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1. BACKGROUND 

Structural fire-resistance and charring behavior of cross-laminated timber (CLT) have been well-
documented in the past decade. An FPInnovations report [1] provided a summary of fire-related 
research conducted in North America on CLT structural elements manufactured in accordance with 
ANSI/APA PRG-320 “Standard for Performance-Rated Cross-Laminated Timber” [2]. The report 
provided insight into CLT fire behavior when tested at a “component-level” and at a “system-level”. 
 
At the component level, several fire-resistance tests have been conducted with CLT assemblies in 
conformance with CAN/ULC-S101 [3] and ASTM E119 [4] standards. The results of these tests [5, 6, 7] 
served development of calculation methods for determining fire resistance of CLT elements exposed to 
standard fire conditions [8, 9]. It was found from the standard fire-resistance tests that when the 1st 
lamination is charred, the general trend is that the charring rate of the subsequent laminations 
increases, regardless of whether it was a floor or wall element. It was also found that the thickness of 
laminations and the performance at elevated temperature of the adhesives played an important role in 
the charring behavior of CLT. These characteristics are typically not observed for glue-laminated timber 
face-bonded with phenolic adhesives and resins.  
 
At the system level, while the structural fire-resistance of CLT elements can be determined using the 
calculation methods referenced above, to meet code compliance, the results of compartment fire tests 
showed that exposed surfaces of CLT have an impact on the fire growth, intensity and duration [10, 11], 
which was not observed in CLT compartments fully encapsulated by fire-resistance rated gypsum 
board [12, 13]. Heat delamination of CLT laminations can produce considerable fire growth intensity at 
a later stage in a fire when fresh and uncharred lumber suddenly becomes exposed to fire and ignites 
(Figure 1), as opposed to continuously decreasing once the decay phase is initiated. Additional CLT 
compartment fire tests have recently been completed by a joint research consortium comprised of the 
National Research Council of Canada (NRCC) and the Research Institute of Sweden (RISE), showing 
similar trends in heat release rate (HRR) and fire development. Their results are expected to be 
published later in 2017. 
 

 
a)  Medium-scale CLT compartment [11]  

 
b)  Large-scale CLT compartment [14] 

Figure 1 – Heat release rate in CLT compartments with exposed surfaces 
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During the revision process of the 2012 version of ANSI/APA PRG 320, in which FPInnovations actively 
participated, the contribution of CLT to fire growth was raised as an important performance issue that 
could have severe negative impacts on CLT construction in North America. Building code officials and 
fire chiefs, among others, expressed major concerns related to this and the need to address such 
behavior in fire conditions. 
 
Among other work being overseen by the ANSI/APA PRG 320 Technical Committee to resolve these 
concerns, FPInnovations [15] evaluated the heat delamination characteristics of glue-laminated timber 
face-bonded with four different types of adhesives when subjected to the normative CSA O177 Annex 
A.2 small-scale flame test [16]: 1-component polyurethane (PUR1C) currently used in CLT 
manufacturing, 2-components polyurethane (PUR2C), melamine-formaldehyde (MF), and a phenolic-
resorcinol-formaldehyde (PRF), the latter three of which are certified for use in the manufacturing of 
glulam. The PUR1C specimens exhibited the greatest amount of delamination, in excess of the 3 mm 
maximum requirement set forth in CSA O177 for each specimen. The PUR2C specimens exhibited 
delamination within the limit of the standard. The MF specimens showed very little delamination and no 
delamination was measured on all PRF specimens. Given that the certified glulam adhesives met the 
CSA O177 Annex A.2 performance requirement, it is believed that CSA O112.9 adhesives would result 
in better fire performance than those certified per CSA O112.10. 
 
Further to these findings and in an attempt to enhance the fire performance of future CLT elements, 
FPInnovations recommended to the ANSI/APA PRG-320 Task Group on Adhesives that the next 
version of the CLT manufacturing standard should require adhesives to conform to CSA O112.9 
“Evaluation of Adhesives for Structural Wood Products (Exterior Exposure)” [17] and that their heat 
delamination characteristic be evaluated in accordance with the mandatory Annex A.2 of CSA O177 
small-scale flame test. These changes would require CLT to be evaluated in a similar manner as glue-
laminated timber, namely with respect to the elevated temperature performance evaluation. Currently, 
adhesives’ heat delamination in CLT is suggested to be evaluated using the plywood standard small-
scale flame test described in DOC PS1 “Voluntary Product Standard PS 1-09 - Structural Plywood” 
[18], but is not a mandatory performance requirement. 
 
While the above two small-scale test methods suggest that heat delamination characteristics can most 
likely be captured adequately, the ANSI/APA PRG 320 Technical Committee remains uncertain as to 
whether building officials and fire chiefs would deem these changes to be adequate for alleviating their 
concerns. 
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2. OBJECTIVE 

The main objective of this preliminary study is to evaluate the heat release rate and fire growth 
contribution due to heat delamination characteristics of CLT manufactured with current certified 
ANSI/APA PRG-320 adhesives used for face bonding, when exposed to a constant radiant heat flux. 
The evaluation is performed using the principles of ISO 5660-1 “Reaction-to-fire tests - Heat release, 
smoke production and mass loss rate – Part 1: Heat release rate (cone calorimeter method)” [19]. The 
American version of this test method is ASTM E1354 « Standard Test Method for Heat and Visible 
Smoke Release Rates for Materials and Products Using an Oxygen Consumption Calorimeter » [20]. 
 
The long-term objective is to determine which currently accepted test methods allow for a better 
evaluation of heat delamination characteristics of adhesives used in structural engineered wood 
products, based on their actual end-use applications (e.g. bending, compression, combined stress, 
cross-plies, etc.). 
 
 
3. TECHNICAL TEAM 

• Christian Dagenais  Senior Scientist, Advanced Building Systems 

• Lindsay Ranger  Scientist, Advanced Building Systems 

• Jean-Frédéric Grandmont Senior Scientist, Engineered Wood Products Manufacturing 

• Stephan Raymond  Principal Technologist, Engineered Wood Products Manufacturing 

• Francine Côté   Principal Technologist, Engineered Wood Products Manufacturing 

 
4. MATERIALS AND METHODS 

4.1 Cone Calorimeter 

The combustibility parameters of materials can be assessed using small-scale cone calorimeter tests 
conducted in compliance with ISO 5660. The cone calorimeter test method is based on the general 
observation that the net heat of combustion is proportional to the amount of oxygen required for 
complete combustion for the most common combustible materials, where approximately 13.1 x 10³ kJ 
of heat is released per kilogram of oxygen consumed. The test method provides data that can be used 
to determine the contribution of a specific product or material to the growth of a fire. 
 
The cone calorimeter uses a truncated conical heater to produce a uniform radiant heat flux ranging 
from 0 to 100 kW·m-2 impinging on a test specimen surface of 94 mm by 94 mm, oriented either 
horizontally or vertically. Most building codes require materials be subject to a heat flux of 50 kW·m-2 
when evaluating their properties with a cone calorimeter. Additional background and technical 
information can be found in the relevant sections of ISO 5660, as well as the applicable governing 
equations used to derive the combustion properties. 
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Given that the objective of this study is to evaluate the heat release rate and fire growth contribution 
due to heat delamination characteristics of CLT, a vertical orientation was chosen in an attempt to allow 
falling-off of the laminations, if any. The CLT specimen was exposed to a 50 kW·m-2 irradiance level 
and was protected on 3 sides using a low-density refractory blanket (Figure 2a), simply stapled toward 
the back end of the specimen (i.e. no staples in the exposed lamination to allow full movement/fall-off, if 
any). Figure 2b shows a vertical CLT specimen exposed to the radiant heat. 
 
Furthermore, the cone calorimeter can evaluate ignitability, heat release rate, effective heat of 
combustion, smoke production and obscuration, mass loss and CO and CO2 emissions; however, only 
the heat release rate and mass loss were monitored during this study. 
 
 

 
a)  Specimen protected on 3 sides 

 
b)  Vertical orientation (this study) 

Figure 2 – FPInnovations cone calorimeter 

4.2 Specimen Preparation 

In addition to specimen preparation and conditioning for cone calorimeter tests, the CLT specimens 
were prepared so that the 1st glue line was located 16 mm from the exposed surface. This location 
corresponds to the minimum thickness requirement in ANSI/APA PRG-320 and allows for sufficient 
time for a charred wood layer to develop, resulting in a quasi-steady-state burning phase (i.e. HRR and 
mass loss rate become fairly stabilized) before the char front reaches a glue line. The load cell support 
was located 20 mm away from the exposed surface so that the 1st lamination would be self-supported 
by only the bonding capacity of the glue line. Figure 3a shows a view of the specimen from underneath 
during a fire test. 
 
Three fiberglass insulated thermocouples (type G/G-24-KK) were inserted from the back face, up to the 
exact position of the glue line. A thermocouple was positioned at the geometric center and the 
remaining 2 were placed diagonally 25 mm away from the center (Figure 3b). The pilot holes were 
sealed using firestop caulking. Auto-adherent aluminum foil was then placed over the 3 pilot holes. 
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The tests were conducted until the thermocouples reached at least 300°C, which would indicate that 
the char front had reached the glue line. Most of the test was performed for an extended period of time 
after the char front reached the glue line to ensure sufficient heat penetration within the CLT 
laminations (i.e. beyond the glue line). 
 

 
a)  Specimen mounting – view from below 

 
b)  Thermocouples’ location – unexposed face 

Figure 3 – Specimen configuration and instrumentation 

4.3 CLT specimens 

This preliminary study was conducted with specimens cut from commercially available CLT panels. 
Three samples were cut by FPInnovations from panels manufactured by the two certified Canadian 
CLT plants identified separately as CLT1 and CLT2. The adhesive used in these CLT panels is a one-
component polyurethane (PUR), certified and deemed to comply with the 2012 requirements of 
ANSI/APA PRG-320. The original CLT panels were manufactured with 5 laminations of 35 mm in 
thickness (175 mm total), of which the outer plies (1st and 5th) were removed due to small gaps that 
opened in the face laminations. Residue of the glue line was also gently removed. Either the 2nd or 4th 
lamination was then further cut down to 16 mm in thickness, as shown in Figure 4. The annual rings’ 
orientation from the exposed face and the inner lamination was selected so that both would be 
tangential-tangential, whenever possible. This orientation was chosen as shrinkage occurring in the 
tangential direction is greater than in the radial and longitudinal directions, which would result in the 
greatest stress at the bond line as the char front approaches. Only one sample (CLT2-5) had the 
annual rings of the exposed lamination oriented the opposite side when compared to that shown in 
Figure 4. 
 
All specimens were protected on 3 sides using a low-density refractory blanket positioned flush with the 
exposed surface, with the exception of CLT1-3 which had the blanket positioned at 20 mm. This 
change was to evaluate whether the blanket had a restraining effect on the potential lamination fall-off. 
 
 
 
 
 
 

20 mm 

16 mm (glue line) 25 mm 25 mm 
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a) CLT1 series 

 
b)  CLT2 series 

Figure 4 – Commercial CLT specimens for preliminary fire tests 

In an attempt to compare the heat release rate of a solid piece of lumber to that of the CLT specimens, 
a similar block of CLT1 was used (86 mm x 100 mm x 100 mm). The control specimen, also referred to 
as the solid piece of lumber, consists essentially of a CLT specimen rotated 180° so that a 35-mm 
lamination becomes exposed to the radiant heat and the 16-mm lamination becomes the back surface. 
The thermocouples were still installed at 16 mm from the outer surface of the exposed 35-mm 
lamination. This would allow the char front to progress for at least 16 mm without influencing the heat 
release rate and mass loss due to the presence of a glue line. 
 
5. RESULTS AND DISCUSSION 

5.1 Heat Release Rate 

Figure 5 and Figure 6 illustrate the heat release rate (HRR) for the commercially available CLT1 and 
CLT2 specimens glued with a one-component PUR, as well as the control specimen made of the same 
lumber species and density as the CLT1. The ISO 5660 procedure stipulates that three replicates of 
each specimen be evaluated.  Only two specimens (CLT1-1 and CLT2-5) performed similarly to the 
control specimen in terms of HRR. As with typical cone calorimeter tests of wood specimens, a peak 
HRR is observed shortly after ignition and then stabilizes throughout the test duration. The quasi-
steady-state HRR is typically observed when the charred layer is formed and wood is being consumed 
at a relatively constant rate. 
 
However, the remaining specimens (CLT1-2, CLT1-3, CLT2-3 and CLT2-4) performed quite differently 
than the control specimen. An actual fall-off of the exposed lamination occurred with CLT1-2, CLT2-3 
and CLT2-4, resulting in a sudden sharp increase in HRR, no fall-off was observed for CLT 1-3. Fall-off 
occurred shortly after the times given in Table 1, which also includes the average glue line temperature 
at that time. Given the lower average glue line temperature of the CLT2-3 and CLT2-4, it is not 
surprising to observe a significantly greater HRR once fall-off occurred as the underlying wood beneath 
the glue line did not yet have the time to fully initiate pyrolysis. Figure 7 shows CLT1-2 and CLT2-4 
specimens a few seconds after the fall-off occurred. 
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Table 1 – Lamination Fall-off of Commercially Available CLT 

Sample 
Approximate 
Fall-Off Time 

(s) 

Average Glue Line Temperature at 
Fall-Off Time 

(°C) 
CLT 1-1 n.a. n.a. 
CLT 1-2 1890 340 
CLT 1-3 n.a. n.a. 
CLT 2-3 960 170 
CLT 2-4 1140 205 
CLT 2-5 n.a. n.a. 

n.a. = no fall-off observed during the test duration 
 
 
While no fall-off was observed, CLT1-3 exhibited similar behaviour to that of CLT1-2. During both of 
these tests, it was visually observed that the 16-mm lamination was peeling away due to wood 
shrinkage, thus slowly exposing the 2nd lamination to flaming (Figure 8). The peeling effect is an 
indicator of heat delamination characteristic since the charred lamination does not remain entirely 
bonded to the charred wood underneath. This phenomenon was somewhat expected and was 
observed around 1100-1200 s for CLT1-3, where the HRR slowly started increasing when compared to 
the control solid wood specimen. Given that the 1st lamination remained fairly in place throughout the 
test duration, it provided partial thermal protection to the 2nd lamination when it started contributing to 
HRR shortly after 1350 s. The partial protection also allowed for a reduced HRR when compared to that 
observed from the CLT1-2 specimen. Figure 9 shows CLT1-3 after the test, it can be observed that the 
exposed 16-mm lamination was entirely charred, as well as significant char on the 2nd lamination. Given 
that CLT1-3 did not exhibit a fall-off, it was concluded that the refractory blanket positioned flush with 
the exposed face did not have an impact at restraining the lamination from falling-off. 
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Figure 5 – Heat Release Rate – CLT1 series 

 

 
Figure 6 – Heat Release Rate – CLT2 series 
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a)  CLT1-2 at 1900 s 

 
a)  CLT2-4 at 1150 s 

Figure 7 – Lamination fall-off 

 

 
Figure 8 – Exposed lamination peeling away (CLT1-3) 

 

1st lamination 
fall-off 

1st lamination 
fall-off 
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a) Gaps between 1st and 2nd laminations 

 
b) 1st lamination gently removed 

Figure 9 – CLT1-3 specimen after the test 

 

5.2 Mass Loss 

Wood exposed to constant heat flux will char at a relatively constant rate. As such, a constant mass 
loss rate is expected if the entire CLT specimen performs as a solid wood block. Figure 10 shows the 
specimen mass loss of the CLT1 series and the control specimen. It can be observed that CLT1-1, 
CLT1-3 and the control specimen performed similarly. As observed from the HRR data, a sudden drop 
in mass was observed for CLT1-2, which happened when the 1st lamination fell off. Given that CLT1-3 
did not exhibit fall-off, observing only the mass loss data cannot allow for indicating when a change in 
HRR would occur. 
 
Figure 11 illustrates the mass loss of the CLT2 series.  CLT 2-5 performed similarly to the control 
specimen.  CLT2-3 and CLT 2-4 performed similarly until layer fall-off occurred, which resulted in a 
sudden drop in mass. 
 

2nd lamination 
also charred 

Back face of 1st lamination 
entirely charred 

Gap between 
laminations due to 

peeling of lamination 
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Figure 10 - Mass loss – CLT1 series 

 

 
Figure 11 - Mass loss – CLT2 series 
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5.3 Temperature Profile 

Figure 12 shows the temperature profile at 16 mm from the exposed surface of the control specimen. It 
can be observed that the temperature increased similarly for all 3 thermocouples. The char front (taken 
as the 300°C isotherm) reached 16 mm at 1620, 1700 and 1740 s (average of 1685 s). 
 
The temperature profiles for CLT1-1, CLT1-2 and CLT1-3 are shown from Figure 13 to Figure 15, 
respectively. Similarly to the HRR graphs for CLT1-2 and CLT1-3, a change in the general trend of the 
temperature profiles was observed for both specimens. The sudden sharp temperature increase 
occurring at 1870 s coincides with the lamination fall-off of CLT1-2 (Figure 14). As for CLT1-3, one can 
observe from Figure 15 that a greater temperature rise occurs at 2 locations at approximately 1350 s, 
due to the peeling away of the 1st lamination (although no falling-off). 
 
Similar patterns for the CLT2 specimens can be observed in Figure 16 to Figure 18. The sudden 
temperature increase occurring at 905 s and 1085 s coincides with the lamination fall-off of CLT2-3 and 
CLT2-4 specimens. 

 

 
Figure 12 - Temperature profile – Control solid wood specimen 
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Figure 13 - Temperature profile – CLT1-1 

 

 
Figure 14 - Temperature profile – CLT1-2 
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Figure 15 - Temperature profile – CLT1-3 

 

 
Figure 16 - Temperature profile – CLT2-3 
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Figure 17 - Temperature profile – CLT2-4 

 

 
Figure 18 - Temperature profile – CLT2-5 
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6. CONCLUSION AND RECOMMENDATIONS 

This preliminary study aimed at evaluating the heat release rate and fire growth contribution due to heat 
delamination characteristics of CLT manufactured with current certified ANSI/APA PRG-320 adhesives 
used for face bonding, when exposed to a constant radiant heat flux using a cone calorimeter. 
 
Fall-off of the laminations occurred in half of the tested specimens. At the time when the fall-off 
occurred, a sharp increase in heat release rate was observed, similarly to the HRR profiles obtained 
from compartment fire tests previously referenced in this report. For the specimens that did not exhibit 
fall-off, a closer review of the test data and specimens during the test indicated that the face lamination 
was peeling away, due to wood shrinkage, thus slowly exposing the 2nd lamination to flaming. At that 
time, the HRR slowly started to deviate from the control solid wood specimen, suggesting a contribution 
to fire. The results suggest that the small-scale test method detailed herein provides an accurate and 
economical evaluation of glue line adhesives in fire conditions, namely the fall-off of laminations 
observed in CLT fire-resistance and compartment tests. 
 
The results obtained during this preliminary test series highlight that an actual fall-off cannot be the sole 
criteria for evaluating whether an adhesive exhibits heat delamination and whether it could contribute to 
fire growth in a real fire scenario. In attempt to properly assess an adhesive’s heat delamination 
characteristic (i.e. fall-off or peeling), the results from the test method detailed herein should be 
compared to that of a reference specimen consisting of a wood block of the same dimensions, species 
and density, and in which no glue line is expected to be charred throughout the test duration.  
Moreover, it is recommended that a thorough analysis of the test data, as it relates to the 5 indicative 
signs below, be performed to properly investigate the behaviour of glue lines in engineered wood 
products, and how it relates to potential HRR contribution and fire growth: 
 

1. A deviation in heat release rate when charring through the glue line; 

2. Complete or partial lamination fall-off (observed visually); 

3. Lamination peeling away, without necessarily falling-off (observed visually); 

4. Sharp temperature rise; and 

5. Sudden mass loss. 

 
At the time of this preliminary study, small blocks of CLT were being manufactured at FPInnovations 
with the same 4 types of structural adhesives (one- and two-components PUR, MF and PRF) used in 
Dagenais & Grandmont [15]. The specimens cut within these small CLT blocks will be subjected to the 
normative CSA O177 Annex A.2 small-scale flame test to assess the effect of the orthogonal 
configuration on heat delamination, if any. They will also be subjected to the test method detailed 
herein to assess any potential in HRR and fire growth. The intent is to correlate whether the fall-off of 
CLT laminations in full-scale fire scenarios can be accurately evaluated through small-scale test 
methods. The results are expected to be available in summer 2017. 
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