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This paper presents the results of an experimental investigation aiming at determining the mechanical
properties of Glass Fiber Reinforced Polymer (GFRP) element produced by the Brazilian industry
to classify it for structural applications.. The material samples used in this work were (i) prepared in
accordance to ABNT-NBR15708:2011 recommendations, (ii) extracted from web and flange parts of
different geometries of one standard H-shaped GFRP single profile, (iii) 2D fiber-reinforced fibrous
and (iv) exhibited fibers’ orientation on the longitudinal/pultrusion direction. A fairly extensive
experimental program was carried out to cover both stiffness and strength structural characteristics of
GFRP element, comprising the following mechanical failures modes: (i) direct tension and compression,
(i1) two-point flexural bending, (iii) pin-bearing pushed-out and (iv) interlaminar shear deformation.
Based on the obtained results, it was possible to conclude that the GFRP element analyzed displays
structural classification compatible to E17 class mechanical requirement.
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1. Introduction

Applications of Glass Fiber Reinforced Polymers
(GFRP) elements have grown steadily during the last years,
as they became extremely popular in different areas of the
aerospace, automotive, marine, O&G (oil and gas) and
civil construction industries, namely (fiberglass structures):
ladders, platforms, handrail systems tank, pipe and pump
supports'. The development of GFRP for commercial use
occurred in the 1940s, particularly due to interest to the
naval industry?. Afterward, the global production speedily
increased, reaching the current development in the late
1960s?, when the combination of low material and production
costs and advances fabrication of members, finally make
polymer production economical and diffused to other fields.
Moreover, GFRP presents very flexible design solutions, due
to its extraordinary fabrication adaptability, high durability
and structural efficiency (strength-to-weight ratio) and its
usage also benefits from increasingly low production and
erection costs™°. Figures la-d illustrate some applications
of structural GFRP.

GFRP s a category of plastic composite that specifically
uses glass fiber materials to mechanically improve the
strength and stiffness of plastics'!!* — the resin provides
additional protection to the fiber due to the bounding between
materials'. Among the different methods of forming GFRP
members, the pultrusion, which emerged in the USA in the
1950s'2, was used to produce the GFRP profile analyzed
in this paper — Figura 2 illustrates the two-step fabrication
process: (i) impregnation, where the (glass) fiber package
and slit fabrics material are manufactured and pulled through
a wet bath of resin (matrix), formed into the irregular part
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shape (i.e., they are bonded with the matrix during molding)
and (ii) cure, where obtained saturated material is extruded
from a heated mold, while being continuously pulled
through die fibrous materials, resulting into some of the
end products of pultrusion — structural fiberglass predefined
shapes (e.g., I-shape, angle, channel and flat sheet profiles)
and lengths (a more detailed description of the pultrusion
process is provided in Seruti®).

The knowledge about the structural behavior of GFRP
members has advanced significantly in the last few years
and, such advances have been incorporated in design
specifications at a fairly rapid rate'>%. Indeed, different
characteristics and applications of composites profiles
have also been addressed by several authors — while the
works of Correia et al.?®, Pires*” and Vieira?® examined the
mechanical performance of polymeric reinforced with fibers
profiles subjected to high temperatures. Other authors®*-3*
investigated the mechanical behavior of GFRP members.
Cardoso* analyzed the performance and strength of GFRP
columns subject to short term concentric compression — most
of them dedicated to structural GFRP members. Wu & Bai*
investigated the web crippling behavior of GFRP sections
and Wu et al.”’” conducted a comparative study on static and
fatigue performances of pultruded GFRP joints using ordinary
and blind bolts. Recently, Tind et al.*® assessed the influence
of holes (longitudinal section) in the characteristic fracture
in GFRP. Kumar et al.* described fractographic features
observed in aerospace composites failed under tensile loads.

Furthermore, according to the authors’ best knowledge,
the amount of experimental data on structural properties of
GFRP members produced in Brazil is rather scarce, mostly
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Figure 2. Pultrusion process of Glass Fiber Reinforced Polymers.

concerning the specifying and designing using composites
(e.g.®) — as they represent a critical issue for evaluation of
possible use of GFRP members for structural application®2.
Therefore, the objective of this paper is to provide a contribution
towards filling this gap, by presenting and discussing the
obtained results of experimental investigation on the mechanical
properties of GFRP element produced by a Brazilian industry
to classify it for structural applications'>!¢. In particular, the
paper explores the possibility of linking the available results
associated with the following mechanical failures modes:
(1) direct tension and compression, (ii) two-point flexural
bending, (iii) pin-bearing pushed-out and (iv) interlaminar

(b)

(@
Figure 1. Applications of structural GFRP — (a) Stairs and decking in Brazil’ (b) Kolding Footbridge in Denmark®, (¢) Eyecatcher Building
in Switzerland’, (d) ETAR Vila Moura in Portugal'®.

shear deformation, with respect to recommendations provided
by ABNT NBR 15708 codes'>'.

2. Material and Methods

The experimental tests were performed according to
recommendations provided by the recently issued Brazilian
code for test methods of pultruded shapes (ABNT NBR
15708:2011)'>1¢ complemented, where applicable, to
other current international technical standards (e.g.'%%)
at the Laboratory of Structures and Materials of the Civil
Engineering Program at Federal University of Rio de Janeiro.
The apparatus used in the experimental tests are depicted in
Figures 3a-d — details of the performed tests are described
in the following subsections.

2.1. Materials

Table 1 summarizes the GFRP samples used and tests
performed in this work concerning (i) direct tension and
compression, (ii) two-point flexural bending, (iii) pin-bearing
pushed-out and (iv) interlaminar shear deformation — also
included are the mechanical properties (denoted as “Test Id”
for each performed test), the corresponding applicable code,
minimum mechanical properties required for each class E17



1374

()

Landesmann et al.

Materials Research

(d

Figure 3. Equipment used in the performed tests: (a) Shimadzu Autograph® AG-X 100 kN universal testing machine, (b) weighing
machine, (¢) INTI® muffle furnace and, (d) Shimadzu® CDE-25 C1 (model) calibrator.

and E23 (in [MPa]), information about the number of samples
tested (n,) and main dimensions. All samples used in this work
(i) were extracted from web and flange parts of a one standard
H-shaped GFRP single profile produced by the Cogumelo
Pultrudados Company — with cross-section dimension of
152.4 x 152.4 x 9.50 mm (base x height x thickness) as
presented in Figures 4a-c, (ii) were comprised of thermoset
polymer matrix resin (thermosetting) vinyl-ester reinforced
with glass fiber type E-glass (low electrical conductivity
glass), (iii) were prepared in accordance to ABNT NBR
15708:2011'1¢ recommendations and, (iv) exhibited 2D
fiber-reinforced fibrous with fibers’ orientation on the
longitudinal/pultrusion direction (see Figure 4c).

2.2. Methods

The resulting fiber content of each specimen is obtained
by inserting samples into the INTI® muffle furnace and
subjected to a constant temperature of 600 °C (Figure 3c),
according to the following expression (Equation 1)
m; —nmy

Mglass (%) = (l)a

my —m;

where, m | are the initial mass of the crucible [g], m, is the
mass of the crucible with the sample before combustion [g],
m, is the final mass of the crucible with the residue of the
sample after firing [g] —m, to m, were measured obtain with
the Umark 2140 Classe I weighing machine (Figure 3b).
Concerning the mechanical properties of GFRP, Table 2
provides (i) detailed information of the test setup, (ii) key
expressions adopted for each test performed and (iii) the
corresponding test speed (loading ratio) considered (v).
All reported strength type tests were executed with the help of
a Shimadzu Autograph® AG -X 100 kN device (as previously
illustrated by Figure 3a), with specific devices/setups for each
test performed. A clip gauge model SG25-100 n°® 620590-02
(Shimadzu), previously calibrated with the calibrator model
CDE-25 C1 (Shimadzu) was used in the Tension and Modulus
of Elasticity tests. The values for loads and displacements
were continuously acquired, with an acquisition rate of
5 Hz, by means of the Trapezium X® Material testing
software and converted into stress and/or deformations
according to the simplified analytical expressions given by
Table 2. The only exceptions were the compression tests, in
which strain gauges (KFG-5-120-CI-1I Kyowa) were used
to (directly) obtain the compression strains. In this case,
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Table 1. Summary of performed experimental tests and samples characterization.

Test® Id E17 E23 n, Sample dimension
Fiber content by
weight glass - - 16
(ENISO 1172)¥
Somsrmet P —
50 mm L= 150 mm S0 mm
Modulus of Elasticity N N | Io=250 mm |
(ISO 527-1/4/5)02 E, 17 (10%) 23(10%) 15 \P\“‘uﬁ t=9.50mmﬁ;,_//’:
\ |
flaw - e Jaw|
L—=" T
Fibre direction
. 05 mm 05 mm
Compression Strength ) ) 5 L1=25mm
(EN ISO 14126 O — L>- 155 mm —
I —— !
I - [
LI e 1=950mm T faw |
Pin-Bearing Strength® b=285
(ABNT NBR o, 90 150 8
15708-5)'¢
Flexural Strength
(EN ISO 14125)> S 170240 20
f+=—L1=47.5 mm—
Interlaminar Shear _
Strength T, 15 25 37 b=47.5 mm
(ENISO 14130)*

Note: ™ the values of required minimum mechanical properties for classes E17 and E23 are given in MPa and, @ only samples form the web were used
on the Pin-Bearing Strength tests — one notices that the sample width value (85.5 mm) is higher than the half-width of the flange ~ 152.4/2 = 76.2 mm

(see Figure 4b).
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Figure 4. Selected H-shaped GFRP profile - (a) overall view of the member, (b) cross-section dimensions and, (¢) GFRP architecture.

an ADS2000 C/A AC2122 model from Lynx® Electronic (i) First of all, one immediately notices a clear
Technology Ltda manufacturer was used for conditioning, difference (both qualitatively and quantitatively)
data acquisition and digitization. The primary treatment of on the nonlinear behavior of the stress-strain curves
the experimental data was performed using the computer before, at and beyond the peak load, concerning the
program Lynx® AgDados. The final processing of the data, direct tension and compression tests (Figure Sa-b)
with the transformation of experimental data for the chart and their counterparts — two-point flexural bending,

pin-bearing pushed-out and interlaminar shear

format, was made in a spreadsheet. ) ”
deformation (Figure 5c-e).

3. Results and Discussion (ii) Tension and compression tests exhibit almost
identical behaviors and failure modes, which are
characterized by a (rather noticeable and almost
perfect) linear slope with a visible and well defined
ultimate stress (i.e., peak load), followed by a direct
linear unloading range. Therefore, precluding the
occurrence of any distinguishable intermediate
limit point, resulting in a recognizable fragile

This section presents and discusses the results of
the experimental investigation carried out to gather the
mechanical properties of GFRP elements produced by the
Brazilian industry to classify them for possible structural
applications. Figure 5a-e illustrate the typical stress against
strain resulting curves and the corresponding aspect of the

general failure mode of the GFRP elements tested in the rupture behavior (Figure 5a-b). Similar behaviors
course of this investigation, concerning, as mentioned before, (i..e., orthotropic elastic-fragile) were also reported
(i) direct tension and compression, (ii) two-point flexural by Correia*' and, on the present obtained tests’
bending, (iii) pin-bearing pushed-out and (iv) interlaminar results, are attributed to a direct consequence of the
shear deformation. The observation of the results presented 2D type fiber-reinforced and its orientation on the

in these figures and Table 3 prompts the following remarks: longitudinal/pultrusion direction
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Table 2. Detailed information of performed test setups and corresponding expressions used to determine the mechanical properties.

Test Id Detailed Test Setup
Tension
P
o =—
th
- i g
(v=2.0 mm/min)  ga-o
E E5- 84
Oy
Mobile Jaw
L——Specimen
f
L Iio
Tz \
Extensometer
— Slope E
011 & Fixed Jaw
Ng;dul.u.s of 0¢ ¢ Eu
asticity (= 0.0035) (=0.0055)
E = 0,-0;
&4 Mobile jaw model PWG-100 kNA with the clip gauge model
g, =0.0035 SG25-100 n° 620590-02 (Shimadzu)
g,=0.0055
Compression
o P
“w
(v=1.5 mm/min)

Notes: v is the test speed, L, is the initial distance between extensometer levers, L, is the initial distance between jaws of equipment and AL is the specific
elongation.
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Table 2. Continued...
Test Id

Detailed Test Setup

Pin-Bearing

o, =7
(v=2.0 mm/min)

P

Mobile Jaw 7
50 mm
"

Pin
d=12.20 mm
Specimen
Metal Sheet

Pin

~40 mm

O, =
f b2

Ep=—n
lA L12

(v=6.0 mnymin)

Flexural

3PL,

Interlaminar

Ty =

(v= 1.0 mmy/min)

Shear

el
bt

Cleaver R1

Three/four-point Bending Test Jig for Composite Materials kit 346-53889-XX-5 kN

Notes: v is the test speed, L,

> o

elongation.

(iii) Regarding the pin-bearing pushed-out (Figure 5c),

two-point flexural bending (Figure 5d) and the
interlaminar shear deformation tests performed
(Figure 5e), one immediately notices the similarity
between the obtained stress-strain curves and
post-peak behaviors. Indeed, conversely to
tension/compression direct tests (Figure 5a-b),
they exhibit higher post-critical stiffness and much
more ductility prior to failure. Moreover, although
the nonlinear stress-strain curves display (several)
slight peaks, one also observes that the first limit
(distinguishable) point always corresponds to the
(highest) peak load (associated to the ultimate
stress). Furthermore, the obtained interlaminar
shear deformation curves (Figure 5e) provide clear
evidence of post-peak behavior, which are associated
with progressive stiffness degradation (one observes
a multiple shear post-peak behavior, previously
reported by Correia*!), that leads to several limit
points due to partial failures of fibers and matrix
layers — this process continues on the unloading range
up to the final rupture of the samples.

is the initial distance between extensometer levers, L, is the initial distance between jaws of equipment and AL is the specific

(iv) One recognizes a significant influence on the

™)

mechanical behavior of the samples from the
web and flange parts of the profile — the ultimate
strengths from flanges’ samples are systematically
higher than webs counterparts, recalling that the
obtained resulting fiber contents (average, standard
deviation and maximum/minimum) values are
42.8, 2.4 and 43.1/40 and 44.8, 4.6 and 51.7/40.1
(in %), respectively for web and flange parts. This
remarkable difference can be (primarily) explained
due to lack of control in the production of the
profiles. Indeed, a simplified visual inspection
provided evidences of some voids on the samples
— these samples were removed priori to tests.

In spite of its limited scope (total of 109 samples
analyzed), this study makes it possible to anticipate
that (as expected) both the loading type conditions
and the fiber contents are bound to affect considerably
the mechanical properties characteristics of the
GFRP elements elastic stiffness and strength,
which may have non-negligible implications on
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Figure 5. GFRP element samples and their general failure mode after tests: (a) direct tension, (b) direct compression, (c) pin-bearing

pushed-out, (d) two-point flexural bending and (e) interlaminar shear.
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the corresponding ultimate strength and, therefore, Figure 6a-e plot the obtained ultimate strength against
also on its prediction by design methods — thisissue  the associated strain, concerning the (i) direct tension and
deserves further investigation in the future. compression, (ii) two-point flexural bending, (iii) pin-bearing
350 7 0,5 [MPa] 330 7 6, [MPa]
300 A 300 A 1]
250 @E\HD 250 | N
_ @ A g3 . 0 E23
200 A 200 A
150 ~ E17 150 ~ El17
100 ~ 100 ~
50 - 50 -
R e - 1 & [-]
0 T T T T T rU [ iII 0 T T T T T U 1
0 0.005 0.01 0.015 0 0.005 0.01 0.015
(a) (b)
350 1 g,,, [MPa] 350 1 o [MPa]
A O o
300 A 300 A
] A DDA ] ﬁAﬁé
250 A A 250 A A
1 ] = E23
200 A 200 A
150 150 ~ E17
i E23 i
100 ~ 100 ~
1 E17 ]
50 - 50 -
0 ] . . Ié‘pU[mm]I 0 1 . . . . i [_].
0 5 10 0 0.01 0.02 0.03
© (d)
30 17, [MPa]
25
O
i i) E@l = E23 Legend
20 A B il
s | —11 Flange
El17
4 R e A Web
10 4
5 .
0 - T T T T 51|U |:rrlIIlill
0 1 2 3

(©

Figure 6. Obtained GFRP element limit results and their general structural classification: (a) direct tension, (b) direct compression,
(c) pin-bearing pushed-out, (d) two-point flexural bending and (e) interlaminar shear.
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pushed-out and (iv) interlaminar shear deformation tests
considered in this work. Moreover, Table 3 summarizes
the (i) mechanical properties derived from the performed
tests (average, standard deviation and maximum/minimum),
(i1) a statistical estimation of the obtained results based on
a normal-Gaussian distribution with confidence level 95%
(e.g.*) and, (iii) the corresponding final classification of
the GFRP samples. Finally, Figure 7 illustrates the overall
experimental investigation conducted in this work, aiming
at determining the mechanical properties of GFRP element
produced by the Brazilian industry to classify it for structural
applications. The joint observation of these five plots and
results included on Table 3 leads to the following comments:

(i) The ultimate tension strengths results/points
(Figure 6a) are fairly well aligned and display an
acceptable “vertical dispersion” — this dispersion is a
minute for samples originated from flanges. In order
to quantify the differences, the obtained average,
standard deviation and maximum/minimum
values are 241.6, 19.9 and 271/219 and 261,
6 and 270/219, respectively for web and flange
(see Table 3). One notices that the normal estimation
also (262.2 MPa) suggests an E23 classification
(Figure 7). Considering the required minimum limits
provided by Tables 2 and 3, the ultimate tension
strength can be characterized as E17 class (assuming
it on the safe side), even though the flange samples
can be clearly classified as E23. On the other
hand, as observed in Figure 6b, the 5 compression
strength-strain points present both wide vertical
and horizontal distribution (in this case, one obtains
262.3, 36 and 299.1/210.1 values for average,
standard deviation and maximum/minimum for the
compression ultimate strength).

Mechanical Properties of Glass Fiber Reinforced Polymers Members for Structural Applications 1381

(i) Despite of the fairly high vertical dispersion, the
pin-bearing pushed-out, flexural tests’ results
(as illustrated in Figure 6¢, d) are clearly above
the E23 minimum requirement class — one
obtains values ranging from 246.9 to 324.1 and
231.6 to 314.4 values, with an average of 288.1 and
276.9 MPa, respectively for pin-bearing pushed-out
and flexural strengths. The characteristics values
also validate the above assentation.

(iii) Concerning the interlaminar shear results
(Figure 6e), the obtained stress-strains points are
visible restricted between the E17 and E23 class
limits, with a relatively small vertical scattering
— indeed, the points from web and flange mingle
quite well. In this present case, one obtains 20.6,
1.5 and 23.9/18 (MPa) values for average, standard
deviation and maximum/minimum. Consequently,
the interlaminar shear ultimate strength can be
assumed to belong to class E17 — one notice that
the characteristic value (20.1 MPa) is also between
the limits 15-25 MPa for E17-E23 classes.

(iv) Regardless of the modulus of elasticity results (iv,)
exhibit a considerable vertical dispersion, (iv,)
display a characteristic normal value 0f 25733 MPa
and, (iv,) are (mostly) above the E23 requirement
(23000 MPa), the relative high number of points
between E17 and E23 suggest a classification of
E17 (on the safe side).

(v) Inorder to assess the obtained modulus of elasticity
values, one applies the rule of mixtures***, which
states that the overall property in the direction
parallel to the fibers may be as high as (Equation 2)

P b

| I

E, ™ Ave Summary !

| . | sav |

Stress-strain Curves | |

. o,, O, I | Max !
Preparation of » Mglass . t :O_ c ;- Gy Ot | |
Samples Test P 0f T O Oy Ty | | Min i
— | Final Classification | |

| i=1ton | I |[Cosl —=  E170rE23 I

REPEAT : :

o a1

Figure 7. Summary of the performed experimental investigation and final classification of Brazilian GFRP element for structural applications.

Table 3. Summary of mechanical properties and final classification of GFRP element analyzed.

Test Id C,..,? Avg® Sdv Max Min E17 E23 Final
Gy 262.2 2533 16.0 270.6 218.9 170 240 E17
G 217.6 262.3 36.0 299.1 210.1 - - -

c 265.0 288.1 27.7 324.1 246.9 90 150 E23
pU

Oy 266.8 276.9 21.6 231.6 3144 170 240 E23

Tuu 20.1 20.6 1.5 18.0 23.9 15 25 E17
E, 25733 24503 2222 27696 20378 17000 23000 E17

Note: U Avg, Sdv, Max and, Min denote for average, standard deviation, maximum and minimum values for the mechanical properties derived from the
performed tests, respectively and, @ C,,, indicates the estimation of the obtained results based on a normal-Gaussian distribution with confidence level 95%.
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E =EV,+E,(-V;) (2),

where, V. is the volume fraction of the fibers (taken
in average as 44%) and, £, and E,, are the material
property of the fibers and matrix, respectively —
which values are assumed* as 72500 MPa (E-glass)
and 3500 (vinyl-ester). As a result, one obtains
an estimative of 33860 MPa, considerably higher
(~30%0 than the characteristic normal value of
25733 MPa — indeed, this comparison suggested
that either the matrix and/or the fiber mechanical
properties (used in the profile production) should
be better quantified.

(vi) Lastly, in the view of the above results and
partial classification (i.e., for each test performed
individually — see Figure 7), it is possible to
conclude that the GFRP element analyzed in the
course of this investigation, displays structural
classification compatible to E17 class mechanical
requirement.

4. Concluding Remarks

This paper reported the available experimental results on
the mechanical properties of GFRP elements produced by the
Brazilian industry to classify them for structural applications.
The samples used in this work were (i) extracted from web
and flange parts of a one standard H-shaped GFRP single
profile, (ii) made of a composite polymeric reinforced with
fiberglass type E-glass and, (iii) prepared in accordance to
ABNT NBR 15708:2011'-1¢, The final goal of this research
experimental effort is to explore the possibility of linking
the obtained mechanical properties with a (forthcoming
Brazilian) preliminary design guideline for GFRP members.
Out of the various findings obtained in the course of this
work, the following ones deserve to be specially mentioned:
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