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dematerialisation of 
buildinG skin & material

1 - brief introduction to glass

Figure: Cast glass window pane fragments from Pompeii
Naples - Archaeological Museum

Source: https://www.flickr.com/photos/70125105@
N06/7682216182

full glass skin (1887)first glass windows (79 ad)

Figure: Crystal Palace - Madrid

Source: https://i0.wp.com/theweekendguide.com/wp-con-
tent/uploads/2017/07/crystal-palace-madrid-e1507126389143.
jpg?w=619&h=825&crop

Figure: Laminated glass column - Danfoss - New York

Source: http://www.annebagger.dk/CustomerData/Files/Im-
ages/Gallery/glass-columns-danfoss-2005_2891/6_2297.jpg

structural glass (2005)



P5 Presentation - Jelle Sturkenboom - 7th of November 2018
Fire Resistant Laminated Structural Glass Beams

P2 Presentation - Jelle Sturkenboom - 16th of January 2018
Fire Resistant Laminated Structural Beams

Glass as structural material
1 - brief introduction to glass

Figure: Apple Retail Store 5th Avenue - New York 
http://architizer-prod.imgix.net/mediadata/projects/212011/e093cba1.jpg?q=60&auto=for-
mat,compress&cs=strip&w=1680

Figure: Chanel Amsterdam Boutique - Amsterdam
https://www.deingenieur.nl/artikel/glazen-pui-aan-de-pc-hooft

cast structural glasslaminated structural glass
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1 - brief introduction to glass

LAMINATED STRUCTURAL GLASS

Source: Peter Aaron - Apple Cube II, Manhattan
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1 - Vision

VISION
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MY VISION
1 - Vision

Source: Eckersley O’Callaghan - Apple, Paris



P5 Presentation - Jelle Sturkenboom - 7th of November 2018
Fire Resistant Laminated Structural Glass Beams

MAIN RESEARCH QUESTION
2 - research questions

“ In what way can a laminated structural glass beam be  detailed in 
such a way that it keeps the aesthetic  transparency of glass, while 

being able to withstand a fire load during 30 minutes?”
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RESEARCH SUB-QUESTIONS

1. “What are the requirements set by building regulations?” 

2. “What research has been done and what are the 
 conclusions?” 

3. “What is the possible explanation for the different behaviour 
in thermally treated and non-treated glass beams?” 

4. “What application presents itself when structural glass can 
be  implemented as fire resistant building component?”

2 - research questions

“ In what way can a laminated structural glass beam be  detailed in 
such a way that is keeps the aesthetic  transparency of glass, while 

being able to withstand fire loading of 30 minutes?”
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2 - building regulations

BUILDING REGULATIONS
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FIRE SAFETY AND FIRE RESISTANCE
2 - building regulations

minimum evacuation time of building compartments

bouwbesluit 2012

internal fire load < 500 mj/m2

 ~ 30 minutes

Standard temperature time curve
nen-en 13501-2 ;2016

failure criteria:

flexural loaded elements
nen-en 1363-a ;2012

limiting deflection

limiting rate of
deflection
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3 - releVant research

RELEVANT RESEARCH
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IMPORTANT & RELEVANT CONCLUSIONS
3 - releVant research

“The order of failure is in order of the residual pre-stress 
from thermal treatement. Annealed, heat-strengthened, 
followed by fully tempered”

Christian Louter

“In PVB laminate gas formation started around 90°C 
and for a SentryGlas laminate this took place at 150°C.”

Michaël Debuyser

“The use of intumescent paint reduces the heat build-
up and thus slows down the development of thermal 
strain in the glass and on the adhesive layer”

Fred Veer
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FIRE TESTING OF STRUCTURAL GLASS BEAMS
3 - releVant research

 ~DR. CHRISTIAN LOUTER & ALAIN NUSSBAUMER

Source: Fire testing of Structural Glass Beams - Dr. Louter & Nussbaumer
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Figure 1. Schematic cross section of a glass beam specimen within the test setup. 
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FOLLOW UP OF THE EMPA TEST
4 - experimental testing
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Figure 1. Schematic cross section of a glass beam specimen within the test setup. 
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Figure: Proposed test configuration of second set of glass beams at Efectis
Source: Based on schematic made by Dr. Louter

Figure: Beam configuration during EMPA test with protected top of flange
Source: Fire testing of structural glass beams - Dr. Louter and Nussbaumer
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EXPERIMENTAL TEST SET-UP
4 - experimental testing

Fire furnace Fire furnace
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BUILDING THE TEST SET-UP
4 - experimental testing
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TEST SET-UP ON THE FIRE FURNACE
4 - experimental testing
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FIRE FURNACE TESTING AT EFECTIS
4 - experimental testing
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PHYSICAL TESTING AT EFECTIS
4 - experimental testing

~ VIDEO OF TEST ~
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PHYSICAL TESTING AT EFECTIS
4 - experimental testing
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PHYSICAL TESTING AT EFECTIS
4 - experimental testing



P5 Presentation - Jelle Sturkenboom - 7th of November 2018
Fire Resistant Laminated Structural Glass Beams

   TEST 1 - THERMAL FRACTURE
4 - experimental testing

Time: 14.89 min (513 °C) Time:   7.81 min (219 °C)Time: 17.23 min (599 °C)

- thermal shock

Beam 1 - PVB (AN) Beam 3 - SG (AN)Beam 2 - PVB (HS)

- thermal shock
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   TEST 2 - RADIANT HEATING OF BEAM 2
4 - experimental testing

Beam 1 - SG (HS) Beam 3 - PVB (FT)Beam 2 - SG (FT)

Time: 17.04 min (508 °C) Time: 15.39 min (578 °C) Time: 16.23 min (585 °C)

- influenced by PVB flames
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   TEST 2 - DISPLACEMENT
4 - experimental testing

Beam 1 - SG (HS) Beam 3 - PVB (FT)Beam 2 - SG (FT)

Time: 17.04 min (508 °C) Time: 15.39 min (578 °C) Time: 16.23 min (585 °C)

- influenced by PVB flames
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   TEST 3 - THERMAL FRACTURE
4 - experimental testing

Beam 1 - SG (FT) Beam 3 - SG (HS)Beam 2 - SG (AN)

Time: 17.46 min (515 °C) Time: 4.71 min (139 °C) Time: 15.71 min (571 °C)

- thermal shock
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   TEST 3 - DISPLACEMENT
4 - experimental testing

Beam 1 - SG (FT) Beam 3 - SG (HS)Beam 2 - SG (AN)

Time: 17.46 min (515 °C) Time: 4.71 min (139 °C) Time: 15.71 min (571 °C)

- thermal shock



P5 Presentation - Jelle Sturkenboom - 7th of November 2018
Fire Resistant Laminated Structural Glass Beams

PHYSICAL TESTING AT EFECTIS - OVERVIEW
4 - experimental testing
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Table 17 – Failure comparison of the PVB beams between the EMPA test and the Efectis test 

PVB Interlayer Failure time 
Louter – EMPA 

Failure time  
Sturkenboom - Efectis 

Time difference 

Annealed glass 34.6 min 14.9 min 19.8 min 
Heat Strengthened 39.6 min 17.2 min 22.4 min 
Fully Tempered 42.8 min 16.2 min 26.6 min 

 

Table 18 – Failure comparison of the SentryGlas beams between the EMPA test and the Efectis test 

SentryGlas Interlayer Failure time 
Louter – EMPA 

Failure time 
Sturkenboom - Efectis 

Time difference 

Annealed glass 32.9 min 7.8 min (fracture) 25.1 min 
Heat Strengthened 41.8 min  17.0 min 24.8 min 
Fully Tempered 48.0 min 17.5 min 30.5 min 

 
The tables above show the difference between the failure times of 6 types of glass laminated beams in 
each test. The difference between the tests is at least 20 minutes up to a full 30 minutes, which is the 
eventual aim for a fire-resistant glass beam. 
When we take a look at the failure times within each test, the difference in failure time is larger in the 
EMPA test. The time difference between annealed, heat strengthened and fully tempered beams are 
respectively 5 and 3 minutes for PVB interlayers, the difference in the SentryGlas is 9 and 6 minutes. The 
difference is less clear in the Efectis tests where the largest difference is 2 minutes between the 
annealed and heat strengthened beam with PVB interlayer. 

The EMPA test results show a clear 
fire resistance in order of thermal 
treatment. This is less clear in the 
results developed in this 
graduation research. One of the 
obvious explanations is the 
different beam set-up by placing 
the fire protective panels above 
the beam. The protected top 13

rd or 
3 centimetres of the beam in the 
EMPA test seem to have had a 
strong beneficial effect on the 
overall performance. 

During the heating of the beams at 
EMPA the top 3 centimetres is blocked from direct heating. The protected area is heated via indirect 
heating through the material, while during this research the beams are fully loaded by direct heating on 
3 sides including the top 13

rd.  

Figure 83 – Schematic section showing the difference in beam set-up between the EMPA 
and Efectis tests 
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P5 Presentation - Jelle Sturkenboom - 7th of November 2018
Fire Resistant Laminated Structural Glass Beams

DIANA SIMULATION - TEMPERATURE VALIDATION

Heat flow simulation

Comparison PVB - Simulation vs. TestComparison SentryGlas - Simulation vs. Test

4 - diana simulation
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The three bright coloure images show the heat flow temperature gradient as a result of the heat flow 
analysis. As can be seen the temperature of the glass beam heats up during time and the fire protective 
Promatect panels contain the heat inside the oven. 

The eventual heat flow analysis is used to validate the temperature values obtained through 
experimental testing, the temperature values are plot in the figures below. The simulated beam is 
represented by three separate temperature curves namely the outer glass pane, the interlayer and the 
middle glass pane. The temperature value measured during the experimental testing is registered inside 
the interlayer of the beam, 3 centimetres from the bottom. The values from the simulation are all taken 
3 centimetres from the bottom. The green line represents the standard fire curve, which is used to heat 
the beam in the heat flow analysis. 

SentryGlas interlayer beam 
The modelled beam is an annealed glass beam laminated with SentryGlas interlayers. In the figure above 
the simulation results of the heat flow analysis can be seen. The values of the experimental test show 
that the beam follows the simulated temperature values of the interlayer nicely for at least 500 seconds. 
Just after this moment the values for the SentryGlas beam are no longer available due to the thermal 
fracture of the beam in the physical test.  
What is interesting to see is that the outer glass pane has a much higher temperature than the inner 
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Figure 71 – SentryGlas comparison between thermocouple temperature readings and the simulation values from Diana heat flow 
analysis. 
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glass pane and the interlayer. The values of the test and simulation correspond with the interlayer 
values, which should be the case. 

PVB interlayer beam 
The figure above shows the temperature plot of a glass beam with PVB interlayer. The values available 
for the annealed PVB beam are available for a longer period than the SentryGlas beam. What can be 
seen from the comparison of the physical test and the simulation is an agreement between the two 
curves during the first 600 seconds or 10 minutes. The temperature values of the test vary a little above 
and below the curve of the interlayer. After 10 minutes the temperature readings start to increase 
rapidly. This is the moment that the PVB interlayer has been burning for some while which eventually 
softens the interlayer after which the thermocouple becomes exposed and the values measured are no 
longer just the PVB interlayer but also the oven temperature. At a certain point the temperature value 
can be seen to match the standard fire curve. During the simulation the interlayer does not soften and 
drip, exposing the thermocouple. The interlayer only heats further according to the material properties 
in combination with the fire curve. This explains why the physical test measurement differs from the 
simulation values. The values of the simulation validate the values obtained from physical testing. 

Realisation regarding material properties 
While simulating the Diana model the insight hit that the material properties known only allowed to 
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Figure 72 – PVB comparison of the thermocouple temperature readings and the simulation values from Diana heat flow analysis 
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CONCLUSIONS AFTER TEST 1,2 & 3
4 - experimental testing

1. The tougher the glass, the slower the temperature increase 
the later the failure.   ~ Louter 
 

2. PVB laminate starts to evaporate and burn at an earlier stage 
than SentryGlas laminate    ~ Debuyser 
 

3. The increased load does not seem to influence failure time 
 

4. Protecting the top 3 cm of the beam by Louter seems optimal 
  ~ 33 - 48 minutes 
 

5. The radiant heat from the burning PVB interlayer influences 
the heating of the glass and interlayer facing the flames
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MODIFIED BEAM - FINAL TEST

4 - experimental testing
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IMPLEMENTATION TEST AT EFECTIS - TEST 4
4 - experimental testing

Bottom 3 cm - HCA-TR 
Intumescent paint ~ Veer

3 sided (10 cm) - HCA-TR 
Intumescent paint ~ Veer

6-6 mm Glass buffer

Heat-strengthened PVB Heat-strengthened PVB Heat-strengthened PVB
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IMPLEMENTATION TEST AT EFECTIS - TEST 4
4 - experimental testing

Bottom 3 cm - HCA-TR 
Intumescent paint ~ Veer

3 sided (10 cm) - HCA-TR 
Intumescent paint ~ Veer

6-6 mm Glass buffer

Heat-strengthened PVB Heat-strengthened PVB Heat-strengthened PVB
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IMPLEMENTATION TEST AT EFECTIS - TEST 4
4 - experimental testing

Thermal fracture - Beam 2
6-6 mm Glass buffer

Spontaneous ignition at the top of beam 3
3 sided (10 cm) - HCA-TR
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RESULTS TEST AT EFECTIS - TEST 4
4 - experimental testing

Beam 1 - PVB (HS) - 3 cm HCA-TR

Beam 2 - PVB (HS) - 6-6mm Glass buffer

Beam 3 - PVB (HS) - 10 cm HCA-TR

Time: 19.68 min (574 °C)

Time: 14.60 min (549 °C)

Time: 23.43 min (524 °C)

- thermal shock
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Figure 81 – Thermocouple temperature readings of test 4 – Heat strengthened PVB beams with HCA-TR(10cm), 6-6mm glass 
addition, HCA-TR(3cm) – A heat strengthened beam from beam 1 is added as a reference 

Temperature-Time curve 

The plot of the fourth and final test looks different than the plots of previous tests. The temperature 
readings of the 3 formerly identical beams show large differences with the additions. To show the effect 
on the temperature curve a reference temperature curve of from test 1 is added to the plot. 
Furthermore, the measured oven temperature is shown to show the match with the standard fire curve. 

The residual strength of the beam HS PVB with additional glass on the underside has influence on its 
interesting temperature curve. While the beam fails at 14 minutes the temperature readings are well 
above failure temp, which indicates that the glass delaminated or the PVB had burned up exposing the 
thermocouple to high temperatures from the oven. Before this moment the temperature increase looks 
similar to former tests. The beam is able to resist the load resting on the beam for another 3-4 minutes 
before failing. This is no longer visible on the temperature curve measured for the beam. 

The HCA-TR beams show a clear delay in heating compared to the reference HS PVB beam. The 3 cm 
HCA-TR beam reaches a temperature of approximately 250 degrees after 13 minutes, while the 
temperature of the oven is above 700 degrees Celsius. The 10 cm HCA-TR shows an even larger delay, 
the beam only reaches 150 degrees just before 15 minutes into the test. While the temperature in the 
oven is about 650 degrees higher. At this stage a number of beams in previous tests had already failed. 

Just after these two moments in the test the temperature of the two beams with intumescent coating 
starts to heat quicker. Possibly this is due to the interlayer having decomposed and heated from above. 
The 3 cm HCA-TR has an unexposed area of glass that heats directly from the oven. The top of the beam 
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is heated similarly as the 10 cm HCA-TR from the top of the beam, through small gaps and in contact 
with the heated promatect panels. 
It is almost unfortunate that the top of the beam was left unprotected and that the interlayer started to 
decompose from the top. Even though, the clear effect of the applied protection shows potential for 
future tests into fire resistant glass using intumescent coatings. 

 
Figure 82 – Displacement readings during test 4 - Heat strengthened PVB beams with HCA-TR(10cm), 6-6mm glass addition, 
HCA-TR(3cm) – A heat strengthened beam from test 1 is added as a reference 

Displacement curve 

The displacement curve of the three beams seem similar to displacement of beams that fail from the 
heating and softening of the glass.  

The full fracture of the middle HS PVB beam with 6-6 mm additional glass does not show immediate and 
full failure. The displacement does occur before the PVB has burned up fully. In most tests this is the 
other way around, the flames have slowly died down before the beam fails. In the displacement curve a 
slight irregular movement can be seen just after 15 minutes. The slight bump looks like a slight drop of 
the beams, this was not observed on the footage. Perhaps one of the moving elements of the set-up 
was restricted for a moment due to some form of friction. 

The two beams that show delayed heating in the temperature curve and the HCA-TR intumescent paint 
show a delayed displacement in comparison to the reference HS PVB beam from test 1. The failure 
behaviour is similar to the reference beam and other beams.   
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CONCLUSIONS OF TEST 4
6 - experimental testing

1.  The goal of a fire resistance of 30 minutes has not been achieved 
 

2. HCA-TR intumescent paint has an improved effect on the failure time 
and heating rate 
        +2.45 min & +6.2 min 

3. Protecting 3 sides of the beam from direct heating has great effect on 
the performance 
 

4. Protecting the top edge of the beam is necessary 
 

5. The 6-6 glass buffer underperforms the former standard PVB-HS 
 However, it provides resisdual strength after fracture.
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CONCLUSIONS EXPERIMENTAL TESTING
6 - experimental testing

1. The goal of a fire resistance of 30 minutes has not been achieved 
 

2. Protecting the top 3 cm of the beam by Louter seems optimal 
  ~ 33 - 48 minutes 

3. The order of failure seems to be in the order of thermal treatment 
 

4. Protecting 3 sides of the beam from direct heating has great effect on 
the performance 
 

5. Additional glass on the underside protects the interlayer from direct 
heating and offers residual strength after fracture
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7 - conclusions

INTERPRETATION
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7 - conclusions

THE EFFECT OF THERMAL TREATEMENT
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Development of surface & centre stress during temperingDevelopment of surface & centre stress during tempering

7 - conclusions

THE EFFECT OF THERMAL TREATEMENT

Source: Finite element implementation of a glass tempering model in three dimensions - Nielsen Source: Stress and structural relaxation in tempering glass - Narawanaswamy
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7 - conclusions

THE EFFECT OF THERMAL TREATEMENT

Volume comparisson of cooled & fast cooled glass Density distribution in tempered glass

Source: Finite element implementation of a glass tempering model in three dimensions - Nielsen Source: Stress and structural relaxation in tempering glass - Narawanaswamy
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7 - conclusions

THE EFFECT OF THERMAL TREATEMENT

Distribution of internal stresses & density in Louter set-up
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7 - conclusions

THE EFFECT OF THERMAL TREATEMENT

1. The pre-stress in a beam “absorbs” energy in the heating process 
 
Because: 

2. Thermal treatement of structural glass, induces varying thermal  
properties 
 
 
OR 

3. The tests have been influenced by other variables 
   chemical composition, oven placement, oven temp,  
   measurement errors, “n” is too small, beam thickness, etc.



P5 Presentation - Jelle Sturkenboom - 7th of November 2018
Fire Resistant Laminated Structural Glass Beams

8 - case application

CASE APPLICATION
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DESIGN RECOMMENDATIONS FOR A  
FIRE RESISTANT STRUCTURAL GLASS BEAM

1. Use fully tempered glass, due to delayed temperature increase 
 

2. Use SentryGlas interlayers due to higher transition temperature  
 

3. Apply an Intumescent interlayer on 3 sides ,laminated underneath a 
thin sacrificial glass plane. 
   -  e.g. Pilkington Pyrostop, Vetrotech Vetroflam 
 

4. Protect the top (tempered) area of the glass beam  
   ~ Louter

8 - case application

Fire Resistant Structural Glass Beams:



P5 Presentation - Jelle Sturkenboom - 7th of November 2018
Fire Resistant Laminated Structural Glass Beams

APPLICATION OF FIRE RESISTANT GLASS BEAMS
8 - case application
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APPLICATION OF FIRE RESISTANT GLASS BEAMS
8 - case application

Check
in

Check
in

Check
in

Check
in

Check
in

Check
in

Cross sectionLongitudinal section - Glass ceiling & check-in gates
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Efectis Presentation - Jelle Sturkenboom - 1st of November 2018
Fire Resistant Laminated Structural Glass Beams

6-15-15 mm Laminated safety glass floor panel 
with Sentryglas interlayer
8-8 mm Laminated safety glass with Sentryglas 
interlayer
15 mm Intumescent interlayer
6 mm Sacrificial glass
6 mm Sacrificial glass
15 mm Intumescent interlayer
12-12-12 Laminated fully tempered glass beam
15 mm Intumescent interlayer
6 mm Sacrificial glass

800 mm

350 mm

1.

2.

3.

Silicon sealant
Aluminium window frame
Aluminium cap to support the intumescent panels
LED  - ligh�ng strip

4.

5.

1 : 5 Details
Cross sec�on of two glass beams with spanning glass panels

Fire resistant laminated structural glass beams  -  Jelle Sturkenboom - 4076060

1.

2.

3.

4.

5.

6-15-15 mm Laminated safety glass floor panel 
with Sentryglas interlayer
8-8 mm Laminated safety glass with Sentryglas 
interlayer
15 mm Intumescent interlayer
6 mm Sacrificial glass pane
6 mm Sacrificial glass pane
15 mm Intumescent interlayer
12-12-12 Laminated fully tempered glass beam
15 mm Intumescent interlayer
6 mm Sacrificial glass pane

1.

2.

3.

1.

100 mm

8 - case application
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350 mm

1 : 5 Details
Corner longitudinal sec�on of the transi�on from facade to floor

Fire resistant laminated structural glass beams  -  Jelle Sturkenboom - 4076060

Aluminium window frame bolted on a steel 
girder to fasten to the I-Beam
Insula�ng glass
Rain water gu�er
6-15-15 Laminated safety glass floor panel with 
Sentryglas interlayer
Spacer
Steel corner
Steel flange welded on top of I-beam to adjust 
the height of the window frame res�ng on top
8-8 mm Laminated safety glass with SentryGlas 
interlayer
15 mm Intumescent interlayer
6 mm Sacrificial glass pane
Wood mul�flex board
1000 mm Steel IPE - Beam
Steel shoe as glass beam support
Spacer
Structural glass beam res�ng in steel shoe

1.

2.
3.
4.

5.

6.

7.
8.
9.

10.

1. 2.

3.
4.

5.

7.

9.
10.

6.

8.

1.
100 mm

8 - case application
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9 - recommendations

RESEARCH RECOMMENDATIONS

1. Increase the number of tests (n) to eleminate the factor of chance 
 

2. Repeat - Fire furnace test with tempered glass beams from a different 
manufacturer 
 

3. Determine the thermal coefficient of of toughened glass. 
 

4. Repeat - Glass exposed to radiant heat, using thermally toughened 
and chemically toughened glass 
             ~Debuyser, Ahmad, Jørgensen 
 

5. Investigate the effect of a low-e coating, which stops radiation/light 
with a low wavelength. 



P5 Presentation - Jelle Sturkenboom - 7th of November 2018
Fire Resistant Laminated Structural Glass Beams

MY VISION
1 - Vision
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THANK YOU
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Table 17 – Failure comparison of the PVB beams between the EMPA test and the Efectis test 

PVB Interlayer Failure time 
Louter – EMPA 

Failure time  
Sturkenboom - Efectis 

Time difference 

Annealed glass 34.6 min 14.9 min 19.8 min 
Heat Strengthened 39.6 min 17.2 min 22.4 min 
Fully Tempered 42.8 min 16.2 min 26.6 min 

 

Table 18 – Failure comparison of the SentryGlas beams between the EMPA test and the Efectis test 

SentryGlas Interlayer Failure time 
Louter – EMPA 

Failure time 
Sturkenboom - Efectis 

Time difference 

Annealed glass 32.9 min 7.8 min (fracture) 25.1 min 
Heat Strengthened 41.8 min  17.0 min 24.8 min 
Fully Tempered 48.0 min 17.5 min 30.5 min 

 
The tables above show the difference between the failure times of 6 types of glass laminated beams in 
each test. The difference between the tests is at least 20 minutes up to a full 30 minutes, which is the 
eventual aim for a fire-resistant glass beam. 
When we take a look at the failure times within each test, the difference in failure time is larger in the 
EMPA test. The time difference between annealed, heat strengthened and fully tempered beams are 
respectively 5 and 3 minutes for PVB interlayers, the difference in the SentryGlas is 9 and 6 minutes. The 
difference is less clear in the Efectis tests where the largest difference is 2 minutes between the 
annealed and heat strengthened beam with PVB interlayer. 

The EMPA test results show a clear 
fire resistance in order of thermal 
treatment. This is less clear in the 
results developed in this 
graduation research. One of the 
obvious explanations is the 
different beam set-up by placing 
the fire protective panels above 
the beam. The protected top 13

rd or 
3 centimetres of the beam in the 
EMPA test seem to have had a 
strong beneficial effect on the 
overall performance. 

During the heating of the beams at 
EMPA the top 3 centimetres is blocked from direct heating. The protected area is heated via indirect 
heating through the material, while during this research the beams are fully loaded by direct heating on 
3 sides including the top 13

rd.  

Figure 83 – Schematic section showing the difference in beam set-up between the EMPA 
and Efectis tests 

PHYSICAL TESTING AT EFECTIS
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Time: 16.4 min

Time: 16.1 min

SG-Beams

PVB-Beams

- excl. thermal shock AN

PHYSICAL TESTING AT EFECTIS

Test 3

Time: 17.46 min (515 C)

Time:   4.71 min (139 C)

Time: 15.71 min (571 C)

- thermal shock

Test 2

Time: 17.04 min (508 C)

Time: 15.39 min (578 C)

Time: 16.23 min (585 C)

- influenced by PVB flames

Test 1

Time: 14.89 min (513 C)

Time:   7.81 min (219 C)

Time: 17.23 min (599 C)

- thermal shock

Beam 1 - SG (FT)

Beam 2 - SG (AN)

Beam 3 - SG (HS)

Beam 1 - SG (HS)

Beam 2 - SG (FT)

Beam 3 - PVB (FT)

Beam 1 - PVB (AN)

Beam 2 - SG (AN)

Beam 3 - PVB (HS)

Temp: 543 C

Temp: 566 C
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The observations during the test show that the interlayers soften before the glass. The first interlayer to 
soften is the PVB interlayer, with the first flame on the underside at an interlayer temperature of 142 
Celsius in the annealed laminate and at 152 Celsius in the heat strengthened laminate. 

During the failure of the annealed glass beam with SentryGlas interlayer, the interlayer is unable to 
maintain the composite function due to the elevated temperature. The three glass panes were seen to 
slide apart, the interlayer is unable to withstand the shear stresses resulting the failed glass panes.  
The SentryGlas interlayer starts to burn at a later moment than the PVB interlayer. The temperature 
measured was approximately 250 Celsius. 

Temperature-Time Curve 

The thermocouple readings from the test are plot in the figure above. What we can see in first glance is 
the moment at which both annealed beams fail due to fracture. The steep and almost vertical rise in 
temperature of both temperature curves approximates the temperature of the fire furnace. 

 The temperature curve can be devided into three segments. The beams all show a small delay before 
the temperature starts to rise. In the very first minutes the temperature stays almost the same before 
the increase in temperature heats the area of the embedded thermocouples in the interlayer.  

The increase in temperature, in the early start of the test is the second segment that is visible in the 
temperature curve. The curve shows a gradual increase in temperature for all three beams and all with 
approximately the same incline. Just before the 250 degrees Celsius, the temperature of the PVB 
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Figure 53 - Thermocouple temperature readings of the beams in test 1 - Annealed PVB, Heat Strengthened PVB and Annealed 
SentryGlas 
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interlayer in the annealed and heat strengthened beam shows a sharp increase in heating. At this same 
temperature the SentryGlas annealed beam fails. 

At this moment the PVB interlayer has dripped out on the underside of the beam for a few minutes. The 
interlayer around the laminated thermocouples will have softened aswell, possibly exposing the end of 
the thermocouple to more direct heating of the oven. The temperature curve for the interlayer shows 
small temperature peaks which may be caused by the flames created by the burning interlayer. 

The end of the test is visible in the temperature curve, showing a decrease at approximately 20 minutes. 

 
Displacement-Time  curve 
The displacement of the glass beams is measured at two reference points in the test set-up. One located 
in the middle of the beam on top and the other point is the measurement of the displaced load resting 
on top of the beam. 
During the analysis, the displacement data measured directly on top of the glass beam was not suitable. 
The glued connection between the displacement cable and the glass beam detached at a certain point 
during testing. Therefore the displacement seen in the figure above is the displacement recorded of the 
resting load. 

When plotted the displacement of the two fractured annealed beams shows an abrupt and sudden 
displacement, which reaches the maximum displacement almost immediately. The heat strengthened 
beam on the other hand shows a gradual increase of the displacement resulting from the decreased 
material strength of glass at high temperature. The rate at which the beam displaces increases over time 
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Figure 54 – Displacement readings of the beams in test 1 – Annealed PVB, Heat strengthened PVB and Annealed SentryGlas 

Time: 14.89 min (513 °C) Time:   7.81 min (219 °C)Time: 17.23 min (599 °C)

- thermal shock

Beam 1 - PVB (AN) Beam 3 - SG (AN)Beam 2 - PVB (HS)

- thermal shock
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After 11 minutes the glass pane of the FT SG beam facing the FT PVB beam shows a slight delamination 
and lateral deformation. This is again visible during the displacement of the beam, when torsional 
displacement takes place. Possibly due to the temperature difference in the glass panes of the beam. 

 

 
Figure 61 – Thermocouple temperature readings of test 2 – Heat strengthened Sentryglas, Fully tempered Sentryglas, Fully 
tempered PVB 

Temperature-Time Curve 

The first thing that stands out when looking at the temperature plot of test 2, is the large temperature 
spike of the fully tempered (FT) SG beam. The plot has two separate temperature curves for the FT SG 
beam since the temperature readings between the thermocouples A & B vary. As described in the 
observation the FT PVB beam produced flames after 4 minutes into the test. The radiant heat produced 
by the flames clearly affected the registered temperature of thermocouple B. 

The additional spike in the FT SG-B temperature can be related to the delamination of the outer glass 
pane. The delamination exposes the thermocouple at which point the thermocouple does not register 
the interlayer beam temperatures, rather the temperatures registered are the oven temperature. The 
intersect with the fire curve temperature occurs around 13 minutes. 

The temperature of the heat strengthened SG beam seems less affected by the flame production in the 
oven. The radiant heating will have some effect on the heating, however this does not lead to 
substantial irregularities in temperature curve. The overall temperature increase of the HS SG beam has 
the slowest increase compared to both FT beams. This eventually results in the latest failure of the 3 
beams and a better performance.  
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Displacement curve 

The three beams in test 2 did not show any form of structural failure such as fracture. The displacement 
curves do not show sudden and direct failure of the beams. The results show similar trajectories for all 
three beams that starts to show the difference in performance approximately 15 minutes into the test. 
From this point on the beam deformation increases until reaching the maximum displacement. 

An interesting observation in the displacement curves is that the start of the displacement of the FT PVB 
beam starts just after 12,5 minutes, before the FT SG beam starts to deform. The displacement of the FT 
SG beam however surpasses the total displacement of the FT PVB beam a few minutes later and failing 
before the PVB beam.  
The heat strengthened beam, which was seen to have the lower temperature increase during the test, 
clearly shows the latest displacement of the three beams.  
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Figure 62 – Displacement readings of test 2 – Heat strengthened Sentryglas, Fully tempered Sentryglas, Fully tempered PVB 

Beam 1 - SG (HS) Beam 3 - PVB (FT)Beam 2 - SG (FT)

Time: 17.04 min (508 °C) Time: 15.39 min (578 °C) Time: 16.23 min (585 °C)

- influenced by PVB flames
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fractured. Perhaps the thermal fracture may have occurred earlier due to the increased loading, this is 
currently a guess for which a larger number of follow up tests would be necessary to determine. 

The other two beams failed according to the rate of displacement criterium. The corresponding failure 
times are 15,5 minutes for the HS SG beam and 17,5 minutes for the FT SG beam. These times are 
familiar to the failure time witnessed in test 2. However, the order of failure is vice versa, with the FT SG 
beam to withstand the fire loading for a longer period of time than the HS SG. In test 2 this order was 
the other way around, although there is a strong possibility that the FT SG beam was strongly affected 
by the neighbouring PVB beam. 

If only looking at the failure time of the HS SG beams from test 2 and 3, the failure time in the last test 
with increased loading was lower. The time difference between the two under 1,5 minutes. If the 
resistance has been affected by the increased loading is difficult to say. 
The SG beam sees an improved failure time compared to test 2. The outcome of the second test may 
not be indicative for the FT SG performance, which makes it is difficult to determine if the increased load 
has had effect on the failure time. Ideally, the 115kg set-up would be repeated in a later stage. 

Temperature-Time curve 

Instead of three temperature curves that continue to the end, the AN SG beam fails fairly quickly during 
the third test. The temperature spike that is visible just after 5 minutes is the thermocouple wire 
exposed to the inside temperature of the oven after the beam has dropped into the oven. 
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Figure 68 – Thermocouple temperature readings of test 3 – Annealed SentryGlas, Heat strengthened SentryGlas, 
Heat strengthened SentryGlas 
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The two remaining SentryGlas beams show a rather smooth temperature increase. The two beams 
however show a large difference in the rate of heating during the test. The temperature of the HS SG 
beam rises quicker than the FT SG beam. The heating can be seen to overlap with the AN SG beam for 
the first 5 minutes until it fails.  
Directly from the start, the heating of FT SG beam has a different rate compared to the two other 
beams. The curve is seen to split from the other two beams after the first 1 to 2 minutes of the test 
during the rapid temperature increase of the standard fire curve.  

Displacement curve 

The displacement values of the annealed glass beam show the distinct shape for a fractured beam. The 
beam undergoes a sudden and full displacement after thermal fracture. The failure of the two other 
beams increases gradually. 

From the start of the test, a slight displacement of approximately 0.75 mm occurs in all three beams. 
The displacement sensors are reset to zero in the beginning of the test, the sensor is attached to the 
displacement cable by extending the sensor approximately 5 centimetres. During the initial heating of 
the oven and the set-up there is a possibility that the steel cable used elongates due to thermal 
expansion. If this accounts for the difference measured is unclear. Another possibility is a slight error in 
the sensor, however this would be approximately the same error in each sensor. 

The HS SG and FT SG beams show a similar displacement curve as beams in earlier tests. During the first 
10-12 minutes the beams seem stable at which point the displacement slowly occurs. The deformation 
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Figure 69 – Displacement readings of test 3 – Annealed SentryGlas, Heat strengthened SentryGlas, Heat strengthened 
SentryGlas 

Beam 1 - SG (FT) Beam 3 - SG (HS)Beam 2 - SG (AN)

Time: 17.46 min (515 °C) Time: 4.71 min (139 °C) Time: 15.71 min (571 °C)

- thermal shock
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PHYSICAL TESTING AT EFECTIS - TEST 4

Beam 1 - 3 cm HCA-TR Beam 3 - 10 cm HCA-TRBeam 2 - 6-6mm Glass buffer

Time: 19.68 min (574 °C) Time: 14.60 min (549 °C) Time: 23.43 min (524 °C)

- thermal shock
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Figure 81 – Thermocouple temperature readings of test 4 – Heat strengthened PVB beams with HCA-TR(10cm), 6-6mm glass 
addition, HCA-TR(3cm) – A heat strengthened beam from beam 1 is added as a reference 

Temperature-Time curve 

The plot of the fourth and final test looks different than the plots of previous tests. The temperature 
readings of the 3 formerly identical beams show large differences with the additions. To show the effect 
on the temperature curve a reference temperature curve of from test 1 is added to the plot. 
Furthermore, the measured oven temperature is shown to show the match with the standard fire curve. 

The residual strength of the beam HS PVB with additional glass on the underside has influence on its 
interesting temperature curve. While the beam fails at 14 minutes the temperature readings are well 
above failure temp, which indicates that the glass delaminated or the PVB had burned up exposing the 
thermocouple to high temperatures from the oven. Before this moment the temperature increase looks 
similar to former tests. The beam is able to resist the load resting on the beam for another 3-4 minutes 
before failing. This is no longer visible on the temperature curve measured for the beam. 

The HCA-TR beams show a clear delay in heating compared to the reference HS PVB beam. The 3 cm 
HCA-TR beam reaches a temperature of approximately 250 degrees after 13 minutes, while the 
temperature of the oven is above 700 degrees Celsius. The 10 cm HCA-TR shows an even larger delay, 
the beam only reaches 150 degrees just before 15 minutes into the test. While the temperature in the 
oven is about 650 degrees higher. At this stage a number of beams in previous tests had already failed. 

Just after these two moments in the test the temperature of the two beams with intumescent coating 
starts to heat quicker. Possibly this is due to the interlayer having decomposed and heated from above. 
The 3 cm HCA-TR has an unexposed area of glass that heats directly from the oven. The top of the beam 
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is heated similarly as the 10 cm HCA-TR from the top of the beam, through small gaps and in contact 
with the heated promatect panels. 
It is almost unfortunate that the top of the beam was left unprotected and that the interlayer started to 
decompose from the top. Even though, the clear effect of the applied protection shows potential for 
future tests into fire resistant glass using intumescent coatings. 

 
Figure 82 – Displacement readings during test 4 - Heat strengthened PVB beams with HCA-TR(10cm), 6-6mm glass addition, 
HCA-TR(3cm) – A heat strengthened beam from test 1 is added as a reference 

Displacement curve 

The displacement curve of the three beams seem similar to displacement of beams that fail from the 
heating and softening of the glass.  

The full fracture of the middle HS PVB beam with 6-6 mm additional glass does not show immediate and 
full failure. The displacement does occur before the PVB has burned up fully. In most tests this is the 
other way around, the flames have slowly died down before the beam fails. In the displacement curve a 
slight irregular movement can be seen just after 15 minutes. The slight bump looks like a slight drop of 
the beams, this was not observed on the footage. Perhaps one of the moving elements of the set-up 
was restricted for a moment due to some form of friction. 

The two beams that show delayed heating in the temperature curve and the HCA-TR intumescent paint 
show a delayed displacement in comparison to the reference HS PVB beam from test 1. The failure 
behaviour is similar to the reference beam and other beams.   
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Time: 16.4 min (543 C)

Time: 16.1 min (566 C)

SG-Beams

PVB-Beams

PVB Beams Beam # Researcher Test # Addition Position Loadcase Fracture Observation Start Temp. 

Annealed 1 Christian Test PVB x 
AN PVB - pos 
2 115 kg NO   27.22 

  2 Jelle Test 1 x 
AN PVB - pos 
1 115 kg NO   12.27 

            
Heat Strengthened 3 Christian Test PVB x HS PVB - pos 3 115 kg NO   25.26 
  4 Jelle Test 1 x HS PVB - pos 2 115 kg NO   12.43 
  5 Jelle Test 4 3 cm HCA-TR HS PVB - pos 1 115 kg NO   23.91 
  6 Jelle Test 4 2x 6 mm glas HS PVB - pos 2 115 kg (Yes)   23.81 
  7 Jelle Test 4 10 cm HCA-TR HS PVB - pos 3 115 kg NO   23.52 
            
Fully Tempered 8 Christian Test PVB x FT PVB - pos 3 115 kg NO   21.74 
  9 Jelle Test 2 x FT PVB - pos 3 115 kg NO   15.65 

 

PVB Beams Beam # 
Max increase 
>0.94mm/min Corresponding temperature Max deflection >21.16 

mm 
Corresponding 

Temp. 
Annealed 1 34.68 742.43 39.83 N/A 
  2 14.89 513.05     
        
Heat 
Strengthened 3 39.55 755.79 44.59 779.46 
  4 17.23 599.20 19.56 661.67 
  5 22.27 633.06 22.27 633.06 
  6 14.60 549.30 17.68 720.74 
  7 23.43 582.02 25.27 644.52 
        
Fully Tempered 8 42.83 749.46 48.48 774.56 

  9 16.23 585.56 18.54 639.05 

 

 

 

  

SG Beams Beam # Researcher Test # Addition Position Loadcase Fracture Observation Start Temp. 
Annealed 10 Christian Test SG x AN SG - pos 1 115 kg NO   25.23 
  11 Jelle Test 1 x AN SG - pos 3 115 kg Yes   12.47 
  12 Jelle Test 3 x AN SG - pos 2 250 kg Yes   12.03 
                    
Heat Strengthened 13 Christian Test SG x HS SG - pos 2 115 kg NO   25.25 
  14 Jelle Test 2 x HS SG - pos 1 115 kg NO   15.19 
  15 Jelle Test 3 x HS SG - pos 3 250 kg NO   11.92 
                    
Fully Tempered 16 Christian Test SG x FT SG - pos 2 115 kg NO   21.64 
  17 Jelle Test 2 x FT SG - pos 2 115 kg NO   15.61 
  18 Jelle Test 3 x FT SG - pos 1 250 kg NO   12.30 

 

SG Beams 
Beam 
# Max increase >0.94mm/min Corresponding temperature Max deflection >21.16 

mm 
Corresponding 

Temp. 

Annealed 10 32.93 723.76 42.44 765.66 

  11 7.81 219.71 8.14 230.46 

  12 4.71 139.27 5.13 151.96 

            
Heat 
Strengthened 13 41.75 760.00 47.81 769.90 

  14 17.04 508.50 19.45 654.58 

  15 15.71 571.36 18.63 625.56 

            

Fully Tempered 16 48.04 751.42 54.13 762.26 

  17 15.39 578.46 17.87 500.56 

  18 17.46 514.92 20.29 600.48 

 
 
 
 
 
 
 
 

- excl. thermal shock AN

PHYSICAL TESTING AT EFECTIS - OVERVIEW



P5 Presentation - Jelle Sturkenboom - 7th of November 2018
Fire Resistant Laminated Structural Glass Beams

350 mm

1 : 5 Details
Cross sec�on of the support detail between glass beams with aluminium window frame

Fire resistant laminated structural glass beams  -  Jelle Sturkenboom - 4076060

6-15-15 mm Laminated safety glass floor panel 
with Sentryglas interlayer
Silicone sealant
Aluminium window frame
8-8 mm Laminated safety glass with Sentryglas 
interlayer
15 mm Intumescent interlayer
6 mm Sacrificial glass
Structural glass beam res�ng in steel shoe
Steel shoe as glass beam support
Spacer
Wood mul�plex board
800 mm steel IPE beam
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