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STUDY ON PREDICTION METHOD FOR INSULATION OF TRIPLE-LAYER WALL 
USING “INCLUSIVE THERMAL CONDUCTIVITY” IN FIRE-RESISTANCE TEST 

 
 

 *  **  *** 
Kimie YOSHITANI Takafumi SHIMIZU and Masatomo YOSHIDA 

 
A method for prediction the unexposed surface temperature of a triple-layer wall is proposed by using "inclusive thermal conductivity" which 

considers heat and moisture transfer, and influence of cracks in materials. In order to estimate that unexposed surface temperature of triple-layer 
specimen whose thickness of gypsum board layer is decreasing, the inclusive thermal conductivities of fiber-reinforced cement siding and gypsum 
board estimated for the double-layer wall were used. As a result, it is confirmed that these inclusive thermal conductivities obtained from the walls 
consisted of less layers can apply for prediction on the walls with more layers well enough. 

 
Keywords : Fire-resistance, Unexposed surface temperature prediction, Finite-difference method, Inclusive thermal conductivity, Triple-layer 
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Table 1 Specimens condition 

Specimen No. ET1 ET2 ET3 
Layer 1 Fiber-reinforced cement siding 
 Thickness (mm) 15.0 
 Moisture content (%) 4.98 

Layer 2 Thermal insulation board 
 Thickness (mm) 12.0 
 Density (kg/m3) 300.0 

Layer 3 Gypsum board 
 Thickness (mm) 9.5 12.5 15.0 
 Moisture content (%) 0.53 0.43 0.39 

 

 
Fig. 1 Schematic (from heated side) (Measurement unit: mm)  

 

 
Fig. 2 Configuration of the thermocouples for temperature 

measurement 
 

 
Fig. 3 Fire-resistance test result 

Gypsum board

30 mm

Inorganic insulating pad

Ambient air

Unexposed surface
Non-heated side

100 mm

Exposed surface
Heated side

In furnace

ISO 834
standard fire

Thermocouples

Fiber reinforced
cement siding

Boundary1

Thermal insulation board

Boundary2

1 mm

─ 904 ─



3 
 

= + 1  

           +  
(6) 

 

= =  (0   0.5) (7) 

=      =   (8) 

 =  =  (9) 

= 3600    = 1000 (10) 

L1 L3

L1
 t
n L1 Table 2

NT1S NT3S  

inc

= .  (11) 

’

 

= +
2  (12) 

 

Fig. 5 ET3
NT1 NT3 ET3

NT3S inc NT3G inc

1 3 Fig. 6 2

NT3I inc  
Table 3

ET3 NT3S 0

T0 Fig. 7

inc c  
Fig. 8

1 2
2

1) 
 

2) 5  
3) 10  

4)  
5) 

 
6) 

 

ET3I inc 30
2

1
70

 

ET3I inc

6  
 

 
Fig. 4 Model of one-dimensional transient heat conduction equation 

 

Table 2 Correspondence of specimen 

Fire-resistance test specimen No. ET1 ET2 ET3 

 
specimen No. NT1 NT2 NT3 
Parameter of fiber-reinforced 
cement siding (L1) NT1S NT2S NT3S 

Parameter of Thermal 
insulation board (L2) NT1I NT2I NT3I 

Parameter of gypsum board (L3) NT1G NT2G NT3G 

 
Fig. 5 Specimens and parameters for numerical analysis 
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(a) Fiber-reinforced cement siding (NT3S inc) 

 
(b) Gypsum board (NT3G inc) 

Fig. 6 Approximate curves of inclusive thermal conductivities 

 
Table 3 Initial condition for numerical analysis 

 NT1 NT2 (ET3) 
NT3 

 Thickness (x) (mm) 15.0 
Thickness of elements (dth) (mm) 3.0 
Division number (n) 5 
Inclusive thermal conductivity 
(S

t
inc.i) (W/(mK)) 0.3 

Density (S
 t

j) (kg/m3) 1100.0 
Specific heat (Sc t

j) (kJ/(kgK)) 1.0 
Material temperature ( ) 25.5  

Thickness (x) (mm) 12.0 
Thickness of elements (dth) (mm) 3.0 
Division number (n) 4 
Inclusive thermal conductivity 
(I

t
inc.i) (W/(mK)) 0.037 

Density (I
 t

j) (kg/m3) 300.0 
Specific heat (Ic t

j) (kJ/(kgK)) 0.8375 
Material temperature ( ) 19.4 

 Thickness (x) (mm) 9.0 12.0 15.0 
Thickness of elements (dth) (mm) 3.0 
Division number (n) 3 4 5 
Inclusive thermal conductivity 
 (G

t
inc.i) (W/(mK)) 0.22 

Density (G
 t

j) (kg/m3) 775.0 
Specific heat (Gc t

j) (kJ/(kgK)) 1.0 
Material temperature ( ) 19.0 

Time (tf) (min) 90.0 

Time interval (dtim) (sec) 1.0 (3.0) 
1.0 

Heat transfer coefficient of the 
unexposed surface (ho) (W/(m2K)) 10.0 

Ambient air temperature ( ) 14.7 

 
Fig. 7 Approximate curve in exposed surface temperature and 

ambient air temperature 

 
= 4.33671868216648 10  

               1.29331336665706 10  
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               7.30529459383433 10  
               +1.30490887501219 + 18.2574457455194  
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(13) 

= 6.08084439371534 10  
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(14) 

 

 
Fig. 8 Subroutine for estimating inclusive thermal conductivities 

shown as flow chart 
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Fig. 9 Temperature distribution inside the specimen (ET3 and NT3) 

 

 
Fig. 10 Estimated approximate curves of inclusive thermal 

conductivities (NT3I inc) 
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Fig. 11 Main routine calculation of unexposed surface temperature 
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Fig. 12 How to decrease the number of inclusive thermal 

conductivities 

 

 
Fig. 13 Comparison of fire-resistance test results and numerical 

results 
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STUDY ON PREDICTION METHOD FOR INSULATION OF TRIPLE -LAYER WALL 

USING “INCLUSIVE THERMAL CONDUCTIVITY” IN FIRE-RESISTANCE TEST 
 

Kimie YOSHITANI* Takafumi SHIMIZU** and Masatomo YOSHIDA*** 
 
 

* Assistant professor, Kindai Univ., Dr. Eng. 

** Associate professor, Shimane Univ., Dr. Eng. 

*** Professor, Osaka Institute of Technology, Dr. Eng. 

 
In this study, a method for predicting the unexposed surface temperature of triple-layer wall is proposed by using 

"inclusive thermal conductivity" which considers transfer of heat and moisture, and influence of occurring cracks and 
contained water in materials. In our previous studies, the unexposed surface temperature was predicted by using the 
inclusive thermal conductivity for single- and double-layer wall. In each case, more accurate temperature history was also 
obtained by this numerical calculation. The proposed method will enable the estimation of thermal conductivities of 
materials that are difficult to assess using conventional technologies. Fire-resistance tests were conducted on specimens 
with fiber-reinforced cement siding, insulation, and gypsum boards overlaid. Fire-resistance tests were conducted based 
on ISO834. Inclusive thermal conductivities are estimated based on the results of temperature measurements from fire-
resistance tests.  

The inclusive thermal conductivities are calculated by using the finite differential method. The inclusive thermal 
conductivities of fiber-reinforced cement siding and gypsum board that were estimated in the study on the double-layer 
wall were examined whether it is possible to work well enough on the prediction for triple-layer. The inclusive thermal 
conductivity of the insulation was estimated using the inclusive thermal conductivities for the double-layer which were 
estimated in our previous study. On the estimation of the inclusive thermal conductivity, the calculated internal 
temperatures of the materials, temperature between materials, and unexposed surface temperature were compared with 
the experimental results. Additionally, on estimation of inclusive thermal conductivities the influence of the moisture 
behavior and cracks in the materials are considered. Since the inclusive thermal conductivities have some peaks and/or 
dips at various temperatures, they are approximated to polynomial approximation for each temperature region. 
  In order to estimate that unexposed surface temperature of similar triple-layer specimen whose thickness of gypsum 
board layer is decreasing, the number of inclusive thermal conductivities are reduced. In the case of estimating the 
specimen thickness whose thickness is changed, the inclusive thermal conductivities of predictive calculations were 
performed by removing layers of the same thickness as the divided layer. The calculations using this inclusive thermal 
conductivity sufficiently captured the temperature history. The prediction accuracy of numerical analysis using the 
inclusive thermal conductivity was found to be practically sufficient. As a result, the inclusive thermal conductivities 
estimated for double-layer can apply the prediction for triple-layer well enough. 
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