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Abstract 7 

Ordinary non-tempered glass is one of the most widely used materials in the construction 8 

industry. Knowing its fire resistance is essential to ensure the safety of emergency personnel 9 

as its failure increases the oxygen supply and causes a rapid spread of the fire (flashover 10 

phenomenon). Existing approaches for evaluating the structural fire safety of glass façades 11 

require expensive experimental tests and/or extensive knowledge of Finite Element modeling. 12 

This paper provides a simplified, rational, and reliable approach to assess the structural capacity 13 

of ordinary glass panels during fire exposure. A simplified method is developed to predict the 14 

temperature difference between the edge and the center of the glass panel. Afterwards, a 15 

method, based on strain-equilibrium, is developed to predict the corresponding maximum 16 

thermal stress. The developed methods are validated by comparisons with experimental work 17 

by others. 18 

Keywords: Façade; glass; fire exposure; thermal exposure; Finite Element, numerical 19 

modelling 20 
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1. Introduction 1 

 Fire safety has been mostly restricted to structural elements. Consequently, the interaction 2 

between the non-structural elements, e.g. glazing and façade elements, and the fire has been 3 

overlooked [1]. Nevertheless, recent tragic incidents (e.g., Grenfell Tower fire, UK) 4 

emphasized the key role of non-structural elements during fire incidents [2].  5 

 During a fire incident, failure of glass panels creates new vents, which increases the oxygen 6 

supply, leading to a wide spread of smoke and flames. This failure is caused by the thermal 7 

gradient between the center and edge of the glass panels [3–5]. These thermal gradients occur 8 

because of the thermal isolation provided by the supporting frame and the glass low thermal 9 

conductivity. Ordinary glass or float glass is the basic product of the floating process and is 10 

mainly composed of silica with other added oxides to improve its chemical and physical 11 

properties. It is usually non-tempered, which mean it has minimal residual stresses at its 12 

surface. 13 

 Several experimental [6–15] and numerical studies [16–19] were conducted to predict the 14 

thermal and structural behavior of glass panels during fire incidents. These studies highlighted 15 

the key factors, which affect the fire resistance of glass panels, including the applied heat flux 16 

[7,20], fire location [8,9], temperature gradients [14], size of glass panels [12,18,19], edge 17 

finishing conditions [16], and installation method [13,21]. The finite element models [16–19] 18 

relied on the experimentally measured temperatures to define the boundary conditions. To 19 

estimate the glass temperature numerically, Pagni and Joshi [4] proposed a dimensionless 20 

equation that can be used to predict the temperature field in glass panels during fire exposure. 21 

However, the equation is mathematically complex to solve as it requires computing three 22 

kernels and a complementary error function. Harada et al. [7] proposed an equation to calculate 23 

the thermal breakage stress for glass panels during fire exposure as a function of the 24 
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temperature difference between the center and edge of the glass panel. However, the breakage 1 

stress was assumed to be independent of the glass panel dimensions. 2 

 Much of the current literature about fire safety of glass relies on experiments or advanced 3 

analysis using finite element method. These approaches are expensive and/or time-consuming. 4 

To the best of the authors’ knowledge, the literature is lacking simplified analysis techniques 5 

that can facilitate applying performance-based design concepts, while designing building 6 

facades. This paper addresses this research gap by providing a simple approach to accurately 7 

predict the thermal stresses in framed ordinary non-tempered glass panels during fire exposure. 8 

The approach provides the means to predict the temperature gradient caused by fire exposure 9 

and then, predict the maximum developed thermal stress.  10 

 11 

2. Temperature of Glass during Fire Exposure 12 

In this section, a simplified approach is developed to predict the temperatures at the center 13 

and at the edge of glass panels exposed to fire. The part of the glass panel, which is covered by 14 

the supporting frame, is assumed to be unaffected by radiation and convection of the flames. 15 

Therefore, it is only heated through conduction from the exposed part of the glass. This 16 

assumption simplifies the complex heat transfer system, shown in Fig. 1a, and eliminates the 17 

need for considering the heat exchange between the frame and glass leading to a simple heat 18 

transfer system, which is shown in Fig. 1b. This assumption will result in a higher estimate for 19 

the temperature difference in the glass panel, which will lead to a conservative estimate for its 20 

fire endurance. The approach starts by deriving a heat transfer equation to determine the 21 

temperature at the center of the glass panel, and then, uses this temperature to evaluate the 22 

temperature of the protected part. 23 

 24 
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 (a) Actual (b) Proposed simplification  

Fig. 1. Heat transfer system for glass during fire exposure 
 

2.1 Temperature at the center of the glass panel 2 

During an actual fire, temperature of the glass panel depends on many factors including the 3 

location of the fire relative to the panel, size of the panel, and air movement within the 4 

compartment. In this paper, it is assumed that the uncovered glass surface is exposed to a 5 

uniform fire temperature. This assumption has been previously used in the literature [18–24]. 6 

Furthermore, the temperature gradient across the glass panel thickness is assumed to be 7 

uniform. This assumption is based on the fact that the Biot number (Bi =
௛௅೎

ఒ
  ) of typical glass 8 

panels is expected to be less than or equal 0.1, where Lc can be taken equal to the glass thickness 9 

(L). such a value for Bi means that the resistance to conduction within the glass is much less 10 

than the resistance to convection at the air boundary layer [25].  11 

Given the above-mentioned assumptions and knowing that energy generated within the 12 

glass is zero, the conservation of energy at any time instant t for the system shown in Fig. 1b 13 

can be expressed by Eq. 1, 14 
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𝐸̇௜௡ − 𝐸̇௢௨௧ =  
𝑑𝐸௦௧

𝑑𝑡
 (1)

Where 𝐸̇௜௡ and 𝐸̇௢௨௧ are the rates of energy transferred into and out of the glass panel, 1 

respectively, and 𝐸௦௧ is the rate of energy stored in the system. As the energy transfer is 2 

happening due to convection and radiation, Eq. 1 can be rewritten in the following form, 3 

𝑞௚௔௜௡,௖௢௡ + 𝑞௚௔௜௡,௥௔ௗ − 𝑞௟௢௦௦,௖௢௡ − 𝑞௟௢௦௦,௥௔ௗ =  𝜌𝑐
𝑑𝑇

𝑑𝑡
 (2)

Where 𝑞௚௔௜௡,௖௢௡ and 𝑞௚௔௜௡,௥௔ௗ are the rates of heat gain from convection and radiation, 4 

respectively, and 𝑞௟௢௦௦,௖௢௡ and 𝑞௟௢௦௦,௥௔ௗ are the rates of heat loss from convection and radiation, 5 

respectively. 𝜌 and 𝑐 are the glass’ density and specific heat, respectively. Substituting with 6 

the convection and radiation heat rate equations, Eq. 2 can be written as,  7 

∆𝑇 =  
∆𝑡

𝜌𝑐𝐿
ൣℎ௙൫𝑇ஶ − Tg൯ + 𝜀𝜎൫𝑇ஶ

ସ − Tg
ସ൯ − ℎ௕൫Tg − 𝑇௜൯ − 𝜀𝜎൫Tg

ସ − 𝑇௜
ସ൯൧ (3)

Where ∆𝑡 is the time increment, ε is the emissivity of the glass and can be assumed equal to 8 

0.85 [22], 𝜎 is the Stefan–Boltzmann constant, and ℎ௙ and ℎ௕ are the film coefficients at the 9 

fire and ambient sides, respectively. Eq. 3 can be utilized to calculate the temperature of the 10 

glass at each time step for both standard and natural fire curves using a simplified spreadsheet. 11 

The values of ℎ௙ and ℎ௕ can be computed utilizing existing empirical equations by 12 

Incropera et al. [25]. For the case of vertical glass panel, the value of h can be calculated using 13 

the following empirical equation,  14 

ℎ =  
0.59 ∙ 𝑘 ∙ (𝐺௥𝑃௥)

భ

ర

𝑙
 (4)

Where, l is the flame height and can be taken equal to the window height, 𝑘 is the thermal 15 

conductivity of air, 𝐺௥ is Grashof number, 𝑃௥ is Prandtl number, and 𝐺௥ and 𝑃௥ can be computed 16 

from the following equations, 17 
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𝐺௥ =  
g ∙ 𝑙ଷ ∙ 𝛽 ∙ ൫𝑇ஶ − Tg൯

𝜈௔
ଶ

 (5)

𝑃௥ =  
𝜈௔

𝛼
 (6)

𝛽 =
1

T୤
 (7)

Where, 𝑇ஶ is the temperature of the air, Tg is the temperature of the glass surface, g is the 1 

gravitational acceleration, 𝜈௔ is the kinematic viscosity of the air, 𝛼 is the thermal diffusivity 2 

of the air, 𝛽 is the thermal expansion coefficient of the air, and Tf is the film temperature and 3 

can be calculated as the average temperature between the air and the glass surface [26]. The air 4 

temperature is taken equal to the fire temperature at the exposed side of the glass and the 5 

ambient temperature (𝑇௜) at the unexposed side of the glass. Eq. 4 can be used based on a 6 

conservative and widely used assumption in structural fire engineering, which assumes the fire 7 

and air are stagnant inside the fire compartment. This assumption leads to free convection 8 

between the air and the glass panel. For this case, the convection heat transfer coefficient, film 9 

coefficient (h), typically ranges from 5 to 25 W/m2K [27]. 10 

 11 

2.2 Temperature at the edge of the glass panel 12 

Based on the assumption that the edge of the glass panel is only heated via conduction from 13 

the exposed parts, a parametric study was necessary to determine the ratio between the 14 

temperature of the protected part (Te) and the temperature of the exposed part (Tg). The 15 

commercial software ABAQUS [28] was utilized for that purpose. Heating of the exposed part 16 

of the glass, Fig. 2a, was simulated as uniform surface interaction that involved radiation and 17 

convection. For such a case, the change in the glass dimensions do not affect the ratio between 18 

Te and Tg. The only parameters that need to be considered are the glass thickness (L), width of 19 

the frame (b), and the fire scenario. Fifteen Glass thicknesses covering range from 1 to 15 mm 20 
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and ten widths for the supporting frame covering range from 5 to 50 mm were considered in 1 

the analysis. These ranges deemed to cover most of the practical values available in the 2 

literature. Assuming ISO 834 temperature-time relationship [29], 150 cases were analyzed. It 3 

should be noted that the analysis cases also represent the heating region of natural fire curves. 4 

The material properties were assumed as follows ρ = 2500 kg/m3 and c = 820 J/kg⋅K. The 5 

glass was initially assumed to be at the ambient temperature, Ti of 20°C, and heat losses were 6 

assumed to only occur at the ambient side. The glass panel was modeled using 8-node-3D 7 

linear-heat transfer brick elements (DC3D8 type from ABAQUS library). A maximum mesh 8 

size of 10 mm was utilized, as it was found to result in acceptable accuracy. Using a smaller 9 

mesh size did not affect the accuracy of the results, and significantly increased the 10 

computational time. For example, reducing the mesh size from 10 mm to 5 mm did not change 11 

the value of Tg and resulted in Te difference of less than 5%, but it increased the computation 12 

time by 180%. An example of the generated mesh is shown in Fig. 2b. The average temperature 13 

at point A, which is at the middle of the glass panel edge, as shown in Fig. 2a, was recorded 14 

for each run. A typical temperature distribution, as produced by ABAQUS, is shown in Fig. 3. 15 

Also, the typical variation of the ratio 
Te

Tg
 with time is shown in Fig. 4. 16 

 
   (a) glass panel zones 

 
(b) generated mesh 

Fig. 2. Glass Panel Simulation using ABAQUS 
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Fig. 3. ABAQUS Temperature Distribution (L = 6 mm, b = 20 mm, t = 30 minutes) 

 

 

Fig. 4. Variation of 
Te

Tg
  with time (L = 1 mm and b = 5 mm) 

 

Initially, the exposed and protected parts of the glass had the same temperature, and, then the 1 

ratio between their temperatures started to change until reaching a constant value. Considering 2 

all examined cases, the average 
Te

Tg
, for the relatively constant part of the variation, is given in 3 

Fig. 5 as function of the frame width and glass thickness. The temperature difference between 4 

the center and edge of the glass panel increases with increasing the glass thickness and 5 

decreases with increasing the frame width. Engineers can utilize this figure to calculate this 6 

ratio, which can be used calculate the temperature of the glass edge in terms of the temperature 7 

at the glass center. To further simplify calculation of 
Te

Tg
, the figure data were utilized to develop 8 
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the formula given by Eq. 8, which allow calculating 
Te

Tg
 as function of b (m) and L (m). The 1 

equation and coefficients were determined using a least square regression analysis, common 2 

regression requirements of probability (p) < 0.0001 and correlation (R2
adj) > 95% were 3 

maintained. The maximum error associated with using Eq. 8 is less than 6%, as shown in Fig. 4 

6.  5 

 
Fig. 5. Evaluation of 

Te

Tg
 as function of b and L 

 

Te

Tg
= 

+ 0.739 × 10଴ × 1 – 81.44 × 10଴ × b (8)
+ 134.7 × 10଴ × L + 833.5 × 10଴ × b×L 
+ 3.345 × 10ଷ × b2 – 31.25 × 10ଷ × L2 
– 201.6 × 10ଷ × b2×L + 606.4 × 10ଷ × b×L2 
– 62.69 × 10ଷ × b3 + 3.160 × 10଺ × L3 
+ 2.300 × 10଺ × b2×L2 + 3.550 × 10଺ × b3×L 
– 52.00 × 10଺ × b×L3 + 536.0 × 10ଷ × b4 
– 155.0 × 10଺ × L4 – 55.40 × 10଺ × b3×L2 
+ 101.0 × 10଺ × b2×L3 – 17.60 × 10଺ × b4×L 
+ 1.280 × 10ଽ × b×L4 – 1.590 × 10଺ × b5 
+ 3.040 × 10ଽ × L5     
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Fig. 6. Accuracy of using Eq. 8 in predicting 

Te

Tg
 

 

2.3 Validation 1 

The experimental test conducted by Chen et al. [23] was utilized to validate the proposed 2 

heat transfer method. Test 1 by Chen et al. [25] involved heating a 600 mm by 600 mm by 6 3 

mm ordinary glass panel using a natural fire curve. The width of the protected part was 10 mm. 4 

Eq. 3 was first used to predict the temperature at the glass center. Afterward, 
Te

Tg
 was evaluated 5 

using Eq. 8 and found to be equal to 0.474. As shown in Fig. 7a, the results of the proposed 6 

approach are in good agreement with the experimental study. It should be noted that Eq. 8 is 7 

only valid after the ratio 
Te

Tg
 becomes constant, which is at about 250 second for this sample. 8 

However, the use of a constant ambient temperature for the duration before the 250 second 9 

seems to provide good results. 10 

To further validate the proposed method, the experimental tests conducted by Harada et al. 11 

[7] and Zhao et al. [30] were considered. The glass panel dimensions were 500 mm by 500 mm 12 

by 3 mm and 600 mm by 600 mm by 6 mm, respectively. The width of the covered part was 13 

15 mm and 10 mm, respectively. Figs. 7b and 7c show that the proposed approach predicted 14 
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the temperature at the center and edge of the glass panels with good accuracy. The small 1 

differences between the experimental and numerical results can be due to experimental errors, 2 

or numerical assumptions including: (1) uniform temperature across the glass thickness, (2) 3 

constant glass thermal properties, and (3) ignoring radiation and convection for the covered 4 

part of the glass panel. 5 

(a) Experimental by Chen et al. [23] (b) Experimental by Harada et al. [7] 

 
(c) Experimental by Zhao et al. [30] 

 

Fig. 7. Validation of the Proposed Approach 
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3. Maximum Developed Thermal Stress 1 

The second step in the proposed approach is to determine the maximum developed thermal 2 

stress. The following subsections provide the development of a simplified method to estimate 3 

the maximum thermal stress, and then generalize the simplified method to be applicable for 4 

any temperature distribution. 5 

3.1 Proposed simplified method 6 

Fig. 8a shows a glass panel, with dimensions W by H, and a frame width b. The connection 7 

between the panel and the frame was assumed to have enough clearance to allow for free 8 

expansion [3,10,18]. During fire exposure, the temperature in the protected part is much lower 9 

than the temperature of the exposed part. The resulting unrestrained thermal strain distribution 10 

(𝜀௧௛) is shown in Fig. 8b. This free-thermal expansion cannot develop, as the glass is expected 11 

to follow the plane section assumption. Thus, a self-induced strain (𝜀𝑠), Fig. 8c, is expected to 12 

develop to convert the free thermal strain to an equivalent linear strain (𝜀௧௛തതതത), which is uniform 13 

for the presented case because of the symmetry of the unrestrained thermal strains. The uniform 14 

strain, 𝜀௜, shown in Fig. 8d reflects the actual deformation of the glass. This concept was 15 

previously adopted by El-Fitiany and Youssef [31], while analyzing reinforced concrete cross 16 

sections exposed to fire.  17 

The self-induced strains must be in-self equilibrium. They can be divided into internal 18 

compressive strains (𝜀𝑠𝑐) for the exposed glass area and tensile strains (𝜀𝑠𝑡) for the protected 19 

glass area (Fig. 8c). These tensile strains correspond to the maximum tensile stresses, which 20 

will develop in the glass sample. 21 
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(a) Heated glass panel (b) 𝜀௧௛ (c) 𝜀𝑠 (d) 𝜀௧௛തതതത  

Fig. 8. Developed strains in uniformly heated glass panel 

 1 

Eq. 9 can be derived based on the uniform total strain, and from the equilibrium of the self-2 

induced forces, Eq. 10 can be written. 3 

𝜀௦௧  +  𝛼௚ × Te = 𝛼௚ × Tg − 𝜀௦௖     (9)

𝜀௦௖ × 𝐸 × (H − 2b) × L = 𝜀௦௧ × 𝐸 × 2b × L (10a)

𝜀௦௧ = 𝜀௦௖ ൬
H

2b
− 1൰ (10b)

Where 𝛼௚ and E are the glass’ thermal expansion coefficient and modulus of elasticity, 4 

respectively. The value of the self-induced tensile thermal strain can then be obtained by 5 

solving equations 9 and 10b, which results in Eq. 11.  6 

𝜀௦௧ = 𝛼௚൫Tg − Te൯ ൬1 −
2b

H
൰ (11)

Eq. 11 indicates that the self-induced tensile strain increases with the increase of the height of 7 

the glass panel (H) and the difference in temperature between the exposed and protected 8 

regions. It decreases with the increase of width of the protected area (b). These findings are in 9 

agreements with the findings of previous experiments [11,18,32]. It should be noted that the 10 
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factor ቀ1 −
ଶb

H
ቁ is consistent with the geometric factor proposed by Pagni and Joshi [4,10] and 1 

Pagni [10], which was developed based on a hyperbolic temperature variation. Using the 2 

previously evaluated temperatures at the center and edge of the glass panel, engineers can 3 

utilize equation 11 to estimate the maximum internal thermal stress in the glass panel. 4 

 5 

3.2 Generalization of the proposed simplified method 6 

In a real fire scenario, the glass panel is expected to have a variable temperature profile. 7 

This section explores the use of the developed simplified method for the case of linearly 8 

varying temperature profile. The derivation, shown below, can be modified to accommodate 9 

other temperature distributions.  10 

Fig. 9a shows a glass panel, exposed to higher average temperatures at its top than its 11 

bottom. The temperature within the width b was assumed to be constant with values  𝑇௘௧ at the 12 

top and 𝑇௘௕ at the bottom. The temperature of the exposed region of the glass panel was 13 

assumed to be varying linearly from 𝑇௚௧ at the top to 𝑇௚௕ at the bottom. This linear temperature 14 

distribution is a simplification for real situations where the temperature of the upper layers of 15 

air is higher than the lower ones (stack effect) due the convection of compartment fires. The 16 

resulting unrestrained thermal strains (𝜀௧௛), Fig. 9b, are 𝜀௧௛ି௘௧ at the top covered region, 𝜀௧௛ି௘௕ 17 

at the bottom covered region, 𝜀௧௛ି௚௧ at the top of the exposed region, and 𝜀௧௛ି௚௕ at the bottom 18 

of the exposed region. Self-induced strains (𝜀௦), Fig. 9c, are expected to be developed to 19 

maintain the linearity of the thermal profile. The equivalent linear strain profile (𝜀௧௛തതതത) is 20 

expected to be variable in this case with a middle strain εi and a curvature 𝜓௜. 21 
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(a) Heated glass panel (b) 𝜀௧௛ (c) 𝜀𝑠 (d) 𝜀௧௛തതതത 

 
Fig. 9. Developed strains in a glass panel heated at its top more than its bottom 

 
 

The self-induced thermal strains can be expressed in terms of the equivalent thermal strains 1 

and the unrestrained thermal strains using the following equations. 2 

𝜀௦௧ି௧ଵ = 𝜀௜ + 𝜓௜

H

2
− 𝜀௧௛ି௘௧ (12a)

𝜀௦௧ି௧ଶ = 𝜀௜ + 𝜓௜

H − 2b

2
− 𝜀௧௛ି௘௧ (12b)

𝜀௦௧ି௕ଵ = 𝜀௜ − 𝜓௜

H − 2b

2
− 𝜀௧௛ି௘௕ (12c)

𝜀௦௧ି௕ଶ = 𝜀௜ − 𝜓௜

H

2
− 𝜀௧௛ି௘௕ (12d)

𝜀௦௖ି௧ = 𝜀௜ + 𝜓௜

𝐻 − 2𝑏

2
− 𝜀௧௛ି௚௧ (12e)

𝜀௦௖ି௕ = 𝜀௜ − 𝜓௜

H − 2b

2
− 𝜀௧௛ି௚௕ (12f)

Where 𝜀௦௧ି௧ଵ, 𝜀௦௧ି௧ଶ, 𝜀௦௧ି௕ଵ and 𝜀௦௧ି௕ଶ are the self-induced tensile strains at the top and bottom 3 

edges of the covered areas as demonstrated in Fig. 9c. 𝜀௦௖ି௧ and 𝜀௦௖ି௕ are the self-induced 4 

compressive strains at the top and bottom of the exposed part of the glass. 5 
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Eqs. 13 and 14 can then be derived based on equilibrium of forces and moments resulting 1 

from the self-induced strains. 2 

𝜀௜ =
𝛼௚b

H
(𝑇௘௧ + 𝑇௘௕) +

𝛼௚(H − 2b)

2H
൫𝑇௚௧ + 𝑇௚௕൯ (13)

𝜓௜ =
𝛼௚(6𝑏𝐻 − 6𝑏ଶ)

𝐻ଷ
(𝑇௘௧ − 𝑇௘௕) +

𝛼௚(𝐻 − 2𝑏)ଶ

 𝐻ଷ ൫𝑇௚௧ − 𝑇௚௕൯ (14)

 

4. Validation 3 

The proposed approach is used to calculate the tensile stress generated during fire exposure 4 

of different glass panels given in the literature. Table 1 provides a summary of the validation 5 

cases. Wang et al. [18] experimentally tested ordinary non-tempered glass panels (E = 67 GPa, 6 

ρ = 2500 kg/m3, and 𝛼௚ = 8.5 × 10-6 1/°C) with dimensions of 300 mm by 300 mm by 6 mm, 7 

which were protected at the edges by a frame width of 20 mm. The glass panels were heated in 8 

a small air compartment using a heating panel. The heating rate was 10 ºC/min until the air 9 

reached a temperature of 600 ºC, which was kept constant for a period of 20 minutes. Wang et 10 

al. [18] had also developed a FE model to study the effect of the glass panel dimensions on its 11 

behavior during fire exposure. Dimensions ranging from 100 mm to 1000 mm and aspect ratios 12 

of 400:1, 100:1, 25:1, 25:4, 4:1, and 25:16 were examined. Cases 1 to 10 of the finite element 13 

analysis by Wang et al. [18] were used to validate the proposed method. Harada et al. [7] 14 

exposed ordinary non-tempered glass panels (E = 73 GPa, ρ = 2500 kg/m3, and 𝛼௚ = 8.75 × 15 

10-6 1/°C) to heat fluxes ranging between 2.7 kW/m2 and 9.7 kW/m2. The size of the glass 16 

panels was 500 mm by 500 mm by 3 mm and they were protected at the edges by a frame width 17 

of 15 mm. Wang et al. [33] developed a finite element program to investigate the thermal stress 18 

distribution during fire exposure. The program was validated using the experiments by Skelly 19 

et al. [34] on ordinary non-tempered glass panel (E = 70 GPa and 𝛼௚ = 9.5 × 10-6 1/°C) exposed 20 
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to pool fire. The analyzed glass panels by Wang et al. [33] had a size of 500 mm by 280 mm 1 

by 2.4 mm and the width of the supporting frame was 25 mm. Chen et al. [11] exposed ordinary 2 

non-tempered glass panels (E = 67.2 GPa, ρ = 2500 kg/m3, and 𝛼௚ = 8.46 × 10-6 1/°C) to radiant 3 

heating in an enclosed compartment. The glass panel size by Chen et al. [11] was 600 mm by 4 

600 mm by 6 mm and the width of the frame was 30 mm. The measured temperature field was 5 

implemented into a finite element program to predict the resultant stresses. Dembele et al. [16] 6 

developed a program (Glaz3D) that was validated with ANSYS [35] to study the thermal and 7 

mechanical behavior of glazing elements during fire. The validation results are summarized in 8 

Fig. 10. As shown in the figure, the proposed approach predicted the fracture tensile strength 9 

with an accuracy of ±10%. 10 

 11 

Table 1. Validation Cases 12 

Parameter 
Wang et 
al. [18] 

Harada et 
al. [7] 

Wang et al. 
[33] 

Chen et al. 
[11] 

Dembele et 
al. [16] 

E, (1010 Pa) 6.7 7.3 7.0 6.72 7.3 

αg, (10−6 K−1) 8.5 8.75 8.5 8.46 8.75 

Glass panel size, (m2) 
0.1 to 1 × 
0.1 to 1  

0.5 × 0.5 0.50 × 0.28 0.6 × 0.6 0.3 × 0.3 

Thickness, L (m) 0.006 0.003 0.0024 0.006 0.003 

Covered part, b, (m) 0.02 0.015 0.025 0.03 0.015 

Max. temperature difference (ºC) 67 – 150 17 – 70 143 133 80 

 13 
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 1 

Fig. 10. Validation results 2 

 3 

5. Conclusions 4 

This paper provides a simple yet reliable approach to assess the behavior of ordinary glass 5 

panels during fire exposure. A set of simplified methods were developed to conduct both heat 6 

transfer and stress calculations. 7 

For heat transfer calculations, a simplified method to estimate the temperature at the center 8 

of the glass panel was proposed. The method assumes that the temperature across the glass 9 

thickness is constant. The finite element method was then utilized to develop an equation that 10 

relates the temperature at the edge of the panel to the temperature at its center. The proposed 11 

equation suggests that the temperature difference between the glass center and edge increases 12 

with the increase of glass thickness and decreases with the increase of the frame width. For 13 

stress calculations, a simplified method to estimate the self-induced thermal strains, which 14 

maintain the plane section assumption, is developed considering cases of uniform fire exposure 15 

and non-uniform fire exposure. Predictions of the proposed approach were compared to the 16 

experimental and numerical work by others. The results from the proposed approach confirm 17 
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the findings of previous experiments that the self-induced tensile stress increases with the 1 

increase of the glass panel dimensions and decreases with the increase of the frame width. 2 

The proposed approach can be utilized to estimate the maximum temperature difference 3 

within a glass panel and calculate the developed thermal stresses in glass panels during fire 4 

exposure. Future research is needed to extend the applicability of the proposed approach to: (1) 5 

other glass types, (2) other conditions of fire exposure, where the resulting temperature of the 6 

exposed part of the glass panel is not uniform (partially exposed panel), (3) cases where the 7 

heat exchange between the glass and the frame need to be considered, (4) cases with moving 8 

air and fire, and (5) glass panels with large dimensions. Notwithstanding these limitations, the 9 

comparisons with existing experimental work have confirmed the accuracy of the proposed 10 

approach in estimating the maximum tensile stress developed during fire exposure, and thus its 11 

accuracy to predict the breakage of ordinary glass, which almost coincides with its cracking 12 

[3,7,11,34]. 13 
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