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ABSTRACT

Annual polymer waste generated in Malaysia has increased significantly to more than 1 
million tonnes. The prolonged degradation periods required by diverse industrial polymer 
waste streams are a matter of significant concern, with some taking up to 1000 years to 
fully degrade. Pursuing a similar environmental concern, the use of bakau piles as supports 
for lightweight structures in Sarawak, including drainage systems, roads, sewerage, and 
other water-related structures, has become a matter of concern due to the deforestation 
of mangrove forests. Both bakau deforestation and polymer waste issues are significant 
environmental and global concerns. The idea of mitigating mangrove degradation and the 
non-biodegradable nature of polymer waste has led to the conceptualization of an alternative 
solution whereby recyclable thermoplastic polymer piles are utilized to supplant bakau 
piles in providing support for lightweight structures during civil engineering construction 
projects. Therefore, the study of polymer piles is conducted to examine their mechanical 
properties in the form of virgin (V) and recycled (R) thermoplastic polymers. In this 

study, high-density polyethylene (HDPE), 
polypropylene (PP), and polyvinyl chloride 
(PVC) are considered, and the possibility of 
being utilized in pile application has been 
discussed. Based on the results, all virgin 
types of thermoplastic polymers (HDPE, 
PP, and PVC), 50%V:50%R for PP, PP(R), 
and PVC(R), respectively, exceed the bakau 
ultimate tensile strength. Thermoplastic 
polymer piles showed great potential to be 
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the substitution for bakau piles to serve in the construction industry, with the recorded 
experimental tensile and compressive strength tests.

Keywords: Compression, mechanical properties, polymer, construction pile, tensile

INTRODUCTION

The increasing volume of polymer waste produced by industries has been alarming, 
especially in polymer pollution. The available types of synthetic polymers in the market 
include polyvinyl chloride (PVC), polyethylene (PE), polycarbonate (PC), polyethylene 
terephthalate (PET), and polypropylene (PP). PVC is a polymer that consists of half 
chlorine by weight. PC and PET are the most commonly used thermoplastic polymers 
in the market and are known as polyester in the textile industry. PE and PP are part of 
the polyolefin family, but PE is slightly more rigid and heat-resistant. Their qualities 
and various characteristics make them appropriate for a wide range of uses in industries, 
including packaging, construction, home and sporting goods, cars, electronics, and 
agriculture. As a result of polymer materials’ applications, 13.2% of polymer waste is 
generated per year, amounting to 53 kg of polymer waste per person per year or 1.59 
million tons per year (Akenji et al., 2020). Municipal solid trash accounts for roughly 
two-thirds of total polymer trash, while the supply and industrial sectors account for the 
remaining third (Perugini et al., 2005). 

Polymer pollution is becoming a huge environmental issue due to the large amounts 
generated, which endangers the environment and its population (Awoyera & Adesina, 
2020). In addition, polymers need a long period to degrade, approximately 1000 years 
(Gerrard, 2020). The non-biodegradable nature of polymer waste generated over the 
years, compounded with the escalating amount of waste deposited in landfills worldwide, 
has become a pressing environmental issue. Polymer waste poses a significant threat to 
various facets of the environment, including oceanic health, human health, coastal regions, 
food safety and quality, as well as climate change. It brings a challenge to the polymer 
in construction to segregate, reuse and recycle polymer waste at the end of its life or 
alternatively combine it with natural fiber into a green polymer composite (Tan et al., 2017; 
Kuan et al., 2021). In line with this, biodegradable polymer is also introducing since the 
early 1980s due to the increasing volume of polymer waste, which is hard to recycle and 
has had a long life on the earth since its birth (Wang, 2022). However, due to their cost, 
biodegradable polymers are still unfavorable in the market. The recycling of polymer waste 
presents a viable solution to curb the mounting issue of polymer waste accumulation in 
landfills. In light of this, greater emphasis should be placed on recycling industrial polymer 
waste to mitigate the adverse environmental impact of polymer pollution caused by the 
accumulation of polymeric waste.
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Polymer recycling is becoming a way to reduce environmental problems caused by the 
polymeric waste accumulation generated from day-to-day applications. Polymer recycling is 
one approach to decreasing pollution and resource depletion issues generated by polymeric 
waste aggregation from utilization in various sectors of the economy. Recycling is the 
final result of the intermediate stages of collection, sorted by polymer type and processing 
(Hawkins, 2018). Because only clean, homogenous polymers can produce the highest 
quality recycled polymer products in the existing secondary process, material recycling, and 
high-value chemical products in the current tertiary process, feedstock recycling (Curlee & 
Das, 1991; Hawkins, 1987). As a result, recycling polymer has the possibilities; meanwhile, 
the recovery and simple treatment of polymers from mixed, contaminated wastes into at 
least down-cycling products seems to be possible (Möllnitz et al., 2021).

Various approaches exist for the recycling of polymers, including mechanical recycling, 
chemical recycling, and reuse. The reuse of post-consumer packaging, such as glass bottles 
and jars, was a common practice in which items like milk and drink bottles were returned 
to be cleaned and used again. However, in the context of plastic packaging, reuse is not 
extensively adopted, primarily due to the single-use nature of plastic products. As a result, 
plastic items are typically discarded after their initial use. Meanwhile, the transformation/
downgrading of waste plastic into a less demanding product via mechanical means such as 
screw extrusion, injection molding, blow molding, and compression molding, also known 
as mechanical recycling (Lamberti et al., 2020; Cui & Forssberg, 2003). As for chemical 
recycling, polymer waste is turned back into its oil/hydrocarbon component in the cases 
of polyolefin and monomers in the case of polyesters and polyamides, which can be used 
as raw materials for new polymer production and petrochemical industry, or directly into 
other useful materials (Lamberti et al., 2020; Sasse & Emig, 1998).

Bakau pile usage is one of the high-demand materials produced from the mangrove 
forest, pursuing a similar line of environmental concerns. According to JKR (2017), the 
bakau pile is generally designed as a friction pile in a light civil works structure where the 
load-bearing resistance is derived mainly from skin friction. In Sarawak, mangroves are 
harvested as bakau piles in light civil works, especially drainage, road, light water-related 
structures, and sewerage works. The construction industry’s high demand for materials for 
construction activities has resulted in the overharvesting of mangroves. Consequently, the 
overuse of mangrove trees resulted in the indiscriminate destruction of mangroves along 
the coastline, leading to coastal erosion and other environmental issues. In addition, the 
escalation or destruction of mangroves impacts food security, biodiversity, and the lives 
of some of the most marginalized coastal populations in developing countries, with over 
90% of the world’s mangrove species (UNEP, 2014). Therefore, further study on using 
thermoplastic polymers to produce engineered construction piles is needed as an alternative 
to bakau piles or maybe to replace them.  
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Until about 15–20 years ago, the conventional materials for piling were timber, steel, 
and reinforced concrete. With the introduction of polymer materials and then composite 
polymeric material, the traditional materials for piling have changed dramatically (Dutta 
& Vaidya, 2003). The deterioration of materials, concrete oxidation, steel corrosion, 
degradation, and marine borer attacks on bakau or timber products are significant obstacles 
in pile construction and can be neglected by replacing polymer materials, raising pile 
durability, and lowering environmental effects. Dutta and Vaidya (2003) mentioned that 
PVC is the most popular and first commercially produced polymer, and it has been used as 
a sheet pile in pile construction. Even the 10-year-old PVC sheet piles in Louisiana showed 
no signs of cracks, blemishes, or deterioration (Dutta & Vaidya, 2003). Besides, current 
products include fiber-reinforced polymers (FRP) piles (Sakr et al., 2005), FRP sheet piles 
(Boscato et al., 2011), concrete-filled polymer shells, recycled polymers reinforced with 
stiffer bar elements, and piles made entirely of recycled polymers (Robinson & Iskander, 
2008). Many tests in regard to polymers in soil stated that utilization of polymers brings 
benefits to construction piles, such as an increase of interface friction between soil and 
polymer surface (Vineetha & Ganesan, 2014) and reduced soil erosion (Yakupoglu et al., 
2019). The existing polymer pile application creates the possibility of replacing bakau 
pile materials with polymer, especially in light structures. Moreover, it prevents the 
overharvesting of mangroves due to the usage of traditional pile materials. The recyclable 
behaviour of polymers can also reduce the polymer waste embedded in landfills.

Increasing volumes of synthetic polymers are manufactured for various applications 
such as HDPE, PP, and PVC. In this study, mechanical recycling is adopted together 
with the usage of raw materials for comparison. Hence, three types of virgins, recycled 
polymers, which are HDPE, PP, and PVC, are used in the study. Despite being categorized 
as thermoplastics, each type possesses unique characteristics and applications, particularly 
their melting points and densities. The recycling of plastics refers to the processing of 
plastic waste into secondary raw material without significantly changing the chemical 
structure of the material. In order to obtain the most stable and sustainable combination 
while fulfilling its application in pile construction, the material characterization of the 
polymers and recycled polymers, which best emulate bakau piles, is carefully formulated 
in terms of the optimized mix proposed for this study.

MATERIAL AND METHODS

Material

This study used three types of virgin and recycled polymers, HDPE, PP, and PVC, for 
testing. These are all thermoplastics; however, they have varying characteristics and uses, 
especially their melting temperatures and densities. The hot compression method was used 
to fabricate samples for all the polymers.
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The hot press machine was used for laminating the virgin and recycled polymers at 
their respective melting temperatures and pressure to maintain the shape of the laminate 
and remove excess air bubbles due to the boiling of the polymer. It is to ensure a neat 
sample while avoiding the failure of fabrication of samples. The samples were fabricated 
according to ASTM D3039 for tensile testing and ASTM D695 for compression testing. 
The results were averaged over five sample measurements for each type of laminate. 

Table 1
Materials used for sample fabrication

Class Polymer Description Image

R
ecycled

HDPE Used 
Detergent 

Bottles

PP Used Food 
Containers

PVC Used PVC 
Pipes

V
irgin

HDPE HDPE 
Sheets

PP PP Sheets

PVC PVC Sheets

There are three types of polymers, 
including recycled (R), virgin (V), and 
mixed 50%R:50%V in combination for 
polymer fabrication. All the respective 
raw materials for recycled polymers 
were collected for cleaning purposes, 
while virgin polymers were purchased 
from local suppliers. Other than that, 
recycled polymers were cut and ground 
into smaller sizes to feed into the mold. 
Prior to the hot press process, the 
prepared polymers would be weighed 
beforehand to ensure the laminate was 
in the desired size according to ASTM 
testing standards. Finally, suppose the 
laminate is without visible physical 
defects such as air bubbles, cracking, 
or warping. In that case, the laminate 
is considered successfully fabricated, 
and continuation with ASTM tensile 
and compression testing would be 
performed, respectively. 

For the gathering of recycled 
polymers such as HDPE, PVC, and PP, 
recycled HDPE (RHDPE) was gathered 
from used detergent bottles, recycled 
PVC (RPVC) from used pipes, while 
recycled PP (RPP) was collected from 
used containers. All the polymers went 
through the hot-pressed method to form 
compression and tensile samples. Table 
1 summarizes the materials used for 
sample fabrication.
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Testing Procedure

Tensile testing and compression testing were conducted according to ASTM D3039 and 
ASTM D695 standards, respectively. 

Tensile Testing. Tensile testing was conducted with a crosshead displacement rate of 3 
mm/min. Based on the ASTM standards, the dimension of tensile samples is 3 mm in 
thickness, 25 mm in width, and 250 mm in length (Figure 1). This testing produced a stress-
strain diagram, which is then used to determine tensile modulus. Ambient temperature and 
humidity were maintained as constant as possible throughout this test.

Compression Test. A compression test was conducted following the ASTM D695 standards 
to determine the strength and modulus of the polymer material. Compressive properties 
describe the behaviour of a material subjected to a compressive load. The specimen was 
positioned parallel to the surface between the compressive plates. The specimen was then 
compressed with a uniform load. The maximum load was recorded using the computer 
system and the collected data. The sizing of the block specimen was 12.7 mm × 12.7 mm 
× 25.4 mm (Figure 2).

RESULTS AND DISCUSSION

Tensile Testing

A material subjected to stretching or tension requires significant tensile strength. Tensile 
properties, such as the tensile strength and tensile modulus of the thermoplastic polymers, 
were determined. Figure 3 illustrates the comparison of the tensile strength among polymers.

Figure 3 compares the tensile strength of virgin polymers and their recycled 
counterparts, where results show that all virgin-class polymers demonstrate greater 
tensile strength values. For the 50%R:50%V samples, it varies among the polymer types. 
However, it is evident that the values are not on par with the virgin samples. For HDPE, 

Figure 2. Compression test sample 3D modelFigure 1. Tensile test sample 3D model
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the 50%R:50%V samples have a slightly higher tensile strength at 21.05 MPa than the 
recycled samples at 18.31 MPa. For PP, the results indicate that the recycled samples 
possess higher tensile strength at 19.31 MPa, while the 50%R:50%V samples are only 
at 14.92 MPa. The weaker strength of recycled polypropylene could be attributed to the 
adverse impact of impurities or contaminants on its binding with the virgin counterpart. 
However, in comparison among polymers, PVC exhibits the highest tensile strength for its 
virgin and recycled samples. Generally, it is observed that virgin polymers display superior 
tensile strength properties in comparison to their recycled counterparts. This observation 
may be attributed to the fact that recycled polymers have undergone prior processing 
and have been subjected to post-consumer utilization. It can cause the recycled polymer 
to deteriorate in its mechanical characteristics, leading to diminished performance as it 
may have gone through various resultant effects, such as long exposure to heat, sunlight, 
chemical exposure, or overextended consumer usage. 

Figure 3. Comparison of the tensile strength among polymers

Bakau

Tensile Modulus

Due to the differences in strains among the samples and classes, it is only possible to 
compare the average values when comparing the tensile modulus. It differs among samples 
due to several factors, including but not limited to surrounding temperature, minute human 
errors, and sample defects. Hence, from Figure 4, the highest tensile modulus, which is 
1336.88 MPa, is exhibited by the virgin PVC. In comparison among the polymers, the 
tensile modulus of HDPE is significantly lower among PP and PVC, regardless of class, 
where its virgin sample only achieved 208.66 MPa. Virgin PP can be seen to have a lower 
tensile modulus in comparison with its recycled and 50%R:50%V counterparts, which 
indicates virgin PP is less stiff. The increased stiffness of recycled PP that makes it more 
suitable for consumer usage may be attributed to small amounts of additives or stabilizers. 

18.52
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At the same time, 50%R:50%V PP exhibits higher tensile modulus in comparison to its 
virgin and recycled counterparts. It might be due to the possibility of either the virgin or 
recycled PP acting as filler material instead, similar to reinforced materials, increasing 
the tensile modulus. On the other hand, virgin PVC that does not have additives tends to 
perform better than recycled PVC in tensile modulus. This discrepancy can be attributed 
to the additives present in recycled PVC, which are often intended to improve its elastic 
properties and water absorption. Such modifications are particularly relevant in applications 
such as piping within housing projects.

Bakau

690.42

Figure 4. Comparison of the tensile modulus among polymers

Compression Testing

Compression properties such as the compression strength and compression modulus of 
the thermoplastic polymers were determined. Table 3 presents the compression strength 
of different classifications of thermoplastic polymer. Meanwhile, Figure 5 illustrates the 
comparison of the compression strength among polymers.

In Figure 5, the recycled samples for HDPE and PP show slightly higher compressive 
strengths in comparison to the virgin samples. The underlying cause of enhanced 
compressive characteristics in recycled PP and HDPE can be additives or stabilizers. 
It stands in contrast to virgin PVC, where superior performance is observed. However, 
regardless of the class of polymers, PVC samples demonstrated overall better compressive 
strength performance. It is solely due to the chemical bonding of PVC, which involves the 
repeating monomer Vinyl Chloride (C2H3Cl), which makes the density of PVC greater than 
both PP and HDPE. HDPE has a repeating monomer of Ethylene (C2H4), while PP has a 
repeating monomer of Propene (C3H6).
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Due to the variability of strains among the samples and classes, the only way to 
compare compressive modulus is to compare average values. Figure 6 shows that virgin 
polymers excel in compressive modulus, which indicates that virgin polymers are much 
stiffer in compression compared to their counterparts. In addition, virgin PP has a greater 
compressive modulus of 728.16 MPa than virgin PVC, which is 637.82 MPa. Regardless 
of class, HDPE still performs lower in comparison to other tested polymers. The reason 
is that virgin polymers were not exposed to consumer-used environments, which is likely 
to maintain their polymer characteristics. 

Figure 5. Comparison of the compressive strength among polymers
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Figure 6. Comparison of the compressive modulus among polymers
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Tensile Stress-strain Analysis

Figure 7 demonstrates that virgin HDPE can withstand higher stress at a given strain 
compared to its counterparts. The curve displays a distinct sudden dip at 0.25 strain for 
the 50%R:50%V HDPE due to internal cracking, nucleating, or premature delamination 
during testing. It may be found that the incomplete ability of recycled and virgin HDPE 
is probably due to the effects of colorants, residual chemicals, and abs and orbed fluids. 
However, for all classes of HDPE, even after 0.4 strain, the sample does not fail completely, 
which then proves the durability of HDPE.

From Figure 8, the low strain exhibited by virgin PP suggests its brittleness relative 
to other thermoplastic polymers. Tensile failure can be clearly seen in Figure 8 across 

Figure 7. Tensile stress-strain curves for classes of 
HDPE
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the different classes of PP. The steepness 
of the curve for virgin PP suggests its 
stiffness compared to other classes of PP, 
particularly when compared to virgin PVC. 
The early failure of the 50%R:50%V PP 
sample suggests a possible incompatibility 
issue between the recycled and virgin PP 
materials. The incompatibility may be 
due to causes, and not limited to, prior 
manufacturing processes, water absorbed, 
minor defects and minute additives.

In Figure 9, virgin PVC is stiffer and 
can withstand greater strains than recycled 
PVC. A dip can also be observed in the 
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curve of virgin PVC, indicating potential internal delamination, nucleation, or premature 
internal failure during testing. For 50%R:50%V PVC, the fabrication of samples could 
not be completed. 

Meanwhile, as illustrated in Figure 10, the virgin PVC and recycled PVC did not 
seem to merge well. Several factors could possibly cause it, primarily the difference 
in melting temperatures of the two mentioned PVCs. Recycled PVC required a higher 
melting temperature with plasticizers and additives, resulting in an elevated melting point 
compared to virgin PVC. This incompatibility can be overcome only with heavy-duty 
chemical and mechanical manufacturing (You et al., 2022), which is highly strenuous. 
Instead, propositions of the addition of synthetic or natural reinforcing materials would 
increase the mechanical properties of polymers. Luck et al. (2022) stated that the use of 
seawater sea sand concrete (SWSSC) filled fiber reinforced polymer (FRP) tubes offers 
several benefits, including the prevention of resource shortages and corrosion resistance. 
Compressive strength and ductility improvements were also evident (Bazli et al., 2021). 
Furthermore, the utilization of fibers plays an important role in enhancing the mechanical 
properties of polymers. Jahan et al. (2012) experimented on glass and jute FRP and found 
that LDPE reinforced with either jute or glass fibers possess greater mechanical properties 
in comparison to standalone LDPE. Synthetic fibers offer high strength in a composite 
material, but their recyclability is challenging (Kamarudin et al., 2022). Hence, the 
utilization of SWSSC, natural and synthetic fibers, or hybrid fibers in reinforcing polymers 
can benefit future construction works.

From Figure 11, the stress-strain curves of the tested recycled, virgin, and 50%R:50%V 
samples for HDPE, PP, and PVC are compared. The 50%R:50%V PVC samples are not 
included because the fabrication of the samples was not successful, as seen in Figure 10.

Figure 10. Failed 50%R:50%V PVC samples

Sample 1 Sample 2
5 cm 5 cm
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Compressive Stress-strain Analysis

In Figure 12, HDPE experiences close values of compressive yield stress across the classes, 
as seen above. The dip observed in the curve for 50%R:50%V HDPE is likely due to the 
incompatibility between the recycled and virgin HDPE, potentially caused by the presence 
of colorants, residual chemicals, absorbed fluids, or similar factors. The failure of virgin 
HDPE samples is attributed to premature cracking or slipping caused by compressive 
stresses. The imperfect samples may also contribute to the slipping before densification, 
likely caused by the compression of the samples in a tilted manner. Rough observation can 
hypothesize that the stiffness of HDPE across classes is rather similar under compressive 
stresses.

From Figure 13, it can be observed that the maximum compressive stress for PP is 
similar among the different classes. A dip in the curve is observed for virgin PP, which 
may be attributed to its brittleness compared to other polymers, resulting in cracking. It is 
probably due to minor defects or small bubbles appearing in the samples. Another possibility 
is that the virgin PP does not have additives or stabilizers to aid its mechanical properties. 
It is also observed that all samples undergo densification. The curve for 50%R:50%V PP 
shows good performance, suggesting that the recycled and virgin PP blend well and have 
good lamination.

50%R:50%V PVC could not be fabricated due to the inability to achieve lamination 
without chemical treatment or mechanical manufacturing, as seen in Figure 10. Nonetheless, 
a comparison between recycled and virgin PVC was carried out. As shown in Figure 14, 
virgin PVC has a steeper curve, indicating greater stiffness compared to recycled PVC. 
The straight decrease of compressive stress observed in recycled PVC suggests failure 

Figure 11. Comparison of tensile stress-strain curves
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during testing, likely due to the brittleness 
of PVC under compressive stress, resulting 
in the delamination of samples.

Figure 15 compares the stress-strain 
curves of the tested recycled, virgin, and 
50%R:50%V samples for HDPE, PP, and 
PVC. The 50%R:50%V PVC samples are 
not included because the fabrication of 
the samples was not successful, as seen in 
Figure 10. The exponential behaviour in 
the fracture region may be due to the large 
deformation by buckling. 

Figure 12. Compressive stress-strain curves for 
classes of HDPE

Figure 13. Compressive stress-strain curves for 
classes of PP

Figure 14. Compressive stress-strain curves for 
classes of PVC

Figure 15. Comparison of compressive stress-strain curves
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Application of Plastic Pile

Elastic Behaviour Under Serviceability Limits State Design. When designing for a 
serviceability limit state, it is important to consider that permanent deformation should 
be avoided as it can cause occupants to feel insecure in the building. The different plastic 
materials investigated in this study had tensile elastic modulus values ranging from 151.86 
to 1336.88 MPa and compressive elastic modulus values ranging from 182.48 to 728.16 
MPa. Since the focus of the application is on the pile, a higher compressive elastic modulus 
is preferred. All the materials mostly exhibited tensile elastic strain ranging from 0.02 to 
0.05, with a compressive elastic strain of 0.1. 

The initial intention was to utilize plastic materials to create piles as a substitute 
for bakau piles in the construction industry. Table 2 summarizes the properties obtained 
from tensile stress-strain curves. From Table 2, the polymer with an elastic modulus 
that approaches bakau wood is PP (R), PVC (R), PVC (V), and 50% R:50%R PP, which 
exceeded the elastic modulus of bakau in the elastic region. Table 3 summarizes the 
properties obtained from compressive stress-strain curves. Table 3 shows that none of the 

Table 2
Properties obtained from tensile stress-strain curves 

Materials Young’s Modulus, E (MPa) Ultimate stress, MPa Ultimate strain, 𝝐𝝐  
HDPE (R) 151.86 18.31 > 0.3
HDPE (V) 208.66 21.81 > 0.3
PP (R) 822.78 19.31 0.02
PP (V) 456.10 27.43 0.08
PVC (R) 656.55 32.83 0.16
PVC (V) 1336.88 57.85 0.25
50%R:50%V HDPE 187.90 21.05 > 0.3
50%R:50%V PP 980.89 14.92 0.02
Bakau wood (Yunus, 2018) 690.42 18.52 -

Table 3
Properties obtained from compressive stress-strain curves 

Materials Young’s Modulus, E (MPa) Ultimate stress (MPa) Ultimate strain
HDPE (R) 210.65 22.60 > 0.80
HDPE (V) 240.36 21.11 0.21
PP (R) 303.31 55.31 > 0.80
PP (V) 728.16 54.50 > 0.80
PVC (R) 478.85 55.91 0.30
PVC (V) 637.82 65.07 > 0.70
50%R:50%V HDPE 182.48 21.62 > 0.80
50%R:50%V PP 544.07 54.43 > 0.80
Bakau wood (Yunus, 2018) 964.60 (parallel)

591.23 (perpendicular)
23.76 (parallel)

14.71 (perpendicular)
-
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specimens exceeded the bakau’s compressive elastic modulus parallel to the wood grain. 
However, PP (V) and PVC (V) exceeded their compressive elastic modulus perpendicular 
to the direction of the wood grain. 

Plastic Behaviour During Ultimate Limit State Design 

The investigation of tensile and compression modulus at ultimate stress is crucial in pile 
design to avoid premature failure, such as the development of eccentric moments, which 
could reduce the pile capacity. Thus, it is important to examine these properties. All samples 
met the tensile ductility requirement except for PP, which set the benchmark at 0.10 strain.

All virgin types of polymer (HDPE, PP and PVC), 50%V:50%R PP, PP(R), and 
PVC (R) exceed the bakau’s ultimate tensile strength. In terms of compression stress-
strain behaviour in the ultimate limit state, all specimens exceeded ultimate strength 
(perpendicular to wood grain), and PP(V), PP(R), PVC(V), PVC (R) and 50% R: 50% V PP 
were higher than bakau’s ultimate stress with parallel wood grain. Regardless of the wood 
grain arrangement, plastic piles could be substituted for bakau piles in the construction 
industry, with the recorded experimental tensile and compression strength tests. As 
mangrove ecosystems are declining at an alarming rate (Goldberg et al., 2020), the urge to 
recycle polymers into construction piles is needed to promote the sustainability of bakau. 
This further coincides with the Sustainable Development Goals (SDG) 12, responsible 
consumption and production (United Nations, 2022). 

The Load Capacity of the Plastic Pile 

The compressive strength data was used to compute the total cross-section area based on the 
load capacity of the pile. Thus, the optimum cross-section area can be identified. The pile is 
assumed to be a polymer pile that replaces the timber pile, which has an average diameter of 
75 mm due to the range of available timber. The unsupported length (L) is assumed to be 3 
m below the ground surface in soft soils. Utilizing Euler’s equation, the critical axial loads 
and critical stress for respective polymers can be obtained, as shown in Table 4.

In Figure 16, it can be observed that all of the virgin polymer classes exhibit a high 
critical axial load, with PP having the highest at 673.38 kN. It suggests that PP is well-suited 
for use under axial loads. In general, the performance of the virgin samples is superior to 
that of the recycled and 50%R:50%V classes.

Figure 17 compares the critical stress for all polymers. Regardless of class, it is clear that 
PP will outperform HDPE and PVC. In the case of a polymer pile, virgin PP has a critical 
stress of 2976.66 MPa, virgin HDPE has 982.56 MPa, and virgin PVC has 2607.38 MPa.

Furthermore, the study also investigated the pile dimension and cross-sectional area 
across different types of polymer with respect to the buckling load capacity of a 3-meter 
length, where the effective length is taken as 3.3 m. The rule of thumb we use here is a 
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Table 4
Critical axial load and critical stress of polymers

Polymer Compressive Modulus 
(MPa)

Critical Axial Load 
(kN)

Critical Stress 
(MPa)

Recycled (R) HDPE 210.65 861.12 194.80
PP 303.31 1239.91 280.49

PVC 478.85 1957.51 442.82
Virgin (V) HDPE 240.36 982.56 222.27

PP 728.16 2976.66 673.38
PVC 637.82 2607.38 589.84

50%R:50%V HDPE 182.48 745.98 168.75
PP 544.07 2224.11 503.13

PVC NA NA NA

Figure 16. Critical axial load comparisons among classes of polymers

Figure 17. Critical stress comparisons among classes of polymers
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capacity of 1 metric ton per pile, simulating bakau pile capacity, with a typical safety 
factor of 1.3. Two polymers are being considered here: PP (V) and PVC (V), which have 
the highest compressive elastic modulus. Figure 18 shows that the section efficiency is 
the same across different types of polymers regardless of polymer type. The pile’s cross-
sectional area decreases as the pile dimension increases. The feasible dimension for both 
circular and square hollow sections is 250 mm, as the larger dimension does not indicate 
a significant reduction in cross-sectional area. The H-section’s feasible dimension is 200 
mm to ensure sufficient thickness to avoid local buckling, although a larger dimension can 
yield a smaller cross-sectional area.

Figure 18. Cross-sectional area vs pile dimension: (a) PP(V); and (b) PVC (V)
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CONCLUSION

The mechanical properties of virgin and recycled polymers, namely HDPE, PVC, and PP, 
were investigated, and the possibility of being applied in pile application was discussed 
and summarized as follows. The elastic moduli that approach bakau wood are PP (R), 
PVC(R), PVC (V), and 50% R:50%R PP, which exceeded the elastic modulus of bakau 
in the elastic region. None of the specimens exceeded the compressive elastic modulus of 
bakau parallel to the wood grain, while PP (V) and PVC (V) exceeded their compressive 
elastic modulus perpendicular to the wood grain direction. Besides that, all virgin types of 
plastic (HDPE, PP and PVC), 50%V:50%R PP, PP(R), and PVC (R) exceeded the bakau’s 
ultimate tensile strength. In terms of compression stress-strain behaviour in the ultimate 
limit state, all specimens exceeded ultimate strength (perpendicular to wood grain), and 
PP(V), PP(R), PVC(V), PVC (R) and 50% R: 50% V PP were higher than bakau’s ultimate 
stress with parallel wood grain. Calculated critical stress subjected to polymer pile also 
showed that virgin PP exhibited a critical stress of 2976.66 MPa, while virgin HDPE had 
982.56 MPa, and virgin PVC had 2607.38 MPa. The results of experimental tensile and 
compression strength tests indicate that polymer material has the potential to serve as a 
viable alternative to bakau piles in the construction industry, particularly in light structures. 
The buckling load analysis also shows that polymer piles can be shaped in circular hollow, 
square hollow, and H sections of 200 to 250 mm to carry a similar load in bakau piles. 
Polymer piles could replace traditional bakau piles, thereby addressing issues related to 
polymer wastes and mangrove deforestation while maintaining, if not enhancing, the 
structural integrity of lightweight structures in construction.
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