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Fire Resistance of 19
th

 Century fireproof flooring systems: A sensitivity 

analysis 
 

Abstract 

 

Typical fireproof flooring systems of the 19
th

 century comprise of metal beams embedded within 

insulation materials that span between them, sometimes in the form of arches. The limited or 

non-existent fire resistance requirement of that era demands a thorough understanding of their 

structural fire response when dealing with their conservation. This requires suitable material 

property models. Historical records from different sources contain large variations in the thermal 

(insulation and metals) and mechanical (for metals) properties of the materials. In this research, 

the variations were placed within lower and upper boundary curves. A sensitivity study of the 

thermal behaviour of typical flooring systems was conducted. The results of this study were used 

to indicate the level of uncertainty in the thermal properties of the metals (cast iron, wrought iron 

and mild steel) and the “insulation” materials (“early concrete” and masonry) that may be 

tolerated without introducing large inaccuracy (>10%) in the structural temperature results. To 

assess the applicability of the proposed boundary curves for the mechanical properties of the 

metals, the second series of sensitivity analyses of structural performance was performed, using 

the temperature profiles from the thermal sensitivity study.  
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1. Introduction 

 

In typical 19
th

 century fireproof flooring systems, metal beams (made out of cast iron, wrought 

iron or mild steel) were used as the main load-bearing elements. To provide the necessary fire 

protection, a common practice was to encase the metal members of the floor with insulation 

materials (“early concrete” or masonry). It should be noted that “early concrete” was made from 

various constituents (broken brick, crushed tile, cinders, limestone etc.) different from those in 

modern concrete production.   The two predominant types of such flooring systems are the “filler 

joist” (Figure 1a) and the “arch jack” (Figure 1b) floors. In a typical “filler joist”, wrought iron 

or mild steel girders are completely encased in “early concrete”. The “arch jack” floor commonly 

consists of asymmetric cast iron girders embedded in “early concrete” and masonry in an arch 

form supported by the lower flanges of the metal beams which remain unprotected.    

       

a)  b) 

Figure 1: Typical a) “Filler joist” and b) “Arch jack” floor [1]. 

 

In order to investigate the behavior of 19
th

 century fireproof flooring systems under fire exposure 

and evaluate their fire resistance, it is critical to establish the thermal and mechanical properties 

of the constituent materials (metal beam and insulation) at elevated temperatures. The authors [2] 

have recently presented the results of a thorough literature review which has yielded an extensive 

experimental database of the required thermal and mechanical properties. The collected results 

showed that considerable scatter existed in some cases. However, it can be argued that if the 

structural performance of the metal beams is not sensitive to the scatter, it would be acceptable to 
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use some nominal (such as the mean) values for the material properties. Whether or not this is 

the case can be answered by performing a sensitivity study and this is the overall aim of the this 

paper. Specifically, this research will investigate the sensitivity of the fire resistance performance 

of the metal beams to variations in the following relevant material properties: 

(1) Thermal properties (thermal conductivity, thermal capacitance = specific heat * density) 

of the metals; 

(2) Thermal properties of the insulation materials; 

(3) Mechanical properties of the metals. 

The variations in the relevant properties collected from literature by the authors [2] are 

represented by the lower bound and upper bound values fitted to the collected data. These 

boundary curves (usually straight lines) provide an envelope to the collected experimental data. 

Because the collected data were from different sources, some dating back a long time ago, they 

do not always follow a consistent pattern.  Hence some boundary curves contain spikes within 

some specific temperature regions.  

The criteria for deciding sensitivity of the fire resistance performance results to variations in the 

material properties are: for the thermal properties, the fire performance of the metal beams is 

considered not sensitive to the variations of the properties if the calculated structural temperature 

does not vary by more than 10% from the mean value; for the mechanical properties of the 

metals, the fire performance of the metal beams is considered not sensitive to the properties if the 

load carrying capacity of the metal beam does not vary by more than 10% from the mean value.      

 

2. Lower and upper bound values of relevant material properties 

 

2.1 Metals 
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2.1.1 Thermal properties 

 

Figure 2a shows the relevant graphs for thermal conductivity, while Figure 2b is for specific 

heat. The respective expressions for modern steel, as given in EN1993-1-2 [3], are also included 

for comparison. It should be noted that the thermal conductivity data for wrought iron and mild 

steel have negligible scatter so they are described by single “average” curves in Figure 2a. The 

equations for these boundary curves are presented in Table 1. 
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Table 1: Equations for thermal property boundary curves 
 Thermal Conductivity(W/m*oC) Specific Heat(J/kg*oC) 

Material Lower bound Average Upper bound Lower bound Upper bound 

Cast iron       For T        

               
For T > 800oC 

      

For T        

             

For T > 850oC 

       

For T        

             

For 670 < T        

                  

For 735 < T        

              

For T > 750oC 

        

Wrought Iron  For        

         
For        

                     

   

Mild Steel  For         

       
For         

                     

   

Early Concrete For          

                 

For          

       

 For         

                

For         

      

For         

              

For         

       

For         

          

For         

        

Masonry units (HEAVYWEIGHT) 

               
(LIGHTWEIGHT) 

                 

 (HEAVYWEIGHT) 

               
(LIGHTWEIGHT) 

                 

             For         

               

For         

        

Portland Cement For              

       

For               

                 

For         

      

 For         

    

For               

               

For         

       

For         

               

For               

              

For               

              

For               

               

For         

        

For         

                 

For               

        

For               

             

For               

        

For               

                     

For               

               

For         

        

Mortars    For         

              

For         
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a) 
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b)  

 

Figure 2: Variations of: a) thermal conductivity and b) specific heat with temperature for the 

metals of 19
th

 century fireproof floors 

 

2.2 Mechanical properties 

Table 2 presents the lower and upper bound equations for the mechanical properties of cast iron, 

wrought iron and mild steel. These equations are plotted in Figure 3. For comparison, the data 

for carbon steel in EN 1993-1-2 [3] are also presented in the figures.  
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Table 2: Boundary curve equations for mechanical properties and thermal expansion  
Material Type of property Lower bound Upper bound 

Cast iron Yield strength reduction factor For        , 
    

       
     

For               , 
    

       
      

For         , 
    

       
                

For        , 
    

       
     

For               , 
    

       
     

For               , 
    

       
           

For         , 
    

       
               

Tensile strength reduction factor For        , 
      

         
     

For              , 
      

         
      

For        , 
      

         
                

For        , 
      

         
     

For              , 
      

         
     

For              , 
      

         
            

For        , 
      

         
              

Elongation (%) For        ,         
For              ,                   
For        ,       

For        ,         
For              ,                     
For         ,       

Coefficient of thermal expansion (10-6 x 1/oC) For        ,          
For        ,                   

                  

Wrought iron Yield strength reduction factor For       , 
    

       
     

For       , 
    

       
                  

For        , 
    

       
     

For               , 
    

       
                  

For         , 
    

       
               

Tensile strength reduction factor For       , 
      

         
     

For             , 
      

         
      

For        , 
      

         
                

 

For       , 
      

         
     

For             , 
      

         
               

For              , 
      

         
      

For        , 
      

         
                

Elongation (%) For        ,               
For         ,               

For        ,             

For         ,             

Young’s modulus E reduction ratio For       , 
  

     
     

For             , 
  

     
                

For        , 
  

     
               

For        , 
  

     
     

For        , 
  

     
                

Mild Steel Yield strength reduction factor For       , 
    

       
     

For       , 
    

       
                  

For        , 
    

       
     

For               , 
    

       
        

For         , 
    

       
                 

Tensile strength reduction factor For       , 
      

         
     

For             , 
      

         
      

For        , 
      

         
             

For       , 
      

         
     

For             , 
      

         
              

For        , 
      

         
              

Young’s modulus E reduction factor For       , 
  

     
     

For             , 
  

     
      

For        , 
  

     
              

For        , 
  

     
     

For        , 
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a) 
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b) 
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c)  
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d) 

 
 
  

e) 
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Figure 3: Variations of: a) yield stress b) ultimate tensile strength c) Young’s modulus d) 

coefficient of thermal expansion and e) elongation with temperature for the metals of 19
th

 

century fireproof floors 

  

2.2 Insulation materials 

The role of the insulating materials is to limit the temperature increase of the load-bearing metal 

elements [2]. For this reason, determining the thermal properties (thermal conductivity and 

specific heat) of these materials at elevated temperatures is of the utmost importance. Figure 4 

shows relevant plots of the derived lower and upper bound curves based on the collated data by 

the authors [2]. The mathematical expressions for these boundary curves are given in Table 1.  
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a) 
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b)  

 
 

Figure 4: Lower and upper bound variations of: a) thermal conductivity and b) specific heat with 

temperature for the insulating materials of 19
th

 century fireproof floors 
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2.3 Masonry  

 

The data presented in the previous section include those for masonry units and for mortar. 

However, masonry construction is made of both masonry units and mortar. Therefore, it is 

necessary to combine the results for masonry units and for mortar to obtain those for masonry 

construction. 

 

2.3.1 Thermal Conductivity 

 

The experimental data collated by the authors [2] suggest that the thermal conductivities of 

mortar and bricks vary in a similar pattern, with the exception of temperatures ranging from 

400
o
C to 800

o
C, in which mortars display a drop in thermal conductivity [2]. For heavyweight 

bricks, the measured values show minor differences. Furthermore, according to Brown and 

Wilson [4], the thermal conductivities of masonry walls and bricks tend to be almost identical for 

brick units with densities of 1600-2200 kg/m
3
. Therefore, the thermal conductivity of masonry 

walls at elevated can be sufficiently described by that of the brick unit. 

 

2.3.2 Specific Heat 

 

The specific heat of a solid multi-component system can be calculated according to the additivity 

theorem, expressed in equation Eq.1:  

      
 
          (1) 

where Cp is the overall specific heat capacity of the system, Cpi is the specific heat and Fi is the 

weight fraction of each component, respectively. By applying this theorem to masonry wall 
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systems, the variation of specific heat with temperature can be calculated. Figure 5 includes a 

relevant plot, which is obtained by combining the lower and upper bound values of specific heat 

for different weight fractions (10%, 15% and 20% of the total weight) of mortar with the average 

value for the brick unit.  The results show that the specific heat of masonry walls at elevated 

temperatures is almost identical with that of the brick units, with a difference of less than 5%. 

This is not surprising because the brick units are the predominant component of masonry 

construction.  

 

In summary, in the following sensitivity study, the thermal properties of a masonry system will 

be represented by those of the brick units. 
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Figure 5: Variation of specific heat of masonry with temperature. 

 

3. Sensitivity of structural temperature and mechanical behaviour to properties of the 

metals 

 

Detailed dimensions of the two types of floor, namely the “jack arch” and “joist filler”, were 

according to Swailes [6]. These are presented in Figure 6. The cross-section of the cast iron beam 

in the “jack arch” floor (Figure 6a) is asymmetric with an overall height of 457.2mm, web 

thickness of 30mm and lower flange thickness of 40mm. The girder is simply supported with a 

span of 7.3m. The cross-section of the wrought iron or mild steel beam in the “joist filler” floor 
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(Figure 6b) is symmetric with an overall height of 76.2mm, web thickness of 10.2mm and flange 

thickness of 10.2mm. The girder is simply supported with a span of 2.74m. Despite the fact that 

the two systems under consideration have similar structural characteristics and materials, a 

comparison for their behavior under fire conditions is deemed necessary because the systems 

have different section factors.  

 

a. Cast Iron beam in jack arch floor 

 

Two groups of simulations were carried out. In the first group investigating the sensitivity to 

thermal conductivity, the cast iron temperatures are compared between using three sets of 

thermal conductivity (EN 1993-1-2 [3] for steel, upper and lower bound curves for cast iron) 

while using the specific heat model of EN 1993-1-2 [3] for steel. The second group used  three 

sets of specific heat (EN 1993-1-2 [3] for steel, upper and lower bound curves for cast iron) 

while maintaining the same thermal conductivity model of EN 1993-1-2 [3] for steel. Table 3 

summarizes the heat transfer analysis cases. The temperature sensitivity study was carried out via 

2D heat transfer analysis using the commercial software ABAQUS (Figure 7).   

 

  

(a)       (b) 

Figure 6: Input geometry of modeled “jack-arch” flooring system (a) and joist filler (b) according 

to Swailes [6]   
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a) 

 
b) 

 
Figure 7: (a) Cross-section of 2D Finite element mesh for a typical cast iron “arch jack” floor. 

Node A: Upper Flange, Node B: Web, Node C: Upper Flange and (b) Structural analysis finite 

element model for a quarter of the symmetric beam.  

 

A 

B 

C 
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The thermal properties of the insulating materials were assumed to be invariable in these 

simulations:  the thermal properties of the early concrete were those of normal weight concrete in 

EN1992-1-2 [7] with zero moisture content (u=0). The thermal properties of masonry were 

assumed to be the same as those in [8] for heavyweight brick with a density of 1935 kg/m
3
. The 

floor system was assumed to be exposed to fire from below. The temperature of the fire was 

assumed to vary according to the EN1991-1-2 standard fire curve [9]. The heat transfer boundary 

conditions were according to EN1993-1-2 [3]: at the exposed surface, the convective heat 

transfer coefficient was 25 W/m
2
K and the resultant emissivity value was 0.7; the total heat 

transfer coefficient for the unexposed surface was assumed to have a value of 9W/m
2
K. The heat 

transfer analysis was carried out for 120 min. 

 

Table 3: Thermal analysis cases for the cast iron beam 

 

Analysis 

number 

Thermal 

Conductivity 
Specific Heat 

1 Upper bound EC3-1-2 

2 EC3-1-2 EC3-1-2 

3 Lower bound EC3-1-2 

4 EC3-1-2 Upper bound 

5 EC3-1-2 Lower bound 

 

Figure 8 presents temperature evolution curves at the three representative locations (lower 

flange, web, upper flange) in the cast iron beam.   
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a) 

 
.  
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b) 

 
 

Figure 8: Temperature evolution curves for cast iron “arch jack” floor.  a) Analysis cases 1 to 3 

in Table 1 (constant specific heat, variable thermal conductivity), and b) Analysis cases 2,4,5 in 

Table 1 (constant thermal conductivity, variable specific heat).  

 

 

The results in Figure 7 show that at point A on the fire exposed side, the metal temperature 

results are very close, with the variations being much lower than 10%. At points B and C which 

are protected by the insulation materials, the temperature results have higher percentage 

variations. However, since the absolute temperature results are low (no more than 300
o
C even at 

120 minutes), the metal stiffness and strength retention factors are high and change within a 
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narrow range, as shown in Figure 1. Therefore, the structural performance of the different 

systems will not change much. This is to be compared below. 

For this comparison, the thermal model was coupled with a structural analysis model, which is 

shown in Figure 7(b). During the structural analysis, the insulation materials were not taken into 

account and the applied load was 60% of that corresponding to the bending resistance of the 

beam at ambient temperature. Figure 9 shows the simplified bilinear diagrams that have been 

derived after taking into account the upper and lower bounds of the mechanical properties 

(Figure 3). The stress-strain-temperature relationships used in the first set of structural behaviour 

sensitivity analyses were according to the upper bound curves (red ones in Figure 9).  The 

coefficient of thermal expansion was chosen to vary according to the EN1993-1-2 [3] expression 

for steel and the proposed upper  and lower bound curves (Table 2). The results of the static 

analysis are presented in Figure 10. 
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Figure 9: Assumed upper (red colour) and lower (blue colour) bound stress-strain-temperature 

relationships for tension (above) and compression (below) for cast iron.  
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Figure 10: Comparison of midspan deflections of a cast iron beam as a function of the fire 

exposure time   

 

 

From these results, it is obvious that the beam behaviour is only moderately sensitive to using 

different thermal properties of cast-iron as Figure 10 shows that the time-deflection curves for 

the five different thermal property cases in Table 1 are grouped closely. Therefore, it is 

recommended to use the EN 1993-1-2 [3] thermal properties of steel for cast iron.  

 

However, the time – deflection behaviour of cast iron beams is sensitive to the coefficient of 

thermal expansion, as was expected according to [5]. Because of the very large thermal gradients 
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in such beams, which lead to very large deflections, their fire resistance will be governed by their 

deflections, rather than their bending moment capacities.  

To test the sensitivity of the results with respect to the mechanical properties of cast iron at 

elevated temperatures, the temperature results from Analysis case 2 (Table 3) were used and 

comparison was made between selecting the upper bound or lower bound stress-strain curves in 

Figure 9.  In this analysis set, the thermal expansion coefficient was also according to EN1993-1-

2 [3] for steel. For comparison purposes, similar analyses in which the thermal expansion was 

neglected (α=0) were conducted. The results of the second sensitivity static analysis set are 

presented in Figure 11.  
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Figure 11: Comparison of midspan deflections of cast iron beam as a function of the fire 

exposure time for upper and lower bound σ-ε-Τ relationships   

 

The following observations can be made from the results presented in Figure 11:  

 Large temperature gradients in the cross-sections of the beams dominate the deflections 

of the beams. The thermal expansion coefficient is an important property for this type of 

beams.  

 The ultimate bending moment resistance of the beam clearly depends on the mechanical 

properties and the analysis results show significant discrepancies arising from the use of 

different stress-strain curves. Because of the difficulty in identifying only one set of 

stress-strain-temperature relationships for cast-iron, a reliability based approach, in 

which the stress-strain-temperature relationship is considered a random variable, should 

be considered. The results in Figure 11 show that the stiffness of the beams are similar 

but the failure times differ, suggesting that the actual shapes (including initial modulus 

of elasticity) of the elevated temperature stress-strain curves are less important than the 

ultimate stresses of cast iron at elevated temperature. This will be pursued further in 

future research.  

   

b. Wrought Iron and Old Mild steel beam in a joist filler  

A similar set of thermal analyses as described in (a) were conducted. The thermal conductivity 

was selected as that of wrought iron, old mild steel or steel in EN1993-1-2 [3]. The specific heat 

was chosen to vary according to EN-1993-1-2 [3] for all analysis cases in the absence of raw 

data. The concrete properties were identical with those in (a).  The results are presented in Figure 

12. There is little difference in the results when using either the thermal conductivity of wrought 
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iron or mild steel. However, there is noticeable difference when using the thermal conductivity 

of EN1993-1-2 [3]. In addition, the metal temperatures are quite high, indicating that due to the 

small section size, the fireproof floors are not particularly efficient in reducing the heat 

conduction.   

 

Figure 12: Temperature evolution curves for wrought Iron / old mild steel beam in a joist filler 

floor. The thermal conductivities investigated are the following: EN1993-1-2 [3] steel (blue 

colour), wrought iron (green colour) and old mild steel (red colour).   
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The above temperature data were used as input in the subsequent structural analysis to evaluate 

the sensitivity of the structural response to different thermal and mechanical models.  The time - 

deflection curves for the same stress-strain-temperature relationships (upper bound curves in 

Figure 13(a) for wrought iron and in Figure 13(b) for old mild steel), the same coefficient of 

thermal expansion (as specified in EN1993-1-2 [3] for steel) but different thermal conductivities, 

are compared in Figure 14. Despite the differences in temperature results (Figure 12) arising 

from using the EN1993-1-2 [3] thermal properties or the proposed wrought iron/old mild steel 

thermal properties, the observed deviations in the structural responses are small. 

 

a)  

 

 



31 

b)  

 

Figure 13: Upper (red) and lower (blue) bound stress-strain-temperature relationships for: a) 

wrought iron (above) and b) old mild steel (below). 
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Figure 14: Comparison of midspan deflections of wrought iron/old mild steel beam as a function 

of the duration of fire exposure for various “selected” thermal properties.  

 

 

As with the cast iron structure results, for the same temperature data but varying stress-strain-

temperature relationships (upper and lower bound curves in Figure 13), the obtained structural 

responses are different, as shown in Figure 15. Again, due to the difficulty of using one set of 

stress-strain-temperature relationships for wrought iron or old mild steel, a reliability based 

analysis will be necessary.  

 

 

 
 

Figure 15: Comparison of midspan deflections of wrought iron / old mild steel beams as a 

function of fire exposure time for using upper and lower bound σ-ε-Τ relationships   

 

 

 

The results presented in Figure 14 and Figure 15 suggest that:  
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 Selecting the expressions of EN1993-1-2 [3] to describe the thermal properties of the 

metals at elevated temperatures produces accurate results in terms of the mechanical 

response of the “filler joist” system under fire exposure.   

 As in the “jack arch” floor, selection of the stress-strain-temperature relationship for the 

metal beam is crucial in determining the structural response of the system subjected to 

fire. The major differences in the results suggest that this can be achieved via a reliability 

based method. This should also be the approach for selecting the ultimate strength 

variation, as the calculated failure times (which heavily depend on it) differ greatly too. 

The deflection evolution shows that the mechanical behavior is not sensitive to the 

elastic modulus (deflection curves have similar slopes) of the metal beams, which can be 

sufficiently described by that of EN1993-1-2 [3] for steel.  
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4. Sensitivity of metal temperatures to properties of insulating materials 

 

Four sets of sensitivity analyses have been conducted for a typical geometry of the “jack-arch” 

flooring system (Figure 7a). In all analysis cases the thermal properties of the metals (cast iron, 

wrought iron and mild steel) were those of steel according to EN 1993-1-2 [3]. In each analysis 

set, the thermal properties of one insulating material were kept constant and those of the other 

material were selected from the various upper and lower bound curves. Tables 4 to 7 describe 

specific details for the material curves selected in each analysis set. 

 

Table 4: Analysis set 1- Sensitivity to variation in thermal properties of early concrete with fixed 

masonry thermal conductivity (heavyweight upper bound) and specific heat (upper bound).  

 

 

Analysis 

Number 

Early Concrete 

Thermal Conductivity Spesific Heat 

Upper 

bound 

Lower 

Bound 

EC2-1-2  

Upper 

curve 

EC2-1-2 

 Lower 

curve 

Upper 

bound 

Lower 

bound EC2-1-2 

1 *       *     

2 *         *   

3 *           * 

4   *     *     

5   *       *   

6   *         * 

7     *   *     

8     *     *   

9     *       * 

10       * *     

11       *   *   

12       *     * 
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Table 5: Analysis set 2: Sensitivity to variations in thermal properties of early concrete for fixed 

masonry thermal conductivity (lightweight lower bound) and specific heat (lower bound).  

 

 
 

Table 6: Analysis set 3: Sensitivity to variations in thermal properties of masonry for fixed early 

concrete thermal conductivity (EC-1-2 upper bound) and specific heat (EC-1-2). 

 

 

Analysis 

Number 

Masonry 

Thermal Conductivity Specific Heat 

Upper 

bound 

heavy 

Lower 

bound 

heavy 

Upper 

bound 

light 

Lower 

bound 

light 

Upper 

bound 

Lower 

bound 

25 *       *   

26   *     *   

27     *   *   

28       * *   

29 *         * 

30   *       * 

31     *     * 

32       *   * 

 
  

 

Analysis 

Number 

Early Concrete 

Thermal Conductivity Spesific Heat 

Upper 

bound 

Lower 

Bound 

EC2-1-2  

Upper 

curve 

EC2-1-2 

 Lower 

curve 

Upper 

bound 

Lower 

bound EC2-1-2 

13 *       *     

14 *         *   

15 *           * 

16   *     *     

17   *       *   

18   *     

 

  * 

19     *   *     

20     *     *   

21     *       * 

22       * *     

23       *   *   

24       *     * 
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Table 7: Analysis set 4: Sensitivity to variations in thermal properties of masonry for fixed early 

concrete thermal conductivity (EC-1-2 lower bound) and specific heat (EC-1-2).  

 

 

Analysis 

Number Masonry 

 Thermal Conductivity Specific Heat 

 

Upper 

bound 

heavy 

Lower 

bound 

heavy 

Upper 

bound 

light 

Lower 

bound 

light 

Upper 

bound 

Lower 

bound 

33 *       *   

34   *     *   

35     *   *   

36       * *   

37 *         * 

38   *       * 

39     *     * 

40       *   * 

 
The analysis results are summarized in Figure 16(a) to 16(d), which compare the results for each 

analysis set. Figure 17 compares the average values of the four analysis sets. 

  



37 

 

a)      
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 b) 
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c)   
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d) 

 

 
 

Figure 16: Temperature evolution curves for cast iron “arch jack” floor.  a) Analysis set 1 

(variation in thermal properties of early concrete  with  fixed  masonry thermal conductivity 

(heavyweight upper bound) and specific heat (upper bound)) b) Analysis set 2 (variation in 

thermal properties of early concrete for fixed masonry thermal conductivity (lightweight lower 

bound) and specific heat (lower bound)). c) Analysis set 3(variation in thermal properties of 

masonry for fixed early concrete thermal conductivity (EC-1-2 upper bound) and specific heat 

(EC-1-2)). d) Analysis set 4 (variation in thermal properties of masonry for fixed early concrete 

thermal conductivity (EC-1-2 lower bound) and specific heat (EC-1-2)).  
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Figure 17: Averaged (per analysis set (Tables 2 to 5)) temperature evolution curves for cast iron 

“arch jack” floor 

 

The above results show that there is little variation in the time-temperature evolution of the cast 

iron beam, despite the large variations in the selected thermal property curves of the insulating 

materials. Because of the heavy insulations afforded to the metal sections, in all analysis cases 

the temperature at the midheight of the beam only reaches 200
o
C to 250

 o
C approximately after 

120min of heating. There is almost no variation at the top flange, where temperatures of around 

100
o
C are reached at 120min. At this temperature region, since the metal will still retain high 

proportions of the ambient temperature mechanical properties, these variations in the 

temperatures will have minor effects on the load carrying capacities of the structure. The 
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unprotected lower flange quickly develops high temperatures (higher than 500
o
C at 20min and 

850
o
C at 60min).  

Because the temperature profiles of the cast iron beam are not sensitive to the thermal properties 

of the various insulation materials, a simplified approach may be used. It is proposed to use the 

thermal properties of concrete given in EN1992-1-2 [7] for the insulation materials (masonry and 

“early” concrete) of fireproof floors. 

The heat transfer analysis for the construction shown in Figure 7a has been repeated and the 

results are shown in Figure 18. A direct comparison with the averaged values of the four analysis 

sets presented in the previous section shows that it is acceptable to use the thermal properties of 

concrete in EN 1992-1-2 [7] to analyse 19
th

 century fireproofing floors with “early concrete” and 

masonry as insulating materials.    

 

A relevant analysis pertaining to the “filler joist” system was not carried out here. However, the 

above conclusion will hold true for a “filler joist” floor, because the insulation material (“early 

concrete”) is also used in the “arch jack” system and the exposure surface of the metal beam 

(lower flange) is the same.   
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Figure 18: Temperature evolution curves for cast iron “jack arch” floor. Comparison between the 

average values of the four analysis sets and the results from using the thermal properties of 

concrete in EN1992-1-2 [7] for the insulating materials.   

     

 

6. Conclusions 

 

The thermal and mechanical properties of the metals used in 19
th

 century fireproof flooring-

systems have different degrees of uncertainty. However, uncertainties in some of these properties 

in most cases have only minor influence on the structural performance of the flooring systems. 

Based on the sensitivity study results, the following recommendations may be made:  

  Due to heavy insulation, the structural behaviour of this type of construction is mainly 

influenced by thermal bowing. Therefore, the lower bound thermal conductivity values 
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should be used to maximize the temperature gradients. These values for cast iron, 

wrought iron and old mild steel are given in Table 1.  However, since the average curves 

for wrought iron and mild steel and the upper bound curve of cast iron (Figure 2a) are 

higher than that of steel, the steel values can be used. The specific heat of steel in EN 

1993-1-2 can also be used for these metals. 

 The structural behaviour of the fireproof floors was found to be sensitive to variations in 

the mechanical properties (coefficient of thermal expansion, stress-strain-temperature 

relationships). Because of the high temperature gradients in this type of construction, 

thermal expansion coefficient is a particularly important value influencing the beam 

deflections. The stiffness of the metals has a relatively minor influence. On the other 

hand, the ultimate tensile stress of the metals is highly influential.  Due to the large 

scatter in historic data for these two properties, it is not possible to identify one unique 

value for each. One possibility is to select one set of values for the thermal expansion 

coefficient and the stress-strain-temperature curves (e.g. based on those in EN 1993-1-2 

for steel), but carry out reliability based simulations to establish appropriate material 

partial safety factors to ensure that the probability of failure is within acceptable limits. 

This is now being pursued by the authors. 

 Although there may be considerable variations in the thermal properties of the insulating 

materials from different sources, these variations have only minor effects on the load 

carrying capacities of the structure in 19
th

 century fireproofing structural systems 

because of the heavy insulations to the metal sections. Consequently, the elevated 

temperature thermal properties of the insulating materials commonly encountered in 
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such 19
th

 century fireproof flooring-systems can be sufficiently described by the relevant 

expressions given in the Eurocodes for similar contemporary materials.  

 As further simplification, the thermal properties of concrete in EN1992-1-2 (specific 

heat and lower bound thermal conductivity) can be used for the insulating materials of 

both fireproof flooring systems studied here.  
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