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The breakage behavior of different types of glazing in a fire 

Yu Wang* 

School of Engineering, BRE Centre for Fire Safety Engineering, University of Edinburgh, Edinburgh EH9 3JL, United Kingdom 

Abstract 

Different from concrete and steel, window glass or glass façade breaks very easily when subjected to a compartment fire. 
The new vent created by the glass fallout may cause fire spread out and fresh air entrance which can markedly change the 
enclosure fire dynamics. Nowadays, different types of glazing, such as clear, coated, ground, and multi-pane glazing, are 
increasingly employed in newly constructed buildings. However, very little is known about their fire risk, especially the 
comprehensive comparison between them is yet to be investigated. In this paper, the fire resistance comparison of different 
types of glazing is conducted based on the author’s very recent and ongoing experimental results. Literature works of other 
researchers are also presented for comparison. Additionally, fire safety design and recommendation of glass in buildings are 
discussed in detail. This research is proposed to provide valuable references for the fire safety performance-based design of 
glass façades in high-rise buildings.  
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1. Introduction 

Glass has many advantages, such as high transparency, long-term durability and good aesthetics. Therefore, to satisfy the 

high requirement of building aesthetic consideration, glass is extensively used both in envelopes and structures of modern 

constructions [1, 2]. However, compared with concrete and steel, glass is considerably more prone to breaking due to its 

brittleness while encountering a huge fire. After the glass breaks, it would fall out with a high probability which may create 

a new vent in a building fire. This vent could result in a flashover or backdraft that will significantly accelerate the fire 

development of a compartment [3]. Fig. 1 shows two fire disasters that respectively occurred in China and the United 

Kingdom in June 2017. It can be seen that after the glass was broken by a compartment fire, the ejected flame went higher 

and broke the window upstairs, causing bigger disaster. This occurred regardless of the existence of combustible cladding. 
Both fires demonstrate that the glass breakage and fallout caused by fire heating are very important to the fire development 

in modern high-rise buildings.  

     

                                                 (a) The Hangzhou residence fire             (b) London Grenfell Tower fire 

Fig. 1. Fire disasters occurred in June 2017. 

This research issue was first highlighted by Emmons [4]: “there is one structural problem of importance to fire growth 

and this is the breaking of window glass”. Subsequently, a large number of theoretical, numerical and experimental 

investigations were conducted. For example, Keski-Rahkonen [5, 6] calculated the critical breakage conditions of a glass 

panel with circular and square dimensions. Skelly et al. [7] heated the glass panel in a designed compartment model and 

determined the temperature difference of glass breakage of approximately 90 ºC. Pagni et al. [8, 9] developed a software for 

the time prediction of single and double glazing breakage in a fire. In recent years, more research started to focus on the 
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glass façade other than the four-edge-covered window glass panel. Wang et al. [10, 11] first investigated the fire 

performance of point-supported glass façade and found that the combination of mechanical and thermal stress is responsible 

for the crack initiation at fixing points. Through full-scale experiments, Chow et al. [12, 13] studied the effect of smoke 

movement on the breakage of double skin façade and the cavity depth was optimized according to the experimental results. 

Shao et al. [14, 15] conducted full-scale experiments to investigate the efficiency of sprinkler protection for float and 

toughened glass façades. All previous studies indicate that the glass breakage in fires may be affected by a large number of 

factors. It is anticipated that the glass type also has a significant influence on the thermal breakage of glass. Considering the 

increasing number of various types of glazing used in buildings, it is of great importance to study the fire performance of 

different types of glazing. 

However, the comparative study of different kinds of glazing is very limited [1, 16]. In particular, some new types of 

glazing, such as low-E, coated and multi-pane glazing, are employed extensively, which may cause potential fire risk for 

buildings. In the present work, the comparison of these glasses is systematically addressed for the fire safety design based 

on the author’s previous and ongoing experimental work. The details and results of experiments are reviewed and design 

recommendations are proposed.  

2. Different types of single glazing 

A large number of studies have focused on the fire performance of single glazing. The glass types include clear, coated, 

ground, wired, low-E etc.. In this section, all these glasses are discussed based on our previous experimental work. 

Toughened glass is also selected to make a comparison.   

We select the clear float glass as a reference. In our previous work [17], both clear and low-E glasses with a dimension of 

600×600×6 mm3 were heated under uniform radiation conditions in a well-designed facility. A radiation panel with a 

maximum power of 90 kW was utilized to provide adequate heat making the glass break. The experimental results have 

shown that the critical temperature differences of clear float glass and Low-E glass were 95 ºC and 108 ºC. The critical 

breakage condition of clear float glass was very similar to the results obtained by Skelly et al. [7] who established that edge-

protected tests resulted in breakage at an average temperature of 90 ºC. In addition, under a pool fire condition, another 

study [18] highlighted that the clear float glass can withstand the temperature difference that is slightly more than 90 ºC 

(94 °C). Therefore, we estimate the critical temperature difference of clear float glazing is 90 ºC, and other kinds of glass 

are compared to this value. Then, the critical temperature difference of low-E glass is 14% higher than clear ones according 

to [17]. 

For coated glass pane, a 500×500 mm2 heptane pool fire was placed 750 mm away from glass panel with a dimension of 

600×600×6 mm3 [19], as shown in Fig. 2. A total of sixteen tests were performed. The experimental results indicated that 

regardless the installation form, the critical breakage condition of coated glass is around 80 ºC, which is smaller than that of 

clear ones. 

  

Fig. 2. The schematic of the experimental system with heat flux gauge and thermocouple distributions for coated glazing test [19]. 

To clarify the difference in critical breakage condition, quasi-static tensile experiments were conducted using Material 

Testing System 810 (MTS 810) to explore the strength of clear, coated and ground glass panes [20]. As exceeding tensile 

stress is the primary cause of the crack initiation of glass in a fire [5, 21, 22], the direct measurement of this parameter can 

give a very good reference of glass fire resistance. All glass samples were designed in the shape of a ‘dog-bone’. Their 

thicknesses were 6 mm. The overall length and width of each sample were 265 mm and 20 mm, respectively. The central 



 

part of the sample, with a length of 55 mm and width of 10 mm, was the testing section, as shown in Fig. 3(a). It should be 

noted that the specimens were cut by water knife with a diameter of 1 mm. The cross sections and surface conditions of 

coated and ground glass are shown in Fig. 3(b). For each type of glazing, 7 specimens were repeated. For clear, coated and 

ground glass, the tensile strengths were 35.7, 32.9 and 31.0 MPa [20]; the standard deviations were respectively 1.3, 1.0 and 

2.0. It was found that the fire resistance order is: clear glass, coated glass and ground glass. The relationship between clear 

and coated glass is consistent with the full-scale tests in a real fire which confirms the rationality of this tensile tests. For 

clear glass pane, its tensile strength is 35.7 MPa, while the 31.0 for ground one. Thus, from this work, it can be established 

that the critical tensile strength of clear glass is about 15% higher than the ground one. 

       

                                                   (a) Before and after test, clear glass                                      (b) Coated (up) and ground glass 

 

(c) The temperature measurement by R type thermocouple and strain measurement by extensometer. 

Fig. 3. The specimen in MTS 810, before and after testing. 

Harada et al. studied the wired and float glass panel heated by a propane radiation panel [23]. For wired glass without the 

lateral restraint, the temperature difference at initial crack was 22 ºC. It should be noted that the thickness of wired glass was 

6.8 mm which was larger than that of 3 mm of float one. Despite the different thicknesses, the average critical temperature 

difference of float glass without lateral restraint was around 52 ºC which was two times more than a wired one. From the 

comparison, it can be seen that the wired glass pane is the most prone to breakage in a fire. The existing micro crack caused 

by the wires in glazing may be primarily responsible for the relatively poor fire resistance. The thicker float glass normally 

has better fire resistance [24], so the wired glass in this work is considered much weaker than the 6 mm float clear one. Here, 

it is assumed to ignore the effect of 0.8 mm thickness, and concluded that the wired glass is 58% smaller than that of clear 

float glass. 

All the above-mentioned glasses are float glass, i.e. they are not tempered. However, tempered glass is increasingly used 

in high-rise buildings instead of ordinary float glass, which has been addressed in the previous work [25-27]. No matter the 

tempered glass is installed as frame-supported or point-supported glass façades, its fire resistance is significantly better than 

float one. For example, when the glass was placed 350 mm from the pool fire, no cracks were observed, while the float glass 

cracked at 89 s under an identical condition during experiments [27]. Fig. 4 demonstrates that the tempered glass bent at the 

final stage but did not break when directly heated by flame radiation. In the authors’ ongoing experiments, eleven 6 mm-

thick-tempered glass panels were heated in a compartment model with a dimension of 1000×1000×1000 mm3. It was 

concluded that the average critical temperature difference is 357 °C, which is around four times more than that of clear float 

glazing. This result is similar to previous studies which indicated the critical temperature difference of tempered glazing was 

above 300 ºC [26, 28]. However, it should be noted that the compartment ventilation condition change caused by glass 

fallout is a very important issue. The process comparison is shown in Fig. 5, in which the crack initiation time is set as 0 s. It 

can be found that tempered glazing fell out completely within 1 second once the first crack was initiated, while float one 

with much earlier crack initiation may fall out gradually. This difference may markedly affect the compartment fire 

dynamics.  



   

                                                             (a) Initial stage, straight glass                                     (b) Final stage, bent glass 

Fig. 4. Tempered glass heated by a 300×300 mm2 pool fire. 

 

     

                           0.00s                                                      0.22s                                                      0.44s                                                      0.80s 

(a) The fallout of tempered glazing 

    

                             0s                                                           57s                                                        69s                                                       70s 

(b) The fallout of float glazing 

Fig. 5. The fallout process comparison of single tempered and float glazing. 

Based on the reference object of float clear glass, the fire resistance of different kinds of glazing is summarized in Fig. 6, 

where the fire resistance of clear float glass is set as 1. According to these studies, the order of single glazing is: tempered 

glass, clear glass, coated glass, ground glass and wired glass. The reason for high thermal resistance of tempered glass is 

because its manufacture process is markedly different from that in the other types of glass. Tempering puts the outer 

surfaces into compression and the inner surfaces into tension. The strengths of coated and ground glass are relatively small 

since the surface treatment during manufacturing results in more tiny flaws or defects than clear ones [20]. Fig. 7 

demonstrates the surface conditions of clear and ground glass. Critical breakage condition of wired glass is low because it is 

difficult to be cut, and many defects would exist at the cutting edge even before heating [23]. The micro cracks around wire 

may also be the reason for its breakage behavior which needs to be investigated further. 
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Fig. 6. Fire resistance comparison of different types of single glazing. 

  

                               (a) Clear glass                                                 (b) Ground glass  

Fig. 7. The surface conditions of clear and ground glasses. 

3. Different types of multi-pane glazing 

Compared with single glazing, fewer studies have been conducted on the behaviour of multi-pane glazing in a fire. In this 

section, insulated, laminated and triple-pane glazing will be discussed based on the previous work.  

Most of the multi-pane glazing work is concerning the installed glazing (IG), more commonly known as double glazing. 

Cuzzillo and Pagni [8] first developed a theoretical model and calculated the temperature using an in-house software 

McBreak. Shields at al. [29] installed the double glazing panels in the front wall of ISO 9705 room and heat them using pool 

fires. A simple lumped model approach was developed to predict the response of the glazing to thermal insult. In their tests, 

the double glazing may withstand for more than 23 min in corner fire, while the maximum time of about 11 min for single 

glazing under similar conditions. The result shows that the double glazed systems consistently perform much better 

regarding the provision of integrity [29]. It is similar to the conclusion of Mowrer’s double glazing window study [30].  

These works are primarily about the double glazed window. However, very little is known about the fire performances of 

insulated glazing in curtain walls and its potential influence on fire dynamics. In our very recent work, the installed glazing 

with different air gap thickness and installation forms were heated by a 500×500 mm2 pool fire [31]. It was found that semi-

exposed framing glass façades last longer before breaking than those of fully-exposed framing glass, but are more prone to 

falling out. The behavior of ambient side panel is related to the fallout of fire side pane. Fig. 8 shows the breakage and 

fallout of insulated glazing in the experiments. Fallout occurred in the tests of horizontal and vertical hidden glass façades. 

To determine the critical breakage condition of insulated glazing, the burner-glazing distance was changed from 750 mm to 

450 mm, and the fuel mass was increased from 2 kg to 6 kg [32]. It was found that the critical heat flux of double glazing is 



more than 25 kW/m2, while 6 kW/m2 for single glazing. From the experimental tests in which the insulated and single 

glazing were heated under a similar condition [16], the installed glazing failure time is 366 s and the average of single 

glazing breakage time is 157 s. It should be noted that the single glazing was coated and the burner-glazing distance of 

insulated glazing was smaller than that in single glazing test. Generally, it can be concluded the fire resistance of insulated 

glazing is two or three times of single ones [16, 29].  

   

                                         (a) Exposed framing                                (b) Horizontal hidden                               (c) Vertical hidden 

  

(c) Thermocouples in double glazing 

Fig. 8. The behavior of insulated glazing installed in different forms. 

Very little work has been conducted for laminated glazing in a fire. Manzello et al. [26] compared the single and 

laminated tempered glazing in a real compartment fire. After the fire, all the single glazing fell out, but the unexposed panel 

of laminated glazing still kept in place and intact. The results show that the laminated glazing has very excellent fire 

performance even in a real fire situation. In our recent study [16], under an identical condition (burner-glazing distance of 

750 mm and 2 kg fuel), the average breakage time of single float glazing is 157 s, while 118 s and 199 s for the expose and 

unexposed side panes of float laminated glazing, respectively. This result is consistent with the study of Manzello et al [26].  

It can be concluded that the fire resistance of laminated glass is about 27% higher than that of clear single glazing. Although 

the fire resistance of laminated glazing is not as good as insulated glazing, it can keep intact in a fire which still can provide 

a barrier preventing the fire spreading out.  

Therefore, from the above study of the double glazed system, it can be projected that the fire resistance will increase 

significantly when employing triple-pane glazing specimens. To the author’ knowledge, the study by Klassen et al. [33] is 

the only open literature that addresses this issue. The triple-pane glazing was laminated by interlayer and air gap. For 

incident heat fluxes 30 kW/m2 or lower, the triple-pane glazing samples had a total transmittance less than 10% of the 

incident heat flux, back-side surface temperatures did not exceed 100 ºC. For double-pane laminates, the total transmittance 

was less than 25% of the incident heat flux, the back-side temperature did not exceed 220 ºC. However, what is interesting 

is that the fire exposed pane of triple-glazing broke earlier than the double-pane laminated glazing at the given incident heat 

flux. It is because the exposed panel of the triple-pane glazing samples was isolated from the two inner panes by an air gap; 

this feature allowed for the more rapid development of thermal stresses in the outer pane and faster breakage times. In most 

tests, the unexposed panel did not break, which shows its good fire resistance. However, it is difficult to compare the double 

and triple glazing in this work as no complete failure was reported. Therefore, more tests concerning complicated glass 

structures need to be conducted in the future, which is believed to be helpful for their fire resistance evaluation. However, as 

the mechanism of double glazing and laminated glazing is being well understood, the numerical simulation should be more 

suitable for trip glazing rather than more experimental tests. 

According to above analysis, we select the float clear single glazing as the reference, and the fire resistance comparison 

of different multi-pane glazing is shown in Fig. 9. The fire resistance is determined by the failure time of unexposed panel 



 

which represents the failure of whole glazing system. The mechanism of these differences is the heat transfer and thermal 

stress in glazing [8, 16]. The thermal resistance of air gap is much larger than interlayer material. However, it should be 

noted that in experiments insulated glazing will fall out more easily due to the weakness in perimeter sealer [31], while 

laminated glazing can keep intact despite both of panel break. Therefore, before glass type selection, more factors should be 

considered based on the state of art in this area. 
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Fig. 9. Fire resistance comparison of different types of multi-pane glazing. 

4. Conclusions 

Increasing number of different glass types are employed in modern buildings, but their performance may determine the 

fire spread way and speed, which will challenge the whole building safety. A large number of studies have focused on the 

thermal glass breakage in a fire. Ten years ago, most of the research in this area was concerning the ordinary window glass. 

However, the objective is changing to glass façades in recent years due to the high-rise building fire safety requirement. 

Regardless of the research objective, glass type is always a major issue to be addressed. In particular, glass products are 

becoming more diverse and often composited with other construction materials. Thus, it becomes necessary to know the fire 

resistance of different types of glazing. 

The paper summarizes and discusses the fire resistance of glazing based on the author’s previous and ongoing studies 

and some other open literature. Only experimental work is selected to be present so as to make the comparison more 

reasonable and reliable. The fire resistance order of different kinds of glazing is provided. Tempered and multi-pane 

glazings, especially laminated glazing, have much better fire resistance, which is recommended to be used in engineering. 

However, these glasses are considerably more expensive than float single glazing according to the price survey. What is 

more, they will inevitably increase the weight of façades. Thus, more factors should be considered during the selection of 

glass type.  

In the future, more new types of glazing would emerge in the industry, for which fire resistance should continue to be 

tested to deepen the understanding of the glazing thermal behavior. In addition, accurate heat transfer and breakage behavior 

models need to be developed to benefit the fire performance prediction and risk evaluation. Glass fallout in a fire is still a 

very challenging issue to be studied due to many influence factors. Different types of glazing have different ways to fall out 

with different mechanisms, and despite some island formed, sometimes no pieces fall out which is very difficult to predict. 

More research is needed with considering the influence of fire and smoke on its fallout behaviour, which is believed to 

significantly improve the building fire dynamic analysis. In addition, glass fire performance may also be improved by fire 

resistance coating or property optimization, which may need significantly more efforts in the future.  
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