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Pultruded fiber reinforced polymer (FRP) composite profiles are usually regarded as the transverse-isotropic
material based on the assumption that the fiber and resin are uniformly distributed across the profile sections.
However, this is practically not the case due to the limitations of the pultrusion technology. The non-uniform
fiber-resin distribution (NUFRD), as a type of inherent initial imperfection for pultruded glass fiber reinforced
polymer (GFRP) profiles, was investigated. The resin contents of 49 different pultruded GFRP sections were
tested and analyzed. The standard calcination method was used to measure the resin content. The sections were
provided by three different manufactures and included the I-sections, box-sections, angle-sections, circular tubes,
channel-sections and flat plates. Multiple sampling locations were specified for each type of section. The test
results showed that the degree of NUFRD for each type of section is different. In particular, the I-sections showed
the most significant material non-uniformity. The largest COV (coefficient of variation) of the measured resin
contents is 0.16. Additionally, the influence of NUFRD on the mechanical properties of GFRP members was
addressed. The material non-uniformity would increase the initial section eccentricity. Finite element models
were built to simulate the compressive GFRP members. It was found that the critical buckling loads of GFRP

compressive members will be reduced due to NUFRD.

1. Introduction

Pultruded glass fiber reinforced polymer (GFRP) composites have
been widely used in the world because of their advantages such as high
strength-to-weight ratio, good corrosion resistance, wide variety of
cross-section shapes, and ease of construction [1-6]. Pultruded GFRP
composites have been applied in many engineering applications, such as
pedestrian bridges [7-13] and residential buildings [14]. The accep-
tance of pultruded GFRPs has also been significantly improved after
being researched and practiced for decades. To date, many advanced
theoretical methods have been proposed to analyze the structural
behavior of pultruded GFRPs, most of which were based on the
assumption of uniformly distributed fiber and resin across the profile
sections, also referred to as the transverse-isotropic nature at material
cross-sections [15-17].

The fabrication process of pultruded fiber reinforced polymer pro-
files, namely pultrusion, is a continuous process with high efficiency.
The typical pultrusion process of an I-section profile is shown in Fig. 1.
The fibers, in the form of fiber rovings, are pulled forward by a pulling
system. The fiber rovings and continuous strand mats (CSMs) are first
immersed into the resin at the resin impregnator. Then, in preforming
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stage, the fiber rovings and CSMs are pulled through a distribution plate
(with many holes) to position the fiber rovings. Finally, all materials are
pulled into the mold, where the resin is heated and cured. After being
pulled out of the mold, the cured GFRP profiles will cool down and
contract [18-20].

This manufacturing process will lead to some unique characteristics
of pultruded GFRPs. For instance, some initial imperfections may be
introduced [21,22]. Baran et al. [23] investigated the residual stress and
geometric variations generated in the pultrusion process. In their study,
the effects of thermal anisotropy, polymerization/crystallization
shrinkage, tool-part interaction, resin flow and compaction, fiber
wrinkling, and temperature gradients were discussed. For pultrusion
process, Baran et al. [24,25] reported that the non-uniform temperature
and the varying degree of curing were the main causes of the residual
stresses and geometric distortions. In addition, because of the
manufacturing process, pultruded GFRPs have a unique micro-structure
at the nanometer level [26-28].

In this paper, the photos of the cross-sections of a pultruded GFRP I-
section profile were taken at three levels, as shown in Fig. 2, including
the structural level, meso level and micro level. The structural level
image was taken by the camera Canon EOS 70D; the meso-level image
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Fig. 1. Typical pultrusion process of GFRP I-section profile.
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Fig. 2. Cross-sections of a pultruded GFRP I-section profile taken at
three levels.

was taken by optical microscope (Zhiqi-601) with a magnification factor
of 135; and the micro-level image was taken by computed tomography
(CT) with the distinguishability of 6.35 pm, provided by Sanying Motion
Control Instruments Ltd. The pultruded GFRP profile seems to have a
good and uniform fiber-resin distribution in the structural level image,
but the CT photo taken at the micro level clearly shows that the im-
perfections indeed exist, including the micro cracks and the non-uniform
distribution of fibers and resin.

The micro cracks, shown in Fig. 2, are mainly due to the waviness of
the CSM, the temperature effect and the resulting non-uniform
contraction at cooling stage [29]. The other notable imperfection is
the non-uniform distribution of fibers, which can further lead to the fiber
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intensive areas and resin-rich areas. The fiber intensive areas show a
more intensive white color in Fig. 2 and have larger fiber density, while
the resin-rich areas show a less intensive white color. The fiber fraction
is directly related to the overall mechanical property of pultruded
GFRPs. Thus, the non-uniform fiber-resin distribution (NUFRD), which
is an inherent characteristic of pultruded profiles induced by the
manufacturing process, can result in the variation of mechanical prop-
erties across the section. Such a non-uniform distribution was also
mentioned in other studies. Baran et al. [30] characterized the internal
geometry of a pultruded FRP by X-ray micro-CT. The resin-rich areas
and discontinuous porosity were observed. Such imperfections are
influential to the mechanical properties of pultruded GFRPs, including
the strength and modulus in both longitudinal and transversal directions
and should be considered in structural analysis and design [31-33].
Poulton and Sebastian [34] investigated the fiber mat misalignments of
a multi-celled pultruded GFRP deck. These misalignments were classi-
fied, including the mat warping errors, resin injection, roving shifting
and mat gaps. In addition, the fiber mat misalignments at web-flange
junctions were reported to significantly impact the local buckling
loads of pultruded GFRP beams [35-39].

The effect of imperfections has been considered by a Chinese stan-
dard, GB/T 31539-2015 [53]. In this standard, the full-section
compressive test is prescribed. The compressive strength of the
full-section is typically lower than that obtained from the coupon test
(ASTM D6641-2009 [50]; GB/T 1448-2005 [51]), thus yielding a gap
between full-section strength and coupon strength. This gap reflects the
extent of imperfection of a GFRP section. GB/T 31539-2015 stipulates
that the ratio of full-section compressive strength to coupon compressive
strength shall be higher than 0.85.

In general, the studies and standards have confirmed that imper-
fections exist objectively in pultruded FRP. However, the degree of
imperfection and its influence on mechanical properties have not been
investigated quantificationally. In this work, the influence of NUFRD is
quantitatively analyzed. The resin weight content is selected as the
criterion to measure the material uniformity of pultruded GFRP profiles.
Resin content as a representative parameter to quantitatively describe
NUFRD is easy to be measured and is related to fiber volume content,
which can be directly used to calculate the material mechanical prop-
erties. The six types of GFRP profiles from three manufacturers were
experimentally measured and statistically analyzed. NUFRD resulting
shift of section geometric center was calculated. Then, the effects of
NUFRD for GFRP axial-compressive members were investigated based
on the finite element analysis.

2. Experimental program
2.1. Test method

The calcination method was used to measure the resin content (GB/T
2577-2005 [52]; ISO 1172:1996 [54]). The calcination process is sche-
matically shown in Fig. 3. In the first step, coupons were cut by an
electric saw with a diamond blade from the specified positions of all
sections. All coupons had the geometries smaller than 25 x 25 x 5 mm
(see the following section for detailed coupon geometries) and the
weights smaller than 5 g. The geometries and weights were determined
in accordance with standard tests (GB/T 2577-2005; ISO 1172:1996) so
as to ensure the coupons can be calcinated completely. After cutting
process, coupons were cleaned using ethyl alcohol and dried in a
desiccator for 24 h. In the second step, the coupons and the crucible were
weighted using an electronic balance. The weight of the crucible was
recorded as my, and the total weight of crucible and coupon was
recorded as my. In the third step, the crucible with the coupon was
heated in a muffle furnace (SX-2 model, maximum heating temperature
of 1000 °C and distinguishability of 1 °C). Coupons were preheated at a
temperature of 400 °C for 30 min, and then, heated at a temperature of
625 °C until the carbonaceous residue is reduced to ash. In the fourth
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Fig. 3. Calcination process.

step, the remained material and crucible were weighted at room tem-

perature, and the weight was recorded as ms. Finally, the resin content

M; can be calculated via Eq. (1).
2 — M3

m
M, =
mp —nmy

@

2.2. Specimens

A total of 49 different pultruded GFRP sections were tested,
including 6 I-sections, 16 box-sections, 7 angle-sections, 11 channel-
sections, 6 circular tubes, and 3 flat plates. In order to account for the
possible discrepancies between different manufacturers, these GFRP
sections were provided by three manufactures in China, which are
denoted as M1, M2 and M3, respectively. With that being said, raw
materials are collected. The fiber type of all specimens is alkali-free glass
fiber. The geometries of 49 GFRP sections and resin types are presented
in Table 1. The weight fraction of fillings is small (much less than 5%, in
this case), and thus, it is ignored in this work. It is noted that these
factors, such as fillers, additives, and CSMs, may be considered in the
future research [40-43].

Coupons for calcination tests were cut from the specified locations of
each type of section, as shown in Fig. 4. The sampling location is chosen
to cover every ply and be representative. For I-sections, nine locations
were sampled, including three at the web (with equal spacing), two at
web-flange junctions, and four at the midpoints of top and bottom
flanges. For box-sections, eight locations were sampled, including four
at the web-flange junctions, and four at the midpoints of flanges and
webs. For angle-sections, three locations were sampled, including one at
the junction and two at the midpoints of the legs. For circular tubes,
eight locations were sampled, which were evenly spaced around the
section. For channel-sections, seven points were sampled, including
three at the web (with equal spacing), two at the web-flange junctions,
and two at the midpoints of top and bottom flanges. For plates, five
locations were sampled (with equal spacing). It is noted that for some
sections with relatively small geometries, certain sampling locations
were not used in the tests. The actual sampling locations of each GFRP
section are shown in Appendix A. For each of the 49 sections, three
coupons were obtained from one sampling location, thus permitting
three repeated tests. The coupon designations are presented in Fig. 4.

3. Experimental results
3.1. Measured resin content

Detailed test results are presented in Appendix A. In these tables, the
mean values (i.e., resin weight contents) of three repeated tests are
shown. The coefficient of variation (COV) was calculated based on the
resin contents measured at all sampling locations across a section. The
experimental findings are as follows:

The resin contents of six I-section profiles vary from 20.6% to 29.8%,

with the average resin content of 26.8%, which is relatively low

among all six types of GFRP sections. The COVs of resin contents of I-

sections vary from 0.03 to 0.16, with an average value of 0.10.

e The resin contents of 16 box-section profiles vary from 20.8% to
35.7%, with the average resin content of 30.3%. The COVs of resin
contents of box-sections vary from 0.01 to 0.12, with an average
value of 0.05.

e The resin contents of seven angle-section profiles vary from 23.9% to
34.8%, with the average resin content of 30.29%. The COVs of resin
contents of angle-sections vary from 0.01 to 0.04, with an average
value of 0.03. It is evident that the COVs of angle-sections are much
smaller than those of I- and box-sections, thus demonstrating the
section shape of an angle could permit a more uniform fiber-resin
distribution.

e The resin contents of six circular tubes vary from 18.2% to 32.7%,

with the average resin content of 29.1%. The COVs of resin contents

of circular tubes vary from 0.01 to 0.06, with an average value of

0.03.

The resin contents of 11 channel-section profiles vary from 22.6% to

36.6%, with the average resin content of 30.0%. The COVs of resin

contents of channel-sections vary from 0.02 to 0.09, with an average

value of 0.05.

o The resin contents of three plates vary from 20.76% to 31.3%, with

the average resin content of 25.7%. The COVs of resin contents of

plates vary from 0.01 to 0.05, with the average value of 0.03.

In summary, I- and box-sections have the largest COVs, by up to 0.16
and 0.12, respectively, thus demonstrating the greatest extent of
NUFRDs. All other sections have COVs less than 0.10, showing a rela-
tively good uniformity of fiber-resin distribution.
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Table 1
Geometries of pultruded GFRP sections.

Section type Section Size/mm Manufacturer ~ Resin
number type
I-section 1 100 x 70 x 6 M2 epoxy
(hxbxt) 2 102 x 51 x 6.4 M1 vinyl
ester
3 120 x 70 x 8 M2 epoxy
4 152 x 76 x 6.35 M1 epoxy
5 152 x 80 x 10 M1 epoxy
6 200 x 100 x 9.5 M1 epoxy
box-section 1 25 x25x 3 M1 epoxy
(hxbxt 2 50 x 25 x 3 M1 epoxy
3 75 x 35.5 x 6 M1 epoxy
4 38 x 38 x 3.2 M1 epoxy
5 38 x38x5 M1 epoxy
6 44 x 44 x 6 M1 epoxy
7 50 x 50 x 4 M2 epoxy
8 50.8 x 50.8 x 3.2 M1 epoxy
9 50.8 x 50.8 x 6.35 M3 epoxy
10 60 x 60 x 4.25 M1 epoxy
11 68 X 95 x 6 M1 epoxy
12 76.2 x 76.2 x 6.35 M1 epoxy
13 76.2 x 76.2 x 6.35 M2 vinyl
ester
14 82 x 82 x 6.35 M1 epoxy
15 101.6 x 101.6 x 6.35 M2 vinyl
ester
16 101.6 x 101.6 x 6.35 M1 epoxy
angle-section 1 50 x 50 x 3 M1 epoxy
(hxbxt 2 50.8 x 50.8 x 6.35 M2 epoxy
3 55 x 55 x 4 M3 epoxy
4 75 x75%x 6 M1 epoxy
5 75 x 75 x 10 M1 epoxy
6 100 x 100 x 8 M1 epoxy
7 101.6 x 101.6 x 6.35 M1 vinyl
ester
circular tube 1 25 x 2.5 M1 epoxy
D xt) 2 30 x 2 M1 epoxy
3 38 x3 M1 epoxy
4 40 x 4 M2 epoxy
5 48.5 x 6.75 M1 epoxy
6 82 x 3 M1 epoxy
channel- 1 35 x 23 x 4.5 M1 epoxy
section 2 41.5 x 41.5 x 3.5 M1 epoxy
(hxbxt 3 76.2 x 25 x 6.35 x 6.35 M1 vinyl
ester
4 76.2 x 25 x 6.35 M1 epoxy
5 88.9 x 38.1 x 4.76 M1 vinyl
ester
6 139.7 x 63.5 x 6.35 M1 vinyl
ester
7 150 x 50 x 6 M1 epoxy
8 152.4 x 429 x9.5%x95 M1 vinyl
ester
9 200 x 60 x 8 M1 epoxy
10 200 x 60 x 8 M1 epoxy
11 280 x 70 x 12 M1 epoxy
plate 1 40 x5 M1 epoxy
Bbxb 2 76.2 x 12.7 M1 vinyl
ester
3 136 x 6.35 M1 epoxy

3.2. Relative deviations

To analyze the variation of resin content across each GFRP section,
the relative deviations (R) of resin contents measured at all sampling
locations were calculated, as Eq. (2):

_Mr.i - Mr,avg

R;
M, ravg

(2)

where R; is the relative deviation of the resin content of ith sampling
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location of a GFRP section; M;; is the resin content measured at ith
sampling location; and M4, is the average resin content of a GFRP
section. The positive R; value indicates that the resin content at ith
location is higher than the average value of the entire section, while the
negative R; value indicates that the resin content at ith location is lower
than the section average.

For each type of GFRP section except for plate (i.e., I-section, box-
section, angle-section, channel-section, and circular tube), the average
relative deviation at ith location R; gy was calculated. Fig. 5 shows the
calculated average relative deviations of resin contents at all sampling
locations of those GFRP sections (plates are not shown due to limited
data available). In this figure, the calculated average relative deviations
at sampling locations are plotted, as shown in the line graphs (error bar
indicates one standard deviation). The contour map shows the average
relative deviations of entire section, in which the resin contents between
sampling locations were obtained by linear interpolations.

From Fig. 5, I-section and box-section show much higher relative
deviations of resin contents, while angle-section, circular tube and
channel-section have smaller relative deviations. In particular, for I-
sections, the resin contents at the webs is the highest, followed by web-
flange junctions, and the resin contents at the flanges are the lowest.
Surprisingly, the top flanges have much higher resin contents than those
of bottom flanges, by up to 20% as shown in Fig. 5a. The top flange and
bottom flange shall be theoretically symmetrical to each other, and the
observed differences mainly result from the fluctuation in pultrusion
process. However, the exact reason causing such a fluctuation is un-
known, as it is essentially related with the state-of-practice of
manufacturing which is not unfolded to public. On the other hand, the
relative deviations are also large, which are in the range of 5%-13%. The
reasons for NUFRD of I-section are not determined, which may include
the dislocations of fiber rovings during manufacturing process. An
example lay-up of I-section is shown in Fig. 6. The CSMs may have many
wrinkles, especially in the flange-web junction. Those wrinkles of CSMs
could lead to the dislocations of fibers, which further leads to non-
uniform resin content.

For box-sections, as shown in Fig. 5b, the relative deviation at one
corner (+5.7%) is much higher than the other sampling points. The
standard deviations are less than 8%. In summary, resin content of box-
sections is more uniform than that of I-sections. The higher resin content
at one corner may result from the overlap and wrinkle of CSMs, which
may lead to dislocations of the continuous fibers.

For circular tubes, as shown in Fig. 5d, the relative deviations are less
than those of box-sections and I-sections. The relative deviations are
smaller than 4%. Meanwhile, the standard deviations are less than 4%.
Compared with box-sections, circular tubes evidently have a more uni-
form resin content. Such a discrepancy may result from the corners of
box-sections. It is speculated that the corner (i.e., junction) has a
negative impact on the uniform distribution of fiber and resin.

Angle-sections and channel-sections all have small relative de-
viations, as shown in Fig. 5c and e. The average relative deviations are
within +5% at all sampling points. Additionally, the standard deviations
are smaller than 5%. The results show that angle- and channel-sections
have the most uniform fiber-resin distribution. Although the shape of
angle- and channel-sections is essentially similar to that of I-section, the
relative deviations of angle- and channel-sections are much smaller. The
reason is that the lay-ups of angle- and channel-sections are simpler; that
is, the CSMs are parallel and continuous through the thickness of each
section plate so that fewer wrinkles of CSMs exist in angle- and channel-
sections.

3.3. Distributions of relative deviations

In addition to the relative deviations of resin contents across the
GFRP sections, the distributions of relative deviations were investigated.
The number of tests (denoted as frequency) is plotted against the relative
deviations, as shown in Fig. 7. The height of each column reflects the
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frequency of tests that falls within the specified range of relative de-
viations. In this case, +£2% is selected as the increment size for relative
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Fig. 4. Sampling locations of different GFRP sections.
M,
— m,max (3)
’ Mm.avg

deviation. Then, all the sub-distributions of relative deviations per-
taining to I-sections, box-sections, angle-sections, circular tubes, and
channel-sections were added up, yielding the overall distribution of
relative deviations of resin contents of all five GFRP sections, as shown
in the first plot (labeled as Summary) in Fig. 7. Finally, a normal dis-
tribution was applied to fit the summarized result of all five sections.

From Fig. 7, it can be seen that the overall distribution of relative
deviations of resin contents of five pultruded GFRP sections correlates
well with the standard normal distribution, with R? value = 0.94. The
overall standard deviation of resin contents of all five GFRP sections is
calculated as 7.10. However, different sections have distinct fiber-resin
distributions. The standard deviations of resin contents of I-sections,
box-sections, angle-sections, circular tubes, and channel-sections are
11.83, 6.33, 3.32, 3.73, and 5.39, respectively. These values are also
reflected by the distributions shown in Fig. 7. For instance, the relative
deviations of I-sections are distributed in a larger range than that of any
other sections, thus showing the highest standard deviation when fitted
by the normal distribution.

4. Analytical program
4.1. Resin-rich parameter

High resin content will lead to the reduced mechanical property, so
that the resin-rich areas are the low-strength area of a section. In order to

evaluate the degree of such resin richness, a parameter p is proposed,
which is equal to the ratio of My max to M avg (as shown in Eq. (3)).

where My, max is tested maximum resin content of a section (i.e., a
specimen); My, avg is average resin content of this specimen. The resin-
rich parameter p of tested 49 groups of data are calculated, and the re-
sults are shown in Fig. 8. It shows that all specimens have average resin-
rich parameter p of 1.076, with a COV of 0.048. The p values of I-sections
and box-sections are higher than these of the other types of sections. The
parameter p is related to the degree of low-strength area of GFRP pro-
files. Based on the calculated p values, the reductions of the mechanical
property in resin-rich area are analyzed in section 4.3.

4.2. Mechanical property determinations

NUFRD directly impacts the overall mechanical properties of GFRP
composites. In this work, the measured fiber-resin distribution is used to
determine the overall mechanical properties of GFRP composites. Be-
sides, this method agrees well with almost all existing design guides that
the mechanical properties of pultruded GFRP profiles are calculated
concerning for their cross-sectional fiber-resin distributions/content.
With that being said, the possible variations in the longitudinal direction
of material are neglected. In classic equations for calculating the me-
chanical properties of GFRP composites, resin weight content My, shall
be transformed to fiber volume content V;, as Eq. (4):

(1 - Mm)/)m

Vi P
Mup; + (1 = M),

4

where pp, is the density of resin; and py is the density of fiber.
To predict the longitudinal elastic modulus E; and major Poisson’s
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ratio v12, Eq. (5) and Eq. (6) are used.

Ey=EV; +En(1-V;) )

v =vVi + v (1 = Vi) (6)

where E¢is the elastic modulus of fiber; E, is the elastic modulus of resin;
vt is the Poisson’s ratio of fiber; and vy, is the Poisson’s ratio of resin.

To calculate the transverse elastic modulus E; and in-plane shear
modulus Gyo, in this work the modified Tsai-Hahn model proposed by
Huang [44] is used, as shown in Egs. (7)-(11).

5 _EiEny [Vi +m,(1 = Vi)] e
EyVi + Em, (1= Vp)
0.2 En  3.5Ey
R — (1_1_ YR )(1+o.22vf) ®
Gia = GGV a1 = Vo) ©@

Gme + Gfﬂlz(l — Vf)
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Fig. 8. Resin-rich parameters of tested sections.
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where Gy is the shear modulus of fiber; G, is the shear modulus of resin;
n2 and 712 are the coefficients used for calculating E; and G, respec-
tively; and v, is the minor Poisson’s ratio.

In addition, to predict the longitudinal tensile strength Ff, Eq. (12) is

Composites Part B xxx (xxxx) xxx
used [45].

Em
n:&w+5&07w) 12
f

where X; is the tensile strength of fiber.
Prediction of longitudinal compressive strength F} is based on the
fiber buckling theory, and Eq. (13) is used [46].

13)

ViEnEx G
FE-min(ZVf St ! >

3(1-v)" (1-W)
Transverse tensile strength Fi. can be predicted by Eq. (14) [46].

1+ Ve(1 —1
PRRRALUL Tt )

my

where Kpy is the stress concentration factor; ny is the stress non-uniform
coefficient; and Xp; is the smaller value of matrix tensile strength and
interface strength.

There is still a lack of theoretical methods to predict the transverse
compressive strength F$. According to Shen et al. [47], F§ can be taken
as 4 to 7 times of the transverse tensile strength Ff.

In-plane shear strength Fir can be predicted by Eq. (15) [46].

:1+Vf(1/’75 -1

ms

Sni (15)

LT

where Ky is the stress concentration factor of shear stress; 7, is the stress
non-uniform coefficient of shear stress; and Sy,; is the smaller value of
matrix shear strength and interface shear strength.

The above equations are used hereinafter to analyze the influence of
NUFRD on the mechanical properties of GFRP sections.

4.3. Discount of mechanical property in resin-rich areas

Based on the calculated resin-rich parameters and those prediction
methods of mechanical properties, the material properties in resin-rich
areas can be analyzed theoretically. In addition, the mechanical prop-
erties of the fiber and resins are provided by producer, as shown in
Table 2.

Based on the test data, the mechanical properties corresponding to
the maximum resin content and the average resin content of each group
of data can be calculated. Then, the discount of mechanical properties in
resin-rich areas can be obtained, which is described using the ratio of
mechanical properties in resin-rich area to that of the whole section,
defined as y. The results of y are shown in Fig. 9.

It shows that the most discounted property in resin-rich area is the
longitudinal compressive strength. The minimum y of longitudinal
compressive strength is 0.807, and the average y is 0.924. The discount
of longitudinal tensile strength is smaller than that of longitudinal
compressive strength, with average discount of 0.986. On the other
hand, the resin-rich parts have negligible discounts in terms of the

Table 2
Mechanical properties of fiber and resin.
material property symbol value
fiber density/kg/m* Pt 2600
Young’s elastic modulus/GPa Eg¢ 81
shear elastic modulus/GPa Gy 33
Poisson’s ratio vt 0.22
epoxy resin density/kg/m* Pm 1300
Young’s elastic modulus/GPa En 3.7
shear elastic modulus/GPa Gm 1.4
Poisson’s ratio Um 0.35
vinyl ester resin density/kg/m> Pm 940
Young’s elastic modulus/GPa En 3.4
shear elastic modulus/GPa G 1.3
Poisson’s ratio Um 0.35




P. Feng et al.

F=

5 1.024

| =

g

B 1.00----o--cege oo oo g

; B ° oy © o AAAAA % WOQN:

7 1 &

5 0.98 B0 @ %, A Avg=0.986

T 0.964° o o |-section

| == .

S o Box-section

.% 0.94 & Circular tube

5 v Channel-section

% 0.92+ ©  Angle-section
< Plate

™ 0.90 .

0 10 20 30 40 50 60
Section number

(a) Discount of longitudinal tensile strength

in resin-rich region

1.024

1.014

0.99+
0.98+

yof transverse tensile and
n-plane shear strength

= 0.97 1

0.96 T

100 eerem- 0000000000000

Composites Part B xxx (xxxx) xxx

E=)

2 1.04+

g

o 1.004 & g
= 5

§ 0964 e a4 Yo _ap Yy

g ° o8, g7 9 Avg=0.924
£ 092+ Gl e

8 a, ° o v M
T 0881 o 5 v a I-sectlon.
% ° o - v o Box-section
2 0844 © & Circular tube
2 v Channel-section
S 0.80 & ° o Angle-section
o < Plate

~ 0.76 y v T T y 3

0 10 20 30 40 50 60

Section number

(b) Discount of longitudinal compressive

strength in resin-rich region

Avg=0.999

s |-section
Box-section
Circular tube
Channel-section
Angle-section
Plate

> o

<

0 10 20

T T T 1

30 40 50 60

Section number

(c) Discount of transverse tensile and in-plane shear strength in resin-rich area

Fig. 9. Discount of mechanical properties in resin-rich area.

transverse tensile and in-plane shear strength. It reflects that resin
content has little relationship with transverse tensile and in-plane shear
strength.

4.4. Modifications to mechanical center

The initial section eccentricity is known to be a common imperfec-
tion for structural elements, which shall be taken into consideration in
the global buckling design of compressive members. For pultruded GFRP
members, the section eccentricity has mainly resulted from two sources,
including the initial deformation and non-uniform mechanical proper-
ties. The initial deformation can be measured directly, including the
initial bending, initial twist, etc. These errors are strictly limited by
design guides. For example, both Chinese standard GB/T 31539 and
European standard EN 13706 specify the dimensional tolerances of
pultruded GFRP profiles. In addition to initial deformation, the non-
uniform mechanical properties can enlarge the section eccentricity, as
shown in Fig. 10.

This section analyzes the influence of NUFRD on the section eccen-
tricity. A second-order polynomial interpolation assumption was used to
acquire the resin contents between the sampling points. Then, integra-
tion was used to calculate the eccentric distance. The local longitudinal
elastic modulus Eyy was calculated based on the local resin content,
according to Eq. (5). The location of mechanical central point (x, y) can
be calculated via Eq. (16) and Eq. (17).

_ [ Ecyx dA

X, = 7LEX=Y 7 (16)
_ fAEx‘yy dA

Ye= J.E,, dA a7

mechanical
center

geometric
center

( )

Fig. 10. Initial eccentric distance.

where A is the area of section; x and y are the coordinates of integration
point.

Finally, the differences between the calculated central points and
ideal central points are regarded as the eccentric distances (Jxo, dyo) of
the GFRP sections. In order to compare all the different GFRP sections,
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the calculated results of eccentric distances are normalized against the
radius of gyrations ry and ry, in which ry and ry are the radius gyrations
about x-axis and y-axis, respectively. The calculated relative eccentric
distances of tested sections are shown in Table 3. The number of tested
GFRP plates is not statistically sufficient, and thus, the results of plates
are not included. In Table 3, |8y /ry| and |dyo /ry| are the average values

about x-axis and y-axis, respectively. 4/ (6x0/ ry)2 + (8y0 /r)? is the total
value of relative eccentric distances.

As shown in Table 3, the relative eccentric distances are different for
different sections. I-section profiles have the largest relative eccentric
distances as compared to other sections. For I-sections, the radius of
gyration about y-axis ry is smaller than that about the x-axis ry, which
leads to the larger relative eccentric distance in x-direction. The angle-
section profiles, channel-section profiles and circular tubes have
smaller relative eccentric distances because of their less resin content
non-uniformity.

5. Finite element modeling

Finite element modeling (FEM) was conducted to evaluate the in-
fluence of NUFRD on the structural behavior of pultruded GFRP profiles.
In particular, axial compression members were modeled. The FE model
was built via ABAQUS 6.14 [49]. In order to get a conservative result, for
every section, tested member with largest resin content COVs is
analyzed, including I-section 102 x 51 x 6.4 mm, box-section
101.6 x 101.6 x 6.35 mm, angle-section 75 x 75 x 10 mm, circular
tube 25 x 2.5 mm, and channel-section 139.7 x 63.5 x 6.35 mm. The
measured resin contents are specified in the model. For every section,
models with three slenderness ratios (70, 100 and 130) are built. In
order to define the coordinate-related material properties (including
modulus and strength), field variables were used to consider the
measured resin contents. In the material definition module, the pul-
truded GFRP was defined as a field variable depended orthotropic elastic
material. The tabular data was specified to define the relationship be-
tween field variable and elastic modulus. Then, in the load module, the
field variable was specified, which was the measured resin contents.

The I-section model is shown in Fig. 11 as an example. Shell element
S4 with a size of 8 mm is used. The two end sections are pinned to
reference points. The boundary conditions of two reference points are
fixed and sliding, respectively. The displacement load was applied at the
sliding reference point. The analysis was conducted via Riks step.

In addition, the material properties of fiber and resin are listed in
Table 1. Then, the material properties of GFRP composites can be
calculated by Egs. (3)-(14). The relationship between resin content and
modulus is also shown in Fig. 11. Then, in load module, the measured
resin contents were input as field variable, as shown in Fig. 11. An
assumption was made that the resin content variations of a section
remained the same throughout the height of GFRP column.

In order to compare the results of models with different sections and
lengths, normalized axial load-lateral displacement relationships are
analyzed, as shown in Fig. 12. Normalized axial load is the ratio of axial
load N to Euler critical load Ng, which shall be calculated by Eq. (18)
[48,55]. Normalized lateral displacement is the ratio of lateral
displacement x to section gyration radius r. Euler critical loads Ng are
22 kN, 10 kN, and 6 kN when the slenderness ratio A is 70, 100 and 130,

Table 3
Average values (and COVs) of relative eccentric distances of different sections.

Section [0 /1] 8y0 /7] (Gxo/1y)% + (5y0/re)?
I-section 0.020 (0.08) 0.004 (0.06) 0.021 (0.09)
box-section 0.011 (0.04) 0.010 (0.03) 0.012 (0.05)
angle-section 0.022 (0.02) 0.002 (0.01) 0.003 (0.02)
circular tube 0.001 (0.02) 0.004 (0.02) 0.004 (0.02)
channel-section 0.004 (0.01) 0.004 (0.02) 0.006 (0.02)
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Fig. 11. Finite element modeling of pultruded GFRP I-section column with
varying resin contents.

respectively. Same material properties are applied for different sections,
so that different sections have the same Euler critical loads Ng.

n’E A
NE = /12

18

where Ej is the longitudinal compressive elastic modulus; and A is the
slenderness ratio.

According to Fig. 12, the models with non-uniform material have
higher lateral displacements for the same load. The members with a
slenderness ratio of 70 have the lowest curves. Thus, it can be concluded
that non-uniform material will decrease the compressive strength more
obviously when compressive members have smaller slenderness ratio.
As shown in section 4.4, the non-uniform material will add to the initial
eccentric distance, so that the capacity of a compressive member is
lower. I-section models with slenderness ratios A of 70, 100 and 130 all
have the significant decrease of axial loads. The influence on box-section
model is more obvious when slenderness ratio is small. On the other
hand, for angle-section, circular tube and channel-section, the differ-
ences between non-uniform material model and uniform material model
are relatively smaller.

To analyze the influence of non-uniform material quantitatively, the
moment where maximum compressive stress (usually located in mid-
span section) reaches the material strength is captured, and the corre-
sponding axial load is taken as the resistance of the column. Then,
calculating the ratio of resistance of non-uniform material model to
uniform material model, yields the resistance reduction factor. The re-
sults of resistance reduction factors are shown in Fig. 13.

As shown in Fig. 13, the resistance reduction factors of I-section are
the lowest, followed by box-section. The reduction factors of angle-
section, circular tube and channel-section are similar to each other
and are all greater than 0.95. On the other hand, models with smaller A
values have lower reduction factors. The reduction factor of I-section
with A of 70 is the lowest, 0.88. Since only the GFRP sections with the
largest COVs are analyzed by FEM, the obtained results are deemed
conservative. This reduction factor can be directly adopted in the design
of compressive members.
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Fig. 12. Normalized axial load-lateral displacement relationships calculated by FEM.

6. Conclusions

The non-uniform resin contents of pultruded GFRP profiles were
quantitatively identified and evaluated. The standard calcination
method was used to measure the resin contents of 49 different sections
provided by three manufactures, including the I-sections, box-sections,
angle-sections, circular tubes, channel-sections, and plates. The statis-
tical analysis of the test results, the modified mechanical properties, and
the resulting compressive behaviors of GFRP columns are addressed.
Following conclusions can be drawn from this work:

10

1) The measured resin contents showed evident NUFRDs across each of
the 49 pultruded GFRP sections. In particular, the resin contents of I-
section profiles have the largest degree of non-uniformity, and the
resin contents in the web are found to be larger than those in the
flange. In addition, I- and box-section profiles have the largest COVs
of the measured resin contents, by up to 0.16 and 0.12, respectively,
whereas all the other sections, including the angle-sections, circular
tubes and channel-sections, have COVs less than 0.10, showing a
relatively good uniformity of fiber-resin distribution.
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Fig. 13. Resistance reduction factors of compressive members calculated
by FEM.

2) The statistical analysis of test results revealed that the accumulative
distribution of relative deviations of resin contents are similar to the
normal distribution. The adjusted R-square value of the normal dis-
tribution fitting is 0.94.

3) NUFRD is a type of inherent initial imperfection. It can lead to
additional section eccentricity, by up to 0.021 for I-sections. This
section eccentricity can further impact the compressive behavior of
GFRP columns; that is, the critical buckling loads can be reduced.

4) FEM is built to analyze the influence of non-uniform material on
compressive member. The resistance reduction of global buckling is

Appendix A. Measured resin contents of pultruded GFRP sections

Table A.1
Resin contents of I-sections

Composites Part B xxx (xxxx) xxx

analyzed. The compressive member with a smaller slenderness ratio
has lower resistance. The reduction factor of I-section with a slen-
derness ratio of 70 is the lowest, 0.88.
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No  Sectionsize (h x b x t)/mm  Resintype =~ Manufacturer ~ Resin content/%
top flange Web bottom flange average (COV)
TF-1 TF-M TF-2 W-1 W-2 W-3 BF-1 BF-M BF-2
1 100 x 70 x 6 epoxy M2 20.25 21.60 20.28 20.22 20.36 19.89 20.04 21.74 20.96 20.59 (0.03)
2 102 x 51 x 6.4 vinyl ester M1 23.96 28.80 23.23 32.42 33.74 33.43 22.15 27.65 23.39 27.64 (0.16)
3 120 x 70 x 8 epoxy M2 23.99 27.00 23.78 29.28 29.29 30.00 25.56 27.54 25.64 26.90 (0.08)
4 152 x 76 x 6.35 epoxy M1 25.66 27.75 21.55 33.70 33.99 31.90 28.68 30.05 28.82 29.12 (0.13)
5 152 x 80 x 10 epoxy M1 30.52 33.06 30.07 29.92 30.16 30.72 26.81 25.05 31.72 29.78 (0.08)
6 200 x 100 x 9.5 epoxy M1 26.07 27.44 27.77 30.28 30.16 29.75 20.76 24.72 21.93 26.54 (0.12)
Table A.2
Resin contents of box-sections
No Section size (h x b x t)/mm Resin type Manufacturer Resin content/%
Midpoint Corner average (COV)
L-1 L-2 L-3 L-4 C-1 C-2 C-3 C-4

1 25 x25x 3 epoxy M1 34.71 32.49 33.99 36.05 32.69 30.98 27.99 31.91 32.60 (0.07)
2 50 x 25 x 3 epoxy M1 32.71 - 32.32 - 34.00 34.47 32.22 32.83 33.09 (0.03)
3 75 x 35.5 x 6 epoxy M1 37.68 - 32.16 - 34.44 31.72 32.16 35.18 33.89 (0.06)
4 38 x 38 x 3.2 epoxy M1 30.69 33.87 31.28 30.95 32.34 29.74 30.31 29.24 31.05 (0.04)
5 38 x38x5 epoxy M1 30.37 31.35 28.93 30.17 29.66 28.83 28.90 29.63 29.73 (0.03)
6 44 x 44 x 6 epoxy M1 37.58 37.75 35.14 34.57 36.92 35.49 33.71 34.57 35.72 (0.04)
7 50 x 50 x 4 epoxy M2 21.30 20.39 21.54 21.22 20.19 20.29 20.27 20.84 20.76 (0.02)
8 50.8 x 50.8 x 3.2 epoxy M1 32.69 28.41 27.09 26.93 31.96 29.32 26.65 26.30 28.67 (0.08)
9 50.8 x 50.8 x 6.35 epoxy M3 31.60 34.17 29.45 28.73 31.13 28.54 28.47 32.18 30.53 (0.06)

11

(continued on next page)
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Table A.2 (continued)

No Section size (h x b x t)/mm Resin type Manufacturer Resin content/%
Midpoint Corner average (COV)
L-1 L-2 L-3 L-4 C-1 C-2 C-3 C-4
10 60 x 60 x 4.25 €poxy M1 30.15 31.15 31.26 30.93 31.29 29.94 30.64 31.16 30.82 (0.02)
11 68 x 95 x 6 €poxy M1 36.53 35.78 35.80 34.85 35.85 35.80 34.84 35.62 35.64 (0.01)
12 76.2 x 76.2 x 6.35 epoxy M1 28.51 31.97 30.94 31.31 27.29 27.20 29.53 29.74 29.56 (0.06)
13 76.2 x 76.2 x 6.35 vinyl ester M2 20.86 27.93 25.50 26.68 22.75 23.86 26.22 24.30 24.76 (0.09)
14 82 x 82 x 6.35 €epoxy M1 33.67 31.72 32.55 32.67 30.95 30.78 29.60 31.61 30.74 (0.04)
15 101.6 x 101.6 x 6.35 vinyl ester M2 29.10 32.72 28.74 26.03 23.16 25.11 24.67 22.07 26.45 (0.12)
16 101.6 x 101.6 x 6.35 epoxy M1 31.00 26.50 26.54 30.35 27.88 29.31 28.29 33.39 29.16 (0.08)
Table A.3

Resin contents of angle-sections

No. Section size (h x b x t)/mm Resin type Manufacturer Resin content/%
Corner Midpoint average (COV)
C L-1 L-2
1 50 x 50 x 3 €epoxy M1 26.99 28.32 26.03 27.11 (0.03)
2 50.8 x 50.8 x 6.35 epoxy M2 32.38 31.07 29.69 31.05 (0.04)
3 55 x 55 x 4 epoxy M3 35.52 32.96 34.56 34.35 (0.03)
4 75 x75%x6 epoxy M1 33.03 32.65 32.91 32.86 (0.01)
5 75 x 75 x 10 epoxy M1 26.24 28.98 28.76 27.99 (0.04)
6 100 x 100 x 8 epoxy M1 35.70 34.87 33.82 34.80 (0.02)
7 101.6 x 101.6 x 6.35 vinyl ester M1 22.64 23.97 25.03 23.88 (0.04)
Table A.4

Resin contents of circular tubes

No. Section size (D x t)/mm Resin type Manufacturer Resin content/%
C-1 C-2 C-3 C-4 C-5 C-6 C-7 C-8 average (COV)
1 25 x 2.5 epoxy M1 26.98 - 29.77 - 30.45 - 31.64 - 29.71 (0.06)
2 30 x 2 epoxy M1 32.71 - 32.56 - 33.94 - 31.66 - 32.72 (0.02)
3 38x3 epoxy M1 31.83 - 34.00 - 30.46 - 31.50 - 31.95 (0.04)
4 40 x 4 epoxy M2 18.50 - 18.42 - 17.95 - 18.05 - 18.23 (0.01)
5 48.5 x 6.75 epoxy M1 30.69 - 30.56 - 32.51 - 32.58 - 31.59 (0.03)
6 82x3 epoxy M1 30.22 30.57 30.21 32.64 28.78 29.46 29.95 28.91 30.09 (0.04)
Table A.5

Resin contents of channel-sections

No. Section size (h x b x t)/mm Resin type Manufacturer Resin content/%

top flange Web bottom flange average (COV)

TF-C TF-1 W-1 W-2 W-3 BF-C BF-1
1 35 x 23 x 4.5 epoxy M1 32.29 28.56 - 34.06 - 33.39 31.13 31.89 (0.06)
2 41.5 x 41.5 x 3.5 epoxy M1 37.56 35.38 - 35.41 - 38.55 36.19 36.62 (0.03)
3 76.2 x 25 x 6.35 x 6.35 vinyl ester M1 29.57 26.86 - 34.46 - 32.07 29.3 30.45 (0.09)
4 76.2 x 25 x 6.35 epoxy M1 33.14 34.63 - 33.09 - 30.76 30.91 32.51 (0.05)
5 88.9 x 38.1 x 4.76 vinyl ester M1 22.89 26.18 - 22.51 - 24.69 25.89 24.43 (0.06)
6 139.7 x 63.5 x 6.35 vinyl ester M1 26.80 31.25 - 26.51 - 26.15 28.36 27.81 (0.07)
7 150 x 50 x 6 epoxy M1 29.84 28.54 30.3 29.6 29.76 29.05 28.27 29.34 (0.02)
8 152.4 x 42.9 x 9.5 x 9.5 vinyl ester M1 20.61 21.84 25.36 24.44 23.26 20.84 22.09 22.63 (0.06)
9 200 x 60 x 8 epoxy M1 31.10 30.16 32.60 33.17 32.26 32.46 32.52 32.04 (0.03)
10 200 x 60 x 8 epoxy M1 32.04 26.96 32.55 30.9 30.7 30.81 30.56 30.65 (0.06)
11 280 x 70 x 12 epoxy M1 31.94 321 30.29 31.15 30.37 32.95 33.18 31.71 (0.02)

12



P. Feng et al.

Table A.6
Resin contents of plates

Composites Part B xxx (xxxx) xxx

No. Section size (b x t)/mm Resin type Manufacturer Resin content/%
L-1 L-2 L-3 L-4 L-5 average (COV)
1 40 x 5 epoxy M1 24.41 - 25.93 - 24.51 24.95 (0.03)
2 76.2 x 12.7 vinyl ester M1 20.48 - 22.15 - 19.65 20.76 (0.05)
3 136 x 6.35 epoxy M1 31.20 31.44 31.33 31.26 31.03 31.25 (0.01)
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