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Abstract: The urgency of climate change has highlighted the need for sustainable road construction
materials, replacing the conventional asphalt, which significantly contributes to global warming and
the urban heat island effect. With this in mind, the construction of the world’s first 30-m plastic road
in Zwolle, Netherlands, in 2018, opened the door for novel plastic applications as paving materials.
However, its application is currently still limited to sidewalks and light-load cycling lanes. The
feasibility of utilizing 3D printing technology to provide the necessary structural design flexibility for
the production of plastic pavement modules that can withstand heavy traffic and extreme weather
conditions was examined in this preliminary study. The suitability of six plastic materials (PLA,
PETG, ABS, TPU, Nylon, and polycarbonate) for 3D printing was evaluated. Polylactic acid (PLA),
and polyethylene terephthalate glycol (PETG) were identified as the most suitable materials for
this study. Three small-scale structural systems, namely hollow modular with plastic columns,
hollow modular with solid plastic cones, and hollow modular with X-bracing, were designed and
successfully printed using the adopted materials and a 3D printer. The developed systems were
subsequently subjected to compression testing to assess their structural performance under heavy
traffic loads and demonstrate the feasibility of the concept. The results showed that the PLA conic
structural system was effective and exhibited the highest compression strength, while the PETG conic
system exhibited ductile behavior with superior thermal stability. The study suggests that the hybrid
system of PLA and PETG materials may improve the overall performance, combine flexibility and
strength, and potentially improve the resistance to extreme weather and heavy traffic. These findings
prove that 3D printing technology has the potential to revolutionize the road construction industry
and provide more sustainable solutions for infrastructure development.
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1. Introduction

Asphalt is a commonly used construction material for roads because of its durability,
cost-effectiveness, and well-defined construction method. However, the production and
construction of asphalt also contribute to climate change. The manufacturing process of
asphalt involves heating petroleum, a fossil fuel that releases greenhouse gases such as
carbon dioxide and sulfur dioxide into the atmosphere [1]. Moreover, asphalt roads absorb
and retain heat, leading to the urban heat island effect [2,3], which can negatively impact
human health and increase energy consumption for cooling.

The production and construction of asphalt are associated with significant environ-
mental impacts, particularly greenhouse gas emissions. These emissions are generated
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throughout the lifecycle of asphalt construction, with the mixing phase being the most
significant contributor to emissions, accounting for approximately 95.04% of the total emis-
sions. The transportation phase also contributes to emissions, accounting for 2.38% of the
total [4]. Studies have shown that the carbon footprint of hot mix asphalt (HMA) layer
construction is approximately 65.8 kg of CO, per kilometer of road [1-5]. These emissions
are a major contributor to global warming, leading to the trapping of heat in the Earth’s
atmosphere and contributing to the impacts of climate change.

Asphalt pavements, on the other hand, are also sensitive to temperature changes. They
are expected to fail earlier as a result of climate change [6]. The increase in greenhouse gas
(GHG) emissions has led to rising global temperatures, affecting the structural performance
of asphalt itself. A recent evaluation study conducted by Transportation for America [7]
to assess the status of American roads between 2009 and 2017 found that the percentage
of roads in poor condition increased from 14 to 20 percent. The inappropriate selection
of paving materials, typically prescribed under the assumption of a stationary climate
rather than considering the potential effects of climate change, was reported as the main
reason for this increase. Considering the temperature sensitivity of the flexible pavement,
several failures and distresses could be predicted [8-10]. Gudipudi et al., 2017 [11] have
demonstrated that the anticipated rise in temperature during summertime heatwaves could
significantly shorten the pavement life from 16 to 4 years and raise the maintenance costs
by 100%.

In the same line, conventional asphalt pavement has an impermeable surface. As a
result, if proper drainage measures are not implemented, water can accumulate on the
pavement’s surface and create hazardous driving conditions. Furthermore, standing water
on asphalt pavements can accelerate pavement deterioration and reduce the lifespan of the
pavement. With this in mind, in recent years, major flooding events have been witnessed in
various geographical regions, such as Hurricanes Harvey (Texas), Irma (Florida), Katrina
(Louisiana), and Sandy (New England); these events caused extensive social and economic
damages, resulting in billions of dollars in infrastructure losses [12].

As climate change becomes an increasingly urgent global issue, there is a need for alter-
native road construction materials that are more environmentally friendly and sustainable
and able to withstand extreme weather conditions. One such alternative is prefabricated
plastic pavement, which is made entirely of plastic materials, either virgin or recycled
plastics. The world’s first 30-m plastic road was constructed and launched in Zwolle,
Netherlands, in September 2018 [13]. KWS2, Wavin, and Total worked together on the
PlasticRoad project, which was conceptualized by KWS2’s Simon Orritsma and Anne
Koudstaal. These prefabricated plastic panels have been found to be lighter, last longer,
and have better water drainage capabilities than traditional asphalt surfaces [9,14]. In the
presence of the global plastic waste problem and the 300 billion tons annually produced,
the use of plastic roads can also help to address the growing problem of plastic waste by
finding a new use for recycled plastic materials.

This successful real-world example demonstrates the potential of plastic roads to
provide a sustainable solution for road construction that addresses the problem of plastic
waste. However, the use of plastic roads is still a relatively new technology, limited to
light-load walkways and cycle paths. More research is needed to fully understand plastic
roads’ potential benefits and drawbacks and how to extend this new technology to heavy-
traffic roadways. These plastic roads are expected to have a longer lifespan than traditional
asphalt roads, but evaluating their performance under extreme weather and heavy traffic
conditions and their long-term environmental impact is still essential.

This paper investigates the feasibility of utilizing 3D printing technology in manufac-
turing plastic roadway panels able to withstand extreme weather conditions and heavy
traffic loads. The study introduces a sustainable and eco-friendly approach to road con-
struction, incorporating a hollow modular road structure from plastic waste. This plastic
road has superior water storage capacity to mitigate flooding and is equipped with data
collection and maintenance scheduling sensors, making it an ideal fit for smart and future
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cities. The study also explores various plastic materials and structural systems to achieve
the optimum design for heavy traffic and extreme weather conditions. Ultimately, the
successful utilization of this system could lead to a global reduction in plastic waste and
greenhouse gas emissions while improving infrastructure sustainably and cost-effectively.

2. Literature Review

Prefabricated plastic pavement is a modular and hollow road structure that is con-
structed from either virgin or recycled plastic materials. Unlike traditional pavement
structures, it is designed to be modular and lightweight. Plastic pavement’s prefabrication
production and modular design make it more efficient, faster to construct, and simpler to
maintain [15]. Prefabricated plastic pavement typically consists of hollow spaces directly
underneath the top surface of the subgrade. These hollow spaces can be utilized for var-
ious purposes, such as the passage of cables and pipes, which prevents damage caused
by digging, and the storage of water to prevent the risk of flooding. The details of the
prefabricated panel are given in Figure 1.

Rubber strip topdeck and wearlayer
\ o ———————

Connector element

gutter
geotextile / infiltrationcloth

Figure 1. The currently available design of the prefabricated plastic panel for the cycle path (after [14]).

Once the prefabricated panels are manufactured, they are transported to the construc-
tion site and assembled in the anticipated pattern. The plastic panels are interlocked to
create a seamless, durable, sustainable surface. Since the panels are modular in design,
they can be easily replaced or repaired if necessary, as shown in Figure 2. The assembled
panels are then placed on top of a geotextile or geomembrane layer, which functions as a
water barrier layer.

The construction method for plastic roads involves a modular and hollow road struc-
ture that is prefabricated in a factory setting, resulting in a faster and more efficient construc-
tion process compared to traditional pavement methods. The first step in the construction
process is the collection and processing of plastic waste. This waste is usually sourced from
various materials, such as plastic bottles, old fishing nets, and other plastic products. The
prefabrication process involves the use of a specialized machine that shreds and melts the
plastic waste, which is then molded into the desired shape of the road panels. The panels
are then cooled and cut to the required length [14]. The second step in the construction
process is the preparation of the subgrade or the soil and foundation beneath the road
surface. The subgrade must be compacted and leveled to ensure a stable base for the plastic
road. Next, a geotextile is placed on top of the subgrade to separate the subgrade and the
road surface. This helps to prevent soil erosion and water infiltration and allows for a better
contact stress distribution on the bottom panel base [14]. The final step in the construction
process is filling the hollow spaces within the plastic panels. These spaces can be used for
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various purposes, such as the passage of cables and pipes, and also serve as a storage vessel
for water, which helps to prevent flooding.

Figure 2. The currently available construction method of the prefabricated plastic panel for the cycle
path (after [14]).

According to [14], CCL100, CCL200, and CCL300 are the three available types of panels
typically designed and manufactured for such systems. CCL100 is a model of PlasticRoad’s
modular infrastructure solution. It is a lightweight panel made of recycled plastic that is
designed for use as a bike or pedestrian path. The hollow space inside the panel can be
used to store rainwater during heavy rain showers, preventing flooding temporarily. The
panel’s low weight enables it to be applied on soft soils without additional foundation
measures. Usually, this model is used as a transition element between the main plastic path
and the asphalted path.

CCL200 (Figure 3a) is a sustainable alternative to traditional road paving that is
designed to be used in conjunction with an existing rainwater sewer system. It facilitates
the collection of rainwater and allows for partial infiltration into the local subsurface. On
the other hand, CCL300 is a premium product that is specifically engineered for climate
adaptation. It features an integrated water filtration system that captures, purifies, and
gradually infiltrates water into the local subsurface. It is also equipped with smart sensors
that enhance the management and maintenance of the road surface. CCL300 also has
the capability to collect rainwater and facilitate infiltration into the local subsurface (see
Figure 3b). Table 1 compares the three alternatives of prefabricated plastic panels [14].

(b)

Figure 3. Alternatives of prefabricated plastic panels. (a) CCL200. (b) CCL300.

Plastic road technology is still in the very early stage. However, there are a few real-life
cases that have been successfully demonstrated. This section discusses the lessons learned
from ten real-life cases aiming for the further improvement of this promising approach.
Table 2 summarizes the key facts of the ten case studies constructed using plastic road
technology in different locations.



Sustainability 2023, 15, 16777

5o0f 24

Table 1. A comparison between the three variants, CCL100, CCL200, and CCL 300 (after [14]).

Feature CCL100 CCL200 CCL300
Climate Adaptation Low Moderate High
Rainwater Drainage Not included Adc.htl.onal to the Integrated
existing sewer
Water Filter System Not included Not included Included
SMART Sensors Not included Not included Included
Infiltration Functionality Not included Partially Guaranteed
Overflow to Existing Sewer Necessary Necessary Not necessary
Flexibility Moderate Moderate High
Table 2. A summary of ten case studies of plastic roads (after [14]).
S . Size Water Storage
# Case Study Application Location Model Type (/m?) (Liten)
The municipality Combination bike Ritthem,
! of Vlissingen and footpath Netherlands CCL100 200 sqm N/A
p  The Antwerp Port Authority Bike path Antwerp, CCL300 75m 64,600
invests in safe cycle paths Belgium
New lightweight bike path . Gouda,
3 in the green area of Gouda Bike path Netherlands CCL300 100 m 91,000
Combination of bicycle and Combination of cycle Ritthem,
4 pedestrian path in Zeeland path and footpath Netherlands CCLOo 200 sqm NA
. . . Jan van .
5 ChrEate-z}daptlve parking Longitudinal parking Vuchtstraat, CCL300 10 parking bays 27,000
ays in Rotterdam Water storage
Rotterdam
Intelligent cycle path on the .
6 TU Delft campus Bicycle path Delft CCL300 25m 12,942
Sustainable carpool place .
7 in Hardenberg 8 parking bays Hardenberg CCL300 27,240 sqm NA
Parking spaces at Temporaril
8 VolkerWessels Infra Bike path (pilot) Vianen CCL300 NA P y
- storage
campus, Vianen
Bike path,
Mexico City (pilot) . Giethoorn, A solution
? Homeproject bike path, Bike path Netherlands CCL300 NA for flooding
Mexico City (pilot)
" Cycle path, Giethoorn,
10 Giethoorn (pilot) Cycle path Netherlands CCL300 30m NA

* Recycled waste: 1000 kg, CO, emission reduction: 72%. In addition, an extensive sensor network in the hollow
space of the road elements was used for settlement monitoring.

The implementation of PlasticRoad technology in ten case studies has shown that it
is a versatile solution that can be used in various infrastructure projects and effectively
addresses climate change challenges. Different types of PlasticRoad elements are suited for
different projects, and their ability to store and filter rainwater can prevent flooding and
mitigate drought, as shown in Case No. 3, where only 100 m length was enough to store
around 91,000 L of water [14]. The use of recycled plastic in the technology reduces CO,
emissions and makes it sustainable. The use of sensors for data collection and analysis can
lead to smarter and more efficient infrastructure maintenance and highlight the potential
for PlasticRoad in smart cities. Overall, the case studies provide evidence of PlasticRoad’s
potential as a viable solution for infrastructure needs. However, all these cases were limited
to sidewalk and bike lane applications in cold climate locations. This study aims to extend
this new technology to fit the needs of extreme weather and heavy traffic applications.

3. Methodology

In contrast to the methods described in CCL100 to 300, which primarily focus on
prefabricated approaches and recycled plastics, our study explores the innovative realm of
3D printing technology, employing two distinct types of plastic filament, namely polylactic
acid (PLA) and polyethylene terephthalate glycol (PETG). While the previous literature
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has emphasized prefabrication techniques and recycled plastics, our research focuses on
applying advanced manufacturing processes and a wider array of materials. In addition,
the specific structural designs introduced in our study, including conic elements, respond
to the need for sustainability and enhanced structural performance in the context of heavy
traffic and extreme weather conditions.

This study investigates the feasibility of utilizing 3D printing technology in manu-
facturing plastic road modules that can provide the structural design flexibility needed
for the manufacturing of plastic modules with high thermal and structural stability. The
methodology of this study was composed of three main phases, as demonstrated in Figure 4.

(Material Exploration:

Comprehensive review was performed to investigate
different plastic to stand on the most suitable options
stustain for extreme weather and heavy loading
kconditions.

(3D printing:

The Selected two plastic materials were used to 3D
print plastic road specimens with diffrent structural
designs. The effeciency of 3D printing technique was
@ssessed in this phase.

Structural testing:

Three different structural systems were tested under
compression to simulate their performance under heavy
traffic loads.

Figure 4. The three-phase methodology utilized in this study.

In the first phase, different materials were explored to determine the most suitable
material for the hot weather and heavy loading conditions. An extensive review was
performed to explore the chemical composition, engineering properties, characteristics,
thermal stability, mechanical strength, and environmental impact of six different plastic
materials. The considered plastic materials in this review were polylactic acid (PLA), acry-
lonitrile butadiene styrene (ABS), glycol-modified PET (PETG), thermoplastic polyurethane
(TPU), polyamide (Nylon), and polycarbonate (PC). These six materials were selected as
they are the most common plastic materials utilized as filaments for 3D printing.

Based on the outcomes of the first phase, the second phase was concerned with
printing small-scale plastic road modules using the selected materials. In this phase, three
different structural systems were designed using the Fusion 360 software (v2023). Then,
the models were prepared in 3D printing stereolithography (STL) format. As shown in
Figure 5, the first structural system consisted of modules with plastic columns, the second
system consisted of modular units with solid plastic cones, and the third system consisted
of modular units with X-bracing. The details of the three models’ geometries, and details of
each system’s components, are explained in Figure 5. The S5 Ultimaker 3D Printer [16] was
utilized in this experiment. The Ultimaker S5 3D Printer can print parts with a maximum
size of 330 x 240 x 300 mm. The 3D printer was set up and calibrated for optimal module
printing performance. The time needed to print each model, the quality of the printed
model, and the amount of plastic material used in the printing were assessed at the end of
this phase.
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Figure 5. Details of the three structural models developed for 3D printing.

In the third phase, the three different structural systems (Figure 5), namely hollow
modular with plastic columns, hollow modular with solid plastic cones, and hollow
modular with X-bracing, were tested under compression [17] to investigate their struc-
tural performance under heavy traffic loads. A universal testing machine (UTM) was
used for the compression tests. This machine is capable of the low-force, low-torque
testing of mechanical parts down to 0.0005 N [18]. The data collected from the tests were
analyzed and evaluated to draw conclusions about the feasibility of using 3D printing
technology for the manufacturing of plastic road modules and the potential benefits of
different structural systems.

4. Potential Plastic Materials for Advanced Applications

Plastic materials have gained a significant place in the manufacturing industry owing
to their versatility and wide range of properties. The use of plastic in road construction
has also attracted attention in recent years due to its potential to provide a sustainable
solution for road construction. With the advent of 3D printing technology, plastic materials
can now be used to create prefabricated modular road sections, which can offer numerous
advantages over traditional road construction techniques.

The current modular plastic panels are made from a combination of virgin and recycled
plastic materials [14]. The utilization of plastic waste as a raw material in the prefabrica-
tion of plastic pavements constitutes a global innovation ecosystem in recycling plastic
waste. The utilized plastic material has several advantages, such as high melting point
temperatures, typically beyond 66 °C, and a smaller carbon footprint. Moreover, plastic
pavements exhibit fewer defects, such as cracks or potholes, compared to conventional
pavement types. However, as mentioned earlier, the current application of this system is
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limited to light-traffic pavement. Special attention should be given to the material selection
to extend this promising technology to fit heavier-traffic roadway applications.

This section explores the potential plastic materials suitable for advanced applications
such as 3D-printed plastic roads. An extensive review of the properties and characteris-
tics of different plastic materials, including their thermal stability, mechanical strength,
and environmental impact, is conducted to identify the optimal material for use in this
experimental study.

4.1. Polylactic Acid (PLA)

Polylactic acid (PLA) is a thermoplastic polyester that is biodegradable and com-
postable and is made from renewable resources such as maize starch, tapioca root, or
sugarcane. PLA’s popularity has grown in recent years as a result of its environmental
friendliness and biodegradability. Due to its simplicity of use and compatibility with the
majority of fused deposition modeling (FDM) printers, PLA is a widely used material in
3D printing. It is a relatively rigid material with good dimensional accuracy and stability,
making it suitable for the creation of precise and intricate 3D models. It also has a low
shrinkage rate, which reduces the risk of warping during printing [19].

The chemical structure of polylactic acid (PLA) is (C3H4O;)n., as shown in Figure 6a.
PLA is created by either the ring-opening polymerization of lactide, a cyclic dimer of lactic
acid, or by condensing lactic acid molecules with the loss of water. Depending on how
the chiral carbon atoms are arranged, lactic acid can exist in two different enantiomeric
forms: L-lactic acid and D-lactic acid. PLA can also have different stereochemical structures
depending on the arrangement and ratio of the polymer chain’s L- and D-lactic acid
units. PLA’s physical and mechanical characteristics, including its crystallinity, melting
point, glass transition temperature, and tensile strength, are influenced by its chemical
structure [20].

CH,

HO
O

(a)

Figure 6. (a) Chemical structure of polylactic acid (PLA) [(C3H4O2)n]. (b) SEM micrographs for PLA
(Pai, et al., 2020 [21]).

The microstructure of PLA materials (Figure 6b) depends on various factors, such as
blending, processing, and compatibilization [22]. For example, when blended with another
polymer, PLA can form different microstructures, such as sea island, interpenetrating
networks, or co-continuous phases. Figure 6b shows the microstructure of the pure PLA
material. A summary of the advantages, disadvantages, and engineering properties of the
PLA material is given in Table 3.

4.2. Acrylonitrile Butadiene Styrene (ABS)

Acrylonitrile butadiene styrene (ABS) is a thermoplastic polymer characterized as
a heterogeneous multi-phase system. ABS is created by polymerizing styrene and acry-
lonitrile with polybutadiene. It has a glass transition temperature of about 105 °C [23].
ABS plastic is known for its toughness, impact resistance, and lightness, as well as its
easy machinability, moldability, and fabricability. It is stable up to its melting point and
may be heated, cooled, and reheated multiple times without degrading [24]. ABS plastic
is also used in diverse industries and applications, such as automotive parts, electronic
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housing, musical instruments, and 3D printing. Furthermore, some studies have used ABS
to improve the performance of modified asphalt binders, making them suitable candidates
for use in plastic pavement applications (e.g., [25]).

Acrylonitrile, butadiene, and styrene are the three monomers that form ABS plas-
tic’s chemical structure. The chemical formula for acrylonitrile butadiene styrene
(CgHgC4H¢C3H3N) is shown in Figure 7a [26]. The ratios might range from 5% to
30% butadiene, 40% to 60% styrene, and 15% to 35% acrylonitrile. On the other hand,
the microstructure of ABS is composed of a long polybutadiene chain interspersed with
shorter poly(styrene-co-acrylonitrile). Because they are polar, the nitrile groups from
nearby chains attract one another and bind together, making ABS more robust than pure
polystyrene, as shown in Figure 7b.

N4/C/§CH2 HzC%/\CHﬁ

Acrylonitrile 1,3-Butadiene

CH,

Styrene

(a) )

Figure 7. (a) Acrylonitrile butadiene styrene (ABS) chemical structure. (b) SEM micrographs for ABS
(after Dechasit and Trakarnpruk, 2011 [27]).

4.3. Polyethylene Terephthalate Glycol (PETG)

Polyethylene terephthalate glycol is a thermoplastic material that is frequently used
in 3D printing because of its superior mechanical properties, durability, and simplicity
of usage. It is a modified version of polyethylene terephthalate (PET), which is widely
used for packaging applications, but with added glycol to improve its flexibility and
impact resistance. PETG has high transparency and is resistant to impact, chemicals, and
weathering, making it an ideal material for high-strength and -durability applications. It
is also easy to print with, as it has a low shrinkage rate, making it less likely to warp or
crack during printing. PETG is commonly used in medical equipment, food packaging, and
outdoor signs due to its high resistance to UV light and weathering. It is also extensively
used in 3D printing since the glycol minimizes the difficulties involved with PET, including
overheating, high humidity, and frailty. PETG products can also be sanitized. PETG is
emerging as the ideal type for 3D printing due to the strong adhesion between sheets,
minimal distortion during printing, resilience in low-temperature environments, chemical
endurance towards bases and acids, and lack of aroma when printing [28].

When cyclohexane dimethanol is added to the polymer chain, PET can be copoly-
merized to form polyethylene terephthalate glycol-modified (PETG). Hence, the chemical
composition of PETG is (C;9HgO4)x:(C10H1404)y-(C2HgO,)z, where X, y, and z are the
respective mole fractions of terephthalic acid, cyclohexanedimethanol, and ethylene glycol
used in the production process [29]. The resulting polymer has a flexible and amorphous
structure due to the inclusion of cyclohexanedimethanol, which provides flexibility to the
material, making it more impact-resistant compared to other polyester materials like PET,
as shown in Figure 8.
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Figure 8. (a) PETG’s chemical structure. (b) SEM micrographs for PETG (after [30]).

n

4.4. Thermoplastic Polyurethane (TPU)

Thermoplastic polyurethane, often known as TPU, is a form of polyurethane plastic
that possesses a variety of features, such as elasticity, transparency, and resistance to
abrasion, oil, and grease. In scientific terms, it is classified as a thermoplastic elastomer
and is composed of linear segmented block copolymers that include both flexible and stiff
segments [31]. The production of TPU is accomplished through the reaction of diisocyanates
with short-chain diols (also known as chain extenders) and long-chain diols. It is possible to
construct a large range of TPUs, each with its own unique set of characteristics, by adjusting
the reaction chemicals’ proportions, structures, and molecular weights. Figure 9 shows the
typical chemical formation and the microscope structure of the TPU.

2 ’7 ’)
2 )

n510

(a) T )

Figure 9. (a) Molecular structure of thermoplastic polyurethanes [32]. (b) SEM micrographs for TPU
(after [33]).

4.5. Polyamide (Nylon)

Polyamide, also known by its brand name “Nylon”, is a type of man-made plastic
material that is formed of polyamides with a high molecular weight. It is most commonly
produced as a fiber, although it can also be made into molded items and other shapes.
Polyamides can be produced either through the polycondensation of a dicarboxylic acid
with a diamine or through the self-condensation of an amino acid that possesses the ability
to polymerize. It is feasible to manufacture items that are either stiff and brittle or soft and
rubbery by adjusting the acid and the amine proportions in the recipe [34,35].

One of the numerous attributes of Nylon is a high level of resilience to wear, as well as
heat and chemicals. When cold-drawn, it possesses robustness, elasticity, and toughness.
Nylon is used in a wide variety of applications, including automotive instrument panels,
caster wheels, power tools, sporting goods, medical devices, drive belts, footwear, inflatable
rafts, fire hoses, and a variety of extruded film, sheet, and profile uses. Some of these
applications are more common than others. The microstructure of polyamides, particularly
those produced from primary amines, is characterized by a high degree of crystallinity. This
is especially the case for polyamides derived from primary amines. When the specimen
is subjected to tension, the orientation of the molecules continues until the length of the
specimen is approximately four times its initial value. Figure 10 shows the typical chemical
formation and the microscope structure of Nylon 66.
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Figure 10. (a) Microstructure of the Nylon material. (b) SEM micrographs for Nylon (after [34,35]).

4.6. Polycarbonate

Polycarbonate (PC) is a type of thermoplastic polymer that is known for its strength,
transparency, and resistance to impact. It is composed of repeating units of bisphenol A and
phosgene, which are chemically linked together to create a strong and durable material [36].
Polycarbonate (PC) material is suitable for 3D printing. It is a popular choice for 3D printing
because of its high strength, heat resistance, and impact resistance. However, it may require
a higher printing temperature and slower printing speed compared to other materials. It is
also important to ensure that the 3D printer used is capable of printing with PC. Figure 11
shows the typical chemical formation of the PC material.

H;C CH;
i
() (9]
On

Figure 11. The chemical composition of PC material.
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Table 3. A summary of the advantages, disadvantages, and engineering properties of six plastic materials for 3D printing applications.
y g 8 g § prop p p g app
Typical Mechanical Properties
No. Flament Type Material Advantages Disadvantages Glass Transition Melting Tensile Young’s . Reference
Density
Temperature Temperature Strength Modulus Jem?
°C °C MPa GPa &
It is brittle and prone to
cracking under stress or impact.
It has poor thermal stability
It is environmentally friendly ar-1d can deform or degrade at
and can be composted under hlgh'temp eratures or under
industrial conditions. UV light. .
It is easy to print with and It has.low resistance to
does not require a heated chemicals and solvents.
bed or an enclosed chamber. Ithas _p(l)or accilhesmn to some
. . i ; terials and may require a 2.7 to
1 PLA Polylactic Acid It has good dimensional mate o may 60 170 50 MPa 125 g/cm? 19,37-39
Y accuracy and surface quality. special coating or glue. 3.0GPa g/em : :
It has a wide range of colors One potential drawback of
and blends available. PLA is its sensitivity to high
It has good biocompeatibility, temperatures_, which can cause
biodegradability, the deformation or melting of
: 7 the material.
d optical clarity.
and opticat clartly PLA has lower impact
resistance and toughness
compared to other 3D printing
materials like ABS or Nylon.
Durable, heat-resistant,
and impact-resistant.
High rigidity, good weldability, Prone to warping, emits fumes
and insulating properties. when printing.
Good resilience to impact, Weatherability (damaged ABS is amorphous
Acrylonitrile even in wintry weather. by sunlight). and therefore A
2 ABS Butadiene Styrene Good abrasion and Solvent resistance. 105 has no true 43 228 1.03 to 1.06 [40,41]

strain resistance.

Strong mechanical stability
with time.

Bright surfaces with great
aspect ratios.

Hazardous when burned.
Higher price than polystyrene
or polyethylene.

melting point.
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Table 3. Cont.
Typical Mechanical Properties
No.  Flament Type Material Advantages Disadvantages Glass Transition Melting Tensile Young’s Densit Reference
Temperature Temperature Strength Modulus g/cm3y
°C °C MPa GPa

PETG is suited for high-strength
display units, attributable to its It is more prone to leaking than PLA
rigidity and impact resistance. It is or ABS, and it would require extra
also ideal for 3D printing. PETGisa  post-processing to erase any flaws. If
vacuum and thermoformable not stored in a dry environment, it
polymer that can resist high will absorb water, making
pressures without disintegrating. It components fragile. If the PETG

Polyethylene . " . .

3 PETG Terephthalate Glveol ™Y be molded or extruded into filament is not properly disposed of, 81°C. 260 °C 270 MPa 21 1.23 [42,43]

P Y sheets in a number of different it might have a harmful influence on
ways. PETG is inherently the environment. The PETG filament
translucent, allowing for distinctive ~ does not have high cosmetic print
effects, but it can also be readily quality. It is also sensitive to the print
colored and combined to provide a speed and requires a higher process
variety of forms. While 3D printing, ~ temperature to finish.
PETG is non-toxic and odorless.
Thermoplastic polyurethane (TPU)
is a flexible filament often used in
FDM 3D printing to create parts
that require flexibility, strength,
and glurabﬂlty. Some a(.:lva.ntages There are also some challenges
of using TPU for 3D printing . - L ;
N P e associated with 3D printing with

Th lasti gmh.'g.lf its hlgh durﬁ\blhty, i TPU. It is generally regarded as a 28.0-96.0 0.621-5.50
4 TPU e astic exibility, and excellent tensile difficult material to print with dueto ~ —40 °C to 55 °C 185-243 °C 0-96. 621-5. 1.28-1.66 [32,44,45]
olyurethane strength. It has a greater glass MPa GPa

transition temperature than PLA
and can handle low temperatures
well without becoming brittle. TPU
is also chemically and
abrasion-resistant, making it
suitable for functional flexible
prototype testing.

its softness, which can make it more
difficult to consistently extrude the
appropriate amount of filament.
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Table 3. Cont.
Typical Mechanical Properties
No.  Flament Type Material Advantages Disadvantages Glass Transition Melting Tensile Young's Densit Reference
Temperature Temperature Strength Modulus g/cm3y
°C °C MPa GPa

1. Durable: Nylon fibers are
tough and resistant to wear
and tear, making it a Prone to melting: Nylon will
popular material for clothes melt if exposed to high heat,
and outdoor equipment. which can be a disadvantage

2. Lightweight: Nylon is a in certain applications.
lightweight material, which Low breathability: Nylon is not
makes it easy to carry and breathable like natural fibers,
use in various applications. which can cause comfort issues

3. Resistant to moisture: when used in clothing.
Nylon is moisture-resistant, Static electricity: Nylon fibers

5 Nylon 66 Polyamide preventing water from can generate static electricity, 47 258 85 3.50 GPa 1.15 [34,46]

being absorbed and keeping causing discomfort and
the material dry. annoyance for some users.

4. Affordable: Nylon is an Environmental impacts:
affordable material Nylon is a synthetic fiber
compared to other synthetic made from petrochemicals,
and natural fibers. meaning that it is

5. Versatile: Nylon can be not biodegradable
molded into various shapes and has a significant
and sizes, making it environmental impact.
appropriate for a wide range
of products and applications.

1. High impact resistance: PC
material is known for its
f:;if;;ig?i?ﬁigit an Scratches: Despite its strength
ideal choice for products and durability, PC material is
that require durability. prone to scratches, which can

2. Lightweight: Compared to Impact its appearance
other materials, such as and functionality.
metal, PC material is Chemical sensitivity: PC
relatively lightweight, material can be sensitive to
making it an excellent choice certair} chemicals, which can

6 PC Polycarbonate i‘;rs}ll’rtgi‘ﬁz that need rf:plz)er t cause [t fo degrade over fime. 11 _150°C 250-343 °C 65.5 Mpa 238 GPa 103 [36,47]

3. Transparency: PC material is expensive than some other
transparent, which makes it materials, such as acrylic,
an ideal choice for products which may impact its use in
that require clarity. certain products. .

4. Resistance to high UV sensitivity: PC material

temperatures: PC material
is resistant to high
temperatures, which makes
it an excellent choice for
products that need to
withstand heat.

can be sensitive to UV rays,
which can cause it to yellow
over time.
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5. Experimental Setup and Testing

The 3D printing technology was chosen for the manufacturing of the plastic road
modules due to its potential to provide the structural design flexibility required for the
design of different plastic models that could be customized for various purposes, such as
sustaining heavy traffic loads or withstanding extreme weather conditions. Accordingly,
the S5 Ultimaker 3D Printer [16] was set up and calibrated for optimal module printing
performance. Then, it was used to print the three different structural systems. Figure 12a
shows the printing processes for one of the 3D models. In general, the three models
required almost the same time of 18 h to be printed. Figure 12b shows the printed models
of the three structural systems. The three models were printed with the same size of
150 x 150 x 50 mm and a thickness of 5 mm.

(b)

Figure 12. (a) A snapshot of the 3D model printing process. (b) Three models for the proposed three

structural systems of the plastic roads.

After careful consideration of the properties and characteristics of the six potential
plastic materials reviewed in the previous section, and based on the availability of the
plastic filament, the study selected PLA and PETG for further investigation. PLA was
chosen due to its environmental sustainability, biodegradability, and ease of use in 3D
printing. It is a renewable resource, making it an ideal choice for sustainable and eco-
friendly applications. Moreover, its rigidity and high modulus of elasticity make it an
excellent choice for the creation of structural elements. In addition, it has low toxicity,
making it safe to handle and dispose of. PETG, on the other hand, was the second selected
material due to its superior thermal resistance, durability, and resistance to impact and
UV radiation. These properties make it an ideal material for heavy traffic applications and
extreme weather conditions. It is commonly used in automotive and medical applications,
where durability and toughness are critical. Both PLA and PETG are widely available
and compatible with most 3D printers, making them suitable for the study’s experimental
design. Table 4 summarizes the main characteristics of the two materials.

Table 4. Comparison between the principal characteristics of PLA and PETG.

Property PLA PETG
Strength Brittle, low impact resistance Tough, high impact resistance
Flexibility Rigid, minimal flexibility Flexible, high elongation at break
Durability Biodegradable, degraded in UV light Non-biodegradable, resists UV degradation
Printability Easy to print, low warping More difficult to print, higher warping
Temperature Resistance Melts at around 60-65 °C Melts at around 80-85 °C

Chemical Resistance

Sensitive to chemicals Resistant to chemicals
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Three PLA models were printed and tested for their performance under heavy traffic
loads through a series of compression load tests (ASTM D695 [17]) performed on each
system, to evaluate their structural performance and determine the optimal design, as
shown in Figure 13. Data collected from the three tests were analyzed and evaluated to draw
conclusions about the feasibility of using 3D printing technology for the manufacturing of
plastic road modules and the potential benefits of using the PLA material. Then, the same
process was repeated but using the PETG material, as shown in Figure 13d.

(d)

Figure 13. The compression tests performed to examine the structural performance of the three

proposed systems of 3D printed plastic roads, as small models made of PLA material. (a) Hollow
modular with solid plastic cones. (b) Hollow modular with plastic columns. (c) Hollow modular
with X-bracing. (d) A sample of the 3D-printed plastic PETG model.

6. Results and Discussion

The study aspired to investigate the feasibility of utilizing the 3D printing technique to
provide the thermal and structural flexibility required to develop 3D-printed plastic models
for road segments able to withstand heavy traffic and extreme weather conditions. The
success of 3D-printed plastic roads requires careful consideration of the plastic materials
used. This study reviewed six plastic materials for their suitability in 3D-printed plastic
roads: PLA, ABS, PETG, TPU, Nylon, and PC. The review evaluated their thermal stability,
mechanical strength, and environmental impact. After careful consideration, PLA and
PETG were selected as the most suitable plastic materials for 3D-printed plastic roads. This
section discusses the results of the performed experimental tests to examine the reliability of
the 3D printing technique in providing the structural design flexibility required to develop
advanced plastic roads.

6.1. Structural Design Flexibility

The structural performance of three hollow modular systems made of PLA material
was examined in compression based on the ASTM D695 [17] standard. The systems were
modular with columns, modular with cones, and modular with X-bracing. The obtained
stress—strain relationships of the three systems are given in Figure 14.

The stress—strain relationship of each of the three systems provides insights into their
structural performance under compression. The modular system with cones was able to
sustain stress up to 0.435 MPa without reaching failure, indicating its ability to withstand
higher loads. This system also had a relatively high strain of 9.4, indicating its flexibility
under compression. Similarly, the modular system with columns was also able to sustain
stress up to 0.435 MPa with a strain of 8.9. These results demonstrate the structural design
flexibility provided by 3D printing technology, as both systems were able to withstand
heavy loads while maintaining their structural integrity. Nevertheless, the modular system
with X-bracing exhibited failure at a stress level of only 0.25 MPa, suggesting that the
strength of the bracing design was insufficient to endure heavy loads. Further optimization
may be necessary to enhance its structural stability.

The results of the compression tests conducted on the three modular systems made
of PLA material indicated the potential of using 3D printing to produce printed plastic
pavement modules with various structural capacities and stiffnesses. The modular systems
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with cones and columns exhibited promising results in terms of their ability to withstand
heavy loads and maintain their structural integrity, while the X-bracing system showed a
high degree of flexibility and failed in a ductile way.

0.5 0.5
0.45 0.45
0.4 0.4
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2 0.25 2 0.25
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(a) Hollow model with conic system. (b) Hollow model with column system.
0.3
0.25
g 02
=
<015
£
» 0.1
0.05
0
0 5 10 15 20 25

Strain (%)

(c) Hollow model with X-bracing system

Figure 14. Stress-strain relationships of the three PLA hollow models.

6.2. Deformability and Failure Mode

The load—displacement results obtained for the three PLA models with different
structural systems are presented in Figure 15. It can be observed that the modular
system with cones exhibited the highest compression strength, as it was able to sustain a
maximum load of 9.3 kN without failure, with maximum deformation of 4.84 mm. The
modular system with columns also demonstrated relatively good performance, with
almost the same maximum load of 9.3 kN but with higher maximum deformation of
5.393 mm. In contrast, the modular system with X-bracing showed lower compression
strength, achieving failure under a load of 5.4 kN, and failed in a ductile manner with
maximum displacement of 12.5 mm.

Furthermore, Figure 16 presents the deformed shape of the model that achieved
failure (X-bracing system) and the second that only deformed without achieving failure
(column system). It can be observed that the model with X-bracing exhibited significant
plastic deformation before failing, indicating that this system is not suitable for heavy
traffic applications. The cone and column systems, on the other hand, showed relatively
smaller deformation before reaching their maximum load-carrying capacities, indicating
their potential for use in structural applications where high load-carrying capacities and
minimal deformation are required. The following section explores the performance of this
system upon using different plastic materials (PETG), to investigate its performance in
extreme weather conditions.
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Figure 15. A comparison between the load—-displacement relationships of the three PLA models with
different structural systems.

(b)

Figure 16. The deformed shape of two different PLA models with different structural systems.
(a) Hollow model with column system, (b) Hollow model with X-bracing system, (c) Hollow model
with cone system.

6.3. PLA vs. PETG: Comparative Analysis

The heat deflection temperature (HDT) test was performed by Roman et al., 2021 [48]
for two plastic materials (PLA and PETG) at 0.45 Mpa according to ISO 75 [49], to measure
the amount of heat that a plastic can withstand before it matures under a specified load.
In addition, the maximum melting temperature for the same two materials was obtained
according to ISO 11357, while the glass transition temperature and modulus of elasticity
were determined using the ASTM E1356 and ASTM D638 [50], respectively. Table 5
summarizes the determined properties of both PLA and PETG.

Based on the comparative analysis provided, it is evident that PETG exhibits supe-
rior thermal stability when compared to PLA. Specifically, PETG demonstrates several
advantages in key thermal properties. First, PETG displays a notably higher heat deflec-
tion temperature (HDT) at 0.45 MPa, registering at 68 °C, which surpasses the HDT of
PLA, recorded at 55 °C, as per the ISO 75 test. Moreover, PETG exhibits an impressive
maximum melting temperature range of 220-245 °C, significantly higher than PLA’s
range of 145-160 °C, as determined by the ISO 11357 test. Furthermore, PETG displays
a superior glass transition temperature, ranging from 80 to 82 °C, in contrast to PLA’s
range of 55-60 °C, as established through the ASTM E1356 test. This robust comparison
clearly highlights PETG as the more thermally stable material in contrast to PLA.
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Table 5. Thermal properties of PLA and PETG (after Roman et al., 2021 [48]).
Typical Properties
Test Unit PLA Reference PETG Reference
Heat deflection temperature o
(HDT) at 045 Mpa C 55 ISO 75 [49] 68 1SO 75 [49]
Elasticity modulus GPa 2.3 ASTM D638 [50] 2.1 ASTM D638 [50]
Maximum melting temperature °C 145-160 1SO 11357 [51] 220-245 1SO 11357 [51]
Glass transition temperature °C 55-60 ISO 11357 [51] 80-82 ASTM E1356 [52]
Elongation at flow % 2% ASTM D638 [50] 14% ASTM D638 [50]
Final traction force MPa 26.4 ASTM D638 [50] 45.8 ASTM D638 [50]

0.45

It is also interesting to mention that, compared to Bitumen 62, which is commonly
utilized in asphalt production, PLA has a heat deflection temperature of 55 °C and a melting
temperature of 152 °C, while PETG has a heat deflection temperature of 68 °C and a melting
temperature of almost 232 °C. Meanwhile, Bitumen 62 has a melting temperature range of
100-150 °C and a heat deflection temperature of around 60 °C. With this in mind, PETG
could have superior thermal stability even compared to Bitumen.

On the other hand, the compression test was conducted on the hollow modular system
made of PETG material with a conic structural system. The stress—strain relationship of the
PETG model is shown in Figure 17a, and the deformed shape of the model is presented in
Figure 17b.
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Figure 17. (a) Load-displacement relationship of a PETG model with a conic structural system.
(b) The deformed shape of a PETG model with a conic structural system.

The results show that the PETG model exhibited relatively ductile behavior under
compression. As shown, the conic structural system made of PETG material demonstrated
compression strength comparable to that of the PLA model, achieving failure at a stress of
0.419 MPa, but with a significant strain of 45. Figure 18 compares the load—displacement
relationships of the conic models with PLA and PETG materials.

The mechanical behavior of the PETG and PLA models was investigated through
compression tests, and the results demonstrated significant differences in their responses to
the applied loads. The PETG model showed relatively ductile behavior, achieving failure
at a maximum load of 9.3 kN and a large displacement of 27.52 mm. In contrast, the
PLA model demonstrated more brittle behavior, failing at a lower load of 9.5 kN with
a maximum displacement of 9.4 mm. The load—displacement relationships of the two
conic models further emphasize these differences, highlighting the unique mechanical
properties of each material. With this in mind, as shown in Table 5, the PETG material has
superior thermal properties, as it has higher melting, heat deflection, and glass transition
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temperatures compared to PLA. These thermal properties may have contributed to the
observed differences in mechanical behavior between the two materials.
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Figure 18. A comparison between load-displacement relationships of the two conic models with
PLA and PETG materials.

6.4. Hybrid Material and Nano-Additives

The use of hybrid plastic materials in 3D printing offers several advantages over
using a single material. Hybrid materials can combine the desirable properties of two or
more materials, creating parts with unique properties tailored to specific applications. For
example, a hybrid material could combine the strength and stiffness of one material with
the flexibility and durability of another, resulting in a part that is both strong and resilient.

The results of the comparative analysis highlighted that the modular system with
cones made of PLA material exhibited the highest compression strength, sustaining the
maximum stress without failure. On the other hand, the system made of PETG material,
although using the same conic structural system, demonstrated relatively ductile behavior
with a significant displacement before failure; nevertheless, PETG had superior thermal
stability. Therefore, to achieve optimal performance that fits the structural and thermal
requirements, the study suggests a hybrid system combining the two materials, which may
result in a system with improved overall performance, as the PETG material could be used
for the modular body to provide flexibility and ductility, while the PLA material could be
used for the cones to provide strength and rigidity.

Nano-additives could also offer added value as materials that are added to a base
material at the nanoscale to improve its properties. In the case of 3D printing, nano-
additives can be added to the hybrid material to improve its mechanical, electrical, or
thermal properties, as well as to enhance its biocompatibility or other characteristics.
Examples of nano-additives that can be used in hybrid materials for 3D printing include
graphene, carbon nanotubes, metallic nanoparticles, and ceramic nanoparticles. These
nano-additives can be incorporated into the hybrid material through processes such as
dispersion, blending, or coating.

7. Conclusions

This preliminary study aimed to explore the viability of employing 3D printing tech-
nology for the production of plastic pavement modules, presenting an alternative to the
conventional use of asphalt in road construction. Conventional asphalt production and
construction are associated with substantial carbon emissions, which are contributing
factors to global warming and climate change. To address this critical issue, this study
proposes an innovative solution involving 3D-printed pre