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Introduction

Plastic is a synthetic or semi-synthetic organic compound 
that can be molded when heated. Common types of plastics 
include polyethylene, polypropylene, polyvinyl chloride, 
polyethylene terephthalate, and polystyrene [1, 2]. Plastic 
has become an essential part of modern life, having a wide 
range of applications including packaging [3]. The packag-
ing industry absorbs the highest quantity of plastics gener-
ated globally and is among the main causes of waste plastics 
in the environment [4]. Per capita plastic waste generation is 
around 5.6 kg/year, with approximately 315 thousand tons 
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Abstract
Traditional wall cladding materials such as natural stone (marble and granite), composite panels (porcelain and ceramic), 
metals (stainless steel to copper), and glass are typically too expensive for medium and low-income households in Tan-
zania. For instance, ceramic tiles in Tanzania, as reported by CTM Tanzania (a leading specialist retailer), cost approxi-
mately TZS 28,000 to 118,055.56 (USD 10.58 to 44.86) per square meter, typically higher than the approximately TZS 
10,000 (USD 3.78) per square meter for locally produced composite wall cladding. This study investigated the potential 
of developing an affordable and sustainable alternative utilizing recycled PET plastic, sand, and steel fibers. The aim was 
to minimize construction costs and reduce waste by recycling non-biodegradable PET. To achieve this, laboratory experi-
ments were conducted to investigate the physical and mechanical properties of composites made from hot-blended PET 
plastic, sand, and recycled steel fibers. The density of composites, formulated with a constant PET-sand ratio and varying 
recycled steel fiber content, was directly associated with fiber concentration, increased from 1.622 g/cm3 (0% fibers) to 
2.852 g/cm3 (5% fibers). Water absorption exhibited an interesting pattern: it initially decreased from 0.84% (0% fibers) to 
0.65% (2% fibers), then rose dramatically from 1.8% (2.5% fibers) to 4.7% (5% fibers). The highest compressive strength, 
22.8 MPa, was achieved by a specimen containing 3% steel fibers. Additionally, impact tests exhibited the incorporation of 
1–5% fiber content improving the material’s toughness, and enhancing stiffness. Petrographic analysis confirmed the even 
distribution of steel fibers within the matrix, which contributed to their increased strength. Based on the findings, an opti-
mal composition of 1:1 PET-sand ratio, with steel fiber contents ranging from 2 to 3.5% is recommended for developing 
composite wall cladding materials. This mixture provides excellent mechanical properties and low water absorption. By 
repurposing these waste materials for wall cladding, we can mitigate environmental concerns and encourage eco-friendly 
construction, while providing a more affordable option for building projects. Further research is required, particularly 
regarding the scalability of production and long-term performance in various environmental conditions.
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of plastic waste generated in Tanzania per year [5]. Plastics 
are relatively durable and lightweight materials with ther-
mal and electrical insulation characteristics [6]. The exten-
sive use of plastics has generated a substantial amount of 
plastic waste, leading to harmful environmental impacts. 
If not managed appropriately, these challenges can cause 
landfill congestion, environmental pollution, and addition 
to climate change. Sustainable management strategies for 
plastic waste, especially in urban towns, are essential; these 
include thermal breakdown, landfills, mechanical pulveri-
sation, incineration, and microbiological decomposition. 
The environmentally friendly and sustainable approach is 
to recycle plastic waste for construction purposes. Research 
into innovative applications of recycling plastic waste for 
construction use can help minimize environmental impact, 
identify alternative materials, and reduce the cost of con-
struction [7].

Polyethylene Terephthalates (PET) are among the widely 
used plastics found in numerous applications, including 
beverage bottles, packaging, clothing, and carpeting. They 
are relatively inexpensive, lightweight, and durable mate-
rials that have the potential of being recycled into various 
products with a wide range of applications [8]. PET plastic 
bottles rule the market for water packaging, but their com-
mon use creates a substantial threat to human health and 
ecosystems. The discharge of great volumes of PET plastic 
bottles into the environment raises concerns regarding envi-
ronmental protection. As a result, there is an urgent need 
to create and execute effective recovery technologies [9]. 
Recycling is a valuable method for reducing the accumula-
tion of PET plastic waste bottles in landfills and the envi-
ronment. By recycling PET bottles to innovate construction 
materials, it can provide a low-cost and sustainable alterna-
tive to construction materials while reducing the disposal of 
waste in landfills [10].

Plastic waste provides significant potential for use in 
construction materials, as binders, coarse aggregate, fine 
aggregate, modifiers, or replacement for cement and sand 
in the manufacturing of bricks, tiles, concrete, and roads 
[11]. Particularly, studies have explored the potential use of 
PET plastics as binders in numerous composite materials. 
For instance, PET plastics were successfully applied as a 
binder to develop bathroom wall composite materials when 
integrated with cocoa hull powder [12]. Research on roof 
tiles cast with plastic waste as binding material revealed that 
40% plastic waste yields optimal physical and mechanical 
properties [13]. Similarly, an experimental study on roof 
tile production utilizing waste PET and river sand found 
that 40% and 50% PET waste plastic produced favorable 
results [14]. The highest compressive strength in roof 
tiles developed from waste plastic, sand, and fly ash was 
achieved with 50% PET waste plastic [15]. Furthermore, 

characterization of floor tile composites exhibited optimal 
compressive strength and water absorption with 44.44% 
PET waste plastic and 55.56% sand content [16]. Previous 
characterization studies, such as one by [17] on hot-mixed 
PET waste plastic and sand, revealed that a matrix of 50% 
PET waste plastic and 50% sand offers optimal results for 
wall cladding. This blend revealed low water absorption 
(0.84%), high compressive strength (17  MPa), and high 
impact strength (1.494Joules). The hot-mixing process 
was conducted under a controlled temperature of 250  °C. 
Additionally, PET plastic waste has revealed a flash point 
of 355 °C and a fire point of 360 °C. XRF analysis showed 
that the composite cladding was primarily composed of 
84.8% SiO2 from river sand, indicated a loss on ignition 
value of 1.4%, and a low concentration of impurities such 
as Al2O3, Fe2O3, CaO, MgO, SO3, Na2O, K2O, P2O5, TiO2, 
and Cr2O3. These findings confirm the sand’s suitability 
for wall cladding and other construction purposes. Despite 
the potential and increasing popularity of plastic waste as 
composite materials in the wider construction industry due 
to their outstanding properties, their specific inclusion for 
wall cladding applications remains significantly limited 
[18]. Critically, existing research often does not adequately 
address the unique performance requirements of wall clad-
ding or fully explore the benefits of integrated PET plastic, 
sand, and recycled steel fiber reinforcement for this partic-
ular use. Therefore, this research presents a novel assess-
ment into the strategic addition of recycled steel fibers to 
PET-based composites, aiming to enhance their mechanical 
properties and durability, particularly for demanding wall 
cladding applications [19, 20].

Recycled fibers, particularly those derived from waste 
vehicle tires, provide significant benefits when integrated 
into composite materials. These fibers are famous for 
improving compressive and impact strength and enhancing 
fire resistance [19, 21]. In lightweight concrete and compos-
ites, fibers are mainly integrated to minimize density and 
increase thermal insulation properties [22]. Their application 
can significantly reduce crack width under load, enhancing 
mechanical properties and durability in composite materials 
[23]. Various steel fiber contents, 0%, 0.5%, 1%, 1.5%, and 
2% can be utilized to reinforce polymer composites [24, 25]. 
Tire-recycled steel fiber (0–3%), utilized in the mechanical 
performance evaluation of reinforced concrete [26, 27]. The 
mechanical resistance of ultra-high-performance geopoly-
mer concrete and other composites is critically enhanced by 
adding steel fibers. In this regard, a 1% addition of steel 
fibers can significantly improve the impact resistance, flex-
ural toughness, and hardness performance of ultra-high per-
formance geopolymer concretes [28]. Several studies have 
explored optimal fiber content: [29] suggests that a 1% fiber 
content is optimal for improving the mechanical properties 
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of composites, while [30] established that a 1% steel fiber 
content typically enhances the mechanical strength of recy-
cled concrete. A review by [31] On concrete reinforced with 
recycled steel fibers from waste tires, an optimal amount of 
3% by mass has shown an impact on mechanical strength. 
However, it is important to note that while fibers increase 
strength, a higher volumetric content of fibers can create 
pathways for water ingress into the composite, especially if 
their orientation is unfavorable [32]. Whereas, a lower volu-
metric content can offer reduced porosity [32]. Moreover, 
short steel fibers have been exhibited to exceptional hard-
ness and toughness in concrete and other composites when 
compared to longer fibers at equivalent dosages [33]. Incor-
porating fibers in composites is a mechanism that controls 
the crack bridging action during macro and micro fracture 
of the matrix. Steel fibers increase the energy absorption 
capacity of the composite by resisting the spread of micro-
cracks, hence increasing the toughness of the composites 
[27]. Fiber bridging occurs when a crack moves from one 
matrix interface to another, leaving behind an unbroken fiber 
for crack deflection [34]. Previous studies have extensively 
investigated the use of steel fibers in composite materials. 
For instance, [35] investigated the integration of stainless 
steel wire into cladding layers. Similarly, studies by [36] 
and [37] revealed that adding steel fibers typically improved 
the mechanical properties of titanium/aluminium composite 
plates and steel-aluminium composite panels, respectively. 
[37] also suggested that a larger fiber diameter could con-
tribute to increased tensile resistance.

Plastic composite claddings also have numerous dis-
advantages despite their advantages. These include a high 
initial cost that must be carefully considered against long-
term benefits [38]. They can also suffer from fading in 
lower-quality or poorly developed products [39] and are 
prone to expansion and contraction with temperature varia-
tions, necessitating precise installation [40]. A significant 

challenge also presents in their end-of-life recyclability, as 
their multi-material composition contributes to effective 
separation and reprocessing being difficult and often costly, 
potentially resulting to landfill disposal [41].

Given these challenges and the potential of recycled 
materials, this study particularly examined the suitability 
of integrating recycled tire steel fibers into PET-based wall 
cladding materials. By combining the properties of recycled 
PET and recycled steel fibers, the composite cladding mate-
rials with enhanced mechanical properties were produced. 
This research aims to contribute to the production of sus-
tainable and high-performance wall cladding material for 
buildings in Tanzania. The successful implementation of the 
products is intended to result in a reduced environmental 
impact caused by plastic waste and offer creative solutions 
for the construction industry.

Materials and methods

Materials

The key materials used in this study were waste PET plas-
tics, natural river sand, and recycled tire steel fibers. PET 
waste bottles were obtained from the Nsalaga dumpsite in 
Mbeya, Tanzania. Figure 1 displays photographs of shred-
ded PET plastic, river sand, and recycled tire steel fibers. 
After thorough washing and drying, they were shredded 
into approximately 15-cm-long by 5-cm-wide pieces to pre-
pare them for further processing and use in the composite 
material development process. The sand used in this study 
was collected from the Kamawe River in Rukwa Region, 
Tanzania, and then transported to the laboratory for further 
processing and use to make the composite PET wall clad-
ding materials. Recycled steel fibers used in this study were 
obtained from waste vehicle tires located in Soweto vehicle 

Fig. 1  Shows the shredded PET plastic (A), sand (B), and recycled steel fibers (C)

 

1 3

Page 3 of 17    478 



Innovative Infrastructure Solutions          (2025) 10:478 

had a flash point of 355 °C and a fire point of 360 °C [17]. 
These temperatures were examined before hot mixing in 
order to prevent material ignition. PET plastics may burn 
to ashes if the mixing temperature exceeds the flash point, 
rendering them ineffective as a binder for sand and recycled 
steel fibers.

The oxide compositions of the river sand and PET 
waste plastics were determined by using X-ray fluores-
cence (XRF) techniques. The sand samples were ground to 
a 3656 cm2/g particle size using a ball mill, and the PET 
waste plastics were incinerated to ash. The distribution of 
each element was quantified and presented as a percentage 
by weight. Table 1 indicates the oxide compositions of the 
sand and PET plastic ash used in this study. Verifying the 
oxide composition of components, particularly sand, is fun-
damental because the chemical composition of components 
influences other component properties, including heat resis-
tance and strength. Sand materials with a high silica content 
of over 80% can withstand temperatures exceeding 600 °C 
[45, 46].

A sieve analysis of the river sand sample was conducted 
following the procedures outlined in [41]. A wet sieving test 
was performed, and the percentage of sand particles pass-
ing through each standard sieve size was measured. The 
river sand was passed through a 600 µm sieve, which is the 
recommended maximum sand size for blending with PET 
waste plastics and steel fibers to produce cladding and tile 
specimens [45]. Figure 2 shows the particle size distribution 
curves of sand that passed through the 600 µm sieve.

Composite cladding materials

Fifty percent (50%) by weight of the river sand (passing 
through a 600 µm sieve) was primarily blended with recy-
cled steel fibers, followed by the incorporation of 50% by 
weight of shredded PET waste plastics. The 1:1 sand to 
PET ratio was selected due to previously determined best 
performance in compressive strength [17]. Recycled steel 
fibers were included in varying percentages of 0.5%, 1%, 
1.5%, 2%, 2.5%, 3%, 3.5%, 4%, 4.5% and 5% by weight 
during the production of specimens. The selected increment 
step size was designed to ensure sufficient data points, to 
accurately observe and analyze trends in mechanical perfor-
mance across the specified range. Sand, recycled steel fibers, 
and PET waste plastics were hot mixed under a controlled 
temperature of 250 °C. The mixture of sand and recycled 
steel fibers was first heated in a 50 cm × 50 cm steel mold 
at a temperature of 240 °C for 6 min. Then, shredded PET 
waste plastics were added and continuously stirred until 
fully melted and homogenously mixed with sand and recy-
cled steel fibers. This pre-heating of sand and steel fibers 
at 240 °C was essential for two reasons: first, to ensure the 

service areas (garages) in Mbeya, Tanzania. The waste tires 
were incinerated for 2 to 3 h to ensure steel fibers were clean 
and free from contaminants. This process was followed by 
a cooling period before storing and utilizing it for making 
composite PET cladding.

Characterization of raw materials

PET waste plastic bottles, river sand, and recycled steel 
fibers were subjected to different tests to determine their 
physical and chemical properties. These tests included den-
sity, melting temperature, flash and fire points for PET waste 
plastic bottles, particle size distribution, chemical composi-
tion, and density for sand [17]. Also, density, average length, 
and diameter were determined for recycled steel fibers. The 
recycled steel fibers employed in this study were sourced 
from waste tires, where the rubber component is recovered 
through an incineration process to uncover the embedded 
steel. When this incineration is conducted commercially, it 
typically incorporates advanced emissions control mecha-
nisms to mitigate potential environmental impacts.

The sample of river sand was dried in an oven at 105 °C 
for 24 h to extract excess moisture. The PET waste plastic 
bottles were shredded into nearly 15 cm by 5 cm samples, 
then air-dried for 24 h. The 0.3 mm diameter recycled steel 
fibers were cut into approximately 1.5  cm pieces. A digi-
tal electric balance was used to measure the weight of each 
sample material. A known volume of water was recorded 
using measuring cylinders. The volume of sand, PET plas-
tic, and steel fiber samples was determined by immersing 
the sample in the water cylinder and subtracting the original 
water volume. The densities of PET waste plastics, sand, 
and recycled steel fibers were determined as per procedures 
stipulated in [42]. The density of each sample material was 
computed using Eq. 1 [36].

Density (ρs) = M

V 2 − V 1 � (1)

where M—is mass of sample, V1—is volume of sample of 
water in cylinder, V2—is volume of water and sample mate-
rials in cylinder.

A relative difference between the combined density of 
the individual materials and the density of the hot-mixed 
cladding specimens would indicate that chemical reactions 
occurred during the blending process [44].

PET waste plastic samples indicated a melting tempera-
ture of 240–255 °C. This temperature range was determined 
by the hot plate method after three iterations for accurate 
thermometer readings. Similarly, using the Cleaveland open 
cup apparatus and the procedures stipulated in MoW, 2000 
[42], the shredded PET plastic samples used in this study 
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sand and steel fibers were dry, which prevents steam gen-
eration and potential void formation in the final composite 
cladding. Second, it was to bring sand and steel fibers to 
a temperature very close to the PET’s melting point (240–
255 °C), enhancing the wetting efficiency of the sand and 
steel fibers by the molten PET. This approach minimized 
thermal shock to the melting PET, promoting a uniform 
distribution of all components throughout the matrix. The 
melted mixture was poured into an oiled 24.4 cm × 12.2 cm 
by 2  cm mold, compressed, and cured at room tempera-
ture to produce a composite wall cladding panel specimen. 
This technique was repeated for each recycled steel fiber 
percentage while maintaining a constant PET plastic waste 
and sand ratio. Firing processes are carried out using a 
locally fabricated steel pot furnace fueled by waste wood 
dust and rice husks. Mixing temperatures were monitored 
using a 1500  °C digital thermometer. Figure  3 displays 
hot-mixed cladding specimens. Laboratory evaluation was 
done to estimate water absorptions, densities, compressive 
strengths, and impact strength properties of hot-mixed com-
posite cladding specimens.

The densities of the cladding composite materials were 
evaluated according to the procedures outlined in [42]. The 
specimens were weighed using a digital electronic balance, 
and their weights were recorded. A graduated plastic bucket 
was filled with a known volume of water. The specimens 
were then immersed in the water, and the water levels were 
recorded. The densities of the specimens were computed 
using Eq. 1. Table 2 displays the densities of the hot mixed 
cladding specimens for each PET-sand-steel fibers mixture. 
Finding out the density of the cladding specimens is impor-
tant for understanding their weight, specifically for transpor-
tation and handling purposes during installation on walls. 
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and, consequently, the wall, particularly during rainfall, and 
to control dampness within buildings.

Water absorption (%) = (M2 − M1)
M1

× 100� (2)

where M2—is the mass of the water surface dry specimen 
after immersion in water, and M1—is the mass of the speci-
men before immersion in water.

The compressive strength of the composite cladding 
specimens was estimated using a rebound hammer. A total 
of nine rebound hardness readings were measured for each 
specimen: three at each edge and three at the center. The 
average rebound hardness value was computed for each 
sample. These average rebound hammer readings were then 
modified to compressive strengths using Eq. 3 [48].

CS (Mpa) = 0.788R1.03� (3)

where CS—is compressive strength of specimen (MPa), 
R—is rebound hammer reading.

Table 3 displays the rebound hammer readings of every 
composite cladding specimen. Evaluating the compressive 
strength of composite cladding specimens is fundamental 
to assessing their breakage resistance during transportation 
and handling during installation.

The impact strength of the composite cladding specimens 
was evaluated using a drop-weight impact test. A 338.8 g 
steel ball with a 4.54 cm diameter was dropped on top of 

However, high weights of cladding can result in increased 
self-weights of the building, causing a risk of cladding panel 
collapse, especially at higher heights or floor levels.

The water absorption of the cladding specimens were 
determined according to the procedures outlined in [42]. The 
digital electric balance was used to weigh cladding compos-
ite specimens. The specimens were then immersed in clean 
water inside plastic buckets for 24 h, removed, wiped with 
a cotton cloth to remove surface water, and reweighed. The 
percentage water absorption for each specimen was com-
puted using Eq. 2 [42, 47].

Evaluation of water absorption is important for assessing 
the amount of water that is absorbed by cladding specimens 

Table 2  Physical properties of the composite Cladding material
Composite materials Average water 

absorption 
(%)

Average density of 
specimens (g/cm3)PET 

(%)
Sand 
(%)

Steel 
fibers 
(%)

50 50 0 0.84 1.622
0.5 0.8 1.644
1 0.71 1.815
1.5 0.68 2.009
2 0.65 2.205
2.5 1.8 2.469
3 2.4 2.687
3.5 3.1 2.708
4 3.6 2.74
4.5 4.1 2.796
5 4.7 2.852

Fig. 3  Cladding composite mate-
rials with different steel fibers 
contents
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specimens from heights of 30 cm, 60 cm, and 90 cm. The 
ball was guided by a 100 cm steel bar during the test. Six 
points (two at each edge and two at the center) were exam-
ined for fracture for each specimen. Depth of penetration 
and cracks length on the surface of the specimen were visu-
ally observed and measured using a ruler. The impact energy 
(IE) was computed for each drop height using Eq. 4 [20].

IE (Joules) = Msb × G × H � (4)

where IE—is impact energy (Joules), Msb—is mass of steel 
ball (kg), G—is acceleration due to gravity (10 m/s2), H—is 
drop height (m). H (Hinitial − Hrebound).

The rebound height (Hrebound) was measured using a 
ruler at three points (center and each edge) to determine 
the absorbed energy (Eabsorbed). The standard deviation of 
absorbed energy was calculated for reinforced steel fiber 
composite specimens for 1–5% fiber content using Eq. 5. 
The observed damage and calculated absorbed energy were 
utilized to assess the impact strength of the composite clad-
ding specimens. This evaluation is critical for understand-
ing the ability of cladding to withstand shocks and prevent 
from complete collapse of the installed composite cladding 
panels. Figure  4 shows photographs of the experimental 
setup for the compressive strength test (using the rebound 
hammer method), the impact strength test (using a dropping 
steel ball), and the water absorption test (using a plastic 
soaking container).

All observed data, including average water absorption, 
density, compressive strength, and impact strength, were 
subjected to further statistical analysis to calculate their 
standard deviations. This statistical measure quantified 
the spread of the data for each property. A higher standard 
deviation demonstrates greater spread of data points from 
the average, showing more variability; a lower standard 
deviation indicates data points concentrated more closely 
around the average, indicating greater uniformity within the 
measured property. The standard deviation and confidence 
interval for the reinforced steel fiber composite cladding 
material were calculated using Eqs. 5 and 6 [26, 49–51].

S =

√∑n
i=1 (Xi − X) 2

n − 1
� (5)

where S = Sample standard deviation, Xi = individual data 
point, X = sample mean, n = number of observations/data 
points in the sample

C = X ± tα

2, df
( s√

n
)� (6)
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which means it has both amorphous and crystalline regions, 
its melting temperature is generally reported within the 
range of 245–260  °C, with some literature citing ranges 
such as 240–260 °C [52–54]. A hot plate method allows for 
visual observation of this solid-to-liquid transition, and the 
observed 240–255 °C range falls within or very close to the 
reported melting range for PET. Therefore, it is most appro-
priate to describe this observed range as the melting tem-
perature of the PET waste plastic sample. Furthermore, the 
recycled steel fibers had a density of 7.79 g/cm3, a diameter 
of 0.3 mm, and an average length of 1.5 cm.

The sand used in this study possessed a 2.59 g/cm3 den-
sity, a mean size (D50) of approximately 0.33 mm, and a 
uniformity coefficient (Cu) of about 2.44. The obtained Cu 
value indicates a uniformly graded sand. Although this coef-
ficient results in lower density and higher permeability, the 
inclusion of recycled PET plastic and steel fibers in the com-
posite cladding alters the sand properties.

XRF analysis (Table  1) revealed that the sand is com-
posed of SiO2 at 84.8% content. Major oxide components, 
including Al2O3, Fe2O3, CaO, MgO, SO3, Na2O, K2O, P2O5, 
TiO2, and Cr2O3, were also present. The loss on ignition 
value of 1.4% is well below the 5% limit for construction 
purposes, indicating minimal organic or carbonate content. 
While Iron (Fe2O3) was demonstrated at 6.06%, a typical 
impurity that may alter sand properties depending on its 
level, its concentration level in the sand did not compromise 
the sand’s suitability for wall composite cladding materials. 
Other impurities such as Al2O3 (6.35%), MgO (0.27%), and 
TiO2 (0.52%) are present at low levels (each below 10% of 
their total weight). Trace elements such as Zr, Sr, Ba, and 
S were also identified in low levels (0.08%, 0.20%, 0.14%, 
and 0.06%, respectively) [16]. XRF analysis confirmed that 
the high SiO2 content and low concentration of impurities, 
as confirmed by XRF analysis, collectively verify the sand’s 

where C = Confidence Interval, X = Sample mean or Point 
Estimate, tα/2, df  = Critical t-value from the t-distribution, 
df = degree of freedom = (n − 1), s = sample standard devia-
tion, n = sample size.

Thin section of PET cladding for petrographic 
analysis

Petrographic analysis was conducted on composite material 
specimens containing 1%, 2%, 3%, and 4% steel fibers to 
examine their microstructure. Samples were sectioned into 
4-5 mm chips by using a diamond-impregnated saw. These 
chips were labelled, dried, and mounted onto glass slides 
(46 mm × 27 mm × 1 mm) to produce standard petrographic 
thin sections. Petrographic analysis of thin sections was 
conducted at the Mineralogy, Petrology, and Gemology Ser-
vices laboratory located in Dar es Salaam.

The thin sections were analyzed by using a Leica DM 
750P polarized light microscope. Images were captured with 
a Leica camera at 50× magnification, with some additional 
images taken at 100× magnification to highlight specific 
features. Images were taken at 1600 × 1200 pixels resolu-
tion, with a field of view of 7 mm. The microstructure of the 
composite PET cladding samples was examined to charac-
terize void content, fiber distribution, and fiber orientation.

Results and discussion

Characterization of sand, PET waste plastics, and 
recycled steel fibers

Laboratory characterization tests on the PET plastics 
obtained a density of 1.305  g/cm3, a melting temperature 
range of 240–255 °C, a flash point of 355 °C, and a fire point 
of 360  °C. Given that PET is a semi-crystalline polymer, 

Fig. 4  Photographs of Rebound hummer test (A), Ball impact strength test (B), and Water absorption test (C)
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steel fibers, were studied under laboratory conditions. Fig-
ure 6 shows the correlation between steel fiber content and 
water absorption. Generally, the water absorption of the 
composite ranged from 0.65 to 4.70%. Specifically, the 
specimens with 0–2% steel fibers indicated a reduction in 
water absorption from 0.842 to 0.65%. This reduction is 
likely due to decreased void space as steel fiber content 
increased. However, further increases in steel fiber content, 
from 2.5 to 5%, led to a rise in water absorption, from 1.8 
to 4.7%. This increase is likely due to the formulation of 
more void space with a higher proportion of steel fibers 
[32]. When compared to the typical water absorption clas-
sifications for ceramic tiles, the specimen with 0–3% fiber 
content exhibited properties consistent with vitreous mate-
rials, while those with 3.5–5% fiber content aligned with 
semi-vitreous materials as per ASTM C373 [55]. This trend 
can be related to several factors, such as the initial addition 

suitability for composite wall cladding materials and con-
struction purposes.

Density of cladding composite

As shown in Table  2, the density of the composite clad-
ding increased with the addition of recycled steel fibers. 
The sample with 0% steel fiber content had demonstrated 
the lowest average density at 1.622  g/cm3, while the 5% 
steel fiber sample had the highest density at 2.852 g/cm3. 
This trend aligns with the increased mass established by the 
higher proportion of steel fibers, which have a higher spe-
cific gravity than the base composite material [32]. Figure 5 
displays the density curve of steel fiber-reinforced compos-
ite cladding.

The water absorption characteristics of the PET compos-
ite cladding, containing different proportions of recycled 

Fig. 5  Density curve of Reinforced PET composite cladding materials
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materials, as it directly impacts durability and thermal 
insulation.

On the other hand, the average density showed a lower 
standard deviation (0.480), indicating greater consistency 
in measurements despite the overall increase in density 
with higher fiber content. The 95% confidence interval of 
[2.000, 2.645] is narrower, about 0.645 g/cm3, emphasizing 
this trend of more predictable density values. Understand-
ing these different variabilities in water absorption and den-
sity is crucial for quality control, performance prediction, 
and optimizing the design of reinforced steel fiber com-
posite cladding materials. Further analysis could examine 
the specific trends of water absorption and density relative 
to each steel fiber percentage to identify optimal ranges or 
thresholds.

Compressive strength of reinforced composite PET 
cladding materials

Figure 7 indicates a positive correlation between compres-
sive strength (N/mm2) and steel fiber content (%) in the 
composite PET specimens. The addition of steel fiber con-
tents at 0%, 0.5%, 1%, 1.5%, 2%, 2.5%, and 3%, resulted 
in increased compressive strengths 17.33 N/mm2, 18.32 N/
mm2, 20.30 N/mm2, 21.39 N/mm2, 22.48 N/mm2, 22.59 
N/mm2 and 22.79 N/mm2 respectively. Similarly, further 
increases in fiber contents at 3.5%, 4%, 4.5%, and 5% 
resulted in a decreased trend of compressive strength values 
of 22.39 N/mm2, 21.31 N/mm2, 20.70 N/mm2, and 20.30 N/
mm2, respectively. This downfall is likely attributed to fac-
tors such as increased void formation, insufficient wetting, 
and poor fiber distribution within the matrix [21].

The overall enhancement in compressive strength, espe-
cially with optimal fiber content, is linked to the reinforce-
ment effect of the steel fibers. These fibers act as bridges, 
effectively transferring loads, resisting crack growth, 
improving toughness, and increasing the overall stiffness of 
the composite matrix [20]. However, excessive fiber content 
can negatively affect mechanical properties due to insuffi-
cient wetting, increased voids, and poor fiber distribution 
[21]. The critical volume was found to be between 2% and 
3.5%. Specimens within this range demonstrated breaking 

of steel fibers may have reduced porosity and improved the 
material's resistance to water absorption, and greater con-
centration of fibers can create routes for water to enter the 
composite, particularly if their orientation is unfavorable 
[20, 32].

Based on the observations, composite material specimens 
with a PET plastic to sand ratio of 1:1, and the addition of 
1%, 1.5%, and 2% recycled steel fibers proved exception-
ally low water absorption rates, making it highly suitable 
for wall cladding applications. While other percentages 
(0.5%, 2.5%, and 3%) also demonstrated water absorption 
rates within the recommended range of 0.5–3% [8]. High 
resistance to moisture infiltration is vital to avoid structural 
degradation, securing the lifespan and durability of external 
wall claddings.

The variability and reliability of average water absorp-
tion and density measurements for composite specimens 
with varying steel fiber contents were analyzed using stan-
dard deviations and 95% confidence intervals. This analysis 
addressed distinct behavioral trends for each property, pro-
viding crucial insights for the material’s application as clad-
ding. Table 4 demonstrates these results for the composite 
materials' water absorption and density.

The average water absorption showed a high standard 
deviation (1.533), indicating considerable data disper-
sion across composite formulations. This suggests that the 
amount of steel fiber greatly influences water absorption, 
resulting in a wide range of values. The 95% confidence 
interval of [1.095, 3.156] emphasizes this variability, cover-
ing an approximate range of 2.06%. This significant fluctua-
tion in water absorption is an important factor for cladding 

Table 4  Statistical analysis for the average water absorption and den-
sity of reinforced steel fiber composite cladding materials
Property Standard 

deviation
95% con-
fidence 
interval

Average water absorption of the speci-
mens (%)

1.533 1.095, 
3.156

Average density of the specimens (g/
cm3)

0.480 2.000, 
2.645

Fig. 6  Water absorption curve of Reinforced PET composite cladding 
materials
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respectively), pointing to less uniform surface characteris-
tics. Finally, the collective compressive strength had a stan-
dard deviation of 1.865 MPa and a 95% confidence interval 
of [19.710, 22.217] MPa, indicating a reasonably predict-
able average strength across the tested range of fiber con-
tent. Briefly, the statistical analysis confirms that the steel 
fiber content significantly influences the uniformity and 
performance of the composite, with particular percentages 
yielding more uniform and predictable properties crucial 
for quality assurance and design enhancement of cladding 
materials.

Impact strength of PET composite cladding 
materials

The material’s impact resistance was investigated through 
six controlled steel ball drops on each specimen at vary-
ing heights. Initial findings indicated no visible damage was 
detected across all specimens for 30  cm and 60  cm drop 
heights. This reveals a uniform baseline resistance to lower 
energy impacts for all material compositions tested.

However, a significant difference in impact performance 
was observed at higher energy levels. Specimens without 
significant fiber reinforcement, particularly those with 0% 
and 0.5% recycled tire steel fibers, cracked upon impact 
from a height of 90 cm. Conversely, the samples possessing 
1–5% recycled steel fibers demonstrated superior resilience, 
revealing no cracking at 90 cm drop height. This prelimi-
nary finding addresses the key role of steel fiber inclusion 
in enhancing the material’s resistance to higher energy 
impacts.

The reinforced composite cladding specimens with 1–5% 
fiber content were further investigated to quantify improved 
performance. Table 6 presents the detailed results of mean 
energy absorption, standard deviation, and sample counts of 
reinforced composite cladding materials:

As observed in Table  6, the mean energy absorption 
for the 1–5% fiber contents exhibits a slight increasing 
trend, progressing from 2.913 Joules at 1% fiber content to 
3.037 Joules at 5% fiber content. This indicates that higher 
volumetric content of steel fibers consistently leads to an 
enhanced capacity for energy absorption under impact. 
This revealed enhancement in impact strength is directly 
related to the well-established reinforcement effect of the 
steel fibers within the composite matrix, which effectively 
act as bridges across essential crack paths, thereby transfer-
ring loads, resisting crack propagation, typically improving 
the material’s toughness, and enhancing stiffness [20]. The 
fiber’s ability to distribute stress and mitigate brittle frac-
ture is crucial to its role in energy absorption under impact 
loading.

strength and modulus of rupture properties comparable to 
those of ceramic tiles, as per ASTM C1505 [56].

The statistical analysis of steel fiber reinforced compos-
ite materials was achieved by focusing on rebound hammer 
readings and compressive strength. This analysis high-
lighted the significance of standard deviation as a measure 
of data dispersion and confidence intervals for estimating 
the true sample mean. Table 5 shows the standard devia-
tion and confidence intervals of rebound hammer readings 
of reinforced steel fiber composite cladding material.

The rebound hammer readings revealed that material 
consistency varies significantly with steel fiber percentage. 
The 3.0% fiber content exhibited the most uniform readings 
(lowest standard deviation of 0.972 and narrowest confi-
dence interval), indicating optimal consistency. On the other 
hand, the 0.0% and 3.5% fiber samples demonstrated the 
highest variability (standard deviations of 3.621 and 3.492, 

Table 5  Statistical analysis for rebound hammer readings of reinforced 
steel fiber composite materials
Sample Mean 

rebound 
hammer 
reading

Standard 
deviation

95% 
Confidence 
interval

Specimen Steel 
fiber

50PET50Sand 0.0% 20.10 3.62 17.20, 23.03
0.5% 21.22 1.86 19.74, 22.70
1.0% 23.44 1.94 21.89, 24.99
1.5% 24.66 1.80 23.28, 26.05
2.0% 25.88 1.17 24.97, 26.81
2.5% 26.00 1.22 25.04, 26.96
3.0% 26.22 0.97 25.46, 26.99
3.5% 25.77 3.49 22.98, 28.57
4.0% 23.22 1.09 22.36, 24.08
4.5% 23.88 2.20 22.14, 25.63
5.0% 23.44 1.42 22.31, 24.58

Fig. 7  Compressive strength curve of Reinforced PET composite clad-
ding materials
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Petrographic analysis of PET composite cladding 
material

Petrographic analysis was conducted on composite material 
specimens containing 1%, 2%, 3%, and 4% steel fibers to 
characterize their microstructure. Figure 8 reveals a petro-
graphic photograph of composite cladding with 1% recy-
cled steel fibers. The analysis has indicated that the PET 
composite specimens are composed of very fine, round to 
sub-round silt to sand-sized quartz crystals. Opaque isotro-
pic Iron oxide (hematite) intergrown with quartz and very 
few weathered plagioclase feldspar grains, as well as a plas-
tic matrix. However, a few flakes of mica minerals, mainly 
biotite and muscovite, were also observed in the micro-
scope. Opaque black long stainless-steel wires, which were 
observed to be distributed randomly within the specimens. 
Sectioned samples displayed numerous angular to elon-
gated voids, ranging in size from 2 to 5 mm, likely resulting 
from plastic material flow during production. Observations 
showed that some voids were filled with plastic and quartz 
sand. Steel fibers were observed to show both random 
(Figs. 8 and 9) and elongated distributions (Figs. 10 and 11) 
within the matrices.

The resulting images of the composite PET cladding 
material composed of 1% (Fig. 8) indicated that the voids 
within the specimens were predominantly round, and some 
elongated voids were also observed. Steel fibers were 
observed to be randomly distributed throughout the matrix, 
which increased the strength of the specimens, similar to 
observations in other studies [20, 21]. The molten PET plas-
tics materials were used as binders to bind sand and steel 
fibers together; however, they were observed to fill the voids 
during the process of mixing, which eventually increased 
the strength of the composite PET cladding [57]. Figure 9 

Furthermore, the standard deviation values across each 
fiber content group (0.029, 0.010, 0.008, 0.022, and 0.012 
Joules) are uniformly low. This indicates a relatively uniform 
and favorable degree of variability within each measured 
specimen, underscoring the robustness of the experimental 
methodology. Such uniformity across groups also implies a 
stable and uniform mechanical behavior from the material 
at varying fiber concentrations.

For all fiber contents (1–5%) investigated, the overall 
mean absorption energy was determined to be 2.991 Joules, 
with a corresponding average standard deviation of 0.016 
Joules. These comprehensive statistical metrics (Mean 
energy absorption, standard deviation, and sample count for 
each fiber content) offers a complete and reliable interpreta-
tion of the experimental data, validating the observed trends 
and uniformity of energy absorption characteristics across 
the varying fiber percentages.

On the basis on these findings, it is evident that the incor-
poration of steel fibers significantly improves the impact 
resistance of the composite. This observation further indi-
cates the significance of achieving an optimal balance 
among the constituent materials (PET plastic, sand and 
recycled steel fibers) to optimize impact resistance for spe-
cific cladding applications [21].

Table 6  Energy absorption of reinforced composite cladding material
Sample Mean energy 

absorption 
(Joules)

Standard 
deviation 
(Joules)

Sam-
ple 
count 
(n)

Specimen Fiber 
content 
(%)

50PET50SAND 1% 2.913 0.029 3
2% 2.986 0.010 3
3% 3.010 0.008 3
4% 3.010 0.022 3
5% 3.037 0.012 3

Fig. 8  Composite Cladding material with 1% steel fibers
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Fig. 11  Composite Cladding material with 4% steel fibers

 

Fig. 10  Composite Cladding material with 3% steel fibers

 

Fig. 9  Composite Cladding material with 2% steel fibers
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Conclusion and recommendations

Conclusion

This research successfully highlights the potential of trans-
forming waste materials into a suitable and affordable wall 
cladding material. Experiments concentrated on compos-
ites made with sand (above 80% silica), recycled PET, and 
waste tire steel fibers at proportions of 0.5–5% by weight. 
The experiments exhibited that integrating steel fibers nota-
bly enhanced the mechanical performance. Compressive 
strength peaked at 22.8 MPa with a 3% steel fiber content, 
and a strength of 17.3 MPa was observed in specimens with-
out fibers. This enhancement is related to the fiber’s ability 
to bridge cracks, effectively distributing loads, and adding 
the material’s toughness and stiffness. Moreover, impact 
testing revealed that specimens with 1–5% fiber content 
consistently absorbed impact energy without cracking, indi-
cating excellent resistance, likely due to the fibers’ effec-
tive distribution within the composite. Petrographic analysis 
confirmed this even distribution of fibers and a little poros-
ity, with molten plastic covering pores and reinforcing the 
material’s strength.

Therefore, 50% PET, 50% sand, and 2–3.5% recycled 
steel fibers are optimal for developing composite PET clad-
ding materials. This combination yields a material with 
superior mechanical properties, including high impact and 
compressive strength, and low water absorption. These 
characteristics make it highly suitable for various wall clad-
ding applications. Ultimately, this research offers a promis-
ing pathway to mitigate environmental concerns associated 
with plastic waste, diverting tons of waste from landfills. 
Similarly, it encourages sustainable building practices and 
provides a cost-effective cladding solution for construction 
projects. For instance, CTM Tanzania (a leading specialist 
retailer) reports that ceramic tiles in Tanzania cost approxi-
mately TZS 28,000 to 118,055.56 (USD 10.58 to 44.86) per 
square meter. This is significantly higher than TZS 10,000 
(USD 3.78) per square meter for our locally created com-
posite wall cladding. The composite wall cladding in this 
research is primarily intended for residential buildings. It 
suggested installation involves a battening system that 
ensures adequate ventilation and firm attachment. This 
process involving preparing the wall surface, seasoning 
the composite cladding panels to resist warping, installing 
battens to establish a ventilation gap behind the cladding, 
and using stainless steel screws driven into pre-drilled pilot 
hole for secure attachment. Further investigation is required 
especially regarding the scalability of production and long-
term performance under environmental conditions.

displays a petrographic photograph of composite cladding 
with 2% recycled steel fibers.

The resulting images of composite PET cladding material 
composed of 2% steel fibers (Fig. 9) revealed that the voids 
within the composite were predominantly round, with some 
elongated voids also existing. Steel fibers were observed to 
be in a preferred distributed preferentially throughout the 
matrix, enhancing the strengthening of the specimen. More-
over, PET Plastic was recognized as the binder material, fill-
ing the voids and binding the quartz sand and steel fibers 
together [57]. Figure 10 reveals a petrographic photograph 
of composite cladding with 3% recycled steel fibers.

The resulting images of composite PET cladding material 
composed of 3% steel fibers (Fig. 10) revealed that the voids 
within the composite were predominantly round, with some 
elongated voids also existing. Steel fibers were observed 
to be in elongated orientation throughout the matrix, sup-
porting the strengthening of the specimen. Furthermore, 
PET Plastic was recognized as the binder material, filling 
the round, angular, and sub-angular voids and adhering the 
quartz sand and steel fibers together [58]. Figure 11 reveals 
a petrographic photograph of composite cladding with 4% 
recycled steel fibers.

The resulting images of composite PET cladding material 
composed of 4% steel fibers (Fig. 11) showed that the voids 
within the composite were predominantly round, with some 
elongated voids also present. Steel fibers were observed to 
be in elongated orientation throughout the matrix, enhanc-
ing the strengthening of the specimen. Moreover, PET Plas-
tic was recognized as the binder material, filling the round, 
angular, and sub-angular voids and binding the quartz sand 
and steel fibers together [58, 59].

Composite cladding development presents challenges, 
particularly concerning production energy consumption and 
the sourcing of recycled fibers. The developing process of 
composite cladding requires substantial energy, necessitat-
ing optimization and the possible incorporation of renew-
able energy sources to maintain environmental benefits. A 
reliable and high-quality supply of recycled PET plastic 
waste and steel fibers is also essential, requiring improved 
local collection infrastructure, strict quality control to man-
age variations in recycled material properties, and strong 
supply chain logistics. These efforts, combined with public 
participation in waste segregation, are essential to ensure 
the long-term viability and environmental integrity of this 
creative building material.
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c​o​n​​b​u​i​​l​d​m​a​​t​.​​2​0​2​3​.​1​3​0​6​4​3

Recommendations

We recommend utilizing between 2 and 3.5% steel fiber 
content to optimize the mechanical properties of reinforced 
steel fiber composite wall cladding material.

Beyond this, Further research is recommended to evalu-
ate the incorporation of various waste materials or additives, 
such as Rice husk ash (RHA), and ground granulated blast 
furnace slag (GGBS). This investigation aims to enhance 
the properties of plastic-based composites, essentially lead-
ing to additional improvements in mechanical performance, 
fire resistance, or other desired characteristics.

Furthermore, cost–benefit analyses should be conducted 
to evaluate the economic feasibility of large-scale produc-
tion. This will help to investigate the potential cost savings 
and environmental benefits of integrating recycled PET 
plastic into construction projects.

Future research endeavors should also include quanti-
tative methods for evaluating fiber distribution and poros-
ity, utilizing relevant equipment and advanced analytical 
techniques. Additionally, further specific testing on long-
term water resistance, moisture diffusion, and performance 
under humid conditions represents a crucial area for future 
investigation.
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