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Abstract: The search for alternatives that can replace conventional materials extracted from nature
is crucial for environmental sustainability. This is especially the case for construction and geotech-
nical engineering, as this sector is a major consumer of the planet’s natural resources. This paper
explores the use of ore sand (OS) tailings with fine aggregate characteristics, which are generated
during exploration of iron ore and usually stored in stacks, in terms of their potential for replacing
conventional aggregates (gravel, natural sand, and limestone sand) used in interlocking paving
blocks for light-traffic pavement. A comparative life cycle assessment (LCA, cradle-to-gate) approach
was applied for aggregates in interlocking blocks produced using OS compared to blocks produced
with conventional aggregates. The OS was able to replace 24wt% of conventional aggregates (100%
limestone sand and 13.3% natural sand), while maintaining compressive-strength performance sim-
ilar to that of the conventional block (35 MPa). For all eleven environmental-impact categories
evaluated in the LCA, the block with OS has improved environmental performance compared to
the conventional block. Through the creation and use of a scoring indicator (SI), it was possible to
determine that the transport distance of the OS is a limiting factor for the environmental efficiency of
the alternative block. Nonetheless, the incorporation of OS mitigates the impacts of block production
on eutrophication, acidification, fresh water, human toxicity, and abiotic depletion. The use of tailings
reduces the demand for natural resources, decreasing the environmental impact of production and
promoting sustainable construction practices.

Keywords: ore sand; aggregates; interlocked block; tailings; life cycle assessment

1. Introduction

The construction industry continues to grow due to housing shortages, the need for
modern infrastructure and urbanization, and other factors. Its activity is responsible for a
large demand for natural resources, contributing to the consumption of 4.27 billion tons of
cement [1] and 50 billion tons of aggregates (gravel and sand) per year worldwide [2]. Sand
and gravels are mined worldwide, with aggregates accounting for the largest volume of
solid material extracted globally [3]. In Brazil, approximately 500 million tons of aggregates
are consumed annually. These aggregates are mostly employed in cementitious materials
used for construction and civil-engineering applications [4].

As a result, the search for alternative raw materials is essential to creating a more
sustainable construction industry. Mine tailings can be a promising source of substitutes
for natural raw materials, with a worldwide availability that can reach up to 60 billion
tons [5]. All countries that conduct ore extraction generate mining waste. Brazil, India,
China, and Australia are major producers of iron ore in the world and are consequently the
largest sources of iron ore tailings [6]. It is estimated that in Western Australia, 632 million
tons of iron ore tailings are produced per year [7]; in China, approximately 600 million tons
are generated [8]; and in India, the data are not precise, but the amount is up to 20 million
tons [9]. Around the world, this resource has been usually stockpiled behind dams, with
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attendant latent environmental and social risks [10,11]. In the state of Minas Gerais (Brazil)
alone, 290 million tons per year of tailings are generated from mining activity [12]. Iron
ore mining generates large amounts of tailings (on the order of 0.48 tons for each 1.0 ton of
iron ore concentrate), and this amount tends to increase with the depletion of the metal
concentration in the deposits [13]. Studies have shown that iron ore tailings (IOTs), also
called ore sand (OS), have characteristics that can enable them to be effectively used in
construction as a substitute for natural sand [14].

Mine tailings have been studied in terms of their use as a fine aggregate for the produc-
tion of concrete [15,16], geopolymers [17,18] ceramic materials [19,20], and pigments [21].
Along the same lines, mine tailings can be used for the production of interlocked blocks,
which have been utilized on a large scale for paving in Brazil. The growth in the production
of interlocked blocks is due to their reduced repair cost, easy installation and reusability;
more than 90% of the blocks are reused. Vilaga et al. [13] systematized the recovery of iron
ore tailings using the criteria of classification, potential, quantity /viability, and applicability
for four possible uses: asphalt pavement; aggregate for pavers; aggregate for mortar; and
aggregate for ceramic products. Through the critical index developed by the author, the
use in block pavers allows for IOTs to be valued and used in symbiosis with industry.

Ravi et al. [22] investigated the properties of interlocking concrete block paver mixed
with IOT as a partial replacement for cement. For M25 concrete, the addition of varying
levels of iron ore tailings resulted in an increase in compressive strength with IOT levels
from 5% to 15% and decrease in compressive strength for IOT levels from 15% to 25%.
Santana Filho et al. [23] studied the use of IOTs as a fine aggregate in the production of
interlocking concrete blocks, replacing natural aggregate in proportions from 10 to 80%.
Physical analyses, environmental analyses (leaching and dissolution), and mechanical tests
were performed. The authors concluded that IOTs can be technically and environmentally
used for the production of precast concrete blocks. According to Brazilian standards
(NBR 9781 [24]), the fundamental materials for the manufacture of interlocking blocks are
binders, aggregates, and water, with the use of additives and pigments being allowed.

Despite the applicability of IOTs in construction, it is necessary to evaluate the environ-
mental benefits of replacing aggregates with mining waste. For example, Saldanha et al. [25],
verified that the use of IOTs as raw material in the production of sodium silicate for soil
stabilization reduces environmental impacts because it avoids the extraction of natural sand.
The focus of that work was on the production of sodium silicate using IOT as a source of
silicates in the production of a binder. Garcia-Troncoso et al. [26] studied concrete produced
with mining waste. Using life cycle analysis, the author examined the replacement of
natural sand with tailings at different content levels (5% to 100%). A 3% reduction in the
carbon footprint was found in the case of 100% replacement of sand by tailings. However,
the environmental impact associated with the transportation of materials represents a
possible restriction in the search for environmentally friendly concrete produced using
waste [27].

Liu et al. [28] used IOTs as a cementitious composite to improve the mechanical prop-
erties of the composite while helping to reduce the environmental burden of production.
These authors evaluation LCA in five impact categories: photochemical ozone-creation
potential, acidification potential, global-warming potential, ozone-depletion potential and
nitrification potential, and found that incorporation of IOTs into concrete reduces the en-
vironmental impact of production, which consolidates the possibility of achieving clean
production with the use of IOTs to prepare cementitious composites. Nevertheless, that
work is more focused on the mechanical and microstructural aspects of using tailings in
concrete, with the LCA being used superficially. Gao et al. [29] also briefly evaluated the
environmental impacts of using molybdenum mining tailings to replace fine aggregates in
structural concrete. Additionally, in both studies, the life cycle assessment is focused on
the completed concrete (cement and aggregates), not just the aggregates that compose the
blend. A comparative LCA between aggregates highlights the environmental importance
of using waste. In general, LCA studies of the use of IOT have focused mainly on cement
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mortars. Evaluations of their use as an aggregate for interlocking blocks are still lacking.
Brazil alone has the potential to consume around 2.5 million tons of ore sand per year as
fine aggregate in the paving of its roads [23].

In this context, no studies were found that carried out a more focused environmental
life cycle assessment for the replacement of conventional aggregates by ore tailings in
interlocking concrete paving blocks, along with the influence and limits imposed by the
transportation of the alternative aggregate for the production of this civil construction
product. Hence, this study investigates the environmental impact of utilizing ore sand in
constructing interlocking paver blocks and assesses how the distance from the source of
tailings generation impacts the life cycle environmental footprint of these materials. The
application of LCA to the construction sector is part of a wide effort to implement LCA as a
decision-support tool for industry and policy [30]. Therefore, research on the mechanical
feasibility of using mining tailings to replace natural resources and on their environmental
impact (considering other relevant categories beyond CO, emissions) is key to developing
more sustainable products.

The objective of this research is to assess sustainability by considering the environ-
mental benefits of utilizing ore sand as a substitute for conventional aggregates (natural
sand and limestone sand) in the production of interlocking concrete block pavement and to
evaluate the impact of ore-sand transportation on environmental assessment. The compres-
sive strength of both alternatives (conventional and ore-sand blocks) was evaluated and
compared. A comparative life cycle assessment was carried out to assess eleven categories
of environmental impacts and determine the environmental performance of the aggregates
used in the production of the blocks. Using a proposed scoring indicator in conjunction
with life-cycle impacts, it was possible to determine a maximum distance for the envi-
ronmentally sustainable transportation of ore sand used in the production of interlocking
concrete paving blocks.

2. Materials and Methods
2.1. Iron Ore Tailings

Ore sand (OS) was obtained from the Itabira complex in the state of Minas Gerais,
which has potential to produce 130,000 tons of ore sand per year. Physical test data showed
that the material has a specific gravity of 2.75, a unit mass of 1.49 g/cm?, a fineness modulus
of 0.5, and a water-absorption rate of 0.7%. The particle-size distribution indicated that the
ore sand is considered a fine aggregate (0.06 mm < diameter < 0.2 mm), with 26% powdery
material (<0.075 mm). Per the results of X-ray fluorescence tests, the OS is composed of
87.9% SiO,, 10.25% Fep;O3 and 0.19% Al,Os. Its mineralogical composition (Figure 1) is
largely quartz, hematite and illite. According to Zhang et al. [31], the compositions of
mining tailings depend on the physical and chemical characteristics of the iron ore sources
and are very specific to the extraction site. The grain-size distributions of the ore sand
studied here and of the other aggregates used are shown in Figure 2. The D3, curvature
coefficient (C.) and uniformity coefficient (C,) for the materials used are, respectively, (i)
ore sand D3y =95, C. = 0.9 and C, = 2.6; (ii) limestone sand D3y =90, C. = 0.1 and C, =27.5;
(iii) natural sand D3y = 280, C. = 1.0 and Cy, = 7.8; and (iv) gravel D3y = 1110, C. = 1.1 and
Cy = 2.6. The ore sand is well graded, with diameters varying over a short range, and more
uniform than the limestone sand it replaced, promoting better filling of the voids in the
mixture of gravel and natural sand.
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Figure 1. X-ray-diffraction results for the ore-sand sample.
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Figure 2. Particle-size distributions of the aggregates.

2.2. Production of Pavers

The relative amounts of components used by local companies were applied to the
production of the traditional blocks. For the blocks constructed with OS, the proportion of
aggregates was determined based on the ideal granulometry for block production. Pilot
tests were performed in a block factory, where the ideal amount of aggregates to use in
molding the blocks was determined. Based on these preliminary results, it was found that
ore sand could replace 100% of the limestone sand and part of the natural sand (13.3%).
The ordinary Portland cement (OPC) was the same for both blocks tested. This additive is
a plasticizer. It was obtained in the regular market and used for all mixtures tested. This
additive enables dry concrete to be produced with less water, improving the plasticity and
lubricity of the compound. Table 1 shows the proportion of each material used for the

production of interlocking blocks.
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Table 1. Mix ratios used to produce 60,000 interlocking concrete blocks.
Conventional Block OS Block
Material
atera Weight (t) Percentage (wt%) Weight (t) Percentage (wt%)
Natural Sand * 98.2 514 85.1 445
Limestone Sand * 26.2 13.7 - 0.0
Gravel * 39.3 20.5 39.3 20.5
Ore sand * - 0.0 39.3 20.5
Cement (OPC) * 27.5 14.4 27.5 14.4
Water 8.4 4 8.4 4
Plasticizer Additive 10.5 5 10.5 5

* Percentage relative to the dry mass (cement and aggregates).

The blocks were produced in a factory specialized in manufacturing these components.
The mixing of the raw materials is automated, and the compaction of the dry concrete is
finished in a hydraulic vibro-press. The produced pavers have a parallelepiped format with
the dimensions 100 mm x 200 mm x 80 mm. After molding, the specimens were cured
in a humid room (above 98% relative humidity). The compression test was performed
after 15 and 28 days of curing, per the Brazilian standard [24]. For the strength test,
standards require samples (blocks) to be saturated 24 h before the test, loading surfaces
to be straight, auxiliary plates to be used, and loading to be carried out continuously at
550 kPa/s until complete rupture with equipment Class 1 (ISO 7500-1 [32]). Six replicate
samples of each mixture were tested for conventional and OS block pavers. Interlocked
paving blocks subject to light vehicle traffic must have an estimated minimum typical
compressive strength of 35 MPa [24].

2.3. Life Cycle Assessment

The environmental assessment was conducted in accordance with ISO 14.040/14.044 [33,34]
and encompassed four primary phases: (i) goal and scope determination, (ii) inventory
analysis, (iii) impact assessment, and (iv) interpretation of results. LCA is a systematic
method for assessing the environmental impacts of products or processes throughout their
entire life cycle, from raw-material extraction to production, use, and end-of-life disposal
or recycling. These standards provide a comprehensive methodology for conducting such
assessments and offer a flexible framework that allows for customization to meet the
specific needs of the LCA study.

The evaluation of environmental impact was carried out using the LCA software
SimaPro version 9.3 [35]. The software was used to (i) assist in structuring the flowchart of
processes established in the goal and scope of this work; (ii) access the life cycle inventory
database to obtain inputs and outputs of raw materials, energy, emissions, and waste for
all the analyzed processes that generate environmental impacts; and (iii) apply the CML
2001 life cycle impact assessment method, which quantifies impacts in categories.

2.3.1. Goal and Scope

The life cycle assessment compared the environmental impacts of two sets of aggre-
gates for the production of 60,000 interlocking concrete blocks with the same load capacity
(functional unit). The first alternative corresponds to a conventional block produced with
natural aggregates (gravel, sand, and limestone sand), and the second alternative (ore sand
block) was produced by partial replacement of natural aggregates with OS.

The LCA involved a cradle-to-gate analysis of the production of aggregates. The
process of molding the blocks is the same for both mixtures; thus, the production process
was not analyzed. Concrete blocks can have different applications (i.e., paving of roads
and sidewalks, parking lots, and outside areas of houses); thus, the impacts related to use
and end of life were not considered. The two systems studied are shown in Figure 3, and
all emissions associated with energy and the production of raw materials are considered.
The system for the ore sand block consists of (1) production of the gravel; (2) production of



Appl. Sci. 2024, 14, 48

6 of 19

the natural sand; (3) transport of gravel and natural sand; and (4) transport of IOT sand.
The ore sand was considered a waste product and thus was considered not to have any
environmental impact associated with its production. The system for conventional blocks
consists of (1) production of the gravel; (2) production of the natural sand; (3) production
of limestone sand; (4) transport of gravel, natural sand, and limestone sand.
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Figure 3. System boundary defined to produce interlocking blocks [35].

An assessment of the environmental impact of transporting ore sand was carried out
to determine the influence of the transportation distance of this material on the production
of the blocks. Six distances (50, 100, 200, 400, 800, and 1600 km) were established for truck
and train conveyance. Trains are normally used in Brazil to transport mining materials.
The average diesel consumption for road transport is 1.9 x 1072 Lgjese1/km.t, and the
consumption for the freight rail system is 3.6 x 1073 Lyjesel /km.t. These data were obtained
from local companies that transport this material. Calculations involving the transportation
of conventional aggregates were based on the average distance traveled by these products
to the block factory: 10 km for gravel and limestone sand and 60 km for natural sand.
Transportation of such materials is usually carried out by truck.

2.3.2. Inventory Analysis

Life cycle inventory (LCI) enables the collection, structuring, and analysis of data
associated with the inputs and outputs of raw materials, energy, emissions, and waste at all
stages of a life cycle process. Secondary inventory data was obtained from the Ecoinvent



Appl. Sci. 2024, 14, 48

7 of 19

3.8 database [36] using SimaPro software and from the literature. Table 2 summarizes the
inventory data employed in the calculations associated with the conventional block and
the ore sand block used for evaluation. The data for natural sand were for extraction from
rivers, which corresponds to 70% of the production of this material in Brazil [37]. There are
no specific data regarding the production of limestone sand, but its production process is
similar to that of gravel, with quarrying, crushing, and screening; consequently, the same
data inventory used for gravel was used for limestone sand.

Table 2. Inventory process database for the IOT block and conventional block aggregates.

Process Amount Unit Inventory Impact Data Source
Ore Sand Block
Gravel 39.3 tons Gravel, crushed {BR}—gravel production, crushed [38].
Transportation of Gravel 7.46 (10 km) liters  Diesel, burned in building machine {GLO}—market [39].
Natural Sand 85.1 tons Sand {BR}—sand—qu'arry operation, extraction from
riverbed [40].
Transportation of Natural Sand 106.69 (66 km) liters  Diesel, burned in building machine {GLO}—market [39].
7.07 (50 km)
14.4 (100 km)
Transportation of ore sand—freight 28.27 (200 km) : . . o . .
train 56.54 (400 km) liters Diesel, burned in building machine {GLO}—market [39].
113.09 (800 km)
226.18 (1600 km)
37.3 (50 km)
74.61(100 km)
Transportation of ore sand—freight 149.22 (200 km) . . . 1 . L
truck 298.43 (400 km) liters Diesel, burned in building machine {GLO}—market [39].
596.86 (800 km)

Conventional Block

Gravel
Transportation of Gravel

Natural Sand

Transportation of Natural Sand
Limestone Sand
Transportation of Limestone Sand

1193.72 (1600 km)

39.3 tons Gravel, crushed {BR}- gravel production, crushed [38].
7.46 (10 km) liters  Diesel, burned in building machine {GLO}—market [39].
98.2 tons Sand {BR}—sand quarry operation, extraction from
riverbed [40].
123.10 (66 km) liters  Diesel, burned in building machine {GLO}—market [39].
26.2 tons Gravel, crushed {BR}—gravel production, crushed [38].
4.97 (10 km) liters  Diesel, burned in building machine {GLO}—market [39].

{BR} = data for Brazil; {GLO} = data for World.

2.3.3. Impact Assessment

Life cycle assessment evaluates environmental effects based on LCI data, using meth-
ods and indicators that quantify the impact in different categories. The impact assessment
was performed in SimaPro software. It applied the CML 2001 method [41] and involved
the following impact categories: abiotic depletion, fossil-fuel depletion, global warming,
ozone depletion, potential for human toxicity, potential for freshwater aquatic ecotoxicity,
potential for marine aquatic ecotoxicity, potential for terrestrial ecotoxicity, photochemical
oxidation, acidification, and eutrophication.

For the transport assessment, a scoring method (score indicator) was used. This
method combines the results of the eleven impact categories obtained with the CML 2001
method into a single score, making it easier to compare the cumulative impacts across
the different distances considered. The ratios between the results obtained in each impact
category between the two blocks are metrics that compare the performance of the OS Block
(V) to that of the conventional block (V). Higher proportions indicate a more significant
difference between the products being compared. This evaluation format is commonly
used in performance management, strategic planning, project evaluations, and evaluation
of company goals [42].



Appl. Sci. 2024, 14, 48

8of 19

All impact categories were given equal weight in the present analysis. The Score
Indicator (SI) is the sum of the results of relative impact for each category (V/V}) for each of
the systems evaluated and divided by the number of impact categories assessed (1). The
equation (Equation (1)) used is shown below:

i () M

where V is the value (result) of the impact category obtained for each distance variation, V;
is the value of the impact category for the target product (e.g., conventional block), and # is
the number of impact categories evaluated.

3. Results
3.1. Compressive Strength of the Blocks

Figure 4 shows the results of compressive-strength tests for the compared blocks. The
compressive strength of the block with IOT is similar to that of the conventional block.
After 15 days of curing, the ore sand block presented a strength of 37.87 MPa. The Brazilian
standard [24] establishes that this strength must be 80% (28 MPa) of the expected strength
for light traffic paving. Both blocks meet this requirement. After 28 days of curing, the
ore-sand block presented strength higher than that established in the standard (35 MPa)
and higher than that of the conventional block. Therefore, the results meet the minimum
requirements of the Brazilian standard, as well as of the requirements of the European and
British standard BS EN 1338:2003 [43], the Indian standard IS 15658 [44], and the Egyptian
standard ESS 4382 [45], which establish a strength of 30 MPa as the minimum acceptable.
However, the American standard ASTM C936 [46] specifies a value of 50 to 55 MPa. A
cone-shaped fracture with vertical crack [47] was identified in the compression tests for
both blocks analyzed.
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Figure 4. Comparison of the compressive strengths of the blocks.

The blocks constructed with ore sand were homogeneous and dense (Figure 5). The
limestone sand has fine granulometry and works as a filler in the block. Thus, the total
replacement of this material by ore sand that had finer granulometry and that was well
graded and more uniform resulted in better packing, reducing the voids and resulting in
better mechanical performance of the ore-sand blocks compared to the limestone-sand
blocks [48,49]. According to Mendes Protasio et al. [50], ore sand reduces the porosity of the
material by increasing the contact surface between the particles, promoting performance
that is satisfactory and even superior compared to that of blocks made with natural sand.
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The results obtained for mechanical strength show that the blocks have similar perfor-
mance and can be considered products of the same standard category. They are therefore
comparable in the environmental-performance assessment.

Figure 5. Visual aspect of the block produced using iron-ore sand.

3.2. Production Impacts

As part of the scope and goal of this work, the environmental impacts of the aggregates
used to manufacture conventional paving blocks and paving blocks with the addition of
ore sand were evaluated. With the data obtained from the life cycle inventory analysis
of aggregate production (Table 2), it was possible to quantify the environmental impacts
of block production in eleven impact categories using the CML 2001 method. Figure 6
shows the comparative results (highest result divided by the lowest) in each of the impact
categories for aggregates used to manufacture 60,000 blocks (excluding impacts associated
with transportation). As noted in Section 2.3, only the impacts of producing the aggregates
(not of manufacturing the blocks) are considered because the latter process is the same
regardless of the aggregates used. Table 3 shows the results obtained for the categories eval-
uated with the percentage reduction in impacts with the replacement of natural resources
by ore sand. A reduction in impact was observed for all categories, with abiotic depletion
having one of the highest reductions. This category accounts for minerals and resources
used and is influenced mainly by the rate of resource extraction [38,40]. To minimize
abiotic depletion, sustainable practices in the extraction and use of non-living resources
need to be promoted. Such practices include reducing consumption via recycling and
circular-economy practices, developing more efficient extraction and processing techniques,
and promoting the use of alternative and renewable resources. The replacement of 100%
of the limestone sand and 13.3% (98.2 t to 85.1 t) of the natural sand with iron ore tailings
resulted in an average overall reduction of 30% in all environmental impacts compared to
using conventional aggregates in the manufacture of interlocked blocks.

The graphical representation in Figure 6 illustrates the relative contributions of lime-
stone sand, gravel, and natural sand to the impact categories assessed during the production
of conventional and ore-sand blocks. These assessments follow the predefined limits es-
tablished for life cycle assessment (goal and scope). The hotspots are the categories of
abiotic depletion (fossil fuel), global warming and ozone depletion, which cause major
impacts due to the extensive consumption of natural sand resources in manufacturing the
blocks. These categories are related to the use and burning of fossil fuels in engines used
in river dredging to obtain the sand, internal transportation from the river mine area to
the port, and port processing operations [38]. The other eight categories are influenced
by the extraction of gravel and limestone sand. Mining and crushing entail creating large
exploitation areas where the outer layer of the soil is modified and the fauna and flora
are eradicated, while also generating microparticles harmful to humans, among other
negative effects [51,52]. Limestone sand with natural sand (used for the conventional block)
contributes significantly in all categories evaluated. Using OS to replace these resources
creates a reduction in such impacts ranging from 35% to 22%. The incorporation of waste
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with a granulometry similar to that of natural sand and gravel is one way to improve the
performance of the block with tailings. Despite the reduction in environmental impacts
associated with the use of ore sand in blocks, it is still necessary to determine the environ-
mental impact of the transportation of aggregates to the manufacturing site in order to
determine the environmental impact of using the ore sand.
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Figure 6. Relative contribution to environmental impacts by each aggregate type used in conventional
blocks and ore-sand blocks (excluding impacts related to the transportation of aggregates).
Table 3. Environmental impacts of aggregates for the production of 60,000 blocks.
Impact Category Unit Conventional Block OS Block Reduction
Abiotic depletion kg Sb eq 3.6 x 1074 23 x 1074 35%
Abiotic depletion (fossil fuels) MJ 9.3 x 103 7.2 x 103 23%
Global warming (GWP100a) kg CO, eq 7.2 x 10? 5.5 x 102 24%
Ozone-layer depletion (ODP) kg CFC-11 eq 1.1 x 1074 0.86 x 1074 22%
Human toxicity kg 1,4-DB eq 9.2 x 10 6.4 x 10! 31%
Freshwater aquatic ecotoxicity kg 1,4-DB eq 5.9 x 10! 3.9 x 10! 33%
Marine aquatic ecotoxicity kg 1,4-DB eq 1.7 x 10° 1.1 x 10° 35%
Terrestrial ecotoxicity kg 1,4-DB eq 24 x 107! 1.7 x 1071 31%
Photochemical oxidation kg CoHy eq 1.8 x 1071 1.2 x 1071 30%
Acidification kg SO, eq 1.1 x 10! 0.77 x 10! 32%
Eutrophication kg POy eq 2.7 1.8 33%

Sb (antimony); CFC (chlorofluorocarbons); DB (dichlorobenzene); C,Hy (ethylene); SO, (sulfur dioxide);
POy (phosphate).

3.3. Transportation Impacts

Within the predefined boundaries for life cycle assessment in this study, transporta-
tion is an important determinant of the environmental impact of aggregates used in the
production of pavers. Figure 7 summarizes the impacts of production and transportation
of the conventional aggregates, namely, natural sand, limestone sand, and gravel (detailed
in Section 3.2). In this scenario, the environmental assessment includes the impact of the
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transportation of conventional aggregates. The average contributions of transportation to
diesel burning for the conventional and alternative blocks were 22.7% and 25.6%, respec-
tively. Figure 8 and Table 4 show only the impact of transporting such aggregates according
to their type and quantity (Table 2). The greatest impact comes from the transportation
of natural sand due to the large amount needed and the distance of this resource from
the block factory site, which together result in higher diesel consumption. Gravel and
limestone are transported the same distance, but the amount of gravel needed is greater
than the amount of limestone needed, so gravel has a greater impact. Among the materials
used in the block manufactured with ore sand, the transportation of natural sand had the
greatest impacts across all the categories evaluated.

20.9% ] 100%
22.0% ] 100%
26.1% ] 100%
22.2% ] 100%

100%

100%
21.9% ] 100%
80.7%
40.4% ] 100%
78.8%

36.4% ] 100%

79.6%
38.2% ] 100%

66.3%

100%

10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Relative contribution (%)

Conventional Block: Ore Sand Block:
B Aggregates OTransport ®Aggregates @ Transport

Figure 7. Environmental impact of the production and transportation of conventional aggregates
(natural sand, limestone sand, and gravel).

To capture the complete environmental impact of the alternative block, it is essential to
consider the transportation of ore sand from the storage or mining site to the block factory.
More specifically, the break-even point, or the distance up to which the ore-sand block has
a lower environmental impact than the conventional block considering the transportation
of this waste, needs to be identified. Figures 9a and 10a show the impacts for different
transportation distances for the block manufactured using ore sand (in combination with
the transportation impacts for the block constructed with conventional aggregates) by train
and truck, respectively. The overall impact for each distance was calculated using the
Score Indicator.
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Figure 8. Contribution of conventional aggregates to transportation impacts.
Table 4. Environmental impact of the transportation of conventional aggregates (natural sand,
limestone sand, and gravel) for the production of blocks.
Transport of Ordinary Aggregates
Impact Category Unit
Conventional Block Ore-Sand Block
Abiotic depletion kg Sb eq 220 x 1072 1.86 x 1072
Abiotic depletion (fossil fuels) MJ 5.77 x 10° 4.86 x 10°
Global warming kg CO; eq 4.14 x 10? 3.49 x 107
Ozone-layer depletion (ODP) kg CFC-11 eq 7.40 x 107° 6.23 x 107°
Human toxicity kg 1,4-DB eq 2.57 x 10! 2.17 x 10!
Fresh water aquatic ecotox. kg 1,4-DB eq 433 3.65
Marine aquatic ecotox. kg 1,4-DB eq 1.78 x 10% 1.50 x 10%
Terrestrial ecotox. kg 1,4-DB eq 6.79 x 1072 5.72 x 1072
Photochemical oxidation kg CoHy eq 6.28 x 1072 529 x 1072
Acidification kg SO, eq 3.20 2.70
Eutrophication kg PO4 eq 7.17 x 107! 6.04 x 107!

Sb (antimony); CFC (chlorofluorocarbons); DB (dichlorobenzene); C,Hy (ethylene); SO, (sulfur dioxide);
POy (phosphate).

For example, for the global-warming category, the conventional block generates 7.2 x 10% kg
of CO, (Table 3) from the production of aggregates and an additional 4.14 x 10? kg of CO,
(Table 4) from transportation, totaling 11.4 x 10% kg CO, (Vt). The block manufactured with
ore sand generates 5.5 x 107 kg of CO, from the aggregates and 3.5 x 107 kg of CO, from
transportation. Transporting ore sand (100 km) entails the burning of an additional 14.1 L of
diesel, which generates 0.43 x 10? kg of CO; (3.06 kg CO, /L), for a total of 9.4 x 10? kg CO, (V).
The ratio between the two results (V' /V}) for this category is 0.82. This process was carried out
for all impact categories. Next, the ratios were summed and divided by the number of categories
(n). For 100 km, the SI result was 0.75; for 200 km it was 0.78, etc., as shown in Figure 9a.
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Figure 9. Environmental impact score for the ore sand block: (a) impact for different transportation
distances for OS materials by train; (b) break-even point with the conventional block.
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Figure 10. Environmental-impact score for the ore-sand block: (a) impact for different transportation
distances for OS materials by truck; (b) point at which the ore-sand block breaks even with the
conventional block.

At distance zero, the environmental impact of the conventional block is compared
to the alternative paver block without ore-sand transportation. The environmental per-
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formance of the paver measured by the Score Indicator at distance zero is 0.728 (~0.73),
indicating reduced environmental impacts due to the use of ore sand in block production,
as described in the previous section. Therefore, the OS block starts at an advantage over
the conventional block, with an SI less than 1. This difference decreases when ore-sand
transportation is considered.

For a transportation distance of 1,147 km by train and 217 km by truck for the ore
sand, the alternative block has the same potential environmental impacts as the conven-
tional block (Figures 9b and 10b) considering the impacts of the and production and
transportation of all aggregates. These values were obtained by establishing linear func-
tions (Equations (2) and (3), for train and truck transportation, respectively) connecting
the transportation distance for the ore sand to the Score Indicator. This result means that
the ore-sand block is a most sustainable alternative in comparison to traditional blocks
only when OS is transported less than 1147 km by train or 217 km by truck. It is important
to highlight that both distances entail the same diesel consumption (162.2 L), but trucks
are less efficient than trains in terms of the distance travelled per liter. Golev et al. [5]
verified this same trend, where transporting ore sand by train causes a lower environmen-
tal impact in greenhouse gas emissions compared to road transport. Each liter of diesel
used for transportation contributes to the following environmental impacts (per unit):
1.63 x 1077 kg Sb eq. (abiotic depletion); 4.26 x 10! M]J (abiotic depletion—fossil fuels);
3.06 kg CO, eq. (global warming); 5.46 x 10~7 kg CFC-11 eq. (ozone-layer depletion);
1.90 x 107! kg 1,4-DB eq. (human toxicity); 3.20 x 1072 kg 1,4-DB eq. (freshwater aquatic
ecotox.); 1.31 x 102 kg 1,4-DB eq. (marine aquatic ecotox.); 5.01 x 104 kg 1,4-DB eq.
(terrestrial ecotox.); 4.64 x 10~* kg CoHy eq. (photochemical oxidation); 2.36 x 1072 kg
50, eq. (acidification); and 5.29 x 103 kg POy eq. (eutrophication) [35,39,41].

STirain = 0.237 x 10-3(d) + 0.728 (RZ = 1) 2)

STiuek = 1.25 x 1073(d) + 0.728 (R* = 1) 3)

4. Discussion

In assessing the environmental performance of only the aggregates used to manu-
facture the interlocking paver blocks, the ore-sand block has a significant environmental
advantage over the conventional block and has similar load capacity. This difference is
explained by the replacement of 24% of the aggregate (by mass) with IOTs (a leftover),
which creates an alternative with a lower environmental footprint in all eleven impact
categories. In the context of this work, from a materials point of view, the ore-sand block
has an advantage over the conventional block. However, the iron-mining areas are strate-
gically located for iron extraction, in contrast to the areas for commercial natural-sand
extraction, which are typically situated close to block factories. This feature demonstrates
the importance of the transportation analysis performed here for the environmental ap-
praisal of this alternative solution. Transportation represented an average of 22.7% of the
environmental impact across the eleven impact categories evaluated for blocks constructed
with conventional aggregates. This finding highlights the fact that the transportation of
materials is important in assessing environmental performance. Sjunnesson [53] identifies
the main contributors to the total environmental burden of concrete over its life cycle as the
raw materials and transportation.

The Score Indicator enabled a comparison of the impacts of different transportation
distances for the leftover ore sand. As the distance increases, the consumption of diesel
burned by rail or road transport increases. The increase in the burning of fossil fuel leads to
increases in the several categories, all of which were considered to have the same weight in
this work. Figure 11 shows that SI = 1 for the V/V; ratio, which corresponds to the distance
values obtained with Equation (2) (1147 km) and 3 (217 km) for both transportation types.
This figure shows the categories (photochemical oxidation, ozone layer depletion, global
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Eutrophication

Acidification

warming, and abiotic depletion-fossil fuels) that have an increase in impact (V/V; > 1) in
comparison to traditional blocks for distances above 1,147 km for train and 217 km for
truck. However, for the other seven categories, the burning of diesel had a smaller impact
compared to construction of conventional blocks (V/V; < 1). The sum of the values (V/V})
in the impact categories divided by the number of categories (1 = 11) results in a value of 1.0,
where the increase in certain categories is counterbalanced by categories with lower impacts
compared to the conventional block. This result confirms that the equations developed
from the SI were effective in determining the best distance for ore-sand transportation.
The evaluation of several impact categories enhances the understanding of environmental
trade-offs between analyzed systems [54,55]. Evaluating the performance of two products
through the ratio of the impacts across environmental categories (V' /Vt) is an established
practice in life cycle assessment studies [56-58]. This approach provides an objective metric
by which to identify categories with better or worse performance. Calculating category
ratios simplifies complex environmental data, allowing for easier result interpretation
through this metric.

Photochemical oxidation

Terrestrial ecotoxicity
Marine aquatic ecotoxicity
Fresh water aquatic ecotox.

Ozone layer depletion (ODP)

Abiotic depletion (fossil fuels)

Human toxicity

Global warming

Abiotic depletion

|74 /Vt

Figure 11. Relative impact of the evaluated categories for the OS block with transportation (V)

compared to the conventional block (V}). The red line delimits which category is higher and lower
than the conventional block.

The Scoring Indicator used in this study proved to be a useful and efficient tool for
determining the increase in impacts due to transportation. It provides an equation that
supports decision-making regarding the distance allowed for incorporating ore sand into
interlocking paving blocks. Alternative models, such as the normalization and ranking of
environmental indicators for decision-making [59] and MIVES (Spanish Integrated Value
Model for the Sustainability Assessment) [60], are applicable, although they are complex.
However, the latter model allows for the inclusion of broader considerations from studies
that incorporate assessments in the environmental, social, and economic fields.

Figure 12 shows the potential range for the distribution and use of ore sand in block
production, according to the distances calculated. The distribution of this sand can reach up
to nine states via rail network and can reach several cities around the iron-ore mining area
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by road, enabling the production of an interlocking block with less environmental impact.
Goswein et al. [27] conducted a study that employed a combination of LCA and geospatial
analysis to assess the incorporation of fly ash and recycled construction waste into concrete
in Portugal. Alzard et al. [61] also used a similar method to assess the environmental
and economic impact of the transportation of construction waste to concrete plants in
the United Arab Emirates. Estanqueiro et al. [62] emphasize the importance of regional-
ized (geography-specific) assessments, considering local production and transportation
conditions to enhance accuracy.

Range for transportation by train

Range for transportation by truck
O Federative units of Brazil
O Cities of Minas Gerais
—— Rail network
@ [tabira complex (Ore Sand)

State of Minas Gerais

Figure 12. Potential distribution of ore sand for use in producing an environmentally friendly block
(map created using QGIS software v3.14 [63] and data from IBGE [64]).

Future research should focus on evaluating: (i) the potential to replace the cement used
in the production of blocks with ore sand, which produces the same mechanical behavior; (ii)
replacing natural sand with other left-overs (e.g., bottom ash) and its impact on the LCA,; (iii)
analyzing transport by waterway; (iv) analyzing databases from other locations and processes;
and (v) assess sustainability across environmental, social, and economic aspects, in alignment
with the UN’s Sustainable Development Goals.

5. Conclusions

Based on the objectives set and the findings of this research, the following conclusions can
be drawn:

e  The OS block has similar strength performance compared to the conventional block,
meeting the established standard of 35 MPa.

e  Ore sand is an environmentally sustainable alternative for use in the replacement of
conventional aggregates used for the production of interlocked blocks. This study
found an average reduction of 30% for the 11 impact categories compared to the
traditional block.
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e The transportation of conventional aggregates has a significant impact on the pro-
duction of both blocks. It represents an average of 23.7% of the total impact for the
ordinary block and 26% for the block produced with ore sand.

e  Using the scoring indicator (SI), it was possible to establish that the transportation
of ore sand for distances of 1147 km by rail and 217 km by road results in the same
environmental impact for the ore-sand block as for the conventional block.

e Transportation distances shorter than those above make the block with ore sand more
environmentally friendly than the conventional alternative. Over these distances, it is
possible to reach other states in Brazil, as well as many cities (mostly inside the state
of Minas Gerais) around the mining area that can supply other interlocking paving
block factories.

e  The LCA technique in association with SI proved to be a useful decision-making tool
in defining the transport distance that makes it possible to manufacture an environ-
mentally responsible block.

Within the limits set, this work offers an innovative LCA-based approach to evaluating
the environmental performance of interlocking paving blocks constructed with ore sand as
an aggregate and the limiting effects of transportation on their production. The incorpora-
tion of ore sand into the interlocking paving block confers environmental benefits to the
product, increasing the environmental sustainability of the industry. The method presented
can be adapted to different locations, allowing the determination of an environmentally
safe distance between the tailings-generation site and the production sector.
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