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ABSTRACT

Concrete is the most widely used construction material in the world. It is now possible to
construct structures out of concrete because this durable compound that consists of water,
aggregate, and Portland cement not only gives us many scopes of design but also has a
very high compressive strength at a low cost. This paper deals with alternative materials
for the most common construction material, cement-based concrete and polymer concrete
(PC), containing waste tin fibres. The study covers the fabrication of polymer concrete
and the execution of three tests: compressive strength, flexural tensile, and splitting

tensile. Tests were conducted to determine

the mechanical properties of the PC, and
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the results were analysed and evaluated on
several PC specimens with different ratios of
waste tin fibre. The results showed that using
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performance. Specifically, the optimum
amount of waste tin as reinforcement in PC
was 0.16% for compressive and splitting
tensile strengths, while 0.20% was the
optimum fibre loading for the flexural tensile
strength. In this case, a positive outcome
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was found at a constant resin-to-filler ratio of 40:60 by volume and a matrix-to-aggregate
ratio of 1:1.35 by weight.

Keywords: Compressive strength, flexural tensile strength, polymer concrete, splitting tensile strength, waste tin

INTRODUCTION

Polymer concrete is a composite material of polymeric resins that serve as binder materials
for aggregates and micro fillers, resulting in a hardened composite when catalysts and
accelerators are added. A polymer resin must be used for concrete to be poured, trowelled,
and subsequently cured. The most common polymer resins used in concrete are polyester,
vinyl ester, and ordinary epoxy (Afroughsabet & Ozbakkaloglu, 2015; Ahmadi et al., 2021;
Martinez & Lopez et al., 2021; Muda, Kamal et al., 2016; Oyebisi et al., 2020; Supian et al.,
2016). The polymer material causes a chemical reaction that leads to hardening and curing.
Using different resins leads to different benefits, e.g., acrylic binders set very quickly and
thus lead to higher weathering resistance, while epoxies create a very strong material that
shrinks very little as it cures. It must be considered that the mixing of polymer concrete
should be done very precisely and very thoroughly (Al-Nini et al., 2020; Ismail et al.,
2022; Reddy & Santhosha, 2018; Yan et al., 2016; Zabihi et al., 2017). It cannot be mixed
beforehand and kept turning (to avoid curing like cement-based concrete). The chemical
reaction happens as soon as the mixture begins (Mohamad, 2014; Supian et al., 2018).

Research has shown that polymer concrete, compared to cement-based concrete,
is stronger, more durable, and has lower maintenance requirements (Afroughsabet &
Ozbakkaloglu, 2015; Kamal et al., 2019; Martinez-Lopez et al., 2021; Muda, Alam et al.,
2016; Parikh & Modhera, 2012; Reddy & Santhosha, 2018). Polymer concrete’s mechanical
strength can reach four to five times higher than cement-based concrete. Furthermore, it
has a high resistance against chemicals and corrosive agents, resistance to frost, good
abrasion, fast curing times, excellent durability, and water permeability (ACI 318-11,
2011). Therefore, polymer concrete is widely used in civil engineering applications, such
as underground pipes, trench lines, overlays of bridges, building and highway repairs, and
swimming pools (Ali & Ansari, 2013). Nevertheless, producing polymer concrete requires
attention during the casting process and to curing temperature, composition, and selecting
resins and additional particles carefully. Furthermore, because PC is about 5-10 times
more expensive than regular concrete, its use is now confined to constructions where the
increased cost justifies the improved performance.

Polymer concrete is composed of various aspects, including the type and amount of
resin and filler, curing process, curing temperature, humidity, and matrix-to-aggregate ratio
(Atigah et al., 2021; Esfahani et al., 2016; Frigione, 2013; Kumlutas et al., 2003; Mohamad
et al., 2022; Sakai et al., 2005; Sosoi et al., 2018; Vaggar et al., 2021). Various studies have
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shown that unsaturated polyester (UP) resin is a good mix of mechanical, electrical, and
chemical properties that enhance splitting tensile and flexural strength by a maximum of 30%
and a minimum of 20% compared to Portland cement concrete. It is also used as a cement
substitute in 20%, 25%, and 30% concentrations (Gao et al., 2019; Hashemi et al., 2018; Yeon
et al., 2020). Meanwhile, the studies by Bulut and Sahin (2017) and Hameed and Hamza
(2019) investigated the mechanical and physical properties of polymer concrete using waste
components and natural and river sand, revealing that increasing the amount of polymer resin
in the compressive strength test increased its strength. A mixture of 70% ceramic waste and
30% polyester resin gave a maximum strength of 132 MPa, while a mixture of 80% concrete
waste and 20% plastic resin gave a minimum strength of 28 MPa. The increasing polymer
resin also enhances the concrete’s splitting tensile strength and flexural strength.

Furthermore, the study by Sosoi et al. (2018) on the workability of both substitution
mixes of fresh concrete improved when the PET quantity was raised and decreased as
the sawdust amount was increased. Besides, the results showed that the chipped PET as
a replacement had a greater compressive strength value than sawdust blends, with 25-
50% sawdust and 50% and 75% chopped PET being the most common results. Polymer
concrete with waste substitution developed fractures gradually until they were destroyed.
Otherwise, the study by Niaki et al. (2018) has defined basalt fibre-reinforced polymer
concrete (BFRPC) and examined the effect of temperature on the mechanical properties
of a polymer concrete sample with 2% basalt fibre and one without basalt fibre, which
was subjected to compressive, three-point bending, and splitting tensile tests. Based on
the results, plain PC has a lower residual strength than basalt fibre polymer concrete at
elevated temperatures.

Besides, many studies have conducted various works on waste material as filler material
in PC (Hameed & Hamza, 2019; Sonebi et al., 2022), waste materials such as waste glass
(Ramadan et al., 2023; Saribiyik et al., 2013), electronic plastic waste (Bulut & Sahin,
2017) and PET bottle (Asdollah-Tabar et al., 2021), which is used as a reinforcement
material in polymer composites.

Hence, this research paper presents an innovative investigation of the mechanical
performance of polymer concrete using wasted tin fibres. The study intends to analyse the
impact of these common fibres on improving the mechanical properties of polymer concrete
by investigating their utilisation. Using scrap tin fibres in this context is a distinctive and
creative strategy that advances the growing areas of sustainable building materials and
waste utilisation. The results of this study will provide important information for potential
advances in composite materials, and sustainable engineering practises by providing insight
into the feasibility and possible advantages of incorporating scrap tin fibres into polymer
concrete. At the end of this research, potential applications and insights into waste tin
fibre-reinforced polymer concrete were highlighted and recommended.
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METHODOLOGY
Materials

Polymer concrete (PC) is a composite that uses liquid resins as a binder instead of the
traditional cement-hydrate binders found in ordinary concrete. Resin, hardener, fly ash,
aggregates, and scrap tin fibre are all used to make polymer concrete.

Resin and Hardener. An unsaturated polyester resin, Reversol P 9509, was combined
with PC samples to create a stiff and low-reactive composition. Unsaturated polyester
resin is less expensive and more commercially accessible than epoxy resin and has
superior mechanical and chemical properties. Meanwhile, the hardener, combined with
the resin, creates a chemical reaction that changes from a liquid to a solid state. Therefore,

it is also called a catalyst that causes the
Table 1

w C e . Polyester resin properties of Reversol P 9509
polymerisation.” As shown in Table 1, the  7,xchem, 2018)

transformation, referred to as “curing” or

chemical hardener used with polyester resin

. . Specifications of Reversol P 9509
is called Methyl Ethyl Ketone Peroxide

) Appearances Hazy, pinkish
(http://kawamia.com/files/Mepoxe_new.  Non-volatile, % 5659
pdf). The specifications and properties of  Viscosity @ 25°C, cps
the resin are shown in Table 1. - Brookfield, #3/60 450-600

- Brookfield. #3/6 900-1350
. . Thixotropic index 1.5-2.8
Fly Ash. Fly ash is a fine powder that is a oop .

) ) ) Gel time @ 25°C, mixture 18-23
by-product of burning pulverised coal in - 1% MEKP ~
electric power plants (Figure 1a). Mixing  Acid value, mgKOH/g 2934
fly ash with resin forms a compound similar ~_Solid resin
to Portland cement, which makes fly ash a R Ty?lcal properties .

. L. ecific gravit .
prime material in PC. Fly ash can be used pectiic gravily
Volumetric shrinkage, % 8

as a replacement for river sand and as a fine

1€
;.un.udummm: .

Figure 1. (a) Sample of fly ash; and (b) Sample of 5 mm aggregates
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aggregate material. There are two different classes of fly ash: class C and class F. This
study used class C fly ash, which generally has a high calcium ratio.

Aggregates. Coarse aggregates were sieved, and only aggregates with a size of 5 mm
were separated and used for the mixture (Figure 1b). This size of aggregates guarantees a
low void and an equal distribution of the aggregates while leaving enough space for the
waste in fibre. In order to achieve good bond strength between the polymer binder and the
aggregates, they should be free of dust and debris, clean, and dry.

Waste Tin Fibre. Aluminium cans were cut into 20 mm x 3 mm strips and twisted spirally
to reinforce and to produce a sustainable product. This size ensures the resin fully covers
the tin fibres while well distributed between the aggregate gaps (Figures 2a and 2b).

Figure 2. (a) Sample of cut waste tin fibre; and (b) Sample of twisted tin fibre

Mixture Composition

Based on previous research, mainly referred to by Ferdous et al. (2016), where the
effect of resin-to-filler ratio and matrix-to-aggregate ratio on mechanical and durability
properties was investigated, the optimum resin-to-filler ratio of 60:40 and the optimum
matrix-to-aggregate ratio of 1:1.35 were chosen for the preparation of polymer concrete.
These ratios ensure a uniform distribution of aggregates and are highly recommended to
balance mechanical performance and cost. This study used a volume ratio 60:40:135 for
resin/hardener, fly ash, and coarse aggregates. Additionally, to increase the mechanical
properties, waste tin fibre with percentages of 0%, 0.12%, 0.16%, and 0.2% was added to
the polymer concrete composite as reinforcement.

Basically, from the volume of the cylindrical and prismatic moulds, the density of the
materials, and the ratio given, the mass of each material for the different specimens was
calculated. The amount of hardener used depends on the mass of the resin. Finally, waste
tin fibre was calculated based on the percentage used and the mould volume. Table 2 shows
the calculation for each material used.
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Table 2
Total material amount for each sample
Mixes Tin F;E/l:; ratio Aggregate (kg/m*)  Resin (kg/m®) Filler (kg/m?) Wast:(gT/lr;flbre
SPO 0 2929 1095 2006 2700
SP12 0.12 2929 1095 2006 2700
SP16 0.16 2929 1095 2006 2700
SP20 0.2 2929 1095 2006 2700

Specimen Preparation

Thirty-six specimens were prepared and subjected to three tests To investigate the
mechanical properties of polymer concrete containing waste tin fibre: the compressive
strength test, the splitting tensile test, and the flexural tensile test. Twelve (12) cylindrical
samples with a diameter of 50 mm and a height of 100 mm were cast in PVC pipes (Figure
3). The flexural strength test requires 12 prismatic samples from 25 mm and 250 mm,
while the sieving of coarse aggregates with a maximum size of 5 mm was used to create
a mixture that guarantees a low void and an equal distribution of the aggregates while
leaving enough space for the waste gin fibre. Polymer concrete composite was cut into 3
mm % 20 mm stripes and added to the polymer concrete composite at different percentages
(0%, 0.12%, 0.16%, and 0.25%). A constant ratio of resin, aggregate, and fly ash was tested
three times, requiring 12 specimens for each test.

The composite mixing began with polyester resin with hardener at a resin-to-
hardener weight ratio of 100:32. The exact amount and weight of the materials for each
specimen were calculated (Table 2). The mixture was then poured over the aggregates
and mixed for three minutes until the
amount of waste tin fibre strips were
added and stirred for another minute until
a brownish, viscous, and homogeneous
mixture was observed. The aggregates
must be of good quality, free of dust and
other debris, and dry, and the materials
must be soaked in polymer.

The mixture was poured into the moulds
in two to three layers and was subjected to
vibration for two minutes after each layer.
The samples were demoulded 24 hours
later and cured at room temperature. Due
to the closure of the laboratory caused by

the pandemic in 2020 and because polymer  Figure 3. Example of cylindrical and prismatic mould
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concrete reached 90% of'its 28-day strength
in only seven days, the specimens were
tested after seven days of curing. Due to
the small specimens used in this study,
all mixing was done by hand. All steps
are previewed in Figure 4, which is the
production procedure for the specimens for
this study.

(b)

Figure 4. Fabrication process of PC specimens: (a) Mixing process — Resin and hardener; (b) Mixing process
— Resin mixture with fly ash and aggregates; and (¢) Demoulded cylindrical and prismatic specimens

Experimental Design

All tests were done in the laboratory at Universiti Tenaga Nasional with the specific
standards of compression strength, flexural tensile, and splitting tensile tests.

Compressive Strength Test. The
compressive strength test is the most
popular test performed on concrete, as it
gives a general idea of the characteristics
of concrete (Figure 5). Based on the test,
the use of the concrete can be determined.
The ASTM C39/C39M-01 (2001) was used
in this study. After a curing period of seven
days, the polymer concrete specimens were
tested by the compression testing machine.
The cylindrical specimens were placed
vertically in the appropriate locations in

the test machine. The specimens were
aligned centrally on the base plate of the Figure 5. Compressive strength test
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machine. The movable part of the machine touches the specimen’s top surface, and the
load is applied to the face perpendicular to the casting direction. A 0.4 N/mm?*/sec load
was applied gradually until the specimen failed. It must be secured to avoid the load from
being applied with shock. Three specimens for each ratio of waste tin fibre (a total of 12
specimens) were tested, and the maximum load of each implementation was recorded.
Meanwhile, the Fck (N/mm?) is the characteristic compressive strength of each grade of
concrete. The average of the maximum load of the specimens (N) divided by the area of
the specimen under load (mm?) will give this value in Equation 1.

Load
Cross — Section Area

(M

Compressive Strength =

Flexural Tensile Test. The flexural test was a method to evaluate concrete’s tensile strength
indirectly. Thereby, unreinforced concrete’s ability to withstand bending failure was tested.
The modulus of concrete rupture was the result gained through the flexural test. There
were two ways to conduct the flexural test: the three-point load test (ASTM C78/C78M-
18, 2016) or the centre point load test (ASTM C293/C293M-16, 2016). This study used
ASTM C78/C78M-18 since the laboratory provides the three-point load test.

Specimens should be tested immediately after being taken out of the curing condition
to prevent surface drying to avoid reducing flexural strength (Figure 6). The specimens
were placed on two circular rollers manufactured of steel, which will support the specimen
from the bottom left and bottom right sides. The length of the rollers was at least 10 mm
longer than the width of the specimen. One other roller provided the load from the top
side of the specimen. The specimen was placed in the machine correctly centred, with the
longitudinal axis of the specimen orthogonal to the rollers. Any gap greater than 0.1 mm
between the specimen and the rollers was eliminated. The load applied to the specimen
had a rate of 0.2 MPa/s as per ASTM C78/C78M-18 and should not be applied with shock.
The modulus of rupture was estimated using the following Equation 2:

3PL
Thd? (2)

MR =

where, MR: modulus of rupture, P: ultimate
applied load indicated by testing machine,
L: span length, b: average width of the
specimen, d: average depth of the specimen.

Splitting Tensile Test. Due to its brittle
nature, concrete is weak when it comes to

tensile force. When the tensile forces exceed  Figure 6. Flexural strength test
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the concrete’s tensile strength, it develops cracks. Therefore, it is necessary to determine
the load at which the concrete may crack. In order to achieve this information, the splitting
tensile test was implemented after the 7-day curing period. Diametrical lines were drawn
on the specimen’s two ends to ensure they were on the same axial plane (Figure 7). The
weight and dimension of the specimens

were recorded, and the compression testing
machine was set for the required range. The
specimen was placed between two plates.
The load will be applied continuously
without shock at a 0.4 N/mm?*/sec rate
from the upper plate until failure. The
maximum load was noted at the end. The
splitting tensile strength was calculated as
in Equation 3:

T = 2P/mLD (3)

where, P = Maximum load, L = Length, D  §
= Diameter Figure 7. Splitting tensile test

RESULTS AND DISCUSSION

Experiments were carried out for 7 days to determine the axial compressive, flexural
tensile, and splitting tensile strengths of the specimens of PC containing waste tin fibre
in ratios of 0%, 0.12%, 0.16%, and 0.20%. Three specimens for each test and each ratio
were produced. The experimental results were obtained through the testing machines and
calculated with the designated formula for each test.

Compressive Strength Test

Twelve cylinders with a diameter of 50 mm and a length of 100 mm, containing different
amounts of waste in fibre, were tested, and the results are in Table 3. The values of the
maximum load that differ by more than 25% were initially ignored when evaluating the
results (Table 4). Wrong results could be caused by possible errors occurring during the
mixing procedure or by not perfectly compacting the mixture due to the small specimen size.
From the other values, the average was calculated as the maximum load divided by the cross-
sectional area. The samples with a 0.20% waste tin fibre ratio show the lowest compressive
strength, 6.94 N/mm?, while the highest compressive strength observed is 10.85 N/mm? and
belongs to the samples with a 0.16% waste tin fibre ratio. Samples with 0.12% and 0% waste
tin fibre show a compressive strength of 10.64 and 7.73, respectively (Figure 8).
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The results show that the compressive strength of the PC in this study is low compared
to other studies. The reason for that is the use of different resins. This study used polyester
resin, unlike most studies that use epoxy resin. Epoxy resin is generally better than polyester
resin due to its higher strength and greater shelf life. Epoxy resin is also odourless and
non-flammable, which makes it safer. However, epoxy resin is more expensive and much
harder to obtain. If it is possible to overcome these issues, it is recommended to use epoxy
resin to produce PCs.

Table 3
Compressive test results for various sample ratios

Length  Diameter  Area  Elastic modulus  Stress (N/ Max. Load
No. Sample

(mm) (mm) (mm?) (MPa) mm?) (kN)
1 SPO 3.95 0.09 1.45
2 SPO 3.94 0.07 1.10
3 SPO 2.11 0.09 1.42
4 SP12 2.96 0.13 1.99
5 SP12 1.94 0.13 2.11
6 SP12 1.92 0.14 2.17

100 50 15708
7 SP16 - 0.03 0.51
8 SP16 2.25 0.12 1.93
9 SP16 2.61 0.15 2.33
10 SP20 2.82 0.08 1.30
11 SP20 2.19 0.10 1.60
12 SP20 227 0.08 1.19
Table 4

Compressive strength test result of various tin fibre percentage

Compressive test

Samples - X X
Tin fibre amount Force in N Average Force in N F/A (N/mm?)

1450

1 0% 1100 1435 7.73
1420
1990

2 0.12 % 2110 2090 10.64
2170
510

3 0.16 % 1930 2130 10.85
2330
1300

4 0.20 % 1600 1363 6.94
1190
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Figure 8. Compressive strength versus displacement of various sample ratios

Splitting Tensile Test

Table 5 shows the results of the splitting tensile test done on 12 cylindrical samples in the
same way as the compressive test. Furthermore, values differing by more than 25% are
not considered in the result evaluation. After analysing the results presented in Table 6, it
was found that the highest splitting tensile strength of 295 N/mm? was obtained from the
samples containing 0.16% of waste tin fibre, which also had the highest average maximum
load. In descending order, the splitting tensile strengths are 271 N/mm? (SP12), 257 N/mm?
(SP0), and 241 N/mm? for the samples with 0.2% of waste tin fibre (Figure 9).

Table 5
Splitting tensile test results for various sample ratios

Length  Diameter Area Elastic modulus Stress (N/ Max. Load
No Sample

(mm) (mm) (mm?) (MPa) mm?) (kN)
1 SPO 9.36 0.13 2.12
2 SPO 7.27 0.11 1.77
3 SPO 8.65 0.14 2.18
4 SP12 7.98 0.16 2.45
5 SP12 5.42 0.11 1.80
6 SP12 8.17 0.14 2.14

100 50 15708

7 SP16 8.51 0.15 2.32
8 SP16 - 0.06 0.98
9 SP16 5.73 0.09 1.41
10 SP20 8.58 0.07 1.17
11 SP20 5.30 0.12 1.89
12 SP20 7.07 0.18 2.82
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Table 6
Splitting tensile test results of various tin fibre percentage
Splitting tensile
Samples - - -
Tin fibre amount Force in N Average Force in N T=2P/n L D (N/mm?)
2120
1 0% 1770 2023 257
2180
2450
2 0.12% 1800 2130 271
2140
2320
3 0.16% 980 2320 295
1410
1170
4 0.2% 1890 1890 241
2820
3.000 !
2.700 |
2.400 |
2.100 |
__1.800 |
Z z s
£ 1500 | LR, 1YL IR, -
° . .
S 1.200 | ; ! . eacareeas et SRS
| : H . ' : :
0900 T T
.
B
A AN N U S SO SO S S D
0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 450 5.00

Displacement (mm)

Figure 9. Splitting tensile strength versus displacement of various sample ratios

Compared to cement-based concrete, polymer concrete has a special characteristic:
higher bending ability. The bending of the PC before failure causes very high flexural
strength. This study shows that the flexural strength of PC is around two times higher than
its splitting tensile strength. Increasing the waste tin fibre to a specific amount ensures the
adherence between the resin and the tin fibres due to the resin filling the gaps in the desired
way. However, increasing the waste tin ratio more than the specific amount decreases
the adherence between the resins due to the even surface of aluminium, which leads to a
decrement in the mechanical properties (Ferdous et al., 2016; Mohammed, 2018).
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Flexural Tensile Test Results

For the flexural tensile test, 12 prismatic
specimens with 25 mm x 25 mm x 250
mm were tested. For each sample listed in
Table 7, the maximum load displayed on
the testing device’s panel was manually
recorded (Figure 10). As shown in Table
8, the average maximum flexural tensile
strength was determined from the test results
and the flawed values were removed.

Table 7
Flexural tensile test results for various sample ratios

Figure 10. Flexural tensile machine (Microdata
control flexure)

No. Sample Length (mm) Depth (mm) Width (mm) Max. Load (kN)
1 SPO 7.98
2 SPO 24.52
3 SPO 36.17
4 SP12 32.22
5 SP12 20.83
6 SP12 20.74
7 SP16 230 2 25 25.59
8 SP16 23.51
9 SP16 24.44
10 SP20 51.61
11 SP20 42.82
12 SP20 47.82

Table 8

Flexural tensile test results for various sample ratios

Flexural tensile test

Samples Tin fibre -
amount Force in N Average force in N O¢=3rL2bd (N/mm?)

7980

1 0% 24520 24520 588.48
36170
32220

2 0.12 % 20830 20785 498.84
20740
25590

3 0.16 % 23510 24510 588.24
24440
51610

4 0.20 % 42820 47416 1137.984
47820
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PC’s flexural and splitting tensile strengths are much higher than conventional Portland
cement concrete (1.5-7 MPa) because of the better bonding characteristics between the
matrix and aggregates. Also, using small aggregates (5 mm) leads to fewer voids in the
composite, so the composite is denser and gains higher mechanical properties. These results
are consistent with studies by Berrocal et al. (2018) and Pil et al. (2016).

CONCLUSION

This study demonstrates that employing waste tin fibre as reinforcement in PC enhances
its overall mechanical qualities. The effect of waste tin fibre on the mechanical properties
of concrete was determined; the ideal waste tin fibre ratio for mechanical performance is
0.16%, while the optimal ratio for flexural tensile strength is 0.20%. From the experimental
results, the compressive strength improved by 40% and the split tensile strength improved
by 15% when a 0.16% waste tin fibre ratio was employed instead of a 0% waste tin fibre
ratio. Meanwhile, a 20% waste tin fibre ratio in concrete resulted in a significant 93%
improvement in flexural tensile strength. As a result of the findings, it has been demonstrated
through the performance of polymer concrete, including waste tin fibres, that adding
polymer during the formation of polymer concrete improves the mechanical strength of
concrete by altering its properties. In addition, it has been demonstrated that polymers
have enhanced the mechanical characteristics of concrete, including increased compressive
strength, splitting tensile strength, and flexural strength, as well as good performance in
durability and the growth and decrease of landfill wastes.
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