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Abstract

The significant CO2 emissions from cement manufacturing and overuse of natural aggre-
gates, especially river sand mining, have been a global environmental concern for decades.
This is a review study that aimed to evaluate the solution by reviewing past studies on the
incorporation of supplementary cementitious materials (SCMs) and recycled aggregates
(RAs) to produce sustainable concrete (SC). Regarding environmental consequences, the
results highlighted that the cement industry accounts for a 5–8% carbon footprint. Con-
currently, the demand for high-quality river sand has escalated, leading to widespread
river degradation, altered channel morphology, and effects on river ecosystems. Past stud-
ies’ experimental results indicate that silica fume (SF), as an effective SCM, enhances the
strength and durability of sustainable concrete to its optimal levels. However, the higher
RA content resulted in reductions in engineering properties. The published studies also
reported that lower percentages of SF combined with RAs had a positive effect on the
strength and durability of design mix concrete, thereby further strengthening the findings
of this review. This factor was found to be missing in most studies. A cost–benefit analysis
for combined SCMs and RAs was introduced in this study. This review study evaluated
the cost–benefit analysis of 1 m3 of sustainable concrete. The highest benefit was observed
at 20.97% in a study when optimized 10%SF + 100 RAs were combined. It showed that
the combined use of SCMs with RAs at optimal levels satisfied the strength and durability
requirements. In addition, the benefits of sustainable concrete were achieved without any
cost increase, a new outcome revealed by this review.

Keywords: carbon footprint; supplementary cementitious materials; recycled aggregates;
silica fume; sustainable concrete

1. Introduction
Significant variations in global climate and carbon cycling have occurred over the past

20–25 million years, posing an enduring challenge for Earth scientists [1,2]. Limestone is
a primary component of the cement industry. According to the USGS 2023, the world’s
limestone reserves are estimated at 430,000 million metric tons. A total of 6.6 Gt of lime-
stone from global deposits is estimated to be produced annually for various industrial
applications and land-use infrastructures [3]. The global limestone market was projected to
reach approximately 5.38 billion tons in 2025. It is anticipated to grow to about 6.49 billion
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tons by 2030, reflecting a compound annual growth rate (CAGR) of 3.81% during the
forecast period. The upward trend is driven by several factors, including the rapid growth
of infrastructure in emerging Asian countries, stricter enforcement of environmental reg-
ulations in coal-dependent regions, and increasing demand for high-purity materials in
direct air capture pilot projects. The major purpose of limestone use in essential industrial
processes, such as a flux in steelmaking, a fundamental raw material for the manufacturing
of cement clinker, and in flue gas desulfurization systems at coal-fired power plants, is
largely responsible for this increase [4]. However, the extensive use of limestone in numer-
ous industrial processes contributes significantly to total carbon emissions outside of the
cement industry. Combinations of stone preparation, calcination, and hydration are the
processes that go into making the lime. The calcination process involves heating limestone,
primarily calcium carbonate (CaCO3), in a kiln to produce quicklime (CaO).

As a consequence of this reaction, carbon dioxide (CO2) is often released into the
environment. In 2019, industrial activities accounted for approximately 24% of total
anthropogenic CO2 emissions (about 14 Gt CO2), with lime production ranking second-
largest after cement manufacturing [5,6]. Similar to cement, lime is mostly produced by
heating CaCO3 in a kiln at 900–1200 ◦C, resulting in a carbon footprint [5,7].

Sand is an essential raw material used in construction and is produced when parent
rocks weather due to aeolian and river erosion [8]. Among the various varieties, river sand,
formed by river action, has improved surface properties and particle shape, leading to
greater binding performance than desert sand. For this reason, it is more appropriate for its
application in the building sector. In addition to serving as natural erosion barriers, materi-
als carried by river systems are deposited in geomorphological features like floodplains
and deltas, which are essential to the maintenance of riverine ecosystems.

The global construction sand market has grown significantly in recent years, reaching
USD 15.8 billion in 2023 and projected to reach USD 24.3 billion in 2032 [9]. Similar patterns
may be observed in India, where it is anticipated that the country’s sand consumption will
increase from 1006.22 million tons in 2024 to 1888.81 million tons by 2034 at a compound
annual growth rate (CAGR) of 6.50% [9,10]. Accelerated urbanization is the main driver
of this dramatic increase, especially in the Asia-Pacific and Africa, where extensive infras-
tructure development requires enormous amounts of sand as a component of concrete and
mortar. This demand is further boosted by government-sponsored infrastructure projects
in large economies such as China and India. Large-scale transportation networks, housing,
and public infrastructure construction rely significantly on a reliable supply of high-quality
sand. The demand for consistent and dependable sand resources has also increased due to
the building industry’s growing preference for ready-mix concrete.

Physical, biological, chemical, and human systems are all affected by the wide-ranging,
often cumulative, environmental impacts of river sand extraction [11,12]. The most obvious
geomorphological effects are riverbed deepening and widening, which significantly change
channel morphology and increase river velocity, modify natural hydrodynamic regimes,
and worsen bed and bank erosion. Due to the significant impact of sand mining, biodi-
versity loss occurs in riparian plants, aquatic life, and floodplain habitats. Additionally,
due to significant habitat destruction in mined areas and the disruption of food chains,
sediment removal can promote the formation of braided channels, thereby impeding fish
movement between pools. In addition, channel widening causes streambed shallowing,
lowering surface and groundwater levels, and increasing exposure to solar radiation [8,11].

Various empirical studies have already shown that excessive in-stream sand extrac-
tion accelerates river degradation, increases bank instability, and can allow saline water
incursion from nearby seas in coastal areas [8,13]. In response to these growing concerns,
environmental regulations governing sand mining have become more stringent worldwide.
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To safeguard riverine systems and biodiversity, several regions have imposed strict restric-
tions or outright bans. As a result, restrictions on the availability of natural sand have
increased interest in alternative materials to meet the expanding demand in the building
sector [11,14,15].

Silica fume (SF), also known as microsilica, has gained popularity as an effective
supplemental cementitious material (SCM) in modern concrete technology. This ultra-fine
powder is primarily composed of amorphous silicon dioxide (SiO2), which is the byproduct
of silicon metal and ferrosilicon alloys; due to its incredibly small particle size, roughly
a hundredth that of typical cement grains, it exhibits strong pozzolanic reactivity when
added to concrete systems [16–19]. In the future, the global SF market is expected to grow at
a compound annual growth rate (CAGR) of 4.1% and steadily over the forecast period, from
roughly USD 773.8 million in 2024 to nearly USD 1158.7 million by 2034 [13]. In the Indian
market, by 2032, at a 6.2% CAGR, it is expected to increase from USD 89 million in 2024 to
USD 128 million. The two primary mechanisms by which silica fume in concrete enhances
performance are the pozzolanic reaction and the filler effect [15]. During cement hydration,
calcium hydroxide is produced as a byproduct, which then undergoes a pozzolanic reaction
with SF to form additional calcium silicate hydrate (C-S-H) gel. The concrete matrix’s
increased durability, decreased permeability, and increased mechanical strength are all
greatly aided by this secondary C-S-H formation. The filler effect involves microscopic
silica fume particles filling small pores and gaps between cement particles, increasing
density and reducing permeability [20–22].

An in-depth analysis of published studies on sustainable concrete prepared with
recycled aggregates and SCMs is presented. Bravo et al. [23] found that newly developed
concrete was produced using recycled sand derived from deconstructed concrete. The
strength reductions were noticed when recycled sand was increased. In limited quantities of
up to a 30–50% replacement ratio, satisfactory results are obtained. Several studies [24–33]
have incorporated recycled sand from demolished concrete into new design mix concrete.
The studies’ findings revealed several critical points. The studies did not recommend more
recycled sand utilization than natural sand. It has also been stated that 20–30% recycled
aggregate fine dust is present in recycled sand, which is harmful to new design mix concrete
and is one of the main reasons for slowing the reaction with new cement and delaying
early gain in strength in new design mix concrete. The concrete with a higher amount
of recycled sand required an extended curing period, which affects the standard 28-day
strength criterion (f′′c). The studies [34,35] also reported that 100% recycled sand from
wrecked concrete is not a suitable substitute for long-term durability in new design mix
concrete. Most recent studies [36–48] evaluated the performance of design mix concrete
made with a combination of recycled and desert sand and SCMs, silica, and flyash. The
recycled and desert sand blends are a useful fine aggregate for concrete. The study of
vacant desert sand [47,48] reported that it is the most suitable option for new concrete when
appropriately modified. The size of desert sand particles is well sorted and rounded, and
does not provide scope for compaction. More studies on this subject are required to provide
representative data that will convince the concrete industry to adopt sustainable sand.

2. Methodology
This study utilized the SLR methodology, following the guidelines for systematic

reviews established by [49], as shown in Figure 1. SLR was chosen to maintain openness,
ensure methodological rigor, and provide thorough coverage of the pertinent literature. The
process for selecting the data sources for this review is defined in the three main categories
that follow: Identification, Screening, and Included.
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Figure 1. Flow diagram of data extraction in SLR methodology.

i. Identification: Systematic searches across major databases, including Scopus, Web
of Science, Google Scholar, and ASTM International, were conducted to identify
pertinent literature. The primary sources consulted, taken together, offer substantial
coverage of published research in engineering and materials science. Broad keywords
such as recycled aggregates, SCMs, sustainable concrete, and the circular economy in
sustainable concrete were included in the search strategy. To refine the results and
ensure relevance, more specific terms were subsequently applied, including the carbon
footprint of the cement industry, river sand mining, silica fume, flyash, recycled fine
dust, recycled aggregate concrete, SCM-based concrete, and the circular economy of
sustainable concrete.
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ii. Screening: A selection approach was developed to identify research addressing
SCMs and RAs. At this stage of screening, articles that primarily focused on themes
beyond the defined scope were excluded. This resulted in the removal of 294 studies
from further consideration, ensuring that the studies included in the review were
methodologically sound and of high overall quality. A thorough quality assessment
was carried out. The studies screened at this stage included very significant peer-
reviewed experimental research papers, comprehensive literature reviews, officially
published conference articles, and authentic online reports.

iii. Included: The final corpus of 102 documents was selected for analysis and discussion
for this SLR study. The key significant criteria for the selected documents are publi-
cation types, language, scope, and publication period. The quality articles matched
the key findings of the current review articles in English, and the most recent search
results were selected for the final analysis and discussion to generate new research
ideas for future directions.

3. CO2 Emissions and the Natural Sand Crisis
3.1. CO2 Emissions

The cement industry is a significant source of carbon emissions worldwide, accounting
for 5–8% of anthropogenic CO2 emissions. Global cement manufacturing generated about
2.1 billion metric tons of CO2, with China alone accounting for over half of these emissions,
followed by India, Vietnam, and Indonesia. Although due to mature infrastructure and
slower economic growth, industrialized nations now account for a smaller proportion of
global cement-related emissions, rapid expansion in Southeast Asia and Africa is driving
substantial increases in emissions associated with cement production. In addition, there are
significant regional differences in emission intensities; China, for example, has benefited
from updated production methods that lower carbon emissions per ton of cement [49].

On the other hand, nations like Russia, with older infrastructure or higher clinker-
to-cement ratios, exhibit higher emission intensities. According to projections, if current
trends continue, cement-related CO2 emissions in emerging nations outside China could
increase significantly, possibly reaching 1.4 billion metric tons annually by the year 2050. If
effective mitigation strategies are not put in place, such as energy-efficient kiln technologies,
increased use of alternative fuels, wider adoption of SCMs, and large-scale deployment
of carbon capture technologies, the cumulative growth could surpass 33 gigatons by mid-
century, posing a serious threat to global climate targets. To meet growing infrastructure
demands, emissions in fast-developing regions, particularly Africa, are expected to continue
rising despite aggressive reduction targets. Regional CO2 emission patterns from 2000
to 2023 are illustrated in Figure 2, emphasizing the need for region-specific mitigation
strategies and the rapid advancement of low-carbon technologies worldwide. In general,
the Industrial Revolution’s rapid economic growth led to a significant increase in CO2

emissions worldwide. In pre-industrial times, atmospheric CO2 concentrations were
around 280 parts per million (ppm). Today, this value exceeds 420 ppm, and by 2025,
it is predicted to exceed 422.8 ppm, driven by global acceleration in industrial activity,
urbanization, and energy demand [49–51].

Previous work indicates that fuel combustion and electricity consumption together
account for roughly 40% of total emissions from the cement sector, while process-related
emissions constitute the dominant share. In light of the continuing upward trend in
CO2 emissions, the United Nations (UN) has emphasized the importance of sustainable
urban development through Sustainable Development Goal 11 (SDG 11). SDG 11 seeks
to promote resilient, inclusive, safe, and environmentally sustainable cities by the year
2030 [50]. Concurrently, international frameworks such as the Paris Agreement, along with
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climate scientists and policymakers, emphasize the urgent need to substantially reduce
CO2 emissions across all sectors to limit the global temperature rise to 1.5 ◦C above pre-
industrial levels. And meeting this target will require transformative shifts across the
construction industry, particularly in cement production practices, energy systems, and
urban planning [51–53].

Figure 2. Region-wise data of CO2 emissions from 2000 to 2023.

Coal remains a dominant energy source and a major contributor to global carbon
emissions across several industrial sectors, including power generation, steelmaking, and
cement plants. During the combustion of coal in clinker production, substantial amounts
of CO2 are emitted due to the high carbon content. As already discussed, in addition to
fuel-related emissions, a significant share of CO2 in cement manufacturing arises from the
calcination process, during which CaCO3 is thermally decomposed into CaO and CO2.
Together, coal combustion and limestone calcination account for nearly 90% of the total
CO2 emissions associated with cement production. This dominant contribution to CO2

emissions underscores the urgent need to transition to alternative fuels, improve process
efficiency, and deploy low-carbon and carbon-mitigation technologies to reduce the cement
sector’s environmental footprint [51,54–58]. Table 1 and Figure 3 summarize the CO2

emissions associated with the cement manufacturing process. Figure 3 also illustrates CO2

contributions from various global sources, primarily arising from fuel combustion.

Table 1. Estimated CO2 emissions from cement manufacturing and related processes.

Source of Emission Process Description Approximate Contribution to
Total CO2 Emissions (%)

Chemical Equation
Example

Coal Combustion Burning of coal as kiln fuel for
clinker production 30–40% C + O2 → CO2

Calcination
(Decomposition)

Thermal decomposition of
CaCO3 to form CaO and CO2

60–70% CaCO3 → CaO + CO2

Total CO2 Emissions Combined emissions from fuel
and calcination ~100% —
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Figure 3. Illustration of the emission of CO2 from fuel combustion across different countries worldwide.

In the cement manufacturing sector, growing environmental concerns have prompted
the construction industry to seek more sustainable substitutes for ordinary Portland cement
(OPC). Silica fume is one of the most attractive SCMs for the concrete industry, offering
successful incorporation without affecting concrete’s engineering properties [59,60]. It
also possesses exceptionally large specific surface areas, often exceeding 20,000 m2/kg.
As a byproduct of silicon and ferrosilicon alloy production, SF utilization offers both
environmental and economic benefits. When incorporated into concrete, SF functions as
both a microfiller and a reactive pozzolan, leading to a refined pore structure, densification
of the interfacial transition zone (ITZ), and enhanced bonding between the cement paste
and aggregates [61,62]. These mechanisms result in lower permeability, enhanced chloride
penetration resistance, and improved long-term durability, particularly in marine and
aggressive environments.

3.2. Natural River Sand Extraction

Through long-term geological processes involving the weathering and erosion of
rocks by wind, water, and ice, sand forms over thousands to millions of years. Riverbeds
and floodplains, coastal settings such as beaches, dunes, and the seabed, and lakes and
reservoirs are common sources of sand. Sand is an essential biological component of
riverine systems. By controlling temperature, filtering pollutants, promoting oxygen
exchange, and providing refuge and breeding grounds, it helps preserve riparian habitats
and aquatic life. By absorbing heat throughout the day and releasing it gradually at night,
the physical structure of the sand reduces the temperature swings that could otherwise
stress or threaten delicate species, such as fish and aquatic microbes [63–65]. Sand serves
as a natural filter, holding pollutants and suspended sediments before they reach aquatic
organisms at risk. By doing this, it lessens chemical stress on riverine ecosystems and helps
maintain water quality, especially during periods of high rainfall or increased pollution
runoff [63,66,67].

By providing breeding grounds and safe havens, river sand serves as vital habitat for
a variety of aquatic creatures, including fish, insects, and bacteria. The development of
oxygen-rich microhabitats, which are essential for maintaining aquatic life, is encouraged
by its porous structure. Additionally, river sand helps protect aquatic ecosystems from
extended droughts and abrupt flooding events, which are increasingly linked to climate
variability and extreme weather, by promoting groundwater recharging and maintaining
river channel stability. Apart from its ecological importance, sand has become one of the
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most heavily mined natural resources globally, with water being the most consumed [13,14].
Sand has been labeled “the new gold” due to its escalating demand. However, the extensive,
often uncontrolled, mining of this resource is seriously harming biological ecosystems and
physical landscapes worldwide [63,64,67,68].

Since sand makes up approximately 25–35% of concrete, it is widely used in construc-
tion. A typical residential building is estimated to require 200 tons of sand, demonstrating
the significant amount of sand used in modern construction. On the other hand, build-
ing a kilometer of highway can use about 30,000 tons of material. Even more startlingly,
massive infrastructure projects like nuclear power plants could require roughly 12 million
tons of sand. Sand extraction has become a worldwide environmental concern due to its
widespread use. The largest urban agglomerations in the world are in China, where they
currently place the greatest strain on sand resources. China is said to have used more
cement in a few decades than the US did over the course of the 20th century, due to the
country’s rapid urbanization, which has created an unparalleled demand for materials.
Globally, the demand for sand grew by almost 23 times between 1900 and 2010, and by
2060, it is expected to reach about 82 billion tons per year. An estimated 50 billion tons of
sand are removed annually, already twice the natural rate of sediment replenishment. The
current rate of extraction is generally considered unsustainable because natural sediment
accumulation occurs over geological time scales spanning thousands of years. According
to recent assessments, global sand deposits might be severely depleted as early as 2050 if
current trends continue unchecked [66,69,70].

The foundation of contemporary infrastructure, concrete, is the most widely used
building material in the world. Concrete makes up 60–70% of the enormous amount of con-
struction and demolition (C&D) waste generated when old buildings are demolished. The
volume of demolished concrete has increased dramatically due to extensive infrastructure
renovation, accelerated urbanization, and ongoing redevelopment projects, raising serious
environmental concerns about its disposal. Inadequate waste management techniques,
such as unregulated dumping, pose risks to public health, degrade the environment, and
waste natural resources. Global C&D waste generation currently exceeds 3 billion tons
annually, and by 2030, it is predicted to increase by almost 30%, according to the United
Nations Environment Program [71,72]. According to estimates from the Central Pollution
Control Board, 150 million tons of C&D waste are generated annually in India; however,
only 25–30% of this material is routinely recycled. By contrast, China generates almost
2 billion tonnes of C&D waste each year, roughly 36% of the world’s total [73,74].

C&D waste accounts for around one-third of all solid waste generated in the European
Union (EU). However, member states’ recycling capacities vary; according to the European
Environment Agency, nations such as Germany and the Netherlands have remarkably
high recycling rates. On the other hand, many poor countries lack sufficient infrastructure
for recycling, resulting in the widespread disposal of C&D waste in open spaces, along
riverbanks, or in unapproved landfills. Urban redevelopment-related rapid demolition
increases garbage production and strains land availability, waste management infrastruc-
ture, and environmental safety. Dust emissions from building and demolition activities
have quantifiable climatic effects, in addition to concerns about solid waste. Silica, calcium
carbonate, and cementitious leftovers are among the fine mineral particles that make up
the majority of this dust. Long stretches of time can pass while the dust is floating in the
sky. These particles scatter and absorb incoming solar radiation and outgoing terrestrial
radiation while in the air. A warming effect similar to that of greenhouse gases is produced
when absorbed energy is re-emitted toward Earth’s surface.

Additionally, building dust from C&D waste increases solar heat absorption and
exacerbates the urban heat island effect by lowering surface albedo when deposited on
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urban surfaces. These processes worsen the air quality, lessen radiative cooling, and
increase localized atmospheric heating. IPCC reported that mineral dust aerosols have a net
radiative forcing ranging from −0.6 to +0.4 W/m2, depending on their composition and
albedo. Urban construction dust, rich in carbonaceous and cementitious materials, tends to
have a positive forcing (warming) effect. Studies in Indian megacities (e.g., Delhi, Mumbai)
have observed that dust particles from C&D activities contribute 10–20% of total suspended
particulate matter (TSPM), increasing local atmospheric heating by 0.1–0.3 ◦C. According
to the United Nations Environment Program (UNEP), approximately 50 billion tons of
sand is extracted annually for construction, enough to build a nine-story wall encircling
the Earth. Furthermore, global sand extraction continues to increase at an annual rate of
nearly 6% [75–78].

The most recent published studies [48,79–88] attempted to use various sand combina-
tions to replace natural sand in the concrete industry. The study by Fatiha et al. [79] reported
that, when RAs were replaced with natural aggregates (NAs), the resulting concrete showed
reduced mechanical properties. However, as and when SCMs, such as silica fume and
natural pozzolan, were added, the results improved significantly. A recent study by Akhtar
et al. [80] examined multiple sustainable sand combinations, such as manufactured sand,
recycled sand, and desert sand, in different combinations to achieve full replacement with
river sand. The study’s results showed that the developed sand combination successfully
achieved the design and target strengths. However, the study also mentioned that the 100%
recycled sand mix was inferior to the reference mix. It has also been revealed that the full
replacement of desert sand is not feasible in design mix concrete. The best mix was reported
to achieve slightly better strength and durability than the reference mix, which was a 50%
recycled sand + 50% desert sand combination. However, it is worth mentioning that the
partial replacement of desert sand with a combination of manufactured and recycled sand is
a novel invention for the construction industry. The study concludes that the vacant desert
sand, when combined with recycled sand from C&D, is also a viable economic option for
the construction industry. The studies [81,82] revealed that manufactured sand, recycled
brick fine aggregate, stone fine aggregate, and recycled fine aggregate can be utilized in
place of river sand. The studies reported that up to 30% utilization not only enhanced
strength but also ensured the circular economy in construction.

4. Engineering Parameters of Sustainable Concrete
In this section, the strength and durability characteristics of concrete made from

combined waste materials are discussed. A set of 20 studies has been selected to analyze
the performance of concrete with varying dosages of RAs and SCMs. The relative values
of the tested parameters in each study were evaluated using Equation (1). Equation (1)
presents the difference between the reference value obtained in each study based on all
natural ingredients and the optimal value based on the developed concrete made from
the combination of RAs and SCMs, divided by the reference value. All selected studies
(studies 1–20) adopted the same criterion shown in Equation (1). Table 2 shows +/− signs
for the increment and reduction in each parameter compared to the reference value in each
study. It clearly shows that a positive value indicates the concept developed in the study
was stronger. In contrast, a negative value indicates a reduction in strength compared to
the reference mix with natural materials.

Relative value =
Reference value − Optimal value

Reference value
(1)
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Table 2. Relative values of the tested sustainable concrete parameters.

Published
Studies

Relative Values of the Tested Parameters of Sustainable Concrete

Compressive
Strength

Splitting
Tensile

Strength

Flexural
Strength

Modulus of
Elasticity

Shrinkage
of Concrete

Water Ab-
sorption

Acid
Attack

Sample
Cracking
Pattern

Resistance
Against

High Tem-
peratures

Rapid
Chloride
Penetra-
tion Test

Study 1 [79] +0.12 +0.196 +0.45 - +0.44 +0.28 - - - -

Study 2 [89] +0.242 - +0.558 +0.055 - +0.118 +0.30 - - -

Study 3 [90] +0.004 +0.051 +0.129 - - - - - - -

Study 4 [45] +0.173 +0.037 - - - - - +0.60 - -

Study 5 [91] +0.354 +0.176 +0.130 - - - - - - -

Study 6 [92] +0.010 −0.006 +0.051 −0.121 - −0.05 - - - -

Study 7 [93] −0.208 −0.0737 −0.199 −0.025 - −0.023 - - - -

Study 8 [94] +0.05 +0.116 - - +0.02 - −0.11 - - -

Study 9 [95] +0.206 - - - - - +0.164 - +0.147 -

Study 10 [96] +0.090 +0.026 - +0.068 −0.50 - - - -

Study 11 [97] +0.041 +0.010 +0.023 - - - −0.018 - - -

Study 12 [98] +0.065 +0.113 +0.115 - - - - - - -

Study 13 [99] −0.010 −0.25 - - - - - - - -

Study 14 [100] +0.13 +0.04 - - - +0.17 - - - +0.90

Study 15 [101] +0.056 - - - +0.18 - - - −0.026

Study 16 [102] +0.065 +0.234 - - - - - +0.58 - -

Study 17 [103] +0.091 +0.165 - - - - - +0.25 - -

Study 18 [104] −0.202 −0.09 - - - −0.06 - - - -

Study 19 [105] +0.088 +0.042 - +0.043 - - - - - −0.133

Study 20 [106] +0.156 +0.213 - - - +0.032 −0.311 - - -

4.1. Relative Compressive Strength

Equation (1) evaluated the relative compressive strength of each study as shown in
Figure 4. The most essential parameter on which all concrete parameters are based is the
compressive strength of concrete. If any concrete design mix successfully passes the design
and target strengths, fc′ and fcr′, then the other parameters can be used to perform the
analysis. As shown in Figure 4, all developed sustainable mix studies showed an increment,
except studies 7, 13, and 18. In study 7, Gholampour et al. [93] studied different sand
percentages with combinations of flyash dosages. An optimum 50% sustainable sand
combination with 35% flyash content negatively affected the 28-day compressive strength.
As and when the replacement ratio was reached, a full 100% replacement of sustainable
sand resulted in a significant reduction. The SCMs require a more extended curing period to
improve compressive strength, yet this study tested the samples only after 28 days of curing.
Another method is to add a higher percentage of flyash with foundry and recycled sand as
a fine aggregate in the new design mix concrete. The water absorption of sustainable sand
is higher than that of natural fine aggregate. Higher amounts of fine materials in the mix
require extra water, which must be added to the mix calculation. This extra water should
be included in the design mix calculation to maintain the water–cement ratio; otherwise,
the strength characteristics will be affected. In study 13, Tabsh et al. [99] prepared different
mixes using recycled coarse aggregate from parent concrete and compared the results.
It has been reported that newly developed concrete with up to 50% replacement was
almost identical to the original concrete. The design and target strength, fc′ and fcr′, were
reported well within the acceptable limits. Based on the discussion, it has been concluded
that, for the design mix when SCMs are combined with recycled sand, the design mix
methodology should be carefully selected, especially with regard to the physical properties
of the concrete ingredients. Proper care is needed to maintain the water–cement ratio for
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each mix separately, and the water demand is adjusted in each trial until the optimum
value is reached.

Figure 4. Sustainable concrete studies’ relative compressive strength analysis.

4.2. Relative Tensile Strength

The tensile strength of sustainable concrete was measured as indirect tensile strengths:
splitting tensile strength (STS) and flexural strength (FS). The STS and FS should be 10–15%
of fc′ as recommended by [107,108]. Figure 5 shows the relative indirect tensile strength
results for STS and FS. It has been seen from the results of the studies (1–20) that almost all
studies showed a positive effect on tensile strength, except for studies 7, 13, and 18.

Figure 5. Relative tensile strength of sustainable concrete studies.

Studies 7, 13, and 18 [93,99,104] investigated the indirect tensile strength of developed
sustainable concrete. These studies reported adverse effects. It has been observed that the
STS value was reduced by approximately 7%, 25%, and 9% compared to the reference mixes.
In study 7, 100% of the fine aggregate was replaced with natural river sand, resulting in
a weaker paste and a decrease in the STS value. In study 13, the sustainable concrete tensile
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strength was reduced by about 25% when recycled coarse aggregate of unknown strength
was used (fc′ = 30 MPa). The study has concluded that pre-assessing recycled concrete
strength to prepare RAs for use in new design-mix concrete is an essential requirement
for the construction industry to accept RA concrete in practice. In the selected study,
18 RAs were replaced with natural aggregate at an optimal value of 30% to produce
self-compacting concrete, resulting in a slight reduction of approximately 20% in tensile
strength. The tensile strength of the design concrete was recommended (10–15% of fc′);
the reduction in compressive design strength (fc′) ultimately affected the tensile strength
values. However, other studies reported that up to 30% incorporation of RAs did not affect
the tensile strength, whereas the SCC showed a reduction in tensile strength. Overall, up to
30% of the replacement value of RAs is acceptable in most studies, and adding silica fume
with RAs increases this to up to 50%.

Studies other than 7, 13, and 18 showed a positive effect on indirect tensile strength
when SCMs and RAs were added. These studies identified optimal values for SCMs and
recycled coarse and fine aggregates for new sustainable concrete. Past studies showed that
up to 30% replacement with RAs is most suitable when the replacement ratio reaches 50%
within an acceptable range. At 100%, all studies did not recommend it in new sustainable
design mixes. However, some studies reported that combining them could replace 100%
river sand, such as 50% recycled sand + 50% desert sand. But due to limited data, the
evidence is insufficient for analysis. Hence, it can be concluded that more studies in this area
are required to confirm the tensile strength characteristics of complete sand replacement
using different sustainable sands, using a proper methodological approach that ensures the
physical and chemical properties are satisfied.

4.3. Durability Parameters of Sustainable Concrete

All studies (1–5) [79,89–91] reported positive values, as shown in Table 2. It has been
shown that each parameter has a positive effect on the sustainable design of concrete
compared to conventional concrete. These studies used two types of waste materials: RAs
and SCM. However, the studies showed that the separate use of RAs reduces the strength
and durability of sustainable concrete. The tested parameters were enhanced once the
optimal combined use of SCMs with recycled aggregate was utilized. It has been noted
that silica and flyash with the recycled aggregate showed a positive increment.

Studies 6 and 13 [92,99] investigated the indirect tensile strength of developed sus-
tainable concrete. These studies reported adverse effects on durability characteristics. It
has been found that sustainable concrete can be achieved by incorporating up to 100%
recycled aggregate in place of natural aggregate. In study 6, the optimal recycled aggregate
replacement was 50%. However, all tested durability parameters showed lower values
than those of conventional concrete. In study 13, RAs were replaced with NAs, and it was
disclosed that the physical properties of RAs were much inferior to those of NAs, which
accounted for the reduction in sustainable concrete durability at later ages.

Study 7 [93] studied sustainable concrete using a combination of SCMs, flyash, foundry,
and recycled sand from demolished concrete. The study results showed that sustainable
sand concrete at the optimum dosage reaches the acceptable range. However, compared
with the reference mix, all parameters, including modulus of elasticity and water absorption,
showed reductions. The study reported that the tested parameters are within an acceptable
range but not identical. Hence, more adjustments to the mix ingredients are suggested to
achieve better durability results than the reference mix.

Studies 8, 15, and 18 [94–98,101,104] prepared sustainable concrete using SCMs in
sand. To replace OPC, self-compacted concrete (SCC) was studied using SCMs, silica
fume, flyash, and blast furnace slag. A strength increment was observed at the optimal
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silica fume dosage of 10% compared to the reference mix, as shown in Table 2. The recent
study 9 [95] examined the acid resistance and high-temperature performance of newly
developed sustainable sand concrete with SCMs, including silica fume. The study showed
that 100% recycled sand does not withstand high temperatures or acid. However, the 50%
recycled sand + 50% desert sand + 5% crumb rubber combination, combined with the
optimal 10% silica fume, provided the best resistance to high temperatures and acid attack.
The combined sustainable sand improved the interconnectivity matrix by introducing
different fine particles from recycled sand, silica fume, and crumb rubber. The interface
was improved, and a dense calcite crystal was also observed by microstructural analysis,
which supported the study’s results.

In study 19 [105], 100% RAs were utilized to develop sustainable concrete. RAs were
developed using new techniques, and their physical properties were improved before their
use in a new concrete design mix. The primary concern of RAs is the aggregate’s physical
properties. They depend on the source of demolished concrete, weather conditions, and
the initial design strength. The strength properties, compressive strength, splitting tensile
strength, and modulus of elasticity, were found to be slightly higher than those of the
conventional concrete. However, the rapid chloride penetration test (RCPT) showed that
the sustainable concrete made with 100% RAs had a lower chloride penetration value than
the conventional concrete.

Study 20 [61] investigated sustainable concrete containing SCMs from rice husk with
a high recycled aggregate content. Up to 100% RAs were mixed with a maximum of 20% rice
husk. With the combination of 80% recycled coarse aggregate + 15% rice husk, the threshold
was reached. In Table 2, all strength parameters report a positive increment. However,
regarding durability characteristics, water absorption also showed a positive outcome, and
acid attacks resulted in greater deterioration than in natural aggregate concrete. The study’s
results indicated that mixing silica fume and rice husk with recycled coarse aggregate was
successful in durability tests.

The strength and durability parameters across the selected studies differ. By analyzing
the selected studies, the results and discussion point by point, five control points were
identified as follows:

i. One point is clear from the analysis of all selected studies: all studies evaluated the
compressive strength of sustainable concrete. Hence, it is clear that compressive
strength is the most essential parameter of the concrete; the other parameters are only
valid when compressive strength passes the design strength criterion (fc′).

ii. The second point is that most studies evaluated the strength characteristics more than
the durability.

iii. It has been observed that the combined use of SCMs replaced a significant amount of
OPC in the new design mix sustainable concrete. However, each study showed different
performances; hence, optimization is necessary before use in the concrete industry.

iv. The recycled aggregates, coarse and fine, can also be replaced by natural aggregates.
However, recycled aggregate had higher water absorption. Hence, a proper design
mix is important for the durability of newly sustainable design mix concrete.

v. For sustainable concrete, studies are inconsistent across all parameters that can affect
industrial concrete performance over time. Hence, even if the sustainable concrete
meets the strength requirements, proper durability tests must be conducted on each
new batch before it is recommended for industrial use.
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5. Cost–Benefit Evaluation of Sustainable Concrete
5.1. 1 m3 Sustainable Concrete Cost Analysis

A published study [60] reported that 0.3 tons of cement was used to produce 1 ton
of concrete. The IEA [109] reported that producing 1 ton of OPC results in approximately
0.5–0.6 tons of CO2 emissions. At the same time, industry disclosures from OPC manufac-
turers suggest slightly higher values, ranging from 0.6 to 0.7 tons of CO2 per ton of cement
produced. For the purpose of estimating annual emissions in this study, an average emis-
sion factor of 0.6 tons of CO2 per ton of OPC was adopted. This value was multiplied by
the total annual OPC production to calculate the corresponding CO2 emissions attributable
to the cement industry. For this review study, five published studies have been selected for
the analysis [79,89–91]. The studies were selected based on replacing NAs with RAs along
with SCMs, such as flyash and SF, with OPC.

Based on prevailing international market prices, the production cost per 1 m3 of
concrete for the specified mix compositions is estimated in Table 3. The costs of the
developed mixes, incorporating both recycled and natural materials, were calculated using
material price data reported for the US in US dollars per kilogram ($/kg). For each mix,
the production cost was obtained by multiplying the material quantities (kg/m3) by the
corresponding unit prices. The resulting total cost for each concrete mix is expressed in
US dollars. Table 3 summarizes the estimated costs of the five selected mixes (study 1
to study 5). The conventional concrete cost was calculated at $77.62. However, the costs
in the selected sustainable concrete studies ranged from $68.08 to $71.20. Based on the
analysis, the cost of the selected sustainable concrete was estimated slightly lower than that
of conventional concrete. A study concluded that OPC costs are almost 4 times lower than
those of silica fume [27]. Hence, replacing OPC with SF increased the cost of mixes.

Table 3. Production cost of 1 m3 of concrete mixes with the specified ingredients.

Published
Studies

Binding Materials Fine Aggregate Coarse Aggregate

Admixture Cost of 1 m3 of
Concrete ($)OPC FA SF Natural

Sand
Recycled

Sand
Desert
Sand

Natural
Aggregate

Recycled
Aggregate

Cost of materials
in $/kg 0.07 0.08 0.26 0.025 0.008 0.006 0.020 0.009 0.40

Conventional
concrete cost 32.61 - - 22.46 - - 21.35 - 1.2 77.62

Study 1 [79]
(10% SF +
100 RCA)

27.09 - 11.18 18.75 - - - 8.86 2.2 68.08

Study 2 [89] (15%
FA + 10% SF +

50% RS)
24.41 5.58 12.09 8.62 2.76 - 20 - 2.4 75.86

Study 3 [90] (20%
FA + 12% SF +

70% RCA)
16.15 5.76 10.18 22.12 - - 6.28 7.56 2.1 70.15

Study 4 [45] (12.5%
SF + 50% RS) 26.6 - 14.6 - 2.8 2.1 20.6 - 4.5 71.20

Study 5 [91] (15%
SF + 100% RCA) 21.12 - 13.78 18.25 - - 8.25 9.31 - 70.71
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On the other hand, the cost of RAs is much lower than that of NAs. The combined use
of SCMs such as silica fume and flyash, along with RAs, was effective, and the overall cost
was about the same as that of conventional concrete, as tabulated in Table 3. The discussion
concludes that the combined use of SCMs and RAs reduces the cost of design mix concrete.

5.2. Cost–Benefit Analysis of Sustainable Concrete

Table 4 presents comparative sustainable concrete mix strength and durability values
reported in published studies, along with their cost–benefit analyses. Material prices used
in the cost calculations are based on prevailing international market rates, and all costs are
expressed in US dollars to allow global comparison. The 1 m3 cost of concrete production
is summarized in Table 3. For each study, Table 4 compares the relevant parameters with
respect to the corresponding control mix, since strength and durability remain the primary
criteria for evaluating the overall value of concrete. The strength and durability parameters
evaluated in the selected studies (1–5) were analyzed to determine the benefit of each
parameter and, ultimately, to evaluate the overall cost–benefit of sustainable concrete
compared to conventional concrete.

The increase in each parameter relative to the reference mix is listed as a benefit in
Table 4. SCMs’ optimum percentages, such as SF and fly ash, and the optimum recycled
aggregate content in coarse and fine aggregates improved the selected parameter, which is
considered a benefit. The benefit is in the form of an increment, further multiplied by the
weightage factor, as the concrete industry’s first and foremost parameter is the compressive
strength acceptance criterion. If the compressive strength criterion for concrete is met,
then the other strength and durability factors are measured. For this reason, compressive
strength was given the highest weightage factor, 40%. It was considered that the other
factors are equally important; therefore, the weightage of other parameters was set to 10.

For the cost–benefit analysis, no standard guidelines are available. Therefore, the
weightage factor is assumed in this study based on the importance of each concrete factor in
the industry. The benefits of each selected study are reported in Table 4. The final step is to
determine the benefit percentage using the formula developed in this study (Equation (2)).
The non-conventional concrete cost (N-CCC) and conventional concrete cost (CCC) are
calculated in Table 4 and used to determine the benefit percentage.

Benefit (%) =
Σ Benefit × CCC

N − CCC
× 100 (2)

The cost–benefit analysis of concrete is the CCC to N-CCC ratio multiplied by the
Σ Benefit. Equation (2) clearly shows that, as the N-CCC decreases, the Benefit (%) increases.
In addition, Σ Benefit also increases the Benefit (%) more; the greater the Σ Benefit, the
greater the Benefit (%) increase.

In the five selected studies [79,89–91], the Benefit (%) was estimated (20.97%, 20.36%,
2.30%, 14.49%, and 18.88%, respectively). The highest Benefit (%) was 20.97% in study 1
by [79]. The lowest was reported as 2.3% in study 3 [90]. Two crucial observations were
noted during the analysis of these selected studies. The first point is the ratio of CCC
to N-CCC. If the N-CCC decreases relative to the fixed CCC, the ratio will increase, and
the Benefit (%) will also improve. Secondly, the measure parameters in the study: the
more positive the parameters, the higher the Σ Benefit and, ultimately, the Benefit (%) will
increase at the same CCC to N-CCC ratio. Hence, it can be concluded from the discussion
that the CCC to N-CCC ratio and Σ Benefit will influence each study’s final Benefit (%).
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Table 4. Cost–benefit analysis on published studies.

Parameters

Weightage
Factor

Study 1 [79]
(10% SF + 100 RCA)

Study 2 [89] (15%FA + 10% SF +
50% RS)

Study 3 [90] (20% FA + 12% SF
+ 30% RCA)

Study 4 [45] (12.5% SF +
50% RS)

Study 5 [91] (15% SF +
100% RCA)

Increase
Increase

Multiplied by
the Weightage

Factor
Increase

Increase
Multiplied by
the Weightage

Factor
Increase

Increase
Multiplied by
the Weightage

Factor
Increase

Increase
Multiplied by
the Weightage

Factor
Increase

Increase
Multiplied by
the Weightage

Factor

Compressive
strength 0.40 0.12 0.048 0.242 0.097 0.004 0.002 0.173 0.069 0.354 0.142

Splitting tensile
strength 0.10 0.196 0.019 - - 0.051 0.005 0.037 0.004 0.176 0.017

Flexural strength 0.10 0.45 0.045 0.558 0.056 0.129 0.013 - 0.130 0.013

Modulus of
elasticity 0.10 - - 0.055 0.005 - - - - - -

Sample cracking
pattern 0.10 - - - - - - 0.60 0.06 - -

Water absorption 0.10 0.28 0.028 0.118 0.011 - - - - - -

Sulfuric acid attack 0.10 0.30 0.03 - - - - - -

Shrinkage of
concrete 0.10 0.44 0.044 - - - - - - - -

Benefit with a weightage factor Σ 1 = 0.184 Σ 2 = 0.199 Σ 3 = 0.02 Study Σ 4 = 0.133 Σ 5 = 0.172

Conventional concrete cost (CCC) ($) 77.62 77.62 77.62 77.62 77.62

Non-conventional concrete cost
(N-CCC) ($) 68.08 75.86 70.15 71.20 70.71

Benefit (%) =∑ Benefit × CCC
N-CCC ×100 20.97 20.36 2.30 14.49 18.88
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6. Prospect
To further develop the subject of enhancing sustainability in concrete manufacturing,

the following research directions are suggested based on the discussion of published studies
of this SLR, the outcome of the existing literature, and the gaps found:

1. Long-Term Durability and Life Cycle Assessment (LCA): While short-term perfor-
mance data is plentiful, more comprehensive studies are needed on the long-term
strength and durability analysis of concrete incorporating high volumes of both RAs
and SCMs, particularly under aggressive environmental conditions (e.g., marine envi-
ronments, acid resistance, corrosion resistance, and freeze–thaw cycle testing). Future
research should focus on conducting comprehensive life cycle assessments (LCAs) of
sustainable concrete incorporating RAs and SCMs.

2. Optimization of Recycled Sand Utilization: To continuously improve recycled sand
quality in sustainable concrete, water absorption is the key physical property. New
studies should focus on developing scalable, affordable pre-treatment methods. The
full replacement of natural sand with developed sand from waste materials and vacant
desert sand in new concrete designs requires investigating cutting-edge techniques
to fulfill the industry requirements. That will allow the industry to accept the new
concrete practically for end users.

3. Combined Studies on Multiple SCMs with Recycled Aggregates: Most current
research focuses on specific SCMs or RAs separately. Future studies should examine
the combined effects of multiple SCMs, including SF, fly ash, ground granulated
blast furnace slag, recycled fine dust, and natural pozzolans, as well as RAs. Such
studies would enable the identification of optimal mix ratios that balance mechanical
performance, durability, environmental benefits, and overall cost-effectiveness. The
final combined ratio of SCMs and RAs, which will report the best combination across
all aspects, should be available for practical application at the industrial level.

4. Economic Modeling and Supply Chain Analysis: To evaluate the cost–benefit trade-
offs of establishing regional solid waste processing facilities and the related supply
chain logistics for SCMs and RAs, thorough economic feasibility studies are required.
To support well-informed investment decisions throughout the sustainable concrete
value chain, evaluations should produce transparent financial information.

7. Conclusions
This SLR study critically examines the challenges posed by CO2 emissions and the

extensive extraction of natural aggregates for concrete manufacturing at a global scale. A set
of studies has been reviewed, and the experimental results have been discussed. The engi-
neering parameters and economic analysis of the published results were comprehensively
analyzed, and the following conclusions were reached.

1. Mitigation of carbon footprint: The study confirmed that the primary source of
carbon emissions is the calcination process during cement production. It has also
been observed that studies have successfully found that SCMs overcome this issue.
Most experimental studies found that silica fume with recycled aggregates is the most
effective SCM for concrete performance in terms of strength and durability. However,
the correct percentage is a matter of debate; different studies have reported different
values, and none have confirmed a single value.

2. Excessive Aggregate Extraction: The physical, chemical, and biological degradation
of the river system is increasing to meet global demand for high-quality river sand
utilized as a fine aggregate in the construction industry, resulting in a severe crisis.
Recent studies have shown that recycled sand alone is not a good option for replacing
higher percentages, as it does not improve the strength and durability of sustainable
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concrete. However, the combined use of recycled sand with other sands, such as
desert and manufactured sands, could be the right option to replace a greater volume
without affecting any strength or durability parameters.

3. Sustainable Concrete Performance: SCMs, silica fume, and flyash improved strength
and durability. In the case of combined use of silica fume = 10% and flyash = 15%,
a combination of up to 25% was the best recommendation. Regarding recycled aggre-
gates, such as coarse and fine aggregates, reported challenges include maintaining
strength and durability at higher percentages. Most studies showed higher water
absorption in RAs, which affected durability parameters. The pre-treatment method
was suggested in published studies to maintain the water–cement ratio in the design
mix concrete.

4. Economic and Policy Implications: The transition to sustainable concrete is supported
by the growing market for SCMs and the need to manage construction and demolition
waste. Most studies did not report cost–benefit analyses of sustainable concrete. This
review study reported that the cost–benefit analysis yielded the highest benefit when
SCMs were combined with RAs.

To accelerate the adoption of these alternatives, policy interventions are crucial. In-
dustry practices can be significantly affected by stricter environmental regulations on sand
mining, as well as targeted incentives for the use of recycled materials. From a broader
perspective, if the construction industry is to meet global climate targets and transition to
a more resilient, circular, and ecologically conscious future, the widespread and efficient
use of RAs with SCM blends will become a practical necessity rather than a viable option.
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