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Abstract  
Five real scale fire tests of compartments constructed of cross-laminated timber ( CLT) 

and glued laminated timber,  compliant  with product standards specified in current US 

model building code, were performed. Four of the tested compartments were designed 

to result in  a representative and severe fire scenario in a residential fire compartme nt, 

using a probabilistic approach. The other tested compartment  had additional  openings 

and a greater opening factor, which was aimed to be representative of buildings designed 

for  business occupancy. The interior of the compartments had surface areas of exposed 

mass timber that varied from approximately the area of the floor plan to  approximately 

two times the area of the floor plan. The tests included measurements to study the 

internal compartment exposure, the temperature development  at gypsum protected 

surfaces, the temperature development in the structur al timber , oxygen concentrations 

at locations of interest and exposure to exterior surfaces of the wall and façade above the 

openings. The fire in the compartment with a greater opening factor had two layers of 

fire -rated gypsum board protection on the back wall and all other surfaces of CLT and 

glued laminated timber exposed. Despite having the highest peak combustion rate, this 

compartment fire had  the least severe internal and external fire exposure. The fire 

decayed relatively quickly after flashover and continued to decay until the test was 

stopped at 4 hours after ignition . This fire resulted in less structural damage than the 

fires in compartments  with fewer and smaller openings.  

The compartments with fewer and smaller openings had similar temperatures for 

approximately the first 10 minutes after flashover. The compartment with  only the 

ceiling (including the glued laminated timber beam)  exposed started to decay after 22 

minutes of post-flashover fire and continued to decay until the end of the test at 4 hours 

after ignition . The other three tests had, in addition  to the ceiling, significant areas of 

exposed wall and column surfaces. To accommodate for the extended fire duration that 

was expected in these configurations an extra layer of gypsum board protection was 

applied to the protected surfaces. The additional exposed surface areas of walls led to an 

increase of the fully developed fire duration by 6 - 9 minutes. One of the compartments 

included corners where two exposed walls intersect. Significantly increased damage was 

observed in the lower part of these wall corners, and an overall higher radiative exposure 

in the test with such corners. After more than three hours of decay, surface flaming 

developed on the walls in that test . The fires in the tests without such corners exhibited 

continual decay for the full 4-hour  test duration.  Post-test analysis showed that the 

structural damage was lower in exposed ceilings than at the bottom of the exposed walls 

for all tests. 

After the tests, remaining smoldering and hot spots were reduced using relatively small 

amounts of water mist. Overnight measurements to study the thermal wave going 

through the loadbearing structure indicate d no post-test reduction of structural capacity . 
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Preface 
This report provides results of a research project on fire -safe implementation of visible 

wood in tall timber buildings. The main funder of the project is the US Forest Service 

(USFS), US Department of Agriculture  (USFS Grant Number 2019-DG-11083150-

022), the project owner is the American Wood Council  (AWC), and Research 

Institutes of S weden  (RISE) is the contractor for this research project.  

Other project partners and funders of this project are: Katerra  providing ANSI/APA 

PRG 320 (2018)-compliant CLT, KLH  providing ANSI/APA PRG 320 (2018) -compliant 

CLT; Henkel  providing the required  ANSI/APA PRG 320 (2018)-compliant adhesive 

and additional funding, Boise Cascade  providing ANSI A 190.1-2017 compliant glued 

laminated timber; USG , providing Type X gypsum boards; Rothoblaas , providing 

mass timber screws, sealants, tapes, resilient profiles and equipment for lifting anchors 

mass timber members; the Softwood Export Council providing shipment costs of US 

products to the test site in Sweden; Brandforsk providing additional  funding for the 

inclusion of façade extension measurements. The façade measurements are out of the 

scope of this report. Technical in-kind  contributions were provided by NIST for 

recording of videos in severe fire conditions.  

A Steering Group was assembled for this project, comprising of: 

Kevin Naranjo (U SDA) 

Kuma Sumathipala, Jason Smart, Kenneth Bland (AWC)  

Sean DeCrane (Building & Life Safety Technologies, UL) 

Gordian Stapf, Christian Lehringer, Daniel Current, Chris Whelan (Henkel)  

Hans-Erik Blomgren (Katerra)  

Sebastian Popp, Johannes Habenbacher (KLH) 

Kyle Flondor, Ajith Rao, Young-Geun You (USG) 

Susan Jones (Atelier Jones)  

Rodney McPhee (Canadian Wood Council) 

Dan Cheney (Boise Cascade) 

Hannes Blaas, Andres Reyes, Paola Brugnara (Rothoblaas) 

 

All steering group members provided in -kind technical contributions i n this project.    
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1 Introduction  
The implementation of mass timber materials such as CLT and glued laminated timber 

as structural materials for tall buildings has b een increasingly popular. Mass timber has 

been cited for its low carbon footpri nt and architectural desirability . Because mass 

timber  is combustible, the design of such buildings involves new fire safety challenges. A 

key fire safety objective identified in previous research was the abili ty of fires to 

continuously decay after a flashover fire occurred. Fire delamination, failure of fire 

protection (Su et al. 2018a) and charring behind fire protective layers  (Su et al. 2018b) 

were identified as the main phenomena that reduced the likelihood that a fire wou ld 

exhibit continual  decay in compartments of CLT. Recent developments of technologies 

and increased performance requirements of CLT in USA and Canada (Janssen 2017, 

Brandon and Dagenais 2018) reduces the risk of fire delamination of mass timber 

members, which reduces the challenge to ensure that fires decay. This research project 

has been performed to study the design limits for compartments to ensure the fire will 

decay without exhibit ing any significant re-growth . 

This research project includes topics given in Table 1. Some of these topics are included 

in other project reports and not discussed in detail in this report.  

Table 1: Full list of project topics and location of reporting.  

Topic Report 

Survey of design parameters in real buildings. This report 

A priori predictive modeling of fire development and decay in 
compartments with exposed mass timber  

Predictive modeling 
report (Brandon et al. 
2021a) 

5 real scale compartment fire tests (Main objective) 
- Measurements of the interior temperature and 

exposure 
- Mass loss and heat release rate measurements and 

calculations 
- Measurements of the exposure to opposing external 

surfaces 
- Measurements of fire exposures to facades 

- Continued temperature measurements in the 
structure after tests 

- Case studies for extinguishing with less water 

This report 

Assessment of fire tests against previous performance criteria This report 

Data analysis and discussions This report 

Conclusions This report 

Improved predictive modeling 
Predictive modeling 
report (Brandon et al. 
2021a) 

Repairing of fire-damaged CLT (case study) 
Post-fire repair report 
(Brandon et al. 2021b) 

Comparisons of façade exposure to standard façade fire tests 
Façade exposure report 
(Sjöström et al. 2021) 
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A summary report  has previously been issued (Brandon et al., 2020), however this report 

presents more data and includes more discussions than the summary. The additional 

data presented in this report are: 

- Temperatures at thermocouple trees  

- Incident radiant heat flux within the compartment 

- Façade exposure 

- Exposure at locations in front of openings 

- Mass loss of the structure and floor 

- Char depths in glued laminated timber members 

- Oxygen concentrations 

- Detailed descriptions of smoldering and hot spots after the fire 

- Post-test temperature measurements 

- Data from case studies to extinguish with small quantities of water (Annex L) 

 

All information of the summary report is also included in this report  and some sections 

are the same.  

Besides the summary report and the final projec t report (this report), there are also 

reports on predictive modeling 1, comparisons of façade fire exposure to façade fire tests2, 

and a case study of repairing fire damaged CLT3 (due May 2021). 

2 Background 
New US building regulations for the 2021 Internati onal Building Code (2021 IBC) have 

recently been approved, which allow the construction of tall buildings with mass timber 

structures. The 2021 IBC includes three new construction types dedicated for mass 

timber structures, namely IV -A, IV-B and IV-C. Buildings of type IV-A can be up to 18 

stories and have the most strict fire safety requirements, including required protection 

of all mass timber surfaces, using noncombustible  fire protection providing  no less than 

2/3 of the required fire res istance rating of the mass timber itself (2 hrs. of protection for 

IV-A). Buildings of type IV -B can be built up to 12 stories and can have limited portions 

of the ceiling (up to 20%) or limited portions of walls ( up to40% of the floor area) 

exposed. Buildings of type IV -C can have all mass timber surfaces exposed, but have 

stricter limitations of building height, depending on the type of occupancy. I t should be 

noted that other fire safety requirements hold for all building types, such as th e presence 

of NFPA 13 compliant sprinklers, as summarized by Breneman et al. (2019). 

The limitations for buildings of type IV -B were based on two compartment fire tests 

performed by Zelinka et al. (2018), in which relatively small surface areas of timber were 

exposed. Both fires continuously decayed after a period of flashover for at least three 

 
1 Brandon, Temple & Sjöström, Predictive method for fires in CL T and glulam structure s ï 
Disseminated predictions versus real scale compartment fire tests, RISE Report 2021:63, ISBN: 
978-97-89385-53-5.  
2 Sjöström, Brandon, Temple, Hallberg & Kahl, Exposure from mass timber compartment fires to 
facades, RISE Report 2021:39, ISBN: 978-91-89385-24-5 
3 Brandon, Sjöström & Kahl, Rehabilitation of fire  exposed CLT, RISE Report 2021:67, ISBN: 978-
91-89385-57-3. 
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hours, and were continuously decaying at 4 hours after ignition, which has been a 

primary acceptance criterion for the ICC TWB Ad hoc committee.  

There has, however, been a change of requirements in the CLT product standard 

(ANSI/APA PRG320, 2018), requiring the face bond adhesive of CLT to withstand a 4-

hour-long full -scale compartment fire test without the occurrence of delamination and 

to pass a bench scale test. As previous research (McGregor 2014, Medina Hevia, 2015, Su 

et al. 2018, Brandon et al. 2018, Hadden et al. 2017, Emberley, 2017) demonstrated the 

significant ef fect that CLT delamination can have on compartment fire dynamics, this 

change in the ANSI/APA PRG320 (2018) can significantly  change the outcome of fires 

in compartments made of CLT.  

The tests by Zelinka et al. (2018) were initiated before the 2018 version of ANSI/APA 

PRG 320 was published and the tested CLT was not compliant with the new product 

standard, compromising the potential fire performance of the structure. In addition, the 

tests by Zelinka et al. involved the highest heat release rates of any indoor CLT 

compartment fire test to date and the ability of a laboratory to accommodate increased 

surface areas of timber in an indoor fire test at this scale is restricted because of limited 

capacities of laboratoriesô exhausts and calorimeters.  

An early study of fires in  compartment s made of ANSI/APA PRG320 (2018)-compliant 

CLT, was performed at NRC-CNRC in Canada (Su et al. 2018b). This study showed an 

improved potential for compartment fires of CLT stru ctures to decay. However, due to 

charring behind two layers of ½ inch gypsum plaster boards and some details in the 

design, some of these fires did not fully decay.  

3 Aim and objectives of this study 
This study aims to assess possible changes to US code-prescribed limits of visible mass 

timber surface areas, for products that comply with current US product standards.    

The specific objectives are, therefore, to: 

¶ Perform a series of compartment fire tests in structures constructed of PRG 
320-2018 compliant CLT with varying amounts of exposed mass timber areas. 

¶ Provide background for possible changes to code-prescribed limits of exposed 
mass timber surfaces consistent with the fire performance criterion 4  used for 

changes to the International Building Code. 

¶ Identify additional measures necessary (if any) to ensure the fire performance 

criteria established by the International Code Council (ICC) Ad-Hoc Committee 

on Tall Wood Buildings  (TWB) and additional criteria discussed in Section 5 are 

met. 

In addition, secondary objectives are defined: 

¶ Design and test intersections between exposed mass timber members that are 
practical, affordable , and sufficient for the compartment fire dura tion.  

 
4 ICC TWB Ad Hoc committee used a fire performance criterion where a compartment fire should 
exhibit continual decay with no significant fire re-growth following the fully -developed phase. 
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¶ Develop and test a method of restoring exposed CLT members after a fire. Note: 
this objective is discussed in a separate report.  

¶ Allow for comparisons of the fire exposure measured on the front façade above 
ventilation openings of compartments that a re fire tested. The exposure of four  

of these tests is expected to be statistically severe (with respect to quantity of 

external combustion and duration) , based on a survey of recently built 

residential buildings.  Note: this objective is part of the proje ct add-on funded 

by Brandforsk (as noted in the Preface) and is discussed by Sjöström et al. 

(2021). 

¶ Map the influence of increasing the surface area of exposed mass timber on the 
façade exposure. Note: this objective is part of the project add -on funded by 

Brandforsk (as noted in the Preface) and is discussed by Sjöström et al. (2021). 

4 Experimental setup 
Five compartment fire experiments were performed for this study. The compartments 

had internal dimensions of 23.0 f t x 22.5 ft x 9.0 ft (7.0 m x 6.85 m x 2.73 m). Four of 

these compartments (Tests 1, 2, 3 and 5) had two ventilation openings ( Figure 1) of 7.4 ft 

x 5.8 ft (2.25 m x 1.78 m, width x height) resulting  in an opening factor5 of 0.112 ft1/2 

(o.o62 m1/2 ). The compartment dimensions and the opening factor were based on a 

probabilistic analysis and surveys of data of tall residential buildings, as discussed in 

Annex C. The remaining compartment test  (Test 4) had six larger openings, resulting in 

an opening factor of 0.25 m1/2 (0.453 ft 1/2), which is approximately equal to the midrange 

of opening factors for office compartments found in the survey of Annex C.  

 

Figure 1: Fully developed fire of Test 1 

 
5 Definition o f opening factor:  ὕ ὃ Ὄ ὃ, where ὃ Вὃ is the sum of all opening areas, ὃ 

is the total enclosing area (incl. openings), Ὄ В ὃὬ ὃϳ , and Ὤ is the height of each opening 
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The compartments were constructed of ANSI/APA PRG 320, 2018 compliant 6.9 inch 

(175 mm) thick 5-ply CLT (each ply was 1.38 inches, 35 mm thick ) and ANSI A 190.1-

2017 compliant glued laminated timber. It is important to note that in contrast wit h most 

previous studies, the tested CLT lay-up with the specific enhanced polyurethane adhesive 

fulfills the requirements specified in Annex B of the 2018 version of ANSI/APA PRG 320. 

In this study, varying mass timber surfaces were protected with Type X gypsum boards. 

All CLT, glued laminated timber and gypsum boards used during the tests complied with 

current US regulations and standards.  

The floor plan of Tests 1, 2, 3 and 5 is shown in Figure 2. The Floor plan of Test 4 is shown 

in Figure 3. Drawings of all walls with openings are shown in Annex B.  

The dimensions of the compartment, size of the openings and fuel load density were 

determined from a probabilistic analysis aiming to test a severe fire scenario that is based 

on the designs of real buildings, which is summarized in Annex B. The combination of 

the compartment dimensions, fuel load density and opening factor results in the 85 th 

percentile of expected total char damage for fire scenarios in residential buildings where 

sprinklers are not  activated, flashover takes place and fire service interference is absent. 

Details of this analysis are indicated in Annex C. The target fuel load density resulting 

from th e probabilistic stu dy is 560 MJ/m 2 (52 MJ/ft 2).  

The fuel used was a combination of typical apartment furniture, particle board sheets on 

the floor to represent a wood floor  covering, and additional wood cribs6 representing fuel 

in storage spaces. The calculation of the moveable fuel load is provided in Annex D, in 

which the fuel item s denoted with the letters A to J in Figure 2 and Figure 3 are specified. 

The total mass of the moveable fuel on the floor was measured using load cells under the 

floor for every test and was 2881 ± 22 lb (1307 ± 10 kg) in total. The ignited item was a 

metallic  bin filled with 1.4 lbs (635 g) of crumbled A4 print paper.  

 

 
6 The wood cribs consisted of Norway spruce with a 45 mm x 45 mm cross section, a density (based 
on a random sample) of 435 kg/m 3, and an average moisture content of 13.0 %. The total weight 
of the wood cribs was checked for every test. 
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Figure 2: Floor plan of Test 1, 2, 3 and 5 
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Figure 3: Floor plan of Test 4 

The locations and the number of layers of gypsum board protection along with the 

percentages of exposed surface areas are provided in Table 2. The CLT ceiling and the 

glued laminated timber beam were exposed in all tests. The table includes the number of 

5/8 inch thick (15.9 mm) Type X gypsum board layers (GB) that were implemented on 

interior surfaces. Schematic floor plans (not to scale) indi cate the locations of the 

protected surfaces. In addition, the drawings also indicate the fire protection that was 

implemented on the sides and top of the opening and on the fire exposed façades. All 

gypsum board layers were attached with gypsum screws at a maximum relative distance 

of 10.8 inch (274 mm) in both horizontal and vertical direction.  Edge distances of 2.5 

inch (64 mm) were implemented  for screws at the edge of the gypsum boards. The 

lengths of the gypsum screws were 1.6 inch (41 mm) long for the base layer, 2.2 inch (55 

mm) long for the second layer and 2.8 inch (72 mm) long for the third layer. Specialized 

equipment was used to prevent the screw heads from punching through the paper surface 

of the gypsum boards and prevent premature damage of the boards. The gypsum board 

layers were staggered with an offset of at least 12 inches (300 mm ) between joints  of two 
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subsequent layers. On the exposed surface all screw heads and joints between gypsum 

boards were finished with regular joint compou nd.  

Of the small opening tests (tests 1, 2, 3 and 5 - representative of dwellings), Test 1 had 

the least surface area of exposed wood followed by Test 2. Test 3 and 5 had the same 

exposed wood surface area, but in Test 5 no corners with two exposed walls were present. 

For Test 4 (large opening ï representative of business occupancy) all internal walls 

except for the back wall were exposed.  

Table 2: Test matrix (GB indicates gypsum boards; SW indicates stone wool) 

 Test 

name  

Window  

Opening 

size 

Gypsum Board 

(GB) Protected 

interior 

surfaces* 

Exposed wood 

surfaces  
Floor plan (schematic)***  

Test 1  

 

Two 

window 

openings 

86 ft 2 (8.0 

m2) of 

exterior 

wall open 

- All  walls and 

- Column 

protected by 2 

layers of GB 

100% of ceiling, 

100% of beam 

exposedÀ 

No exposed wood 

surfaces in walls 

(53.8 m2/579 ft 2) 

 

Test 2  

 

Two 

window 

openings 

86 ft 2 (8.0 

m2) of 

exterior 

wall open 

-Back wall and  

-Front wall 

protected by 3 

layers of GB 

100% of ceiling, 

100% of beam, 

100% of left wall, 

100% of right wall  

exposed 

No exposed wood 

wall surfaces 

meeting in a corner 

(91.2 m2/981 ft 2) 

 

Openings 2GB

Walls 2GB

Column 2GB

Facade1GB

Column 3GB

Back wall 3GB

Openings 2 GB sides; 3GB top
Facade1GB + 50mm SW
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 Test 

name  

Window  

Opening 

size 

Gypsum Board 

(GB) Protected 

interior 

surfaces* 

Exposed wood 

surfaces  
Floor plan (schematic)***  

Test 3*  

 

Two 

window 

openings 

86 ft 2 (8.0 

m2) of 

exterior 

wall open 

-Back wall and 

-Back 5 ft (1.5 

m) length of 

right wall 

protected by 3 

layers of GB 

100% ceiling 

100% beam, 

100% of left wall , 

78% of right wall, 

100% of front wall , 

and 100% of 

column exposed. 

 

Two exposed wood 

wall surfaces 

meeting in a corner 

(front left and front 

right)  

(96.2 m2/1035 f t2) 
 

Test 4*  

 

Six 

Window 

openings 

336 ft2 

(31.2 m2) 

of exterior 

wall open  

Back wall 

protected by 2 

layers of GB 

100% ceiling,  

100% of beam, 

100% of left wall , 

100% of right wall, 

100% of front wall , 

100% of column 

exposed. 

 

Two exposed wood 

wall surfaces 

meeting in a corner 

(front left and 

right)  

(77.9 m2/838 ft 2) 

  

Back wall
3GB

Openings 3GB**

Facade1GB + 45mm SW

Back 1.5m of
right wall

3GB

 

 

Back wall
2GB

Openings 2GB
Facade1GB + 50mm SW
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 Test 

name  

Window  

Opening 

size 

Gypsum Board 

(GB) Protected 

interior 

surfaces* 

Exposed wood 

surfaces  
Floor plan (schematic)***  

Test 5 * 

 

Two 

window 

openings 

86 ft 2 (8.0 

m2) of 

exterior 

wall open 

-Back wall and  

-2.3 ft (0.7 m) 

on left and 

right -side 

edges of the 

front wall 

protected by 3 

layers of GB 

100% ceiling,  

100% beam,  

100% of left wall, 

100% of right wall, 

60% of front wall , 

100% of column 

exposed. 

 

No exposed wood 

wall surfaces 

meeting in a corner 

(97.2 m2/1046 ft 2)  

īIn Test 1, a strip of 50 mm high 2-layer thick gypsum board was implemented on the top right side 
of the beam. This was not done on the left side of the beam to allow studying the effect of an 
expected radiative feedback loop in the top corners. In contrast with expectations, this location did 
not show increased charring or smoldering, and the strip was not implemented in any other test. 

*To be able to weigh the floor separately from the structure, the floor was not directly attached to the walls 
of the fire test compartment. The small gap, between the floors and the walls was filled with stone wool 
insulation for all tests. In Test 2, some of the stone wool fell out of place and resulted in fire spread 
downward from the compartment floor in this (artificially created) gap.  Therefore, for subsequent tests, a 
10 cm (4ĩ) strip of gypsum board was applied to the bottom of all exposed walls to cover the wall/floor gap 
in Test 3, 4 and 5. 

** In Test 3 and 5, three layers of gypsum boards were applied on the side of the ventilation openings 
instead of two layers. The extra layer made the openings slightly narrower than the openings of Test 1 and 
2. To compensate for this, the height of the ventilation opening was increased so that the opening factor 
for Tests 1, 2, 3 and 5 was the same. 

***Protection on the façade and façade details at the opening have been changed iteratively. Section 6.16 
gives an overview of details and pictures after the tests.  

 

4.1 Material properties 
The structural material and the gypsum boards used, all compliant with relevant USA 

standards, were factory made in regular industry production lines and shipped to the test 

site in Sweden. The structure of the test compartments was made of ANSI/APA PRG 320-

2018 compliant CLT supplied by Katerra and KLH and ANSI A 190.1-2017 compliant 

glued laminated timber supplied by Boise Cascade. The CLT of Katerra (Test 1-3) and 

KLH (Test 4 & 57) have the same lay-up and adhesive. The CLT was 175 mm thick and 

made of 5 plies of 35 mm thick each and had a density of 39.3 ± 0.6 lb /ft 3 (470 ± 10 

 
7 In Test 5 the (exposed) left wall was made of CLT by Katerra.  

Back wall 3GB

Openings 3GB**
Facade1GB + 50mm SW
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kg/m 3). Thermogravimetric analysis (TGA) was performed of both CLT products (Figure 

4), which gave similar results in oxygen poor and oxygen rich environments, indicati ng 

similar mass loss and, indirectly, similar potential release of heat at elevated 

temperatures during different stages of the fire . The average moisture content of 13.0% 

with a standard deviation of 1.0%, measured using electrical resistance meters the day 

before tests at measurements at a depth of 20 to 30 mm at approxim ately 100 random 

locations in total . The adhesive used was HB X Purbond  supplied by Henkel, which is 

compliant with the requirements of ANSI/APA PRG 320 -2018, which includes 

mandatory compartment fire  testing to demonstrate adhesive performance in fire. No 

edge gluing was implemented , i.e. lamellas in the same layer were not glued to each other. 

 

Figure 4: Thermogravimetric analysis results of CLT samples in ambient and nitrogen environment. 
Heating rate of 20ĞC/min. 

The glued laminated timber was made of Douglas Fir and a phenolic adhesive. The 

density of the glued laminated timber was 36.2 ± 0.6 lb /ft 3 (580 ± 10 kg/m 3) and the 

moisture content was 13.4 % with a standard deviation of 0.8  % determined in a similar 

way. 

Type X gypsum boards complying with ASTM C1396 with a thickness of 5/8ò (15.9 mm) 

were used. The density of the gypsum boards was 42.0 lb/ft 3 (673 kg/m 3). TGA results of 

a material sample are shown in Figure 5. 
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Figure 5: Thermogravimetric analysis results of the used type-X gypsum board. Heating rate of 
20ĞC/min in an N2 atmosphere. Mass losses at consecutive temperature intervals of 200 °C are 
indicated.  

4.2 Intersections and important details 
One of the secondary objectives of this study was to ñDesign and test intersections 

between exposed mass timber members that are practical, affordable and sufficient for 

the entire fire duration of compartment firesò (Section 1.2).  

For intersections of mass timber building elements with other building elements, where 

both are required to be fire resistance rated, the IBC 2021 requires the use of sealants in 

accordance with ASTM C920 and ASTM D3498. Instead of complying with IBC 2021, it 

was aimed to study the performance of alternative solutions that potentially increase 

practicability and possibly lower costs. To thi s end several types of commercially 

available sealants were applied between mass timber elements during this study.  

Sealants were applied between mass timber elements to reduce the risk of fire spread 

through mass timber intersections,  by eliminating the flow of hot gasses between mass 

timber elements at intersections. It is expected that sealing materials do not need a high 

temperature resistance if the sealant is used in locations not directly exposed to high 

temperatures. The tested sealants were primarily those generally used to improve 

effective gas seal, water proofing or acoustic performance. Test results should indicate if 

these are suitable to prevent fire spread through intersections. Table 2 gives an overview 
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of the materials used to seal the intersections, including information of their temperature 

resistance, if available.   

Table 3: Materials used at intersections of CLT members. 

Product  Common functions  Detailed description  

Construction 

tape 

Water proofing  

Improving effective gas 

seal 

Tape comprising of a polyethylene film, with 

reinforcing Polyethylene grid and acrylate 

adhesive. Width: 60 mm (2.36 inch); 

Thickness: 0.25 mm (0.01 inch); 

Temperature resistance: -40/80ęC. 

Expanding 

tape 

Improving sound 

insulation  

Improv ing effective gas 

seal 

Elastic expanding tape developed to fill 

irregular gaps, sound proofing up to 58 dB. 

Width: 20 mm (0.8 inch);  

Max expansion (thickness): 20 mm (0.8 

inch). Temperature resistance:  -30/90 ęC.  

Resilient 

profile  

Sound proofing 

Improv ing water 

tightness 

Resilient profile of polyurethane. Width:  140 

mm (0.46  ft); Thickness: 0.24 inch (6  mm); 

Thermal conductivity: 0.2 W/mK. Maximum 

processing temperature: >200 ęC. 

Construction 

sealing 

Improving effective gas 

seal 

Improving sound 

insulat ion 

Expanded EPDM (synthetic rubber). Width: 

46 mm (0.15 ft); Thickness: 3 mm (0.12 

inch); Temperature resistance: -35/100 ęC. 

Fire Sealing  
Fire sealing 

Acoustic insulation  

1-component silicon elastomer adhesive. Up 

to 90 minutes fire -rated.  

Intumescent 

paint  
Fire sealing 

Intumescent paint for protecting indoor 

steel profiles with up to 90 min fire 

resistance. One-layer application  

 

Figure 6 shows details of the CLT intersection and indicates which sealing material was 

used in each test. Spline board joints with Ø0.24 x 3.1 inch  (Ø6 x 80 mm) washer-head 

screws with 10 inches (250 mm) spacing were used to connect CLT panels in the ceiling. 

Four different variants were used to seal the spline board joint, using either construction 

tape or expanding tape. It was expected that a slight offset of height between two CLT 

members may cause a channel of air along the spline board in the details of Test 1 and 3. 

For that reason, tape that sealed the end of this potential  channel (at the ends of the 

spline board) was implemented in those tests. This was not done for the other tests, 

because the implemented tape was expected not to allow hot gasses in any potential 

channel under the spline board.  

Lap joints were used to connect wall elements that were in the same plane. The members 

were connected using Ø0.32 x 4.7 inch (Ø8 x 120 mm) countersunk head screws with 10 

inches (250 mm) spacing. In Tests 3, 4 and 5 no sealing materials were implemented for 

lap joints in gypsum prote cted walls. For exposed walls two variants have been 

implemented using either construction tape or expanding tape as shown in Figure 6 C. 

Butt -joints between CLT walls and ceiling panels were implemented using Ø0.32 x 11.8 

inch (Ø8 x 300 mm) washer -head screws. Three variants to seal the joints were 
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implemented using resilient profile and/or construction tape. The resilient profile was 

positioned centrically on top of the walls. Since the CLT wall is 35 mm wider than the 

resilient profile , a small void was formed between the construction tape and the resilient 

profile on the external side in Tests 2, 4 and 5. Although it was not expected that high 

temperatures would be reached in this void, a small amount of fire sealing adhesive was 

used every two meters, to limit flow of gasses in the longitudinal direction of the void in 

case it would manage to pass the resilient profile. For locations at which the walls were 

protected by gypsum boards, a small amount of fire sealing adhesive was used to avoid 

gasses flowing into the void between the resilient profile and the gypsum boards. Fire 

sealing adhesive was used to fill up some visible voids between the resilient profile and 

the CLT in a few locations of the left and right walls of the Test 2 and Test 3 

compartments.  

 

Figure 6: Variants of sealed CLT intersections and their sealing details (different colors represent 
different sealing types and/or locations) 

* Construction tape was used to close potential voids between the spline board and the CLT at the end of 
the spline board, for Tests 1 and 3. 

** Construction tape was not used for lap joints between gypsum protected walls in Test 3, 4 and 5. 

A 
B 

C 

D 
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CLT wall corner joints were connected also using Ø0.32 x 11.8 inch (Ø8 x 300 mm) 

washer-head screws. Three variants to seal the joints were implemented, using 

construction sealing, construction tape, or expanding tape (Figure 6 D). The construction 

sealing was stapled to the end of the walls before assembly. 

All configurations of CLT joints of Figure 6 were at least in one test implemented without 

any gypsum board protection, with the exception of the wall -ceiling joint of Test  1 and 

the wall-wall but t joint of Test 2. Those two configurations were subjected to less severe 

exposure because of the gypsum board protection. Therefore, the detail of these specific 

tests including gypsum boards is shown in Figure 7. In Test 1, no fire sealant was 

implemented between gypsum and abutting CLT members in corners. Before all 

subsequent tests, a small amount of fire sealing adhesive was used only in locations 

where a gap between gypsum and abutting CLT was visible. 

 

Figure 7: Variants of CLT intersections that only were implemented together with gypsum board 
protection.  

The top of the beam was connected using two rows of 8 x 300 mm washer-head screws 

@ 200  mm. In Test 1, there was no sealant implemented, in this connection. In Test 2, 3, 

4 and 5 there were two strips of resilient profile implemented  (see Table 3), as can be 

seen in Figure 6 and Figure 8. In Test 3, the sealant method was varied along the length. 

At approximately half the length , two strips of resilient profile were used, and the other 

half had two double strip s of construction sealant (with  approximately the same total 

thickness). The interface between the front wall and the column had no sealants in any 

of the tests. 

The glued laminated timber beam and column were connected using an embedded 

aluminum connecter , as shown in Figure 9. A slot was milled in the column, in which t he 

connector was embedded. To allow geometrical tolerances, there was a small gap with a 

width of 3 mm ± 2 mm  after assembly. Fire sealant was applied on the end of the beam 

before assembly was implemented for Test 1 and 2 (Figure 10). In Test 3, 4 and 5 the end 

of the beam was painted using intumescent paint, which aimed to close the gap at the 

beam-end, if elevated temperatures are reached.  It should be noted that in Test 1 and 2 

the column was protected by 2 layers and 3 layers of gypsum boards, respectively. In 

Tests 3-5 the column and beam were fully exposed.  
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Figure 8: Connection between beam and ceiling (left) and column and ceiling (right) 

 
 

 

Figure 9: Column beam connection detail 

 



 

 

22 

 

  

Figure 10: Fire sealant applied on the beam for Test 1 and 2 (left) intumescent paint applied on the 
beam for Test 3, 4 and 5 (right) 

 

The hole where the beam goes through the backwall was cut on site, which was done with 

a jig saw. The gap size varied significantly and was up to an inch at some locations and 

was, therefore, not representative for factory -made cuts. For th is reason, no effort was 

made to use representative sealing methods. In Test 1 the gap was filled with ceramic 

insulation . As this appeared not to be enough to avoid some combustion through this 

detail , construction tape (see Table 3) was added on the unexposed side in all other tests. 

The detail on the top and the sides of the openings has been changed iteratively to 

improve its performance . After the results of Test 1 it was clear that the detail should 

account for an increased exposure from the fire plume, by avoiding the direct inflow of 

hot gasses through the gypsum board joints in the (predictable) direction of the f low of 

hot gasses (Figure 11). The details implemented in subsequent tests aimed to limit this . 

Figure 11 shows the details used at the top of the opening. In addition, after assembly of 

the CLT structure, fire sealant was applied to seal the lap joints  at the front side in the 

CLT above the opening in Test 2 and 3. In Test 4 and 5, construction tape was used to 

seal these lap joints instead. This was implemented to limit potential smouldering which 

was seen in Test 1.  
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Figure 11: Detail at the top of the openings for each test. 

 

4.3 Measurements  
Measurements have been made to map the interior fire exposure, the heating of the 

structure and the fire exposure to exterior surfaces, among other things. Most 

measurements have been repeated for all tests. However, because some design 

parameters were only decided upon during the test series (such as the location and area 

of exposed surfaces), a number of datalogger channels were dedicated to small case 

studies of local effects. This Section gives an overview of measurements that were similar 

in all tests first. In addition, a sub -section with the case-study measurements is included. 

4.3.1 Compartment interior measurements 

The exposure inside the compartments has been recorded using plate thermometers, 

position ed about 4 inches (100 mm) in front of surfaces, and thermocouples in 
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thermocouple trees. The interior plate thermometers are constructed in accordance with 

EN 1363-1 (2020) 

 

Figure 12: Locations of plate thermometers. See Annex A for full list of coordinates. 

The interior  thermocouple trees have thermocouples at 0.2, 0.8, 1.2, 1.8 and 2.4 m from 

the floor and were positioned in three locations as indicated in  Figure 12. Two additio nal 

thermocouple trees were positioned in the center of the openings (one for opening) as 

indicated in the figure. The thermocouples used were Inconel  sheathed type-K 

thermocouples with a diameter of 1.0 mm, rated for temperatures up to 1200  °C. 
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4.3.2 Material temperatu re measurements 

Temperature measurements inside the walls and ceiling were made at several locations 

indicated in Figure 13. At each location thermocouples were installed at 5 depths of the 

CLT and, if protected , behind every layer of gypsum board. The direction of the 

thermocouples has been proven to be very important for measurements inside thermally 

insulating materials, such as timber. Installation of the thermocouples parallel to the 

heat flow can lead to a delay of measured temperature increase (Fahrni et al., 2018), and 

in fires with a decay phase can misrepresent the peak temperatures by several hundred 

°C (Brandon and Dagenais, 2018). Therefore, all thermocouples were installed with at 

least 170 mm of the final length parallel to the expected isotherms (perpendicular to the 

heat flow).  This was done by leading the thermocouple through a groove in a lap joint  in 

the wall (Figure 14) or a spline board joint in the ceiling (Figure 15). At the end of the 

groove the 1.0 mm thermocouple is inserted in a 1.5 mm, 75 mm deep hole that was 

drilled using a drill guide to control a drill angle of 90° with the surface.  

After Test 1 and 2 the temperature measurements within the CLT and gypsum board 

intersections continued until the next day  to study the potential progression of the heat 

wave through timber.  

 

Figure 13: Embedded thermocouples at lap and spline board joint. 

 

Figure 14: Thermocouples installed at lap-joint  of a wall. The thermocouple tip is located at a depth 
of 75 mm from the visible surface. 

 

Thermocouple

20.0mm

35.0mm

35.0mm

35.0mm

5
8" type X gypsum boards

(if applicable)

Thermocouple
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Figure 15: Thermocouples installed at the spline board joint of the ceiling. The thermocouple tip is 
located at a depth of 75 mm from the visible surface. 

 

4.3.3 Façade and other exterior measurements 

Two façade extensions were placed on top of each compartment above the openings. The 

façades were light weight concrete with nominal densi ty of 575 kg/m3. The moisture 

content of the concrete was checked before Test 1 on a reference sample to be 22 %. For 

corrections of the mass loss calculation the façades were weighed before and after each 

test. Blocks of 600 x 400 x 50 m m (width x height x thickness) were supported by a steel 

frame and could be lifted on and off the compartments for reuse during all  tests (Figure 

16).  

 

Figure 16: Placement of a façade segment on the construction (left). Facades in place prior to test 
1.   
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The façade structure was instrumented with a number of thermocouples (TC) 

corresponding to some of the assessment points of test standards (NFPA, CAN/ULC, BS 

8414, ISO 13785-2, SP Fire 105 as well as the recently proposed European method), as 

shown in Figure 17. In addition, four plate thermometers (PT), as used in sta ndard fire 

resistance furnaces (Wickström, 1994) were embedded flush to the surface of each façade 

(Figure 18). A full list of instrumentation including their l ocation and number can be 

found in Annex A. 

 

 

Figure 17: Placement of the PTs and TCs installed in the façade above the opening. The same 
positions are repeated above the second front opening.   
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Figure 18: PT 4 embedded flush to the façade surface. Under the PT a 1 mm diameter TC (TC 7) 
extrudes 5 cm and above a 3 mm diameter TC extrudes 10 cm.  

Additionally, special plate the rmometers with thicker, lighter insulation and thinner 

Inconel plate were placed at 4.8 m and 8 m in front of each opening (4 in total)  at mid-

height of the opening (1.3 m in Tests 1, 2, 3 and 5 and 1.1 m in Test 4) from the floor level. 

Such plates have previously been used for assessing the irradiance from fire to objects in 

ambient temperatures (Sjöström et al , 2015). Additionally, at 8 m distance and at a 

height of 4 m one additional standard PT was installed to exemplify differences in 

irradiance with height.  

At each opening a TC tree with 1 mm shielded Inconel TCs were placed at heights 0.6 m, 

1 m, 1.4 m, 1.8 m and 2.2 m from the floor level.  

Test 5 had reduced measurements above the façade, as a consequence of wind damage 

to the façade frames during  the days before the test. In Test 5 only PTs 1, 2 and 3 and TCs 

5 and 25 were included above the left opening, and none above the right opening (see full 

list in Annex A for details of their locations).  
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Cameras were placed at different angles and distances to evaluate the flame height and 

shape during the tests, recording at 120 fps. The method of determining the flame height 

digitally, is discussed in the façade exposure report (Sjöström et al. 2018). 

 

4.3.4 Mass measurements 

The mass of the floor and the mass of the rest of the structure were measured separately. 

This was achieved by positioning the floor  and walls on separate welded steel frames 

(Figure 19). The steel frames comprised of 300 mm high (IPE 300)  I -beams positioned 

on top of four 50 kN capacity load cells each (Figure 20). The floor consisted of a 175 mm 

CLT slab, with 20 mm stone wool and 100 mm light weight concrete on top to avoid any 

combustion of the CLT floor. Using the mass loss of both frames, the potential  heat 

release rate corresponding to the fuel on the floor and the CLT structure was calculated 

according to Annex E. 

Floor frame

Wall frameLoad cell

CLT floor slab

Promatect board

Hard stone wool

 

Figure 19: The steel frames for the floor (light grey) and for the walls and ceiling (dark grey)  
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Figure 20: Load cell underneath one of the steel frames 

4.3.5 Oxygen measurements & case study measurements 

Oxygen measurements were made using broad band zirconium, Bosch LSU 4.9, lambda 

sensors. Although lambda sensors are widely used in the automotive industry, their use 

for fire testing has been introduced relatively recently . Thiry et al. (2013) assessed the 

use of lambda sensors in fi re test and concluded that their  lambda sensor measurements 

were reliable for oxygen concentrations in at least the range of 5-20 % (their test did not 

go below 5 %). It should be noted that  several technical problems have resulted in loss of 

data and an extensive proof of concept is still ongoing and until it is finished the 

measurement uncertainties are not fully  known. However, for completeness, the 

measurement results are included in Annex K. 

Stainless steel tubes were used to extract small amounts of gasses from the test 

compartment at the specified locations. Through the tubes, the gasses are led through a 

chamber where the sensor is installed (Figure 21). In the setup of this study, a gas pump 

was installed at the end of the system, implementing  the required suction. The system 

should be fully airtight for correct measurements.  
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Figure 21: Lambda sensor implemented for oxygen analysis of fire tests (highlighted from 
background for clarification) 

Due to leakage of air into the system, the measurements of Test 1 and 4 were invalid and 

are not included in this report . Test 2, 3 and 5 included oxygen measurements in different 

locations indicated in Figure 22.   

Gas inlet by 
suction

Gas outlet by 
suction
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Figure 22: Oxygen measurement locations, at a distance of 200 mm away from the exposed CLT 
walls. For tests 2 and 3 the measurements were taken on the left wall, for test 5 these were on the 
right wall. 

 

5 Pass/fail criteria ģ ICC TWB 
The test matrix given previously in  Section 4 was decided upon during the execution of 

the test series. Instead of planning the configurations of exposed surfaces, gypsum board 

protecti on and the number of protective layers before the execution of all tests, it was 

chosen to only plan the configuration of Test 1 and let the project steering group decide 

on the configuration of each subsequent test based on the test results. This approach was 

chosen with the aim  to find the surface area limits  of exposed mass timber and 
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corresponding requirements for gypsum board protection (amount and location) 

iteratively. To support this procedure, the project steering group defined pass criteria to 

reach a common agreement of the desired outcome of the fire tests needed to justify fire 

safe changes of current code prescribed limits. These criteria are a quantifiable adaption 

of the criterion (where a compartment fi re should exhibit continual  decay without 

significant fire re -growth during the decay phase for 4 hours following fire initiation) 

used by the International Code Council Ad Hoc Committee on Tall Wood Building (ICC -

TWB) to develop the code provisions that are now part of  the 2021 International Building 

Code (IBC 2021). The criterion was used for the assessment of the results by Zelinka et 

al. (2018) and a comparable criterion is being used in the required CLT compartment fire 

test of Annex B in the ANSI/APA PRG 320 (2018), where temperatures should be equal 

to or below 510ęC after 4 hours of compartment fire testing.   

The following quantifiable adaptation of the ICC pass criterion was developed by the 

project Steering Group at the outset of this project and was included in the test plan: 

- At 4 hours after igni tion the plate thermometer temperatures should 

be below 300 °C . The corresponding incident radiant heat flux is roughly 8 

6 kW/m 2, which has previously been identified as one of the extinction criteria 

of smoldering in timber (Crielaard, 2019). Achieving a complete stop of all 

smoldering is, however, not an aim of this study. Instead, this study aims at 

assessing techniques for fire fighters of locating and extinguishing smolderi ng 

that is left after the fire.  

- No secondary flashover  (identified by absence of flashover criteria as 

specified in UL 1715, ASTM E2257, and ISO 9705) should occur between 3 

hours and 4 hours after ignition . Flashover shall be considered to have 

occurred when any two of the following conditions have been attained: 

a. Heat release rate exceeds 0.12 MW/m2 of floor area, which is determined 

from th e mass loss rate) 

b. Average upper layer temperature exceeds 600°C. 

c. Flames exit one of the openings. 

Exception:  

In case the criteria above are locally not fulfilled caused by a detailing issue, that could 

be solved with a change of details, the results will be considered satisfactory (i.e. pass). 

In that case recommendations for furthe r study of the fire performance of this  detail will 

be made.  

  

 
8 The incident heat flux of roughly 6  kW/m 2 is based on the assumption that the gas temperature 
is equal or lower than the plate thermometer temperature, which is generally the case in a 
decaying fire. 
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6 Test results 

6.1 Events 
Significant events that occurred during the tests are listed in Table 4 together with the 

corresponding time after ignition.  The highly variable t ime to flashover is expected to be 

to some extent caused by the relatively high variability of the time it took for the ignited 

bin, to ignite the sofa cushions.  

The tests were stopped at the indicated times. In Test 1, 2, 4 and 5 the fires decayed until 

the test was stopped at 4 hours after ignition. At that time, there were some hot -spots 

and embers left in the compartment. In Test 4 (large opening) the smoldering almost 

completely stopped. In Tests, 2, 3 and 5 there were some occasional local flames at the 

wall surface during the final stages, but they had no significant effect on the global 

temperatures. In Test 3 increased flaming on the left wall starting at around 3:12 h which 

led to increased flaming on the right wall as well.  

Table 4: Significant events and time after ignition (h:mm) 

 Test 1 Test 2 Test 3 Test 4 Test 5 

Flashover 0:14 h 0:08 h  0:12 h**  0:17 h 0:04 h*  

Start of decay 0:36 h 0:36 h 0:43 h 0:22 h 0:34 h 

Duration of the fully 

developed phase 
0:22 h 0:28 h  0:31 h 0:05 h 0:30 h  

Fall-off of exposed 

GB layer 
- 

0:32 h 

~1-2 m2 

Above 

combustible 

óAô of Figure 

2  

- - 

0:36 h 

~1 m2 

Above 

combustible 

óAô of Figure 

2 

Fall-off of other GB 

layers 
- - - - - 

Overall temperature 

increases during the 

decay phase 

- - 

3:05 h 

and 

onwards 

- - 

Smoldering/flaming 

through 

intersections 

See 

Section 

6.15 

- 

See 

Section 

6.15 

- - 

Stop of the test 4:00 h  4:00 h  
3:31 

h***  
4:00 h  4:00 h  

* The sofa cushions ignited significantly faster than in other tests, leading to a faster fire growth 

** The pillow near the ignited bin did not ignite automatically. At approximately 5 minutes after the initial 
ignition, the fire brigade ignited that specific pillow manually. 

*** The test was stopped as it did not pass the criterion set by the project steering group to have continuous 
decay until 4 hours after ignition, as such, this configuration of mass timber surface exposure(i.e., where 
two exposed wall surfaces meet at a corner) would not be recommended for high rise buildings, where there 
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is possibility that an automatic sprinkler system could fail and that fire service intervention may not occur 
for 4 hours. 

 

Photos taken during the tests are shown in Annex M. Videos of the tests are available 

online at the web addresses listed below. 

Test 1: https:// youtu.be/V4VUF -FbraY 

Test 2: https://youtu.be/UgtHJwfhaJs  

Test 3: https://youtu.be/_R4EfKnQd2Q  

Test 4: https://youtu.be/j OELM-cv-U8 

Test 5: https://youtu.be/WUy -NEBLRoE 

More are available through the RISE Fire Research YouTube account, at:  

https://www .youtube.com/channel/ UCi7ee3Rvuc1mZw-GsFjROgQ/videos 

 

6.2  Video frames 
Frames of videos with a view into the compartment are shown in this section.  Frames of 

the video at: the moment of flashover; 30 minutes after  flashover and every hour after 

flashover unti l the end of the tests are shown in Figure 23 to Figure 37. 

  

Figure 23:  Test 1 - Video snapshots at flashover (left) and 30 minutes after flashover (right) 

 

https://youtu.be/V4VUF-FbraY
https://youtu.be/UgtHJwfhaJs
https://youtu.be/_R4EfKnQd2Q
https://youtu.be/jOELM-cv-U8
https://youtu.be/WUy-NEBLRoE
https://www.youtube.com/channel/UCi7ee3Rvuc1mZw-GsFjROgQ/videos
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Figure 24: Test 1 - Video snapshots at 1 hour (left) and 2 hours (right) after ignition 

 

  

Figure 25: Test 1 - Video snapshots at 3 hours (left) and 4 hours (right) after ignition 

 

  

Figure 26:  Test 2 - Video snapshots at flashover (left) and 30 min after flashover (right) 

 

 

 



 

 

37 

 

  

Figure 27: Test 2 - Video snapshots at 1 hour (left) and 2 hours (right) after ignition 

 

 

 

  

Figure 28: Test 2 - Video snapshots at 3 hours (left) and 4 hours (right) after ignition 

 

   

Figure 29: Test 3 - Video snapshots at flashover (left) and 30 minutes after flashover (right) 
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Figure 30: Test 3 - Video snapshots at 1 hour (left) and 2 hours (right) after ignition  

 

 

 

  

Figure 31: Test 3 - Video snapshots at 3 hours (left) and 3.5 hours (right) after ignition  

 

 

   

Figure 32: Test 4 - Video snapshots at flashover (left) and 30 minutes after flashover (right) 
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Figure 33: Test 4 - Video snapshots at 1 hour (left) and 2 hours (right) after ignition 

 

 

 

  

Figure 34: Test 4 - Video snapshots at 3 hours (left) and 4 hours (right) after ignition 

 

   

Figure 35: Test 5 - Video snapshots at flashover (left) and 30 minutes after flashover (right)  

 

   

Figure 36:  Test 5 - Video snapshots at 1 hour (left) and 2 hours (right) after ignition  
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Figure 37:  Test 5 - Video snapshots at 3 hours (left) and 4 hours (right) after ignition  

6.3 Weather conditions 
To avoid laboratory limitations to govern the compartment design it was decided to 

perform the tests outdoors on a fire test site of Södra Älvsborgs Räddningstjänstförbund, 

Borås, Sweden. Significant effort was made to protect the compartment against rain by 

covering the compartment during construction  using a thick plastic tarpaulin  (Figure 38 

and Figure 39) at any time this was possible and by only removing th is at times without 

rain.  Also the façade extensions, which were made of light weight concrete were covered 

to prevent direct rainfall on the concrete parts. The timber materials were covered 

similarly and the gypsum boards were stored indoors. The tests were conducted in a 

valley at days where the forecasted wind velocity and the risk of precipitation was low.  

Table 5: Weather conditions for each test. 

Test Date 
Average Temp.          

F (°C) 

Average 

Relative 

Humidity  

On site wind 

velocity 

mph(m/s)  

Wind direction 

**  

1 
2020/

09/16  
59°F(15°C) 89% 0.9 (0.4) 

North  

2 
2020/

09/30  
54°F(12°C) 89% 0.9 (0.4) 

3 
2020/

10/09  
52°F (11°C) 73% 

1.0-3.0 

(0.45-1.35)* 

4 
2020/

10/21 
52°F (11°C) 98% 2.0 (0.9) 

5 
2020/

11/09 
45°F (7°C) 83% 2.0 (0.9) 

* In Test 3 the measurements failed, but based on measurements of the nearest weather station 
(18.3 km away) the expected average wind velocity to have been up to approximately 50 % higher 
than other tests. 

** In all tests the wind direction was towards the open façade at an angle close to 90°.  



 

 

41 

 

 

Figure 38: Tarpaulin covering the compartment 

 

Figure 39: Interior during construction  

 

6.4 Interior plate thermometers  
Measurements using plate thermometers inside the compartment, installed at a distance 

of 2.8 inch (10 cm) from wall or ceiling surfaces, facing away from the surface, are shown 
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in this chapter together with the temperature crite rion discussed in Chapter 5. Figure 40 

to Figure 44 show the plate temperatures for Test 1 to 5, respectively. The plate 

thermometers were located as indicated in Figure 12 (Section 4.3.1). The front plate 

thermometer in the ceiling malfunctioned repeatedly and is, therefore, not visible in 

most of these figures.  

Figure 45 shows temperatures of the plate thermometers on the left wall 6.6 ft (2.0 m) 

from the floor of every test for comparative purposes. To improve the clarity of the figure 

for comparisons, the curves were time adjusted so that the moment of flashover is at 10 

minutes on the x-axis.  

 

 

Figure 40: Internal plate thermometer measurements of Test 1 
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Figure 41: Internal plate thermometer measurements of Test 2 

 

Figure 42: Internal plate thermometer measurements of Test 3 
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Figure 43: Internal plate thermometer measurements of Test 4 

 

Figure 44: Internal plate thermometer measurements of Test 5 
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Figure 45: Left wall plate thermometer measurements at 2.0 meters (6.6ft) from the floor of all 
tests. The red dashed line indicates the 300 °C criterion at 4 hours. 

6.5 Thermocouple trees 
Annex H shows all interior thermocou ple tree measurements and Annex I  shows 

measurements of the thermocouple trees (TCT) located at the openings. In this section 

only a selection of data to show the most relevant findings is given.  

In tests of compartments with the smaller opening factor (T est 1, 2, 3 and 5) temperature 

measurements indicated an approximately homogeneous temperature profile . The 

temperature measurements from thermocouples installed at different heights were 

similar and the temperatures at different locations of the floor pla n were similar.  TCT 2 

fell consistently between 30 and 40 minutes in Test 1, 2 and 3. As an example, the 

thermocouple tree measurements of Test 2 are shown (Figure 46 to Figure 48).  
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Figure 46: Test 2 - Thermocouple tree 1 

 

Figure 47: Test 2 - Thermocouple tree 2 (fell down at 40 min)  
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Figure 48: Test 2 - Thermocouple tree 3 

A comparison between thermocouple tree temperatures of the small opening tests (1, 2, 

3 and 5) is made using Figure 49. It should be noted that the time to flashover is shifted 

to 10 minutes for each test, to allow a clear comparison of the post-flashover phase. 

Because TCT 2 fell at a relatively early stage in three of these fires it is not included in 

this analysis.  

The temperatures of Figure 49 follow the same initial curve in the devel oping phase and 

the start of the fully developed phase. The temperatures of Test 2, 3 and 5 decayed at 

approximately the same time after flashover and followed a comparable decline until 

approximately 3  h. Test 3 started to increase in temperature from that point, while Test 

2 and 5 kept decaying. Further discussions regarding the difference between Test 3 and 

the other tests is provided in Section 0. Test 1 decayed at an earlier stage than the other 

tests. This matches modeling done for this project as discussed in the project modelling 

report  (Brandon et al. 2021) and it is therefore concluded that this earlier decay is related 

to the difference of exposed surface areas of mass timber.  

The thermocouple trees in Test 4 showed more significant variation over height  (e.g. 

Figure 50). In a short period after flashover the temperatures in the top of the 

thermocouple trees were highest but dropped quickly after that. At TCT 2 and TCT 3, 

temperatures from the base up to 1.2 m high showed a slower decrease (see Annex H).  
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Figure 49: Average temperatures of TCT 1 and 3 in Test 1, 2, 3 and 5. 

 

 

Figure 50: Test 4 - Temperatures of TCT 13 
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6.6 Incident radiant heat flux (interior)  
The incident radiant heat flux, or irradiance can be calculated from plate thermometer 

measurements, if there is knowledge of the gas environment (known gas temperature 

and convective heat transfer coefficient) . It  can be determined by (Häggkvist et al, 2013): 

ή „Ὕ
Ὤὧ ὑ ὝὖὝ ὝὫ ὅ

‬ὝὖὝ
‬ὸ

‐
 

Eq.1 

Where: 

¶ ή  is the incident radiant heat flux 

¶ „ is the Stefan-Boltzmann constant 

¶ Ὤ is the convection coefficient 

¶ Ὕ  is the temperature measured by a plate thermometer 

¶ Ὕ is the gas temperature 

¶ ὑ is the heat loss correction according to Häggkvist et al (2013) 

¶ ὅ  is the heat storage correction associated with the lumped specific heat of the 

plate and the insulation according to Häggkvist et al (2013) 

¶ ὸ is the time 

¶ ‐ is the emissivity 

For fire conditions, it is recognized that the exact gas temperature is not easily measured 

as it requires complete elimination o f radiative impact on the measurement device. 

However, because the calculated heat flux in this case is highly insensitive to variations 

of the gas temperature inside a compartment fire, it is considered reasonable in this case 

to approximate the gas temperature by measuring with thin thermoco uples (1 mm, type 

K, Inconel sheathed). The response time of the plate thermometers, which is in general 

1 to 2 minutes, is significantly shorter than the time scale of interest. Therefore, the term 

ὅ   is neglected. Brandon and Dagenais (2018) showed with an experimental study 

in comparable fire conditions that (a) the calculated incident radiant thermometer 

measurements by a plate thermometer in combination with a thermocouple and (b) the 

incident radiant heat flux to a water cooled heat flux gauge (corrected using measured 

temperatures of the sensor) were similar. They also showed that the calculations of the 

incident radiant heat flux using plate thermometer measurements were insensitive to 

variations of the convective coefficient. The reason for the insensitivity is the vast ratio 

between the two terms of Eq. 1 for compartment fire temperatures:  

„Ὕ ḻ
Ὤὧ ὑ ὝὖὝ ὝὫ

‐
 Eq. 2 

 

To confirm this lack of sensitivity to both the heat transfer coefficient and the chosen 

representative gas temperature, a small sensitivity study was conducted utilizing the 

internal PT at 6ô7ò (2.0 m) from the floor  at the center of the right wall in Test 5, which 

also had a TC provided adjacent to it. The plate was painted with special paint to achieve 

an emissivity of 0.92. Three different gas temperatures were considered, a low set of 
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temperatur es from TC Tree 1 at 1.2 m, a hot set of temperatures from TC Tree 3 at 1.8 m 

and the temperatures from adjacent thermocouple, see Figure 51. Two variations of the 

hc + K term have also been used, an upper bound of 30 W/m 2K (i.e. hc = 25 W/m 2K as 

recommend by Eurocode 1 Part 1-2, and K = 8 (Häggkvist et al, 2013)) and a lower bound 

of 5 W/m 2K (i.e. hc = 0).  The matrix of cases considered can be seen in Table 6. 

Table 6: Incident radiant heat flux sensitivity study matrix  

Sensitivity Case  Gas Temperature  h c + K  (W / m 2K)  

1 
TC tree 3 h=1.8m (high 

temperatures) 
30 

2 
TC tree 1 h=1.2m (low 

temperatures) 
30 

3 
TC tree 3 h=1.8m (high 

temperatures) 
5 

4 TC Right Wall Centre Hi  30 

 

The results of the sensitivity study show very little influence in the results due to either 

the chosen gas temperature or the hc + K term (Figure 52). The maximum variation was  

8 kW/ m2 (between cases 1 and 2) or 3% of the peak incident radiant heat flux.  

 

Figure 51: Input temperature time histories for incident radiant heat flux sensitivity study. 
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Figure 52: Incident radiant  heat flux sensitivity study results 

 

The incident radiant heat fluxes were calculated at each internal plate thermometer 

location (Figure 53 - Figure 57) using the mean thermocouple temperature from the 

thermocouple trees within  the compartment for each test and hc + K = 30 W/m 2K. The 

error due to this assumption is expected to be within  ±1.5 % during the fire peak, and 

within  ±7.5 % during the decay phase (averaged over the 1st hour of decay). Due to the 

large ventilation in Test 4  with less homogenous conditions than the other tests, the gas 

temperatures varies to a greater degree and the error in the calculated incident radiant 

heat fluxes will therefore be greater.  
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Figure 53: Calculated incident radiant heat fluxes inside the compartment for Test 1 

 

Figure 54: Calculated incident radiant heat fluxes inside the compartment for Test 2 
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Figure 55: Calculated incident radiant heat fluxes inside the compartment for Test 3 

 

Figure 56: Calculated incident radiant heat fluxes inside the compartment for Test 4 
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Figure 57: Calculated incident radiant heat fluxes inside the compartment for Test 5 

 

6.7 Internal CLT and gypsum interface 

temperatures 
Annex J shows all CLT through depth temperature  measurements and temperatures 

behind each layer of gypsum. In this section only a selection of data to show the most 

relevant findings i s given. Discussion of the performance of the gypsum protection can 

be found in the Section 6.8 and focus here will be given to the unprotected CLT and post 

fire conditions .  

For all tests other than Test 3, where increased flaming of the CLT occurred after 3 hours 

of the test, temperatures had peaked in exposed CLT sections for temperatures within 

the first 100 mm of CLT (i.e. areas where charring occurred) by the end of the test and 

were either dropping or had p lateaued. At deeper depths where the peak temperatures 

are below 100 °C the peak was reached shortly after the end of the fire, e.g. the 

temperatures high on the left wall as shown in Figure 58 and Figure 59.  In Test 3, the 

through depth temperatures continued to grow for the full duratio n of the test until it 

was terminated, as illustrated in Figure 60. 
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Figure 58: Test 2, through CLT temperatures high on the left wall, showing peak of 70 mm 
measurements prior to the end of the test. 

 

Figure 59: Test 2, through CLT temperatures high on the left wall, showing peak of 105 mm and 140 
mm measurements shortly after the end of the test. 
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Figure 60: Though depth CLT temperatures high on the left wall for Test 3. Internal temperatures 
continuing to increase prior to fire extinguishment. 

6.8 Gypsum board protection 
Temperatures were measured behind every layer of gypsum board at various locations. 

These temperatures are shown in Annex J. In this section an assessment of the 

involvement of protected CLT in the compartment fires is made. That assessment is 

made by temperatures measured at the interface between the CLT surface and the base 

layer of gypsum board protection. In Tests 2, 3, 4 and 5, all measured temperatures at 

the protected CLT or glulam surfaces were lower than 200ęC for the whole test duration, 

indicating no ma terial decomposition and, therefore, no contribution to the heat release 

in the locations where temperatures were measured. In Test 1 the protected CLT or 

glulam surface temperatures were measured in seven locations of which one location, at 

the back wall 700 mm from the floor,  had temperatures above 300ęC (but below 350ęC), 

indicating local charring at this location (Buchanan and Abu, 2017). In three other 

locations the temperatures exceeded 200ęC (but not 250ęC), indicating some local and 

minor material decomposition and contribution to the fuel lo ad at the CLT surface. There 

was no gypsum board fall-off observed in Test 1 and the exposed layer of gypsum was 

still fully visible (see Figure 61).  
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Figure 61: Interior at the end of Test 1 

Figure 62 and Figure 63 show photos of CLT surfaces after removal of the gypsum after 

Test 1 (2 gypsum board layers). Local charring was seen, especially in locations near the 

intersection of walls and the exposed ceiling and in some lap joints between two wall 

panels. Figure 64 shows the top of the back wall after removal of the ceiling. The right 

picture shows the location of the most significant charring that took pla ce in a lap joint 

where the ceiling meets the wall. As indicated before in Figure 7, there was no fire sealant 

applied at the interf ace between the gypsum boards and the ceiling of Test 1. In all other 

tests a fire sealant adhesive was used in this location only at locations were a gap was 

visible between the outer boards and the ceiling. The location of the local maximum char 

depths on gypsum protected surface after Test 1 was determined and indicated in the 

char diagram of Section 6.12. Figure 65 and Figure 66 show the CLT surface after removal 

of the gypsum boards for Tests 2 to 5. It should be noted that the gypsum boards in Test 

2 and 3 were removed by the local fire brigade with water mist, which left stains and 

some damage of wood grains. Water mist was used to assess its potential as an alternative 

technique for  extinguish ing smoldering behind the gypsum boards using less water than 

conventional methods, as discussed in Annex L.  
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Figure 62: Test 1, Back wall (left) and right wall (right) after removal of the 2 gypsum board layers. 

 

  

    

Figure 63: Test 1, Front wall (left) and left wall (right) after removal of the 2 gypsum board layers.  

 










































































