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fire safety strategy (?)
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energy balance
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terminology
crash course
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Char fall-off: just char
Before the adhesive line At the adhesive line After the adhesive line Within the char layer

Fire induced delamination: 
partially charred lamella
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Char fall-off

Fire induced delamination

At the adhesive line

Structural capacity

Fire dynamics

Bond line temperatures

• 70-220
◦
C 

1,2,3

• 200-300
◦
C 

4,5,6

Bond line temperatures
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back to energy balance



Q total = Qfuel load (furniture)– Qloss_construction - Qloss_openings
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FUEL

CROSS- SECTION
REDUCTION

Char fall off 

at the bond line

Delamination

HEAT

HEAT

FUELOXYGEN

+ Qconstruction + Qreradiation_floor
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Q total = Qfuel load (furniture)– Qloss_construction - Qloss_openings

RE-RADIATION

Char fall off 

at the bond line

Delamination

HEAT

FUELOXYGEN

+ Qconstruction + Qreradiation_floor+ Qreradiation_wall
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POTENTIAL STRUCTURAL 
COLLAPSE

Virgin timber
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QTOTAL=Qfuel load (furniture) + Qconstruction + Qreradiation_floor+ Qreradiation_wall - Qloss_construction - Qloss_openings
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Understanding 
fire induced delamination
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TESTING METHODOLOGY
Former studies vary in the: 
• application of load, 
• thermal conditions 
• sample conditioning. 

WHAT AFFECTS DELAMINATION

Manufacturing properties 

Adhesive and timber properties

Designers’ choice

Testing method

METHODOLOGY 
DRIVERS
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WHAT IS BOND LINE? WHAT IS ATTACKING THE BOND LINE?

TIMBER

ADHESIVE

INTERPHASE

THERMAL HYDRO MECHANICAL



Optimistic project plan
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EXPERIMENTAL CAMPAIGN

Thermal behaviour
Thermo-mechanical behaviourPHASE 1: MICRO? 

PHASE 3: INTERMEDIATE

PHASE 2: BENCH

TGA
DSC

DTMA

Hydro-thermal behaviour
NEUTRON 

RADIOGRAPHY

Hydro-thermo-mechanical 
behaviour

HEAT FLUX
SHEAR 

SCALE                                 WHAT?         WHY?                  HOW?
   



EXPERIMENTAL CAMPAIGN

Thermal behaviour
Thermo-mechanical behaviourPHASE 1: MICRO 

TGA
DSC

DTMA
Interphase: Shear lap

SCALE                                 WHAT?         WHY?                  HOW?
   

1-C-PUR D

1-C-PUR ND



Combination A B C

Structural load

Thermal load

Why
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Is there a difference?

Is there a critical temperature?

Is glass transition a thing?

Stress-strain

ambient cond.

Stress-strain 

thermal cond. 

Modulus

Glass transition

1N/min, 1N-Fmax

35°C

Fmax

35 - 300°C

± 5µm, 1Hz
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Is there a difference? I don’t think so.
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1-C-PUR-D            1-C-PUR-ND  
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Is there a difference? Yes.

Is there a critical temperature? 220-230°C.



Verdet et al. 2016 Mechanical performance of polyurethane and epoxy adhesives in connections with glued-in rods at elevated temperatures

Storage – elastic
Loss - viscous
Tan delta – viscoelasticity  
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BUT! Tg not always easy to spot for polyurethanes
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Thermal behaviourPHASE 1: MICRO? TGA
DSC

SCALE                                 WHAT?         WHY?                  HOW?
   

1-C-PUR D

1-C-PUR ND





Thermo-mechanical - 1-C-PUR D interphase fails at 220°C
Thermal – 1-C-PUR D adhesive softens at 250°C 

Chemistry matters



Can we upscale?

PHASE 3: INTERMEDIATE Hydro-thermo-mechanical 
behaviour

HEAT FLUX
SHEAR 

SCALE                                WHAT?         WHY?                  HOW?
   



RADIANT 
PANEL

FRONT 
CAMERA

SIDE 
CAMERA

DIC

SIDE CAMERA
DIC

1-C-PUR-D
1-C-PUR-ND

RADIANT 
PANEL

TCs
TCs

21C 
MC 9%
MC 14%

25 kW/m2 50 kW/m2

D (5) | ND (5) 

D (5) | ND (3) 

D (5) | ND (3) 

D(5)
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Ambient results



20% 
SHEAR STRESS



Fire results
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Why

21C, 5kN 

Does MC matter? Heat flux constant, load constant

MC 9%
MC 14%

25 kW/m2 50 kW/m2

Does the heat flux make a difference? MC constant, load constant

Failure mode? Failure time? Critical temperature? Displacement rate?

Does it differ for the two adhesives?

D (5) | ND (5) 

D (5) | ND (3) 

D (5) | ND (3) 

D(5)
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Failure mode

Delamination present for both adhesives
Higher moisture content not discussed for ND
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Failure time delamination

Wider spread in non delaminating results

Failure time is not proportionally higher for the lower heat flux



Non-delaminating adhesive can delaminate

It is “just” the matter of force



32

Hold the (bond) line
STRUCTURES IN FIRE FORUM – 12th May 2023 

Failure mode and time – Variable: Heat flux

1-C-PUR D | MC 9% 1-C-PUR D | MC 14%1-C-PUR ND | MC 9%



Failure time is not strongly/repetatively 
dependent on the heat flux



Higher moisture content seems to bring the 
results for the two heat fluxes together 
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Bond line temperature delamination
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Failure mode and time – Variable: moisture content

1-C-PUR D | HF 25 kW/m2 1-C-PUR D | HF 50 kW/m2 



Higher moisture content does not lead to earlier 
failure time 



What's that got to do with the price of eggs?



There is some interaction with adhesive and 
moisture

I just do not understand it yet
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Failure mode and time – Variable: adhesive 
MC 9% | HF 25 kW/m2 MC 9% | HF 50 kW/m2
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Bond line temperature delamination



Failure temperatures vary!



No conclusions



Future work



Shear stress distribution analysis
In-depth thermal penetration 

Connection to microscale results



No conclusions – no questions! :D
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