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Abstract 

Building regulations require that key building assemblies exhibit sufficient fire-resistance to allow time 

for occupants to escape and to minimize property losses. The intent is to compartmentalize the structure 

to prevent the spread of fire and smoke, and to ensure structural adequacy to prevent or delay collapse. 

The fire-resistance rating of a building assembly has traditionally been assessed by subjecting a replicate 

of the assembly to the standard fire-resistance test, (ULC S101 in Canada, ASTM E119 in the USA and 

ISO 834 in most other countries). 

 

Massive wood elements such as solid sawn timbers, glued laminated timber (glulam) and structural 

composite lumber (SCL) can provide excellent fire-resistance.  This is due to the inherent nature of thick 

timber members to char slowly when exposed to fire allowing massive wood systems to maintain 

significant structural resistance for extended durations when exposed to fire. Calculating the fire-

resistance of massive wood elements can be relatively simple because of the essentially constant and 

predictable rate of charring during the standard fire exposure. Charred wood is assumed to no longer 

provide any strength and stiffness; therefore the remaining (or reduced) cross-section must be capable of 

carrying the load. 

 

This report presents  two (2) mechanics-based design procedures as alternative design methods to 

conducting fire-resistance tests in compliance with ULC S101 or to using Appendix D-2.11 of the NBCC, 

which is limited to glulam members stressed in bending or axial compression. The procedures are 

applicable to solid sawn timber, glulam or SCL structural members and aim at developing a suitable 

calculation method that would provide accurate fire-resistance predictions when compared to test data. 

The long-term objective is to provide recommendations for incorporating either method into CSA O86 

and/or NBCC. 

 

The comparisons between the proposed methodologies and the experimental data for beams, columns and 

tension members show good agreement. While further refinement of these methods is possible, these 

comparisons suggest that the use of the CSA O86 equations and a load combination for rare events 

adequately address fire-resistance design of massive wood members. 
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1 Introduction 
Massive wood elements such as solid sawn timbers, glued laminated timber (glulam) and structural 

composite lumber (SCL) can provide excellent fire-resistance.  This is due to the inherent nature of thick 

timber members to char slowly when exposed to fire allowing massive wood systems to maintain 

significant structural resistance for extended durations under fire conditions. 

 

Building regulations require that key building assemblies exhibit sufficient fire-resistance to allow time 

for occupants to escape and to minimize property losses. The intent is to compartmentalize the structure 

to prevent the spread of fire and smoke, and to ensure structural adequacy to prevent or delay collapse. 

The fire-resistance rating of a building assembly has traditionally been assessed by subjecting a replicate 

of the assembly to the standard fire-resistance test, (ULC S101 in Canada, ASTM E119 in the USA and 

ISO 834 in most other countries) [1, 2, 3].  These three standards are all very similar as they require a wall 

or floor assembly, or a structural element such as a column or beam to be exposed to a severe fire in 

which the temperature of the fire gases increases over time following a specified time-temperature curve.  

The test standards also require the assembly to be loaded, and in North America, assemblies are typically 

loaded to their full design load determined based on strength (as opposed to serviceability criteria such as 

deflection).  This ensures that the fire-resistance rating obtained for a particular assembly is appropriate 

for use in any building independent of the load conditions (assuming they satisfy the structural 

requirements).  The standard fire-resistance test entails three failure/acceptance criteria.  Firstly the 

structural criterion must be met: the assembly must support the applied load for the duration of the test.  

Secondly the insulation criterion must be met: the assembly must prevent the temperature rise on the 

unexposed surface from being greater than 180°C at any location, or an average of 140°C measured at a 

number of locations.  Lastly, the integrity criterion must be met: the assembly must prevent the passage of 

flame or gases hot enough to ignite a cotton pad.  The time at which the assembly can no longer satisfy 

any one of these three criteria defines the assembly’s fire-resistance rating.  For structural elements such 

as beams and columns, only the structural criterion is to be fulfilled. 

 

Calculating fire-resistance of massive wood elements can be relatively simple because of the essentially 

constant rate of charring during the standard fire exposure. Charred wood is assumed to no longer provide 

any strength and stiffness; therefore the remaining cross-section must be capable of carrying the load. 

 

The methods used to calculate the residual strength of massive wood members when exposed to fire in 

Canada, Europe, and the United States all use a variation of one of two methods.  The two methods are 

called the “reduced cross-section method (also called the “effective cross-section method”) and the 

“reduced properties method”. Both methods determine a reduced cross-section based on the charring rate.  

However, the two methods differ in how they account for the reduction in strength of the heated wood 

just inside of the char front.  Currently, Europe includes both methods in their design standard [4], 

however most European countries recommend the use of the reduced cross-section method while National 

Building Code of Canada [5, 6] currently makes use of the reduced properties method and the National 

Design Specification for Wood Construction used in the US uses the reduced cross-section method [7]. 

 

This report presents two (2) calculation procedures for determining the fire-resistance of solid sawn 

timber, glulam or SCL structural members in an attempt to develop a suitable calculation method that 

would provide accurate fire-resistance predictions when compared to test data. The long-term objective is 

to provide recommendations for incorporating either method into CSA O86 and/or NBCC. 
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2 Background 
Although there are other existing methods for predicting the fire-resistance rating of massive wood 

members for the purpose of satisfying the prescriptive regulations, the three most common methods are 

used in Canada, Europe and in the United States and are summarized below.  These can be found in the 

Eurocode 5 Part 1-2, National Building Code of Canada (NBCC) and the National Design Specification 

for Wood Construction (NDS) [4, 5, 6, 7]. 

2.1 National Building Code of Canada 
Currently, there are two prescriptive options available to a designer using massive wood members.  The 

first option permits the use of solid-sawn timber or glulam members meeting particular minimum 

dimensions where “heavy timber construction” is permitted (deemed acceptable for a fire-resistance 

rating (FRR) no greater than 45 minutes).  The second option allows the calculation of the fire-resistance 

rating in excess of 45 minutes for glulam members only loaded in bending or axial compression. This 

second option only applies to glulam, leaving no option for solid sawn timber or structural composite 

lumber (SCL). 

 

SCL is not specifically addressed in the NBCC and therefore not covered by these calculation methods. 

However, product evaluation reports from the Canadian Construction Materials Center (CCMC) may 

provide guidelines for and/or acceptance of such products within the “heavy timber construction” 

designation or allow the use of the calculation methodology in accordance with the NBCC. 

2.1.1 Heavy Timber Construction 

According to Article 3.1.4.6 of the NBCC, heavy timber construction can be used when combustible 

construction is permitted and is not required to have a FRR greater than 45 minutes. 

 

It shall be reminded that heavy timber construction elements do not have an assigned FRR in the NBCC. 

Elements meeting the minimum dimensions specified in Article 3.1.4.7 are deemed acceptable where a 45 

minute FRR is required. 

2.1.2 Fire-resistance Ratings of Solid Wood Walls, Floors and Roofs 

Appendix D-2.4 of the NBCC provides minimum thicknesses of solid wood (i.e. timber) walls, floors and 

roofs for FRRs ranging from 30 to 90 minutes. This method does not account for the actual load ratio but 

does provide requirements for nailing.  This method is also not applicable to other innovative wood-based 

products such as glulam decking, cross-laminated timber panels or cross-laminated veneer lumber 

decking. 

 

Furthermore, according to article D-2.4.2, a 15 minute increase in the FRR is permitted when solid wood 

elements are covered by a 12.7 mm (½ in.) thick gypsum board. The fastening of the gypsum board to the 

wood elements shall conform to Appendix D-2.3 

2.1.3 Fire-resistance Ratings of Glulam 

Appendix D-2.11 of the NBCC outlines a method for calculating the FRR for glulam members required to 

have FRR greater than those set forth in Article 3.1.4.6 (i,.e. greater than 45 minutes) and are based on 

T.T. Lie’s equations [8]. Lie derived these equations using an average charring rate of 0.6 mm/min, the 

remaining cross-section strength and stiffness were reduced by a factor of 0.8 (α) which also accounted 

for corner rounding, and a k factor of 0.33 (based on a safety factor of 3) which accounts for the ratio of 

design strength to ultimate strength. 
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The initial equations for both beams and columns needed to be solved iteratively.  This process is time 

consuming for designers. As such, a simplified set of equations were proposed. The resulting equations 

allow for a straightforward calculation of fire-resistance as a function of initial member dimensions and 

load factors (stress ratio).  However, these simplified equations were developed empirically by fitting 

glulam column test data. Most tests conducted on beams were terminated before failure occurred and the 

remainder did not provide sufficient data to make a reliable comparison between test data and theoretical 

predictions [8]. Because of this, these equations are only applicable to cases limited by loading conditions 

and they are most suited for k values between 0.2 and 0.5 (providing safety factors between 5 and 2).  For 

example, it was demonstrated that these equations overestimate the fire-resistance of over-designed 

members where k is less than 0.2 (safety factor greater than 5). 

 

The FRR of glulam members can be determined using the following simplified equations, depending on 

their use and the number of sides exposed to fire. 

 

For beams exposed to fire on 4 sides:          [   
 

 
] (1) 

 

For beams exposed to fire on 3 sides:          [  
 

 
] (2) 

 

For columns exposed to fire on 4 sides:          [  
 

 
] (3) 

 

For columns exposed to fire on 3 sides:          [  
 

  
] (4) 

 

The smaller dimension of the member (B) and the larger dimension (D) are in mm.  The load factor (f) is 

determined using Figure 1 or the following equations 5 and 6 (all beams and columns with slenderness 

ratio of 12 and greater) and equations 7 and 8 (columns with slenderness ratio less than 12). K is the 

effective length factor found in Clause A5.5.6.1 of CSA O86 Engineering Design in Wood [9] and L is 

the unsupported length. Figure 1 is only applicable to members solicited in flexure or axial compression 

and not for members in tension. Short columns, where the slenderness ratio KL/B is less than 12, have 

larger load factors which result in greater FRRs. Moreover, the stress ratio (R) should be obtained from 

the full factored load effect prescribed in Part 4 of the NBCC divided by the factored resistance 

determined in accordance with CSA O86. 

 

For all beams and columns of KL/B ≥ 12 

 

 Stress ratio R <  0.5       (5) 
 

 Stress ratio R ≥ 0.5       
   

 
 (6) 

 

For columns of KL/B < 12 

 

 Stress ratio R <  0.5       (7) 
 

 Stress ratio R ≥ 0.5       
   

 
 (8) 
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Figure 1 Load factor for glulam fire-resistance per Appendix D-2.11 of NBCC [6] 
 

Lie found a difference of 35 to 40% between his calculations and experimental results for columns.  He 

justifies this variability by stating that a 30% difference between repeat fire tests is not uncommon. His 

work was conducted in 1977 and since then a large number of standard fire tests have been conducted on 

both glulam beams and columns which can be used to assess the accuracy of this model. In a study by 

Simpson [10], the NBCC method was shown to over-predict the FRRs of glulam members exposed to fire 

for 57% of the beams and 61% of the columns studied. 

 

It should be noted that the method was developed over 25 years ago and adapted for allowable stress 

design (ASD), which was the calculation method used by the NBCC at this time. However, limit states 

design is the current calculation method for structural design and should be followed. Load ratios derived 

from allowable stress design can be significantly different than those derived from limit states design, 

which influenced the fire-resistance duration. The equations have never been modified in the NBCC to 

reflect the change from allowable stress design to limit states design. 

2.2 Eurocode 5: Part 1-2 
The European design code, Eurocode 5: Part 1-2, presents two methods for calculating the fire-resistance: 

1) the reduced cross-section method and 2) the reduced properties method. 

 

In both methods, the applied stress obtained from a reduced load combination is verified against the 

residual cross-section strength. The reduced load combination is obtained with the following equation: 

 

                     (9) 

 

Where D is the dead load, L is the occupancy load (live (L), snow (S) or wind (W)) and  is a load 

reduction factor ranging from 0.2 to 0.9 depending on the building occupancy and loading type (L, S or 

W). For example, Eurocode 0 recommends  to be taken as 0.5 for residential and office floor areas [11]. 

2.2.1 Reduced Cross-section Method 

The reduced cross-section method assumes the cross-section of the member is reduced during the fire, but 

the strength and stiffness of the interior (relatively cool) section remain unchanged.  A linear charring rate 

accompanied with a zero strength layer is used to calculate the reduced cross-section.  The material close 
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to the char line will be exposed to increased temperatures and will experience a change in material 

properties, therefore a portion of the heated zone is assumed to have zero strength while the remaining 

portion is assumed to remain at full-strength. Charring rates for softwood and hardwood as specified in 

the Eurocode can be found in Table 1. The one-dimensional charring rate, βo, for standard fire exposure 

represents the rate expected for thermally thick slabs of wood and βn is the notional charring rate which is 

increased to offset the loss of cross section at corners and the opening of fissures, both in mm/min. 

 

The effective depth of char, deff  in mm, is found by adding the depth of char (the notional charring rate 

multiplied by the exposure time (t, in minutes)) to the depth of the zero strength layer (pyrolysis zone 

from Figure 2). 

 

               (10) 

 

The effective depth of char incorporates a 7 mm layer (do) which is considered to have zero strength and 

stiffness for fire exposures equal to and greater than 20 minutes. For exposures equal to or greater than 20 

minutes, ko = 1.  For exposures less than 20 minutes this value, ko, varies linearly from 0 to 1, and is 

calculated by dividing the exposure time by 20. 

 

Residual cross-section geometric properties can then be easily calculated (cross-area, section modulus and 

moment of inertia). 

 

Table 1 Design charring rates of solid timber and glulam per Eurocode 5: Part 1-2 [5] 
 

  
βo 

mm/min 
βn 

mm/min 

Softwood and 
beech 

Glulam with a ρ ≥ 290 kg/m3 0.65 0.7 

Solid timber with a ρ ≥ 290 kg/m3 0.65 0.8 

Hardwood 
Solid or glulam hardwood with a ρ ≥ 290 kg/m3 0.65 0.7 

Solid or glulam hardwood with a ρ ≥ 450 kg/m3 0.50 0.55 

LVL LVL with a ρ ≥ 480 kg/m3 0.65 0.7 
Note: ρ is the characteristic density value (5

th
 percentile), not the mean value as per CSA O86. 
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Figure 2 Char layer formed during a small-scale flame test per CSA O177 [12] 
 

2.2.2 Reduced Properties Method 

The reduced properties method is limited to softwoods in Eurocode 5.  The depth of char is also 

calculated using charring rates from Table 1, but there is no inclusion of a zero-strength layer. A 

modification factor, kmod, is applied to the resistance calculation of the residual cross-section. 

 

For bending: 
A

P
k

200
1mod   (11) 

 

For compression: 
A

P
k

125
1mod   (12) 

 

For tension and MOE: 
A

P
k

300
1mod   (13) 

 

where P is the perimeter (m) of the residual cross-section in and A is the total area (m²) of the residual 

cross-section.  

2.2.3 Design Strength and Stiffness 

In the reduced cross-section and the reduced properties methods, the design strength and stiffness 

properties of a member in fire conditions are determined as follows: 

 

 
fiM

kfi

fi

fiM

fifid

fk
k

f
kf

,

mod,

,

20
mod,,


  (14) 

 

Where kmod,fi is a modification factor taking into account the reduction in strength and stiffness properties 

at elevated temperatures, f20 is the 20
th
 percentile strength value at normal conditions, γM,fi is the partial 
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safety factor for timber in fire, kfi is a strength adjustment factor converting the 5
th
 percentile normal 

conditions design value (fk) to the 20
th
 percentile strength value, and fk is the characteristic (5

th
 percentile) 

strength value at normal condition under a 300 second load duration (5 min, short term).  f20 is obtained 

from the 5
th
 percentile design value by multiplying by kfi factor given  in Table 2. 

 

When using the reduced cross-section method, it is recommended to calculate the design strength and 

stiffness properties with kmod,fi = 1 and γM,fi = 1.  

 

Table 2 Strength adjusment factor (kfi) per Eurocode 5: Part 1-2 [4] 
 

Product kfi 
Solid timber 1.25 

Glued laminated timber 1.15 

LVL 1.10 

 

2.3 National Design Specification for Wood Construction / Technical Report 10  
The NDS uses a mechanics based method for fire-resistance calculations of up to 2 hours of exposed 

wood members, limited by test data available at the time. The methodology is fully described in the 

Technical Report 10 (TR 10) and in Chapter 16 of the NDS [13, 7]. The method is also recognized in 

Section 721.1 of the International Building Code (IBC) for exposed wood members and wood decking 

[14]. 

 

This procedure uses a standard nominal charring rate, βn of 0.635 mm/min (1½ in./hr) for solid sawn and 

softwood glulam members and a non-linear charring rate adjustment. Reductions of strength and stiffness 

of wood directly adjacent to the char layer are addressed by a zero-strength layer (do) that is 20% of the 

char depth. For a char depth of 38 mm at 60 minutes, the 20% corresponds to a zero-strength layer of 7.6 

mm. The member strength properties are adjusted to the average strength value (i.e. mean or 50th 

percentile) based on existing accepted statistical procedures such as ASTM D2915 [15], used to evaluate 

allowable properties for structural lumber. The non-linear effective charring rate, βeff, in in./hr, is 

calculated as follows: 

 

 
187.0

2.1

t

n
eff


   (15) 

 

where t is in hours and βn is in inches per hour. The char depth, χc in mm, is simply: 

 

           (16) 

 

Applying these equations to actual FRR requirements between 1 and 2 hours results in the values 

presented in Table 3.  According to this method, longer exposure times result in slower effective charring 

rates and greater char layer depths. 
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Table 3 Char depth per TR10 [13] 
 

Required FRR 
(hrs) 

Effective Char 
Rate 
 βeff 

(mm/min) 

Visual Char 
Layer 

Thickness 
(mm) 

Zero-strength 
Layer 

do 
(mm) 

Effective char 
layer thickness, 

xc 

(mm) 

1 0.76 38.1 7.6 45.7 

1.5 0.71 53.1 10.6 63.7 

2 0.67 67.1 13.4 80.5 

 

The NDS method employs the ASD method, with section properties having standard values. The average 

ultimate strength of a member (50
th
 percentile value) is found by multiplying the allowable design stress 

(5
th
 percentile value) by an adjustment factor, K, shown in Table 4. The adjustment factors have been 

derived assuming a coefficient of variation (COV) of 16% for all strength properties, except buckling 

strength where a COV of 11% is assumed. This table also outlines instances where other adjustment 

factors should be taken into consideration, such as a size factor and volume factor. Finally, member 

capacity is calculated using the reduced cross-section and accepted engineering procedures found in the 

NDS. The structural failure occurs when the load applied on the member exceeds the member capacity 

which has been reduced due to fire exposure. 

 

Table 4 Adjustment factors for fire design per TR10 [13] 
 

 F K 
Assumed 

COV 
Size 

Factor (1) 
Volume 
Factor (1) 

Flat Use 
Factor (1) 

Beam 
Stability 
Factor (2) 

Column 
Stability 
Factor (2) 

Bending 

Strength 
Fb 2.85 16% CF CV Cfu CL - 

Tensile 

Strength 
Ft 2.85 16% CF - - - - 

Compression 

Strength 
Fc 2.58 16% CF - - - CP 

Buckling 

Strength 
FE 2.03 11% - - - - - 

(1) Factor shall be based on initial cross-section dimensions. 
(2) Factor shall be based on reduced cross-section dimensions. 

 

There are special provisions for glulam bending members with a 1-hr fire-resistance, where one outer 

tension lamination is substituted for a core lamination on the tension side for unbalanced beams and on 

both sides for balanced beams.  For bending members with a rating of 1.5-hrs or 2-hrs, two outer tension 

laminations need to be substituted for 2 core laminations on the tension side for unbalanced beams and on 

both sides for balanced beams. 

 

According to the IBC [14], two methods can be used when designing in wood. The first, ASD, has been 

described previously. The second is the Load and Resistance Factor Design (LRFD). In this method 

reduced load combinations for so-called “extraordinary” events, such as a fire, are prescribed in ASCE 7 

[16] and should be used. The rationale for the reduced load combination prescribed in LRFD can be found 

in [17, 18]. It should be noted that LRFD is very similar to the limit states design used in Canada. They 

are both limit states reliability-based design methods. When using the NDS method, the applied stress for 

fire-resistance design is obtained from the following load combinations shown in equations 17 (for ASD) 

and 18 (for LRFD). 
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                          (17) 

 

                      (            ) (18) 

 

where D is the dead load and L is the occupancy load (live, snow or wind). 

 

Table 5 provides a summary of the above mentioned calculation methods, but also provides additional 

background on the Australian & New Zealand Codes. 

 

Table 5 Summary of reduction of member properties [5, 6, 4, 7, 19] 
 

Design method for 
fire-resistance 

Cross-section Method used 

NBCC 

(T.T. Lie) 

Reduced 

properties 

method 

 Limit States Design (5
th
 percentile strength values) 

 Strength reduction factor of  = 0.8 is used 

 Constant charring rate xc = t 

 Load combination: 1.25D + 1.5L 

Eurocode 5 

Reduced 

properties 

method 

 Limit States Design (20
th
 percentile strength values) 

 Strength reduction factor kf =   
 

 (    )
 

 Constant charring rate xc = t  
(increased by 10% if corner rounding is not modelled) 

 Load combination: 1.0D + L (with 0.2 ≤  ≤ 0.9) 

Effective 

cross-section 

method 

 Limit States Design (20
th
 percentile strength values) 

 Zero-strength layer 

d0 (mm) = (7/20) t    (for t ≤ 20 min) 

d0 (mm) = 7 mm       (for t > 20 min) 

 Constant charring rate xc = t + d0 

increased by 10% to account for corner rounding (xc = 

1.1 t) 

 Load combination: 1.0D + L (with 0.2 ≤  ≤ 0.9) 

NDS 

(TR 10) 

Effective 

cross-section 

method 

 Allowable Stress Design (50
th
 percentile strength values) 

 Varying charring rate increased by 20% 

eff = 1.2 n / t
0.187

 (in/hr) 

xc = efft = 1.2 n t
0.813

 

 Load combination: 1.0D + 1.0L 

Australian 

& 

New Zealand Codes 

Effective 

cross-section 

method 

 Limit States Design (5
th
 percentile strength values) 

 Zero-strength layer z (mm) = 7.5 mm 

 Constant charring rate 

= 0.47 + (280 / )² 

xc = t + 7.5 mm 

 Load combination: 1.0D + 0.4L (normal occupancies) or 

1.0D + 0.6L (storage occupancies) 
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3 Proposed Calculation Procedures to Determine 
Structural Fire-resistance of Massive Wood Members 

The following section presents two (2) calculation procedures for determining the fire-resistance of solid 

sawn timber, glulam or SCL structural members. Specified strengths and modulus of elasticity for solid 

sawn timber or glulam can be found in Tables 5.3.1C, 5.3.1D and Table 6.3 of CSA O86, respectively. 

Specified strengths and moduli of elasticity values for SCL can be found in their manufacturer’s CCMC 

evaluation reports. 

 

The FRR of solid sawn timber, glulam  and SCL can be calculated using the reduced (or effective) cross-

section method, which uses a reduced cross-section based on the charring rate and exposed time and an 

additional reduction in the cross-section to account for the heated zone similar to the European method. 

 

3.1 Structural Fire-Resistance Design Method – Option 1 

The first fire-resistance design procedure is somehow similar to the current design methods used in 

Europe, Australia, New Zealand and in United States under the LRFD method. It proposes using a 

reduced load combination for fire design and standard strength resistance values (same as those used in 

ambient/normal design). 

 

Calculation of the fire-resistance rating is outlined in the following 4 steps.  Since the calculation method 

is engineering based, and has been validated based on tests of up to 2 hours, it is recommended to limit 

the proposed calculation procedure for fire exposure not more than 2 hours. Beyond this fire exposure 

duration, the method is believed to be conservative based on the material properties and nature of char. As 

the char builds up the insulation will increase and char rates are expected to reduce. 

 

This methodology is developed for massive (thermally thick) wood members and is not appropriate for 

smaller members which exhibit a faster charring rate. Therefore, a minimum member dimension should 

be established.  The rational proposed is to use the minimum dimensions specified for heavy timber (i.e., 

89 mm for solid sawn, and 80 mm for glulam) with the objective being that within 15 minutes of 

exposure to a standard fire exposure, the member behaves as a semi-infinite solid with respect to 

conduction of heat into the wood.  A 15 minute exposure along with a notional charring rate of 0.8 

mm/min. for solid sawn members provides for a char depth of 12 mm on each side.  Knowing that the 

depth of heat penetration is between 30 to 35 mm [20, 21, 22], a minimum thickness of the member to 

ensure the rate of charring does not increase due to the material no longer being thermally thick would be 

84 to 94 mm.  Similarly for glulam which chars at a notional rate of 0.7 mm/min. the minimum thickness 

would be 81 to 91 mm.  Therefore, since these minimum thicknesses are very close to those required for 

heavy timber, it is suggested to use those values as minimum dimensions. 

 

This calculation procedure is an alternative design method to conducting fire-resistance tests in 

compliance with ULC S101, as prescribed in the NBCC, and to Appendix D-2.11 of the NBCC.  If 

another fire exposure is chosen, then a heat transfer analysis may be needed in order to determine the 

appropriate charring rate and the “zero-strength” layer. 

 

Step 1: Calculation of the char depth 
Calculate the depth of char based on a fixed charring rate multiplied by the duration of exposure (i.e. the 

desired fire-resistance rating).  The notional charring rate, βn, can be taken as 0.7 mm/min for glulam or 

0.8 mm/min for solid sawn timber as is specified in Eurocode 5 Part 1-2, Table 3.1 for beams and 

columns when corner rounding is not explicitly considered (also refer to Table 1 of this document). SCL 
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charring rates may be taken from the manufacturer literature. Based on small vertical furnace tests, White 

[23] concluded that that the char rates for SCL were comparable to those of solid-sawn lumber. 

 

In cases where one dimensional charring is likely to occur or where corner rounding of members is 

explicitly considered, the β0 charring rate can be used.  Otherwise the βn rate should be used. 

 

The depth of char can be calculated as follows: 

 

       (19) 

 

where xc is the depth of char in mm, β is the design charring rate (βo or βn) in mm/min and t is the 

duration of fire exposure in min. 

 

 

Step 2: Determination of effective residual cross-section 
The remaining cross-sectional depth, Dchar, is simply the original depth, D, minus the char depth. The 

depth of char is subtracted from all sides that are exposed to fire.  If the member is exposed on three sides 

(typical of a beam) then the depth of char is subtracted from the bottom, and from both sides. If the 

member is exposed on four sides (such as a column) then the depth of char is subtracted from all four 

sides. Most beams provide support to the fire-rated floor system, thus the top edge is usually not exposed 

to fire as shown in detail (b) from Figure 3. Beams and columns can also be entirely exposed on 4-sides 

while their sides can also be partially exposed as shown respectively in details (a) and (c) from Figure 3. 

 

 
a) b) c) 

 

Figure 3 Three- and four-sides fire exposure per Buchanan [20] 
 

The uncharred depth of the section for three sides exposed is calculated as the original depth minus the 

char depth. 

 

            (20) 

 

The uncharred depth of the section for four sides exposed: 

 

             (21) 

 

Again, the remaining cross-section width, Bchar, is simply the original width, B, minus the char depth.  The 

char width is subtracted from all sides that are exposed. 

 

             (22) 
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Figure 4 illustrates the remaining cross-section based on charring and a zero strength layer. 

 

 
 

Figure 4 Residual cross-section of a wood member exposed to fire 
 

Using the remaining cross-section depth and width calculated in Step 1, subtract an additional thickness to 

account for the loss of strength in the heated zone beneath the char front.  This reduction in depth, xt, 

should be taken as 7 mm for exposures greater than 20 minutes, as outlined in Eurocode 5 Part 1-2.  The 

justification for the 7 mm thickness is provided by Schaffer et al. [24]. If the exposure time is less than 20 

minutes, then the heated zone is to vary linearly from zero at time zero to a depth, xt, of 7 mm at 20 

minutes.  The zero strength layer accounts for corner rounding.  

 

The cross-sectional depth remaining for design under fire conditions, Dfire, for three sides exposed can be 

calculated as: 

 

                (23) 

 

The cross-sectional depth remaining for four sides exposed can be calculated as: 

 

                 (24) 

 

The design cross-section width remaining under fire conditions, Bfire can be calculated as: 

 

                 (25) 

 

Step 3: Calculation of structural resistance 
Using the reduced cross-section determined in Step 2, calculate the member resistance using the design 

values specified in CSA O86. The effective cross-section is assumed to maintain its properties for normal 

temperatures. In calculating the resistance in fire conditions, the load duration factor shall be taken as 

short-term (KD = 1.15) as fire exposure is always short [20]. 
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The calculation of the bending moment resistance, axial compressive resistance and axial tensile 

resistance has been split into Steps 3a, 3b and 3c respectively due to the different equations used. When 

performing a fire-resistance design, the adjustment factors shown in Table 6 shall apply in accordance 

with CSA O86. 

 

Table 6 Applicable adjustment factors in fire-resistance design – Option 1 
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Bending KD KH KS KT KX KZb - KL - 

Compression KD KH KS KT - KZc KC - - 

Tension KD KH KS KT - KZt - - - 

Shear KD KH KS KT - KZv - - KN 

MOE (E05) 
(Buckling) 

KD KH KS KT - - - - - 

MOE (E) 
(serviceability) 

KD KH KS KT - - - - - 

(1) Factor shall be based on initial cross-section dimensions. 
(2) Factor shall be based on reduced cross-section dimensions. 

 

The adjustment factors listed in Table 6 may not be applicable to all products when performing a fire-

resistance calculation. For example, in “normal” conditions, the size factor in tension (KZt) is not 

applicable to a glulam member. Therefore, it is also not applicable when evaluating the tensile resistance 

of a glulam beam exposed to fire. 

 

Step 3a: Calculation of the bending moment resistance 
The bending moment resistance of a solid sawn timber, glulam or SCL member can be calculated based 

on the factored bending strength and the effective section modulus.  The moment resistance can be 

calculated using the procedure in CSA O86. 

 

Special considerations for calculating the resistance of bending members under fire conditions using the 

relevant clauses of CSA O86 include: 

- Duration of load factor, KD, can be taken as 1.15 for short term loading (see Table 4.3.2.2 in CSA 

O86).  The short term duration of load factor is chosen based on the rationale that the fire 

exposure and resulting maximum stress condition in the reduced cross-section is an event that 

lasts on the order of a few minutes to a few hours.  Short term loading is specified in CSA O86 as 

a load that is not expected to last more than 7 days. 

- Effective section modulus is calculated based on the effective residual cross-section 

 

 
6

2

,
firefire

fieff

DB
S


  (26) 

 

where Seff,fi is the reduced effective section modulus per unit width in mm
3
. 

- Size factor, KZb and KZbg, shall be determined based on initial cross-section dimensions. Note that 

both Eurocode 5 and NDS methods also use the initial dimensions when determining the size 

factor in fire design. This is a conservative approach as the size factor increases with a reduction 

of the dimensions. 
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- Slenderness ratio, CB,fi, shall be calculated with the reduced cross-section dimensions. 

- Lateral stability factor for bending members, KL,fi, shall be determined based on the reduced 

cross-section dimensions. 

- Bending strength adjusted to short-term duration (Fb,fi = fb·KD·KH·KSb·KT) and modulus of 

elasticity shall be taken directly from appropriate tables from CSA O86. Both Eurocode 5 and 

NDS methods also use the reduced dimensions when determining the lateral stability factor in fire 

design. This is a realistic approach as the lateral stability factor tends to decrease with a reduction 

of the dimensions. 

- For glulam bending members with a 1 hour fire-resistance, one outer tension lamination is to be 

substituted for a core lamination on the tension side for unbalanced beams and on both sides for 

balanced beams.  For bending members with a rating of 1.5 hrs or 2 hrs, two outer tension 

laminations shall be substituted for 2 core laminations on the tension side for unbalanced beams 

and on both sides for balanced beams. 

 

As reported by Buchanan [20], beam lateral stability shall be verified in order to prevent buckling failure. 

No verification is required when the compression edge of the beam is entirely supported against lateral 

restraint by a fire-rated floor system such as an adequate heavy timber or glulam decking achieving at 

least the same FRR as the beam it is supporting. 

 

Note that the residual cross-section, neutral axis, moment of inertia and section modulus are continually 

changing during the fire exposure as the cross-section is being reduced.  Therefore, in cases where the 

fire-resistance may be the controlling design factor, it is recommended these calculations be completed in 

a spreadsheet so that bending moment resistance can be calculated as a function of time. 

 

An example of the calculation of the bending moment resistance of a beam is shown in Appendix I. 

 

Step 3b: Calculation of compressive resistance 
The compressive resistance of a solid sawn timber, glulam or SCL member can be calculated based on the 

factored compressive strength of the wood, the cross-sectional area and the slenderness.  The compressive 

resistance can be calculated using the procedure in CSA O86. 

 

Special considerations for calculating the resistance of compressive members under fire conditions using 

the relevant clauses of CSA O86 include: 

- Duration of load factor, KD, can be taken as 1.15 for short term loading (see Table 4.3.2.2 in CSA 

O86) 

- Effective cross-section is calculated based on the effective residual dimensions 

 

 firefirefieff DBA ,  (27) 

 

where Aeff,fi is the reduced effective cross-section in mm
2
. 

- Size factors, KZc and KZcg, shall be determined based on initial cross-section dimensions. 

- Slenderness ratio, CB,fi, shall be calculated with the reduced cross-section dimensions. 

- Slenderness factor for compressive members, KC,fi, shall be determined based on the reduced 

cross-section dimensions along with the compressive strength adjusted to short-term duration 

(Fc,fi = fc·KD·KH·KSb·KT) and the average modulus of elasticity directly taken from appropriate 

tables from CSA O86. 

 

Note that the residual cross-section and slenderness ratio are continually changing during the fire 

exposure as the cross-section is being reduced.  Therefore, in cases where the fire-resistance may be the 
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controlling design factor, it is recommended these calculations be completed in a spreadsheet so that 

compressive resistance can be calculated as a function of time. 

 

An example showing the calculation of the compressive resistance of a column is shown in Appendix I. 

 

Step 3c: Calculation of axial tensile resistance 
The axial tensile resistance of a solid sawn timber, glulam or SCL member can be calculated based on the 

factored tensile strength of the wood, the cross-sectional area and the appropriate length factor.  The 

tensile resistance can be calculated using the procedure in CSA O86. 

 

Special considerations for calculating the resistance of axially loaded members under fire conditions 

using the relevant clauses of CSA O86 include: 

- Duration of load factor, KD, can be taken as 1.15 for short term loading (see Table 4.3.2.2 in CSA 

O86). 

- Effective cross-section is calculated based on the reduced cross-section. 

- Size factor, KZt, shall be determined based on initial cross-section dimensions. 

- Tensile strength adjusted to short-term duration (Ft,fi = ft·Kfi·KD·KH·KSt·KT). 

 

Note that the residual cross-section is continually changing during the fire exposure as the cross-section is 

being reduced.  Therefore, in cases where the fire-resistance may be the controlling design factor, it is 

recommended these calculations be completed in a spreadsheet so that axial tensile resistance can be 

calculated as a function of time. 

 

An example showing the calculation of the axial tensile resistance of a solid-sawn timber is shown in 

Appendix I. 

 

Step 4: Comparison of residual resistance to calculated load 
Compare the calculated resistance of the structural member to the appropriate load. Based on judgment by 

the qualified design professionals, the calculation of the fire-resistance of structural elements from a 

rational design (i.e. based on charring rate) may be based on the reduced load factors found in 

Commentary A, Section 25 of the NBCC User Guide – Part 4 Commentary [25], which is based on the 

work conducted by Ellingwood [17, 18] and also referenced in the IBC and the SFPE Handbook [26] for 

designing under the LRFD method. 

 

                  (           ) (28) 

 

where  = 1.0 for storage areas, equipment areas and service rooms, and  = 0.5 for other occupancies, 

and TS can be taken as zero for statically determinate structures or for structures that have sufficient 

ductility to allow the redistribution of temperature forces before collapse. 

 

Provided the structural resistance of the remaining cross-section is greater than the effects induced by the 

design load shown in Equation 28 the fire-resistance of the member will be equal or greater than that of 

the duration used in determining the remaining cross-section. 

 

Finally, beam shear resistance and deflections can also be calculated using the reduced cross-section 

method and appropriate load combinations for fire-resistance design. Serviceability limit states, such as 

deflections, are usually not as much a concern as ultimate limit states (i.e. strengths) during fire design 

considerations [20]. 
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3.2 Structural Fire-Resistance Design Method – Option 2 

The second proposed fire-resistance design procedure is somewhat similar to the current design method 

used in the United States under the ASD method. It proposes using a full loading combination (specified 

loads) for fire design and adjusted strength resistance values to their mean values (50
th
 percentile). 

 

Similarly to Option 1 described in subsection 3.1, this second option is also conservatively limited to fire 

exposure not more than 2 hours as well as for massive wood members of minimum dimensions specified 

for heavy timber (i.e., 89 mm for solid sawn, and 80 mm for glulam). This calculation procedure is 

another alternative design method to conducting fire-resistance tests in compliance with ULC S101, as 

prescribed in the NBCC, and to Appendix D-2.11 of the NBCC.  If another fire exposure is chosen, then a 

heat transfer analysis may be needed in order to determine the appropriate charring rate and the “zero-

strength” layer. 

 

Step 1: Calculation of the char depth 
Calculate the depth of char in accordance with Step 1 described in subsection 3.1. 

 

Step 2: Determination of effective residual cross-section 
Calculate the effective residual cross-section in accordance with Step 2 described in subsection 3.1. 

 

Step 3: Calculation of structural resistance 
Using the reduced cross-section determined in Step 2, calculate the member resistance using the design 

values specified in CSA O86 adjusted to the 50
th
 percentile values (mean values). The effective cross-

section is assumed to maintain its properties for normal temperatures. In calculating the resistance in fire 

conditions, the load duration factor shall be taken as short-term (KD = 1.15) as fire exposure is always 

short [20]. 

 

Lumber products may exhibit different coefficients of variation (COV) which greatly depend on their 

primary resource. As such, it is expected that engineered wood products (e.g. glued laminated timber and 

structural composite lumber) have lower COVs than solid sawn timber as most natural defects and growth 

characteristics are purged from the manufacturing process. Table 7 shows various COV assigned to 

lumber and engineered wood products. 

 

Parametric analyses are typically used to establish 5
th
 percentile tolerance limits with a 75% confidence 

level. Strength properties such as bending, tension, compression and shear are derived with this 

parametric analysis (deriving a 5
th

 percentile) while modulus of elasticity (E) is derived from the mean 

values (i.e. average value or 50th percentile). ASTM D2915 Standard Practice for Sampling and Data 

Analysis for Structural Wood and Wood-Based Products [15] provides a methodology for estimating the 

parametric tolerance limit (PTL or p
th
 percentile) for a normal distribution as follows: 

 

      ̅      ̅  (       ) (29) 

 

where  ̅ is the test data average value, K is a factor for one-sided tolerance limits for normal distributions, 

  is the standard deviation and COV is the coefficient of variation. K values for various PTL can be found 

in Table 8. 
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Table 7 Lumber products COV 
 

Product COV (%) 
Visually graded sawn lumber 

 Bending 

 MOE 

 

32
 (1)

 

25
 (2)

 

Beam & Stringer timber 

 Bending 

 MOE 

 

20
 (3)

 

18
 (3)

 

Machine evaluated lumber (MEL) 

 MOE 

 

15
 (2)

 

Machine stress rated lumber (MSR) 

 MOE 

 

11
 (2)

 

Glued laminated timber 

 Bending 

 MOE 

 

16
 (1)

 

10
 (2)

 

Laminated Veneer Lumber (LVL) 10
 (4)

 
(1) Taken from Schaffer et al. [24]. 
(2) Taken from Appendix F of NDS [7]. 
(3) Taken from Chen et al. [27]. 

(4) Taken from APA Engineered Wood Handbook [28]. 

 

 

Table 8 K Factors for One-Sided Tolerance Limits for Normal Distributions 
 

PTL (with 75% confidence) K 
1

st
 percentile 2.326 

5
th
 percentile 1.645 

10
th
 percentile 1.282 

20
th
 percentile 0.842 

25
th
 percentile 0.674 

50
th
 percentile 0.000 

 

Using a strength adjustment from a COV of 16% (                  ) combined with the bending 

reduction factor of 2.1 as prescribed in ASTM D2915 provides a conversion factor of 2.85 (2.1 / 0.737) to 

relate the mean value to the 5
th
 percentile, which is the conversion factor prescribed in the Technical 

Report 10 (see Table 4). 

 

Furthermore, by using the statistical principles described in ASTM D2915 and the strength adjustment 

factors from the Eurocode 5 (see Table 2), one can verify that the assumed COV is 21% for solid timber, 

14% for glued laminated timber and 11% for LVL, which are, for the most part, in accordance with the 

values shown in Table 7. 

 

Therefore, based on the lumber products COV shown in Table 7, the strength adjustment factor Kfi can be 

taken as shown in Table 9 and added to the other applicable adjustment factors for fire-resistance design, 

as shown in Table 10. 
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Table 9 Strength adjusment factor for the proposed method – Option 2 (Kfi) 
 

Product COV (%)  ̅ to 5th percentile 
(A) 

5th to 50th percentile 
Kfi (= 1 / A) (1) 

Solid-sawn timber 20 0.671 1.50 

Glued laminated timber 15 0.753 1.35 

Structural Composite Lumber 12
 (2)

 0.803 1.25 
(1) Rounded to the nearest 0.05 value. 

(2) From quality control values of SCL manufacturers [29, 30]. 

 

 

Table 10 Applicable adjustment factors in fire-resistance design – Option 2 
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Bending Kfi KD KH KS KT KX KZb - KL - 

Compression Kfi KD KH KS KT - KZc KC - - 

Tension Kfi KD KH KS KT - KZt - - - 

Shear Kfi KD KH KS KT - KZv - - KN 

MOE (E05) 
(Buckling) 

Kfi KD KH KS KT - - - - - 

MOE (E) 
(serviceability) 

- 
KD KH KS KT - - - - - 

(1) Factor shall be based on initial cross-section dimensions. 
(2) Factor shall be based on reduced cross-section dimensions. 

 

 

Step 3a: Calculation of the bending moment resistance 
The calculation of the bending moment resistance shall be made in accordance with Step 3a described in 

subsection 3.1. In addition, the lateral stability factor for bending members, KL,fi, shall be determined 

based on the reduced cross-section dimensions, the bending strength adjusted to the 50
th
 percentile (Fb,fi = 

fb·Kfi·KD·KH·KSb·KT) and the average modulus of elasticity (thus E as defined and directly taken from 

appropriate tables from CSA O86). Also, the resistance factor (φ) is set to unity, similarly to the 

philosophy of Eurocode 5. 

 

Both Eurocode 5 and NDS methods also use the reduced dimensions when determining the lateral 

stability factor in fire design. This is a realistic approach as the lateral stability factor tends to decrease 

with a reduction of the dimension. 

 

An example of the calculation of the bending moment resistance of a beam is shown in Appendix I. 

 

Step 3b: Calculation of compressive resistance 
The calculation of the compressive resistance shall be made in accordance with Step 3b described in 

subsection 3.1. In addition, the slenderness factor for compressive members, KC,fi, shall be determined 
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based on the reduced cross-section dimensions along with the compressive strength adjusted to the 50
th
 

percentile (Fc,fi = fc·Kfi·KD·KH·KSb·KT) and the average modulus of elasticity (thus E as defined and directly 

taken from appropriate tables from CSA O86. Also, the resistance factor (φ) is set to unity, similarly to 

the philosophy of Eurocode 5. 

 

An example showing the calculation of the compressive resistance of a column is shown in Appendix I. 

 

Step 3c: Calculation of axial tensile resistance 
The calculation of the tensile resistance shall be made in accordance with Step 3c described in subsection 

3.1. In addition, the tensile strength adjusted to the 50
th
 percentile (Ft,fi = ft·Kfi·KD·KH·KSt·KT). Also, the 

resistance factor (φ) is set to unity, similarly to the philosophy of Eurocode 5. 

 

An example showing the calculation of the axial tensile resistance of a solid-sawn timber is shown in 

Appendix I. 

 

Step 4: Comparison of residual resistance to calculated load 
According to the User’s Guide – NBC 2010 Structural Commentary (Part 4 of Division B) [25], seismic 

and fire events are considered rare occurrences. As such, principal load factors (Gi and Qi) for rare 

loads, as with seismic and fire design, can be set to unity because of their low annual probability of 

occurrence. Thereby, load combination #5 from Table 4.1.3.2.A of NBCC may be applied as shown in 

equation 30. 

 

                          (30) 

 

where D is the dead load and L is the occupancy load (live, snow or wind). 

 

Provided the structural resistance of the remaining cross-section is greater than the effects induced by the 

design load shown in Equation 25, the fire-resistance of the member will be equal or greater than that of 

the duration used in determining the remaining cross-section. 

 

4 Comparison of Proposed Calculation Methods to 
Experimental Results 

The American Wood Council produced TR 10 [13] which summarizes various fire tests conducted on 

glulam when loaded in bending, compression and tension. Simpson [10] also provides additional 

information in regards to the test specimens used in TR10 such as the numerical values for the effective 

lengths (Le) used in the lateral stability factor calculation. Furthermore, additional test data on SCL have 

been taken from White [23] when comparing the results for loading in tension. 

 

4.1 Bending 

The size, effective and full lengths, ultimate bending strength (50
th
 percentile value), applied bending 

moment and stress ratio for each test listed in TR10 can be found in Table 11. Table 12 compares 

experimental failure times to the predictions of the five different calculation methods, the NBCC, the 

Eurocode 5 and the NDS methods as well as to the two methods proposed herein. The stress ratio 

indicated is the applied bending moment divided by the allowable bending strength in accordance with 

NDS method, multiplied by 100. 
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Table 11 Details of bending test experiments 
 

Specimen 
Name 

B 
(mm) 

D 
(mm) 

Le 
(mm) 

L 
(mm) 

Fb-50th 

(MPa) 

Applied 
Moment 
(kN·m) 

Allowable 
Stress Ratio 

(%) 

TRADA-80 140 229 7 008 3 809 51.9 13.3 80 

NFoPA - 72 222 420 9 930 5 397 47.2 75.7 72 

AF&PA-27 222 420 2 650 4 732 47.2 25.6 27 

AF&PA-44 222 420 2 650 4 732 47.2 41.6 44 

AF&PA-91 222 420 2 650 4 732 47.2 88.2 91 

FCNSW-BB 150 420 2 246 4 011 50.0 101.4 46 

FCNSW-RP 150 420 2 246 4 011 35.9 27.8 18 

SCL 1 (1) 200 406 3 962 3 657 (1) (1) 100 

SCL 2 (1) 225 300 3 962 3 657 (1) (1) 100 
(1) Additional test data have been provided in order to evaluate the fire-resistance of a structural composite 

lumber where test data have been gathered from the product evaluation reports and their proprietary fire test 

reports (to be kept confidential). 

 

Table 12 Measured and calculated beam fire-resistance times 
 

Specimen 
Name 

Measured 
fire-resistance 

time 
(min) 

Calculated fire-resistance time  
(min) 

NBCC NDS EC5 
Proposed 
Method 

- Option 1 - 

Proposed 
Method 

- Option 2 - 
TRADA-80 53 51 (-4%) 52 (-2%) 51 (-4%) 48 (-9%) 40 (-25%) 

NFoPA - 72 86 86 (0%) 84 (-2%) 80 (-7%) 77 (-10%) 63 (-27%) 

AF&PA-27 147 100 (-32%) 134 (-9%) 116 (-21%) 115 (-22%) 109 (-26%) 

AF&PA-44 114 100 (-12%) 125 (10%) 111 (-3%) 110 (-4%) 102 (-11%) 

AF&PA-91 85 79 (-7%) 92 (8%) 98 (15%) 96 (13%) 84 (-1%) 

FCNSW-BB 59 71 (20%) 41 (-31%) 53 (-10%) 45 (-24%) 35 (-41%) 

FCNSW-RP 67 71 (6%) 72 (7%) 68 (1%) 58 (-13%) 53 (-21%) 

SCL 1 (1) 99 70 (-29%) 72 (-27%) 94 (-5%) 91 (-8%) 78 (-21%) 

SCL 2 (1) 112 73 (-35%) 73 (-35%) 101 (-10%) 96 (-14%) 77 (-31%) 

Average -10% -9% -5% -10% -23% 

COV 19% 18% 10% 11% 11% 
(1) Additional test data have been provided in order to evaluate the fire-resistance of structural composite lumber where 

test data have been gathered from the product evaluation reports and their proprietary fire test reports (to be kept 

confidential). 

 

 

Figure 5 and Figure 6 show fire-resistance time for beams using the proposed calculation methods. The 

linear regression slopes and regression coefficients (R²) are very similar in both Options 1 and 2, being 

0.804 (R² = 0.860) and 0.790 (R² = 0.856) respectively. It can be seen that Option 1 seems to predict fire-

resistance times that are closer to those determined from tests, while Option 2 seems to be more 

conservative.  
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Figure 5 Bending – Comparison of predicted (Option 1) to observed failure time 
 

 

 
 

Figure 6 Bending – Comparison of predicted (Option 2) to observed failure time 
 

 

Furthermore, the obtained values indicate that the current NBCC (T.T. Lie) method seem to under-

estimate the fire-resistance for beams exposed to fire for more than 70 minutes (Figure 7). Figure 8 and 
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Figure 9 show that the NBCC (T.T. Lie) method seems to over-predict the fire-resistance for short 

exposure to fire (70 minutes or less) when compared to the proposed methods. 

 

 
 

Figure 7 Bending – Comparison of predicted (NBCC) to observed failure time 
 

 
 

Figure 8 Bending – Comparison of predicted (NBCC) to predicted failure time (Option 1) 
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Figure 9 Bending – Comparison of predicted (NBCC) to predicted failure time (Option 2) 
 

 

4.2 Axial compression 

Similar to the bending moment resistance tests, Table 13 lists column tests that were conducted and Table 

14 summarizes the experimental results compared to calculations.  Again, experimental results are 

compared to the predictions of three calculation methods as well as those proposed in this report. The 

stress ratio indicated is the applied axial compressive load divided by the allowable compressive strength 

in accordance with NDS method, multiplied by 100. 

 

Table 13 Details of axial compression test experiments 
 

Specimen 
Name 

B 
(mm) 

D 
(mm) 

Le 
(mm) 

Fc-50th 
(MPa) 

MOE 
(MPa) 

Applied 
Compressive 

Load 
(kN) 

Allowable 
Stress Ratio 

(%) 

CSTB44 180 200 2 286 17.7 11 000 177 100 

CSTB45 180 200 2 286 17.7 11 000 177 100 

R14A 140 140 3 658 50.8 17 200 85 100 

R14B 140 140 3 658 50.8 15 900 85 100 

R14C 140 140 3 658 56 16 500 42.4 50 

R14D 140 140 3 658 51.4 15 200 62.5 75 

H14A 140 140 3 658 55.5 13 800 84.6 100 

H14B 140 140 3 658 52.8 16 500 84.6 100 

H14C 140 140 3 658 56.1 16 500 42.4 50 

H14D 140 140 3 658 51.4 15 200 63.5 75 

H14/24A 140 240 3 658 43.0 11 700 145.1 100 

H14/24B 140 240 3 658 42.5 11 000 145.1 100 

H14/30A 140 300 3 658 47.7 11 700 181.4 100 

H14/30B 140 300 3 658 59.9 18 600 90.7 50 

H14/30C 140 300 3 658 49.4 12 400 90.7 50 
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H14/40 140 400 3 658 46.0 11 000 241.2 100 

R15A 150 150 3 658 41.3 12 400 106.9 100 

R15B 150 150 3 658 41.2 12 400 106.9 100 

H15A 150 150 3 658 44.9 13 100 106.9 100 

H15B 150 150 3 658 40.5 11 700 106.9 100 

R16 160 160 3 658 30.0 9 000 130.9 100 

H16A 160 160 3 658 39.5 11 700 130.9 100 

H16B 160 160 3 658 45.5 13 100 130.9 100 

R16/30 160 300 3 658 41.0 10 300 122.6 50 

H16/30A 160 300 3 658 43.0 11 000 245.2 100 

H16/30B 160 300 3 658 46.0 11 700 245.2 100 

H16/30C 160 300 3 658 44.6 11 000 245.2 100 

H16/30D 160 300 3 658 39.4 10 300 122.6 50 

R20A 200 200 3 658 40.9 11 000 251.1 100 

R20B 200 200 3 658 45.9 11 700 251.1 100 

R20C 200 200 3 658 62.1 15 200 125.5 50 

R20D 200 200 3 658 39.2 11 000 125.5 50 

H20A 200 200 3 658 40.7 11 700 251.1 100 

H20B 200 200 3 658 41.6 12 400 251.1 100 

H20C 200 200 3 658 59.8 14 500 125.5 50 

H20D 200 200 3 658 50.8 13 800 125.5 50 

H20/40A 200 400 3 658 45.9 11 000 502.1 100 

H20/40B 200 400 3 658 37.4 9 000 502.1 100 

H24A 240 240 3 658 38.9 10 300 400.1 100 

H24B 240 240 3 658 45.6 12 400 400.1 100 

H26A 260 260 3 658 43.8 11 700 492.3 100 

H26B 260 260 3 658 38.5 10 300 492.3 100 

R27A 270 270 3 658 36.0 9 000 538.4 100 

R27B 270 270 3 658 38.0 11 000 538.4 100 

R27C 270 270 3 658 43.0 11 000 538.4 100 

H27A 270 270 3 658 42.9 13 100 538.4 100 

H27B 270 270 3 658 37.6 9 700 538.4 100 

H27C 270 270 3 658 42.6 11 000 538.4 100 

H28A 280 280 3 658 40.0 10 300 591.3 100 

H28B 280 280 3 658 43.1 11 000 591.3 100 

H40 400 400 3 658 39.0 9 700 1372.9 100 

FU1 230 230 2 083 35.8 11 700 320.2 75 

FR3 142 381 2 083 35.8 11 700 160.1 50 

FP4 230 230 2 083 35.8 11 700 640.4 100 

HU5 230 230 2 083 30.7 10 300 138.0 75 

HR7 175 305 2 083 30.7 10 300 276.1 75 

HP8 230 230 2 083 30.7 10 300 276.1 50 

RU9 142 381 2 083 27.3 8 300 245.7 50 

RR11 230 230 2 083 27.3 8 300 491.3 100 

RP12 175 305 2 083 27.3 8 300 122.8 25 

CU13 175 305 2 083 22.2 6 900 398.2 100 

CR15 230 230 2 083 22.2 6 900 200.0 50 

CP16 142 381 2 083 22.2 6 900 200.0 50 

SCL (1) 267 267 3 810 (1) (1) (1) 100 
(1) Additional test data has been provided in order to evaluate the fire-resistance of a structural composite lumber where 

test data has been gathered from the product evaluation report and its proprietary fire test report (to be kept 

confidential). 
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Table 14 Measured and  calculated column fire-resistance times 
 

Specimen 
Name 

Measured 
fire-resistance 

time 
(min) 

Calculated fire-resistance time 
(min) 

NBCC NDS EC5 

Proposed 
Method 

- Option 1 - 

Proposed 
Method 

- Option 2 - 
CSTB44 48 38 (-21%) 45 (-6%) 57 (19%) 47 (-2%) 39 (-19%) 

CSTB45 48 38 (-21%) 45 (-6%) 57 (19%) 47 (-2%) 39 (-19%) 

R14A 29 28 (-3%) 25 (-14%) 31 (7%) 25 (-14%) 21 (-28%) 

R14B 21 28 (33%) 24 (14%) 30 (43%) 24 (14%) 20 (-5%) 

R14C 36 36 (0%) 36 (0%) 40 (11%) 34 (-6%) 30 (-17%) 

R14D 29 31 (7%) 28 (-3%) 34 (17%) 28 (-3%) 24 (-17%) 

H14A 26 28 (8%) 22 (-15%) 28 (8%) 23 (-12%) 19 (-27%) 

H14B 27 28 (4%) 25 (-7%) 31 (15%) 25 (-7%) 20 (-26%) 

H14C 43 36 (-16%) 36 (-16%) 40 (-7%) 34 (-21%) 30 (-30%) 

H14D 34 31 (-9%) 28 (-18%) 34 (0%) 28 (-18%) 24 (-29%) 

H14/24A 35 34 (-3%) 21 (-40%) 29 (-17%) 23 (-34%) 18 (-49%) 

H14/24B 32 34 (6%) 21 (-34%) 28 (-13%) 22 (-31%) 18 (-44%) 

H14/30A 39 35 (-10%) 23 (-41%) 30 (-23%) 24 (-38%) 19 (-51%) 

H14/30B 59 46 (-22%) 43 (-27%) 48 (-19%) 40 (-32%) 36 (-39%) 

H14/30C 53 46 (-13%) 36 (-32%) 42 (-21%) 35 (-34%) 31 (-42%) 

H14/40 43 37 (-14%) 22 (-49%) 30 (-30%) 23 (-47%) 19 (-56%) 

R15A 26 30 (15%) 22 (-15%) 30 (15%) 24 (-8%) 19 (-27%) 

R15B 27 30 (11%) 22 (-19%) 30 (11%) 24 (-11%) 19 (-30%) 

H15A 31 30 (-3%) 23 (-26%) 30 (-3%) 25 (-19%) 20 (-35%) 

H15B 30 30 (0%) 22 (-27%) 29 (-3%) 23 (-23%) 19 (-37%) 

R16 30 32 (7%) 18 (-40%) 27 (-10%) 22 (-27%) 17 (-43%) 

H16A 31 32 (3%) 23 (-26%) 32 (3%) 27 (-13%) 21 (-32%) 

H16B 37 32 (-14%) 26 (-30%) 34 (-8%) 29 (-22%) 24 (-35%) 

R16/30 58 51 (-12%) 41 (-29%) 48 (-17%) 41 (-29%) 36 (-38%) 

H16/30A 40 39 (-3%) 26 (-35%) 36 (-10%) 30 (-25%) 24 (-40%) 

H16/30B 52 39 (-25%) 28 (-46%) 37 (-29%) 31 (-40%) 25 (-52%) 

H16/30C 45 39 (-13%) 27 (-40%) 36 (-20%) 30 (-33%) 24 (-47%) 

H16/30D 57 51 (-11%) 40 (-30%) 48 (-16%) 41 (-28%) 36 (-37%) 

R20A 34 40 (18%) 35 (3%) 47 (38%) 41 (21%) 35 (3%) 

R20B 48 40 (-17%) 37 (-23%) 48 (0%) 43 (-10%) 37 (-23%) 

R20C 64 52 (-19%) 61 (-5%) 66 (3%) 61 (-5%) 56 (-13%) 

R20D 61 52 (-15%) 53 (-13%) 60 (-2%) 55 (-10%) 50 (-18%) 

H20A 42 40 (-5%) 37 (-12%) 48 (14%) 42 (0%) 36 (-14%) 

H20B 43 40 (-7%) 38 (-12%) 49 (14%) 43 (0%) 37 (-14%) 

H20C 60 52 (-13%) 59 (-2%) 65 (8%) 60 (0%) 55 (-8%) 

H20D 52 52 (0%) 58 (12%) 64 (23%) 59 (13%) 54 (4%) 

H20/40A 65 50 (-23%) 41 (-37%) 54 (-17%) 48 (-26%) 41 (-37%) 

H20/40B 74 50 (-32%) 35 (-53%) 49 (-34%) 43 (-42%) 35 (-53%) 

H24A 60 48 (-20%) 50 (-17%) 63 (5%) 56 (-7%) 49 (-18%) 

H24B 56 48 (-14%) 55 (-2%) 67 (20%) 61 (9%) 54 (-4%) 

H26A 62 52 (-16%) 62 (0%) 75 (21%) 68 (10%) 60 (-3%) 

H26B 62 52 (-16%) 57 (-8%) 71 (15%) 64 (3%) 56 (-10%) 

R27A 57 54 (-5%) 56 (-2%) 72 (26%) 65 (14%) 56 (-2%) 

R27B 54 54 (0%) 64 (19%) 78 (44%) 69 (28%) 61 (13%) 

R27C 76 54 (-29%) 65 (-14%) 78 (3%) 71 (-7%) 63 (-17%) 

H27A 59 54 (-8%) 70 (19%) 82 (39%) 74 (25%) 66 (12%) 

H27B 56 54 (-4%) 60 (7%) 74 (32%) 67 (20%) 58 (4%) 

H27C 71 54 (-24%) 65 (-8%) 78 (10%) 71 (0%) 63 (-11%) 

H28A 59 56 (-5%) 67 (14%) 81 (37%) 73 (24%) 64 (8%) 

H28B 67 56 (-16%) 70 (4%) 83 (24%) 75 (12%) 67 (0%) 

H40 114 96 (-16%) 123 (8%) 137 (20%) 117 (3%) 105 (-8%) 
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FU1 55 60 (9%) 77 (40%) 84 (53%) 77 (40%) 71 (29%) 

FR3 74 48 (-35%) 49 (-34%) 54 (-27%) 50 (-32%) 46 (-38%) 

FP4 45 55 (22%) 51 (13%) 69 (53%) 56 (24%) 48 (7%) 

HU5 73 60 (-18%) 96 (32%) 96 (32%) 91 (25%) 87 (19%) 

HR7 49 55 (12%) 54 (10%) 62 (27%) 57 (16%) 52 (6%) 

HP8 69 69 (0%) 77 (12%) 84 (22%) 77 (12%) 71 (3%) 

RU9 47 48 (2%) 35 (-26%) 44 (-6%) 40 (-15%) 35 (-26%) 

RR11 45 55 (22%) 50 (11%) 67 (49%) 55 (22%) 47 (4%) 

RP12 76 64 (-16%) 68 (-11%) 71 (-7%) 67 (-12%) 63 (-17%) 

CU13 35 51 (46%) 35 (0%) 48 (37%) 40 (14%) 34 (-3%) 

CR15 43 69 (60%) 76 (77%) 83 (93%) 76 (77%) 70 (63%) 

CP16 39 48 (23%) 36 (-8%) 44 (13%) 40 (3%) 35 (-10%) 

SCL (1) 59 53 (-10%) 35 (-41%) 56 (-5%) 47 (-20%) 34 (-42%) 

Average -5% -11% 9% -5% -18% 

COV 18% 23% 24% 23% 22% 
(1) Additional test data have been provided in order to evaluate the fire-resistance of structural composite lumber where 

test data have been gathered from the product evaluation reports and their proprietary fire test reports (to be kept 

confidential). 

 

Figure 10 and Figure 11 show the fire-resistance time for columns using the proposed calculation 

methods. The linear regression slopes and regression coefficients (R²) are very similar in both option 1 

and 2, being 1.010 (R² = 0.680) and 0.95 (R² = 0.668) respectively. It can be seen that Option 1 seems to 

predict more accurate fire-resistance times, while Option 2 seems to be more conservative. 

 

 
 

Figure 10 Axial compression  - Comparison of predicted (Option 1) to observed failure time 
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Figure 11 Axial compression  - Comparison of predicted (Option 2) to observed failure time 
 

Furthermore, the obtained values indicate that the current NBCC (T.T. Lie) method seem to gradually 

under-estimate the fire-resistance of columns exposed to fire for more than 55 to 60 minutes (Figure 12). 

Figure 13 and Figure 14 show that the NBCC (T.T. Lie) method seems to over-predict the fire-resistance 

for short exposure to fire (55 minutes or less) and under-estimate it for longer exposure, when compared 

to the proposed methods. There would thereby be a benefit for using such proposed mechanics-based 

design methods for fire-resistance of 1 hour and greater. 
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Figure 12 Axial compression – Comparison of predicted (NBCC) to observed failure time 
 

 
 

Figure 13 Axial compression – Comparison of predicted (NBCC) to predicted failure time 

(Option 1) 
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Figure 14 Axial compression – Comparison of predicted (NBCC) to predicted failure time 

(Option 2) 
 

 

4.3 Tension 

Similar to the bending moment and axial compression resistance tests, Table 15 lists axial tension 

experiments that were conducted and Table 16 summarizes the experimental results compared to 

calculations.  Again, experimental results are compared to the predictions of three calculation methods as 

well as those proposed in this report. It is important to remember that the NBCC method does not provide 

any guidance for members subjected to tensile load, thus is not applicable to members stressed in tension. 

The stress ratio indicated is the applied axial tensile load divided by the allowable tensile strength in 

accordance with the NDS method, multiplied by 100. 
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Table 15 Details of axial tension experiments 
 

Specimen Name 
B 

(mm) 
D 

(mm) 
L 

(mm) 
Ft-50th 
(MPa) 

Ft-5th (ASD) 
(MPa) 

Applied 
Tensile 
Load 
(kN) 

Allowable 
Stress 
Ratio 
(%) 

Lumber 4x6 86 135 3 007 14.69 - 13.4 20 

Glulam 5⅛ x 9 128 224 1 829 31.44 - 153.0 44 

Glulam 8¾ x 9 222 217 1 829 31.44 - 87.1 15 

LSL (Yellow Poplar) 89 233 1 800 (1) - 12.11 (1) 89.6 36 

LVL (Aspen) 42 242 1 800 (1) - 10.21 (1) 66.8 64 

LVL (D-Fir) 3 135 241 1 800 (1) - 13.76 (1) 113.8 25 

LVL (D-Fir) 4 178 239 1 800 (1) - 13.76 (1) 176.7 30 

LVL (D-Fir) 5 43 240 1 800 (1) - 11.14 (1) 9.0 8 

LVL (D-Fir) 6 90 240 1 800 (1) - 12.45 (1) 88.7 33 

LVL (D-Fir) 7 128 235 1 800 (1) - 12.45 (1) 90.3 24 

LVL (D-Fir) 8 178 234 1 800 (1) - 12.65 (1) 176.2 33 

LVL (Eucalyptus) 41 239 1 800 (1) - 16.55 (1) 44.5 28 

LVL (SYP) 10 45 239 1 800 (1) - 16.08 (1) 44.4 26 

LVL (SYP) 11 169 233 1 800 (1) - 13.75 (1) 179.2 33 

LVL (Yellow Poplar) 44 230 1 800 (1) - 14.65 (1) 67.5 46 

PSL (D-Fir) 176 251 1 800 (1) - 15.50 (1) 176.7 26 
(1) As reported by White [23], the allowable tensile design values were obtained directly from the manufacturer, or their 

literature, and adjustment for length were made for a span of 1800 m. 

 

Table 16 Measured and  calculated axial tension fire-resistance times 
 

Specimen Name 

Measured 
fire-resistance 

time 
(min) 

Calculated fire-resistance time 
(min) 

NBCC NDS EC5 
Proposed 
Method 

- Option 1 - 

Proposed 
Method 

- Option 2 - 
Lumber 4x6 42 n/a 44 (5%) 40 (-5%) 39 (-7%) 39 (-7%) 

Glulam 5⅛ x 9 58 n/a 60 (3%) 65 (12%) 63 (9%) 58 (0%) 

Glulam 8¾ x 9 124 n/a 126 (2%) 119 (-4%) 116 (-6%) 111 (-10%) 

LSL (Yellow Poplar) 35.3 n/a 44.8 (27%) 46 (30%) 45 (27%) 42 (19%) 

LVL (Aspen) 13.0 n/a 14.6 (12%) 16 (23%) 16 (23%) 15 (15%) 

LVL (D-Fir) 3 72.7 n/a 73.6 (1%) 75 (3%) 75 (3%) 71 (-2%) 

LVL (D-Fir) 4 77.3 n/a 92.0 (19%) 95 (23%) 94 (22%) 87 (13%) 

LVL (D-Fir) 5 20.9 n/a 22.7 (9%) 20 (-4%) 20 (-4%) 19 (-9%) 

LVL (D-Fir) 6 46.4 n/a 46.9 (1%) 47 (1%) 46 (-1%) 44 (-5%) 

LVL (D-Fir) 7 68.5 n/a 73.7 (8%) 72 (5%) 71 (4%) 67 (-2%) 

LVL (D-Fir) 8 86.2 n/a 94.0 (9%) 93 (8%) 92 (7%) 84 (-3%) 

LVL (Eucalyptus) 17.6 n/a 19.9 (13%) 18 (2%) 18 (2%) 17 (-3%) 

LVL (SYP) 10 18.2 n/a 19.2 (5%) 19 (4%) 19 (4%) 19 (4%) 

LVL (SYP) 11 79.6 n/a 82.1 (3%) 89 (12%) 88 (11%) 81 (2%) 

LVL (Yellow Poplar) 14.4 n/a 16.0 (11%) 18 (25%) 18 (25%) 17 (18%) 

PSL (D-Fir) 100.5 n/a 102.5 (2%) 98 (-2%) 97 (-3%) 91 (-9%) 

Average n/a 8% 8% 7% 1% 

COV n/a 7% 11% 11% 10% 

 

Figure 15 and Figure 16 show the fire-resistance time for elements subjected to tensile load using the 

proposed calculation methods. The linear regression slopes and regression coefficients (R²) are very 

similar in both option 1 and 2, being 0.984 (R² = 0.971) and 0.919 (R² = 0.979) respectively. It can be 

seen that Option 1 seems to predict fire-resistance times slightly higher than the test data, while Option 2 

seems to provide better predictions when compared to measured fire-resistance times. In both cases, a 



Development of a Canadian Fire-Resistance Design Method for Massive Wood Members   

 Project No 301006148 

 

 

 

 2013 FPInnovations. All rights reserved. 
®  FPInnovations, its marks and logos are registered trademarks of FPInnovations 

31 of 49 

 

large majority of the fire-resistance failure times calculated with the proposed methods provide an 

excellent fit to the test data. 

 

 
 

Figure 15 Axial tension  - Comparison of predicted (Option 1) to observed failure time 
 

 
 

Figure 16 Axial tension  - Comparison of predicted (Option 2) to observed failure time 
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5 Gypsum Board Protection 
The above calculations are valid for unprotected solid-sawn timber, glulam or SCL members exposed to 

the standard fire exposure.  If gypsum board is applied on the fire-exposed sides, the following time can 

be added to the unprotected member failure time: 

 

a) 15 minutes to the FRR when one layer of 12.7 mm (½”) type X gypsum board; 

b) 30 minutes to the FRR when one layer of 15.9 mm (⅝”) type X gypsum board is used; 

c) 40 minutes to the FRR when two layer of 12.7 mm (½”) type X gypsum board are used, and; 

d) 60 minutes to the FRR when two layers of 15.9 mm (⅝”) type X gypsum boards are used. 

 

These additional times are based on experiments completed on beams in tension at the US Forest 

Products by White [31], CLT assemblies protected by Type X gypsum boards by FPInnovations [32] as 

well as in Appendix D-2.4 of the NBCC, applicable to massive wood components only. 

 

The gypsum board protective membranes shall be attached directly to the massive timber members using 

57 mm (2¼ in.) Type S drywall screws spaced at 305 mm (12 in.) on center along the perimeter and 

throughout. Screws shall be kept at least 38 mm (1½ in.) from the sides of each board edge. When using a 

single thermal protective membrane, the gypsum board joints shall be covered with tape and coated with 

joint compound. End joints must be staggered from end joints of adjacent gypsum boards. When using 

two layers of thermal protective membranes, the face layer joints shall be covered with tape and coated 

with joint compound. In all cases, the screw heads of the exposed layer shall also be covered with joint 

compound. End joints of the face layer must be staggered from end joints of adjacent gypsum boards and 

end joints of the base (1
st
) layer 

 

Alternatively, the methodology outlined under Section 3.4.3 in Eurocode 5 Part 1-2 can be used provided 

data on the protection method used is available such as the time to start of charring, the charring rate 

during protection and the time to failure of the protection. (Note: It is advisable that values for gypsum 

board be based on North American gypsum products.) 

 

 

6 Connections 
Currently, there are no specific requirements given in the NBCC regarding the fire-resistance of timber 

connections. The assumption is that connections should at least have the same degree of fire-resistance as 

that of the structural elements or assemblies in which they are used. Connections with exposed metal parts 

may perform poorly under fire conditions because the intensity of a fully-developed fire is sufficient to 

plasticize metal components and hardware. Relative performances of connections under fire conditions 

are highly dependent on the type involved and the fire protection design strategy for the complete system 

of which they are part. Regional variations in what constitutes an acceptable way of designing 

connections are highly influenced by preferences in respect of how to achieve acceptable fire performance 

of structures. While some guidance is given in Eurocode 5:Part 1-2 and NDS on the fire design of timber 

connections, CSA O86 does not have any provisions on the subject. 

 

Connections are an important and vital component to the design of massive wood structures. As a 

minimum, where design for fire-resistance ratings is required, the designer should make every effort to 

minimize the amount of exposed steel in the design of the connection. Typically, a connection in which 

the steel is located within the reduced cross-section of the wood element is considered to be properly 

protected from thermo-mechanical degradation. 
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7 Conclusions 
Massive wood elements such as solid sawn timbers, glued laminated timber (glulam) and structural 

composite lumber (SCL) can provide excellent fire-resistance.  This is due to the inherent nature of thick 

timber members to char slowly when exposed to fire allowing massive wood systems to maintain 

significant structural resistance for extended durations under fire conditions. Moreover, calculating fire-

resistance of massive wood elements can be relatively simple because of the essentially constant and 

predictable rate of charring during the standard fire exposure. Charred wood is assumed to no longer 

provide any strength and stiffness; therefore the remaining cross-section must be capable of carrying the 

load. 

 

This report presents two (2) mechanics-based design procedures as alternative design methods to 

conducting fire-resistance tests in compliance with ULC S101 or to using Appendix D-2.11 of the NBCC, 

which is limited to glulam members stressed in bending or axial compression. 

 

The first fire-resistance design procedure is somehow similar to the current design methods used in 

Europe, Australia, New Zealand and in United States under the LRFD method. It proposes using a 

reduced load combination for fire design (e.g., D + 0.5 L) and specified strength values and factors (same 

as those used in ambient/normal design, thus directly taken from CSA O86). 

 

The second proposed fire-resistance design procedure is somewhat similar to the current design method 

used in the United States under the ASD method. It proposes using a full loading combination (specified 

loads, e.g. D + L) for fire design and adjusted strength resistance values to their mean values (50
th
 

percentile). Both methods have been suitably adapted to the current engineering design methodology 

found in CSA O86 and in agreement with the objective-based NBCC. 

 

Comparisons between the proposed methodologies and the experimental data for beams, columns and 

tension members show generally good agreement. Option 1 seems to provide more accurate fire-

resistance times, while Option 2 seems slightly more conservative. Comparisons also show that the 

current NBCC / T.T. Lie method (i.e. Appendix D-2.11 of NBCC) seems to under-estimate the fire-

resistance for beams and columns exposed to fire for more than 60 minutes. As such, there would be a 

benefit for using the proposed mechanics-based design methods for fire-resistance of 1 hour and greater. 

 

While further refinement of these methods is possible, these comparisons suggest that the use of the CSA 

O86 structural design equations and a load combination for rare events adequately address fire-resistance 

design of massive wood members. 
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8 Recommendations 
The proposed methods should be submitted for potential inclusion within CSA O86 design standard as an 

alternative fire-resistance calculation method to the current NBCC equations which are limited to glulam 

members stressed in bending or axial compression only. As of 2013, work has already started at CSA O86 

Technical Committee for future implementation of Option 2 as a non-mandatory annex until recognition 

from the relevant standing committees of the Canadian Commission on Building and Fire Codes 

(CCBFC). Once the current proposal is adopted, work will focus on developing design criteria for 

connections and potentially including cross-laminated timber (CLT). 

 

The proposed methods are mechanics-based. They are thus expected to provide more realistic results than 

the 1977 T.T. Lie methodology (which was not derived based on limit states design and mostly fitted to 

limited column test data). As such, there is no reason for limiting their applicability to bending or axial 

compression or to glulam members only. Furthermore, they can be applied to any large cross-section 

wood product having a different charring rate than those prescribed herein, provided that the product’s 

charring rate has been properly established  from standard fire-resistance testing according to ULC S101 

or ASTM E119. 

 

Lastly, further clarifications should be obtained from both the Standing Committees on Fire Protection 

and Structural Design of CCBFC in regards to the load combination to use when calculating the fire-

resistance of structural elements from a rational design (e.g. based on charring rate) of massive wood 

members exposed to a standard fire and/or a design fire. Provisions given in Paragraph A-25 from User’s 

Guide – NBC 2010 Structural Commentary (Part 4 of Division B) is somehow being misinterpreted 

and/or wrongfully used in the design community, where some designers use them, while others do not, 

which leads to significant structural elements sizing differences. While using a full specified load 

combination is in agreement with Part 4 of NBCC philosophy for rare loads and situations, most other 

codes using limit states design philosophy allow for the use of a reduced load combination for fire-

resistance design and typical strengths found in relevant materials standards (i.e. CSA O86 for wood 

using the 5
th
 percentile). 
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9 Nomenclature 
The following is only for the proposed design procedures and do not list all nomenclature from other 

design methods. 

 

Aeff,fi Reduced effective cross-section area, mm²
 

B Initial width of member, mm  

Bchar Effective reduced width of member accounting for charring, mm 

Bfire Effective reduced width of member accounting for charring and zero-strength layer, mm 

deff Effective char depth, mm 

do Depth of zero-strength layer = 7 mm 

CB,fi Slenderness ratio for fire design, based on reduced cross-section dimensions 

D Initial depth of member, mm 

Dchar Effective reduced depth of member accounting for charring, mm 

Dfire Effective reduced depth of member accounting for charring and zero-strength layer, mm 

EIeff,fi Effective reduced bending stiffness, N·mm²
 

Ieff,fi Effective reduced moment of inertia, mm
4 

ko Zero-strength layer modification factor for exposures less than 20 minutes 

KC Column slenderness factor, based on reduced cross-section dimensions 

KD Load duration factor 

Kfi Strength adjustment factor for fire design (option 2 only) 

KH System factor 

KL Lateral stability factor 

KL,fi Lateral stability factor for fire design, based on reduced cross-section dimensions 

KN Notch factor 

KS Service condition factor 

KT Treatment factor 

KZb Size factor in bending, based on initial cross-section dimensions 

KZc Size factor in axial compression, based on initial cross-section dimensions 

KZt Size factor in axial tension, based on initial cross-section dimensions 

KZv Size factor in shear, based on initial cross-section dimensions 

Seff,fi Reduced effective section modulus, mm³ 

t Duration of fire exposure, min 

xc Depth of char, mm 

xt Depth of heated zone which is assumed to have zero strength = ko do, mm 

 

β Design charring rate (βn or βo), mm/min 

βn Notional charring rate accounting for corner rounding and fissures, mm/min 

βo One-dimensional charring rate not accounting for corner rounding and fissures, mm/min 

 Resistance factor 

 Characteristic density value (5
th
 percentile), kg/m³ 
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Appendix I 
 

Examples from Test Data 

 

The following three examples are intended to provide clarification of the design procedures described in 

this report and to provide more detail on how the failure times for the proposed methods in Table 12 

(bending), Table 14 (compression) and Table 16 (tension) where determined based on the experimental 

test data. The examples only consider the structural fire-resistance of the assembly and do not cover the 

other aspects of design such as joint details or FRR of wall or floor assemblies that act as fire separations 

(insulation and integrity criteria as previously described in Section 1 of this report). 
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Example 1: Glulam member stressed in bending 
The following beam example follows the steps listed in both methods for determining the time when 

structural failure will occur for a glulam beam exposed to fire. The beam that was chosen for this example 

is one tested by the American Forest & Paper Association (AF&PA), which failed after 85 minutes of fire 

exposure.  This test is labelled AF&PA-91 in Table 11.  The proposed calculation methods predict the 

failure time to be 96 and 84 minutes, while the current NBCC methodology would predict 79 minutes. 

 

The beam has the following specifications: 

- Beam effective length (Le) is 2 650 mm (Le = 1.68Lu) 

- Beam full length (Lu) is (2 650 / 1.68) x 3 = 4 732 mm 

- Beam initial dimensions are 222 mm wide by 420 mm deep 

- Applied bending moment (Mf) is 88.2 kN·m (65 075 ft·lb.) 

- Density is 4.7 kN/m³ 

o Specimen dead load is 4.7 x (0.222 x 0.420) = 0.4 kN/m 

o Applied (dead) bending moment is 0.4 x 4.732² / 8 = 1.1 kN·m 

o Applied (live) bending moment is 88.2 – 1.1 = 87.1 kN·m 

- Allowable stress ratio of 91% 

- Allowable bending strength (fb,ASD) is 16.55 MPa (2 400 psi) 

o Specified bending strength (fb) is 16.55 x 2.1 = 34.75 MPa (5 040 psi) 

o Assumed COV for glulam is 15% and strength adjustment factor (Kfi) is 1.35 

o Adjusted (mean) bending strength is 16.55 x 2.1 x 1.35 = 46.9 MPa (5 040 psi) 

- Modulus of elasticity (E) is 11 000 MPa (1.6 x 10
6
 psi) 

- Beam is braced to resist lateral rotation at bearing points and at third-span 

- Beam is exposed to fire on three sides 

 

Step 1:  Calculation of the char depth 

The charring rate for glulam is taken as 0.7 mm/min. The char depth can be calculated as: 

 
Option 1 

 

Option 2 

 

          
  

   
                          

  

   
                

 

Step 2:  Determination of effective residual cross-section 

The fire exposure is more than 20 minutes; therefore the zero-strength layer (xt) is taken as 7 mm. For a 

three side exposure, the remaining cross-section is calculated as: 
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Option 2 

 

      

 
 
 

      

 
 
 
        

              (     ) 
          (            )

         
 
            (     ) 
        (            )

          

 

 
          

 

 
 
             

 
              

      

 
 
 

      

 
 
 
        

              (     ) 
          (            )

         

 
            (     ) 
        (            )

          

 

 
          

 

 
 
             

 
              

 

 



Development of a Canadian Fire-Resistance Design Method for Massive Wood Members   

 Project No 301006148 

 

 

 

 2013 FPInnovations. All rights reserved. 
®  FPInnovations, its marks and logos are registered trademarks of FPInnovations 

40 of 49 

 

Step 3a:  Calculation of the bending moment resistance (glulam beam) 

The bending moment resistance can be calculated based on Clause 6.5.6.5.1 of CSA O86 as the lesser of 

Mr1 or Mr2. 

 
                    

                  

 

Where 

Kx = 1.0 (No curvature – Cl. 6.5.6.5.2, CSA O86) 

KD = 1.15 (Short term duration of load under fire conditions – Table 4.3.2.2, CSA O86) 

KH = 1.0 (Tension parallel to grain – Cl. 6.4.3, CSA O86) 

KSb = 1.0 (Dry service condition – Table 6.4.2, CSA O86) 

KT = 1.0 (No treatment – Table 5.4.3, CSA O86) 

KZbg = min {
   

     (           )          
}      

 

An effective length (Le) is determined using Table 6.5.6.4.3 in CSA O86. The unsupported length (Lu) is 

equal to one third of the span since the beam is braced at the four-point bending load locations. 
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Step 4:  Comparison of Residual Resistance to Calculated Load 
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Example 2: Glulam member axially loaded in compression 
The following column example follows the steps listed in both methods for determining the time when 

structural failure will occur for a glulam column exposed to fire. The column that was chosen for this 

example is the specimen H27C from Table 13, which failed after 71 minutes of fire exposure. The 

proposed calculation methods predict the failure time to be 71 and 63 minutes, while the current NBCC 

methodology would predict 54 minutes. 

 

The column has the following specifications:  

- Column effective height is 3 658 mm (144 in) 

- End fixity coefficient is 0.65 

- Column total height is 3 658 mm ÷ 0.65 = 5 628 mm 

- Column initial dimensions are 270 mm wide by 270 mm deep 

- Applied axial compression load (Pf) is 538.4 kN (121 045 lb.) 

- Density is 4.1 kN/m³ 

o Specimen dead load is 4.1 x (0.270 x 0.270 x 5.628) = 1.7 kN 

o Applied (live) load is 538.4 – 1.7 = 536.7 kN 

- Allowable stress ratio of 100% 

- Average ultimate axial strength (fc-ult) is 43.1 MPa (6 260 psi) 

o Assumed COV for glulam is 15% and strength adjustment factor (Kfi) is 1.35 

o Specified compressive strength (fc) is 43.1 / 1.35 = 31.9 MPa (4 630 psi) 

- Modulus of elasticity (E) is 11 000 MPa (1.6 x 10
6
 psi) 

- Column is exposed to fire on four sides 

 

Step 1:  Calculation of the char depth. 

The charring rate for glulam is taken as 0.7 mm/min. The char depth can be calculated as: 
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Option 2 

 

          
  

   
                          

  

   
                

 

Step 2:  Determination of effective residual cross-section. 

The fire exposure is more than 20 minutes; therefore the zero-strength layer (xt) is taken as 7 mm. For a 

three side exposure, the remaining cross-section is calculated as: 
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Step 3b:  Calculation of the axial compressive resistance (glulam column) 

The axial compressive resistance can be calculated from Clause 6.5.8.4.2 of CSA O86. 

 
                      

 

Where 

KD = 1.15 (Short term duration of load under fire conditions - Table 4.3.2.2, CSA O86) 

KH = 1.0 (Tension parallel to grain - Cl. 6.4.3, CSA O86) 

KSc = 1.0 (Dry service condition - Table 6.4.2, CSA O86) 

KT = 1.0 (No treatment – Table 5.4.3, CSA O86) 

KZcg = min {
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Step 4:  Comparison of Residual Resistance to Calculated Load 
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Example 3: Structural composite lumber axially loaded in tension 
The following follows the steps listed in both methods for determining the time when structural failure 

will occur for a structural composite lumber (SCL) member exposed to fire. The specimen that was 

chosen for this example is one tested by the U.S. Forest Product Laboratory (FPL), which failed after 72.7 

minutes of fire expo sure.  This test is labelled LVL (D-Fir) 3 in Table 15. The proposed calculation 

methods predict the failure time to be 75 and 71 minutes, while no guidance is currently given in NBCC 

for members loaded in tension. 

 

The element has the following specifications: 

- Specimen length (L) is 1 800 mm 

- Specimen initial dimensions are 135 mm wide by 241 mm deep 

- Applied tensile load (Tf) is 113.8 kN (25 520 lbs) 

- Allowable stress ratio of 25% 

- Allowable tensile strength (ft,ASD) is 13.76 MPa (1 995 psi) 

o Specified tensile strength (ft) is 13.76 x 2.1 = 28.9 MPa (4 190 psi) 

o Assumed COV for SCL is 12% and strength adjustment factor (Kfi) is 1.25 

- Exposed to fire on four sides 

 

Step 1:  Calculation of the char depth. 

The charring rate for glulam is taken as 0.7 mm/min. The char depth can be calculated as: 
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Step 2:  Determination of effective residual cross-section. 

The fire exposure is more than 20 minutes; therefore the zero-strength layer (xt) is taken as 7 mm. For a 

three side exposure, the remaining cross-section is calculated as: 
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Step 3c:  Calculation of the tensile resistance (SCL) 

The tensile resistance can be calculated based on Clause 13.3.3.8 of CSA O86. 

 
                      

 

Where 

KD = 1.15 (Short term duration of load under fire conditions - Table 4.3.2.2, CSA O86) 

KH = 1.0 (Tension parallel to grain – Table 5.4.4, CSA O86) 

KSt = 1.0 (Dry service condition - Table 5.4.2, CSA O86) 

KT = 1.0 (No treatment – Table 5.4.3, CSA O86) 

KZt = size factor in tension is already incorporated in the specified tensile strength 

   (otherwise, KZt shall be obtained from SCL manufacturers) 

 

 
Option 1 

 

Option 2 

 

           (         )       
         

         (              )       
          

 

Step 4:  Comparison of Residual Resistance to Calculated Load 

 
Option 1 

 

Option 2 
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Appendix II 
 

Examples from CSA O86 design values 

 

The following two examples are intended to provide clarification of the design procedure described above 

on how to determine the fire-resistance values for massive members based on specified strengths found in 

CSA O86. The examples only consider the structural fire-resistance of the assembly and do not cover the 

other aspects of design such as joint details or FRR of wall or floor assemblies that act as fire separations 

(insulation and integrity criteria as previously described in section 1). 
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Example 4: 20f-E Glulam member stressed in bending 

The following beam example follows the steps listed for both proposed methods for determining whether 

the beam meets a 1-hour fire-resistance rating requirement. The beam that was chosen for this example is 

a 20f-E Spruce-Pine glulam. The current NBCC methodology assigns a fire-resistance of 69 min. 

 

The beam has the following specifications: 

- Beam effective span (Le) is 6.0 m 

- Beam dimensions are 175 mm wide by 570 mm deep, spaced at 4.88 mm o.c. 

- Beam compressive edge laterally restrained throughout (Lu = 0 mm) 

- Specified bending strength (fb) is 25.6 MPa 

- Modulus of elasticity (E) is 10 300 MPa 

- Factored bending moment resistance (Mr) in normal design is 218.3 kN 

- Specified live load is 4.8 kPa 

- Specified dead load is 0.7 kPa, including self-weight 

- Applied factored bending moment (Mf) is 177.3 kN·m 

o Applied unfactored (dead) bending moment (Md) is 15.4 kN·m 

o Applied unfactored (live) bending moment (ML) is 105.4 kN·m 

- Stress ratio of 81% 

- Beam is exposed to fire on three sides 

 

Step 1:  Calculation of the char depth. 

The charring rate for glulam is taken as 0.7 mm/min. The char depth can be calculated as: 

 

          
  

   
                

  

Step 2:  Determination of effective residual cross-section. 

 The fire exposure is more than 20 minutes; therefore the zero-strength layer (xt) is taken as 7 mm. For a 

three side exposure, the remaining cross-section is calculated as: 

 
                    (     )           (            )        

 

                  (     )         (            )         

 

         
          

 

 
 
         

 
               

 

Step 3a:  Calculation of the bending moment resistance (glulam beam) 

The bending moment resistance can be calculated based on Clause 6.5.6.5.1 of CSA O86 as the lesser of 

Mr1 or Mr2. 

 
                    

                  

 

Where 

Kx = 1.0 (No curvature – Cl. 6.5.6.5.2, CSA O86) 

KD = 1.15 (Short term duration of load under fire conditions – Table 4.3.2.2, CSA O86) 

KH = 1.0 (Tension parallel to grain – Cl. 6.4.3, CSA O86) 

KSb = 1.0 (Dry service condition – Table 6.4.2, CSA O86) 

KT = 1.0 (No treatment – Table 5.4.3, CSA O86) 
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KZbg = min {
   

     (         )          
}      

KL = 1.0 (Compressive edge supported throughout for at least 1 hour – Cl. 6.5.6.4.2, CSA O86) 

 

 
Option 1 

 

Option 2 
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     (          )            
               

 

    (       )            

    
 
 
 
    

 
 
 

      

   (              )       
     

                
 

   (               )       
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Step 4:  Comparison of Residual Resistance to Calculated Load 

 
Option 1 

 
Option 2 

 

         (         )            
 
  

     
 
    

    
         

                          
 
  

     
 
     

     
         

 

The factored bending moment resistance of the residual cross-section, after 60 min of standard fire 

exposure, is greater than the induced bending moment in fire design. Therefore, under these loading 

conditions, such 20f-E Spruce-Pine glulam beam can meet a 1-hour fire-resistance rating requirement. 
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Example 5: 12c-E Glulam member axially loaded in compression 

The following column example follows the steps listed for both proposed methods for determining 

whether the column meets a 1-hour fire-resistance rating requirement. The column that was chosen for 

this example is a 12c-E Spruce-Pine glulam. The current NBCC methodology assigns a fire-resistance of 

67 min. 

 

The column has the following specifications:  

- Column effective height is 3.6 m 

- Column dimensions are 228 mm wide by 304 mm deep, supporting a tributary width of 29.3 m² 

- Specified axial compressive strength (fc) is 25.2 MPa 

- Modulus of elasticity (E) is 9 700 MPa 

- Factored axial compression resistance (PR) in normal design is 893.7 kN 

- Specified live load of 3.0 kPa 

- Specified dead load of 2.2 kPa, including self-weight 

- Applied factored axial compression force (Pf) is 212.4 kN 

o Applied unfactored (dead) axial compression force (Pd) is 64.5 kN 

o Applied unfactored (live) axial compression force (PL) is 87.9 kN 

- Stress ratio of 24% 

- Column is exposed to fire on four sides 

 

Step 1:  Calculation of the char depth. 

The charring rate for glulam is taken as 0.7 mm/min. The char depth can be calculated as: 

 

          
  

   
                

  

Step 2:  Determination of effective residual cross-section. 

The fire exposure is more than 20 minutes; therefore the zero-strength layer (xt) is taken as 7 mm. For a 

three side exposure, the remaining cross-section is calculated as: 

 
                    (     )           (            )         

 

                  (     )           (            )         

 

                                       

 

Step 3b:  Calculation of the axial compressive resistance (glulam column) 

The axial compressive resistance can be calculated from Clause 6.5.8.4.2 of CSA O86. 

 
                      

 

Where 

KD = 1.15 (Short term duration of load under fire conditions - Table 4.3.2.2, CSA O86) 

KH = 1.0 (Tension parallel to grain - Cl. 6.4.3, CSA O86) 

KSc = 1.0 (Dry service condition - Table 6.4.2, CSA O86) 

KT = 1.0 (No treatment – Table 5.4.3, CSA O86) 

KZcg = min {
   

     (               )          
}       
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Option 1 

 

Option 2 
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Step 4:  Comparison of Residual Resistance to Calculated Load 

 
Option 1 

 

Option 2 
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The factored axial compressive resistance of the residual cross-section, after 60 min of standard fire 

exposure, is greater than the induced axial compression load effect in fire design. Therefore, under these 

loading conditions, such 12c-E Spruce-Pine glulam column can meet a 1-hour fire-resistance rating 

requirement. 


