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Summary

Sand is the most mined mineral globally and yet demand is set to increase. With significant
environmental and societal consequences driven by sand extraction, facilitating sand circularity
to maximize the reuse and recycling of aggregates, particularly from construction and demolition
waste where sand is primarily used, becomes imperative. However, a systemic understanding of
such reuse and recycling potential toward achieving circularity remains underexplored. In this
Review, we investigate this potential by examining the existing literature to evaluate the
difference between the inflow (demand) and outflow (end-of-life for reuse and recycling) of
concrete aggregates. Although end-of-life aggregates are projected to increase nearly fivefold by
2060, they continue to fall short of demand by 11.4 Gt. This disparity, coupled with low rates of
secondary aggregates use, will likely perpetuate the sand circularity gap for decades especially in
lower-income regions. Bridging this gap demands a comprehensive systems approach and
significant stakeholder coordination.

Introduction

Sand resources are ubiquitously used in society. They are the most mined solid materials and the
second most consumed natural resource after water'2. Primarily used in construction, land
reclamation, and industrial processes®#, over 20 Gt of aggregates—including sand, gravel, and
crushed rocks—have been used in concrete annually since 2011°. This accounts for
approximately half of the global extraction of non-metallic materials, according to the recent
UNEP report?. Annual aggregates extraction may increase significantly, driven by population
growth, urbanization, and rising income levels. These socio-economic trends fuels demand for
improved infrastructure and larger homes, particularly in lower-income regions®’.

Sand is critically important to the built environment, yet it is finite and being extracted at rates
far surpassing its natural replenishment®. Recent years have seen increasing concerns over
shortages and environmental degradation from extraction, especially in riverine and marine
ecosystems®. While there is no imminent threat of sand depletion globally and alternative
materials are emerging, there are severe local and regional concerns. Local impacts of sand
extraction include coastal and riverbank erosion, delta shrinkage, land-use changes, air pollution,
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and salinization of aquifers and groundwater reserves, threatening both freshwater and marine
biodiversity.

Sand extraction poses significant social challenges, fueling conflict. The sector includes a diverse
array of participants, from multinational corporations to local informal miners reliant on sand for
economic survival. In regions where oversight is minimal or absent, the lack of regulatory
frameworks often leads to coercion, violence, and corruption. Reports from many developing
regions suggest that unregulated sand mining can lead to the displacement of communities and
devastate local economies dependent on riverine and coastal ecosystems?0. Regulatory gaps not
only increase the vulnerability of communities and miners to health and safety hazards—such as
drowning and landslides—but also perpetuate social injustices. Despite these challenges, sand
extraction remains a critical source of income for millions globally!?.

These challenges represent a complex systems problem, with intertwining environmental
degradation, economic demands, and geopolitical dynamics. Addressing it requires an integrated
approach that tackles both demand and supply. Moving toward a more closed loop of sand
through innovations in different stages of the sand life cycle is essential in reducing sand demand.
Implementing these solutions requires the collaboration of diverse stakeholders, including
policymakers, industry leaders, environmental advocates, and local communities. Each group has
a critical role to play in shaping solutions that are not only effective but also equitable and
sustainable. On top of these regional stakeholder issues, addressing sand circularity gaps requires
both local and global perspectives. Locally, actions solutions should prioritize community needs
and ecological health. Globally, strategies must consider interconnected sand markets,
necessitating international cooperation to manage resources responsibly and prevent conflicts
or exacerbate inequalities®®.

Prior efforts, notably studies using economy-wide material flow accounting (EW-MFA)¥27:12-15,
have comprehensively tracked the metabolism of various materials such as biomass, fossil fuels,
metal ores, and non-metallic minerals across countries. Recently, increased attention has been
given to aggregates supply systems and their environmental consequences®®18, with some
studies exploring aggregates demand at regional or sectoral scales®'°. While comprehensive
guantitative studies on sand flows and stocks have only recently become available, there remains
a lack of systematic understanding regarding the potential to minimize sand circularity gaps.

In this Review, we closely examine the geographic-specific challenges and opportunities across
each stage of the sand demand and supply chain, with a focus on aggregates used in concrete,
which represent the largest share of total aggregates consumption’!3, to draw valuable insights
from many discourses about circular economy and material efficiencyl>712-1>20-23  Based on
quantitative findings from recent modeling studies®?42°>, we examine concrete-related sand
circularity gaps by evaluating the difference between concrete-related aggregates used as raw
inputs and concrete-related aggregates reused and recycled. These quantitative findings show
that, even with a substantial increase in the volume of reusable and recyclable concrete-related
aggregates, namely a growth from 3.1 Gt today to 14.1 Gt by 2060, the demand will continue to
surpass those available aggregates by 11.4 Gt. Such a finding highlights the substantial size of the
global sand circularity gap. While certain countries (e.g., China and Global North countries) may
experience significant reductions in this gap driven by stock saturation, most regions will likely
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witness only modest improvements over the coming decades, attributed to population growth
and economic expansion. The lower-income countries will likely find it more difficult to bridge
the circularity gap due to their soaring demand for sand and deficiencies in recycling
infrastructures. We further discuss that, in addition to consolidating sustainability as early as the
architecture design stage, and to wisely select sand alternatives without introducing new
sustainability issues, it is of particular importance to carefully evaluate the full lifecycle
environmental consequences from sand mining to the extraction of which from demolition and
recycling. Toward sustainable production and consumption of sand, we advocate for
collaborative, system-wide solutions to manage sand resources sustainably and equitably on a
global scale. Such cannot be realized if our tracking and monitoring on the fate of sand along its
value chains continue to be underwhelming as of today. Finally, in this review, data on other uses
of aggregates, such as asphalt and road bases?®?’, is less readily available and more challenging
for quantitative re-analysis upon existing literature.

Overview of the concrete-related sand circularity gap

As per previous research on material circularity?®33, we define the ‘sand circularity gap’ as the
difference between total aggregates demand and circulated end-of-life aggregates (Figure 1A), a
simplified metric that measures how aggregates are produced, used, and disposed of within
society. As pointed out by numerous studies that have explored the infeasibility of fully closing
material loops?®343%, the challenges in achieving full circularity—stemming from technical
constraints, cross-boundary problem shifting, path dependencies, and barriers both inter-
organizational and inter-sectoral—are well documented. Despite these obstacles, the sand
circularity gap provides a valuable representation of global aggregates use and a metric for
monitoring societal aggregates metabolism. Nevertheless, it is important to recognize that fully
closing the sand circularity gap is realistically unachievable.

As with many other material demands and environmental pressures, the period from 1950 to
2018 has seen a ‘Great Acceleration’ in the consumption of concrete aggregates with notable
spatial and temporal variations, driven overwhelmingly by the construction industry, using
around 24 Gt per year (Figure 1B). There are significant regional disparities in aggregates
extraction, with China dominating global use from 1980 onwards and accounting for
approximately half of the global concrete aggregates consumption throughout much of the 21st
century?4. Other regions such as Developing Asia and India have also experienced rapid growth.
In contrast, North America, Europe, and Developed Asia & Oceania have seen more stable or
slower increases. This reflects rapid urbanization and infrastructure development in emerging
economies, particularly in Asia, while more developed regions show signs of consumption
leveling off. The Middle East and Africa has seen steady but lower growth.

The types of concrete aggregates used has also evolved through this Great Acceleration (see
Figure 1C). Coarse and fine aggregates represent the bulk of the material used, with fine
aggregates consistently surpassing coarse aggregates in volume. The consumption of limestone,
essential for clinker and cement production, has grown steadily as concrete demand has
increased.



122
123
124
125
126
127
128

129
130
131
132
133
134
135
136
137
138
139
140

141
142
143
144
145
146
147
148
149
150

151
152
153
154
155
156
157
158
159
160
161
162
163

Previous research has identified trends in the per capita in-use stock of bulk materials like iron37:38

and copper? in industrialized nations are leveling off. That is, the amount of these materials in
the in-use stock per capita are saturating (with the exception of aluminum due to its shorter
usage history#°). Similarly, recent findings suggest that the evolution of per capita concrete stocks
follows an S-shaped curve, with saturation already apparent in many high-income countries?*.
Overall, the rate at which new concrete stocks will be added will reduce over time and ultimately
saturate in other countries also.

As such, we synthesize quantitative findings from a model study that examines the demand for
future concrete aggregates and the end-of-life of those aggregates using a stock-driven approach
% informed by historical trends in per capita concrete stocks?* and population projections from
the United Nations’ medium growth scenario®. This stock-driven approach is grounded in three
key assumptions. First, per capita concrete stocks across ten regions are modeled to follow
similar developmental trajectories, converging globally over time. Regions or sectors with per
capita concrete stocks below the saturation level are projected to continue growing, while those
exceeding saturation are expected to decline. Second, we smooth the modeled pathways to
avoid abrupt fluctuations in concrete demand due to rapid inflows and outflows in some smaller
regions and sectors. Third, while technological advancements in optimizing concrete use are
anticipated, no transformative breakthroughs (e.g., complete replacement of concrete with
alternative materials) are assumed.

As such, projections from 2019 to 2060 suggest shifts in concrete aggregates consumption across
different global regions, as well as the consumption trends for various types of concrete
aggregates (Figures 1D and 1E). Assuming per capita in-use concrete stock across regions
eventually reach a saturation point, the global in-use concrete stock will rise and then stabilize.
This stabilization will lead to periodic fluctuations in global concrete aggregates demand over the
coming decades, influenced by the delays between demand and demolition inherent in the
longevity of in-use concrete stocks. Developing regions are expected to mirror these global
patterns, while more developed regions see more stable levels of consumption. The drop
between 2020 and 2030 is a modeling artifact, because the projections are based on per-capita
concrete stocks and population data starting from 2019.

As demand continues to rise, the global outflows of concrete aggregates increase by nearly five
times by 2060, driven by the aging of buildings and infrastructure. These end-of-life aggregates
represent delayed inflows, with their volume contingent upon the dynamics of existing material
stocks and their respective lifespans. However, they remain significantly below demand by 11.4
Gt at the global level (Figure 2A and Figure 2B). Moreover, the majority of these outflows are
downcycled for alternative uses or end up in landfills*?. These combined trends contribute to the
narrowing of the circularity gap, where the amount of aggregates that is reused, recycled, or
sustainably sourced meets the total demand. There are clear regional differences as well. In China,
the gap between material outflows and inflows is quickly narrowing from 10.9 Gt in 2020 to -0.6
Gt in 2060, driven by extensive infrastructure development over recent decades and a declining
population. Similar trends are observed in the Global North, albeit to a lesser extent. This
underscores the potential for reducing circularity gaps in these regions through enhanced reuse
and recycling efforts. In contrast, lower-income regions of the Global South are seeing inflows
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accelerate much more rapidly than outflows, primarily driven by population growth and
increasing affluence. In Africa and India particularly, this shortfall in outflows is projected to
expand significantly, growing from 1.3 Gt and 1.2 Gt in 2020 to 5.7 Gt and 2.8 Gt by 2060. Coupled
with less developed end-of-life management systems, the gaps in sand circularity are likely to
widen in these areas, putting higher pressure on both the environment and society from
aggregates mining and use.

Material efficiency strategies hold the potential to significantly address these gaps®?243. In the
building sector, for example, more efficient use of buildings and materials could reduce demand,
and better management at the end of life could increase their secondary use. Globally, employing
a combination of strategies—including more intensive use, extending lifetimes, adopting
lightweight designs, utilizing timber framing, reusing concrete, and substituting aggregates—
could reduce demand and nearly halve the circularity gap (Figure 2C). Further reductions could
be achieved by enhancing these strategies or by incorporating additional measures.
Implementing these strategies demands a thorough comprehension of their complexities and is
associated with several challenges. In the following sections, we provide a detailed review of the
current state and challenges associated with these key strategies.

Measures to close the concrete sand circularity gap

Here, we review the strategies for further closing the concrete-related sand circularity gap
throughout their life cycle®®44-6, addressing both demand and supply, and involve key
stakeholders (see Figure 3). To do so, we outline the concrete aggregates life cycle before
discussing specific measures. Typically, aggregates are first extracted as unconsolidated material,
such as sand and gravel, from terrestrial or marine sources. An alternative to extracting these
natural deposits is the production of coarse/fine aggregates through mechanically crushing rock
types like sandstone and limestone.

These aggregates then often undergo further processing and blending to meet specifications for
products such as ready-mix concrete, mortar, and asphalt. These products are then distributed
to the market, transported to end-users, primarily within engineering and construction sectors.
These sectors then use them in building, maintenance, and renovation of structures. The duration
of a structure’s service life significantly influences the turnover of the aggregates system and
influences the socio-economic metabolism’44>7>8 At the end of their life cycle, effective waste
management strategies can repurpose construction and demolition debris into marketable
recycled secondary materials. However, the types of products resulting from this repurposing is
highly dependent on a number of factors, from their quality (whether they can be reused for a
similar purpose or rather downcycled to poorer uses) to their shape (e.g., standardized
components are easier to repurpose).

Further closing the sand circularity gap requires a holistic view of the entire life cycle by reducing
floor area via optimization of floor space, prolonging building lifespans, embracing alternative
design paradigms and materials, incorporating substitute aggregates, facilitating component
reuse through the standardization of building elements, enhancing recycling efforts and more
(see Figure 3 for a full schematic). For the remaining sections of this review, we survey options at
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each stage of the life cycle and highlight the stakeholders involved. We then synthesize these
interventions as a systems transition.

Mining and processing

River-sourced aggregates, favored for their smooth, round particles, have historically been the
primary choice for various construction applications®. However, as these become scarcer,
research has expanded into abundant sea- and desert-sourced aggregates as potential
substitutes, particularly in areas with acute resource shortages. Agricultural and industrial wastes
are also being explored as alternative materials, aligning with broader sustainability efforts to
convert waste into value.

Sea-sourced aggregates: Sea-sourced aggregates, with chloride content typically around 0.2%,
must be substantially diluted (to about 0.01% after desalination) before use®. The generally
higher chloride ion concentration in sea-sourced aggregates impacts the compressive strength
and durability of the resulting concrete and can preclude it from use®%2, For example, studies
show that substituting river-sourced aggregates with sea-sourced from 20% to 100% leads to a
reduction in compressive strength of 34% to 54%°.

Additives can be used to address this strength loss, such as ground granulated blast furnace slag
(GGBS)®4, calcined clay®, glass fiber®®, all of which have proven effective in restoring some
strength. The use of fiber-reinforced polymer (FRP) rods can also improving corrosion resistance
and reduce overall costs®”-®8. Based on current technological capabilities, replacing approximately
20% of river-sourced aggregates with sea-sourced aggregates is considered feasible without
causing substantial degradation in performance®.

Desert-sourced aggregates: Desert-sourced aggregates are typically very round and fine particles
from wind erosion weakening their bonding ability and rendering them largely unsuitable for
conventional concrete production’®. Indeed, work has shown that incorporating desert-sourced
aggregates into concrete can compromise the material’s strength, particularly when the
substitution exceeds 50%’173. However, some level of replacement to 50% is potentially viable
and could conserve approximately 735 million tonnes of river-sourced aggregates’2. This partial
replacement requires various proportions of reclaimed sand to be mixed in”4. The presence of
ultrafine particles in desert-sourced aggregates can slightly enhance the porosity, mechanical
properties, and durability of cement-based materials (CBM)’>.

Manufactured aggregates: Manufactured coarse/fine aggregates are produced by crushing,
screening, and cleaning of natural stone. Gravel-derived manufactured aggregates already serve
as the primary source of building aggregates in some regions such as densely populated areas of
the eastern United States’®. In Europe, approximately 46% of aggregates consist of gravel from
quarries!, and in India, sandstone is extensively utilized as aggregates’’. While it is feasible to
blend manufactured aggregates with natural aggregates in concrete mixes, this approach may
compromise the workability of the concrete’®. According to ASTM C 33 standards, the fineness
modulus of fine aggregates employed in concrete production should range from 2.3 to 3.17°. This
underscores the need for careful consideration of aggregates composition to maintain the
structural and functional integrity of concrete while addressing the constraints imposed by
natural aggregates scarcity.
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Agricultural and industrial wastes: Waste materials from outside the traditional sand and gravel
value chain can also be used. For instance, sawdust from agricultural or forestry wastes can
replace about 3% to 5% of sand, resulting in higher compressive strength but lower flexural
strength®. Another promising alternative is copper mine waste rock (CMWR), with physical and
mechanical properties similar to natural sand. Concrete made with 50% and 100% CMWR sand
meets the C25 concrete grade standard, a multi-purpose mix that can be used for a variety of
applications, including footings, foundations, patios, driveways, and reinforced bases for houses.
This concrete mix requires a strength of over 25 MPa and water absorption below 6%3.
Additionally, quartz sand from tin mining residues, with a silica content ranging from 60% to 96%,
becomes suitable for concrete use after washing to reduce silt content to below 5%%2. Quarry
dust, a by-product of gravel production can also replace fine aggregates or cement in
construction. By adding 20% limestone dust, the mechanical properties of concrete can be
significantly improved®. Studies have shown that concrete made from quarry dust has
approximately 14% higher compressive strength, crack tensile strength, and durability than
conventional concrete®. Industrial by-products such as fly ash (FA), ground granulated blast
furnace slag (GGBS), silica fume (SF), steel slag, waste foundry sand (WFS), waste ceramics (WC),
waste glass powder (WGP), and polypropylene particles (PP) are also effective substitutes.

Given the diversity of possibilities described above, we explore whether integrating these wastes
into concrete mixes results in increased or decreased use of traditional aggregates by
incorporating data various experimental studies. We evaluate the change in 28-day compressive
strength associated with these substitutions to determine their efficacy and potential for broader
application in the construction industry (see Figure 4 and Figure S1). In many cases, incorporating
agricultural and industrial wastes results in a loss of compressive strength and an increase in
material consumption. Moving forward, research into concrete made with agricultural and
industrial wastes should put efforts in understanding their impact on the performance of the
resulting products.

Design, manufacturing and construction

Optimizing concrete design can significantly reduce the use of aggregates. This can include
extending the service life of structures by using innovative concretes, substitution of concrete,
and structural designs to reduce material use. We survey each of these approaches in detail
below.

High-strength concrete: High-strength concrete (HSC) has been widely used in modern
construction since the 1960s due to its superior mechanical strength, enhances building
durability and extending their service life. High-strength concrete allows for the reduction of
structural members’ cross-sections under equivalent strength demands, decreasing the total
materials volume required®. A canonical example of HSC application is the San Francisco Public
Utilities Commission Building where vertically post-tensioned concrete at the core of the building,
reduced usage by 30% compared to traditional concrete®®.

Ultra-high-performance concrete: Ultra-high-performance concrete (UHPC) represents one of
the most significant advancements in concrete technology over the last three decades. While
UHPC demands a high cement content, it can reduce the overall volume of materials required®’.
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It has already been extensively applied in bridges, super high-rise buildings, and protective
structures. The compressive strength of ultra-high-performance concrete is comparable to that
of steel, enabling thinner structures. Another notable example of ultra-high-performance
concrete’s application is the Museum of European and Mediterranean Civilizations in Marseille,
France®.

Self-compacting concrete: Self-compacting concrete flows and compacts under its own weight
without the need for mechanical vibration. It is particularly suitable for structures with complex
shapes, thin walls, and dense reinforcement. It has superior mechanical properties to traditional
concrete due to its microstructure. In typical concrete, the interfacial transition zone between
cement paste and aggregates is the weakest part within the structure®. Ordinarily, the porosity
in this interfacial transition zone is higher than in the surrounding cement paste, a result of micro-
bleeding caused by vibration that leads to a less uniform pore structure, bubble aggregation, and
localized uneven particle distribution®. In contrast, self-compacting concrete, with its higher
viscosity and minimal bleeding, does not require vibration and porosity is markedly lower,
enhancing strength and reducing permeability. Self-compacting concrete is increasingly
employed in critical infrastructural works such as large-scale foundations, bridges, and tunnels®?.
Notable applications include the Huangpu Bridge and the Yangtze River Three Gorges Dam.

Nano-concrete: Nano-concrete is characterized by the integration of nanomaterials—typically
particles smaller than 500 nm. Nanoparticles can enhance the mechanical properties and
longevity of concrete. By utilizing ultrafine nanoparticles as fillers, a new nano-scale structural
framework is introduced to the cement matrix, which effectively occupies the interstitial spaces
between cement particles, resulting in a denser and more robust structure®?. Nanotechnology
allows for thinner concrete products for the same strength, reducing resource consumption.
Nanotechnology can also play a role in mitigating alkali-silica reactions which can lead to
significant expansive stress and, cracking in concrete. This could increase building lifetimes®3.
Incorporating nanoparticles into concrete may also provide new functionalities such as self-
sensing, self-cleaning, and self-healing properties in the future®.

Timber framing: Timber has an extensive history in low and medium-rise building construction.
Increasing timber construction by up to 10% by 2050 could reduce aggregates use by
approximately 10% (7 Gt)®. Timber weights about a quarter of reinforced concrete, reducing
gravity and seismic loads. This reduction is particularly beneficial in areas with poor soil
conditions, where the lighter weight of timber can lead to substantial savings in foundation
requirements®, further diminishing the demand for aggregates. Data presented in Table S1
demonstrate that timber structures can achieve more than 50% savings in aggregates use
compared to reinforced concrete counterparts, with some instances even surpassing 90%
reductions®1% |ncreasing timber construction by 10% would require an annual harvest of 0.02—
0.15 Gt of carbon-equivalent'®’. However, increased harvesting of forests to meet projected
timber demand may exacerbate the already unsustainable harvest rates in some regionsi®.
Consequently, exploring faster-growing species, such as bamboo, which yield more quickly, could
serve as viable alternatives to help meet some of the demand for timber.

Lightweighting: Lightweight concrete, typically weighs 20-25% less than standard concrete,
achieves its reduced mass through the use of lightweight aggregates'®10, These materials
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include expanded clays and shales!'!, pumice perlite!?, reclaimed clay brick!'3, recycled
rubber!'4 and plastics'®>. The inclusion of these lighter materials allows for the design of smaller,
more efficient structural systems, including slabs, foundations, and footings, while still providing
excellent thermal insulation, fire resistance, and sound absorption properties.

Weight reduction significantly reduces the load on structural elements, leading to a decrease in
aggregate demand?!®®. This is because lighter materials exert less force on structural elements,
such as beams, columns, and the foundation. This reduced load allows for the design of smaller
supporting elements and foundations, which in turn use less aggregates. For instance, a
comparative analysis in a structural design for a five-story commercial building in downtown Salt
Lake City, Utah, demonstrated that a 5.25-inch thick LWC floor with a density of 110 pounds per
cubic foot could achieve the same two-hour fire rating as a 6.5-inch thick normal weight concrete
floor with a density of 145 pounds per cubic foot. Notably, LWC is 20% lighter than traditional
concrete!?’.

Pre-stressed concrete: Pre-stressed concrete is a technique used to enhance the structural
integrity of concrete by applying a pre-determined compressive stress in areas expected to
undergo tensile stress from service loads. This method employs high tensile strength steel
tendons that, once tensioned, offset the tensile stresses induced by external loadings. As a result,
the net tensile stress within the concrete is significantly reduced, facilitating more efficient
structural designs that feature longer spans or shallower depths of structural members. There
are two primary methods of pre-stressing concrete: pre-tensioning and post-tensioning*®. Pre-
tensioninginvolves tensioning steel tendons in reinforced concrete before the concrete is poured,
whereas post-tensioning occurs after the concrete has developed sufficient strength to sustain
the stress transfer, enhancing the overall compressive strength of the concrete!!®. The ability to
design longer spans and thinner structural components using pre-stressed concrete reduces
reliance on supportive columns, decreasing the aggregates required. This optimized use of
materials can yield savings of up to 20% or even 36.9% in aggregates use®.

Precast concrete: Precast concrete is when structural elements are made in controlled
environments, allowing for the creation of slimmer components that optimize material use, such
as voided slabs. Common precast elements include facades, staircases, partition walls, and semi-
precast slabs. More recent developments have seen the introduction of volumetric precast
modules, such as bathrooms. The use of semi-prefabricated components has been demonstrated
to lower the intensity of aggregates use in construction. In a study involving six residential
buildings in China'?9, transitioning from traditional construction to semi-prefabrication results in
a decrease in aggregates use from 0.404 kg/m? to 0.357 kg/m?. Moreover, precast floors, beams,
and columns are estimated to save aggregates by about 15%. Notably, the Bison Hollow core slab
system exemplifies the material efficiency achievable with precast methods, claiming to save up
to 23% of aggregates compared to traditional methods*°. Finally, precast concrete elements may
aid standardization of elements, allowing for their easier reuse when possible at end of life.

3D construction printing: By deploying only the requisite amount of material for each structure,
3D construction printing achieves a reduction in material waste by 30-60% compared to
traditional construction methods!?!. The precision of 3D printing in applying materials layer by
layer allows for optimal usage, minimizing excess and enhancing the efficiency of resource
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allocation. This methodical placement not only conserves materials but also strengthens the
structural integrity of the build, potentially reducing the need for repairs and renovations over
the building’s life cycle. The ability to integrate complex designs and incorporate varied materials
into single print runs further optimizes material use!??. Additionally, the standardization of 3D
printed components facilitates their potential reuse, thus promoting circular economy principles
within the construction industry?3,

Use

Maximizing services offered by existing buildings and infrastructures with reduced aggregates
consumption involves strategies such as minimizing unnecessary construction and maximizing
the use of what is built where feasible. Identified approaches to decrease aggregates use include
more intensive use, lifetime extension, and repurposing.

More intensive use: Space-efficient architectural design, densifying urban built environments,
and replacing single family homes with multi-family homes, can all reduce material demand. At
the building level, building characteristics such as height, core type, and form significantly
influence space efficiency. For instance, high-rise buildings typically exhibit higher space
efficiencies (useful floor area/gross floor area) around 80%, compared to a low-rise buildings with
a space efficiencies of 70%!2*. The ratio of core to gross floor area (C/GFR) also critically impacts
space efficiency, with buildings having low C/GFR ratios performing better.

At the urban level, intensive use can be furthered by increasing the density of built environments.
For example, residential complexes with multi-story towers can accommodate more residents,
as these complexes are typically equipped with essential ancillary facilities like commuter buses,
post offices, markets, shopping malls, and recreational areas strategically placed at ground level,
within podiums, or on rooftops'?>. The spatial planning of built environment can effectively
mitigate demand for aggregates!>26°6:126-128 Eqrinstance, adopting compact and efficient urban
planning that improve material efficiency of neighborhoods can decrease the demand for
aggregates. Spatial analysis and planning tools are instrumental in identifying opportunities to
consolidate built environments or develop alternative urban forms, thereby minimizing the need
for new construction.

At the societal scale, socio-economic factors such as fertility rates, aging, and space preferences
also drive the intensive use of buildings and infrastructure. For instance, lower fertility rates and
a higher desire for privacy lead to smaller households and, consequently, an increased demand
for smaller housing units. Small house models often feature several separate living units around
a shared common space, encouraging communal living while offering private areas. These spaces
include shared amenities such as kitchens, living and dining rooms, and storage areas to foster
community interaction!?®. However, studies have identified a market mismatch where 70% of
the demand for small houses suitable for 1-2 persons is met with predominantly larger flats
designed for 3-4 people!*,

Lifetime extension: Lifetime extension, prolonging the service life of buildings and infrastructure
is one of the most important methods for reducing aggregates demand. The current lifespan of
structures varies significantly across regions, indicating a large potential for extending building
lifetimes in some areas. In the United States, buildings have an average lifespan of approximately
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78 years* but only 32 and 31 years in India and China, respectively?»13!, Projections indicate that
by 2050, extending the lifespan of new residential buildings by up to 90% (depending on the
region), and commercial buildings by 60% could save around 8 Gt in aggregates®. Extending the
lifespan of buildings involves both technological advancements, like more flexible and resilient
designs, and policy measures including enhanced refurbishment and better urban planning to
prevent premature demolitions due to zoning regulations!3?,

Repurposing: Structures can be repurposed for providing similar functional services or different
services. Some examples from around the world include, redundant military infrastructure
repurposed a hospital'33, nuclear fuel fabrication buildings as commercial extruded metal
products factory®**, and religious buildings reused for other purposes!®>. Repurposing obviously
reduces the need for virgin materials in new buildings and avoids construction waste, along with
providing potential economic savings.

End-of-life opportunities

Significant opportunities exist to reduce societal demand for aggregates through the reuse of
building components and the recycling of end-of-life concrete. Recycled aggregates find
applications as substitutes for natural aggregates in concrete, as alternative raw materials for
cement clinker production, and substitutes for natural aggregates in road construction.

Component reuse: Modular components can be used for new construction projects, which could
be enabled by reversible or circular design (e.g., design for disassembly). Building components
without fixtures, fittings, or joints—such as blocks, paving slabs, and certain precast elements—
are particularly amenable for reuse. Precast concrete and other prefabricated components, along
with masonry structures that use lime mortar, are able to be disassembled and reused. For
instance, individual components such as concrete columns, beams, hollow-core slabs, and core
walls can be dismantled and reused, with reuse rates reaching 60%-90% in certain buildings!3®. A
study of 276 housing units in Finland, comprising thousands of precast concrete panels and slabs,
also underscores the potential for component reuse'?’. Furthermore, in the UK, it is estimated
that approximately 9 million hand-made red bricks within the existing building stock could be
reused!3,

However, reuse clearly requires deconstruction—the systematic disassembly of buildings to
maximize component reuse which can be time-consuming and expensive. Research indicates that
although deconstruction costs are, on average, 21% higher than demolition, the net cost is 37%
lower when accounting for the revenue from sold materials!3%14°, Demolition is often cheaper
when traditional design and construction methods have been used. As noted above, costs of
deconstruction can be improved via precast and standardized elements. Costs can also be
lowered with elements to facilitate deconstruction, such as providing designated lifting points,
safe connection points, and accessible areas for deconstruction workers. Materials can be labeled
with essential reuse information like date, material grade, strength, and treatment instructions.
Ensuring original building drawings on-site are available is clearly crucial in assessing materials
across a building'#!. Deconstruction does introduce complications in architecture, data collection,
and management. However, Building Information Modeling (BIM) can streamline these
processes by setting data collection standards and facilitating easier access to data#2.
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End-of-life concrete recycling: Recycled aggregates for new concrete applications or other uses
can be commonly categorized into fixed and mobile recycling, with common processes including
separation, crushing, removal of ferrous elements, screening, decontamination, and elimination
of contaminants such as wood, paper, and plastics.

The practice of using recycled aggregates dates to the post-World War Il era and has become
prevalent across many countries. As of 2023, however, recycled aggregates only constitute
around 5% of total aggregates use, partly due to the limited availability of these materials'*.
Concrete made exclusively with recycled aggregates larger than an average size of 4 mm exhibits
mechanical properties similar to normal concrete, but the inclusion of recycled aggregates
significantly degrades these properties!**. Only recycled aggregates with less than 44% mortar
content are suitable for aggregates in new structural concrete#>,

The incorporation of recycled aggregates generally reduces mechanical strength (in compressive,
tensile, and flexural terms) by about 10% compared to concrete made with natural aggregates.
A complete substitution of natural with recycled aggregates can decrease compressive strength
by 12% to 25%'%°. Adjustments in construction desigh may compensate for reduced strength by
increasing the cross-sectional area, which subsequently increases overall volume and aggregates
consumption47:148,

Our review of the literature focuses on the effects of substituting natural coarse aggregates with
recycled alternatives on the overall consumption of aggregates, aiming to maintain equivalent
compressive strength. Figure 5 illustrates how the substitution of coarse aggregates with recycled
aggregates affects the compressive strength of concrete and, consequently, the consumption of
various aggregates. Despite variations in compressive strength, the overall use of natural
aggregates decreases because the benefits of substitution outweigh any changes in compressive
strength (Figure S1). When compressive strength decreases, coarse aggregates often fail to meet
the targeted substitution rate, which leads to an increased use of fine aggregates. In contrast, an
increase in compressive strength typically results in reduced fine aggregate usage and more
effective replacement of coarse aggregates. Additionally, the water-to-cement (w/c) ratio plays
a critical role in influencing concrete performance and aggregate usage. Concrete mixtures
containing recycled aggregates generally require about more water than those made with
conventional concrete'®. To preserve the mechanical integrity and durability of recycled
concrete, adjustments in the w/c ratio may be supplemented by a modest increase in cement
usage. These adjustments are vital for maintaining the structural properties of the concrete and
enhancing its longevity.

Beyond compressive strength, the performance of concrete also hinges on several other
properties, including elastic modulus, creep, shrinkage, and carbonation resistance, which
together determine the quality and longevity of the concrete structures. The elastic modulus
reflects the stiffness of concrete, affecting how much it will deform under stress. This property is
crucial for ensuring that structures can withstand various loads without excessive bending or
breaking. Creep refers to the gradual elongation of concrete under sustained load over time,
which can lead to issues such as sagging and cracking if not properly accounted for in the design
phase. Shrinkage, the reduction in volume as concrete dries, can cause cracking and structural
weakness, particularly if the concrete does not cure properly. Lastly, carbonation resistance
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indicates the concrete’s ability to resist CO, penetration, which is important for maintaining
structural integrity and protecting the steel reinforcement within from corrosion.

Improvements in these properties can reduce the need for repairs and renovations, thus
decreasing the overall material demand and contributing to more sustainable construction
practices by extending the lifecycle of buildings and infrastructures. Recycled aggregate concrete
exhibits a 19% lower elastic modulus than natural aggregate concrete, with this disparity
widening with increased strength®>°. Recycled aggregate concrete also shows about 30% greater
creep and shrinkage, with full substitution escalating creep deformation by 51% and shrinkage
by 70%'>1. The use of fine recycled aggregates notably diminishes carbonation resistance;
concrete composed entirely of fine recycled aggregates experiences a doubling of CO;
penetration depth'*2,

End-of-life concrete downcycling for road construction: Recycled aggregates are increasingly
utilized in road construction. A typical road system is composed of several layers: a surface layer
made of concrete or asphalt, a base layer of high-quality compacted aggregates, a subbase of
lower quality compacted aggregates, and the subgrade (usually soils) at the bottom. Recycled
aggregates derived from end-of-life asphalt concrete or cement concrete are being used to
replace natural aggregates in these layers.

Recycled aggregates are particularly advantageous for use in the non-surface layers of road
pavement where high load strength is less critical but material volume requirements are
substantial®®. The integration of recycled aggregates not only mitigates waste and
environmental impact but also enhances the physical and mechanical properties of expansive
clay subgrades. For example, increasing the proportion of recycled aggregates in stabilized clay
can diminish the expansion rate of the subgrade by up to 70%%>*, improve the integrity of road
pavement, and reduce overall material use. Recycled aggregates, when used with a modest
cement addition (around 2%), can significantly boost the engineering properties of road subbases
and reduce overall material use®>. However, for soils with medium to low plasticity, the optimal
replacement level of recycled aggregates is 15%'°¢. Using 100% recycled aggregates as a base
material is generally inadvisable unless stabilized with cement, with only a minimal amount of
recycled aggregates (about 10%) recommended for subgrade use®’. Mixtures of recycled
aggregates have proven effective as unbonded materials for the base and subbase layers in road
construction®®, In terms of geotechnical mechanical properties, controlled use of recycled
aggregates performs equally well or better than natural aggregates when used in the base and
subbase layers?>®.

In road constructions requiring different elevations or cuttings into rock, the cutting and filling
processes necessitate materials that are easy to transport, place, and compact. Crushed end-of-
life concrete can serve as bulk fillers!3, Selective fill materials are also used under stricter
conditions, such as padding for drainage ditches and fillers near bridges and buildings where end-
of-life concrete is suitable use.

Remaining barriers to overcome for sand circularity

Addressing the concrete-related sand circularity gap presents a multifaceted challenge, marked
by an array of socio-technical barriers that span technological limitations, economic constraints,
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policy and regulatory frameworks, and cultural and behavioral factors. Overcoming these barriers
requires a unified approach, leveraging the strengths of diverse stakeholders to advance
sustainable practices that enhance resource efficiency across the entire value chain (Figure 6).

Material producers face significant hurdles related to the stability of supply chains and the
environmental impacts of using alternative materials'*®?, such as agricultural and industrial
wastes. These materials necessitate stringent quality control measures and advanced processing
technologies to align with industry standards. The challenge is compounded by the need to
innovate continuously to meet the evolving demands of construction while minimizing the
ecological footprint. For construction engineers, the shift toward high-strength and ultra-high-
performance concretes offers opportunities to push the boundaries of structural design.
However, these materials require a substantial increase in cement use®’, which can exacerbate
sustainability concerns due to the associated carbon emissions. Moreover, such materials are
prone to challenges like increased risk of shrinkage cracks, which demands advanced material
solutions and additives to ensure durability and integrity'®l. Adopting innovative construction
techniques, such as 3D printing, offers the potential to revolutionize building processes by
reducing labor costs and increasing precision!®?2. However, these advancements necessitate
comprehensive updates to regulatory frameworks and development of new technical guidelines
to ensure that safety and quality standards are maintained.

The economic implications of adopting innovative and sustainable construction materials and
techniques can be substantial. Initial costs are often high, which can deter building owners and
developers from investing in cutting-edge solutions that, despite their higher upfront costs,
promise reduced environmental impacts and potential cost savings over time!®3. This barrier is
further worsened by a regulatory environment that often lags technological advancements,
failing to provide the necessary frameworks to support the integration of new materials!®*.
Governments play a critical role in bridging this gap by enhancing legislative and regulatory
frameworks to encourage the adoption of recycled and innovative materials. There is a pressing
need for policies that reflect the unique properties and potential benefits of such materials,
which would help build stakeholder confidence and facilitate broader acceptance and use.

In many countries, there is a lack of mechanisms to track the use of aggregates, the locations
from where it is extracted, and its demand across different sectors. This is largely due to the fact
that aggregates are a high-volume, low-value resource that often escapes economic statistics or
is illegally extracted®!®>. This issue is compounded by gaps in standard definitions and
classification systems'®®, leading to inconsistencies in the accounting and reporting of aggregates
extraction and use. Developing long-term strategies for improving aggregates use will require
governments and regulatory agencies to map strategic resources and invest in remote sensing
technologies to address data deficiencies, such as the Global Sand Observatory supported by the
UNEP/GRID-Geneva'®’. For improved data consistency and reliability, there is a need to further
develop EW-MFA to allow for more systematic and detailed tracing of various types and uses of
aggregatest®®,

Architects and designers are at the start of the process in terms of incorporating sustainable
materials into their projects, requiring them to navigate a complex landscape of new information
about material properties and supply chain specifics. The variability inherent in recycled
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materials presents a particular challenge, demanding a high degree of flexibility and innovation
in design to ensure that projects are both sustainable and functional®®170, Despite the availability
of more sustainable materials, there is often a persistent skepticism about their performance,
safety, and aesthetic qualities’>’8. Overcoming this skepticism is crucial and requires transparent
quality assurance processes, as well as comprehensive educational efforts to demonstrate the
viability and benefits of these materials.

The environmental impact of extracting and processing construction materials is a significant
concern, particularly when considering the full life cycle from extraction through to demolition
and recycling. The transportation of materials, especially in large volumes from demolition sites
to new construction sites, poses substantial environmental challenges!’*'72, The conditions
under which materials are collected, processed, and recycled often involve informal labor, raising
serious health and safety concerns'’3. Resource-rich countries might find it easier to develop and
implement sustainable construction practices due to greater access to alternative aggregates and
advanced technologies. This disparity can create significant challenges for less developed regions,
where access to such resources is limited, potentially perpetuating global inequalities in
construction practices and sustainability.

At the individual level, consumer preferences significantly influence the demand for new
construction. These preferences can heavily impact material use and waste generation. For
instance, the prevailing preference for single-family homes over multi-family units in many
cultures can lead to higher per capita material consumption and less efficient land use’.
Conversely, shifting societal norms towards more communal living arrangements or smaller,
more efficient living spaces could reduce material demand and enhance the sustainability of
urban developments. On the organizational side, companies and developers play a crucial role in
shaping construction trends and consumer choices. Their commitment to sustainability can drive
broader changes in the industry, influencing both market demand and regulatory standards'’>17°,
However, this influence is often tempered by economic considerations, as companies seek to
balance profit, cost, consumer preferences, and regulatory compliance.

Effectively closing the sand circularity gap necessitates a collaborative approach that spans
multiple sectors and stakeholder groups. This collaboration should aim to develop and
implement standards that facilitate the use of recycled materials, drive innovation in material
processing technologies, and create more robust markets for sustainable construction products.
Governments have a pivotal role in shaping the market dynamics through policies that incentivize
sustainable practices. By enforcing building codes that require or encourage the use of recycled
materials, governments can significantly influence demand and foster a market environment
conducive to innovation and sustainability. The development of incentives for research and
development, supported by public procurement policies that prioritize sustainable materials, can
accelerate the adoption of innovative practices across the industry. These policies must be
supported by a regulatory framework that is adaptable and responsive to technological
advancements to ensure that new materials and methods can be integrated smoothly and
effectively.

Conclusions and outlook
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The period from 1950 to 2018 marked a ‘Great Acceleration’ in concrete aggregates consumption,
primarily fueled by the construction industry, reaching about 24 Gt annually. Projections until
2060 indicate that consumption will remain high but will generally stabilize with global
aggregates demand experiencing periodic fluctuations due to the longevity of in-use concrete
stocks. These quantitative findings align with multiple studies3%/7-179 highlighting that: (1)
increasing material stocks drive up future end-of-life materials alongside significant maintenance
and replacement demands; (2) expanding material stocks impede the closure of the sand
circularity gap; (3) developing regions have a critical opportunity to avert resource-intensive
stock accumulation; (4) in developed regions and China, narrowing the sand circularity gap
necessitates curbing stock expansion and transforming existing stocks. Indeed, even with this
stabilization the gap between aggregate outflows and demand will continue to widen, especially
in lower-income regions.

While a comprehensive quantitative analysis of the effects of individual strategies is not yet
available, preliminary estimates for the global building sector suggest that avoiding unnecessary
construction through more intensive use of buildings, combined with lightweight design and the
adoption of alternative and recycled aggregates, could reduce the sand circularity gap by around
half®43, These strategies are relatively more readily appliable to all end-use sectors. However,
these measures alone are insufficient to fully address the expanding circularity gap. Addressing
this growing circularity gap necessitates including more material efficiency strategies,
underscoring the urgent need for a unified, systems approach among all stakeholders to enhance
resource efficiency in the construction sector.

Each stakeholder group must collaborate to develop and implement strategies that reduce
aggregate consumption, enhance material recycling, and foster innovative construction practices
supported by coherent policies and incentives. In this outlook, we recommend specific actions
by each stakeholder group.

Material producers will need to increase investments in the development and commercialization
of innovative concrete mixes that minimize the need for traditional aggregates, supported by
government funding and incentives. This includes partnering with research institutions to
accelerate innovation in concrete mixes and alternative aggregates. Emphasizing sustainable
sourcing and adopting widespread testing and performance monitoring of novel concrete blends
can mitigate market risks associated with new materials and encourage their adoption across the
industry.

Construction engineers can contribute by embracing designs that make efficient use of
innovative materials. By adopting construction techniques that maximize the use of
prefabricated components and leveraging technologies such as 3D printing, they can decrease
waste and material usage on-site. Promoting the development and testing of innovative material-
efficient designs and manufacturing techniques, particularly through additive manufacturing
methods, can further reduce material use and support the creation of markets for engineered
timber and other sustainable alternatives.

Architects and designers play a crucial role by integrating recycled and innovative materials into
their projects, requiring access to detailed information about the availability, size, and quality of
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these materials. The flexibility in design is essential to accommodate the variability of recycled
materials and plan for future reuse and recycling at the end of a building’s life cycle. Addressing
the concerns about the performance, safety, and aesthetics of recycled materials involves
establishing transparent quality assurance processes and promoting educational efforts to build
confidence in these materials.

Building owners and developers must navigate the complexities of increased maintenance costs
and adhere to building regulations that may not fully accommodate innovative materials yet.
They are pivotal in evaluating the suitability of existing structures for new uses, which often
requires significant investment, and a thorough understanding of the materials involved. By
investing in retrofit projects that extend the usable life of existing structures and supporting
initiatives for smaller footprint buildings, they can significantly reduce the demand for new
materials. Urban planners also play a crucial role in shaping sustainable urban environments.
They can foster the construction of mixed-use and multi-family developments to minimize per-
capita floor area and mobility infrastructure needs. Additionally, incentivizing shared office
spaces and granting priority permitting for projects near transportation hubs can promote the
principles of the sharing economy, further reducing urban sprawl and enhancing community
connectivity.

Researchers and modelers are instrumental in assessing the life cycle impacts of materials and
informing better design and material choices. They develop and refine models that evaluate the
effectiveness of different material and technology interventions along the cement and concrete
cycles. Their work includes conducting studies on the long-term performance and durability of
material substitutes to validate their use in construction and developing assessment frameworks
for evaluating the availability, recyclability, and reusability of materials stocked in the built
environment, aligned with the concept of “urban mining.”

Waste managers and recyclers are key players in the circular economy, turning construction and
demolition waste into valuable secondary materials. They work to enhance the recycling of end-
of-life concrete and explore effective uses of end-of-life concrete in transforming waste into
aggregates. Developing protocols and systems for the efficient management and recycling of
construction and demolition waste maximizes the recovery and reuse of materials.

Government agencies face significant challenges in creating legislative frameworks and standards
tailored to the use of recycled and innovative materials in construction. By developing and
enforcing material-efficient standards and labels and implementing economic incentives such as
tax credits for deep building retrofits, governments can encourage the adoption of sustainable
practices.

Cross-sector collaborations enhance the sharing of best practices and innovations among
stakeholders, fostering partnerships that explore and implement cutting-edge technologies to
improve material efficiency. Such collaborative efforts are essential for catalyzing progress
toward further closing the sand circularity gap, promoting a more sustainable and equitable
construction sector.

Methods
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For the quantitative analysis of the sand circularity gap, we conduct a data-driven narrative
review to quantitatively analyze the sand circularity gap, with a focus on aggregates used in
concrete. We synthesize existing global data on concrete aggregates consumption, and circularity
trends from established databases. While this analysis is not systematic, it integrates quantitative
insights from recent publications?*?°> to provide a comprehensive global perspective on the
concrete-related sand circularity gap.

For the review of measures to address this gap, we leverage the Web of Science (WoS) and
Google Scholar search engines to conduct a semi-structured review of the scientific literature
published since 2000. These searches use specific keyword combinations pertinent to various
measures under consideration (see Table S2). Articles that do not focus explicitly on assessing
the potential impacts of these measures are manually excluded. Among the articles that remain,
we give priority to empirical studies that specifically quantify these impacts. Additionally, we
include articles not captured in the WoS searches but identified through citations within our
primary articles. The Google Scholar searches supplements this by including relevant gray
literature not indexed by WoS, thereby enriching our review. This approach ensures a robust and
current collection of literature that, while not exhaustive, provides a thorough examination of a
field that is both rapidly evolving and critical to research, policy, and practice. Details of the
keyword combinations and the literature selection process are documented in Table S2.

Resource Availability
Lead Contact

Requests for further information and resources should be directed to and will be fulfilled by the
Lead Contact, Xiaoyang Zhong (zhongx@iiasa.ac.at).

Materials availability
This paper did not generate new materials.
Data and code availability

The scientific literature used for analyzing the effects of substituting natural aggregates by
alternative aggregates and recycled aggregates is detailed in Supplementary Data 1 and
Supplementary Data 2, respectively. These datasets are available on Zenodo!®. This paper does
not report original code.
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Figure captions

Figure 1 | Global demand for concrete aggregates. A) Definition of circularity gap, B) Historic
consumption by region, C) Historic consumption by type of aggregates, D) Future demand
projections by region, and E) Future projections by type of aggregates. Underlying data are
derived from two prior studies characterizing the amount of concrete aggregates across global
regions?42>,

Figure 2 | Comparison of concrete aggregate demand and concrete aggregate outflows. A-B)
Aggregates used in concrete on a yearly basis, C) Cumulative sand (or fine aggregates) use in
buildings over 2020-2060. ‘Circulated’ refers to sand outflows circulated back to use. Underlying
data for panels A) and B) are derived from a prior study exploring the amount of aggregates
associated with the cement and concrete cycle across global regions?>; underlying data for panel
C) are derived from a prior study examining the potential of six material efficiency strategies in
saving sand use in buildings over 2020-2060°6. NA: North America; LAC: Latin America & Caribbean;
EU: Europe; CIS: Commonwealth of Independent States; AF: Africa; ME: Middle East; IN: India;
CN: China; DAO: Developed Asia & Oceania; DA: Developing Asia.

Figure 3 | Measures and stockholders across the life cycle of concrete-related aggregates. A-B)
Aggregates circularity gap reduction measures per life cycle stage, and C) Stakeholders involved
across the life cycle. ‘S’ stands for each of the studies cited and S1-S15 represent studies S1 to
S15 by references®1%44=6 respectively.

Figure 4 | The effects of substituting natural aggregates by alternative aggregates. A) The
effects of substituting natural aggregates by alternative aggregates on natural aggregates
consumption, and B) The effects of substituting natural aggregates by alternative aggregates on
limestone consumption. If the new mixture’s compressive strength increases, we find a positive
outcome: the surface area-to-volume ratio decreases under the same pressure, reducing the
amount of limestone and aggregates required. Conversely, if the compressive strength decreases,
two scenarios may arise: (1) the surface area-to-volume ratio increases under the same pressure,
leading to a higher demand for limestone, fine aggregates, and coarse aggregates; (2) despite the
lower compressive strength, the high substitution ratio of agricultural and industrial wastes
compensates for the increased material demand, ultimately maintaining the original strength
while reducing limestone, fine aggregates, and coarse aggregates consumption. Detailed
explanations and calculations are available in Note S1. Underlying data are available in
Supplementary Data 1.

Figure 5 | The effects of substituting natural aggregates by recycled aggregates. A) The effects
of substituting natural aggregates by recycled aggregates on total natural aggregates
consumption, B) The effects of substituting natural aggregates by recycled aggregates on natural
coarse aggregates consumption, and C) The effects of substituting natural aggregates by recycled
aggregates on natural fine aggregates consumption. If the new mixture’s compressive strength
increases, we find a positive outcome: the surface area-to-volume ratio decreases under the
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same pressure, reducing the amount of limestone and aggregates required. Conversely, if the
compressive strength decreases, two scenarios may arise: (1) the surface area-to-volume ratio
increases under the same pressure, leading to a higher demand for limestone, fine aggregates,
and coarse aggregates; (2) despite the lower compressive strength, the high substitution ratio of
recycled aggregates compensates for the increased material demand, ultimately maintaining the
original strength while reducing limestone, fine aggregates, and coarse aggregates consumption.
Detailed explanations and calculations are available in Note S1. Underlying data are available in
Supplementary Data 2.

Figure 6 | Stakeholders along the life cycle of concrete aggregates. Arrows represent the
interactions among stakeholders.

30



