІІ kind
	

	Physical nonlinearity
	Iterative method of Newton-Raphson
	[5]

	Static task

	SSS
	FEM
	[5]

	Plastic deformation
	Associative Theory of plastic deformation by Besselig
	[5]

	Cracking
	Composite criterion of concrete strength by Willem and Warnke
	[5]

	Nonlinearity
	Iterative method of Newton-Raphson
	[5]


For the calculations calculation scheme of heat engineering and static tasks shown in Figure 5 were accepted.
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Figure 5 – Calculation scheme: for thermotechnical task(а); for static task (b).
Used characteristics meet standard specifications of Ukraine [5]. Strength properties are a set of diagrams "stress-strain" with descending branches for certain values of the material heating temperature. Also this figure presents temperature strain of concrete and reinforcing steel.

To use extreme conditions the parameters based on valid standards of Ukraine for building structures heat resistance calculations are involved.  The values of the selected parameters are shown in Table 3.
Table 3.– Extreme conditions parameters

	Characteristic
	Unit
	Value
	Source

	Extreme conditions parameters of thermotechnical task

	Nominal thermal effect
	Standard temperature conditions of fire

	Convection heat exchange coefficient on the heated surface 
	W/(m2(К)
	25
	[4]

	Convection heat exchange coefficient on the non- heated surface
	W/(m2(К)
	6
	[4]

	Blackness degree
	-
	0.7
	[4]

	Stefan-Boltzmann constant
	W/(m2(К4)
	5.67(10-8
	[6]

	Extreme conditions parametersof static task

	Current load
	t/m2
	150
	-

	Poisson's constant
	-
	0,2
	[4]


For the calculation network walls models were constructed, which look is shown in Figure 6.
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Figure 6 – Network models: for thermotechnical task (а); for static task (b).

For the network the fact that the network for the thermotechnical task according to the calculation scheme (see Figure 3) is unidimensional and should be much thicker is taken into account. Static task network should to be rougher and take into account local feature of  inner layers adjacent to heated surface stronger heating. So it should also be thicker in these layers.

 To reduce the amount of calculations a small fragment of the wall is considered, because the stress-strain state along the wall does not change. Fragment work in the whole wall is taken into account by setting the extreme conditions of symmetry on its sides. These conditions provided the unilateral establishment of appropriate mechanical ties. Blending temperatures in the nodal points is by linear interpolation.

As a result of the thermotechnical tasksolving temperature distribution that shown in Figure 7 is obtained.
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Figure 7 – Results of the thermotechnical task solving: temperature distribution in the section of the wall (a); temperature conditions of the wall inner layers heating(b).

To solve the static task different levels of mechanical stress are examined. The valueof destroying pressure on the wall was defined by calculation, which is 2100 t / m2. To study the load effect the load valuesare applied ofaseries0,1(рmax, 0,3(рmax, 0,5(рmax, 0,7(рmax.

After the static task solving the graphics were obtained vertical displacements of the upper edge of the wall, and horizontal displacements of its center are obtained. The graphics are shown in Figure 8.
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Figure 8 – Static task solving results: vertical displacements of the upper edge of the wall (а) horizontal displacements of the wall center (b).

According to the graphics initially the wall is bent toward the fire action while moving up its upper edge. At the final stage wall is aligned and the deflection almost disappears. At the stage of destruction bend occurs in the direction opposite the fire action. Thus for loads with magnitude 0,1 рmax, 0,3 рmax top edge initially moves upwards and at some stage movement becomes positive, that the height of the wall increases. With the destruction the wall height again decreases with deflection increase in the direction opposite to the fire action. At higher loads, increase of the wall height is observed. This effect occurs because initially the layers of the fire action expand and thus the bend of walls and longitudinal movement of the upper edge upwards occurs. With further gradual warming walls of deeper layers expand, while after reaching a certain temperature warmed layers do not expand (see. Figure 3), and therefore the deflection of the wall decreases. Due to the fact that more layers are heated more easily they deform and in the final stage, the deflection in the direction opposite to the fire occurs. The result of this pattern is wall buckling and its destruction.

The resulting graphics allow to get information about the state of the extremecondition of bearing capacity loss by comparing current values of displacement and velocities with maximum allowable, determined by formulas [2, 3]:

D = 0.01h = 32 mm; dD/dt = 3h/1000 = 9,6 mm/min.


(1)

The graphics analysis shows that with the criteria of (1) extreme conditionof bearing capacity loss does not occur. But a graph in Fig. 8 shows that at the final section the sharp deformation increase occurs, indicating the formation of local plastic deformation zone, which proves the extreme condition of bearing capacity loss. To determine the fire resistance the tangent method is used, described in [6]. Bytangents onareas of vertical displacement curves shown in Fig. 8 the fire resistance of the wall, subjected to mechanical loads with different values is determined. Dependence of fire resistance to the load capacity on the applied pressure shown in Figure 9.
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Figure 9 – Dependence of wall fire resistance on the applied pressure.

Results. Interconnection with the research it can be concluded that:

1. Numerical researches of reinforced concrete walls conduct under the fire influence, with standard temperature conditions is conducted.

2. It is shown that the wall during the test initially bends toward the fire and then the fire changes direction of longitudinal bend passing the initial position of its neutral axis.

3. It is shown that the extreme condition of wall buckling is due to the formation of the plastic deformation zone due to longitudinal bending after passing the initial position of its neutral axis.

4. Dependence of fire resistance on  the applied pressure to the wall is discovered. In the range of loads 0,3 рmax... 0,5 рmax limit of fire resistance does not depend on the applied load. 
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ДОСЛІДЖЕННЯ ПРОВІДНОСТІ БЕТОННИХ СТІН ПІД ВПЛИВОМ ВОГНЮ 
З ВИКОРИСТАННЯМ МЕТОДУ КІНЦЕВИХ ЕЛЕМЕНТІВ 
Основним завданням дослідження є удосконалення методів розрахунку вогнестійкості залізобетонних несучих стін для забезпечення вимог відповідних будівельних норм. Для вирішення цих актуальних питань є перспективним використання методу кінцевих елементів, оскільки він має переваги в порівнянні з іншими методами. Для вивчення всіх аспектів застосування даного методу при вирішенні задач вогнестійкості залізобетонних стін розглянуто блок ліфтової шахти. При вирішенні теплової задачі використовується математична модель теплопередачі згідно рекомендацій Єврокодів. Для вирішення теплової задачі з використанням даної математичної моделі використовується метод кінцевих елементів. У статті наведені основні аспекти реалізації методу кінцевих елементів для вирішення теплової задачі, розрахункова схема і температурний розподіл в перерізі стіни в різні моменти часу пожежі. Так само в статті наведені криві залежності температур від поперечної координати перетину в різні моменти часу і температури нагріву різних точок перетину в залежності від часу. 

При вирішенні структурної задачі застосовується метод кінцевих елементів. При цьому були прийняті властивості бетону і арматурної сталі, відповідно до рекомендацій Єврокодів. У статті наведено алгоритм і результати вирішення структурної задачі. Після проведення розрахунку були отримані параметри напружено-деформованого стану стіни для кожної хвилини розвитку пожежі. Для даної стіни при різному рівні механічного навантаження показані нормальні навантаження та розподіл тріщин в різні моменти часу пожежі, а також положення роздроблених елементів в різні моменти часу пожежі. При цьому виявлено, що стіна спочатку прогинається в сторону теплової дії пожежі, а потім, пройшовши початкове положення рівноваги прогинається в протилежну сторону. В результаті роботи отримана залежність значення межі вогнестійкості за несучою здатністю стіни від величини діючого механічного навантаження.

Ключові слова: вогнестійкість, «звичайна пожежа», бетонна стіна, метод кінцевих елементів.
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ИССЛЕДОВАНИЕ ПРОВОДИМОСТИ БЕТОННЫХ СТЕН ПОД ВОЗДЕЙСТВИЕМ ОГНЯ С ИСПОЛЬЗОВАНИЕМ МЕТОДА КОНЕЧНЫХ ЭЛЕМЕНТОВ 

Основной задачей исследования является усовершенствование методов расчета огнестойкости железобетонных несущих стен для обеспечения требований соответствующих строительных норм. Для решения этих актуальных вопросов является перспективным использование метода конечных элементов, поскольку он имеет преимущества по сравнению с другими методами. Для изучения всех аспектов применения данного метода при решении задач огнестойкости железобетонных стен рассмотрен блок лифтовой шахты. При решении тепловой задачи используется математическая модель теплопередачи согласно рекомендаций Еврокодов. Для решения тепловой задачи с использованием данной математической модели используется метод конечных элементов. В статье приведены основные аспекты реализации метода конечных элементов для решения тепловой задачи, расчетная схема и температурные распределения в сечении стены в разные моменты времени пожара. Так же в статье приведены кривые зависимости температур от поперечной координаты сечения в разные моменты времени и температуры нагрева разных точек сечения в зависимости от времени.

При решении структурной задачи применяется метод конечных элементов. При этом были приняты свойства бетона и арматурной стали, согласно рекомендациям Еврокодов. В статье приведены алгоритм и результаты решения структурной задачи. После проведения расчета были получены параметры напряженно-деформированного состояния стены для каждой минуты развития пожара. Для данной стены при разном уровне механической нагрузи показаны нормальные напряжения и распределения трещин в разные моменты времени пожара, а также положения раздробленных элементов в разные моменты времени пожара. При этом выявлено что стена сначала прогибается в сторону теплового действия пожара, а потом, пройдя первоначальное положение равновесия прогибается в противоположную сторону. В результате работы получена зависимость значения предела огнестойкости по несущей способности стены от величины действующей механической нагрузки.

Ключевые слова: огнестойкость, «обычный пожар», бетонная стена, метод конечных элементов.
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