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ABSTRACT

The results of geometrically nonlinear analyses on 43 built-up Pultruded Fibre-Reinforced Polymer
(PFRP) columns with closely spaced chords and intermittent interconnections are presented. A
comparison between columns with the end section entirely loaded and columns loaded at the end
battens only is reported, showing no appreciable difference in the P-6 response. The effects due to
variations of column length and battens spacing are then investigated. It is found that stocky
columns with small battens spacing attain pre-buckling failure at the web-flange junctions of the
chords for loads approximately equal to 70% of the crushing load. Slender columns fail by global
buckling, whereas intermediate-slenderness columns may experience interaction between local and

global buckling. A design method is finally proposed.
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1. INTRODUCTION
Structural engineers are worldwide becoming increasingly aware of the potential of Pultruded Fibre-

Reinforced Polymer (PFRP) profiles. However, to promote a widespread use of PFRPs in the



construction industry, there is the need to gain a further insight into their structural performance and
develop a comprehensive set of design recommendations.

Built-up members comprised of thin-walled profiles are of common use in steel construction.
Similarly, in PFRP structures standard pultruded shapes such as channels and angles are often
assembled by bolting or adhesive bonding to obtain built-up beams or columns with improved
stiffness. Only to mention a few examples, Pontresina Footbridge [1], built in 1997 and representing
one of the first examples of all-FRP structure in Europe, has two truss girders with built-up chords
composed of two back-to-back channels [2, 3]. The structural skeleton of the Eyecatcher Building [1],
built in 1999 and still remaining the tallest FRP building in the world, is comprised of three parallel
trapezoidal pultruded frames whose members were obtained assembling individual standard PFRP
shapes by continuous bonding [3, 4]. The arches of the 38 m-span Lleida Footbridge [5], built in 2001
across a roadway and railway line, present a rectangular hollow cross-section obtained from two
channels joined with glued flat plates. Back-to-back PFRP channels and angles were used for
columns and truss beams, respectively, of the modular all-FRP structure described in [6, 7],
designed for a temporary fair stand. In the large pultruded shelter described in [8], accomodating
the restoration activities of the church of Santa Maria Paganica in L'Aquila, Italy, built-up PFRP
profiles obtained by bolting four channels to one another were adopted.

Despite the frequent use of built-up PFRP members in structures, the research on them still
remains at an early stage. Four-point bending test results on profiles analogous to those adopted in the
Eyecatcher Building are reported in [4]. An experimental investigation on I-section beams obtained
assembling pultruded panels is reported in [9]. Built-up columns analogous to those used in the
pultruded shelter described in [8] were analyzed in [10-14]. In particular, in the concentric
compression test results presented in [12], the influence of the mode of application of the compressive
load was investigated. At equal cross-section area, colums with the compression applied to the whole
end sections showed a greater ultimate load than columns with the axial load acting on the two

internal channels only. In the former case, the interaction between global and local buckling modes



played a key role in triggering the failure. In the latter case, local failure of the internal channels was
observed in proximity of the end sections. Closed-form equations, such as (1) Euler's and (2)
Engesser's formulae (applied to the built-up columns considered as members with uniform cross-
section) and (3) equations suited for built-up steel columns, did not provide accurate predictions of the
buckling load. To capture the actual column behaviour, it was therefore suggested to perform
geometrically nonlinear finite element (FE) analyses. Material limiting strength was not considered in
these analyses, since they were mainly focused on buckling.

Specific design rules for built-up steel members are available for quite some time now (see for
example Section 6.4 of [15]). Conversely, no information for the design of built-up PFRP members is
provided by the most up-to-date European design guide for FRP composite structures [16]. Some
operative recommendation is provided instead by the design guide published by the ASCE [17].
However, due to the lack of experimental data on built-up PFRP members, the provisions given in
[17] are explicitly adapted from the recommendations of the AISC construction manual for steel
members [18].

In this paper, a numerical investigation on built-up PFRP columns is reported with the aim of
developing specific design rules for these members. The columns analyzed are comprised of two
closely spaced back-to-back channels assembled together using pultruded battens. A total of 43 FE
models are developed by varying column length and battens spacing. For each of these models, the
ultimate compressive load is obtained from a geometrically nonlinear analysis. Material limiting
strengths are accounted for in the study using a modified Von Mises failure criterion suitable for web-
flange junctions. Previous studies [4, 19-23], indeed, have shown that the resin rich zones at the
intersection between pultruded panels often show smaller strengths compared with those of webs and
flanges, and may therefore represent the 'weak link in the chain' from which failure starts to
propagate. To interpret the numerical results, a slenderness parameter is defined combining the

formulation for built-up battened steel columns [24] with that for pultruded I-section columns [22,



25-27]. Finally, it is proposed to use such a slenderness parameter in a design equation analogous to
that available for standard PFRP shapes.

For clarity, all symbols used in the text are defined in a Notation section at the end of paper.

2. OUTLINE OF THE RESEARCH

The present paper addresses the Ultimate Limit State (ULS) design of built-up PFRP columns
comprised of closely spaced profiles. This Section describes the columns investigated and reports a
brief summary of the research. The order of the following subsections reflects the logical order of

the research activities.

2.1. Geometric and mechanical properties of the built-up columns

The thin-walled profiles considered in this study are channels (Fig. 1a) with nominal cross-section
dimensions 203 x 55.6 x 9.5 mm. The geometric characteristics of the channel section are reported
in Table 1.

The built-up columns investigated are comprised of two back-to-back channels (Fig. 1b)
connected with one another by means of a certain number, say n, of PFRP battens with nominal
dimensions 184 x 50.8 x 12.7 mm (Table 2) and spacing ¢ (Fig. 1c). Two of the »n battens are
always placed at the column ends. It is assumed that the battens are adhesively bonded to the webs
of the channels. Were bolted connections considered instead, different local effects could in theory
be expected. However, these effects could be minimized, and then have only a marginal impact on
the overall column behaviour, by increasing the number of bolts per batten, so approaching the case
of a bonded connection. In any case, the analysis of bolt-induced local effects is out of the scope of
the present paper, which is rather aimed at investigating the role of battens spacing on column
failure. The geometric characteristics, reported in Table 2, of the built-up ("bu") column cross-

section are computed from the following relations: Ay, =24, Iy = Apd?/4, Iy = I+ 21 min and

i = (Zou/Apy)">.



The stiffness properties of the PFRP materials used for channels and battens are reported in
Tables 3 and 4, respectively (see [28]). With regard to the channels, transverse elastic moduli
different for tension and compression can be noted in the table. In a locally buckled column, webs
and flanges of the channels are expected to experience transverse flexure. Therefore, a transverse
modulus averaged between tension and compression (Et) is used in the analyses presented in the
following. Alternatively, the transverse flexural modulus provided by the pultruder, about 10%
smaller than E, could be used.

It is assumed that the pultrusion direction for the battens is parallel to the channels transverse
direction. Anyway, no particular influence of the battens orientation relative to the channels has

been observed in the numerical analyses.

2.2. Parametric FE analysis
A total of 43 FE models of built-up PFRP columns are developed by varying:
e  column length L between 350.8 and 3055.6 mm, and then global slenderness A4 between
14 and 124;
e  battens spacing ¢ between 100 and 1200 mm, leading to 7 < A, < 80;
A change in L with ¢ kept constant, as well as a change in ¢ at equal L, will imply a different
number of battens n (see Fig. Ic). Global and local slendernesses and number of battens are

obtained from:

Ay = Lfiy, (1

}\‘1 = c/il,min (2)

o1 L= b 3)
C

The generic FE model will be denoted by a label of the form Bpg-Srs, where p, ¢, r and s are

digits. In particular, pg and rs correspond to number of battens ("B") and local slenderness A, ("S"),



respectively. For example, the FE model of a column with length L =2050.8 mm and battens
spacing ¢ = 250 mm is characterized by n =9 and A, = 17, and will then be denoted as B09-S17.

A geometric imperfection in the form of a global out-of-straightness in the minor-axis plane is
applied to each FE model. A displacement-controlled geometrically nonlinear analysis is then

carried out up to material or buckling failure, whichever occurs first.

2.3. Proposal of a design method

A new slenderness parameter Ap for built-up PFRP columns is defined based on reference loads Py
and Py for stocky and slender columns. In particular, Py is derived from the theory for built-up steel
columns with closely spaced chords [24], whereas P takes account of local buckling and material
limiting strengths. For each of the columns investigated, the FE computed ultimate load, P,, is then
reported in nondimensional form versus Ap and compared with function yp(Ap, cp) defined in [25]
for standard PFRP shapes with doubly-symmetric cross-section (see also [16, 22, 27]), where ¢p < 1
indicates a shape coefficient. This function represents a family of design curves approaching
asymptotically 1 and Py/Py for stocky and slender columns, respectively. It is shown that using
function yp for built-up PFRP columns still is possible, and this would allow to predict the ultimate

column load as ypPy.

3. GEOMETRICALLY NONLINEAR FE ANALYSIS
This Section illustrates the characteristics of the FE models developed and focuses the numerical

results obtained.

3.1. Description of the FE models
The FE models are implemented into a multi-purpose software package [29] using orthotropic four-

node quadrilateral elements for the channels and eight-node solid elements for the battens. All



plates are oriented so as to align the pultrusion direction for the channels with global z-axis (Fig.

I¢). The pultrusion direction for the battens is instead aligned with global y-axis.

3.1.1. FE mesh

In order to avoid overlapping between flanges and webs of the channels at the web-flange junctions
and between channels and battens along the column cross-section depth, the meshes of the two thin-
walled profiles are located on the inner surfaces of the webs and flanges (see Fig. 2a). For each wall
segment of the channels, the mesh location is obtained by defining an offset equal to one half of the
actual wall thickness. This expedient, also applied in [20] to the FE analysis of PFRP I-section
columns, ensures great accuracy in reproducing the actual cross-sectional area and second moments
of area of the column.

A detail of the FE discretization is depicted in Fig. 2b, where the meshes of flanges, webs and
batten plates are represented in red, blue and black, respectively. In particular, ng= 6 and n,, = 22
subdivisions are initially defined for flanges and webs, respectively, leading to ef= B/ng=9.27
mm and ey, = (H — 2t)/ny, = 8.37 mm (efe,, = 1.1). However, based on the findings reported in [4,
19, 20], the ultimate conditions for stocky columns are expected to be governed by material failure
at the web-flange junctions. Therefore, in view of a post-processing check of the material limiting
stress state, a mesh refinement is performed by halving the dimensions e; and ey, of the elements
nearest to the web-flange junctions (Fig. 2b). In conclusion, 7 and 24 subdivisions are used for each
of the flanges and webs, respectively, resulting in a total of 52 subdivisions on the cross-section
plane.

In correspondence of the battens, the meshes of the webs are connected with solid elements
with in-plane dimensions eyx(y,/2) far from the web-flange junctions and (ey/2)x(f/2) in their
proximities (Fig. 2b).

The length-wise mesh size e, is chosen so as to give an aspect ratio e;/e,, approximately

unitary.



Preliminary convergence-rate tests conducted with eigenvalue analyses (linear buckling)

confirmed that the mesh sizes adopted ensure a convergent numerical solution.

3.1.2. Constraints

For all analyses described in the following, rigid links are used to enforce planarity of the column
end sections (Fig. 3a). This constraint is typical of laboratory compression tests, where rigid plates
are generally used to transfer the compressive loads at the ends. Moreover, the columns are
assumed simply supported at the end sections. This constraint is reproduced in the FE models by
suppressing the displacements of the webs, flanges and battens in the planes of the end sections,
whilst the same sections are left free to rotate about their principal inertia axes.

In truss structures, it is frequent that the axial load is transferred to each of the various
members through gusset plates located at the end connections. In this case, therefore, the end
sections of the member are not entirely loaded. To reproduce this design situation, some of the
models is re-analyzed with rigid links which stiffen the end battens only (see Fig. 3b). In these
models, the compressive load is then directly applied to the end battens and not to the whole end
sections. An analogous comparison between different modes of application of the compressive load
was reported in [12], where tests on built-up PFRP columns comprised of four channels were

presented.

3.1.3. Geometric imperfection

An investigation on the influence of the imperfection shape on buckling and postbuckling of PFRP
I-section columns is reported in [22]. In that study, it was shown that the unintended
nonorthogonality between the web and flange panels has no noticeable effect on the ultimate
column load. Moreover, imperfections as a global minor-axis out-of-straightness [26, 30] provided
column resistances that were on the safe side compared with those obtained in the presence of a

local imperfection, analogous to that used by Turvey and Zhang [20] for stocky columns. To



investigate the lateral-torsional buckling of PFRP I-beams, the effects due to minor-axis out-of-
straightness and nonorthogonality between web and flange panels were considered in [31]. In [32] it
was suggested to take account of a single dominant imperfection with appropriate magnitude.
Therefore, in [23], to analyze PFRP I-beams in major-axis bending, only a beam out-of-straightness
in the minor-axis plane was considered. Analogously, in the present paper a global minor-axis out-
of-straightness is applied to the built-up columns investigated.

Using forces to reproduce the geometric imperfection is generally accepted [22, 23, 32],
because the induced initial stress state is generally negligible. In this paper, the global out-of-
straightness 1is reproduced by applying two equal and opposite bending moments M, to the master
nodes of the rigid links at the end sections (Fig. 3), i.e., the end section centroids. These moments
result in a uniform column bending into the minor-axis plane. The values of M, are chosen so as to
give mid-height deflection & = L/2000. This imperfection amplitude is close to the upper bound of
the out-of-straightnesses reported in [26] for twelve PFRP I-section shapes (L/1800) and more than
twice greater than the maximum of the imperfection measurements reported in [30] (L/4500).
Greater imperfection amplitudes are not explored because it is believed that in a built-up column the

effects of the imperfections of the chords mutually compensate for one another.

3.1.4. Incremental axial shortening

In the nonlinear analyses, the displacement control is used to capture possible softening branches in
the load path. In particular, whilst the geometric imperfection is kept unchanged, an incremental
column shortening is applied to the end section centroids (black arrow parallel to the column axis in
Fig. 3), and from there transferred to all nodes connected with the centroids through the rigid links.
This obviously corresponds to define, at each end section, a constraint translating in the axial
direction. At each increment, the column axial load is given by the reaction of the translating

constraint.



3.2. Ultimate load identification

Many research results are available on PFRP I-section columns. In particular, stocky columns
typically fail by local buckling [33] followed by material failure at the web-flange junctions [20].
The corresponding load-displacement plot generally is monotonic up to the onset of failure, with
which ultimate column load, namely P,, is associated. Web-flange separation was also observed in
locally buckled I-section beams [19].

Intermediate-slenderness columns tend to suffer from the interaction between local and global
buckling modes [34]. In this case, the load-displacement plot loses monotonicity when the principal
load path intersects a secondary, descending path and P, corresponds to the maximum of the curve.

Finally, slender columns typically fail by global buckling [35]. In this case, the load-
displacement response shows a long plateau with almost constant load, approaching the buckling
load provided by Euler's formula. Crushing failure at the tip of the flanges may also be observed for
very large deflections.

For the built-up PFRP beams tested in [4], for which lateral supports were used to prevent
lateral-torsional buckling, pre-buckling failure with web-flange separation was observed. It can then
be argued that the relatively high stiffness of the built-up members, increased with respect to that of
the standard shapes they are comprised of, may lead material failure to anticipate any form of
buckling.

Based on the above-mentioned researches, two different ways are used in this paper to identify
P, from the FE analyses of built-up PFRP columns with closely spaced channels. In particular, the
ultimate conditions are alternatively associated to material or buckling failure.

To verify the attainment of material failure, the following modified Von Mises criterion is

considered for the PFRP material (see [20]):

[ch,FEj +[th,FEj +(fTﬁFE] +[fV,FEJ =1, 4)
Sie S Sre Iy




where index "FE" stands for FE analysis result. This criterion is used to check the stress state in the
web-flange junctions of the channels, which are believed to be the more vulnerable parts of the
built-up columns. An analogous criterion was applied in [4] to built-up beams used in the
Eyecatcher Building.

Since the present paper is focused on a merely numerical investigation, no experimental test,
specific for the channel section investigated, is carried out to determine the various material
strengths involved in the failure criterion of Eq. (4). The strengths reported in Table 5, provided in
[28], are used instead. It is worth noting that these strengths were obtained by the pultruder from
tests on coupons cut out from web and flange panels and not from tests specifically conceived for
web-flange junctions (see [20] and references cited therein).

For the built-up columns tested in [10], when the load was applied to the inner channels only,
material failure localized near the end sections of these profiles was observed, leading to a global
response significantly different than that obtained for columns with the end sections entirely loaded.
In analogy with these findings, for the built-up columns investigated in the present paper, local
failure in the end batten plates should be expected when the axial load is applied to them and not to
the whole end sections. However, no failure criterion is used for the battens, because in real
structures they can be strengthened to avoid their premature failure.

Because the reported failure criterion is not implemented into the commercial software used for
the FE analyses, the stress checks are carried out as a post-processing operation. At the onset of
failure, i.e., whenever Eq. (4) is satisfied, it is assumed that P, is achieved.

With regard to columns failing by buckling, two different types of P-3 plots are expected. For
columns displaying a global deflected shape into the minor-axis plane and characterized by a long,
substantially constant plateau in the P-0 plot, the ultimate conditions are governed by global
buckling. As mentioned above, compression failure may be attained in the flanges at very large
displacements. However, attaining these so large displacements in the FE analyses is not necessary

to identify P,, because the load does not vary appreciably within the plateau. Finally, when the P-0



plot is non-monotonic P, is identified with the peak load, corresponding to a deformed shape

involving simultaneously global and local buckling.

3.3. Preliminary linear local buckling analysis

Linear buckling analyses are first carried out to evaluate the local buckling load of the built-up
columns. In these analyses, in addition to the constraints described in Section 3.1.2, the web-flange
junctions of the channels are restrained to remain straight, which is a typical assumption of local
buckling analyses [36, 37]. Moreover, a uniform compressive stress is applied to the end sections
instead of the incremental axial shortening, and no imperfection is considered.

The FE computed local buckling load in the absence of battens is Pj,coc = 613 kN. When
intermittent interconnections are present between the channels, they stiffen the webs of the channels
leading to a greater local buckling load. The local buckling load is weakly influenced by the column
length and strongly influenced by the battens spacing, as illustrated in Fig. 4. For each of the
investigated values of A;, the minimum local buckling load, corresponding to the greatest column
length, is reported in the figure in nondimensional form. Load P, tends to Pj,oc for very large
values of A;. For example, an increase of A; from 7 to 80 is needed to obtain a reduction of
Pioo/Piocpc from 2.83 to 1.04. For A; <13 the local buckling load exceeds crushing load
PR = fLcApy = 1451 kN. Therefore, for short columns with small battens spacing, a pre-buckling

failure is expected.

3.4. Analysis results and discussion
In this Section the main results obtained from the nonlinear FE analyses are reported and
commented. Symbol 6 is used in the following to identify, with regard to global axes shown in Fig.

1b, ¢, the minor-axis displacement experienced by the node of coordinates [+7,, /2 0 L/2]. In

particular, the node belonging to the channel subjected to the greatest axial compression is selected.



In built-up columns with intermittent chord interconnections, such as the batten plates
considered in the present investigation, transverse displacements of the chords of opposite signs
could in theory arise between two consecutive interconnections. The effects due to the contact
between the chords should be taken into account when the sum of the absolute values of these
displacements equals the gap between the chords. In [10, 12], contact elements were used to
reproduce this feature. In the present study, in order not to increase the computational effort, no
contact element is used between the webs of the channels. However, for all models investigated it is
verified that, up to the value of d attained in the analysis, the sum of the displacements of the chords
toward one another does not exceed fy,.

The analysis results are summarized in Table 6. For all built-up columns investigated, rigid
links stiffening the whole end sections (Fig. 3a) are used. However, for three of the columns a
comparison between the rigid link configurations illustrated in Fig. 3 is carried out. The
corresponding P-0 plots are reported in Fig. 5. For a stocky column with L = 750.8 mm (Fig. 5a),
achieving material failure according to Eq. (4), defining the rigid links as in Fig. 3b leads to a value
of P, only 3% smaller than loading the whole end sections as in Fig. 3a. For more slender columns
with L =1250.8 and 1950.8 mm (Fig. 5b), failing by buckling, no appreciable difference is
observed between the two rigid link configurations.

Material failure is attained for ten of the 43 columns analyzed, having L < 1050.8 mm and
A1 < 20. For columns with A > 20 only buckling failure is observed.

The interaction between global and local buckling is observed for some of the columns. For
example, for columns B13-S07 (Fig. 5b) and B03-S33 (Fig. 6a) a non-monotonic P-0 plot is
obtained (Fig. 6a), indicating the intersection between an ascending and a descending load paths.
The deformed shape corresponding to peak load P, clearly shows column deflection in the minor-

axis plane combined with local flange buckling (Fig. 6b).



The influence of the battens spacing is highlighted in Figs. 7a and 7b for columns with L = 950
and 2450 mm, respectively. In particular, for the shortest columns (Fig. 7a), chord local
slendernesses A; = 30, 20 and 15, compared with A; =7, lead to reductions of P, of 34%, 21% and
14%, respectively. For the longest columns (Fig. 7b), local slendernesses A; = 80, 27 and 13 yield
column resistances which are 29%, 8% and 2% smaller, respectively, than that obtained for A; = 7.
According to Eurocode 3 [15], built-up steel columns with closely spaced chords should be checked
for buckling as a single integral member, provided that the battens spacing meets the requirement
¢ < 1501 min (A1 £ 15). Given the influence of A; shown in Fig. 7, it can be concluded that such a
provision cannot be applied to short built-up PFRP columns with L <950 mm (Ay < 40), whereas
still is valid, for practical purposes, for more slender columns with L > 2450 mm (A, = 100).

The greatest ultimate loads are obtained for the shortest columns, which attain material failure.
In particular, for the five columns with L <750.8 mm (Ay < 30), P, =948 kN (see columns B04-
S07, B06-S07, B08-S07, B04-S13 and B03-S17 in Table 6). The mean ultimate load for these
columns is equal to about 0.67Pg = 977 kN. Therefore, the stress concentrations at the web-flange
junctions arising from the load transfer between chords and battens reduces significantly the column
resistance compared to the case of uniform compressive stresses. In addition, 0.67Pgr/Pjecoc = 1.59
(Fig. 4), indicating that stocky columns are going to fail by local buckling only for A, > 20, whereas

pre-buckling failure is to be expected for smaller local slenderness.

4. DERIVATION OF A DESIGN METHOD
Based on the numerical results presented above, a design method for built-up PFRP columns is

suggested in this Section.



4.1. Bleich's formulation for slenderness of built-up steel columns

For built-up steel columns with batten plates, the deflected shape at buckling is assumed to coincide
with a half-sine curve:

u, =U _sin(nz/L), (3)
with u, and U, being the deflections in the minor-axis plane at the generic position, z, along the
column axis and at mid-height, respectively. The elastic critical load for global buckling ("gl") may

be written in the form [24]:
})g?u = n2Eslbu/(kL)2 = 7-‘:’zl;:s[bu/l’%) H (6)
where E indicates Young's modulus for steel and buckling length Ly = kL is proportional to column

length L through a coefficient which takes the following form:

27 2 27
k=140 (ﬁj + Oc‘i, (7)
241, _\1) 121, L

1,min bat

with [y, being the second moment of area of batten plates in the column buckling plane. In Eq. (7),
the second and third terms of the radicand depend on the flexibility of chords and batten plates,
respectively.

For rigid batten plates, i.e., for closely spaced chords, the third term of the radicand tends to
vanish. Therefore, and Eq. (7) reduces to:

o)

1,min

Multiplying both sides of Eq. (8) by slenderness A4 (see Eq. (1)), an equivalent slenderness is

obtained in the form:

KL L w2l (¢
T = _O = }\’gl,eq = \/}\’zgl + 0 (_j (9)

lbu lbu 2411,min lbu

Substituting 1/i2, = A, /1,y > 1y min = it and Ay = /i) min into Eq. (9) yields:

1,min 1°1,min
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A (10)

The elastic global buckling load for a built-up steel column with closely spaced chords may
then be expressed in the form:
P = A4, E;n’ [\ (11)

bu™'s gleq

with Ay oq computed from Eq. (10).

4.2. Proposed slenderness for built-up PFRP columns
For PFRP columns with standard-shape doubly-symmetric cross-section, a nondimensional

slenderness parameter is usually defined as [16, 22, 25-27]:

Ap :'\,}P]oc/ljgl (12)

where Py, and Py are the local and global buckling loads computed independently on one another.
In particular, Py typically corresponds to flexural buckling in the minor-axis plane and, depending
on whether or not the influence of the shear deformation is negligible, may be expressed with Euler'

or Engesser's formula [26], i.e.:

Py = TczEeffImin/L%) (13)

Prng = By /[1+ Poy (4G )], (14)

where I, and A4y indicate minimum second moment of area and shear area of the profile,
respectively, whereas G is the effective shear modulus, which can be estimated from full-section
tests (see for example [38]). For commercially available glass-fibre reinforced profiles of high
slenderness, i.e., profiles which tend to experience a merely global buckling, the shear deformation
may be neglected for practical purposes and Py is typically approximated by Eq. (13) [22].

In this paper, it is proposed to express the nondimensional slenderness for built-up PFRP

columns in the following form:



Ap=vR/P, (15)

with Py and Py being reference failure loads for stocky ("st") and slender columns ("sl"),
respectively. In particular, as is shown in Section 3.4 slender columns again fail by global buckling.

Therefore, Py is assumed to coincide with P} obtained from Eq. (11), provided that E{ is replaced

with the effective full-section modulus of the pultruded channels (see Table 3), i.e.:
R;fu = Ay, E 510’ / }\’zgl,eq > (16)
where Ay ¢q still is obtained from Eq. (10). The resulting values of Py are reported in Table 6 for all

of the columns. To account for pre-buckling failure in stocky built-up columns, Py is assumed to

take the form:

= min{o P, Boo = Ay, min{og £, fioo} = S A » (17)
where orPRr = OgficApy 1S the ultimate column load for material failure, with Pr = f; Ay, being the
crushing load and oy < 1 a coefficient accounting for stress concentrations which may affect some
part of the column. According to Section 3.4, for the columns analyzed in this paper o = 0.67.

The local buckling load for the built-up columns under investigation may be estimated in

closed-form as twice the local buckling load of one single channel:

2E 2
Eoc :Abuﬁoc :Abuk L[ ! J ) (18)

o 12(1-v 1vy) K
where by, = H — ¢ indicates the web height referred to the centrelines of the flanges and Ay is a

buckling coefficient taking the following expression [37]:

k -2 E,/E +2VLTET/EL+4(l+4n)(l_VLTVTL)GLT/EL
T/EL

“ Nlrdnin?/3 1+4m*n*/3

; (19)

with n = b¢/by, and by= B — /2. Equation (19) was derived in [37] from a variational formulation
applied to a channel section considered as a whole, and not from discrete plate analysis (see for

example [36]). Therefore, using Egs. (18) and (19) does not require independent calculations for



web and flange panels of the column. Two recent papers [39, 40], concerning the local buckling of
PFRP I-section profiles in pure bending or axial compression, provided closed-form equations
based on a variational formulation analogous to that used to derive Eq. (19).

The local buckling load obtained from Egs. (18)-(19) is about 13% smaller than Pj,coc = 613
kN. None of these loads takes account of the stiffening effect of the interconnections between the
channels and may lead to too conservative local buckling load predictions (Fig. 4). The dependency
of Py, on A; should be accounted for in calculating failure load Pg. In this paper, in the absence of a
closed-form expression for P, depending on A;, the minimum FE computed P, for each A, is used
in Eq. (17). The resulting values of P are reported in Table 6 for all of the columns.

Substituting Egs. (16) and (17) into Eq. (15) yields:

L

=0, A
o E
eff

(20)

gleq?

with o, =+/f,,/(R*E ;). In conclusion, it is proposed to estimate the column slenderness with Eq.

(15) or, alternatively, by multiplying Eq. (10), derived in [24] for steel columns, by coefficient o,
which depends on failure stress fy; = min{ogfLc, fioc} for stocky PFRP columns.
For all of the columns investigated, the values of Ap are reported in Table 6. In the last column

of the same table, the FE computed ultimate loads are reported, in nondimensional form, divided by

the corresponding values of Py,.

4.3. Design curve
The values of P,/Py are also graphically reported, versus Ap, in Fig. 8, where they are compared

with nondimensional reference loads Py/Py=1 and P,/P, = P} /P, =1/3% (see Eq. (15)). It is

confirmed that slender columns (say Ap>2) follow the global buckling curve and their ultimate
load may be predicted using Eq. (16). The five stocky columns for which A, < 1, instead, attain pre-

buckling failure at a load approximately equal to Py = 0.67Pg. Columns of intermediate slenderness



have ultimate loads smaller than the reference loads. It seems therefore logical to introduce, in
analogy with PFRP columns with standard-shape doubly-symmetric cross-section [16, 22, 25-27], a

family of nondimensional design curves of the form:

D, — D2 — A% 1)

2 3
cph

Xp =

where ®, =(1+22)/2 and cpis a shape coefficient. Equation (21) tends to 1 and 1/2% for stocky
and slender columns, respectively. The predicted ("pr") column resistance may be expressed as:

P,pr = XPP

u. st * (22)
Setting cp=0.85 provides ultimate column loads smaller than all numerical results. The

corresponding design curve is reported with a blue solid line in Fig. 8.

5. CONCLUSIONS

Parametric FE analyses of built-up PFRP columns comprised of two closely spaced channels with
nominal dimensions 203 x 55.6 x 9.5 mm and back-to-back distance 12.7 mm, interconnected by
means of batten plates, are described in this paper. The main findings of the research may be
summarized as follows.

Applying the compressive load to the end battens does not imply appreciable differences in the
P-6 response with respect to the case of load acting on the whole end sections.

The battens spacing has a strong influence on the column behaviour. In particular, the local
buckling load obtained from an eigenvalue analysis for local slenderness A; = 80 is only 37% of that
corresponding to A; =7. With regard to the results of geometrically nonlinear analyses, the P-3
responses of columns with equal lengths but different values of A, are quite different from one
another, especially for relatively short columns. The rule of checking for buckling a built-up column
as a single integral member provided that A; < 15, which applies to steel structures designed in

accordance with [15], can be used only for very slender PFRP columns with A, = 100.



Stocky columns with Ay < 30 attain pre-buckling failure at the web-flange junctions of the
channels. Due to the stress concentrations induced by the battens in the webs of the channels, the
ultimate loads for these columns are approximately 70% of the crushing load. Slender columns fail
by global buckling. For these columns, the global slenderness and ultimate load may be predicted
using the same expressions adopted in the literature for built-up steel columns. Interaction between
global and local buckling modes may occur for columns of intermediate slenderness.

Based of the findings of this numerical investigation, a new slenderness parameter Ap is
proposed for built-up PFRP columns (see Egs. (15) and (20)). This parameter can be used in a
design equation (see Eq. (21)) of the same form as that defined in the past for PFRP columns with
standard-shape doubly-symmetric cross-section. In the presence of a single dominant geometric
imperfection in the form of a minor-axis out-of-straightness not greater than £/2000, shape
coefficient cp = 0.85 can be adopted in design curve yp(Ap).

The obtained design equation can be applied to built-up PFRP members subjected to prevailing
axial compression, such as columns simply supported at the end sections and members belonging to
truss structures. Bending, shear, and possibly torsion responses still remain to be investigated to
arrive at design equations suitable for built-up PFRP members in framed structures, for which
specific analysis tools there exist (see for example [41, 42]).

An experimental validation of this numerical study will be hopefully carried out in the next

future.
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NOTATION

The symbols used in the present paper are defined in the following.
Apu, A1 = cross-section areas of a built-up column and one of its chords;
B H t= cross-section dimensions of one chord;

bvats vats thar = batten plate dimensions;

bg, by, = cross-section dimensions referred to the panels centrelines;
C C = cross-section centroids;

c= battens spacing;

cp= buckling mode interaction constant;

d,e= inter-centroidal distance and distance (d — #,,)/2 (Fig. 1);
E= effective Young's modulus;

Ey, E., EL = longitudinal average, compressive and tensile moduli;

E, = Young's modulus for steel;

Er, E1., ET¢= transverse average, compressive and tensile moduli;

Ey= flatwise Young's modulus for PFRP battens;

e, ey = mesh sizes;

Sioes Kioe = local buckling stress and coefficient;

fic= longitudinal compressive strength;

fre fri = transverse flexural and tensile strengths;

fv= shear strength;

Gt = in-plane shear modulus;

Gr3, G3L = through-the-thickness shear moduli for PFRP battens;

Loy, Ty = second moment of area and radius of gyration of a built-up column;

I} min, I1.min = minimum second moment of area and radius of gyration of one chord;

contribution to /y, related with d;

(global) buckling length coefficient;



L= column length;

n= number of battens;
P,P,= compressive axial load and ultimate compressive resistance;
Pgng, Pei =  Engesser' and Euler's buckling loads;

P, P = global buckling load for a built-up column and local buckling load,

gl »

Pr= crushing load;

Py, Py = reference failure loads for slender and stocky columns;
X, V,z= global axes;

OR = coefficient used to reduce Pg;

oy = coefficient relating Ap with A cq;

AP = function representing a family of buckling curves;

o= minor-axis plane mid-height displacement of one column chord,
Op= function of slenderness Ap;

n= section shape ratio by/by;

Aoty Agleq = global and equivalent global slendernesses;

Ap= slenderness parameter for built-up PFRP columns;

A= chord slenderness ¢/i} min;

VLT, VTL = major and minor Poisson's ratios;

VT3, V3L = through-the-thickness Poisson's ratios for PFRP battens.
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Figure Captions

Fig. 1. Cross-sectional view of (a) one single channel and (b) two back-to-back channels connected

through a batten plate; (c) side view of a built-up member.

Fig. 2. FE model of a built-up column with the mesh located on the inner surfaces of the webs and

flanges: (a) general and (b) detail views of the cross-section.

Fig. 3. Isometric view of a FE model: rigid links stiffening (a) the whole end section and (b) the end
batten plate only. The black arrow at the centroid of the end section indicates the imposed

longitudinal translation (global axes shown).

Fig. 4. FE computed, nondimensional local buckling load versus ;.

Fig. 5. FE computed P-d plots: (a) column BO08-S07; (b) columns B13-S07 and B20-S07.
Comparison between the rigid link configurations shown in Figs. 3a (blue solid line) and 3b (red

symbols).

Fig. 6. Column B03-S33: (a) FE computed P-6 plot and (b) deformed shape at peak load P,, with

interaction between global and local buckling modes.

Fig. 7. FE computed P-0 plots: (a) columns B10-S07 (A, = 7), B05-S15 (A, = 15), B04-S20
(A =20) and B03-S30 (A, = 30) with L = 950 mm; (b) columns B25-S07 (A, = 7), B13-S13

(M = 13), B07-S27 (A, = 27) and B03-S80 (A; = 80) with L ~ 2450 mm.



Fig. 8. FE computed, nondimensional ultimate loads (red symbols) compared with the theoretical

reference loads for stocky and slender columns (black lines) and the buckling interaction design

curve obtained for cp = 0.85 (blue line).

Table Captions

Table 1. Geometric characteristics of one single channel section.

Table 2. Geometric characteristics of battens and built-up column cross-sections comprised of two

back-to-back channels.

Table 3. Stiffnesses of the PFRP channels investigated.

Table 4. Stiffnesses adopted for the PFRP battens.

Table 5. Strengths used in the modified Von Mises criterion.

Table 6. Geometric characteristics, reference loads Py and Py, FE computed ultimate load P, and

failure mode for the 43 columns investigated.
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Figure 1. Cross-sectional view of (a) one single channel and (b) two back-to-back channels
connected through a batten plate; (c) side view of a built-up member.

Figure 2. FE model of a built-up column with the mesh located on the inner surfaces of the webs
and flanges: (a) general and (b) detail views of the cross-section.
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Figure 3. Isometric view of a FE model: rigid links stiffening (a) the whole end section and (b) the
end batten plate only. The black arrow at the centroid of the end section indicates the imposed
longitudinal translation (global axes shown).
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Figure 4. FE computed, nondimensional local buckling load versus A;.
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Figure 5. FE computed P-0 plots: (a) column B08-S07; (b) columns B13-S07 and B20-S07.
Comparison between the rigid link configurations shown in Figs. 3a (blue solid line) and 3b (red
symbols).
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Figure 6. Column B03-S33: (a) FE computed P-3 plot and (b) deformed shape at peak load P,, with
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interaction between global and local buckling modes.
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Figure 7. FE computed P-9d plots: (a) columns B10-S07 (A; = 7), B05-S15 (A, = 15), B04-S20
(A =20) and B03-S30 (A, = 30) with L = 950 mm; (b) columns B25-S07 (A, =7), B13-S13
(A =13), B07-S27 (A; = 27) and B03-S80 (A; = 80) with L ~ 2450 mm.
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Table 1. Geometric characteristics of one single channel section.

H B 1=1=1ty Al [l,min U1, min e
[mm] [mm] [mm] [10° mm?] [10° mm*] [mm] [mm]
203.20 55.63 9.53 2.815 6.379 15.05 13.44

Table 2. Geometric characteristics of battens and built-up column cross-sections comprised of two

back-to-back channels.

That Dbat Dbat D Abu Iy Ly, Tbu
[mm] [mm] [mm] [mm] [10° mm?] [10° mm*] [10 mm*] [mm]
12.70 50.80 184.14 39.59 5.630 2.207 3.482 24.87

Table 3. Stiffnesses of the PFRP channels investigated.

EL Er. EL Er Er Er Grr VLT V1L Eett
[GPa] [GPa] [GPa] [GPa] [GPa] [GPa] [GPa] [-] [-] [GPa]
20.6 20.6 20.6 6.9 8.2 7.6 2.9 0.35 0.15 19.2

Table 4. Stiffnesses adopted for the PFRP battens.
EL Er Es GLr=G1=G3L VLT=VT3=ViL
[GPa] [GPa] [GPa] [GPa] [-]
12.4 6.9 20.6 2.9 0.3
Table 5. Strengths used in the modified Von Mises criterion.
Jie Jre Jre v
[MPa] [MPa] [MPa] [MPa]
257.8 55.0 85.9 31.0




Table 6. Geometric characteristics, reference loads Py and Py, FE computed ultimate load P, and

failure mode for the 43 columns investigated.

Analysis No.  Model ID L c I Py Pqy P, Fail. mode* Ap P,/Py
[mm] [mm] [-] [kN] [kN] [kN] [-] [-]
1 B04-S07 350.8 100 7 4807 977 977 MF 0.45 1.00
2 B06-S07 550.8 100 7 2078 977 1022 MF 0.69 1.05
3 B08-S07 750.8 100 7 1142 977 964 MF 0.93 0.99
4 B10-S07 950.8 100 7 719 977 691 MF 1.17 0.71
5 B11-S07 1050.8 100 7 590 977 581 MF 1.29 0.59
6 B13-S07 1250.8 100 7 418 977 423 BF 1.53 043
7 B14-S07 1350.8 100 7 359 977 367 BF 1.65 0.38
8 B15-S07 1450.8 100 7 311 977 319 BF 1.77 0.33
9 B20-S07 1950.8 100 7 173 977 180 BF 2.38 0.18
10 B21-S07 2050.8 100 7 156 977 163 BF 2.50 0.17
11 B22-S07 2150.8 100 7 142 977 149 BF 2.62 0.15
12 B23-S07 2250.8 100 7 130 977 136 BF 2.74 0.14
13 B24-S07 2350.8 100 7 119 977 125 BF 2.86 0.13
14 B25-S07 2450.8 100 7 110 977 115 BF 2.99 0.12
15 B04-S13 650.8 200 13 1374 977 948 MF 0.84 0.97
16 B05-S13 850.8 200 13 845 977 705 MF 1.08 0.72
17 B06-S13 1050.8 200 13 568 977 524 BF 1.31 0.54
18 B08-S13 1450.8 200 13 305 977 302 BF 1.79 0.31
19 B09-S13 1650.8 200 13 237 977 239 BF 2.03 0.24
20 B13-S13 2450.8 200 13 109 977 113 BF 3.00 0.12
21 B05-S15 949.5 225 15 678 977 593 MF 1.20 0.61
22 B03-S17 550.8 250 17 1682 977 975 MF 0.76 1.00
23 B05-S17 1050.8 250 17 553 977 501 BF 1.33 0.51
24 B06-S17 1300.8 250 17 371 977 353 BF 1.62 0.36
25 B07-S17 1550.8 250 17 265 977 260 BF 1.92 0.27
26 B08-S17 1800.8 250 17 198 977 199 BF 2.22 0.20
27 B09-S17 2050.8 250 17 154 977 156 BF 2.52 0.16
28 B10-S17 2300.8 250 17 123 977 126 BF 2.82 0.13
29 B04-S20 950.8 300 20 639 893 546 MF 1.18 0.61
30 B04-S27 1250.8 400 27 368 777 335 BF 1.45 0.43
31 B07-S27 2450.8 400 27 106 777 106 BF 2.71 0.14
32 B05-S29 1810.8 440 29 186 777 180 BF 2.05 0.23
33 B03-S30 950.8 450 30 554 777 456 BF 1.18 0.59
34 B03-S33 1050.8 500 33 452 735 396 BF 1.28 0.54
35 B05-S33 2054.0 501 33 144 735 141 BF 2.26 0.19
36 B07-S33 3055.6 501 33 68 735 68 BF 3.29 0.09
37 B03-S40 1250.8 600 40 318 691 296 BF 1.47 043
38 B04-S40 1853.7 601 40 167 691 160 BF 2.03 0.23
39 B03-S50 1553.2 751 50 205 662 198 BF 1.80 0.30
40 B04-S50 2304.4 751 50 108 662 106 BF 248 0.16
41 B05-S50 3055.6 751 50 65 662 65 BF 3.19 0.10
42 B04-S53 2450.8 800 53 95 662 94 BF 2.63 0.14
43 B03-S80 2450.8 1200 80 82 637 82 BF 2.79 0.13

* Note: failure modes MF and BF stand for Material Failure and Buckling Failure, respectively.



