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Abstract: A discussion on some design rules for pultruded fiber-reinforced 
plastic (PFRP) profiles reported by guideline CNR DT-205/2007 from 
National Research Council of Italy is presented in the paper. At eight years 
after approval of this technical document, several changes and 
improvements are required following recent research findings and 
supplemental design rules should be incorporated into a future revision. The 
general framework for the design of columns and beams is outlined. A new 
closed-form expression for the local buckling moment for beams in major-
axis bending is presented.  
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Introduction 

Italian Design Guide CNR-DT 205/2007 (CNR, 2008) 
is the first guideline in Italy and one of the first in Europe, 
providing a general approach to the design and 
construction of structures made of pultruded fiber-
reinforced plastic (PFRP) profiles. These profiles are thin-
walled shapes comprised of polyester or vinylester resin 
typically reinforced by glass fibers, obtained by a 
manufacturing process known as pultrusion (Fairuz et al., 
2014). The fibers are arranged mainly in the longitudinal 
direction, giving rise to anisotropy. 

Due to inhomogeneity and anisotropy, it is 
recognized that specific design rules and construction 
methods must be defined for PFRP profiles. Because 
their stiffnesses, unlike those of steel profiles, are 
relatively low, their design tends to be governed by 
deflection serviceability limits and buckling phenomena. 
Furthermore, the generally high ratio of the longitudinal 
to the transverse shear elastic stiffnesses may give rise to 
a significant influence of the shear deformation. In the 
post-buckling phase, material limiting strengths become 
crucial and failure tends to initiate at the resin rich zones 
located at the intersections between the pultruded panels 
that comprise the cross-section. 

Nevertheless, a careful design can help to overcome 
the above-mentioned drawbacks and promote the use of 
PFRP materials worldwide. The great advantages arising 
from their lightness, electromagnetic transparency, low 
maintenance and non-corrodibility make them, indeed, 
particularly attractive for the construction industry. 

This paper presents some of the Ultimate Limit State 
(ULS) design rules reported by CNR (2008) and 
proposes some update taking account of recent research 
findings. In particular, a discussion is presented on the 
material properties needed for design and the appropriate 
testing methods to be used for estimating them. 
Moreover, the design methods for columns and beams 
are deeply investigated and a discussion is presented 
relative to members subjected to combined axial load 
and bending. A new closed-form expression for the local 
buckling stress for beams in major-axis bending is 
provided. A subsection is then dedicated to the stability 
check to be performed on beams undergoing 
concentrated loads.  

The need for round robin experimental and/or 
numerical tests on built-up members is also stated, since 
no design rule on these structural elements is presented 
in the Italian Guide. Some possible configurations of 
closely spaced profiles with bonded battens are 
illustrated and a built-up PFRP section with steel and 
wooden interconnections is proposed. 

Finally, a section is dedicated to some aspects 
concerning the Serviceability Limit State (SLS) design 
of beams which are not addressed by the Italian Guide.  

Material Properties Needed for Design 

Italian Design Guide CNR-DT 205/2007 (CNR, 
2008) lists in Appendix C a set of geometric, physical 
and mechanical properties for structural shapes that 
pultruders should make available in their design 
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manuals. For each property, the reference standard for 
the relevant test method is reported. 

Based on recent studies, other mechanical properties 
should be added to the list for a comprehensive 
characterisation of the PFRP shapes and new test 
methods could be suggested for more reliable predictions 
of some of the listed properties. In this Section, the two 
aforementioned issues are briefly detailed. 

Due to the great variability, arising from the 
pultrusion process itself, of the physical and mechanical 
properties of the PFRP shapes produced worldwide, a 
statistical characterisation should be performed and 
made available by any pultruder. It is worth underlining 
that the Italian Guide states: "The manufacturer shall 
report the statistical values of the mechanical properties 
(e.g. sample mean, standard deviation, sample number, 
percentile, confidence interval)". 

Local Properties 

Recent researches have confirmed that the ULS 
design of PFRP profiles may be strength-governed. In 
particular, the resin-rich zones represented by the web-
flange junctions are potentially the location for the onset 
of failure (Bai et al., 2013). This feature was already 
widely demonstrated by experiments on beams (Bank 
and Yin, 1999) and stocky columns (Turvey and Zhang, 
2006a). Failure typically occurs in the postbuckling 
phase when the cross-section is affected by significant 
deformations due to local instability. Numerical analyses 
on I-section profiles (Laudiero et al., 2013; 2014) 
confirmed this result. 

Therefore, the need arises for a mechanical 
characterisation of the web-flange junctions in PFRP 
profiles. In particular, Turvey and Zhang (2006a) suggest 
to determine the web-flange junction strengths in tension, 
shear and bending through test methods developed by the 
same authors (see for example Turvey and Zhang, 2006b). 
They also proposed a failure criterion taking explicitly 
account of the multi-directional stress state arising in the 
web-flange junctions of postbuckled short columns 
(Turvey and Zhang, 2006a). A similar criterion was 
applied by Bai et al. (2013) to interpret the experimental 
results obtained from bending tests on built-up PFRP 
beams. In this case, however, only axial and interlaminar 
shear stresses are considered as necessary for assessing the 
web-flange junction state. 

Other tests aimed at characterizing the web-flange 
junction strengths were presented by Feo et al. (2013). 

Some of the test proposed could be standardized. Then, 
on the basis on these new test methods, pultruders should 
perform experiments on web-flange junctions and report the 
relevant strengths in their design manuals, in addition to 
strengths and stiffnesses of web and flange panels. 

Turvey and Zhang (2006b) and Mosallam et al. 
(2014) evaluated experimentally the rotational stiffness 
of web-flange junctions, related to relative rotations 
between web and flange panels. Although this parameter 

could in theory have an influence on the local buckling 
strength of PFRP profiles, only few experiments and 
numerical simulations (Ascione and Mancusi, 2013) 
have investigated, up today, the effects of possible 
relative rotations between web and flanges. 

Full-Section Properties 

In the design equations for global buckling, as well as 
in the expressions for deflection calculation at the SLS, 
overall stiffnesses of PFRP profiles are to be used. In 
this context, the Italian Guide (see CNR, 2008, 
Appendix C) refers to the test method reported in 
European norm EN 13706 for the evaluation of full-
section elastic moduli Eeff and Geff. This method (see 
(CEN, 2002, Annex G) consists in estimating Eeff and 
Geff from load and deflection measurements obtained by 
repeatedly loading a PFRP beam in three-point bending 
at a number of different span lengths. 

A recent analysis of the effects of load and deflection 
measurement errors has shown that standard three- and 
four-point bending tests can lead to unreliable predictions 
of the elastic moduli (Minghini et al., 2014). The authors 
then proposed a new four-point bending test with the loads 
applied to the beam ends and the supports moved towards 
midspan. This configuration ensures a reliable 
identification of the moduli, being the flexural stiffness 
estimated based on the upward deflection at midspan and 
is not affected by errors on the measurements of the 
deflection under the load. Hence, this test method could be 
suggested in a revised version of the Italian Guide. 

ULS Design of Members 

In this Section, the design equations for buckling 
resistance of thin-walled PFRP profiles are reported. 
Parameters bf and bw represent flange breadth and web 
depth, respectively, whereas tf = tw = t indicates the wall 
thickness, typically taking the same value for web and 
flange panels. In the case o an I-section profile, these 
dimensions are reported in Fig. 1, where bw corresponds 
to the distance between the flange centerlines. 

Suggestions aimed at improving some of the 
equations provided by the Italian Guide are presented 
and discussed. 

Compression 

The nominal compressive resistance of a PFRP 
column usually takes the following form (see CNR, 
2008, Equation 4.8): 
 

R locNN Nχ=  (1) 

 
where, Nloc is the nominal local buckling resistance and 
χN represents the buckling interaction coefficient (CNR, 
2008, Equation 4.14): 
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Fig. 1. Cross-section of a PFRP I-profile 
 

( )2 2 2
N N N N N N Nc cχ λ λ= Φ − Φ −  (2) 

 
In Equation (2), χN represents a nondimensional 

slenderness parameter, ΦN = (1+χN
2)/2 and cN is a shape 

coefficient for the buckling curve. Taking account of the 
shear deformation on global buckling leads to the 
following expression for the slenderness parameter 
(Vanevenhoven et al., 2010; Laudiero et al., 2014): 
  

loc EngN N Nλ =  (3) 

 
with NEng being the global buckling load given by 
Engesser's equation: 
 

( )Eng Eul Eul eff s1N N N G A=  +    (4) 

 
In Equation (4), NEul is the Euler buckling load, As 

represents the shear area of the cross-section in the 
buckling plane and Geff indicates the effective (full-
section) shear modulus. Equation (3) should be preferred 
to the analogous expression having NEul in the place of 
NEng (CNR, 2008, Equation 4.15) due to the shear 
flexibility of the pultruded material. The local buckling 
load is given by: 
 

loc loc,cN Af=  (5) 

 
with A and floc,c being cross-section area and local 

buckling stress, respectively. The recent trend of local 
buckling design is for the use of one single equation for 
the critical stress, so avoiding a discrete plate analysis 
with independent calculations for web and flange panels. 
In this context, it is proposed that Equations 4.10 to 4.13 
and the whole Appendix A (Equations 7.1 to 7.12) are 
replaced with the following expression: 

( )

22
L

loc,c cr,c
LT TL w12 1

E t
f k

b

π
ν ν

 
=  

−  
 (6) 

 
where, EL is the longitudinal plate bending modulus and 
νLT and νTL are major and minor Poisson's ratios. For an 
I-section column, according to the formulation proposed 
by Cardoso et al. (2015), the buckling coefficient 
appearing in Equation (6), kcr,c, takes the following form: 
  

( ) ( ) [

( )( )
cr,c T L LT T L

f w LT TL LT L

2 2  

       2 1 4 1

k E E E E

b b G E

α α ν

ν ν

= +

+ + − 
 (7) 

 
where, α = 1 + (π2/3)(bf/bw)3 and ET and GLT are 
transverse bending modulus and in-plane shear modulus, 
respectively, of the generic wall segment of the cross-
section. It is worth noting that Equation (7) assumes the 
same material properties for all cross-section segments. 
However, the variational formulation used by Cardoso et al. 
(2015) to obtain Equation (7) can be modified to include 
different stiffnesses and thickness for web and flange 
panels. The accuracy of Equation (7) is comparable with 
that of very well known formulations derived from a 
discrete plate analysis, i.e., considering each panel as an 
independent plate in unidirectional compression and 
elastically restrained along the longitudinal edges in 
common with the adjacent panels. 

Buckling coefficient kcr,c is plotted in Fig. 2 versus 
bf/bw for νLT = 0.32 and different values of EL/ET and 
EL/GLT. The isotropic case is also shown in the figure. 
For bf/bw = 0 a value of kcr,c which approximates the 
buckling coefficient for the web simply supported at the 
web-flange junctions is recovered. For increasing values 
of bf/bw the transition occurs from a buckling mode 
triggered by web instability to another triggered by 
flange instability. The curves take a maximum at 
approximately bf/bw = 0.4. Usually commercial profiles 
present bf/bw lying in the range [0.55, 1.10].  

Narrow-flange columns typically show a higher local 
buckling load in comparison with wide-flange columns 
with comparable cross-section area. On the contrary, as 
far as global buckling is concerned, wide-flange sections 
usually show a better performance due to their greater 
bending stiffness in the minor-axis plane. Therefore, at 
equal cross-section area, narrow- and wide-flange 
sections should be preferred for stocky and slender 
columns, respectively (see in particular Fig. 12 and 
Table 7 reported by Laudiero et al., 2014). Anyway, in 
the presence of geometric imperfections (in particular, 
out-of-straightness) of comparable amplitude, a unique 
design curve valid for both narrow- and wide-flange 
profiles can be defined. 
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Fig. 2. Local buckling coefficient for columns (Cardoso et al., 

2015) 
 

The value of the shape coefficient in Equation (2) 
recommended by the Italian Guide is cN = 0.65. Recent 
numerical studies (Laudiero et al., 2014) have shown 
that relatively reduced amplitudes of the initial 
imperfections like those measured on commercial 
profiles by Mottram et al. (2003) would make the PFRP 
columns not particularly sensitive to the buckling mode 
interaction and lead to ultimate column resistances in 
line with those evaluated from tests. Based on these 
studies, were these imperfection amplitudes not 
exceeded, a value cN = 0.8 could be used for a safe 
design. The pultruders are then invited to constantly 
check their production process in order to contain the 
geometric imperfections. 

The outlined procedure (Equations 1 and 7) enables 
to define the compression resistance of I-section 
columns, but the general framework is believed to 
remain valid for all cross-sections. For cross-sections 
different from the I-section, suitable coefficients cN and 
kcr,c must be derived. In particular, experimental tests 
and/or numerical analyses like those performed by 
Laudiero et al. (2014) are recommended for estimating 
cN. The use of a variational approach like that used by 
Cardoso et al. (2015) is recommended for estimating 
kcr,c. For example, similarly derived closed-form 
expressions for kcr,c in the case of box, angle- and C-
sections were presented by Cardoso et al. (2014).  

For non standard sections, a geometrically nonlinear 
analysis with initial imperfection and check of the 
admissibility of the stress state through suitable failure 
criteria should always be performed to determine 
resisting axial load NR. 

Bending 

The nominal flexural resistance of a PFRP beam with 
doubly-symmetric cross-section in major-axis bending 
can be written in the form (CNR, 2008, Equation 4.21): 
 

R locMM Mχ=  (8) 

 
where, Mloc is the nominal local buckling moment and 
λM represents the buckling interaction coefficient (CNR, 
2008, Equation 4.26): 
 

( )2 2 2
M M M M M M Mc cχ λ λ= Φ − Φ −  (9) 

 
In Equation (9), πM represents a nondimensional 

slenderness parameter, ΦM = (1+λM
2)/2 and cM is a shape 

coefficient for the buckling curve. Taking account of the 
shear deformation on global buckling leads to the 
following expression for the slenderness parameter 
(Laudiero et al., 2013): 
 

sd
loc LT,pbdM M Mλ =  (10) 

 
with sd

LT,pbdM  being the lateral-torsional buckling moment 

accounting for the effects of shear deformation ("sd") 
and pre-buckling deflections ("pbd"). For simply-
supported doubly-symmetric profiles in uniform major-
axis bending, according to the proposal by Roberts 
(2002), moment sd

LT,pbdM can be estimated by means of the 

following expression: 
 

( )
1 2

sd 2 2
LT,pbd LT min max eff min eff1M M I I E I G ALπ

−
 = − +   (11) 

 
where, MLT is the lateral-torsional buckling moment not 
accounting for the above-mentioned effects, which is 
given by: 
 

( ) ( )2 2
LT eff min DSV effM L E I G J E I Lωπ π= +  (12) 

 
and: Eeff = effective (full-section) longitudinal bending 
modulus; Imin, Imax = minor and major second moments 
of area of the cross-section; L = span length; GDSV = De 
Saint Venant's shear modulus, to be estimated from 
uniform torsion tests; and I = cross-section warping 
constant. Strictly speaking, due to inhomogeneity and 
orthotropic nature of the material, bending rigidities 

( )
min

EI , ( )
max

EI , minor-axis shear rigidity kGA , De 

Saint Venant's torsional rigidity GJ  and warping-torsion 

rigidity EIω , possibly obtained from specifically 

dedicated tests, should be used in Equations (11) and 
(12). However, for design purposes the more practical 
expressions reported above are believed to be acceptable. 
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A closed-form equation for the lateral-torsional 
buckling moment of doubly- and mono-symmetric 
composite beams with shear deformation, but ignoring 
pre-buckling deflections, was derived by Sapkás and 
Kollár (2002). With that equation, the buckling moment 
of both simply-supported and cantilever beams can be 
estimated simply changing some numerical coefficients. 
In particular, for simply-supported beams with span 
length L, approximations were provided for the 
following loading conditions: (1) uniform bending; (2) 
uniformly distributed lateral load; (3) concentrated force 
at midspan; and (4) concentrated forces at L/3 and 2L/3. 
For cantilever beams, approximations were provided for 
the following loading conditions: (1) uniformly 
distributed lateral load; and (2) concentrated tip force. 
The equation by Sapkás and Kollár (2002) takes also 
account of the distance between the point of application 
of the lateral loads and the cross-section shear centre. 

Machado and Cortínez (2005) provided an accurate 
closed form expression for the estimate of sd

LT,pbdM  for 

simply-supported doubly-symmetric profiles subjected 
to: (1) uniform bending; (2) a uniformly distributed 
lateral load; and (3) a concentrated force at midspan. 
Also this expression takes account of the location of the 
point of application of the lateral load relative to the 
shear centre. Machado and Cortínez's equation reduces 
to Sapkás and Kollár's equation when pre-buckling 
deflections are neglected. 

Using geometrically-nonlinear FE analyses, 
Nguyen et al. (2013) investigated the effects due to 
load position relative to the shear centre, warping 
fixity at the end sections and initial geometric 
imperfections on the lateral-torsional buckling of 
PFRP I-beams. With regard to the influence of the 
load position, they confirmed the results obtained by 
Sapkás and Kollár (2002) and Machado and Cortínez 
(2005). In particular, this influence is increased by the 
shear flexibility of the FRP material, leading to 
significant differences with respect to the shear centre 
loading case. For simply-supported beams with span-to-
depth ratio L/h = 10 subjected to top flange loading, the 
ratio of the FE-computed buckling moment over the 
critical moment for shear centre loading is 11% lower 
than that obtained for steel beams. Analogously, for a 
beam subjected to bottom flange loading the ratio of the 
buckling moment over the critical moment for shear 
centre loading is up to 11% greater than the 
corresponding ratio for steel beams. 

With regard to the effects of the end warping fixity 
for simply-supported PFRP beams with L/h between 10 
and 50 loaded by a lateral point force at midspan, 
Nguyen et al. (2013) found a ratio of the critical moment 
for the end section warping being fixed to that obtained 
for free end section warping lying in the range [1.13, 
1.66]. The analogous ratio for steel beams ranges 
between 1.07 and 1.48, indicating that also the warping 
effects are magnified by the shear flexibility. 

Analogous results on the influence of load position 
and warping constraints were previously obtained 
numerically by Minghini et al. (2008). 

With regard to the geometric imperfections, 
Nguyen et al. (2013) investigated the effects of out-
of-straightness and twist. Their conclusions confirmed 
the results found by Laudiero et al. (2013), who 
analyzed the effects of an out-of-straightness defect: a 
minor-axis out-of-straightness of appropriate 
amplitude is the most practical imperfection to be 
modelled for analyzing lateral-torsional buckling. 
Nguyen et al. (2013) proposed to use an amplitude of 
L/200. However, such a value significantly exceeds the 
tolerances reported by CEN (2002). To avoid anti-
economical design-related issues the imperfection 
amplitudes should be limited (see the discussions on this 
topic reported by Laudiero et al., 2013). 

To locate, on the load-deflection response of PFRP 
imperfect beams, the limiting value of the lateral load 
corresponding to the onset of lateral-torsional buckling, 
Nguyen et al. (2013) proposed a secant stiffness 
reduction method. A stiffness reduction of 50% with 
respect to the initial stiffness is judged adequate. 

Based on the previously reported considerations, it is 
believed that λM should be estimated using Equation (10) 
with sd

LT,pbdM  obtained from the closed-form equation by 

Machado and Cortínez (2005). For doubly-symmetric 
profiles subjected to load and constraint conditions 
different from those considered by Machado and 
Cortínez's equation and for mono-symmetric profiles 
with the major-axis plane being a plane of symmetry, it 
is suggested that sd

LT,pbdM  estimates are obtained by 

multiplying the relevant value of MLT by a modification 
factor according to Equation (11). 

The local buckling moment is given by: 
 

loc max loc,bM W f=  (13) 

 
where, Wmax indicates the major-axis section modulus 
and floc,b is the local buckling stress. 

Using an approach analogous to that applied by 
Cardoso et al. (2015) to PFRP columns, but taking 
account of (1) different material properties and (2) 
different thicknesses for web and flanges, Ascione et al. 
(2016) developed a closed-form expression for the 
critical stress for I-beams. Compared with other 
equations available in the literature, this expression 
provides the best correlation with the published 
experimental results on PFRP beams. Its predictive 
capacity was confirmed by the FE analysis results 
obtained for 48 wide-flange beams and 7 narrow-flange 
beams. Because of its "full-section" nature (the whole 
beam was considered in the governing variational 
problem), the equation by Ascione et al. (2016) does not 
require independent calculations for web and flanges. 
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In this study, in order to facilitate a direct comparison 
with Equations (6) and (7) relative to the compression 
case, the equation by Ascione et al. (2016) was rearranged 
and simplified by assuming: (1) a buckled flange with 
zero curvature in the transverse direction; and (2) identical 
thicknesses and material properties for web and flanges. 
Hence, the critical stress takes the form: 
 

( )

22
L

loc,b cr,b
LT TL w12 1

E t
f k

b

π
ν ν

 
=  

−  
 (14) 

 
where, kcr,b is a local buckling coefficient given by: 
 

( ) ( ){
( ) ( )

( ) } ( )

2 2
cr,b f w LT TL LT L

32 4 2
f w T L

32 4 2
LT T L f w

8  24 2 3 2 1

       33 2 2 3

       3 2 6

k b b G E

b b E E

E E b b

π π ν ν

π π π

π ν π π

 = + + − 

 + + + − 

 + + + − 

 (15) 

 
Buckling coefficient kcr,b is plotted in Fig. 3 versus 

bf/bw for νLT = 0.32 and different values of EL/ET and 
EL/GLT. The isotropic case is also shown in the figure. 
For bf/bw = 0 a value of kcr,b which approximates the 
buckling coefficient for the web simply supported at the 
web-flange junction in compression and clamped at the 
web-flange junction in tension is recovered. The curves 
take a maximum at approximately bf/bw = 0.15. A detail 
of Fig. 3 for bf/bw ranging between 0.5 and 1.1 and 
kcr,b ≤ 30 is presented in Fig. 4. 

The comparison between Fig. 2-4 immediately 
emphasizes that, at equal cross-section, the critical stress 
for local buckling in beams is much higher than in 
columns. For example, for bf/bw = 1.1, EL/ET = 2 and 
EL/GLT = 10, buckling coefficients kcr,c = 1.05 (Fig. 2) 
and kcr,b = 5.68 (Fig. 4) were obtained. This is essentially 
due to the stiffening effect exerted on the compression 
flange of beams by the part of the cross-section 
undergoing tensile stresses. Therefore, estimating the 
local flange buckling in beams with the same equations 
used for column instability certainly leads to a too 
conservative, anti-economical design. It is then 
suggested to replace design equations 4.23 to 4.25 in the 
Italian Guide (CNR, 2008) with Equations (14) and (15), 
or with their more general versions (Ascione et al., 
2016) taking different thicknesses and material 
properties for web and flanges into account. 

The value of the shape coefficient in Equation (9) 
recommended by the Italian Guide is cM = 0.7. Recent 
numerical studies (Laudiero et al., 2013) have shown 
that, in the presence of the imperfection amplitudes 
measured by Mottram et al. (2003) on commercial 
profiles, the PFRP beams are not particularly sensitive to 
the buckling mode interaction. Based on these studies, 
were these imperfections amplitudes not exceeded, a 
value cM = 0.9 could be used for a safe design. 

 
 
Fig. 3. Local buckling coefficient for beams (Ascione et al., 

2016) 
 

 
 
Fig. 4. Detail of Fig. 3 for bf/bw ∈[0.5, 1.1] and kcr,b ≤30 
 

The outlined procedure (Equations (8) and (15)) 
enables to define the bending resistance of I-section 
beams, but the general framework remains valid for all 
cross-sections. For cross-sections different from the I-
section, suitable coefficients cM and kcr,b must be derived. 
In particular, numerical analyses like those performed by 
Laudiero et al. (2013) are recommended for estimating 
cM. The use of a variational approach like that used by 
Ascione et al. (2016) is recommended for estimating 
kcr,b. For non standard sections, a geometrically nonlinear 
analysis with initial imperfection and check of the 
admissibility of the stress state through suitable failure 
criteria should always be performed to determine MR. 
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Combined Axial Load and Bending 

The Italian Guide provides the following three design 
equations for prismatic PFRP members subjected to 
combined axial load and uniaxial bending (see Equations 
4.29-4.31): 
 

t,E E

t,R R

1
N M

N M
+ ≤  (16) 

 

c,E E

c,R R

1
N M

N M
+ ≤  (17) 

 

( )
c,E E

c,R R c,E Eng

1
1

N M

N M N N
+ ≤

−
 (18) 

 
In particular, Equation (16) refers to the case of a 

tensile axial load Nt,E combined with a constant bending 
moment ME acting in a plane of symmetry (an equivalent 
bending moment ME,eq should be used instead of ME in 
the presence of nonuniform bending). Furthermore, Nt,R 
and MR represent resisting tensile load and bending 
moment, evaluated on the basis of the material strengths. 
When stability should be checked, CNR (2008) suggests 
to ignore the first term on the left-hand side of Equation 
(16) and to proceed to a ULS verification in the presence 
of bending only. In this case, MR should be evaluated 
using Equation (8). In this study, it is proposed to use the 
whole procedure outlined in the previous subsection 
(Equations (8) and (15)) for I-section profiles). 

Equation (17) refers to the case of a compression 
axial load Nc,E combined with a constant bending 
moment ME acting in a plane of symmetry (once again, 
an equivalent bending moment ME,eq should be used in 
the presence of nonuniform bending). Under the 
assumption that any possible instability mode is 
prevented, the resisting axial load and bending moment, 
Nc,R and MR, must be evaluated on the basis of the 
material strengths. 

Equation (18) also refers to the case of a compression 
axial load Nc,E combined with a constant bending 
moment ME (or, alternatively, an equivalent bending 
moment ME,eq). In this case, however, instability is not 
considered to be prevented and suitable resisting axial 
load and bending moment must be used. In this study, 
it is proposed to obtain Nc,R from Equation (1) and MR 
from Equation (8). In particular, the whole procedures 
outlined in the previous two subsections (Equations 
(1) and (7) and Equations (8) and (15) for I-section 
profiles) should be adopted. Note that, differently 
from Equation 4.31 of the Italian Guide, where NEul is 
used in the denominator of the second term on the 
left-hand side, the use of NEng is proposed in Equation 
(18) to account for the shear deformation. 

Equations (16) and (18) still need some numerical 
and experimental confirmation. The consideration of 
combined axial load and biaxial bending in future 
investigations is also hoped.  

Web Panels Subjected to Concentrated Loads 

Thin-walled beams subjected to concentrated loads in 
the plane of the web can collapse for stability or material 
failure. These failure mechanisms are influenced by both 
material and geometric properties, such as stiffnesses, 
thickness and depth of the web and distance of possible 
vertical web stiffeners.  

In PFRP beams, the relatively low web transverse 
stiffness and web-flange junction strengths may magnify 
the trend toward web buckling and junction rupture, 
respectively. The studies available on this topic are few. 
However, the reduced capability of the pultruded 
material to resist point forces is known and some 
proposal for enhancing the beam capacity with the use of 
stiffening/strengthening systems was recently presented 
by Borowicz and Bank (2013). In that paper, an 
experimental campaign on beams with (1) full-depth web 
bearing stiffeners, (2) "doubler" plates attached to the 
web and (3) stiffening angles applied to the loaded web-
flange junction was conducted. Web bearing stiffeners 
and web-flange junction stiffeners provided comparable 
increases (greater than 50%) in the ultimate capacity 
with respect to that of unstiffened control beams. The 
minimum increase in the ultimate beam capacity was 
obtained with the "doubler" plates (31.7%). Only the 
web-flange junction stiffeners were effective in avoiding 
failure in the loaded web-flange junction. 

To avoid cross-section distortions under concentrated 
loads and at the simple supports in three- and four-point 
bending tests, Minghini et al. (2014) used wood 
stiffeners (Fig. 5). 

In a recent experimental work, Borowicz and Bank 
(2014) tested five 609.5-mm deep PFRP beams (two 
made of vinylester and three of polyester resin) with a 
span-to-depth ratio of 4:1 in three-point bending. Each 
specimen experienced local web buckling followed by 
material failure in the loaded web-flange junction. Web 
buckling occurred on average at 90% of the ultimate 
load. Four different closed-form expressions for the local 
buckling web capacity were compared with one another 
in an attempt to propose a design method to be included 
into the American pre-standard (ASCE, 2011). The best 
correlation with the test results was obtained by 
calculating the ultimate load as follows: 
 

w w
loc loc eff loc wF f A f t a= =  (19) 

 
where, tw is the web thickness, a is taken as the lesser of 
the web depth and the distance between vertical web 
stiffeners (a = bw in the absence of web stiffeners) and 

w
locf  indicates the buckling stress: 
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Borowicz and Bank (2014) found an average ratio of 

the experimental buckling load to the buckling load 
predicted using Equations (19) and (20) equal to 1.11 
(1.24 for vinylester beams and 1.02 for polyester beams) 
and a coefficient of variation of 0.11. 

The Italian Guide does not contain any design equation 
for the web buckling of PFRP beams under point forces. It 
is proposed that Equations (19) and (20) are implemented in 
a future revision of CNR-DT 205/2007. 

Built-up Members 

The emerging construction needs would require to 
gain insight into the response of built-up members. 

Presently, there is a lack of scientific and technical 
literature on built-up members. Bai et al. (2013) 
performed four-point bending tests on built-up members 
used in the five-storey GFRP Eyecatcher building in 
Basel, Switzerland. That structure, built in 1999, still 
remains the tallest FRP building in the world. Its structural 
skeleton is comprised of three parallel trapezoidal GFRP 
frames connected by wooden decks. The various members 
of the frames were designed by assembling individual 
standard PFRP shapes by continuous bonding. 

Boscato et al. (2015) presented interesting experimental 
results on the compression behavior of PFRP built-up 
columns comprised of four standard C-shaped profiles 
mutually connected at discrete points either by bolting or by 
bonding. In a first attempt to interpret the experimental 
results with simple closed-form equations, the authors 
compared the experimentally evaluated buckling loads with 
those estimated using (1) Euler's and (2) Engesser's 
equations (applied to the built-up columns considered as 
members with uniform cross-section) and (3) an expression 
typically adopted for steel built-up members. Unfortunately, 
none of these expressions was capable to predict the 
experimental buckling loads and the authors resolved that 
nonlinear FE analyses were necessarily to be performed to 
capture the actual column behavior. 

Nevertheless, it is believed that a standard for PFRP 
structures cannot avoid to report some recommendation, 
design rule or equation for built-up members. 
Researchers are therefore encouraged to carry out round 
robin (experimental and/or numerical) tests on 
configurations of built-up sections possibly considering: 
 
• Various basic profiles (C- and L-shaped, etcetera) 
• Different types of connection between basic profiles 

(battens and or lacings, connected by bolting and/or 
bonding, etcetera) 

• Changes in geometric characteristics (member total 
length, number of modules, etcetera) 

• Various types of loading 

 
 
Fig. 5. Wood stiffener used by Minghini et al. (2014) 
 

 
 
Fig. 6. Built-up column of a temporary GFRP structure 

(Dicuonzo et al., 2012) 
 

 
 
Fig. 7. Built-up members in the roof girder of a temporary 

GFRP structure (Dicuonzo et al., 2012) 
 

For closely spaced built-up members, an important 
parameter that should be defined first is the maximum 
distance between the battens that ensures a buckling 
behavior typical of a single integral member. In steel 
construction, this parameter is usually set to 15imin, with 
imin being the minor-axis radius of gyration of one of the 
basic profiles comprising the built-up member (CEN, 
2005). In view of the orthotropic nature of composite 
materials, a behavior of PFRP built-up members 
different from that of steel members is expected and a 
verification of this parameter is required. 
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Fig. 8. Proposal for PFRP built-up member with steel and 

wooden interconnections 
 

It is believed that systematic investigations should be 
carried out starting from closely spaced built-up 
members as those shown in Figs. 6 and 7. These profiles 
are part of a temporary, modular all-GFRP structure 
designed for an expo fair stand (Dicuonzo et al., 2008). 
In particular, the 3 m-high columns (Fig. 6) are 
comprised of two standard PFRP C-shaped profiles with 
dimensions 203 × 56 × 9.5 mm, connected with one 
another through 500 mm-spaced bonded battens. The 
modular, 6 m-span roof girders allow for covering 12 m-
span lengths without requiring intermediate columns. 
Top and bottom chords of the roof girders (Fig. 7) are 
comprised of two standard PFRP equal-leg angles with 
dimensions 102 × 102 × 9.5 mm, once again connected 
with one another using bonded battens. 

Another proposal for a PFRP built-up member using 
steel and wooden interconnections is shown in Fig. 8. 
Such a particular interconnection system allows for 
disassembling the built-up shape and does not require to 
drill holes in the pultruded shapes. 

SLS Design 

In addition to the limiting deflections provided by 
CNR (2008), it is believed that in a future revision of the 
guide attention should be paid to some aspects which 
have been the subject of recent investigations. 

Effect of Geometric Imperfections 

Ascione et al. (2015) analyzed the effect of initial 
geometric imperfections on pre-buckling deflections of 
simply-supported PFRP beams subjected to a uniformly 
distributed load in the major-axis plane using a 
geometrically nonlinear one-dimensional model. They 
investigated beams with span-to-depth ratios of 5, 10 and 
15 and imperfection amplitudes of L/250, L/500 and 
L/1000. Moreover, they defined a limiting minor-axis 
deflection of L/400 and, for imperfect beams showing an 
initial minor-axis out-of-straightness, found significant 
reductions of the load corresponding to the attainment of 
the limiting deflection with respect to a reference perfect 
beam. Although no value of the three out-of-straightness 
imperfections has effect on the vertical beam 
displacements, at least for a lateral load approximately 
equal to 75% of the lateral-torsional buckling load (see 
Fig. 6 in Ascione et al., 2015) and minor-axis deflections 
may generally be limited or avoided in several structural 
applications (due to the presence of decks, for example), 
that finding means that geometric imperfections should 
in theory be included into SLS analyses. 

The limiting imperfection amplitudes beyond which 
the influence of initial defects can be ignored in SLS 
design should suitably defined. 

Effects of Load Redistribution 

Turvey (2015) explored the possibility to redistribute 
point loads acting on PFRP beams at midspan in the 
form of a number of discrete loads, in order to enhance 
the "effective" beam flexural stiffness. In other words, it 
is recognized that in several applications the design of 
PFRP beams may be governed by the deflection 
serviceability limit. Then, rather than increasing the 
section depth or providing the beam flanges with stiffer 
carbon fibers (that may result in significant additional 
costs), it is proposed to redistribute the total load acting 
on a beam, so enhancing, at equal deflection limits, the 
load carrying capacity. Considerations on the best 
discrete load spacing were also provided. 

Creep Effects 

The reductions in the longitudinal and shear elastic 
moduli due to creep effects are accounted for in the 
Italian Guide through two creep coefficients. The values 
of these coefficients should be reviewed considering the 
recent findings by Bottoni et al. (2014). 

Conclusion 

Some update for design rules reported by guideline 
CNR DT-205/2007 on PFRP profiles is proposed. In 
particular, the general framework for the ULS design of 
columns and beams is outlined and a new equation 
providing the local buckling stress for I-beams in major-
axis bending is presented. 
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The construction needs for gaining insight into the 
behavior of PFRP built-up members are recalled. 

Future works will address possible updates of the 
Italian Guide relative to joint and connection design. In 
this context, a great number of recent experimental 
research findings is available (Turvey and Wang, 2007; 
Girão Coelho et al., 2015a; 2015b), as well as some 
numerical study on the effect of the joint behavior on the 
overall structural response (Minghini et al., 2009; 2010).  
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