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Abstract. The increasing accumulation of plastic waste (PW) and its low recycling rates pose serious
environmental challenges. This study investigates the replacement of coarse aggregate (CA) with polycarbonate PW
at levels of 20%, 30%, and 40% in concrete prisms (100x50x400 mm), tested under drop-weight impact loading and
validated with finite element method (FEM) simulations. PW incorporation reduced workability (slump from 165
mm to 35 mm) and bulk density (2215 to 1930 kg/m®), alongside compressive strength losses of 25-49% and
modulus reductions of 15-34%. However, PW30% demonstrated the highest impact resistance, with a peak Tup load
of 14,170 kN at 0.6 ms, bending load of 4152 kN, and inertial load of 5084 kN, confirming its superior energy
absorption. Dynamic-to-static ratios also improved with PW, with fracture energy increasing from 3.05 to 10.1. FEM
results confirmed these behaviors, particularly for PW30%. Overall, PW30% offers an optimal balance of ductility
and toughness, suggesting its suitability for impact-resistant and lightweight applications.

Keywords: finite element modeling; fracture energy; impact loading behavior; plastic waste concrete;
sustainable construction materials

1. Introduction

The disposal of plastic waste (PW) is a growing environmental concern due to its increasing
production and low recycling rates. In 2022, global PW generation exceeded 400 million tons,
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with projections of further increases by 2050. Despite waste management advancements, only 9%
is effectively recycled, while most contributes to landfill overflow and environmental pollution
[1]. Microplastic contamination is an emerging dimension of this issue. Sau et al. [2] highlighted
the significant occurrence and ecological risks of microplastics in lentic ecosystems, showing how
unmanaged plastic waste deteriorates aquatic environments and threatens biodiversity and human
health. This further emphasizes the urgency of developing sustainable pathways, such as recycling
PW into construction materials. One approach to mitigating this issue is incorporating PW and
polymer into concrete as a partial aggregate replacement, aligning with sustainable construction
practices and resource conservation strategies [3-10].

Concrete is widely used but suffers from low tensile strength, poor energy absorption, and
limited ductility, making it vulnerable to sudden loads in critical elements such as bridge decks,
pavements, and industrial floors [11, 12]. Enhancing the impact resistance (IR) and load-bearing
capacity of concrete is therefore critical for these applications [12, 13]. Mohammadhosseini et al.
[14] demonstrated that incorporating waste metallized PW fibers enhances both the strength and
IR of reinforced concrete (RC) composites.

Previous studies have examined the effects of incorporating plastic waste (PW) into concrete,
primarily focusing on mechanical properties. Various types of PW, including high-density
polyethylene (HDPE), polyethylene terephthalate (PET), and polypropylene, have been used as
partial replacements for fine and coarse aggregates and as fiber reinforcement [15-25]. Recent
investigations have extended beyond strength aspects to include durability. Sau et al. [26]
demonstrated that replacing natural aggregates with recycled PE and PET significantly influenced
mechanical and durability properties, including permeability, chloride penetration, abrasion, and
impact resistance. Their findings revealed that while higher replacement levels reduce compressive
strength, they can improve energy absorption and chloride resistance, emphasizing the dual
mechanical-durability effects of plastic aggregate incorporation. In addition, Panda et al. [6]
provided a comprehensive review on the use of waste plastics in geopolymer concrete (GPC),
highlighting optimal dosages and the influence of plastics on fresh, mechanical, durability, and
microstructural properties. Their work shows that PW can also be effectively incorporated in
PSGPC systems, further broadening the scope of sustainable construction applications. More
recently, Nanda et al. [27] reported that recycled HDPE and PET plastics can serve as coarse
aggregate replacements in conventional concrete, with optimal levels of 10% HDPE and 5% PET
producing durable and workable mixtures. Their findings highlight the potential of mixed plastic
aggregates to promote sustainability while maintaining mechanical performance. Research has
largely emphasized compressive strength, with nearly 95% of studies focusing on this parameter,
while flexural and splitting tensile strength have received significantly less attention [28, 29]. A
summary of literature focus areas versus the current study’s objectives is presented in Table 1.
Ismail and Al-Hashmi [30] reported that increasing PW content improves workability and reduces
unit weight due to its lower density, while Naik et al. [31] found that post-consumer HDPE
plastics enhance impact response. Al-Manaseer and Dalal [32]observed that PW particles from
vehicle bumpers improve ductility, potentially reducing crack development in structural elements,
but also noted that higher PW content reduces compressive and splitting tensile strength. Sau et al.
[33] conducted a comprehensive study on green concrete by partially replacing both natural fine
and coarse aggregates with recycled polyethylene (RPE) and polyethylene terephthalate (WPET).
Their work showed that small replacement levels (up to 10%) can improve flexural strength and
maintain splitting tensile strength, while higher levels reduce density and compressive
performance. In addition, they integrated artificial neural networks and optimization techniques to
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Table 1. Comparative summary of previous studies and the present work

Aspect

Previous studies

Current study

PW type examined

Role in concrete

Primary outcome
emphasis

Impact/ductility
evidence

Representative
replacement levels

Structural/element
testing

Workability & density

trends

Strength trade-offs

Optimization/prediction

Modeling/validation

Novel contribution
(this paper)

HDPE, PET, PP; mixed post-consumer
plastics [16, 17, 18, 30].
PW used as fine/coarse aggregate
replacement [43, 3] and as fibers [34].
Predominantly compressive strength;

flexural/splitting tensile less studied [29].

Indications of improved impact response
and ductility with PW/HDPE and PW
fibers [31, 32, 15].
Optimization at 30% PW maintained
acceptable engineering properties [3].

RC beams for ultimate strength/ductility
and beams with openings [18].

Increased PW improves workability and
reduces unit weight due to lower density
[30].

Higher PW contents reduce compressive
and splitting tensile strength [32].

RSM/AYV optimization and ML
predictions [3, 16, 34, 36, 38, 44, 45].

Predictive/optimization frameworks
discussed; FEM not highlighted in these
citations.

Literature largely emphasizes strength
metrics; limited direct focus on IR with
high PW as coarse aggregate.

Polycarbonate (PC) plastic waste.

Coarse aggregate replacement at 20%,
30%, 40%.
Impact resistance, load-deflection
response, and energy absorption (GF).
Impact loading is the central focus with
instrumented three-point flexural impact
tests (Section 2.4).

High PC-PW levels: 20-40% examined
systematically (Section 2.2).
Concrete prisms under static and impact
flexure with companion cylinders for
CS/MOE (Section 2.3-2.4).

Fresh density/workability tracked across
20-40% PC-PW mixes (Section 2.2).

CS/MOE measured alongside impact
metrics to quantify trade-offs (Section
2.3-2.4).

Experimental program with FEM
validation; optimization/ML cited for
context.

Finite element modeling (LUSAS) used
to validate L-D behavior and failure
patterns (Section 2.5).

First within this set of citations to
evaluate high PC-PW (20-40%) for IR
with FEM (LUSAS) validation of L-D
and GF.

predict and optimize mixture properties, demonstrating the combined potential of experimental
and machine learning approaches in PW concrete research.

Kim et al. [34] reported that incorporating recycled PET and polypropylene fibers into RC
beams improved ultimate strength by 25% to 32%, depending on fiber content. Mwonga et al. [35]
found that PET fiber-reinforced RC beams with openings exhibited ultimate load capacity
increases of 4.1% and 5.82% for openings of 0.25h and 0.35h, respectively, while larger openings
of 0.45h resulted in a 9.57% strength reduction. These findings indicate that PW fibers influence
failure mechanisms, shifting them from shear-dominated to combined shear-flexural failure.

Aldahdooh et al. [3] optimized the use of PW aggregates in conventional concrete using the
response surface methodology (RSM), reporting that a 30% PW replacement maintained
acceptable engineering properties while offering an alternative to natural aggregates. Building on
this, Aldahdooh [36] applied RSM and the Absolute Volume method to develop green concrete
incorporating both plastic waste aggregates (PWAs) and sawdust waste (SDW) as partial sand
replacements, achieving an optimal balance of compressive strength, workability, and density.
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Furthermore, Aldahdooh [37] introduced an integrated framework combining RSM with advanced
machine learning and metaheuristic multi-objective optimization to design eco-efficient concrete
mixes with multiple waste materials, demonstrating high predictive accuracy (R? up to 0.997) and
overall desirability of 0.90. These recent contributions highlight the progression from experimental
optimization toward hybrid predictive-optimization frameworks for sustainable concrete. In
addition, machine learning (ML) has been applied by other researchers to optimize PW concrete
mix design and predict mechanical properties. Chao et al. [38] achieved an R? of 0.99 for
permeability prediction using a BA-ANN model, while Asif et al. [39] reported an R? of 0.87 for
compressive strength and 0.89 for tensile strength using an MEP model. Han et al. [40] found that
RF models yielded a mean absolute percentage error of 2.8% for compressive strength prediction.
Mandal et al. [41] further advanced this area by comparing multiple ML techniques, including
SVM, ANN, FIS, ANFIS, and GEP, to predict and optimize compressive strength and slump from
mixture proportions. Their study identified ANFIS as the most effective model, demonstrating the
potential of hybrid ML-optimization frameworks for improving mix design accuracy and cost
efficiency.

Previous studies on PW concrete have primarily focused on compressive and flexural strength,
with limited attention to impact resistance. This property is critical for pavements, bridge decks,
industrial floors, and protective barriers that are frequently exposed to dynamic loads where
energy absorption and ductility are required. As summarized in Table 1, most existing research
emphasizes mechanical strength, whereas this study addresses impact resistance and validates the
findings through FEM analysis in LUSAS. Specifically, the effects of high-volume polycarbonate
PW replacement (20%, 30%, and 40%) on impact response, load-displacement behavior, and
energy absorption capacity are investigated, highlighting a novel approach at higher substitution
levels.

2. Materials and methods
2.1 Materials

This study utilized Ordinary Portland Cement (OPC, ASTM Type I) as the primary binder. The
chemical and mineral composition of the cement is presented in Table 2. The oxide composition
was determined through X-ray fluorescence (XRF) analysis, and the mineralogical phases (CsS,
CsS, C3A, and C3AF) were subsequently calculated using Bogue’s equations in accordance with
ASTM C150. These values align with typical OPC characteristics and ensure suitable performance
for structural concrete.

Natural coarse aggregate (CA) with a maximum particle size of 10 mm and relative gravity of
2.64 was used, while silica fine aggregate exhibited a bulk density of 1730 kg/m> and relative
gravity of 2.65, both measured under standard laboratory conditions.

To enhance sustainability, polycarbonate (PC) particles derived from industrial waste were
used as plastic waste (PW) aggregates (Fig. 1). The PW aggregates were purchased in a ready-to-
use form from a commercial supplier in China (e.g., Shanghai Qishen Plastic Industry Co., Ltd., a
leading manufacturer and distributor of PC waste products), and no additional cleaning, crushing,
or preparation processes were required. The particle size distribution of CA and PW is presented in
Fig. 2. Results show that all PW particles passed through the 5 mm sieve, categorizing them as
fine aggregate, whereas CA contained larger fractions, with 100% passing the 14 mm sieve and
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Mineral composition

Oxide composition

Component Percentage (%) Component Percentage (%)

GCsS 63.12 CaO 64.18
C.S 9.60 Si0; 19.96
GA 8.19 AlLO; 5.18
C;AF 9.95 Fe O3 3.28

- - MgO 0.78

- - SO; 2.39

- - Alkalis (NayOeq) 0.92

- - Insoluble residue 0.22

- - Loss on ignition 2.51

Figure 2. Particle size distribution for the coarse aggregate (CA) and plastic wastes (PW) aggregates

Cumulative Passing (%)

100
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only 1.4% passing the 2.36 mm sieve.

The mechanical and physical properties of PW aggregates are summarized in Table 3.
Compared with natural aggregates, PW showed much lower relative gravity (1.22) and unit weight
(655 kg/m?), indicating its lightweight nature. Additionally, the significantly lower Young’s

10!

Particle Size (mm)
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Table 3. Mechanical and physical characteristics of PW aggregates

Characteristics PW
Color Black

Relative gravity 1.22
Unit weight (kg/m?) 655
Young’s modulus (MPa) 2610

Table 4. Normal and PW-concrete mix design

Concrete  Replacement levels  Cement CA Fine aggregate Water PW
mixtures [CA-PW]% (kg/m?) (kg/m®) (kg/m?) (kg/m?) (kg/m?)
PW0%(Plain) 0.0% 400 970 800 200 0.0
PW20% 20% 400 770 800 200 73
PW30% 30% 400 680 800 200 110
PW40% 40% 400 580 800 200 146

modulus (2610 MPa) highlights the reduced stiffness of PW compared to natural aggregates,
which directly influences the mechanical response and ductility of the resulting concrete mixtures.

2.2 Mix proportion and design

Table 4 presents the mix proportions for the control concrete (PW0%) and the PW-modified
concretes (PW20%, PW30%, PW40%), illustrating the systematic replacement of coarse aggregate
(CA) with polycarbonate plastic waste (PW). The cement (400 kg/m?), fine aggregate (800 kg/m?),
and water (200 kg/m?) contents were deliberately kept constant across all mixes to maintain a
uniform water-to-cement ratio and ensure meaningful comparability. As the PW content increased
from 0 to 146 kg/m?, the corresponding CA content was reduced from 970 to 580 kg/m®. This
replacement strategy, designed using the absolute volume method, accounts for the lower density
and stiffness of PW compared to natural aggregates, factors that directly affect density,
workability, and mechanical performance. By varying only the CA-PW ratio while maintaining
constant binder, sand, and water, the experimental program effectively isolates the influence of
PW incorporation on strength and impact-related behavior. Such an approach is consistent with
established practices in waste aggregate research [3], while also highlighting an inherent trade-off:
higher PW levels can enhance energy absorption and ductility but may reduce compressive
strength due to the inferior mechanical properties of PW. Accordingly, Table 4 not only defines
the experimental framework but also provides the basis for evaluating the balance between
sustainability benefits and structural performance.

2.3 Sample preparation

In this study, concrete specimens were prepared to evaluate compressive strength (CS),
modulus of elasticity (MOE), and flexural behavior under static and impact loads. For CS and
MOE testing, three cylindrical specimens per mix were cast, each measuring 200 mm in height
and 100 mm in diameter. For flexural testing, three prism specimens per mix were prepared for the
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(a) Impact flexural test rig (b) Schematic diagram of the impact flexural test rig

Figure 3. Experimental impact flexural test rig (a) Photographic view of the test rig, (b) Schematic diagram

three-point impact flexural loading test, with dimensions of 50 mm in depth, 100 mm in width, and
400 mm in length, and a loaded span of 300 mm. Additionally, three prisms of identical
dimensions were produced for the three-point static flexural loading test, ensuring consistency
across test conditions. In accordance with ASTM [47], all specimens were cured in water for 28
days to achieve full hydration and uniform strength development before testing.

2.4 Experimental setup and procedure

In this study, the compressive strength (CS) and static modulus of elasticity (MOE) of the
concrete specimens were determined in accordance with ASTM C39 [37] and ASTM C469 [38].
Respectively. Additionally, the three-point static flexural strength was evaluated following the
procedures outlined in ASTM C78/C78M [39]. The impact response of the specimens was
examined using an instrumented falling weight impact machine, as illustrated in Fig. 3. The setup
in this study featured a 2 kg drop hammer, which could be released from heights ranging from 0.5
m to 2 m. For this experiment, the hammer was dropped from a height of 0.5 m to generate
controlled impact forces ASTM C469 [38]. A piezoelectric load cell (Kistler 933-A, France) with
a 100 kN capacity was positioned slightly above the impactor tup to continuously record the
impact force history during testing [48-53]. In this study, the specimens were supported by two
steel cylinders (10 mm @), placed on adjustable right-angled supports, ensuring consistent
boundary conditions [48]. To capture specimen accelerations during impact, a Dytran 3224A2
accelerometer (USA) was mounted at the mid-span of the beam. This accelerometer, used in this
study, had a sensitivity of 2 mV/g and could measure accelerations up to £2500 g. It was securely
attached to the top surface of the beam, directly above the impact point, to accurately record
acceleration changes [48]. A PC-based data acquisition system was employed in this study to
collect signals from both the load cell and accelerometer at intervals of 0.2 ps, ensuring high-
resolution recording of the impact event.

The bending load (P,) at the mid-span of the beam is given by [54-57],

Py=P.~P, M

where P; is the tup load, and P; (Eq. (2)) is the inertial load which is uniform along the beam, for
linear distribution of accelerations.
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1

Figure 4. The 8-node hexahedron and the natural coordinates &, #, {

Table 5. The shape functions for 8-node hexahedron
N =L-9A-mA-0 N7 =0+HUA-MA-1 o s
) . NE =-1+HT+mNA -7
N =2(1-HA+mMA-w) N =2(1-HA-mMA+) Ni"’)=§ﬁl+fiil—z;§1+u§
NP =1+ OA+MA+) NP = -9 +ma+ 0 F

P; = pAa[L/3 + (8/3) X (ov3/L?) )

where p: mass density of concrete; A: area of cross-section of the beam; a: acceleration at the
center; L: span of the test beam; and ov: length of the overhang. The displacement history d(t) at
the load-point is given by [54-57],

t ot
d®) =y [y a(®ydt 3)
where a(t) is the acceleration as function of time.

2.5 Finite element development

In order to simulate the behavior of plastic concrete beams subjected to the impact load,
LUSAS was used. The concrete beam was represented by eight corners of hexahedron elements
(Fig. 4) using standard shape functions as represented by Eq. (6) [58]. The corresponding shape
functions for the eight nodes of the hexahedron are summarized in Table 5.

1
NEOEND =21+ &HA +mm A + ) @)
The deformation was calculated by using the following expression,
{u} = T2 N {us} )

where [42], the deformation vector at any location over the element; u;: the deformation vector at
the specified node of the element; [N;]: the nodal shape function matrix of size (3%3); np: the total
number of the nodes in the element.

The boundary conditions (Fig. 5) were set as: The tup load curve obtained from experiment was
used to define the load at the location P, (x=200 mm, y=50 mm, z=50 mm), and the beam was
supported (uniformly distributed along z-direction) from bottom at locations, x=50 mm (support 1)
and x=350 mm (support 2). Visco-Plastic material was used to model plastic concrete structures.
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"~ Support 2

Sup.port 1
Figure 5. Finite element model for the beam

To choose the appropriate mesh size, a number of trials were made and found that, after 1024
elements there was no improvement in accuracy; hence this mesh size was selected and the
simulation took about 30 minutes in a computer with dual-Core Processor 17-7500U 2.7Ghz, 8GB
DDR4 Memory, 1TB Hard Drive, USB 3.0.

The nonlinear dynamic equilibrium equation [59, 60] is given by,

[M]{a} + [C]{v} + [K]{d} = {fe} (6)
where M is the mass matrix which is defined as,
[M] = 221 [N [p]°[N]°dv 7

where N is the element shape function array and p is the density matrix. C is the Rayleigh
damping matrix expressed by,

[C] = ar[M] + bg[K] ®)
where K is the structure stiffness matrix defined by,
[K] = X%-1 [,[BI®T[D]®[B]®dv &)

where B is the strain displacement matrix and D is material modulus matrix; ag (Eq. (10)) and by
(Eq. (11)) are the Rayleigh damping coefficient of mass and stiffness respectively.

_ 2ofws(Yswr—Prws)
RE T @twd) (10)

— 2w r—sws)

br == wr-ap) (D

where ¢ and ), are the damping ratio of the structure for first circular frequency (wy) and second
circular frequency (@) respectively [53, 59]. The damping ratio for first circular and second
circular frequencies is assumed as 5% [60]. Explicit (central difference) nonlinear dynamic scheme
was used to determine the acceleration and thus the velocity and displacement increments for each
time step. Explicit scheme was used for problems which require small time steps such as shock
response from explosive or impact loading [59].
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Table 6. Workability and bulk density of concrete mixtures

Concrete mixture Slump (mm) Bulk density (kg/m?)
PW0% (Plain) 165 2215
PW20% 85 1970
PW30% 55 1950
PW40% 35 1930

In this study, the visco-plastic formulation was chosen because it can represent pressure-
sensitive plasticity in concrete and reproduce both tensile cracking and compressive crushing
under high loading rates. Tensile failure was captured through a fracture-energy-based softening
law, while compressive failure was governed by pressure-dependent plasticity. Interfacial
debonding of plastic waste particles from the matrix was represented using a traction-separation
approach defined by peak traction and fracture energy. Strain-rate effects were incorporated
phenomenologically by scaling static strengths with dynamic amplification factors observed in the
experimental impact tests. These assumptions are consistent with the physical behaviour observed
in the laboratory and with modelling approaches commonly adopted for concrete beams under
impact.

3. Results and discussion
3.1 Experimental results

3.1.2 Effect of plastic waste on workability and bulk density

Table 6 presents the slump values and bulk density for various concrete mixtures, showing a
declining trend as the PW content increases. This suggests that the workability and bulk density of
concrete mixes are significantly affected by the incorporation of PW. These results are also in
agreement with those in Table 4, which suggests that the use of PW results in changes in the
properties of fresh and hardened concrete.

The plain concrete mix (PW0%) recorded the highest slump value of 165 mm, while the
PW40% mix had the lowest slump value of 35 mm. This indicates that workability decreased with
the increase in PW content. This decline is primarily attributed to the differences in particle size
distribution between PW and CA, as shown in Table 3. Unlike CA, which contains larger particles
with a well-graded distribution, PW consists mostly of smaller particles (100% passing the 5 mm
sieve). The lack of larger PW particles results in higher surface area exposure, increasing friction
between particles and reducing the fluidity of the mix, thereby making it less workable [16].
Additionally, as shown in Table 3, PW has a lower relative gravity (1.22) and unit weight (655
kg/m?) compared to CA, further contributing to its poor dispersion within the mix and reduced
slump values [16]. At the microstructural level, the hydrophobic nature and irregular surface
texture of PW hinder proper bonding with the cement paste, weakening the interfacial transition
zone (ITZ) and increasing porosity, which further explains the loss in workability [49, 61-63].

Similarly, the bulk density of concrete decreased with increase in the PW content. To this end,
the bulk density dropped from 2215 kg/m® for PW0% to 1930 kg/m*® for PW40%. This confirms
that PW-modified concrete is significantly lighter than conventional concrete. This reduction is
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Table 7. Mechanical properties of concrete mixtures

Concrete Average CS Standard Average Standard

mixture (MPa) deviation - CS (MPa) MOE (GPa)  deviation - MOE (MPa)
PW0% (Plain) 43 0.8 29.25 0.9

PW20% 34 1.0 24.14 0.9

PW30% 28 1.1 23.16 1.0

PW40% 22 1.0 20.84 1.1

Note: CS refers to the compressive strength; MOE refers to the modulus of elasticity.

due to the lower density of PW compared to CA, as evident in Table 3, where PW has a
significantly lower unit weight and Young’s modulus (2610 MPa) compared to conventional
aggregates [16]. In addition, weak ITZ bonding and the presence of entrapped voids around PW
particles reduce packing efficiency and contribute to the lower mass per unit volume. The decrease
in bulk density suggests that PW-modified concrete has a lower mass per unit volume, which
could be advantageous in applications where lightweight concrete is required [54-57].

In summary, the incorporation of PW adversely impacts workability and bulk density, making
concrete less fluid and more lightweight. The smaller particle size of PW, lower unit weight, and
poor interfacial bonding leading to microstructural porosity contribute to the observed reductions
[16]. While reduced workability may present challenges in placement and compaction, the lower
bulk density offers benefits in lightweight concrete applications, such as non-load-bearing
structures, insulation layers, and floating structures [54-57].

3.1.2 Impact of plastic waste on compressive strength and modulus of elasticity

Table 7 presents the results of mechanical properties of concrete mixes tested in this study. It is
noted that the incorporation of PW as a partial replacement for CA significantly reduces the
compressive strength and modulus of elasticity of the considered of concrete mix. To this end, the
compressive strength of plain concrete was 43 MPa, but it decreased by 25%, 36%, and 49% for
PW20%, PW30%, and PW40%, respectively. This reduction can be attributed to changes in bulk
density and workability, as highlighted in Table 6, and aligns with previous research by Choi et al.
[16]. This reduction is consistent with previous studies, which attribute the decline to the lower
compressive strength of PW compared to natural aggregates [16]. As shown in Table 3, PW has a
significantly lower unit weight (655 kg/m®) and Young’s modulus (2610 MPa) than natural
aggregates, weakening the overall concrete matrix. Additionally, Table 3 highlights the difference
in particle size distribution between PW and CA, where PW particles are significantly finer, with
100% passing the 5 mm sieve. The smaller particle size increases the total surface area, requiring
more cement paste to coat the particles, leading to weaker bonding and lower structural integrity.
The weaker interfacial bond between PW particles and cement paste further contributes to early
crack initiation and reduced overall strength.

The results in Table 7 also indicates that the MOE decreased by 15%, 23%, and 34% as PW
content increased, which is in agreement with results reported by Choi et al. [16]. This reduction
indicates that PW-modified concrete is more deformable, making it more flexible but less stiff
than conventional concrete. The slump values in Table 6 show a decline from 165 mm (plain) to
35 mm (PW40%), indicating that PW disrupts mix cohesion, creating a less compact and more
porous structure. As shown in Table 4, replacing CA with PW reduces the total aggregate volume,
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Figure 6. Tup load history for concrete with varying PW substitutions under impact loading

leading to a looser mix with reduced internal friction. The resulting lower density and weaker
interfacial bond strength may have contributed to the lower stiffness and strength observed in
Table 7.

The reduction in CS and MOE is primarily due to the low stiffness and strength of PW
compared to natural aggregates. Additionally, the poor bonding between PW and the cement paste,
coupled with the deformability of PW particles, promotes microcrack formation around PW
inclusions [16]. This behavior is similar to the effects of air voids in conventional concrete, where
weak points in the matrix reduce the material’s ability to sustain compressive loads. The lower
relative gravity of PW (1.22, Table 3) further contributes to reduced density and strength [16].

The decrease in bulk density suggests that PW-modified concrete has a lower mass per unit
volume, which could be advantageous in lightweight concrete applications such as non-load-
bearing structures and insulating elements [54-57]. However, while PW improves energy
absorption and flexibility, optimizing its interfacial bonding with cement paste is essential to
balance strength, stiffness, and ductility.

3.2 Impact performance of PW-reinforced concrete

Fig. 6 presents the tup load history for different PW percentages (PW0%, PW20%, PW30%,
and PW40%), illustrating a sharp increase in impact load (I.L), peaking around 600-800 ms,
followed by a rapid decline. The results indicate that PW30% exhibits the highest tup load,
exceeding 10,000 kN, suggesting enhanced impact resistance (I.R) compared to other mixes.
PW20% follows closely, while PW40% and PW0% (plain concrete) demonstrate lower peak
loads, implying that excessive PW substitution may reduce impact resistance. The observed
negative loads after 1000 ms, particularly for PW30% and PW40%, could be attributed to inertial
load (P;) effects and material rebound. The sustained higher loads for PW30% and PW20%
indicate improved flexural resistance, whereas PW40% exhibits an earlier decline, suggesting
increased brittleness. Overall, the findings suggest that PW30% is the optimal mix for enhancing
impact resistance, while excessive PW substitution (PW40%) may compromise load-bearing
capacity due to reduced fracture energy (Gr).

Fig. 7 illustrates the variation of tup load (I.L), bending load (M), and inertial load (P;) over
time for PW0% (Plain), PW 20%, PW 30%, and PW 40% concrete, demonstrating the influence of
PW replacement levels on impact resistance (I.R). The results indicate that I.L., M, and P; increase
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Figure 7. Tup load, bending load, and inertial load over time for different PW percentages

with PW incorporation up to 30%, reaching their highest values in Fig. 7(c) PW 30% before
declining in Fig. 7(d) PW 40%. The highest I.L is observed in Fig. 7(c) at 14,170 kN (0.6 ms),
followed by Fig. 7(b) at 9810 kN (0.8 ms), Fig. 7(d) at 8255 kN (0.9 ms), and Fig. 7(a) at 8075 kN
(0.6 ms). Similarly, M and P; exhibit higher values for PW 20% and PW 30%, confirming that
moderate PW content enhances impact performance, while excessive PW substitution leads to a
reduction in structural integrity. These findings align with Asokan et al. [63], who reported that
PW enhances ductility and impact energy absorption, contributing to higher I.LR at moderate
replacement levels.

The observed improvement in M and P; for PW 20% and PW 30% aligns with Suaris and Shah
[65], who stated that materials with lower static bending strengths experience a proportionally
higher increase in M under dynamic impact conditions. This explains why M reaches 4501 kN in
Fig. 7(b) and 4152 kN in Fig. 7(c), compared to 3701 kN in Fig. 7(a) PW0%. Additionally, Fu et
al. [64] demonstrated that fracture behavior in high-strain-rate loading is affected by material
ductility and energy dissipation capacity, supporting the increased P; in Figs. 7(b) and (c), which
peak at 3674 kN and 5084 kN, respectively, before gradually declining. However, in Fig. 7(d) PW
40%, M drops to 2784 kN, confirming that excessive PW content reduces the composite’s ability
to distribute bending stress effectively, leading to earlier failure under impact conditions.

After the peak I.L, a noticeable decline in M and P; occurs, but the rate and pattern vary across
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Table 8. Experimental impact and static bending test results comparison

Concrete Impact results Static results Ratio: dynamic/static
T T PSRRI G T o
Normal 8080 1.43 4110 0.48 1.98 3.05
PW20% 12910 2.42 3054 0.45 4.24 5.48
PW30% 13710 3.62 2836 0.40 4.84 9.25
PW40% 9270 3.25 2585 0.33 3.59 10.1

the mixes. In Fig. 7(a) PW0% (Plain), P; reaches zero after 1.0 ms, indicating limited inertial
resistance. Conversely, in Fig. 7(b) PW 20% and Fig. 7(c) PW 30%, P; remains significant until
1.2 ms, demonstrating improved inertia effects. However, in Fig. 7(c) PW 30%, P; turns negative
(-79.00 kN) after 1.2 ms, which suggests post-impact oscillations, a behavior previously reported
by Fu et al. [64], who identified inertial instability as a key factor in impact fracture progression.
In Fig. 7(d) PW 40%, P; declines sharply (-431.3 kN at 1.2 ms), and M drops to zero, confirming
that excessive PW inclusion weakens the structure, leading to reduced bending performance and
early loss of I.R. The negative M values observed after 1.4 ms in Figs. 7(a) and (b) further support
the presence of rebound effects, which are common in high-strain-rate impacts, as highlighted by
Suaris and Shah [65].

PW30% outperforms PW40% because it attains a practical balance between stiffness and
ductility within the composite. At 30% replacement the natural aggregate skeleton remains largely
continuous, allowing effective stress transfer through the matrix, while the lightweight
polycarbonate particles introduce localized flexibility that improves energy absorption and crack
bridging. The physical properties of the PW used (low unit weight=655 kg/m* and low Young’s
modulus=2610 MPa, Table 3) make it effective as an energy-dissipating inclusion but also
mechanically weak compared with natural aggregate. At 30% the number and size of weak PW
inclusions are sufficient to improve impact toughness (see GF and dynamic/static ratios in Table 8)
without breaking the aggregate load path. At 40% the fraction of low-stiffness PW becomes large
enough that particle-to-particle spacing and packing are altered, porosity and weak ITZ regions
increase, and the continuous natural-aggregate load-bearing network is disrupted Asokan et al.
[63]. This promotes earlier microcrack initiation and faster loss of bending capacity under impact,
explaining the observed drop in tup, M, and P; for PW40%. In short, PW30% lies near an optimum
threshold where beneficial ductility effects outweigh loss of stiffness, while PW40% exceeds that
threshold and becomes detrimental to impact peak capacity.

Figs. 8(a) and 7(b) illustrate the experimental tup load (kN) vs. deflection (m) response for
normal concrete (PW0%) and PW-reinforced concrete with 20%, 30%, and 40% PW under impact
loading (I.L). The corresponding fracture energy (GF) values are summarized in Table 8, which
also compares dynamic and static bending test results. Consistent with previous studies [54-57],
dynamic GF exceeds static GF, confirming that PW modification enhances energy absorption
under impact conditions.

The normal concrete (PW0%) exhibits a peak load of 8080 N with a GF of 1.43 Nm, while
PW20% and PW30% significantly improve GF, reaching 2.42 Nm (+69%) and 3.62 Nm (+153%)),
respectively. PW40% achieves 3.25 Nm (+127%), but its lower energy absorption compared to
PW30% suggests increased brittleness at higher PW content. This trend is evident in Fig. 8(a),
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Figure 8. 3D impact load-experimental deflection response of PW-reinforced concrete

where PW30% maintains the highest peak load (~13710 N) before gradually softening,
demonstrating enhanced energy absorption before failure. In contrast, PW40% exhibits a steeper
post-peak decline, indicating reduced ductility and potential premature failure, aligning with its
higher dynamic/static GF ratio (10.1) compared to 9.25 for PW30%.

Table 8 further supports these findings, showing that PW30% achieves the highest peak impact
load (13710 N), followed by PW20% (12910 N) and PW40% (9270 N), with normal concrete at
8080 N. The dynamic/static GF ratio for PW30% is 9.25, emphasizing its superior energy
absorption and impact resistance, which is 4.84 times greater than normal concrete. These results
confirm that PW30% provides the optimal balance between strength and ductility, while PW40%
shows a brittle response despite its higher Gr.

Overall, PW significantly enhances impact resistance, with PW30% demonstrating the most
effective balance of peak load capacity and energy absorption. PW40%, despite its higher Gr,
exhibits brittle behavior, suggesting a limit beyond which PW addition may reduce ductility.
These findings highlight the potential of PW-reinforced concrete for impact-resistant applications
and optimizing structural performance.

3.2.1 Comparison of static and dynamic test results

A key observation is that the dynamic-to-static peak bending load ratio increases with PW
content, rising from 1.98 for normal concrete to 3.59 for PW40%. Similarly, the dynamic-to-static
GF ratio increases from 3.05 for normal concrete to 10.1 for PW40%, confirming the ability of
PW to enhance energy absorption under impact loading. However, as PW content increases, the
static peak bending load decreases, which is expected since replacing CA with PW reduces
interfacial bond strength and makes the matrix more susceptible to static stresses.

At the microstructural level, this is explained by the crack deflection and bridging effects of
PW. During impact, the softer and more deformable PW inclusions absorb and dissipate energy
through localized deformation, forcing cracks to deviate and propagate around the particles instead
of passing directly through [16]. This mechanism enhances fracture energy under dynamic
loading. In contrast, under static conditions, weak ITZ regions and higher porosity dominate,
allowing cracks to link across voids more easily and thereby reducing static capacity.

Despite the reduction in static capacity, PW enhances impact resistance through flexibility,
deformability, and crack-bridging capacity. For example, the dynamic-to-static GF ratio increased
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from 3.05 for normal concrete to 5.48 for PW20%, 9.25 for PW30%, and 10.1 for PW40% (Table
8). Similarly, the dynamic-to-static bending load ratio rose from 1.98 for normal concrete to 4.24
for PW20%, 4.84 for PW30%, and 3.59 for PW40%. These results demonstrate that while PW30%
achieved the best overall balance, higher PW content can still improve energy absorption but at the
cost of reduced stiffness.

The combined outcome of increased impact resistance and reduced compressive strength
defines clear application limits. The 36% reduction in compressive strength for PW30% (Table 7)
restricts its use in primary axial-load members such as columns and heavily loaded beams.
However, the marked improvement in fracture energy and dynamic-to-static response suggests that
PW30% is particularly well suited for components where toughness and energy absorption are
critical, such as protective barriers, crash-resistant panels, industrial flooring, and pavement
Asokan et al. [63].Therefore, PW-modified concretes should be functionally targeted: adopt
PW30% in secondary or impact-prone elements where resilience is required, but avoid or
strengthen PW mixes for use in load-bearing members. Practical next steps include improving
interfacial bonding and packing efficiency (for example, through surface treatment or optimized
grading) and re-evaluating detailing for structural members where localized toughness is more
important than peak compressive strength.



Behavior of sustainable concrete with plastic waste as coarse aggregate: Experimental and... 197

Table 9. Experimental vs FEM predicted results for PW-reinforced concrete
Peak Tup Load Peak Tup Load Deflection at Deflection-

MixID "NV Exp. N)-FEM PTOT (0 peik (mm)-Exp.  FEM Error (%)
PW0% 8075 7924 %1.9 0.00079 0.00093 15
PW20% 9810 9980 %1.7 0.00082 0.00121 32
PW30% 14171 13850 %2.2 0.00097 0.00158 39
PW40% 8682 8746 %0.8 0.00117 0.00176 34

3.2.2 Comparison of the experimental and simulation results

The impact response of plastic waste (PW)-reinforced concrete samples was analyzed by
comparing experimental and numerical results across different PW percentages. In Fig. 9(a), the
PW 0% (Plain) sample exhibited a peak tup load of 8075 kN at 0.6 ms, followed by a decrease,
indicating impact energy dissipation. The experimental deflection increased to 0.00075 m at 1.2
ms, while the simulation underpredicted it, with a maximum of 0.00094 m. The growing
divergence suggests the numerical model may not fully capture plastic deformation or strain-rate
effects, leading to an underestimation of compliance.

For PW 20%, shown in Fig. 9(b), the peak tup load increased to 9810 kN at 0.8 ms,
demonstrating improved impact resistance. However, the experimental deflection was significantly
higher, reaching 1.06 m at 1.2 ms, while the simulation predicted only 0.00121 m. A similar trend
is observed in PW 30% (Fig. 9(c)), which recorded the highest peak tup load (14,200 kN at 0.8
ms), indicating superior impact resistance. Despite this, experimental deflections were
significantly greater than numerical predictions, with 1.38 m vs. 0.00158 m at 1.2 ms, highlighting
the model’s limitations in predicting large deformations.

For PW40% (Fig. 9(d)), the peak tup load dropped to 8255 kN at 0.8 ms, with experimental
deflection reaching 1.66 m, the highest among all mixes. This indicates reduced stiffness and
excessive deformation at higher PW content. The FEM underestimated these deflections,
highlighting the need for better modeling of softening, strain-rate effects, and failure mechanisms.
While moderate PW improved impact resistance, excessive replacement promoted instability and
early failure. From a microstructural perspective, this behavior reflects the competing effects of
ductile crack bridging by PW and premature ITZ debonding. In PW30%, microcracks are blunted
and redirected by well-distributed PW particles, leading to higher fracture energy and a more
gradual failure process. At PW40%, however, the dense presence of weak ITZ regions and
entrapped voids accelerates localized crack coalescence, explaining the sharp loss of stiffness and
the high deflections observed experimentally. The FEM model, which simplifies softening and
does not fully capture ITZ porosity and microcrack evolution, underestimates these deformation
effects, although it successfully replicates global fracture paths.

The results are further supported by Table 8, which compares experimental impact and static
bending test results. The PW 30% sample, which exhibited the highest impact resistance in Fig.
9(c), also recorded the highest peak bending load (13,710 N) and fracture energy (3.62 Nm) under
impact testing. However, under static conditions, its peak bending load decreased to 2836 N,
resulting in a dynamic-to-static load ratio of 4.84. This suggests that PW 30% benefits the most
from strain-rate effects, offering superior impact resistance but undergoing significant deformation
under sustained loading.

As seen in Table 9, although deflection magnitudes are underestimated in the simulation, the
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consistency in fracture initiation, crack paths, and stress concentration zones indicates that the
model effectively captures the global failure behavior of PW 30% concrete under impact. The
deflection mismatch likely arises from simplified treatment of softening and rate effects in the
current visco-plastic model. Future refinements could include more detailed calibration of fracture
energy values, an improved description of tensile softening behaviour, and incorporating rate-
dependent parameters across a wider range of strain rates. Such improvements would help reduce
the deflection discrepancy while preserving the good agreement observed in fracture initiation and
crack distribution.

4. Conclusions

This study evaluated the impact of replacing 20%, 30%, and 40% of coarse aggregate (CA)
with plastic waste (PW) on the load-deflection behavior and fracture energy (GF) of concrete
prisms under impact loading, compared with static loading and validated through finite element
method (FEM) simulations. The following conclusions are drawn:

* The incorporation of PW reduced slump from 165 mm (PW0%) to 35 mm (PW40%) and

decreased bulk density from 2215 kg/m? to 1930 kg/m?>. This reduction confirms the potential

of PW concrete as a lightweight material, though with lower workability.

» Compressive strength (CS) decreased by 25%, 36%, and 49% for PW20%, PW30%, and

PW40%, respectively, compared with PW0% (43 MPa). Similarly, modulus of elasticity

(MOE) dropped from 29.25 GPa at PW0% to 20.84 GPa at PW40%, indicating reduced

stiffness and increased deformability with higher PW replacement.

* PW30% exhibited the highest impact resistance, recording a peak tup load of 14,170 kN at 0.6

ms, bending load (M) of 4152 kN, and inertial load (P;) of 5084 kN. This demonstrates superior

energy absorption and toughness. PW20% showed improved resistance compared with PW0%

(9810 kN at 0.8 ms), while PW40% recorded lower peak loads (8255 kN at 0.8 ms) and

excessive deformation, confirming that excessive PW weakens structural integrity.

* PW30% achieved the highest fracture energy (GF=3.62 Nm) under impact loading, with a

peak bending load ratio of 4.84 between dynamic and static conditions. Dynamic-to-static

ratios increased with PW content, reaching 10.1 for GF at PW40%. These results confirm that

PW enhances strain-rate sensitivity and toughness but compromises static compressive

performance.

* FEM simulations reproduced fracture initiation, crack propagation, and global load-deflection

patterns observed experimentally, especially for PW30%. However, deflections were

underestimated due to simplified visco-plastic assumptions. Model refinements should include
calibrated fracture energy, improved tensile softening descriptions, and incorporation of rate-
dependent parameters to improve predictive accuracy.

PW30% is identified as the optimal replacement level, combining improved impact resistance
and toughness with acceptable mechanical performance. It is most suitable for secondary or
impact-prone elements such as protective barriers, crash-resistant panels, pavements, and industrial
flooring. However, the reduction in compressive strength restricts its use in primary load-bearing
members without further modification. This study was limited to a single type of PW, short-term
mechanical testing, and no durability assessment. Future research should explore hybridization
with fibers, surface modification of PW to enhance interfacial bonding, and durability studies
under aggressive environments to expand the applicability of PW-modified concretes.
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Appendix

Table Al. Statistical analysis of raw data for PW0%, PW20%, PW30%, and PW40%
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Mix ID Test Mean SD N (samples)
PW0% 165 7.5 3
PW20% Sturmp (aum) 85 55 3
mp (mm
PW30% P 55 42 3
PW40% 35 3.1 3
PW0% 2215 14.3 3
PW20% 1970 15.8 3
’ Bulk density (kg/m®)
PW30% 1950 12.9 3
PW40% 1930 15.1 3
PW0% 43 0.8 3
PW20% 34 1.0 3
. CS (MPa)
PW30% 28 1.1 3
PW40% 22 1.0 3
PW0% 29.25 0.9 3
PW20% 24.14 0.9 3
. MOE (GPa)
PW30% 23.16 1.0 3
PW40% 20.84 1..1 3
PW0% 8080 183 6
PW20% 12910 245 6
° Peak bending load (N)
PW30% 13710 222 6
PW40% 9270 217 6
PW0% 1.43 0.2 6
PW20% 2.42 04 6
’ GF (Nm, dynamic)
PW30% 3.62 0.3 6
PW40% 3.25 0.3 6






