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Abstract 
 
An experimental investigation of about self-extinguishment of cross laminated timber (CLT) 
based on the impact of shifting radiation heat fluxes (Rfx). Initially, the behaviour of four CLT 
samples, made with two different types of adhesives: Polyurethane (PU) and Melamine (ME); 
was tested under the same initial condition of 25 kW/m2 generated by a propane powered 
radiant panel for up to 120 minutes. These initial samples worked as a control reference to 
measure the delamination process expected to occur in the engineered timber material.  
 
The second series of experiments, tested three more samples of each adhesive type, starting 
with the same initial setting of 25 kW/m2. After 30 minutes, the radiation flux was decreased to 
three different scenarios: 15 kW/m2, 10 kW/m2 and 5 kW/m2 for up to 60 minutes. Glue layer 
temperature, front temperature and mass loss rate data were recorded during the experiments. 
Self-extinguishment could lead to the improvement of the probabilistic lifespan of a building 
(lower failure probabilities that provide higher reliability) and thus, lay out a fire resilience 
feature of CLT constructions, linking its usage to a sustainable development. 
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Abstract (Italiano) 
 
Un'indagine sperimentale sull'autoestinguimento del legno lamellare incrociato (CLT) basata 
sull'impatto dei flussi di radiazione mobili (Rfx). Inizialmente, il comportamento di quattro 
campioni CLT, realizzati con due diversi tipi di adesivi: Poliuretano (PU) e Melamina (ME); è stato 
testato nella stessa condizione iniziale di 25 kW/m2 generato da un pannello radiante alimentato 
a propano per un periodo di 120 minuti. Questi campioni sono stati utilizzati come riferimento 
di controllo per misurare il processo di delaminazione previsto nel materiale in legno. 
 
Nella seconda serie di esperimenti, sono stati testati altri tre campioni di ogni tipo di adesivo, 
iniziando con la stessa impostazione iniziale di 25 kW/m2. Dopo 30 minuti, il flusso di radiazione 
è stato ridotto a tre diversi scenari: 15 kW/m2, 10 kW/m2 e 5 kW/m2 per un massimo di 60 minuti. 
Durante gli esperimenti, sono state registrat le temperature dello strato di colla, le temperature 
frontale e la velocità di perdita di massa. L'autoestinguenza potrebbe portare al miglioramento 
della durata probabile di un edificio (probabilità di guasto inferiori che forniscono una maggiore 
affidabilità) e quindi, definire una caratteristica di resilienza al fuoco delle costruzioni CLT, 
collegando il suo utilizzo ad uno sviluppo sostenibile. 
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2.2. Fire Safety Engineering (FSE) 
 
Talking about architecture and sustainability, the predictable approach for a research thesis 
would be the one of proposing a project with lower energy consumption that aims to accomplish 
an Ecolabel standard. A different reflexion on the sustainability concept, led to the interest on 
investigating about a construction material and its properties to become sustainable. Timber as 
renewable material with its fire risk weakness, represented the perfect opportunity. 
  
As the research goal was set within a different knowledge field, an interdisciplinary work was 
needed. Fire safety engineering (FSE) is a discipline that looks after the personal safety of 
building users, fire fighters and the protection of property; throughout the design of systems 
and structures that prevent or minimize extreme events related with fires (The University of 
Edinburgh, 2018). FSE matched as the ideal field to study timber and its flammable feature. 
 
Using a performance-based approach, FSE focus on project specific conditions to define the 
degree of fire safety of a building as its fire resistance (Van Herpen, 2021). The main factors and 
conditions that a performance-based approach take into account are shown in Figure 2.   
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 2. Performance based approach of FSE. (Van Herpen, 2021). 
 
Through the investigation of the (2) fire characteristics present in a fire scenario involving an 
engineered timber material (cross laminated timber), and the (3) construction characteristics of 
a proposed fire compartment, the research aims to contribute in understanding timber as a 
sustainable material, under the resilience concept that will be explained in following sections.  
 
 
2.3. Physical fire models   
 
Fire models are fundamental part inside fire safety engineering. They describe, under certain 
parameters, the transport of the source materials in enclosures: fire and smoke. Currently, these 
models have achieved a software accuracy level, in which fire behaviour can be represented 
through temperature-time curves. Fire thermal models present a method to solve the thermal 
and mechanical response of a structure during a fire (Martínez de Aragón et al., 2018).   
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Figure 5. Three pillars of sustainability and their fire impacts.  
 
3. Cross Laminated Timber (CLT) 
 
Cross laminated timber is a construction material comprising at least three layers of glued 
boards or planks made from coniferous or deciduous wood, with each layer placed at 90 degrees 
to the next (Gustafsson, 2019). The crosswise arrangement of CLT, helps in increasing the 
structural strength, load-bearing capacity, dimensional stability and rigidity of the wood panels 
while reducing their shrinkage and swelling (IMARC, 2021).  
 
The European cross laminated timber market reached a volume of 1.25 million cubic meters in 
2020. Due to its prefabrication process, CLT represents an inexpensive, flexible and time-saving 
substitute to conventional construction materials. The production of standardized dimensions 
and shapes, allows a reduction of on-site waste and less installation time, converting CLT panels 
in a very popular material for housing construction in Europe in the last years. (IMARC, 2021).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. Cross Laminated Timber (CLT) panel.  
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3.2. Fire Risk of Timber  
 
A previously mentioned disadvantage of timber and cellulose materials, comes to their 
flammable character that contribute to the fire load of a building. The European reaction to fire 
classification, according to the standard EN 13501-1, categorizes materials according to the 
product contribution by its own decomposition, to a fire to which it is exposed. This is not the 
same criteria that defines if a product is fire resistant (Peroni S.p.a., 2013).  
 
Materials get an initial classification: A1, A2, B, C, D, E and F. Products in classes A1 and A2, are 
non-combustible, while B to F classes are combustible in ascending order. Materials in A2, B, C, 
D classes, obtain and additional classification regarding their smoke emission level (s) and the 
production of flaming droplets/ particles (d) (Peroni S.p.a., 2013).   
  
The European reaction to fire classification places cross laminated timber inside the Euro class 
D-s2-d0 (Stonko Enterprises, 2016). It means that CLT is considered a combustible material with 
medium contribution to fire (D), has a level two smoke emission (s2), with a quantity/speed of 
emission of average intensity, and has no dripping process (d0) (Peroni S.p.a., 2013).   
 
Compared to other materials used as load bearing elements, unprotected CLT will directly ignite 
after reaching 350 °C (Ravenshorst, 2021). It is known that there are several coating protections 
that can mitigate the combustible character of CLT, by adding a fire resistance up to 120 minutes. 
From the architectural point of view, working with timber represents an opportunity to exhibit 
the wood grain as a finishing material without any type of coating, arguing a fire reliability. 
 
Fire reliability in unprotected CLT, could be obtained through the study of one of the most 
interesting properties on wood: the charring process linked to the pyrolysis reaction of timber 
during combustion on a fire scenario. Previous studies investigated the cross-section reduction 
of CLT beams exposed to fire. After the fire extinguishment, a 7 mm reduction was present, but 
the centre of the beam conserved the same initial strength thanks to the charring process 
(Ravenshorst, 2021). Charring then, can act as protection barrier for the inner wood.  
 
If an engineered timber product, such as unprotected CLT is able to withstand fire and then be 
recovered to some extent, could be called sustainable, as it was able to mitigate some of the 
impacts of building fires according to the sustainability concept. Such wood property, based on 
the charring process, can be related to the definition of resilience. Resilience and its theoretical 
framework and link towards fire safety engineering, will be explained in the following section. 
    
 
4. Resilience  
 
Resilience according to the Cambridge Dictionary, can be defined as the ability of a substance to 
return to its usual shape after being stretched, bent or pressed. A more general definition, sets 
resilience as the quality of being able to return quickly to a previous good condition after a bad 
situation (Cambridge Dictionary, 2021). A more accurate definition will be explained bellow. 
 
4.1. Resilience in systems 
  
Resilience as a simplified definition can be understood as the state of a system (Haimes, 2006). 
A further development of the concept, defines resilience as the inherent ability of that system, 
to withstand a major disruption within an acceptable degradation parameter and to specifically 
recover within an acceptable time and composite costs and risks (Haimes, 2006). 
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In the cascade model for fire spread, the farther to the left the normative Line of Defence moves, 
the smaller the fire size. This increases the chance of a successful fire control, translating into 
more robustness (Van Herpen & Van Calis, 2016). A benchmark for resilience, as the clear 
connection with damage limitation, can be assigned to the cascade model. The stronger the 
initial LOD, the more resilient and thus sustainable, the fire safety concept is and the longer the 
probabilistic lifespan, enhancing the construction reliability (Van Herpen & Van Calis, 2016). 
 
Strengthen the normative LODs by limiting the fire spread as early as possible, becomes the 
main objective from the point of view of resilience through acquired robustness. This can be 
formulated as in Van Herpen & Van Calis (2016), as the main objectives related to fire prevention 
within the framework of this investigation: Continuity and damage limitation (detailing-related) 
for LOD 1; and sustainability and damage limitation (building/compartment-related) for LOD 2.  
 
 
5. Self-extinguishment of CLT (LOD1)  
 
A possible answer to the weakness present as the combustible character of unprotected cross 
laminated timber (CLT), discarding as aforementioned, an automatic response of LOD1 during a 
compartment fire, could be self-extinguishment (Crielaard et al., 2019). Self-extinguishment, is 
a phenomenon that would occur if all combustible contents in the compartment have been 
consumed and the timber structure is still able to maintain its load-carry strength and is able to 
provide adequate compartmentation (Crielaard et al., 2019).  
 
A CLT structure might be able to survive fire and prevent a collapse scenario, thanks to the 
triggering of self-extinguishment. Self-extinguishment was investigated as a passive protection 
mechanism as in Crielaard et al. (2019), with the possibility to display a resilient quality of 
engineered timber and contribute to its sustainable character.  
  
5.1. Charr fall-off 
 
Previous investigations such as Emberley, R.L. (2017) have highlighted that self-extinguishment of 
cross laminated timber compartments, is heavily dependent on the prevention of char fall-off 
(Schmidt, 2020). The char layer hinders pyrolysis of deeper layers and can thereby starve the fire 
of fuel after the movable fuel in the compartment has been consumed. The fall-off of the char 
layer exposes the underlying timber and thereby adds new fuel to the fire (Schmidt, 2020). 
 
According to Schmidt, L. (2020), the forming char layer, product of CLT front side combustions, 
provides an insulating effect for the timber below undergoing pyrolysis. As a consequence of 
increased heat losses from the charred surface and a lower heat transfer in depth, the 
production and mass flow of pyrolysis gases reduces (Schmidt, 2020).  
 
Consequently, a growing and steady char layer will continuously reduce the production of 
combustible pyrolysis gases in the virgin (unburnt) timber layer (Schmidt, 2020). In this way, the 
burning rate decreases and delays the onset of pyrolysis in the deeper sections of the CLT 
sample. Eventually, the formation of a char layer can lead to self-extinction of flaming 
combustion on the surface (Schmidt, 2020). Burn degradation of timber is shown in Figure 9.  
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Figure 9. The phenomenon of the charring process. (Gustafsson, 2019).  
 
 
5.2. Flaming combustion 
 
Combustion can be understood as the oxidation of a fuel (combustible material) by an ignition 
energy, leading to a lower state of energy level (Van Herpen, 2021). Flaming combustion then, 
is the process occurring when visible flames and plume of a fire are visible. In flaming 
combustion, the fuel is present in the gas phase. The reactions and heat release occur in the gas 
adjacent to the liquid or solid surface (Van Herpen, 2021). 
 
A flaming combustion, triggered by a manual ignition in the front side of the CLT samples, will 
act as the initial condition of timber combustion for experiments to design, in order to simulate 
a compartment fire scenario. An image of a flaming combustion is shown in Figure 10.    

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 10. CLT flaming combustion.  
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5.3. Smouldering combustion  
 
In the other side, smouldering combustion can be understood as a slow, flameless form 
of combustion, sustained by the heat evolved when oxygen directly attacks the surface of 
a condensed-phase fuel (Ohlemiller, 2002). 
 
According to Crielaard et al. (2019), smouldering was found to be controlled by the rate of 
diffusion of oxygen to the reaction zone, rather than by the amount of oxygen available in the 
ambient air. This also suggests that an externally applied heat flux is required to sustain a 
smouldering combustion with cross laminated timber (Crielaard et al., 2019). 
 
In a real compartment fire scenario, the aforementioned heat flux could be provided by mutual 
cross-radiation between CLT surfaces and other hot surfaces, such as the flaming or smouldering 
of room contents (Crielaard et al., 2019). If this heat flux drops below a certain threshold value, 
the smouldering CLT can be expected to self-extinguish, displaying a fire resilience characteristic. 
An image of a smouldering combustion is shown in Figure 11.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 11. CLT smouldering combustion. 

 
 
5.4. Radiation Heat Flux (Rfx) 
 
Heat can be transmitted by three modes: convection, conduction and radiation. Radiation is a 
significant mode of heat transfer in typical fire environments (Bryant et al., 2003). A radiation heat 
flux then, can be defined as an external heat transmission mechanism. This external heat source 
should be provided according to Crielaard et al. (2019), in order to set up the right conditions to 
investigate self-extinguishment. A schematic setup for testing with (Rfx) is shown in Figure 12. 
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Figure 12. Initial setup idea for the experiments design.  
 
5.5. Model of Self-extinguishment  
 
The key idea behind self-extinguishment is the one that posits that wood is not able to sustain 
its own combustion, supported by the experience that wood will not burn in flaming combustion 
unless supported by heat from another source (Crielaard et al., 2019). 
 
Crielaard et al. (2019) proposed a model to reach self-extinguishment. The model is represented 
as diagram of the expected combustions phases of the engineered timber product. Cross 
laminated timber then, is expected to either transform from flaming to smouldering 
combustion, or remain in flaming combustion as a result of fall-off of charred lamellae (Crielaard 
et al., 2019).  
 
If the fire transforms to smouldering combustion, the CLT might transform back to flaming 
combustion as a result of fall-off of charred lamellae, continue smouldering if the heat flux 
received was high enough, or self-extinguish if the heat flux was sufficiently low (Crielaard et al., 
2019). The model is shown in Figure 13.  
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 13. Model of self-extinguishment. (Crielaard et al., 2019). 
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PART B.  
EXPERIMENTS
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Figure 19. Derix CLT Specimen. L120/3s: 200 mm x 400 mm with lamella of 40 mm (x3). 

 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 20. Derix CLT Specimen. X80/3s: 200 mm x 400 mm with lamella of 30 mm, 20 mm and 30 mm. 
 
It was necessary to put a fire insulation material on the samples sides to prevent lateral burning. 
A layer of Rockwool Soffit Slab with a thickness of 50 mm was fixed with washers. One side of 
the specimen was left unprotected in order to visualise the charring process of timber during 
the test. For the first series of experiments, a hole was drilled in the rear side to reach the first 
glue layer in order to install a thermocouple and measure the glue temperature during the test. 
Figure X and Figure X show the final version of specimens to be tested.  
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
Figure 21. PU - CLT Specimen. L120/3s: 200 mm x 400 mm with lamella of 40 mm (x3). 
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Figure 23. Test Apparatus for ISO 5658-2. Dimensions in millimetres. (ISO Standard No. 5658-2:2006). 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 24. Original radiant panel orientation (15º) for ISO 5658-2. (ISO Standard No. 5658-2:2006). 
 
The specimen holder for ISO 5658-2 was originally designed to support samples of 800 mm x 
155 mm x 50 mm. In order to achieve a real and uniform radiation flux in front of the CLT 
samples, it was necessary to cut the specimens to be smaller than the total area of the radiant 
panel (Figure X). As the research thesis aims to investigate the self-extinguishment of cross 
laminated timber and not the flame spread, in the following section the complete adaptation of 
the ISO Standard and the construction of the experiment will be explained and detailed. 
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5. Experiments Setup 
 
As mentioned in the previous section, Peutz Group was in the initial stage of constructing and 
implementing the ISO Standard and the test apparatus was not was not fully assembled. With 
the help of some technicians from the Peutz Laboratory for Fire Safety in Mook-Molenhoek, NL; 
it was possible adapt some of original setups and to construct the right apparatus for our tests. 
 
Two series of experiments were planned. The first one aimed to investigate the delamination 
process of cross laminated timber through the exposure of the specimens to a constant radiation 
flux (Rfx) of 25 kW/m2 for up to two hours. As the initial heat flux was not enough to ignite the 
samples, a manual ignition after two minutes was performed in both experiments. The first 
series worked as control tests to analyse if the specimens could bear a higher Rfx for a long time 
before experiencing any char fall-off. A thermo couple was placed inside the specimens to 
control the first glue layer temperature and its influence in a possible re-ignition scenario.  
 
The second series of experiments consisted in setting up a possible scenario to trigger a 
smouldering phase and potentially self-extinguishment. After an initial exposure of 30 minutes 
to a constant Rfx of 25 kW/m2, the radiation flux value was lowered to 15, 10 and 5 kW/m2 to 
investigate the CLT reaction. The thermocouple sensor was placed in front of the specimens to 
control the front temperature to evidence a possible decrease due to self-extinguishment.  
 
5.1. Radiant Panel orientation 
 
In order to achieve a constant radiation flux coming out the radiant panel, it was necessary to 
change the 15° degrees deviation from the original ISO 5658-2 Standard. The cold-rolled table 
in which the radiant panel was fixed (already with the 15° degrees deviation), was turned and 
aligned to 0° degrees to get a parallel position with the CLT specimens as shown in Figure X.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 25. Radiant panel orientation (0º) for Fire Resilience of CLT experiments. 
 
Since the measure of the specimen had to be reduced to fit inside the total area of the radiant 
panel, the original specimen holder from ISO 5658-2 had to be re-built f. Following the advice of 
Peutz technicians, the wire screen (5) was substituted with a series of horizontal metal bars. For 
the second series of experiments, the distance (x) between the radiant panel and the specimen 
changed from a fixed value to a variable depending on the necessary radiation flux (Rfx) to test 
with. A record of photos every 6 minutes was set to document the charring in both experiments. 
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5.2. Specimen holder  
 
As the specimen required a smaller dimension to be aligned inside the area of the radiant panel, 
a new specimen holder was needed. Starting from a cold-rolled table made with square profiles 
(40 mm x 40 mm), it was decided to simplify the holder by attaching two rack profiles with a gap 
of 400 mm to fit the length of the specimens. The new holder is described in Figure X. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 26. New specimen holder constructed for Fire Resilience of CLT experiments. 
 
In order to test at different radiation fluxes without compromising the exact gas flow coming 
from the propane bottles, and to be accurate, it was necessary to design a movable specimen 
holder able to reach different distances (x) among the radiant panel and the CLT specimens. 
Figure X explains the design of the new specimen holder (5) mentioned in Figure X.  
 
Thanks to the suggestion of one of the thesis advisors and following the material properties, it 
was decided to also record data related to the pyrolysis process of timber in the form of mass 
loss during the burning test. Since Peutz Laboratory for Fire Safety did not count with a special 
equipment to measure mass loss, it was necessary to add a primitive but efficient weighing 
method to the new specimen holder. A weighing scales was put above a pallet truck, right in the 
point to be align with the centre of mass of the cold-rolled table with the rack profiles.  
 
A counterweight made with three wood profiles of section 70 mm x 40 mm, was placed in the 
opposite side in which the specimens were going to be placed. Once the cold-rolled table was in 
place with the counterweight, a tare function in the weighing scales was active to get an initial 
value of zero. At the time the CLT specimen was fixed to the holder, the value in the weighing 
indicator showed just the weight of the specimen. The complete holder with all the adaptations 
to measure mass loss and acquire different radiation fluxes, is shown Figure X and Figure X.  
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Figure 27. New specimen holder constructed and adapted for the desired data collection. 

 

 
Figure 28. Detailed elevations of the constructed specimen holder. Dimensions in millimetres. 



 

27 
 

5.3. Measurement plan and mechanism  
 
A calibration with an infrared radiation sensor was necessary to warranty reliable distances for 
different radiation fluxes and an equal testing environment for all the CLT specimens. Figure X, 
illustrates the calibration process made with the infrared sensor.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 29. Calibration process to define distance (x) between the radiant panel and specimen holder. 
 
Four distances (x) were recorded and corroborated to obtain the desired radiation fluxes for 
testing: 220 mm for 25 kW/m2; 340 mm for 15 kW/m2; 420 mm for 10 kW/m2 and 640 mm for 
5 kW/m2. Figure X shows the Data logger used to record radiation fluxes. Figures X, X, X and X 
shows the final setup with the distances between the specimen holder and the radiant panel. 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
Figure 30. Graphtec GL 240 Midi data logger used to record radiation flux and thermocouple data. 
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Figure 31. Setup for the initial part of the test. 220 mm for 25 kW/m2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 32. Setup for the shifting experiments. 340 mm for 15 kW/m2. 
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Figure 33. Setup for the shifting experiments. 420 mm for 10 kW/m2. 

 

 
Figure 34. Setup for the shifting experiments. 640 mm for 5 kW/m2. 
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5.4. Final Setup and testing images 
 
The final testing environment was achieved after one week of construction, adaptation and 
some initial tests to verify that all apparatuses worked. Due to the high work flow inside Peutz 
Laboratory for Fire Safety, the experiment setup had to be moved from one side to another of 
the laboratory. The following Figures show both locations and some photos during the tests. 

 

 
Figure 35. Setup on side A (left side of the laboratory). 20/12/2021 

 

 
 

Figure 36. Setup on side B (right side of the laboratory). 23/12/2021. 
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Figure 37. Testing on side A. PU 1 - 20/12/2021. 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 38. Setup on side B. ME 2 - 21/12/2021 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 39. Testing on side B. PU 2 - 21/12/2021. 
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6. Results  
 
As aforementioned, a sequence of photos took every 6 minutes was made to document the 
charring process in both series of experiments. Temperature data in the glue layer and in the 
front of the sample as well as the mass loss, were also recorded for each experiment objective. 
 
6.1. PU Delamination Control Specimens  
 
First series of experiments. In order to investigate the delamination process on the CLT samples 
made with PU (Polyurethane) adhesive, these series used a constant radiation flux for two hours. 
 
6.1.1. PU 1: 25kW/m2 for 120 minutes 
 
Time-lapse of the charring process every 30 minutes and the time of the re-ignition. 

 
Figure 40. Time-lapse PU 1.  25 kW/m2 for 120 min. Re-ignition at minute 76. 

 
The specimen had an intense flaming combustion after the initial ignition, decaying after 6 
minutes. Horizontal cracks, following the wood grain appeared in the front of the sample at 
minute 8. The remaining flames lodged in the described cracks and continued to fade until a 
smouldering phase was reached at minute 28. First lamella complete visual charring occurred at 
minute 72. Just four minutes later, a re-ignition with visible flames occurred. First lamella 
complete fall-off took place at minute 90. After that the specimen continued burning with a 
decaying flaming combustion until a smouldering combustion was reached again at minute 116.  
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Figure 41. Mass loss per unit surface area graph for specimen PU 1. 

 

 
Figure 42. Glue layer temperature graph for specimen PU 1. 

 
Polyurethane adhesive CLT specimen number one (PU 1), presented moderate mass loss rate 
right up to minute 78. After the re-ignition with visible flames, the mass loss rate increased until 
the complete first lamella fall-off at minute 90. The ignition of the complete PU glue layer was 
set to be around minute 86 as the recorded temperature rapidly increased from 176 °C, peaking 
to 493 °C due to flaming combustion at minute 106. A considerable decrease of the temperature 
was evident after minute 106; after this point the thermocouple previously installed inside the 
sample, got completely exposed to external conditions and the measurement got compromised 
as the sensor started to cool down due to the lack of material in front of it.  
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6.1.2. PU 2: 25kW/m2 for 120 minutes 
 
Time-lapse of the charring process every 30 minutes and the time of the re-ignition. 
 

 
 

Figure 43. Time-lapse PU 2.  25 kW/m2 for 120 min. Re-ignition at minute 88. 
 

 
The second PU specimen presented an intense flaming combustion after the initial ignition, 
decaying after 10 minutes. As the first specimen, horizontal cracks following the wood grain 
appeared in the front of the sample, a bit later at minute 12. The remaining flames were 
allocated in small vertical cracks that appeared at minute 14.  
 
A smouldering phase was reached at minute 22. First lamella complete visual charring occurred 
at minute 76, maintaining a constant smouldering combustion. The re-ignition of the sample 
with visible flames occurred at minute 88, followed by the first lamella complete fall-off that 
took place at minute 90.  
 
A constant flaming combustion continued until minute 98. From minute 100 to minute 116 there 
was a considerable increase in the flame intensity of the combustion. After a short fading period, 
a second smouldering combustion was reached in the front of the CLT specimen at minute 118.  
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Figure 44. Mass loss per unit surface area graph for specimen PU 2. 

 
Figure 45. Glue layer temperature graph for specimen PU 2. 

 
Polyurethane adhesive CLT specimen number two (PU 2), presented a prolonged moderate mass 
loss rate right up to minute 88. At this moment, the re-ignition of timber took place and a 
considerable mass loss was recorded due to the fist lamella fall-off at minute 90.  In this test, 
the ignition of the complete PU glue layer was set to be exactly at minute 90, increasing from 
178 °C to 248 °C in just two minutes. Compared to the first PU specimen, the temperature in the 
glue layer continued to increased, peaking at 557 °C right in the end of the test. Although the 
complete glue layer was visible ignited and then surpassed, based on the fact that a second 
smouldering phase was reached, the thermocouple did not display a sudden decrease of 
temperature, showing that the sensor was placed slightly behind the glue layer.  
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6.2. ME Delamination Control Specimens 
 
First series of experiments. In order to investigate the delamination process on the CLT samples 
made with ME (Melamine) adhesive, these series used a constant radiation flux for two hours. 
 
6.2.1. ME 1: 25kW/m2 for 120 minutes 
 
Time-lapse of the charring process every 30 minutes and the time of the re-ignition. 
  

 
Figure 46. Time-lapse ME 1.  25 kW/m2 for 120 min. Re-ignition at 66 minutes. 

 
 
The specimen showed and intense flaming combustions after the initial ignition, decaying after 
10 minutes. Horizontal and vertical cracks following the wood grain, appeared in the front of the 
sample at minute 16. The remaining flames lodged in the described cracks and continued to fade 
until a smouldering phase was reached at minute 30.  
 
A small re-ignition, based on the appearance of small flames took place at minute 44. This 
continued up to minute 66 in which a bigger re-ignition showed bigger flames. The first lamella 
complete visual charring occurred at minute 76. A constant and intense flaming combustion was 
maintained to minute 110, when the first lamella complete fall-off occurred. No additional 
smouldering combustion was reached before the end of the test.  
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Figure 47. Mass loss per unit surface area graph for specimen ME 1. 

 
Figure 48. Glue layer temperature graph for specimen ME 1. 

 
Melamine adhesive CLT specimen number one (ME 1), presented a considerably lower mass loss 
rate, compared to the PU specimens. Although ME specimen had less mass due to the lamella 
thickness difference, their performance seemed to be better. First lamella fall-off took place at 
minute 1100; apparently did not affect the mass loss rate as it continued in a stable way until 
the end of the test. A relatively constant glue layer temperature increase was shown starting at 
minute 44, with very small flames that become considerable flames at minute 66. This flaming 
combustion occurred even before the first lamella complete visual charring, and continued to 
the end of the test. As in test PU 1, a temperature decrease occurred after glue layer ignition. 
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6.2.2. ME 2: 25kW/m2 for 120 minutes 
 
Time-lapse of the charring process every 30 minutes and the time of the re-ignition. 
 
 

 
 

Figure 49. Time-lapse ME 2.  25 kW/m2 for 120 min. Re-ignition at 70 minutes. 
 
 
 
The second ME specimen showed and intense flaming combustions after the initial ignition, 
decaying after 8 minutes. Vertical cracks following the wood grain, appeared in the front of the 
sample at minute 12. As in previous tests, the remaining flames lodged in the vertical cracks and 
continued to fade until a smouldering phase was reached at minute 18, the fastest recorded.  
 
A constant smouldering combustion, was maintained for up to 50 minutes. A constant smoke 
rate was visible. At minute 62, some cracking noise occurred, indicating a possible fall-off of the 
first lamella.  It was only up to minute 70, when re-ignition took place.  
 
A smaller flaming combustion, compared to specimen ME 1, was maintained until minute 110, 
when the first lamella complete fall-off occurred. Differently from the initial ME specimen, at 
minute 118 a smouldering combustion was reached again until the end of the test.   
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Figure 50. Mass loss per unit surface area graph for specimen ME 2. 

 
Figure 51. Glue layer temperature graph for specimen ME 2. 

 
Melamine adhesive CLT specimen number two (ME 2), presented an equally lower mass loss 
rate, compared to the PU specimens. Once again, ME adhesive seemed to have a better 
performance, holding its first lamella fall-off took until minute 110. As in specimen ME 1, 
apparently the lamella fall-off did not affect the mass loss rate as it continued in a stable way 
increasing slightly in the last two minutes before of the end of the test. A relatively constant glue 
layer temperature increase started at minute 42, still through a smouldering phase, compared 
to specimen ME 1. The highest glue layer temperature was reached two minutes before the 
complete lamella fall-off, indicating that just a small portion of the glue layer was burning before.  
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6.3. PU at different (Rfx) 
 
Second series of experiments. In order to investigate the self-extinguishment of CLT samples 
made with PU (Polyurethane) adhesive, these series used a shifting radiation flux in 90 minutes. 
 
6.3.1. PU 3: 25kW/m2 to 15 kW/m2 

 
Time-lapse of the charring process every 30 minutes plus charring after the radiation flux shift. 
 

 
 

Figure 52. Time-lapse PU 3.  25 kW/m2 for 30 min. Shift to 15 kW/m2 for 60 min. 
 
As the initial conditions for the second series of experiments, were the same as in the first series, 
the behaviour of specimen PU 3 was practically the same up to minute 30. The specimen had an 
intense flaming combustion after the initial ignition, decaying after 8 minutes. Vertical cracks, 
following the wood grain appeared in the front of the sample at minute 10. The remaining flames 
lodged in the described cracks and continued to fade until a smouldering phase was reached at 
minute 28. First lamella complete visual charring occurred at minute 86.  
 
No re-ignition nor first lamella complete fall-off occurred during the complete duration of the 
test. A constant smouldering combustion was maintained during the whole test, varying in the 
smoke rate. A considerable increase in the smoke release rate took place at minute 52, decaying 
to a slow and constant rate at minute 66. After that, the smoke rate remained steady stable. 
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Figure 53. Mass loss per unit surface area graph for specimen PU 3. 

 
Figure 54. Char layer temperature (front) graph for specimen PU 3. 

 
Polyurethane adhesive CLT specimen number three (PU 3), displayed a complete first lamella 
charring process, becoming the first one to do it in the second series of experiments. Despite 
the complete charring, no re-ignition occurred and the specimen stayed in a constant 
smouldering phase throughout the complete experiment. An edged delamination process took 
place around minute 58 with no further consequences, understood as fall-off of small portions 
of char right in the top and bottom edges. The front charring layer temperature started to 
decrease even before reaching smouldering phase. The front temperature acquired a relative 
stable value after the radiation flux change, averaging 241 °C for the next 60 minutes. 
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6.3.2. PU 4: 25 kW/m2 to 10 kW/m2 
 
Time-lapse of the charring process every 30 minutes plus charring after the radiation flux shift. 
 

 
 
 

Figure 55. Time-lapse PU 4.  25 kW/m2 for 30 min. Shift to 10 kW/m2 for 60 min. 
 
 
The behaviour of specimen PU 4 was similar to the previous PU test up to minute 30 when the 
radiation heat flux change took place. The specimen had an intense flaming combustion after 
the initial ignition, decaying after 10 minutes. Horizontal and vertical cracks, following the wood 
grain appeared in the front of the sample at minute 12.  
 
The remaining flames lodged in the bottom of the cracks and continued to fade until a 
smouldering phase was reached at minute 26. The specimen displayed a very slow charring 
process, compared to the PU 3 test, at the point that there was not a complete first lamella 
complete charring, only around a 37% of the first lamella got charred. No re-ignition took place 
during the experiment and the specimen maintained a constant smouldering combustion up to 
the end of the test. A very small smoke rate was present up to minute 44, after that time a 
slightly increase of the smoke rate was visible and was maintained until the ended of the test.  
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Figure 56. Mass loss per unit surface area graph for specimen PU 4. 

 
Figure 57. Char layer temperature (front) graph for specimen PU 4. 

 
Polyurethane adhesive CLT specimen number four (PU 4), showed a slower charring process 
compared to specimen PU 3. No complete first lamella charring nor re-ignition occurred and the 
specimen stayed in a constant smouldering phase throughout the complete experiment. An 
edged delamination process took place around minute 56, displaying a fall-off of small portions 
of char right in the top and bottom edges. The front charring layer temperature started to 
decrease even before reaching smouldering phase. The front temperature acquired a relative 
stable value after the radiation heat flux change, averaging 195 °C for the next 60 minutes.  
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6.3.3. PU 5: 25 kW/m2 to 5 kW/m2 

 
Time-lapse of the charring process every 30 minutes plus charring after the radiation flux shift. 
 

 
 

Figure 58. Time-lapse PU 5.  25 kW/m2 for 30 min. Shift to 5 kW/m2 for 60 min. 
 
 
Specimen PU 5 behaved practically the same as the previous PU tests. Vertical cracks, following 
the wood grain appeared in the front of the sample at minute 6. The specimen had an intense 
flaming combustion after the initial ignition, decaying after 10 minutes. The remaining flames 
seemed very pale, compared to the previous PU tests and also lodged in the bottom of the cracks 
and continued to fade until a smouldering phase was reached at minute 28.  
 
As specimen PU 4, PU 5 displayed an even slower charring process, compared to the PU 3 test, 
also avoiding a complete first lamella complete charring. Around a 20% of the first lamella got 
charred. A decaying smoke rate was present up to minute 52, after that time a slightly increase 
of the smoke rate in the right side of the specimen was visible and was maintained until the 
ended of the test. No re-ignition took place during the experiment and the specimen maintained 
a constant smouldering combustion up to the end of the test, as the previous PU specimens.   
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Figure 59. Mass loss per unit surface area graph for specimen PU 5. 

 

 
Figure 60. Char layer temperature (front) graph for specimen PU 5. 

 
 
Polyurethane adhesive CLT specimen number five (PU 5), displayed an even slower charring 
process compared to specimen PU 4. An edged delamination process took place around minute 
62, showing a fall-off of small portions of char right in the top and bottom edges, way later than 
in specimen PU 4. No complete first lamella charring nor re-ignition occurred and the specimen 
stayed in a constant smouldering phase throughout the complete experiment. The front 
charring layer temperature, also started to decrease even before reaching smouldering phase. 
The front temperature acquired a relative stable value after the radiation heat flux change, 
averaging 148 °C for the next 60 minutes until the end of the test.  
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6.4. ME at different (Rfx) 
 
Second series of experiments. In order to investigate the self-extinguishment of CLT samples 
made with ME (Melamine) adhesive, these series used a shifting radiation flux in 90 minutes. 
 
6.4.1. ME 3: 25 kW/m2 to 15 kW/m2 

 
Time-lapse of the charring process every 30 minutes plus charring after the radiation flux shift. 
 

 
 

Figure 61. Time-lapse ME 3.  25 kW/m2 for 30 min. Shift to 15 kW/m2 for 60 min. 
 
The first ME specimen for the second series of experiments, behaved relatively similar to the 
previous ME tests up to minute 30. The specimen had an intense flaming combustion after the 
initial ignition, decaying after 8 minutes. Vertical cracks, following the wood grain appeared in 
the front of the sample at minute 12. The remaining flames lodged in the bottom of the cracks 
and continued to fade until a smouldering phase was reached at minute 28. A charring process 
that consumed at least 73% of the first lamella was visible until minute 63. 
 
No re-ignition nor first lamella complete fall-off occurred during the complete duration of the 
test. A constant smouldering combustion was maintained during the whole test. A slow smoke 
rate was present up to minute 42, after that, there was a slightly increase that decreased again 
at minute 76, after that the smoke rate continued steady stable up to the end of the test.  
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Figure 62. Mass loss per unit surface area graph for specimen ME 3. 

 

 
Figure 63. Char layer temperature (front) graph for specimen ME 3. 

 
Melamine adhesive CLT specimen number three (ME 3), displayed an evident lower charring 
process compared to specimen ME 2. No complete first lamella charring nor re-ignition occurred 
and the specimen stayed in a constant smouldering phase throughout the complete experiment. 
An initial weakening of the edged lamella, took place at minute 44. The delamination process 
took place around minute 56, showing a fall-off of small portions of char right in the top and 
bottom edges. The front charring layer temperature started to decrease before reaching 
smouldering phase. The front temperature acquired a relative stable value after the radiation 
heat flux change, averaging 203 °C for the next 60 minutes until the end of the test.  
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6.4.1. ME 4: 25 kW/m2 to 10 kW/m2 

 
Time-lapse of the charring process every 30 minutes plus charring after the radiation flux shift. 
 
 

 
 

 
Figure 64. Time-lapse ME 4.  25 kW/m2 for 30 min. Shift to 10 kW/m2 for 60 min. 

 
 
Specimen ME 4 behaved significantly different to the previous ME 3 tests, showing a higher front 
temperature right after the manual ignition. The specimen had an intense flaming combustion, 
decaying after 6 minutes. Horizontal and vertical cracks, following the wood grain appeared in 
the front of the sample at minute 8. The remaining flames lodged in the bottom of the cracks 
and continued to fade until a smouldering phase was reached at minute 26. A complete charring 
process of the first lamella was completed at minute 82. 
 
No re-ignition nor first lamella complete fall-off occurred during the complete duration of the 
test. A constant smouldering combustion was maintained during the whole test, with a slow 
smoke rate that ended at minute 44. A slightly increase in the smoke rate was recorded at 
minute 46, which finally continued steady stable up to the end of the test.  
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Figure 65. Mass loss per unit surface area graph for specimen ME 4. 

 

 
Figure 66. Char layer temperature (front) graph for specimen ME 4. 

 
Melamine adhesive CLT specimen number four (ME 4), displayed a slightly higher charring 
process compared to specimen ME 3. Despite the complete charring, no re-ignition occurred 
and the specimen stayed in a constant smouldering phase throughout the complete experiment. 
The front charring layer temperature also started to decrease before reaching smouldering 
phase. The front temperature acquired a relative stable value after the radiation heat flux 
change, averaging 214 °C for the next 60 minutes, showing a slightly higher temperature 
compared to the previous ME specimen test. Contrary to expectations, specimen ME 4 
performed worse at a lower radiation heat flux in almost all the evaluated aspects.  
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6.4.1. ME 5: 25 kW/m2 to 5 kW/m2 

 
Time-lapse of the charring process every 30 minutes plus charring after the radiation flux shift. 
 

 
 

Figure 67. Time-lapse ME 5.  25 kW/m2 for 30 min. Shift to 5 kW/m2 for 60 min. 
 
 
The final ME specimen for the second series of experiments, behaved relatively similar to 
specimen ME 3 up to minute 30. The specimen had an intense flaming combustion after the 
initial ignition, decaying after 8 minutes. Vertical cracks, following the wood grain appeared in 
the front of the sample at minute 10. The remaining flames lodged in the bottom right side of 
the cracks and continued to fade until a smouldering phase was reached at minute 28. A 
considerable slower charring process compared to the previous ME tests was evident. 
 
No re-ignition nor first lamella complete fall-off occurred during the complete duration of the 
test. A constant smouldering combustion was maintained during the whole test. A slow smoke 
rate was present up to minute 36, after that, there was a slightly increase at minute 38. The 
smoke rate stabilized after that point and continued steady stable up to the end of the test with 
a little more evidence of smoke release on the right side of the specimen.  
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Figure 68. Mass loss per unit surface area graph for specimen ME 5. 

 
Figure 69. Char layer temperature (front) graph for specimen ME 5. 

 
Melamine adhesive CLT specimen number five (ME 3), displayed an evident lower charring 
process compared to specimens ME 3 and ME 4. Around minute 58, a fall-off of small portions 
of char right in the bottom edges occurred. No complete first lamella charring nor re-ignition 
occurred and the specimen stayed in a constant smouldering phase throughout the complete 
experiment. Contrary to all previous experiments of the second series, the front charring layer 
temperature did increase before reaching smouldering phase. After the smouldering, the front 
temperature started to decrease and acquired a relative stable value, slightly later after the 
radiation heat flux change, averaging 161 °C for the next 52 minutes until the end of the test.  
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Figure 72. Mass loss per unit surface area comparative graph for ME specimens - Experiments #1. 
 
 
 
 
 

 
 

Figure 73. Glue layer temperature comparative graph for ME specimens - Experiments #1. 
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Figure 74. Mass loss per unit surface area comparative graph for PU specimens - Experiments #2. 
 
 
 
 
 

 
 

Figure 75. Front char layer temperature comparative graph for PU specimens - Experiments #2. 
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Figure 76. Mass loss per unit surface area comparative graph for ME specimens - Experiments #2. 
 
 
 
 
 
 

 
 

Figure 77. Front char layer temperature comparative graph for ME specimens - Experiments #2. 
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DESIGN INTERPRETATION
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Figure 82. Detail 2 - CLT partition wall, based on (Gustafsson, 2019). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 83. Detail 3 - CLT vertical cross section, based on (Gustafsson, 2019). 
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