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1. Introduction 

The behaviour of timber frame assemblies (TFA) in fire is influenced by both the 

protective properties of cladding and insulation materials. The primary protection for a 

timber member is given by the cladding. The period in which charring of timber 

member occurs while the cladding is still in place is considered as the protection 

phase (also known as Phase 2). After the fall off of the cladding, the secondary 

protection might be provided by insulation materials. The period after the fall-off 

(failure) of the cladding is considered as the post-protection phase (also known as 

Phase 3).Different charring phases are shown in Figure 2a. 

When the cavities of timber frame assemblies are completely filled with insulation 

materials in addition to the protective effect of cladding, the charring of a timber 

member is strongly dependent on the type of insulation used. 

Today, there are two models available to fire design TFAs.  

(1) Annex C of the current Eurocode 5 Part 1-2 [1] presents a design model that 

considers the fire protection provided by stone wool products.  

(2) The European guideline Fire Safety in Timber Buildings (FSITB) [2] includes a 

design model that considers the contribution of glass wool to the fire 

resistance also during the post-protection phase. 

All other on the market available types of insulation materials are excluded in the 

models described above. 

The EN-standards dealing with thermal insulations for buildings are only referring to 

the insulation performance in reaction to fire and do, therefore, not provide 

information on the contribution these insulations have on the fire resistance 

performance of structural timber members; see for example, the standard for factory 

made mineral wool product EN13162 [3]. 

An improved design model including a wider range of insulation products was 

presented by the author [4,5]. The improved design model considers three different 

charring scenarios for TFA with cavities completely filled with insulation: one with 

heat resistant insulation materials which protects the timber element from charring, 

the other two with non-heat resistant insulations. An insulation material which is not 
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showing significant degradation (recession) during fire is considered as heat 

resistant. When the cavities are completely filled with heat resistant insulations the 

charring occurs mainly on the fire-exposed side of the member, while the lateral sides 

are protected by the insulation. The lateral charring can therefore be neglected (one-

dimensional charring is considered). When the cavities are completely filled with non-

heat resistant insulation the charring is regarded as two-dimensional due to the 

degradation (recession) of the insulation material (Figure 1). Start of charring from 

lateral might occur either during the protection phase or during the post-protection 

phase (Figure 2b). 

Varying fire protections provided by insulation materials are defined by different 

protection levels. The protection level (PL) of an insulation material indicates its 

capability to protect timber against charring. The protection level is evaluated by 

means of a standard test set-up. Three different protection levels can be assigned to 

an insulation material, where PL3 indicates the weaker protection level and PL1 

indicates the stronger protection level. This improved design approach includes also 

a design model where the charring of the timber element can be considered from the 

fire side or from three sides according to the fire protection provided by the insulation 

(i.e. protection level) (Figure 1). 

 

Figure 1. Cross-section of a timber frame assembly used as a floor. 
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Behind the char layer of a timber member exposed to fire there is a heated zone, in 

which the strength and stiffness properties of the timber are reduced compared to the 

respective initial properties at ambient temperature. 

Current Eurocode 5 Part 1-2 (2004) includes two analytical models to determine the 

mechanical resistance of timber members exposed to fire:  

 The effective cross-section method (also known as the reduced cross-section 

method), in which the decrease of strength and stiffness properties of timber 

members are compensated by using a so-called zero-strength layer while 

strength and stiffness properties at ambient temperature are used;  

 •The reduced properties method in which the strength and stiffness of the 

residual cross-section is reduced by modification factors. It should be noted 

that the reduced properties method will be deleted in the next revision of 

Eurocode 5. 

Furthermore, Annex B of current Eurocode 5 Part 1-2 (2004) gives indications on 

how to evaluate the mechanical resistance of timber members exposed to fire by 

means of advanced calculations. 

Values for zero-strength layers for the effective cross-section method (ECSM) for 

TFA with cavities completely filled with stone wool and glass wool were published in 

the FSITB (2010). The values are based on backwards calculations from results of 

fire tests corresponding to a limited range of cross-sections with reduced strength 

and stiffness properties. Therefore, a more exhaustive study on zero-strength layers 

for TFAs with cavities filled by different insulations is needed. 

The purpose of this STSM is to provide charring coefficients and zero-strength layers 

of the improved design model for timber frame assemblies exposed to fire. 
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2. Improved design model for TFA 

The improved design model for TFA proposed by Tiso and Just [5] considers three 

different charring scenarios with cavities completely filled with insulation. The 

following scenarios are generally possible to consider: 

1.  If the cavities are completely filled with insulation materials qualified as 

PL1 [5], charring occurs mainly on the fire-exposed side of the timber member, 

while the lateral sides are protected by the insulation (Figure 2a). Fire exposed 

side and lateral sides of the timber cross-section are defined in Figure 1.  

2. If the cavities are completely filled with insulation materials qualified as 

PL2 [5], charring is regarded from one side during the protection phase and 

from three sides of the timber cross-section during the post-protection phase.  

3. If the cavities are completely filled with insulation materials qualified as 

PL3 [5], charring is regarded from three sides of the cross-section already 

during the protection phase. 

In order to calculate the charring depth along the fire exposed side (dchar,1,n), the 

following parameters need to be considered: 

- 0 is the basic design charring rate [6] 

- The coefficient ks,n is a cross-section factor used to consider the influence of 

cross-section width and depth on the charring rate.  

- Different charring rates in different protection phases are described using the 

protection coefficients k2 and k3,1, as also done in the current version of 

Eurocode 5 [1].  

- The start time of charring from lateral sides (tch,2) is assumed to occur after the 

cladding has fallen-off.  

- The factor k3,2 considers the influence of the recession of the insulation 

material on the fire protection on the lateral sides. 
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(a) (b) 

KEY: h - initial height of the beam, b - initial width of the beam, hn - notional height of the beam, bn - notional 
width of the beam, dchar,1,n - charring from the fire exposed side, dchar,2,n - charring from the fire lateral sides, do - 
zero-strength layer, tch - start of charring from the fire exposed side, tf - fall-off of the cladding, tch,2 - start of 
charring from lateral sides. 

Figure 2: (a) Concept of the improved design model for timber frame assemblies; (b) different charring phases 
of the design model [5] 

 

Using these parameters, the charring depth can be calculated as follows: 

dchar,1,n = β0 ks,n k2 (tf – tch) + β0 ks,n k3,1 (t – tf) (1) 

The notional charring depth from the fire exposed side might be evaluated by 

summing two terms: the first term describes the notional charring depth which 

occurred during the protection phase; the second term describes the notional 

charring depth during the post-protection phase. 

After the start of lateral charring, the charring depth on the lateral sides can be 

evaluated as: 

dchar,2,n = β0 ks,n k3,2 (t – tch,2) (2) 
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An effective charring depth can be calculated by increasing the notional charring 

depth by a zero-strength layer (d0): 

def = dchar,n + d0 (3) 

An effective cross-section is obtained by subtracting the effective charring depth from 

the original cross-section. The effective cross-section enables to predict the load 

bearing capacity of the element under fire conditions by using the strength and 

stiffness properties at ambient temperature. 
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3. Determination of the charring coefficients 

The material properties under fire condition of three selected insulation materials 

were studied through the use of a model scale furnace. The tests were performed at 

the RI.SE fire laboratories in Stockholm (Sweden). The specimens consisted of 

timber beams and the insulation materials applied. Insulation materials involved in 

this investigation are glass wool (GW), high temperature extruded mineral wool 

(HTE) and cellulose fibre in batt-type (CF). Some of the specimens were also tested 

without any cladding. Coefficients of the improved design model for the tested 

insulation materials were derived. 

Model scale furnace tests performed at RI.SE 

Specimens of timber frame assemblies were tested in horizontal position in a cubic 

meter furnace following the standard fire curve according to ISO 834 [7] (Table 1). 

The specimens consisted of a wooden frame with a timber beam placed in the middle 

of the frame, parallel to the 1000 mm long side (Figure 3a). The external dimensions 

of the frame were 800 mm x 1000 mm. The timber beam in the frame allowed for two 

cavities which could be filled with a selected insulation. To investigate the influence of 

the beam width on the charring rate at the middle of the section, different beam 

widths were investigated. The chosen timber beam cross-sections were 

45 mm x 145 mm, 75 mm x 145 mm and 120 mm x 145 mm (width x height). The fire 

side of the tested assembly was protected by 15 mm thick gypsum plasterboard 

Type F (GtF) according to EN 520 [8]. To avoid any joint, the board was installed in 

one piece of 800 mm x 1000 mm. The board held in place by a fastening system. 

This metal fastening were composed on a metal bar passing through the thickness of 

the specimen, metal washer and a clip placed in both exposed and unexposed side 

of the specimen. Four fastening systems were inserted on each specimen. These 

elements allowed keeping the gypsum plasterboard fixed on the timber frame. Three 

specimens, one for each insulation material, were tested without cladding. Table 1 

gives an overview of the performed fire test. 
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Table 1: Overview of model scale furnace tests performed at RI.SE. 

Test number 
Insulation 
material 

Fire 
protection 

Beam width 
(mm) 

Fall-off of 
fire 

protection 
(min)* 

Duration of 
test 

(min) 

1 HTE NO 45 N.A 60 
2 HTE GtF, 15 mm 45 45 60 
3 HTE GtF, 15 mm 45 45 60 
4 HTE GtF, 15 mm 45 N.A. 40 
5 HTE GtF, 15 mm 45 45 60 
6 HTE GtF, 15 mm 45 30 60 
7 HTE GtF, 15 mm 75 30 60 
8 HTE GtF, 15 mm 75 45 60 
9 HTE GtF, 15 mm 120 45 60 

10 HTE GtF, 20 mm 120 60-68 90 
11 GW NO 45 N.A. 21 
12 GW GtF, 15 mm 45 45 54.5 
13 GW GtF, 15 mm 45 30 41 
14 GW GtF, 15 mm 75 30 50 
15 GW GtF, 15 mm 75 45 60 
16 GW GtF, 15 mm 120 30 60 
17 GW GtF, 15 mm 120 45 60 
18 CF NO 45 N.A. 60 
19 CF GtF, 15 mm 45 30 60 
20 CF GtF, 15 mm 45 45 60 
21 CF GtF, 15 mm 75 30 56.7 
22 CF GtF, 15 mm 75 45 60 
23 CF GtF, 15 mm 120 30 59 
24 CF GtF, 15 mm 120 45 60 

*N. A. = not applicable 

* The fall-off of the protection was manually imposed. 

PLAN SECTION A-A’ 

 
 

(a) (b) 

Figure 3: Test specimen for the model scale furnace: (a) overall plan; (b) position of thermocouples on the timber 
beam cross-section. 

 

On the unexposed side of the specimen, a particle board (19 mm thick) was used in 

all the tests. Insulation materials were glued to the particle board using a fluid sodium 

silicate based glue. Thermocouples were embedded on the timber beam and 

insulation material at different depths to monitor the charring development (Figure 
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3a). In order to obtain comparable results for the post-protection phase among the 

insulation materials, the fall-off of the gypsum plasterboard was imposed. To identify 

the influence of the different charring phases, different fall-off of the cladding were 

imposed at 30 and 45 minutes, respectively. 

The expected duration of the tests was 60 minutes. In some tests, the specimen was 

removed earlier due to the start of charring of the particle board on the unexposed 

side of the specimen. 

Charring coefficients 

The charring depth from the fire exposed side of the timber member is indicated as 

dchar,1,n. In TFA with insulation materials qualified as protection level 1 (PL1), the 

charring of the timber element will only occur from the fire exposed side (one-

dimensional). If insulation materials qualified as protection level 2 or 3 (PL2 or PL3) 

are applied, the charring of the timber elements might be considered from three sides 

(two-dimensional). The charring depth from the lateral sides of the cross-section is 

indicated as dchar,2,n. From the complete formula to calculate dchar,1,n (see Equation 1), 

the nominal charring rates from the fire exposed side during the protection and post-

protection phase can be derived as follows: 

β
1,n 

= β
0
 ∙ ks,n ∙ k2 for t ≤ tf  (3) 

     
β

1,n
 = β

0
 ∙ ks,n ∙ k3,1 for t > tf  (4) 

In the same way, the nominal charring rates from the lateral sides can be derived 

from Equation (2): 

β
2,n

= β
0
∙ ks,n ∙ k3,2 for t > tch,2  (5) 

Cross-section coefficients 

The cross-section coefficient ks,n is used to take into account the greater charring 

depth for narrow sides of the cross-section and the greater charring depth for small 

cross-sections. The cross-section coefficient ks,n is given as a function of the beam 

width for the charring depth on the fire exposed side (dchar,1,n) and as a function of the 

beam height for the charring depth from the sides (dchar,2,n). In the improved design 

model, the factor ks,n is considered as the product of the coefficients ks and kn, as 
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also proposed in the Eurocode 5. The coefficient ks,n can be evaluated either for 

dchar,1,n and dchar,2,n as: 

ks,n = {0.00025∙b
2
- 0.044∙b + 3.41
1.5

 
for 
for 

b ≤ 90 mm 

b > 90 mm 

 
(6) 

     

ks,n = {0.00025∙h
2
- 0.044∙h + 3.41

1
 

for 
for 

h ≤ 90 mm 
h > 90 mm 

 
(7) 

The same equation for ks,n is considered for all insulation materials. Equation (6) has 

been derived by multiplying the factor kn proposed in the current Eurocode 5 by the 

expression of ks proposed by König [9] and published in FSITB. Values of ks for 

different beam widths published in the current Eurocode 5 are taken from the same 

equation proposed by König [9]. The same cross-section coefficient used to take into 

account the greater charring depth for narrow sides is proposed for small cross-

sections, see Equation (7). 

Protection coefficients 

The protection coefficient kpr explains the charring rates in the protected and post-

protection phases. The subindex indicates the number of the protection phase: 

kpr = k2 (8) 

  
kpr = k3 (9) 

Where k2 is the coefficient for the protection phase (Phase 2) and k3 is the coefficient 

for the protection post-phase (Phase 3). The protection coefficient k2 takes into 

account the influence of cladding on the charring rate. The coefficient k2 for different 

gypsum boards are published in EN 1995-1-2:2004. For other cladding materials the 

coefficients will be determined according to EN 13381-7 [10]. 

The post-protection coefficient k3,1 takes into account the influence of faster charring 

rate on the fire exposed side of the beam after the fall-off of the cladding. The 

coefficient is determined using the test methodology described above. The coefficient 

k3,1 is given as a function of the fall-off time of the cladding (tf) and it might vary 

depending on the protection level of the insulation. 

The determination of the coefficient k3,1 for charring on the fire exposed side of the 

timber cross-section is shown in Figure 4a and Equation (10). 
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k3,1(tf)=
d2 - d1

β
0
 ∙ (t2 - tf)

 (10) 

 

 

 

(a) (b) 

Figure 4: (a) charring depths during post-protection phase for the evaluation of factor k3,1; (b) factor k3,1 for studied 
HTE, GW and CF type of insulation. 

 

The equations of k3,1 for the investigated types of insulation HTE, GW and CF were 

obtained from test results and are shown below: 

k3,1 = 0.0173 ∙ tf + 1 for HTE  (11) 

     
k3,1 = 0.0171 ∙ tf + 1 for GW  (12) 

     
k3,1 = 0.0103 ∙ tf + 1 for CF  (13) 

Lateral side charring 

For TFA with completely filled cavities with insulation material qualified as PL2, the 

start time of lateral charring is defined as the time when charring on the lateral side 

reaches two thirds of the height of the timber member cross-section (Figure 5). 

According the current Eurocode 5 part 1-2, the position of the char-line is considered 

as the position of the 300°C [1]. Different protective performances of the insulation 

materials may be distinguished by the speed which the 300°C isotherm on the 

interface between wood and insulation (d300,s) moves during the post- protection 

phase [5].  

0
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Figure 5: Residual cross-section during post-protection phase at the moment when start time of charring from 
lateral sides is considered. 

 

This can also be defined as the recession speed of the insulation (vrec). The 

recession speed is calculated as: 

vrec=
d300,s(t)

t - tf
 for t > tf  (14) 

where d300,s is the charring depth on the side of the beam, t is the time at which the 

d300,s is considered and tf is the fall-off time of the cladding. 

The obtained values of vrec are 23.4 and 13.4 mm/min for GW and CF, respectively. 
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(a) (b) 

Figure 6: (a) determination of protection level according to qualification methodology for HTE , GW 
and CF insulations [5]; (b) definition of recession speed. 

 

The start time of the lateral sides charring is calculated as: 

tch,2 = tf + 
2 

3 
∙

h

vrec

 
(15) 

The post-protection factor, k3,2, considers the charring rate on the lateral sides of the 

beam. The approach is based on the relationship: 

Wfi

Wn

= 
bfi

b
 

(16) 

where Wfi is the residual section modulus after 60 minutes of fire exposure; Wn is the 

section modulus of the notional rectangular simplified cross-section at the same time 

considering only charring from the fire exposed side, calculated using Equation (17). 

Wn=
b ∙ [h - dchar,1,n(60)]

2

6
 (17) 

where dchar,1,n is the notional charring depth from the fire exposed side according to 

Equation (1), h is the original height of the beam, b is the original beam width; bfi is 

the beam width at 60 minutes considering charring from the lateral sides.. 

The post-protection coefficient for lateral charring k3,2 is calculated as: 

k3,2 = {b-
6 Wfi

[h - dchar,1,n(60)]
2
}  ∙ 

1

2∙β
0

∙ (60 - tch,2)
 (18) 

where β0 is the basic charring rate according [6]. 
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The factor k3,2 is given as a function of tch,2, see Equation (18). The equations for 

insulation GW and CF obtained from test results are as follows: 

k3,2 = 0.051 ∙ tch,2 ≥  1 for GW  (19) 

     
k3,2 = 0.036 ∙ tch,2 ≥  1 for CF  (20) 
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4. Determination of zero-strength layer depths 

The load-bearing capacities were predicted using thermo-mechanical simulations. 

For this, a two-step process was adopted: 

1. Temperature distributions through the cross-section were obtained by means 

of two-dimensional heat-transfer analysis, 

2. Load-bearing capacity with temperature dependent reduction of strength and 

stiffness was calculated.  

The output of the thermo-mechanical simulations were used to calculate 

corresponding zero-strength layer depths for different TFA assemblies. 

Heat-transfer analysis 

In order to investigate the temperature distribution within the cross-section, two-

dimensional (2D) models were implemented in the SAFIR software package [11], see 

(Figure 7).  

The thermal exposure was described by means of the standard ISO fire time-

temperature curve [7]. The heat transfer by convection and radiation to the fire 

exposed side of the model was considered using a convection coefficient of 25 

W/m2K and emissivity of 0.8, as prescribed in Eurocode 1 part 1-2 [12]. 
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Figure 7: Schematization of the heat-transfer simulations. 

 

The heat transfer through the timber member was modelled by using the timbers’ 

effective thermal properties given in Eurocode 5 part 1-2 [1]. Gypsum plasterboards 

and particle board were described by using the effective thermal properties given in 

FSITB [2]. Two different materials were considered as insulation: a stone wool (SW) 

and HTE mineral wool as cavity insulations. Effective thermal properties of SW 

insulations and HTE mineral wool were calibrated for this study (Figure 8). The heat 

transfer calculations considered 90 minutes of fire exposure. 

  

(a) (b) 

Figure 8: Effective thermal properties of SW and HTE mineral wool: (a) conductivity vs. temperature and (b) 
specific heat vs. temperature  
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Mechanical analysis 

For the structural analysis of the timber member, CSTFire was used [13]. This 

program is capable of calculating the bending moment capacities of timber members 

exposed to fire. The calculations are performed by means of an iterative process. 

The program (i) takes the temperature distribution of the timber cross-sections from 

the heat transfer analysis, (ii) assigns strength and stiffness reduction depending on 

the temperature, (iii) calculates the geometrical properties of the residual cross-

section, (iv) determines the bending moment capacities (Mfi) and related curvatures 

(κfi) during the time. 

The reduction of strength and stiffness in tension and compression were assumed 

according to Eurocode 5 part 1-2 (Figure 9). Furthermore, a brittle behaviour of 

timber in tension and full-plastic behaviour in compression were considered [14]. 

 

KEY: ft-tensile strength, fc-compressive strength, Et- modulus of elasticity in tension, Ec-modulus of elasticity in 

compression 

Figure 9: Reduction factors for strength and stiffness properties in compression and tension according to 
Eurocode 5 part 1-2. 

 

Simulation programme 

Different cross-section dimensions and claddings were investigated. Set-ups are 

summarised in Table 2. The type of claddings considered corresponding to the 

different cross-sections dimensions are also given. 
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Table 2: Claddings on the fire side of investigated set-ups. 

  Initial height of cross-section 

  h = 95 mm h = 145 mm h = 195 mm h = 295 mm 

In
it

ia
l 

w
id

th
 

o
f 

c
ro

s
s

-

s
e

c
ti

o
n

 

b = 45 mm - GtF 15 mm GtF 15 mm GtF 15 mm 

b = 60 mm GtF 15 mm GtF 15 mm GtF 20 mm GtF 20 mm 

b = 75 mm - GtF 15 mm GtF 20 mm GtF 20 mm 

b = 90 mm GtF 15 mm GtF 15 mm GtF 20 mm GtF 20 mm 

b = 120 mm GtF 15 mm GtF 15 mm GtF 20 mm GtF 20 mm 

*GtF – Gypsum Plasterboard type F 

For each set-up, at least two different fall-off times (tf) of the claddings were 

considered. For 15 mm thick gypsum plasterboards, fall-off of the cladding at 25 and 

43 minutes were considered. For 20 mm thick gypsum plasterboards, fall-off of the 

cladding was considered at 26 and 53 minutes. The fall-off times were chosen 

according to the fall-off time for gypsum plasterboard in floor and wall position 

proposed in the FSITB. Furthermore, for each configuration, both tension and 

compression side of the cross-section exposed to fire were considered. In literature, it 

is also referred to the tension side of the cross-section exposed to fire as tension side 

warm (TSW) and to the compression side of the cross-section exposed to fire as 

compression side warm (CSW). For each insulation material, at least 72 different 

simulations were performed. Results of the thermo-mechanical simulations are 

shown in Figure 10. 
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(a) (b) 

Figure 10: Reduction of bending moment capacity against the time for assembly insulated with stone wool. Comparison 
of different (a) widths and different (b) heights. 

 

Bending members 

The bending moment capacities and related curvatures are calculated using 

CSTFire, see Figure 6. In order to determine the depth of the zero-strength layer d0 

for a member in bending (e.g. a floor element), the bending capacity of the heated 

cross-section was taken to be equal to the bending capacity of the effective cross-

section at ambient temperature. For TFAs insulated with a material qualified as PL1 

the bending capacity in fire is as follows: 

Mfi=Wef fm,20℃=
(hn-d0)2b

6
 fm,20℃ (21) 

where: Wef is the section modulus of the effective cross-section; fm,20℃ is the bending 

strength value at ambient temperature; hn is the notional height of the cross-section 

and b is the initial width of the cross-section. 

Subsequently, the thickness of the zero-strength layer for a timber member in 

bending is derived as: 
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d0=hn-√
6 Mfi

b∙fm,20°C

 (22) 

Compression members 

Buckling is usually the relevant failure mode for axially loaded compression 

members. For timber frame wall assemblies, out-of-plane buckling or in-plane 

buckling of load-bearing studs might occur. In general, the buckling resistance of a 

member Ncrit in fire is: 

Ncrit= 
π2(EI)fi

l0
2

 (23) 

where: (EI)fiis the stiffness of a member in fire conditions, l0 is the effective buckling 

length of a member. 

The stiffness in fire, can be evaluated from CSTFire as: 

(EI)fi=
Mfi

κfi 
 (24) 

where: κfi is the curvature of a member in fire conditions. 

Zero-strength layers for TFA members in bucking were evaluated by comparing the 

buckling resistance with an effective cross-section at ambient temperature: 

Ncrit= 
π2E20°CIef

l0
2

 (25) 

where: E20°C is the characteristic modulus of elasticity (MOE) value at ambient 

temperature; Ief is the moment of inertia of the effective cross-section. 

The moment of inertia of the cross-section for out-of-plane buckling can be calculated 

as: 

Ief= 
(hn-d0) 

3
 b

12
 (26) 

And for in-plane buckling can be calculated as: 
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Ief= 
(hn-d0)  b

3

12
 (27) 

By combining the Equations (23), (25) and (26) is possible to derive the expression to 

calculate the zero-strength layer for out-of-plane buckling elements: 

d0= hn (1-√
Efi

E20°C 
 

3

) (28) 

where: Efi is the MOE of a member in fire. 

On the same way, combining the Equations (23), (25) and (27) the expression to 

calculate the zero-strength layer for in-plane buckling is derived: 

d0= hn (1-
Efi

E20°C 
 ) (29) 

Results 

Depths of zero-strength layers for compression and bending have been calculated for 

timber frame assemblies insulated with high temperature extruded mineral wool and 

stone wool (see an example in Figure 11a). Results are compared for different fall-off 

times of the cladding (Figure 11b). The comparison shows that there is no significant 

difference in the maximum value of d0 for different fall-off times (tf), as the different 

curves peak at a similar value of d0. Furthermore, it can be seen that the only 

difference between assemblies that were unprotected (tf = 0 in Figure 11b) and 

protected for 90 min (tf = 90 in Figure 11b) is the time when the maximum d0 

occurred. 
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(a) (b) 

Figure 11: (a) Bending moment capacity, section modulus and depth of zero-strength layers for an assembly insulated 
with stone wool; (b) depth of zero-strength layer for elements in bending for different fall-off times of the cladding for 
assemblies with HTE wool. 

 

In order to provide a simple approach for the designer, it is reasonable to assume the 

depth of the zero-strength layer is independent of time. By means of multi-regression 

analyses, factors influencing the zero-strength layers were determined. 

For timber frame assemblies insulated with stone woo (SW), the following 

expressions are proposed on the basis of the presented simulations: 

 bending member with the fire exposed side in tension: 

d0 = 9 + 0.25 h - 0.18 b (30) 

 bending member with the fire exposed side in compression: 

d0 = 27.9 + 0.14 h - 0.26 b (31) 

 out-of-plane buckling of compression member: 

d0 = 29.1 + 0.16 h - 0.26 b (32) 

 in-plane buckling of compression member: 

d0 = 43.6 + 0.43 h - 0.37 b (33) 
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For timber frame assemblies insulated with HTE mineral wool, the following 

expressions are proposed: 

 bending member with the fire exposed side in tension: 

d0 = 18.6 + 0.17 h - 0.18 b (34) 

 bending member with the fire exposed side in compression: 

d0 = 27.9 + 0.14 h - 0.28 b (35) 

 out-of-plane buckling of compression member: 

d0 = 25.5 + 0.17 h - 0.26 b (36) 

  in-plane buckling of compression member: 

d0 = 36.4 + 0.45 h - 0.37 b (37) 

In Figure 12, zero-strength layers predicted by the equations proposed are plotted 

against the peak values calculated by means of thermos-mechanical simulations. 

The comparison shows that the proposed equations give a good prediction the peak 

values of zero-strength layers. 

  

(a) (b) 

Figure 12: Zero-strength layers calculated by means of numerical simulations compared with the models proposed for 
assemblies insulated with stone wool. Comparison for (a) bending members with tension side exposed to fire and (b) 
compression members with in-plane buckling. 
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Reference fire test 

A loaded model-scale furnace test has been carried out as benchmarks for the 

simulations. This test was also performed at RI.SE fire laboratories in Stockholm 

(Sweden) using a cubic meter furnace. A portion of a floor (dimensions 800 x 1000 

[mm]) was subjected to the standard fire exposure. The floor specimen was 

composed of a load bearing timber element, gypsum plasterboard cladding and HTE 

mineral wool. The load bearing timber element (cross-section dimension 50 x 200 

[mm]) was loaded in four-point bending, with the tension side exposed to the fire. The 

exposed side of the assemblies was protected by a 15 mm thick gypsum 

plasterboard (Type F) held in place by screws. Prior to the test, the Modulus of 

Elasticity (MOE) and the bending strength of the beams were assessed by means of 

high resolution laser scanning and dynamic excitation [15]. Results of the tested 

beam are shown in Table 3. 

 

Table 3: Overview of the loaded test performed. 

Cross-

section 

dimensions 

[mm] 

Fire 

protection 

Fall-off of fire 

protecticion 

[min] 

Bending 

moment applied 

[kNm] 

Predicted 

MOE 

[GPa] 

Predicted bending 

strength 

[MPa] 

50 × 200 GtF 15 mm 34 5.27 13.2 52.7 

In general, members or parts of a structure under fire conditions are designed 

considering a load level comprise between the 20% and 40% of its ultimate load. The 

tested timber element was loaded with a constant bending moment of 5.27 kNm 

along the fire-exposed part (which corresponds to 30% of the ultimate moment 

capacities at ambient temperature). 

The gypsum plasterboard has fallen in one piece at 34 minutes from the beginning of 

the test. The end of the test was determined when rupture of the beams occurred, at 

53.3 minutes. The zero-strength layer has been calculated according to Equation 22 

and resulted to be equal to 36.1 mm. The same set-up was simulated according to 

the methodology described above. From the simulation a zero-strength layer equal to 

37.3 mm was obtained. The good agreement between the experimental and 

numerical results indicates that the numerical simulations are suitable to predict the 
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fire resistance of bending beams. The zero-strength layer calculated according to 

Equation (34) for this set-up resulted to be equal to 43.6 mm. The predictions 

according to the proposed expression of Equation (34) give only the peak values of 

d0 during fire exposure. The empirical approach is simple but conservative with 

respect to fire tests and numerical simulations. 
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5. Conclusions 

The purpose of this STSM was to investigate charring coefficients and zero-strength 

layer thicknesses of timber members in wall and floor assemblies. Results from 

model-scale furnace tests were analysed. Charring coefficients for three different 

insulation products have been proposed. 

Thermo-mechanical analyses of different set-ups of cross-sections and cavity 

insulations were performed. Comparisons of numerous simulations have shown that 

the depth of zero-strength layer depends on cross-section dimensions and fire 

exposure time. 

Design values for depths of zero-strength layers for bending and compression were 

proposed for assemblies with two different cavity insulation materials qualified as 

PL1. This approach was proposed for a maximum of 90 minutes standard fire 

exposure. 

This research will serve as a basis for future studies on the zero-strength layer of 

timber frame assemblies with different insulation materials applied. 
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