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Abstract. The paper presents field experiments and analytical description 
results of physical and technical parameters of bending reinforced concrete 
structures and their fire resistance. The results take into account the burial 
depth of working reinforcement, the thermo-diffusion value of protective 
layer concrete, the degree of reinforcement fire resistance, the nominal 
diameter of working reinforcement. The degree of reinforcement fire 
resistance is characterized by the thickness of the protective layer of 
concrete that changes its size and thermal characteristics in conditions of 
high temperatures, corrected for the conditions of the center of gravity in 
the reinforcement cross-section heating up. The study reveals a 
mathematical description of the indicators, which take into account the 
value of concrete thermo-diffusion reduced coefficient, intensity of force 
tension in working reinforcement and the size of its diameter. Analytical 
functions are derived for these indicators. This research results can be used 
for making computer algorithms and programs to calculate design fire 
resistance of bending reinforced concrete constructions of buildings and 
constructions. 

1 Introduction 
The paper an analytical description of physical and technical characteristics of bending 
reinforced concrete structures influencing their design fire resistance. These characteristics 
include the laying depth of the working reinforcement, the degree of concrete thermal 
diffusion, the degree of reinforcement fire resistance, the working reinforcement nominal 
diameter. 

2 Materials and methods 
According to the loss of its load bearing capacity (Fuz, min), the degree of bending 
structures designed limits of fire resistance depends on the intensity of reinforcement initial 
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stresses form the test load, the degree of reinforcement fire resistance and the static scheme 
of element work, i.e 

( ; ; )uz s вs mF f J a С ;      (1) 

where Jσs is the intensity of stresses in the reinforcement from the current load  
(0 ÷ 1); aes  is reinforcement fire protection with concrete, mm; Cm is the indicator of the 
static scheme of reinforced concrete structure work. 

The degree of reinforcement fire resistance is influenced by the thickness of the 
concrete protective layer, its thermos-physical characteristics, the diameter of the 
reinforcement, the heating scheme of the reinforcement bars in the element cross-section, 
i.e. 

( ; ; ; )bs br s nа f U D d C ;      (2) 

where U is the thickness of the concrete protective layer, mm; Dbr is the indicator of 
concrete thermal diffusion, mm2/min; ds is the diameter of the working reinforcement, mm; 
Cn is the indicator of the heating scheme of the reinforcement bars in the element cross-
section. 

The influence of these physical and technical characteristics on the values of variables 
Jσs and aes can be taken into account by the following corresponding indicators: 

ka; kδ; kf; km; kq;        (3) 

where ka is the indicator that takes into account the axial distance value; kδ is the indicator 
that takes into account the type of concrete according to its diffusion characteristics; kf is 
the indicator that takes into account the diameter of the working reinforcement; km is the 
indicator, taking into account the static scheme of the bending structure work; kq is the 
indicator, taking into account the heating scheme of the reinforcement bars in the cross-
section. 

3 Results 

3.1 Initial intensity of load bearing stresses in the working reinforcement 

The initial intensity of load bearing stresses in the working reinforcement before the fire 
effect is calculated by the formula: 

/s sn snJ R          (4) 

where σsn are main stresses in the reinforcement from the test loading, MPa;  Rsn is 
reinforcement normative resistance to stretching, MPa. 

3.2 Influence of the reinforcement diameter on the bending structure fire 
resistance 

Increase in reinforcement diameter gives rise to the bending structure fire resistance 
However, this increase is negligible. E.g. at a = 40mm and diameter of reinforcement           
d1= 10mm, the heating time of the section center is τ1 = 33min; at d2 = 20mm;  τ1 = 35min 
(see Figure 1; a = 40mm; ts, cr = 5000C). 
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Fig. 1. Graphs of functions tar = f (a, τcm) for determining heating temperature of reinforcing bars Ø10 
and Ø20 mm in the edge of a beam from heavy concrete with limestone aggregate: Three-sided 
section heating; the edge width B = 65 mm; reinforcement depth of coverage a = 20; 40 and 100 mm, 
the indicator of concrete thermal diffusion Dbm=20,17mm2/min; tcm, °C is the temperature of a 
standard fire test. 

Let us calculate the following logarithmic ratio: 

1 2

1 2

lg( / ) lg(33 / 35) 0,077
lg( / ) lg(10 / 20)

m
d d
 

   ;     (5) 

the value of the kf indicator, taking into account the reinforcement diameter is   
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;     (6) 

where ds is the diameter of the working reinforcement, cm. 

3.3 The account of the concrete thermal diffusion indicator 

From experimental graphs of heating of a slab with thickness of h = 60 mm at                     
δ = 20 mm and ts, cr = 500 °C, we have τ2 = 45 min (0.75 hour) and τ2 = 52,2 min (0.87 hour) 
(see Figure 2 and Figure 3).  

Using Formula (10), let us calculate heavy concrete diffusion, with limestone and 
granite, respectively: Drb1=20,17 mm2/min ; Drb2=22,68 mm2/min. 

From the obtained experimental data, we calculate the exponent: 

3

MATEC Web of Conferences 196, 04019 (2018) https://doi.org/10.1051/matecconf/201819604019
XXVII R-S-P Seminar 2018, Theoretical Foundation of Civil Engineering



1 2
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lg( / ) lg(52,2 / 45) 0,8
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     (7) 

The indicator, taking into account the value of the experimental structure concrete 
diffusion, equals to: 

0,8
0,810,7 /

20,17
rв

g rв
D

k D


 
  
        (8) 

 

Fig. 2. Graphs of functions thr = f (h, τcm) to determine the heating temperature of the slab thickness    
h = 60 mm of heavy concrete with granite aggregate depending on the duration of standard testing, 
τcm, min: concrete density ρc=2250 kg/m3; moisture Ω = 2%; single-sided section heating; 
temperature registration points: tex and tcn, °C – on the heated and, accordingly, unheated surface, –   
thτ, °C – at points of the slab cross-sections, every 10 mm on its thickness; tcm, °C – the temperature of 
a standard fire test.  

For reference concrete Drb=20,17 mm2/min, the indicator of the physical characteristics 
is equal to:  

0,8
0,812 /

22,34
rв

rв
D

k D


 

  
         (9) 

The given indicator of concrete thermal diffusion is determined by the formula: 
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The given indicator of concrete thermal diffusion is determined by the formula: 
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       (10) 

where λ0 and b –  are empirical numbers to calculate the thermal conductivity coefficient of 
construction material w/(m •° c); tm –  average temperature of the material along the section 
of the construction (450°C); c0 and d –  are empirical numbers to calculate the specific 
thermal capacity of the heated material kJ/(kg ∙°C); ω – is humidity of material mass, %;    
ρs is average density of dry concrete, kg/m3. 

 

 
Fig. 3. The graphs of the function thr = f (h, τcm) to determine the heating temperature of the slab 
thickness h = 60 mm of heavy concrete with limestone aggregate: concrete density ρc=2250 kg/m3; 
moisture ω=2%; single-sided section heating; temperature registration points: tex and                          
tin, °C – temperature on the heated and, accordingly, unheated surface, thτ, °C – at points of the slab 
cross-sections spaced at intervals of ∆h = 10 mm on its thickness; tcm, °C – the temperature of a 
standard fire test. 

3.4 Degree of reinforcement fire resistance 

With the growth of the working reinforcement fire resistance, the fire resistance of the 
bending structure also increases. Here, under the reinforcement fire resistance we 
understand the thickness of the concrete protective layer, which changes its volume and 
thermo-technical properties at the exposure of high temperatures, with allowance for the 
conditions of the reinforcement cross-section heating, that is: 

0( ; ; ; )bs s s brа f U d D т ;      (11) 
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substituting these variables and values of coefficients, taking into account these parameters, 
we obtain the value of reinforcement fire resistance at single-sided heating: 

0 0( 0,5 )bs s s dа т U d k с     ;      (12) 

or 

0,81 ( 0,5 ) 12 /bs s s rва U d D           (13) 

0,812 ( 0,5 ) /вs s s rва U d D    ;     (14) 

where Us is the thickness of the concrete protective layer, mm; ds is the diameter of 
reinforcement, mm; Dre is the given indicator of concrete thermal diffusion, mm2/min; m0 is 
the coefficient of heating conditions of the reinforcement bars in the element cross-section. 

The researchers used the following academic research work materials for preparing this 
paper: [see 1-12]. 

4 Conclusion 

According to the results of this research and comparison of calculations and experimental 
data, we can draw the following conclusions: 

1. The degree of reinforcement fire resistance is characterized by the thickness of the 
protective layer of concrete that changes its size and thermal characteristics in conditions of 
high temperatures, corrected for the conditions of the center of gravity in the reinforcement 
cross-section heating up. 

2. The analytical equation for quantitative estimation of the reinforcement fire resistance 
degree is given as a function (14) of four variables. 

3. The study reveals a mathematical description of the indicators, which take into 
account the value of concrete thermo-diffusion reduced coefficient, intensity of force 
tension in working reinforcement and the size of its diameter. Analytical functions (4, 6, 9) 
are introduced in this study to take into account these indicators. 
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