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Abstract: The behavior of reinforced concrete beams containing fibers made of waste plastic straws
(WPSs) under the three point bending test is examined. The effect of WPS fiber addition on the
compressive and split tensile strength is reported. Four concrete mixes were prepared. The control
mix PS-0 had a proportion of 1 cement: 1 sand: 2 coarse aggregate and a water cement ratio of 0.4.
In the other three mixes PS-0.5, PS-1.5 and PS-3, 0%, 0.5%, 1.5% and 3% of WPS fiber (by volume)
was added respectively. The results show that at 0.5% WPS, there is slight increase in compressive
strength. However, beyond 0.5% addition, a decrease in compressive strength is observed. The split
tensile strength shows a systematic increase with the addition of WPS fibers. The reinforced concrete
beams containing WPS fibers show higher ductility as demonstrated by the larger ultimate tensile
strain and ductility index (∆u/∆y). There is a tendency to have more fine cracks with the presence of
WPS fibers.

Keywords: waste plastic straws; load; deflection; strain measurements; concrete damage; ductility

1. Introduction

Concrete is an essential material in construction and consumes large amounts of natural resources.
Replacing these resources with recycled or waste product would be advantageous to the economy and
the environment. Different types of waste plastic, for example, are generated daily and the majority is
disposed of in open spaces and landfill sites. Concrete has the ability to incorporate waste materials
including waste plastic.

Concrete has numerous beneficial properties, for example, great compressive strength, toughness and
other durability properties. However, concrete is a brittle material and its tensile strength is low.
Adding fibers can overcome these weaknesses and produce concrete that is more ductile has cracks
with reduced width. Reducing crack width would reduce the ingress of aggressive species into concrete,
thus enhancing its durability. Different types of fibers can be added to the concrete mix including;
asbestos, rubber, glass, plastic and bamboo fibers [1–8]. Plastic fibers can be produced from unused
and recycled plastic.

Perumelsamy et al. [9] studied the effect of adding up to 3% glass fiber on concrete properties.
While there is slight reduction in workability in the presence of fibers, however, an improvement in
flexural and split tensile strength is observed. Similar results were obtained elsewhere [10,11].
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Vikrants et al. [12] investigated the effect of adding steel fiber on the performance of concrete.
They found that the inclusion of steel fibers in concrete improve the compressive strength, split tensile
strength and flexural strength. An increase of 55% in flexural strength was observed in the presence
of fibers.

Yakhlaf [13] studied the properties of concrete containing carbon fibers and found that the
compressive strength, split tensile strength and flexural strength are enhanced in the presence of fibers.
Similar results were obtained on concrete and mortar incorporating carbon fibers [14,15].

Phong [16] examined the use of bamboo fibers in concrete. An increase in fiber content
up to 1.0% led to an increase in compressive strength, ductility, toughness and tensile strength.
However, the workability of concrete was found to decrease with the increase in fiber content.

Bae [17] reported the findings on concrete containing recycled polyethylene terephthalate (PET)
fiber. The fiber contents were 0.5%, 0.75% and 1.0% of concrete volume. They showed that both elastic
modulus and compressive strength decreased as fiber content increased. The drying shrinkage slowed
down and ductility increased in the presence of PET. Similar results were obtained elsewhere [18–20].

Wang et al. [21] studied the mechanical and durability performance of combined macro
polypropylene (PP) fiber and rubberized concrete. Two rubber volume contents were considered: 10%
and 15% incorporating with fiber volume fraction of 0.5%. Fracture energy, compressive strength,
ultrasonic pulse velocity (UPV) and shrinkage were considered in this study. Results showed that
the fracture energy of plain concrete was enhanced by adding PP fiber and rubberized concrete.
As for compressive strength and UPV, they showed a good quality of concrete. Durability results
showed an enhancement in fiber concrete samples compared to plain concrete samples. Similar studies
were conducted on synthetic fibers [22,23]. This wider aim of this research is to study the effect of
adding waste plastic straw (WPS) fibers on the structural performance of reinforced concrete beams.
Future research will attempt to examine the effect this type of fibers on the behavior of reinforced
concrete beams and slabs when subjected to dynamic and impact loads [24–29].

2. Materials and Methods

2.1. Materials

The cement used was CEM 1 according to ASTM C192 [30]. The coarse aggregates used consisted
of a 10 mm crushed limestone with a density of 2550 kg /m3, whereas the fine aggregate used consisted
of a 5 mm sand, having a density of 2650 kg/m3. The waste plastic straws (WPSs) were obtained from
a local restaurant. They were shredded and cut to 2 mm in width and 30 mm in length as shown in
Figure 1. The chemical admixtures used were a ViscoCrete, which is a modified polycarboxylates and
conforms to BS EN 934-2 [31]. The properties of the ViscoCrete are shown in Table 1.

Environments 2020, 7, x FOR PEER REVIEW 2 of 14 

 

Vikrants et al. [12] investigated the effect of adding steel fiber on the performance of concrete. 
They found that the inclusion of steel fibers in concrete improve the compressive strength, split tensile 
strength and flexural strength. An increase of 55% in flexural strength was observed in the presence 
of fibers. 

Yakhlaf [13] studied the properties of concrete containing carbon fibers and found that the 
compressive strength, split tensile strength and flexural strength are enhanced in the presence of 
fibers. Similar results were obtained on concrete and mortar incorporating carbon fibers [14,15]. 

Phong [16] examined the use of bamboo fibers in concrete. An increase in fiber content up to 
1.0% led to an increase in compressive strength, ductility, toughness and tensile strength. However, 
the workability of concrete was found to decrease with the increase in fiber content. 

Bae [17] reported the findings on concrete containing recycled polyethylene terephthalate (PET) 
fiber. The fiber contents were 0.5%, 0.75% and 1.0% of concrete volume. They showed that both elastic 
modulus and compressive strength decreased as fiber content increased. The drying shrinkage 
slowed down and ductility increased in the presence of PET. Similar results were obtained elsewhere 
[18–20]. 

Wang et al. [21] studied the mechanical and durability performance of combined macro 
polypropylene (PP) fiber and rubberized concrete. Two rubber volume contents were considered: 
10% and 15% incorporating with fiber volume fraction of 0.5%. Fracture energy, compressive 
strength, ultrasonic pulse velocity (UPV) and shrinkage were considered in this study. Results 
showed that the fracture energy of plain concrete was enhanced by adding PP fiber and rubberized 
concrete. As for compressive strength and UPV, they showed a good quality of concrete. Durability 
results showed an enhancement in fiber concrete samples compared to plain concrete samples. 
Similar studies were conducted on synthetic fibers [22,23]. This wider aim of this research is to study 
the effect of adding waste plastic straw (WPS) fibers on the structural performance of reinforced 
concrete beams. Future research will attempt to examine the effect this type of fibers on the behavior 
of reinforced concrete beams and slabs when subjected to dynamic and impact loads [24–29]. 

2. Materials and Methods 

2.1. Materials 

The cement used was CEM 1 according to ASTM C192 [30]. The coarse aggregates used consisted 
of a 10 mm crushed limestone with a density of 2550 kg /m3, whereas the fine aggregate used 
consisted of a 5 mm sand, having a density of 2650 kg/m3. The waste plastic straws (WPSs) were 
obtained from a local restaurant. They were shredded and cut to 2 mm in width and 30 mm in length 
as shown in Figure 1. The chemical admixtures used were a ViscoCrete, which is a modified 
polycarboxylates and conforms to BS EN 934-2 [31]. The properties of the ViscoCrete are shown in 
Table 1. 

 
Figure 1. Shredded waste plastic straws (WPSs). Figure 1. Shredded waste plastic straws (WPSs).



Environments 2020, 7, 0096 3 of 14

Table 1. Properties of the admixture used in the concrete mix.

Color Storage
Temperature Chemical Base Density PH Value Quantity Mixing Time

Yellowish liquid +5 ◦C to +35 ◦C Synthetic Poly
Carboxylates Ethers 1.05 Kg/L 4.3 + 0.5 0.6–2% of the

weight of cement 60 s

2.2. Mix Design

Based on a series of trial mixes, a concrete mix having a proportion of 1 (cement): 1 (fine aggregate):
2 (coarse aggregate) by weight was selected as the control mix (PS-0) with no waste plastic straw fibers.
The water to cement ratio was 0.4. In the other mixes (PS-0.5, PS-1 and PS-3), 0.5%, 1.5% and 3% of
WPS fibers was added respectively. These percentages were based on a previous study conducted on
plastic straw fibers [32]. Details of all concrete mixes are presented in Table 2.

Table 2. Details of concrete mixes.

Weight (kg/m3)

Mix Cement Sand Water Gravel WPS * Admixture **

PS-0 670 670 270 1340 0 0

PS-0.5 670 670 270 1340 0.5 0.1

PS-1.5 670 670 270 1340 1.5 0.15

PS-3 670 670 270 1340 3 0.2

* % of waste plastic straws (WPS) by volume of concrete. ** By weight of cement (kg).

2.3. Mixing Procedure

The dry materials required for each mix were weighed. The coarse aggregates were placed in
the mixer first followed by the fine aggregate, cement and fibers. They were then mixed for 2 min.
The water and chemical admixture were then the added to the dry materials and mixing continued
until proper mixing (Figure 2). This normally took about 3 min. After mixing, the slump test was
conducted for all mixes. The slump values were 53, 47, 15 and 7 mm for mixes with 0%, 0.5%, 1.5%
and 3% WPS respectively. Specimens were then cast in their molds (Figure 3). For each mix, six (10 cm
diameter and 20 cm length) cylindrical specimens, three (10 cm × 10 cm × 10 cm) cubic specimens,
and one (20 cm × 30 cm × 150 cm) beam were cast. After casting, the cubes and cylinders were then
placed in water at 20 ◦C until the time of testing. However, the beam was covered with wet hessian
and plastic sheeting. The hessian was kept moist throughout the curing period. All specimens were
tested at 28 days.
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2.4. Beam Details

The longitudinal and cross section of the reinforced concrete beam are shown in Figures 4 and 5
respectively. Each beam was reinforced with three 10 mm diameter rebars at the bottom, and two
6 mm diameter rebars at the top. As for the shear reinforcement, an 8 mm diameter closed stirrups
were placed at a spacing of 10 cm. The yield and ultimate strength for the steel rebars were 420 MPa
and 580 MPa respectively.
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2.5. Testing

2.5.1. Compressive Strength

The cubes were used to conduct the compressive strength test according to ASTM C39 [33].
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2.5.2. Split tensile Strength

The cylinders were used to conduct the split tensile strength according to ASTM C496 [34].

2.5.3. Beam Testing

Beams were tested using the three-point bending test as shown in Figure 4. The test was conducted
according to (ASTM D790-03, ASTM C78 and ASTM C1609/C1609M-19) [35–37], where the beam was
loaded at midspan as shown in Figure 4. The load was applied at 5 KN increment until yield and then
the load continued until failure.

Strain measurement was conducted according to (ASTM E606/E606M-12) [38], using steel demec
points that were fixed to the beam at specific distances as shown in Figure 6. A mechanical strain
gauge (Figure 7) was used according to (ASTM E251-92) [39] to measure the strain in the beam after
subjecting it to increasing point load by the “D7940” testing machine.
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Regarding material properties, the concrete material was defined using the “CDP” concrete 
damage plasticity method. This method considers the full nonlinear behavior of concrete as shown 
in Figure 9. Whereas the steel rebar material was defined as the elastic-perfectly plastic material, 
which consider the elastic response of steel until reaching the yielding limit where it turns into a 
perfect plastic material as shown in Figure 10. 
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determined using the following ACI318-14 [40] equation: 𝐸 0.043𝑤 . 𝑓′  (1)
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Regarding material properties, the concrete material was defined using the “CDP” concrete
damage plasticity method. This method considers the full nonlinear behavior of concrete as shown
in Figure 9. Whereas the steel rebar material was defined as the elastic-perfectly plastic material,
which consider the elastic response of steel until reaching the yielding limit where it turns into a perfect
plastic material as shown in Figure 10.
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In the case of concrete containing WPS fibers, stress–strain curves where updated based on
the compressive strength, split tensile strength and elasticity modulus. Both the compressive and
split tensile strength were determined experimentally, while the elasticity modulus Ec in MPa was
determined using the following ACI318-14 [40] equation:

Ec = 0.043wc
1.5
√

f ′c (1)

where, wc is concrete density (kg/m3) and f ′c is the compressive strength (MPa).

3. Results and Discussion

3.1. Experimental Results

The results showed a slight increase (around 3.3%) in the compressive strength for concrete
containing 0.5% WPS (PS-0.5) compared to the control specimen (PS-0; Figure 11). Beyond this
specimen, the compressive strength showed to be decreased when increasing the percentage of WPS.
For example, the compressive strength for specimens PS-1.5 and PS-3 was 36.5 MPa and 35.9 MPa
respectively. As for the split tensile strength, results showed that increasing the percentage of plastic
straws helped in increasing the split tensile strength of the specimens as shown in Figure 12. The split
tensile strength was increased from 4.19 MPa for specimen PS-0 to 4.47 MPa for specimen PS-3 with
an increasing percentage of 6.7%. This increase affected the ratio between tension to compression
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strength (ft/fc) of a specimen. This is clarified in Table 3, where this ratio was increased from 10.8% for
specimen PT-0 to 12.5% for specimen PT-3.
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Table 3. Compressive and split tensile strength of tested specimens.

Sample “fc” Compressive Strength(MPa) “ft” Split Tensile Strength (MPa) ft/fc

PS-0 38.70 4.19 0.108

PS-0.5 40.00 4.28 0.107

PS-1.5 36.50 4.33 0.119

PS-3 35.90 4.47 0.125

Three-point bending test results showed a higher ductility for the beams containing WPS fibers.
In order to measure the ductility of the beams, the ductility factor was introduced in Table 4, which is
the ratio between the deflection at the yield point and the deflection at failure. The ductility ratio
increased from 3.7 for the control beam (PS-0) to 8 for beam incorporating 3% WPS (PS-3), which is
an increase of 113%. This may be due to the higher tensile strength for the concrete containing WPS
fibers as shown previously in Figure 12. Figure 13 shows the full load-deflection curve for beams
containing 0%, 0.5%, 1.0% and 3% WPS fiber respectively. According to these figures, it can be seen
that the beam with 0.5% of WPS fibers (PS-0.5) showed a higher load and deflection than the control
beam (PS-0). The failure load for beams PS-0.5 was 192.7 kN compared with 181.4 kN for the control
beam PS-0. However, beams containing 1.5% and 3% WPS showed similar failure load to that of the
control beam, which is similar to the compression test results shown previously in Figure 11.
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Table 4. Three-point bending test results.

Beam Maximum Load “Pmax” (kN) Pmax(PS)/Pmax(0) ∆u (mm) ∆y (mm) ∆u/∆y

PS-0 181.4 — 15.5 4.2 3.7

PS-0.5 192.7 1.062 25.5 4.2 6.1

PS-1.5 182.7 1.007 29.0 4.6 6.3

PS-3.0 181.3 0.999 38.4 4.8 8.0
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Figures 14–17 shows the strain measurements for beams containing 0%, 0.5%, 1.0% and 3% WPS
fiber respectively. As the load increased, the strain at the top and bottom increased. Additionally, as the
percentage of WPS increases, the strain at the same load level increased. For instance, the maximum
tensile strain (bottom) for beam PS-0 at 128 kN loading was 0.0012, whereas for beam PS-3 was 0.0024.
The same trend was observed for the compressive strain (top) where the strain value was 0.00057
for beam PS-0 and 0.00059 for beam PS-3. Moreover, as the load increased, the neutral axis depth
decreased as shown in Table 5. The presence of fibers caused a decrease in neutral axis depth at the
same applied load. At P = 128 kN, the depth of the neutral axis was 10.5 mm, 9.8 mm, 7.9 mm and 7.4
for beams PS-0, PS-0.5, PS-1.5 and PS-3.0 respectively. This indicates that the decrease in the neutral
axis depth between Beams PS-0 and PS-3.0 was 30%.
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Table 5. Neutral axis depth for all beams.

PS-0 PS-0.5 PS-1.5 PS-3

P (kN) x (mm) P (kN) x (mm) P (kN) x (mm) P (kN) x (mm)

32 13.6 32 13.2 32 11.5 32 10.8

64 13.3 64 12.9 64 10.9 64 10.5

96 12.1 96 12.5 96 10.2 96 9.5

128 10.5 128 9.8 128 7.9 128 7.4
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Figures 18–21 show the failure patterns for beams containing 0%, 0.5%, 1.0% and 3% WPS fiber
respectively. It can be observed that the mode of failure for all beams was mainly in flexure. The main
cracks took place around the middle of the beams and tended to be vertical. Diagonal cracks were also
observed towards the end of the test. However, these cracks tend to be finer than the main vertical
cracks. Cracks started from the bottom face of the beams and extended towards the top face as the
load increased. As the percentage of WPS fibers increased the beam mid-span deflection increased due
to the higher ductility, which led to a higher mid span deflection as can be seen in Figure 21 for beam
PS-3 compared to beam PS-0 (Figure 18).
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3.2. Numerical Results

Numerical analysis results showed that the model was successfully validated to match the
experimental results. This is shown in Figure 22 where the load deflection curves for all beams are
presented. Similar to the experimental results, the numerical analysis showed that beam PS-0.5 had the
highest load capacity with a load of 183 kN. Additionally, beam PS-3.0 had a maximum deflection of
41 mm compared with 16 mm for the control beam (PS-0) indicating higher ductility in the presence
of 3% WPS. Table 6 summarizes the load capacity and maximum deflection results where the error
between experimental and numerical values ranged between 3% and 10%.
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Figure 22. Experimental vs. numerical load–deflection curves for: (a) PS-0, (b) PS-0.5, (c) PS-1.5 and
(d) PS-3.0.

Table 6. Experimental vs. numerical results.

Experimental Numerical

Beam Maximum Load
“Pmax” (kN)

Maximum Deflection
∆u (mm)

Maximum Load
“Pmax” (kN)

Maximum Deflection
∆u (mm)

PS-0 181.4 15.5 183.0 16.0

PS-0.5 192.7 25.5 192.0 27.0

PS-1.5 182.7 29.0 182.0 32.0

PS-3.0 181.3 38.4 180.0 41.0

Moreover, the damage pattern for all beams is presented below in Figure 23. These patterns were
similar to the experimental ones, where beams with WPS fibers showed more cracks than the control
beam (PS-0), which is due to the higher ductility for these beams compared to the control beam.
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1. Adding 0.5% WPS fibers (by volume) resulted in a slight increase (3.4%) in concrete compressive
strength. There was a decrease in compressive strength by 5.7% and 7.2% for concrete containing
1.5% and 3% WPS fibers respectively.

2. Adding WPS fibers showed an increase in the split tensile strength of concrete. As the percentage
of WPS increased, the split tensile strength of concrete increased. The increasing percentages
were 2.2%, 3.3% and 6.7% for specimens PS-0.5, PS-1.5 and PS-3 respectively. There was a slight
increase in the ratio of split tensile to compressive strength from 10.8% for control specimen (PS-0)
to 12.5% for specimen PS-3.

3. The load deflection curves showed a better ductility as the percentage of WPS fiber increased
from 0 to 3%. The ductility factor ranged from 3.7 for the control beam (PS-0) to 8 for beams
containing 3% WPS fiber (PS-3). The percentage increase in ductility was 65%, 70% and 116% for
beams PS-0.5, PS-1.5 and PS-3 respectively. As for the maximum load capacity, all beams had
nearly the same load regardless of the amount of WPS fiber.

4. The higher the percentage of WPS fibers in concrete, the higher the tensile strain at the same
loading level. The tensile strain was 0.0012, 0.0016, 0.0019 and 0.0024 for beams PS-0, PS-0.5,
PS-1.5 and PS-3 respectively. This is an increase of 100% in the presence of 3% WPS fiber.
Additionally, the neutral axis depth was shifted to the top face as the load increased for all beams.

5. The load–defection curves derived from the numerical analysis seemed to be similar to those of
the experimental curves. The error percentages for both maximum load capacity and maximum
deflection ranged from 3% to 10%. This indicates that the parameters used in numerical modeling
were suitable for predicting the load deflection curve and failure mode.

6. As a general conclusion, using 3% WPS fibers (by volume) results in an adequate strength and
higher ductility compared with the control.
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