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Abstract

The development of environmentally responsible composite materials has gained global momentum
with the shift toward circular and sustainable construction practices. In this work, the performance of
cementitious composites that partially substitute natural fine and coarse aggregates with recycled
rubber aggregates from end-of-life tires and Ground Granulated Blast Furnace Slag (GGBS) as an
additional cementitious material is examined. A total of thirty composite mixes were formulated by
varying GGBS (10-30%) and rubber aggregate content (0-30%). Mechanical characterization
included compressive, split tensile, and flexural strength testing at 3, 7, and 28 days, while impact
resistance was evaluated to assess energy absorption and post-failure ductility. The SC10 mix (20%
GGBS, 0% rubber) demonstrated the highest performance with a 28-day flexural strength of 7.8 MPa.
Controlled incorporation of rubber aggregates (up to 10%) maintained mechanical integrity, whereas
higher substitutions (20-30%) led to strength reduction due to weak interfacial bonding and increased
porosity. However, rubberized composites exhibited significantly enhanced impact resistance and crack
arresting capability, confirming a beneficial toughness-strength trade-off. The study establishes the
potential of hybrid GGBS—rubber concrete as a sustainable composite material with promising
structural and shock-resistant applications, aligning with circular economy principles by promoting
industrial waste utilization.
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INTRODUCTION

Background and Motivation
Concrete remains the cornerstone of modern construction, utilized extensively in buildings, bridges,

*Author for Correspondence
Deepak Kumar Tiwari

'Research Scholar, Department of Civil engineering, GLA
University, Mathura, Uttar Pradesh, India

2Assistant Professor, Department of Civil engineering, GLA
University, Mathura, 281406, Uttar Pradesh, India

Received Date: October 27, 2025
Accepted Date: December 06, 2025
Published Date: February 06, 2026

Citation: Aseem Kumar, Deepak Kumar Tiwari. Sustainability
and Mechanical Performance Evaluation of Cementitious
Composites Reinforced with Waste Rubber Aggregates and
Ground Granulated Blast Furnace Slag. Journal of Polymer &
Composites. 2026; 14(Special Issue 1): S1164-S1180p.

highways, and other infrastructure projects [1]. Its
unparalleled versatility, strength, and availability
make it the most consumed man-made material
globally, second only to water [2]. However, there
are serious environmental effects associated with
their extensive use. The production of Ordinary
Portland Cement (OPC), the key binding ingredient
in concrete, is highly energy-intensive and
contributes nearly 7% of the total global carbon
dioxide (CO:2) emissions [3]. This number is
concerning, particularly considering international
initiatives to mitigate climate change and cut
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greenhouse gas emissions. The environmental footprint of cement manufacturing includes not only CO2
emissions from the calcination of limestone but also from the combustion of fossil fuels during the
production process [4].

At the same time, the world faces a growing challenge related to the disposal of end-of-life rubber
tyres. It is estimated that over one billion tyres are discarded every year, with projections indicating a
continuous increase due to rising global vehicle ownership [5]. These tyres are non-biodegradable and
persist in landfills for decades, posing severe risks such as groundwater contamination, mosquito
breeding grounds, and the potential for uncontrollable tyre fires, which release toxic pollutants into the
atmosphere [6]. It is becoming more widely acknowledged that traditional disposal techniques like
landfilling and incineration are not sustainable. Given these parallel challenges, integrating waste rubber
tyres into concrete offers a promising dual-benefit approach [7]. By replacing a portion of conventional
aggregates with rubber crumbs, it not only reduces the demand for natural resources but also provide
an eco-friendly alternative for tyre disposal. Additionally, concrete's carbon footprint can be further
decreased by combining this with additional cementitious materials like GGBS. In the construction
industry, this joint strategy supports global environmental goals and encourages a circular economy.

Researchers and industry experts are looking for substitute materials that can reduce the
environmental impact of concrete as a result of the shift to sustainable construction methods. Among
the many strategies adopted, the use of industrial byproducts such as GGBS and the incorporation of
waste rubber aggregates derived from used tyres have shown promise individually. GGBS, a pozzolanic
material rich in calcium and silica, can partially replace cement in concrete, leading to a significant
reduction in carbon emissions and improved long-term strength and durability. On the other hand,
rubber aggregates provide enhanced flexibility and toughness to concrete while addressing the growing
environmental issue of tyre disposal. However, despite extensive literature on GGBS and rubberized
concrete separately, there is a notable scarcity of research investigating their combined effects on the
mechanical, durability, and structural performance of concrete. Most studies have evaluated the
influence of these materials in isolation, thus failing to address the potential synergistic benefits or trade-
offs that may arise from their simultaneous use. For instance, while GGBS is known to refine the pore
structure and increase the density of the concrete matrix, rubber aggregates tend to weaken the
interfacial transition zone (ITZ), potentially compromising compressive strength.

LITERATURE REVIEW

Concrete is increasingly using recyclable materials and industrial leftovers due to the demand for
environmentally friendly building materials. The usage of rubber tire aggregates (RTA) as natural
aggregate substitutes and GGBS as a partial cement replacement are two of the most promising
approaches. Although these strategies independently improve the environment and mechanical
performance, their combined use is yet largely unexplored. The present status of research on GGBS,
rubber aggregates, and their complementary applications in concrete is reviewed in this section.

Concrete Ground Granulated Blast Furnace Slag (GGBS) is a byproduct of the iron and steel industry
that is made by grinding molten slag into a fine powder and quenching it with water [8]. Comprising
primarily calcium oxide (Ca0), silicon dioxide (Si0O2), aluminum oxide (Al-Os), and magnesium oxide
(MgO), GGBS exhibits latent hydraulic and pozzolanic properties [9]. When blended with Portland
cement, GGBS reacts with calcium hydroxide (Ca(OH)2) produced during hydration to form additional
calcium silicate hydrate (C-S-H) gel, enhancing the microstructure and long-term strength of concrete
[10], [11], [12]. Numerous studies have demonstrated the effectiveness of GGBS in improving both the
mechanical and durability aspects of concrete [13], [14]. [10], [15] reported that incorporating 20—50%
GGBS can reduce the heat of hydration, making it suitable for mass concrete applications. Additionally,
GGBS enhances sulfate resistance, lowers permeability, and improves resistance to alkali-silica reaction
(ASR). It also contributes to a denser interfacial transition zone (ITZ), which is crucial for the
mechanical integrity of hardened concrete. The replacement of cement with GGBS also significantly
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lowers CO: emissions, addressing environmental concerns associated with traditional cement
production [16]. Despite these benefits, the pozzolanic reaction of GGBS is relatively slow, especially
at early curing ages, potentially leading to delayed strength gain. Therefore, mix optimization and curing
practices must be carefully considered to harness its full potential in blended cement systems.

Use of Rubber Aggregates in Concrete

The reuse of waste rubber from discarded tyres in concrete has gained considerable interest over the
past two decades [17]. Rubber tyre aggregates (RTA), often processed into crumb rubber or chipped
rubber, can replace fine or coarse aggregates in varying proportions [18]. This approach addresses the
pressing issue of tyre waste disposal, which poses significant environmental hazards due to non-
biodegradability and risk of fire and toxic gas emissions [19]. Rubberized concrete has been widely
studied for its unique mechanical properties. While the inclusion of rubber aggregates generally leads
to a reduction in compressive strength attributed to weak bonding between rubber and the cement matrix
it also imparts improved ductility, energy absorption, and impact resistance [20], [21]. Siddique and
Naik (2004) observed that concrete with up to 20% rubber content showed remarkable resilience to
dynamic and impact loading conditions, making it suitable for pavement, barrier, and seismic-resistant
applications [22]. Moreover, rubber aggregates reduce concrete density and shrinkage, which can be
beneficial in non-load-bearing applications [23]. However, issues such as poor interfacial adhesion,
increased porosity, and reduced modulus of elasticity present challenges that require mitigation. Surface
treatments such as NaOH soaking, cement slurry coating, or coupling agents have been proposed to
enhance the bond between rubber and cement paste.

Combined Use of GGBS and Rubber Aggregates

While GGBS and rubber aggregates have been extensively investigated as individual components in
sustainable concrete, their simultaneous use remains relatively limited in literature [24-27]. The
rationale for combining these materials lies in their complementary effects: GGBS enhances durability
and long-term strength, while rubber aggregates improve ductility and impact resistance [28]. Recent
studies, including those by [29], suggest that GGBS can partially compensate for the loss in mechanical
strength introduced by rubber inclusion. Specifically, GGBS contributes to a denser microstructure and
refined pore network, which may mitigate the weaknesses in the ITZ caused by rubber particles [30-
32]. However, the degree of compensation is influenced by multiple variables, including the type and
size of rubber, GGBS fineness, replacement ratios, and curing conditions [33]. Additionally, the
performance of GGBS-rubber concrete under tensile and flexural loading has not been fully explored.
While some research shows encouraging trends in post-peak behavior and toughness, the data remains
insufficient for generalization across different mix designs. Furthermore, no consensus exists on the
optimal combination of GGBS and rubber content that balances strength, ductility, and sustainability.

Gaps in Existing Research

Despite the growing body of work on sustainable concrete, several critical gaps persist in the domain

of GGBS-rubber composite systems:

(a) Lack of comprehensive experimental investigations: Most studies focus on either GGBS or
rubber in isolation. Systematic studies involve a wide range of replacement levels.

(b) Limited data on tensile and flexural behavior: Rubber aggregates influence tensile and flexural
performance significantly, yet most studies emphasize compressive strength. Detailed
investigations are needed to understand crack propagation, failure modes, and toughness in
GGBS-rubber concrete.

Objectives of the Study

The primary aim of this study is to contribute to the advancement of sustainable construction
materials by investigating the combined use of Ground Granulated Blast Furnace Slag (GGBS) and
crumb rubber in concrete. The specific objectives of the research are as follows:

(a) To design and develop a series of sustainable concrete mixes by partially replacing conventional
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cement with varying proportions of GGBS (ranging from 10% to 50%) and substituting natural
aggregates with crumb rubber at different levels (5% to 30%).

(b) To experimentally evaluate the mechanical performance of the developed concrete mixes,
focusing on key properties such as compressive strength, split tensile strength, and flexural
strength under standard laboratory conditions.

(c) To assess the influence of rubber aggregate inclusion on the ductility, impact resistance, and
energy absorption capacity of concrete, thereby identifying its suitability for structural and non-
structural applications requiring enhanced toughness.

These objectives are intended to establish a comprehensive understanding of how GGBS and rubber
aggregates interact within the concrete matrix, and to propose optimized mix designs that balance
mechanical performance with environmental sustainability.

MATERIALS AND METHODS

This study employed a structured and multifaceted methodology involving material selection,
concrete mix design, specimen preparation, standardized testing protocols, and the application of
advanced modeling techniques. The overarching goal was to develop and evaluate sustainable concrete
incorporating GGBS and crumb rubber as substitutes for cement and natural aggregates, respectively.

Materials

The materials used in this study were carefully selected based on their suitability for structural
concrete applications, availability in the local context, and their contribution to sustainability goals.
Ordinary Portland Cement (OPC) of 53 grade, conforming to IS 12269 specifications, was used as the
primary binder in the control mix. This grade of cement is widely employed in structural works due to
its high early strength development, reliability, and uniformity in performance, making it an ideal
reference material for comparison against modified mixes. Ground Granulated Blast Furnace Slag
(GGBS), an industrial byproduct from the steel manufacturing process, was used as a supplementary
cementitious material. It was procured from a local steel plant and ground to a specific surface area of
approximately 400 m?/kg to ensure adequate fineness and pozzolanic reactivity. GGBS plays a crucial
role in enhancing the durability of concrete, refining pore structure, lowering permeability, and
contributing to reduced greenhouse gas emissions, thereby aligning well with the objectives of
sustainable construction.

For fine aggregates, natural river sand conforming to IS: 383 grading standards were utilized. The
sand exhibited a fineness modulus within the range of 2.6 to 2.8 and was free from deleterious
substances such as silt, clay, and organic matter. To maintain consistency and accuracy in mixed
proportions, all fine aggregates were used in a saturated surface-dry (SSD) condition. Coarse aggregates
comprise crushed granite with a nominal maximum size of 20 mm. These aggregates were chosen for
their angular shape, mechanical interlocking properties, and high specific gravity of approximately 2.67,
contributing positively to the strength and stability of the hardened concrete. The rubber aggregates
used in this investigation were derived from mechanically shredded discarded automobile tyres,
presenting a practical approach to waste valorization.

The crumb rubber particles ranged in size from 1 mm to 5 mm and were incorporated as partial
replacements for both fine and coarse aggregates. To enhance the bond between the hydrophobic rubber
particles and the hydrophilic cementitious matrix, the rubber was pretreated with a cement slurry
coating. This surface treatment aimed to improve the mechanical interlocking and minimize interfacial
transition zone (ITZ) weaknesses commonly observed in rubberized concrete. Finally, potable tap water
free from salts, oils, and organic contaminants was used for both mixing and curing processes. The
water quality met the requirements specified in IS 456-2000, ensuring no adverse effects on the
hydration reactions or strength development of the concrete mixes. Figures 1(a) and 1(b) show the
primary materials used in this study, where GGBS powder is utilized as a supplementary cementitious
material and crumb rubber aggregates are incorporated as a partial replacement for natural aggregates.
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Figure 1. (é) GGBS pox;vdier,i(b) Crum rubber aggregates.

Mix Design

The mix design strategy for this study was carefully structured to evaluate the individual and
combined effects of GGBS and crumb rubber aggregates on the performance of concrete. 30 distinct
concrete mixes were prepared and labeled from SCO to SC29. The control mix, SCO, was composed
entirely of OPC and natural aggregates, serving as the benchmark for all subsequent mixes. From this
baseline, the experimental design introduced systematic variations in two key parameters: GGBS
replacement for OPC and crumb rubber replacement for natural aggregates. GGBS was used to replace
OPC at levels of 10%, 20%, 30%, 40%, and 50% by weight. In parallel, crumb rubber aggregates were
introduced at volumetric replacement levels of 5%, 10%, 20%, and 30% for both fine and coarse
aggregates. This matrix design resulted in a comprehensive combination of mixed compositions,
enabling the assessment of both isolated and synergistic effects of the two sustainable materials. For
instance, mixes such as SC1 to SC4 explored the effect of increasing crumb rubber content from 5% to
30% while keeping the cement type unchanged, i.e., with no GGBS. Meanwhile, mixes such as SC5,
SC10, SC15, SC20, and SC25 examined the influence of GGBS alone, replacing OPC in increments
from 10% to 50% with no rubber inclusion.

The remaining mixes combined both GGBS and rubber at varying levels. For example, SC6 to SC9
included 10% GGBS with rubber contents ranging from 5% to 30%, while SC11 to SC14 included 20%
GGBS with the same incremental changes in rubber content. This pattern was maintained throughout
the matrix, up to SC29, which included the highest levels of both GGBS (50%) and crumb rubber (30%).
Such an arrangement ensures a balanced factorial design that facilitates deeper statistical analysis.
Across all mixes, the water-cement ratio was maintained at a constant value of 0.50 to provide
consistency and allow the effects of GGBS and rubber to be evaluated without interference from varying
water content.

The absolute volume method was employed to determine mix proportions, and specific adjustments
were made to account for the lower specific gravity of rubber aggregates compared to natural
aggregates. To maintain the desired workability, especially in mixes with higher rubber content, a
superplasticizer was used as needed, not exceeding 0.8% of the total weight of cementitious materials.
The target workability for all mixes was set to a slump range of 75 to 100 mm, ensuring that each mix
could be handled, placed, and compacted efficiently under standard laboratory conditions. The full
matrix of concrete mixes, detailing the replacement levels of GGBS and crumb rubber, as well as the
corresponding reductions in OPC and natural aggregate content, is presented in Table 1.
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Table 1. Mix design matrix with GGBS and crumb rubber replacement levels.

GGBS Crumb Rubber Replacement OPC (%) Natural Aggregates | Water-Cement

Replacement (%) (% by volume) (%) Ratio
SCo 0 0 100 100 0.5
SC1 0 5 100 95 0.5
SC2 0 10 100 90 0.5
SC3 0 20 100 80 0.5
SC4 0 30 100 70 0.5
SC5 10 0 90 100 0.5
SC6 10 5 90 95 0.5
SC7 10 10 90 90 0.5
SC8 10 20 90 80 0.5
SC9 10 30 90 70 0.5
SC10 20 0 80 100 0.5
SC11 20 5 80 95 0.5
SC12 20 10 80 90 0.5
SC13 20 20 80 80 0.5
SC14 20 30 80 70 0.5
SC15 30 0 70 100 0.5
SC16 30 5 70 95 0.5
SC17 30 10 70 90 0.5
SC18 30 20 70 80 0.5
SC19 30 30 70 70 0.5
SC20 40 0 60 100 0.5
SC21 40 5 60 95 0.5
SC22 40 10 60 90 0.5
SC23 40 20 60 80 0.5
SC24 40 30 60 70 0.5
SC25 50 0 50 100 0.5
SC26 50 5 50 95 0.5
SC27 50 10 50 90 0.5
SC28 50 20 50 80 0.5
SC29 50 30 50 70 0.5
Casting and Curing

The casting and curing procedures were meticulously carried out to ensure consistency, quality
control, and the validity of subsequent strength assessments. Fresh concrete for each mix was prepared
using a mechanical pan mixer to achieve uniform blending of the constituent materials. This mixing
approach was selected for its ability to provide thorough dispersion, especially important in rubberized
concrete, where even distribution of rubber particles and GGBS can significantly influence mechanical
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properties and microstructural development. For each of the 30 concrete mix designs, cylindrical
specimens of dimensions 150 mm in diameter and 300 mm in height were cast to evaluate compressive
strength and split tensile strength. These specimen dimensions are standard as per ASTM and IS codes,
allowing for reliable comparison across mixes. In addition to cylinders, prism specimens measuring 100
mm X 100 mm x 500 mm were prepared for flexural strength testing. The selection of this size was by
ASTM C78, which recommends third point loading to determine the modulus of rupture in concrete
beams.

During casting, moulds were filled in three equal layers, and each layer was compacted using a
vibrating table to eliminate entrapped air, ensuring proper compaction and preventing honeycombing
or segregation. Special care was taken during the casting of rubberized mixes, as the presence of
lightweight crumb rubber can affect the homogeneity of the mix and may cause segregation if not
handled carefully. Immediately after casting, all specimens were covered with wet burlap and plastic
sheeting to prevent premature moisture loss. This initial curing step was essential to protect the concrete
from drying shrinkage, especially in mixes containing GGBS, which require moisture for extended
pozzolanic activity. After 24 hours of initial setting, the specimens were demoulded with care and
subsequently transferred to a water-curing tank.

The curing tank was maintained at a temperature of 27 + 2°C and provided a stable environment for
hydration. All specimens were cured for 28 days, which is a standard curing period used to evaluate
most strength-related parameters in cementitious composites. For mixes containing GGBS, which
contribute to long-term strength through secondary hydration reactions, this curing regime was
particularly important. Proper curing ensured the complete development of the GGBS-induced calcium
silicate hydrates (C-S-H), leading to improved strength and durability characteristics. This controlled
curing process not only enabled the evaluation of early and later-age strength properties but also ensured
that the test results across all mixes would be reliable, comparable, and representative of real-world
conditions in which such sustainable concrete mixes may be implemented. Figures 2(a) and 2(b)
illustrate the experimental setup used in this study, where Figure 2(a) shows the compressive strength
test arrangement, and Figure 2(b) shows the cast prism specimens prepared for testing.

. o e

Figure 2. (a) Compressive strength test setup.

Figure 2. (b) Cast prism specimens.
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Testing Procedures

To comprehensively evaluate the performance of the designed concrete mixes, a series of
standardized tests were conducted in alignment with American Society for Testing and Materials
(ASTM) and American Concrete Institute (ACI) specifications. These tests were aimed at assessing the
mechanical properties of concrete, with a focus on understanding how the inclusion of GGBS and crumb
rubber aggregates affected structural behavior and material strength. The compressive strength of the
concrete was determined by ASTM C39/C39M-18. Cylindrical specimens (150 mm diameter x 300
mm height) were subjected to axial loading using a calibrated compression testing machine.
Compressive strength tests were conducted at curing intervals of 3, 7, and 28 days to observe early- and
later-age strength development. For each mix and curing age, three specimens were tested, and the
average compressive strength value was recorded to ensure accuracy and minimize variability. To
evaluate the split tensile strength, testing was conducted based on ASTM C496/C496M-17. This
indirect test was performed using the same cylindrical specimens to determine the material’s resistance
to tensile forces, which are critical in understanding potential cracking behaviour. The test involved
applying a diametral compressive load until failure occurred along the vertical axis, offering insights
into the tensile capacity of the mix and the influence of rubber particles on crack propagation.

The flexural strength of the concrete was assessed using ASTM C78/C78M-18, which specifies the
third-point loading method. Prism specimens of size 100 mm x 100 mm x 500 mm were tested to
measure the concrete’s ability to resist bending and to characterize its post-cracking toughness. This
test was particularly important for mixes with rubber aggregates, which are known to enhance ductility
and deformability, potentially improving flexural performance under service loads. For evaluating
impact resistance, the ACI 544 drop-weight impact test method was employed. Cylindrical concrete
discs (150 mm diameter x 64 mm thickness) were subjected to repeated impacts using a 4.5 kg steel
ball dropped from a fixed height. The test recorded the number of blows required to initiate the first
visible crack and the number of blows until final structural failure. These observations were used to
calculate the energy absorption capacity of each mix. This method provided valuable insight into the
toughness and shock-resisting ability of rubberized concrete, which is essential for applications exposed
to dynamic loading or vibration. Together, these tests formed a comprehensive evaluation framework
for assessing the structural suitability and mechanical performance of the sustainable concrete mixes
developed in this study.

RESULTS AND DISCUSSION
Compressive Strength Evaluation

Figures 3 and 4 present the comparative compressive strength performance of all 30 concrete mixes
across three curing ages: 3, 7, and 28 days. The reference mix, SCO (containing 100% OPC and 0%
rubber), exhibited a 28-day compressive strength of 44.2 MPa, with earlier strengths of 25 MPa at 3
days and 31.6 MPa at 7 days. This baseline provides a benchmark for evaluating the effects of ground
granulated blast furnace slag (GGBS) and crumb rubber replacements. Among all mixes, SC10,
incorporating 20% GGBS and no rubber aggregates, recorded the highest 28-day compressive strength
of 62 MPa, a substantial 40% enhancement compared to SC0. This significant gain can be attributed to
the pozzolanic properties of GGBS, which contribute secondary hydration products like calcium silicate
hydrates (C-S-H) that densify the matrix and improve long-term strength. Moreover, the absence of
rubber ensures full bond development between the binder and natural aggregates. Moderate GGBS
replacement (10-30%) with no or low rubber content (<5%), as seen in SC5, SC6, SC10, SC11, SC15,
and SC16, consistently resulted in better performance than the control. These mixes demonstrate the
synergistic effect of GGBS’s latent hydraulic activity and limited interference from rubber particles.
For instance, SC11 (20% GGBS, 5% rubber) still achieved 58 MPa at 28 days, indicating that small
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amounts of rubber do not severely compromise the compressive strength when offset by GGBS’s
contribution.

On the contrary, as the rubber content increased beyond 10%, strength reduction became more
pronounced. Mixes SC13, SC14, SC18, SC19, and especially SC27 to SC29 (with 20-30% rubber
replacement) exhibited a marked drop in strength, ranging from 24 MPa to 27 MPa at 28 days. These
results highlight the negative impact of rubber inclusion on strength development, primarily due to its
hydrophobic nature, low stiffness, and weak interfacial bonding with the cement matrix. Rubber
particles can also act as stress concentrators and introduce higher porosity, further weakening the
composite. Early age strength (3-day) across all mixes remained relatively low, particularly for GGBS-
containing mixes. This outcome is expected, as GGBS contributes to strength gain more prominently at
later stages due to its slower reaction rate compared to OPC. For instance, SC10 and SC11 exhibited
only moderate strength at 3 days (around 34 MPa and 32 MPa, respectively) but surpassed 58 MPa by
28 days, indicating effective delayed pozzolanic action.

Interestingly, mixes with both high GGBS and high rubber content, such as SC28 and SC29 (50%
GGBS, 20-30% rubber), recorded the lowest strength values across all ages, especially at 3 days, where
strength dropped below 15 MPa. These results confirm that excessive substitution from both GGBS and
rubber undermines the binder’s cohesiveness and continuity, leading to poor mechanical behaviour.
This trend reiterates the importance of optimal balancing between sustainability (through waste
utilization) and structural integrity. In general, a 20% GGBS replacement appeared to be the optimal
dosage for strength enhancement, especially when combined with <10% rubber. This combination
managed to improve environmental performance without severely compromising mechanical
properties. Furthermore, the linear progression in strength with curing time across most mixes indicates
that proper curing mitigates the initial strength penalties associated with GGBS and rubber, ensuring
sufficient long-term performance. From a practical standpoint, these results provide clear guidance:
while GGBS offers a viable path toward carbon reduction and long-term performance gains, the
inclusion of crumb rubber must be approached cautiously and in moderate volumes. Excessive rubber
replacement without surface treatment or coupling agents may lead to performance degradation,
rendering such mixes unsuitable for structural applications requiring high compressive strength.
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Tensile Strength Development

Figures 5 and 6 present the tensile strength development across all 30 concrete mixes at 3, 7, and 28
days. A consistent increase in tensile strength with curing age was observed for all mix combinations,
consistent with the typical hydration and microstructural densification processes that occur in
cementitious systems. The control mix (SC0), which contained 100% OPC and no rubber, demonstrated
a 28-day tensile strength of approximately 3.5 MPa. This value served as a baseline for evaluating the
effects of GGBS and rubber replacements on tensile performance. Among all mixes, SC10 (20% GGBS
and 0% rubber) displayed the highest tensile strength at 28 days, achieving approximately 5.3 MPa,
which is around a 51% improvement over the control mix. This substantial increase is primarily
attributed to the pozzolanic reaction of GGBS, which contributes to the formation of additional calcium
silicate hydrate (C-S-H), leading to improved matrix strength and crack-bridging capacity. Additionally,
the absence of rubber in SC10 eliminated any detrimental impact on the interfacial transition zone (ITZ),
allowing the pozzolanic benefits of GGBS to be fully realized.
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Mixes such as SC11 (20% GGBS + 5% rubber) and SC15 (30% GGBS + 0% rubber) also exhibited
significant improvements in tensile strength, exceeding 4.5 MPa at 28 days. These results reinforce the
positive influence of moderate GGBS incorporation, even when a limited volume of rubber is
introduced. The tensile strength gains in these mixes indicate that small amounts of rubber do not
severely compromise the microstructural integrity, possibly due to better dispersion and minimized void
formation. However, the incorporation of higher rubber content resulted in a pronounced decline in
tensile strength. For example, mix SC29 (50% GGBS + 30% rubber) recorded a 28-day tensile strength
below 2.2 MPa, representing a substantial 37% reduction relative to SCO0. Other high-rubber mixes such
as SC14 (20% GGBS + 10% rubber), SC19 (30% GGBS + 20% rubber), and SC24 (40% GGBS + 30%
rubber) followed similar patterns of degradation.

This drop in tensile performance is consistent with findings from previous studies, which highlight
the hydrophobic and low-rigidity nature of crumb rubber particles. These particles introduce weak zones
in the matrix due to inadequate bonding with the cementitious phase and increased air void content,
both of which adversely affect the ability of the concrete to resist tensile stresses. Interestingly, some
mixes with up to 10% rubber (e.g., SC6 and SC7) still maintained tensile strengths comparable to or
slightly higher than SCO0, provided the GGBS content was sufficiently high. This observation suggests
that partial replacement of aggregates with rubber up to 10%, when paired with pozzolanic materials
like GGBS, may be structurally viable for applications where moderate tensile strength is acceptable.
Furthermore, early-age tensile strength (3 days) was generally lower across all mixes, especially those
with higher GGBS content. This is expected due to the slower reaction kinetics of GGBS compared to
OPC. However, the rate of strength gains between 3 and 28 days was higher in GGBS-rich mixes,
demonstrating the beneficial effect of delayed pozzolanic activity.

Flexural Strength Behaviour

The flexural strength characteristics of the concrete mixes are comprehensively illustrated in Figures
7 and 8, which depict both bar and line plot distributions across all 30 mixes at curing ages of 3, 7, and
28 days. As expected, flexural strength increased consistently with age for all mixes due to progressive
cement hydration and microstructural densification. Among the evaluated mixes, SC10 (20% GGBS,
0% rubber) stood out as the top performer with a 28-day flexural strength of approximately 7.8 MPa,
significantly outperforming the control mix SCO (5.3 MPa). This represents a nearly 47% enhancement
in flexural strength over conventional concrete. The notable improvement in SC10 can be attributed to
the synergistic effect of GGBS, which fills voids and contributes to a denser interfacial transition zone
(ITZ), thereby enhancing resistance to flexural stress. Mixes SC11 and SC15 also achieved elevated
flexural strengths in the range of 6.5 to 7.1 MPa, despite incorporating 5% rubber content, indicating
that moderate rubber inclusion when balanced with pozzolanic material does not significantly impair
flexural integrity. These mixes represent optimized combinations where the elastic and crack-bridging
properties of rubber marginally contribute to ductility without major compromise on strength.
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Figure 7. Flexural strength of concrete mixes at different curing ages.
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Figure 8. Flexural Strength Development Over Curing Time.

Conversely, increasing rubber content beyond 10%, particularly in mixes like SC13, SC18, SC24,
and SC29 (with 20-30% rubber), led to a steep decline in flexural strength, with SC29 recording just
around 3 MPa at 28 days. This deterioration aligns with literature observations that rubber aggregates
reduce matrix stiffness, create weak ITZs due to their hydrophobic surfaces, and introduce voids that
disrupt stress transfer. These characteristics compromise the mix’s ability to resist bending forces
effectively. Interestingly, mixes such as SC5 (10% GGBS, 0% rubber) and SC6 (10% GGBS, 5%
rubber) maintained strong flexural performance in the range of 5.5-6.5 MPa, reinforcing the notion that
low-level rubber integration supported by reactive pozzolanic replacement can sustain structural
integrity while offering enhanced durability and sustainability benefits. Moreover, across all GGBS-
inclusive mixes, strength gain between 7 and 28 days was notably higher compared to the control,
confirming the delayed pozzolanic contribution of GGBS, which continues to react with calcium
hydroxide to form additional C—S—H gel, essential for long-term flexural strength development.

Comparative Performance Evaluation and Practical Implications

A comprehensive analysis of all 30 concrete mixes reveals valuable insights into the interplay
between GGBS and recycled rubber aggregates, particularly in relation to mechanical performance and
potential end-use classification. The standout performers in this experimental matrix were SC10, SC11,
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and SC15, each offering unique advantages. SC10, composed of 20% GGBS and 0% rubber, emerged
as the most robust mix across all strength metrics compressive, tensile, and flexural demonstrating that
a moderate substitution of cement with GGBS can significantly improve both strength and durability
without compromising workability. This is attributed to the pozzolanic reaction of GGBS, which
densifies the microstructure and improves the interfacial transition zone (ITZ), thereby enhancing
strength development over time. Closely following SC10, SC11 (20% GGBS and 5% rubber) also
displayed impressive strength values with the added benefit of introducing slight ductility into the mix
due to the presence of rubber. While the tensile and flexural strength were marginally lower than SC10,
the mix still maintained structural-grade performance, making it suitable for applications where minor
crack resistance and energy absorption may be beneficial. SC15, which incorporated 30% GGBS
without rubber, demonstrated a compelling balance between mechanical integrity and sustainability. Its
performance affirms that increasing GGBS beyond 20% is viable when rubber is excluded, thereby
maximizing environmental benefits while maintaining high strength levels.

Moderate performers such as SC5, SC6, SC16, and SC17 showed acceptable compressive and
flexural strengths, particularly at 28 days, with rubber content ranging from 0% to 5%. These mixes
could serve well in semi-structural elements or non-load-bearing internal walls, where moderate
strength and minor ductility are sufficient. Additionally, mixes like SC13, SC18, and SC22, although
showing delayed early strength development, exhibited considerable gains by 28 days, aligning them
with applications involving delayed load bearing, such as backfilled retaining walls or structures with
postponed occupancy timelines. Their performance also suggests potential for integration in mass
concrete applications, where temperature control and delayed strength gain can be advantageous. In
contrast, SC28 and SC29, which incorporated high levels of rubber (30%) alongside GGBS (up to 50%),
fell significantly short across all strength categories. Their compressive, tensile, and flexural strengths
were consistently below structural thresholds, underscoring the detrimental impact of excessive rubber
on the concrete matrix. These mixes are therefore best reserved for non-structural applications, such as
lightweight concrete blocks, pavers, noise barriers, thermal insulation panels, or substrates for flooring
systems, where mechanical strength is secondary to properties like thermal resistance, impact
absorption, or vibration damping.

One consistent trend across all mixes was the pronounced improvement in strength from 3 to 28 days,
especially in GGBS-rich compositions. This emphasizes the importance of adequate curing in mixes
containing GGBS, given its slower reactivity compared to Portland cement. Sustainable concrete
mixtures leveraging GGBS must be allowed sufficient time for pozzolanic reactions to fully manifest,
enabling them to reach their optimum strength potential. This also supports construction planning
practices that account for extended curing periods when environmentally conscious binders are used.
The study underscores the importance of material synergy. GGBS, with its cementitious reactivity and
long-term strength enhancement, complements recycled rubber aggregates up to a threshold. While
GGBS up to 30% proves advantageous for both performance and carbon footprint reduction, rubber
inclusion must be limited to 5—-10% to avoid compromising matrix cohesion and ITZ strength. Beyond
this range, the loss in mechanical properties outweighs the sustainability benefits unless the application
explicitly demands the energy absorption or lightweight characteristics that rubber offers. Therefore,
the key practical implication is optimization of careful tailoring of GGBS, and rubber proportions can
yield durable, eco-efficient, and performance-aligned concretes for a broad range of structural and non-
structural applications.

Impact Resistance Performance and Observations

The evaluation of impact resistance through the drop-weight test revealed a compelling advantage of
rubberized concrete mixes, especially those containing medium to high proportions of rubber
aggregates. Unlike conventional concrete, which is inherently brittle under dynamic or sudden loading
conditions, the inclusion of rubber particularly in the range of 20% to 30% significantly enhanced the
energy absorption capacity of the concrete. This enhancement was visually evident during impact
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testing, where mixes with higher rubber content demonstrated less spalling, reduced cracking, and
greater structural continuity after repeated impacts. The mechanism behind this improvement is rooted
in the elastic and damping properties of rubber particles. These aggregates serve as localized energy
absorbers, dissipating impact forces that would otherwise propagate rapidly through a brittle
cementitious matrix. As a result, crack initiation and propagation are delayed, and the overall post-
impact damage is minimized. In mixes such as SC27 to SC29, although the compressive, tensile, and
flexural strengths were notably lower, the impact resistance was markedly superior indicating a trade-
off between static mechanical properties and dynamic toughness.

This performance trend suggests that rubberized concrete is well-suited for non-structural
applications subject to impact loading, such as crash barriers, protective wall panels, industrial flooring,
and architectural elements in zones vulnerable to mechanical shocks. Even in pedestrian pavements,
walkways, or precast tiles, where repeated foot traffic and occasional impact loads are common, the
inclusion of 15-30% rubber can provide added durability and lifespan, alongside slip resistance and
noise reduction. However, it is also important to note that while increased rubber content enhances
impact resistance, it must be used judiciously in load-bearing applications due to the corresponding
reduction in compressive and flexural strength. For such scenarios, hybrid formulations such as SC11
(20% GGBS + 5% rubber) or SC16 (30% GGBS + 5% rubber) may offer a better compromise
preserving structural strength while introducing limited energy-damping characteristics. The findings
from the impact resistance assessment underscore the functional versatility of rubberized concrete.
While high-rubber mixes are unsuitable for traditional structural roles, they hold great promise in
specialized use cases that benefit from enhanced toughness, ductility, and resilience under impact or
vibration, particularly in sustainable infrastructure where recycled materials are prioritized.

Limitations of the Study

While this study provides valuable insights into the mechanical and impact behavior of GGBS and
rubber-modified concrete, certain limitations must be acknowledged. First, the scope was primarily
confined to short-term mechanical properties compressive, tensile, flexural strength and drop-weight-
based impact resistance over 3, 7, and 28 days. Long-term durability aspects, such as resistance to
chloride ingress, carbonation, freeze-thaw cycles, or sulphate attack, were not assessed, which are
critical for real-world service life predictions. Secondly, the rubber used was of a uniform particle size
and type, yet variations in source, granule texture, or surface treatment could significantly influence the
interfacial bond characteristics and, thereby, performance. Additionally, the study did not explore the
use of chemical or mineral admixtures that could potentially improve workability or compensate for
strength reductions due to rubber inclusion. The work also did not account for microstructural analysis
(e.g., SEM, XRD, or porosity measurements), which would have provided deeper insights into the
internal matrix development, interfacial transition zones, and crack patterns. Finally, while 30 mixes
were studied, the optimization of mix design using statistical or machine learning-based models was
not conducted, which could further refine the balance between sustainability and performance. These
limitations offer pathways for future research to strengthen the practical adoption and scientific
understanding of sustainable concrete incorporating GGBS and recycled rubber aggregates.

CONCLUSION

This study investigated the combined effect of GGBS and recycled rubber aggregates on the
mechanical and impact properties of sustainable concrete. A total of 30 different concrete mixes were
prepared with varying proportions of GGBS (0-50%) and rubber (0-30%), and their performance was
assessed through compressive, tensile, and flexural strength tests conducted at 3, 7, and 28 days of
curing, as well as through drop-weight impact resistance evaluations. The experimental results revealed
that partial replacement of cement with GGBS up to 30% led to significant improvements in long-term
strength properties due to the pozzolanic reactivity of GGBS and its ability to enhance the
microstructure. Among all mixes, SC10 (20% GGBS, 0% rubber) consistently exhibited the highest
compressive (~62 MPa), tensile (~5.3 MPa), and flexural (~7.8 MPa) strengths, outperforming the
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control mix (SCO0) by a considerable margin. SC11 and SCI15 also demonstrated commendable
performance, suggesting that limited rubber inclusion (up to 5%) can be structurally viable when
supported by adequate GGBS content.

Conversely, mixes with high rubber content (e.g., SC28 and SC29) showed notable reductions in
mechanical strength across all categories. This was primarily attributed to weak interfacial bonding
between rubber particles and the cementitious matrix, as well as increased porosity and reduced
stiffness. However, these mixes exhibited enhanced impact resistance, making them potentially suitable
for non-load-bearing applications requiring energy absorption and flexibility, such as shock-absorbing
blocks, insulation panels, or noise-dampening structures. The study further highlighted that curing
duration played a pivotal role in strength development. GGBS-rich mixes gained strength gradually,
emphasizing the importance of adequate curing for achieving their full mechanical potential. The
integration of GGBS and rubber presents a promising pathway toward eco-efficient concrete, but
requires careful proportioning to balance strength, durability, and sustainability. The use of GGBS as a
supplementary cementitious material up to 30% is both structurally and environmentally beneficial.
While rubber inclusion improves ductility and impact resistance, its proportion must be controlled to
avoid compromising structural integrity. The findings support the development of tailored concrete
mixes for varying performance requirements, ranging from structural applications to specialized non-
structural uses, contributing to circular economy principles in the construction industry.
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