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A B S T R A C T   

Conservation of built heritage, at present, is a major task and a great challenge because it requires adapting the 
performance of existing buildings to current code requirements, when very often these were built before codes 
existed. Timber jack arch flooring systems can be found in many historical buildings around the world. The 
system is formed by timber joists and brick vaults spanning the distance between two adjacent joists and has an 
undoubtable aesthetic and cultural value. However, given its geometry, there is no methodology to verify its fire 
resistance, which has prevented the preservation of many buildings using this system. Within this context, this 
paper proposes a methodology based on the “Reduced cross-section method” included in Eurocode 5 (EN 1995-1- 
2) for the determination of the fire resistance of historical timber jack arch flooring systems subjected to different 
fire exposures. The methodology is based on the use of the 135-degree and the 300-degree isotherms to obtain 
the positions of the zero-strength layer and the charring depths, and is supported by both advanced numerical 
thermal models experimentally validated for standard fire exposure and advanced mechanical models. The 
methodology has been applied to a wide number of flooring systems covering different span lengths, timber static 
bending strengths, and fire exposures to evaluate the influence of these parameters on fire resistance. Results 
show that historical buildings do not always meet the requirements set by current codes and, therefore, per
forming these analyses is essential to ensure the fire resistance of these timber structures. By doing so, this work 
also contributes to cultural heritage conservation and to more sustainable construction in alignment with the 
fulfilment of United Nations 2030 Agenda’s eleventh goal: “Sustainable cities and communities”.   

1. Introduction 

According to the United Nations’ data, the current world population 
is 7700 million people and will reach 8500 million by 2030 and 9700 
million by 2050 [1]. In addition, 55% of the current world population 
lives in cities, a percentage that will reach a value of 68% in 2050 [2]. 
Therefore, the world’s sustainability highly depends on the appropriate 
management of urban growth, especially considering that access to 
appropriate housing is one of the rights included in the Universal 
Declaration of Human Rights (UN, 1948) and thus, an important driving 
force in the political agenda of every country. 

A combination of different options might provide the housing 
required both due to population growth and the lack of suitable housing, 
such as: 1) the construction of new houses in rural land transformed into 
urban land, 2) the construction of new houses in plots existing within the 
cities and 3) the rehabilitation of existing houses. When possible, and 
generally speaking, rehabilitation seems to be the best option when 

social, environmental and cultural aspects are considered since: 1) 
rehabilitation is more labour intensive than the construction of new 
buildings and, therefore, the money invested goes mainly toward salary 
payments rather than the acquisition of materials and subsequent con
struction, 2) rehabilitation of existing buildings incurs a lower envi
ronmental impact than their replacement with the construction of new 
buildings (see e.g. [3]), 3) rehabilitation enables the conservation of 
traditional professions (specialized carpenters, stonemasons, black
smiths…) which are generally not required by new building construc
tion [4], 4) rehabilitation enables the conservation of built heritage and 
therefore of the traditional urban fabric and aesthetics of cities, 5) 
rehabilitation might even be more cost effective than new construction 
when the total life cycle of a building is considered [5]. Rehabilitation 
also presents challenges, one of the most important ones being adapting 
old buildings to present-day code requirements. One of these re
quirements is the need for a specified fire resistance. This requirement is 
especially challenging because most of the historical buildings were 
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built at a time when fire codes did not exist. 
Fire engineering has made significant progress in the development of 

performance-based approaches to deal with the effects of fire on 
buildings, tunnels and bridges built with different construction materials 
(see e.g. [6–14]). Regarding historic structures, recent fire research 
covers topics such as the propagation of fires within historical centres 
[15,16] or methodological approaches to fulfil fire safety requirements 
[17] and conduct post-fire restoration [18]. Specific research on the fire 
response of timber elements in historical buildings is very scarce and 
covers topics such as the estimation of the temperatures reached during 
a fire in timber structural elements [19] and the fire performance of 
certain heritage timbers compared to contemporary timbers [20,21]. On 
the contrary, the fire response of timber systems currently in use has got 
a lot of attention (see e.g. [22–28]), but timber structural systems used in 
historic buildings deserve special attention because: 1) they can have 
specific features that make the methods available in the codes not 
directly applicable, 2) timber used in historic buildings responds to fires 
differently than contemporary timber [20] and 3) many historic build
ings with timber structural elements have suffered important damage 
and even collapsed due to fire as shown by the examples of the Notre 
Dame fire (2019) [29], the National Museum of Brazil fire (2018) [30], 
the Glasgow School of Art fires (2014, 2018) [31] and the 1988 Lisbon 
city Chiado’s fire [32]. 

Within this context, this paper proposes a strategy for the determi
nation of the fire resistance of a flooring system typical in historical 
buildings. By doing so, this work contributes to a more sustainable 
construction, to cultural heritage conservation, and to the fulfilment of 
one of the targets included in the 11th sustainable development goal on 
Sustainable Cities and Communities of the 2030 Agenda for Sustainable 
Development [33]: to strengthen efforts to protect and safeguard the 
world’s cultural and natural heritage. 

The type of flooring system studied is usually named as a timber jack 
arch flooring system and is defined by a series of brick arches supported 
by timber joists with different possible configurations ([34], Fig. 1a). 
The space between the arches or the joists and the floor top surface is 
filled with an infill of hydraulic mortar mixed with soil and brick rubble. 

The timber joists are the main structural element of the floors and 
receive the loads from the brick arches or directly from the infill. This 
type of floors has an undoubtable aesthetic and cultural value (Fig. 1b), 
but, given its geometry, there is no simplified methodology in present 
codes to verify its fire resistance. This knowledge gap has resulted in the 
demolition or fireproofing (Fig. 1c) of many buildings with this system 
with the consequent environmental and social impacts and the loss of 
important heritage. This loss could had been avoided if proper fire 
resistance verification methods would had been developed and applied. 

This paper proposes a simplified methodology to analyse the fire 
resistance of historical timber jack arch flooring systems. The method
ology is based on calibrated numerical and simplified models and is 
applied to a wide number of flooring systems covering different span 
lengths, timber static bending resistance and fire loads. These fire loads 
have been obtained after a detailed study on the influence of the 
compartment size, ventilation conditions and fire models on the tem
peratures resulting from the fire. The results from this study on the fire 
loads are useful for any type of floor, not just for the typology analysed 
in the paper. 

2. Case study 

The timber jack arch flooring system analysed belongs to a four- 
storey residential building located in the historic centre of the city of 
Valencia (Spain). Fig. 2 shows the geometry of the flooring system, 
which is formed by rectangular timber joists, each joist having two 
timber strips nailed to it that support brick vaults. The wood of the joists 
comes from coniferous trees. Specifically, the wood belongs to the Pinus 
nigra species, which is a species of pine found in Mediterranean forests. 
In Mediterranean Europe, trees normally associated with this species 
include scots pine and laricio pine. The vaults between the joists are 
made of solid bricks joined with hydraulic lime mortar. Finally, the 
infill, which is located above the brick arches and is flush with the upper 
face of the joists, consists of a hydraulic lime mortar mixed with soil and 
brick rubble. 

To make the analysis as representative as possible, three different 

Fig. 1. Timber jack arch flooring systems: (a) joist variants – adapted from [35]; (b) general view of a jack arch flooring system with timber joists after rehabilitation; 
and (c) fireproofed jack arch flooring system. 
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compartments of the building, in which the fire could occur and whose 
dimensions are typical of the different compartments that constitute a 
dwelling, have been considered in the analysis. The compartment 1 of 7 
m2 would be associated with a small bedroom, the compartment 2 of 16 
m2 with a double bedroom and, finally, the compartment 3 of 25 m2 

with a dining or living room. The span length of the flooring system is 4 
m. 

3. Basic safety requirements to be fulfilled 

Since the residential building studied is located in Spain, the regu
lations included in the Spanish Building Code [36] (CTE henceforth 
according to its Spanish acronym) should be followed. This code es
tablishes the requirements that buildings must meet in relation to basic 
safety and habitability requirements and applies to both new buildings 
and interventions in existing buildings. The CTE indicates that an 
element will have sufficient fire resistance if, during a certain time of 
exposure to the standard temperature–time curve, the design value of 
the effect of the actions, at any instant of time t, does not exceed the 
resistance value of that element. The fire resistance duration to be 
satisfied depends on the use of the building or compartment where the 
fire occurs as well as the most unfavourable evacuation height of the 
building. For residential buildings whose evacuation height is less than 
15 m, a fire resistance duration of 60 min is required. For evacuation 
heights between 15 and 28 m, the duration to be satisfied is 90 min. 
Evacuation heights greater than 28 m are rarely reached in the 
constructive typology analysed. It should be noted that these values of 
fire resistance time are country dependent. Similar requirements are 
included in the codes of the countries having specific requirements for 
fire resistance (see e.g. [37]). 

In this case, although the building under study has an evacuation 
height of less than 15 m, which requires a fire resistance duration of 60 
min, the results obtained for a fire exposure time of 90 min will also be 
presented. 

4. Methodology 

The procedure established by EN 1991-1-2 [38] has been followed to 
analyse the fire resistance of the flooring system studied. First of all, the 
fire models to be considered in the thermal analysis must be selected. In 
this case, these are a selection of those proposed by EN 1991-1-2 [38]: 
the standard fire exposure (ISO 834 [39]); the parametric temper
ature–time curves (Annex A); and the two-zones models (Annex D). 
They are all described in depth in Section 4.1 of this article. 

Next, the different compartments where the fire can occur within a 
dwelling building must be selected. As mentioned in Section 2, three 
different compartments of the building have been considered in the 
analysis whose sizes are of 7, 16 and 25 m2, respectively. The charac
teristics of the compartment do not have any influence when the 

standard ISO 834 fire exposure is considered but they have a great in
fluence on both the parametric temperature-time curves and the two- 
zones models. 

Then, a thermal analysis is performed to obtain the evolution of the 
temperatures inside the flooring system as a function of time. For this 
purpose, advanced heat transfer models have been developed using a 
finite element software. The numerical models have been calibrated 
from an experimental test. Both the experimental test and the thermal 
analysis conducted are described in detail in Section 4.2 of this article. 

Lastly, in order to obtain the fire resistance time of the flooring 
system, three different mechanical methods have been used. Two of 
them consist of a sectional mechanical calculation based on an adapta
tion of the simplified mechanical methods of EN 1995-1-2 [40] used to 
verify the mechanical resistance of timber in a fire situation, whilst the 
third one corresponds to an advanced mechanical model developed in a 
finite element software. The latter is used to check the performance of 
the simplified strategies proposed which are based on the simplified 
mechanical methods of EN 1995-1-2 [40]. The mechanical analysis has 
been carried out considering an experimentally derived value of timber 
static bending strength. The methodology followed for the mechanical 
analysis of the historical flooring system studied is described at length in 
Section 4.3 of this article. 

4.1. Fire models 

As mentioned above, the fire models chosen, in order of increasing 
complexity, are the standard ISO 834 fire exposure, the parametric 
temperature–time curves and the two-zones models. These models 
define, as a function of time, the gas temperature in the environment of 
the fire exposed surfaces. 

The standard ISO 834 fire exposure is defined in EN 1991-1-2 [38]. 
Temperatures in this curve only depend on the time of fire exposure and 
are given by Eq. (1). It is important to mention that the curve does not 
represent any real fire as it lacks a decay phase, however, it is commonly 
used as an international reference system to compare construction 
elements. 

Θg = 20 + 345 log10(8t + 1) (1) 

The equations for the parametric temperature–time curves are based 
on a thermal balance model of the compartment in which the fire is 
developed. Expressions for these curves are detailed in the Annex A of 
EN 1991-1-2 [38]. The curves include a heating phase until reaching the 
maximum temperature in the compartment, followed by a cooling phase 
whose decrease is linear. 

The main parameters that govern the heating phase of the parametric 
curves are the fire load density related to the total surface area of the 
enclosure as well as its physical conditions. The fire load density de
pends on the type of occupancy of the compartment, since it determines 
the type of fuel that can be present within it and, consequently, the heat 

Fig. 2. Cross-section of the historical flooring system to be analysed. Dimensions in cm.  
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of combustion of that fuel. The value of the characteristic fire load 
density per unit floor area (qf,k) has been taken from Annex E of EN 
1991-1-2 [38]. In this case, for a residential building, a value of 948 MJ/ 
m2 has been assumed. On the other hand, the factor δn, which in this case 
equals 0.78, has been obtained assuming that only normal firefighting 
measures are present and that there is a fire brigade off site (Table E.2 of 
EN 1991-1-2 [38]). Finally, according to Annex E of EN 1991-1-2 [38], a 
combustion efficiency factor equal to 0.8 has been assumed. 

The physical conditions of the compartment considered in the 
formulation of the parametric curves are the compartment size; the 
ventilation conditions; and the thermal properties of the enclosure sur
faces. The walls of the compartments are made of bricks and covered by 
a 15 mm thick layer of plaster, the floorings consist of ceramic tiles and 
the ceilings consist of the historical flooring system studied. According 
to Annex A of EN 1991-1-2 [38], the thermal properties of the 
compartment boundaries may be taken at room temperature. The 
thermal properties of the infill, the ceramic tiles and the plaster material 
have been taken from the catalogue of construction elements of the CTE 
[36]. Those for the wood and the bricks have been taken from EN 1995- 
1-2 [40] and EN 1996-1-2 [41], respectively, except for the wood den
sity which has been obtained experimentally as described in Section 
4.2.2. Table 1 summarises the thermal properties of the materials of the 
enclosure surfaces of the compartments at room temperature. 

The opening factor (O), a parameter involved in both the parametric 
temperature–time curves and the zone models, represents the degree of 
ventilation of the fire compartment and EN 1991-1-2 [38] defines it as 
follows: 

O = Av
̅̅̅̅̅̅
heq

√
/At (2)  

where Av is the area of the openings, heq is the height of the openings and 
At is the total area of enclosure surfaces. Table 2 summarises the ge
ometry as well as the ventilation hypotheses considered for each 
compartment. 

Two additional ventilation hypotheses, named c and d, were 
considered but later discarded as it was verified that they had no rele
vance in the analysis. First, hypothesis c was to assume both the window 
and the door closed, whilst hypothesis d was to assume the door open 
and the window closed. Obviously, hypothesis c was discarded since, at 
the beginning of the fire, the oxygen is rapidly consumed and, therefore, 
the fire does not fully develop. Besides, the parametric temper
ature–time curves are applicable as long as the value of the opening 
factor is within the range between 0.02 and 0.2 m1/2. Therefore, given 
that the opening factor of hypothesis c equals zero, this ventilation 
scenario falls outside the scope of the parametric curves. 

The reason for discarding hypothesis d is explained as follows. At a 
certain temperature within the compartment, the windowpane would 
burst, causing a change in ventilation conditions within the fire. Ac
cording to the studies developed in [42], the failure criterion for total 
window breakage (not cracking, as this will happen earlier) of a 
windowpane is associated with an average gas temperature within the 
compartment of 320 ◦C. As a result, and according to numerical simu
lations with two-zone models, the fire curves obtained considering open 
windows from the beginning were very similar to those obtained 
considering the windows closed and shattering at a certain temperature. 
Hence hypothesis d was considered irrelevant due to its similarity to 
hypothesis a. 

Fig. 3 shows the parametric curves obtained for each compartment 
and ventilation hypothesis (see Table 2). Under the same ventilation 
hypothesis, the larger the compartment size, the higher the tempera
tures reached within it, and the longer the duration of the heating phase. 
In addition, it is observed that for medium and large compartments, 
hypothesis a results in higher temperatures than hypothesis b, although 
the heating phase in hypothesis b has a longer duration. 

Finally, the zone models are also included within the natural fire 
models of EN 1991-1-2 [38]. However, unlike the parametric curves, the 
zone models are considered to be advanced fire models since they take 
into account the properties of the gas, the mass exchange and the energy 
exchange in the compartment. Thus, numerical models of Computa
tional Fluid Dynamics (CFD) simulations are required for the definition 
of these models. In this case, the software OZone [43,44] version 3.0.4, 
developed by the University of Liège, has been used to obtain the evo
lution of the gas temperatures in the compartment (from this point the 
zone models will be referred to as the OZone curves). 

Just as for the parametric curves, the OZone curves also depend on 
the fire load density and the physical characteristics of the compart
ment. Therefore, the same parameters as those assumed for the para
metric curves have been applied to the OZone curves. 

Fig. 4 shows the OZone curves obtained for each compartment and 
ventilation hypothesis which coincide with those assumed for the 
parametric curves (see Table 2). Under the same ventilation hypothesis, 
the larger the compartment size, the higher the temperatures reached 
within it, and the longer the duration of the heating phase. Moreover, if 
the ventilation scenarios for the same compartment are compared, it can 
be observed that hypothesis b, which is associated with a lower degree of 
ventilation of the compartment than hypothesis a, involves a higher 
maximum temperature reached within the compartment and a longer 
duration of the heating phase. Note that the maximum compartment 
temperatures obtained with OZone match very well the maximum 
temperatures given by the parametric fire curves in hypothesis 1b, 2b 
and 3b. However, significant differences appear in hypothesis 1a, 2a and 
3a. These differences could be attributed to: (1) the smaller accuracy of 
parametric curves when compared to the more advanced OZone models, 
(2) the fact that parametric fire curves do not always perfectly match fire 
test results and, according to Franssen [45], still can be improved, (3) 
the fact that the hypothesis 1a, 2a and 3a correspond to cases in the limit 
of application of the expressions of the parametric fire curves due to 
their limit opening factor (Olim). 

4.2. Thermal analysis 

4.2.1. Experimental test 
As mentioned in Section 4, an experimental test was performed at the 

testing facilities of the Universitat Politècnica de València (Spain) to 

Table 1 
Thermal properties of the materials of the enclosure surfaces.   

Timber Bricks Infill Floor 
tiles 

Plaster 

Density (kg/m3) 611.03 1800 1800 2000 800 
Thermal conductivity (W/ 

m/K) 
0.12 0.42 1.3 1 0.3 

Specific heat (J/kg/K) 1530 564 1000 800 1000  

Table 2 
Geometry and ventilation hypotheses considered for each compartment.  

Compartment Compart. 
height 

Case Door Window Opening 
factor 

1 (7 m2) 3.4 m a Open 
(2.15 m 
× 1 m) 

Open (1.2 
m × 1.2 m) 

0.095 m1/2 

b Closed Open (1.2 
m × 1.2 m) 

0.032 m1/2 

2 (16 m2) 3.4 m a Open 
(2.15 m 
× 1 m) 

Open (2 m 
× 1.2 m) 

0.068 m1/2 

b Closed Open (2 m 
× 1.2 m) 

0.030 m1/2 

3 (25 m2) 3.4 m a Open 
(2.15 m 
× 1 m) 

Open (3.2 
m × 1.2 m) 

0.063 m1/2 

b Closed Open (3.2 
m × 1.2 m) 

0.040 m1/2  
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calibrate the finite element models developed for the thermal analysis of 
the flooring system. The thermal test was carried out using an electrical 
radiative furnace consisting of four electric radiative panels which are 
able to reach a maximum temperature in the order of 800 ◦C. Regarding 
their operation, a long-term target temperature is set on the electronic 
control of the panels and they are heated until reaching that target 
value. At this point, it is important to highlight that the panels are not 
able to follow a predefined time–temperature curve and that is why 
standard fire tests cannot be performed in this furnace. Further infor
mation on the characteristics of the furnace can be found in [46]. 

The geometry of the cross-section of the specimen which was tested 
is the one shown in Fig. 2. The length of the timber joists was 1.50 m, 
however, the length actually exposed was roughly one metre. The 
specimen was placed over the open side (top) of the furnace (see Fig. 5). 
This positioning reproduces a realistic fire exposure scenario since the 
heating of the flooring system only occurs from its lower surface. The 
gaps between the specimen and the side walls of the furnace were 
covered with thermal insulation to prevent as much heat loss as possible. 

From the beginning of the test, the target temperature of each panel 
was set to the maximum value allowed (approximately 830 ◦C). For the 
purpose of recording the temperature evolution, four plate thermocou
ples were installed inside the furnace (see Fig. 5). These thermocouples 

showed the homogeneity in the temperature distribution within the 
furnace. The temperature field evolution along the structure was also 
recorded using type K thermocouples throughout the thermal test. The 
specimen was built using three timber joists, however, only the central 
joist was instrumented with the aforementioned thermocouples. In 
particular, of the 38 type K thermocouples used, 22 were placed along 
the vertical plane of symmetry of the joist in order to register the tem
perature evolution at each centimetre of depth from the surface of the 
lower face of the joist up to 10 cm deep (see Fig. 6). The rest were placed 
in other areas such as the side strips as well as the contact surface be
tween them and the joist; in some of the bricks directly in contact with 
the joist; and, finally, in the infill. It is important to note that for each 
thermocouple position, there was also its symmetric one in order to have 
two measurements for the same relative point and, thus, verify that the 
temperatures recordings are correct. 

Fig. 7 provides an overview of the experimental test performed. 
Temperatures over 800 ◦C were reached at the exposed timber joists. 
Therefore, the long-term temperature field reached in the structure 
throughout the test is in the same order of magnitude to that obtained 
from a real fire exposure. 

The temperature–time curves obtained from the experimental test at 
different depths of the timber joist are presented in Fig. 8. The curves 

Fig. 3. Parametric temperature–time curves obtained for each compartment and ventilation hypothesis.  

Fig. 4. OZone temperature–time curves obtained for each compartment and ventilation hypothesis.  
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Fig. 5. Furnace layout and location of the specimen on the furnace.  

Fig. 6. Thermocouples disposition on the specimen: a) cross-section; and b) longitudinal section of the timber joist. Dimensions in cm.  
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Fig. 7. Experimental test: (a) furnace and timber elements instrumentation; (b) fire test; and c) charring state of the timber joist after the test.  

Fig. 8. Experimental test results. Temperature-time curves obtained for the thermocouple pairs from 0-0′ to 10-10′. Thermocouples location is given in Fig. 6.  
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show a significant delay in the heating and, accordingly, in the charring 
of the wood, as can be deduced from the plateau observed in the 
experimental curves. This delay happens at around 100 ◦C and it is due 
to the fact that, at that temperature, most of the heat is used to evaporate 
the moisture in the wood and not to heat the joist. As justified in Section 
4.2.2., this effect will be considered in the thermal model through the 
temperature-dependent specific heat curve of the wood. It is important 
to point out that this characteristic plateau has also been observed in 
other experimental fire tests carried out on timber elements (see e.g. 
[47,48]). As can be observed in Fig. 8, the furnace was turned off 
approximately 125 min after the experimental test began and the brick 
vaults of the specimen collapsed 15 min later. 

4.2.2. Thermal modelling 
The thermal analysis has been carried out with the software SAFIR 

[49,50] (v. 2019.a.2), developed at the University of Liège. This soft
ware is used to model the behaviour of building structures subjected to 
fire and applies the finite element method to perform both thermal and 
mechanical calculations. 

In this case, a two-dimensional thermal analysis has been carried out. 
The analysis performed by SAFIR [49,50] is transitory, based on a non- 
linear calculation where the fire model is imposed on the exposed face of 
the flooring system and a room temperature of 20 ◦C is assigned on the 
unexposed one (see Fig. 9a). 

The mesh of the model is shown in Fig. 9b and was generated by 
discretising each element of the flooring system into a certain number of 
finite elements. Since a 2D analysis has been performed, the finite ele
ments are 2D-solid elements. Due to the irregular shape of the infill, 
triangular finite elements have been used to generate its mesh, whilst 
quadrilateral elements have been used to discretise the joist and the 
bricks. The use of concave elements has been avoided, since they do not 
provide reliable results. It is important to highlight that a sensitivity 
analysis of the assumed mesh has been carried out in such a way as to 

have a reasonable computational cost, without compromising the ac
curacy of the results. 

For the fire models considered, a uniform temperature distribution as 
a function of time can be assumed throughout the entire compartment, 
since they are not associated with localised fires. Consequently, all the 
structural elements of the same type will be uniformly affected by fire. 
Thus, it is sufficient merely to model and obtain the temperature field for 
a section of the flooring system including one joist and two half-vaults 
with their corresponding infill, delimited by the adiabatic edges in 
which there is no heat exchange. 

The thermal properties of the flooring system materials introduced 
into the thermal model are the density (ρ), the thermal conductivity (λ) 
and the specific heat (cp). Additionally, other parameters required by the 
thermal model are the wood moisture content, the emissivity (ε) and the 
coefficient of heat transfer by convection (αc). 

First, the density for the timber of the joists was obtained experi
mentally by testing 24 specimens according to EN 408 [51]. The average 
density was 611.03 kg/m3 (standard deviation: 28.22 kg/m3). Con
cerning the moisture content, a parameter on which both the density and 
the specific heat of the wood depend, it was also obtained experimen
tally by testing 24 specimens according to the methodology proposed by 
EN 13183-1 [52]. The average moisture content was 9.9% (standard 
deviation: 0.62%). 

It has been assumed that both the density of the wood and the 
thermal conductivity are dependent on the temperature, in accordance 
with the curves proposed by Annex B of EN 1995-1-2 [40]. Regarding 
the temperature-specific heat curve proposed by EN 1995-1-2 [40], it 
shows a significant peak between 99 and 120 ◦C. This peak represents 
the heat consumed to evaporate the moisture in the wood and not to heat 
the material. Therefore, the energy consumed in the evaporation process 
depends on the moisture content of the wood. However, the 
temperature-specific heat relationship proposed by EN 1995-1-2 [40] 
for wood does not allow the actual value of moisture content of the 

Fig. 9. FE thermal model: (a) boundary conditions (adiabatic edges in blue); and (b) materials and mesh generated. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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material to be considered. That is why the methodology outlined in [53] 
by Wang et al. has been applied to modify the peak of the temperature- 
specific heat relationship of EN 1995-1-2 [40] for wood depending on 
the moisture content. As established by Annex B of EN 1995-1-2 [40] the 
modification of the wood thermal properties is allowed. Wang et al. [53] 
propose a triangular distribution of the peak and consider that the 
evaporation of water occurs between 90 and 150 ◦C (temperature range 
in which the peak develops). In this case, for a 9.9% moisture content, 
the equivalent triangular area of the peak, which represents the addi
tional specific heat to evaporate the moisture in the wood, is 226 kJ/kg. 

On the other hand, it is assumed that solid bricks have a density of 
1800 kg/m3. Due to the nature of the material, unlike wood, this value of 
density will remain practically constant throughout the entire fire. 
However, both the thermal conductivity and the specific heat are 
dependent on the temperature, according to the curves proposed by 
Annex D of EN 1996-1-2 [41]. Fig. 10 summarises the thermal properties 
of both timber and bricks assumed in the thermal analysis. 

The properties of the infill material have been taken from the cata
logue of construction elements of the CTE [36]. According to this 
reference, the properties of the infill material (considering it as lime 
mortar) are: density equal to 1800 kg/m3, thermal conductivity equal to 
1.30 W/m/K and specific heat equal to 1000 J/kg/K. 

Lastly, according to EN 1995-1-2 [40], for wood surfaces, the emis
sivity coefficient is taken as 0.8. Regarding the coefficient of heat 
transfer by convection, EN 1991-1-2 [38] suggests considering a value of 
αc equal to 25 W/m2K for the standard ISO 834 fire exposure and 35 W/ 
m2K for simplified fire models (parametric curves) and for advanced fire 
models (two-zones models). For the calibration of the thermal model, a 
value of 35 W/m2K has been assumed and a sensitivity analysis has been 
carried out considering different values for this parameter. 

It must be noted that the input fire curve used in this calibration 
model is equal to the average curve of the gas temperature recorded by 
the four plate thermocouples during the test, hereinafter referred to as 
furnace temperature–time curve. 

To evaluate the differences between the temperatures as a function of 
time estimated by the numerical model at a given point and the tem
peratures obtained from the experimental test, the mean absolute error 
(MAE) and the root mean square error (RMSE) were used. Briefly, MAE 
provides an average of the differences in absolute value between the 
predictions and the test values, whereas RMSE represents the standard 
deviation of this difference. This methodology has been used before for 
similar applications within the field of fire engineering in civil engi
neering [54]. Eq. (3) and Eq. (4) define the MAE and RMSE, respectively. 

MAE =
1
n
∑n

i=1
|Testi − Ttest i| (3)  

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
n
∑n

i=1
(Testi − Ttesti)

2

√

(4)  

where Test i is the estimated temperature at a particular point for an 
instant of time i; Ttest i is the test temperature at a particular point ob
tained from the experimental test for an instant of time i; and n is the 
number of instants of time in which, during the experimental test, the 
temperature read by the thermocouples was recorded. Note that the 
errors have units of ◦C. In this case, given that the duration of the test 
was 140 min and the time interval set for temperature recording was 20 
s, n takes a value equal to 421. 

Since 11 pairs of symmetrical thermocouples were distributed along 
the vertical plane of symmetry of the joist to register the temperature 
evolution, the mean curve of the temperature recorded at symmetrical 
points was used to evaluate the errors of the numerical model at those 
eleven points. The MAE and the RMSE are obtained for each point and 
then, the errors obtained are averaged resulting in the values of MAEmean 
and RMSEmean for each calibration scenario. 

Table 3 summarises all the numerical models studied, as well as the 
errors associated with each case. Case 1 was conducted to verify that the 
errors of the model assuming the Wang et al. [53] specific heat curve 
(case 2) were of the same order of magnitude as the errors of the model 
considering the EN 1995-1-2 [40] specific heat curve (case 1). As a 
result, the difference between the errors obtained in both cases is quite 
small, thus, the specific heat model of Wang et al. [53] chosen is vali
dated. On the other hand, cases 3 to 6 correspond to the sensitivity 
analysis carried out for the coefficient of heat transfer by convection αc. 
As can be deduced from Table 3, the numerical model is not very αc- 
sensitive and as a result the value of αc suggested by EN 1991-1-2 [38], 
35 W/m2K, can be assumed. The reasons for this lack of sensitivity are 
explained next. The net heat flux on the fire exposed surfaces consists of 
two components, the net convective heat flux and the net radiative heat 
flux, which can be calculated according to EN 1991-1-2 [38]. These heat 
fluxes depend, among other factors, on the gas temperatures and the 
heated member surface temperatures. In the expression of the net 

Fig. 10. Thermal properties of timber and bricks considered in the numerical model.  

Table 3 
Calibration scenarios and errors associated.  

Case cp curve Acp,peak 

(kJ/kg) 
αc (W/ 
m2K) 

MAEmean(◦C) RMSEmean(◦C) 

1 EN 
1995–1-2 

243.7 35  34.25  46.32 

2 Wang et al. 226 35  34.60  47.80 
3 Wang et al. 226 25  34.01  46.62 
4 Wang et al. 226 15  33.50  45.55 
5 Wang et al. 226 5  33.40  44.72 
6 Wang et al. 226 1  33.50  44.51  
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convective heat flux, where αc appears, temperature terms are raised to 
the power of one. By contrast, in the expression of the net radiative heat 
flux, temperature terms are raised to the power of four. Therefore, as 
temperatures increase, radiation becomes dominant against convection. 
In the fire test analysed high temperatures are reached rapidly, and 
radiation prevails over convection after a short time of fire exposure. 
Consequently, the thermal model is not very sensitive to αc. 

It is worth noting that the peak’s area of the specific heat curve of EN 
1995-1-2 [40] is associated with a moisture content of approximately 
11%. Since this value is very close to the one obtained experimentally 
(9.9%), it seems logical that the errors obtained for case 1 and case 2 are 
very similar. 

Given that the experimental test performed is not a standard fire test, 
it has been verified that the furnace used is able to produce heating ef
fects analogous to those produced by the standard ISO 834 fire exposure, 
since it is the fire model that current standards contemplate in fire 
resistance verification methods when a prescriptive approach is fol
lowed. For that purpose, from the existing time equivalent methods, a 
mechanical method based on the load capacity concept [55] has been 
used. In short, it consists of obtaining the time of exposure to the stan
dard ISO 834 fire exposure for which the same fire resistance of the 
timber element subjected to a non-standard fire exposure is achieved. In 
this case, the analysis on the equivalent time of fire exposure has been 
carried out by means of the section modulus of the effective timber 
cross-section, i.e. the original cross-section reduced by both the charring 
depth and the thickness of the zero-strength layer (position of the 300- 
degree isotherm and thickness between the 300-degree and the 135-de
gree isotherms, respectively, as described in Section 4.3 and Section 5). 
In this way, it has been determined using the calibrated numerical model 
(case 2 in Table 3), that, approximately, 80 min of exposure to the 
furnace temperature–time curve produce the same heating effect (same 
section modulus of the effective timber cross-section) as 60 min of 
exposure to the standard ISO 834 fire exposure (see Fig. 11). Since the 
building studied must resist 60 min of the standard ISO 834 fire expo
sure, the validity of the experimental test carried out is confirmed. In 
fact, the experimental test heating lasted 125 min, therefore, the 
equivalent time of fire exposure actually reproduced is, approximately, 
98 min. 

Regarding the analysis on the equivalent time of fire exposure, it 
must be noted that both, thermal properties and heating rate of wood are 
dependent on the fire exposure [27]. In the case studied in this paper, 
the effective thermal properties obtained with the calibrated model have 

been experimentally derived for the experimental test fire exposure. 
However, these effective thermal properties are essentially those of EN 
1995-1-2 [40] for wood, which are associated with the standard ISO 834 
fire exposure, with minor changes in the temperature-specific heat 
relationship, which has been assumed according to Wang et al. [53] to 
better reproduce the plateau of temperatures that appears when timber 
reaches 100 ◦C. Therefore, the calibrated model is expected to reproduce 
the thermal behaviour of the wood under the standard ISO 834 fire 
exposure with accuracy, so comparison of the results obtained from both 
furnace and standard ISO 834 fire exposures is logical. 

On the other hand, as mentioned previously, fire exposure has a great 
influence on the wood charring rate [27]. Therefore, the effective 
thermal properties considered in the calibrated thermal model, which 
have been experimentally derived for the furnace fire exposure, may not 
be able to accurately capture the thermal behaviour of wood under 
different fire exposures as well as during their decay phases. Conse
quently, the results obtained from the calibrated thermal model for 
natural fires (i.e. parametric fires and zone fire models) should be taken 
as indicative, as the calibration is based on the fire exposure of the 
experimental test. Since the thermal properties in EN 1995-1-2 [40] are 
very similar to those used by König and Walleij [56], a behaviour similar 
to the one reported by these authors should be expected. Therefore, 
temperatures from the calibrated numerical model should fit the tem
peratures produced in the timber section by fires with heating rates 
similar to those of the standard ISO 834 fire exposure (e.g. parametric 
curve 1a), might be conservative when the heating rate is higher (e.g. 
parametric curve 2a) and, finally, temperatures are probably under
estimated during the decay phase. 

Fig. 12 shows, for some of the positions of the thermocouple pairs, 
the comparison between the temperatures measured in the experimental 
test and the temperatures predicted by the numerical model. Note that 
the results of the numerical model have been represented with a toler
ance of ±3 mm (area shaded in orange) with respect to the theoretical 
position of the thermocouples. In short, as can be seen from the graphs of 
Fig. 12 and the MAEmean and RMSEmean values, the numerical model fits 
well with the curves obtained from the experimental test, including the 
reproduction of the plateau and the maximum temperatures reached at 
each point. 

Fig. 13 shows the remaining cross-section of the central joist at mid- 
span after completion of the experimental test together with the original 
cross-section. Fig. 13 also shows the 300-degree, 200-degree and 135- 
degree isotherms obtained with the thermal numerical model of the 
experiment for a time of furnace fire exposure of 140 min, which co
incides with the duration of the experimental test. The 300-degree 
isotherm is represented because it is a common adopted and accepted 
assumption in timber fire research that this temperature marks the po
sition of the char-line [24,26,27,40], even though this position might 
vary with the wood properties (chemical composition, density, and 
moisture content) or fire exposure, among others [57]. The 200-degree 
isotherm is represented because the onset of pyrolysis is expected to 
happen at this temperature [26]. Finally, the 135-degree isotherm is 
represented because this temperature value marks the beginning of the 
zero-strength layer in the simplified mechanical method proposed in this 
paper as will be detailed in Section 5. Fig. 13 shows that the calibrated 
thermal model is able to reproduce the position of the charring front 
quite accurately, providing an additional validation of the numerical 
thermal model of the test. 

4.3. Mechanical analysis 

The mechanical analysis of the flooring system focuses on the timber 
joists since they are the main structural element and also the most 
vulnerable to fire. Therefore, the strength, and the stiffness of both the 
brick arches and the infill have been neglected. The loads considered in 
the mechanical analysis are the self-weight of the flooring system, the 
dead loads and the live load, the latter being given in the CTE [36], 

Fig. 11. Section modulus of the effective cross-section (We) of the timber joist 
throughout the time of fire exposure considering both the standard ISO 834 fire 
exposure and the experimental test fire exposure. 
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which is in accordance with the value recommended by EN 1991-1-1 
[58]. Table 4 summarises the values of the surface loads considered. 

These loads are combined according to EN 1990 [59], using Eq. (5) 
(adapted from equation 6.11b of EN 1990 [59]) corresponding to acci
dental design situations in which only the action of a single variable load 
is expected: 
∑

j≥1
Gk,j +

(
ψ1,1 or ψ2,1

)
Qk,1 (5)  

where Gk,j is the characteristic value of permanent action j and 
(
ψ1,1 or ψ2,1

)
Qk,1 is the frequent or quasi-permanent value of the variable 

action, which, in this case, is the live load. Following the recommen
dation given in Section 4.3.1 of EN 1991-1-2 [38], the quasi-permanent 
value of the live load has been assumed. For live loads in residential 
buildings, EN 1990 [59] suggests considering a value of ψ2,1 equal to 
0.3. As a result of the combination of actions, and considering that the 
distance between the axis of two adjacent joists is 0.75 m, a linear load 
(qd,fi) of 3.29 kN/m acting on each timber joist is obtained. 

According to EN 1995-1-2 [40], the resistance of the structure to the 
combined action of fire and vertical loads can be obtained using 
advanced or simplified calculation models. Advanced calculation 
models make use of temperature dependent values of timber strength 
and modulus of elasticity and are described in Annex B of EN 1995-1-2 
[40]. The simplified calculation methods for unprotected linear ele
ments such as beams or columns considered in EN 1995-1-2 [40] are the 
“Reduced cross-section method” and the “Reduced properties method”. 
Both simplified methods have been developed for rectangular or T- 
shaped timber cross-sections submitted to the standard ISO 834 fire 
exposure and cannot be directly applied to jack arch flooring systems 
due to the singularity of their geometry and constituent materials. 
Therefore, advanced mechanical models implemented in SAFIR [49,50] 
have been used to propose and validate a simplified method based on the 
methods existing in EN 1995-1-2 [40]. 

The calculation of the fire resistance of the timber joist using 
advanced mechanical models carried out with SAFIR [49,50] is based on 
2D beam finite elements whose cross-section includes the results of the 

Fig. 12. Comparison between the experimental test and the numerical model (the results of the latter are represented with a tolerance of ±3 mm).  
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thermal analysis that has also been developed in SAFIR [49,50]. The 
“pure Newton-Raphson” convergence procedure has been adopted for 
the calculations, as recommended in SAFIR’s manual [60] for structures 
made of beams. SAFIR [49,50] incorporates by default a uniaxial model 
for timber with the mechanical properties described in Annex B of EN 
1995-1-2 [40]. This model considers the loss of strength and stiffness of 
the material as the temperature increases. 

Taking into account the above considerations, the mechanical model 
consists of a simply supported beam with a pinned support at one end 
and a roller support at the other. After defining the geometry of the 
beam as well as its boundary conditions, both the load and the materials 
are assigned. Lastly, the 2D beam is discretised into 2D beam-type finite 
elements and the structural analysis is carried out. As a result, SAFIR 
[49,50] provides the evolution of deflections of the timber joist as well 
as its internal forces and stresses. Failure is assumed to happen when 
deflections become too large and, consequently, structural calculation 
stops because SAFIR [49,50] is unable to find a solution and converge. 
Note that for each fire model considered, a different mechanical model is 
required. 

The simplified mechanical methods of EN 1995-1-2 [40] are based 
on the concept of charring depth. EN 1995-1-2 [40] defines it as the 
distance between the outer surface of the original timber member and 
the position of the char-line, the latter being the position of the 300-de
gree isotherm. EN 1995-1-2 [40] also proposes some equations for the 

calculation of the charring depth for standard ISO 834 and parametric 
fire exposures. However, given the geometric singularity of the joists, as 
well as their boundary conditions, being partly surrounded by the infill 
of the flooring system, those equations cannot be applied directly in jack 
arch flooring systems and a numerical model to obtain the charring 
depths is necessary. Consequently, the 300-degree isotherm, as a func
tion of the time exposure and obtained from the thermal model devel
oped in SAFIR [49,50], has been used to obtain the charring depth. The 
cross-section of the original timber element reduced by the charring 
depth (dchar) is known as residual cross-section. 

Once obtained the residual cross-section, the “Reduced cross-section 
method” proposes to consider an effective cross-section of the timber 
element in the mechanical analysis by removing from the residual cross- 
section parts of the cross-section with an assumed zero strength and 
stiffness. This removed thickness is also known as the zero-strength layer 
and intends to represent the effect of the reduction of strength and 
stiffness of the thermally affected timber behind the char front. The 
mechanical analysis can then be done using the effective cross-section 
with ambient temperature timber mechanical properties i.e. with a 
modification factor for fire (kmod,fi) equal to 1.0. According to EN 1995- 
1-2 [40], for unprotected surfaces the thickness of the zero-strength 
layer is equal to a product of k0⋅d0 that, for fire exposure times 
exceeding 20 min, is equal to a maximum set value of 7 mm. However, 
the use of this fixed maximum value has been widely criticized. First, the 
value of 7 mm is associated with the standard ISO 834 fire exposure 
[61], therefore, it might be inaccurate for other fire exposures. In fact, it 
may be inaccurate and non-conservative even for some applications of 
the standard ISO 834 fire exposure and its revision covering a large 
scatter of wood properties as well as different loading modes and heating 
exposures is recommended in [62]. On the other hand, in the case of 
natural fires, thermal penetration depth keeps increasing during the 
cooling phase of a fire even when the charring front has halted, which 
affects the load bearing capacity of the timber element and could pro
duce its collapse. Therefore, a fixed value of the thickness of the zero- 
strength layer cannot represent either the continuous thermal wave 
after the charring front has halted or the decay phase effects [24]. In an 
attempt to overcome these limitations, Richter et al. [26] have adopted 
the thickness between the 200-degree and the 300-degree isotherms as 
the thickness of the zero-strength layer. This limit was chosen because 
200 ◦C coincides with the onset of pyrolysis [26], but the validity of the 
proposal was not verified using results of mechanical models. Following 
Richter et al. [26], a first attempt to adapt the “Reduced cross-section 
method” to the particularities of the case studied was done using the 
200-degree isotherm to define the zero-strength layer and the effective 
cross-section. However, the results obtained did not match very well the 
advanced mechanical model results, because significant heat induced 
deterioration of timber mechanical properties occurs below 200 ◦C [24]. 
Therefore, and following one of the approaches suggested by Schmid 
et al. [62], the zero-strength layer has been obtained by comparing the 
load-bearing capacity of the heated cross-section with temperature- 
dependent material properties obtained with the advanced numerical 
model and thus non-linear stress distribution, with the load bearing 
capacity of an effective timber cross section obtained using a linear- 
elastic approach and ambient temperature material properties. Details 
of this analysis are given in Section 5 and show that the use of the 135- 
degree isotherm instead of the 200-degree isotherm to define the posi
tion of the zero-strength layer gives much better results. 

On the other hand, the “Reduced properties method” proposes to 
consider the residual cross-section as the resistant section for the me
chanical analysis. However, the design strength and stiffness properties 
should be reduced by a factor kmod,fi. In this method, this factor depends 
linearly on the geometric properties of the residual cross-section, which, 
in turn, vary depending on the time of fire exposure. The expressions to 
obtain the values of kmod,fi are indicated in EN 1995-1-2 [40]. 

Therefore, when simplified mechanical methods are used, once the 
corresponding isotherms are obtained in SAFIR [49,50] for each fire 

Fig. 13. Remaining cross-section of the central joist at mid-span after 
completion of the experimental test together with the original cross-section. 
Dimensions in cm. 

Table 4 
Loads considered in the mechanical analysis of the 
flooring system.  

Load Value (kN/m2) 

Self-weight  1.78 
Tile floor  1.00 
Partitions  1.00 
Live load  2.00  
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model considered, a sectional calculation is performed to obtain the 
maximum load (qRd,fi) that the flooring system can bear in accidental 
situations of fire exposure. The value depends on the span of the flooring 
system (4 m in this case) and is calculated considering that the flooring 
systems are simply supported. In brief, for each instant of time t; fire 
model; and simplified mechanical method a different value of qRd,fi is 
obtained (see Eq. (6)). 

qRd,fi =
8 Mmax(t)

L2 =
8
[
fd,fi⋅

(
Wef(t) or Wr(t)

) ]

L2 (6)  

where Mmax(t) is the maximum bending moment that the residual cross- 
section of the simply supported timber joist can bear at a given instant of 
time t of the fire exposure, L is the span length of the flooring system, fd,fi 
is the static bending design strength of timber in fire and Wr(t) and 
Wef (t) are the section modulus of the residual cross-section for the 
reduced properties method and the section modulus of the effective 
cross-section for the reduced cross-section method, respectively, at a 
given instant of time t of the fire exposure. The mechanical properties 
required to obtain these section moduli for each time step t are obtained 
using CAD software. The degree of compliance of the flooring system 
with the standards can then be expressed through safety factors (SF), 
depending on the time of exposure to the different fire models consid
ered. These safety factors are obtained as the relation between the 
maximum load (qRd,fi) that the timber joist can bear for the accidental 
situation of fire exposure and the linear load (qd,fi) acting on each timber 
joist. Therefore, values of the safety factor equal or higher than one 
imply the fulfilment of the regulatory requirements regarding the fire 
resistance time of the element. 

The fundamental parameters of the structural model are the timber 
strength to static bending and its Young’s modulus. For the timber used 
in the joists of the case study, these parameters have been obtained with 
four four-point bending tests carried out on a universal testing machine 

INSTRON 3382 following the methodology described in EN 408 [51] 
(see Fig. 14). From these tests, a mean value of bending strength of 
69.79 MPa (standard deviation: 3.28 MPa) has been obtained and a 
Young’s modulus of 12029.19 MPa. These values correspond to a high- 
quality timber according to bibliography [63]. 

It is important to highlight that, apart from the failure mode due to 
the cross-section having exceeded its maximum load bearing capacity, a 
possible additional failure mode, which consists of the loss of support of 
the brick vaults due to the charring of the timber joists, must be taken 
into account. In this work, it has been considered that the support of the 
brick vaults could be lost when the charring front (300-degree isotherm) 
reaches the line that passes through the last point of the brick vaults 
remaining in contact with the timber joist (see the horizontal red line in 
Fig. 15). 

5. Results and discussion 

This section shows and discusses results of both the thermal and 
mechanical analyses performed. It also provides a validation of the 
simplified strategy proposed. 

The purpose of the thermal analysis carried out in SAFIR [49,50] is 
twofold. First, this analysis provides the evolution of the temperatures 
within the timber joist, which are required to perform the advanced 
mechanical calculations using temperature dependent mechanical 
properties. Secondly, the thermal analysis also enables to obtain the 
135-degree and 300-degree isotherms on the timber joists’ cross-section, 
which are required for the mechanical analysis using the simplified 
strategy proposed in this paper. By way of example, Fig. 16 presents the 
results for the standard ISO 834 fire exposure, specifically, it shows the 
temperature fields for times of fire exposure of 30, 60 and 90 min. 
Similarly, Fig. 17 shows the results of the mechanical analysis performed 
in SAFIR [49,50] after 60 min of standard ISO 834 fire exposure. It can 
be observed that the normal stresses to which the joist is subjected are 
well below the strength of the timber. 

To validate the simplified strategy proposed, the fire resistance times 
and the evolution of the deflections for the case study analysed heated 
with different fire exposures have been obtained using advanced me
chanical models and the strategy proposed. Results obtained using the 
“Reduced cross-section method” include two cases depending on 
whether the position of the zero-strength layer is obtained using the 200- 
degree isotherm as suggested in [26] or using the 135-degree isotherm 
as proposed in this work. The goal of comparing these results is to check 
the ability of the proposed adaptations of the simplified methods to 
predict the fire response of the structural system analysed in the theo
retical case where failure due to the loss of support of the brick vaults 
does not happen. Table 5 shows the fire resistance predictions for the 
ISO 834, P-3b and O-3b fire exposures. These fire exposures have been 
selected because they constitute the cases in which structural failure 
occurs within the first 120 min of fire exposure. Results obtained using 
the strategy with the 135-degree isotherm match remarkably well 
advanced numerical model results whereas the 200-degree isotherm and 
the strategy based on the reduced properties method provide uncon
servative results. Fig. 18 shows the evolution of the timber joist mid- 
span deflections for the ISO 834, P-3b and O-3b fire exposures. The 
three simplified approaches can approximate the pattern of the evolu
tion of the deflections but, again, the reduced-cross section method with 
the 135-degree isotherm provides the most accurate results. As a 
consequence, this method is proposed as simplified strategy to obtain 
the fire resistance of the flooring system. 

Fig. 19 summarises the results of the mechanical analysis of the 
flooring system according to the proposed adaptation of the “Reduced 
cross-section method” with the 135-degree isotherm. Only the most 
unfavourable fire models have been considered in the mechanical 
analysis. These are the standard ISO 834 fire exposure and the para
metric and OZone curves associated with compartment 3. The latter are 
characterised by a longer duration of the heating phase as well as higher Fig. 14. Four-point bending test carried out.  
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maximum temperature values reached within the compartment in 
comparison to compartments 1 and 2, which makes them more unfav
ourable. The degree of compliance of the flooring system with the 
standards is shown in Fig. 19 through safety factors (SF) depending on 
the time of exposure to the different fire models considered. If failure of 
the brick vaults does not happen, fire resistance time is fulfilled for all 
fire models considered, since the flooring system is capable of resisting 

the fire exposure for more than 60 min. If failure due to the loss of 
support of the brick vaults is assumed to happen according to the criteria 
expressed in Fig. 15, then fire resistance of the system decreases 
significantly: 43 min for the ISO 834, 27 min for P-3a, 34 min for P-3b, 
45 min for O-3a and 37 min for O-3b. These values do not meet CTE’s 
[36] fire resistance requirement. However, and as mentioned in Section 
4.2.1., collapse of the brick vaults of the specimen occurred 140 min 

Fig. 15. Failure criterion for the failure mode corresponding to the loss of support of the brick vaults.  

Fig. 16. Temperature fields on the flooring system cross-section for the standard ISO 834 fire exposure at 30, 60 and 90 min. Timber areas with temperatures equal 
or higher than 300-degrees are theoretically charred. 

Fig. 17. Normal stresses (in MPa) at mid-span of the flooring system, for the standard ISO 834 fire exposure at 60 min.  
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after the experimental test began, well after timber strips had charred 
(see Fig. 7c and Fig. 13) and when the charring front was quite 
advanced. Therefore, these results highlight the need to conduct thermo- 
mechanical tests on this typology of historical flooring systems to 
properly establish the criteria and conditions under which this failure 
mode occurs. 

It is worth noting that, the deepest positions of the 135-degree and 
the 300-degree isotherms are achieved after a certain time of reaching 
the maximum temperature of the corresponding natural fire and, 
therefore, time after entering the cooling phase. This fact leads to a 
reduction of the cross-section load bearing capacity even during the 
cooling phase. This is clearly observed in Fig. 19, where the safety fac
tors continue to decrease after the natural fires reach their maximum 
temperatures. Therefore, the direct application of the simplified me
chanical methods included in EN 1995-1-2 [40] without any modifica
tion for reproducing the behaviour of timber under natural fires also 
needs to be checked vis-à-vis the inclusion of the effects of the propa
gation of the thermal wave inside the timber elements during the cooling 
phase. 

In addition, a comparison between the charring depths obtained 
according to EN 1995-1-2 [40] and those obtained from the 300-degree 
isotherm in SAFIR [49,50] for the ISO 834 fire exposure has been carried 
out. Given that the expressions proposed by EN 1995-1-2 [40] apply to 
standard ISO 834 fire exposure, the charring depths values obtained are 
compared with the results of SAFIR’s [49,50] thermal model associated 
with the standard ISO 834 fire exposure. EN 1995-1-2 [40] calculations 
are done assuming a design notional charring rate under standard ISO 
834 fire exposure (βn) of 0.8 mm/min. This value of βn is associated with 
solid softwood with a characteristic density greater than 290 kg/m3. The 

design notional charring rate (βn) has been assumed instead of the one- 
dimensional design charring rate (β0) as the timber joist is exposed to 
fire on three sides instead of one. 

The result of the comparison is shown in Fig. 20. As can be deduced 
from the chart, from about 45 min onwards, the value of βn is no longer 
valid, probably because the section goes from being exposed to fire on 
three sides to only one and the joist boundary thermal conditions 
change. Considering β0 instead of βn after the first 45 min would lead to 
even higher section modulus values, as the value of the β0 is always 
lower than βn. Therefore, the reason why the charring rate increases is 
that, even though the timber cross-section is, from that moment, 
exposed to fire only on one side, both the bricks and the infill keep 
heating the lateral sides of the timber joists at high temperatures (see 
Fig. 16). In addition, since the cross-section width is smaller, the effect of 

Table 5 
Fire resistance of the timber joist for different fire exposures. If the fire resistance 
time is not reported, it means that the timber joist did not collapse after 150 min.  

Fire 
exposure 

Advanced 
(SAFIR) 

Reduced cross- 
section 135-de
gree isotherm 

Reduced cross- 
section 200-de
gree isotherm 

Reduced 
properties 

ISO 834 108.46 min 108.58 min 123.47 min 133.02 min 
P-3b 105 min 103.25 min 145.80 min – 
O-3b 121 min 111.23 min – –  

Fig. 18. Mid-span timber joist deflection for the standard ISO 834, P-3b and O-3b fire exposures obtained with the mechanical methods used. Results are conditional 
on failure due to the loss of support of the brick vaults not occurring. 

Fig. 19. Safety factors of the flooring system, depending on the time of fire 
exposure, for the most unfavourable fire models. Results are conditional on 
failure due to the loss of support of the brick vaults not occurring. 
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corner roundings, which consists of increased charring near corners, is 
more pronounced. 

In short, it can be concluded that the charring depths proposed by EN 
1995-1-2 [40] underestimate the values predicted by SAFIR [49,50] for 
this specific type of flooring system. Thus, due to the peculiarities of the 
cross-section of a timber jack arch flooring system, an alternative 
method of analysis to verify the fire resistance of these flooring systems 
is required, as the analytical model for charring of EN 1995-2 [40] is not 
valid. 

6. Parametric study 

In this section, a parametric study of the fire resistance time of the 
flooring system is carried out considering, for different types of fire 
exposure and several values of timber characteristic static bending 
strength and span-length. The values considered for the span-length of 
the flooring system are 3, 4 and 5 m, which are within the usual range. 

Concerning the timber strength, its value is, in most cases, unknown, 
since historical buildings were built many years ago and data is not 
available. Furthermore, performing mechanical tests to determine it is 
difficult since the tests could seriously weaken the flooring system. 

Alternatively, the values proposed by UNI 11119 [64] standard can 
be assumed for the strength and stiffness properties of the timber joists. 
This standard is commonly used for the evaluation of existing timber 
structures and allows, through visual grading as well as an on-site 
diagnosis based on the use of non-destructive testing, to assign the 
mechanical properties of the timber structural element. 

For pine wood species, UNI 11119 [64] suggests considering a value 
of static bending strength equal to 8, 10 or 12 MPa depending on the 
category assigned to the timber element after visual inspection. Ac
cording to UNI 11119 [64], the values of elastic modulus associated to 
these bending strengths are 11000, 12000 and 13000 MPa, respectively. 

Additionally, values of characteristic static bending strength of 14, 
16, 18 and 20 MPa have also been considered, which correspond to the 
lower strength classes included in EN 338 [65]. The mean values of 
modulus of elasticity (Em,0,mean) associated to these bending strengths 
are 7000, 8000, 9000, y 9500 MPa, respectively. It should be noted that 
the design strength in fire (fd,fi) as well as the design modulus of elas
ticity in fire (Ed,fi) depend on the coefficient kfi, which, according to EN 

1995–1-2 [40], takes a value equal to 1.25 for solid timber. 
Once the parameter values are defined, an advanced mechanical 

analysis in SAFIR [49,50] and a simplified mechanical analysis using the 
proposed adaptation of the “Reduced cross-section method” are 
performed. 

First of all, Fig. 21 shows the evolution of the effective cross-section’s 
section modulus (We) throughout the time of fire exposure for the most 
unfavourable fire models. It should be recalled that the effective cross- 
section is associated with the “Reduced cross-section method”. As can 
be observed, leaving aside the additional failure criterion due the loss of 
support of the brick vaults, P-3a, P-3b and O-3b are the most unfav
ourable fire models to verify CTE’s [36] requirement of fire resistance 
duration at 60 min since they predict the lowest section modulus values 
at that specific instant of time. 

Next, the maximum fire resistance duration (FR) is obtained for all 
possible combinations of span length, characteristic bending strength 
and fire models considered. Fig. 22 summarises the results of the para
metric study carried out. As can be observed, the fire resistance 

Fig. 20. Variation of timber joists’ charring depth with time according to both SAFIR [49,50] (grey lines) and simplified formulation of EN 1995-1-2 [40] (red lines) 
for the standard ISO 834 fire exposure. Wr is the section modulus of the residual cross-section. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 

Fig. 21. Section modulus of the effective cross-section (We), depending on the 
time of fire exposure, for the most unfavourable fire models. We is obtained 
using the 135-degree isotherm. 
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durations obtained in SAFIR [49,50] are very similar to those obtained 
in the simplified mechanical method. Once again, it can therefore be 
concluded that the proposed adaptation of the “Reduced cross-section 
method” with the 135-degree and 300-degree isotherms is supported 
by the results given by the advanced mechanical models. Fig. 22 also 
includes horizontal red dashed lines to mark failure times corresponding 
to the loss of support of the brick vaults. This lack of support failure time 
can be smaller than the timber joist mechanical failure. Therefore, 
conclusions drawn for the results shown in Fig. 22 regarding the para
metric study carried out are conditional on failure due to the loss of 
support of the brick vaults not occurring. It is important to highlight 
that, given that the standard ISO 834 fire exposure lacks a decay phase, 
the effective cross-section gradually reduces as the position of the 135- 
degree isotherm progresses. Conversely, both parametric and OZone 
curves reach a maximum temperature during the heating phase which is 
followed by the decay phase. Therefore, as discussed in Section 5, when 
assuming a natural fire model, the potential deepest position of the 135- 
degree isotherm in the timber joist cross-section is reached after having 
reached the maximum temperature of the fire curve, since the wood 
continues to burn inside. Note also that the deepest position of the 135- 
degree isotherm, which is associated with the smallest effective cross- 
section, will be different for each fire exposure and will occur for 
different times of fire exposure. Bearing this in mind, the slope discon
tinuity observed in the FR-fmk curve of Fig. 22 corresponding to case O- 
3a with a span-length of 3 m is due to the fact that, from a certain value 

of timber characteristic bending strength, the joist is able to withstand 
the fire action considering the smallest effective cross-section and, 
consequently, the joist is capable of resisting the fire exposure 
throughout its entire duration (not only 120 min as represented in 
Fig. 22). 

7. Conclusions and future work 

This paper has analysed the fire resistance of a historical timber jack 
arch flooring system subjected to different fire models contemplated by 
EN 1991-1-2 [38]. For this purpose, both thermal and mechanical ana
lyses have been carried out in SAFIR [49,50]. In addition, a fire test was 
performed to calibrate the thermal model. Additionally, an adaptation of 
the “Reduced cross-section method” of EN 1995-1-2 [40] has been 
proposed to allow its use in timber cross-sections with singular geome
tries as the one studied. Lastly, a parametric study has been conducted to 
evaluate the influence of the fire model, the span length and the timber 
static bending strength on the fire resistance of the historical flooring 
system. From the analyses performed, the following conclusions can be 
drawn:  

• The calibration of the thermal model in SAFIR [49,50] from the 
experimental test results has led to the conclusion that the 
temperature-dependent density and conductivity proposed by EN 
1995-1-2 [40] adequately predict the experimental curves. However, 

Fig. 22. Fire resistance (FR) of the flooring system as a function of the span-length and timber characteristic bending strength, according to the proposed adaptation 
of the “Reduced cross-section method” (solid line) and SAFIR’s [49,50] mechanical models (dashed line). Horizontal red dashed lines are estimates of failure times 
associated to the loss of support of the brick vaults, whilst horizontal grey lines represent CTE [36] requirement of a fire resistance duration of 60 min. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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the Wang et al. [53] specific heat curve has been assumed instead of 
that proposed by EN 1995-1-2 [40] to take into account the actual 
moisture content of wood, since it has been observed that the ther
mal model is quite sensitive to this variable.  

• The calibrated thermal model developed allows the simulation of the 
evolution of temperatures on the historical flooring system cross- 
section and charring in the timber joists under the experimental 
test fire exposure. Given that the thermal model essentially assumes 
the thermal properties of EN 1995-1-2 [40] for wood, which are 
associated with the standard ISO 834 fire exposure, it is expected to 
reproduce the thermal behaviour of the historical flooring system 
under the standard ISO 834 fire exposure with accuracy. Results and 
conclusions regarding the natural fires considered should be taken as 
indicative, although significant information can be derived from 
them.  

• The standard ISO 834 fire exposure was expected to be, a priori, the 
most restrictive fire model, as it lacks a decay phase. Nevertheless, it 
gives unsafe results compared to some cases of both parametric and 
OZone curves, which predict more unfavourable charring depths. 
Conversely, the standard ISO 834 could be a too conservative and 
unrealistic fire model when compared to other cases of these natural 
fire models. Consequently, it is highly important to assume fire 
models that depend on the actual physical conditions of the com
partments, since they are more realistic and, in some cases, the ef
fects of these fire models on wood charring are more severe than 
those produced by the standard ISO 834 fire exposure.  

• For both parametric and OZone curves, it can be inferred that, under 
the same ventilation hypothesis, the larger the compartment size, the 
higher the temperatures reached within it and the longer the dura
tion of the heating phase. Regarding the ventilation conditions, it 
does not seem obvious whether having fire curves with higher 
maximum temperatures, but shorter durations of the heating phase is 
more unfavourable than having lower maximum temperatures but 
longer durations of the heating phase. Therefore, all possible fire 
scenarios must be carefully analysed to choose the most severe fire 
curve when evaluating the fire resistance of a structure. However, in 
view of the results, under the same ventilation conditions, para
metric curves seem slightly more restrictive than OZone curves.  

• The simplified methods proposed by EN 1995-1-2 [40] are not able 
to predict the fire resistance of timber jack arch flooring systems. 
Consequently, an adaptation of the “Reduced cross-section method” 
of EN 1995-1-2 [40] has been proposed. The adaptation is based on 
the use of the 135-degree and the 300-degree isotherms to obtain the 
positions of the zero-strength layer and the charring depths. The 
strategy is validated using advanced mechanical models developed 
in SAFIR [49,50] for a wide range of span lengths, timber bending 
strengths and fire exposures. In addition, the proposed adaptation 
allows the consideration of non-standard fire models and, through 
additional studies, could be applied to other timber structural sys
tems. Therefore, it opens new paths for the application of 
performance-based approaches in the assessment of the fire resis
tance of timber structures.  

• Fire resistance assessment of timber structural elements heated with 
natural fires should consider both the heating and the decay phases 
of the fire due to the propagation of the thermal wave inside the 
timber element after the fire peak temperature has been reached.  

• The values of bending strength proposed by UNI 11119 [64] and 
assumed for the parametric study, are much lower than those ob
tained experimentally. That is why, in many cases of the parametric 
study, the flooring system does not meet the regulatory re
quirements. In addition, the parametric study makes quite clear that 
a span length of 5 m is excessive for such low values of timber 
bending strength.  

• Despite the fact that the UNI 11119 [64] provides very conservative 
values for the timber bending strength, the advantage of using this 
standard is that the weakening of the flooring system is avoided as 

neither destructive nor load tests are required to obtain the me
chanical properties of the timber. However, it is likely that, by 
assuming such low strength values, many existing historical build
ings do not meet the regulatory requirements and, therefore, rein
forcement or fire protection measures would be required.  

• Results of the mechanical analyses carried out, including those of the 
parametric study, are conditional on the failure due to the loss of 
support of the brick vaults not occurring. The thermal test performed 
highlights the need to conduct thermo-mechanical tests on this ty
pology of historical flooring systems to properly establish the criteria 
and conditions under which this failure mode would occur. 

To sum up, this paper proposes a strategy to analyse the fire resis
tance of historical timber jack arch flooring systems. Thus, the aim of the 
analysis is twofold: firstly, to promote the preservation of these histor
ical flooring systems and, consequently, the architectural heritage of a 
country; and secondly, to reduce the environmental impact caused by 
construction. 

Future research should study different wood species since there is a 
significant variability between their charring rates. In general, the 
charring rate decreases with increasing wood density as well as 
increasing moisture content [63,66]. Additional tests with different fire 
loads and with mechanical loading are also advisable to experimentally 
validate the mechanical models used, to study the criteria and condi
tions under which the failure due to the loss of support of the brick vaults 
occurs and to study the use of passive fire protection such as intumescent 
paints on the timber joists. Further research should also include the use 
of probabilistic approaches to consider, among others, the dispersion of 
timber thermal and mechanical properties and uncertainties related to 
the charring depth and the zero-strength layer. In addition, future work 
should also contemplate the development of a simplified calculation 
method, also including the thermal component, that allows the fire 
resistance of this type of historical flooring systems to be obtained, and 
avoids resorting to the development of advanced numerical thermal 
models. Finally, and to promote the use of performance-based ap
proaches in the fire design of timber structures, it is very important to 
develop expressions for wood thermal properties for natural fires 
including the cooling phase that can be implemented in the software 
packages widely used in structural fire design. 
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