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ABSTRACT 

 
Fire, by its nature, is a stochastic phenomenon which introduces a great deal of variability to the development 
of fire incident.  In the case of analysis of wooden structures, the uncertainties pertaining to the properties of 

the structures are inherent, most especially the mechanical response of the glulam beam and the charring rate. 

Computer program is presented for a probabilistic design of glulam beams when exposed to fire in accordance 
with Eurocode 5(2004). This was achieved by considering the strength of the member in bending, lateral 

stability and shear. The randomness of the design process was achieved by the use of First Order Reliability 

subroutine which was in-built into the design process. Three failure modes of bending, lateral stability and 
shear were considered at a target safety of 3.0. It was shown that considering bending and lateral stability 

failure criteria the safety index of beam considering grade GL20 reduced by about 80%, by about 96% for 
grade GL24, by 82% for grade GL28, by about 73% for grade GL32, and by about 66% when GL36 was 

considered. However, considering shear condition for GL20/24 the safety index reduced by about 82%, 

reduced by 79% for GL28 and by 74% for GL32/36. It was also shown that the lateral stability condition is 
more effective at 30 minutes of fire exposure, the bending condition is more effective at not more than 60 

minutes of fire exposure, while the shear condition is effective up to 90 minutes of fire exposure. Shear failure 
was therefore shown to be the safest of the three failure conditions considered, while the lateral stability 

condition was the most critical condition for the design of these beams when exposed to fire. 

 
SIGNIFICANCE: This research work showed the 

probabilistic design of Glulam beams exposed to 

fire designed to provisions of Eurocode 5. Results 

are useful in the design of these beams in 

accordance with reliability-based procedure as 

opposed to the current deterministic methods. 

 

KEYWORDS: Glulam beams; Fire endurance; 

Charring rate; Probabilistic design; Safety index. 

 

1. INTRODUCTION 
 

Wood has been designed in nature to meet very 

specific engineering and environmental needs, but 

man seeks to adopt it to a very wider range of uses. 

In order to overcome the short comings of timber 

in size and anisotropy, new man - made form of 

wood has had to be introduced. Glulam was  

developed with the advent  of  structural  glues 

(Blass et al., 1995) and  also due  to the increase  

in demand of  heavy  timber  and unavailability  in 

supply  of  large trees (Bender et al.,1985). 

Structural glulam timber is one of the oldest glued 

engineered wood products. It  is  an engineered,  

stress-rated  product that consist  of two or more  

layers  of  lumber  that are glued  together with 

grain of  all  layers,  which are  referred to as  

laminations, parallel  to  the  length  (Moody et al., 

1999) and  are  securely bonded together by 

adhesives ( Bender et  al., 1985). 

Glued-laminated (glulam) beams are currently in 

widespread use in a variety of structural 

applications where large sections and long spans 

are needed. These beams have several advantages 

over other materials, including low weight, 

economic production of tapered and curved 

members, excellent energy absorption 

characteristics, high chemical and corrosion 

resistance, attractive appearance and better fire 

resistance than steel (Gardner et al., 1994).  
Having tried in so many countries for the 

acceptance of glulam structures in their regulatory 

bodies, the major hurdle lies in the area of 

perception of fire performance. Large wood 

members had long been recognized for their ability 
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to maintain structural integrity while exposed to 

fire (AF & PA, 2003). This is due to the charring 

characteristics of wood (Martin and Tingley, 

2004). Early mill construction from the 19th 

century utilized massive timbers to carry large 

loads and to resist structural failure from fire. 

Glulam members offer the same fire performance 

advantages as large solid sawn members. 

According to Malhotra and Rogowski (1970), 

extensive research has demonstrated that synthetic 

glues used in the manufacture of glulam do not 

adversely affect fire performance. 

 

1.1  Fire Resistance of Timber Structures: 

American Society  for Testing and Material 

(ASTM, 1979) defines  fire endurance as a  

measure  of the  elapsed time during which  a  

material or  assembly continues to  exhibit  fire 

resistance under specified conditions of  test and  

performance. Lie (1979) and Bender et al. (1985) 

defined the fire endurance of a structural member 

as its ability to withstand exposure to fire without 

loss of its load-bearing function or ability to act as 

a barrier to the spread of fire. The goal of fire 

resistive construction is to provide adequate fire 

resistance for occupants to evacuate the building 

safely before it collapses  and  is  essential  in  

confining  fire  to  the  compartment  in  which   it 

starts. 

According to Bender et al. (1985) the standard fire 

test of ASTM E 119 is not intended to describe 

actual fires which grow and decline in intensity 

with the passage of time, but prescribed a standard 

fire exposure for comparing the performance of 

various building materials and construction 

assemblies. One of the major differences between 

solid timber and glulam is the presence of glue 

lines between the laminates. The behaviour of 

these glue bonds when exposed to fire is of great 

importance. Schaffer (1967) and Wardle (1968) 

claim that thermosetting synthetic resin types of 

adhesives, such as phenol or phenol-resorcinol, 

retain their bond during fire, with final destruction 

coming from charring at about the same rate as 

timber. Wardle concludes that structural glued-

laminated timber is similar to solid timber with   

respect to fire endurance when such adhesives are 

used. 

1.2 Charring Rate: White (1995) refers to 

charring rate as the linear rate at which wood is 

converted to char. Under standard fire exposure, 

the charring rates tend to be fairly constant after a 

higher initial charring rate. Establishing the 

charring rate is critical to evaluating fire resistance, 

because charred wood has virtually no load-

bearing capacity. There is a distinct demarcation 

between charred and un-charred wood. The base of 

the char layers is wood reaching a temperature of 

approximately 300°C (550°F). To determine the 

charring rate, both empirical models based on 

experimental data and theoretical models based on 

chemical and physical principles are employed.  

As the wood member is exposed to fire, charring 

reduces the cross - section of the member. The 

residual structural capacity is also affected by the 

elevated temperature gradient with the un-charred 

wood (White and Janssen, 1994). As discussed in 

Eurocode 5 and by White (2002), the general 

procedures can be used for calculating the residual 

structure capacity of a fire exposed structural 

member. The most common and complicated 

approach is to assume that the un-charred region of 

the member consist of layers or elements with 

different strength and stiffness properties based on 

their temperature and moisture content. To 

estimate the reduced cross-sectional dimensions of 

the beam, the location of the charred base must be 

determined as a function of time on the basis of 

empirical charring rate data. The char layer can be 

assumed to have zero strength and stiffness. The 

physical shape of the remaining section and its 

load carrying capacity should be adjusted to 

account for rounding at the corners, and for loss of 

strength and stiffness in the heated zone.  

 

1.3 Design Philosophy: The work in this 

study presents probabilistic design sensitivity of 

glulam beams when exposed to fire in accordance 

with the Eurocode 5 design requirements. The First 

Order Reliability Method (FORM), which was in-

built into the design process, was used in checking 

the safety of the designed section. Design was 

considered satisfactory if both the requirements of 

Eurocode 5, as well as, FORM are met.  

 

2. DESIGN PROCEDURE OF GLULAM BEAMS 
 

According to White (1995), a common approach 

in accounting for the loss in strength in the section 

remaining un-charred is to assume that the 

strength and stiffness of the entire un-charred 
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region are fractions of their room temperature 

values. Assuming the residual cross-section is 

rectangular in shape before and during fire 

exposure. The unprotected rectangular beams are 

usually exposed to fire on three or four sides, in 

which case the section modulus of the charred 

member S(t), area A, and Perimeter P are obtained 

using reduced cross- sectional dimensions  in 

equations (3), (4),  and (5) respectively.  

In Eurocode 5, this approach is called the ―reduced 

strength and stiffness method‖. The reduction 

factors are a function of the perimeter of the fire-

exposed residual cross section divided by the area 

of the cross section. The design criteria of glulam 

beams exposed to fire, in accordance with 

Eurocode 5, is briefly reviewed.  

 

w

L

 
a) Longitudinal View 

 

 
b) Sectional View 

 

Figure 1: Simply Supported Beam Exposed to Fire on Three Sides 
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2.1 Bending stresses and strengths: 

Eurocode 5 allows  the design  of  timber  structure 

to  be carried  out  on the assumption  that  they  

behave   elastically.  Therefore the design stress   is 

expressed as; 

2.1.1 Bending stresses: The depth of char on 

the beam exposed to fire is given by: 

 

dchar = βn  t    (1) 

 

Where: βn - notional design charring rate, the 

magnitude of which includes the effect of corner 

rounding and fissures; t - time of fire exposure. 

 

The bending stress in the member exposed to fire, 

δm,f,d is given by: 

,d f i

f

M

Z
m,f,dδ     (2) 

Where: Zf is the section modulus in fire condition 

and Md,fi is the bending moment in fire condition. 

 

  
2

2

6
f

B C H JC
Z

 
   (3) 

   

Where: B and H - the width and depth of the 

glulam beam (see Fig. 1); J - number of exposed 

sides of the beam, C - the charred depth (C = dchar).  

 
2.1.2 Bending strengths: The bending strength 

in the member is obtained by considering the area 

A of the section, as well as, the perimeter P as: 

 

A = (B - 2C) (H- JC)   (4) 

 

P = 2[(B - 2C) + (H - JC)]  (5) 

 

The modification factor for load duration of the 

timber exposed to fire is given by    

mod 1 0.005f

P
K

A
     (6) 

And, the design bending strength is: 

fim

kmfif

dfm

FKK
F

,

,mod,

,,


   (7) 

Where: Kfi - safety coefficient, equivalent to 1.15 

for glued laminated timber members; Fm,k - the 

characteristic bending strength, and fim, - safety 

factor for timber members in bending exposed to 

fire.  

 2.1.3 Limit state equation: The limit state 

equation of the beam considering bending failure 

criterion is given by 

dfmdfm F ,,,,      (8) 

 

dfm

fim

kmfifi FKK
xg ,,

,

,mod,
)( 


  (9) 

All the terms in equations (8) and (9) are as 

defined earlier 

 

2.2 Lateral stability: According to Eurocode 

5 (2004) section 6.3.3.2, note 2 for softwood with 

solid rectangular cross-section, the critical bending 

stress in fire δm,crit  may  be  taken as: 

05

278.0
E

hL

b

ef

crit     (10) 

In equation (10), Lef is the effective span of the 

beam, E05 is the 5 % fractile of the modulus of 

elasticity of the timber material at room 

temperature and b and h are the width and depth of 

the charred beam as shown in Fig.1 

Eurocode 5 (2004) requires that a check is carried  

out  for the  instability  condition  and that  the  

bending  capacity is modified  by the factor  Kcrit 

such  that 

 

   (11) 

 

Where: Kcrit - factor which takes into account the 

reduced strength due to lateral buckling. Kcrit has 

values as follows: 

 

Kcrit = 1 for λrel,m  ≤ 0.75   (12) 

 

Kcrit = 1.56-0.75 λrel,m  for 0.75 < λrel,m x ≤ 1.4 

     (13) 

Kcrit = 
2

,

1

rel m
 - for λrel,m >1.4   (14) 

Where: λrel,m, - is defined as the relative 

slenderness ratio  for bending, and is given by 

 

      

        (15) 

 

2.2.3 Limit State equation: The limit state 

equation of the beam considering lateral stability 

criterion is given by 

  

, ,m d crit m dk f 

,

,

m k

rel m

crit

f xm
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, ,m d crit m dk f      (16) 

dm

fim

kmfficrit FKKk
xg ,

,

,mod,
)( 


  (17) 

All the terms in equations (16) and (17) are as 

defined earlier. 

 

2.3  Shear stresses and strengths 
2.3.1 Shear stresses: For a rectangular section 

as shown in Fig. 1, the maximum value of shear 

stress is 

A

V
dv

2

3
,      (18) 

2

wL
V      (19) 

 

Where τv,d  is the design shear stress, V is the 

applied shear force, A is the area of the cross- 

section, w is the intensity of applied uniformly 

distributed loading and L is the effective span of 

the beam. 

 

2.3.2 Shear strengths: The design shear 

strength of the beam is given by 

fim

kv

fifdv

f
KKf

,

,

mod,,


   (20) 

 

Where fv,k is the characteristic shear strength, all 

the other are as defined earlier. 

 

2.3.3 Limit state equation: Eurocode 5 (2004) 

specify that shear stress should satisfy   the 

condition  

 

, ,v d v df      (21) 

 

Therefore, the limit state equation is given as: 

 

dv

fim

kvfif fkK
xg ,

,

,mod,
)( 


   (22) 

All the terms in equations (21) and (22) are as 

defined earlier. 

2.4  First Order Reliability Method 

(FORM): If R is the resistance of a structural 

member and S is its loading effect, the failure 

function is expressed as: 

 

g(x) = R – S     (23) 

 

Graphically, the line g(xi) = 0 represents the failure 

surface while g(xi) > 0 represents the safe region 

and g(xi) < 0 corresponds to the failure region.  

This is shown in Fig. 2. Introducing the set of 

uncorrelated reduced variates, and in terms of 

these reduced variates the limit state equation 

becomes: 

 

 g(xiX'1 + μxi, x2 X'2 + μx2,..., xnX'n + μxn) = 0     

 …          (25) 

G (x )> 0

G (x )< 0

G (x )= 0

X

Y

 
Figure 2: The most likely failure point (Thoft-Christensen and Baker, 1982) 

1,2,....n  =  i,
) - X(

  =  x
x

xi

i

i

i




 ,        …              (24) 
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The minimum distance from the origin describing 

the variable space to the line representing the 

failure surface can be obtained by minimizing the 

distance. The shortest distance equals  and is 

therefore given by equation (26).  

 

Where: G* - is the gradient vector at the most 

probable failure point (X'1
*
, X'2

*
, ..., X'n

*
). It is the 

value of  which tells us of the safety of any given 

design under uncertainties in the decision 

variables. The statistical characteristics of the 

design variables were obtained in literature 

(Afolayan, 2005). 

 2.5  Probabilistic Design Criterion: The 

probabilistic design criterion comprises the design 

of the beam considering the design requirements of 

EC-5. In addition, the randomness of the design 

variables considered by the FORM was in-built 

into the design process, written in FORTRAN-77 

modules.  Design is said to be satisfactory if the 

following condition is satisfied: 

 

  2)( T    (27) 

 

Where: β - the calculated safety index of the 

design; βT - the target safety index considered in 

the design; and є - is the level of acceptance of the 

design points (Afolayan and Abubakar, 2003). 

 

 

3. RESULTS AND DISCUSSION  
 

3.1 Results of probabilistic sensitivity of glulam 
beams in fire: The reliability was estimated for 

five classes of glulam at different ratios of dead-to-

live loads, alpha. Alpha was varied between 0.1 to 

1.0, while maintaining the depth of the beam (at 

220mm) and time of fire exposure (at 60 minutes) 

constant. The depth was then varied between 

220mm to 420mm, also at a constant time of 

exposure of fire (of 60 minutes), and alpha varied 

between of 0.5 and 1.0.  Again, the time of fire 

exposure was also varied from 30 to 120 minutes, 

at a fixed depth of 220mm, with a variation of 

glulam strengths. The results obtained were 

presented graphically in Figures 3 to 9. 

 

  
 

Figure 3: Beta versus Load Ratio at H = 220mm and t = 60min (Bending and Lateral Stability 

Condition) 
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Figure 4:  Beta versus Load Ratio at H = 220mm and t = 60min (Shear Condition) 

 

 

 

 
 

Figure 5: Beta versus Depth at t= 60min, alpha = 0.5and 1 and GL=24 (Bending and Lateral 

Stability Condition) 
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Figure 6:  Beta versus Depth at t = 60min, alpha = 0.5and 1 and GL = 24 (Shear Condition) 

 

 

 

 
 

Figure 7: Beta versus Glulam Strength Class at alpha =0.5, H=220mm and t = 30, 60, 90 & 

120min (Bending Condition)  
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Figure 8: Beta versus Glulam Strength Class at alpha =0.5, H= 220mm and t = 30, 60, 90 & 

120min (Lateral Stability Condition) 
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Figure 9: Beta versus Glulam Strength at alpha =0.5, H=220mm and t = 30, 60, 90 & 120min 

(Shear Condition) 

 

3.2      Discussion of Results:   

a) Effect of variation of the load ratio, 

Alpha. Reliability index, β reduced with increase 

in the load ratio, alpha (α) as shown in Figs. 3 and 

4. As α was varied from 0.1 to 1.0, the 

corresponding safety indices reduced for all glulam 

strength classes considered. Considering bending 

and lateral stability failure criteria (Fig. 3) the 

safety indices of beam considering grade GL20 

reduced by about 80%, by about 96% for grade 

GL24, 82% considering GL28, by about 73% 

considering GL32, and by about 66% when GL36 

was considered. The values of safety index, β 

showing negative value indicate failure in structure 

and the beam is said to fail under the specified 

loading condition. The reduction also indicates that 

increase in load ratio without corresponding 

increase in geometry reduced the safety of the 
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structure. However, considering shear (Fig. 4), for 

GL20/24 the safety indices β reduced by about 

82%, by 79% and 74% for grades GL28, and 

GL32/36 respectively. Shear failure gave high 

reliability indices and very low probabilities of 

failure, which is the safest of the three failure 

conditions considered in the study.  

b) Effect of variation of beam depth. The 

reliability index β increased with increase in depth 

of the beam cross section, considering bending, 

bending and lateral stability condition, as well as 

shear condition. The values of safety indices β 

ranged from 1.13 to 4.81 for α = 0.5 and 0.09 to 

3.82 for α =1.0 (Fig. 5). However, considering 

shear condition, safety indices ranged from 3.38 to 

5.16 (α = 1.0) and 4.24 to 6.21(α = 0.5) as shown 

in Fig. 6. This implies an increase in geometrical 

parameters of the beam increased its safety level. 

High safety indices in shear signifies that beam 

would not develop shear failure for the given 

condition of loading at α = 0.5.  For loading at α 

=1, the implied beam section may not be 

economical.  

c) Effect of variation of glulam strength 

class and Temperature. Considering bending 

condition shown in Fig. 7, as glulam strength was 

increased from GL20-24-GL28-GL32-GL36, the 

safety index increased by about 40% at 30 minutes 

fire exposure, by 72% at 60 minutes fire exposure, 

and by 85% at 90minutes fire exposure (Fig. 7). 

However, considering lateral stability condition 

safety index values ranged  the  same as  for 

bending condition except at  90minutes of fire 

exposure β is -1.3  (GL 20/24) and  120minutes of 

fire exposure where the safety index values ranged 

from -8.26  to -7.84   as against -3.41  to  -1.68 

(Fig. 8). Again, the negative safety index values 

indicate beam failure. Considering shear condition 

safety index, β value ranged from 5.84 to 6.5 at 

30min., 4.24 to 4.81 at 60min, 2.11 to 2.39 at 

90min and -0.74 to -0.47 at 120min (Fig. 9). These 

values reduced within the same strength class and 

increased between strength classes GL20 to GL36. 

Therefore making GL36 the safest but not 

necessary the most economical.  It is therefore 

necessary to deduce that the lateral stability 

condition is more effective at 30 minutes of fire 

exposure, the bending condition is more effective 

at not more than 60 minutes of fire exposure, while 

the shear condition is effective up to 90 minutes of 

fire exposure.  

 

4. CONCLUSION 

 

The work provides a probabilistic design 

sensitivity of glulam beam exposed to fire using a 

FORTRAN–77 based program for the design of 

beam in accordance with the requirements of 

Eurocode 5, 1995-1-1(2004) and Eurocode 5, 

1995-1-2 (2004) and FORM. In the study, three 

failure modes considered were those of bending, 

lateral stability and shear at a target safety of 3.0. It 

was observed that as the beam cross-section and 

the strength of glulam were increased, there was 

increase in reliability of the beam. Also, as the 

ratio of the dead-to-live load was increased, the 

safety of the beam section decreased. Considering 

bending and lateral stability failure criteria the 

safety index of beam considering grade GL20 

reduced by about 80%, by about 96% for grade 

GL24, 82% for grade GL28, by about 73% for 

grade GL32, and by about 66% when GL36 was 

considered. It can be concluded therefore that the 

lateral stability condition is more effective at 30 

minutes of fire exposure, the bending condition is 

more effective at not more than 60 minutes of fire 

exposure, while the shear condition is effective up 

to 90 minutes of fire exposure. The lateral stability 

condition is therefore the most critical condition 

for the beam considered when exposed to fire.  
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