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Abstract: Masonry units made of clay or Autoclaved Aerated Concrete (AAC) are widely used in
constructions from Romania and other countries. Masonry units with superior mechanical and
thermal characteristics can improve the energy efficiency of buildings, especially when they are
used as the main solutions for building envelope construction. Their production in recent years has
increased vertiginously to meet the increased demand. Manufactured with diversified geometries,
different mechanical and/or thermal characteristics have a high volume in the mass of the building
and a major influence in their carbon footprint. Starting from the current context regarding the
target imposed by the long-term strategy of built environment decarbonization, the aim of the paper
is to analyze the potential of reusing mining waste in the production of masonry units. Mining
waste represents the highest share of waste generated at national level and may represent a valuable
resource for the construction industry, facilitating the creation of new jobs and support for economic
development. This review presents the interest in integrating mining wastes in masonry unit pro-
duction and the technical characteristics of the masonry units in which they have been used as raw
materials in different percentages. Critical assessment framework using SWOT analysis highlights
the key sustainability aspects (technical, environmental, social, economic) providing a comprehensive
and systematic analysis of the advantages and disadvantages regarding the integration of mining
waste as secondary raw materials into masonry units production.

Keywords: circular economy; construction materials; greener environment; masonry; mining waste;
resources conservation; value-added properties

1. Introduction

Construction, building operation, and the construction industry in general contribute
more than 39% of total global CO2 emissions [1], playing a key role in achieving the long-
term goals set out in the Paris Agreement (2015) [2] to “keep the temperature rise to 1.5 ◦C
compared to the industrialization period” and to ensure the transition to climate neutrality by
2050 [3].

To meet these goals, the EU’s development priorities set out in the “European Green
Deal” [3] call for increasing the rate of building renovation making them more energy
efficient and development of the industrial sector based on sustainable principles to support
the transition from linear to circular economy [4,5]. The circular economy is a new paradigm
that aims to keep materials in the economy for a very long time, thus limiting the generation
of waste and exploitation of primary natural resources [6,7].

The circular economy requires recycling of materials considered waste and leads to
major changes in products and systems design, re-adaptation of technological flow (supply
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and distribution chains), or company-specific business model [3,8]. Extension of digital
passport for all products to sustain waste circularity [9] and population education about
the advantages obtained by using materials made of recycled waste are also imperative in
this regard.

Recycling of waste to preserve the natural resources and to reduce disposal [10]
will reduce the environmental impact by contributing to the growth of circular economy
above the value of 9% currently recorded [11], which without climate neutrality cannot be
ensured. Promoting waste recycling to reduce excessive consumption of natural resources
in the U.E. and/or dependence on imports emerges also from the Raw Materials Initiative
(RMI) launched in 2008 to identify the level of needs and mineral resources for each EU
country [12].

Romania is a country rich in non-metallic mineral resources (sand, clay minerals,
bentonite, limestone, graphite, perlite, diatomite) and metalliferous (copper ore, lead, zinc,
aluminum, gold, manganese chromium, nickel, tungsten) [13], whose exploitation has
generated large amounts of waste over time (Figure 1). Mining of copper, manganese, zinc,
gold, uranium has greatly diminished since the 1990s as a result of industrial restructuring
and the closure of most of the operational mines, declared inefficient [14,15]. The strategic
objectives provided by the “Mining Industry Strategy developed for the period 2017–2035”
aim to increase the use of domestic mining resources to reduce dependence on imports of
mineral raw materials, which are vital for the development and sustainable growth of the
Romanian economy [15], but also for development of mining areas that have now become
disadvantaged areas being characterized by a low living standard and lack of jobs. It is
necessary to use innovative technologies of “mineral resources” starting from cradle to
exploitation, processing, or recovery of waste.
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The mining industry, during its existence has significantly affected the environment, a
supplementary reason for which the recovery of mining waste in various areas are stringent
issues raised nowadays. An important direction in this regard is to find new techniques
and technologies for the recovery of waste, exploiting this valuable resource in terms of
economic growth [15].

According to statistical data valid for 2018 and published by Eurostat [16], the quantity
of waste generated in the European Union by all economic activities and households was
over 2300 million tons. As a percentage, the waste from construction and demolition and
those from mining and quarrying activities represent the largest share, 35.9% and 26.6%,
respectively (Figure 1).

Much waste from mining and construction activities are classified as major mineral
wastes, being different from other types of wastes, and represent about three quarters (74%
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or 5.2 tons per capita) of total waste generated in 2018 at the EU level. The higher levels of
major mineral waste recorded in EU countries are recorded in areas with important mining
and quarrying activities, such as Romania, Finland, Sweden, or Bulgaria.

According to Figure 1, Romania generates approximately 88% of mining waste from
exploitation and processing activities of mineral resources (mining, quarrying activities) and
only 0.3% from construction activities (from all data recorded), out of a total of 203 million
tons of waste.

The distribution of waste generated by various economic and household activities at
the national level is presented in Figure 2.
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Figure 2. Percent of waste by types of activities in Romania, 2018 [16].

In concrete figures, in 2018, a quantity of 178.6 million tons of mining waste was
generated, increasing compared to the previous years, for which, only 8.9 million tons were
recovered in various forms [17].

The use of mining waste in construction may play a significant role for the conservation
of natural resources, but also for reducing the impact on the environment or human health
due to inadequate storage.

Extractive industrial waste was defined and classified initially by Directive 75/442/
EEC [18] and later by Directive 2014/955/EU [19] in four major groups: tailings; waste
rock; sewage sludge; topsoil.

Tailings are solid wastes or sludges that remain after mineral treatment by separation
processes (e.g., grinding, crushing, sizing, flotation, and other physico-chemical techniques)
to extract valuable minerals from a lesser rock, while waste rocks are economically un-
profitable rocks that are excavated to gain access to ore. Sewage sludge results during
exploitation by sedimentation in flooded quarries or tailings ponds and may contain large
amounts of heavy metals, non-metals (arsenic), and neutral salts (sulfate, calcium). The
vegetal soil is the upper layer of the land surface (after removing the roots and capitalizing
of wood) and the lower layer of soil up to the rock layer; although identified as waste,
these soil materials can be stored in stacks and reused for vegetation resettlement. Haz-
ardous mining waste can contain harmful substances and toxic metals [20], which can cause
environmental disasters and endanger human health or habitat destruction. In contrast,
in the case of non-hazardous and inert mining waste, the quantities of heavy metals are
reduced and may represent a valuable resource for the production of new materials [20]
after pre-treatment.

By analyzing the current literature, where information is dissipated in various sources,
there is a critical necessity to investigate, compile, and elect the main information reachable
to assist further development of mining waste circularity. Therefore, this review is intended
to emphasize comprehensive information on mining waste used in the construction materi-
als sector, specifically for masonry units’ production, and identifies the key sustainability
aspects from technical, economic, social, and environmental points of view.
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The major contributions of this review are:

• comprehensive review on integrating mining waste used for masonry unit’s pro-
duction (clay masonry units, autoclaved aerated concrete units, and geopolymers
masonry units);

• using the “SWOT” model to conduct a critical evaluation framework;
• overall, this review article may represent a preliminary study for academics, scientific

researchers, and industry to further identify the feasibility parameters and limita-
tions for exploiting mining waste as secondary raw materials in the production of
masonry units.

Further, the main highlights of this work can be summarized as follows:

• reasons for recycling mining waste;
• overview of the masonry units on the transition to the circular economy context in the

brick industry to produce eco-responsible construction materials;
• discussions regarding the influence of the mining waste chemical and mineralogical

composition on the manufacturing technological process of new construction materials;
• discussed the effect of incorporating mining waste into masonry unit’s production

(clay masonry units, autoclaved aerated concrete units, and polymers masonry units);
• over 100 scientific papers were reviewed to present an overview of masonry develop-

ments over the time and to the discuss the role of mining waste as a raw material in
the production of masonry units.

The structure of this paper is described as follows. First, a general overview on
masonry units in transition to the circular economy is addressed, making assessments
of clay masonry, autoclaved aerated concrete, and geopolymers masonry units, but also
on chemical composition and mineralogical composition of mining waste. Afterward,
the various approaches in the literature related to mining waste for clay masonry units’
production, mining waste for autoclaved aerated concrete production, and mining waste
for geopolymer masonry units’ production were presented and discussed. Following these
discussions, a critical evaluation framework was developed that uses SWOT analysis to
identify the advantages and pitfalls of the integration of mining waste as secondary raw
materials into masonry units’ body. Finally, conclusions were drawn that summarize the
main appraisals on mining waste as secondary raw materials used for the production of
masonry units based on the current discussion. This review provides a good basis and
guidelines for encouraging the wide adoption of mining waste circularity in masonry unit
production for sustainable construction.

2. Masonry Units: An Overview

Masonry units (clay brick and AAC) are used for the construction of structural or
non-structural walls based on their mechanical properties. The group of masonry unit,
the wall density, volume of cavities (%), seismic area, and mechanical characteristics are
defining factors in selecting the height regime of masonry buildings. These criteria are
regulated by the Romanian codes P100-1/2013 [21], CR6-2013 [22], and must be analyzed
in the preliminary stage of the building design.

In the case of framed structures, the walls being infilled can be constructed with
masonry units with lower compressive strength, if adequate constructive measures are
provided to prevent their failure during a strong earthquake.

The restrictions given by design codes limit the use of masonry units with lower
compressive strength than 5 MPa to the construction of masonry buildings placed in
seismic areas, which are specific to Romanian territory.

The content of soluble salts and the highwater absorption of units can affect the
durability of masonry work and their lifespan, making necessary the rehabilitation work
that has the effect the increasing embodied energy of building.

The transition to climate neutrality involves a drastic reduction of CO2 emissions in
construction sector, especially in buildings, so that the uses of materials with improved
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thermal characteristics or/and low embodied energy for construction of envelope members
are required and have become a necessity.

The development of building materials with high mechanical strength and/or thermal
properties and/or low embodied energy has now become a major challenge for masonry
unit manufacturing. Replacing conventional with secondary raw materials resulted from
industrial and mining activities can be an effective solution in ensuring climate neutral-
ity targets.

2.1. Clay Masonry Unit

Fired bricks are materials with wide applications in the construction sector, influencing
energy consumption in buildings, greenhouse gasses emissions, but also the costs related
to heating and cooling the buildings during operation. Fired at temperatures up to 900 ◦C
required for mineralogical transformation of raw materials and for brick sintering, they
have a major impact on the environment.

It is imperative in the transition towards a circular economy in the brick industry
to produce materials with high thermal characteristics and/or low embodied energy,
long lifespan, and possibilities for reusing or recycling at the end of lifecycle so as to
keep the product in economy as long as possible. Clay bricks have a long lifecycle up
to 150 years [23,24] and can be reused after building demolition for new masonry works
if their physical and mechanical characteristics are adequate. Recycling the secondary
raw materials in the brick and other industries may also be a viable strategy for “closing
the loop”.

Physical, mechanical, and thermal characteristics of clay units are in accordance with
chemical composition or mineralogical content of raw materials (primary or secondary),
materials granulometry, firing temperature, porosity, and forming technology (pressure,
extrusion, geo-polymerization) [25]. Based on targeted characteristics, the composition of
the clay matrix can be optimized so as to meet the required criteria in terms of sustainability
and the circular economy.

In recent decades, the brick industry has evolved continuously, producing a wide
range of masonry units (solid and perforated bricks, blocks with vertical or horizontal
cavities) [23,24], whose thermal characteristics have been improved to meet the thermal
requirements imposed by norms. As can be seen in the scientific literature, the thermal
properties of bricks was optimized by increasing the volume of cavities, by changing the
cavity geometry or the profile of exterior surface [26–29], and by filling the cavities with
different thermal insulation materials [30–34]. Another solution studied and adopted for
ceramic product optimization in terms of embodied energy or thermal performance was
the incorporation in the clay matrix, organic or inorganic waste [35,36], resulted from
different activities.

Organic waste (agricultural, food, industry waste, etc.) incorporated in different
percentages in clay body as pore forming and/or fluxing have been investigated by different
authors [36–39] highlighting economic, mechanical, or thermal advantages, respectively,
and the caloric value [40] to contribute to circular economy.

Inorganic waste with role of degreaser and/or fluxing being used in the clay matrix to
reduce plasticity [41,42] and shrinkage to drying or firing or to increase porosity have a
lower impact on the environment, but require higher water consumption. Construction
and demolition waste [43,44], cutting and processing of natural stone [45–47], mining
activities [20,41,48–63], or industrial waste are an alternative solution with high potential
in the manufacturing of clay units.

Many of these measures are aimed at increasing thermal performance and/or reducing
the embodied energy of the products. The limitations given by the geometric features and
characteristics, especially when are used in seismic areas or by the mechanical strength
have been intensively analyzed in the literature. Some of the identified solutions can be
implemented at the producer level, but not all of them are efficient and economic. Finding
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feasible solutions with wide applicability in the field is becoming more stringent to reduce
the environmental impact and to preserve the primary resources.

2.2. AAC Masonry Units

AAC units are produced by autoclaving and have a high porosity of up to 50–60% from
mass. They are usually made of cement, lime, silicious materials, gypsum, and aluminum
powder [64] as pore forming agent [65].

Depending on the mechanical and geometrical characteristics, AAC units can be used
to construct the structural wall in case of masonry buildings with lower height regime
or to construct non-structural wall (for infill and partitioning). They have good thermal
characteristics and low density, which can contribute in the reduction of the building mass
and the related seismic force. ACC bricks are considered eco-friendly materials [66] due to
the lower embodied energy compared to that of fired masonry units.

The use of waste in the production of AAC units has been analyzed by various
researchers to reduce CO2 emissions and to conserve natural resources. They have been
used as substitutes for silicious materials, cement, or aluminum [67] in various percentages,
so that their mechanical properties to remain within the acceptable limits provided by
standards or design codes.

The potential of using waste in autoclaved aerated concrete has been studied by [68],
coal bottom ash by [69], silica fume and fly ash by [70], industrial and agricultural waste
by [71], perlite waste by [72], rice husk ash by [73], graphite tailings by [74], copper tailings
by [75,76], hematite tailings by [77], iron tailings by [78–81], silicon tailings by [82], coal
gangue by [83], etc. Studies have shown the feasibility of using secondary raw materials as
a substitute for virgin materials.

The mechanical characteristics of AAC units are influenced by the materials’ chem-
ical and mineralogical content, but also by the pore distribution and the porosity of the
final product.

The formation of crystalline phases (Tobermorite—Ca5Si6O16(OH)2·4H2O) is favored
in the autoclaving process. The increase of soluble SiO2 favors the reaction with Ca(OH)2,
thus contributing to the appearance of Calcium-Silicate-Hidrate (C-S-H) gel. Dual-alkali sil-
icates reacts with SiO2 to form tobermorite with a role in increasing the material mechanical
parameters and formation of C-S-H gel [66,79].

Thermal characteristics are influenced not only by the type or pore distribution, but
also by the chemical content of raw materials. Low specific weight materials can signifi-
cantly contribute to the reduction of thermal conductivity [66]. Also, the raw materials that
favor the appearance of phase composition (crystalline or amorphous) have a favorable
effect in increasing the thermal performance of materials.

2.3. Geopolymers Masonry Units

An alternative solution to fired clay bricks is represented by geopolymer masonry
units. Geopolymers, invented and developed by Joseph Davidovits since the 1970s [84],
are now also used for the production of ecological concrete or masonry units [85].

Geopolymers are obtained following a chemical reaction between aluminosilicates
oxides and hydroxide and/or alkaline silicate solutions (NaOH; KOH) [85,86], processed
at a temperature below 100 ◦C to reduce water evaporation [87]. The advantages of using
geopolymers consist in saving energy and CO2 emissions [86].

The mechanical characteristics of the product are mainly influenced by the used raw
materials, the calcination temperature, the curing time, or the used additives [88,89].

Geopolymerized bricks made of different waste have been intensively studied in recent
years, such as industrial aggregates [90], fly ash, construction and demolition waste [89],
tailings [91–96], etc.
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3. Mining Waste Used for Masonry Unit’s Production

Knowledge about chemical content and mineralogical composition are essentially
in the selection stage of secondary raw materials. They must be similar and compatible
in regards to chemical and mineralogical composition with conventional ones if used as
substitutes or additive in the production of new buildings materials [97] with conventional
technology. Re-adaptation of technological flow to new supply chains involves techno-
logical changes and investment cost. The chemical and mineralogical content of mining
waste investigated by the authors [41,48,50–52,54,56,62,75–78,82,83] is shown in Table 1,
Figures 3 and 4.

Table 1. Mineralogical composition of selected mining waste.

Authors Mine Waste Mineralogical Content Ref.

Ettoumi et al., 2021 Phosphate sludge calcite, dolomite, bassanite, heulandite, vermiculite, quartz,
hematite, fluorapatite [52]

Yang et al., 2014 Iron tailings quartz, calcite, hematite, clinochlore, pyrite, amphibole [54]
Wei et al., 2021 Gold tailings quartz, sanidine, mica, pyrite, montmorillonite [62]

Fang et al., 2011 Copper tailings andradite, quartz [76]
Zhao et al., 2012 Hematite tailings hematite, quartz, chlorite, calcite [77]
Ma et al., 2016 Iron tailings gypsum quartz, albite, muscovite, calcite, terranovaite [78]

Wang et al., 2016 Coal gangue quartz, siderite, illite, kaolinite, montmoriolite, anorthite, muscovite [83]
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3.1. Chemical Composition of Mining Waste

In order to produce geopolymeric materials, the SiO2 and Al2O3 content of the raw
materials used must be over 70% [98].

Clay used in manufactured of bricks usually contains SiO2 (50–60%), Al2O3 (10–20%),
CaO, Fe2O3, and other oxides in low quantities [99]. The presence of quartz in the clay mass
might cause the appearance of cracks during cooling, while alumina ensures resistance and
quality to the final product after the mullitization process. The presence of Fe2O3 in the
brick mass gives the desired color (from red to dark brown), but a high content, usually
over than 9% [100], can lead to the appearance of the “black core”, when the oxygen rate
is insufficient during firing. The formation of mullite (above 950 ◦C) causes the color of
the product to become yellow or white [101] due to the Fe2O3 reaction and consumption
during the mullitization process.

Also, the high content of soluble salt can favor the appearance of efflorescence, with
a negative impact on durability of masonry units and works. Mining waste has different
chemical composition, depending on their nature (Table 1 and Figure 3). Iron tailings have
a high content of SiO2 and Fe2O3 and a lower content of Al2O3 and CaO [50,51]. In contrast,
the granitoid and albitite tailings [41] are rich in SiO2 and Al2O3 and low in Fe2O3 and CaO.
The SiO2/Al2O3 ratio represents the amount of free silica contained in the material [50]. As
can be observed from Figure 3, for mining waste, the SiO2/Al2O3 ratio is between 2 and 13
(Figure 4) well above the kaolinite [100]. The Fe2O3 content is in the range of 1 ÷ 44% and
the content of CaO + MgO + K2O + Na2O varies from 0.6 ÷ 36%.

In the case of the clays, the CaO content classifies the materials in the category of
calcareous materials. A content over 6% of CaO indicates a calcareous material [101], while
a content of K2O, Fe2O3, CaO, MgO, and TiO2 over 9% indicates low refractive materials.

The compositional quality of secondary raw materials may be different or lower than
primary ones [102]. They can contain various pollutant soluble salts that arise the necessity
to use different treatments or to use additional additives to improve the quality [44] prior
to the production of the new materials.

Raw materials must be classified according to the standards and be followed by
declaration of performance [97].
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3.2. Mineralogical Composition of Mining Waste

The mineralogical composition of mining waste (Table 1) from raw materials influences
the energy consumption during the manufacturing, but also the porosity and durability of
products. Raw materials rich in calcite require higher firing temperature above 1100 ◦C [103]
to complete the phase transformation of minerals. At a temperature of about 800 ◦C, calcite
is transformed into calcium oxide, increasing the brick porosity [103,104] and decreasing
the thermal conductivities and density. Great attention must be paid to the size of clay
granules responsible for the transformation of calcium oxides into calcium hydroxide, a
consequence of which is the volume increase and mechanical strength decrease.

Another important parameter in selecting the clay brick units is the color. The presence
of iron oxide in clay matrix is essential in obtaining the reddish color. Other parameters
that influence the brick color are temperature and firing time [105].

Studies carried out in recent years highlighted the potential of using mining waste
in the production of all types of masonry units (Tables 2–4). Depending on the chemical
and mineralogical characteristics, secondary raw materials replaced partially or totally the
conventional raw materials (clay, sand, cement, etc.).

Table 2. Types of mining waste used in bricks.

Authors Material Composition Technology/Firing/
Curing Temperature

Origin of
Waste Ref.

Marrocchino
et al., 2021 bricks

plastic clay B (60–100%) a

extrusion/1000 ◦C Italy [41]
metamorphic eluvium R (0–40%) a

Granitoid eluvium (0–20%) a

Granitoid tailings (0–20%) a

Albitite tailings (0–20%) a

Suarez-Marcias
et al., 2020 bricks

lead mine tailing (0–100%) pressing 50 ± 1 MPa/950 ± 5 ◦C Spain [48]clay (100–0%)
Loutou et al.,

2019 bricks red clay (100%) molded <6 MPa/900 ◦C, 1000 ◦C,
and 1100 ◦C Morocco [49]

Mendes et al.,
2019

bricks
iron ore tailing (0–40%) b pressing/extrusion

40–70 MPa/850 ◦C, 950 ◦C, and
1050 ◦C

Brazil [50]grey clay (30–70%) b

yellow clay (30–70%) b

Li et al., 2019 porous
bricks 100% iron tailing b foam-gel casting/

1070–1120 ◦C China [51]

Ettoumi et al.,
2021 brick 100% phosphate sludge pressing 6 MPa/900 ◦C, 1000 ◦C,

and 1100 ◦C Tunisia [52]

Bayoussef et al.,
2021

bricks
red clay (70–100%) pressing/1100 ◦C Morocco [53]fly ash (0–30%)

Yang et al., 2014 bricks
Low silicon iron ore tailing

(80–100%) a pressing 20 MPa/900 ◦C, 950 ◦C,
and 1000 ◦C

China [54]
fly ash (0–20%) a

Vilela et al., 2020 soil-cement
bricks

soil partial substituted with iron
ore tailings 0–40% pressing/curing 20 ± 2 ◦C

(28 days) Brazil [55]Portland cement (10%)
ratio soil: cement (9:1)

Weishi et al., 2018 brick
low-silicon iron ore tailings (75%)

molding pressure 50 MPa/curing
30–60 ◦C

China [56]curing agent (fly ash, lime,
gypsum) (25%)

stearic acid emulsion
da Silva et al.,

2014
red ceramic

iron tailings (0–5%)b
pressed 20 MPa/950 ◦C Brazil [57]

clay (95–100%)b

Luo et al., 2020 sintered brick

iron ore tailings (54%)b

pressing 20 MPa/950–1100 ◦C China [58]shale (10%) b

coal gangue powder (30%) b

sewage sludge (0–12%) b
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Table 2. Cont.

Authors Material Composition Technology/Firing/
Curing Temperature

Origin of
Waste Ref.

Wang et al., 2019 brick
Iron tailings (40–70%) a

Pressing 20 MPa/1000, 1050, 1100,
1150, or 1200 ◦C) China [59]Fly ash (20–50%) a

Kaolin (10%) a

Chen et al., 2011 brick
hematite tailings (77–100%),

pressing 20–25 MPa/850, 900, 950,
980, 1000, 1030, and 1050 ◦C China [60]fly ash (0–8%) a

clay (0–15%)

Yonggang et al.,
2011

bricks
fine gold tailings (60–100%) b

pressed 5–20 MPa/900–1050 ◦C NA [61]medium gold tailings (10–30%) b

clays (10–40%) b

Wei et al., 2021 sintered
bricks

gold mine tailing (60–100%) pressing/900–1050 ◦C China [62]+clay (0–40%)

(wt %) a (mass %) b.

Table 3. Mining waste used for AAC product.

Authors Materials Composition Origin of Waste Ref.

Huang et al., 2012 AAC

copper tailings (30%) a

China [75]
blast furnace slag (35%) a

quartz sand (20%) a

cement clinker (10%) a

gypsum (5%) a

Fang et al., 2011 Autoclaved
sand-lime brick

copper tailing (0–88%) b

China [76]sand powder (0–15%) b

river sand (0–88%) b

lime (6.7–13.3%) b

Zhao, Y. 2012 Autoclaved bricks Optimum mixture:
hematite tailings:lime:sand ratio (70:15:15) b China [77]

Ma et al. 2016 AAC blocks

iron tailings (0–68%) b

China [78]

cement (8%) b

quicklime (19–27%) b

silicon sand (0–68%) b

gypsum (3%) b

Al powder (0.14%) b

Liang et al., 2019 AAC

iron tailing (30–55%) b

China [79]
silica sand (5–30%) b

lime (20–30%) b

ordinary Portland cement (5–15%) b

flue gas desulfurization gypsum (5%) b

Cai et al., 2016 AAC blocks

iron tailings (0–68%) b

China [80]

cement (8%) b

quicklime (21%) b

silicon sand (0–68%) b

gypsum (3%) b

al powder (0.14%) b

Zhao et al., 2009 autoclaved brick low-silicon tailings (83%) b

alkali-activated slag/fly ash
China [82]

Wang et al., 2016 AAC

coal gangue (1–40%) b

China [83]

iron ore tailing (20–59%) b

lime (25%) b

cement (10%) b

gypsum (5%) b

Al powder (0.06%) b

(wt %) a (mass %) b.
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Table 4. Types of mining waste used for geopolymer.

Authors Materials Composition Technology/
Curing Temperature

Origin of
Waste Ref.

Ahmari, S. and
Zhang, L., 2012 geopolymer bricks copper mine tailings

NaOH solution (10–15 M)
forming pressure

(0–35 MPa)/60 to 120 ◦C Arizona [95]

Ahmari S. and
Zhang, L., 2013 geopolymer bricks copper mine tailings,

sodium hydroxide NaOH (15 M)
forming pressure

(0–35 MPa)/60 to 120 ◦C Arizona [92]

Beulah et al., 2021 geopolymer bricks

iron ore tailings (50–90%);

NA India [93]
GGBS (10–50%)

and red mud (50–90%)
GGBS (10–50%)

NaOH (8 M)

Zhang et al. 2021 geopolymer gold mine tailing
NaOH solutions (4–12 M) molding/75 ◦C Peru [94]

3.3. Mining Waste for Clay Masonry Units

The authors [41,48–50,53,57,59–62] studied the mining waste in the mixture of clay
(Table 2), highlighting their microstructural and technical characteristics.

The authors Marrocchino et al. [41] used waste from mining (granitoid, albitite tailings)
and from construction activities as secondary raw materials for brick manufacturing. The
addition of 20% waste acts as degreaser and consequently contributes to the reduction of
plasticity index (PI) to 22% in the case of granitoid tailings, respectively, to 20% in case of
albitite tailings, reaching the optimum extrusion interval. Drying and firing shrinkage was
also reduced, which can have a beneficial effect in reducing costs and the risk of cracking.

Iron tailings were analyzed by the authors [50,51,54–59] as a partial or total substitute
of clay and sand in the production of bricks and ceramic materials. The chemical content of
mining waste is close to the chemical content of ceramic materials and consequently can
be an alternative solution to conventional raw materials [81]. The bricks were formed by
uniaxial pressing or extrusion at 20–70 MPa and fired at temperatures between 850–1200 ◦C.

Studies conducted by Mendes et al. [50], showed that iron ore tailings (IOT) can be
used in the clay matrix with a degreaser role, improving the extrusion parameters and thus
contributing to the reduction of the cracks resulted during drying and firing. The optimal
percentage of IOT in the brick mass was 29.1%, determined from experimental results on
ceramic materials and statistical data processing. The average compressive strength of
small-scaled perforated bricks made from the optimized mixture was 4.3 MPa with a water
absorption of 20.9%. In terms of environmental performance, IOT based bricks can be
included in the category of inert materials.

Li et al. [51] used the iron tailings (100%) to produce porous bricks, with improved
thermal performance compared to dense materials. The low value of thermal conductivity
of 0.032 W/(m·K), measured in the case of bricks with a porosity of 89%, highlights the
potential of using the bricks in energy efficient buildings.

Yang et al. [54] investigated the low-silicon IOT bricks with fly ash in different per-
centage, showing the possibility of using the two recycled materials in the brick-making
industry. The mechanical strengths of the samples decreased with the increase of the fly
ash content, being above the minimum value required by standards (10 MPa).

Vilela et al. [55] analyzed the possibility of partially substituting the soil from the
cement soil bricks with up to 40% iron ore mining waste. The density of the samples at
28 days varied between 1670 and 1750 (kg·m−3), with a figure 5% higher in the case of
mixture with 40% addition of mining waste compared with reference. An insignificant
decrease in compressive strength from 2.79 MPa (0% mining waste) to 2.66 MPa (40%
mining waste) was recorded in the case of samples with an addition of 40%. The thermal
conductivity increases from 1.42 W/m·K in the case of samples without mining waste to
1.59 W/m·K, due to the filling of the pore with mining waste.
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Weishi et al. [56] studied low-silicon IOT bricks with addition of curing agent, ob-
taining at 28 days a compressive strength of up to 32 MPa, depending on initial curing
temperature and the content of the stearic acid emulsion.

da Silva et al. [57] used 5% of iron ore tailings in the ceramic mass, obtaining increases
in the value of flexural strength from 6.5 to 6.7 MPa, compared with the samples without
additive whose flexural strength was 5.1 MPa. The porosity increases from 25.6% to 42.5%
and water absorption decreased from 31% to 25.5% compared with clay samples. After
firing, the color of the samples with the addition of mining waste was reddish, close to
that of traditional ceramics, unlike the samples without mining waste, whose color was
lighter (reddish-orange). Waste requires low or no grinding, thus contributing positively to
production costs and environmental impact.

Luo et al. [58] investigated the sintered bricks made of mining waste. The optimal ratio
of raw materials in the brick mass was selected based on the technical criteria as 54:30:10:6
(iron ore tailings:coal gangue:shale:sludge). It was found that material density decreases
from 1740 to 1638 kg/m3 with the variation of the sludge ratio and the water absorption
increased from 14.2% to 17.5%, being below 18%, which is the maximum accepted value.
The compressive strength decreased from 18.2 to 14.2 MPa. Heavy metals (Cu, Zn, Cr,
Pb) in the leachates were immobilized in the clay matrix during sintering, resulting in a
leaching content in sintered brick lower than in the leaching of raw materials. The leaching
efficiency was high, thus fulfilling the requirements provided in national standards.

Wang et al. [59] studied the bricks with optimal mass ratio 60:30:10 (IOT:flyash:kaolin).
Based on XRD analysis, they studied the effect of heavy metals in bricks, highlighting the
formation of new crystalline structure (spinel, silicate, aluminosilicate), having the effect
of “fixing heavy metal” in the system and decreasing the amount of leaching (Cu, Zn, Cd,
Pb). The leaching content decreases with increasing the sintering temperature. The result
indicated that Zinc was immobilized at 850 ◦C, while Pd and Cd required increasing the
temperature over 1000 ◦C.

The gold mine tailings rich in SiO2 and Fe2O3 were investigated by Wei et al. [62]
to produce clay bricks. The results showed that mechanical properties increased with
the increases of clay content and technological conditions (temperature and firing). At a
temperature of 1000 ◦C, the mechanical strength of the sample with the addition of 40%
clay was about 21 MPa and the water absorption decrease below the limit value accepted
by the standard.

Gold tailing have also been studied by Yanggang et al. [61] in fired bricks composition.
The amount of waste range between 60–90% of the clay mass, depending on the material
fineness. Values over 10 MPa were obtain in the case of bricks with 60–90% fine tailings
(less than 0.6 mm) and 10–25% medium tailings.

Suárez-Macías et al. [48] analyzed the possibility of introducing the tailings from a
lead mine in the clay matrix. An increase of open porosity was observed with the increase
of the tailing percent or the absorption of water and the decrease of compressive strength.
Water absorption increased from 10.61 (0% tailing) to 29.52% (100% tailing) and the density
decreased from 2010 to 1510 kg/m3. Compressive strength decreased from 118 to 7.2 MPa.
The color of the brick varied from red to brown depending on the chemical composition
and sintering temperature. The leachate from the metallic elements (Fe, Pb, Mn, and Ti)
was substantially reduced with the incorporation into the clay mass, but Al, Mg, Br, Cu
were not completely retained, which may require higher firing temperatures.

Loutou et al. [49], studied the possibility of valorization mining waste (residual rocks)
resulted from the exploitation of phosphate ores in the production of fired clay bricks.

Phosphate sludge has been investigated by Ettoumi et al. [52] as a potential substitute
of clays in the production of ceramic bricks, in proportion of up to 100%. Flexural (bending)
strength was up to 13.4 MPa with a water absorption of about 12.5 for the samples fired at
a temperature of 1100 ◦C. Increasing the firing temperature to 1100 ◦C was necessary to
reduce the leachate content of (Na, K), respectively, to 1100 ◦C to reduce the content of Cr
(from leachate) below the limits provided by the standard.
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Bayoussef et al. [53] analyzed the micro and macrostructural characteristics of brick
made of red clays resulted from phosphate mining activities and fly ash. The compressive
strength of the bricks increased from 77 to 98 MPa in the case of samples with 10% admixture
of fly ash, recording decreases of up to 73 and 57 MPa for samples with an addition of 20%
and 30% fly ash, respectively. This is due to the growth of micropores and the appearance
of microfissures in the materials mass. The density of the samples increased from 1840 to
1970 kg/m3 in the case of the sample with 30% addition of fly ash.

Zhu et al. [63] investigated the impermeable bricks made of tailing and gangue as
mining waste from a feldspar mine in China, obtaining compressive strength of about
40 MPa in the case of specimens with addition of 60 wt% of gangue and 40 wt% of tailings.
The values of compressive strength were reduced up to 5 MPa (90 wt%) with the increase
of gangue content. Following the micro and macrostructural investigations performed
on the permeable bricks, the optimal technological parameters were established, which
lead to results above the values provided by standards. The optimum percent of residual
mining waste was 80–90% (tailings 20% and 60–70% gangue) with addition of 10–20%
waste ceramics to optimize the technological parameters (permeability and compressive
strength). The increase of the sintering temperature led to the increase of the liquid phase
generated by tailings and to the densification of the bricks with the effect of reducing
their permeability.

3.4. Mining Waste for AAC Units

The potential of using mining waste in the production of AAC (75–80, 82, 83) has
been analyzed by scientific researchers (Table 3). The complexity of the investigations
performed revealed a series of advantages, but also disadvantages of using mining waste
in the production of AAC. Chemical, mineralogical, and/or particle size distribution
of raw materials were analyzed in the preliminary stage, then, based on preliminary
results, the optimal percentage of mining waste, which can substitute the conventional raw
materials established.

The macroscopical (mechanical strength, physical characteristics) and microscopical
characterization (chemical content, mineralogical composition, microstructural, and ther-
mal analysis) on the final products showed that the iron, copper, and hematite tailings can
replace conventional raw materials in different percentage from products volume/weight
having the mechanical characteristics in the acceptable limits required by standards.

The authors [78,80] found that the amount of C-S-H and the compressive strength
of products decreases with the increase of the IOT content and their particle size in the
AAC blocks’ composition. Mechanical properties of AAC investigated by Ma et al. [78]
vary between 1.65 and 3.15 MPa, depending on the IOT content and silicon and tailings
fineness. The increase of quartz finesse has a positive effect in the formation of hydration
products (C-S-H and tobermorite), but leads to increases in energy demand for manu-
facturing. A recommended ratio for investigated AAC was 8:21–27:62–68:40:60:3:0.14%
(cement:quiklime:siliceous:iron tailings:gypsum:Al powder), in which the compressive
strength was about 2.5 MPa.

Mining waste such “coal gangue” and iron tailings have also been studied as secondary
raw materials in the production of AAC. Studies have shown that the optimal percentage
of mining waste in AAC mass is 40% iron tailings and 20% coal gangue [83], obtaining a
compressive strength of 3.7 MPa.

Liang et al. [79] used IOT in a percentage of 30–55% in the production of AAC, with
values of density and compressive strength influenced by percentage of mining waste from
604 to 590 kg/m3, respectively from 4.17 to 3.2 MPa. A compressive strength of about
4.17 MPa was recorded in the case of samples with 40% IOT from mass.

Zhao et al. [77] used hematite tailings to produce autoclaved bricks. The optimal ratio
of hematite tailings:lime:sand is 70:15:15 [%] of the mixture mass, obtaining the values of
compressive strength of 21.2 MPa.
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The authors Huang et al. [75] analyzed the AAC with 30% copper tailings as a lime
substitute, obtaining compressive strength of 4 MPa for a density of 610 kg/m3. The
replacement of lime with skarn-type copper tailing (SCT) contributes to savings of CO2
emissions that would result from calcination.

Fang et al. [76] have analyzed the autoclaved sand lime bricks with copper tailing
admixture in percentages from 40% to 88% from product mass. The results show that
compressive strength of samples was reduced from 24.3 to 4.6 MPa in the case of specimens
with 88% of tailings compared with reference. For specimens with 50% copper tailings, the
values of compressive strength were increased from 10.2 up to 20.3 MPa due to increase of
lime/sand ratio.

Zhao et al. [82] have studied bricks made of low silicon tailings in 85% and cement-
ing materials 15% from their mass. The results shows that mechanical characteristics of
specimens were about 16 MPa for compressive strength and 3.8 MPa for the bending.

3.5. Mining Waste for Geopolymer Masonry Units

As in the previous cases, different mining wastes were utilized in manufacturing
geopolymer masonry units, as presented in Table 4. Copper mine tailings have been
analyzed by authors Ahmari and Zhang [92,95] as an alternative to the production at low
temperature of eco-friendly bricks through geopolymerization technology. It has been
shown that the compressive strength of bricks was dependent on technological conditions
(forming, pressing, curing temperature), but also on the NaOH concentration. The heavy
metals have been immobilized in the network of geopolymers.

The authors Beulah et al. [93] studied the geopolymer bricks made of IOT and red
bricks with admixture of ground granulated blast furnace slag (GGBS). The optimum mix
of bricks consisted of 70% of red clay/IOT and 30% GGBS. The values of compressive
strength were 28.23 MPa (70% IOT + 30% GGBS) and 16.67 MPa (70% red clay + 30%
GGBS), respectively, at 28 days. The density was 1080 kg/m3 and only 888 kg/m3 in case
of samples with IOT, respectively, for red clay.

The authors Zhang et al. [94] in their research investigated the influence of NaOH
molarity in geopolymerization degree and their failure process under monotonic and
cyclic loading.

4. Critical Assessment Discussions

As can be observed in Tables 2–4, mining waste has been investigated by many
researchers, showing the potential in using as secondary raw materials for the production
of masonry units by substituting totally or partially the natural raw materials (clays,
cement, aggregates). Investigations have been performed on waste collected from different
countries, especially in areas with mining deposits and/or are scarce in natural resources.

The feasibility of the integration of mining waste as a raw material in manufacturing
of masonry units is gained from the SWOT analysis based on the four key aspects (technical,
environmental, social, economic) to develop the critical assessment framework (Table 5).
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Table 5. Strengths–Weaknesses–Opportunities–Threats (SWOT) analysis.

Strengths Weaknesses

S1. Technical strengths:

X base of raw materials with relatively long depletion
periods, consisting of qualitatively important resources
with diverse chemical compositions;

X chemical and mineralogical characteristics close to those
of raw materials, which allows the substitution of
conventional raw materials in diversified percentages
depending on the technical characteristics targeted;

X the values of the mechanical resistances on laboratory
scale are good, being dependent on the content of the
mining waste from the sample mass;

X the physical-mechanical characteristics of samples with
the addition of mining waste often exceed the limit values
imposed by the design codes;

X samples with low content of mining waste or those
burned at higher temperatures have a low content of
heavy metals, thus classifying the finished products in the
category of inert materials;

X mining tailings materials do not require grinding and
screening, which can lead to increased productivity and
reduced production costs.

S2. Environmental strengths:

X can substitute total or partially the virgin raw material
contributing to the preservation of natural resources;

X increasing the efficiency in the manufacturing process of
the final products by consuming less natural and
material resources;

X reduce the water, air, and land pollution, but also the
disposal cost.

S3. Social strengths:

X new job opportunity in the recycling supply chains;
X low cost of the product will increase material affordability;
X there is a higher and professional education infrastructure

capable of preparing qualified personnel for the activity of
reusing mining waste in construction.

S4. Economic strengths:

X may increase the business competitivity due to product
attractivity and low cost, especially in areas with scarce
natural resources;

X emergence of potential suppliers, demanders,
and end-users;

S5. Diversity in resources harnessing:

X decreases the dependence on the exploitation of natural
resources (clay, limestone, sand);

X harnessing waste as it is possible to produce new products
from waste resources;

X harnessing diversity for global business performance;
X they can be an alternative to conventional materials with a

higher price [106].

W1. Technical weaknesses:

X the coarse mining waste requires mechanical treatment
(grinding, drying, collecting) in the preliminary stage,
which can increase the energy consumption and
CO2 emissions;

X high content of toxic substances and hazardous elements,
which limit their uses in a high percent as conventional
material substitution;

X lower characteristics compared with conventional
raw materials;

X requires development of the existing technology, which
can increase the investment cost;

X studies must be extended from laboratory to large-scale
products to validate their technical properties;

X the current technical endowment does not ensure
economic efficiency;

X inadequate access to transport infrastructure and utilities,
cantonment of productive capacities in isolated,
mono-industrial areas;

X lack of specialized post-extraction processing industries.

W2. Introduction risks:

X high content of toxic substances or hazardous elements
may endanger the lives of employees in brick factories;

X difficult operating conditions.

W3. Lack of support from the government:

X lack of national regulation for secondary materials;
X lack of financial support for technological investments;
X non-existence at the national level of up-to-date and

transparent statistical databases, referring to: deposits in
operation, concessioned or potentially concessionable,
volumes and quantities of reserves exploited annually
and, implicitly, of resulting waste, economic agents
carrying out activities of extraction of useful mineral
substances, and waste storage;

X weak interest of local authorities, due to the absence of
legislative provisions through which part of the fees or
royalties paid by operating license holders should be
directed to environmental funds, programs to restore
affected areas, reuse of waste and its reintegration in the
value chain.

W4. Environmental weaknesses:

X treatment process requires energy consumption and CO2
emissions, especially for coarse waste;

X may contain high or medium percent of toxic substances
and hazardous elements.

W5. Economic weaknesses:

X the treatment process especially of coarser waste may
increase the production cost;

X require financial supports to innovate the supply chain.
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Table 5. Cont.

Opportunities Threats

O1. Technical opportunities:

X the existence of a natural competitive advantage in
markets in neighboring countries that do not have mineral
waste reserves and the expansion of the market with the
accession of new member states to the EU;

X the perspective of implementing new technologies for
reuse of mining waste.

O2. Environmental opportunities:

X recycling of mining waste to support the transition from a
linear to circular economy;

X reuse of waste resulting in the production stage of
masonry units or their recycling in the construction and
demolition stages in the production of new construction
materials is a viable solution to ensure the circularity of
the materials;

X the waste resulting in the construction and demolition
stages can also be reused in the construction of masonry
units in the case of new buildings if they meet the quality
criteria, but also in other complementary areas [107].

O3. Social opportunities:

X the existence of a potential for capitalization of some
activities related to the exploitation of mining waste;

X collaboration opportunities between academic and
research institutes or/and economic operators to
contribute and to transfer the know-how to the last
one [108];

X creation of new jobs, especially in disadvantaged areas
due to the decrease/closure of mining operations.

O4. Economic opportunities:

X increased cooperation with mining industry to contribute
to waste circularity and to ensure industrial symbiosis;

X the “green” transition is a major opportunity by creating
markets for clean technologies and products, as well as
creating new value chains in the construction
material sectors;

X implementation of digital, intelligent technologies that can
ensure the transition to the circular economy can
effectively contribute to the sustainable development of
enterprises to increase competitiveness, create jobs, and
reduce the impact on the environment.

T1. Technical threats:

X content of useful substance;
X the existence of other types of waste possible to be used as

secondary materials in construction that can lead to the
development of products with technical characteristics
similar or even superior to those obtained on the basis of
mining waste;

X insufficient study of the products at the producer level, on
a real scale;

X the need to develop pilot factories to validate the results
obtained at the laboratory level;

X the aggregates resulting from the recycled materials have
an increased porosity, so that the maximum allowed
percentage is limited, so as not to affect the technical
qualities of the final product.

T2. Environmental threats:

X adopting mandatory reduction policies.

T3. Social threats:

X increasing the health risks for the labor force involved;
X lack of specialized labor force;
X immaturity of the legislative framework;
X job creation in the areas of mining involved in waste

recycling will lead to income security and increased
living standards.

T4. Economic threats:

X increasing the costs of transporting mining waste from the
storage area to the factory;

X the need to invest in adapting the technological flow to the
current requirements;

X the existence of other waste (organic or inorganic)
generated as a result of local industrial activities can
reduce the attractiveness of mining waste;

X low costs for the exploitation of conventional natural
resources (clay, limestone, sand);

X sufficient fiscal instruments to support investment
programs in the recycling of mining waste are
not developed.

5. Conclusions

The main issues defined by the Ellen MacArthur Foundation [4] and targeted in the
circular economy are to preserve the quality and economic value of products for as long
as possible [109]. Masonry units can contribute substantially to the energy efficiency of
buildings regardless of their destination, climatic or seismic zoning. The reduction of
embodied energy, of exploitation or of the recurrent or post-use energy is necessary in order
to ensure the transition from the linear to the circular economy, but also in order to achieve
the long-term objectives [3,110].

The studies carried out by different authors presented and analyzed in the present
synthesis highlight the feasibility of using mining waste in the production of clay and
geopolymer bricks or ACC units due to their characteristics and good mechanical properties.

The use of residual waste in the production of masonry units requires the development
of standards [111] based on which to establish for secondary raw materials the maximum



Materials 2022, 15, 594 17 of 22

permissible concentrations of heavy metals, soluble salt content, chemical composition,
particle size, and water absorption. The optimization of the maximum percentage of
waste in the mass of the material must be correlated with chemical and mineralogical
characteristics of the raw materials used. The results performed at the laboratory level on
small samples must be validation in the pilot factories where the products will be tested on
a real scale, before their production on a large-scale. Significant variations in mechanical
properties may occur for bricks/block with different geometrical features or with cavities.

The construction materials industry should focus on re-adaptation of the technological
flow so that it can respond to new trends. Some advanced and innovative technological
solutions are required to contribute to the reduction of pollution and CO2 emissions.

To increase the attractiveness of the use of secondary raw materials in the production of
new ones, they must be competitive with natural resources [107,112] both economically and
qualitatively. The costs associated with the recycling process (sorting, crushing, grinding,
transport) must be low enough so that the cost of materials with addition of mining waste
to not exceed the cost of conventional materials.

Creating government policies, supported by financial facilities to stimulate the pro-
ducers of masonry units to invest in modernizing the existing technological flow, but also
creating an industrial symbiosis so that the waste from mining activities is redirected in real
time to construction industry or other complementary sectors. Integrating the transition
process to eliminate the costs of waste storage and to reduce the impact on the environment.

In Romania, there are large deposits of mining waste (Figures 1 and 2) with high
potential for recovery in the construction industry. An industrial symbiosis between the
mining and construction industry are imperative to reduce the environmental impact and
to optimize the material properties and technological flows.

6. Recommendations for Further Research

Quantifying the main findings of this review investigation, the recommendation for
future research directions is to address topics in dedicated works, are as follows:

• necessity for additional examinations, research, and comparative analysis having
as objective the concrete effect determination of the integration of mining waste
in different proportions in the masonry units, in terms of resistance to aggressive
environment, non-destructive testing, microstructural studies, etc.;

• Life cycle assessment and life-cycle cost analysis of production processes that in-
tegrate mining waste into masonry units vs. classical production technologies of
masonry units;

• assessment of average energy consumption and transport cost needed for using differ-
ent types of mining wastes for masonry units;

• large-scale validation on samples of real dimensions and in technological production
conditions similar to those existing at the manufacturer, in order to ensure the research
results transfer to the economic operator;

• elaboration of materials containing technical data to inform end users about the
advantages of using waste-based masonry units;

• conducting surveys (social analysis) at the level of economic and administrative
agents, communities in mining areas on the feasibility, opportunity and sustainability
of recycling and environmentally responsible use of mining waste to create new value
chains in the construction materials industry.

Thus, more focused research is absolutely necessary to be developed in this area, and
mining waste as secondary raw materials seems to be a promising contribution towards
the sustainability of the construction materials industry.
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