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Abstract. The statistical data of the fire and technogenic safety in 
Ukrainian mines have been studied. A literary analysis has been made of 
advanced expertise in determining the fire resistance of building 
structures. It has been studied the thermal state and fire resistance of 
hollow-core floors using the fire tests and the calculated determination of 
the fire resistance degree of a structure based on a two-dimensional model 
of thermal conductivity and convective heat transfer implemented in the 
ANSYS R17.1 software complex. The fire test of hollow-core floor has 
been analysed and the use of a computational-experimental method is 
proposed to determine the parameters when simulating the thermal state 
and the fire resistance of both protected and unprotected hollow-core 
floors. A technique has been developed for simulating the thermal state 
and the fire resistance of hollow-core floors, which can be used in 
assessment of the fire resistance degree of reinforced concrete building 
structures both in industrial construction and in the mining industry. 

1 Introduction 
For 4 months of 2019, there were 8 fires in the enterprises of the fuel and energy complex of 
Ukraine, of which 5 fires occurred in the mines, namely: one after another fires occurred at 
VP Heroiv Kosmosu mine, PJSC “DTEK Pavlohradvuhillia”, VP “Kotliarevska” Mine 
PJSC “DTEK Pavlohradvuhillia”, VP “Pivnichna” mine DP “Toretskvuhillia PSPVPU”, 
PJSC Colliery Group Pokrovske and at VP “1/3 Novohrodivska” mine DP “Selydivvuhillia”. 
The general damages from these fires amounted to 52 298 000 UAH, of them the expenses for 
of emergency-rescue operations amounted to 15 023 800 UAH. That is, at the mining industry 
facilities there is a technogenic and fire hazard that can constitute a threat to the environment, 
people’s lives and lead to the emergence of technogenic situations [1 – 7]. 

Among the building structures used both in modern construction [8 – 10], and in the 
construction and strengthening of mines, the hollow-core floor slabs of various types are 
commonly used (Fig. 1). 
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Fig. 1. The use of concrete floor slabs at the mining industry facilities. 
 

Since these armoured concrete structures often do not meet the fire safety requirements 
in terms of normalized values of their fire resistance degree, it was and is relevant to ensure 
and improve the fire resistance of such structures by fire protection with the use of various 
substances and materials. When designing the fire protection of such structures, there is an 
acute problem of accurate calculating the thermal state of both protected and unprotected 
hollow-core floors, which is largely determined by the accuracy of setting model 
parameters that ensure its adequacy to actual heat exchange processes when testing for fire 
resistance. Such parameters include the thermal conductivity coefficient, the specific 
volumetric heat capacity of both concrete and fire-retardant coating, as well as test 
conditions (number of samples, the value of the average volumetric temperature and 
humidity in the test chamber), which must be ensured during the process of determining the 
effectiveness of these coatings. 

Among the model parameters, it is necessary to identify those that are unknown, 
insufficiently known and influence significantly on the calculated temperature values of the 
selected model. The process of determining the degree of influence of model parameters on 
the result output (in our case, temperature) is called sensitivity analysis. 

2 Unresolved questions 
Therefore, the purpose of this work is to study the accuracy influence of model parameters 
setting on the fire resistance degree values of both protected and unprotected hollow-core 
floors during their calculated determination using modern software complexes. 

There are 2 approaches in setting the parameters when simulating the thermal state and 
fire resistance of both protected and unprotected hollow-core floors: 1) setting the 
parameters from regulatory documents (DBN, DSTU, Eurocodes and other reference 
literature); 2) setting the parameters determined from the fire tests of building structures 
(solving inverse and direct thermal conductivity problems) [11, 12]. Both these approaches 
are widely used in the practice of calculating stationary and non-stationary heating of 
hollow-core floors when designing, reconstructing, constructing new facilities, including 
the construction of mines in the mining industry. 

However, the value of the fire resistance degree of hollow-core floor slabs, determined 
with the use of such approaches differ, and this causes anxiety. After all, inaccuracy in 
setting or using such parameters can lead to failure values in determining the fire resistance 
degree of the studied structures, that will negatively affect the main fire statistics indices 
(death and injury of people in fires, the number of fires, the number of destroyed and 
damaged buildings, including mines). 

Thus, in work [13], a model has been developed that assesses the probability of the 
bearing capacity loss of a building structure as a result of a fire that covers buildings of the 
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appropriate category. But already in work [14], a subjective assessment is described of the 
probability of bearing capacity loss of the whole building in the conditions of fire. In [15], 
the most important conclusions are described from studies conducted in this area in recent 
years, and a possible method is represented for calculating the bearing capacity of elements 
of this type with account of heating at variable temperatures in the element. In works [16 – 
18], there are studied the fire safety issues of both separate structures and buildings as a 
whole without paying attention to the correct choice or setting the parameters for simulating 
the thermal state and fire resistance of both the building or structure as a whole, and its 
individual structure or structure element.  

Therefore, the study of issues relating to the accuracy and correctness of setting the 
parameters of the thermal state model of both protected and unprotected hollow-core floors 
is an actual scientific and technical problem, the solution of which will make possible to 
more accurately analyze the thermal state of such structures when calculating their fire 
resistance degree. 

3 Calculated and experimental determination of heating the 
armoured concrete floor 
When using the first approach in setting the thermal state parameters of hollow-core floors, 
the procedures described below should be involved. 

A physical model should be constructed of the processes occurring in the object during 
full-scale fire tests. It is proposed to apply the following developed model. When heating 
from the bottom (Fig. 2), the heat by means of thermal conductivity through the lower 
concrete layer over the entire floor area and reaches the voids, heating first their lower part. 
Then, by means of the same thermal conductivity mechanism, the concrete lintels on the 
sides of the voids are heated from below upwards (with a significantly smaller variable area 
of lintels), and then again the upper unheated concrete layer over the entire area of the 
floor. In parallel with the heat transfer by thermal conductivity along the lintels through the 
cavities, heat is transferred by free convection of air and by radiation from the lower more 
heated to the upper colder cylindrical walls of the cavities. 

 

 
Fig. 2. Physical model of armoured concrete floor in a one-dimensional formulation: 1 − a continuous 
concrete layer of the floor between the surface, which is being unheated, and a layer with cavities, 2 − 
a layer with cavities, 3 − a continuous concrete layer between the cavities and reinforcement, 4 − a 
layer of reinforcement, 5 − a continuous concrete layer from the reinforcement to the surface, which 
is being heated, 6 − plaster covering.  
 

The temperature of the fire medium is set by the standard temperature curve according 
to the formula (1) and Fig. 3: 

Р

Т = Т0 345 lg(8 1)τ+ ⋅ + ,        (1) 
where τ = 180 min – duration of a fire in minutes; Т0 = 20 ºС – initial temperature. 
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Fig. 3. Dependence of temperature in the furnace from the time of fire exposure on the hollow-core 
slab surface which is being heated: curve 1 – a curve of the standard temperature regime; curve 2 – a 
real curve of the temperature variation in the furnace; 3 – permissible minimum temperature values in 
the furnace during testing; 4 – permissible maximum temperature values in the furnace during testing. 

The heat-exchange coefficient (2) takes into account the action of convection and 
radiation. At a simplified approach, the heat-exchange coefficient is equal: 

,P Kα α α= +      (2) 

where αР is coefficient of heat-exchange by radiation. 
The convective and radiation components can be determined from the expressions: 
αK = 25 W/(m2·K) – surface is being heated;  
αK = 6 W/(m2·K) – surface is being unheated. 

4 4
W P

P
W P

T T
T T

α ε σ −
= ⋅

−
,    (3) 

where ε = 0.67 is degree of the concrete surface blackness (according to A.I. Yakovlev 
[19]); σ = 5.67⋅10-8 W/(m2·K) – Stefan-Boltzmann constant; ТW is surface temperature, ТР is 
temperature of fire medium. 

It was set according Eurocode: 
– Poisson’s ratio of concrete was accepted to be ν = 0.2; 
– concrete consistency ρ0 = 2.355 kg/m3; 
– modulus of elasticity of concrete Eb = 31.500 MPa; 
– concrete durability Rb = 19.5 MPa. 
Heat capacity of concrete (Fig. 4): 
сp(θ) = 900 J/kg·K    20 ºC ≤ θ ≤ 100 ºC 
сp(θ) = 900 + (θ – 100) J/kg·K   for 100 ºC < θ ≤ 200 ºC 
сp(θ) = 1 000 + (θ –200)/2 J/kg·K  for 200 ºC < θ ≤ 400 ºC 
сp(θ) = 1 100 J/kg·K    for 400 ºC < θ ≤ 1200 ºC 

where θ is concrete temperature, ºC. 
Concrete consistency: 
ρ(θ) = ρ(20 ºC)    for 20 ºC ≤θ ≤ 115 ºC 
ρ(θ) = ρ(20 ºC)×(1 – 0.02(θ – 115)/85)  for 115 ºC < θ ≤ 200 ºC 
ρ(θ) = ρ(20 ºC)×(0.98 – 0.03(θ-200)/200) for 200 ºC < θ ≤ 400 ºC 
ρ(θ) = ρ(20 ºC)×(0.95 – 0.07(θ-400)/800) for 400 ºC < θ ≤ 1200 ºC 
Thermal conductivity of concrete (Fig. 5): 
λc = 2 – 0.2451(θ/100)+0.0107(θ/100)2  for 20 ºC ≤ θ ≤ 1200 ºC, W/m·K 
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Fig. 4. Dependence of heat capacity on 
temperature for concrete. 

Fig. 5. Dependence of thermal conductivity 
coefficient on temperature for concrete.  

 
Thermal expansion of concrete (Fig. 6): 
εc(θ) =-1.8∙10-4 + 9∙10-6θ + 2.3∙10-11θ3  for 20 ºC ≤ θ ≤ 700 ºC 
εc(θ) =14∙10-3     for 700 ºC < θ ≤ 1200 ºC 

Thermal conductivity of steel (Fig. 7): 
λ = 54 – 3.33·10-2θ    for 20 ºC ≤ θ ≤ 800 ºC  
λ = 27.3      for 800 ºC ≤ θ ≤ 1200 ºC 
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Fig. 6. Dependence of the thermal linear 
expansion coefficient on the temperature for 
concrete. 

Fig. 7. Dependence of thermal conductivity 
coefficient on temperature for steel. 

 
Based on the above data using the computer simulation in software complex ANSYS 

R17.1, a calculation has been performed of non-stationary thermal heating of a hollow-core 
floor slab, the results of which are represented in Fig. 8 [20 – 22]. 

To assess the computer simulation results of the thermal state of a concrete floor slab at 
temperatures corresponding to a fire, the experimental studies have been conducted with 
subsequent results comparison in the control points of measuring the temperature [23, 24]. 

According to the second approach, a computational-experimental method was used in the 
assessment of the fire resistance degree of reinforced concrete structures (hollow-core floor 
slabs), which is a combination of experimental and computational procedures for determining 
the necessary characteristics of the studied object (Fig. 8), including the dependence of fire-
retardant coating thickness on the thickness of the protective concrete layer. 

To implement this approach, a hollow-core floor slab (prestressed, without use of 
formwork) PB 36-12-8 (3a) was chosen as the object of study.  

The fire resistance degree was determined according to [11] and consisted in heating the 
slabs samples, installed horizontally into the orifice of a fired furnace under conditions of 
the standard temperature of a fire, as well as in determining the time when one of the fire 
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resistance limit state is reached based on signs of loss of bearing capacity, integrity or 
thermal insulating capacity. In our case, to determine the fire resistance degree of armoured 
concrete floors, the criterion was used for the loss of thermal insulating capacity by 
measuring the temperature on the structure surface which is being unheated. 

 

Fig. 8. Temperature distribution in the slab. 
 
Two hollow-core floor slabs were chosen for testing: PB 36-12-8 with 

3580×1195×220 mm in size. The slabs were made without use of formwork and with 
prestressed reinforcement. The bearing reinforcing cage consisted of four upper longitudinal 
prestressed reinforcing bars of reinforcing wire Ø5 Вр II and seven lower groups of three 
reinforcing bars Ø5 Вр II. The distribution reinforcement was of A240C class with a diameter 
of 10 mm. The thickness of the protective concrete layer to the axis of the lower 
reinforcement was 20 mm. A concrete of C25/30 class was used. The specific distributed load 
according to the order (without its own weight and short-term temporary loads) is 5.54 kPa. 

The slab samples were mounted on a horizontal furnace with a support by 150 mm 
along the edges through a layer of STROPROCK basalt slabs with 40 mm thick and 
consistency 160 kg/m3, produced by Rockwool Polska Sp.z o.o (Fig. 9).  

 
Fig. 9. Overall view of the floor slab samples before testing. 
 

The load was made by calibrated loads in the form of concrete blocks, which were set 
on the samples through compensating supports 160×30×25 mm of STROPROCK mineral 
boards. The actual load on the samples was set based on the creation in the slabs of stresses 
corresponding to the stresses from the specific distributed load of 5.54 kPa (Fig. 10). 

According to the formulas, the maximum deflection values and the rate of increase in 
deformations were (45 min), 30 mm and 1 mm/min (Sample No. 1) and 31 mm and 
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1 mm/min. (Sample No. 2), respectively. 
The deflection of the samples was determined by the center of the slabs. 
 

  

Fig. 10. Scheme of load and support of samples: 1 – a fired furnace; 2 – slab samples; 3 – load 
blocks; 4 – fencing. 
 

To measure the mean and maximum temperature of each sample surface which is being 
unheated, 5 thermocouples (T1-T5) were set, one thermocouple (T1) in the center of the 
sample and four in the geometric centers of the sample quarters (Fig. 11) [23, 24]. 

 

 

 
Fig. 11. Scheme of Cr-Al thermocouples arrangement from the hollow-core floor surface which is 
being unheated. 
 

The data obtained as a result of the fire tests, that is, the temperature values in the 
furnace and from the floor surface which is being unheated, were used further to simulate 
the entire structure thermal state.  

The use of the second approach in setting the parameters of the thermal state of a 
hollow-core floor provides for the implementation of the procedures described below.  

At the first stage – testing for fire resistance of two floor slabs and obtaining 
temperature values in the furnace and from the surface which is being unheated. In this 
case, an interesting choice arises for the design engineer: the results of which of the two 
slabs should be accepted as initial for the beginning the thermal calculations in the 
appropriate software (such as ANSYS). In fact, two slabs are exposed to testing. If to apply 
a conservative approach, it is required to choose the values obtained for the slab, which is 
more heated while testing. It is possible to accept the average values from the test results of 
2 slabs – this is also an interesting approach. Then, using the obtained temperature values, 
by solving inverse thermal conductivity problems, find the thermal and physical concrete 
characteristics (TPhC), which will be more exact than those specified as averaged in 
Eurocode. 
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It is necessary to describe more specifically, which values of the thermal conductivity 
coefficient and specific volumetric heat capacity were accepted in the points of measuring 
the temperature (there is a graph of dependence of the thermal conductivity coefficient and 
specific volumetric heat capacity on temperature). 

According to the authors, it is more correct and advisable to find these TPhCs of 
concrete by solving inverse thermal conductivity problems according to the results of fire 
tests of two floor slabs.  

It is also necessary to clearly define what fire resistance limit state should be chosen in 
our study: according to thermal insulating capacity, that is, reaching by a temperature of 
160°C from the slab surface which is being unheated or when the reinforcement reaches a 
critical temperature value at a level of load specified in the test (for example, 500 ºC or 
another temperature in the range of 350 – 750 ºC).  

As a result of the fire tests, the temperature dependences have been determined in the 
control points of measuring from the hollow-core slabs surface which is being unheated on 
the time of fire exposure under conditions of the standard temperature regime of a fire (see 
Table 1).  

The temperature values obtained by simulation (see Fig. 8) were compared with the 
experimental values obtained during testing the armoured concrete floor for fire resistance 
under conditions of the standard temperature regime of a fire (Fig. 12). 
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Fig. 12. Dependence of temperature on the time of fire exposure on the hollow-core floor surface 
which is being unheated in different places of measuing the temperature: dashed-line curve – when 
simulating in a software complex ANSYS R17.1; solid-line curve – the temperature values, 
determined during the fire test. 

As it can be seen from Fig. 11, the results of experimental studies and numerical analysis 
in the ANSYS software complex (see Fig. 7) for the first 15 minutes are significantly different 
in all control points, but later this difference stabilizes and does not exceed 10% until the end 
of the experiment, which can be considered acceptable.  

It has been studied the thermal state and fire resistance of hollow-core floor using the fire 
tests and the calculated determination of the fire resistance degree of a structure based on a 
two-dimensional model of thermal conductivity and convective heat transfer implemented in 
the ANSYS R17.1 software complex. The fire test of hollow-core floor has been analysed and 
the use of a computational-experimental method is proposed to determine the parameters 
when simulating the thermal state and the fire resistance of both protected and unprotected 
hollow-core floors. A technique has been developed for simulating the thermal state and the 
fire resistance of hollow-core floors, which can be used in assessing the fire resistance degree 
of reinforced concrete building structures both in industrial construction and in the mining 
industry. 
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4 Conclusions 
The statistical data of the fire and technogenic safety in Ukrainian mines have been studied. 
Recently in Ukraine, there have been frequent cases of collapse, destruction of buildings 
and structures, including in the mining industry, which indicates the relevance of the 
scientific research direction, that is, designing the building structures for the explosion 
action and high temperatures affect during a fire. 

A literary analysis has been made of advanced expertise, which is most common in the 
mining industry, of determining the fire resistance of building structures. As a result of the 
scientific research, a technique has been proposed for simulating the thermal state and the 
fire resistance of hollow-core floors, widely used in building and structures of the mining 
industry. 

A technique has been developed and designed that can increase the technogenic and fire 
safety of buildings and structures in the mining industry. The technique consists of the 
following stages: 

– fire testing and obtaining the dependence of the temperature in the furnace and from 
the unheated surface on the time of fire exposure according to the standard temperature 
regime; 

– determining the thermal and physical concrete characteristics (TPhC) by solving 
inverse thermal conductivity problems and comparing how they differ from the thermal and 
physical characteristics, taken from Eurocode; 

– development of a physical model of a hollow-core floor thermal state with division of 
a slab into 6 layers [22], using a mathematical model [22] with the determined thermal and 
physical concrete characteristics, performing a calculation of non-stationary heating of 
armoured concrete floor. The dependences obtained should be compared with the fire test 
data and calculations in ANSYS; 

– determining an error during the calculation and drawing up a conclusion on the 
accuracy of setting the thermal and physical concrete characteristics, as well as their 
influence on the determination of the fire resistance degree by means of a computational 
method. 

Authors express their gratitude to P.H. Krukovskyi, Doctor of Technical Sciences, Professor for the 
help and consultations in performing this work. 
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