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Abstract: Sustainable development requires a holistic perspective that integrates the different aspects
of production and consumption and promotes the transition to a circular economy. This approach
aims to balance the needs of the present and future generations, as well as the social, environmental,
and economic dimensions of development. By producing products that are durable, recyclable, and
reusable, and by minimizing the use of energy and materials, the environmental impact of production
can be reduced while also generating economic benefits and enhancing social well-being. The article
addresses the multicriteria sustainability of producing mortar modified with sand from recycled
concrete rubble. The research explored the possibility of replacing natural sand with recycled sand
in proportions from 10% to 100%. The consistency of mixtures, flexural and compressive strengths
after 2, 28, and 90 days, as well as the carbon footprint and cost of the aggregate used were analyzed.
The waste management index and sustainable use of natural resources were also considered. The
research and analysis showed that recycled sand could be successfully used as an alternative for
natural aggregate, as there are clear environmental and economic advantages, and the basic technical
characteristics do not differ significantly statistically from the unmodified composite.
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1. Introduction

Sustainable development is a global challenge that requires rethinking the way we
produce and consume goods and services [1]. The linear model of production, based on
extracting resources, transforming them into products, and disposing of them as waste,
is not compatible with the finite capacity of the planet and the growing needs of the
population [2,3]. Therefore, there is a need for a transition to a circular economy, where
resources are used efficiently, and waste is minimized or eliminated. A circular economy is
not only an environmental solution, but it is also a source of economic opportunities and
social benefits. By designing products that are durable, recyclable, and reusable, and by
optimizing the use of energy and materials, the environmental impact of production can be
reduced, while also creating value, jobs, and well-being for society. However, achieving
a circular economy requires a holistic perspective that integrates the different aspects of
production and consumption and considers the needs of the present and future generations,
as well as the social [1], environmental [4], and economic [5] dimensions of development.
In view of this, when planning a potentially beneficial modification of cement composites,
all these factors should be taken into account.

The majority of the total waste, more than 60% [6], comes from the construction and
demolition waste that is produced by extracting materials, building new structures, and
improving existing ones [7,8]. This waste is not easy to dispose of by usual methods, but it
can be reused, for instance, as recycled aggregate (RA), which offers a smart and sustainable
solution to be recycled into the circular economy. Aggregate constitutes 60–80% of the
volume of concrete and requires a large amount of raw materials every year (>48 million
tons), which challenges the sustainability of the supplies [9,10].
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The RA as a substitute for natural aggregate (NA) can lower energy use and cost, save
natural resources, and prevent landfill disposal [11]. It can also lower the environmental
impacts of the construction industry, which is the biggest user of natural resources. Recycled
aggregate has several environmental advantages over natural aggregate: it has 30% less
embodied energy, 60% less CO2 emissions, and 65% less greenhouse gas emissions [12].
Moreover, it saves about 58% of energy and could guarantee similar properties of the
concrete as made with natural aggregate [13]. The observed relationships are attributed to
the fact that recycled sand, derived from crushed material obtained during the demolition of
reinforced concrete and concrete structures, does not require extraction and transportation,
often over considerable distances. Additionally, it is easier to crush recycled sand, as
its strength is generally lower than that of the parent rock. This difference in strength
contributes to the variations in embodied energy, CO2 emissions, and greenhouse gas
emissions compared to natural sand. The reduced environmental impact stems from
the inherent advantages of utilizing recycled sand, which avoids the resource-intensive
processes associated with conventional sand extraction and transportation.

In the current times, when there is a lack of availability of sand, it is especially impor-
tant to analyze the possibility of using sand from recycling [14] or recovery [15–17]. In the
ever-evolving landscape of sustainable construction practices, the quest for environmen-
tally friendly alternatives to traditional building materials has gained momentum. One
such critical area of exploration revolves around finding substitutes for sand, a finite re-
source extensively used in the construction industry. Several materials are currently under
consideration for this purpose, with a few noteworthy contenders being slag sand [18],
waste glass powder [19], and various other by-products [20]. One of the possible uses of
sand from recycling is to apply it in cementitious [21] or geopolymer [22] mortars. It has
been found that using recycled sand (RS) instead of natural sand (NS) in cement mortar
lowers their technological properties and strength [23,24]. However, adjusting the shape
and form of RS can also considerably boost the functionality and properties of both mortar
and concrete [25]. Recycled concrete is mainly crushed by a jaw crusher and then an
industrial hammer mill to produce RS. Hence, a precise and effective method to track RS
morphology during the crushing process is essential for the efficient optimization of RS
quality [22,26].

Due to the current guidelines of the European Union [27], it is necessary to analyze
the double significance of the impact. In the case of sand from recycling, apart from the
undeniable influence on the mortar parameters, there is also an impact on the environmental
carbon footprint and use of natural resources, as well as economic and social aspects. In
this context, when analyzing the impact of substituting natural sand with recycled sand, it
is reasonable to use a multicriteria analysis [28,29].

The aim of this study was to investigate the multicriteria sustainability of producing
mortar modified with sand from recycled concrete rubble. The scope of the research
included the following aspects:

• The effect of recycled sand content on the properties of mortar such as consistency,
flexural and compressive strengths, and durability.

• The evaluation of the environmental impact of using recycled sand in terms of carbon
footprint, waste management index, and natural resource consumption.

• The assessment of the economic feasibility of using recycled sand in terms of produc-
tion cost, market demand, and social benefits.

• The research aimed to provide a comprehensive and balanced analysis of the advan-
tages and disadvantages of using recycled sand in mortar production and to propose
optimal solutions for improving the sustainability of the construction industry.

2. Materials and Methods

The materials analyzed in this study were cement mortars with different proportions
of natural sand to recycled sand. They were made of Portland cement CEM I 42.5 (Górażdże,
Poland) and natural crushed sand in the fraction 0/2—their grain sizes between 0 and
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2 mm (Kwarcmix, Poland)—and sand from the demolition of a residential building with a
reinforced concrete structure in the fraction 0/2. The analyzed recycled sand originated
from the crushing and subsequent screening of materials derived from the demolition of
an approximately 30-year-old reinforced concrete residential structure located in Poland.
Due to the origin of the sand from the actual demolition of the building, its composition
was not purely concrete and also contained grains of other origins. The composition of
coarse recycled aggregate from the same crushing batch as the tested sand was examined
according to PN EN 933-11 [30], and the results were as follows: Rc—concrete, concrete
products, and mortar accounted for 88.5%; Ru—unbound aggregate, natural stone, and
hydraulically bound aggregate accounted for 4.7%; Rb—clay, silicate, and cellular concrete
elements accounted for 0.2%, Ra—bituminous materials accounted for 1.9%, X—other, such
as metals, wood, plastic, rubber, and gypsum plaster, accounted for 4.5%. Images of the
recycled sand were made with an optical microscope and confirmed that the compositions
of the grain types in terms of origin were similar to the coarse aggregate (Figures 1 and 2).
The grain size distribution of both sands used is shown in Figure 3. The designed mortars
had a constant cement dosage. The water dosage changed with the level of substitution of
natural sand with recycled sand (Table 1). This was related to the procedure of preliminary
preparation of recycled sand for use in mortar mixtures. The recycled sand was soaked
for 24 h in water and then surface dried and applied to the mixer. As a result, water was
already contained in the sand grains. However, not all the water in the aggregate grains (the
value resulting from the absorption test) was released into the mixture during mixing. In
preliminary tests, it was determined that only 30% of the water contained in the sand grains
could be classified as effective water. The final water content was determined empirically
during mixing until the same consistency was obtained for all mixtures, which is a practice
used on the construction site, where, in most cases, mortars are produced.
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Figure 3. Grain size distribution of examined sands.

The mixture’s consistency was measured according to the method for testing the
plasticity of building mortars (based on the European Standard EN 1015-3 standard [31]),
right after mixing the components. A truncated cone (with dimensions: bottom diameter
100 mm, top diameter 70 mm, height 60 mm) was formed on the flow table. The fresh
composite in this shape was exposed to 15 generative shakes by lifting and dropping the
measuring table to a height of 10 mm at a frequency of 1 per second. The diameter of
the resulting flow was then recorded. The flexural strength of the composite was tested
by preparing 3 rectangular specimens with dimensions of 40 mm by 40 mm by 160 mm
for each composition. The specimens were tested according to EN 196-1 standard [32].
The three-point loading method was applied. The compressive strength of the composite
was tested by preparing 6 specimens for each composition. The specimens were tested
according to the European Standard EN 196-1. The compressive area was 1600 mm2.
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Table 1. Mortar compositions for 1 m3 of mortar mixture.

Composition 1 Cement, kg Water, kg Natural Sand, kg Recycled Sand, kg

RS00 600 300 1803 0
RS10 600 283 1622 199
RS20 600 264 1442 397
RS30 600 247 1262 596
RS40 600 228 1082 793
RS50 600 211 901 992
RS60 600 192 721 1190
RS70 600 174 541 1389
RS80 600 156 361 1586
RS90 600 139 180 1785
RS100 600 120 0 1983

1 The number refers to the percentage of recycled sand in the total aggregate.

The carbon footprint of the produced mortars was determined by taking into account
the scope of analysis, covering aspects of the life cycle modules according to the Euro-
pean Standard EN 15804 [33] from A1 to A4 (A1—raw material supply; A2—transport;
A3—manufacturing; A4—transport). The carbon footprint of the used mixtures assumed
that the distance from the natural sand resources was 400 km, the distance from the cement
producer was 200 km, and the distance from the place of obtaining recycled sand was
20 km. The small, adopted distance for obtaining recycled sand is related to the fact that
both demolition and construction works are usually carried out in urban areas, i.e., at a
short distance from each other.

It is worth noting that, if we assume that the carbon dioxide emissions assumed in
Table 2 for the production of natural sand and recycled sand are the same, the difference in
distance between the mine and the construction site from which the recycled aggregate is
obtained is more than 30 km, and the increased carbon footprint generated by the recycled
aggregate is offset by the carbon footprint generated during transport. The calculations
also assumed that the water consumption in the case of recycled aggregate will be doubled
due to its preliminary preparation process. In order to calculate the cost of the mortar,
the current market prices for the purchase of materials were adopted. The cost of cement
with delivery amounted to 144 euros per ton, the cost of purchasing sand was 10 euros per
ton, and the cost of their transport, including the cost of fuel, depreciation, freight charges,
and margin, amounted to 2.8 euros per km of travel with a vehicle with a load capacity
of 20 tons; the purchase of tap water was valued at a price of 1.0 euro per cubic meter,
and it was assumed that obtaining recycled aggregate did not generate costs other than
transport costs.

Table 2. Carbon footprint calculation methodology.

Component Carbon Footprint Calculation (kg CO2 /t) Source of Information

Cement

production 812.00 [34]

transport

assumed distance: 200 km
fuel consumption approx. 30 L/100 km with a full

load of 27 tons of cement, 20 L/100 km empty
consumption of one liter diesel emits around

2.7 kg of CO2
10.00

[35,36]

Water treatment and procurement 0.91 [37]
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Table 2. Cont.

Component Carbon Footprint Calculation (kg CO2 /t) Source of Information

Natural sand

mining 6.60 [38]

transport

assumed distance: 400 km
fuel consumption approx. 28 L/100 km with a full

load of 20 tons of sand, 20 L/100 km empty
consumption of one liter diesel emits around

2.7 kg of CO2
25.92

[36,39]

Recycled sand

crushing 8.48 [38]

transport

assumed distance: 20 km
fuel consumption approx. 28 L/100 km with a full

load of 20 tons of sand, 20 L/100 km empty
consumption of one liter diesel emits around

2.7 kg of CO2
1.30

[35,36]

The concept of generalized utility function, developed by Harrington [39], enabled
the determination of a generalized multi-criteria model of concrete modified with waste
mineral dust. The values of individual properties, expressed by the obtained regression
equations, were expressed on a dimensionless scale. They were assigned distributions in
the form of lower, intermediate, and upper values, and appropriate utility values were
assigned to them. In the case of properties for which the maximum criterion applied, a
utility value of 1.0 was assigned to the upper values, and a utility value of 1.0 was assigned
to the lower values of a given feature in the case of values for which the minimum criterion
applied. Function (1) was used to calculate the generalized utility function.

U = exp

[
−

m

∑
i=1

wiexp
(
−

yi − yiw
yib − yiw

)]
, (1)

where wi—weight of the feature, yi—value of the feature, yiw—lower limit of the satis-
factory range of the feature, worse value, yib—upper limit of the satisfactory range of the
feature, better value, and 0 ≤ wi ≤ 1; i = 1, 2, . . .., m; ∑m

i=1 wi = 1.

3. Results

The mortar mixtures were prepared according to the algorithm presented in point 3 of
the research scheme (Figure 4). The consistency of the mortar was obtained within the range
of (180 ± 10) mm. From the prepared mortar, beam samples were made and then cured for
24 h under cover and then in water. After 2, 28, and 90 days, bending and compression
tests were performed. The results are summarized in Table 3. It should be noted that,
with the increase in the content of recycled sand, there was no significant increase in the
heterogeneity of the results indicating the heterogeneity of the samples—there was no
correlation between the standard deviations of the results and the share of recycled sand.

As the level of replacement of natural sand with recycled sand increased, the flexural
strength decreased. However, it is worth noting that, over time, these differences were
smaller, and they were practically within the limits of standard deviations of the results
after 90 days (Figure 5).

As the level of replacement of natural sand with recycled sand increased, the compres-
sive strength decreased, but, similarly to the flexural strength, these differences disappeared
with the extension of the curing time. After 90 days, the only statistically significant dif-
ference was the qualitative change—adding even 10% of recycled sand. However, the
quantitative change in the range of dosing up to 80% replacement did not significantly
affect the 90-day compressive strength (Figure 6).
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Table 3. Results of compressive and flexural strength.

2 Days 28 Days 90 Days

Composition ft (MPa) fc (MPa) ft (MPa) fc (MPa) ft (MPa) fc (MPa)

RS00 6.3 ± 0.2 24.6 ± 0.8 9.1 ± 0.3 52.1 ± 1.0 9.2 ± 0.3 55.0 ± 1.7
RS10 5.2 ± 0.1 20.5 ± 1.3 8.3 ± 0.3 52.5 ± 2.1 8.2 ± 0.2 53.8 ± 2.3
RS20 4.9 ± 0.4 22.4 ± 0.6 7.1 ± 0.4 46.4 ± 2.2 7.4 ± 0.2 51.0 ± 1.6
RS30 4.6 ± 0.1 19.0 ± 0.6 7.3 ± 0.6 49.1 ± 0.8 7.5 ± 0.2 49.1 ± 2.3
RS40 5.1 ± 0.5 19.6 ± 0.3 6.9 ± 0.4 44.8 ± 1.3 7.7 ± 1.1 51.3 ± 1.4
RS50 4.4 ± 0.2 16.9 ± 0.3 7.4 ± 0.1 45.3 ± 0.2 7.6 ± 0.3 49.6 ± 1.9
RS60 3.7 ± 0.2 15.4 ± 0.9 6.6 ± 0.5 44.1 ± 2.1 7.5 ± 0.4 50.5 ± 1.1
RS70 3.5 ± 0.2 15.0 ± 0.7 7.1 ± 0.5 44.5 ± 1.0 7.7 ± 0.4 50.3 ± 1.3
RS80 4.0 ± 0.3 15.4 ± 0.6 6.1 ± 1.0 39.7 ± 1.4 7.4 ± 0.1 47.4 ± 2.2
RS90 3.3 ± 0.1 15.0 ± 0.3 6.7 ± 0.6 42.7 ± 0.9 7.6 ± 0.3 45.9 ± 2.1

RS100 2.9 ± 0.1 12.0 ± 0.1 5.9 ± 0.3 39.4 ± 0.9 7.8 ± 0.1 45.9 ± 1.0

The carbon footprint for all mixtures was calculated, covering the range A1–A4, the
price and the amount of natural resources in the form of sand saved for one cubic meter
of mortar, Table 4. Although cement had the largest share in the carbon footprint and the
price, taking into account aspect A4, i.e., the transport of materials, aspects also related to
the applied fine aggregate became important.
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The obtained values of compressive strength, carbon footprint, price, and natural
resource savings were converted to relative values (Table 5). With the increase in the
share of recycled sand, the carbon footprint, price, and compressive strength decrease,
whereas the natural resource savings increase. It should be noted that, while the decrease
in compressive strength is an undesirable feature, the change in the remaining parameters
is beneficial from the point of view of the sustainability of the composite (Figure 7).



Sustainability 2024, 16, 1773 9 of 13

Table 4. Results of calculations—real values.

Composition fc,90 Days (MPa) Carbon Footprint
(kg/m3) Cost (EUR) Natural Resources

Saving (kg)

RS00 55.0 552 205.67 0
RS10 53.8 548 194.36 181
RS20 51.0 544 183.04 361
RS30 49.1 540 171.73 541
RS40 51.3 537 160.42 721
RS50 49.6 533 149.11 902
RS60 50.5 529 137.80 1082
RS70 50.3 525 126.49 1262
RS80 47.4 521 115.17 1442
RS90 46.9 517 103.87 1623
RS100 46.1 513 92.55 1803

Table 5. Results of calculations—relative values.

Composition fc,90 Days
Carbon

Footprint Cost Natural Resources
Saving

RS00 1.000 1.000 1.000 0.000
RS10 0.985 0.993 0.945 0.100
RS20 0.971 0.986 0.890 0.200
RS30 0.956 0.979 0.835 0.300
RS40 0.941 0.972 0.780 0.400
RS50 0.927 0.965 0.725 0.500
RS60 0.912 0.958 0.670 0.600
RS70 0.897 0.951 0.615 0.700
RS80 0.882 0.944 0.560 0.800
RS90 0.868 0.937 0.505 0.900
RS100 0.853 0.929 0.450 1.000

Sustainability 2024, 16, x FOR PEER REVIEW 9 of 13 
 

 

Table 4. Results of calculations—real values. 

Composition fc,90 Days (MPa) Carbon Footprint (kg/m3) Cost 
(EUR) 

Natural Resources 
Saving (kg) 

RS00 55.0 552 205.67 0 
RS10 53.8 548 194.36 181 
RS20 51.0 544 183.04 361 
RS30 49.1 540 171.73 541 
RS40 51.3 537 160.42 721 
RS50 49.6 533 149.11 902 
RS60 50.5 529 137.80 1082 
RS70 50.3 525 126.49 1262 
RS80 47.4 521 115.17 1442 
RS90 46.9 517 103.87 1623 

RS100 46.1 513 92.55 1803 

The obtained values of compressive strength, carbon footprint, price, and natural re-
source savings were converted to relative values (Table 5). With the increase in the share 
of recycled sand, the carbon footprint, price, and compressive strength decrease, whereas 
the natural resource savings increase. It should be noted that, while the decrease in com-
pressive strength is an undesirable feature, the change in the remaining parameters is ben-
eficial from the point of view of the sustainability of the composite (Figure 7). 

 
Figure 7. Relative values of the composites. 

Table 5. Results of calculations—relative values. 

Composition fc,90 Days Carbon Footprint Cost Natural Resources Saving 
RS00 1.000 1.000 1.000 0.000 
RS10 0.985 0.993 0.945 0.100 
RS20 0.971 0.986 0.890 0.200 
RS30 0.956 0.979 0.835 0.300 
RS40 0.941 0.972 0.780 0.400 
RS50 0.927 0.965 0.725 0.500 
RS60 0.912 0.958 0.670 0.600 

0.0

0.2

0.4

0.6

0.8

1.0

0 20 40 60 80 100

Re
la

tiv
e 

va
lu

e

RS [%]

relative carbon footprint
relative cost
relative strength
relative natural resources saving

Figure 7. Relative values of the composites.

The generalized utility function indicates that, with the adopted boundary values and
weights of features (Table 6), the best dosages of recycled sand are in the range from 40% to
60%. This allows for achieving satisfactory compressive strength after 90 days and, at the
same time, it reduces the cost and carbon footprint of the composite and saves significant
amounts of natural resources (Figure 8).
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Table 6. Utility function parameters.

fc,90 Days Carbon Footprint Cost Natural Resources
Saving

weight of the feature 0.5 0.2 0.2 0.1
better value 50 MPa 525 kg/m3 EUR 205 1803 kg
worse value 47 MPa 550 kg/m3 EUR 150 900 kg
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In the conducted multicriteria analysis, weights were assigned to different criteria to
reflect their relative importance in the decision-making process. One of the fundamental
parameters in this analysis was compressive strength, for which a weight of 0.5 was as-
signed as dominant. This choice was made due to its crucial role as a primary technical
parameter for construction mortars. The proportions between the remaining weights were
determined in accordance with the criteria outlined in various environmental building
certifications such as LEVELS, BREEAM, and LEED. These certifications provide guidelines
for sustainable construction practices, and their criteria were considered relevant in estab-
lishing the relative importance of different aspects. To assess the sensitivity of the adopted
weights, a Monte Carlo method was employed. The normal distribution of weights was
assumed, with a standard deviation set to 30% of the adopted weight. Through 1000 Monte
Carlo simulations, the analysis aimed to evaluate the robustness of the weighting scheme.
Furthermore, the criterion for the generalized utility function U, set at 0.6, was used as a
benchmark. It was found that the criterion was met in over 90% of cases when substitut-
ing natural sand with recycled sand ranged between 40% and 60%. This result indicates
the effectiveness of the weighting scheme in capturing the desired outcomes within the
decision-making framework.

4. Discussion

The effect of replacing natural sand with recycled sand on the flexural strength of
mortar is negative. This means that the higher the proportion of recycled sand, the lower the
flexural strength. However, it should be noted that, over time, these differences decrease,
and they are practically within the limits of standard deviations of the results after 90 days;
the same is true for compressive strength. Increasing the proportion of recycled sand
causes a decrease in compressive strength. The compressive strength of mortars modified
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decreases with an increasing proportion of recycled sand. Specifically, when replacing 50%
of natural sand with recycled sand, the strength decreases by approximately 10%, and the
reduction is around 20% with 100% replacement. Similarly to the flexural strength, these
differences disappear with the extension of the curing time. It is crucial to emphasize that
the 90-day flexural strength of mortars with recycled aggregate is comparable to that of
unmodified mortars. Notably, a noticeable difference in flexural strength only occurs with
a qualitative change (10% substitution of natural sand with recycled sand). Increasing the
proportion of recycled sand beyond this threshold does not significantly impact the flexural
strength of mortars after 90 days of curing. Simultaneously, the carbon footprint, calculated
in the A1 to A2 areas, decreases. When substituting 50% of natural sand with recycled
sand, the carbon footprint drops by 19 kg per cubic meter of the mixture, and, with 100%
replacement, it reduces by 38 kg per cubic meter. Considering transportation costs, it is
noteworthy that the mixture with 100% recycled sand may be up to twice as cost-effective.
This is attributed to the proximity of recycled sand sources to the utilization sites. The
obtained results are consistent with the results from the literature, which confirms the
possibility of using recycled sand in mortar production. However, the article attempts to
extend the analysis to additional features that cannot be ignored in a holistic analysis of
sustainable building materials. In particular, the extension of the analysis to the carbon
footprint analysis of aspect A4 related to the transport of materials proved to be significant
in the case of fine aggregates. It will also become increasingly important due to the limited
resources of sand that can be used as a component of mortars and cement concretes in
Europe. Therefore, it is important to take into account the distance between the place of
obtaining sand and the place of its application, as well as the type and amount of fuel
consumed. Only then can a correct assessment be made of the impact of recycled sand on
the environment and the economy.

5. Conclusions

The article presents a multi-criteria analysis of the environmental, economic, and
technical aspects of using recycled sand from construction and demolition waste as a fine
aggregate for mortar production. The analysis shows that the use of recycled sand can
reduce the carbon footprint, cost, and natural resource consumption of the mortar, while
maintaining acceptable compressive strength. The article suggests that the process should
be analyzed in the widest possible range of the life cycle of the building object. However,
even the analysis in aspects from A1 to A4, i.e., the production of mortar components plus
transport, indicates a significant impact of the distance of raw material extraction on the
total carbon footprint of the mortar. The main conclusions of the article are:

• The use of recycled sand from concrete rubble in mortar production has a positive
impact on the sustainability of the construction industry, as it reduces the carbon
footprint, the waste management index, and the natural resource consumption of the
material.

• The optimal replacement level of natural sand with recycled sand is between 40%
and 60%, as it provides satisfactory flexural and compressive strengths, as well as
minimizing the cost and the environmental impact of the mortar.

• The curing time is an important factor that affects the properties of mortar with recy-
cled sand, as the differences in strength between natural and recycled sand decrease
over time.

• The transport of materials is a significant aspect of the life cycle analysis of mortar with
recycled sand, especially in the case of fine aggregates, which have limited availability
in Europe.
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