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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 aresult 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, ¢, 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.

Itis 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, ¢, d) (Tg = 141 °C, Td = 370 °C) the temperature limits of these guides
would be as follows:

— ASCE: Tg-22=141-20=119°C
— 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 itis possible to calculate the structures without modifying their elastic modulus.
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 —ag)+Er-ag-(1—ag) (D

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

o tme tmim) CL
»

smes s

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
p, specific heat cp, emissivity &, 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 and with 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).

)‘pAp/V(eg,t - Ga,t)
dpcapa(1+ 2/3)

N At — (210 —1)Ab,, 2)

0 = 20 + 345 - log(8t + 1) 3)

where t is expressed in minutes and 6g in °C.
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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 (6e) 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 ©) =) (0 — Oeq.5)* (4)

ApAp/V Oyt — OFrpP,1)
dycrrpprrp(1 + 3/3)

Aean==[ At—we@“°—1>A0&J xcprp - (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.

(6)

-
P(T) =P, x |A— —— "0
C

P = (1= ") x Py =P + P, @)

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 Egs. (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
amass of 30 m~!.

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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30m™ time (min)
&ix d 5 10 15 20 30 35
3 005 0.002 088 0.2 055 03 008
5 01 0004 05t 05 0.76 066 038
H 015 0.006 0.9 0.9 0.8 0.77 0.56
iﬁ 02 0.008 097 093 0.8 0.8 077 066
5E 025 0.01 08 04 050 085 082 073
z3 03 0012 08 055 0.2 088 085 077
=% 035 0014 0% 0% 033 0% 087 080 0
o° 04 0016 0% 097 054 091 089 083 080
2 045 0018 0% 097 055 0% 090 085 0.82
z 05 0.02 0% 097 055 0% 091 089 086 084 0.3
- 055 0022 0% 08 0% 0% 092 090 088 086 083 08 ;
06 0024 0% 08 056 09%5 093 091 089 087 085 0.83 081 0.78)
30m™ time (min)
&ix d 5 10 15 20 25 30 35 40 a5 50 55 60|
005 0.002 0% 16 1 1 11 011 o1 011 011 on o1 0.11
3 01 0.004 1.0 087 % 11 011 11 11 1 on o1 0.1}
E 015 0.006 1.0 100 075 15 012 1 1
o5 02 0.008 10 1.0 097 065 31 017 1
Ei 025 0.01 100 100 100 o9 059 031 018 0.13 0.12 o1
] 03 0.012 10 100 100 0% 083 053 031 0.14 0.1
2% 035 0014 100 10 100 100 095 075 049 0.30 020 0.3
% 04 0016 100 100 100 100 099 090 068 0.46 0.16
g 04s 0018 10 10 1.00 100 100 097 084 063 043 0.2
z 05 0.02 1.0 100 1.00 100 100 099 093 077 058 0.8
055 0022 10 100 1.00 100 100 100 097 088 072 0.3
06 0.024 1.00 1.00 1.00 100 100 100 099 094 083 050
30m™ time (min)
3 &ix d 5 10 15 20 30 35 55
u 005 0.002 0% 0.16 0.07 0.00 000 000 0.00
g 01 0.004 0 05 0.3 007 000 000 0.00
2 015 0.006 085 082 0% 025 0.00
T~ 02 0.008 090 072 055 037 0.0
5 025 0.01 0s 0® 06 0 2 o
Go 03 0012 032 08t on 057 043 033 026
5E 035 0014 0ss 085 0% 06 052 040 032 8
3 8 04 0016 0% 088 0m 0e 058 047 038 031
@ 045 0018 097 0% 08 on 064 054 043 036 030 0.5 0.0
3 05 0.02 097 091 088 07 068 059 050 041 035 0.3 0.5
- 055 0.022 08 022 08 om 071 063 055 046 039 0.3 0.9 0.24
°© 06 0.024 08 033 057 081 074 067 059 051 043 037 0.2 0.28)

Fig. 3. Example of design tables for massiveness 30 m™

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~L, 150 m~! and 300 m~!) 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~!, triangular = 150 m~! or round = 300 m~!) 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~!, triangular = 150 m~! or round = 300 m~ ).
The larger the size of the section, the longer the section with its initial properties (at
room temperature) will last.
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~@-000230 m™)
~&-0008(30 m™)
~&-0016(30m™)
-8-0024(30m™)
= 0002(150 m™)
== 0.008(150 ™"}
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Fig. 4. Shear strength behavior.

An example of how this design methodology should be applied is described below. A
beam of a simply supported slab with a span of 8 m will be calculated. Distance between
beams 0.85 m, slab weight + pavement 4 KN/m?2, service overload 3 KN/m?.

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.



760 H. Garcia et al.

== OPTIMAL SECTION: I-BEAM 152X76X10
E = N FOR PERSISTENT SITUATION
e
5E ,l\ / Mes=67.9KN-m Ves=33.95KN-m
» S < , —>
il .2 =N Mzr¢=79.55KN-m Va¢=57.45KN-m
a n l l
T w Meg,inc=37.83KN-m Ved,ine=18.91KN-m
< x |
=z L A Mgd,inc=pi,c -Mgd Vedinc=Wfi,s -Vrd
2 p=d
28 |l l !
= = : pfit =pfic > 0.47 ufis > 0.32
x =
w o -

Fig. 5. Design moments and shears and resistant to persistent and extraordinary situations (fire).

RF 5 min > Esp=0.01m
I-BEAM 152X76X10 > Massivity = 200 m™ { RF 10 min > Esp=0.022 m
RF 15 min > No se puede
20 m?
° dp d 5 10 20 9 45 £ 5 L]
= 005 oom () 00 000 (1) (1) () () 0o
> 01 oom 3 00 000 () () (i) (i) 0o
2 015 0005 3 00 000 00 0 0m 0m 000
. 02 oo (3 t] 0o 0o 0 om 000
of 0% 1:5 00 0@ 0 o 00
23 03 oom 0% dis 0o 0o 0 om 00
[ 035 06 o3 0m 00 00 00 000
we 04 ot b9 0m 00 00 00 000
H 085 0% o5 0m 00 00 00 000
= 05 08 ) 00 00 00 00 000
= 055 083 000 (i) 00 00 000
° 06 0, 000 000 (i) (i) 0o
20 m?

dp d 15 @ 45 % 5 &0

0.05 011 o1 o1 o1 o1 o1t

K 01 011 o1 o1 ol ol o1
Z 015 011 o1t o1t o1t o1t o1t
am 02 011 o1 o1 o1 ot 011
= 025 ot ot o1 ot o1t
23 03 ot ot ot o1 o1t
23 035 ot ot o1 o1 o1t
e 04 ot ot o1 o1 o1t
= 045 o1t o1 o1 o1 o1t
E 05 o1t o1t o1 o1 o1t
“ 055 024 011 o1 o1 o1 o1
06 034 013 011 011 ol ol o1 15} 011 011

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.

References

American Composites Manufactures Association (2012) Pre-standard for load & resistance fac-
tor design (LRFD) of pultruded fiber reinforced polymer (FRP) structures. Arlington, VA:
ACMA:14

Ascione L, Caron JF, Godonou P et al (2016) Prospect for new guidance in the design of FRP.
Support to the implementation, harmonization and future development of the Eurocodes. JRC
Report EUR 27666

Bai Y, Keller T (2007) Modeling of post-fire stiffness of E-glass fiber-reinforced polyester
composites. Compos A Appl Sci Manuf 38(10):2142-2153

Bai Y, Keller T (2009) Modeling of strength degradation for fiber-reinforced polymer composites
in fire. J Compos Mater 43(21):2371-2385

Bai Y, Keller T, Vallée T (2008a) Modeling of stiffness of FRP composites under elevated and
high temperatures. Compos Sci Technol 68(15-16):3099-3106

Bai Y, Post NL, Lesko JJ et al (2008b) Experimental investigations on temperature-dependent
thermo-physical and mechanical properties of pultruded GFRP composites. Thermochim Acta
469(1-2):28-35

BUEV-Guideline (2010) Structural polymer components for building and construction. Draft,
dimensioning and construction

CEN (European Communities for Standardization) (2005) EN 1993-1-1 Eurocode 3: design of
steel structures-Part 1: general rules and rules for buildings

Correia JR, Bai Y, Keller T (2015) A review of the fire behaviour of pultruded GFRP structural
profiles for civil engineering applications. Compos Struct 127:267-287

Correia JR, Gomes MM, Pires JM et al (2013) Mechanical behaviour of pultruded glass fibre
reinforced polymer composites at elevated temperature: experiments and model assessment.
Compos Struct 98:303-313

Couto C, Real PV, Lopes N et al (2015) Resistance of steel cross-sections with local buckling at
elevated temperatures. J Constr Steel Res 109:101-114

Couto C, Real PV, Lopes N et al (2016) Local buckling in laterally restrained steel beam-columns
in case of fire. J Constr Steel Res 122:543-556

CUR Commission C124 (2003) Fibre-Reinforced Polymers in Civil Load-Bearing Structures.
Gouda, The Netherlands

Del Hormigén Estructural I (2008) EHE-08. Madrid, Ministerio de Fomento, Secretaria General
Técnica



762 H. Garcia et al.

Eurocode C (2002) 1: Action on Structures Part 1-2: General actions—Actions on Structures
Exposed to Fire. Brussels: Belgium: European Committee for Standardization (CEN)

Eurocode EC (1993) 3: Design of steel structures: Part 1.2, general rules—structural fire design.
Brussels: European Committee for Standardization. DD ENV 1(2)

Franssen J, Zhao B, Gernay T (2016) Experimental tests and numerical modelling on slender steel
columns at high temperatures. J Struct Fire Eng 7:30-40

ISO I (1999) 834: Fire resistance tests-elements of building construction. International Organiza-
tion for Standardization, Geneva, Switzerland

Knobloch M, Somaini D, Pauli J et al (2012) Numerical analysis and comparative study of the
cross-sectional capacity of structural steel members in fire. J Struct Fire Eng 3(1):19-36

Konig J, Winter S (2004) The Eurocode 5 fire part— EN 1995— 1— 2. In: Anonymous proceedings
of the 8th world conference on timber engineering, Finland

Morgado T, Correia JR, Silvestre N et al (2018a) Experimental study on the fire resistance of
GFRP pultruded tubular beams. Compos B Eng 139:106-116

Morgado T, Silvestre N, Correia JR (2018b) Simulation of fire resistance behaviour of pultruded
GFRP beams—part I: models description and kinematic issues. Compos Struct 187:269-280

Morgado T, Silvestre N, Correia JR (2018c) Simulation of fire resistance behaviour of pultruded
GFRP beams—part II: stress analysis and failure criteria. Compos Struct 188:519-530

Morgado T, Silvestre N, Correia JR et al (2018d) Numerical modelling of the thermal response of
pultruded GFRP tubular profiles subjected to fire. Compos B Eng 137:202-216

National Research Council (2007) Guide for the Design and Construction of Structures made of
FRP Pultruded Elements. CNR-DT 205:25-31

Prachar M, Hricak J, Jandera M et al (2016) Experiments of Class 4 open section beams at elevated
temperature. Thin-Walled Struct 98:2—-18

Prachar M, Jandera M, Wald F et al (2015) Lateral torsional-buckling of class 4 steel plate beams
at elevated temperature: experimental and numerical comparison. J Struct Fire Eng 6:223-236

Rosa IC, Morgado T, Correia JR et al (2018) Shear behavior of GFRP composite materials at
elevated temperature. ] Compos Constr 22(3):04018010

Wang K, Young B, Smith ST (2011) Mechanical properties of pultruded carbon fibre-reinforced
polymer (CFRP) plates at elevated temperatures. Eng Struct 33(7):2154-2161

Wong P, Davies JM, Wang YC (2004) An experimental and numerical study of the behaviour of
glass fibre reinforced plastics (GRP) short columns at elevated temperatures. Compos Struct
63(1):33-43

Yu B, Till V, Thomas K (2007) Modeling of thermo-physical properties for FRP composites under
elevated and high temperature. Compos Sci Technol 67(15-16):3098-3109



	Ratio Between Protection Coefficients and Oversized Coefficients for Pultruded Elements in Fire
	1 Introduction
	2 Methodology
	3 Results
	4 Analysis of the Results
	5 Conclusions
	References




