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Summary  

Cross-Laminated timber (CLT), and other engineered timber products, are under high demand due to 

their prefabricated nature and environmental benefits. A key concern surrounding the application of 

CLT in buildings is its combustible nature and subsequent contribution to a compartment fire. 

Previous research has shown that exposed CLT, under certain circumstances, can achieve self-

extinguishment. This research aims to further experimentally investigate the fire performance of 

small-scale compartments containing exposed CLT.  

The focus of this study is threefold, namely to investigate: i) the influence of (commercially available) 

adhesives used in CLT panels on fire behaviour; ii) the influence of CLT panel configuration on fire 

behaviour and iii) the ability of design guidelines to predict experimentally obtained fire behaviour. 

By investigating these aspects, a detailed investigation into fire behaviour of compartments with 

exposed CLT is presented to characterise the influence of CLT on enclosure fire behaviour and assess 

the ability of CLT to reliably self-extinguish. 

A series of small scale (0.5m x0.5m x 0.5m internal dimensions) compartment tests was used to 

investigate compartment fire behaviour. All compartments were constructed of melamine-urea-

formaldehyde (MUF) bonded CLT panels and non-combustible boards. An identical experimental 

methodology as implemented by Crielaard (2015) (who investigated poly-urethane (PU) -bonded CLT 

panels) was used in this investigation. By varying the adhesive type between investigations, practical 

adhesive comparisons were formulated.    

Based on the experiments that sought to investigate the influence of adhesive type on fire behaviour, it 

was observed that in comparable compartment experiments with two exposed CLT side walls, panel 

burn-through behaviour (and the occurrence of a 2
nd

 flashover) was observed in PU bonded panels as 

opposed to self-extinguishment in MUF bonded CLT panels. It was further observed in these two 

compartment experiments, that the tested MUF bonded CLT panels experience a process of local char 

fall off, as opposed to a process of delamination (of planks)  in the investigated PU bonded CLT 

panels. In another comparable PU bonded CLT side wall compartment experiment, self-

extinguishment was also recorded. When comparing the charring rates observed in CLT side wall 

compartments that self-extinguished, it was founded that 1
st
 lamella charring rates were 14.1% to 

19.4% higher in PU bonded panels as compared to MUF bonded CLT panels.  

When considering the influence of CLT panel configuration on compartment fire behaviour, various 

conclusions were drawn. It was found that both compartment temperatures and the heat release rate 

(HRR) did not change with varying CLT panel orientation. Furthermore, compartments with only one 

exposed CLT panel as opposed to two CLT panels, displayed shorter decay phase durations (i.e. 
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achieved self-extinguishment faster). In addition, with one exposed CLT surface, the contribution to 

the total HRR by the CLT alone was half the contribution by the CLT in compartments with two 

exposed CLT surfaces (regardless of CLT panel orientation). Additionally, the most predictable fire 

behaviour (i.e. fast achievement of self -extinguishment) was achieved in compartments constructed 

with only an exposed ceiling: self-extinguishment was recorded between 21and 27 minutes after the 

initial fire was stopped. It is hypothesised in this study that this accelerated decay phase is attributed 

to a lack of available oxygen to drive the combustion process, due to the accumulation of combustion 

gases at the ceiling. This hypothesis, however, requires further verification. It was further shown that 

relative CLT panel orientation in compartments containing two exposed CLT surfaces also proved 

influential. Facing CLT panels as opposed to adjacent CLT panels demonstrated a prolonged period of 

elevated compartment temperatures, which delayed the attainment of self-extinguishment. Two 

adjacent CLT panels were found to self-extinguish faster. It is hypothesised that this is due to direct 

mutual cross-radiation of heat between facing CLT panels.    

In addition to the small-scale compartment experiments, a furnace test was performed which 

subjected four MUF bonded horizontal CLT panels to a 90 minute standard fire curve (SFC) 

exposure. An averaged panel charring rate of 0.59mm/min over 90 minutes was measured. Charring 

rates were recorded over multiple lamellas and in all instances were comparable to the 0.65 mm/min 

charring rate stipulated by EN1995-1-2 for solid softwood timber. Due to the similarities in charring 

rates and fire behaviour between the MUF bonded small-compartment tests and the SFC furnace test, 

it is deemed that the conclusions drawn from the compartment tests are also valid for longer initial fire 

durations (i.e. charring due to burning of the initial fuel load beyond the first lamella) as well as 

standard fire exposure conditions.  

The investigation into the ability of a design guideline by Brandon (2018b) to predict fire behaviour, 

namely a Parametric Fire Curve (PFC) calculation method that includes the contribution of exposed 

CLT to the fuel load, provided mixed results. The investigated guideline was able to conservatively 

estimate the charring depth of the various CLT panels, but parameters such as the average 

compartment temperature during the heating phase a fire, decay phase duration and amount of energy 

released by the combusting CLT were not predicted well. The discrepancy between predictions and 

experimental results were least in compartments with only an exposed CLT ceiling. These findings 

suggest that further research is required to first quantify the contribution of exposed CLT to the fuel 

load and then accurately include this contribution in design recommendations. The investigated design 

guideline may, however, be used to conservatively estimate charring depths, despite not accurately 

predicting small-compartment fire behaviour.  

Based on the conclusions drawn in this study, it is recommended that both the adhesive type and CLT 

panel configuration should be selected with caution in order to achieve predictable and reliable fire 
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behaviour by means of self-extinguishment. This research, along with its recommendations and 

conclusions in Chapter 9, contribute to a better understanding of predictability and reliability of fire 

behaviour in compartments with exposed CLT elements. It is recommended that the findings of this 

research, which are based on small-scale compartment experiments, are further tested and validated 

for larger fire compartments.  
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1) Introduction 

Due to its prefabricated, aesthetic and sustainable nature, engineered timber has become a  popular 

construction material (Bartlett et al., 2016). Cross-Laminated Timber (CLT) is an example of 

engineered timber by which the inherent anisotropy of timber is effectively addressed to create 

structural sections. CLT consists of boards/planks that are arranged in panel configurations and then 

adhesively bonded on top of each other in a cross-wise manner (Johansson and Svenningsson, 2018). 

Since timber is inherently combustible, the full use of exposed CLT in construction, especially high-

rise structures, has been limited until now (Bartlett, Hadden and Bisby, 2018). 

In practice, timber buildings are commonly designed according to prescriptive regulations when 

considering fire safety due to the fire risk posed by the combustible nature of timber and subsequent 

uncertainties regarding its fire performance. As such, several European countries impose maximum 

height restrictions on timber buildings due to these uncertainties (Östman, Brandon and Frantzich, 

2017).These prescriptive guidelines are generally inadequate to allow timber products to be utilised to 

their full potential and often require the use of fire rated gypsum boards to encapsulate timber 

elements. A new trend is emerging in fire safety design and research, where focus is placed on the 

characterisation of actual fire performance of timber products (especially CLT) in realistic fire 

scenarios and the investigation of its performance (Brandon, 2016). Furthermore, specifically when 

considering high-rise buildings, there is limited access available to the fire brigade during a fire. 

Additionally, high-rise buildings are to be designed in Europe in accordance with Consequence Class 

3 (CC3) of EN1990 (2002). This leads to the heightened need for the reliability of building materials 

in fires, as  CC3 is the highest level of reliability defined in EN1990 (2002) which requires the lowest 

probability of failure as specified in the standard. It is against the background of a rise in CLT demand 

and the need for research to characterise the fire behaviour of combustible CLT, that this Masterôs 

Thesis research project is conducted.  

In essence, the research performed in this thesis is a continuation and extension of the research 

conducted by Crielaard (2015). In his Masterôs Thesis, Crielaard investigated the parameters and 

conditions leading to self-extinguishment of CLT. His research indicated that self-extinguishment is 

possible if the heat flux received by the CLT is below 5 to 6 kW/m
2
. In addition, he found that 

depending on its CLT panel configuration (depicted in Figure 1 below), small-scale compartment may 

undergo self-extinguishment or full CLT burn through.  Furthermore, it was concluded that self-

extinguishment is likely to occur below 6 kW/m
2 
when additionally exposed to an airflow of 0.5m/s. 
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Figure 1: Compartment configuration as implemented by Crielaard (2015) 

The aim of the research, as presented in this report, is to extend the available data of CLT fire 

performance to additionally characterise the influence of adhesive type and compartment 

configuration on fire behaviour. The influence of adhesive type on fire performance was practically 

investigated. Experiments were performed on CLT panels with an identical lay-up, lamella thickness, 

strength-grade and timber species as compared to CLT panels used by Crielaard (2015). The only 

difference was the type of adhesive used. These experiments were then compared to the experimental 

results of Crielaard (2015) to characterise the influence of adhesive type on fire behaviour.  

 Furthermore, the effect of exposed CLT panel configuration within a compartment on fire behaviour 

was investigated, by constructing small-scale compartments with various CLT panel configurations. 

In this manner, both the orientation of exposed CLT panels (for example a wall as compared to a 

ceiling), as well as the influence of increasing the number of exposed CLT panels (i.e. 1 or 2 CLT 

panels) were investigated. All fire tests conducted as part of this research project were performed on 

small-scale enclosures. These tests were not carried out on real compartment scales due to 

experimental and time limitations. The extrapolation of the results and conclusions listed in this 

document to larger enclosure scales is to be verified by future research. 

Subsequent to this, the ability of parametric fire curve calculations to predict the contribution of CLT 

to the overall heat release rate (HRR) in the compartment was tested. By implementing the current 

design guidelines pertaining to exposed CLT in fire, the potential to adequately model CLT fire 

behaviour was assessed. Therefore, the applicability of design guidelines (such as those proposed by 

Brandon (2018b)), was investigated.  

In general terms, experiments were carried out on CLT compartments to compare the conclusions 

drawn from compartment tests to conclusions drawn by Crielaard (2015) regarding adhesive 
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performance in fire conditions. Following this, the influence of CLT panel configuration was 

investigated, and the ability of current timber fire design recommendations was assessed to determine 

their ability to predict overall fire behaviour. These design guidelines, if improved upon further, may 

improve the confidence in designing exposed CLT constructions.  

Furthermore, to assess the validity of conclusions drawn from these small-scale compartment 

experiments regarding charring rates and fire behaviour, an additional indicative test was performed. 

This test subjected a set of horizontal CLT panels to a standardised fire exposure for a period of 90 

minutes to determine fire behaviour based on an extended fire exposure duration.  

Especially considering the reliability considerations of Consequence Class 3 in High-Rise Buildings, 

the reliability of CLT as a building material is severely impacted by its fire performance. By 

investigating fire performance of CLT panels subjected to a fire exposure, the response of the building 

material is investigated which augments the body of knowledge pertaining to fire behaviour of this 

combustible material.   
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2) Research Outline 

To quantify the scope of this research project, this section of the report presents a discussion of the 

research-problem, -relevance, -goals, -questions and methodology as well as limitations imposed on 

this study. Each will be described individually.  

2.1) Problem Description 

One of the main barriers to constructing enclosures with exposed CLT (and other timber products) is 

the uncertainty regarding the contribution of the construction material itself to the overall enclosure 

fire behaviour (Östman, Brandon and Frantzich, 2017). The contribution of combustible timber is 

required to be accurately and reliably predicted if CLT is to be used with confidence as a construction 

material. Various studies, as outlined in the literature study section of this report, have attempted to 

quantify the contribution of combustible CLT to enclosure fire behaviour. This Masterôs Thesis seeks 

to further address concerns regarding the use of combustible CLT as a building material. In particular, 

methods to promote the achievement of reliable self-extinguishment will be a focus of this research 

project.  

Furthermore, guidelines such as those provided by Brandon (2018b) have been drafted to characterise 

the contribution of CLT panels to the overall heat release rate (HRR) within an enclosure. A key 

concern is to test the accuracy of such guidelines with respect to different compartment 

configurations. 

The problem description, to be addressed by this research, is stated as follows:  

Due to the combustible nature of exposed timber, CLT panels contribute to the fuel load and 

fire behaviour of an exposed timber compartment. It is not clear what the influence of the type 

of adhesive used, as well as panel configuration is on fire behaviour. As such, uncertainties 

exist regarding the relationship between the adhesive used, panel configuration and the 

potential to achieve self-extinction. Additionally, the potential of current design guidelines to 

characterise the contribution of CLT to a fire is still an active field of research requiring 

further verification.  

In the interest of clarity, CLT self-extinguishment (also referred to in literature as auto-extinction) is 

defined as follows (based on the research of Crielaard (2015)): 

Self-extinction of CLT is obtained when a sample transitions from smouldering combustion to 

extinguishment after the initial fuel load has been depleted. Self-extinguishment is achieved by 

avoiding a second flashover as caused by the occurrence of delamination which exposes virgin 

timber.  
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2.2)  Relevance of this research 

Östman, Brandon and Frantzich (2017) have highlighted the need to thoroughly investigate the 

potential of buildings constructed of timber products to undergo self-extinction. By obtaining a 

fundamental understanding of the process of self-extinction and the conditions required for its 

achievement, the confidence of designing structures with engineered timber products (such as CLT) 

may be improved. Furthermore, as will be illustrated in the literature study section of this report, 

compartment fire tests have predominantly been carried out on CLT panels bonded with poly-

urethane (PU) adhesives. A gap in the current research surrounding this topic is the influence of 

different kinds of adhesives on fire behaviour. The key scientific relevance of the research proposed 

in this document lies therefore in its aim to characterise the potential of melamine-based adhesively 

bonded CLT panels to undergo self-extinction. The influence of adhesives on fire behaviour has only, 

to the knowledge of the author, been studied on element level (and not compartment level) by 

Brandon & Dagenais (2018), where 1.5m x 0.5m x 0.175m CLT panels were tested in a horizontal 

configuration. From their study, it is evident that PU adhesively bonded CLT is prone to heat induced 

delamination. Furthermore, Frangi et al. (2009) illustrated in their study that CLT panels bonded with 

a Melamine-Urea-Formaldehyde (MUF) adhesive displayed improved fire performance as compared 

to PU adhesives, based on experimental tests results on horizontal panels exposed to a standard fire 

curve.  The research presented in this report seeks to build on the work of previous researchers to both 

characterise the contribution of CLT to the fire load as well as the influence of adhesives on self-

extinction on compartment level.  

As will be discussed later in this report (see Section 3.4), various researchers have studied the impact 

of compartment configurations on fire behaviour. However, a full series of compartment 

configurations was to date not tested in a single study, highlighting the relevance of this study. The 

key aspects and compartment configurations tested by previous research are listed in the literature 

study of this report. The fire behaviour induced by an exposed CLT ceiling as compared to an 

exposed CLT wall, as well as the influence of combining a CLT ceiling with a CLT wall will be 

quantified as part of this research.  

Finally, by verifying the ability of a design guideline to predict enclosure fire behaviour with exposed 

CLT panels, the confidence in designing structures containing exposed timber surfaces will be 

improved. 

 In summary, by testing a less investigated structural adhesive, performing tests on various exposed 

CLT configurations as well as quantify the ability of design guidelines to predict fire behaviour, the 

current body of knowledge pertaining to exposed CLT compartment fire behaviour will be expanded 

allowing for a more fundamental understanding of enclosure constructed of combustible materials. 

Due to experiments only being conducted on small-scale compartments, the results of this study 
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should be used as a basis to conduct further studies which investigate fire behaviour at real 

compartment scales.   

2.3) Research Goals 

To address the aforementioned research problem, the following overall research goal is formulated:  

To contribute to the current body of knowledge related to compartments containing exposed CLT 

panels with the aim of increasing the confidence of designers and regulators alike, in building 

constructions with combustible materials 

Due to the wide scope of the abovementioned overall goal, a specific research goal is formulated as 

follows:  

To experimentally investigate, by means of small-scale compartment fire tests, the differences 

in fire behaviour between two different types of adhesives (MUF and PU) and the influence of 

CLT panel configuration on compartment fire behaviour, as well as investigate the ability of 

design guidelines to predict experimentally measured compartment temperatures. 

2.4) Research Questions 

When considering the specific research goal as stated above, one main research question can be 

formulated. In addition, 5 sub questions are formulated which seek to systematically answer the main 

research question. These questions are shown in Figure 2, along with the sections of this report (i.e. 

Parts 1 through 3) that address these questions.    

 

Figure 2: Main and sub research questions, as well as the report parts that address each sub-question  

Main Research Question: 

Which conditions are required to reliably achieve self-extinguishment of 
small-scale compartments constructed of exposed CLT panels? 

1) What are the fundamentals of enclosure 
fire dynamics as well as timber combustion? 

2) What is the current state of the art 
regarding self-extinguishment of CLT? 

3) What is the influence of adhesive type on 
compartment fire behaviour? 

4) What is the influence of exposed CLT 
panel configuration on compartment fire 
behaviour? 

5) Are current prediction models able to 
simulate the experimentally obtained fire 
behaviour? 

Part 1: Theoretical Background 

Part 2: Experiments 

Part 3: Investigating Design 

Recommendations 
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2.5) Methodology 

To answer the research questions stated in the previous section of the report, a systematic research 

methodology is followed. This section is divided into three parts (according to Figure 2) and these 

will also be used to divide the entire research project into the same three parts, namely:  

1.  Literature review,  

2.  Experiments to characterise the influence of adhesive type and panel configuration  

3.  Testing the accuracy of design guidelines.  

The research methodology relevant to each sub-section will now be discussed individually with 

reference to the sub-questions listed in Figure 2.  

2.5.1) Literature Review 

Sub-Research Question 1: What are the fundamentals of enclosure fire dynamics as well as timber 

combustion? 

To answer this question, a literature review pertaining to fire dynamics as well as timber combustion 

is conducted. This will serve as the theoretical basis of this research, such that fire dynamics 

principles can be adequately observed and assessed during subsequent experiments.  

Sub-Research Question 2: What is the current state of the art regarding self-extinguishment of CLT? 

By performing a literature study of research work carried out on self-extinction of CLT 

compartments, knowledge gaps will be identified thereby effectively substantiating the scientific 

relevance of the research carried out in this Masterôs research project.  

2.5.2) Experimental Characterisation 

As seen in Figure 2, the main research questions requiring experimental verification are those 

concerning the effect of adhesive type and panel configuration on compartment fire behaviour. Before 

discussing the experimental set-up that was used to address the research questions, a discussion 

regarding the choice of adhesive will be presented.  

After an introductory discussion with Dr Daniel Brandon from the Research institute of Sweden 

(RISE), it was established that the current stance towards CLT fire design (as well as scientific 

research) is to focus on utilising non-delaminating CLT in order to obtain more predictable behaviour. 

To address the inherent variability resulting from adhesive performance and heat induced 

delamination, it was, therefore, decided that an adhesive which displays improved fire performance 

compared to a PU adhesive, is to be used in this study. Delamination fundamentally alters burning 
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behaviour due to its exposure of virgin timber previously protected by the insulating char layer. 

Furthermore, due to its unpredictable nature and extent, delamination proves difficult to model using 

software as well as current design guidelines. Moreover, delamination leads to widely varying 

charring rates as well as the possible occurrence of a second flash-over which cause fire behaviour to 

significantly deviate from what would be expected with the charring of a solid piece of timber. By 

experimentally testing and verifying that a CLT sample manufactured using a certain adhesive type 

does not delaminate, stable fire performance can be demonstrated and modelling can be simplified.  

A discussion of the various types of adhesives used in CLT manufacturing and their influence on fire 

behaviour is presented in Section 3.3 of this report. As previously stated, the overall research goal of 

this study is to increase the confidence of designers and regulators alike, in building constructions 

with combustible materials. Attention will, therefore, be focused on commercially available CLT 

products and to quantify the fire behaviour of these timber products. In Section 3.3, mention is also 

made of Phenol Resorcinol Formaldehyde (PRF) as well as Emulsion Polymer Isocyanate (EPI) 

adhesives. These adhesives were not considered to be used in this research project since they are not 

commonly used in Europe to adhesively bond timber lamellas in CLT panels. In contrast, based on the 

commercial availability of PU and MUF/MF adhesively bonded CLT panels in Europe, these 

adhesive types were considered as most valuable to characterise experimentally. When considering 

PU or MU/MUF adhesives, it has been substantiated that PU adhesives are prone to heat induced 

delamination resulting in sustained flaming or flaming re-ignition via a second flashover (Frangi et 

al., 2009; McGregor, 2013; Medina Hevia, 2014; Crielaard, 2015; Brandon, 2018a; Su, Lafrance, et 

al., 2018). Delamination leads to unpredictable fire behaviour (Hopkin, Anastasov and Brandon, 

2017), and if avoided will result in more predictable and reliable CLT fire behaviour.  In contrast CLT 

panels bonded with a Melamine-Formaldehyde (MF) adhesive have displayed improved fire 

performance as compared to PU adhesives by means of delamination avoidance (Brandon (2018a). 

Furthermore, CLT panels bonded with a Melamine Urea-Formaldehyde (MUF) adhesive were also 

proven to not significantly delaminate and therefore display improved fire performance as compared 

to PU adhesively bonded CLT panels (Frangi et al., 2009). Due to the (albeit limited) previous 

research on MUF/MF adhesives (Frangi et al., 2009; Brandon and Dagenais, 2018), the use of this 

adhesive type proves to be a promising means by which to avoid delamination. In order to substantiate 

the selection of a MUF/MF adhesive, Table 1 displays the benefits and drawbacks associated with 

three CLT adhesives namely commercial PU, thermally resistant PU as well as MUF/MF. 
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Table 1: Summary of adhesive types and associated benefits and drawbacks 

Commercial PU MUF/MF Thermally Resistant PU 

Benefits: 

¶ Widely Available 

(Crielaard, 2015) 

¶ Commercially 

avaliable 

¶ Same benefits as 

commercial PU 

¶ Susbtatntial scope 

of eperimental 

work already 

conducted 

¶ Improved fire 

performance as 

compared to PU 

(Frangi et al., 

2009; Brandon, 

2018) 

¶ Less prone to 

delamination (Su, 

Leroux et al., 

2018) 

¶ Formaldehyde free    

Drawbacks: 

¶ Prone to heat 

induced 

delamination 

¶ Contains 

formaldehyde  

¶ Not commercially 

available in Europe 

 

The CLT panels used in this research are supplied by W. u. J. Derix GmbH & Co. (a German 

producer of CLT and Glue laminated Timber products). Their CLT panels are adhesively bonded 

using an MUF adhesive (this specific adhesiveôs product information document is listed in Appendix 

B.3) and are therefore believed to display improved fire performance as compared to PU bonded 

panels based on the results of previous research (Frangi et al., 2009; Brandon, 2018). Therefore, 

subsequent to the aforementioned consideration regarding adhesive types as well as the sponsorship of 

MUF bonded CLT panels by Derix GmbH, MUF was selected as the adhesive to be experimentally 

investigated in this research project.  

A key concern when considering MUF (and MF) adhesives is the formaldehyde component in these 

adhesives which is commonly associated with risk to human health and the environment (Frihart and 

Hunt, 2010). In response to this possible drawback, it has been established that there are emission 

regulations (in Europe) on structural products, which restrict the emission of volatiles such as 

formaldehyde. The results of a standardised emissions test on a timber sample adhesively bonded with 

the same adhesive type that is used during production of Derixôs CLT products, is documented in 

Appendix D of this report. The emission tests results indicate that the emissions are within the 

allowable limits as stipulated by the ñPrinciples for the Health Assessment of Construction Productsò, 

as published by the ñGerman Institute for Structural Engineeringò (Deutsches Institut f¿r Bautechnik 

DIBt). Admittedly, the emission tests were carried out on Glue-laminated (Glulam) timber samples 

and not CLT samples, but it is reasoned based on the fact that the same adhesive is used to produce 

Glulam and CLT products by Derix GmbH, that these emission results are also applicable to CLT 
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samples. Therefore, the tested MUF bonded CLT panels are deemed safe for use due to compliance 

with emission restrictions.   

Returning to the research questions concerning experimental characterisation, a discussion of the 

experiment to be carried in this research project is presented. Experiments were carried out to quantify 

the influence of adhesives type and panel configuration. 

Sub-Research Question 3: What is the influence of adhesive type on compartment fire behaviour? 

To answer this question, small scale compartment experiments (0.5x0.5x0.5m internal dimensions, 

with a single opening measuring 0.18, x 0.5m) were carried out to characterise the difference in 

obtained fire behaviour between the experiments conducted by Crielaard (2015) using a PU adhesive 

as compared to a MUF adhesive. These small scale experiments were conducted in an identical 

manner as compared to Crielaard (2015) to ensure comparability of results. Since the CLT panels 

tested by Crielaard are of the same species, lay-up and lamella thickness as compared to the CLT 

panels supplied by Derix GmbH, a practical comparison can be made between the adhesives (PU vs 

MUF). The producer-specified CLT panel densities are also comparable (namely 470kg/m
3 

and 

450kg/m
3
 in the PU- and MUF bonded CLT panels, respectively). 

All fire  tests were performed at Efectis Nederland B.V. in Bleiswijk. The samples were placed under a 

gas extraction hood which was coupled to an exhaust gas analyser (which performs oxygen 

consumption calorimeter measurements to determine the overall HRR). By measuring the flow rate of 

propane gas supplied to the propane burners which delivered the input fire in the compartment, the 

initial fuel load was quantified and as such the contribution of CLT panels to the overall HRR was 

calculated. Additionally, thermocouples were installed at various depths within the CLT samples and 

locations within the compartments, to determine charring rates and enclosure gas temperatures, 

respectively. Figure 3 illustrates the test setup as implemented by Crielaard (2015), which was 

replicated in the experiments performed as part of this Masterôs Thesis. Note that a heat flux sensor in 

the opening of the compartment was not utilised in this study since it restricts the flow of oxygen into 

the compartment, thereby reducing available ventilation.  
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Figure 3: Experimental instrumentation as implemented by Crielaard (2015) 

Based on the results of these experiments and subsequent comparison to the results of Crielaard 

(2015), the influence of adhesive type on fire performance was characterised.  

Sub-Research Question 4: What is the influence of exposed CLT panel configuration on compartment 

fire behaviour? 

When considering compartment configurations with exposed CLT (both on larger and small-scale) 

compartments with three exposed CLT panels have displayed burn-through behaviour and failed to 

self-extinguish in past compartment fire tests due to mutual cross-radiation between exposed CLT 

panels (McGregor, 2013; Crielaard, 2015; Hadden et al., 2017; Su, Leroux, et al., 2018). It is 

therefore expected that self-extinction is unlikely to occur with three exposed panels, even when 

employing a thermally superior adhesive, due to mutual cross radiation. Compartments with at most 

two exposed CLT walls were therefore investigated in various configurations, including replications 

based on experiments conducted by Crielaard (2015) involving compartments with an exposed CLT 

back wall or both CLT side walls. In the interest of clarity, Figure 4 depicts the panel naming 

convention that is used throughout this report.  
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Figure 4: Panel naming convention 

To answer sub-research question 4, a series of compartments with varying exposed CLT panel 

configurations were experimentally tested. In addition to the replication experiments performed to 

characterise adhesive performance, three more configurations were investigated. All  compartment 

configurations, as investigated in this research project, are listed in Table 2, and the configuration 

naming convention depicted in this table will be used throughout this report. A visual representation 

of the various compartment configurations is presented in Appendix A. 

Table 2: Compartment configurations 

Panel Configuration 

MUF-BW: Back 

Wall  

Configuration 

MUF-2SW: 

Two Side Walls  

Configuration 

MUF-SW-1: 

One Side Wall 

Configuration 

MUF-SW-2: 

One Side Wall  

Configuration 

MUF-C-1 and 

MUF-C-2: 

Ceiling  

Configuration 

MUF-BW+C-1 

and  

MUF-BW+C-

2: Back Wall 

and Ceiling  

Back 

Wall  

Exposed CLT Non-

combustible 

Non-

combustible 

Non-

combustible 

Non-

combustible 

Exposed CLT 

Left 

Side 

Wall  

Non-combustible Exposed CLT Exposed CLT Non-

combustible 

Non-

combustible 

Non-

combustible 

Right 

Side 

Wall  

Non-combustible Exposed CLT Non-

combustible 

Exposed CLT Non-

combustible 

Non-

combustible 

Ceiling Non-combustible Non-

combustible 

Non-

combustible 

Non-

combustible 

Exposed CLT Exposed CLT 

Floor Non-combustible Non-

combustible 

Non-

combustible 

Non-

combustible 

Non-

combustible 

Non-

combustible 

  



 

 

 

13 

In Table 2, experiments are labelled according to the following general convention: Adhesive Type - 

Exposed CLT Panel(s) ï Sample Number. Note that Configurations MUF-BW and MUF-2SW were 

only performed once, and as such do not state a sample number. Furthermore, SW refers to a CLT 

side wall, C a CLT ceiling and BW a CLT back wall.   

To facilitate the comparison of adhesive types, comparable experiments containing PU bonded CLT 

panels as investigated by Crielaard (2015) are assigned similar labels as compared to the MUF bonded 

CLT panels investigated in this research project. Crielaard tested a compartment that contained an 

exposed Back Wall, as well as three compartments that contained two exposed CLT side walls, and 

are labelled to as follows:  

¶ PU-BW : Exposed CLT back wall 

¶ PU-2SW-1: Two exposed CLT side walls (demonstrated burn- through behaviour) 

¶ PU-2SW-2: Two exposed CLT side walls (demonstrated self-extinguishment) 

¶ PU-2SW-40mm: Two exposed CLT side walls with thicker (40mm) outer lamellas 

(demonstrated self-extinguishment) 

By testing these configurations, a detailed investigation into the influence of panel orientation was 

performed. To the knowledge of the author, no other research has focused, to this extent, on 

characterising the difference between an exposed CLT ceiling as compared to CLT wall. Table 7 (in 

the literature study section of this report) summarises the configurations tested by other researchers, as 

well as the configurations which will be investigated as part of this thesis which were not tested in the 

particular study  

By systematically investigating configurations with ceilings and/or walls, the following hypothesis 

can be tested:  

An exposed CLT ceiling displays beneficial fire behaviour as compared to an exposed CLT wall.   

The background to this proposed hypothesis is found in the research conducted by Bateman, Bartlett, 

Rutkauskas, & Hadden (2018), in which it is hypothesised that an exposed ceiling, which would be 

engulfed by a hot smoke layer during a compartment fire, would effectively not contribute to the 

formation of an additional hot combustible surface (as would be the case with an exposed CLT wall). 

In compartments with exposed walls and no exposed ceiling, the hot smoke layer at the ceiling would 

form a hot surface in addition to the hot surfaces provided by CLT walls after being ignited. By using 

only an exposed CLT ceiling, a single hot surface is created.  This was investigated by comparing the 

results of configurations containing only one exposed CLT surface. 

Furthermore, Table 3 summarises additional comparisons that will be drawn from the fire tests and 

the relevance of each comparison.  
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Table 3: Comparisons to be drawn between configurations 

Compared Configurations Relevance 

MUF-BW and MUF-2SW 

vs. PU-BW and PU-2SW 

Charactersing the influence of adhesive type (MUF vs. 

PU) regarding fire behaviour of compartments containing 

exposed CLT. 

MUF-BW vs MUF-SW  vs 

MUF-C 

Influence of varying the position and orientation of a 

single exposed CLT panel (back wall vs side wall vs 

ceiling). The hypothesis of a second hot surface formed 

with only an exposed wall, compared to a single hot 

surface with an exposed ceiling, will also be investigated. 

MUF-2SW vs MUF-SW Influence of cross-radiation between two facing exposed 

walls as compared to only one exposed side wall 

MUF-BW vs MUF-BW+C Influence of adding an exposed CLT ceiling to an exposed 

back wall 

MUF-2SW vs MUF-BW+C Difference between two exposed side walls and an 

exposed ceiling and back wall 

 

Table 4 lists the number of tests that were performed per compartment configuration. Configurations 

BW and 2SW were only tested once since they were directly compared to the results obtained by 

Crielaard (2015). Other configurations were tested twice. In total, 8 compartment experiments were 

conducted.  

Table 4: Number of tests performed 

Configuration Number of tests to be 

performed 

MUF-BW 1 

MUF-2SW 1 

MUF-SW 2  

MUF-C 2 

MUF-BW+C 2 

 

2.5.3) Additional experiment to assess the validity of conclusions  

Following the experimental methodology implemented by Crielaard (2015) in his compartment tests, 

the initial fire load (i.e. the propane burner) was extinguished once the first CLT lamella has been 

charred. Based on these compartment test results, conclusions were drawn. To assess if these 

conclusions are applicable to longer periods of fire duration (due to the initial fuel load), an additional 
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experiment was conducted to record charring rates and  fire behaviour of CLT panels exposed to a 

SFC exposure for 90 minutes. This additional test, and the conclusions drawn from it, is documented 

in Appendix I of this report.  

2.5.4) Assessing Design Guidelines 

Sub-Research Question 5: Are current prediction models able to simulate the experimentally obtained 

fire behaviour? 

Subsequent to the experimental tests, verification studies were performed to determine if the 

recommendations proposed by Brandon (2018b) (see Appendix C) are able to predict the 

experimentally obtained enclosure temperature development curve as well as HRR contribution by 

exposed CLT panels. In addition, the applicability of the charring rates as suggested in literature and 

norms will be compared to the experimentally obtained charring rates. As will be discussed later in 

this report, the parametric fire curve is unable to demonstrate delamination. Delamination should 

therefore be avoided and proved to not occur during experiments in order to perform meaningful 

verification calculations. An investigation into design recommendations concerning lamella fall-off 

(as suggested by methods such as equivalent gypsum board fall-off in Frangi et al. (2009)) will not be 

assessed due to the focus of this research which is to prevent heat induced delamination. 

2.6) Research Scope Limitations 

Due to the extensive scope associated with the overall research goal presented in Section 2.3 of this 

report, research limitations are were imposed to ensure a clear research focus. The limitations are as 

follows:  

¶ Focus was on post flashover fire conditions, as this phase is associated with high temperatures 

and subsequent structural degradation of timber members.  

¶ Loading conditions were not considered in this research project. Unloaded compartments, in 

which only the configuration of exposed CLT is varied, were tested.  

¶ The influence of active fire protection systems, such as sprinkler and smoke alarm systems 

was not investigated since the main research aim is to characterise the conditions required to 

achieve CLT self-extinction in a reliable manner, based on material and geometrical 

parameters only.  

¶ Only CLT panels that are commercially available in the European timber construction market 

were considered to be experimentally tested. Novel adhesives such as heat resistant PU do 

show potential but are not currently being utilised commercially in Europe and were therefore 

not considered in this research project.  

¶ The difference between timber species as well as strength grades and densities of the base 

timber and their associated effects on fire performance falls outside the scope of this research.  
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¶ A literature study on the different types of adhesives was performed to the extent that the 

main adhesives types are identified and characterised, as well their associated benefits and 

drawbacks are identified.   

¶ The main parameters that were investigated experimentally in this research project are the 

configuration of CLT panels, adhesive used to bond the CLT panels, as well as the amount of 

exposed timber.  

¶ The influence of structural connections on fire behaviour was not investigated in this research 

project. Connections in the compartments were designed such that they did not fail during fire 

conditions and therefore did influence fire behaviour.  

¶ A literature study on fire dynamics, timber combustion and CLT compartment fires was 

carried out to the point at which it is deemed adequate to address the aforementioned research 

goals.  

¶ The effect of experimental scale was not investigated.  Due to this limitation of performing 

tests at small scale only, the results obtained from this experimental work are unable to 

directly predict compartment fire behaviour at real compartment scales. Effects such as cross-

radiation between exposed CLT panels are expected to induce other phenomena at larger 

scales, especially when considering the change in distance between exposed timber surfaces 

across scales. Thus, the research conducted as part of this Thesis serves as an experimental 

basis on which to perform future research at larger experimental scales. 

¶ Design recommendations were only compared against the results of small-scale experiments. 

Due to its simplified nature, the enhanced parametric fire curve verification investigation 

proposed as part of this research work was also not expected to accurately quantify all aspects 

of compartment fire behaviour. It is also unable to directly predict fire behaviour at larger 

scales since it does not account for radiation between exposed panels, nor does it account for 

panel orientation. Future research is to investigate more advanced models such as zone 

models or Finite Element models that account for cross-panel radiation and include heat 

transfer models, as recommended by Hopkin, Anastasov & Brandon (2017). 
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2.7) Sections of the report addressing the research questions 

In the interest of clarity, Table 5 below presents as an overview of the sections of this report dedicated 

to answering the research question and sub-questions postulated in Figure 2.  

Table 5: Overview of sections addressing the research questions 

 Section Reference 

Sub-Question 1 Literature Study §3.1 and §3.2 

Sub-Question 2 Literature Study §3.3 and §3.4 

Sub-Question 3 Analysis §7.2 

Sub-Question 4 Analysis §7.3 and Appendix G
 

Sub-Question 5 Investigating Design 

Recommendations 

§8 

 

As a general way-finder to this report, the flowchart presented on the next page will guide the reader 

through the various sections of the report. The same flowchart will be presented at the start of each of 

the 3 report parts.   

The research sub-questions listed in the Table above are assigned to the 3 report parts as follows (as 

demonstrated in Figure 2): 

¶ Research Sub-Questions 1 and 2 are addressed in Part 1 (Theoretical Background)  

¶ Research Sub-Questions 3 and 4 are answered in Part 2 (Experiments).  

¶ Research Sub-Questions 5 is addressed in Part 3 (Investigating Design Recommendations) 
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PART 1: THEORETICAL BACKGROUND
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3) Literature Study 

In this section of the report, the fundamental theories behind enclosure fire dynamics, combustion of 

timber, the influence of adhesives on fire performance and finally the current fire design 

recommendations pertaining to CLT, are discussed. This serves as a background against which this 

research project is presented.  

The literature summarised in this section of the report seeks to answer the first two sub-questions of 

this investigation as stated in Figure 2. These two questions are:  

Q1) What are the fundamentals of enclosure fire dynamics as well as timber combustion? 

This research sub-question will be addressed in Section 3.1 and Section 3.2.  

Q2) What is the current state of the art regarding self-extinguishment of CLT? 

This research sub-question will be addressed in Section 3.3 and Section 3.4.  

3.1) Enclosure Fire Dynamics 

To introduce the fundamentals of fire dynamics, a description of the various stages present during an 

enclosure fire is presented below, followed by a discussion pertaining to various enclosure fire 

concepts. Unless referenced otherwise, technical data presented in this section is sourced from 

Karlsson & Quintiere (1999). 

To sustain a fire, three fundamental components are required, namely fuel, oxygen and heat. The 

combustion process is interrupted only if one of these components is removed. Together these three 

components form a fire triangle, as depicted in the Figure 5, indicating the inter-related nature of all 

three components during a fire. 

 

Figure 5: The fire triangle (Elite Fire, n. d.)  

Fuel refers to the available combustible material present. The specific properties of the combustible 

material have a major influence on the fire behaviour that develops. Denser fuels (for example heavy 

wood) result in a more prolonged fire with a slower heat development rate,  as compared to less dense 

flammable material (e.g. flammable liquids) that result in a more rapid fire development initially, 
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followed by a faster fire decay phase. Heat is required to bring the fuel to the conditions suitable for 

ignition (either by piloted- or self-ignition), and oxygen is required to sustain the combustion process.  

Once all three elements of the fire triangle are present and conditions are suitable, the start of a fire 

commences. There are five phases during the development of an enclosure fire, namely: ignition, 

growth, flashover, fully developed phase and eventually decay (depicted in Figure 6, and discussed 

individually below). 

 

Figure 6: The five phases of a compartment fire (Hartin, 2005) 

Prior to discussing each of the fire development phases, it is first noteworthy to mention the limiting 

factors restricting fire development, namely fuel and ventilation conditions. A fuel-controlled fire 

refers to combustion that is limited by the availability of fuel (generally during the growth phase). In 

contrast, a ventilation-controlled enclosure fire refers to combustion that is restricted by the amount of 

oxygen available (generally during the fully developed phase of the fire). 

Ignition: this phase commences with the onset of the combustion process, and compartment 

temperatures start to increase above that of ambient. Ignition itself is facilitated in one of two ways: 

piloted ignition or spontaneous ignition. Piloted ignition occurs when fuel is physically ignited by 

another source (for an example a match or propane burner), whereas spontaneous ignition is 

facilitated if  enough heat is available to result in ignition of the produced pyrolysis gases without a 

pilot flame. Energy is released during this stage, which heats additional combustible material which 

converts fuels into gases (Walls and Zweig, 2016). 

Growth: the combustion of fuel occurs during this phase whereby combustion products are released 

in a gaseous form from fuel. These gases are referred to as combustion gases and they rise to the top 

of the compartment due to their lighter density in comparison to air, forming a layer of elevated 

temperature (referred to as a hot layer). As fuel is heated, pyrolysis gases are produced via a chemical 
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decomposition process (referred to as pyrolysis) during the combustion process. The combustion 

process is sustained as long there are sufficient amounts of each of the three components of the fire 

triangle present within the enclosure. 

Flashover:  this phase serves as a transition phase between the stages of fire growth and a fully 

developed fire. It is characterised by the transition from a few fuel sources combusting within an 

enclosure, to the rapid engulfment of an entire enclosure and subsequent combustion of all 

combustible material within it (Svensson, 2002). Flashover is attained as follows: the hot layer 

containing combustion gases accumulates during the growth stage. This hot layer grows and descends 

down the height of the enclosure due to the continuous combustion of fuel Heat is transferred by 

means of radiation and conduction from the hot layer to the lower cold layer. This in turn results in 

the heating of more fuel, release of pyrolysis gases and subsequent ignition of other combustible 

materials within the enclosure. Once compartment temperatures in the cold layer are raised to that of 

the hot layer post flashover, a single hot layer is formed throughout the whole enclosure. 

Fully Developed Fire: this phase follows after flashover, and is identified as the stage during which 

the total energy release rate and temperatures within the enclosure are at their highest. This stage is 

sustained as long as there is sufficient fuel and oxygen to drive the combustion process. Generally 

speaking, a typical enclosure fire may produce temperatures ranging from 700 to 1200 °C during this 

phase.  

Decay: if  an enclosure fire is left to combust without the introduction of new fuel, a point will be 

reached when the available fuel is depleted. Since the necessary components required to sustain the 

fully developed phase are no longer available, temperatures drop (Buchanan and Abu, 2017). 

Generally speaking, fire conditions transition from ventilation controlled to fuel controlled conditions 

during the fully developed stage and the decay phase, respectively. 

To more clearly illustrate the various stages associated with an enclosure fire, Figure 7 is presented 

(from Svensson, 2002). Note that for a fire to be sustained, sufficient oxygen is required, which in 

enclosure fires is generally supplied via openings such as windows or doors. In Figure 7, flashover 

would only be attained if the oxygen supply to the enclosure is sufficient, which would not be the case 

in a fully enclosed compartment with a closed door such as in the Figure below.   
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Figure 7: Fire development stages from Svensson (2002) 

Various modes of heat transfer are present during the development of a fire. These modes are 

radiation, convection and conduction. Radiation refers to the process by which heat is transferred via 

electromagnetic waves (for example, heat is radiated from one fuel sources to another fuel source). 

Radiation is particularly important since it is the main mode by which heat is transferred from the hot 

layer to enclosure surfaces, from flames to adjacent fuels and from one burning enclosure to the next. 

In contrast, convection is the transfer of heat via the movement of a fluid (i.e. gases and liquids). Heat 

is either transferred to, or from, a material due to this motion, as for example during the upward 

transfer of hot gases via buoyancy within the fire plume. Finally, conduction refers to the transfer of 

heat between solids. Heat transfer in this mode is characterised by a heat flux where temperature 

moves from a region of high temperature to one of lower temperature. It is thus clear that all three of 

these modes are present in an enclosure fires, although radiation and convection generally govern 

enclosure fire behaviour (Drysdale, 2001; Buchanan and Abu, 2017).  

Oxygen starvation. This occurs in enclosures where there are insufficient openings via which to 

replenish oxygen to sustain the combustion process. As the hot layer grows and descends down the 

enclosure, fuel becomes entrapped within the hot layer (which contains very little oxygen and high 

levels of toxic fumes and combustion gases). This entrapment results in fire decay due to starvation of 

oxygen. 

3.2) Combustion of Timber 

Fire dynamics within an enclosure is also affected by the nature of the combustible material within it. 

A discussion pertaining to the fundamentals of timber ignition and subsequent combustion will now 

be presented.  

Timber does not burn directly under the influence of a heat source, but first undergoes pyrolysis, 

which, as mentioned in the previous section, refers to the process during which a fuel undergoes 

decomposition due to exposure to heat (Browne, 1958). When a timber element is heated, the natural 
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polymers of which the timber is composed, will be degraded and pyrolysis gases will form along with 

inorganic ash, liquid tars and a carbonaceous char layer with a low thermal conductivity and density 

(approximately only 20% the density of the unaffected timber) (Hadden et al., 2017; Bartlett, Hadden 

and Bisby, 2018). The formation of char is generally assumed to commence at 300°C, and the 

pyrolysis of timber commencing approximately at 200°C (Bartlett et al., 2015). Under appropriate 

conditions (refer to the aforementioned fire triangle), the pyrolysis products are ignited and result in 

flaming combustion of the timber. An important parameter is the critical heat flux to ignite timber. 

Under piloted ignition the critical heat flux is 12kW/m
2
 and 28kW/m

2 
for unpiloted ignition 

(Drysdale, 2001). 

Before discussing the phases associated with its pyrolysis, the chemical structure of wood is 

presented. Generally, wood chemically consists of the following three polymers: cellulose (accounting 

for 50% of the chemical composition), hemicellulose (25%) and lignin (25%) (proportions vary 

between species) (Drysdale, 2001). Wood also contains absorbed water and its moisture content 

depends on the relative humidity and exposure conditions to which the material is subjected. Each of 

the three polymers will now be discussed individually.  

Cellulose is a polymer compound which is built-up from glucose molecules. The molecules align 

themselves, due to their linear structure, into bundles (called microfibrils) which are primarily 

responsible for the strength and rigidity of the cell wall (and hence the wood). Hemicellulos possesses 

a similar structure to cellulose. Lignin, on the other hand is a far more complex chemical constituent.  

During the growth of the plant, hemicellulose and cellulose are joined by lignin via a process of 

lignification. Drysdale (2011) states that the pyrolysis temperature of the three constituents are as 

follows: 200-260°C for hemicellulose, 240-350°C for cellulose and 280-500°C for lignin.  

As wood combusts a char layer is formed. The decomposition process generally leaves 15-25% of the 

original timber mass in the form of char, of which 10-12% originates from the lignin components. The 

yield from cellulose and hemicellulose is, however, more variable and influences the burning 

behaviour of wood (reinforcing the notion of natural variability associated with this material) 

(Drysdale, 2001).  

During pyrolysis and subsequent combustion, timber undergoes three main combustion phases, 

namely (Browne, 1958): 

1. Up to 200°C the timber undergoes dehydration during which free water within the timber 

evaporates as water vapour. The rate of pyrolysis is low if not zero, and small amounts, 

additional to the evaporated water, of carbon dioxide and carbon monoxide are released.  

2. In the range of 200°C to 300°C the polymers of wood are pyrolysed, releasing pyrolysis 

gases.      
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3. 300°C to 500°C is the range in which active pyrolysis takes place, and the rate of pyrolysis 

greatly increases. Char is rapidly formed in this range and results in a higher degree of 

thermal insulation since the thermal conductivity of char is much lower than the unaffected 

wood. The wood below the char layer is insulated from high temperatures beyond the char 

layer. 300°C is considered the temperature at the base of the char layer (White, 2016). Above 

300°C the physical structure of wood is broken down and cracks appear, as seen in Figure 8. 

Volatiles can escape through these cracks leading to an increase in the rate of pyrolysis. As 

the char layer depth increases, these cracks become more pronounced and result in the 

characteristic ñcrazedò crack pattern associated with combusted wood, also referred to as 

alligatoring/crocodiling (Drysdale, 2001).  

 

 

Figure 8: Graphical representation of the timber pyrolysis process, from Roberts (1971) 

 

4. Above 500°C secondary oxidation of chars occurs whereby the thickness of the char layer is 

reduced and results in further pyrolysis and additional heating of the wood.  

The various zones within a pyrolysing and combusting wood sample are illustrated in Figure 9: 

note the char layer, the char base pyrolysis zone as well as the unaffected wood. As mentioned 

before, the temperature at the base of the char layer is assumed to be 300°C. This will be used 

during experiments to calculate the depth of char and subsequently the charring rate. It should, 

however, be noted that a certain depth below the char layer is subjected to an elevated 

temperature (later referred to in EN1995-1-2 as the zero strength layer d0), and is labelled the 

pyrolysis zone in Figure 9. 
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Figure 9: Zones within combusting timber (White, 2016) 

The fire resistance capability of exposed timber is summarised in the following statement by the 

Society of Fire Protection Engineers: ñThe fire-resistive characteristics of exposed wood members are 

due to the insulative characteristics of the char layer and the sharp temperature gradient beneath the 

base of the char layer.ò (White, 2016).  

A distinction is also to be made when considering the cross-sectional size of structural timber 

elements when exposed to a fire. According to Gerard, Barber and Wolski (2013), most forms of 

timber products are generally divided into two categories, namely light timber frame and heavy timber 

frame members.  Light timber frame members encompass structural members with cross-sections 

ranging from 50mm x 100mm to 50 x 300mm. In contrast, heavy timber frame members possess 

cross-sectional sizes of 150mm x 150mm and greater.  

Light timber frame members are generally wall members consisting of timber studs and floor 

members composed of joist members. The general design philosophy pertaining to these timber 

members is to fully encase them with non-combustible boards (such as gypsum boards) to obtain 

satisfactory fire performance.   

Heavy timber frame members include solid sawn sections as well as engineered timber products such 

as Glue-laminated (Glulam) wood, Laminated Veneer Lumber (LVL) as well as CLT. The 

satisfactory fire performance of these members may be achieved by encapsulation or by relying on 
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natural insulative nature of combusting timber via the formation of a char layer, as discussed earlier in 

this section of the report.    

3.3) Influence of Adhesives on CLT fire performance 

As a general background to this section of the report, an overview of the manufacturing process of 

CLT panels is presented in Appendix B.1 of this report. The type of adhesive used to bond panels 

within CLT elements during manufacturing has a significant influence on fire performance, and will 

be discussed in this section of the report.  

The type of adhesive used in CLT has been proven to be an influential factor as it governs the 

occurrence of delamination (Frangi et al., 2009). Delamination is defined in ASTM D907 (2015) as: 

ñthe separation of layers in a laminate because of failure of the adhesive, either in the adhesive itself 

or at the interface of the adhesive and the adherentò.   

Before discussing the results of studies into the influence of adhesives on CLT fire performance, a 

discussion of the different adhesive types is first presented.  

Currently, the most widely used adhesive during the production CLT (in Europe) is Poly-Urethane 

(PU) (Johansson and Svenningsson, 2018). PU adhesives are attractive due to their fast curing times 

at ambient temperatures. PU adhesives are generally single component adhesives which do, therefore, 

not require premixing before application. Melamine Formaldehyde (MF) is less frequently used to 

adhesively bond CLT boards, since the addition of melamine in MF adhesives is expensive. This has 

led to the addition of urea to create Melamine Urea Formaldehyde (MUF) to reduce production costs 

(Pizzi and Mittal, 2003). Emulsion Polymer Isocyanate (EPI), are two component adhesives that 

display favourable wood to wood bonding properties and do not require curing at high temperatures 

(Johansson and Svenningsson, 2018). EPI adhesives are generally not used to bond lamella layers in 

CLT products, but some producers such as Stora Enso employ EPI adhesives to edge bond individual 

planks within a panel (Crielaard, 2015). Phenol Resorcinol Formaldehyde (PRF) is a dark brown 

adhesive, which makes it less aesthetically pleasing than colourless adhesives. It is commonly used in 

North America during the production of Glulam beams. PRF shows good structural performance, 

long-term performance, strength at elevated temperatures as well as being a cheaper adhesive to 

manufacture (Johansson and Svenningsson, 2018).  

The performance of different types of adhesives is discussed in the report by Brandon & Dagenais 

(2018). In their study several CLT samples, produced using various adhesive types, were tested in an 

intermediate scale furnace (1.0 x 1.0 x 1.0m). The CLT samples were tested in a horizontal 

configuration which represents the layout most prone to delamination. The CLT samples were all 

identical except for the adhesive used and measured 1.4m by 0.6m with 5 lamellas each 35mm thick, 

totalling to a thickness of 175mm. Four types of adhesives were tested including: PU; MF; EPI and 
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PRF. An additional modified (i.e. thermally resistant) PU adhesive type (labelled PU2) was also tested 

and compared against a commercially available PU bonded CLT elements (labelled PU1) to assess its 

effectiveness to avoid delamination.  

The exact formulation of the adhesives tested in this study is not stipulated. As such it is advised that 

the results and conclusions drawn from this particular study are only valid for the spesific adhesive 

specimens tested, and as such the results are not representative of all PU, MF, EPI and PRF adhesive 

types.   

CLT samples were subjected to a natural fire temperature-time curve which included a growth, fully 

developed and decay phase. The target and experimental gas temperature-time curve (on which the 

investigation was based) is displayed in Figure 10. Test 1-4 in the legend of Figure 10 refers to the 

study by Su et al. (2018) on which this particular adhesive study was based. Test 1-4 by Su et al. 

(2018) consisted of an enclosure (9.1m x 4.6m x 2.7m (width x depth x height)) constructed of PU 

adhesively bonded CLT panels. All the walls as well as the floor of the enclosure were protected from 

fire by gypsum boards, whereas the CLT ceiling was left exposed. During the experiment, 

delamination and a subsequent second flashover were recorded and are clearly visible in Figure 10. In 

short, the fire exposure conditions stipulated in the adhesive comparison study by Brandon and 

Dagenais (2018) were based on the experimental compartment temperatures obtained by Su et al. 

(2018), although the experimental occurrence of a second flashover was neglected. Plate 

thermometers installed inside the furnace at 100mm and 150mm distances from the CLT specimens 

were used to calibrate the obtained fire exposure.  

Note that a natural fire temperature curve seeks to address the shortcomings of the Standard Fire 

Curve (SFC), since the SFC does not include a decay phase and does not account for compartment 

geometry, ventilation opening sizes, fuel load nor the thermal properties of the compartment 

boundaries. Natural fire curves are generated by including the aforementioned factors in the 

establishment of a temperature vs. time fire curve (Karlsson and Quintiere, 1999).   



 

 

 

29 

 

Figure 10: Target and (an) achieved temperature-time curve as reported in Brandon & Dagenais (2018) 

In their study, Brandon and Dagenais (2018) assumed that the depth of the 300°C isotherm within the 

thickness of the specimen was the point at which the timber was transformed to char via the 

combustion processes. Figure 11 depicts the experimentally obtained (average) charring depth vs time 

curve for the 5 different adhesive types. It is important to note that a sudden increased rate in charring 

represents lamella delamination, as seen in Figure 12 (this was also recorded by Crielaard (2015) as 

well as Frangi et al.,(2009) in their experiments involving  PU adhesively bonded CLT panels ). Due 

to the performed averaging of all the individual experiment results, distinct charring rate peaks are not 

as evident in Figure 11, but it is illustrated that a commercially available PU adhesive (PU1) performs 

poorly in comparison to MF, EPI and PU2.  
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Figure 11: Charring depth vs time per adhesive type, as reported by Brandon & Dagenais (2018) 

Johansson & Svenningsson (2018) also reported on the findings of the same investigation referred to 

previously. Delamination is more clearly illustrated in Figure 12, since individual experimental results 

depicting average charring rate vs. time, per specimen set are shown (two samples of each adhesive 

were tested). 

 

Figure 12: Average charring rate per sample set, as reported by Johansson & Svenningsson (2018) 

Figure 12 indicates for specimen set 1 that PU Type 1 (the commercially produces PU bonded 

sample) displayed the highest charring rate. Note that the naming convention of PU1 and PU2, as 

reported in Brandon & Dagenais (2018), is changed to PUR A and PUR B, respectively in Johansson 

& Svenningsson (2018). In addition, it was reported following visual observations that the entire first 

lamella delaminated in both PU Type 1 samples, and the second lamella as well in the first sample of 

PU Type 1. A summary of the visual observations of delamination is shown below in Table 6. From 

this table it is clear that PU1 (commercially available PU) displayed a higher occurrence of 

delamination, whereas MF and PRF were resistant to delamination.  
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Table 6: Visual observation of delamination, as reported by Johansson & Svenningsson (2018). 

 

3.4) Overview of CLT compartment fire behaviour research 

To substantiate the scientific relevance of the research presented in this report, an overview of the 

current state of the art pertaining to the fire behaviour of compartments constructed of exposed CLT is 

presented. Table 7 presents an overview of previous research conducted on this specific topic. 

Furthermore, Table 7 also lists the exposed CLT panel configuration tested by the various authors. To 

illustrate the relevance of the compartment configurations tested as part of this study, the 

configurations which are investigated in this thesis which were not tested in the particular study are 

also listed. 

Table 7: Overview of research CLT compartment fire behaviour 

Author(s) 

and date  

Title  CLT 

adhesive 

type 

Exposed CLT 

surfaces  

Compartment 

Size (width x 

depth x height) 

Configuration not 

Addressed  

McGregor 

(2013) 

Contribution of 

Cross Laminated 

Timber Panels to 

Room Fires 

PU Fully unprotected 

CLT compartment 

3.5m x 4.5m x 

2.5m 

No partially 

exposed CLT 

compartments 

Medina 

Hevia 

(2014) 

Fire Resistance of 

Partially protected 

Cross-Laminated 

Timber Rooms 

PU Back Wall and one 

side wall 

Both Side walls  

One Side wall 

 

 

3.5m x 4.5m x 

2.5m 

No exposed ceiling 

tests 
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Crielaard 

(2015) 

Self-

extinguishment of 

Cross-Laminated 

Timber 

PU Back Wall  

Back and both side 

walls 

Both side walls 

0.5m x 0.5m x 

0.5m 

No exposed ceiling 

tests 

Li et al. 

(2016) 

Real-Scale Fire 

Tests on Timber 

Constructions 

PU Same as McGregor 

(2013) and Medina 

Hevia (2014) 

3.5m x 4.5m x 

2.5m 

Same as McGregor 

(2013) and Medina 

Hevia (2014) 

Hadden et 

al. (2017) 

Effects of exposed 

cross laminated 

timber on 

compartment fire 

dynamics 

PU Back and one side 

wall 

Back wall and 

ceiling 

Back wall, one side 

wall and ceiling 

2.72m x 2.72m 

x 2.77m 

No direct 

comparison 

between an exposed 

wall and an exposed 

ceiling 

Bateman et 

al. (2018) 

Effects of Fuel 

Load and Exposed 

CLT Surface 

Configuration in 

Reduced-Scale 

Compartments 

PU Back and one side 

wall 

Back wall and 

ceiling 

0.64m x 0.66m 

x 0.64m 

And 

0.58m x 0.66m 

x 0.70m 

No direct 

comparison 

between an exposed 

wall and an exposed 

ceiling.  

Su et al. 

(2018) 

Fire Safety 

Challenges of Tall 

Wood Buildings ï 

Phase 2: Task 2 & 

3 ï Cross 

Laminated Timber 

Compartment Fire 

Tests 

PU One side wall 

Ceiling 

Ceiling and one 

side wall 

9.1m x 4.6m x 

2.7m 

No comparison 

between two 

exposed side walls 

Su, Leroux, 

et al., 

(2018) 

Fire testing of 

rooms with 

exposed wood 

surfaces in 

encapsulated mass 

timber 

construction 

Thermal 

resistive 

PU (brand 

name 

HBX) 

Back wall and 10% 

of ceiling 

Ceiling 

Both side walls and 

ceiling 

4.5m x 2.4m 

x2.7m 

No comparison 

between two 

exposed side walls, 

and an exposed wall 

vs ceiling 
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A discussion of each of the research items listed in Table 7 will be individually presented in this 

section of the report.  

3.4.1) McGregor (2013): CLT Room Fires 

McGregor (2013) performed a series of 5 experiments that sought to determine the contribution of 

CLT to fire development, fire duration as well as fire intensity. The CLT panels used in the 

experiments were 105mm thick 3-ply panels and were used to construct either fully protected (by two 

layers of gypsum boards) or fully exposed compartments. The initial fire load was supplied via either 

a propane burner or furniture. The compartments all measured 3.5m x 4.5m x 2.5m (width x depth x 

height) and contained a single door measuring 1.07m x 2.0m (width x height), resulting in an opening 

factor of 0.042 m
0.5

. An overview of the 5 experiments is presented in Table 8.  

Table 8: Tests performed by McGregor 

Test Number 1 2 3 4 5 

Fully Protected (FP) / 

Unprotected (FU) 

FP FP FU FP FU 

Initial Fire Load 

Source 

Propane Burner Furniture Propane Burner Furniture Furniture 

 

HRR, enclosure temperatures and charring rates were recorded during each of the experiments. Table 

9 displays the input heat release (in MJ/m
2
) for the 5 experiments as well as the observed heat release 

(also in MJ/m
2
). Tests 3 and 5, which involved unprotected CLT enclosures, demonstrated that the 

CLT panels increased the observed heat release during the experiments. In Test 3, the propane burners 

supplied an input heat of 182 MJ/m
2
 and the CLT panels contributed 408MJ/m

2
. In Test 5, the input 

furniture fire load was measured at 366MJ/m
2
 and the CLT panels contributed 612 MJ/m

2
. Test 5 was 

prematurely extinguished, suggesting that the actual total heat release during the experiment would be 

higher if allowed to burn further. In order to compare the propane and furniture input fuel sources, it 

was estimated that propane fires resulted in 68% of the fire load imposed during the furniture initial 

fuel load tests.  
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Table 9: Heat release values as recorded by McGregor (2013) 

 

A key finding from this study was that when the charring front reached the adhesive layer, the PU 

adhesive debonded and resulted in delamination of whole CLT lamellas. Delamination led to an 

increase in the fire intensity after the depletion of the initial fire load and extended the fire duration. 

Additionally, when comparing the fully protected vs unprotected compartments, the exposed CLT 

result in an increased fire growth rate and the time to flashover was reduced. When comparing the 

HRR, the fully exposed CLT compartments resulted in approximately a doubled HRR as compared to 

the protected compartments. To illustrate the contribution of exposed CLT to total heat release, Figure 

13 shows a comparison of the Total energy Released (TER) vs time curves for the 5 experiments. The 

fully unprotected compartments (Test 3 and 5) displayed approximately double the TER of their 

comparable protected compartment tests (Test 1 and 2 respectively). Test 3 resulted in an overall 

charring rate of 0.63 mm/min, whereas Test 5 yielded a charring rate of 0.85 mm/min. (due to the 

occurrence of delamination which exposed virgin lamellas in the CLT panels)    

 

Figure 13: Total HRR as reported by McGregor (2013) 
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The main limitation of McGregorôs research is that the experiments were not allowed to run till 

extinction since experiments were extinguished prematurely. A systematic study of the achievement 

of self-extinction was also not recorded. It was however concluded that the fully protected 

compartments achieved self-extinguishment after the depletion of the fire load, whereas self-

extinguishment was not achieved in fully exposed CLT compartments due to delamination.  

3.4.2) Medina Hevia (2014): Partially Protected CLT Timber Rooms 

Medina Hevia (2014) continued the research of McGregor (2013) by investigating the effect of 

partially protected compartments on compartment fire behaviour. The overall aim of the research was 

to determine a suitable panel configuration that allows for the maximum exposed CLT area in the 

compartment whilst still resulting in similar fire behaviour to a fully protected CLT compartment.  

Three tests were conducted to characterise these effects, and are reported in Table 10. 

Table 10: Experiments carried out by Medina Hevia (2014) 

Test Number 1 2 3 

Fire Load Furniture and Clothes 

Unprotected Walls Rear and one 

side wall 

Both side 

walls 

One side 

wall 

Unprotected area as a percentage of the 

total interior surface area (excluding the 

door opening) 

28.8 % 32.4% 16.2% 

 

The partially protected CLT compartments measured 3.5m x 4.5m x 2.5m (width x depth x height) 

and were constructed (in Test 1 and 2) from 105mm thick 3-ply CLT panels (identical to the CLT 

panels used by McGregor). Test 3 made use of a different 3-plied CLT panel: each ply was also 

35mm thick but the individual planks per ply were wider. Both types of CLT panels were 

manufactured using a PU adhesive. A single door, measuring 1.069m x 2.0m, was also placed on the 

shorter front wall, resulting in an opening factor of 0.042 m
0.5

. The fuel load was kept constant 

between the three experiments and was estimated to be 531.6 MJ/m
2
. 

It was found that the HRR in tests involving 2 exposed CLT walls resulted in a much higher HRR as 

compared to the experiment containing only one exposed CLT wall, and also led to a slower 

temperature decrease rate. Furthermore, it was recorded that the HRR in Test 2 was higher than that of 

Test 1, suggesting that exposed panels that face one another experience greater cross-radiation than 

adjacently orientated exposed panels. During Experiment 1 and 2, delamination of whole lamellas was 

observed and caused spikes in the recorded HRR which prevented the occurrence of self-

extinguishment. In contrast, Experiment 3 with only one exposed CLT wall did not undergo 

delamination and self-extinguishment was observed. It was concluded that a compartment with one 
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exposed wall displayed comparable fire behaviour to the fully protected compartment fire tests 

performed by McGregor (2013). Furthermore, the averaged charring rate of Tests 1, 2 and 3 were 

0.69, 0.77 and 0.71 mm/min respectively.  

3.4.3) Crielaard (2015): Self-extinguishment of CLT 

Crielaard studied the conditions under which CLT may undergo self-extinguishment. Two sets of 

experiments were carried out to quantify the heat flux (and air flow conditions) resulting in 

smouldering extinction of CLT as well as the influence of compartment configurations on the 

achievability of self-extinction. 

In his first experimental series, Crielaard tested small samples, measuring 100mm x100mm x 500mm 

(width x breadth x height) in an ISO 5660-1 certified cone calorimeter and a separate cone heater. The 

cone calorimeter was used to subject the CLT sample to an initial heat flux of 75 kW/m
2
 until a char 

layer of 20mm had formed. Subsequent to forming this char layer, the samples were transferred to a 

separate cone heater and exposed to a heat flux ranging between 0 and 10 kW/m
2
. Additional to the 

lower heat flux imposed in the second stage of the experiment, a fan supplied airflow over the sample 

surface to quantify the influence of airflow on the achievement of self-extinguishment. Based on these 

tests, Crielaard concluded that the threshold heat flux resulting in self- extinguishment of CLT is in 

the range of 5 to 6 kW/m
2
. Furthermore, it was found that an air flow speed of 1.0 m/s and a 

secondary heat flux of 6kW/m
2
 resulted in burn-trough of the sample. It was subsequently postulated 

that an airflow speed of 0.5 m/s in combination with a heat flux lower than 6 kW/m
2
 results in self-

extinguishment.  

In his experimental series, Crielaard additionally investigated small scale compartments (0.5m x 0.5m 

x 0.5m internal dimensions, with an opening of 0.18m by 0.5m, yielding an opening factor of 

0.042m
0.5

) to further quantify the conditions required to achieve self-extinguishment of CLT. The 

compartments were constructed with 100m thick 5-ply PU adhesively bonded CLT panels. The floor, 

ceiling and certain walls per configuration were constructed of non-combustible boards. In addition, a 

compartment constructed of CLT panels with thicker outer lamellas (40mm instead of 20mm) were 

tested to demonstrate the potential of a thicker outer lamella to prevent heat induced delamination. 

The 4 different tested compartment configurations are displayed in Figure 14. 
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Figure 14: Compartment configurations as tested by Crielaard (2015) 

A series of 5 compartment fire tests were carried out by Crielaard, and are summarised in Table 11. 

The table also lists the experimental names assigned to compartments that were investigated in the 

adhesive comparison analysis of Masterôs Thesis research project.  

Table 11: Compartment experiments, reproduced from Crielaard (2015) 

Experiment 

Number 

CLT Panels Remark Experiment Name 

assigned in this report 

1 Back wall - PU-BW 

2 Back and both side walls - - 

3 Both side walls - PU-2SW-1 

4 Both side walls Repetition of Experiment 3 PU-2SW-2 

5 Both side walls Thicker outer lamellas 

(40mm instead of 20mm) 

PU-2SW-40mm 

 

The input heat in the compartment tests was supplied by a bed of 7 rows each with 5 burners. The 

propane mass flow to the burners was adjusted in each experiment to obtain a HRR of 41kW. Note 

though that in the 1
st
 experiment, the input propane HRR was 62kW but was adjusted after 12 minutes 

to 42 kW. The HRR supplied by the propane burners as well as the contribution of the CLT panels to 

the fuel load is illustrated in Table 12. The propane burners were switched off when a charring depth 

of 20mm was recorded.  
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Table 12: HRR as recorded by Crielaard (2015) 

Experiment Propane Input 

[kW](/m
2
 

floor)  

Average Total 

[kW](/m
2
 

floor)  

CLT 

contribution 

[kW](/m
2
 

floor ) 

Increase 

1  62 (248) 78(312) 

16(64) 26-39% 
1 after 12 

minutes 

41(164) 57(228) 

2 41(164) 110(440) 69(92) 168% 

3 41(164) 102(408) 61(122) 149% 

4 41(164) 95(380) 54(108) 132% 

5 41(164) 79(316) 38(76) 93% 

 

The total energy release rates (in MJ) were also measured, and are displayed in Table 13. 

Table 13: Energy release measurements by Crielaard (2015) 

Experiment Propane  

[MJ](/m
2
 

floor)  

Total 

[MJ](/m
2
 

floor)  

CLT 

contribution 

[MJ](/m
2
 

CLT)  

Increase 

1: Back Wall 112(448) 169(676) 57(228) 51% 

2: Back Wall 

and Both Side 

Walls 

77(308) 386(1544) 309(412) 401% 

3: Two Side 

Walls 

55(220) 240(960) 185(37) 336% 

4: Two Side 

Walls 

62(248) 183(732) 121(242) 195% 

5: Two Side 

Walls 
* 

63(252) 134(536) 71(142) 113% 

*
 Test 5 involved a thicker outermost lamella that was exposed to the fire (40mm instead of 20mm) 

Crielaard recorded an averaged charring rate of 0.77mm/min in the compartments that burned-trough. 

Compartment 1, 4 and 5 self-extinguished, whereas experiments 2 and 3 burned through via sustained 

flaming combustion and a second flashover respectively. It was also concluded that delamination had 

a severe influence on fire behaviour and resulted in a smouldering CLT panel being reignited and 

reverting back to flaming combustion, or in the continuation of flaming combustion. Additionally, 

exposed CLT panels increases the HRR and the total energy released during a fire as well as 

increasing the fire duration.  
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3.4.4) Li et al. (2016): Real-Scale Fire Tests on Timber Constructions 

In this study, the results of McGregor (2013) and Medina Hevia (2014) are summarised and analysed. 

The following conclusions are drawn:  

¶ Experiments with exposed CLT panels resulted in increased fire growth rates, reduction in the 

time to flashover, but did not increase the enclosure temperature in the top layer.  

¶ The total energy released (TER) in the fully unprotected compartments was approximately 

double that of the fully protected compartments during the fully developed phase of the fire.  

¶ Delamination occurred in the fully unprotected compartments as well as compartments with 2 

unprotected CLT walls, but not in compartments with only one exposed wall. Delamination 

had a serious effect on the fire behaviour of the CLT compartments as it increased the 

measured energy release rates and extended the fire duration.  

¶ Delamination and subsequent secondary flashover occurred earlier in the compartment test 

with two facing walls as compared to two adjacent walls due to direct cross-radiation between 

two facing CLT panels. 

¶ In a compartment with only one exposed CLT wall (accounting for 29.7% of the total wall 

area) self-extinguishment was achieved and this compartment displayed comparable fire 

behaviour to the fully protected compartment test. 

¶ It was recommended that further studies should investigate the behaviour of CLT panels 

manufactured from a more heat-resistant adhesive, especially adhesives with melting points 

higher than 300°C. 

3.4.5) Hadden et al. (2017): Effects of exposed CLT on compartment fire 

dynamics 

In this study, the influence of exposed CLT on compartment fire dynamics was investigated by means 

of experimental tests and analysis. Three compartment (labelled Alpha, Beta and Gamma) 

configurations were tested in compartments constructed of plasterboard and exposed CLT. The 

compartmentsô internal dimensions were 2.72m x2.72m x 2.77m, and were constructed in three 

geometrical configurations, as displayed in Table 14. The opening factor of all the compartments was 

0.042 m
0.5

. The input fuel load was supplied by wooden cribs, measured at 56kg in all the experiments 

and yielding a fuel load of 132MJ/m
2
. 
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Table 14: Experimental configurations as tested by Hadden et al. (2017) 

Experiment Name Alpha Beta Gamma 

Number of Repetitions 2 2 1 

Exposed CLT surfaces Back and side wall Back wall and ceiling Back wall, ceiling and 

side wall 

Exposed Timber Area 

(m
2
) 

15 14 22 

 

Two main conclusions were formulated based on the experimental results. Firstly, delamination 

severely inhibits the potential of CLT compartment to achieve self-extinction since virgin timber 

becomes exposed to high heat flux leading to flaming combustion (as seen in experiment Beta, 

repetition 2). Compartments with two exposed CLT surfaces were able to self-extinguish unless 

delamination occurred.  Secondly, compartments with three exposed CLT panels did not self-

extinguish due to radiative heat exchange between the exposed timber surfaces, preventing heat flux 

in the compartment to drop below the threshold for self-extinguishment. It was observed in the first 

Alpha configuration experiment that localised char fall-off occurred in the ceiling panel, which 

resulted in partial delamination of the ceiling panel, as seen in the image below:  

 

Figure 15: Localised char fall-off on the ceiling panel. From Hadden et al. (2017) 

Other conclusions included:  

¶ Char fall-off is likely to occur earlier in exposed panels that are horizontally orientated as 

compared to vertically due to the influence of gravity.  
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¶ Maximum compartment temperatures are not significantly different between compartments 

with exposed timber walls and compartments constructed of non-combustible materials.  

¶ Ceiling CLT panels experienced lower char depths than back wall panels, possibly due to 

lower oxygen availability at the ceiling which lowers the pyrolysis rate.  

It is also noteworthy to mention that plasterboard encapsulated walls in the Alpha-configuration 

experiments experienced extensive fall-off during the fire tests, whereas this was not observed in the 

Beta-configuration experiments.  

3.4.6) Bateman et al. (2018): Effects of Fuel Load and Exposed CLT Surface 

Configuration in Reduced-Scale Compartments 

In this study, Bateman et al. (2018) attempted to continue the work of Hadden et al. (2017) by further 

investigating the effect of varying the initial fuel load as well as the effect of varying compartment 

configurations. This was done by conducting experimental tests on two compartment configurations, 

labelled Alpha and Beta. The (small-scale) compartments with dimensional parameters as listed in 

Table 15.  

Table 15: CLT compartment experiments conducted by Bateman et al. (2018) 

Experiment Width (mm) Depth (mm) Height (mm) Exposed CLT 

Area (m
2
) 

Exposed 

CLT 

Panels 

Opening 

Factor (m
0.5

) 

Alpha 637.5 660 637.5 0.83 Back and 

Right Side 

Walls 

0.043 

Beta 575 660 700 0.78 Back wall 

and 

Ceiling 

0.042 

 

Two fuel load sizes (namely low and medium) were investigated by placing two different wood crib 

sizes within the compartments. The Alpha-experiments were subjected to both a low and medium fuel 

loads, whereas compartment Beta was tested using both these fuel loads as well as an additional high 

fuel load. The low fuel load totalled 47.26 ± 9.42 MJ/m
2
, the medium fuel load 104.39± 1.22 MJ/m

2
 

and the high fuel load 277.19± 4.22 MJ/m
2
. The general results of the 5 experiments are listed in 

Table 16. 
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Table 16: Visual Observations by Bateman et al. (2018) 

Experiment Time to Flashover 

[minutes:seconds] 

Time to fuel 

burnout [min] 

Time to Secondary 

Flashover  

Auto-extinguished? 

Alpha Low 5:00 16 43 No 

Alpha Medium 5:30 30 90 No 

Beta Low 5:00 20 - Yes 

Beta Medium 5:30 27 - Yes 

Beta High 5:30 70 - No 

 

In general, compartment configuration Beta, with one exposed back wall and ceiling, underwent self-

extinguishment whereas in configuration Alpha (back and one side wall exposed) a second flashover 

that prevented the attainment of self-extinguishment due to sustained burning. Additionally, self-

extinguishment was not achieved in the Beta configuration subjected to a high fuel load, especially 

since the fuel load occupied a significant volume of the compartment, required more time to burnout 

and led to the burn through of the CLT panels.    

Bateman et al. (2018) hypothesises that configuration Alpha displayed worse fire behaviour as 

compared to configuration Beta due to the accumulation of smoke at the ceiling which acts as an 

additional hot surface. As smoke accumulates at the ceiling, any exposed CLT surface that does not 

coincide with the ceiling would experience heat exchange with the hot smoke layer. If the exposed 

CLT surface coincides with the ceiling, the formation of an additional ñhot surfaceò is prevented. 

Furthermore, in the two Alpha-configuration experiments, lamella delamination was observed at the 

instance the charring depth reached the adhesive line. Delamination resulted in the exposure of 

uncharred timber and the fire behaviour reverting to flaming combustion.  It was recorded, as was also 

done by Hadden et al. (2017), that ceiling panels displayed lower charring depths and as such were 

less prone to delamination.  

3.4.7) Su et al. (2018): Cross Laminated Timber Compartment Fire Tests 

In this study, CLT compartments measuring 9.1m x 4.6m x 2.7m (width x depth x height) were 

constructed from 175mm thick 5-ply CLT. Two ventilation opening sizes were tested by testing 

compartments with door sizes of either 1.8m x 2.0m or 3.6 x 2.0m, resulting in an opening factor of 

0.03m
0.5

 and 0.06 m
0.5

 respectively. Table 17 displays the details of the 6 compartment tests. The 

initial fuel load, in all 6 experiments, was supplied by furniture and was measured to vary between 

548 and 556 MJ/m
2
. The performed experiments are listed in Table 17.  
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Table 17: Compartment tests as performed by Su et al. (2018) 

Experiment Exposed CLT surfaces Opening Factor (m
0.5

) 

1 Fully protected 0.03 

2 Fully protected 0.06 

3 One side wall 0.06 

4 Ceiling 0.03 

5 One side wall 0.03 

6 Ceiling and one side wall 0.03 

 

Experiment 1 and 2 (fully protected compartments) served as baseline tests. The ventilation opening 

sizes were varied between the two experiments. With its smaller opening, Test 1 displayed a longer 

fully developed fire phase. The large opening in Test 2 facilitated faster burning of the fire load and 

resulted in a shorter fully developed fire. Test 2 also resulted in more external flaming suggesting that 

compartments with larger openings result in more severe external fire conditions but less severe 

conditions within the compartment. When comparing these two baseline tests with the partially 

exposed compartments, flashover occurred earlier in experiments 3 through 6 compared to 

experiments 1 and 2. 

When comparing experiment 3 and 5, an increased ventilation opening resulted in an increased HRR 

and increased external heat flux. More heat was entrapped in the compartment with a smaller opening 

(experiment 5), and after the occurrence of delamination a second flashover was observed. 

Experiment 5 also yielded 3.6 times more volume of charred CLT as compared to experiment 3.    

All compartments with exposed CLT surfaces, except experiment 3 with the increased ventilation 

opening, did not undergo self-extinction due to either sustained flaming conditions or a second 

flashover due to lamella delamination. This is displayed in Figure 16 which compares the HRR of the 

various experiments. Experiment 6, with an exposed ceiling and one side wall did not display a decay 

phase, whereas experiments 3, 4 and 5 experienced fire-regrowth during the decay phase due to 

delamination.    
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Figure 16: HRR of the 6 experiments as recorded by Su et al. (2018) 

The contribution of CLT to the peak HRR was also quantified. A distinction was made in test 5 and 6, 

since unexposed surfaces became involved in the fire at specific times in the two tests (after 70 

minutes in Test 5 and 75 minutes in Test 6). Two regression lines are reported for the two tested 

ventilation conditions, and are depicted in Figure 17.  

 

Figure 17: Estimation of the contribution of exposed CLT surfaces to the peak HRR, from Su et al. (2018) 

Experiment 4 and 5 displayed severe second flashovers with the HRR rising sharply after the 

occurrence of delamination during the decay phase. In contrast, Experiment 3 (one exposed side wall 

with a larger ventilation opening) displayed less severe peaks in the HRR despite observed 

delamination.   
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3.4.8) Su, Leroux, et al., (2018): Fire testing of rooms with exposed wood 

surfaces in encapsulated mass timber construction 

This study demonstrated the potential of a novel thermally resistant PU adhesive to prevent the 

occurrence of heat induced delamination. CLT compartments, measuring 4.5m x 2.4m x 2.7m (width 

x depth x height) with a door of 0.76m x 2m (resulting in an opening factor of 0.03m
0.5

), were 

constructed from 175mm thick 5-ply CLT panels bonded with a thermally resistant PU adhesive. 5 

experiments with various exposed CLT panel configurations were carried out, and are displayed in 

Table 20. Partially exposed Glulam beams and columns were also installed in Experiments 3 and 4, 

but will not be discussed in this report. It is, however, important to note that Experiment 3 was 

conducted with protected CLT panels and partially exposed Glulam beams and columns. The initial 

fire load was supplied by wooden cribs with a calculated fire load density of 550MJ/m
2
. The 

composition of exposed panels per experiment is depicted in Table 18.  

Table 18: CLT Compartments as tested by Su, Leroux et al. (2018) 

Experiment Exposed CLT panels Exposed Glulam beams/columns 

1 Fully Protected N/A 

2 Back wall and 10% of the ceiling N/A 

3 Fully Protected 11.5% / 24.5% of the perimeter  

4 Ceiling 6.4% / 12.6% of the perimeter 

5 Both side walls and the ceiling N/A 

 

All compartment tests with exposed CLT panels did not display significant delamination when the 

charring front passed through the glue line of the thermally resistant PU adhesive, and thereby greatly 

improved fire behaviour. Additionally, a general observation was made that the charring rate 

decreased as the charring depth increased. Initially, the char rate was in the order of 0.6-1.0mm/min 

and subsequently reduced. Self-extinction was recorded in Experiment 1 (the baseline fully protected 

compartment), 2 and 4. With both side walls and the ceiling exposed in Test 5, the two exposed side 

walls were reignited late in the decay phase and resulted in a sharp peak in the enclosure temperature. 

This study demonstrated the potential of a new PU to avoid the occurrence of heat induced 

delamination and the achievement of self-extinguishment in compartments with (approximately) only 

one exposed CLT surface (either a wall or a ceiling). These conclusions are enforced by the 

compartment temperature-time curves as shown in Figure 18. It was recorded that even with the 

occurrence of a second flashover in Experiment 5, that char remained intact on the CLT panels even 

after the charring front had passed through the adhesive line, demonstrating the ability of this 

adhesive to resist delamination.  



 

 

 

46 

 
 

 
 

 

Figure 18: Temperature Time Curves as recorded by Su, Leroux et al. (2018) 

 

Experiment 3 Experiment 4 

Experiment 5 

Experiment 2 

Experiment 1 
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3.5) A review of fire design recommendations 

Now that the fundamentals of fire dynamics and timber combustion have been laid, a description of 

current design recommendations related to compartments containing exposed timber can be presented. 

In Appendix C of this report, a description of various types of fire curves is first presented, followed 

by the Eurocode codification of timber charring, a design recommendation that seeks to characterise 

the contribution of combustible CLT to the overall fuel load, and finally a brief description of zone 

modelling. 

These design recommendations discussed in Appendix C will be investigated in Chapter 8 of this 

report. 

3.6) Chapter Conclusion 

This chapter provided the theoretical basis on which the enclosure fire experiments of this research 

project were conceived and analysed. The fundamentals of enclosure fire dynamics, timber 

combustion, fire performance of CLT adhesives, as well as recent research on compartments 

containing exposed timber were presented. By discussing these theoretical topics, the first two sub-

research questions of this study (as presented in Figure 2) were addressed. 

In general terms, enclosure fire dynamics is a complex and inter-related system which depends on 

various parameters, one of which is the presence of combustible materials (such as exposed CLT).  In 

turn, the fire performance of exposed CLT is influenced by the type of adhesive used to bond lamella 

with CLT panels, as well as the relative orientation of CLT panels within an enclosure. Research has 

been conducted into the aforementioned fire engineering topics, and the experiments conducted as 

part of this research project aim to further broaden the available body of knowledge pertaining to the 

performance of CLT in fire.     

In addition, by systematically reviewing design recommendations related to the design of timber 

elements subjected to fire, the theoretical foundation is laid for the design recommendation 

investigation presented in Chapter 8 of this report.    
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PART 2: EXPERIMENTS  
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4) Selecting Experimental Parameters 

Based on the literature study presented in the previous chapter of this report, the rationale behind the 

selection of experimental parameters used in this investigation, are substantiated. The main 

parameters include the selection of CLT adhesive type to be investigated as well as the configuration 

of exposed CLT panels within compartments. And will be discussed individually. 

4.1) Adhesive Type 

Based on the information document in Section 3.3, it is clear that the adhesive type used to bond CLT 

lamella during production has a significant influence on the fire behaviour of CLT samples. It is 

therefore desired that a commercially available CLT product is to be tested as part of this 

investigation. Since melamine-based adhesively bonded CLT panels have been reported to 

demonstrate improved fire performance as compared to PU bonded CLT panels, it was decided to test 

MUF bonded CLT panels. Concerns regarding formaldehyde emissions of MUF bonded CLT panels 

are addressed in Section 2.5.2 as well as Appendix D. 

4.2) Exposed CLT Panel Configuration  

Based on the review of previous compartment fire tests, self-extinguishment is unlikely to occur in 

compartments with 3 or more exposed CLT surfaces. As such a restriction of a maximum of two 

exposed CLT surfaces is implemented in this study to investigate the influence of adhesive type and 

panel configuration on the attainability of self-extinguishment. To facilitate the comparison between 

two adhesive types (namely MUF and PU), the compartment configurations as tested by Crielaard 

(2015) with at most 2 exposed CLT panels are replicated in this investigation. As such, the following 

compartment configurations will be investigated:  

¶ Compartment configuration with an exposed CLT back wall, as also investigated by Crielaard 

(2015) 

¶ Compartment configuration with both side walls constructed of exposed CLT, as also 

investigated by Crielaard (2015) 

Various researchers have investigated the influence of CLT panel configuration on enclosure fire 

behaviour, as documented in Section 3.4 of this report. Based on these tests, the following 

compartment configurations were selected as most pertinent to investigate further:  

¶ Medina Hevia (2014) demonstrated that an enclosure with two exposed CLT side walls 

display longer fire durations as compared to an enclosure with only one side wall. To confirm 

this assessment, compartment configurations with only one CLT side wall (Configuration 

SW-1 and SW-2) and two CLT side walls (SW2) are investigated.  
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¶ Based on the research by Hadden et al., (2017) and Bateman et al., (2018), it is suggested 

that ceiling panels experience less charring than exposed walls (back or side walls). To 

investigate this observation further, compartment configurations with only an exposed CLT 

ceiling (Configuration C-1 and C-2) are tested in this investigation.  

¶ To assess the influence of panel orientation in compartments containing two exposed CLT 

panels, an additional configuration containing an exposed CLT ceiling as well as CLT back 

wall was selected.  Based on the work by Bateman et al., (2018), it is suggested that a 

compartment configuration with an exposed back wall and ceiling, displays improved fire 

performance as compared to a compartment with an exposed back wall and one side wall. 

Based on this indication from previous compartment tests, it was decided to investigate a 

compartment configuration with a CLT back wall and CLT ceiling (Configuration BW+C-1 

and BW+C-2) as an additional compartment configuration.  
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5)  Experimental Methodology 

In this section of the report, the experimental set-up of a series of fire tests is documented. As 

mentioned in Section 2 of this report, the methodology implemented by Crielaard (2015) was 

followed in this investigation. The general methodology is that small scale compartments constructed 

of combustible CLT and non-combustible panels in varying panel orientations, are subjected to an 

initial fire, allowed to transition to smouldering combustion and then assessed if self-extinguishment 

of the exposed CLT occurs.  

According to the followed methodology, the compartments are subjected to a 41kW design fire. This 

amount of energy was experimentally determined by Crielaard (2015) such that the amount of 

external flaming occurring at the opening of the compartment was kept to a manageable level as to not 

damage any of the experimental equipment. All compartments are exposed to this design fire until a 

charring depth of 20mm is achieved at the centre of all exposed CLT panels. This level of charring 

reflects the formation of char layer in a CLT panel in a real fire. In a real fire, Crielaard hypothesised 

that after the formation of a 20mm char layer, the initial fire load present in a compartment would 

have been consumed. Upon the decay of the initial fire load, the exposed CLT panels are the only 

combustible material available to fuel the fire. 

By performing experiments that follow the methodology of Crielaard (2015), as well as by using CLT 

and non-combustible panels comparable to those used by Crielaard, it is possible to draw a practical 

comparison between the results of Crielaard and this study. This facilitates the comparison of 

adhesive performance in CLT panels exposed to fire conditions. Furthermore, additional CLT and 

non-combustible panel configurations are tested in this study as compared to Crielaard (2015), which 

allows additional conclusion pertaining to the influence of compartment configuration to be drawn.  

In this section of this chapter, a discussion of the equipment used, the specimens that were prepared as 

well as the experimental procedure that was followed is presented.    

5.1) Equipment 

The equipment used to capture data during the various experiments included a burner bed fuelled by a 

propane gas bottle, a gas extraction hood and associated exhaust gas analysis equipment to perform 

oxygen-consumption calorimetry, thermocouples to record CLT and compartment temperatures, a 

timber moisture content sensor as well as a video recorder.  

Burner Bed with propane gas supply 

To deliver the design fire of 41kW, a burner bed with 7 rows each containing 5 burners (each with a 

capacity of 26kW and head diameter of 40mm) was used. The burner bed encompasses a square area 
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of approximately 0.4m by 0.4m. The burner bed is elevated from the floor by placing it on top of 

concrete blocks. Additional concrete blocks were placed around the burner bed on which the various 

compartments were placed. The burner bed was allowed to protrude through the non-combustible 

floor panel of each compartment. This was done by drilling 50mm holes in the floor panel of each 

compartment in a pattern that corresponds to the burner bed. Figure 19.a) depicts the burner bed as 

well as the concrete blocks, whereas Figure 19.b) depicts the protrusion of the burner bed through the 

floor panel of a compartment. Moreover, to ensure that no additional ventilation openings are created 

by drilling holes in the floor panel that are larger than the burner head diameter, a layer of ceramic 

wool was placed on the floor on the inside of each compartment, as shown in Figure 19.b).   

 

Figure 19: a) Burner bed and concrete blocks to facilitate placement of compartment. b) Burner bed protruding through the 

floor panel of a compartment 

Gas extraction hood and exhaust gas analyser 

A gas extraction hood and coupled exhaust gas analyser were used in these experiments to determine 

the total HRR as supplied by the design fire and the contribution of the combustible CLT to the fire. 

The gas analyser was used to perform oxygen calorimetry which is used to measure the total HRR 

during the experiments. Care was taken before each experiment to ensure that the gas analyser was 

calibrated to predefined concentrations of CO2 and O2, such that reliable gas analysis was facilitated. 

As a background, oxygen calorimetry involves the calculation of total amount of heat being released 

per unit time (i.e. total HRR) based on the amount of oxygen being consumed. A relationship exists 

between oxygen consumption and HRR, and additional gas measurements (such as CO2) can be used 

to account for incomplete combustion (Drysdale, 2001). The compartments were placed on top of the 

aforementioned burner bed and positioned in such a way that the rising combustion gases were 

extracted into the hood during the various experiments.    

a) 
b) 

Ceramic wool to prevent air from entering the 

compartment through oversized holes 
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Thermocouples 

Type K mantle thermocouples, 1mm in diameter, were placed inside the depth of CLT panels as well 

as inside a compartment in each tests. The data obtained from these thermocouples are used to assess 

the ability of the CLT to extinguish per configuration, as well as calculate the charring rate per CLT 

panel.  

To record enclosure temperatures, thermocouples were placed in the middle of each compartment and 

suspended to a height of 0.2m and 0.4m from the floor of the compartment. This is illustrated in 

Figure 20. In Configuration 2SW, SW-1 and SW-2 additional thermocouples (also elevated to 0.2m 

and 0.4m from the floor panel and along the centre axis of the compartment) were installed in front of 

the left and right panels to be able to quantify the cross-radiation between exposed side CLT panels.   

 

Figure 20: Position of thermocouples to record enclosure temperatures 

To record the charring rate of an individual CLT panel, thermocouples were embedded at the centre of 

CLT panel. These thermocouples were installed at different depths as measured from the inside of the 

compartment (henceforth referred to as the fire side). Holes were drilled from the outside (cold side) 

using a 2mm drill bit to a depth of 20mm, 30mm, 40mm, 50mm and 60mm as measured from the fire 

side. These holes were spaced closed to one another to obtain the charring behaviour at the centre of a 

CLT panel. Figure 21.a) displays a thermocouple group installed in a side CLT wall as well as a 

thermocouple group installed in front of the CLT panel to quantify cross-radiation.  Figure 21.b) 

depicts the typical configuration of a thermocouple group (where depths of thermocouples are quoted 

as the distance between the tip of the thermocouple and the fire exposed side of the panel). The 

thermocouples were installed in a circular pattern as indicated in the Figure (all dimensions in mm).  

0.2m 

0.2m 
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Figure 21: a) Installation of thermocouples inside the compartment as well as within the depth of a CLT panel. b) 

Thermocouple group configuration as installed at the centre of a panel 

It is acknowledged by the author that temperature recording errors may be recorded since the 

thermocouples were installed perpendicular to the CLT lamella instead of parallel, as suggested by 

literature (Fahrni et al., 2018). The CLT panels were prefabricated and sent to the testing location, 

which prevented the installation of thermocouples within the CLT panel parallel to the lamella during 

production. As such associated shortcomings of this thermocouple installation process are 

acknowledged, namely an underestimation of temperature within CLT samples (due to a cooling 

affect by which heat is transferred away from the tip) and possible underestimation of the charring 

rate by 10%. 

Moisture content sensor  

An electronic moisture content sensor was used to quantify the moisture content of CLT panels upon 

delivery as well as before testing. Care was taken to ensure that the electronic sensor was calibrated 

according to the ambient temperature at the time of measurement as well as the species of the wood 

that was measured (namely European Spruce). The two pins of the sensor were driven into a depth of 

40mm from the surface of a specific panel to ensure that surface effects would not influence the 

results.  Figure 22 displays the moisture content sensor as a measurement was taken.  

Thermocouples installed 

through the ceiling, in front 

of a side wall 

Thermocouples installed to 

various depths within a CLT 

panel 

a) 
b) 
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Figure 22: Moisture content sensor being employed before testing a compartment 

The moisture content of each exposed CLT panel was measured at panel delivery as well as directly 

prior to testing. The results of these measurements are summarised in Table 19. From the table it is 

recorded that prior to testing, the moisture content of the CLT panels were in a range of 12.2% to 

13.9%. 

Table 19: Moisture Content of each panel at delivery and before testing. 

 Moisture 

Content at 

delivery (%) 

Moisture Content 

prior to testing (%) 

MUF-BW 11 12.3 

MUF-2SW (Left 

Panel/ Right Panel) 

10.2/11.8 13.9/12.7 

MUF-SW-1 13.8 12.3 

MUF-SW-2 10.5 12.4 

MUF-C-1 13 12.2 

MUF-C-2 12.8 13.4 

MUF-BW+C-1 

(Ceiling Panel/ Back 

Panel) 

13.9/11 13.6/12.9 

MUF-BW+C-2 

(Ceiling Panel/ Back 

Panel) 

9.3/10.5 13.3/13.5 
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Video Recorder 

In addition to all the data logging equipment attached to the aforementioned equipment, a video 

camera was employed to record the obtained fire behaviour of each compartment. The recordings 

were used to cross-correlate thermocouple and HRR results as well as verify visual observations.  

5.2) Prepared Samples 

As mentioned in Section 2.5.2 of this report, 5 compartment configurations are tested. Configuration 

MUF-BW and MUF-2SW are replication experiments to facilitate the comparison of adhesive 

performance between these experiments and those obtained by Crielaard (namely PU-BW and PU-

2SW). Compartment configurations MUF-SW, MUF-C and MUF-BW+C are used to draw 

conclusions pertaining to the influence of panel configuration on fire behaviour. In the interest of 

clarity, Table 20 lists the configurations tested as part of this study, along with a description of the 

panel configuration per configuration as well as the number of samples prepared per configuration. In 

the description, mention is only made of the position of exposed CLT panel(s); all other panels are 

constructed of non-combustible boards. Furthermore, the compartment configurations are displayed 

graphically in Appendix A. 

 Table 20: Description of compartment configurations 

Configuration Name Description Number of 

Samples 

Notes 

MUF-BW Exposed CLT back wall 1 Replication Experiment to 

compare to Results of Crielaard 

(PU-BW). 

MUF-2SW Exposed CLT facing 

side walls 

1 Replication Experiment to 

compare to Results of Crielaard 

(PU-2SW). 

MUF-SW Exposed single CLT 

side wall 

2  Compartment MUF-SW -1 

and MUF-SW-2 are tested 

once, each. 

MUF-C Exposed CLT ceiling 2 Compartment MUF-C -1 and 

MUF-C-2 are tested once, 

each. 

MUF-BW+C Exposed CLT back wall 

and ceiling 

2 Compartment MUF-BW+C -1 

and MUF-BW+C-2 are tested 

once, each. 

 

All Compartment configurations possessed internal dimensions of 0.5mx0.5mx0.5m. Only the front 

panel contained a ventilation opening measuring 0.18m in width and 0.5m in height, yielding an 
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opening factor of 0.042 m
1/2

. The CLT lay-up used in all compartment configurations was identical, 

namely 5 cross-wise stacked layers each 20mm in thickness (resulting in a total panel thickness of 

100mm). Each layer is adhesively bonded to the next with an MUF adhesive (see Appendix B.2 and 

B.3 for a product data sheet of the implemented CLT panels and adhesive, respectively). Those panels 

that were not made of CLT consisted of non-combustible panels (namely 20mm thick PROMATECT-

H panels produced from calcium silicates, cements and aggregates, with a density of approximately 

870 kg/m
3
).  CLT panels that were used as either a back wall or a side wall in a compartment, were 

installed in such a manner that the panels in the outer lamellas were orientated vertically.  

In all configurations, the two front panels as well as the floor panel were constructed of non-

combustible panels.  

After constructing the compartments, all joints were sealed with fire-resistant (and non-combustible) 

adhesive to ensure that no flames were able to escape through gaps between the panels. Following 

this, holes for the burner bed to protrude through were drilled, as well as holes for the thermocouples 

within the depth of the CLT.  

To ensure comparability between the various experiments, the compartments were all placed in a 

climate controlled room for a period of at least two weeks. The temperature and relative humidity was 

regulated in the climate controlled room at 23°C and 50%, respectively. This was also done by 

Crielaard (2015), further enabling comparison of results between this study (implementing a MUF 

adhesive) and Crielaard (implementing a PU adhesive). 

As mentioned before, the moisture content of all the CLT panels was measured upon delivery as well 

as before testing. In addition, the weight of individual compartments was measured prior and after 

performing fire tests, and subsequently the mass loss percentage was subsequently calculated. In 

addition, the mass loss divided by the total surface area of exposed CLT is also listed.  The results of 

these measurements are shown in Table 21. Note, that due to a measuring error, the mass of 

Configuration MUF-BW was not measured after testing. However, an estimation of the mass loss was 

made based on measuring only the CLT back wall of this configuration post testing and comparing it 

to the mass of an untested CLT back wall. Admittedly, this is not the same mass measurement 

procedure as the other configurations but it does give an indication of the mass loss percentage of this 

particular configuration.   
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Table 21: Mass of each compartment before and after testing. 

 Mass prior to 

testing (kg) 

Mass post testing 

(kg) 

Mass Loss 

(%) 

Mass Loss 

(kg/m
2 
CLT) 

MUF-BW 54.48 - 12.7
* 

-
 

MUF-2SW 53.84 39.41 26.8 28.8 

MUF-SW-1 45.34 40.87 9.9 17.9 

MUF-SW-2 45.64 39.16 12.3 21.9 

MUF-C-1 59.55 54.46 8.6 20.4 

MUF-C-2 59.28 54.69 7.8 18.4 

MUF-BW+C-1 63.82 54.41 14.7 16.8 

MUF-BW+C-2 67.34 57.00 15.4 20.7 

*
Indirectly calculated by comparing the mass of the back wall panel post testing to an untested (but 

conditioned) CLT back wall. 

5.3) Experimental Procedure 

The procedure followed prior, during and after testing is listed in Table 22. This procedure was 

carried out during all tests in an identical manner. As mentioned before, the experimental 

methodology implemented in this study is a replication of the methodology implemented by Crielaard 

(2015). The definitions of self-extinguishment and burn-through were also obtained from Crielaard 

(2015) 

Table 22: Experimental Procedure 

Step Description 

1 Before placing the compartment on the burner bed, the propane gas supply was calibrated. This was 

done by performing a test run where the HRR obtained from the burner bed alone was verified to 

ensure that 41kW is supplied as input during each tests. The gas flow resulting in 41 kW was noted 

(approximately 0.88g/s) for verification during tests.  

2 After allowing the burner heads to cool down, a compartment was placed on top of the burner bed, and 

the perforated ceramic wool sheet was placed such to prevent additional ventilation through the 

openings drilled in the floor panel.  

3 Thermocouples are then installed in the depth of the CLT panel(s) as well as within the compartment 

itself. After installation, all holes were filled with the same aforementioned fire-resistant adhesive.  

4 The data logging equipment connected to the Thermocouples and Oxygen Calorimetry system were 

activated and set to record data.  

5 The premeasured gas flow (0.88g/s) was initiated and the burner bed was ignited, marking the start of 

a particular test.  
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6 Once a 20mm char layer had formed (as indicated by the position of the 300°C isotherm) in all the 

CLT panel(s) as measured at the centre of a panel, the gas flow to the burner bed was stopped. This 

marks the start of the decay phase of the fire.  

7 Two possible conditions were checked to execute termination of a test, namely CLT Burn -Through 

or Self-extinguishment. These conditions are defined as follows, according to Crielaard (2015).  

Self-extinguishment is considered to be attained when the charring depth no longer propagates further 

into the CLT and all thermocouples register temperatures below 200°C (as shown in Section 3.2 this is 

the threshold temperature at which pyrolysis gases are released). Furthermore, the HRR recorded via 

oxygen calorimetry should be close to zero.  

CLT Burn -Through is considered to have occurred once the charring depth has consumed 60% of a 

CLT panel. This is indicated by the progression of the 300°C to 60mm from the fire side of a panel.  

8 After terminating the test, the compartment is weighed and results are extracted from the data loggers 

connected to the calorimetry system and thermocouples. These results are then post-processed and care 

is taken to ensure that the time is zeroed from both data sets to the same moment.  
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6)  Results 

The results obtained from the experimental series are documented in this section of the report. In the 

interest of conciseness, only the results of one experimental configuration are presented. The results 

of other 1
st
 series experiments (MUF-2SW; MUF-SW-1; MUF-C-1 and MUF-BW+C-1) are 

documented in Appendix E, and repeat tests (MUF-SW-2; MUF-C-2 and MUF-BW+C-2) are 

documented in Appendix F of this report.  

During the presentation of compartment tests results, an important distinction is to be made between 

instances of char fall-off and delamination. During all compartment tests containing MUF bonded 

CLT panels, it was recorded that small pieces of char broke and fell-off from the CLT panels. Based 

on visual observations, it was recorded that at no instance did an entire plank (or multiple planks) 

within a lamella delaminate and fall -off (which would expose a large surface area of virgin timber).  

A distinction will also be made between char fall-off that occurred during the heating phase (i.e. 

before the charring front propagated through the first lamella and reach the adhesive line at 20mm 

from the fire side) and char fall-off that occurred after turning off the burner bed (i.e. after the 

charring front had passed the 1
st
 adhesive line at 20mm).  

6.1) Configuration MUF-BW: CLT Back Wall 

This experiment investigates the influence of an exposed CLT back wall. All other panels were 

constructed from non-combustible boards. The visual observations recorded during the test are 

documented in this section of the report, as well as the recorded HRR and temperatures.  

Visual Observations 

After ignition of the burner bed (and as such supplying the 41kW initial HRR), it took approximately 

one and a half  minutes for the CLT back wall to completely ignite and release pyrolysis gases, as 

seen in Figure 23. Due to a technical malfunction, the burner bed unexpectedly switched off at 3:30 

minutes after ignition. This outage lasted a total of 5:30 minutes. As such, the burner bed was 

reignited at 9 minutes after the start of the test. Figure 24 and Figure 25 show the state of the CLT 

back wall at the moment of the burner outage and shortly before re-ignition of the burner, 

respectively.  After the burner bed switched off for the 1
st
 time, it took 1 minute for the CLT panel to 

cease flaming.  After burner bed re-ignition, it took another 2 minutes for the CLT panel to enter 

flaming combustion as shown in Figure 26, and external flaming was observed as shown in Figure 27. 

After the thermocouple situated at 20mm from the fire side in the centre of the back panel registered 

300°C after 47:30 minutes, the burner bed was switched off. During the period of time which the 

burner bed was switched on, small char pieces fell-off from the exposed back wall, as shown in Figure 
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28. This indicates that local char pieces broke off before the charring front had reached the adhesive 

line at 20mm from the fire exposed surface and as such did not indicate adhesive failure.  

Subsequent to this, the back CLT only ceased to glow 10 minutes after switching off the burner bed. It 

took 174 minutes, measured from the start of the tests, for all thermocouples to register temperatures 

below 200°C indicating the achievement of self-extinguishment.  

The charring behaviour was recorded after the tests and is shown in Figure 29. The first lamella had 

been charred and small char segments fell-off during the test during the heating phase of the fire, and 

to a far lesser extent during the decay phase of the fire. The outer 4 lamella (those furthest away from 

the exposed surface) were, however, unaffected. Due to handling of the compartment after the tests 

was stopped, various segments of char had broken off, and as such the extent of the exposure of the 

second lamella, as shown in Figure 29,  is not solely due to the fire exposure. This statement is valid 

for all compartment test results presented in this report.  

 

Figure 23: CLT back wall in flaming combustion 

 

Figure 24: CLT back wall at the moment of burner outage 

 

Figure 25: CLT back wall before reignition of the burner 

bed 

 

Figure 26: CLT again entering flaming combustion 
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Figure 27: External Flaming occuring after burner bed 

reignition 

 

Figure 28: Small char piecesthat fell off on the floor during 

the heating phase (as indicated by the white arrow) 

 

Figure 29: Charring depths post testing with arrow indicating locations of visible char fall-off  

Heat Release Rates 

Due to variations in the measured HRR, results were smoothed (whilst post-processing of results) 

during the heating phase. The heating phase is defined in this investigation as the period between 

flashover (where compartment temperatures were above 600°C) and the moment when the burner bed 

was switched off. The smoothing process was performed  by calculating a moving average at a certain 

time period using the HRR at one time step before, one after and the HRR itself at that time step. This 

was done for all HRR results in all experiments. Care was taken that no important peaks were 

averaged out.  The HRR derived from the input propane fire is depicted in Figure 30 in blue, whereas 

the total HRR (including the propane input fire and contribution from the CLT) is displayed in orange.  
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Figure 30: HRR of Configuration MUF-BW 

As seen in Figure 30, the input propane fire delivered the specified HRR of 41 kW up until the burner 

outage occurred at 3:30 minutes, and supplied a 0kW HRR for a further 5:30 minutes. The burner bed 

was then reignited. The total HRR mimicked the input propane HRR curve in the sense that the total 

HRR rose rapidly to a maximum of 57kW, dropped immediately when the burner bed was switched 

off, and rose again to an average of 57kW following the burner outage. After switching off the burner 

bed at 47:30 minutes, the total HRR dropped rapidly during the period of few minutes and stabilised 

around 5kW. At the moment of ending the test, the HRR was below 3kW.   

Temperatures 

Figure 31 depicts the measured temperature in the compartment during the test. As was the case with 

the HRR, compartment temperatures also dropped dramatically at 3:30 minutes when the burner bed 

was switched off. Temperatures rose to 810 °C at the top of the compartment (measured 0.1m from 

the ceiling) and 637°C at the bottom (measured 0.2m from the bottom). After the burner bed was 

reignited, temperatures at the top of the compartment rose to a maximum of 981°C and to 882°C at 

the bottom of the compartment. An average temperature of 774°C and 918°C was recorded at the 

bottom and top of the compartment, respectively. After switching off the burner, as was the case with 

the total HRR, temperatures reduced sharply at first and then more gradually to approximately 40°C.  
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Figure 31: Configuration MUF-BW Compartment Temperatures 

Figure 32 illustrated the temperatures recorded within the CLT back panel via the thermocouples 

installed at various depths at the centre of the back wall. In Figure 32, the thermocouple depths are 

stated and are measured from the fire exposed surface (therefore the surface of the CLT panel 

exposed within the compartment). The influence of the burner outage at 3:30 minutes is not evident in 

Figure 32, enforcing the notion that the outage did not have a significant influence on the 

experimental results, especially the temperatures recorded within the CLT back wall panel. 

Temperatures rose gradually in the CLT panel during the period in which the burner bed was switched 

on. All Thermocouples recorded an approximately constant temperature increase till 100°C and then a 

zero temperature increase period was recorded. This zero temperature increase period corresponds to 

the period of time required for moisture to evaporate from the CLT at a particular depth. Once the 

moisture had evaporated, temperatures rose sharply, especially at 20mm and 30mm depths. Once 

300°C was registered at the 20mm thermocouple at 47:30 minutes, indicating that the first lamella had 

been charred, the propane burner was switched off.   After switching off the burner, the 20mm 

thermocouple temperature still increased to 313°C for a few minutes, corresponding to the period 

during which the CLT panel remained in flaming combustion after switching off the burner bed. At 

approximately 90minutes, a gradual increase in temperature was recorded at the 20mm and 30mm 

thermocouples. This increase is substantiated by the visual observation that a small char piece in the 

vicinity of these thermocouples locally started to undergo flaming combustion (i.e. the whole panel 

did not re-enter flaming combustion, but only a small char piece attached to the 20mm and 30mm 

thermocouples). After 150 and 165minutes, the temperatures at 30mm and 20mm dropped sharply 

when the local char pieces ceased flaming and broke-off. After 174 minutes all thermocouples 

registered temperatures below 200°C and as such the test was stopped.  
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Figure 32: Back Wall Temperatures of Configuration MUF-BW 

6.2) Results of Compartment Tests 

The results of Configuration MUF-BW (containing only an exposed CLT back wall) are reported in 

the previous section of this report (Section 6.1). In the interest of conciseness, the results of the other 

compartment tests are recorded in the Appendices of this report. A distinction is made between the 

first configuration tested per configuration and its repeat experiment (for example between 

Configuration MUF-SW-1 and MUF-SW-2). The results of the first set of experiments (MUF-2SW; 

MUF-SW-1; MUF-C-1 and MUF-BW+C-1) are recorded in Appendix E of this report. The results of 

the repeat experiments (MUF-SW-2; MUF-C-2 and MUF-BW+C-2) are recorded in Appendix F.  

6.3) Summary of Experimental Results 

In this section, a summary of the recorded temperatures and HRRs is presented. These results serve as 

the basis on which subsequent analyses are performed. As a general observation, self-extinguishment 

was recorded in all compartment tests.  

6.3.1) Temperatures 

Table 23 depicts the temperature trends in the compartment during the heating phase of the 

compartment fire, which was defined as the period after flashover (compartment temperatures 

>600°C) to the moment when the gas flow to the burner was stopped. In addition, Table 23 shows the 

duration of the decay phase of each experiment. Self-extinguishment was recorded in all experiments 

and thus the decay phase duration refers to the time between terminating the gas flow to the burners 

and self-extinguishment (all temperatures <200°C).  
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Table 23: Average and Maximum Compartment Temperatures and Decay Phase Durations 

 Average 

Temperature 

0.2m [°C] 

Maximum 

Temperature 

0.2m [°C] 

Average 

Temperature 

0.4m [°C] 

Maximum 

Temperature 

0.4m [°C] 

Decay Phase 

Duration 

[minutes:seconds] 

MUF-BW 773.5 882.2 917.6 980.6 126:20 

MUF-2SW 865.3 980.3 937.0 1037.9 251:50 

MUF-SW-1 765.8 853.1 949.5 1007.6 38:50 

MUF-SW-2 815.0 891.8 918.6 983.1 67:40 

MUF-C-1 872.5 995.6 977.3 1055.7 21:00 

MUF-C-2 1025.6 1107.7 927.3 1031.1 26:50 

MUF-BW+C-1 924.1 1035.5 932.7 1026.6 91:20 

MUF-BW+C-2 1011.0 1102.1 1003.6 1098.1 87:20 

 

In addition to Table 23, Figure 33 below graphically depicts the enclosure compartment temperatures 

measured at the centre of each compartment at a height of 0.4m from the floor panel. Compartments 

containing only one exposed CLT panel are plotted as solid lines, whereas compartments containing 

two exposed CLT panels are depicted with dotted lines.  

 

Figure 33: Compartment temperatures measured during all experiments 
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6.3.2) Heat Release Rates 

The average as well as maximum HRRs during the heating phase of each experiment is shown in 

Table 24. The table also shows the average and maximum contribution of the CLT alone to the HRR 

(also stated in brackets per m
2
 of exposed CLT area per compartment), as obtained by subtracting the 

41kW input fire load from the obtained average and maximum HRRs. 

Table 24: Summary of HRR results 

 Average HRR during 

the heating phase  

[kW] (increase) 

Maximum HRR during 

the heating phase  [kW] 

(increase) 

CLT only 

average HRR 

during the 

heating Phase 

[kW]  (/m
2
 CLT) 

CLT only 

maximum HRR 

during the 

heating Phase 

[kW]  (/m
2
 CLT) 

MUF-BW 56.6  60.4  15.6 (62.4) 19.4 (77.6) 

MUF-2SW 73.4  79.5  32.4 (64.8) 38.5 (77.0) 

MUF-SW-1 57.4  61.9  16.4 (65.6) 20.9 (83.6) 

MUF-SW-2 56.9  63.1  15.9 (63.6) 22.1 (88.4) 

MUF-C-1 59.1  63.9  18.1 (72.4) 22.9 (91.6) 

MUF-C-2 55.0  62.6  14 (56.0) 21.6 (86.4) 

MUF-BW+C-1 72.9  82.1  31.9 (63.8) 41.1 (82.2) 

MUF-BW+C-2 72.3  84.7  31.3 (62.6) 43.7 (87.4) 

 

6.4) Overview of Results 

In the interest of clarity, Table 25 below presents as an overview of the performed experiments. Per 

configuration a description of the exposed CLT panels is stated as well as the number of experiments 

and the type of adhesive used in each test. Furthermore, reference is made to the section in this report 

where the results of each configuration are presented. Reference is also made to the relevant 

experiments performed by Crielaard  (2015) (by means of the acronym PU), and are discussed in the 

Analysis Section of this report. Finally, the 90 minute SFC furnace experiment is presented and 

discussed in Appendix I of this report.  
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Table 25: Overview of experimental results 

 Description Number of 

experiments 

Adhesive 

Type 

Section Reference 

Configuration MUF-

BW 

One exposed 

CLT Back Panel 

1 MUF § 6.1 

Configuration PU-BW One exposed 

CLT Back Panel 

1 PU § 7.2.1 

Configuration MUF-

2SW 

Both CLT Side 

Walls exposed 

1 MUF § E.1 

Configuration PU-

2SW-2 

Crielaard: Both 

CLT Side Walls 

exposed 

1
*  

PU § 7.2.2 

Configuration MUF-

SW-1 and MUF-SW-2 

One exposed 

CLT Side Wall  

2 MUF § E.2 and § F.1 

Configuration MUF-C-

1 and MUF-C-2 

Exposed CLT 

Ceiling  

2 MUF § E.3 and § F.2 

Configuration MUF-

BW+C-1 and MUF-

BW+C-2 

Exposed CLT 

back Wall and 

Ceiling  

2 MUF § E.4 and § F.3 

90 minute SFC 

Furnace Test 

SFC charring 

experiement on 4 

ceiling CLT 

panels 

1 MUF § I 

*
Note that only the compartment experiment conducted by Crielaard that displayed self-

extinguishment with the same CLT build-up (namely experiment PU-2SW-2) will be compared to 

MUF-2SW in Section 7.2.2. A general comparison based on the results of  PU-2SW-1 and PU-2SW-

40mm is presented at the start of Section 7.2.   
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7)  Analysis 

This section of the report will serve to answer two of the research questions formulated as part of this 

study, namely:  

Q3) What is the influence of adhesive type on compartment fire behaviour? 

Q4) What is the influence of exposed CLT panel configuration on compartment fire 

behaviour? 

Each of these questions will be addressed individually in separate sections. Preceding this, a summary 

of the experimentally measured HRRs, total energy released (TER) and charring rates is presented.   

7.1) Analysis of individual compartment experiments  

The results obtained from the post-processing performed on each experiment to analyse HRRs, obtain 

the TER (from the input fire as well as the contribution from the CLT) as well as the averaged 

charring rates per experiment across various depths, is documented.  

Note, in the interest of clarity, the compartment naming convention is listed again (only exposed CLT 

panels listed per compartment):  BW= Back Wall; 2SW= Two Side Walls; SW-1 and SW-2 = Tests 

with only one Side Wall; C-1 and C-2 = Tests with only one Ceiling; BW+C-1 and BW+C-2 = Tests 

with Back panel and Ceiling. All compartment tests as part of this research project were conducted on 

MUF bonded CLT panels. The abbreviation PU is used to refer to results obtained by Crielaard 

(2015), where his compartments were constructed of PU bonded CLT panels.  

7.1.1) Analysing HRR per compartment experiment 

The average HRR measured during the heating phase (i.e. between flashover and extinguishing the 

propane burner), can be compared to the input HRR supplied by the propane burner bed (namely 

41kW). The results of this post-processing analysis are presented in Table 26, and are stated as % 

increase in HRR from the input fire. 

The average HRR recorded by Crielaard in his tests on compartments containing PU bonded CLT 

panels are also listed in Table 26. HRR were averaged in an identical manner in this study as 

compared to the study by Crielaard. In his CLT back wall configuration (PU-BW) test he obtained an 

average HRR of 57 kW. In his two Configuration 2SW experiments (PU-2SW-1 and PU-2SW-2), 

Crielaard obtained averaged HRR of 102 and 95 kW. Interestingly, in a Configuration 2SW test with 

a thicker innermost lamella (40mm instead of 20mm, namely PU-2SW-40mm), the averaged HRR 

during the post flashover heating phase was 79 kW. 
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Table 26: Summary of HRR Percentage increase as compared to the propane input HRR  

 Average heating 

phase HRR increase 

compared to the 

41kW propane input 

 Average heating 

phase HRR increase 

compared to the 

41kW propane input 

MUF-BW 38% MUF-SW-1 40% 

PU-BW 39% MUF-SW-2 39% 

MUF-2SW 80% MUF-C-1 44% 

PU-2SW-1 149% MUF-C-2 34% 

PU-2SW-2 132% MUF-BW+C-1 78% 

PU-2SW-40mm 93% MUF-BW+C-2 76% 

 

7.1.2) TER results  

The HRRs recorded in Table 24 can also be represented graphically as TER during a particular test 

(quoted in MJ). TERs were calculated by incrementally adding the product of measured HRR and 

time across measurement intervals. These TER graphs (displaying the input TER by the propane 

burner and overall TER per tests), are shown in the graphs below.  Figure 34 illustrates the TER 

curves as obtained from the 1
st
 of experiments, whereas Figure 35 illustrates the results of the repeat 

experiments. In both graphs, a distinction is made between the TER obtained from the input (propane) 

fire as well as the total TER (including both the input fire and energy released by the CLT).  

It is clear from the graphs that the TER is highest in the experiments that contained two exposed CLT 

surfaces, with the configuration containing two exposed side walls displaying the highest amount of 

total energy released (242MJ). The lowest TER (in both the 1
st
 and repeat experiments) was obtained 

from experiments containing only an exposed CLT ceiling (namely 115 and 100 MJ in Test C1 and 

C2, respectively).   
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Figure 34: TER of the 1st set of experiments 

 

Figure 35: TER of the 2nd set of experiments 

The maxima of the TER graphs are also recorded in Table 27 for comparative purposes, with the 

contribution of the CLT stated separately (in MJ as well as MJ/m
2
 of exposed CLT). The percentage 

energy increase due to the CLT energy contribution is also stated.  
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Table 27: Maxima of TER curves 

 MUF-BW MUF-2SW MUF-SW-

1 

MUF-SW-

2 

MUF-C-1 MUF-C-2 MUF-

BW+C-1 

MUF-

BW+C-2 

Propane Input TER 

[MJ] (/m2 floor) 

102 (409) 79 (315) 81 (326) 86 (343) 75 (299) 69 (277) 73 (292) 82 (327) 

Total TER  [MJ] (/m2 

floor)  

180 (720) 242 (967) 125 (501) 130 (521) 115 (460) 100 (402) 188 (752) 189 (755) 

CLT Contribution 

[MJ] (/m2 CLT) 

78 (311)  163 (326) 44 (176) 45 (178) 40 (161) 31 (125) 115 (230) 107 (214) 

Increase from the 

propane input (%) 

76 207 54 52 54 45 158 131 

 

From Table 27, it is shown that the TER from the propane burner varied from 69MJ to 102 MJ. The 

input TER from propane burner delivered in the back wall experiment was an outlier. As discussed in 

the results section of this report, a technical error during testing lead to the burner bed being switched 

off for a period of 5:30 minutes in the back wall configuration experiment (MUF-BW). During that 

outage, it was noted that the CLT back wall had ceased flaming. As such, it took comparatively longer 

for this configuration to again be reheated (after an insulative char layer was formed) once the 

propane burner was reignited, resulting in a longer propane fire duration as would be the case if the 

technical error had not occurred, resulting in more energy being released in total. Excluding the back 

wall configuration, the input propane TER was measured between 69MJ and 86MJ. 

From all experiments it can be seen that a lower increase in energy was recorded with one exposed 

CLT panel (ranging from 45% to 76%) than with two exposed CLT panels (131% to 207%), when 

comparing the contribution of the CLT and the propane input. The lowest CLT contribution was 

recorded during experiments containing only an exposed ceiling (average of 50% across the two 

experiments), followed by: one exposed side wall (53% increase on average between the two 

experiments);one back wall (76%); an exposed back wall and ceiling (averaging 145%) and finally 

two exposed side walls (207%).  On average, with one exposed CLT panel the combusting timber 

contributed 47.6MJ, as compared to an averaged contribution of 128.3MJ in compartments containing 

two exposed panels (representing an increase in TER by the CLT alone by a factor of 2.7) 

Crielaard also recorded the TER in his comparable PU bonded CLT compartment experiments. Table 

28 lists the TER by the input propane burner, as well as the TER by the entire compartment (which 

includes both the energy released by the propane burner and combusting CLT). By subtracting the 

two aforementioned TERs from another, the contribution by the combusting CLT to the TER is 

calculated. The table below quotes the TERs in MJ as well as MJ per floor area (indicated in 

brackets). The contribution by the CLT to the TER is quoted in MJ and MJ per area of exposed CLT. 
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Finally, the table also lists the percentage increase in TER due to the combusting CLT, as compared to 

the TER of the propane input fire.  

Table 28:  TER maxima in PU bonded CLT compartments 

 PU-BW PU-2SW-1 PU-2SW-2 PU-2SW-

40mm 

Propane Input TER 

[MJ] (/m2 floor) 

112 (448) 55 (220) 62 (248) 63 (252) 

Total TER  [MJ] (/m2 

floor)  

169 (676) 240 (960) 183 (732) 134 (536) 

CLT Contribution 

[MJ] (/m2 CLT) 

57 (228)  185 (370) 121 (242) 71 (142) 

Increase (%) 51 336 195 113 

 

These PU bonded CLT TER results will be compared to the MUF bonded CLT results in Chapter 7.2. 

   7.1.3) Charring Rates 

The position of the 300°C isotherm was used to determine the charring rate per CLT panel. Since the 

thermocouple positions were positioned at fixed intervals, these positions (i.e. depths) and the time for 

the 300°C isotherm to progress to this depth determined the charring rate. The depth to the first 

thermocouple in all tests was 20mm, and to subsequent thermocouples was 10mm deeper, up to a 

depth of 60mm from the fire side. Table 29 and Table 30 summarises the obtained charring rates per 

experiment and per thermocouple depth.  Note that in Configuration BW, a burner bed outage of 5:30 

minutes occurred. Charring rates for this experiment were calculated including the outage as well as 

excluding it (with the latter indicated in round brackets). Furthermore, 300°C was not recorded at 

any thermocouple situated at the connection between the ceiling and back panel of Compartments 

MUF-BW+C-1 and MUF-BW+C-1, and as such are not listed in the tables below.  In the table below, 

dashes are used to indicate that the charring front did not propagate to that specific depth.  
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Table 29: Charring rates per configuration per thermocouple depth. LW= left wall; RW= right wall;  

Charring Rate 

[mm/min] 

MUF-BW PU-BW MUF-2SW 

LW 

  MUF-2SW 

RW 

PU-2SW-1 / 

PU-2SW-2 

LW 

PU-2SW-1 / 

PU-2SW-2 

RW 

MUF-SW-1 

LW 

0-20mm 0.43 (0.48)  0.52 0.64  0.62  0.94/0.73 0.85/0.74 0.61 

20-30mm 0.11 (0.11) - 0.41          0.29  0.6/- 1.76/0.56 - 

30-40mm - - 0.33       0.16  0.27/- 0.26/0.24 - 

40-50mm - - 0.11       0.18  0.63/- 0.49/- - 

50-60mm - - -  -  0.39/- 0.17/- - 

Average 0.27 (0.30)  0.52 0.37  0.31  0.57/0.73 0.71/0.51 0.61 

 

Table 30: Charring rates per configuration per thermocouple depth. (Continued). C = ceiling; BW= back wall 

Charring Rate 

[mm/min] 

MUF-SW-2 

RW 

MUF-C-1 

 

MUF-C-2 MUF-

BW+C-1 

C 

MUF-

BW+C-1 

BW 

MUF-

BW+C-2 

C 

MUF-

BW+C-2 

BW 

0-20mm 0.58 0.66 0.71 0.68 0.69 0.83 0.60 

20-30mm - - - - 0.40 - - 

30-40mm - - - - - - - 

40-50mm - - - - - - - 

50-60mm - - - - - - - 

Average 0.58 0.66 0.71 0.68 0.55 0.83 0.60 

 

Graphical representations of these charring rates are presented in Appendix H of this report, and are 

discussed there. In addition, Appendix I documents and discusses the charring rates obtained from the 

90 minute SFC exposure Furnace Test. The results of this additional test will be used to assess the 

validity of the charring rates and charring behaviour recorded during the compartment tests for an 

extended initial fire exposure period.  

7.1.3) Propagation of the charring front and time required to self-extinguish 

As stated in Section 3.2, the position of the 300°C isotherm was used to determine the propagation of 

the charring front. Based on this, the depth of char, as measured experimentally at the centre of 

individual CLT panels, is recorded in Table 31: 
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Table 31: Charring depths based on the propagation of the 300°C isotherm 

Compartment Test 300°C Charring 

Depth [mm]  

Compartment Test 300°C Charring 

Depth [mm]  

MUF-BW 30 MUF-C-1 20 

MUF-2SW  

(Left Wall/ Right Wall) 

50/ 50 MUF-C-2 20 

MUF-SW-1 20 MUF-BW+C-1 

(Back Wall/Ceiling) 

30/ 20 

MUF-SW-2 20 MUF-BW+C-2 

 (Back Wall/Ceiling) 

20/ 20 

  

It is important to note that the charring depths stated in the above table are only representative of 

charring that occurred at the centre of individual panels and are therefore not representative of 

charring depths that occurred over the entire panel. Additionally, the charring depths stated in the 

table above are not to be directly compared to the images in Section 6.1, Appendix E and Appendix F, 

which depict CLT panels post testing. As mentioned in the Literature Study Section of this report 

(namely Section 3.2), a pyrolysis zone is formed below the char base (i.e. position of the 300°C 

isotherm), in which the timber is subjected to elevated temperatures. Subsequently, the charring 

depths obtained from the position of the 300°C isotherm do not represent physical charring depths, 

but do facilitate comparisons to be drawn between the various compartment configurations.  

Furthermore, the charring depths listed in Table 31 were based on the positions of the installed 

thermocouples alone. No interpolation was performed between thermocouple depths to determine the 

position of the 300°C isotherm.  

Importantly, all MUF bonded CLT compartments demonstrated self-extinguishment, whereby in-

depth CLT and compartment temperatures decreased to below 200°C, without the propagation of the 

charring front past 60% of any panelôs thickness (i.e. 60mm of the total 100mm thickness). The time 

required to achieve self-extinguishment after removal of the initial fuel load in each MUF bonded 

CLT compartment tests is listed in Table 32:  
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Table 32: Time required to self-extinguish as measured from the moment the burner bed was turned off  

Compartment Test Time to self-

extinguish 

[hours:minutes] 

Compartment Test Time to self-

extinguish 

[hours:minutes] 

MUF-BW 2:06 MUF-C-1 0:21 

MUF-2SW  4:12 MUF-C-2 0:27 

MUF-SW-1 0:39 MUF-BW+C-1 1:31 

MUF-SW-2 1:08 MUF-BW+C-2 1:27 

  

From Table 31and Table 32, with only the exception of the Back Wall Configuration (MUF-BW), it is 

evident that compartments with one exposed CLT panel as compared to a two CLT panels 

experienced shallower charring depths and achieved self-extinguishment sooner. The MUF-BW is an 

outlier amongst single CLT-panel Compartments (a hypothesis pertaining to this observation is 

formulated in Section 7.3.1). 

Based on the results recorded in Table 32, the following is observed: averaged across all compartment 

experiments, a decay phase duration of 56 minutes and 143minutes was recorded in compartments 

with one and two exposed CLT panels, respectively. This indicates that on average the addition of a 

second exposed CLT surface to a compartment with one exposed CLT surface prolongs the decay 

phase duration by a factor of x2.6). 

7.2) Influence of adhesive type on compartment fire behaviour 

Before analysing the comparable compartment results, a general discussion regarding differences in 

fire behaviour is presented. It is acknowledged that the observation list in this Chapter cannot be 

generalised to all types of MUF and PU adhesives due to the limitation of only testing one type of 

MUF and PU adhesive. Furthermore, additional research is required to assess the validity of these 

observations, due to the difference in compartment openings between the PU bonded CLT 

experiments and the MUF bonded CLT experiments. Furthermore, the planks within a lamella of the 

PU bonded CLT samples were edge-glued, whereas planks were not edge glued in the MUF bonded 

CLT panels. Lastly, the CLT samples were not from the same producer and as such the base timber 

was not from the same source which could induce additional variation. As such, it is recommended 

that further experiments are to be conducted on identical CLT panels in which the only variable is the 

adhesive type used, to verify the adhesive performance observed in this section of this report.  

As shown by Crielaard et al. (2019), it was recorded that the PU adhesive debonded from the timber 

lamella once the 300°C isotherm had progressed past the first lamella. This is illustrated in Figure 36 

below, which shows the state of a small sample of PU bonded CLT after an exposure to 75kW/m
2
 in a 
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cone calorimeter which transformed the first lamella to char. Once the first lamella has been charred 

(i.e. 300°C was recorded by the thermocouples installed at a depth of 20mm), the imposed heat flux 

was reduced to 0kW/m
2
. As visible in the Figure, the char contracted horizontally and was able to be 

removed by hand in one piece, indicating that it is likely to delaminate if placed in an unfavourable 

orientation (i.e. as a ceiling or wall panel). Delamination was also observed in the PU bonded CLT 

compartment experiments as tested by Crielaard (excluding the compartment that contained CLT 

panels with thicker outer lamellas, namely PU-2SW-40mm).  

 

Figure 36: Debonded PU bonded CLT sample, from Crielaard (2015) 

The experiment on sample-scale (100mmx100mm and 50mm thick) was not repeated for the MUF 

bonded CLT samples used in this research project, but comparisons can be drawn based on the visual 

observations recorded during the performed compartment experiments. A process of local char fall-off 

was recorded in all compartments constructed from MUF bonded CLT panels. At no instance did an 

whole planks break off from a CLT panel in a compartment test, but rather it was observed that small 

pieces of char broke off from the CLT panel both before and after the charring front had penetrated 

past the first adhesive line. Furthermore, these visual observations pertaining to a process of local char 

fall-off was also recorded in the additional SFC exposure test, as documented in Appendix I of this 

report.    

The aforementioned observations regarding delamination/char fall-off are summarised visually in 

Figure 37. In the Figure, reference is made to three experiments containing both MUF and PU bonded 

CLT facing CLT side wall panels. The general fire behaviour of each experiment is discussed 

individually. 

¶ Solid Timber Behaviour as shown in Compartment PU-2SW-40mm (tested by Crielaard). 

This compartment contained two facing CLT panels with thicker (40mm instead of 20mm) 

outer lamellas. In Figure 37, it is evident that the entire CLT surface is evenly charred. 

Furthermore, the CLT walls did not experience delamination (of planks) nor char fall-off. The 

behaviour recorded in this experiment is comparable to that of solid timber (i.e. no adhesive 

related fire behaviour such as delamination). Additionally, during the decay phase 
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compartment temperatures declined steadily until self-extinguishment was recorded 70 

minutes after the start of the test, with no sharp increases in temperatures. 

¶ Local Char Fall-off Behaviour as shown in Compartment MUF-2SW. As seen in in Figure 

37, the surface of the CLT panel is uneven due to a process of local char fall-off. At no 

instance during the experiment was delamination of planks observed, but rather that local char 

pieces fell-off gradually. Compartment temperatures also declined gradually during the decay 

phase, although at a slower rate as compared to Compartment PU-2SW-40mm. Small peaks 

in compartment temperature (±10°C) were recorded at 130 and 220 minutes, corresponding to 

occurrences of local char fall-off. Compartment temperatures declined gradually until self-

extinguishment was recorded 284 minutes after the start of the test. 

¶ Burn-through Behaviour as observed in Compartment PU-2SW-1 (tested by Crielaard). As 

seen in Figure 37, multiple CLT lamellas are visible due to delamination and falling-off of 

large char pieces (i.e. whole planks) during the experiment. During the decay phase of the 

compartment fire, temperatures decreased to 350°C after 140 minutes with a temporary spike 

to 500°C at 75minutes. Subsequent to this, temperatures rose sharply to slightly more than 

800°C which coincides with the visual observation of delamination. Subsequently, burn 

through behaviour (i.e. failure to self-extinguish) was recorded in this experiment.  

The total amount of energy released (TER) released during each of the three aforementioned 

experiments is also compared. Table 33 below lists the total energy released by the propane burner as 

well as the contribution of the CLT to the TER during a particular experiment. 

Table 33: Comparing TER between experiments 

Compartment 

Fire Test 

Behaviour TER by the 

Propane 

Burner [MJ]  

Contribut ion 

of the CLT to 

the TER [MJ]  

PU-2SW-40mm Solid Timber 63 71  

MUF-2SW Local Char Fall-

Off 

79 163  

PU-2SW-1 Burn-through 55 185  

 

In all compartment experiments, the input propane burner released an identical 41KW HRR and was 

ignited for a comparable period of time (24, 32 and 26 minutes in Compartments PU-2SW-40mm, 

MUF-2SW and PU-2SW-1, respectively), resulting in comparable total input energy amounts 

supplied by the burner bed.  

From the Table above, it is clear that the lowest amount of energy was released in Compartment PU-

2SW-40mm which demonstrated solid timber-like behaviour. In contrast to this behaviour, 
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Compartment PU-2SW-2 which showed burn through behaviour, released 114 MJ (i.e. 160%) more 

total energy as compared to compartment PU-2SW-40mm. Finally, Compartment MUF-2SW which 

showed local char fall-off behaviour released 92MJ (i.e. 130%) more energy than Compartment PU-

2SW-40mm despite possessing a four-times longer fire duration (284 minutes as compared to 70 

minutes in Compartments MUF-2SW and PU-2SW-40mm, respectively). Finally, when comparing 

Compartment MUF-2SW to PU-2SW-1, the PU bonded CLT compartment showed a 22MJ higher 

total amount of energy released (representing an increase of 13.5%).  

In summary, it has been recorded that burn-through behaviour (i.e. failure to self-extinguish) occurred 

in a compartment containing exposed PU bonded CLT side panels, whereas self-extinguishment was 

recorded in a comparable compartment experiment containing exposed MUF bonded CLT side 

panels. It was further shown that PU bonded CLT side panels (with 20mm outer lamellas) released 

more energy (namely 13.5%) and displayed delamination (of planks) which resulted in a second 

flashover, in comparison to local char fall-off (which increased enclosure temperatures by ±10°C) in a 

comparable compartment experiment with MUF bonded CLT.  
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Figure 37: Solid Timber Behaviour as compared to delamination and local char fall-off behaviour 



 

 

 

82 

With the aforementioned fire behaviour discussion now presented, comparisons pertaining to the 

influence of adhesive type will be drawn per comparable configuration. The results from two 

compartment configurations, namely Configuration BW and 2SW are to be compared to the results 

obtained by Crielaard (2015) to further assess the influence of adhesive type on fire behaviour. The 

comparisons that will be drawn are depicted visually in Figure 38. It is important to note that 

Compartment PU-2SW-2 will be compared to the MUF-2SW experiment in the remainder of this 

section of the report due to the similarities in obtained fire behaviour (namely self-extinguishment). It 

is, however, important to keep in mind that Crielaard also recorded compartment burn through in a 

comparable experiment (PU-2SW-1). 

 

Figure 38: Compartment comparisons to characterise the influence of adhesive type on fire behaviour 

7.2.1) Adhesive influence of compartments with a CLT back wall  

A comparison between tests with only an exposed CLT back wall will be presented in this section. As 

mentioned before, a technical issue lead to the burner bed being switched off for a period of 5:30 

minutes in Compartment MUF-BW. Additionally, a deviation from the experimental methodology 

was implemented by Crielaard in in Compartment PU-BW. During the first 12 minutes of his 

experiment, Crielaard implemented a propane input fire of 63kW instead of the prescribed 41kW. 

After this initial higher input HRR period, the propane gas flow was lowered to yield an input HRR of 

42kW. As such, the comparisons drawn in this section will only consider the period during which the 

propane burner was ignited for a second time in the back wall compartment test of this study, and the 
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period post input HRR reduction to 42kW (therefore results after 12 minutes) for the comparable 

compartment test by Crielaard.  

Heat Release Rates 

Figure 39 depicts the HRR measured during the comparable back wall compartment tests. A 

distinction is made between the input propane fire (depicted with dotted lines) as well as the total 

HRR (including the contribution from the burning CLT, depicted with solid lines).   

 

Figure 39: Comparing HRR from experiments with an exposed Back Wall 

Crielaard measured an average total HRR of 57kW whilst the propane burner delivered a HRR of 

42kW in his PU-BW compartment test. In comparison, the comparable MUF compartment 

experiment yielded an average total HRR 56.6kW which illustrates comparability between 

experimental set-ups.  

Temperatures 

Figure 40 shows the enclosure temperature development as measured in the comparable back wall 

compartment experiments. Temperatures were recorded at identical locations in this study as 

compared to those by Crielaard, namely at the centre of the compartment at heights of 0.2m (referred 

to as bottom) and 0.4m (referred to as top) from the floor panel. 
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Figure 40: Comparing temperatures between experiments with an exposed Back Wall 

It can be seen from Figure 40 that the compartment temperatures measured by Crielaard are higher 

during the period that the burner bed was ignited (i.e. the heating phase). It is postulated that these 

differences originate from a deviation in the experimental set-up implemented in this study as 

compared to Crielaard. In his experiments, Crielaard installed a heat flux gauge in the opening of the 

compartment which blocked-off a significant portion of the opening area. As such it is reasoned that 

there was a comparably larger opening implemented in the experimental series of this investigation, 

thereby allowing more heat to escape through the opening as compared to the experiments by 

Crielaard. Due to more heat escaping via the opening, the compartment temperatures measured in this 

study were lower, even during the period where the input energy supplied by the propane burner was 

comparable. It is subsequently noted that a direct comparison is not able to be drawn between these 

experiments, and general trends are therefore only documented in this report when comparing 

adhesive performance.   

In addition to the differences in ventilation openings, the differences in HRR supplied by the propane 

burner bed amongst the compartment experiments also contributed to the higher enclosure 

temperatures in the PU bonded CLT experiments. From Figure 39 it is evident that during the first 12 

minutes of the PU bonded CLT experiment that a significantly higher HRR (63KW) was applied by 

the propane burner as compared to the 41kW implemented in the MUF bonded CLT experiment 

(which also experienced a burner outage of 5:30 minutes during the same initial period). As such, the 

difference in compartment temperatures between the experiments is attributed to differences in 

ventilation as well as initial fire exposure.  

Figure 41 illustrates the temperature development within the CLT back wall panel, as measured at 

identical depths and similar locations at the centre of the panel.  
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Figure 41: Comparing CLT back wall temperatures 

From the CLT temperatures it is evident that the temperature within the first few layers of the CLT 

back panel rose at a faster rate in the test by Crielaard (possibly due to the smaller ventilation opening 

trapping more heat within the compartment and the more severe initial fire exposure).  It can also be 

seen that in-depth CLT temperatures remained elevated for a longer period of time in the MUF 

bonded back panel as compared to the PU bonded Back Wall Panel. It can be seen in the Figure above 

that after approximately 90 minutes temperatures measured at 20mm and 30mm from the fire exposed 

side of the MUF bonded back panel increased gradually due to local char flare up (as described in 

Section 6.1). This process of local char flare-up in the MUF bonded panel did not increase 

compartment temperatures (as seen in Figure 40) but did delay the achievement of self-

extinguishment. Furthermore, the decay phase duration (as measured from the moment the burner bed 

was turned off until self-extinguishment was recorded) was extended by a factor of x2.9 in the MUF 

bonded CLT compartment as compared to the PU bonded CLT compartment (126 minutes as 

compared to 44 minutes, respectively), due to the occurrence of local char flare-up.  

The charring front progression trends associated with the two experiments are also depicted 

graphically in Figure 42. The progression of the charring front depth (as identified by the position of 

the 300°C isotherm) is plotted against the time required to reach the specified temperature at those 

depths (as such the charring rate is the gradient of each curve).  It should be noted that MUF-BW 

results were corrected by subtracting the burner outage time from the time required for the charring 
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front to progress to the specified depth. It is clear in the Figure, despite the charring rate being slightly 

lower (8.3%) in the MUF CLT panel across the first 20mm, that the duration during which the 

charring front propagated through the panel is longer in the MUF experiment. This is attributed to the 

extended duration of elevated temperatures measured in the MUF bonded CLT back panel as 

compared to the PU bonded CLT back panel. 

 

Figure 42: Comparing the progression of the charring front in Back Wall experiments 

As mentioned, the difference in the abovementioned charring rates is believed to not only be 

dependent on the type of adhesive but also due to the input fire (heat) supplied by the propane burner 

amongst the experiments. These differences in input energy are further quantified in Figure 43 which 

depicts the TER by both the propane burner as well as the entire compartment (which includes the 

contributions of the propane burner bed and the combusting CLT):   

 

Figure 43: Compare TER amongst CLT Back Wall Compartments 
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From the figure above, it can be seen that the initial Propane HRR (gradient of the TER curve) was 

initially higher in the PU bonded CLT experiment, which is attributed to the higher input propane 

HRR of 63kW (as compared to 41kW) that was supplied during the first 12 minutes of the PU bonded 

CLT experiment. This more severe input fire exposure may have resulted in the higher first lamella 

charring rates, in addition to the smaller ventilation opening area available in the PU bonded CLT 

compartment.  

The TER measured (including the CLT contribution) was measured at 180.0 MJ as compared to 

169.3MJ in the MUF bonded and PU bonded CLT experiments, respectively. Additionally, the TER 

released by the propane burner was 102.3MJ and 111.7MJ in the MUF bonded and PU bonded CLT 

experiments, respectively.  

7.2.2) Adhesive influence of compartments with CLT side walls  

To facilitate a reasonable comparison related to fire behaviour, the experiment by Crielaard during 

which self-extinguishment of a compartment with two exposed CLT side walls was selected for 

comparison (namely PU-2SW-2). It is important to take cognisance of the fact that with an identical 

experimental set-up, Crielaard recorded that a compartment with two PU bonded CLT side panels 

(namely PU-2SW-1) underwent burn-through and as such did not extinguish (as discussed in Section 

7.2).  

Heat Release Rates 

Figure 44 compares the input propane burner HRR as well as the total HRR between compartment 

tests MUF-2SW (this study) and PU-2SW-2 (study by Crielaard).  



 

 

 

88 

 

Figure 44: Comparing HRR of tests with CLT Side Panels 

The average total HRR during the heating phase of Crielaardôs compartment test containing PU 

bonded CLT panels was higher than that recorded during the experiment with MUF bonded CLT 

panels. In the MUF bonded CLT experiment, the two CLT side walls contributed on average 32.4kW 

in addition to the propane input fire, whereas in the PU bonded CLT experiment the CLT contribution 

during the heating phase was 54kW (i.e. 67% higher). Similarly to the back wall compartment tests, 

the duration of the decay phase was x2 longer in the MUF bonded CLT compartment test as compared 

to the PU bonded CLT compartment test (252 minutes as compared to 123 minutes).  

Temperatures 

The compartment temperatures measured at identical positions are depicted in Figure 45. Once again, 

due to the larger available ventilation opening in the MUF bonded CLT experiment, compartment 

temperatures are higher in Crielaardôs PU bonded CLT test during the heating phase. The temperature 

differences in the compartments may also have been due to the differences in HRR measured. A 67% 

higher HRR was measured in the PU bonded CLT compartment despite identical input propane HRRs 

delivered amongst the two experiments (i.e. 41kW).  
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Figure 45: Comparing compartment temperatures in CLT Side wall experiments 

The CLT panel temperatures in both the MUF and PU compartment tests, as measured in the right (R) 

and left (L) panel are depicted in Figure 46 and Figure 47, respectively.   

 

Figure 46: Comparing Right Panel Temperatures in experiments with two exposed side walls 
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From both Figure 46 and Figure 47 and it is clear to see that in-depth CLT temperatures remained 

elevated for a longer period in the MUF bonded panels as compared to the PU bonded CLT panels. 

This occurred despite the similarities in HRR delivered by the propane burner and the duration that 

the burner bed was ignited (namely 32 minutes and 27 minutes in the MUF bonded CLT and PU 

bonded CLT compartment tests, respectively).  

 

Figure 47: Comparing Left Panel Temperatures in experiments with two exposed side walls 
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The charring behaviour of these tests is more easily discernible when considering Figure 48 (by 

comparing the gradients of individual curves). It can be seen in the compartment test with PU bonded 

CLT side walls, that the charring rate during the heating phase of the fire was higher (14.1% and 

19.4% in the left and right panel, respectively) compared to the MUF bonded CLT side walls. Despite 

this, the charring front did not propagate as far through the thickness of the panels within the PU 

bonded CLT side walls (20mm and 40mm) as compared in the MUF bonded CLT experiment (50mm 

in both panels).  

  

Figure 48: a) Left Wall (LW) Charring front progression in experiments with two exposed side Walls. b) Right Wall (RW) 

Charring front progression in experiments with two exposed side Walls 

To assess the fire exposure conditions amongst these experiments, the TER by the propane fire as well 

as the entire compartment TER (which includes the heat energy released by the combusting CLT) are 

compared between the experiments, as shown in Figure 49: 
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Figure 49: Compare TERs amongst CLT Back Wall Compartments 

From the figure above, it can be seen that the initial Propane HRR (gradient of the TER curve) is 

comparable between the two experiments, indicating comparable initial fire exposures. Interestingly, 

the entire compartment HRR measured in experiment PU-2SW-2 was higher as compared to the 

MUF-2SW experiment. This difference is therefore not due to the differences in initial fire exposure.   

The TER measured (including the CLT contribution) was measured at 241.8 MJ as compared to 

183.3MJ in the MUF bonded and PU bonded CLT experiments, respectively. Additionally, the TER 

released by the propane burner was 78.8MJ and 61.5MJ in the MUF bonded and PU bonded CLT 

experiments, respectively.  

7.2.3) Answering Research Sub-Question 3 

Q3) What is the influence of adhesive type on compartment fire behaviour? 

Based on the comparable experiments performed on compartments containing MUF- and PU bonded 

CLT panels, general trends are identified. These trends are based on small-scale experiments, and 

would require further testing to assess their validity in larger-scale fire scenarios. The following 

general observations are recorded in order to answer the third sub-research question postulated in 

Figure 2.  

¶ In compartments with two exposed CLT side walls, both CLT burn through and self-

extinguishment was observed in compartments containing PU bonded CLT side panels. In 

contrast, with the same CLT build-up and fire exposure conditions, a compartment 

constructed of MUF bonded CLT side panels achieved self-extinguishment. In the MUF 

bonded CLT side panels, local char fall-off (which increased compartment temperatures by 

±10°C) was observed as compared to delamination (of planks) in PU bonded CLT side panels 
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(which resulted in a second flashover). The total amount of released energy was 13.5% more 

in the PU bonded side panel experiment compared to the MUF bonded CLT side panel 

experiment.  

¶ In compartment experiments containing an exposed CLT back wall, the duration of the 

decay phase was extended by a factor of 2.9 in the MUF bonded CLT back wall 

configuration. This extended duration was attributed to the occurrence of local chare flare-up 

which delayed the achievement of self-extinguishment but did not influence compartment 

temperatures. Charring rates are not to be compared amongst the aforementioned experiments 

due to difference in HRRs supplied by the propane burner. Lastly, the charring front 

progressed further into the MUF bonded CLT back wall (30mm) as compared to the PU 

bonded CLT back wall (20mm) due to the aforementioned prolonged decay phase duration. 

¶ In compartment experiments containing two exposed CLT side walls which self-

extinguished, the total HRR during the heating phase (including both the contribution of the 

propane burner and combusting CLT) was 67% higher in the PU bonded CLT compartment 

as compared to MUF bonded CLT compartment, despite identical HRRs being delivered by 

the propane burner in the two experiments. Additionally, during the heating phase, charring 

rates were 14.1% to 19.4% higher in the PU bonded CLT panels as compared to the MUF 

bonded CLT panels. Furthermore, in depth-temperatures remained elevated twice as long 

during the decay phase of the MUF bonded CLT compartments, due to elevated compartment 

temperatures. Lastly, the charring front progressed further into the MUF bonded CLT side 

wall panels (50mm) as compared to the PU bonded CLT side walls (20mm and 40mm).  

7.3) Influence of panel configuration on compartment fire behaviour 

Referring back to the Table 3, which lists the comparisons to be drawn between configurations, the 

following configurations will be compared to one another:  

i) MUF-BW vs MUF-SW-1 vs 1 MUF-C-1 to investigate the behaviour of compartments 

with only one exposed CLT surface. This comparison set will also be used to assess the 

hypothesis of a second hot surface being formed in tests with single exposed panels that 

are not a ceiling panel.  

ii)  MUF-2SW vs MUF-SW-1 to characterise the cross-radiation between facing side-wall 

CLT panels 

iii)  MUF-BW  vs MUF-BW+C-1  to assess the influence of adding a CLT ceiling to a 

configuration with only a CLT back wall 

iv) MUF-2SW vs MUF-BW+C-1 to characterise the influence of panel orientation in 

compartments with two exposed CLT panels.  
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Each of these comparisons will be discussed individually in this section of the report. Only the first 

set of experiments per compartment configuration is discussed here. Panel configuration results 

pertaining to the repeat experiments (MUF-SW-2; MUF-C-2 and MUF-BW+C-2) are presented in 

Appendix G. As a general note, the adhesive type (i.e. MUF) will be omitted from the implemented 

experimental naming convention in this section of the report, since panel configuration comparisons 

are based on MUF bonded CLT panels only.   

The 4 sets of compartment configurations are displayed visually in Figure 50: 

 

Figure 50: Visual illustration of CLT panel configuration comparisons investigated in this research project 

 

7.3.1) Characterising the behaviour of compartments with one exposed CLT 

surface 

A discussion of the influence of panel configuration in compartments containing a single exposed 

CLT wall is presented in this section. A discussion of the HRR and temperature development of 

compartments with a CLT back wall (BW), side wall (SW-1) or ceiling (C-1) is presented.  
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Heat Release Rates 

The Total HRR measured during each of the three experiments involving one exposed CLT surface is 

presented in Figure 51.  

 

Figure 51: Comparing HRR amongst configurations with one exposed CLT surface 

As depicted in Table 26, the average total HRR during the heating phase did not vary significantly 

between the three single CLT surface tests (namely 56.6kW, 57.4 and 59.1kW in tests BW, SW-1 and 

C-1 respectively).  This tendency was also recorded in the repeat experiments, suggesting that the 

additional HRR due to the combustion of a single CLT surface is unaffected by panel orientation. One 

exposed CLT surface resulted in an increase in HRR of between 34% and 44% across all single 

exposed CLT surface tests (including repeat tests).  

The duration of the decay phase, as documented in Table 23, is significantly longer in the Back Wall 

(BW) compartment tests as compared to a Side Wall (SW-1) and Ceiling (C-1) CLT surface tests 

(126:20 minutes as compared to 38:50 and 21:00 minutes, respectively). It is hypothesised that this 

extended decay phase duration is due to the increased distance of a back wall to the ventilation 

opening as compared to a side wall or ceiling configuration. This increased distance inhibits the 

escape of heat from within the compartment and subsequently sustains the smouldering combustion 

process. The shortest decay phase duration occurred in the Ceiling CLT configuration. It is 

hypothesised that this is as a result of the relatively lower amount of oxygen available at the ceiling as 

compared to other surfaces, due to the occurrence of combustion gases being emitted and rising to the 

ceiling (which reduces the oxygen concentration, thereby removing a component required to sustain 

combustion).     
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Temperatures 

Figure 52 also illustrates similar trends as identified when analysing the HRR results. The shortest 

decay phase duration was documented in the Ceiling CLT configuration, followed by the Side CLT 

wall configuration and finally the Back Wall configuration.  

The average compartment temperature during the heating phase, as measured at the top of the 

compartment did not vary greatly between the 3 configurations, namely 918°C, 950°C and 977°C 

(Back, Side and Ceiling, respectively). The highest average compartment (Top) temperature was 

recorded during the exposed CLT ceiling test.  

 

Figure 52: Comparing compartment temperatures amongst configurations with one exposed CLT surface 

The charring behaviour recorded during the three tests is depicted in Figure 53. It is clear that 

temperatures within the CLT Back Wall remained elevated for a longer period of time as compared to 

the Side Wall and Ceiling tests. Temperature dropped faster within the ceiling panel as compared to 

the side panel and back wall, possibly due to the aforementioned hypothesis that the oxygen content at 

the ceiling is lower than in comparison to other surfaces due to the build-up of combustion gases. 

0

200

400

600

800

1000

1200

0 20 40 60 80 100 120 140 160 180 200

T
e
m

p
e
ra

tu
re

 [°
C

] 

Time [min] 

BW Middle Top BW Middle Bottom SW-1 Middle Top

SW-1 Middle Bottom C-1 Middle Top C-1 Middle Bot



 

 

 

97 

  

Figure 53: Comparing CLT panel temperature development amongst configurations with one exposed CLT surface 

Table 3 of this report made mention of using these compartment configurations to assess the validity 

of a ñSecond Hot Surfaceò. The hypothesis states that an exposed CLT ceiling configurations 

demonstrates beneficial fire behaviour as compared to an exposed vertical CLT panel (side wall or 

back wall). This hypothesis is supported by the recorded temperature and HRR results. The notion 

that the formation of a second hot surface is prevented in an exposed CLT configuration requires 

further investigation in future research. Heat flux sensors are required to adequately measure the heat 

flux received by an exposed ceiling or vertical surface. The results recorded in this research suggest 

that ceiling temperatures are hotter in exposed ceiling configurations as compared to vertical CLT 

panel configurations. The suggested reasoning in this report concerning oxygen depletion at the 

ceiling level of a compartment with an exposed CLT ceiling is based on Fire Dynamics principles, but 

would also require further testing by means of oxygen level measurements across exposed CLT 

surfaces.  

7.3.2) Characterising the cross-radiation behaviour of facing CLT side walls 

To investigate the influence of cross-radiation between two exposed CLT side walls, the results of 

compartment tests with both exposed walls (2SW) are compared to those of compartments with only 

one side wall (SW-1). Based on these comparisons, trends are identified.  

Heat Release Rates 

Figure 54 illustrates the total HRR measured during the compartment experiment with two side CLT 

walls (2SW) and one CLT side wall (SW-1). On average, the total HRR during the heating phase was 

73.4kW in the 2SW configuration, as compared to 57.4kW in the SW-1 configuration (representing an 

increase of 80% and 40% in addition to HRR delivered by the propane burner in both experiments).  
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Figure 54: Comparing HRR amongst compartments with one or two exposed Side Walls 

The decay phase was initiated at comparable moments in both compartment tests, but it is clear from 

the Figure that the duration of the decay phase was significantly prolonged in the 2SW Configuration 

experiment as compared to the SW-1 configuration (251:20 minutes as compared to 38:50 minutes, 

respectively). This 6.5 times longer decay phase in Test 2SW as compared to Test SW-1 indicates the 

influence of replacing a non-combustible side wall with a combustible CLT wall,  in a compartment 

with only one exposed CLT side Wall.  

Temperatures 

Figure 55 shows the compartment temperatures measured at the face of the exposed CLT side wall in 

both compartments 2SW and SW-1. 

 

Figure 55: Comparing Compartment Temperatures at CLT surfaces in Configurations 2SW and SW-1 
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