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Abstract. The main objective of the work presented is to provide a method to
design the protection of pultruded elements in case of fire. The method is based
on the development of tables similar to those already available for steel structures.

Using this table the designer will be able to calculate the protection to be
given to each type of pultruded profile section based on its thickness and thermal
conductivity. As a result it will be possible to obtain the specific over-dimensioning
coefficient.

For the development of these tables, the maximum temperature restriction
for class 4 sections has been applied, which is made in steel, but modified for
pultruded sections based on the work carried out to date.

For this purpose, Eurocode 3 part 1–2 has been used to obtain the tempera-
ture in the section of each pultruded profile. Different properties of the pultruded
material have been derived from experimental data carried out by other authors.
Additionally, the mechanical properties and ultimate resistances of these profiles
at different temperatures have also been obtained from previous literature.

Keywords: Pultruded elements · Fire protection · Dimensioning method · Class
4

1 Introduction

The main limitation of FRP profiles in building and bridge structures is their poor per-
formance in cases of fire resistance needs as discussed by Wong et al. (2004), Bai and
Keller (2009), Morgado et al. (2018a, b, c, d) and Rosa et al. (2018). But in spite of
this, there must be some rules or standards for their design as there are with the rest of
structural materials.
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One of the characteristics of pultruded FRP profiles is that most profiles could be
classified within class 4, if the Eurocode 3 steel was followed (2005).

At room temperature, class 4 sections have different and more complex character-
istics than the others (class 1, 2 and 3), due to the appearance of buckling within the
section, which leads to specific rules in the design. These rules and their corresponding
design methods are already established in the case of steel, Eurocode 3 (2005) and are
being developed for pultruded elements, Ascione et al. (2016).

At higher temperatures (fire cases) the steel class 4 sections, in most buildings, can
be said to be very over-dimensioned, Carlos et al. (2015, 2016), Martin et al. (2015)
and Marcus et al. (2012), because they are limited to the critical temperature of 350 °C,
when in reality it has been demonstrated that they could work at higher temperatures,
Martin et al. (2016) and Jean et al. (2016).

To date, there are different countries with their own design guidelines for FRP struc-
tures, such as in the United States, A. C. M. Association et al. (2012), in Italy National
Research Council (2007), in Germany BUEV-Guideline (2010) or in the Netherlands T.
N. CUR Commission (2003), and none propose a specific procedure for the design at
high temperatures. This does exist for the materials steel, Eurocode (1993), concrete,
EHE-08 (2008) or wood, Eurocode (2004).

In the Eurocode for FRP being shaped, Ascione et al. (2016), to date, does not
present specific design procedures in cases of fire requirements. This article proposes a
design method for pultruded elements protected with RW, where tables are proposed to
obtain the minimum insulation thickness necessary to achieve the required mechanical
properties of the section.

Fire resistance times down to 60 min have been recorded in these tables, as it has
been concluded during the development of the tables that longer exposure times are not
feasible, for reasonable coating thicknesses.

Furthermore, these tables have not been limited to the standard 30, 60, 90 min times,
but have been discrete in shorter times. From 5 min to 60 min in 5-min increments.

It is considered that this discretization of times can be useful to optimize the structures
in case of fire, as long as the adjustment of the standard times of requirement is made
by means of its specific calculation. For example, using the standard formula of the
equivalent time, Eurocode (2002).

2 Methodology

The steps taken to achieve the tables proposed in the design method outlined in this
article will be explained below (Fig. 1):
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Fig. 1. Methodology for the development of the tables.

In step 1, you have searched for items where you specify the limit temperature up to
which it is possible to use the FRP material for structures.

As commented by Bai and Keller (2007), the modulus of elasticity suffers a con-
siderable decrease (although recoverable) during its glass transition Tg, but in addition,
although the longitudinal and transversal modulus of elasticity are different in this mate-
rial, the decrease they suffer is similar in the stretch between Tg and Td, Bai et al. (2008a,
b).

That is why the existing guidelines limit the use of FRPs to temperatures close to
Tg. Taking as a reference the data of the common FRP used in Morgado et al.’s work
(2018a, b, c, d) (Tg = 141 °C, Td = 370 °C) the temperature limits of these guides
would be as follows:

– ASCE: Tg-22 = 141 – 20 = 119 ºC
– German guideline: Tg-15 = 141 – 20 = 126 °C
– Dutch: Tg-20 = 141 – 20 = 121 °C

Tg, media aprox = 120 °C.
In the specific design procedure for FRP structures proposed in this article, three

design ranges have been considered depending on the temperature achieved by the
profile:

– Zone 1 (green): Ts (section temperature) < 120 °C
– Zone 2 (yellow): 120 °C < Ts (section temperature) < 370 °C
– Zone 3 (red): Ts (section temperature) > 370 °C
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In zone 1 it is possible to calculate the structureswithoutmodifying their elasticmodulus.
In zone 2 the elastic modulus should be corrected using the one corresponding to the
actual temperature of the section. To obtain the modulus of elasticity, the equation
proposed by Bai et al. (2008a, b) is proposed (Eq. 1). Finally, it is not advisable to
design FRP structures within the range corresponding to zone 3.

Em = Eg · (1− αg) + Er · αg · (1− αg) (1)

where Em is the modulus of elasticity, Eg and Er are the glassy and rubbery modulus,
respectively, and αg is the conversion degree of the glass transition (Fig. 2).

Fig. 2. View of zones 1, 2 and 3 of the design tables for different section sizes.

In step 2, a search has been made for articles that reflect the behaviour of the density
ρ, specific heat cp, emissivity ε, etc. of the pultruded FRP materials up to the limit tem-
perature obtained in step 1. Correia et al. (2015) say that the thermo-physical properties
(density, specific heat and thermal conductivity) are stable up to the decomposition tem-
perature of the material (Td). Morgado et al. (2018a, b, c, d) say that the emissivity can
also be considered constant andwith a value of 0.75 up to the decomposition temperature
of the material (Td).

In step 3, the equation used in Eurocode 3 part 1–2 for steel (Eq. 2) has been used
to calculate the temperature in the section, but with the data corresponding to the FRP
material. This equation is valid for the fire test curve ISO 834 (1999), according to which
the gases follow a time-temperature curve presented below (Eq. 3).

�θa,t = λpAp/V (θg,t − θa,t)

dpcaρa(1+ ∅/3)
�t − (e∅/10 − 1)�θg,t (2)

θg = 20+ 345 · log(8t+ 1) (3)

where t is expressed in minutes and θg in ºC.
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On the other hand, a search has been carried out for articles where there are results
of the temperatures in the sections after being subjected to this fire test ISO 834 (1999).
In the tables made in this article, the data presented by Morgado et al. (2018a, b, c, d)
corresponding to the type of protection Rock wool boards have been used.

The actual temperatures of the trials (θe) conducted by these authors have been
compared with the results that would be obtained with the above equation (Eq. 2).

Finally, a correction coefficient (CFRP) has been applied to the equation (Eq. 2) with
which the minimum quadratic error (Eq. 4) is obtained. In this way the equation (Eq. 2)
will look like this (Eq. 5):

ECM (θ) =
∑

(θe − θeq.5)
2 (4)

�θFRP,t =
[
λpAp/V (θg,t − θFRP,t)

dpcFRPρFRP(1+ ∅/3)
�t − (e∅/10 − 1)�θg,t

]
× cFRP (5)

In step 4, another article search has been carried out to obtain the equations pro-
posed so far that determine the tensile, shear, longitudinal compression and transverse
compression strengths as a function of section temperature for FRP material.

The equations finally used due to their lower “absolute mean percentage errors”
(AMPE) have been that of Wang et al. (2011) (Eq. 6) for traction and compression, and
that of Correia et al. (2013) (Eq. 7) for shear.

P(T ) = Pu ×
[
A− (T − B)n

C

]
(6)

P(T ) =
(
1− eBe

C×T
)
× (Pu − Pr) + Pr (7)

in which P is the mechanical property with temperature T, Pu is the property at
ambient temperature, Pr is the mechanical property after glass transition and coefficients
A, B, C and n can be estimated for different temperature ranges.

Finally, in step 5, Eq. (5) has been combined with Eqs. (6) and (7) in each case to
make the design tables proposed in this article for FRP profiles with different section
sizes, different fire exposure times and different thicknesses of protection Rock wool
boards.

3 Results

Figure 3 shows some of the design tables that have resulted from the implementation of
the methodology presented in the previous section, specifically those for sections with
a mass of 30 m−1.

These tables give us the result of the insulation thickness that would have to be placed
in the sections to achieve a reduction in the tensile, shear and compressive strength that
is less than the limit obtained after making the structural calculation (in an extraordinary
fire situation).

That is, the input data for these tables are the time of exposure to fire required by
the structure and the minimum resistances required. And the output data would be the
minimum necessary Rock wool boards insulation thickness.
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Fig. 3. Example of design tables for massiveness 30 m−1.

In addition, these tables will indicate the zone (zone 1, 2 or 3) in which the section
would be located (in reference to what was explained in the previous section), in case it
turns out that the structure has to work in zone 2 and therefore it is necessary to make an
adjustment of the modulus of elasticity following the corresponding equation (Eq. 1).

4 Analysis of the Results

Figure 4 shows the behaviour of shear strength. Three variables have been represented,
the first is insulation thickness (0.002 m, 0.008 m, 0.016 m and 0.024 m), the second is
section size (30 m−1, 150 m−1 and 300 m−1) and the third is fire exposure time (5 min,
10 min, 15 min, 20 min, 25 min, 30 min, 35 min, 40 min, 45 min, 50 min, 55 min and
60 min).

The behaviour according to the insulation thickness is reflected for the same section
size (square = 30 m−1, triangular = 150 m−1 or round = 300 m−1) by the different
colours (blue = 0.002 m, red = 0.008 m, green = 0.016 m and purple = 0.024 m). The
greater the thickness of the insulation, the longer the section can withstand its initial
properties (at room temperature).

The behaviour according to the size of the section is reflected for the same thickness
of insulation (blue = 0.002 m, red = 0.008 m, berm = 0.016 m and purple = 0.024 m)
by the different shapes (square = 30 m−1, triangular = 150 m−1 or round = 300 m−1).
The larger the size of the section, the longer the section with its initial properties (at
room temperature) will last.
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Fig. 4. Shear strength behavior.

An example of how this designmethodology should be applied is described below. A
beam of a simply supported slab with a span of 8 mwill be calculated. Distance between
beams 0.85 m, slab weight + pavement 4 KN/m2, service overload 3 KN/m2.

Figure 5 shows a summary of the calculation and optimisation of the beam for
a persistent situation and the real stresses and minimum oversize coefficients for the
extraordinary fire situation.

In Fig. 6 and using the design tables set out in this article, the minimum thicknesses
required are 0.01 m and 0.022 m for the fire exposure times of 5 and 10 min respectively.
It can also be seen that in both cases we are in zone 1 (green), so there is no need to
update the modulus of elasticity. Finally, it is concluded that in this case it is not possible
to go beyond the 10 min of exposure to fire.
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Fig. 5. Design moments and shears and resistant to persistent and extraordinary situations (fire).

Fig. 6. Minimum insulation thicknesses required according to design tables proposed in this
article.

5 Conclusions

– After the elaboration of the design tables and the search of the tests carried out so far,
an important conclusion is that the FRP+Rock wool boards sections cannot maintain
their mechanical properties for exposure times higher than 60 min.
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– If the section stays between the glass transition Tg and the decomposition temperature
Td, (zone 2), it is possible that the structure is correct, but the modulus of elasticity
of the section must be corrected.

– The greater the thickness of the insulation, the longer the section can withstand its
initial properties (at room temperature).

– The larger the section size, the longer the section with its initial properties (at room
temperature) will last.

– After the calculation or dimensioning in a persistent situation and with the over-
dimensioning coefficients for the extraordinary fire situation, it is immediate to obtain
the necessary insulation thicknesses for each exposure time, with the tables and design
presented in this article.
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