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Background

Breakage of glass façade:
• plays a key role in compartment fire 
• accelerates the fire spread  
• needs to be revealed to provide 

reference for fire safety design of 
building façades

Glass façade 



3.27.2006. Urumqi city hotel
Compartment fire broke windows
and spread to the upstairs causing the
destruction of the whole building and

caused 97 died.

Accident cases�

2.3.2011. The Dynasty Wanxin
International Hotel
The fireworks ignited exterior wall
and big fire broke the window into

the apartment.

Background



New York USA, April 2018, one death 

Background

Hangzhou China, June 2017, four death 



Fire safety of glass:
1. Firstly proposed by Emmons in 1st IAFSS (1986): one structural problem of 

importance to fire growth 

2. Pagni, Keski-Rahkonen et al. Theoretical model: heat transfer, stress 
prediction 

3. Skelly, Shields and Harada et al. Experimental investigation for critical 
temperature difference

4. Wen, Dembele and Pagni et al. Numerical simulation for breakage time 
prediction

Consensus researched: thermal gradient between 
exposed and covered areas

Background



Prior investigations were focused on edge 
covered window glass pane

Glass façades
Different installation forms 

Different glass type
Mechanism?

Background



Mechanism

[1] Y. Wang, Q. Wang, G. Shao, H. Chen, J. Sun, L. He, K.M. Liew, Experimental study on critical breaking stress of float glass under elevated temperature, 
Materials & Design, 60 (2014) 41-49.
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Tensile stresses of clear, coated and 
ground glass  decrease 

The flaws caused by manufacturing 
reduce the strength of the glass 
significantly 

Mechanism

[1] Y. Wang, Q. Wang, G. Shao, H. Chen, J. Sun, L. He, K.M. Liew, Experimental study on critical breaking stress of float glass under elevated temperature, 
Materials & Design, 60 (2014) 41-49.



Weibull distribution:
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θ scale parameter, β shape parameter, δ location 
parameter

Weakest-link theory:
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Mechanism

[2] Q. Wang, Y. Wang, Y. Zhang, H. Chen, J. Sun, L. He, A stochastic analysis of glass crack initiation under thermal loading, Appl. Therm. Eng., 67 (2014) 447-
457.



Breaking stress �
T~two parameter 
Weibull 

Breaking stress �
T~three parameter 
Weibull 

Glass type Weibull function m σ0 (MPa) σu(MPa) σz(MPa)

Float
2 parameter 9.93 63.94 -- 50.97
3 parameter 7.91 52.57 11.36 50.90

Low-E 2 parameter 5.64 104.43 -- 70.07
3 parameter 657.08 10512.00 −10407.00 69.03
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Mechanism

[2] Q. Wang, Y. Wang, Y. Zhang, H. Chen, J. Sun, L. He, A stochastic analysis of glass crack initiation under thermal loading, Appl. Therm. Eng., 67 (2014) 447-
457.



 

Mechanism
Deterministic analysis

[3] Q.S. Wang, Y. Zhang, Y. Wang, J.H. Sun, L.H. He, Dynamic three-dimensional stress prediction of window glass under thermal loading, Int J ThermSci, 
59 (2012) 152-160.
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Mechanism

[4] Y. Wang, Q. Wang, H. Chen, J. Sun, L. He, Comparative Study on Crack Initiation and Propagation of Glass under Thermal Loading, Materials, 9 (2016) 794.

Maximum Normal Stress Criterion
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• Crack propagation criteria 

1. Mixed-mode criterion based on SIFs

2. Mixed-mode criterion based on 
energy release rates

GIC =GIIC =GIIIC =GC� α, β and η=1

3. SIF-based maximum circumferential 
stress criterion

• Crack speed

A0 the critical crack length in the Griffith 

theory. γ is the crack surface energy, 2a 

instantaneous length, a crack increment, ρ 
glass density.
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Mechanism

[4] Y. Wang, Q. Wang, H. Chen, J. Sun, L. He, Comparative Study on Crack Initiation and Propagation of Glass under Thermal Loading, Materials, 9 (2016) 794.



Mechanism revealed,

Then? 

Full scale experiments!



Installation form: frame supported glass

Exposed frame Horizontal-hidden frame

Vertical-hidden frame Hidden frame Glass frame setup in the experiment
[6] Y. Wang, Q. Wang, Y. Su, J. Sun, L. He, K.M. Liew, Fracture behavior of framing coated glass curtain walls under fire conditions, Fire Saf. J., 75 (2015) 45-58.



p 16 tests, for four different installation forms of framing glass

Cases design

Frame supported glass façades 

[6] Y. Wang, Q. Wang, Y. Su, J. Sun, L. He, K.M. Liew, Fracture behavior of framing coated glass curtain walls under fire conditions, Fire Saf. J., 75 (2015) 45-58.
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Different installation forms

Comparison of breakage time 

Comparison of critical parameters

Frame supported glass façades 

[6] Y. Wang, Q. Wang, Y. Su, J. Sun, L. He, K.M. Liew, Fracture behavior of framing coated glass curtain walls under fire conditions, Fire Saf. J., 75 (2015) 45-58.



Post crack

Frame supported glass façades 

[6] Y. Wang, Q. Wang, Y. Su, J. Sun, L. He, K.M. Liew, Fracture behavior of framing coated glass curtain walls under fire conditions, Fire Saf. J., 75 (2015) 45-58.
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Coulomb-Mohr criterion:

SIFs based mixed-mode 

criterion:
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[6] Y. Wang, Q. Wang, Y. Su, J. Sun, L. He, K.M. Liew, Fracture behavior of framing coated glass curtain walls under fire conditions, Fire Saf. J., 75 (2015) 45-58.
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[6] Y. Wang, Q. Wang, Y. Su, J. Sun, L. He, K.M. Liew, Fracture behavior of framing coated glass curtain walls under fire conditions, Fire Saf. J., 75 (2015) 45-58.



Glass framePoint supported glass

Installation form: point supported glass

[7] Y. Wang, Q. Wang, G. Shao, H. Chen, Y. Su, J. Sun, L. He, K.M. Liew, Fracture behavior of a four-point fixed glass curtain wall under fire conditions, Fire Saf. 

J., 67 (2014) 24-34.



20cm

20cm
Point supported glass façades 

[8] Y. Wang, Q. Wang, G. Shao, H. Chen, Y. Su, J. Sun, L. He, K.M. Liew, Fracture behavior of a four-point fixed glass curtain wall under fire conditions, Fire Saf. 
J., 67 (2014) 24-34.
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p Cracks initiated from fixing point
p Combined effect of thermal stress and mechanical stress causes breakage 
p Relatively good fire resistance (5-10 cm to the edge)

Point supported glass façades 

[7] Y. Wang, Q. Wang, G. Shao, H. Chen, Y. Su, J. Sun, L. He, K.M. Liew, Fracture behavior of a four-point fixed glass curtain wall under fire conditions, Fire Saf. 
J., 67 (2014) 24-34.



Three kinds of breaking:
• Directly falling out (19 tests)
• Cracking firstly without pieces falling out (3 tests)
• No pieces falling out (2 tests)

Point supported glass façades 

[7] Y. Wang, Q. Wang, G. Shao, H. Chen, Y. Su, J. Sun, L. He, K.M. Liew, Fracture behavior of a four-point fixed glass curtain wall under fire conditions, Fire Saf. 
J., 67 (2014) 24-34.
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Point supported glass façades 

[8] Y. Wang, Q. Wang, J. Sun, L. He, K.M. Liew, Effects of fixing point positions on thermal response of four point-supported glass façades, Construction and 
Building Materials, 73 (2014) 235-246.
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p Good agreement with experimental results

Point supported glass façades 

[8] Y. Wang, Q. Wang, J. Sun, L. He, K.M. Liew, Effects of fixing point positions on thermal response of four point-supported glass façades, Construction and 

Building Materials, 73 (2014) 235-246.



Installation form investigated,

Then?

Glass type!



[9] Y. Wang, K. Li, Y. Su, et al, Determination of critical breakage conditions for double glazing in fire, Appl. Therm. Eng., 111 (2017) 20-29.
[10] Y. Wang, Q. Wang, Y. Su, J. Sun, L. He, K.M. Liew, Experimental study on fire response of double glazed panels in curtain walls, Fire Saf. J., 92 (2017) 53-63.
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Different glass type: insulated glazing



fully exposed horizontal-hidden vertical-hidden

0

20

40

60

80

Fa
llo

ut
 fr

ac
tio

n 
of

 P
an

e 
1,

 %

Installation types

 6mm air
 9mm air
 12mm air

6 mm air 9 mm air 12 mm air

0

10

20

30

40

50

Fa
llo

ut
 fr

ac
tio

n 
of

 P
an

e 
2,

 %

Air thicknesses

 fully exposed
 horizontal hidden
 vertical hidden

fully exposed horizontal-hidden vertical-hidden
0

50

100

150

200

250

300
Br

ea
ka

ge
 ti

m
e 

of
 P

an
e 

1 
(s

) 

Installation types

 Pane1 of double glazing
 single glazing in previous work

6 mm air 9 mm air 12 mm air
0

100

200

300

400

500

600

700

Br
ea

ka
ge

 ti
m

e 
of

 P
an

e 
2 

(s
)

Air gap thicknesses

 fully exposed
 horizontal hidden

[9] Y. Wang, K. Li, Y. Su, et al, Determination of critical breakage conditions for double glazing in fire, Appl. Therm. Eng., 111 (2017) 20-29.
[10] Y. Wang, Q. Wang, Y. Su, J. Sun, L. He, K.M. Liew, Experimental study on fire response of double glazed panels in curtain walls, Fire Saf. J., 92 (2017) 53-63.

Different glass type: insulated glazing
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Different glass type: laminated glazing
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Different glass type: laminated glazing



Laminated 

Insulated 

[11] Y. Wang, Q. Wang, J.X. Wen, J. Sun, K.M. Liew, Investigation of thermal breakage and heat transfer in single, insulated and laminated glazing under fire 
conditions, Appl. Therm. Eng., 125 (2017) 662-672.

Single
Different glass type: laminated glazing



“Mission Accomplished”,

Then?

Summarize!



Sensitivity analysis of all factors
Factor number Primary factor Cases Repeated times in each 

case
Average breakage time 

(s)
Uniform electric radiation condition

1 Shading width(x1) 10, 20, 30, 40, 50 (mm) 2 644, 573, 580, 600, 671

2 Temperature increase rate in 
enclosure air(x2)

5, 10, 15, 20, 25 (ºC/min) 2 1237, 646, 573, 495, 459

3 Glass thickness(x3) 4, 6, 10, 12, 19 (mm) 2 446, 573, 566, 557, 872
4 Wind load, FSG (x4) 0, 2, 5, 8, 11 (m/s) 3 626, 602, 575, 552, 488
5 Wind load, PSG(x5) 0, 2, 5, 8 (m/s) 3 829, 812, 720, 579

Pool fire condition

6 Burner-glazing distance, 
FSG(x6)

450, 500, 550, 600, 650, 700, 750 (mm) 2 96, 127, 139, 204, 292, 
197, --

7 Burner-glazing distance, 
PSG(x7)

350, 450, 500, 750 (mm) 1 89, 144, 208, --

8 Glazing type(x8) Ground, coated, clear, laminated and insulated 
glazing

4 91, 164, 214, 332, 366

9 Installation form for FSG(x9) Exposed, horizontal-hidden, vertical hidden 3 135, 187, 239

10 Horizontal fixing point 
position change, PSG(x10)

10, 30, 50 (mm) (from point to pane left edge) 3 207, 148, 85

11 Vertical fixing point position 
change, PSG(x11)

10, 30, 50 (mm) (from point to pane upper 
edge)

3 207, 170, 136

12 Diagonal fixing point position 
change, PSG(x12)

71, 141, 424, 707 (mm) (from point to pane 
corner)

3 288, 207, 106, 131

Numerical simulation

13 Glass dimension(x13) 100�100�6, 200�200�6, 
......1000�1000�6 (mm3)

1 100, 59, 54, 52, 50, 50, 
49, 49, 49, 48

14 Aspect ratio(x14) 400, 100, 25, 6.25, 4, 1.5625 (identical area) 1 72, 64, 54, 48, 46, 44

15 Fire location, FSG(x15) 200, 400, 600 (mm) (distance between fire 
center and pane edge)

1 44, 40, 38

16 Fire location, PSG(x16) 200, 400, 600 (mm) (distance between fire 
center and pane edge)

1 19, 21, 28

The summary of factors and corresponding time of occurrence of the first crack

[12] Yu Wang, Qimiao Xie, Yi Zhang, Qingsong Wang, Jinhua Sun, Sensitivity analysis of influencing factors on glass façade breakage in fire, Fire Safety 
Journal (Accepted). 
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Sensitivity analysis of all factors

[19] Yu Wang, Qimiao Xie, Yi Zhang, Qingsong Wang, Jinhua Sun, Sensitivity analysis of influencing factors on glass façade breakage in fire, Fire Safety 
Journal (Accepted). 



[13] Yu Wang, Jinhua Sun, Linghui He, Qingsong Wang, David Rush, Experimental study on fallout behaviour of tempered glass façades with
different frame insulation conditions in an enclosure fire, 37th International Symposium on Combustion, Dublin, Ireland, 2018 (Oral)

Interaction with fire (to be presented in combustion symposium)



Conclusions
qGlass breakage mechanism was revealed by small scale experiments 

and FEM analysis. 

qFull scale experiments were conducted for understanding the 
performance of glass façades with different installation forms and 
glass types. 

qSensitivity analysis was conducted to summarize the all above tests.

qInvestigation on interaction between fire and glass is ongoing.



Thanks very much 
Any question is welcome


