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Abstract

This study investigates the effects of substituting fine aggregates with recycled plastic in recycled concrete, focusing on chloride
penetration, compressive strength, workability, and porosity. Recycled plastic was incorporated at 10% (A10) and 20% (A20)
by volume, and properties were evaluated across six mix designs. The control mix without plastic (Mix A) achieved the highest
28-day compressive strength (400 KSC), while A10 and A20 showed reduced strengths of 320 and 255 KSC, respectively. The
addition of plastic increased mix porosity, resulting in reduced strength and workability due to diminished cement bonding and
lubrication. Chloride ingress was assessed under cyclic wetting—drying exposure using a 3.5% NaCl solution. Results revealed
progressive surface chloride accumulation over time. Notably, Mix A showed a 137.96% increase in chloride content at a 0-2
cm depth after 280 days, with Mix A20 exhibiting even higher surface concentrations. Chloride content consistently decreased
beyond a 4 cm depth, indicating limited long-term penetration into inner layers. These findings highlight the importance of
porosity control in mitigating chloride transport in recycled concrete. A clear relationship between plastic content, increased
porosity, and enhanced chloride diffusion was observed. While 10% plastic substitution demonstrated acceptable performance,
higher levels significantly compromised durability. The study recommends limiting plastic waste incorporation to <10% by
volume and maintaining a concrete cover of at least 8-10 cm over reinforcement to enhance resistance against chloride-induced
corrosion. These findings support the controlled reuse of plastic waste in sustainable concrete development, particularly for non-
structural or low-exposure applications. Optimizing mix design and incorporating supplementary cementitious materials are
suggested to improve long-term durability.
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1. Introduction

Concrete, the primary construction material used worldwide [1], is a composite primarily composed of cement, water, and
aggregates. Aggregates constitute approximately 70-80% of the concrete volume [2], serving as the principal contributors to
its strength and durability. In Thailand, concrete roads managed by the Department of Highways and the Department of Rural
Roads span approximately 4,555 kilometers [3], highlighting the nation’s substantial reliance on this material. However, the
extensive use of concrete has significant environmental impacts, particularly from cement production, which contributes
approximately 8% of global CO, emissions [4—7]. Moreover, the extraction of natural aggregates, such as stone and sand,
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has rapidly depleted natural resources, while construction and demolition activities generate substantial amounts of waste—
commonly referred to as construction and demolition waste (CDW) [8—10]. Concurrently, plastic waste pollution poses a
major environmental challenge. Projections estimate that by 2030, up to 23 million tonnes of plastic waste could enter global
water systems annually, while plastic incineration may release up to 53 million tonnes of CO, -equivalent gases. Current
recycling efforts remain insufficient, with only 27.2% of plastic waste being recycled, while the remainder is either landfilled
or incinerated [11-13].

These environmental concerns have prompted efforts to develop alternative construction materials incorporating waste as
substitutes for conventional inputs. Numerous studies have focused on recycled materials, which can significantly reduce
natural resource consumption and construction waste generation [14]. Among these, recycled coarse aggregate (RCA) and
recycled fine aggregate (RFA) are among the most widely used. In particular, plastic waste—such as polyethylene
terephthalate (PET)—has been incorporated as aggregate in concrete. When shredded into small particles, recycled PET can
replace sand or gravel, reducing concrete density and thermal conductivity but potentially decreasing compressive strength.
Research has shown that incorporating plastic increases porosity and decreases density and thermal conductivity, but it also
tends to lower compressive strength and adversely affect durability properties, including resistance to the ingress of aggressive
agents [15-19].

One of the primary mechanisms of deterioration in reinforced concrete is the ingress of chloride ions, which
accelerates the corrosion of steel reinforcement, particularly in marine environments or areas exposed to deicing salts,
such as roads and coastal structures [20, 21]. Therefore, chloride penetration is a key indicator for assessing concrete
durability. Previous studies have employed tests such as the Rapid Chloride Penetration Test (RCPT) and the Bulk
Diffusion Test to evaluate chloride ingress in recycled concrete. Recycled concrete generally exhibits higher chloride
penetration than conventional concrete [22, 23] due to its increased porosity and more interconnected pore structure [21,
24-27]. Although numerous studies have investigated the influence of recycled aggregates on chloride ingress, most
focus on either RCA or RFA individually [26, 28-31], and these are typically conducted under controlled laboratory
conditions that may not reflect actual field environments.

Current research often relies on short-term immersion tests or indirect evaluations of chloride permeability, which limits
practical applicability. In real-world applications, structures are frequently exposed to alternating wet—dry cycles that
significantly accelerate chloride ingress [30—32]. Furthermore, limited research has examined recycled concrete incorporating
both recycled plastics and RCA, particularly regarding how this combination affects pore structure, chloride resistance, and
overall service life. To address this gap, the present study investigates chloride ingress in recycled concrete incorporating both
RCA and recycled plastic waste as partial replacements for fine aggregate. The experimental design simulates realistic field
conditions, including exposure to a 3.5% sodium chloride (NaCl) solution under continuous wet—dry cycles for 280 days. This
study aims to provide in-depth insights into the durability of recycled concrete and support the development of more
sustainable infrastructure.

2. Materials and Methods
2.1. Materials

The recycled concrete mixtures were produced using five primary materials: recycled coarse aggregates, Type | Portland
cement, non-recyclable plastic waste, a cementitious binder (Type 1), and water. The recycled aggregates were sourced from
the demolition of construction elements, specifically from leftover concrete piles (Figure 1-a). The particle size distribution
of the crushed aggregates obtained from the pile heads is shown in Figure 1-a, while the combined particle grading curve is
presented in Figure 2.

‘ "h ‘}

a) Recycled aggregates sourced from leftover concrete piles
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b) Plastics used as a replacement for fine aggregates

Figure 1. Concrete mix materials
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Figure 2. Particle size distribution of recycled concrete materials

Non-recyclable plastic waste was used as a partial replacement for fine aggregate. This plastic was obtained from post-
consumer recycling processes, where waste was sorted via water flotation. Only plastics that sank—indicating higher
density—were selected and then shredded into particles smaller than 4.75 mm (Figure 1-b).

The cement used in this study was Type | Portland cement, compliant with the Thai Industrial Standard TIS 15-2547 (TIS
2004) [33]. Its primary chemical constituents included calcium oxide (CaO) at 65.5% and silicon dioxide (SiO2) at 21.0%
[34]. The physical properties of the recycled aggregates are summarized in Table 1. These properties—including Los Angeles
Abrasion, Flakiness Index, Elongation Index, Unit Weight, and Soundness—were tested in accordance with ASTM and BS
standards.

Table 1. Physical properties of recycled composites

Property Fine Aggregate Coarse Aggregate Test Method
Los Angeles Abrasion (%) 18.98 ASTM C131/C131M-20 [35]
Flakiness Index (%) 23.50 BS 812 [36]
Elongation Index (%) 24.70 BS 812 [36]
Unit Weight (kg/m?®) 1,441.1 ASTM C29/C29M-23 [37]
Soundness (Solution of Sodium Sulfate) (%) 10.68 15.90 ASTM C88-13 [38]

2.2. Mix Design and Preparation of Concrete Samples for Testing

The concrete mixtures in this study were composed of Type | Portland cement, water, recycled coarse aggregates sourced
from crushed concrete pile heads, and non-recyclable plastic waste used as a partial replacement for fine aggregates. The
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recycled aggregates were graded as shown in Figure 1a. Plastic waste particles smaller than 4.75 mm were incorporated at
replacement levels of 10% and 20% by volume of the fine aggregate fraction. Six sets of concrete mixes were prepared, with
proportions summarized in Table 2 and the preparation sequence illustrated in Figure 3.

Table 2. Mix proportions of recycled concrete mixtures incorporating plastic waste and recycled aggregates

RC Aggregate PRC Water Cement

RC Round Type N g it § wi/C
P (kg m?) (kg m?) (kg m) (kg )
1 A 541.85 - 3.87 126.20 0.505
1 Al10 518.13 3.86 3.86 126.20 0.519
1 A20 494.42 3.86 3.86 126.20 0.518
2 B 532.71 7.45 7.45 126.15 0.529
2 B10 532.71 8.47 8.47 126.15 0.517
3 C 532.71 10.65 10.65 126.15 0.525
Note: RC = Recycled concrete, PRC = Plastic Waste (as replacement of fine aggregate), W/C = Water-cement ratio.
RC RC C
> m | :
= A+ 10 (%PW) B +10 (%PW)
RC
B10

A10 -
=A+10 (%PW) =A10+ 10 (%PW)

A20

— 0 W
A+20 ( A)P ) %PW: Percentage of Pulverized Waste
RC: Recycled Concrete

Figure 3. Flow diagram showing the preparation sequence of recycled concrete mixtures for chloride permeability testing

In Set A, recycled aggregates from discarded reinforced concrete were mixed with cement and water to form the base mix.
Mixes A10 and A20 were derived from Set A by incorporating 10% and 20% plastic waste by volume of fine aggregate,
respectively. For Set B, the hardened concrete from Set A was crushed and reused as recycled aggregate in a new mix, with
10% plastic waste added (B10). Similarly, in Set C, concrete from Set B was crushed and remixed, again with 10% plastic
waste by volume of fine aggregate. The complete preparation sequence is depicted in Figure 3 [39]. This progressive recycling
approach—recasting and crushing through Sets A to C—enabled the evaluation of durability and performance over multiple
recycling cycles while varying the plastic content.

The selection of 20% plastic waste in Mix A20 was guided by prior studies and preliminary trial mixes [39]. Previous
research has explored substitution levels between 5% and 30% for fine aggregates using recycled or polymer-based materials,
with findings consistently showing that compressive strength losses become more pronounced beyond the 20% threshold.
The 20% level was therefore adopted as a practical upper bound. Additionally, trial batches conducted prior to this study
revealed that exceeding 30% plastic substitution led to unstable mixes, characterized by excessive bleeding and unacceptable
loss of workability. As such, the selected substitution levels of 10%, 20%, and 30% were intended to capture the transition
point at which mechanical and durability properties become significantly compromised.

2.3. Testing Procedures and Durability Evaluation

2.3.1. Physical Properties of Aggregates

The physical properties of the recycled coarse aggregates were evaluated through standard procedures, including Los
Angeles Abrasion, Flakiness Index, Elongation Index, Unit Weight, and Soundness tests. The soundness test was conducted
using a sodium sulfate solution in accordance with relevant ASTM and BS standards.

2.3.2. Compressive Strength and Workability

The compressive strength of concrete samples was determined using a compression testing machine with a load capacity
of 2000 kN. Specimens were placed between two 30 mm-thick steel plates and loaded gradually until failure. The procedure
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followed BS EN 12390-3: 2019 [40]. The ultimate load was recorded, and compressive strength was calculated by dividing
the failure load by the cross-sectional area of the specimen.

The workability of fresh concrete was assessed using slump tests in accordance with BS EN 12350-2 [41]. A standard 300
mm cone mold was used, and the slump height was measured after the concrete settled under its own weight. Each test was
conducted in duplicate to ensure consistency.

2.3.3. Water Absorption Test

Water absorption tests were conducted on 150 mm x 150 mm x 150 mm concrete cubes following BS 1881-
122:2011+A1:2020 [42]. Two sets of specimens were prepared based on the mix proportions in Table 2. One set was cured
for 28 days and the other for 90 days. After curing, specimens were oven-dried for 72 hours and cooled to room temperature.
The dry mass (Mg) was recorded. The samples were then immersed in water for 10, 20, 30, 60, 120, and 180 minutes. At each
interval, the wet mass (M) was recorded. Water absorption (W3) was calculated using the following equation:

M¢—Mg

W, = x 100 (1)

d
2.3.4. Chloride Permeability Testing

To assess chloride permeability, 150 mm x 150 mm x 150 mm concrete cube specimens were prepared after mixing. After
24 hours, the specimens were demolded and cured in water for 28 days under standard laboratory conditions. Subsequently,
they were immersed in a 3.5% sodium chloride (NaCl) solution [43—-44]. To simulate field exposure, particularly in marine
and coastal environments, specimens underwent a wetting—drying cycle consisting of seven days of immersion in NaCl
solution followed by seven days of air drying [45-46]. This cyclic exposure represented a worst-case scenario by accelerating
chloride ingress due to the porous nature of concrete [47-50].

For chloride quantification, all specimen surfaces were sealed with epoxy except for one face, which was left uncoated to
allow unidirectional chloride diffusion. The specimens were immersed and retrieved for testing after 28, 56, 84, and 280 days
of exposure (Figure 4). Upon retrieval, specimens were drilled at five depth intervals: 0-2 cm, 2-4 cm, 4-6 cm, 6-8 cm, and
8-10 cm. The resulting powder from each depth was collected in sealed, labeled bags.

Chloride content was measured according to ASTM C1218 using the titration method. Powdered concrete from each depth
was sieved through a No. 4 mesh and dissolved in nitric acid (HNO3) to extract the chloride ions. The resulting solution was
titrated with a standard silver nitrate (AgNO3) solution using potassium chromate (K>CrQ,) as the indicator. The titration end
point was indicated by the formation of a reddish-brown precipitate, signifying complete reaction of the chloride ions.

Epoxy

Epoxy Epoxy

A

' o Y
Support «

Figure 5. Test setup and equipment used for chloride permeability evaluation of recycled concrete specimens
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3. Results and Discussion

3.1. Mechanical Properties of Recycled Concrete

3.1.1. Compressive Strength

The compressive strength of the concrete specimens was evaluated at 7, 14, and 28 days of curing at room temperature.
As shown in Figure 6, Mix A developed strength rapidly within the first 7 days, attributed to efficient early-stage
hydration. It reached a maximum compressive strength of 400 KSC (=39.2 MPa) at 28 days, indicating adequate
mechanical performance and supporting the feasibility of using recycled concrete aggregates (RCA) in structural
applications. With partial replacement of fine aggregates by plastic waste, Mix A10 achieved the highest strength among
the plastic-modified mixtures, reaching 320 KSC (=31.4 MPa) at 28 days. All mixes exceeded the 240 KSC (=23.5 MPa)
threshold, except Mix C, which recorded 215 KSC (=21.1 MPa)—approximately 10.5% below the minimum target. A
noticeable strength reduction was observed with increased plastic content, as seen in Mix A20 (255 KSC), B10 (240
KSC), and C (215 KSC).

Vol. 11, No. 07, July, 2025

The decline in compressive strength with rising plastic content is attributed to the inert nature of plastic, which impedes
cement hydration and weakens the interfacial bond. This trend was consistent across all ages (Figure 7) and aligns with
findings from previous studies [15-17], which reported that plastic incorporation reduces concrete density and disrupts paste—
aggregate interaction. A comparative analysis across recycling cycles (Mix A — B — C) also showed a gradual strength
decline. Additional recycling led to weakened mechanical bonding due to increased angularity and surface roughness of RCA,

Figure 6. Compressive strength of recycled concrete mixtures at 7, 14, and 28 days

contributing to the lowest strength observed in Mix C (Figure 7).
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Figure 7. Compressive strength development of concrete with varying recycled content and plastic waste over time

3.1.2. Compressive Strength Loss

To quantify performance degradation, compressive strength losses relative to Mix A were calculated (Figure 8). The
most significant reductions occurred within the first 14 days and stabilized by day 28. Mix C, incorporating the highest
plastic content and recycled for a third cycle, exhibited the greatest loss at 46.25%. In contrast, mixes with <10% plastic
content (A10 and B) maintained acceptable strength development. These results suggest that plastic contents above 10%,
especially in A20, B10, and C, significantly compromise mechanical performance, with limited strength recovery from

continued curing.
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Figure 8. Compressive strength loss of recycled concrete mixtures relative to the control mix (A)

3.2. Workability and Water Absorption

The workability of the recycled concrete mixes, evaluated via slump tests, is shown in Figure 9. All mixes
demonstrated slump values within an acceptable range for structural concrete, averaging approximately 8.0 cm. However,
workability generally decreased with each additional recycling cycle due to the increased surface roughness, angularity,
and water absorption capacity of RCA. These characteristics elevate internal friction during mixing, consistent with
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observations in previous studies by Qader et al. [17] and Ambrose et al. [51]. Mixes A20 and C exhibited slightly higher
slump values of 8.5 cm. This deviation may result from plastic particles acting as inert fillers that reduce internal friction
under specific conditions. Nonetheless, the inclusion of plastic typically increases porosity, as reflected in the water
absorption results (Figure 10). Increased porosity raises the water demand, reducing the availability of free water for
lubrication and lowering overall workability. To maintain adequate fresh concrete performance, mix designs should
account for the higher absorption characteristics of both recycled and plastic aggregates and include appropriate water
compensation [52, 53].
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Figure 9. Slump values of recycled concrete mixes containing plastic waste and recycled aggregates
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Figure 10. Water absorption of recycled concrete mixes with varying plastic content and recycling stages

3.3. Microstructural Characterization

Microstructural analysis was conducted using cross-sectional image analysis to examine the spatial distribution of coarse
aggregates, cement paste, and plastic waste. As shown in Figure 11, the distribution of recycled aggregates and plastic particles
varied across the mixtures, particularly with increasing plastic content and recycling cycles. Quantitative evaluation of cross-
sectional area proportions (Figure 12) showed that Mix A (nho plastic) had a balanced composition: 30.25% coarse aggregate
and 69.75% cement paste. This proportion corresponded to the highest compressive strength observed. In contrast, mixes with
plastic waste displayed reduced aggregate content. For instance, Mix A10 contained 27.58% aggregate and 4.58% plastic,
while Mix A20 showed 21.70% aggregate and 10.98% plastic by area.
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Cross-sectional view of concrete Distribution of coarse aggregate Distribution of plastic

Figure 11. Cross-sectional distribution of coarse aggregate, plastic waste, and cement paste in recycled concrete (Set B)
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Figure 12. Quantitative analysis of material proportions in recycled concrete based on cross-sectional area distribution

This reduction in coarse aggregate—especially in highly recycled samples like Mix C, which contained only 10.68%
aggregate—substantially compromises strength. The decrease in mechanical performance is attributed to both a reduction in
aggregate bonding area and the inert behavior of plastic, which does not contribute to cement hydration. These findings are
consistent with previous studies by Kang et al. [54] and Du et al. [55], which reported that reducing aggregate content while
increasing plastic content lowers concrete density and thermal conductivity, thereby reducing compressive strength.

Additionally, in terms of chloride permeability, studies by de Almeida Ferreira et al. [56] Cheng et al. [57] have shown
that increased plastic content leads to more pore spaces in the cement matrix, diminishing resistance to ion ingress. To preserve
mechanical performance, an optimal composition is recommended: 30-40% coarse aggregate, <10% recycled plastic waste,
and 60-70% cement paste by area. This composition supports efficient hydration, reduces interfacial voids, and mitigates
strength loss associated with plastic incorporation.

3.4. Chloride Permeability Assessment of Recycled Concrete
3.4.1. Chloride Penetration

Chloride ingress behavior in recycled concrete specimens was evaluated to assess durability under aggressive
environmental conditions. The concrete mixes were prepared using recycled aggregates sourced from reinforced concrete
beams, with plastic waste used as a partial replacement for fine aggregates. Specimens were exposed to a 3.5% NaCl solution
and subjected to cyclic wetting—drying conditions for 28, 56, 84, and 280 days. As shown in Figure 13, chloride content
increased with prolonged exposure, particularly within the surface zone (0-2 cm). For example, Mix A exhibited chloride
content increases of 5.27%, 17.07%, and 137.96% at 56, 84, and 280 days, respectively—reflecting an average daily increment
of 0.59%. Similarly, Mix A10 showed increments of 28.57%, 44.60%, and 84.39%, corresponding to an average daily increase
of 0.25%. Comparable trends were observed across Mixes A20, B, B10, and C.
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Figure 13. Chloride concentration profiles in recycled concrete mixes at different exposure durations (28-280 days) under cyclic

The data also indicated non-uniform chloride distribution with depth. Chloride concentrations consistently decreased
beyond 4 cm, underscoring the protective role of surface layers. These findings highlight that extended exposure significantly
compromises the chloride resistance of concrete. Understanding depth-dependent chloride diffusion is critical in designing
durable concrete structures exposed to marine or deicing environments. Effective protective measures, such as increasing
concrete cover depth or applying surface treatments, are essential to mitigate corrosion risk and prolong structural service life.

wetting—drying in 3.5% NaCl solution

3.4.2. Chloride Content Compared to International Standards

Controlling chloride ion content is vital for preventing reinforcement corrosion. International standards such as BS EN
206 [58] and ACI 318R-19 [59] define permissible chloride limits based on exposure conditions and structural type. Proper
adherence to these standards ensures long-term durability. Figure 14 compares the chloride contents of all concrete mixes
with these standards. At 0—2 cm depth, all mixes exceeded permissible chloride limits at 280 days, with Mix A20 reaching
0.442%, indicating a high risk of reinforcement corrosion. In contrast, chloride contents at depths beyond 4 cm remained
below 0.06%, within allowable thresholds for both conventional reinforced and prestressed concrete. This suggests that while
deeper layers are resistant to chloride penetration, surface zones remain highly vulnerable and must be prioritized in durability

design.
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Figure 14. Chloride concentration in recycled concrete mixes at 280 days compared to international standards
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3.4.3. Chloride Distribution Across Concrete Depths

Chloride profiles reveal that concentrations are highest near the surface and decrease with depth (Figure 15). This behavior
can be divided into two distinct zones: a critical surface layer (0—4 cm) with substantial chloride ingress, and an inner layer
(beyond 4 cm) with significantly lower penetration. At 28 days, chloride concentrations at 0—2 cm ranged from 0.094% to
0.318% across all concrete mixes (Figure 15-a). By 280 days, these values increased to between 0.111% and 0.442% (Figure
15d), indicating progressive accumulation over time. Mix A exhibited depth-wise reductions in chloride content of 5.76%,
11.54%, 16.78%, and 34.47% at 28, 56, 84, and 280 days, respectively, corresponding to a median reduction rate of 0.17%
per 2 cm depth. Mix A10 showed a similar trend with a median rate of 0.12%, while Mix A20 displayed more variability,
with a median reduction of 0.31%. Mix B demonstrated the most pronounced reduction, with a median rate of 0.96%, followed
by Mix C at 0.69%. Beyond 4 cm, chloride concentrations remained relatively stable, with variations below 5%, confirming
limited further diffusion. These findings align with previous studies [60-62], which also noted the importance of maintaining
adequate concrete cover and applying protective surface treatments to prevent long-term chloride ingress.
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Figure 15. Chloride penetration profiles in recycled concrete specimens (Mix A, A10, A20, B, B10, and C) at different exposure
durations: (a) 28 days, (b) 56 days, (c) 84 days, and (d) 280 days in 3.5% NaCl solution under cyclic wetting—drying

Figure 16 illustrates the simulated chloride diffusion profiles in concrete specimens with dimensions of 150 x 150 x 150
mm after 280 days. The results show that chloride content falls below 0.06% at depths greater than 4 cm in all mix designs.
However, repeated recycling combined with plastic waste substitution significantly increased the depth of chloride
penetration. This effect is primarily attributed to the weakened interfacial bonding and higher porosity resulting from the use
of recycled aggregates. The increased porosity introduces additional internal voids, facilitating deeper chloride ion migration.
For instance, chloride presence in Mix C, produced from Mix B concrete, extended to a depth of 8-10 cm, whereas in Mix A,
it was limited to approximately 6 cm. These results are consistent with recent studies, which confirm that increased porosity
and weaker bonding due to repeated recycling cycles enhance chloride ingress, particularly in the surface zone. Studies by
Yang et al. [61] and Jiang et al. [63] further support the observation that chloride transport exhibits non-uniform, depth-

2993



Civil Engineering Journal Vol. 11, No. 07, July, 2025

dependent behavior, largely influenced by microcracking and heterogeneous aggregate distribution. Similarly, Tong et al.
[64] reported that unmodified recycled aggregates reduce the concrete’s resistance to chloride ingress in marine environments.
These findings emphasize the need for protective strategies such as increasing cover thickness or applying surface sealants to
improve the durability and longevity of reinforced recycled concrete in chloride-laden conditions.
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Figure 16. Chloride distribution across recycled concrete specimen depths after 280 days: (a) Mix A, (b) Mix A10, (c) Mix A20,
(d) Mix B, (e) Mix B10, (f) Mix C
3.4.4. Effect of Plastic Waste Substitution on Chloride Ingress

The substitution of fine aggregates with plastic waste significantly affects chloride ingress in recycled concrete. As the
replacement ratio increased from 10% to 20%, the chloride content in the concrete specimens also increased. For example,
Mix A20, which contained 20% plastic waste, exhibited the highest surface chloride concentration (Figure 16c¢). This trend is
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consistent with the porosity results shown in Figure 10, where higher plastic content correlated with greater void formation
within the cement matrix. The resulting increase in porosity enhances concrete permeability, allowing chloride ions to migrate
more freely through the pore structure. Chloride accumulation also increased with successive recycling cycles, suggesting
that the recycling process further compromises the material’s resistance to ion ingress. At a 10% plastic replacement level,
chloride content at 0—2 cm depth declined from 61.95% to 2.35% between the first and second reuse cycles. Similarly, at a
20% replacement level, chloride content decreased from 238.72% to 68.12% across three cycles. These findings underscore
the combined impact of plastic substitution and repeated recycling on concrete durability.

These results are consistent with recommendations from Ismail & Ramli [32], which suggest limiting recycled plastic
content to no more than 10% by volume of fine aggregate and maintaining coarse aggregate content between 30-40%. Such
adjustments in mix design help preserve the mechanical properties and durability of concrete by minimizing the negative
effects associated with elevated porosity and reduced strength. From a durability standpoint, the observed increase in chloride
ingress raises critical concerns about reinforcement corrosion. As chloride ions accumulate near the reinforcement zone, the
likelihood of corrosion initiation increases, directly compromising the service life of the structure. This deterioration is
exacerbated by plastic-induced porosity, which reduces the concrete’s impermeability. Therefore, optimizing mix design is
essential for recycled concrete incorporating plastic waste. Recommended strategies include limiting plastic content to below
10%, enhancing matrix densification, and incorporating supplementary cementitious materials to offset porosity. Further
research is needed to refine these strategies and develop more durable and sustainable plastic-modified recycled concrete.

4. Conclusion

This study evaluated the performance of recycled concrete incorporating plastic waste as a partial replacement for fine
aggregates, with a focus on compressive strength, workability, water absorption, and chloride permeability. The results clearly
indicate that both the plastic substitution level and the number of recycling cycles significantly affect the mechanical and
durability properties of the concrete. Concrete mixes without plastic substitution achieved the highest compressive strength.
In contrast, increasing plastic content resulted in a notable strength reduction, primarily due to the inert nature of plastic
particles and weak interfacial bonding. Similarly, higher plastic content and multiple recycling cycles led to reduced
workability and increased water absorption, reflecting elevated internal porosity. Chloride diffusion was strongly correlated
with porosity, with deeper penetration observed in more porous mixes—particularly within the top 2 cm of the concrete
surface. Among the tested formulations, the mix with 20% plastic waste exhibited the lowest compressive strength and the
greatest chloride ingress. Conversely, limited plastic substitution (<10% by volume) yielded more favorable outcomes in
terms of strength retention and chloride resistance, even across multiple recycling cycles. Based on these findings, it is
recommended that plastic waste substitution not exceed 10% by volume to preserve an acceptable balance between
mechanical performance and durability. Additionally, a concrete cover of at least 8—10 cm is advised for structural elements
exposed to chloride-rich environments to ensure adequate protection of embedded reinforcement. To further enhance the
performance of plastic-modified concrete, future research should explore the incorporation of supplementary cementitious
materials or nano-additives aimed at reducing porosity and improving matrix densification. Such advancements will support
the development of durable and sustainable concrete for broader structural applications.

5. Declarations

5.1. Author Contributions

Conceptualization, K.J., S.P., W.Y., W.T., C.T., and S.T.; methodology, K.J., S.P., W.Y, and C.T.; formal analysis, S.T.,
W.T. and C.T.; visualization, S.T., W.T.and C.T.; writing—original draft preparation, S.T., K.J., and W.T.; writing—review
and editing, K.J., S.T., S.P. and W.T; supervision, K.J., S.T.; project administration, K.J., S.T.; funding acquisition, K.J., S.T.
All authors have read and agreed to the published version of the manuscript.

5.2. Data Availability Statement

The data presented in this study are available in the article.

5.3. Funding

The research was supported by a grant from the Department of Civil Engineering, Faculty of Engineering at Kamphaeng
Saen, and Kasetsart University, Kamphaeng Saen campus, Thailand.

5.4. Acknowledgements

The authors express their gratitude to the Department of Civil Engineering at Kamphaeng Saen Kasetsart University, and
Rajamangala University of Technology Suvarnabhumi for facilitating in this study. Additionally, the author would like to
thank the Faculty of Engineering at Kamphaeng Saen Kasetsart University, Kamphaeng Saen Campus, and Research and
Development Institute at Rajamangala University of Technology Suvarnabhumi for its support in the publishing of this
research. Thanks to Kasetsart University, for editing this for grammatical and linguistic accuracy.

2995



Civil Engineering Journal Vol. 11, No. 07, July, 2025

5.5. Conflicts of Interest

The authors declare no conflict of interest.

6. References

[1] Xu, Y., Gao, Y., Yu, H., Ma, H., Xu, M., Xu, Z., & Feng, T. (2023). Time variation law of chlorine diffusion coefficient of marine
concrete structures in tidal zone and its influence on service life. Journal of Building Engineering, 76. doi:10.1016/j.jobe.2023.107379.

[2] Shetty, M.S. (2013). Concrete Technology Theory and Practice. Chand (S.) Publishing, New Delhi, India.

[3] Kasikitwiwat, P., & Jantarachot, K. (2021). Comparative study of fatigue of asphalt concrete mixed with AC 60-70 and polymer
modified asphalt binder. Science & Technology Asia, 39-49. (In Thai).

[4] Barbhuiya, S., Kanavaris, F., Das, B. B., & Idrees, M. (2024). Decarbonising cement and concrete production: Strategies, challenges
and pathways for sustainable development. Journal of Building Engineering, 86, 108861. doi:10.1016/j.jobe.2024.108861.

[5] Watari, T., Cao, Z., Hata, S., & Nansai, K. (2022). Efficient use of cement and concrete to reduce reliance on supply-side technologies
for net-zero emissions. Nature Communications, 13(1), 4158. doi:10.1038/s41467-022-31806-2.

[6] Griffiths, S., Sovacool, B. K., Furszyfer Del Rio, D. D., Foley, A. M., Bazilian, M. D., Kim, J., & Uratani, J. M. (2023). Decarbonizing
the cement and concrete industry: A systematic review of socio-technical systems, technological innovations, and policy options.
Renewable and Sustainable Energy Reviews, 180, 113291. doi:10.1016/j.rser.2023.113291.

[7] Dobrucali, E. (2024). Relationship between CO2 Emissions from Concrete Production and Economic Growth in 20 OECD Countries.
Buildings, 14(9), 2709. doi:10.3390/buildings14092709.

[8] Florea, M. V. A., & Brouwers, H. J. H. (2013). Properties of various size fractions of crushed concrete related to process conditions and
re-use. Cement and Concrete Research, 52, 11-21. doi:10.1016/j.cemconres.2013.05.005.

[9] Giineyisi, E., Gesoglu, M., Algin, Z., & Yazici, H. (2014). Effect of surface treatment methods on the properties of self-compacting
concrete with recycled aggregates. Construction and Building Materials, 64, 172—-183. doi:10.1016/j.conbuildmat.2014.04.090.

[10] Zhang, H., Geng, Y., Wang, Y. Y., & Wang, Q. (2020). Long-term behavior of continuous composite slabs made with 100% fine and
coarse recycled aggregate. Engineering Structures, 212. doi:10.1016/j.engstruct.2020.110464.

[11] Borrelle, S. B., Ringma, J., Lavender Law, K., Monnahan, C. C., Lebreton, L., McGivern, A., Murphy, E., Jambeck, J., Leonard, G.
H., Hilleary, M. A., Eriksen, M., Possingham, H. P., De Frond, H., Gerber, L. R., Polidoro, B., Tahir, A., Bernard, M., Mallos, N.,
Barnes, M., & Rochman, C. M. (2020). Predicted growth in plastic waste exceeds efforts to mitigate plastic pollution. Science,
369(6509), 1515-1518. d0i:10.1126/SCIENCE.ABA3656.

[12] Lim, J., Ahn, Y., & Kim, J. (2023). Optimal sorting and recycling of plastic waste as a renewable energy resource considering economic
feasibility and environmental pollution. Process Safety and Environmental Protection, 169, 685-696. doi:10.1016/j.psep.2022.11.027.

[13] Vieira, O., Ribeiro, R. S., Diaz de Tuesta, J. L., Gomes, H. T., & Silva, A. M. T. (2022). A systematic literature review on the
conversion of plastic wastes into valuable 2D graphene-based materials. Chemical Engineering Journal, 428.
doi:10.1016/j.cej.2021.131399.

[14] Wu, J., Ye, X., & Cui, H. (2025). Recycled Materials in Construction: Trends, Status, and Future of Research. Sustainability, 17(6),
2636. doi:10.3390/su17062636.

[15] Babafemi, A. 1., Savija, B., Paul, S. C., & Anggraini, V. (2018). Engineering Properties of Concrete with Waste Recycled Plastic: A
Review. Sustainability, 10(11), 3875. doi:10.3390/su10113875.

[16] Magbool, H. M. (2025). Sustainability of utilizing recycled plastic fiber in green concrete: A systematic review. Case Studies in
Construction Materials, 22, e04432. doi:10.1016/j.cscm.2025.e04432.

[17] Qader, D. N., Merie, H. D., & Abdulhaleem, K. N. (2025). Impact of incorporating plastic fibers, walnut shells, and tire rubber fibers
on the mechanical properties of concrete. Electronic Journal of Structural Engineering, 25(1), 19-24. doi:10.56748/ejse.24738.

[18] Saadeh, M., & Irshidat, M. R. (2024). Recent advances in concrete-filled fiber-reinforced polymer tubes: a systematic review and
future directions. Innovative Infrastructure Solutions, 9(11), 406. doi:10.1007/s41062-024-01722-z.

[19] Beshkari, M., Amani, B., Rahmati, K., Mohtasham Moein, M., Saradar, A., & Karakouzian, M. (2024). Synergistic effects of pozzolan
and carbon fibers on the performance of self-consolidating concrete under plastic shrinkage and dynamic loading. Innovative
Infrastructure Solutions, 9(5), 160. doi:10.1007/s41062-024-01440-6.

[20] Jin, H., Liu, J., Zhong, D., & Tang, L. (2023). Experimental study on chloride ion diffusion behavior and microstructure in concrete
under alternating ambient  humidity  conditions.  Construction and  Building  Materials, 401, 132886.
doi:10.1016/j.conbuildmat.2023.132886.

2996



Civil Engineering Journal Vol. 11, No. 07, July, 2025
[21] Li, D., Li, P., & Li, L. yuan. (2023). Chloride penetration in concrete with trilinear binding isotherm. Journal of Building Engineering,
77,107534. doi:10.1016/j.jobe.2023.107534.

[22] Wang, Y., Liao, J., & Zhang, B. (2024). A Review of Chloride Penetration of Recycled Concrete with Enhancement Treatment and
Service Life Prediction. Materials, 17(6), 1349. d0i:10.3390/mal7061349.

[23] Fanara, A., Courard, L., & Collin, F. (2024). Numerical FE2 study of chloride ingress in unsaturated recycled aggregates concrete.
Cement and Concrete Research, 186, 107703. doi:10.1016/j.cemconres.2024.107703.

[24] Li, L., Xuan, D., Sojobi, A. O., Liu, S., & Poon, C. S. (2021). Efficiencies of carbonation and nano silica treatment methods in
enhancing the performance of recycled aggregate concrete. Construction and Building Materials, 308, 125080.
doi:10.1016/j.conbuildmat.2021.125080.

[25] Sasanipour, H., Aslani, F., & Taherinezhad, J. (2021). Chloride ion permeability improvement of recycled aggregate concrete using
pretreated recycled aggregates by silica fume slurry. Construction and Building Materials, 270, 121498.
doi:10.1016/j.conbuildmat.2020.121498.

[26] Chen, C., Wang, L., Liu, R., Yu, J., Liu, H., & Wu, J. (2023). Chloride Penetration of Recycled Fine Aggregate Concrete under Drying—
Wetting Cycles. Materials, 16(3), 1306. doi:10.3390/ma16031306.

[27] Limbachiya, M. C., Leelawat, T., & Dhir, R. K. (2000). Use of recycled concrete aggregate in high-strength concrete. Materials and
Structures, 33(9), 574-580. doi:10.1007/bf02480538.

[28] Dehestani, A., Hosseini, M., & Taleb Beydokhti, A. (2020). Effect of wetting—drying cycles on mode | and mode |1 fracture toughness
of cement mortar and concrete. Theoretical and Applied Fracture Mechanics, 106, 102448. doi:10.1016/j.tafmec.2019.102448.

[29] Zuo, S., Xiao, J., & Yuan, Q. (2020). Comparative study on the new-old mortar interface deterioration after wet-dry cycles and heat-
cool cycles. Construction and Building Materials, 244, 118374. doi:10.1016/j.conbuildmat.2020.118374.

[30] Wang, J., Zhang, J., & Cao, D. (2021). Pore characteristics of recycled aggregate concrete and its relationship with durability under
complex environmental factors. Construction and Building Materials, 272, 121642. doi:10.1016/j.conbuildmat.2020.121642.

[31] Sun, R., Hu, X., Ling, Y., Zuo, Z., Zhuang, P., & Wang, F. (2020). Chloride diffusion behavior of engineered cementitious composite
under dry-wet cycles. Construction and Building Materials, 260, 119943. doi:10.1016/j.conbuildmat.2020.119943.

[32] Ismail, S., & Ramli, M. (2014). Mechanical strength and drying shrinkage properties of concrete containing treated coarse recycled
concrete aggregates. Construction and Building Materials, 68, 726-739. doi:10.1016/j.conbuildmat.2014.06.058.

[33] TIS 1746-2545 (2002). Ammonium nitrate for anfo explosive. Thai Industrial Standards Institute (TISI), Bangkok, Thailand. (In Thai).

[34] Janpetch, N., Trakolkul, C., Plitsiri, I., & Thepjunthra, W. (2024). Unfired Bricks Mixed with Para Rubber Latex for Sustainable
Construction Materials. Civil Engineering Journal (Iran), 10(12), 3892—-3910. doi:10.28991/CEJ-2024-010-12-05.

[35] ASTM C131/C131M-20. (2020). Standard Test Method for Resistance to Degradation of Small-Size Coarse Aggregate by Abrasion
and Impact in the Los Angeles Machine. ASTM International. Pennsylvania, United States. doi:10.1520/C0131_C0131M-20

[36] BS 812. (1995). Methods for Sampling and Testing of Mineral Aggregates, Sands and Fillers. British Standard Institution, London,
United Kingdom.

[37] ASTM C29/C29M-23. (2023). Standard Test Method for Bulk Density (“Unit Weight”) and Voids in Aggregate. ASTM International.
Pennsylvania, United States. doi:10.1520/C0029_C0029M-23.

[38] ASTM C88-13. (2018). Standard Test Method for Soundness of Aggregates by Use of Sodium Sulfate or Magnesium Sulfate. ASTM
International. Pennsylvania, United States. doi:10.1520/C0088-13.

[39] Jantarachot, K., Yodsudjai, W., Nokkaew, N., & Prayongphan, S. (2023). Compressive Strength of Recycled Aggregated Concrete
from Concrete Waste and Plastic Waste. GEOMATE Journal, 25(108), 72-80. d0i:10.21660/2023.108.3857.

[40] BS EN 12390-3: 2019. (2019). Testing Hardened Concrete. Compressive Strength of Test Specimens. British Standards Institution,
London, United Kingdom.

[41] BS EN 12350- 2:2019. (2019). Testing fresh concrete - Slump-test. British Standards Institution, London, United Kingdom.

[42] BS 1881-122:2011+A1:2020. (2020). Testing Concrete Method for Determination of Water Absorption. British Standards Institution,
London, United Kingdom.

[43] Ju, X., Wu, L., Lin, C., Yang, X., & Yang, C. (2021). Prediction of chloride concentration with elevation in concrete exposed to cyclic
drying-wetting conditions in marine environments. Construction and Building Materials, 278. doi:10.1016/j.conbuildmat.2021.122370.

[44] Wu, J., Diao, B., Cao, Y., Zhong, J., & Shi, X. (2020). Chloride concentration distributions in fatigue damaged RC beams revealed by
energy-dispersive X-ray spectroscopy. Construction and Building Materials, 234, 117396. doi:10.1016/j.conbuildmat.2019.117396.

2997



Civil Engineering Journal Vol. 11, No. 07, July, 2025

[45] Wang, Y., Li, Q., & Lin, C. (2016). Chloride Diffusion Analysis of Concrete Members Considering Depth-Dependent Diffusion
Coefficients and Effect of Reinforcement Presence. Journal of Materials in Civil Engineering, 28(5), 4015183.
doi:10.1061/(asce)mt.1943-5533.0001425.

[46] Xu, C., Li, Z., Jin, W,, Zhang, Y., & Yao, C. (2012). Chloride ion ingress distribution within an alternate wetting-drying marine
environment area. Science China Technological Sciences, 55(4), 970-976. doi:10.1007/s11431-011-4733-1.

[47] Ye, H., Jin, X, Fu, C., Jin, N., Xu, Y., & Huang, T. (2016). Chloride penetration in concrete exposed to cyclic drying-wetting and
carbonation. Construction and Building Materials, 112, 457-463. doi:10.1016/j.conbuildmat.2016.02.194.

[48] Ben Fraj, A., Bonnet, S., & Khelidj, A. (2012). New approach for coupled chloride/moisture transport in non-saturated concrete with
and without slag. Construction and Building Materials, 35, 761-771. doi:10.1016/j.conbuildmat.2012.04.106.

[49] Sun, C., Yuan, L., Zhai, X., Qu, F., Li, Y., & Hou, B. (2018). Numerical and experimental study of moisture and chloride transport in
unsaturated concrete. Construction and Building Materials, 189, 1067-1075. doi:10.1016/j.conbuildmat.2018.08.158.

[50] Zhou, C. (2014). Predicting water permeability and relative gas permeability of unsaturated cement-based material from hydraulic
diffusivity. Cement and Concrete Research, 58, 143-151. doi:10.1016/j.cemconres.2014.01.016.

[51] Ambrose, E. E., Okafor, F. O., & Onyia, M. E. (2021). Compressive strength and Scheffe’s optimization of mechanical properties of
recycled ceramics tile aggregate concrete. Epitoanyag - Journal of Silicate Based and Composite Materials, 73(3), 91-102.
doi:10.14382/epitoanyag-jshcm.2021.14.

[52] Alves, A. V., Vieira, T. F., De Brito, J., & Correia, J. R. (2014). Mechanical properties of structural concrete with fine recycled ceramic
aggregates. Construction and Building Materials, 64, 103—-113. doi:10.1016/j.conbuildmat.2014.04.037.

[53] Elgi, H. (2016). Utilisation of crushed floor and wall tile wastes as aggregate in concrete production. Journal of Cleaner Production,
112, 742-752. doi:10.1016/j.jclepro.2015.07.003.

[54] Kang, X., Tong, X. Y., Chen, R. P., & Chen, Y. Q. (2024). Effect of ITZ on chloride ion transport in recycled aggregate concrete:
Analytical and numerical studies. Journal of Building Engineering, 83, 108443. doi:10.1016/j.jobe.2024.108443.

[55] Du, T., Xiao, J., Li, C., Gan, Y., & Jiang, X. (2024). Experimental and numerical study on the chloride ions penetration in recycled
aggregate concrete. Construction and Building Materials, 451. doi:10.1016/j.conbuildmat.2024.138702.

[56] de Almeida Ferreira, I. C., Paciornik, S., & de Andrade Silva, F. (2024). Microstructural investigation of concretes with recycled
aggregates using X-ray microtomography. Journal of Building Engineering, 84, 108487. doi:10.1016/j.jobe.2024.108487.

[57] Cheng, Y.-H., Zhu, B.-L., Yang, S.-H., & Tong, B.-Q. (2021). Design of Concrete Mix Proportion Based on Particle Packing Voidage
and Test Research on Compressive Strength and Elastic Modulus of Concrete. Materials, 14(3), 623. doi:10.3390/ma14030623.

[58] BS EN 206:2013. (2013). Concrete — Specification, performance, production and conformity. British Standards Institution, London,
United Kingdom.

[59] ACI 318R-19. (2019). Building Code Requirements for Structural Concrete and Commentary. American Concrete Institute (ACI),
Michigan, United States.

[60] El-Hassan, H., EI-Dieb, A., EI-Mir, A., Alzamly, A., & Aly Hassan, A. (2024). Enhancing the chloride ion penetration resistance of
concrete using metal-organic frameworks. Case Studies in Construction Materials, 21. doi:10.1016/j.cscm.2024.e03463.

[61] Yang, Q., Wu, Y.-C., Zhi, P., & Zhu, P. (2024). Effect of Micro-cracks on Chloride lon Diffusion in Concrete Based on Stochastic
Aggregate Approach. doi:10.20944/preprints202404.0775.v1.

[62] Amin, M. T. E., Sarker, P. K., Shaikh, F. U. A., & Hosan, A. (2025). Chloride permeability and chloride-induced corrosion of concrete
containing lithium slag as a supplementary cementitious material. Construction and Building Materials, 471.
doi:10.1016/j.conbuildmat.2025.140629.

[63] Jiang, H., Wu, L., Guan, L., Liu, M., Ju, X., Xiang, Z., Jiang, X., Li, Y., & Long, J. (2024). Durability life evaluation of marine
infrastructures built by using carbonated recycled coarse aggregate concrete due to the chloride corrosive environment. Frontiers in
Marine Science, 11. doi:10.3389/fmars.2024.1357186.

[64] Tong, L., Liu, Q., Xiong, Q., Meng, Z., Amiri, O., & Zhang, M. (2024). Modeling the chloride transport in concrete from microstructure
generation to chloride diffusivity prediction. Computer-Aided Civil and Infrastructure Engineering, 40(9), 1129-1149.
d0i:10.1111/mice.13331.

2998



