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1. Introduction

Abstract. Recycling and re-usability of waste materials are of great importance in
terms of ecological order. Furthermore, cold-formed steel has recently drawn considerable
attention. The objective of the present study was to investigate the bending and shear
behavior of the composite formed by pouring waste polymer into the cold-formed I and U
profile melds after homogenous pulping. The best results for shear and bending strengths
were obtained using melted polypropylene (PP). The enhanced adherence between the steel
and molted PP increased both shear and bending capacity. Moreover, it was reinforced by
Carbon Fiber Reinforced Polymer (CFRP) and Glass Fiber Reinforced Polymer (GFRP)
bars to increase the bending and shear behavior of I and U profiles filled with melted waste
polymer. Changing the cross-sectional area in I and U beams under the bending moment
had a considerable effect on the load at yielding, ultimate strength, displacement values
corresponding to these loads, ductility, and energy dissipation capacity. Addition of CFRP
to I beams could also significantly increase displacement capacity in free end regions under
the shear force. Addition of GFRP bars, rather than CFRP bars, with a higher elongation

capacity in I and U beams caused ductile behavior.

(© 2021 Sharif University of Technology. All rights reserved.

in erection, transportation, and assembling. However,
both stiffness and strength of the cold-formed steel ma-

Studies and research on cold-formed steel elements be-
gan in the 1930s. In the 1950s, permanent, functional,
and durable structures were first built using cold-
formed steel systems, primarily in the United States
and Canada. Such studies have been conducted with
the aim of cheap and efficient steel production, thanks
to the Bessemer Process (easy to use and low cost)
found by Henry Bessemer in the 19th century. In
the past few decades, cold-formed steel sections have
become increasingly popular for residential, commer-
cial, and industrial buildings due to their convenience
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terials deteriorate at high temperatures, which causes
great concerns in their fire safety in structural appli-
cations [1]. Cold-formed steels are increasingly used in
the construction industry as efforts at introduction of
a greater degree of pre-fabrication and industrialized
processes continue. According to the literature, an
increasing number of studies have addressed the usage
of cold-formed steel construction techniques [2]. Use
of cold-formed steel for structural members in a light-
steel structure has aroused considerable interest due
to its light weight, high strength, high rigidity, and
easy processing. Cold-formed steel can exhibit good
mechanical properties with a reasonable section shape.
Cold working results in an increase in the strength and
a decrease in the ductility; therefore, the mechanical
properties of cold-formed steel are different from those
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of the hot-rolled steel [3]. Another advantage of
using cold-formed steel is its ability to improve the
technology of manufacturing and corrosion protection
which, in turn, leads to the increased competitiveness
of the resulting product as well as new applications [4].
The construction technology plays a significant role
in today’s societies. In addition, green manufacturing
and industrial ecology have gained significance in the
recent years. Ags an innovative perspective, designing
cold-formed steel profiles using waste materials, as the
filler materials, cannot only enhance some mechanical
properties but also regain waste materials for a green
world.

Nowadays, the application of waste materials to
reduce the use of natural resources has gained greater
significance all over the world. With the increasing
trend of industrialization and fast-paced technology,
environmental pollution has exacerbated the problem.
Keeping the amount of pollution to its minimum to
take control over the increasing environmental pol-
lution is a critical issue both for the public health
and the future of the world [5,6]. Given the harmful
effects of wastes that threaten the ecological balance
and human health, attempts should be made to solve
such ecological problems. Polymer-generated wastes
are gradually accumulating in the environment, and
the reduction of such wastes due to their high re-
sistance has almost failed. According to estimates,
60% of plastic wastes from total production equal
approximately 200 million tons per year [7,8]. Waste
materials management should be taken into account
to reuse the wastes as raw materials. In this respect, a
number of studies on recycling the polymer wastes have
been conducted in the current literature. However,
no detailed study on using these wastes in profiles
as the raw materials has been found. Today, major,
yet sometimes uncalled-for, destruction and excessive
exploitation of natural resources is among the problems
involving the ecological order and balance. As a result
of depletion of the natural resources, a number of
irreversible problems have arisen in the long term [9)].
To solve these problems, already existing wastes must
be inspected, transformed, and made available as raw
materials without harming natural resources. The
inspection of wastes is of significance in terms of
protecting natural resources that are not renewed,
recycling unused wastes, preventing environmental pol-
lution, protecting energy, and making energy reusable
in production [10]. Although very important studies
have been carried out under the headings of mild steel
and waste polymer, there are few research pieces in the
literature that target these two materials together.

Fiber Reinforced Polymer (FRP) bars were first
used in beam elements about 20 years ago. However,
during the first years of application, FPR was more
expensive than steel bars. However, the cost of

FRP materials, compared to the steel ones, has been
continuously decreasing owing to the lower costs of
transportation and handling as well as their lighter
weights [11,12]. Owing to their advantages, FRP bars
have found their way into numerous construction ele-
ments such as beams, one-way and two-way slabs, and,
more recently, columns [12-16]. A few techniques are
available for strengthening or retrofitting structures.
These techniques use different materials such as steel,
concrete, and shape memory alloys used in different
methods [17-19]. FRP bars enjoy other advantages
such as easy applications in buildings, maintenance-
free, high load bearing and bending capacities, good
ductility and durability, light weight, and high resis-
tance to corrosion [20-23]. Nowadays, FRP is one
of the common methods for strengthening steel and
concrete structures [24,25]. Use of Glass Fiber Rein-
forced Polymer (GFRP) bars as a viable alternative re-
inforcing material has grown to obviate corrosion issues
while providing an acceptable level of performance [26].
Resistant to high-tension stress [27], Carbon Fiber
Reinforced Polymer (CFRP) is utilized to increase the
capacity of both simply-wrapped steel and concrete-
steel-I beams. FRP bars are widely used to retrofit a
large number of steel structures [28]. However, Yu et
al. [29] evaluated the behavior of hybrid FRP concrete
steel characterized by a double-skin tubular-structural
member. Concrete confinement using FRP composites
has recently received great deal of attention [30]. Wang
and Shao [31] reported that the longitudinal CFRP
bars could enhance the stiffness of the circular concrete-
filled CFRP steel tubular specimens.

The objective of this study was to investigate
the bending and shear behavior of I and U profiles
made of mild steel filled with melted waste polymer.
In addition, the effect of strength was investigated
by adding CFRP and GFRP rods to polymer and I
and U profiles. Maali et al. [32] and Kilig et al. [33]
conducted preliminary experiments. This experimental
program in this study was created according to the
results obtained by Maali et al. [32] and Kili¢ et al. [33].
The study program is divided into two groups of I
and U cross-sectional areas. Fach group consists of
hollow sections filled with melted polypropylene (PP),
melted PP and CFRP rod reinforced, and melted PP
and GFRP reinforced samples. However, four-point
bending and overhanging tests were performed on each
sample.

2. Experimental program

2.1. Test specimens and materials

IPE and UPE steel profiles are the European Standard
I- and U-sections typically used for beams, columns,
and cantilever structural members. While IPE is
the short form for rod structural members or beams
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Figure 1. Cross-section of the tested specimens (all units are in mm).

with parallel inner surface of flanges and dimensions
according to EN 10365 [34], UPN is the short form
for the standardized channel sections according to EN
10365 [34]. Stainless steel UPN profiles are used in
all kinds of industrial applications, machinery, and
equipment construction. In this study, the test speci-
mens were manufactured by IPE100 and UPE100 cold-
formed steel profiles. The section properties of IPE100
and UPE100 are presented in Figure 1. FEight steel
beams were manufactured to investigate the flexural
and shear behavior. Steel beams with IPE and UPE
sections were loaded from their mid-point and free-ends
for flexural and shear tests with the monotonic point
load that increased to the collapse point. This study
considers two main experimental variables, namely
TPE100 and UPE100. Each group is divided into four
groups. In the first group, hollow 1100 and U100 cross-
sectional specimens were produced as the reference
samples. In the second group, samples filled with PP
melted into the mixture were produced. They were
produced by adding CFRP and GFRP bars into the
melted PP in the third and fourth groups. Table 1
presents a summary of the properties of the tested
specimens. The tested beams were then sorted into
two groups of I and U based on their cross-section.
Each group is itself divided into two categories based
on the loading type, namely four-point bending (B)
and overhanging (S). The second column related to the
names of the specimen determines whether the inside
of I or U profiles is hollow and what materials are used.

The length (1500 mm) and thickness (1.2 mm) of the
tested specimens are kept constant for both I and U
profiles.

Since it was predicted that the pulp obtained from
finely ground raw PP would interact better with CFRP
and GFRP bars, these bars, with diameters of 2 mm,
were then added to the I and U section profiles. When
determining the diameters of the CFRP and GFRP
bars, the most important criterion was chosen as the
value smaller than the wall thickness of the 1100 and
U100 profiles. While three pieces of fiber bars with
diameters of 2 mm were placed mainly in the middle
and at the end of each I profile, two pieces of fiber bars
with diameters of 2 mm were placed in each U profile.
Table 2 shows the properties of PP and CFRP bars as
well as GFRP bar that are used for the experimental
tests. Due to its low deunsity, high-tensile strength, high
resistance to environmental and chemical materials,
and corrosion resistance, melted PP is used in [ and U
profiles. Due to its lightness, the melted PP manages
to increase the strength without adding excess weight
to the element.

Hollow I and U profiles are filled with PP in two
stages. In the first stage, I-PP and U-PP series were
filled with PP up to the half-height of the profile and
then, PP was melted at 200°C. In the second stage, the
other half of the profiles were filled with PP and melted.
In the I-CFRP, I-GFRP and U-CFRP, U-GFRP series,
FRP rods were placed in the profiles in the first stage.
In the second stage, the profiles were filled and melted
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Table 1. Properties of the tested specimens.

Cross-section Specimen Type of filler materials Loading type
I-H-B Hollow
I-PP-B Melted PP . .
Four point bending

I-CFRP-B Melted PP+CFRP

= I-GFRP-B  Melted PP+GFRP

=

&
I-H-S Hollow
1-PP-S Melted PP .

Overhanging
I-CFRP-S Melted PP+CFRP
I-GFRP-S Melted PP+GFRP
U-H-B Hollow
U-PP-B Melted PP . .
Four point bending

U-CFRP-B  Melted PP+CFRP

S U-GFRP-B  Melted PP+GFRP

~—

=

Ay

- U-H-B Hollow
U-PP-B Melted PP .

Overhanging

U-CFRP-B  Melted PP+CFRP
U-GFRP-B  Melted PP+GFRP

Table 2. Properties of Fiber Reinforced Polymer (FRP) bars.

CFRP GFRP PP
Density (kg/m?) 1.5 2.4 0.92
Tensile strength (MPa) > 2800 > 1600 517
Elastic modulus (GPa) > 165 > 53 1.25
Elongation (%) 1.7 3 > 50

CFRP: Carbon Fiber Reinforced Polymer; GFRP: Glass Fiber Reinforced Polymer; PP: polypropylene.

with PP until halving. In the third stage, the other half
of the profile was filled and melted with PP. Figure 2
shows the preparation stages of the samples.

2.2. Testing procedures

In the experimental program, the bending and shear
behaviors of I and U profiles made of cold-formed
steel were experimentally investigated. The mentioned
behaviors of the models were then evaluated by four-
point bending and overhanging tests. A universal
testing system and a hydraulic jack with a maximum
capacity of 1000 kN were used during the test program.
All specimens were tested in a displacement-control

mode with the loading rate of 0.2 mm/min until
failure. The experimental setups for bending and shear
are shown in Figure 3. The test setup for bending
moment is shown in Figure 3(a). The deformation was
measured by Linear Variable Differential Transformer
(LVDT). In the four-point bending test, a total of three
LVDTs were used, two of which were placed under the
applied load points and one in the mid-point of the
beam. Displacement values recorded from two LVDTs
placed under the loads were used for control purposes.
The bending behavior was evaluated by calculating
the midpoint displacement values where maximum
displacement would be expected. Midpoint displace-
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Figure 2. Specimen preparation: (a) Filling polypropylene (PP) into profiles, (b) placement of the Fiber Reinforced

Polymer (FRP) bars, and (c) melting the PP.

(b)

Support

Figure 3. Test setup: (a) Bending and (b) overhanging.

ment was also utilized to draw load-displacement plots.
However, the horizontal and vertical strain gauges
were placed at the center of the beam to measure the
deformations caused by the increasing loads. For the
overhanging tests, three LVDTs were used, as shown
in Figure 3(b). Data of LVDTs were recorded and the
load-displacement plots were drawn using a data log-
ging system. For the overhanging setup (Figure 3(b)),
the LVDTs were located at the load level in the free-end
region at a point where shear force would be theoret-

ically expected to be maximum. Therefore, free-end
displacements were measured by LVDT placed in the
free-end region instead of midpoint displacement. At
the overhanging test, the midpoint displacements were
neglected because they were less than their free-end
counterparts. However, the mid-point displacement
was not used in the load-displacement graphs. The
free-end point of the test sample was placed to measure
the deformations.

A unique experimental setup was designed by the
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Figure 4. Melting test apparatus.

authors, specifically for an experimental study on the
PP melting system. The melting device is introduced
in Figure 4. The melting apparatus used for melting
the waste polymers consists of DT 48 E digital single
probe, contact, resistance, electrical panel, switch with
on and off contact, and silicone cable. The degree of
the melting device goes up to 300°. The temperature
was monitored on a digital single probe and the waste
polymer was removed at the melting temperature.
The system continued its operation until homogeneous
melting. In the scope of the experimental study, I
and U profiles made of mild steel were connected to
a device called melting apparatus. It was provided
through a resistance system located around the heat
of the melting device. This resistance system allows
the mold to be heated at any point, thus reaching high
temperature and easily melting the material inside.
The system was checked before putting the waste PP
melting apparatus inside the test samples. The molds
were placed in the system and then, the test device
began operating. The molds to be melted were placed
in the system and the system began operating. Finely
ground PP soon started to melt under the influence of
heat (about 200 degrees). This device was designed

in accordance with the size of the molds for easy
placement of the molds and ease of material transfer.
The system began to heat up in a short time span and
the material inside the mold melted. As the material
melted, it slid downwards and was compressed using an
apparatus; then, the material was added to empty spots
again. The system was then turned off and allowed to
cool. The mold whose melting process was completed
was taken out of the system.

3. Test results

This experimental study was evaluated in terms of both
shear and bending behaviors. Upon evaluating the
free-end displacements in terms of shear behavior, the
midpoint displacements were observed in the bending
behavior. The bending strength, shear strength, duc-
tility, energy dissipation capacities, and strains were
experimentally measured.

3.1. Flexural behavior

In this section, the bending resistance of I and U beams
made of cold-formed steel is evaluated. A four-point
bending test was employed to evaluate the flexural
resistance of the beams. The experimental values for
the tested beams are shown in Table 3. Experimental
loads and displacements obtained from the four-point
bending tests are presented in Table 3. In addition,
ductility index values were calculated to compare the
stiffness values for the beams. The ductility index is the
ratio of the ultimate displacement (Aggs) to displace-
ment at yielding (Auitimate/Ayield) [35]. Figure 5 shows
the values of the ultimate load and yielding points
of specimens. According to Table 3, the addition of
melted PP to both I- and U-section beams made of
cold-formed steel caused an increase in the yield and
ultimate loads (0.85Pyax ). The ultimate bending loads
of the specimens were 186.3% and 12.3% higher than
those of the reference specimen (compared to I-H-B and

Table 3. Experimental results of the bending test.

Load Deflection Ultimate Ultimate Ductility
Specimen  at yield at yield load load deflection index

(kN) (mm) (kN)  (mm) (1)
I-H-B 4.97 5.06 6.22 26,98 5.33
I-PP-B 13.84 4.70 17.81 11.71 2.49
I-CFRP-B 11.25 4.24 14.06 16.01 3.78
I-GFRP-B 10.33 4.10 12.91 16.70 4.07
U-H-B 8.98 13.14 11.23 17.69 1.34
U-PP-B 12.38 13.60 15.48 19.86 1.46
U-CFRP-B 8.32 5.97 10.40 17.84 2.98
U-GFRP-B 9.91 5.84 12.39 17.74 3.04
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Figure 5. Calculation of the ultimate load, ductility
index, and energy dissipation capacity.

U-H-B samples), respectively. Addition of the melted
PP increased the ultimate load of the I- and U-section
beams made of mild steel without making a change to
their geometries. In other words, the moment of inertia
remained the same. However, addition of the melted
PP did not have a very positive effect on the ductility
of the specimens. Further, addition of melted PP to
the I-section beam reduced the ductility index, mainly
because the I-section beam under the load could pass
to the inelastic region under the bending moment of
the beam. The melted PPs in it exhibited a relatively
brittle behavior. Moreover, the addition of melted
PP to the beam with a U cross-section increased the
ductility index by 9% in contrast to the beam with an T
cross-section. Although the melted PP I beam reduced
the ability to displace in the web area, the U beam
did not show this effect. It also caused the ultimate
deflection value to increase by 12.3% in the U beam.
The addition of melted PP increased the ductility index
value under the bending moment since the U beam had
higher web thickness and lower web height than those
of the T beam. The addition of GFRP bars with a
higher elongation capacity in I and U beams caused
ductile behavior than CFRP bars.

Figure 6 shows the load-midpoint displacement
curves of I and U beams under bending moment.
Addition of PP, CFRP, and GFRP melted to U beams
rather than I beams made of mild steel significantly
reduced displacement capacity. As expected, filling the
empty spaces with PP, CFRP, and GFRP increased
the rigidity while decreasing deformation capability.
Changing the cross-section geometry had a positive
effect on this reduction. The addition of PP to U
beams increased the displacement capacity. Adding
CFRP and GFRP to U beams did not have much
effect on displacement capacity. Figure 6 shows that
the addition of PP, CFRP, and GFRP bars melted
in I-beams causes a more rigid behavior. The fact
that the melted PP which replaces the voids in the I-
beams exhibits a brittle behavior caused the section

25
——1-H-B
20 —a— [-PP-B
—~ —a I-CFRP-B
g 1 o -GFRP-B
T 10
)
- 5
0
0 5 10 15 20 25 30
Mid-span deflection (mm)
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?/ 12
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5 8 S—U-H-B
— 6 -—4—U-PP-B
4 -a-U-CFRP-B
2 —e—U-GFRP-B
0

0 5 10 15 20 25
Mid-span deflection (mm)

Figure 6. Load-deflection curves of the testes specimens
under the bending moment.

to be more rigid. The melted PP and the I beam
replacing the spaces reduced the displacement capacity,
causing them to carry more loads. The hollow I-beam,
on the other hand, displaced to a greater degree due
to the voids in it; however, the load-carrying capacity
decreased due to the crushing of these spaces under
vertical load. Addition of a GFRP bar to the melted
PP in I-beams had a more positive effect on the bending
behavior than that of a CFRP bar. Greater elongation
capacities of GFRP bar caused the beam to be more
ductile. The addition of melted PP increased both
resistance and displacement capacity in the U-beams.
The fact that the gap area in the U section is wider
than the I section is the reason behind the occupation
of greater space in the section by the melted PP.

Strain gauges placed in the beam mid-zone where
the maximum moment was expected in a four-point
bending test were recorded with deformation values.
The stress-strain curves are presented in Figure 7.
Maximum deformations have been achieved in hollow
samples in I and U beams. The I beam, especially in
CFRP-reinforced beams, exhibited greater deformation
than the U beam. In the U beam, adding PP would
increase the deformation capacity. While the melted
PP increased the rigidity, CFRP and GFRP increased
the deforming capability. However, the filling material
and filling effect were of significance in such types of
composites. The behaviors of GFRP and CFRP bars
were related to the melted material, melting process,
temperature, surface texture, etc. These parameters
were mentioned in other studies, which were not taken
into account in this study. Instead, the melting and/or
extrusion method of the composite were observed in
detail.
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Figure 7. Stress-strain curves of the tested beams under
the bending moment.

The energy dissipation capacities of the specimens
were calculated in the area under the load-displacement
curves drawn by the experimental data obtained in
the four-point bending test. Figure 8 shows the
energy dissipation curves of I and U beams under the
bending moment. According to this figure, -GFRP-B
and U-PP-B beams had maximum energy dissipation
capacities. Changing the cross-section significantly
affected the energy dissipation capacity. The energy
dissipation capacities of I-CFRP-B sample were 126%,
40%, and 132% more than those of I-H-B, I-PP-B, and
I-CFRP-B specimens, respectively. Addition of melted
PP and GFRP bars without changing the moment
of inertia in the I section beam area made of mild
steel could significantly increase the energy dissipation
capacity. In addition to the PP melted in I-beams,
the CFRP bars could increase their energy dissipation
capacity owing to their high modulus of elasticity and
elongation capacity. However, in addition to the melted
PP, adding CFRP bars did not have the same effect

I-CFRP-B ®=U-H-B U-CFRP-B
I-GFRP-B ®"U-PP-B = U-GFRP-B

=]-H-B
=I-PP-B

Energy dissipation capacity
(kN.mm)

Specimens

Figure 8. Energy dissipation capacity of the tested
specimens under the bending moment.

and even reduced its energy dissipation capacity due
to its rigidity, compared to the reference sample I-H-
B. However, the energy dissipation capacities of the
U-PP-B sample were 20%, 14%, and 1% higher than
those of U-H-B, U-CFRP-B, and U-GFRP-B samples,
respectively. On the contrary, the addition of PP to U
beams had a positive effect on the energy dissipation
capacity. Moreover, incorporation of CFRP and GFRP
bars, in addition to the melted PP, slightly increased
the energy dissipation capacity. Of note, changing the
cross-sectional area could reverse the effect of adding
the mentioned material to the energy dissipation capac-
ity. Even the energy dissipation capacities of hollow I
and U beams made of cold-formed steel are different
from each other. Upon comparing the cross-sectional
areas, the energy dissipation capacities of U-H-B and
U-CFRP-B specimens were calculated as 26% and 35%
higher than those of [-H-B and I-CFRP-B specimens,
respectively, mainly due to their section properties, i.e.,
less amount of steel and melted material.

Figure 9 shows the pictures of beams that reach a
failure mode after a four-point bending experiment. In
the I-H-B sample under the bending moment, as the
load increased, the initial deformation was observed
between the left bracket of the profile and midpoint.
At this point, with an increase in the loading, the
deformation continued to the right region of the beam.
Deformation was concentrated in the I-H-B profile close
to the left support. With the increased loading in the I
profile (I-PP-B) containing PP additive, there was no
major deformation compared to the I-H-B beam first.
In the following process, deformation occurred in the
region close to the left support. However, when com-
pared to the I-H-B beam, the deformation occurring
in the left support was experimentally observed when
PP had a positive effect in terms of both duration
and size. Along with the increased loading in the I-
CFRP-B beam, a deformation of approximately 102 cm
occurred near the right support. A slight collapse
caused by this deformation was observed in the region
between 100 cm and 150 cm. With the increased
loading in the I-GFRP-B beam, deformation occurred
in the region between the left bearing and the midpoint,
i.e., the point of approximately 55 cm. The profile
migrated from the point at which the deformation
occurred intensely and an inward break was seen from
that point. No deformation occurred in the area near
the right support. In the U-H-B beam under the
bending moment, the first deformation occurred in
the central region of the beam. Upon increasing the
bending moment, deformations were observed in the
areas close to the bearing. In the U-PP-B beam, the
first deformation took place on the right side of the
beam. Then, with an increase in the first deformation,
deformations were observed in the central region of
the beam. As a result of the increased load, the
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Figure 9. Tested specimens under the bending moment after failure.

sample collapsed. In the U-CFRP-B beam, as the load
increased, the maximum deformation occurred in the
areas close to the left support of the profile; however,
no deformation was observed in the middle part of
the profile. As the load increased in the U-GFRP-
B beam, the deformation occurred in the areas close
to the support areas of the profile, where the greatest
deformation occurred.

As expected, the main failure modes of the sam-
ples were observed as the local buckling with bending
for four-point bending experiments. In particular, the
symmetricity of the profile restrained the local buckling
behavior, which is true for U-type models. Further,
the inner composite material distribution at one-third
of the beam span strikingly visualized the bending
behavior above the mid-section as a result of inside
heterogeneity.

3.2. Shear behavior

Building elements include building geometry, architec-
tural conditions, loading situations, etc. according to
different loads. Structural elements such as columns,
beams, and floors are influenced by horizontal and

vertical loading [36]. Feature beams are subjected
to shear force, bending moment, and torsion moment
loads, either separately or in combination. In some
loading situations, shear force can be more significant
than bending moment for the beam. In this section,
the behavior of the I and U beams made of cold-formed
steel with the loading mechanism created by changing
the support conditions for researchers is examined.
The values at these points were neglected because the
displacement and displacement values in the region
between the two supports in the shear test arrangement
would be close to zero according to the researchers’
predictions. Although LVDT was placed in this region
for control purposes, these values were not used in the
drawn curves. Displacement and deformations were
measured in the free end region. The shear force was
calculated based on the maximum force in the free-end
in the shear force diagram.

The experiment was completed when the shear
force value reached 85% in beams with maximum load
in the free end region. The shear force value at this
point is recorded as the ultimate load. Table 4 shows
the test results of beams under shear force. Addition

Table 4. Test results of the tested beams under the shear force.

Load Deflection Ultimate Ultimate Ductility
Specimen at yield at yield load load deflection index

(kN) (mm) (k) (mm) (»)
I-H-S 7.28 6.90 9.10 9.00 1.30
I-PP-S 23.16 247 28.94 7.64 3.10
I-CFRP-S 9.38 6.27 11.73 16.65 2.66
I-GFRP-S 13.42 2.18 16.77 8.46 3.88
U-H-S 10.05 4.05 12.56 21.49 5.31
U-PP-S 20.49 1.98 25.61 15.95 8.06
U-CFRP-S 10.8 5.60 13.50 7.14 1.28
U-GFRP-S 14.84 4.80 18.55 8.45 1.76
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of PP to beams under shear force caused an increase in
the ultimate load level. The ultimate loads of I-PP-S
and U-PP-S beams were 218% and 104% higher than
those of the reference samples (compared to I-H-S and
U-H-S samples), respectively. Moreover, compared to
the addition of the CFRP bar, addition of the GFRP
bar to the melted PP in both I and U beams increased
the ultimate load to a value more than that of the
reference specimen. However, the FRP bar inclusion
decreased the ultimate load for both CFRP and GFRP
bars. Furthermore, the relevant varying ultimate load
increases can be related to the number of bars used
within the I and U sections. Similar to the four-
point bending test, changing the cross-sectional area
in shear tests could significantly affect the load at
yield and final load values. Addition of GFRP in I
beams under the shear force PP addition in U beams
had the most positive effect on the ductility index.
Addition of GFRP with both PP and CFRP to the
I beams could increase the ductility index value only
by adding PP in U beams. The loss of continuity
and adherence through bars increased the ultimate load
and deformation capability. The addition of CFRP to
the I beams significantly increased the displacement
capacity of the beam in the free-end region. In U
beams, hollow beams reached the highest displacement
capacity.

Shear load-shear displacement plots drawn by
calculating the free-end deformations are shown in
Figure 10. The load displacement curve linearly
increased the hollow I beam specimen. The load-
displacement curves of other I section beams also in-
creased nonlinearly. The addition of PP and CFRP to
the I-beams resulted in more rigid and ductile behavior,
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Figure 10. Load-deflection curves of the tested beams
under shear force.

respectively. Adding PP to U beams had a significant
effect on strength. However, addition of CFRP and
GFRP to U beams reduced both strength and ductility.
Changing the geometry of the cross-section led to the
alteration of the shear load-shear displacement curves.
It was shown that similar to the four-point bending
test, the characteristics of the beams such as resistance,
displacement, ductility, and energy dissipation could
be altered without changing the cross-section. The
resistance of beams under bending differed from that
under shear. Therefore, changing the loading type had
an effect on the characteristic properties of beams. In
the I beam, the ultimate resistance of CFRP- and
GFRP-reinforced beams under bending was higher
than that under shear and the ultimate resistance of
hollow and PP reinforced beams was lower. In the
U beams, the ultimate resistance of the beams under
bending was lower than that under shear, except for
the U-GFRP specimen. Therefore, both hollow and
doped T and U beams made of mild steel performed
better under shear force.

Deformations were recorded with strain gauges
attached to the free-end region of beams under shear
force. In Figure 11, stress-strain curves of beams under
shear force are given. The hollow section deformation
capacity can be seen as going on a graph in Figures 10
and 11. As seen earlier, the melted PP within the
hollow sections improved not only the deformation
capability, but also the maximum loading capacity of
the member, which could be justified by the sectional
property change, as expected. Furthermore, the ad-
herence loss between hollow section and PP using bars
decreased the increasing deformation and rigidity of the
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Figure 11. Stress-strain curves of the tested beams under
shear force.
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Figure 12. Energy dissipation capacity of the tested
beams under shear force.

composite. However, this mentioned phenomenon must
be investigated in detail for future research.

Energy dissipation capacity graphs of I and U
beams were drawn from the area under the shear
force-shear displacement curves (Figure 12). I-PP-S, I-
CFRP-S, and I-GFRP specimens in I beams increased
by 48%, 30%, and 99%, respectively, compared to the
reference specimen, I-H-S. In U beams, U-PP-S, U-
CFRP-S, and U-GFRP specimens in beams increased
by 8%, 87%, and 7%, respectively, compared to U-
H-S reference specimen. However, the improvement
of the energy dissipation capabilities did not exactly
demonstrate the flexibility, enough. The bars and
the melted PP improved the maximum load capacity
within the limitation of adherence between the hollow
steel section and the PP material. The adherence
importance for this phenomenon increased with the
bar application. Furthermore, the inner surface area
of the hollow section was another affecting parameter

of adherence which appeared between the I and U type
profiles.

As the section geometry affected the energy
dissipation capacity, changing the loading style also
influenced the energy dissipation capacity. Upon a
comparison between Figure 8 and Figure 12, the energy
dissipation capacities of the I beam under bending
were lower than those under shear. The I and U
beams made of mild steel exhibited a better energy
dissipation performance under shear. As expected, the
free space in the section yielded a higher deformation
capability according to the filled section. However, the
area under stress-strain could not be explained without
considering maximum load. The energy dissipation
capacities of the I-PP-S and U-PP-S beams were 13%
and 4%, respectively, compared to the I-PP-B and U-
PP-B beams.

Figure 13 shows the images of those beams that
had reached the failure mode, as demonstrated by the
shear test. Upon increase in loading on the I-H-S beam
under shear force, collapse occurred at the points of
50 ¢cm and 100 cm in the right support. No deformation
occurred at the left support and end point (between
100 cm and 150 cm). The increased loading on the
I-PP-S beam in the shear test did not cause major
deformation at the 50 ¢m and 100 cm points where
the LVDTs were located, and no collapse occurred at
these points when compared to the I-H-S beam. In
this sample where relatively large deformation did not
occur at yielding, opening in the profile occurred after
yielding. Increased loading on the I-CFRP-S beam
caused deformation at approximately 76 cm away from
the right bearing. In the I-GFRP-S beam, a slight
collapse occurred at approximately 50 cm and 100 cm

Figure 13. Tested specimens under shear force after failure.
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away from the right bracket after increased loading,
and no major deformation was observed.

In the U-H-S beam, as the load increased in the
shear test, deformation was observed in the middle
point of the profile; however, it remained at a very
low level in the areas close to the left support of the
profile. In the U-PP-S beam under shear, deformation
is observed in the middle point of the profile as the
load increased and deformation increased as the load
increased in the free-end region. Upon increase in
loading, the slump occurred in the beam. As the load
increased in the shear test in the U-CFRP-S beam,
the highest deformation was observed in the middle
point of the profile. Deformation occurring at the other
support end of the profile is less than that in the left
support area of the profile. In the U-GFRP-S beam, as
the load increased, maximum deformation occurred in
the regions close to the middle region of the profile and
no deformation at the end of the profile was observed.

The enhancement of hollow section profiles with
PP and CFRP/GFRP is the main striking point of
this work. Furthermore, the waste PP is another point
of view to achieve a clean environmental perspective.
Nonetheless, the filling ability of PP is mainly a func-
tion of designed experimental melting setup which must
be upgraded through extensive researches. The used
PP particles are discrete and possibly, after the melting
process, the formation of melted PP has voids and
non-uniform sectional properties. Thus, the uniformity
of the inner section can be variable and can present
fluctuating responses. No consolidating technique was
used throughout this study and this paradigm was
designed the same for all. Therefore, the maximum
and ultimate load capacity of the cold-formed hollow
sections increased to higher levels by using the melted
PP as filling material. The CFRP and GFRP bars
are planned to be used as reinforcing members for the
profiles. The reinforcing CFRP/GFRP has a compact
section, but the surfaces of the bars are smooth and the
adhesion between the PP and the bars and cold-formed
profile is limited. Withal, continuity, and compact
properties of the bars enhanced the shear and bending
behavior of the samples. The elongation capability of
the GFRP is about two times greater than the CFRP.
This phenomenon can be seen in the energy dissipation
capacity for bending and shear tests of both profiles.
The cross-sectional properties of U-type profiles can
hardly be considered as the main result of less enhanced
energy dissipation, compared to the I type profiles. The
sectional energy dissipation capability is also related
to the moment of inertia for the sections, and this
phenomenon can be seen in the results, as expected.
The filled sectional properties attenuated the deflection
capability. Moreover, the U type profiles enhanced the
rigidity by about two times, while this enhancement
was only about 1.2 for I type profiles. When the hollow

and filled samples were compared, the existence of PP
throughout the member escalated the shear behavior.
As expected, the main failure modes of the samples
were observed as local buckling for both bending and
shear type experiments. Such properties as withal,
twisting, and lateral torsional buckling were seen for
the melted PP filled and/or CFRP and GFRP samples.
In particular, the symmetricity of the profile hampered
the torsional behavior, which was strikingly true for U
type models with twisting.

4. Conclusion

The present study aimed to experimentally evaluate
the bending and shear behaviors of the beams with I
and U cross-sectional areas made of cold-formed steel.
The effect of the joints on the characteristic values
for the beams was evaluated by adding Polypropylene
(PP), Carbon Fiber-Reinforced Polymer (CFRP), and
Glass Fiber Reinforced-Polymer (GFRP) bars to the
hollow I and U beams. As a result of the experimental
study, the following conclusions were drawn:

e Changing the cross-sectional areas in the I and U
beams under bending moment could affect the load
at yielding, ultimate strength, displacement values
corresponding to these loads, ductility, and energy
dissipation capacity. In general, the addition of
melted PP had a positive effect on the behavior of
beams. The maximum energy dissipation capacity
was achieved by adding GFRP bars with PP melted
in the I beam under bending. Further, the addition
of PP and GFRP to the U beams under bending
could significantly increase the maximum energy dis-
sipation capacity, compared to the reference sample;

e In the beams under the bending moment, collapses
generally occurred in the central zone of the beam.
In both T and U beams made of cold-formed steel
under shear force, changing the cross-section had a
significant effect on the displacement, ductility, and
energy dissipation capacity. Both I and U beams
made of mild steel, both reinforced and doped,
outperformed under shear force;

e In the four-point bending test, the highest ultimate
load value for IPE 100 and UPE 100 groups was
achieved in I-PP-B and U-PP-B samples, respec-
tively. However, the ductility index value was
maximum in I-H-B and U-GFRP-B samples, respec-
tively;

o The ultimate load value for the I-PP-S and U-PP-S
samples was the highest in the IPE 100 and UPE
100 groups. The maximum ductility index was
obtained from I-GFRP-S and U-PP-S samples. The
shear strength of the samples with I and U cross-
sections was higher than the flexural strength of
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such samples. Adding molten PP to the samples
increased both shear and flexural strengths in all
groups;

Cold-formed light steel composites have been signifi-
cantly applied in the construction sector. This study
presented an innovative approach to waste polymer
assessment with the cold-formed steel hollow sec-
tions. Yet, to complete this process, more detailed
works are required for a wide variety of profiles,
joints, etc.
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