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Abstract: Although there has been a notable increase in Life Cycle Assessment (LCA) stud-
ies in civil engineering, the field of Mechanically Stabilized Earth (MSE) with geosynthetics
remains relatively underexplored. This research aimed to perform LCA together with a
circularity analysis of countries that could represent the South American context. The
materials and methods section covers an environmental analysis using LCA, spanning the
manufacturing phase to the end of the structures of MSE with different geosynthetics, com-
paring Earth-Retaining Walls (ERWs), employing the ReCiPe method. Material circularity
analyses for the three structures under consideration were performed using the Material
Circularity Indicator (MCI). The proposed scenarios were conducted not only when recy-
cled materials were introduced to replace virgin materials, but also when examining the
concrete face and incorporating vegetation planting. The results suggest that MSEs can be
environmentally more sustainable than ERWs. Therefore, the decreases were 80%in almost
all categories. Furthermore, the material circularity analysis indicated that the incorpora-
tion of recycled materials increased the MCI, achieving 250% circularity for geosynthetics.
Thus, it was inferred that the LCA methodology and circularity analysis effectively enabled
qualitative and quantitative assessments. Notably, the findings highlighted the superior
environmental sustainability of soil structures compared to their concrete counterparts.

Keywords: circularity; environmental impacts; geosynthetics; life cycle assessment;
sustainability

1. Introduction
The construction industry ranks among the leading contributors to greenhouse gas

emissions [1]. Therefore, it is essential to seek solutions that can mitigate the potential
impacts associated with the construction sector [2]. Over recent decades, there has been a
notable surge in the demand for natural resources, where by civil construction accounts for
more than 50% of these demands [3]. Therefore, the relentless exploitation of resources by
the construction industry has led to the degradation of ecological systems that are crucial
for the sustenance of all living organisms [4].

A viable solution lies in adopting alternative structures with reduced environmental
impacts compared to traditional counterparts. In the field of geotechnical engineering, the
solution can be created by implementing Mechanically Stabilized Earth (MSE) techniques
and integrating geosynthetics or other sustainable materials [5]. Moreover, MSEs can be
reinforced with grids, polymeric straps, or metal reinforcement [6].

In reference to geosynthetics, these materials have been important for sustainable
development for many years, as they can replace scarce raw materials [7]. Geosynthetics
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offer cost competitiveness compared to traditional Earth-Retaining Wall (ERW) systems [8].
Therefore, assessing the environmental feasibility of using these MSE techniques requires
using instruments to quantify and qualify the potential impacts to minimize them [9]. To
this end, Life Cycle Assessment (LCA) has proven to be an effective method to assess the
potential environmental impacts of products or services throughout their life cycle [10,11].

In recent years, there has been a notable surge in research focusing on LCA within
the field of Civil Engineering [12,13]. Despite the growth in research, LCA applications
in civil construction projects involving geosynthetics remain relatively uncommon [14].
However, geosynthetic technologies have been widely utilized in various civil engineering
endeavors globally, including projects related to landfills [15], recycled construction and
demolition waste [16], retaining structures [17], roads [18], and railway infrastructure [19].
Although these studies are very important for civil engineering, they tend to evaluate
mechanical efficiency and its long-term performance, leaving environmental analyses in
the background.

With the increase in the average global temperature, phenomena such as flooding,
drought, and rising sea levels are becoming increasingly frequent and severe [20]. The
aforementioned climate changes can be attributed to greenhouse gas emissions, with ap-
proximately 70% of these impacts potentially resulting from infrastructure construction
and operation activities [21]. As emphasized by [22], conventional ERWs constitute essen-
tial elements of infrastructure. In this context, conducting environmental assessments is
essential to propose alternative solutions that have reduced environmental impacts.

Several comparative studies have been conducted using LCA to examine the different
environmental impacts of different retaining walls [23–31]. However, all of these studies
focus on the analysis of ERWs with concrete. As in the study conducted by [32], the
researchers found that gabion and masonry walls generate less carbon emissions than
concrete walls at heights of 1 to 6 m. However, for heights above 4.5 m, cantilever walls are
considered more suitable than gravity walls.

Other LCA research on MSEs has been employed. A study conducted by [33] in-
vestigated the benefits of geosynthetics in two geotechnical applications: an MSE and a
conventional wall solution, showing environmental advantages for MSE. The authors in the
research [34] indicated that using geosynthetic materials as reinforcement in MSE generates
considerably lower environmental impacts than those observed in similar structures with
metallic reinforcement. In another analysis [35], researchers detailed the main LCA method-
ologies and their applications to environmental impacts in typical earth-retaining structures
and MSEs. In the study by [36], the authors reported that the use of geosynthetic reinforce-
ment in MSE results in slightly lower environmental impacts compared to those constructed
with metal reinforcement. All this LCA research performed on traditional ERWs and MSEs
with alternative materials, such as geosynthetics, suggests the hypothesis that MSEs may
be more environmentally sustainable when compared to conventional ERWs.

In addition to the LCA methodology, another instrument for making structures more
sustainable is the recovery or reuse of materials through the Materials Circular Econ-
omy [37]. The Circular Economy (CE) represents a regenerative system in which inputs,
waste, and emissions are reduced or can be fully reused or recovered [38].

Introducing the CE to the construction sector aims to significantly limit the environ-
mental impact of construction-related human activities by reducing the built environment’s
impact throughout its life cycle [39]. However, despite the urgency of a sustainable eco-
nomic system and the enormous impact of the construction sector, there remains a notable
absence of a comprehensive methodology to monitor and assess circularity in the Civil
Engineering sector [40].
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Circularity analysis can be more effective when performed in conjunction with
LCA [41]. This, in turn, can support decision-making and strategies related to environmen-
tal performance and guide the search for more effective environmental improvements of
products and procedures [42].

Despite the relevance, previous research has predominantly focused on studies re-
garding MSEs with geosynthetics in European countries and North America [23–36], thus
lacking results that could be applicable to the South American context. Hence, our study
aims to address the described gap. Furthermore, it seeks to assess the circularity of ma-
terials comprising the primary constituents of these structures. Thus, as far as we know,
none of the studies carried out in LCA in containment structures have analyzed material
circularities, highlighting the unique contribution of our work.

The combination of LCA and CE for designing MSEs with geosynthetics can contribute
to sustainable development [43]. Moreover, our research can provide a contribution to
the Sustainable Development Goals (SDGs), especially SDG 9 (industry, innovation, and
infrastructure), SDG 12 (responsible consumption and production) and SDG 13 (climate
action), promoting an opportunity to reflect on ways to make Civil Engineering a more
environmentally efficient activity [44]. Therefore, our study can add to regional and
governmental trends because, in a country where the National Solid Waste Policy needs to
be more widespread [45], this study can encourage sustainable construction practices with
environmental responsibility.

Additionally, one of the key motivations driving our research is to offer scientific
support to professional designers and builders engaged in constructing such structures,
enabling them to choose structures and materials with lower environmental impacts.

2. Materials and Methods
This section describes the procedures that guided the methodology of our research,

namely, the definition of the structures studied, the application of the LCA phases, the
analysis of material circularity, and the proposal of scenarios.

2.1. Types of Structures Where LCA Has Been Applied

A slope is defined as a sloping surface comprising soil or rock, which may occur
naturally or be artificially constructed [46]. Ensuring slope stability is paramount in all
contexts, as ERWs serve as a crucial means to achieve this objective [47,48].

Our research studies the environmental performance of ERWs standing at a height of
6 m(H). A comparative analysis of the life cycles of two MSE walls incorporating geosyn-
thetics (Figure 1a) and a concrete gravity ERW (Figure 1b) was conducted. In addition to
the height, all other measurements of both structures were considered in meters (m).
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For MSE wall reinforcement, two types of geosynthetics were utilized: Woven Geotex-
tile (Figure 2a) and Geogrid (Figure 2b). The longitudinal tensile strength of the Woven
Geotextile and the Geogrid was 25 kN m−1, regarding the thickness of the elements the
Woven Geotextile had 1.4 × 10−3 m and the Geogrid had 1.2 × 10−3 m [49].
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(b) geogrid [49].

Geosynthetics were selected to meet specific requirements regarding tensile strength.

2.2. Scope of the Study

The fundamental function of MSEs and ERWs structures is to prevent the displacement
of soil masses, mitigating the forces acting on the slopes [50].

The product system refers to a comprehensive framework encompassing all operations
involved in the life cycle of the product or service under examination. It involves defining
each unit process comprising the life cycle [51].

Our research proposes to carry out an analysis of the performance of environmental
impacts through the LCA methodology from cradle-to-grave, analyzing the manufacturing,
construction, maintenance, and end-of-life processes (Figure 3).
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The minimum durability of ERWs with concrete is 50 years [52]. Thus, the same
service life was adopted for both MSEs with geosynthetics. The functional unit adopted
was 1.00 m3 for the analyzed structures in the city of São Carlos, state of São Paulo, Brazil.
The objective of a functional unit is to ensure the comparability of results [53], through
input and output reference flows [54].

2.3. Life Cycle Inventory

During the Life Cycle Inventory (LCI) phase, it is imperative to quantify the various
unit processes previously defined within the boundaries of analysis. In the LCI stage,
refining and quantifying the different matter and energy flows listed in the processes is
critical to obtain a detailed and accurate representation of the LCA of the product or process
in question [55].

In our study, data collection began with the collaboration of companies involved in the
manufacturing and implementation of geosynthetic projects. In cases where information
gaps were identified, the technical literature was used to complement the data. Regarding
ERWs, all pertinent data were sourced exclusively from the technical literature [23–32]. For
this present study, the Ecoinvent database was used.

2.3.1. Manufacture of Materials

For the manufacturing process of 1 kg of geosynthetics (Table 1), the analysis encom-
passed all materials provided by the manufacturer. The manufacturing process included
all resources required to produce both the geogrid and the woven geotextile.

Table 1. Materials selected to produce 1 kg of the primary resources used in containment structures.

Material Units Concrete Geogrid Woven Geotextile

Raw material kg 1.1 1.01 1.05
Superplasticizer additive kg 0.0011 - -

Water kg 0.072 0.90 1.1
Electricity kwh 1.1 0.80 0.85

Diesel Machinery L 0.2 0.15 0.18
Use of the factory for production m2 8 × 10−4 5 × 10−4 5 × 10−4

Waste generated after manufacturing kg 0.11 0.50 0.50
Transport tkm 0.09 0.29 0.30

Concerning the raw materials for geosynthetics, polyethylene, and polyester are
regarded as fundamental materials. Thus, they are essential materials for the manufacture
of geosynthetics. Nonetheless, there are some minor distinctions between the polymers
utilized [56]. This implies that the selection between polyethylene and polyester may not
significantly influence the choice of geosynthetic material.

To produce 1 kg of concrete (Table 1), the basic inputs used were stone, sand, cement,
and water. The superplasticizer additive was also considered a material used to improve
the workability of concrete, thus improving its resistance. The following quantities of raw
material were considered: Polypropylene (95%) and Color Masterbatch—carbon black
(5%) for the geogrid and polypropylene (96%); Color Masterbatch—carbon black (1%); and
Filler Masterbatch—calcium carbonate (3%) for the woven geotextile. For the concrete, the
following composition in kg mass was considered: 1:3:6 (cement–sand–stone), with a water
quantity of 60% in relation to the quantity of cement. The characteristic strength of the
concrete utilized for the traditional ERWs was 30 MPa.

In our study, diesel was the primary fuel used for vehicles transporting materials from
structures to their factories, other machines ran on electricity.

It should be mentioned that Brazil’s electricity mix predominantly relies on renewable
sources, with approximately 88% of the domestic electricity supply sourced from clean
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energy as of 2022. Hydroelectric generation is the primary contributor, comprising 64%
of the total supply. Other renewable sources, such as wind (11.8%), solar (4.8%), and
sugarcane bagasse (4.4%), also play significant roles. The energy panorama is further
supplemented by black liquor or bleach, net imports, and other renewable sources. This
diversified energy generation profile, underscored by a strong emphasis on renewables,
reflects Brazil’s commitment to sustainability and energy security [57].

2.3.2. Implementation of Structures

Digging and compaction machines were required for the construction process, and
diesel oil was the fuel used in these machines. Some situations required smaller hand
compactors that also used diesel fuel.

For this present study, we did not consider the materials or processes that occur below
the surface of each structure. The water table was assumed to be below the base and did
not influence the analyses.

For the two MSEs and the ERW, a layer of stone was built, and pipes were installed
to assist in the drainage of the three structures. A concrete ballast was executed for the
MSEs reinforced with geosynthetics. The MSEs were compacted in layers with a thickness
of 75 cm and horizontal installation of geosynthetics occurred in the main layers.

To facilitate the execution of MSEs with geosynthetics and the ERW with concrete,
wooden panels were employed, which are reusable. Additionally, a waterproofing proce-
dure was conducted to enhance the longevity of the structures. Regarding the steel used in
the gravity structure, it had no structural function; therefore, it was not considered for the
analysis of the potential impacts of our research. The woven geotextile has a grammage
of 180 g/m2 and the geogrid features a grammage of 400 g/m2. Moreover, according to
the geosynthetics manufacturer’s recommendations, 42 m2 of geogrid and 49 m2 of woven
geotextile are required. All quantities of materials necessary for the construction of 1 cubic
meter of the three structures are itemized in Table 2.

Table 2. Materials needed to construct 1 m3 of retaining structures.

Material Units Concrete Geogrid Woven Geotextile

Concrete kg 2400 - -
Concrete Ballast kg - 120 120

Electricity kWh 200 150 150
Stone kg 1100 1100 1100

Tubing m 3 1.8 1.8
Diesel L 50 250 250

Geosynthetics kg - 19.6 8.82
Wood kg 30 7 7

Excavation of the base kg 1800 300 300
Base compaction h 0.9 0.15 0.15

Layer compaction h - 1.2 1.2
Installation of geosynthetics h - 0.4 0.6

Water kg 170 260 260
Face coating kg - 240 240

Coating Installation h - 0.04 0.04
Waterproofing (Bitumen) kg 3.5 - -

Land Use m2 0.9 0.5 0.5
Waste generated after construction kg 360 5 5

Transport tkm 744.64 147.83 147.82
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2.3.3. Maintenance of Structures

The construction of the structures required using identical machinery, and the materials
utilized are detailed in Table 3.

Table 3. Materials needed for the maintenance of 1 m3 of containment structures.

Material Units Concrete Geogrid Woven Geotextile

Concrete kg 200 - -
Electricity kWh 15 10 10

Water kg 13 5 5
Diesel for Machinery L 5 3 3

Wood kg 5 - -
Geosynthetics m2 - - -
Face coating kg - 120 120

Soil compaction h 0.9 0.6 0.6
Waste generated after maintenance kg 15 3 3

Transport tkm 5.81 3.68 3.68

In general, the maintenance schedules for all three structures are determined by
their overseeing management, who must balance the material’s longevity and its current
condition. However, regular inspections are essential to prolong the structures’ service
life. In order to increase the structures’ service life, routine inspections should be carried
out annually, a special inspection every five years, and, when necessary, extraordinary
inspections [58], both on concrete structures and on soil structures.

According to information from the construction company, the MSEs with geosynthetics
were designed for their useful life without any significant intervention, as they are under-
ground structures. Therefore, the main intervention in the MSEs was the recomposition of
the concrete face covering.

2.3.4. End of Life

For the end-of-life calculations of the retaining structures, after the maintenance
processes, the concrete was recycled at a rate of 90% [59]. According to experts, the
recycling rate of concrete can be achieved if the material is previously separated before the
recycling process [60]. The remaining concrete was sent to the landfill.

For the geosynthetics, recycling rates of 80% were adopted for both the geogrid and
the woven geotextile. The remaining material was disposed of in landfills after use [61].
The final destination stage included transportation to the landfill, spanning a distance of
50 km, and machine operation, which consumed 3 L of diesel per m3.

2.4. Life Cycle Impact Assessment

Life Cycle Impact Assessment (LCIA) is an essential component of LCA, aimed at
quantifying the potential environmental impacts of a product or service across its entire
life cycle [62]. In LCIA, Life Cycle Inventory (LCI) data are linked with distinct impact
categories to classify, characterize, and quantify environmental impacts [63].

In our study, LCIA was conducted using the ReCiPe method (2016), hierarchist version.
This method was selected due to its ability to cover a wide range of impact categories,
making it one of the most used methods among researchers investigating LCA. Among the
studies related to MSEs with geosynthetics, approximately 40% used the method, making
it the preferred choice among researchers in the field [33–36].

Although the ReCiPe method included 17 categories at a midpoint [64], the categories
selected for this study are presented in Table 4. They were the same categories used in
other research that studied LCA in soil structures reinforced with geosynthetics [33–36].
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Table 4. Impact categories.

Impact Category Unit Acronym Reference

Freshwater Eutrophication Potential kg P eq FEP
Human Toxicity Potential kg 1.4-DCB HTP
Global Warming Potential kg CO2 eq GWP

Marine Eutrophication Potential kg N eq MEP
Ozone Formation Terrestrial Potential kg NOx eq OFTP

Terrestrial Acidification Potential kg SO2 eq TAP
Resource Depletion Potential kg Cu eq RDP

The most recent version of the OpenLCA software (version 2022) was used to process
the inventory data. All data collected, primary and technical literacy (secondary), were
characterized by the ReCiPe method (2016), and the results achieved were analyzed, treated
later, and transformed into graphs to help understand the potential environmental impacts.
After the LCIA, the normalization factor proposed in Europe ReCiPe H, 2000 was applied,
which represents the impact of Europe for 2000 [65,66]. The choice of these standards is
justified, as there is no relevant regulation in Brazil. For this reason, the instructions from
the European regulation were used, as they are more representative of the area.

According to [67], normalization is a process that aims to make the results of different
impact category indicators in an LCA comparable. The normalization procedure is per-
formed by dividing each category’s results by a predefined reference value, allowing a more
comprehensive and objective analysis of environmental impacts [68]. The normalization
factors used in our research are shown in Table 5 below:

Table 5. Normalization factors.

Acronym Reference Unit Normalization Factor

FEP kg P eq 6.49 × 10−1

HTP kg 1.4-DCB 1.49 × 1013

GWP kg CO2 eq 7.99 × 1014

MEP kg N eq 4.61 × 1014

OFTP kg NOx eq 1.78 × 1014

TAP kg SO2 eq 4.10 × 1013

RDP kg Cu eq 1.20 × 1014

2.5. Material Circularity Analysis

Circularity indicators were developed to assist organizations in assessing and commu-
nicating their progress in the context of the CE [69].

The Material Circularity Indicator (MCI) was primarily developed by combining four
product characteristics: the quantity of virgin raw material (V) used during manufactur-
ing; the volume of non-recoverable waste (W) attributed to the product; the linear flow
indicator (LFI); and a utility factor (UF) that considers the product’s durability and usage
intensity [66]. Below is the equation that describes the MCI:

MCI = 1 − LFI × UF (1)

The MCI assigns a score between 0 and 1 to represent the circularity level of a material
product. Values closer to 1 signify a heightened degree of product circularity. Due to
its inclusion of parameters related to reuse, recycled materials, the recycling process’s
efficiency, the product’s shelf life, and its end-of-life treatment, the MCI is considered
a robust metric [69]. The results of the MCI for the traditional ERW were calculated
considering its main input, which consisted of concrete. The main components of the
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other two MSEs were the geogrid and the woven geotextile. Materials with MCI values
approaching 1 indicate high circularity, while those nearing 0 represent low circularity.

2.6. Proposed Scenarios

A scenario analysis was conducted. To achieve this goal, analyses related to altering
the face of the soil structures were carried out. For our present study, environmental studies
were carried out on the concrete face, but it is also very common to perform them on the
grass planting face instead of the concrete face [70].

Therefore, scenario analysis studies were conducted, contrasting grass planting with
the identical concrete-faced structures previously examined in this present study. Moreover,
scenarios were proposed to evaluate the materials’ circularity.

Reusing concrete can yield considerable socio-economic and environmental advan-
tages, in addition to technical advantages, such as the possibility of replacing up to 50%
of traditional aggregates with recycled materials without compromising the mixture’s
mechanical properties [59]. Thus, to compare the MCI of the concrete with those of the
geogrid and the woven geotextile, environmental analyses were carried out with different
increases in the content of recycled materials in relation to virgin materials (Table 6). The
additions of recycled materials evaluated were 10%, 20%, 30%, 40%, and 50% replacing
virgin materials. The purpose was to analyze the influence of the increase in these recycled
materials on the MCI values of concrete, geogrid, and woven geotextile.

Table 6. Percentages of waste were added to calculate the MCI.

Material Components Additions of Recycled Material

10 (%) 20 (%) 30 (%) 40 (%) 50 (%)
(%) (%) (%) (%) (%)

Recycled material
before period of use

(%)

Concrete with virgin materials 90 80 70 60 50
Recycled concrete 10 20 30 40 50

Geogrid with virgin materials 90 80 70 60 50
Geogrid with recycled materials 10 20 30 40 50

Geotextile fabric with virgin materials 90 80 70 60 50
Geotextile fabric with recycled materials 10 20 30 40 50

Recycled material
after period of use

(%)

Concrete with virgin materials 90 80 70 60 50
Recycled concrete 10 20 30 40 50

Geogrid with virgin materials 90 80 70 60 50
Geogrid with recycled materials 10 20 30 40 50

Geotextile fabric with virgin materials 90 80 70 60 50
Geotextile fabric with recycled materials 10 20 30 40 50

3. Results
3.1. Analysis of the Potential Environmental Impacts of the Proposed Categories

The performance of the structures was analyzed, and the potential environmental
impacts were calculated using the ReCiPe 2016 method, as described previously. The manu-
facturing, execution, maintenance, and end-of-life processes were considered. Furthermore,
the seven categories specified in Table 4 were studied, which highlight the effects on human
health and the ecosystem. The results were described in Table 7 for the three structures for
the analyzed categories.

The ReCiPe evaluation method was applied using the normalization factors proposed
by this method, described in Table 5. The application of these factors allowed all results to
be presented on the same scale. The final results were presented as normalized impact for
the three structures in Table 8.
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Table 7. Non-normalized results.

ERW in Concrete

Impact Category Manufacturing Construction Maintenance End-of-life
FEP 3.37 × 10−16 1.89 × 10−16 1.29 × 10−16 1.04 × 10−16

HTP 9.94 × 10−1 2.26 × 100 3.04 × 10−2 6.70 × 10−3

GWP 4.68 × 10−4 2.30 × 10−3 1.84 × 10−4 4.34 × 10−4

MEP 4.65 × 10−8 2.25 × 10−4 1.80 × 10−5 4.24 × 10−6

OFTP 8.28 × 10−5 3.44 × 10−4 4.16 × 10−5 8.37 × 10−6

TAP 4.69 × 10−17 1.08 × 10−17 1.70 × 10−17 2.22 × 10−17

RDP 1.45 × 10−4 9.85 × 10−4 9.23 × 10−4 2.05 × 10−4

MSE with Geogrid
Impact Category Manufacturing Construction Maintenance End-of-life

FEP 8.36 × 10−18 4.86 × 10−18 2.38 × 10−18 8.47 × 10−18

HTP 3.14 × 10−1 6.13 × 10−1 4.27 × 10−3 3.19 × 10−3

GWP 7.04 × 10−5 9.98 × 10−5 4.86 × 10−6 2.04 × 10−5

MEP 1.57 × 10−9 1.88 × 10−5 8.81 × 10−7 6.03 × 10−7

OFTP 6.18 × 10−6 5.28 × 10−5 5.31 × 10−7 1.22 × 10−6

TAP 1.19 × 10−18 8.97 × 10−19 5.75 × 10−19 6.61 × 10−19

RDP 7.07 × 10−6 5.27 × 10−5 2.75 × 10−5 6.32 × 10−6

MSE with Woven Geotextile
Impact Category Manufacturing Construction Maintenance End-of-life

FEP 4.80 × 10−18 2.19 × 10−18 1.38 × 10−18 2.04 × 10−18

HTP 2.12 × 10−1 4.24 × 10−1 1.37 × 10−3 2.17 × 10−3

GWP 5.15 × 10−5 5.03 × 10−5 2.49 × 10−6 1.33 × 10−5

MEP 1.36 × 10−9 5.64 × 10−6 6.10 × 10−7 2.82 × 10−7

OFTP 3.87 × 10−6 9.82 × 10−6 5.31 × 10−7 7.70 × 10−7

TAP 6.10 × 10−19 6.24 × 10−19 3.75 × 10−19 3.20 × 10−19

RDP 5.43 × 10−6 2.16 × 10−5 2.75 × 10−5 2.58 × 10−6

Table 8. Normalized results.

ERW in Concrete

Impact Category Manufacturing Construction Maintenance End-of-life
FEP 5.19 × 10−16 2.92 × 10−16 1.98 × 10−16 1.61 × 10−16

HTP 1.24 × 10−15 2.83 × 10−15 3.81 × 10−17 8.39 × 10−18

GWP 3.14 × 10−17 1.54 × 10−16 1.24 × 10−17 2.91 × 10−17

MEP 1.01 × 10−22 4.89 × 10−19 3.90 × 10−20 9.21 × 10−21

OFTP 6.90 × 10−19 2.87 × 10−18 3.47 × 10−19 6.97 × 10−20

TAP 2.64 × 10−31 6.10 × 10−32 9.59 × 10−32 1.25 × 10−31

RDP 3.54 × 10−18 2.40 × 10−17 2.25 × 10−17 4.99 × 10−18

MSE with Geogrid
Impact Category Manufacturing Construction Maintenance End-of-life

FEP 1.29 × 10−17 7.49 × 10−18 3.67 × 10−18 1.30 × 10−17

HTP 3.94 × 10−16 7.67 × 10−16 5.35 × 10−18 4.00 × 10−18

GWP 4.72 × 10−18 6.70 × 10−18 3.26 × 10−19 1.37 × 10−18

MEP 3.40 × 10−24 4.08 × 10−20 1.91 × 10−21 1.31 × 10−21

OFTP 5.15 × 10−20 4.40 × 10−19 4.42 × 10−21 1.02 × 10−20

TAP 6.70 × 10−33 5.05 × 10−33 3.23 × 10−33 3.72 × 10−33

RDP 1.73 × 10−19 1.29 × 10−18 6.71 × 10−19 1.54 × 10−19

MSE with Woven Geotextile
Impact Category Manufacturing Construction Maintenance End-of-life

FEP 7.40 × 10−18 3.37 × 10−18 2.13 × 10−18 3.14 × 10−18

HTP 2.65 × 10−16 5.30 × 10−16 1.72 × 10−18 2.71 × 10−18

GWP 3.46 × 10−18 3.38 × 10−18 1.67 × 10−19 8.91 × 10−19

MEP 2.96 × 10−24 1.22 × 10−20 1.32 × 10−21 6.12 × 10−22

OFTP 3.23 × 10−20 8.18 × 10−20 4.42 × 10−21 6.41 × 10−21

TAP 3.43 × 10−33 3.51 × 10−33 2.11 × 10−33 1.80 × 10−33

RDP 1.33 × 10−19 5.26 × 10−19 6.71 × 10−19 6.30 × 10−20
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The results of the contributions of potential impacts normalized by the impact category
in the manufacturing, construction, maintenance, and end of life processes are presented
below (Figure 4a–c).
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Figure 4. Contribution of processes by impact category: (a) earth-retaining wall (ERW) in concrete;
(b) mechanically stabilized earth (MSE) with geogrid; and (c) mechanically stabilized earth (MSE)
with woven geotextile.

When examining which process exhibited the highest magnitude per category in the
specific ERW (Figure 4a), it was observed that the construction process predominated in
four out of the seven categories analyzed, in all these four categories GWP, HTP, MEP,
and RDP, the contribution to the construction process was at least 60%. During the ERW
construction stage, more than 90% of participation was attributed to the MEP category.

The second process with the highest recurrence was manufacturing, which had the
highest magnitude in two of the seven categories. In the ERW manufacturing phase, the
FEP category had more than 40%, and the OFTP category had approximately 50% of the
manufacturing phase contribution. The TAP impact category had a similar contribution
between the construction and maintenance phases, with a contribution of approximately
40% to both processes.

On the other hand, for MSE with geogrid (Figure 4b), this analysis followed the same
trend as that of ERWs in concrete, in which the execution process participated in five of
the seven categories, the contribution to the construction process was at least 50% in all
five impact categories: GWP, HTP, MEP, RDP, and TAP. In the construction stage of MSE
reinforced with geogrid, over 95% participation was observed in the MEP category, making
it the most significant involvement during the execution phase. Additionally, similar to
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concrete ERW, manufacturing was the second process with the highest participation in
the seven categories investigated. For the FEP impact category, the manufacturing and
end-of-life phases had similar values, with almost 40% contributions each. The OFTP
impact category had the manufacturing phase as the largest contributor, with almost 40%.

Similarly to the previous structures, the MSE utilizing woven geotextile (Figure 4c)
demonstrated heightened engagement during the execution stage, contributing to three
of the seven analyzed categories, participation for these three categories, GWP, MEP, and
RDP, had contributions from approximately 60%. Similarly to the geogrid MSE, the MEP
category had the most substantial participation during the construction phase, with more
than 80% contribution. In the FEP and HTP impact categories, the manufacturing phases
were the ones that contributed, with more than 40%. In the OFTP category, the construction
and manufacturing phases were the ones that contributed the most, with constructions
close to 30%. In the TAP category, the maintenance phase was the one that contributed
the most.

The results (Figure 4a–c) show that, for the most part, the construction stage is the
one that most contributes to the potential environmental impacts in the three structures
under study. A plausible explanation was that during the execution phase, in all three
structures, concrete played a prominent role; ERWs in concrete practically in its entirety
and MSEs with geosynthetics on the faces of the structures. The second phase with the
most contributions was manufacturing, a possible explanation could be due to the need
to use diesel to burn machines and also due to the waste that diesel can cause in the soil
and water.

In the analyses of normalized relative impacts (Figure 5a–d), the concrete structure,
which had the highest contribution of 100%, was selected as the baseline to explore the
reduction in each impact category compared to other structures.

When assessing the impact category responsible for the most substantial decrease in
the manufacturing process (Figure 5a), it was observed that in the MSEs utilizing geogrid
and woven geotextile, OFTP and TAP categories showed reductions of over 90%. The
impact category with the smallest differences was GWP for the manufacturing process.
The other categories, FEP, HTP, MEP, and RDP, had more than 90% reductions compared
to traditional ERW. When examining the relative impacts of the construction process
(Figure 5b), the most notable reductions, around 95%, were observed in the MSE with
geogrid and woven geotextile. Notably, the FEP category experienced this decrease. The
category with the smallest differences, similar to the manufacturing process, was GWP
for the construction process; the other categories, HTP, MEP, RDP, OFTP, and TAP, saw
reductions in more than 80%.

When analyzing the relative constraints to the maintenance process (Figure 5c), the
decrease was quite significant, in the order of 98%, in two impact categories: FEP and
RDP. Similarly to the manufacturing and construction processes, the category with the
smallest reductions was the GWP for the maintenance process; the other impact categories,
HTP, MEP, OFTP, and TAP, obtained more than 90% reductions. The decreases were also
significant during the end-of-life process (Figure 5d), in the order of 95%, especially in
two impact categories: OFTP and TAP. The category with the smallest reductions was
GWP for the end-of-life process, as was the case for manufacturing, construction, and
maintenance processes. The other impact categories, FEP, HTP, MEP, and RDP, had at least
85% reductions for both MSEs with geotextile and geogrid.
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Figure 5. Relative contribution of impacts to the processes of: (a) manufacturing, (b) construction,
(c) maintenance, and (d) end-of-life.

3.2. Analysis of the Proposed Scenarios in Relation to Potential Environmental Impacts

As outlined in the methodology section, analyses were conducted to assess the environ-
mental advantages of incorporating vegetation on the face of MSEs utilizing geosynthetics.
Consequently, scenario analyses were conducted on the MSEs, comparing scenarios with a
concrete face (current study) to those with a vegetated face. These analyses examined the
proposed scenarios in the execution, maintenance, and end-of-life stages.

Regarding the analysis of the proposed scenarios for the construction process (Figure 6),
the relative results for both the geogrid-reinforced MSE (Figure 6a) and the geotextile-
reinforced MSE (Figure 6b) indicated a trend when incorporating vegetation on the face
compared to the concrete face. The impact category with the greatest reduction was Global
Warming Potential (GWP), which decreased by approximately 60% in both the geogrid and
woven geotextile MSEs. On the other hand, the categories in both MSEs that obtained the
smallest decreases were the FEP and OFTP categories. The other categories had reductions
between approximately 20% and 30% for MSEs with geogrid and woven geotextile.

Moreover, in the scenario analyses referring to the maintenance process (Figure 7),
similar to the construction process (Figure 6), both in the MSE with geogrid (Figure 7a)
and MSE with woven geotextile (Figure 7b), the impact category with the most significant
decrease was GWP. On the other hand, for the MSE with geogrid, the lowest decrease
category was MEP, and for MSE with woven geotextile, there were several with similar
results: FEP, MEP, OFTP, and TAP.
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Figure 6. Analysis of scenario proposition of the construction process of the structures of: (a) geogrid;
(b) woven geotextile.
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Figure 7. Analysis of the proposed scenario of the maintenance process of the structures of:
(a) geogrid; (b) woven geotextile.

Finally, regarding the analysis of scenarios in the end-of-life process (Figure 8), a
similar trend to the construction and maintenance processes was observed. The impact
category that showed the most significant decrease was GWP (Figure 8a,b), which indicated
a decrease of approximately 50% and 60% for MSE with geogrid and woven geotextile,
respectively. On the other hand, when analyzing the category with the lowest relative
decrease, the OFTP in both analyzed MSEs showed a decrease of more than 15%. When
analyzing the other categories, the HTP, MEP, and TAP categories showed reductions of
approximately 20% for both MSEs with geogrid and woven geotextile. However, the FEP
category obtained at least 30% reductions for both MSEs.
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Figure 8. Analysis of scenario proposition of the end-of-life process of the structures of (a) geogrid
and (b) woven geotextile.

3.3. Circularity Analysis with Different Recycling Rates

The results of the scenario analyses were proposed in which varying proportions of
recycled materials—10%, 20%, 30%, 40%, and 50%—were replaced by virgin materials
(Figure 9). The aim was to determine the response of the MCI to these increments while
utilizing the MCI approach.
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When the circularity of the structures was analyzed, without the addition of waste
(recycled materials), it was observed that the results of the standard analyses showed that
both the traditional ERW and the MSEs with geosynthetics yielded the same value of 0.1.

Posteriorly, it was observed that as the waste accretions occurred, the structures became
more circular. The analysis of the residue additions showed that when 10% and 20% of the
geosynthetics and concrete residues were added, the structures remained with the same
MCI values. On the other hand, when the increments were between 30% and 50%, there
was a small advantage of the traditional ERW compared to the MSEs with geosynthetics.
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4. Discussion
Civil engineering, recognized for its profound implications for climate change, re-

quires comprehensive environmental assessments to mitigate emissions and associated
impacts. In this context, the application of an environmental assessment for this sector
is of paramount importance. A comprehensive LCA on MSEs with geosynthetics versus
traditional ERWs was conducted to assess their environmental impact using more pertinent
midpoint categories.

In summary, the main activities of this study consisted of quantifying the environmen-
tal impacts of gravity MSE and ERW. The calculations were performed using the OpenLCA
software, which allows for choosing the ReCiPe 2016 method and the desired impact cate-
gories, in addition to providing support for modeling the life cycle of the structures under
analysis. The inventory data for MSE were obtained from local companies, while the tradi-
tional ERW data originated from the relevant technical literature. The analysis focused on
seven midpoint impact categories. Additionally, analyses of the incorporation of vegetation
as a replacement for concrete on the face of MSEs with geosynthetics were performed. In
addition, analyses of the circularity of the geosynthetics and concrete were performed.

Our study’s values showed that construction was the most recurrent process, followed
by manufacturing to analyze environmental impacts. Regarding the relative impacts, in all
impact categories, MSEs with geosynthetics presented lower environmental impacts com-
pared to ERWs with concrete. Regarding the results with the incorporation of vegetation
on the face, the results indicated that the application of vegetation can reduce the potential
in all categories analyzed. The present study’s results can infer that MSEs with geogrid and
geotextile are more sustainable than traditional ERWs. In addition, the circularity analysis
of the main constituents of the three structures showed that, as recycled materials were
added to replace virgin materials, the MCI increased, showing advantages in the material
recycling operation.

The research conducted by [71] provides additional support to the results found in
the present study, strengthening the suggestion that MSEs may be more environmentally
sustainable. The researchers observed that the construction of gravity ERWs requires large
amounts of concrete, which emits a significant amount of CO2. In addition, according to the
same authors, an MSE with a geogrid may emit less CO2 because it requires less concrete
and more soil for its design.

Additionally, the study proposed by [72,73] reinforced the analyses observed in the
present study, showing that MSEs can have less impact on the environment. The researchers
conducted a comparative study with two MSEs, one with geogrid and the other with steel
strips, comparing these two MSEs with a conventional ERW. The authors investigated the
influence of different heights, and all indicators increased as the height of the structures in-
creased. However, the results cannot be extrapolated, as they may not accurately represent
the results of the local country.

In the study proposed by [74], the researchers carried out a comparative study be-
tween MSEs with steel strips or geogrids, compared with two different ERWs in concrete,
in which the authors questioned whether MSEs are more environmentally sustainable
when compared with traditional ERWs and the results suggested that MSEs cause fewer
potential impacts. These data corroborate the present study that showed that MSEs with
geosynthetics had lower environmental impacts in all categories of environmental impacts
when compared with gravity ERWs in concrete. Despite the environmental benefits of
MSEs, the same authors highlighted that some factors, such as soil types, design parameters,
transportation distances, and properties of the reinforcement material, can influence the
potential environmental impacts.
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Regarding the circularity analysis, in the research carried out by [75], the authors
analyzed the integration of the LCA methodology with the MCI with the objective of
verifying the circularity of concrete. The results found a high circularity rate, mainly due
to the use of recycled materials and the potential for the material to be recycled again in
the future. The results complement those of the present research, which demonstrated
that there was an increase in the circularity of materials, as there is an increase in recycled
materials replacing virgin materials. Another study that corroborates the values found in
the present study was carried out by [76], the researchers found that the use of recycled
concrete aggregates can significantly reduce the environmental impact of concrete.

According to research conducted by [34], MSE employing geosynthetics demonstrated
a reduction in energy demand of approximately 30%. Additionally, the associated CO2

emissions were approximately 18% lower than conventional ERWs employing vertical
gravity systems. As the structural heights of MSE and ERWs were increased and alterna-
tive materials were applied to replace steel reinforcements, the energy demand for MSE
with geosynthetics decreased by approximately 3.5 times. The CO2 emissions from MSE
were approximately 5.4 times lower than those generated by the traditional construction
methodology involving vertical gravity retaining walls.

The investigation by [77] examined the production methodology of two types of me-
chanically stabilized earth (MSE) inclusions, specifically steel tapes and geogrids, through
the lens of total energy consumption. The researchers reported findings indicating a re-
duction of approximately 20% in energy demand for geogrids compared to steel tapes.
Furthermore, the same researchers evaluated four impact categories, identifying Global
Warming Potential (GWP) as the most significant. This assessment noted that MSE utilizing
geogrids produces reduced emissions by up to 99% in contrast to MSE employing steel
tapes. Although these findings surpass those presented in the current investigation, they
underscore the ecological advantages associated with using geosynthetics.

In addition to the results, the investigation conducted by [36] demonstrated that MSEs
with geosynthetics exhibit remarkable efficiency regarding their environmental ramifica-
tions. Furthermore, the researchers emphasized that replacing the MSE reinforcements with
more sustainable or recyclable materials would further increase the ecological sustainability
of MSE wall solutions.

According to the results of [29], for Cantilever Walls, concrete emerges as the predom-
inant factor (56.7%) in the evaluation of environmental impacts, subsequently followed
by reinforcing steel (37.4%). In the scenario of MSE, reinforcing steel constituted the pri-
mary contributor (63.2%), trailed by granular backfill material (21.1%), wherein steel strips
were employed as reinforcement in this MSE context. A comparative analysis between
traditional Earth-Retaining Walls (ERWs) and MSE reveals that, across all assessed impact
categories, cantilever walls inflicted a greater degree of detriment to both the environment
and human health than MSE.

The research by [36], in contrast to previous research, suggests that gravity ERWs may
be more environmentally effective. However, gravity ERWs may have less impact on the
environment than ERWs, which employs steel as a structural component in its design. The
result demonstrates the importance of attention to the use of steel when the study is related
only to environmental impacts.

Additionally, the investigation conducted by [27] illustrates that steel significantly
affects the climate change impact category, and that the significance of steel within each im-
pact category is twice as pronounced for the taller ERWs. Consequently, when endeavoring
to minimize steel usage, it is imperative to adjust the quantity of steel in a design as the
wall dimensions expand, ensuring that the modifications are of greater relevance.
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In accordance with the above, the results of our study indicate that MSEs can be
more environmentally sustainable. However, it is important to emphasize that this study
is limited to only three types of structure, in addition to being able to more effectively
portray the reality of the country where this study was applied. Additionally, there are a
limited number of companies that manufacture geosynthetics and companies that perform
MSEs with geosynthetics. In this sense, the results of our research cannot be generalized.
Likewise, although the study by [72,73] involved a series of MSEs and ERWs with different
heights, they cannot be extrapolated, as they may be specific to the location where the
study was applied. After all, other factors can influence the results, such as soil type, type
of reinforcement for MSE, design parameters, transportation distance, energy matrix, and
material transportation mode, which was highlighted by [74], the researchers, despite
mentioning these other factors, did not analyze all these parameters in depth. Therefore,
caution is needed when extrapolating the results to other locations.

The limitations described open new gaps that need to be investigated in future stud-
ies. In this context, an important question is the investigation of the various factors that
may influence the potential impacts of MSEs when compared with conventional ERW,
as well as how to expand these results to other locations. The present study and other
studies [32–35,71–74] have focused on quantitative and qualitative analyses of the potential
impacts, mainly in European and North American countries. However, further research
and reflections on expanding the results to other locations are needed.

Therefore, understanding the underlying factors that may influence the mitigation of
potential impacts of MSEs could provide valuable insights for reducing emissions from
both MSEs and ERWs. Furthermore, exploring effective recycling and recovery strategies
for geosynthetics in combination with LCA studies of MSEs could be promising areas for
future research.

This research confirms the hypothesis that MSEs with geosynthetics are more envi-
ronmentally sustainable than gravity ERWs. Despite the different magnitudes of potential
environmental impacts, as highlighted in previous studies, all studies corroborate the same
hypothesis. However, when comparing a gravity ERW and a cantilever ERW in reinforced
concrete, the gravity ERW may cause fewer potential impacts despite the high demand for
concrete. In comparison, the cantilever ERW causes more potential impacts due to the steel
required for the stability of the structure.

Recycling concrete and geosynthetics has the potential to significantly reduce envi-
ronmental impacts, thus extending the useful life of these materials. This consideration is
crucial during the structure’s end-of-life phase and presents benefits that may make it a
better procedure than simply demolishing and disposing of it in a landfill.

Concrete has the highest emissions, and in addition to recycling procedures, ways of
changing the dosage of materials, especially cement, can also be considered, thus reducing
emissions. In contrast to gravity ERWs, the contributions of MSEs can be greatly influenced
by machines, as they use diesel mainly for compacting layers and backfilling.

5. Conclusions
The LCA methodology used in our study allowed a quantitative and qualitative anal-

ysis of the environmental impacts of the different retaining wall solutions. Thus, this study
demonstrated that the construction of MSE with geosynthetics required significantly less
concrete and more soil than the construction of a concrete ERW. This highlights the envi-
ronmental benefit derived from prioritizing soil as the primary component over concrete.
Furthermore, the circularity analysis demonstrated the importance of replacing virgin
materials with recycled materials.
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Through the Life Cycle Assessment analyses together with the circularity analysis, it
was possible to observe the following:

• Among the four processes, the one that contributed the most was the construction
process, followed by the manufacturing process, both in ERWs and in the two MSEs
with geosynthetics.

• When comparing traditional ERWs with MSEs with geosynthetics, there were sig-
nificant decreases in all categories. Except for the GWP category, which decreased
between 50% and 85%, the FEP, HTP, MEP, RDP, OFTP, and TAP categories registered
at least 80% losses in the four processes for the four processes.

• The incorporation of vegetation to replace concrete on the face of the two MSEs with
geosynthetics showed decreases in all impact categories, with the GWP category
standing out, which had a loss of at least 50%. The FEP, HTP, MEP, RDP, OFTP, and
TAP categories had losses of 10% to 70%. The maintenance process experienced the
most significant decrease.

• The MCI analysis showed an increase of 250% for two MSEs with geosynthetics and
300% for ERWs with concrete.

Regarding qualitative assessments, several chemical agents can be released into the
air due to the manufacturing and execution process, mainly of cement and concrete, and to
a much lesser extent of geosynthetics. For example, carbon dioxide, sulfur dioxide, and
nitrous oxides can be emitted into the atmosphere during manufacturing and execution
processes, especially in ERW concrete. The same emissions can occur in the maintenance
and finishing process; however, they can occur on a smaller scale.

Therefore, this study concluded that the design of alternative structures, such as MSEs
with geosynthetics, can mitigate the potential environmental impacts of the construction
sector, which is one of the sectors that consumes the most natural resources and causes
large emissions of polluting gasses. In addition, this present study may help managers and
builders of locations with characteristics similar to those where this study was applied,
especially in the geotechnical area, to opt for more environmentally sustainable structures.
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