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ABSTRACT: The behavior of £55° filament wound glass fiber-reinforced polymer (GFRP) tubes
under flexural loading was examined experimentally and analytically. A total of 15 tubes were tested
under four-point bending. The main test parameter was the ratio of inner diameter (D) to wall
thickness (t), (D/t) ratio. The inner diameters of the tubes were 76 and 203 mm, while their wall
thicknesses varied from 1.7 to 6.7 mm, giving D/t ratios of 20 to 75. All tests exhibited a nonlinear
load-deflection response and a similar failure mechanism, namely a progressive tensile weakening
until a sudden compression failure occurs. The tests showed that the moment capacity of the tubes
increased with both tube diameter and nominal pressure rating. The tubes also exhibited a prolonged
post-peak behavior. An iterative cross-sectional analytical technique was developed to model both
the moment-curvature and load-deflection behavior of the tubes. The model accounts for the potential
failure due to local buckling as well as compression failure and was shown to accurately predict the
behavior of the tubes. A parametric study was performed to find the moment capacity of tubes with
ratios beyond the range tested and was used to establish a simple design equation for moment
capacity.
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1. INTRODUCTION

The use of fiber-reinforced polymers (FRPS) is constantly increasing for use in a variety of
industries including aerospace, piping and, more recently, in sustainable infrastructure. These FRPs
are popular due to their high specific strength and stiffness compared to traditional materials, their
corrosion resistance and their design flexibility. FRPs can be manufactured into a variety of shapes
including tubular structures, such as filament wound glass FRP (GFRP) tubes or sandwich pipes.

Many recent papers have mainly focused on the use of sandwich pipes or mortar FRP pipes which
are able to resist high internal pressure loads [1,2], external pressure loads [3-5], transverse loads
[6,7], and flexural loads [8,9]. The sandwich structure of the walls increases the wall stiffness which
is particularly beneficial for applications such as buried pipelines [6] or deep-water pipelines [3,8].
Filament-wound GFRP tubes have become increasingly popular in the municipal and oil and gas
sectors as a replacement for traditional metallic pipes. In this application, they are often subjected to
internal pressure loads, resulting in a hoop stress to axial stress ratio of 2:1. For this reason, GFRP
tubes have been studied extensively under internal pressure loading [1,10-16]. It has been noted in
the literature [13,14] that thin-walled filament wound GFRP tubes with a +55° winding angle with
respect the axial direction of the tube are ideal for resisting this type of internal pressure loading. For
this reason, +55° GFRP tubes have become a readily available commercial product which makes them
an economical choice for future applications in other industries. One such application that has been
studied is the use of £55° GFRP tubes filled with concrete, or concrete-filled-FRP tubes (CFFTs) [17—
24], for use in structural applications such as columns or piles for buildings and bridges.

Using CFFTs as column structures provides several benefits. The GFRP tube provides
confinement of the concrete thereby increasing the overall column strength. Additionally, because of

their high corrosion resistance, FRP tubes act as a protective barrier for the column, especially
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important when the concrete is reinforced with steel. The FRP tubes also act as a stay-in-place
formwork which increases the sustainability of structures by removing the need for temporary
formwork thereby reducing construction waste. Shao and Mirmiran [25,26] examined the cyclic
behavior of £55° filament wound GFRP tubes filled with concrete. They tested the tubes under a four-
point bending configuration under cyclic displacements ranging from +6.4 mm to 127 mm and found
that the £55° CFFTs exhibited a ductile, elastoplastic behavior. Zhu et al. [27] modelled the £55°
tubes tested by Shao and Mirmiran [25] using the finite element method (FEM). The results of their
study showed that £55° CFFTs can be modelled using commercially available software. Using their
FEM model, they performed a parametric study which showed that the strength and ductility of £55°
CFFTs decreased when the FRP thickness was decreased and when the diameter to thickness (D/t)
ratio was increased. Zhu et al. [28] performed experiments on £55° CFFTs under cyclic loading
applied at the top connect of CFFT column structures. These tests showed that CFFTs were stronger
and more ductile than similar traditional reinforced concrete (RC) columns. Echevvaria et al. [29]
tested RC columns and +55° CFFTs under blast loading. Their tests showed that the post-blast CFFTs
exhibited less loss in strength and ductility than their RC counterparts. Gemi et al. [30] tested +55°
CFFTs and plain concrete specimens under axial compression using both Portland cement and
expansive cement. The results of the tests showed that the CFFT specimens were stronger and more
ductile. However, in order to develop design equations for these types of structures, there is a need to
have a deeper understanding of the behavior of the individual components, especially the filament-
wound GFRP tubes.

To overcome this gap in the literature, recent studies have focused on +55° tubes and have
investigated their behavior under pure axial tensile loads [14,31,32], pure axial compression loads

[32] as well as their flexural strength using maximum stress criterion [33]. Studies have been
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performed on the flexural behavior of carbon FRP (CFRP) tubes [34,35] and various FRP tubes for
specific applications, such as spoolable pipes [36—40] and transmission line poles [41]. However,
research on the flexural behavior of hollow +55° GFRP tubes under remains limited, especially in
considering the nonlinear behavior observed in previous studies [32]. In this study, the behavior of +
55° GFRP tubes under flexural loads is thoroughly investigated experimentally by testing hollow
tubes with different diameters and wall thicknesses. An analytical model based on a cross sectional
analysis is developed to predict their load-deflection behavior and ultimate bending strength. The
model captures the nonlinear flexural behavior of these tubes by considering the nonlinear behavior

of the material in tension and compression.

2. EXPERIMENTAL PROGRAM

As a part of this study, 15 filament-wound GFRP tubes were tested under four-point bending. Tubes
with diameters of 76 mm or 203 mm were supplied by a local manufacturer (RPS Composites,
Mahone Bay, NS, Canada). All tubes were manufactured using Electrical/Chemical Resistant (ECR)
glass fibers and a vinylester resin (Ashland Derakane 411) and had a fiber volume fraction of 50.2%
and a fiber angle of £55° with an error of +2°. For the 203 mm diameter tubes, three different wall
thicknesses were supplied and for the 76 mm diameter tubes, two different wall thicknesses were
supplied. The test matrix and test set-up will be presented in this section.

2.1. Test Matrix

The main test parameter was the D/t ratio. Tubes with two inner diameters (76 mm or 203 mm) and
three nominal internal pressure ratings as reported by the manufacturer (350 kPa, 700 kPa or 1050
kPa) were tested. The nominal internal pressure ratings are related to both the tube diameter and wall
thickness. The wall thickness increased from 1.7 mm to 6.7 mm with nominal pressure rating. To

distinguish specimens, the following naming convention was used: PX-DY, where X is the nominal
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pressure rating in kPa, and Y is the inner diameter rounded to the nearest mm. For example, a group
of tubes with pressure ratings of 350 kPa and inner diameters of 76 mm would be identified as P350-
D76. The test matrix, including inner diameter, span length, and fiber architecture is presented in
Table 1.

2.2.Test Setup and Instrumentation

The tubes were supplied in 7620 mm lengths by a manufacturer and were cut to the required length
using a band saw. The 203 mm diameter tubes were cut to a length of 3250 mm and were tested at a
span length of 3048 mm with a constant moment zone of 457 mm. The 76 mm diameter tubes were
cut to a length of 1245 mm and were tested at a span length of 1143 mm with a constant moment zone
of 171 mm.

The test set-up in presented in Figure 1. Longitudinal electric resistance strain gauges were applied
to opposing sides (i.e. top and bottom, separated by 180°) at midspan. On the bottom side a string
potentiometer connection point was adhered to the midspan using an epoxy-based glue. On the 203
mm diameter tubes, a small plate was attached to each side at midspan such that an LVDT could be
placed to measure the change in diameter (ovalization). As shown in Figure 1, custom steel support
fixtures were fabricated for testing the 76 mm and 203 mm diameter tubes. To avoid localised
damaged at the supports and loading points, neoprene pads were placed between the steel supports
and the specimen. A steel roller was used at each support and loading point. Each test was performed

at approximately 15 mm/min and data was sampled at 10 Hz.

3. EXPERIMENTAL RESULTS AND DISCUSSIONS
Based on the recorded load, deflection and strain data, the load-deflection behavior was determined

and analysed. The data processing was completed using a Python program written using the scientific
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package, Anaconda. The results of the tests are presented in Table 2 and will be discussed in this
section.

3.1. Failure Modes

A photo of the typical failure exhibited by all specimens is presented in Figure 2. The typical failure
began with audible cracking which was observed before any visible indication of failure. Based on
test observations, the audible cracking originated at the bottom surface of the tubes where there was
a state of tensile stress due to the flexural loading. Previous studies have focused on the tensile
behavior [14,31,32] and the biaxial behavior (including approximate tensile behavior) [42-44] of
filament wound GFRP tubes. Based on the observations from the study by Bai et al [14], the first
phase of failure observed through audible cracking is due to matrix cracking in resin rich areas, such
as the outer gel coat. The second phase of failure observed in this study was the formation of
progressive transverse matrix cracks observed at the bottom surface at midspan. These matrix cracks
were also observed in the previous studies [14,31,42-44]. The tensile cracks grew and propagated
towards the top until, at a critical point, a sudden ultimate failure occurred in compression at the top
face. Note that while the failures shown in Figure 2 exhibit angled failure planes, this is due to the
state of tension in the bottom side of the tube and not due to shear. This is verified by the fact that all
failures began within the constant moment zone. Note that, as shown in Figure 3, specimens P1050-
D203-1 and P1050-D203-3 did not experience ultimate failure as the maximum stroke of the actuator
was reached. However, based on test observations and a comparison with specimen P1050-D203-2,
it is assumed that these specimens were close to ultimate failure at the end of the test and that they

would exhibit the same failure mode as all other specimens.
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3.2. Load-Deflection Behavior

The load-deflection behavior of the tubes is presented in Figure 3 and the ultimate conditions are
presented in Table 2. For each case, three identical tubes were tested. As discussed earlier, during the
tests, audible cracking was noted before any visible indication of failure. The load at which audible
cracking occurred was recorded and shown in Figure 3. Note that for the 76 mm diameter tubes, the
audible cracking began at approximately 25 mm of deflection for both specimen types, while it began
at approximately 50 mm for all 203 mm diameter tubes.

The maximum load increased with wall thickness for both the 76 mm and 203 mm diameter tubes.
For the 76 mm diameter tubes, the P1050 tubes (i.e. thicker walls) resisted an average peak load of
8.5 kN, an increase of 132% from the P350 tubes which resisted a peak load of 3.6 KN. For the 203
mm tubes the P1050 specimens resisted an average peak load of 31.2 kN which is an increase of 53%
from the P700 specimens (20.5 kN) and 205% from P350 specimens (10.2 kN).

While there was a significant difference in the flexural load capacity of the tested 76 mm diameter
tubes, the ultimate deflection was not significantly affected by wall thickness. The P350-D76 tubes
had an ultimate deflection of 66 mm whereas the P1050-D76 tubes had an ultimate deflection of 64
mm. The same pattern is observed for the P350 and P700 203 mm diameter tubes showing an average
ultimate deflection of 93 mm and 86 mm, respectively. However, the P1050-D203 tubes showed a
significantly higher ultimate deflection of 118 + 1 mm, a 37% increase from the P700-D203 tubes.
This suggests that the ultimate compression failure of P1050-D203 tubes may have been initialized
by a different failure mechanism than the others, that is material failure rather than stability failure. It
is difficult to verify this hypothesis based on the test observations as ultimate failure occurred
suddenly. However, Figure 3 shows that after the start of audible cracking, the lead-deflection

diagrams of the P350-D203 (Figure 3c) and P700-D203 (Figure 3d) tubes lose steadiness whereas the
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P1050-D203 load-deflection diagram (Figure 3e) is stable until failure. Therefore, it is concluded that
the ultimate compression side failure of the P1050-D203 tubes was initialized by material failure
whereas the P350 and P700 compression failures were initialized by stability. Additionally, based on
the stable load-deflection diagrams of the P350-D76 (Figure 3a) and P1050-D76 tubes (Figure 3b), it
is also likely that the ultimate compression side failure in these tubes was initialized by material
failure.

For all tests, the tubes exhibited a nonlinear loading path. This is due to the intrinsic nonlinear
stress-strain behavior of the tubes in tension and compression. In a previous study, Betts et al. [32]
tested the same GFRP tubes under uniaxial tension and compression. They showed that +55° GFRP
tubes exhibit a nonlinear response in both tension and compression due to the influence of the
nonlinear shear behavior in the principal loading direction. Additionally, as shown in Figure 3, all
specimens retained significant load capacity after the peak load. This post-peak behavior is due to the
progressive failure of the tension side of the tubes observed during the flexural tests. This corresponds
with the post-peak behavior of tubes loaded under uniaxial tension observed by Betts et al. [32]. As
the stress in tension slowly decreases, the flexural load capacity decreases. This effect is discussed at
length in the analysis section.
3.3.Ovalization
For the 203 mm diameter tubes, ovalization was measured and is presented in Figure 4. Note that due
to the progressive tensile failure, the plates used to measure ovalization separated from the specimens
and therefore ovalization measurements were not available to specimen failure for some specimens.
Additionally, based on the data, specimen P350-D203-3 was labelled as an outlier as it exhibited
significantly more ovalization than specimens P350-D203-1 and P350-D203-2. This outlier was

likely caused by an error with the test set-up or data acquisition and therefore it was not presented.
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Looking at Figure 4, the P1050 specimens are stiffer in terms of exhibiting lower ovalization than the
other two specimen types. The P350 and P700 specimens exhibited similar ovalization behavior. The

maximum recorded ovalization for each specimen is presented in Table 3.

4. ANALYTICAL STUDY

This section introduces the development of an analytical model to predict the behavior of £ 55° GFRP
tubes under flexural loading. Because flexural loading induces a state of compression in the top
section of the tube and a state of tension in the bottom section of the tube, the model was based on a
cross-sectional analysis using the known stress-strain behavior of these tubes in both compression
and tension. The model predicts the failure of the tubes based on the stability failure of thin shells.
4.1. Constitutive Relationships

The mechanical behavior of +55° GFRP tubes has been shown to be nonlinear in both tension and
compression in a previous study [32]. In tension, these tubes have exhibited an approximately
parabolic pre-peak behavior followed by an approximately linear post-peak behavior and were

modelled as such. The parabolic pre-peak model was based on Eq. 1.

o, = A€} + Bie, + C; (1)
where ot is the tensile stress in MPa, & is tensile strain in mm/mm, and Ay, Bt and C; are constants
which were determined using the following boundary conditions (BC): BC1: {&t = ew; 0t= ow}; BC2:
{e: = 0; ot = 0} and; BC3: {e: = 0; dot/det = Et}, where oy, is the ultimate tensile strength, ey is the
tensile strain corresponding to the ultimate stress and E: is the tensile modulus of elasticity. The post-
peak tensile behavior was modelled as linear softening using BC1 and the following additional
boundary condition: BC4: {&; = 6ew; ot= 0.60w}. This additional boundary condition was proposed

by Betts et al [32] as a way to model the post-peak tensile behavior of these tubes based on the results
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of their uniaxial tension tests. As their tensile tests did not experience ultimate failure, they assumed
failure at a 40% decrease from the peak tensile stress. Based on their test observations, the
corresponding failure strain was six times the strain corresponding to the peak stress. By including
this post-peak tensile material model in the analysis, the progressive tensile failure behavior of the
tubes was incorporated into the analysis empirically.

By solving for the constants, the tensile stress-strain relation of the GFRP tubes becomes:

2

€
(o, — E€,) — + E¢, €< €,
- o @
0.40,\ € 5.0,
—( S >a+ 5 €y < € < b€y

In compression, the tubes have exhibited an approximately cubic relationship until failure which

can be described by Eq. 3.

o, = A.€3 + B.e? + C.e. + D, (3)
where o¢ is the compressive stress in MPa. The constants can be determined by using the following
boundary conditions: BC5: {ec = &c; 0c = ow}; BC6: {ec = 0; oc = 0}; BC7: {ec = 0; doc /dec = Ec}
and; BC8: {ec = c; doc /dec = 0}, where oy is the ultimate compressive stress, ecy is the compressive

strain corresponding to the ultimate compressive stress and E¢ is the compressive modulus of
elasticity. By solving for the constants, the equation relating compressive stress and strain is given in

Eq. 4.
€2 €?
Oc = (EEcu - Zo-cu)% + (3O'cu - ZEcecu)% + Ecec (4)

The models were both verified against test data from a previous study [32]. The verification of

the tension and compression models are shown in Figures 5a and 5b, respectively.
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4.2. Model Description

The model presented in this section was developed to predict the moment-curvature and load-
deflection behavior of the £55° GFRP tubes using the known nonlinear material behavior of the tubes
in tension and compression. In order to incorporate the material behavior an in-depth cross-sectional
analysis approach was used. The cross-sectional analysis diagram is shown in Figure 6 and the
procedure is shown in Figure 7. The effect of ovalization on the moment of inertia of the tubes is
shown in Table 3. It was determined that, within the range of D/t ratios investigated in this study,
ovalization had little effect on the moment of inertia of the tubes. Additionally, in many civil
engineering applications the tube may be braced by external backfill soil as in pipelines or internal
concrete fill as with CFFTs, so ovalization will likely be insignificant. As such, ovalization was not
included in the model. Note that the wall thicknesses remain constant throughout the modeling to be
consistent with the material properties which are based on the uniaxial tension and compression tests
which do not consider geometrical changes.

To determine the moment-curvature behavior, it is first necessary to determine the neutral axis
depth, c, by equating the force in tension, F and the force in compression, F.. Based on Figure 6, the
equation for F¢ is presented in Eq. 5. The force in tension for any strain profile can be determined
similarly based on the appropriate case from Figure 6. As the model is based on the nonlinear material
behavior of the tubes, the neutral axis changes based on the state of stress in the tube and must be

calculated at each model step.

i To
F. = f 20, (w/ro2 —y2— /n-z - y2> dy +f 20018 — y*dy ®)
T r

0—C i
where rj is the inner tube radius, ro is the outer tube radius, c is the distance from the neutral axis to

the extreme compression fiber, oc is the formula for tube compressive stress written in terms of ¢ and
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y is the distance from the mid-plane. The tension force is determined similarly based on the case
shown in Figure 6.

The only unknown is the neutral axis depth, c. As shown in Figure 7, this is found by first
assuming that ¢ = ro and then iterating the procedure until Ft/ Fc becomes 1.0 £ 0.001. Once the
neutral axis depth is determined, the moment area of the force in compression, Qc, and tension, Qx,
can be found. The equation for Qc is presented as Eq. 6. Again, Q is not shown, but can be determined

similarly based on the appropriate case in Figure 6.

Ti To
Qc =f 20.(y =7+ ©) <\/r02 - y? —\/rf—yz) dy+f 20.(y =1, +¢) |15 —y*dy (6)
To—C

Ti

The moment and curvature can then be determined at each point using Eq. 7 and Eg. 8,

respectively.
M; = Qc + Q¢ ©)
Y = L (8)

where M; is the moment and g is the curvature. Based on the moment-curvature behavior, the load-

deflection behavior can be determined based on Figure 8 and using Eq. 9 and Eq. 10.

p =2 ©)
A = fo bdx + lpzia (a + Z) (10)

where P;j is the load, 4; is the deflection at midspan, a is the distance from the support to the nearest
load point and b is the distance between load points.

Thus far, the model has been developed based on material failure. However, as observed by Betts
et al. [32], these tubes can be susceptible to stability failure. Therefore, it is necessary to consider the

potential premature failure due to wall buckling. Stability failure can be predicted for linear elastic
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isotropic materials using the equation for critical stress developed by Timoshenko and Gere [45],

presented below:

Et
BN C TR (11)

Ocr = T\/m
where o is the critical compressive stress where buckling would occur, E is the modulus of elasticity
of the isotropic material, t is the cylinder wall thickness, r is the radius to the middle of the wall and
v 1s the Poisson’s ratio.

As the tubes in question are fabricated using £55° GFRPs, they can be considered as an
orthotropic material. Therefore, it is necessary to consider their behavior in the axial and
circumferential directions. To estimate when local buckling would occur, a buckling envelope was
established by determining the lower critical buckling stress, ocr, based on the modulus of elasticity
and Poisson’s ratio in the axial direction and the upper critical buckling stress, ocr, based on the
modulus of elasticity and Poisson’s ratio in the hoop direction. The moduli were calculated using the
Classical Lamination Theory (CLT) based on the properties of a 0° unidirectional glass-epoxy
laminate from the typical properties provided by Daniel and Ishai [46]. The axial modulus, axial
Poisson’s ratio, hoop modulus and hoop Poisson’s ratio were calculated using CLT and were found
to be 10.6 GPa, 0.303, 14.3 GPa and 0.409 respectively.

Additionally, it is known that the stress-strain relationship of the GFRP tubes is nonlinear [32]
and therefore they cannot be considered as a linear-elastic material. Timoshenko and Gere [45]
proposed that in this situation, the modulus of elasticity, E, in the Eq. 11, be replaced by the tangent
modulus, Ewn. In future studies, the prediction of the critical compressive buckling stress should be
improved by considering the orthotropic nature of the tubes directly.

4.3.Verification

@) BY-NC-ND | Page 13 of 40



The model verification of the load-deflection and moment-curvature plots are presented in Figure 9
and Figure 10, respectively. The figures show that the lower critical buckling stress, ocn, predicts the
failure load well. This is likely because the modulus in the axial direction is lower than the modulus
in the hoop direction and therefore controls the mode of failure. The lower critical buckling stress has
been considered the failure condition for the model. A comparison of the test and model results are
presented in Table 2, which shows that the test/model ratio for the peak moment is 1.03. Figures 10
and 11 show that the model can accurately predict the behavior of the tubes. They also show that the
model would overpredict the behavior of the tubes if the premature stability failure was not accounted
for.

4.4. Parametric Study

Using the model developed in this study, a parametric study was performed to examine the effect of
diameter to thickness ratio (D/t) and the span length to diameter ratio (L/D). In this section the effects
of both D/t and L/D are examined and discussed. Additionally, a relationship between tube moment
capacity and the D/t ratio is presented. The test matrix for the parametric study is presented in Table
4.

4.4.1. Effect of Diameter to Thickness Ratio

To examine the effect of the D/t ratio on the tube behavior, tubes with the same diameters as those
tested, namely 76.2 mm and 203.2 mm, were modelled with various thicknesses. Additionally, tubes
with larger diameters of 304.8 mm and 406.4 mm and various D/t ratios were also modelled. In total,
35 cases with varying pipe diameters and D/t ratios were examined. In each model, the L/D ratio was
set as 15. Note that, as discussed previously, the models were assumed to fail at the lower critical

buckling stress, ocri.

@) BY-NC-ND | Page 14 of 40



Figure 11 shows the effect of the D/t ratio on both the load-deflection and moment-curvature
behavior of the tubes. Both ultimate load-capacity, stiffness, flexural rigidity and ultimate deflection
decrease with an increase in D/t. As the D/t decreases, the post-peak behavior is also prolonged. This
is due to the progressive tensile failure mechanism. As the tensile failure of the bottom surface
progresses, the compression zone gets smaller, increasing the compression stress in the top of the
tube. This causes stability failure to occur earlier in the thinner tubes (ie. higher D/t), which does not
allow for the tubes to experience a post-peak behavior. This is consistent with the test results presented
in Figure 3; however, it is more apparent in Figure 11 as more D/t ratios were investigated.

The effect of D/t ratio on tube moment capacity is presented in Figure 12. To directly compare all
tube diameters, the moment was normalized based on the inner diameter and plotted against the D/t
ratio. Based on the model data, a power relationship with an R? value of 0.995 was found and is

presented in Eq. 12.

Mu _ 1802 (D)_m (12)

D3 t

where My is the peak moment of the tube, D is the tube inner diameter and t is the tube wall thickness.
The test data was plotted to verify the relationship predicted by the model results. The normalized
average peak moment of each test specimen type is also shown in Figure 12 and follows the same
trend exhibited by the models. Equation 12 is a simple design tool that can be used for typical £55°
GFRP tubes subjected to flexure.

4.4.2. Effect of the Span Length to Diameter Ratio

To examine the effect of the L/D ratio on tube flexural behavior, the models of the tubes tested (L/D
= 15) were compared with models of the same tubes with L/D ratios of 10 and 20. The effect of L/D

on the load-deflection behavior of the tubes is presented in Figure 13. As the model does not consider

shear deflection, the moment-curvature behavior was not affected by L/D and therefore not presented.
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As would be expected, the ultimate load capacity and stiffness increase with a decrease in span length,
whereas the ultimate deflection decreases. While the length of the post-peak zone decreases with a
decrease in L/D, this is due to the change in the overall stiffness and it can be said that the L/D ratio
has no significant effect on the post-peak behavior of the tubes. This can be verified by looking at
Figure 13 and the P1050-D76 tube. For each L/D, tube failure occurs at 82% of the ultimate load
capacity. Because shear is not considered in the model, this is expected. The material behavior does
not change due to a change in L/D and therefore, the post-peak behavior is unaffected.

Future studies in this area should further verify the model and parametric study with more tests
of £55° tubes with different diameters, D/t ratios and L/D ratios. Additionally, more tubes should be

tested and analysed under combined axial and flexural loads.

5. CONCLUSIONS

As a part of this study, fifteen £55° filament wound GFRP tubes were tested under four-point bending.
The flexural behavior of £55° tubes presented in this study is beneficial to the field as these tubes
have seen increased use in infrastructure applications such as concrete-filled FRP tubes (CFFTSs). The
main parameters of the tests were the effects of tube diameter (76 mm and 203 mm) and nominal tube
pressure capacity (350 kPa, 700 kPa and 1050 kPa), which is related to the wall thickness, on flexural
capacity. Based on the results of the tests, the following observations were made:

e The £55° GFRP tubes all failed in a similar ductile manner: a progressive post-peak tensile
softening until a sudden compression failure occurs due to local buckling or material failure
in compression.

e The GFRP tubes exhibited a nonlinear moment-curvature and load-deflection response and a

prolonged post-peak behavior. The post-peak behavior was attributed to the progressive
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tensile failure of the tubes evidenced by audible cracking and visible damage observed during
in the current study and in uniaxial tension tests from previous studies.

e The tubes showed an increase in flexural capacity with a decrease in D/t ratio when compared
to other tubes with the same inner diameter. For the 76 mm diameter tubes, when D/t ratio
was decreased from 45 to 20, the tube capacity increased by 132%. For the 203 mm diameter
tubes, when the D/t ratio decreased from 75 to 30, the flexural capacity increased by 205%.

A novel analytical model was developed based on a cross-sectional analysis of the tubes. The

model effectively incorporated the nonlinear material behavior of the tubes in both tension and
compression, including the post-peak tensile behavior of the tubes. Using the developed model, a
parametric study was performed to show the behavior of tubes with thicker walls and larger diameters.
Based on the analytical study, the following conclusions were drawn:

e The analytical model, accounting for material nonlinearity in tension and compression, was
shown to accurately predict the tube moment capacity and the full behavior until stability
failure occurs by local buckling.

e Based on a parametric study using the developed model, a design equation was presented
which relates the normalized moment capacity and the D/t ratio for +55° tubes. This

relationship was successfully verified using the test data.
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Table 1. Test Matrix

Nominal Cross Diameter-  Fiber

Pressure  No. of Inner Constant Sectional  Wall Thickness  Architecture
Specimen Rating Identical Diameter Span  Moment Area Thickness  Ratio *
Group (kPa) Specimens  (mm) (mm)  Zone (mm)  (mm?) (mm) (Dh) ©®
P350-D76 350 3 76.2 1143 171 416.5 1.7 45 [£55]
P1050-D76 1050 3 76.2 1143 171 964.4 3.8 20 [£55]s/+55
P350-D203 350 3 203.2 3048 457 17415 2.7 75 [£55]2/+55
P700-D203 700 3 203.2 3048 457 3103.0 4.7 43 [£55]4
P1050-D203 1050 3 203.2 3048 457 4404.6 6.7 30 [£55]s

* fiber architecture degrees with respect to the longitudinal axis of the tubes
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Table 2. Test and Analysis Results

Specimen Peak Load (kN) Deflection at Peak Load (mm) Peak Moment (KN-m)

Group Test * Model Test/Model Test Model Test/Model Test Model Test/Model
P350-D76 3.64+£0.12 2.76 1.32 66 £ 11 35 1.90 0.86 +0.02 0.67 1.28
P1050-D76 8.46 £ 0.30 7.97 1.06 64+ 6 53 1.20 2.00£0.03 1.94 1.03
P350-D203 10.25+0.27 9.87 1.04 93+20 76 1.23 6.64 +0.18 6.40 1.04
P700-D203 20.47 £0.46 23.00 0.89 86+ 6 112 0.77 13.26 £0.30 14.90 0.89
P1050-D203 1 31.25+1.01 34.97 0.89 118+1 130 0.90 20.24 £ 0.66 22.65 0.89
Average 1.04+£0.18 1.20+0.44 1.03+0.16

* Test results are the average of three tests

7 Model failure is considered when the critical stress reaches ocrl
7 Tubes P1050-D203-1 and P1050-D203-2 did not experience ultimate failure due to test limitations
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Table 3. Effect of Measured Ovalization on Moment of Inertia at Maximum Load

Specimen doval (mm) loval/ lo Povai / Py
P350-D203-1 1.82 0.970 0.92
P350-D203-2 1.93 0.970 0.98
P700-D203-1 2.82 0.960 0.90
P700-D203-2 3.10 0.955 0.98
P700-D203-3 3.51 0.950 1.00
P1050-D203-1 2.30 0.965 1.00
P1050-D203-2 2.52 0.965 1.00
P1050-D203-3 1.71 0.970 0.93
Average 2.464 0.963 0.964
Standard Deviation 0.646 0.008 0.041

doval = ovalization; lovar = moment of inertia of ovalized section; lo = moment of
inertia of original cross section; Povai = load at last point that ovalization was
measured; Pu = ultimate failure load of specimen
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Table 4. Parametric Study Test Matrix

Inner Diameter D/t L/D
76.2 20 10,15*,20
25 15
30 15
37 15
45 10,15*,20
50 15
60 15
70 15
75 15
203.2 20 15
25 15
30 10,15*,20
35 15
43 10,15*,20
52 15
62 15
68 15
75 10,15*,20
304.8 23 15
28 15
34 15
41 15
47 15
51 15
57 15
63 15
72 15
406.4 22 15
27 15
33 15
40 15
48 15
54 15
62 15
67 15
74 15

* Matches a test specimen
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(c) (d)

Figure 2. Photos of Typical Failure Mode: (a) Typical Bottom Face Progressive Tensile Failure; (b)
Typical Top Face Ultimate Compression Failure (c) Side View of P350-D203 After Failure and; (d)

Side View of P1050-D76 After Failure
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Tubes (Note that the test data for each specimen group is the average result of three tests)
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Figure 13. Effect of Span Length to Diameter Ratio (L/D) on Load-Deflection of (a) D76 and (b)
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