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Abstract

Earth-retaining walls are one of the most common structures in civil engineering, a discipline of
the construction sector, which is known to produce one of the highest environmental impacts.
Therefore, developing cleaner design and construction practices could contribute to a more
sustainable future for our planet. To make a step towards this goal, this study comprises the life
cycle assessment (LCA) of the four most common earth-retaining walls built between 1 to 6 m of
height: cantilever walls, gravity walls, masonry walls and gabion walls to obtain the best solutions
for the environment. To assess the environmental impacts caused throughout their whole life-
cycle including the production, construction, use and end of life phases, we used the OpenLCA
software, the ecoinvent 3.3 database and the ReCiPe (H) method. The associated uncertainties
have been considered and the results are provided in both midpoint and endpoint approaches. Our
findings show that gabion and masonry walls produce the lowest global impact. On the one hand,
gabion walls cause less damage to human health but on the other hand, masonry walls cause less
damage to the ecosystems. Furthermore, gravity walls produce similar impacts to gabion and
masonry walls between 1 and 3 m of height as well as fewer impacts than cantilever walls for a
height of 4 m. In conclusion, gabion and masonry walls are preferable to concrete walls for heights
between 1 and 6 m and cantilever walls should be used over gravity walls for greater heights than
4.5 m.
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1. Introduction

Over the last years the concerns for the environment have arisen due to the increasing knowledge
of how exploiting resources and producing emissions could compromise our future if we continue
down this path (National Geographic, 2015). For this reason, the term “sustainable development”
was introduced by the Brundtland Commission in 1987 as the “development that meets the needs
of the present without compromising the ability of future generations to meet their own needs”
(United Nations, 1987). Ever since then, a lot of human effort has been invested to achieve a
sustainable development of society by giving more importance to environmental issues and
carrying out changes to develop a cleaner production.

The construction industry is one of the most carbon-intensive sectors (Petek Gursel et al., 2014;
Ramesh et al., 2010), being responsible to 5% of the total CO emissions as well as one of the
industries that requires more materials (Arskog et al., 2004) and one of the main sources of
environmental pollution (Shen et al., 2005). In particular, the production of cement and concrete
causes the greatest environmental impact of the construction industry (Arskog etal., 2004; Boesch
and Hellweg, 2010) due to their high energy demands and their common use in this sector, which
will continue to increase over the next years (Taylor et al., 2006). Therefore, developing
sustainable construction practices could greatly reduce the environmental impact caused by
human activities and make a step towards global sustainability.

To achieve this goal, many authors have developed studies on different aspects of construction to
improve the actual methods and reduce the environmental impact. Some authors studied the
carbon emissions of concrete projects (Collins, 2010; Garcia-Segura and Yepes, 2016; Marti et
al., 2016) along with the emissions caused by the manufacturing of materials (Flower and
Sanjayan, 2007; Tait and Cheung, 2016), the embodied energy of construction projects (Wang
and Shen, 2013; Wang et al., 2012) and the construction methods used by companies (Serpell et
al., 2013; Sierra et al., 2018; Yusof et al., 2016). Other studies focused on the optimization of
concrete structures such as columns (de Medeiros and Kripka, 2014), prestressed bridges (Garcia-
Segura et al., 2015; Yepes et al., 2015) or earth-retaining walls (Molina-Moreno et al., 2017a,
2017b, Yepes et al., 2012, 2008). Another field of interest is the recycling of concrete (Tam, 2009;
Tam et al., 2010) and how it can cut the CO, emissions through carbonation processes (Dodoo et
al., 2009; Garcia-Segura et al., 2014).

However, most of those studies aimed to reduce the carbon emissions, which are the main
contributor to global warming, without considering the entire environmental impact caused by
the construction processes over the entire life cycle of the structure. To fully quantify and evaluate
every impact, life cycle assessment (LCA) is a powerful and versatile tool that can be used for
this purpose. Some previous studies used LCA to study the impact caused by the whole life cycle
of some structures such as water tanks (Sanjuan-Delmas et al., 2015) or bridges (Penadés-Pla et
al., 2017). Other structures of interest are the earth-retaining walls, one of the most common
structures in civil engineering used to restrain soil in areas where the landscape needs to be shaped
for activities such as roadways, railways or farming. Previous LCA studies of earth-retaining
walls have been carried out with success: (Damians et al., 2016) studied the impacts caused by
conventional concrete and polymeric walls to select the best sustainable option and (Zastrow et
al., 2017) parametrically studied buttressed earth-retaining walls to determine which elements
cause the greatest impacts.

Nevertheless, none of those studies focused on environmentally assessing the impacts caused by
the life cycle of the most common earth-retaining wall types commonly built at lower heights (1-
6 m), which are the cantilever, gravity, masonry and gabion walls, shown in Figure 1, to determine
which type causes fewer impacts depending on its height. Therefore, the objective of this study is
to carry out an LCA analysis according to (ISO, 2006) on the aforementioned wall types. The
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results could be used to obtain the entire environmental impact caused by each wall and to provide
a guideline for designers to choose the best type for every height from an environmental point of
view. For this task, the ReCiPe method is used to provide both a complete list of every impact
and a summary of the damage caused to the three categories: ecosystems, human health and
resources to provide designers the ability to choose depending on which factor is more important
for the location of their structure. A normalization set is used to provide a global impact score
when every factor is considered equally important as well.

2. Materials and methods

LCA is a method to investigate and evaluate the potential environmental impacts caused by a
product throughout its entire life cycle from raw material extraction to the final disposal or
recycling. The LCA of the earth-retaining walls has been carried out according to ISO 14040:2006
(IS0, 2006), following its four main steps: definition of goal and scope, inventory analysis, impact
assessment and interpretation of the results. The life cycle impact assessment (LCIA) procedure
chosen for this study is ReCiPe 2008 (Goedkoop et al., 2009). The database used for the life cycle
inventory is Ecoinvent 3.3 (Ecoinvent Center, 2016).

2.1. Goal and scope definition

The main goal of this study’s LCA is to analyse and compare the environmental impacts caused
by the construction of different earth-retaining wall types to create a guideline for designers to
select the most adequate alternative for each height to reduce emissions. The results can be used
to quantify the different impacts produced by every wall type, thus obtaining a numerical score
for every impact category. An additional global score can be obtained using a normalization set
to provide a single result.

2.1.1. Wall type selection

Earth-retaining walls are structures used to contain soil or other loose materials when their natural
steeps are undesirable, for example, when building linear infrastructures such as railways or roads.
The walls keep the soil on two different levels by resisting its lateral pressure and need to be
designed to ensure stability against sliding, overturning, excessive foundation pressure and water
uplift according to the International Building Code (IBC, 2015).

The wall type depends on its purpose, masonry or rock walls are generally used when lower
heights are required as they are composed of rock blocks which are cheaper than concrete
alternatives. Gabion walls are particularly chosen for aesthetic purposes over other alternatives in
places like river embankments. For greater heights, concrete walls are used as they require less
material volume to sustain the soil. Mass concrete gravity walls resist the soil pressure with their
own weight and therefore require high amounts of concrete. Reinforced concrete alternatives need
to resist flexural moments generated by the terrain, and therefore their thickness increases heavily
with the height, making cantilever earth-retaining walls economic up to 10 m of height and
needing the use of buttressed earth-retaining walls, which have greater resistance against flexural
moments, for even greater heights.

This study compares the different wall types commonly used between 1 and 6 m of height: a
concrete cantilever wall, a concrete gravity wall, a masonry wall and a gabion wall. This selection
of alternatives comprises two different concrete types and two different stone types, providing a
wide range of choice for designers even if the project restricts the use of a certain material for the
design of the earth-retaining wall. The heights reach up to 6 m because the use of stone walls is
usually limited to that height and mass concrete gravity walls are very rare above 6 m because the
amount of concrete needed for its structural stability hugely increases with height, making them
unviable. The reinforced concrete cantilever earth-retaining walls are usually built between 4 and



12 m of height, therefore no designs between 1 and 3 m have been considered. Buttressed earth-
retaining walls have not been analysed because they are rarely used at lower heights.

2.1.2 Phases of the analysis

The life cycle of the earth-retaining walls has been divided into four phases. The first one is the
production of all the materials used to build it, including their transportation to the construction
site. The second one is the construction of the earth-retaining wall, including every activity carried
out for its building. The third one is the use of the earth-retaining wall during its service life of 50
years according to Spanish code for concrete earth-retaining walls (Fomento, 2008), without
maintenance activities. The fourth one is the end of life of the structure, including all the activities
needed to demolish the wall, recycle the steel and concrete and to create a sanitary landfill for the
soil and rock remnants.

2.1.3. Functional unit

To define the functional unit of the earth-retaining walls we need to consider an additional
parameter, the height of the wall. This is due to the fact that the amount of materials and wall
thickness increase with the height of the wall to resist higher soil pressures. For the cantilever
walls, additionally, the ratio of steel reinforcement bars per volume of concrete increases too. The
masonry walls studied require no backfill. Since different permissible ground stresses appear to
have a small influence on the overall impacts (Zastrow et al., 2017), they are not a relevant
parameter and thus have not been considered. Therefore, the functional unit for this study would
be a linear meter of wall for a determined height.

2.2. Inventory analysis

The inventory analysis involves the collection of relevant inputs of energy and materials required
to develop a process, in this case, building a linear meter of an earth-retaining wall and producing
the outputs of emissions to the environment derived from its life cycle. This part of the LCA is
required to quantify and estimate the expected amounts of resources that will be consumed to
create the product and the environmental emissions that will be directly attributable to the life
cycle of the product.

2.2.1 Software

Ecoinvent (Frischknecht and Rebitzer, 2005) has been chosen as the most suitable database to
carry this study because of its worldwide recognition as a scientifically reliable and constantly
updated database (Pascual-Gonzdlez et al., 2016). It was developed by Swiss federal offices and
researchers of the ETH (Fidgendssische Technische Hochschule Ziirich) to harmonize a Life
cycle inventory (LCI) for its use in LCA applications (Penadés-Pla et al., 2017). The version used
for this study is Ecoinvent 3.3 (Ecoinvent Center, 2016), the most modern one available at the
time of this study, for its reliability and precision.

To develop the model, OpenLCA (GreenDelta, GmbH, Berlin, Germany) has been used because
of its open source code provides advantages to the scientific community and other public to
perform LCA applications (Ciroth, 2007). It also allows the incorporation of location-specific
characterization factors for the materials and processes and uncertainty distributions (Hawkins et
al., 2013).

2.2.2. Uncertainty

There are several uncertainties when developing a model using an already existing database. This
1s because each process considers different values depending on its geographical location, which
1s one of the major sources of uncertainty (Hong et al., 2016), as well as the time when the data



was collected and the technology used. For example, the production of 1 kg of steel in Switzerland
in 2017 would not be the same as the production of 1 kg of steel in Spain in 2002, the transport
distances, the amount of materials and the technology used would differ. For this reason,
uncertainty has to be considered in the configuration of the model.

The use of the pedigree matrix (Ciroth et al., 2016) allows the introduction of an uncertainty factor
according to five different indicators: reliability, completeness, temporal correlation,
geographical correlation and further technological correlation. Using it along with a basic
uncertainty factor depending on the type of material or process allows to define the total
uncertainty that will be involved when using that data for the configuration of the model.

2.2.3. Wall design

The amount of materials per linear meter of wall for every type is provided in Table 1. The
dimensions of the cantilever earth-retaining wall considered for this study are the ones provided
by (Yepes et al., 2012). For the concrete, a 25 MPa grade is considered with the following dosage:
208 kg/m3 of cement, 164 1/m3 of water, 1110 kg/m3 of gravel and 919 kg/m3 of sand. For the
reinforcement steel, B5S00S is considered. The dimensions of the gravity earth-retaining wall have
been selected according to the designed procedure developed by (Oliphant, 1997). The same 25
MPa concrete is used in both concrete earth-retaining walls. Using another concrete with a
different strength would result in slightly different results depending on the dosage of the
concrete, particularly on the amount of cement and other additives per m* of concrete. However,
for comparison purposes only the 25 MPa grade has been considered because it has the lowest
possible strength for earth-retaining walls, resulting in the lowest emissions. The dimensions of
the masonry earth-retaining wall have been selected following a guideline developed by the
Federal Executive Branch of the Government of Mexico (Llanderal C4zares, n.d.) which provides
the amount of materials per linear meter of masonry wall. The dimensions of the gabion earth-
retaining wall have been selected according to a gabion walls installation guide written by experts
from one of the major gabion manufacturers in the USA (Modular gabion systems, n.d.). The
masonry wall provided does not require backfill for its construction. The cantilever earth-retaining
wall backfill volumes are provided in the article. For the gabion and gravity walls, a backfill
volume considering a slope of 1 for the terrain has been considered. The walls have been designed
to withstand a service life of 50 years without requiring maintenance activities according to the
Spanish code (Fomento, 2008). Additionally, the service limit states of cracking and deflection
are checked to guarantee the structural stability of the walls during their service life.

2.2.4. Life cycle model description

The life cycle of the earth-retaining walls is divided in 4 phases as depicted in Figure 2. To obtain
more accurate results, every activity and material has been selected from the Ecoinvent database
unless it was not contained within it, such as the transport distances from the building process or
some specific machines which have been modelled as a new process by modelling their emissions
and operation times.

The production phase includes every activity needed to produce the construction materials
required to build the wall from the excavation of raw materials to their respective transportation
to the construction site. For the reinforcement steel of the cantilever wall, recycled steel is used
along with new steel, so two different methods of steel production are considered: basic oxygen
steelmaking in the blast oxygen furnace for the new steel and an electric arc furnace for the
recycled steel. Both processes are different and therefore require different materials, amounts of
energy and facilities. Finally, both types of steel are combined in the hot rolling facility,
considering 70 km from their plants to the hot rolling facility, to form the rebar used for the
concrete reinforcement, considering 150 km from the hot rolling facility to the construction site.



The same distance is considered for the galvanised steel wires for gabion walls. For the concrete,
the extraction of gravel, sand and water are considered along with the production of cement and
all the processes needed to create concrete, including mixing, clinker production, etc. 25 km are
considered from the concrete plant to the construction site. For the formwork, all the activities
needed to create plywood from cutting down trees to cutting the panels of formwork are
considered, considering 40 km from the plywood factory to the construction site. For the stone
and soil excavation 10 km have been considered from the quarry to the construction site. The
transport of all the aforementioned materials to the construction site is considered using transport
by road.

The construction phase includes every activity needed to build the wall at its location. These
activities are different depending on the wall type like the construction materials. For the concrete
walls, these activities are: excavating the soil with a hydraulic digger as well as backfilling the
wall with the same one; assembling the formwork panels using a cordless screwdriver considering
its use for 15 minutes per meter of height; mixing and pouring the concrete using concrete mixer
trucks with 6 m3 of capacity; vibrating the concrete using a concrete vibrator for 1 hour per 2 m
of height and compacting the backfill soil using a vibrating tamper for 5 minutes per m? of soil.
For gabion and masonry walls, the use of an excavator machine to fill the gabions or to place the
stones on the masonry wall is considered. Additionally, for gabion walls, the welding of the wires
to produce the wire mesh and the mounting of the cages is considered.

The use phase includes the carbonation of the concrete during its service life of 50 years for
cantilever and gravity walls. Some studies (Collins, 2010; Garcia-Segura et al., 2015, 2014;
Garcia-Segura and Yepes, 2016; Possan et al., 2017) declare that concrete can fix CO; through
carbonation, a phenomenon that despite causing structural problems has a positive effect on the
environment by absorbing the CO, from the atmosphere.

A study of the CO; fixation on concrete during its life cycle was previously done by (Lagerblad,
2005) based on Fick’s first law, obtaining the equation [1] where k is the rate factor, ¢ is the service
life, A is the area of concrete exposed, r is the amount of CaO carbonated, C the content of cement
per cubic meter of concrete, K is the content of clinker in the cement, L is the content of CaO in
the clinker and ¢ is the molecular weight ratio of CO,/ CaQO. Equation [1] can be simplified into
equation [2] by grouping the constants assuming r is 0.75, L is 0.65 and ¢ is 0.7857 (Penadés-Pla
et al., 2017). Using the data from the concrete, equation [2] can be simplified into equation [3]
for our study, considering k is 2.359, ¢ is 50, C is 279 and K is 90.2 and the exposed area of
concrete per linear meter of wall, A, depends on the wall height (H) because the width of the wall
is 1 m.

(-2 ~/t(year)
CO,fixed (kg) = u CA@2) - C (E5) K (%) L(%) ¢ (1]
Jo( 22 Jt(year)
CO, fixed (kg) = 0.383 % CA(m?) - € (22) - K(%) 2]
CO,fixed (kg) = 1.608 (02) - H(m) [3]

Maintenance activities have not been considered during this phase of the analysis because the
wall is durable enough to withstand its service life before an unacceptable concrete deterioration
is reached (Garcia-Segura et al., 2014), therefore only the CO; fixation previously described is
considered in the analysis. Stone walls are also designed to last 50 years with few maintenance
activities.



The end of life phase includes the excavation of the backfill and stone, the creation of the sanitary
landfill, the demolition of the wall using a hydraulic breaker for 20 minutes per m3 of concrete,
the transportation of stone and soil to the sanitary landfill 5 km away and the concrete recycling
using a portable crusher with a capacity of 10 m3 per hour, the separation of steel from concrete
using magnets and the steel recycling at the facility. The use of the portable crusher for in-situ
concrete recycling is due to its numerous advantages over other methods of concrete recycling
(Lotfi et al., 2015). The stones of the masonry and gabion walls could be recycled too, but since
doing so would not have a significant impact on the life cycle of the earth-retaining wall where
they were used, and it is not as common as recycling steel and concrete, we did not consider this
solution for our analysis.

The carbonation of the concrete for the remaining time of its use has been considered after it has
been crushed. Since the concrete is crushed we can assume that all of it will be carbonated (Garcia-
Segura et al., 2014). This means that crushing concrete at the end of life stage is better for the
environment due to the carbonation processes that will fix CO, on the aggregate, reducing the
emissions to the atmosphere.

2.3. Impact assessment

The objective of the impact assessment is to analyse and quantify the inventory result. This
process transforms a large list of emissions and consumed resources caused by the object or
activity during its life cycle into environmental indicators which are easier to understand and
analyse by scientists or readers. This transformation depends on the impact assessment method
chosen for the study and will change the way the results are categorized and presented.

ReCiPe 2008 (Goedkoop et al., 2009) was chosen as the impact assessment method for this study
due to its many advantages over other methods. It combines two very common LCIA methods,
CML, a midpoint indicator and Eco-indicator 99, an endpoint indicator. On the one hand, the
midpoint approach focuses on basic impact categories, such as climate change or ozone depletion,
measuring each one with their respective units. On the other hand, the endpoint approach groups
several impact categories into three higher damage categories: to human health, to ecosystems
and to the availability of resources, measuring each one in Disability Adjusted Life Years
(DALY), species per year and U.S. dollars respectively. However, by harmonizing different
environmental indicators into bigger categories, the uncertainty for those results increases.

ReCiPe combines both approaches to show the environmental impacts on a very detailed level
with the midpoint approach or on an easier to understand level with the endpoint approach. The
midpoint approach contains a total of 18 impact categories: Agricultural land occupation (ALO),
Climate change (GWP), Fossil depletion (FD), Freshwater ecotoxicity (FEPT), Freshwater
eutrophication (FEP), Human toxicity (HTP), Ionizing radiation (IRP), Marine ecotoxicity
(MEPT), Marine eutrophication (MEP), Metal depletion (MD), Natural land transformation
(NLT), Ozone depletion (OD), Particulate matter formation (PMF), Photochemical oxidant
formation (POFP), Terrestrial acidification (TAP), Terrestrial ecotoxicity (TEPT), Urban land
occupation (ULO), and Water depletion (WD). These categories provide more precise and reliable
results than the endpoint categories, however, they are harder to interpret.

The hierarchist (H) version was chosen to include the long-term perspective of impacts (Khatri et
al., 2017), because this study considers the recycling and further use of concrete and steel after
the end of life of the structure. The damage categories have been normalized using the Europe
ReCiPe H/H [person/year] normalization set to compare their results using points instead of their
respective units, providing a global view to the total environmental impact caused.



2.4. Interpretation

The last phase of the LCA is the interpretation of the results. Depending on the objective of the
study, the results can be used for different purposes like studying which stages of the construction
cause greater impacts, which materials or processes are the main contributors or comparing
different techniques for the same alternative. In our study, our main objective is to select which
alternative among the four options causes less environmental impacts for every height. For this
reason, considering both the endpoint and midpoint is greatly beneficial for the interpretation of
the results. The midpoint approach can be used to study a particular impact category while the
endpoint approach can be used to study one of the three damage categories or combine them to
obtain a global impact score.

3. Life cycle assessment results

The uncertainty has been considered for every result of the LCA, using Monte Carlo simulations
(1000 simulations) to obtain the probabilistic uncertainty analysis. Nevertheless, only the mean
values are displayed on graphs to provide a better comparison between the different wall types.

3.1. Midpoint approach

As stated before, the midpoint impact categories provide more reliable information, even though,
they are harder to interpret due to the high number of categories and their actual effect on the
environment. This creates a complete environmental profile which can be used for specific
purposes or problems with the downside of not providing a global impact. Using all the
information provided with this approach, a solution can be chosen when some impact categories
are considered particularly important for the project, for instance, the global warming potential or
the fossil depletion. An example of the full results obtained including the associated uncertainty
between the database and the study are provided in Table 2 for a height of 4 m including the
coefficients of variation. The coefficients of variation are higher for concrete walls due to the
associated uncertainties of the concrete production processes and the machinery used for building
them, which is particularly noticeable on the global warming potential (GWP). On the other hand,
stone walls have lower uncertainties because the processes required to produce their materials and
to build the walls are different, which results in a different uncertainty too. For this reason, there
1s only a significant difference between the uncertainty of the concrete walls and the stone walls.
However, the comparison is done between the mean values of the impacts for all cases because
they are the representative ones. Figures 3, 4 and 5 show every midpoint impact for heights of 2,
4 and 6 m respectively. These midpoint impacts are displayed relatively to the biggest impact for
every category.

To complement those graphs and identify the main source of every impact to understand its value,
Table 3 shows the material or activity that mostly contributes to every midpoint impact category
and its contribution in percentage between 1 and 6 m for every wall excluding the cantilever walls
shorter than 4. The first number shows the contribution for the shortest wall while the second
number shows the contribution for the tallest wall. This information can be used to interpret
whether the contribution percentage increases or decreases with the height depending on which
number is bigger. As a remark, the impact caused by every wall type on the natural land
transformation category is negative, which means that the construction of the walls has a positive
effect on the environment for that category. This is due to the revegetation processes carried out
after the landfill for stone and soil has been created at the end of life stage. For this reason, the
main contributor is actually the creation of the landfill with a negative contribution over 100 %,
because its positive effect surpasses the negative effects of the other activities. The symbol (-) is
displayed before the percentages to represent their negative contribution to the natural land
transformation.



In Figure 3 there are no results for the cantilever wall because there are no cantilever walls
considered for a height of 2 m. The biggest difference between wall types for an impact category
can be observed on the agricultural land occupation (ALO), where the gravity wall causes almost
10 times more impact than stone walls for a height of 2 m. This is due to the production of
plywood for formwork which requires to cut down trees. In Figures 4 and 5 every wall type is
considered. For heights of 4 and 6 m, cantilever and gravity walls also show a huge difference
when compared to masonry and gabion walls that do not require wood for their construction.
Another remarkable difference can be found for the terrestrial ecotoxicity (TEPT) between gabion
walls and the other types due to the high contribution of the galvanised steel wire production for
the gabion cages. Gabion walls also show a much higher metal depletion (MD) impact than
masonry and gravity walls due to the use of galvanised steel wires. Nevertheless, cantilever walls
cause as much as three times the metal depletion of gabion walls for a height of 6 m because they
require high quantities of steel for the reinforcement. Regarding the natural land transformation
(NLT), gravity walls cause more impact than other alternatives because the only material buried
in landfill is the backfill soil and they require less backfill than cantilever walls. Therefore, the
landfills created for gravity walls are smaller and the revegetation too, which causes more impact
than the revegetation processes for other wall types that require more soil or stone. For a height
of 4 m, gravity walls caused the major impact in four categories while cantilever walls caused the
major impact in 12 categories. However, for a height of 6 m, gravity walls caused the major
impact in eight categories and cantilever walls in eight categories too. The use of reinforcement
steel is the major contributor to most impact categories in cantilever walls. This means that
cantilever walls are worse for the environment than gravity walls for a height of 4 m.

Climate change is emphasized among the other midpoint impact categories due to the importance
of CO» emissions for global warming. Figure 6 represents the total emission per linear meter of
wall depending on the height and type. The masonry wall has the lowest impact for a height of 1
meter while gabion walls have the lowest impact between 2 and 6 m of height. Gravity walls have
similar but slightly lower impacts than masonry walls for 2 and 3 m of height, however, they
become the worst option for heights between 4 and 6 m due to the increase in the amount of
concrete to sustain the soil. Cantilever walls are slightly cleaner than masonry walls for heights
of 4 and 5 m. For concrete walls, concrete production is the major contributor to climate change,
ranging from 43.1% to 54.2% in cantilever walls and 82.9% to 112,4% in gravity walls. However,
if we consider the crushing and recycling of concrete, carbonation reduces those amounts by -
9.6% to -12.4% in cantilever walls and -17.5% to -33.8% in gravity walls between 1 and 6 m of
height. Note that the total CO; emissions throughout the life cycle of the structure are the 100%,
even if the concrete production causes greater emissions than this value, the fixation of CO:
decreases the value and adding the other sources of emissions results in the total amount of CO,.
Therefore, crushing concrete at the end of life phase of concrete structures greatly reduces CO,
emissions through carbonation processes.

3.2 Endpoint approach

To obtain global results and easier to compare impact categories the endpoint approach is
required. The three categories can be determinants for choosing a wall type over the others
depending on which impact could cause more damage to the environment on the construction site,
the human health if it’s built close to a city or town, the ecosystem if it’s close to a protected area
or resources if they are scarce on the area. This provides designers with the cleaner alternative for
every category depending on which one has more weight on the area of study. Using a
normalization set, the endpoint categories can be harmonised to a single unit rather than their own
ones, obtaining a global impact result. It can be useful when there is no preference to reduce a
particular category of damage, so they are all considered of equal importance, obtaining a total
score for every impact produced by the construction of the earth-retaining wall.
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The damage caused to the ecosystem measured in lost species per year is shown in Figure 7.
Masonry walls cause the lowest damage with similar results to the gabion walls and gravity walls
only at 1 and 2 m of height. Cantilever walls cause more damage than gabion and masonry walls
but less than gravity walls for every height. Concrete and plywood produce the biggest
contributions in concrete walls, cement in masonry walls and the galvanised steel wires in gabion
walls. Gravity walls increase their impact almost exponentially due to the high volumes of
concrete required.

The damage caused to human health measured in disability-adjusted life years is shown in Figure
8. Gravity, masonry and gabion walls cause almost the same damage for a height of 1 meter, but
masonry walls cause the lowest damage of the three alternatives. For a height of 2 m, masonry
walls increase their damage while gabion and gravity walls remain producing a similar amount
of damage, but gravity walls cause less damage than gabion walls. However, gabion walls become
the best alternative from 3 m of height to 6, and gravity walls cause more damage than masonry
walls for heights of 4 to 6 m. Cantilever walls cause more damage than gravity walls for a height
of 4 m but less for greater heights. Cement, concrete and steel are the main contributors among
other activities and materials like stone and the wall demolition.

The damage caused to resources measured in U.S. dollars is shown in Figure 9. Gravity, masonry
and gabion walls cause similar damages between 1 to 3 m of height. Gravity walls become worse
for this damage category for greater heights than 3 m and cantilever walls are the worst alternative
in terms of resources for every height studied, however, it can be predicted by looking at the
trends that gravity walls would become worse for greater heights. Gabion walls are better than
masonry walls for heights of 2 and 3 m but masonry walls are better for the remaining heights.

These three damage categories could have different weights and importance depending on the
location of the construction site or the designer’s point of view. For this reason, they have been
divided on separate graphs to allow the reader of this study to apply his judgement depending on
how important every damage category is considered to be. Additionally, using the normalization
set Europe ReCiPe H/H, a global impact score is represented in Figure 10 considering that every
endpoint damage category is equally important. Masonry walls are the best alternative for 1-meter
high walls and gabion walls between 2 and 6 m of height. However, masonry walls cause almost
the same environmental impact as gabion walls for every height studied. Gravity walls remain
competitive with gabion and masonry walls between 1 and 3 m of height, becoming worse for
taller walls. Cantilever walls become better than gravity walls around 4.5 m of height.

Furthermore, the relative importance of each phase of the life cycle on the total impact of 4 m
high walls is represented in Figure 11. The production phase contributes the most to the impact
of every wall type due to the extraction of materials and the required processes and transport. It
has the major contribution in gravity walls because they require high volumes of concrete. The
construction phase has a major contribution in concrete walls as a result of the machinery required
to build the formwork, and to pour and vibrate the concrete, whereas stone walls only require
machinery for the placement of the stones during the construction phase. During the use phase
since maintenance activities are excluded from the analysis, only carbonation is considered for
the concrete walls, resulting in a slightly negative impact through the fixation of CO,. The end of
life phase has a very small contribution in concrete walls, even a negative one for gravity walls,
due to the same reason, the carbonation of concrete causes a negative impact. On the other hand,
it has a bigger contribution in stone walls, which also results in a smaller contribution of the other
phases, because there is no fixation of CO; on the stones.
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4. Conclusion

The construction sector has one of the greatest influences on climate change. For this reason,
carrying out an environmental assessment of this sector could reduce its emissions and lower its
environmental impact. A complete LCA using the Ecoinvent database and uncertainties is applied
to earth-retaining walls to obtain their impact on different ecological factors using some of the
most relevant midpoint categories and the three endpoint categories as well as the global impact
score.

This LCA study compares the environmental impacts caused by four different earth-retaining wall
types of different heights between 1 and 6 m. The results show that concrete walls usually produce
more impacts than their stone counterparts. However, gravity walls stay competitive with
masonry and gabion walls between 1 and 3 m of height for every damage category excluding
ecosystems due to the high increment in the volume of concrete required for their construction.
Gravity walls are also cleaner than cantilever walls for 4 m of height, which is the usual height
for the use of reinforced concrete over mass concrete for earth-retaining walls, thus from an
environmental point of view the minimum height for the use of reinforced concrete should be 4.5
m instead. This is a key factor for designers to consider when the project requires a concrete earth
retaining-wall. Between the stone walls, for 1-meter high walls, masonry walls produce the lowest
impact on every category. For the rest of heights, gabion walls are slightly cleaner than masonry
walls with almost the same score for every category excluding the damage caused to human
health. This category is lower for gabion walls while the damage caused to the ecosystem is lower
for masonry walls. This factor could determine which alternative is chosen depending on which
category is deemed to be the most important one for the project.

To reduce the CO; emissions, crushing concrete for recycling at the end of life stage of concrete
earth-retaining walls reduced the climate change category by -9.6% to -12.4% in cantilever walls
and -17.5% to -33.8% in gravity walls. This is due to the carbonation processes in the crushed
concrete which can be used as gravel for other new construction projects such as road aggregates
or backfill soil. Therefore, crushing concrete to allow its whole carbonation through time and
recycling it for other uses notably reduces the environmental impact. This is an important decision
for the end of life phase of the structure and has advantages over just demolishing the wall and
burying concrete in a landfill.

The growing concern for the environment has made the environmental impact one of the major
determining factors for selecting a design over others in civil engineering. Therefore,
environmental guidelines could be essential to consider which solution is the best one for a
construction project rather than using only economic criteria. Using LCA could help to reduce
the environmental impacts caused by the complete life-cycle of many typical structures. This is
due to the fact that knowing which types or dimensions offer cleaner solutions is essential to
develop sustainable construction practices. If these practices are implemented, the environmental
impact of the construction sector could be reduced and therefore, contribute to global
sustainability. This paper creates a guideline for the environmental impacts of earth-retaining
walls, one of the most common structures in civil engineering. The midpoint and endpoint impact
categories are considered to provide both approaches. Every graph and result presented in this
paper could be used by engineers to select the cleanest structure depending on its height, location
and the most relevant damage or impact category.
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Table 1. Amount of materials per linear meter of wall

Cantilever wall height (m) 1 2 3 4 5 6
Veoncrete (M3) 1.74 2.88 4.42
Msteel (K9) 100.1 164.7 249.7
Atormwork (M?) 8 10 12
Vexcavation (M?3) 0.76 1.21 1.87
Vbackin (m?3) 18.28 24.35 30.9
Gravity wall height (m) 1 2 3 4 5 6
Veoncrete (M%) 0.35 1.1 2.85 4.8 8.75 12.3
Atormwork (M?) 2.41 4.83 7.24 9.66 12.07 14.49
Vexcavation (M°3) 0.23 0.46 0.69 0.92 1.15 1.38
Vibacktin (M?3) 0.5 2 4.5 8 12.5 18
Masonry wall height (m) 1 2 3 4 5 6
Vstone (M%) 0.57 2.42 4.69 7.04 10.03 14.09
Visand (M°) 0.16 0.77 1.35 2.12 3.05 4.15
Mcement (KG) 32 163 286 449 644 918
Viwater (/) 30 147 258 409 589 801
Gabion wall height (m) 1 2 3 4 5 6
Vstone (M3) 1 25 4.5 7 10 13.5
Msteel (KG) 13 31 55 86 122 164
Vibacksin (m?) 0.5 2 4.5 8 12.5 18
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Table 2. Impacts caused by 4 m high walls. Mean value and coefficient of variation (cv)

Acronym Unit Cantilever wall Gravity wall Masonry wall Gabion wall
mean cv (%) mean cv (%) mean cv (%) mean cv (%)
ALO  m*a 206.02 19.62 235.21 21.72 13.37 9.12 36.57 5.64
GWP kg COzeq 907.43 17.61 1025.58 29.47 915.08 2.63 629.23 5.19
FD  kgoileq 266.97 11.29 273.24 8.99 201.14 4.27 198.37 5.80
FEPT kg 1,4-DBeq 11.18 10.23 6.11 16.30 3.47 3.48 3.88 4.54
FEP  kgPeq 0.26 11.43 0.21 19.25 0.10 2.24 0.11 4.11
HTP kg 1,4-DB eq 432.69 9.45 258.75 17.21 124.92 4.71 128.76 6.31
IRP kg U235 eq 145.73 11.03 100.56 10.22 74.93 417 59.64 4.72
MEPT kg 1,4-DB eq 11.19 9.93 6.18 15.96 3.51 4.48 3.99 5.63
MEP kg Neq 0.23 12.73 0.21 12.29 0.18 3.81 0.19 4.94
MD kg Feeq 221.47 7.72 49.78 11.38 25.34 2.09 80.09 4.02
NLT ~ m? -0.92 28.32 -0.43 28.23 -0.74 27.01 -1.00 26.23
ODP kg CFC-11eq  1.27E-04  11.97 1.20E-04 5.84 9.71E-05 4.64 9.54E-05 6.19
PMFP kg PM10 eq 2.40 11.55 2.08 12.70 2.50 2.55 2.62 3.39
POFP kg NMVOC 5.41 11.88 4.85 10.25 4.62 417 4.59 5.61
TAP kg SOz eq 4.35 12.67 4.23 12.56 3.42 3.64 3.45 4.86
TETP kg 1,4-DBeq 0.14 16.94 0.11 10.76 0.05 17.70 0.34 5.75
ULO m?a 54.23 15.58 30.91 7.63 19.76 12.80 29.54 11.26
WD md 3835.75 20.63 2473.66 16.23 1485.90 4.37 1947.02 3.71
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Table 3. Main element contributors for every midpoint impact

Acronym Cantilever wall Gravity wall Masonry wall Gabion wall
Name (%) Name (%) Name (%) Name (%)

ALO Formwork 82.9-78.3 Formwork 96.7-83.9 Landfill 49.7 -44.0 Steelwire  70.9 —66.1
GWP Concrete  43.1-53.1 Concrete 83.0-114.3 Cement  23.7-38.7 Demoliton 31.4-31.3
FD Construction 34.3-27.7 Concrete 35.8-53.2 Demoliton  43.6 —47.9 Demolition  34.7 — 34.2
FEPT Rebar 52.9-58.9 Concrete 59.6-72.8 Cement 30.2-34.2 Steelwire 61.8-57.6
FEP Rebar 46.4-512 Concrete 68.1-81.3 Cement  45.3-48.8 Steelwire 71.2-675
HTP Rebar 53.7-59.2 Concrete 62.0-75.4 Cement  30.2-33.5 Steelwire 51.3-47.0
IRP Gravel 53.2-47.1 Concrete 41.8-53.7 Cement  39.6 —45.1 Gravel 23.4-32.8
MEPT Rebar 52.3-58.3 Concrete 58.8-71.6 Cement 28.4-319 Steelwire 57.2-529
MEP  Construction 32.0-26.5 Concrete  46.8 — 62.1 Demoliton  25.6 — 26.2 Stone 22.4-21.7
MD Rebar 71.3-77.1 Concrete 459 -56.6 Demolition 37.2-41.3 Steelwire 745-71.3
NLT Landfill (-1)180-187  Landfill  (-)286 — 333 Landfill ()113-119  Landfill (-)127 125
ODP  Construction 41.3-34.7 Concrete  28.3-43.8 Demoliton 44.8-51.5 Demolition 38.2-37.2
PMFP Rebar 21.5-26.1 Concrete 47.2-63.4 Stone 48.9 - 46.7 Stone 43.0-42.2
POFP Concrete  19.1-22.0 Concrete 41.2-56.2 Demoliton  28.2 —29.4 Stone 21.7-20.8
TAP Concrete  20.8—-26.3 Concrete 47.0 -63.0 Demoliton 27.5-23.4 Steelwire 23.4-21.3
TETP Rebar 22.0-27.0 Concrete  36.3-50.3 EoL transport 34.4 -35.8 Steelwire  81.7 —79.1
uLo Landfill 36.1 —-34.3 Concrete  30.1-44.7 Landfill 58.9 — 58.1 Landfill 48.6 — 48.1
WD Gravel 51.7-431 Concrete 63.4—70.3 Cement 62.0-63.9 Steelwire 69.7 —62.1
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