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1. INTRODUCTION
Neither the National Building Code of Canada (NBCC) [1], nor any provincial code, such as the British
Columbia Building Code (BCBC) [2], currently provide “acceptable solutions” to permit the construction
of tall wood buildings, that is buildings of 7 stories and above. British Columbia, however, was the first
province in Canada to allow mid-rise (5/6 storey) wood construction and other provinces have since
followed. As more mid-rise wood buildings are erected, their benefits are becoming apparent to the
industry, and therefore they are gaining popularity and becoming more desirable.
Forest product research has now begun to shift towards more substantial buildings, particularly in terms
of height. High-rise buildings, typically taller than 6 storeys, are currently required to achieve 2 h fire
resistance ratings (FRR) for floors and other structural elements, and need to be of non-combustible
construction, as per the “acceptable solutions” of Division B of the NBCC [1]. In order for a tall wood
building to be approved, it must follow an “alternative solution” approach, which requires demonstrating
that the design provides an equivalent or greater level of safety as compared to an accepted solution
using non-combustible construction. One method to achieve this level of safety is by ‘encapsulating’
the assembly to provide additional protection before wood elements become involved in the fire, as
intended by the Code objectives and functional statements (i.e., prolong the time before the wood
elements potentially start to char and their structural capacity is affected). It is also necessary to
demonstrate that the assembly, in particular the interior finishes, conform to any necessary flame
spread requirements.
The Technical Guide for the Design and Construction of Tall Wood Buildings in Canada [3]
recommends designing a tall wood building so that it is code-conforming in all respects, except that it
employs mass timber construction. The guide presents various encapsulation methods, from full
encapsulation of all wood elements to partial protection of select elements. National Research Council
Canada (NRC), FPInnovations, and the Canadian Wood Council (CWC) began specifically
investigating encapsulation techniques during their Mid-Rise Wood Buildings Consortium research
project, and demonstrated that direct applied gypsum board, cement board and gypsum-concrete can
delay the effects of fire on a wood substrate [4].
There is extensive data on the use of gypsum board as a means of encapsulation for wood-frame
assemblies and cold-formed steel assemblies. However, tall wood buildings are more likely to employ
mass timber elements due to higher load conditions, requirements for longer fire resistance ratings, as
well as other factors. There is little knowledge currently available related to using gypsum board
directly applied to mass timber, or in other configurations, for fire protection. Testing performed to date
has been limited to direct applied Type X gypsum board using standard screw spacing, and showed
promising results [5, 6, 7]. This represents an opportunity for other configurations that might provide
enhanced protection of wood elements to be investigated.
Being able to provide equivalent fire performance of assemblies between non-combustible and
combustible construction will thus improve the competiveness of tall timber buildings by providing
additional options for designers.

2. OBJECTIVES
This project aims to support the construction of tall wood buildings by identifying encapsulation
methods that provide adequate protection of mass timber elements; the intention is that these methods
could potentially be applied to mass timber elements so that the overall assembly could achieve a 2 h
FRR. Improvements in fire performance will be determined based on the method’s ability to delay the
onset of charring and reduce the charring rate of the wood elements. Delaying the onset of charring
FPInnovations
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and thus the contribution of wood elements to fire growth and spread, the intent related to the NBCC
requirements for non-combustible construction can be addressed.
Several different encapsulation methods will be tested and compared to demonstrate which are the
most promising for use by designers and engineers. It is anticipated that reducing the screw spacing,
using longer screws, adding air gaps, and introducing insulation will improve the fire performance of
these assemblies. The results from these tests can be used to provide preliminary design
recommendations on encapsulation, with the potential for future implementation into Codes and
Standards. The intention is that this report can serve as supporting documentation to attain approval
for an alternative solution.

3. TECHNICAL TEAM
Lindsay Osborne, M.A.Sc.
Christian Dagenais, Eng, M.Sc.
Lin Hu, PhD.
Conroy Lum, Eng., M.Sc.

Scientist, Serviceability & Fire Performance Group
Scientist, Serviceability & Fire Performance Group
Scientist, Serviceability & Fire Performance Group
Research Leader, Structural Performance Group
Advanced Building Systems, FPInnovations

Audrey Roy-Poirier, M.Sc.
Joseph Su, PhD

Research Officer, Fire Safety Group
Research Officer, Fire Safety Group
Construction, National Research Council Canada

Andrew Harmsworth, M.Eng., P.Eng.,CP

Principal, GHL Consultants Ltd.

4. BACKGROUND
The concept of encapsulation has been used in practice for many decades in Canada, typically for
wood-frame construction. Encapsulation refers to any means of protection that can be added to an
assembly to inhibit or delay thermal degradation and to enhance the fire resistance of the assembly. In
the case of typical residential wood-frame construction, gypsum board is commonly used to not only
protect wood studs from fire exposure, but also to create a functional finished surface.
The FRR of an assembly is determined in accordance with CAN/ULC-S101, “Fire Endurance Tests of
Building Construction and Materials” [8]. When a loaded assembly is exposed to the standard fire, its
fire resistance is determined based on when one of three failure criteria are met, these include
structural resistance, integrity, and insulation. The application of encapsulation materials can inhibit the
involvement of the structural elements in fire, as well as delay heat transmission through the assembly.
The NBCC provides a Component Additive Method (CAM) for wood-framed walls, floors, and roofs in
Appendix D-2.3 [1], an excerpt of which is presented in Table 1. The CAM provides the means to
calculate the FRR of wood-frame assemblies with different means of fire protection applied (such as
gypsum board). When any of the listed materials are used, the assigned time of the component is
added to the total FRR of the assembly. The CAM assigned times given in the NBCC represent the
contribution of individual components to the fire resistance rating. For finish materials, such as gypsum
board, this is not directly an indication of encapsulation time.
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Table 1. NBCC Component Additive Method for wood-frame assemblies [1]
Assigned
Description
time (min)
Gypsum board
12.7 mm Type X gypsum board
25
15.9 mm Type X gypsum board
40
Wood frame
Wood studs 400mm o.c.
20
Wood studs 600mm o.c.
15
Wood joists 400mm o.c.
10
Wood trusses 600mm o.c.
5
Insulation
Rock fibre batts
15
Glass fibre batts
5

The same concept can be applied to other systems, such as mass timber construction. The Tall Wood
Building Guide [9] provides more background on the application of encapsulation for structural
elements for tall wood buildings. The main purpose of any encapsulation is to delay the onset of
charring of the wood elements, and to delay and/or limit the involvement of the wood elements in a fire
for a given duration. One other potential outcome is to reduce the rate at which the wood chars, which
is possible as long as the protection measure remains in place during the fire. Delaying the onset of
charring will effectively increase the fire resistance of a wood assembly and reduce its potential
contribution to a fire, which are the ultimate goals. Based on research, the design charring rate for CLT
should be taken as 0.65 mm/min for layups using laminates greater than 35 mm; an increased charring
rate is to be considered for layers thinner than 35 mm [10].
Back in 1965, Harmathy developed ten rules that summarize some of the factors that affect the fire
resistance of an assembly [11]; these rules are still considered to be fundamental principles of fire
resistance. According to the rules, certain configurations will improve the overall fire resistance of an
assembly, partly as a result of prolonged protection of the structural elements (i.e., encapsulation). The
rules related to this project that can lead to increased fire resistance include the following:


the addition of extra layers (such as gypsum) (rule no.1)



the presence of continuous air gaps (as compared to similar construction without an air gap)
(rule no.3)



air gaps have the best effect when furthest from the exposed surface (rule no.4)



the application of low thermal conductivity materials (i.e., gypsum board and insulation) on the
exposed side of the assembly (rule no.6)



the presence of additional moisture within the assembly (rule no.8)

The final relevant rule to this project is that while the presence of an air gap is expected to improve the
fire resistance of an assembly, increasing the depth of the air gap will not provide significant additional
improvement (rule no.5).

4.1

Encapsulation

A Mid-Rise Research Consortium, consisting of NRC, FPInnovations, and the CWC, engaged in a
project to study the fire performance of mid-rise wood construction [4]. During this project, several
encapsulation methods were evaluated using small-scale cone calorimeter tests and intermediate-scale
fire resistance tests. The encapsulation methods included different thicknesses of Type X gypsum
board, cement board, and two thicknesses of gypsum-concrete. In the intermediate-scale tests, the
FPInnovations
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materials were subjected to the CAN/ULC-S101 standard fire. Each material’s effectiveness was
determined based on the length of time before certain temperature criteria, outlined below, were met:


An average temperature rise of 250°C across the whole exposed surface of the protected
building element, or



A maximum rise in temperature at any single point in excess of 270°C.

These criteria are used in standard tests in Europe to evaluate encapsulation performance [12]. Wood
is commonly accepted to begin charring at approximately 300°C, so these criteria are considered a
conservative estimate of the onset of charring. The results from Mid-Rise Research Consortium tests
are presented in Table 2. The average encapsulation time (time before the temperature criteria were
reached) obtained by using 1 layer of 15.9 mm (⅝”) Type X gypsum board was 25.5 min, and 1 layer of
12.7 mm (½”) Type X was 21.6 min.
Table 2. Summary of results for tests on encapsulation materials with intermediate-scale furnace [4]
Encapsulation
Encapsulation
Thickness (mm)
Layers
Material
Time (min)
1
25.5
15.9
2
69
Type X Gypsum
Board
1
21.6
12.7
2
58.8
1
16
Cement board
12.7
2
42
25
1
28
Gypsum-concrete
38
1
55

During these tests, the fall-off time of the encapsulation material was determined as the time at which
there was a rapid increase in the average temperature at the interface between the encapsulation
material and the wood substrate. While the encapsulation is still in place, most heat is transferred to
the substrate through conduction, but once the encapsulation falls off, there is a clear increase in heat
transfer to the substrate [4]. When two layers of encapsulation were used, fall-off of the first layer
resulted in an increased rate of heat conduction to the substrate surface [4].
Other previous testing has demonstrated that the use of Type X board with standard screw spacing
(300 mm o.c.) can effectively encapsulate structural mass timber elements and protect them from fire
exposure. During a collaborative research project between FPInnovations and NRC, several full-scale
fire resistance tests were conducted on generic CLT assemblies in accordance with CAN/ULC-S101 [8]
to determine their fire resistance. In these tests, one layer of 16 mm (5/8”) Type X and 2 layers of 13
mm (½”) Type X gypsum board delayed the onset of charring by approximately 20 and 60 minutes,
respectively [5], as summarized in Table 3.

FPInnovations
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Table 3. Summary of results of full-scale tests on encapsulated CLT assemblies [5]

Time (min)

Test Assembly

Encapsulation

3-ply floor

1 layer 16 mm Type X

Single point Δ
270°C
23

5-ply floor

1 layer 16 mm Type X

22

24

3-ply floor

2 layers 13 mm Type X

56

59

3-ply wall

2 layers 13 mm Type X

59

58

Average Δ 250°C
24

600°C behind
GB
39
27
77
95

Real-scale apartment tests were conducted to assess the comparative performance of various
structural assemblies [4]. One of these structures was constructed using CLT protected with 2 layers of
direct-applied 13 mm (½”) Type X gypsum board to delay the effects of fire. The apartment was fully
furnished and therefore followed a non-standard design fire exposure. The same encapsulation criteria
as those described above were used and the two layers of gypsum board were found to delay the onset
of charring by 38 to 45 min [4].
The revised Fire Chapter in the CLT handbook [10] documents the anticipated additional fire resistance
time that can be expected for different gypsum board configurations, as listed in Table 4. This guide
also notes that when gypsum board is applied, at minimum 57 mm (2 ¼”) Type S drywall screws
spaced at 305 mm (12”) o.c. should be used and spaced 38 mm (1 ½”) away from edges.
There is some evidence that fall-off times of gypsum board in CLT assemblies using typical screw
spacing and application techniques can be determined using a threshold of 600ºC on the unexposed
side of the boards. This was first reported in [13] and further validated in [5].
Table 4. Additional fire resistance when gypsum board is directly applied to CLT assemblies [10]

4.2

Membrane

Additional Fire Resistance
(min)

1 layer of 13 mm (½") Type X

15

1 layer of 16 mm (⅝") Type X

30

2 layers of 13 mm (½") Type X

40

2 layers of 16 mm (⅝") Type X

60

Acoustics

Although this research focuses specifically on improving the fire resistance of mass timber assemblies,
other aspects of construction that have different requirements in the NBCC, such as sound insulation,
must not be overlooked. It is imperative that practical solutions with the potential to satisfy all relevant
regulations are developed for mass timber for use in tall buildings.
The NBCC sets requirements for the sound insulation of assemblies using sound transmission classes
(STC). The 2010 NBCC requires an STC rating of 50 between dwelling units and other spaces in a
building; this is increased to 55 near elevators and refuse chutes. There are no actual requirements for
impact sound insulation (IIC), but a recommendation is given that bare floors achieve an IIC of 55 or
better [1]. Through acoustic surveys, it has become evident that these STC and IIC ratings are
unsatisfactory to some occupants [14].
FPInnovations
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The Acoustic Chapter in the CLT Handbook summarizes relevant acoustic information for CLT
assemblies [14]. It describes tests conducted in France by the Forest-Based and Furniture Sectors
(FCBA) in 2006, where bare 5-ply CLT floors achieved an STC rating of between 38-39 and an IIC of
23-26 depending on the thickness of the panel. NBCC standards were still not met in assemblies with
an exposed ceiling and a simple topping. The best acoustic performance was observed when a
dropped ceiling was used. Further European tests, also described in the CLT Handbook, were
performed on exposed CLT ceilings with other toppings using multiple layers. These assemblies were
able to achieve more favourable STC and IIC ratings; the best assembly results were an STC of 64 and
an IIC of 72.
NRC has conducted acoustic testing on various CLT assemblies to determine their STC and IIC ratings
[15]. Under a mid-rise wood and wood-hybrid construction project, 175 mm 5-ply CLT without any floor
finish or topping was evaluated. The underside (ceiling) of this assembly was protected with two layers
of 13 mm (½”) Type X gypsum board and achieved an STC of 42 and an IIC of 25, which are the same
ratings as those achieved when no ceiling was attached.
Research has shown that, when a 100 mm dropped ceiling is used, the number of gypsum boards
applied (whether one or two) does not change the field STC and IIC ratings (section 9.2.3.1.1 of report)
[16]. STC and IIC ratings above 55 can be achieved when a 100 mm dropped ceiling is used.
It is likely that applying some kind of topping or a decoupled ceiling to 5-ply or 7-ply CLT will be
necessary to achieve STC ratings of 50 or higher [16]. Appendix I summarizes STC ratings for 175 mm
5-ply CLT assemblies with various toppings and simple dropped ceilings. This demonstrates that CLT
with a simple dropped acoustic ceiling can achieve the NBCC acoustic ratings with the correct topping.
For example, when a thick floating heavy topping of 100 kg/m2 and a floating floor are used, with a
proper flooring membrane and topping underlayment, IIC ratings above 55 can be achieved [16].

5. PROCEDURES
5.1

Test Method

Mass timber assemblies were evaluated in an intermediate-scale furnace at the NRC fire laboratory in
Ottawa, Ontario. Several of the photos in this report were captured by NRC staff, as indicated near the
bottom of the photos.
All assemblies used 3-ply, 105 mm CLT, as shown in Figure 1a), primarily for the purpose of providing
a structure to which the encapsulation systems could be fastened (i.e. the assemblies were not
evaluated for structural performance). The specimens measured 1140 mm by 1970 mm (approximately
4’ by 6.5’). The assemblies were exposed to the CAN/ULC-S101 [8] standard fire in order to assess the
effectiveness of various encapsulation methods.
Each of the assemblies was slightly different in an attempt to identify the best solutions to improve the
fire resistance of mass timber assemblies. It was anticipated that reducing screw spacing, using longer
screws, adding air gaps, and introducing insulation would improve the fire performance of these
assemblies. Some of these changes in assembly configuration are well-documented as successful at
improving the fire performance of other types of assemblies, such as wood-frame construction [17].

5.2

Instrumentation

In order to determine when charring of the exposed CLT surface had begun (or when specific
temperature criteria had been reached), the CLT panels were instrumented with five Type K
FPInnovations
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thermocouples across their surface, the locations of which are illustrated in Figure 1a). Dimensions are
given in drawings provided in the subsequent Section 0. Five thermocouples were also placed in
identical locations on the unexposed face, shown in Figure 1b).
The CLT samples had three thermocouples embedded halfway into the first ply, 17.5 mm from the face
of the panels, placed at similar locations to the above mentioned thermocouples (in the center and at
two opposite corners). The intent of measuring temperatures at this depth was to assess the charring
rate across the sample, allowing comparative temperature profiles to be developed.

NRC

a) 3-ply CLT

b) Exposed face thermocouple installation

c) Unexposed surface prior to testing
Figure 1. CLT samples prior to testing in the intermediate-scale furnace

FPInnovations

Page 7 of 55

Advanced Methods of Encapsulation - Project No. 301009649 (Revised on November 16, 2016)

5.3

Assembly Configurations

All of the assemblies used 3-ply CLT which was 105 mm thick, having plies of 35 mm. A summary of
the 8 assemblies tested is given in Table 5; the assemblies are grouped into alphanumeric categories
based on similar configurations for ease of comparison. In all instances that called for gypsum board,
16 mm (⅝”) Type X gypsum board was used.
Table 5. Summary of tested assemblies

#

Description

Details

Ref

Reference Case

A-1

GB - Base test

 Direct applied 1 layer GB
 300 mm (12”) o.c. screw spacing (standard spacing)
 57 mm (2¼”) Type S screws

A-2

GB - Longer screw
length

 Direct applied 1 layer GB
 300 mm (12”) o.c. screw spacing (standard spacing)
 76 mm (3”) Type S screws

A-3

GB - Decreased
screw spacing

B-1

76 mm (3”) rock fibre
insulation

B-2

51 mm (2”) rock fibre
insulation

C-1

GB - 13 mm (½”) air
gap

 GB attached to 13 mm (½”) resilient channels to provide air gap

C-2

GB - 13 mm (½”) air
gap, glass fibre
insulation

 GB attached to 13 mm (½”) resilient channels
 Cavity filled with glass fibre insulation

C-3

GB - 100 mm (4”)
cavity

 GB attached to furring channels on sound isolation clips
 100 mm (4”) cavity

C-4

GB - 100 mm (4”)
cavity, rock fibre
insulation

 GB attached to furring channels on sound isolation clips
 100 mm (4”) cavity
 Cavity filled with 76 mm (2”) rock fibre insulation

D

Medium Density
SFRM

 Wire mesh stapled to CLT
 83 mm (3¼”) SFRM applied onto wire mesh

 Exposed CLT

 Direct applied 1 layer 1GB
 205 mm (8”) o.c. screw spacing
 57 mm (2¼”) Type S screws
 76 mm (3”) of rock fibre insulation directly applied to CLT
 Attached with 79 mm (3⅛”) Type S screws and washers, embedded 38

mm (1½”) into insulation

 51 mm (2”) of rock fibre insulation directly attached to CLT
 Attached with 86 mm (3⅜”) Type S screws and washers, regular

application

Notes: GB – 16 mm (5/8”) Type X gypsum board SFRM – Sprayed Applied Fire-Resistant Material

FPInnovations
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5.3.1

A-1: Base Test

Assembly A-1 was intended to serve as a basis for comparison. One layer of 16 mm (⅝”) Type X
gypsum board was directly applied to the CLT using the standard screw spacing (300 mm o.c.) and
screw length (57 mm (2 ¼”) Type S) suggested in the CLT Handbook [10]. Design drawings are
provided in Figure 2. Photos during construction, which show the screw spacing, finished gypsum
surface, screws used, and side profile of the assembly, can be found in Figure 3.
For consistency, all screw heads were covered with drywall compound for this and all subsequent tests
that used gypsum board. Note that a simple gypsum board application such as this may have a
dropped ceiling beneath it, in which case it may not be necessary to cover screw heads with drywall
compound (this practice is only used on exposed surfaces). However, it is essential that joints between
gypsum boards are taped and mudded to help prevent leakage of smoke and hot gas.
Similar configurations have been evaluated under full-scale conditions; therefore the results of this test
will demonstrate how these smaller-scale results compare to those acquired during an actual full-scale
CAN/ULC-S101 fire resistance test.

Figure 2. Assembly A-1 details
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NRC

a) screw layout

b) finished gypsum surface

NRC

NRC

c) generic 57 mm (2 ¼”) Type S screws

d) side profile of assembly

Figure 3. Assembly A-1 during construction

5.3.2

A-2: Increased Screw Length

Assembly A-2 used one layer of 16 mm (⅝”) Type X gypsum board direct applied using 76 mm (3”)
Type S drywall screws spaced at 300 mm o.c. This represents approximately a 50% increase in the
depth of wood penetration. Screws were located in the same positions as in test A-1.
As wood chars, it loses its structural capacity and therefore its ability to hold screws in place. For long
fire exposures, when char depth increases beyond a certain point, it may no longer provide the rigidity
needed to hold screws in place. A longer screw will penetrate deeper into the wood, and it may
therefore be able to stay in place for longer fire exposures than a shorter screw.
It was noted during construction of the assembly that it was difficult to drive screws the full depth into
the wood, especially the last approximately 13 mm (½”). For more extensive installations, however,
holes would potentially need to be predrilled as this represents additional time and expense for building
applications.
FPInnovations
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Increasing screw length may reduce sound insulation STC and IIC ratings as the gypsum board
becomes more rigidly attached to the floor, reducing the sound insulation.
5.3.3

A-3: Decreased Screw Spacing

Assembly A-3 consisted of one layer of 16 mm (⅝”) Type X gypsum board using 57 mm (2¼”) Type S
screws, but having decreased spacing between the screws compared to Assembly A-1 and A-2. The
assembly configuration is illustrated in Figure 4. The tributary area for each screw was reduced by
approximately 33%, which translated to 50% more screws applied than when standard spacing was
used (i.e. from roughly 40 screws to 70 screws). Images during construction are given in Figure 5 to
demonstrate the screw layout and a profile of the assembly.
Decreasing screw spacing is expected to help the gypsum board to remain in place for longer fire
exposures because there is less area and weight bearing on each screw.

Figure 4. Assembly A-3 details
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NRC

a) screw layout

b) side view of assembly

Figure 5. Assembly A-3 during construction

5.3.4

B-1: 76 mm (3”) Rock Fibre Insulation

Assembly B-1 was designed to replicate an insulated floor assembly having a non-fire rated acoustic
dropped ceiling. Because of the furnace size and configuration, the assembly was simply tested with
rock fibre insulation directly applied to the CLT. In this scenario, the dropped ceiling is assumed to not
provide any additional fire resistance, and was therefore not included.
The insulation was 76 mm (3”) rock fibre (Roxul Comfortboard IS), which is traditionally used for
exterior wall applications. According to product literature, this product is made from basalt rock and
slag, has a density of 128 kg/m3, is non-combustible and has a melting point of 1177°C [18]. For
vertical applications, the installation recommendation is five mechanically attached fasteners per board
[19]. To account for the effect of a horizontal installation in which the entire self-weight of the insulation
rests on the screws, the number of fasteners was doubled per board. The fastener layout is given in
Figure 6.
Typically, when insulation is used in wood-frame assemblies, better fire resistance is observed if the
insulation has the ability to remain in place once any gypsum board has fallen off. This is common with
mineral wool insulation because it doesn’t melt as readily as other types of insulation such as noncombustible glass fiber or combustible insulation.
The insulation was held in place with 89 mm (3½”) screws with 40 mm diameter washers. Pilot holes
were drilled 38 mm (1½”) into the rock fibre so that the washers and screw heads could be covered and
protected by the cored out material. The assembly is shown with insulation attached with screws in the
pre-drilled holes and with the holes filled in Figure 7a) and b). A side view of the assembly is shown in
Figure 7c).
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Figure 6. Assembly B-1 details
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NRC

a) 38 mm (1½”) holes drilled to protect screws

NRC

b) Core holes plugged with same insulation

NRC

c) side view of assembly
Figure 7. Assembly B-1 during construction

5.3.5

B-2: 51 mm (2”) Rock Fibre Insulation

Assembly B-2 is very similar to Assembly B-1. The main difference was that 51 mm (2”) of rock fibre
insulation was used in this test. A simpler screw and washer application was also followed, in which
the screw penetrated the entire depth of the rock fibre insulation. The screw length was 86 mm (3⅜”)
and the screws were of a slightly thinner gauge. This configuration is illustrated in Figure 8.
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Figure 8. Assembly B-2 details

5.3.6

C-1: 13 mm (½”) Air Gap

Assembly C-1 places an air gap between the CLT and 16 mm Type X gypsum board using 13 mm (½”)
resilient channels.
The resilient channels were spaced 405 mm (16”) o.c. and attached with 32 mm (1¼”) Type S drywall
screws. The gypsum board was adhered to the channels with 25 mm (1”) Type S drywall screws
spaced at 305 mm (12”) o.c. The layout is shown in Figure 9. Images during construction to show the
resilient channels are given in Figure 10a) and b).
Based on Harmathy’s rule no.3, the addition of a continuous air gap should increase the fire resistance
of the assembly.
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Figure 9. Assembly C-1 details

NRC

a) Spacing of resilient channels

b) Resilient channel profile

Figure 10. Assembly C-1 during construction
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5.3.7

C-2: 13 mm (½”) Air Gap with Insulation

Assembly C-2 was identical to Assembly C-1, with the addition of 13 mm (½”) of EcoTouch PINK
FIBERGLAS insulation into the air gap. A thicker batt was cut down to size to fit inside the air gap.
Figure 11 a) shows the assembly during construction, and b) provides a side view once construction
was complete.
According to Harmathy’s rules no.1 and 6, additional layers, especially using materials of low
conductivity, should improve the fire resistance of an assembly. Typically, the addition of insulation into
a dropped ceiling improves its STC rating, as is the case for joisted floors. STC ratings can improve by
7 points and IIC ratings by 9 points for joisted floors (for instance, compare floor No. F11e vs. F11g in
Table A-9.10.3.1.B of the NBCC [1]). While only a thin layer of insulation is used in this assembly, it
may still improve the acoustic rating of the assembly compared to Assembly C-1 with an empty cavity.

NRC

a) During construction

NRC

b) Side view of assembly

Figure 11. Assembly C-2 during construction

5.3.8

C-3: 100 mm (4”) Cavity

Assembly C-3 is similar, in principle, to Assembly C-1 in that it uses an air gap between the CLT and
the gypsum board ceiling, although in this case the air gap is greater at 100 mm. The configuration is
shown in Figure 12. The deeper air gap was created using Adjustable Direct Mount (ADM) sound
isolation clips with additional spacers [20], shown in Figure 13a). The acoustic hangers were mounted
onto wood lag screws, which were embedded 38 mm (1½”) into the CLT. The holes were pre-drilled to
allow for easier installation. The hanging clips were spaced at 406 x 610 mm (16” x 24”). 22 mm (⅞”)
furring channels clipped into the hangers and 16 mm (⅝”) Type X gypsum board was attached to the
channels, which created a 100 mm (4”) cavity between the back of the board and the CLT. The
complete assembly construction is shown in Figure 13b).
It should be noted that these clips are capable of supporting up to three layers of 16 mm (⅝”) gypsum
board when spaced at 406 x 1220 mm (16” x 48”). The addition of extra gypsum layers would increase
the overall fire resistance of the assembly.
As per Harmathy’s rule no.5, increasing the depth of a continuous air gap between two identical
assemblies should not impact its fire resistance. While assembly C-3 is similar to C-1 in theory,
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different materials were used which could impact the fire resistance of the assembly. Assembly C-3
would be highly applicable to mid-rise and tall buildings because of the larger air gap (or cavity) which
would allow for building services to be concealed in this space. In addition, a dropped and decoupled
ceiling can improve the acoustic performance of an assembly, and the dropped ceiling doesn’t
necessarily need to be fire-rated.

Figure 12. Assembly C-3 details
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NRC

NRC

a) Depth of air gap and acoustic hanger detail

b) Completed assembly

Figure 13. Assembly C-3 during construction

5.3.9

C-4: 100 mm (4”) Cavity with Rock Fibre Insulation

Assembly C-4 is a combination of Assembly C-3 and B-1, see Figure 14. The 100 mm (4”) cavity was
filled with 51 mm (2”) of rock fibre insulation, leaving a 51 mm (2”) air gap between the gypsum board
and the insulation. It was attached using 92 mm (3⅝”) screws following the same layout as B-1.
Attaching the insulation to the CLT is important to ensure that no additional load is placed on the furring
channels; additional load on the channels could potentially reduce the STC and IIC ratings for the
assembly. The assembly during construction is shown in Figure 15.
A test was conducted by the FCBA for FPInnovations to evaluate the acoustic performance of a 5-ply
(146 mm) CLT panel (F4.4), using similar acoustic clips, 200 mm of fibre glass insulation and two layers
of 16 mm (⅝”) gypsum board [14]. An STC rating of 63 and an IIC rating of 62 were achieved.

2” Roxul Comfortbatt
IS Insulation in direct
contact with CLT

Figure 14. Assembly C-4 details
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NRC

NRC

a) Screws, washers, and sound isolation clips

b) Furring channels attached

NRC

c) Cross-section

d) Assembly in furnace

Figure 15. Assembly C-4 during construction

5.3.10 D: Medium Density SFRM
Assembly D used Spray applied Fire resistance Materials (SFRM) as a means of protection. SFRM is
commonly used for structural steel and concrete assemblies; there is no known published literature on
its performance with mass timber assemblies. SFRM could potentially be useful to protect concealed
spaces.
A medium-density SFRM was applied to the CLT, to a thickness of 82 mm (3¼”), on top of a 9.5 mm
(⅜”) steel mesh. The mesh edges were overlapped by approximately 75 mm (3”). The metal lath was
stapled to the CLT with 32 mm (1¼”) staples spaced not more than 178 mm (7”). The intent was that
the staples would penetrate the wood at least 19 mm (¾”). It is imperative that the SFRM remains in
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place during the test to continuously protect the wood; this was the goal of including metal lath.
Configuration details are provided in Figure 16. Images depicting the installation of the wire mesh and
the SFRM bonded to the mesh are shown in Figure 17a) and b), respectively; the final assembly after
construction is shown in c).
Every SFRM product is proprietary; in this project it was decided to use a medium density product (240
kg/m3 (15 pcf)) that had a cementitious base. The SFRM was Blaze-Shield Type II [21] applied to a
depth of 83 mm (3¼”). This particular product has a Portland cement base and has been tested
according to CAN/ULC-S101 when used on other substrate materials such as concrete and steel. The
product was tested for use on a 2x10 wood floor assembly, with a 38 mm (1½”) application, in 1982
according to ASTM E119 [22] (the U.S. equivalent of CAN/ULC-S101) [23]. The unloaded test lasted
for 2 h 10 min and no failure criteria were reached. Some testing done at UL laboratories suggested
that a 83 mm (3¼”) application of this material would delay the time the surface reached an average of
120ºC (250ºF) or a single point 163ºC (325ºF) by 2 h [24].
According to Harmathy’s rule no.6, the addition of an SFRM layer, having a low thermal conductivity,
should improve the fire resistance of the assembly.

Figure 16. Assembly D details
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a) Wire mesh attached to CLT

b) SFRM bonded to wire mesh

c) 83 mm (3¼”) of SFRM
Figure 17. Assembly C-4 during construction
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6. RESULTS
All of the assemblies were tested on the intermediate-scale furnace at NRC, and were exposed to the
standard CAN/ULC-S101 fire curve. The thermocouple data from each test was analyzed. The results
are presented in this section for each assembly. A detailed account of observations during the tests
can be found in Appendix II.

6.1

Encapsulation

Encapsulation time in this study is defined as the time for the five CLT exposed surface thermocouples
to reach an average increase in temperature of 250ºC or a single point increase of 270ºC. Figure 18
illustrates the average thermocouple data for the five thermocouples placed at the CLT surface for all
ten assemblies tested.
The average ambient temperature at the beginning of the tests was 19oC, which translates to a single
point criterion of 289ºC to determine when charring began. Various literature states that wood begins
to char at 300ºC. Therefore, the encapsulation times presented here are considered to be conservative
estimates of charring initiation. Table 6 summarizes the times at which the temperature rise criteria
were reached for each of the tests. In all tests, both criteria yielded similar encapsulation times.
Tests were stopped when it seemed that the encapsulation materials had fallen off. This was usually
indicated by flaming out of the exhaust chimney, as the newly exposed wood provided additional fuel
for the fire. This also correlated with deviations in furnace temperatures from the standard fire. When
examining the data, a deviation in furnace temperature was identified when a difference of 5°C or more
was noted between the average furnace temperature and the standard fire curve, and the furnace
temperature demonstrated a continuous upward trend.
Direct applied gypsum fall-off can also be assessed based on the time at which the protected face of
the CLT reaches 600ºC. The time at which these two ‘failure’ criteria were met are summarized in
Table 7. These criteria were not always met for the assemblies which used rock fibre insulation, partly
due to the premature end of tests or the end of tests when flames were observed out the furnace
exhaust before an increase in furnace temperature was measured.
For most of the tests, the 600ºC criteria at the protected CLT face was reached nearly 15 min prior to
the observed deviation in furnace temperature from the standard fire curve
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*Assembly B-1 had two thermocouples that read higher temperatures for a period of time. The average of the remaining three
thermocouples is indicated by a narrow dotted line of the same colour.

Figure 18. Average thermocouple data at CLT exposed face

FPInnovations

Page 24 of 55

Advanced Methods of Encapsulation - Project No. 301009649 (Revised on November 16, 2016)

Table 6. Times at which temperature criteria were reached at wood surface

#
A-1
A-2
A-3
B-1
B-1*
B-2
C-1
C-2
C-3
C-4
D

Δ270°C single point
(min)
25.7
24.5
26.0
51.5
58.8
42.6
26.3
31.1
27.3
74.7
181.9

Δ250°C average
(min)
25.4
26.0
25.5
51.9
57.3
45.8
26.4
31.3
26.7
75.0
186.7

Encapsulation time
(min)
25.4
24.5
25.5
51.5
57.3
42.6
26.3
31.1
26.7
75.0
181.9

*TC 1 & 4 read higher temperatures for a brief period and were removed from this data set, to observe the
expected results without the temperature anomaly. Including all data the encapsulation time is 51.1 min

Table 7. Estimated gypsum board fall-off

#
A-1
A-2
A-3
B-1
B-2
C-1
C-2
C-3
C-4
D

6.1.1

Deviation from
S101
(min)
65
67
78
57
63
75
-

600°C average
(min)
48.3
50.2
49.1
42.2
61.7
52.3
128.8
-

A-1: Base Test

Assembly A-1 was tested on December 8th, 2014. This assembly represented a base case to which the
results from the different assemblies could be compared. Previous full-scale testing of CLT assemblies
has used a similar screw layout and type of gypsum board [5]. The results of this test are compared to
the full-scale results to demonstrate the validity of the intermediate-scale test method.
For the base test, A-1, encapsulation criteria were reached just after 25 minutes (see Table 6).
Previous full-scale floor testing of CLT with one layer of 16 mm (⅝”) Type X gypsum board reached the
single point criteria at 22-23 min and the average at 24 min. This indicates that the results from the
intermediate-scale are in agreement with full-scale testing, but that the conditions in the intermediatescale furnace may be slightly less severe than in full-scale tests. It is noted also that full-scale tests
were conducted under structural load while this test series was conducted with unloaded specimens.
The shorter test span in the intermediate-scale furnace may have a (positive) impact on the
performance of gypsum board.
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Previous encapsulation testing on the intermediate-scale furnace resulted in an encapsulation time of
25.5 min for one layer of 16 mm (⅝”) Type X gypsum board, which is consistent with the results from
test A-1 [4].
Photos during and after the test are provided in Figure 19. All of the gypsum board had fallen off, but
most of the screws remained in place.
The deviation from the standard fire occurred at 65 min and the 600ºC criteria at 48 min.
6.1.2

A-2: Increased Screw Length

Assembly A-2 was tested on December 10th, 2014. In this test, 76 mm (3”) screws were used to fasten
the gypsum board to the CLT. The results were similar to A-1, although the encapsulation time was
reached nearly a minute earlier for this setup at 24.5 min. The time at which the gypsum board fell off,
based on the 600ºC criteria and the deviation from the S101 curve, was roughly two minutes later for
this assembly.
Photos during and after the test are provided in Figure 20. Again, all of the gypsum had fallen off but
some of the screws remained in place.
6.1.3

A-3: Decreased Screw Spacing

Assembly A-3 was tested on December 12th, 2014. Photos after the test are provided in Figure 21.
Decreasing the screw spacing had no effect on the encapsulation time, which was reached at 25.5 min.
The time to reach 600ºC behind the gypsum board was less than a minute later than that in the base
test. However, based on observations, the gypsum board still seemed to be in place. Detailed
observations are provided in Appendix II. Furnace temperatures did not begin to deviate until 78
minutes, suggesting that the narrower spacing between screws did hold the gypsum board in place
longer. Even after the test, when the assembly was removed, some gypsum board was still held in
place, shown in Figure 21c).
When the gypsum board remains in place, it can offer some protection to the wood beneath it and could
potentially reduce the rate of charring.
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NRC

a) Light smoke at edges during the test

b) Removing the panel from the furnace

NRC

NRC

c) Panel lifting out of furnace

d) Charred surface after test

NRC

e) Screws remaining in place after test
Figure 19. Assembly A-1 during and after test
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NRC

a) Lifting panel out of furnace

b) Beginning to extinguish panel

Figure 20. Assembly A-2 after test

NRC

a) Removing panel from furnace

b) Removing panel from furnace

NRC

c) Condition of panel after test
Figure 21. Assembly A-3 after test
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6.1.4

B-1: 76 mm (3”) of Rock Fibre Insulation

Assembly B-1 was tested on January 23rd, 2015. This assembly had 76 mm (3”) of rock fibre insulation
directly applied to the CLT using screws and washers. The screw heads and washers were embedded
half-way into the insulation and were re-covered with pre-cut insulation pieces so as not be to directly
exposed to the fire. This type of insulation is not expected to be left exposed in final construction; it
would likely have a dropped ceiling below it, which would not necessarily need to be fire-rated. It could
simply be an acoustic ceiling. Using non-combustible insulation directly applied to the CLT would also
eliminate the need to sprinkler combustible concealed spaces, as required per NFPA 13 [25].
The rock fibre insulation performed very well compared to the base test (A-1), which was somewhat
expected since the insulation was more than 50 mm (2”) thicker than the gypsum board (although
gypsum board also has intrinsic moisture chemically bonded within its structure). However, there is no
known fire test data available on this type of product used in a horizontal application, so it was
uncertain whether the method of attaching the insulation to the CLT would be sufficient. Fortunately,
the insulation held in place very well and had no signs of falling even as the assembly was removed
from the furnace, see Figure 22a) and b). The encapsulation time was 51.5 min, or 57.3 min when
certain thermocouples that were not following the same trend as most were excluded. During
deconstruction, some force was needed to pull down the rigid insulation, indicating that its integrity was
still maintained even after fire exposure.
During the test, two CLT surface thermocouples began to read higher temperatures, compared to the
remaining three thermocouples, as shown in Figure 18. The graph also shows the average of the three
consistent thermocouples. After roughly 25 minutes, the measured temperatures decreased to values
in line with the other thermocouples. Typically, when higher temperatures are noted, it indicates that
the encapsulation has fallen off, however, having the temperatures return to be consistent with the
average is unusual. Based on observations after the test, the insulation is known to have remained in
place. When the assembly was lifted off the furnace, the rock fibre insulation at the directly exposed
surface was uniform and intact. The wood surface was burning and flames were visible in the small
space between the two materials, as shown in Figure 22d). One possible explanation is that flaming
began to occur in a localized area (where the higher temperatures were measured), which could have
eventually subsided due to a lack of oxygen. This potential flaming could have degraded the staples
holding the thermocouples in place, which would have then been free to fall and rest on the insulation.
This may have resulted in the lowered temperature measurements.
This test was stopped because the temperatures behind the insulation appeared to be increasing and,
coincidentally, it was near the end of the business day and the furnace needed time to cool after the
test for laboratory safety reasons. Upon examination of the data and further testing (Assembly B-2), it
seems as though the insulation may have had the potential to remain in place longer. After the
insulation was removed, the screws were still in place, as shown in Figure 22c).
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NRC

NRC

a) Assembly being removed from furnace

b) Exposed face after test

NRC

c) Wood surface after insulation removed

NRC

d) Wood burning behind insulation

Figure 22. Assembly B-1 after test

6.1.5

B-2: 51 mm (2”) of Rock Fibre Insulation

Assembly B-2 was tested on February 26th, 2015. This test used 51 mm (2”) of direct applied rock fibre
insulation. The test was stopped at 2 h 15 min because the assembly provided little indication that the
insulation would fall off soon and the encapsulation criteria had already been surpassed. The insulation
provided an encapsulation time of 42.6 min.
The difference between B-2 and B-1 was that a thinner section of insulation and a simple screw and
washer application were used in assembly B-2. The thinner section of insulation resulted in
consistently higher temperatures at the CLT surface than observed for B-1, by about 50ºC. However,
these were lower than most observed in other assemblies after a 30 min exposure. Because the
insulation was adequately held in place for more than 2 h, it seems that a simple screw and washer
application is sufficient.
After the test, the insulation was still in place and it was noted that it was difficult to remove it during
deconstruction. Figure 23 provides images after the test, and demonstrates that the insulation was still
in place, even though the washers were glowing red hot.
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d) Wood burning behind insulation
c) Wood surface after insulation removed
Figure 23. Assembly B-2 after test

6.1.6

C-1: 13 mm (½”) Air Gap

Assembly C-1 was tested on February 10th, 2015 and the encapsulation method consisted of 16 mm
(⅝”) Type X gypsum board attached to 13 mm (½”) resilient channels. This assembly had an
encapsulation time of 26.3 min which was roughly a minute longer than the base assembly.
Unfortunately, the gypsum board fell off earlier than in any other test; it is believed to have fallen off
before an hour of fire exposure. At around 40 minutes, the average temperature at the CLT face began
to increase more quickly than it did with the other assemblies using gypsum board. Under the increase
in temperature behind the gypsum board, the resilient channels were probably weakening and may
have deformed, resulting in cracks in the gypsum board which lead to the premature fall-off of the
board.
Figure 24a) shows the assembly being lifted out of the furnace after the test; Figure 24b) illustrates that
the gypsum board had fallen off once the assembly was removed from the furnace. Figure 24c) shows
the gypsum that had fallen into the furnace, and one of the resilient channels that was pulled out with
the gypsum board as it fell (indicated by the white arrow in the figure). The remaining resilient channels
stayed in place, as shown in Figure 24 d).
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NRC

a) Assembly removed from furnace

b) Wood surface after test

NRC

NRC

c) Gypsum in furnace

d) Resilient channel still in place

Figure 24. Assembly C-1 after test

6.1.7

C-2: 13 mm (½”) Air Gap with Insulation

Assembly C-2 was tested on February 11th, 2015. It consisted of a 13 mm (½”) air gap created by 16
mm (⅝”) Type X gypsum board attached to resilient channels filled with fiberglass insulation. This
configuration had an encapsulation time of 31.1 min which was nearly 6 min longer than the base
assembly.
From 20 min until 60 min into the test, temperatures at the CLT surface were up to 100ºC lower than
those of the other assemblies using gypsum board. This can be attributed to the presence of the
insulation, which, while in place, protected the wood surface due to its low thermal conductive
properties. Similar to assembly C-1, the rate of temperature increase abruptly changed, in this case
after about 60 min of fire exposure, probably when the resilient channels had a reduction in strength.
This resulted in an estimated gypsum board fall-off time of about 62 min. The assembly can be seen
being lifted out of the furnace in Figure 25a).
After the test, it was apparent that both the gypsum board and insulation had fallen off, as shown in
Figure 25b). Most of the resilient channels remained in place. However, some of the 32 mm (1¼”)
screws had fallen out, allowing some sections to fall off, as seen in Figure 25 c).
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NRC

a) Assembly being lifted out of the furnace

b) Insulation fallen off into the furnace

NRC

c) Some resilient channels in place, some fallen off
Figure 25. Assembly C-2 after test

6.1.8

C-3: 100 mm (4”) Cavity

Assembly C-3 was tested on February 24th, 2015. This assembly used sound isolation hangers to
create a 100 mm (4”) air gap between the CLT and a 16 mm (⅝”) Type X gypsum board. During the
first 25 min of the test, this assembly maintained the CLT surface temperatures consistent with those of
C-1 and C-2. The encapsulation time of the assembly was 26.7 min. After this point, a similar surface
temperature curve was followed to that of the A series assemblies, but at roughly 25ºC lower
temperatures. This continued until 65 min, when the rate of temperature increase abruptly changed, at
which point the gypsum board is assumed to have fallen off. The condition of the assembly after the
test is shown in Figure 26a). This shows that the sound isolation clips and the furring channels were
still in place, but the channels were bowed. One of the charred clips is shown in Figure 26b).
It should be noted that some spaces between the CLT boards had opened due to external exposure
and subsequent drying and conditioning prior to the test. During the test, some light smoke was able to
escape at these locations, but this did not affect the overall performance of the assembly.
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NRC

NRC

a) Furring channels and clips still in place
b) Acoustic clip after the test
Figure 26. Assembly C-3 after test

6.1.9

C-4: 100 mm (4”) Cavity with Rock Fibre Insulation

Assembly C-4 was tested on March 16th, 2015. This assembly had 51 mm (2”) of direct applied rock
fibre insulation and a 100 mm (4”) dropped ceiling using 16 mm (⅝”) Type X gypsum board. The
combination of the two methods resulted in an encapsulation time of roughly 1 h 15 min, which is
similar to, but greater than, the combined encapsulation time of B-2 and C-3 (which is equivalent to
nearly 70 min (43 + 27 min)).
The assembly being lifted out of the furnace is shown in Figure 27a). After the test, it was clear that the
furring channels and sound isolation clips were still in place, but the channels had bowed (Figure 27b)).
The test was ended when one of the panels of insulation fell off and exposed the wood to the fire, as
indicated in Figure 27c), which is shown in the furnace in Figure 27d).
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a) Assembly being remove from furnace

b) Furring channels and clips still in place

c) One center panel of insulation has fallen off
d) Panel of insulation in the furnace after test
Figure 27. Assembly C-4 after test

6.1.10 D: Medium Density SFRM
Assembly D was tested on March 26th, 2015. This assembly used 83 mm (3¼”) of a medium-density
SFRM material applied on top of a wire mesh to achieve an adequate bond to the substrate.
It was suggested that the product might need 40 days to cure before standardized fire testing (for listing
purposes) to ensure complete curing. A 25 mm (1”) thick application is sometimes given 30 days to
cure prior to testing, and for each additional 25 mm (1”), a further 5 to 10 days can be added. Due to
time constraints, the assembly was only cured for 20 days before testing. While the sample appeared
dry from the exterior, it is difficult to know the condition at the centre of the assembly, which presumably
would take the longest to cure. If residual moisture was present in the SFRM, the test may be
representative of a situation in which a building is under construction and the SFRM has not yet fully
cured. Having additional moisture in the SFRM could potentially affect the bond between materials,
which could have a negative impact on the results, or alternatively, the additional moisture could add to
fire performance as it may cool the specimen as the water is driven off during exposure to heat.
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The encapsulation time of the SFRM assembly was 182 min (just over 3 h). The SFRM remained
completely intact during the test; the test was stopped at 4 h because the objectives of the project had
been met and the encapsulation time exceeded any FRRs that might be required by the NBCC. It was
noted that the SFRM was still held in place well as it was difficult to remove it from the assembly. The
SFRM surface after the test is shown in Figure 28a) and the lack of fallen material is shown in Figure
28b). The SFRM was also still maintaining its strength since it was able to carry the weight of the CLT
when it was rested on two narrow supports.
This thickness of SFRM was very effective at not only delaying the onset of charring, but also limiting
the involvement of the CLT after it had begun to char, i.e. it insulated the wood very well. For the first 2
h of testing, temperatures at the CLT surface did not exceed 100ºC. After two hours, the temperature
began to increase more quickly, but still at a much slower rate than in all the previously tested
assemblies, until the onset of charring after 3 h. After the SFRM was removed, the CLT was only lightly
charred on the surface, illustrated in Figure 28c) and d).

NRC

NRC

a) Condition of SFRM after test

b) No SFRM material left in furnace

NRC

NRC

c) SFRM scraped off, wood lightly charred
d) SFRM scraped off, wood lightly charred
Figure 28. Assembly D after test
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6.2

Temperature Profiles in Wood

Temperatures within the wood only exceeded 300ºC for one sample. Therefore, charring rates were not
calculated. Figure 29 illustrates the temperature profiles within the wood, and Table 8 summarizes the
average temperatures in the wood after 1 h of fire exposure and the rates of temperature rise over a
duration of 1 h.
All of the assemblies, with the exception of those that used rock fibre insulation and the SFRM,
demonstrated similar temperature profiles within the wood. Assembly A-2 and A-3 had lower
temperatures than the base test after 1 h.
The rock fibre insulation assemblies (B-1, B-2, C-4) had consistently lower temperatures than the base
test, which were on the order of 60ºC and 50ºC for a 76 mm (3”) and a 51 mm (2”) application,
respectively, and C-4 was 80ºC lower after 60 min had elapsed. The presence of a thin layer of
fiberglass insulation (C-2) did not yield any significant difference in temperature within the wood.
The SFRM assembly performed significantly better than all the other assemblies in terms of protecting
the exposed CLT face from temperature rise, as well as insulating the internal wood temperatures; it
was consistently the best performer throughout the entire test. After 1 h, wood temperatures were
100ºC lower than in the base test.

Figure 29. Temperature profiles 17.5 mm within the CLT
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The rate of temperature rise within the CLT was calculated over the course of 1 h for all of the
assemblies. The A assemblies had temperature rise rates between 1.5 to 1.8ºC/min, which is similar to
the rates of temperature rise in C assemblies without rock fibre insulation. When 51 mm (2”) of rock
fibre insulation was applied (B-2) the rate was 1.0ºC/min, which was reduced to 0.7ºC/min when 76 mm
(3”) was used (B-1), and further reduced for C-4 (using rock fibre and gypsum board) to 0.4ºC/min.
Overall, the SFRM was the best at reducing temperature rise within the wood to 0.1ºC/min.
Table 8. Temperatures and rates of temperature rise 17.5 mm into the CLT

#

Encapsulation
time
(min)

A-1
A-2
A-3
B-1
B-2
C-1
C-2
C-3
C-4
D

25.4
24.5
25.5
51.5*
42.6
26.3
31.1
26.7
75.0
181.9

Average temp.
17.5 mm in CLT
after 1 h
(ºC)
128
107
114
63
76
128
117**
124
43.7
28

Rate of temp. rise
in CLT over 1 h
(ºC/min)
1.8
1.5
1.6
0.7
1.0
1.8
1.6**
1.8
0.4
0.1

*Based on all of the data
**TC-6 may have been malfunctioning as it maintained at approx. 20°C. Not included in data

7. DISCUSSION
For mass timber assemblies, encapsulation time represents a delay in the onset of charring, and
therefore a delay before any wood elements may become involved in fire. Up until the encapsulation
criteria are met, the wood is essentially unaffected which can potentially translate to additional time
afforded to the overall fire resistance of an assembly. It should be noted that fire resistance is
determine based on three criteria in CAN/ULC-S101: structural capacity, integrity, and insulation. The
introduction of encapsulation methods may improve the length of time that an assembly is able to
maintain its structural capacity, while the structural elements are shielded from fire exposure, but the
encapsulation may not necessarily also improve the fire resistance in terms of the other. The
encapsulation criteria used in this project were conservative compared to the expected actual onset of
charring.
In this project, the encapsulation times varied between 24 and 182 min. For simple applications of
gypsum board (A-1, A-2, and A-3), the encapsulation times were in line with the expected additional 30
min typically afforded to 1 layer of 16 mm (⅝") Type X gypsum board. In previous full-scale CLT fire
resistance testing, encapsulation times (using the same criteria) were between 22-23 min for this type
of gypsum application [6]. All of the assemblies tested in the current project demonstrated an
improvement on this time.
When 75 mm (3”) rock fibre insulation was used, it provided an encapsulation time just shy of 1 h,
which is consistent with encapsulation results of two layers of direct applied 13 mm (½”) Type X
gypsum in intermediate- and full-scale testing [4, 6]. The SFRM provided 3 h of encapsulation, which is
far greater than the 70 min encapsulation time that has been observed for two layers of direct applied
16 mm (⅝") Type X gypsum board [3].
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Based on Harmathy’s rules on fire resistance, the addition of extra layers, in particular gypsum board or
insulation, would increase the fire resistance of assemblies by delaying the transmission of heat to the
wood and, hence, its charring. In these tests, when low thermal conductivity materials were applied on
the exposed side of the assembly (i.e., rock fibre insulation or SFRM), their impact on heat transmission
and charring initiation was evident; it is anticipated that this delay in the onset of charring would likely
lead to an improvement in fire resistance, however this would need to be validated with full-scale fire
resistance testing. The addition of an air gap (C-1 and C-3) slightly improved the encapsulation time of
the assembly, but an increase in the depth of the air gap did not result in any appreciable improvement.
Changing the application method of one layer of 16 mm (⅝") Type X gypsum board, which in this study
included increasing the length of the screws (A-2) and decreasing screw spacing (A-3), did not have a
significant effect on encapsulation time. Both of these configurations are more labour intensive than
standard gypsum board installation, which translates to higher costs for materials and labour. Although
the more densely packed screw pattern did manage to hold the gypsum board in place longer, this
ultimately did not have a substantial impact on encapsulation time, or rate of temperature rise in the
wood.
Evidently, the use of direct applied rock fibre insulation provides an effective alternative solution to the
use of gypsum board based on its ability to delay the onset of charring and remain in place for long
periods, i.e., over 2 h. A simple screw and washer application was able to hold the insulation in place
for this length of time. This configuration represents an effective solution for use in tall wood buildings
in which a dropped ceiling could be used, allowing utilities and services to be run in the space between
the insulation and the dropped ceiling. Because the insulation performed so well on its own, a dropped
ceiling would not necessarily need to be fire-rated itself. The type of rock fibre insulation is noncombustible and would also meet the necessary flame spread requirements.
While the introduction of an air gap did increase encapsulation time by about 1 min, this configuration
required more work to install supports for the dropped ceiling such as resilient channels. The narrow
air gap would not be sufficient in depth to run large services behind the gypsum board. Having a
deeper cavity would be useful for this purpose in tall buildings and can involve the use of acoustic
decoupling devices to improve sound isolation properties between compartments.
Finally the SFRM material was very effective at delaying the onset of charring as well as the
temperature increase in the wood. It is unknown how long the material would stay in place when
exposed to a standard fire, but based on these results it is at least 4 h. SFRM could potentially be a
useful solution for concealed spaces or areas where it may be difficult to apply gypsum board or
insulation, i.e. concealed spaces.
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8. CONCLUSION AND RECOMMENDATIONS
Ten mass timber assemblies using different encapsulation methods were tested at NRC in an
intermediate-scale furnace and exposed to the standard CAN/ULC-S101 fire. The results of the tests
were analyzed to determine the encapsulation time of the assemblies, which was defined as the time at
which either the average temperature rise at the CLT surface exceed 250ºC or a single point rise
exceeded 270ºC, as has been used in previous projects [4]. The results are presented in Table 9. This
table also indicates the improvement (or decrease) in encapsulation time for each of the assemblies
compared to the base test.
Table 9. Summary of assemblies and encapsulation times

#

Description

Encapsulation
time
(min)

Δ from base
test (A-1)
(min)

A-1

Base test

25.4

-

A-2

Longer screw length

24.5

-0.9

A-3

Decrease screw spacing

25.5

+0.1

B-1

76 mm rock fibre

51.5

+26.1

B-2

51 mm rock fibre

42.6

+17.2

C-1

13 mm air gap

26.3

+0.9

C-2

13 mm air gap with insulation

31.1

+5.7

C-3

100 mm air gap

26.7

+1.3

C-4

100 mm air gap with insulation

74.4

+49.3

Medium Density SFRM

181.9

+156.5

D

The results of these tests have led to a better understanding of the fire performance of encapsulated
materials for use with mass timber assemblies. Essentially, a direct application of 1 layer of 16 mm (⅝")
Type X gypsum board is an effective method to delay the onset of charring for wood elements. The
means of protection that presented the greatest improvements over a typical gypsum board installation
involved using rock fibre insulation and SFRM.
Rock fibre insulation was able to improve encapsulation time by nearly 20 min, over a standard gypsum
board application, and stay in place over 2 h, it can also provide the opportunity to improve acoustic
performance and when used with a dropped ceiling will conceal building services without the need for
sprinklering the concealed spaces.
The SFRM provided the overall greatest increase in encapsulation time over the base assembly, by an
increase of 156 min. This product also stayed in place for 4 h and at that time did not indicate that
failure would be anticipated soon. This type of SFRM application is effective at delaying the onset of
charring, reducing the rate of temperature rise within the wood surface, and is practical for complex
designs and concealed spaces. This assembly provided substantial encapsulation, potentially more
than would be required for an assembly to achieve a 2 h FRR. Therefore it is suggested that further
testing be conducted with a thinner application of SFRM to determine the encapsulation time of a more
cost effective application. It would also be interesting to investigate a direct application of SFRM onto
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CLT, without the use of a wire mesh or potentially with a simple surface adhesive coating, to evaluate
the adhesion/bond between the materials under fire exposure.
The results were compared and agreed with encapsulation times obtained from previous full-scale fire
resistance testing [5]. However, it would be useful to observe the performance of these encapsulation
methods in a full-scale scenario. In particular, actual fire resistance rating data of these methods used
with mass timber construction would be invaluable to the design community when seeking to obtain
building approvals.
It is essential that the results of this work be disseminated to designers to provide them with greater
flexibility in their designs by offering a variety of encapsulation solutions which can be used to achieve
the required fire performance level. This information could also be useful for authorities having
jurisdiction to better understand how mass timber assemblies and encapsulation methods can be used
to safely design tall wood buildings.
The preliminary information gathered during this project could be developed into an additive
methodology, similar to the Component Additive Method in the NBCC. To develop a method that could
be widely accepted for the design of mass timber assemblies, further full-scale testing would be
required to verify the results. It would be useful to further study these assemblies with an added
dropped ceiling. It is suggested that some of these tests should be further investigated, in particular the
use of rock fibre insulation with the inclusion of more components (for example, different thicknesses of
insulation with different heights of suspended ceilings). Investigating the incorporation of a fire-rated
ceiling could also be useful, especially with the inclusion of openings to simulate ducts and light
fixtures. It would also be useful to study the impact that the rock fibre insulation has on charring rate
when exposed to longer fire durations.

FPInnovations

Page 41 of 55

Advanced Methods of Encapsulation - Project No. 301009649 (Revised on November 16, 2016)

9. REFERENCES
[1] 2010 NBC, National Building Code of Canada, Ottawa, ON: National Research Council Canada,
2010.
[2] "British Columbia Building Code," Building and Safety Standards Branch. Office of Housing and
Construction Standards. BC Government, Victoria, BC, 2012.
[3] E. Karacabeyli and C. Lum, "Tall Wood Buildings in Canada: A Technical Guide for Design and
Construction," FPInnovations, Vancouver, BC, 2013.
[4] J. Su and G. Lougheed, "Report to Research Consortium for Wood and Wood-Hybrid Mid-Rise
Buildings - Fire Safety Summary – Fire Research Conducted for the Project on Mid Rise Wood
Construction. CLIENT REPORT A1-004377.1," National Rearch Council Canada, Ottawa, ON,
2015.
[5] L. Osborne, C. Dagenais and N. Benichou, "Preliminary CLT Fire Resistance Testing Report,"
FPInnovations, Quebec City, QC, 2012.
[6] L. Osborne, "CLT Fire Resistance Tests in Support of Tall Wood Building Demonstration Projects,"
FPInnovations, Ottawa, ON, 2014.
[7] NGC, "Cross-Laminated Timber and Gypsum Board Wall Assembly (Load-Bearing) - Test Report
WP-1950," NGC Testing Services, Buffalo, NY, 2012.
[8] CAN/ULC S101 - Fire Endurance Tests of Building Construction and Materials, Ottawa, ON:
Underwriters Laboratory of Canada, 2007.
[9] A. Harmsworth and C. Dagenais, "Chapter 5. Fire Safety and Protection," in Tall Wood Buildings in
Canada: A Technical Guide for Design and Construction, Pointe Claire, QC, FPInnovations, 2014.
[10] C. Dagenais, "Fire performance of cross-laminated timber assemblies (revised)," in CLT
Handbook, Quebec, QC, FPInnovations, 2014.
[11] T. Harmathy, "Ten Rules of Fire Endurance Rating," Fire Technology, vol. 1, no. 2, pp. 93-102,
1965.
[12] B. Östman, E. Mikkola, R. Stein, A. Frangi, J. König, D. Dhima, T. Hakkarainen and J. Bregulla,
Fire Safety in Timber Buildings - Technical Guideline for Europe. SP Report 2010:19, Sweden: SP,
2010.
[13] A. Frangi, M. Fontana, E. Hugi and J. R, "Experimental analysis of cross-laminated timber panels
in fire," Fire Safety Journal, vol. 44, no. 8, pp. 1078-1087, 2009.
[14] L. Hu, "Acoustic - Acoustic Performance of Cross-Laminated Timber Assemblies," in CLT
Handbook, Quebec, QC, FPInnovations, 2001.
[15] S. Schoenwald, B. Zeitler, F. King and I. Sabourin, "Report to Research Consortium for Wood and
Wood-Hybrid Mid-Rise Buildings - Acoustics Summary - Sound Insulation in Mid-rise Wood
Buildings. Client Report: A1-004377.2," National Research Council Canada, Ottawa, ON, 2014.
[16] L. Hu, "Serviceability of next-generation wood buildings: sound insulation performance of wood
buildings," FPInnovations, Quebec, QC, 2014.
[17] "Wood-frame Construction, Fire Resistance and Sound Transmission," Forintek Canada
Corporation, Société d’habitation du Québec and Canada Mortgage and Housing Corporation,
Ottawa, ON, 2002.
[18] ROXUL, "ROXUL ComfortBoard IS. Technical Product Information," Milton, ON, 2011.
[19] ROXUL, "ROXUL Report: Fastener Guidelines," Milton, ON, 2014.
[20] PAC Int'l, Inc., "RSIC-1-ADMWOOD SOUND ISOLATION CLIP," PAC International, Inc., Las
Vegas, NV, 2015.
[21] "CAFCO® BLAZE-SHIELD® II. Spray-Applied Fire Resistive Material.," ISOLATEK International,
Toronto, ON.
FPInnovations

Page 42 of 55

Advanced Methods of Encapsulation - Project No. 301009649 (Revised on November 16, 2016)

[22] "ASTM E119 - Standard Test Methods for Fire Tests of Building Construction and Materials,"
ASTM International, West Conshohocken, PA, 2014.
[23] "United States Mineral Products Co.(subsidiary of CAFCO Int'l) Fire Resistance Testing of a Wood
Floor Assembly," VTEC Laboratories Inc., Bronx, NY, 1982.
[24] P. Z. James Marquardt, "UL letter to Isolatek International. Ref R3749; 09CA43616," Underwriters
Laboratories, Northbrook, IL, 2009.
[25] NFPA, NFPA 13 - Standard for the installation of sprinkler systems, Quincy, MA: National Fire
Protection Association, 2013.
[26] "Report to research consortium for wood and wood-hybrid mid-rise buildings: Acoulstics – sound
insulaiton in mid-rise wood buildings. Client Report: A1-100035-02.1, A draft for project partners'
review.," National Research Council Canada, Ottawa, ON, 2013.

FPInnovations

Page 43 of 55

Advanced Methods of Encapsulation - Project No. 301009649 (Revised on November 16, 2016)

APPENDIX I
Acoustic Ratings of CLT Floors with Various Toppings and Ceilings
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Acoustic ratings of 175 mm CLT floors using various toppings and ceiling details [16]
Specimen ID

CF2

CF3

CF5

CF6

CF7

CF9

CF10

CF11

CF12

Floor Configuration
10 mm laminated floor
3 mm rubber membrane (IsonoFloor)
2 layers of 16 mm Fiberock
10 mm rubber mat (InsonoMat)
175 mm CLT
200 mm high dropped acoustic ceiling*
(only used 1 layer 16 mm Type X gypsum board)
10 mm laminated floor
3 mm rubber membrane (IsonoFloor)
2 layers of 16 mm Fiberock
10 mm rubber mat (InsonoMat)
175 mm CLT
200 mm high dropped acoustic ceiling*
10 mm laminated floor
3 mm rubber membrane (IsonoFloor)
175 mm CLT
200 mm high dropped acoustic ceiling*
10 mm laminated floor
3 mm rubber membrane (IsonoFloor)
175 mm CLT
100 mm high dropped acoustic ceiling*
(only used 1 layer 16 mm Type X gypsum board)
10 mm laminated floor
3 mm rubber membrane (IsonoFloor)
175 mm CLT
100 mm high dropped acoustic ceiling*
10 mm laminated floor
3 mm rubber membrane (IsonoFloor)
R
25 mm gypsum board (PanoMag )
R
9 mm plastic underlayment (Insul-R )
175 mm CLT
100 mm high dropped acoustic ceiling*
3 mm Flex-Aire Modular Tandus carpet with 4 mm Flex-Aire on back
175 mm CLT
100 mm high dropped acoustic ceiling*
38 mm normal-weight concrete
12.5 mm wood fibreboard
175 mm CLT
100 mm high dropped acoustic ceiling*
10 mm laminated flooring
4 mm felt (Thernason HD)
38 mm normal weight concrete
12.5 mm wood fibreboard
175 mm CLT
100 mm high dropped acoustic ceiling*

FIIC/AIIC

FSTC/ASTC

61

59

60

58

56

54

52

53

53

53

60

58

55

54

50

61

57

60

* Typical dropped ceiling in this study consisted of a 16 mm Type X gypsum board base layer and 12.5mm regular gypsum
board face layer. Steel channels spaced at 1.2 m o.c. Acoustic hangers were connected to CLT spaced at 600 mm. Gypsum
board was fastened to the steel channels using 41 mm Type S drywall screws spaced at 305 mm o.c. Ceiling cavity was filled
2
with 90 mm rock wool batts of 3.6 kg/m (Roxul).
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APPENDIX II
Test Observations
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Assembly A-1
Time

FPInnovations

Observations

0:00

Test initiation

0:05

Paper burning, fast temperature increase

0:11

~90°C behind gypsum board

0:12

Light smoke at furnace edges

0:21

~180°C behind gypsum board

0:22

~30 - 40°C within first layer of CLT

0:26

First thermocouple exceeds 300°C behind gypsum board
Can hear wood burning

0:28

All 5 thermocouples exceed 300°C behind gypsum board

0:33

Light embers coming out of furnace chimney

0:37

2 thermocouples at 500°C behind gypsum board

0:38

~70 - 90°C within first layer of CLT

0:46

600°C behind gypsum board (usually when gypsum falls)

0:52

~100°C within first layer of CLT

1:06

More frequent embers observed at chimney

1:07

Temperatures rising more quickly than CAN/ULC S101 curve
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Assembly A-2
Time

Observations

0:00

Test initiation

0:05

Paper burning, fast temperature increase, embers out furnace chimney

0:10

Light smoke at furnace edges

0:25

300°C behind gypsum board
More presence of smoke at furnace edges

0:27

TC4 at 300°C behind gypsum board

0:28

TC3 at 300°C behind gypsum board

0:29

TC1,TC2 at 300°C behind gypsum board

0:30

~45°C within first layer of CLT

0:40

~60 - 90°C within first layer of CLT

0:45

~85 - 100°C within first layer of CLT

0:47

~550 - 600°C behind gypsum board

1:03

~100°C within first layer of CLT

1:06

Light embers out chimney of furnace

1:07

Temperatures rising more quickly than CAN/ULC S101 curve

Assembly A-3
Time

FPInnovations

Observations

0:00

Test initiation

0:04

Paper burning, fast temperature increase

0:09

Light smoke at furnace edges

0:25

More presence of smoke at furnace edges

0:26

~300°C behind gypsum board

0:31

A few embers out chimney of furnace

0:39

Light embers out chimney of furnace

0:49

~600°C behind gypsum board
~100°C within first layer of CLT

1:01

Light embers out chimney of furnace

1:18

Temperatures rising more quickly than CAN/ULC S101 curve
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Assembly B-1
Time

Observations

0:00

Test initiation

0:04

Paper burning, fast temperature increase

0:15

~30-35°C behind insulation
Just below 20°C in CLT

0:26

~65-110°C behind insulation
~20°C in CLT

0:38

~150-200°C behind insulation
~30°C in CLT

0:50

~230-250°C behind insulation
~50°C in CLT

0:52

Over 300°C at 2 TCs

0:53

TC1 at 520°C, TC4 at 450°C – higher than others (fast increase)

0:56

Light smoke at edges

0:57

~60°C in CLT

1:00

No embers noted at exhaust so far

1:02

TC 2 reached 300°C, still 2 <300°C

1:10

TC3 at 300°C

1:11

TC5 at 300°C

1:16

TC4/TC1 have reduced and are now in line with remaining 3 TCs

1:30

~100°C within CLT

1:51

Test stopped because furnace needed to cool down at the end of the day
Furnace temperatures were slightly increasing above CAN/ULC S101.
All insulation was still in place after the test and in good condition.
As the assembly was lifted out of the furnace, flames were apparent
between the CLT and the insulation.
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Assembly C-1
Time

Observations

0:00

Test initiation

0:04

Paper burning, fast temperature increase

0:15

~90°C behind gypsum board
~25°C in CLT
Light smoke/steam at edges

0:24

Somewhat more smoke at edges

0:25

190-230°C on CLT face
TC#2 at 250°C

0:27

~300°C at CLT face
Smoke coming up through boards in the assembly near corner
Can hear wood burning

0:40

~90°C in CLT

0:41

No more smoke visible at edges
Light smoke is still observed between boards

0:44

Light embers seen at furnace exhaust

0:45

600-900°C at CLT face

0:46

100°C in CLT

0:50

Light embers seen at furnace exhaust

0:57

Slight increase from CAN/ULC S101 curve

0:59

Flames out chimney exhaust
Temperatures rising more quickly than CAN/ULC S101 curve.
Several RCs remained in place while some had fallen off.
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Assembly C-2
Time

FPInnovations

Observations

0:00

Test initiation

0:04

Gypsum board paper burning

0:14

~90°C behind insulation
~25°C in CLT

0:28

TC3 at 250°C
190-250°C behind insulation
20-45°C in CLT

0:32

TC3, TC5 at 300°C

0:34

TC4, TC2 at 300°C,
TC1 ~260°C
20-60°C in CLT*

0:37

TC1 at 300°C

0:38

No visible smoke up to now

0:45

~400-500°C behind insulation
20-100°C in CLT*

0:56

~500-600°C behind insulation
25-120°C in CLT*
Appears to be performing slightly better than Assembly E

0:60

Light smoke

1:03

Light embers coming out exhaust

1:04

Flames out of exhaust
Temperatures rising more quickly than CAN/ULC S101 curve.

Page 51 of 55

Advanced Methods of Encapsulation - Project No. 301009649 (Revised on November 16, 2016)

Assembly C-3
Time

FPInnovations

Observations

0:00

Test initiation

0:05

Paper burning, light embers out of exhaust

00:20

~90°C at CLT surface
~30°C in CLT

00:28

Smoke observed at two wide cracks
Temp. at CLT surface has reached 300°C at several locations

00:31

~360°C at CLT surface
~50°C in CLT

00:38

Smoke observed at back edge and still through two wide cracks

00:48

Unpleasant smell noted, possibly from rubber in sound isolation clips

00:50

500-600°C at CLT surface

00:57

Light embers at furnace exhaust for brief period

1:06

Less smoke observed at cracks and furnace edges

1:12

700-800°C at CLT surface
~160-170°C in CLT

1:13

No more smoke escaping through assembly or edges

1:14

Light embers at exhaust

1:15

Embers at exhaust more frequent

1:16

Flames at exhaust
Temperatures rising more quickly than CAN/ULC S101 curve.
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Assembly B-2
Time
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Observations

0:00

Test initiation

0:05

~20°C at CLT surface
~19°C in CLT

00:15

~80-100°C at CLT surface
~20°C in CLT

00:26

~180-200°C at CLT surface
~25°C in CLT

00:36

~200-240°C at CLT surface
~50°C in CLT

00:41

One TC over 250°C at CLT surface

00:47

No smoke visible

00:49

~250°C at CLT surface
~60-90°C in CLT

00:50

Light smoke at edge

00:60

~370-470°C at CLT surface

1:14

~430-500°C at CLT surface
~68-130°C in CLT

1:24

~460-540°C at CLT surface

1:53

~540-590°C at CLT surface
~100-220°C in CLT

2:15

Stopped the test when temperatures behind insulation reached 600°C.
Insulation was still in place and difficult to remove.

Page 53 of 55

Advanced Methods of Encapsulation - Project No. 301009649 (Revised on November 16, 2016)

Assembly C-4
Time
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Observations

0:00

Test initiation

0:04

Paper burning

0:23

Light smoke at edges

1:00

Still light smoke at edges.
~140°C at CLT surface
~45°C in CLT

1:15

Average 300°C at CLT surface

1:17

Lots of smoke at edges

2:08

More light smoke

3:18

Light embers out furnace exhaust

3:21

Temperatures rising more quickly than CAN/ULC S101 curve. Flames out
exhaust.
Middle of insulation had fallen off.
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Assembly D
Time
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Observations

0:00

Test initiation

0:30

Very little temperature rise
Furnace pressure is having some difficulty stabilizing

0:45

~60°C at CLT surface

1:00

~75°C at CLT surface

1:15

~85°C at CLT surface

1:45

~89°C at CLT surface

2:00

~89-107°C at CLT surface

2:15

~90-150°C at CLT surface

2:30

~145-190°C at CLT surface
~60°C in CLT

2:45

~190-245°C at CLT surface

3:00

~224-280°C at CLT surface

3:02

TC#3 at 292°C
100°C in CLT

3:07

Light smoke at edges

3:10

300°C at two TCs at CLT surface

3:30

Light smoke continuous at edges

3:46

All TCs at CLT surface at 300°C

4:00

Test stopped because objectives had been met. Little indication that the
assembly would fail anytime soon.
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