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Abstract: The last decade has witnessed increased attention toward products, services, and works
with reduced environmental impacts. In the field of road construction, the use of alternative materials,
wastes, or by-products obtained from industries is attracting considerable interest. The Life Cycle
Assessment (LCA) is a powerful project-level tool that allows the assessment of the environmental
impacts of a road infrastructure, from raw materials production to end of life phase. In this study, the
environmental impacts (in terms of global warming potential-GWP) of an embankment construction
project are investigated by a cradle-to-gate approach. The analysis focuses on all the processes
involved in the construction of an embankment section, from the base to the preparation of the
pavement formation level. The results are provided for two different road types and two different
stabilization methods, including the use of lignin and lime. All processes that contribute towards
global warming are investigated and described in detail. The most important finding of the LCA, in
terms of GWP, is that the production of materials is the phase that contributes the significant share
of the total environmental impact (more than 90%) for all scenarios. The lowest production-related
emissions can be recorded for the scenarios involving lignin treatment for the stabilization of the
embankment body. Furthermore, the percentage increase in GWP ranges between 51% and 39% for
transportation activities and 10–11% for construction activities, comparing the scenarios including
lime stabilization with the scenarios involving lignin treatment.

Keywords: carbon footprint; soil stabilization; road construction; sustainable construction; waste
reuse; life cycle assessment (LCA); alternative materials; environmental impacts; sustainability

1. Introduction

Transport infrastructures play a fundamental role in connecting different districts and
countries, contributing to the social, cultural, and economic growth of large areas [1]. In
such a context, roads have a strategic significance, as they account for the largest proportion
of transport in the EU (European Union) [2].

As kilometers of roads are being constructed worldwide and since this number is
expected to grow, the pavement engineering industry needs to perform a smooth tran-
sition to a more sustainable and circular way of operating [3,4]. In fact, transportation
infrastructures, and road pavements in particular, contribute not only to significant public
administration expenditure but also to energy and water consumption, the depletion of
natural resources, and the emission of greenhouse gases (GHGs) [5].

In 2016, the European Commission published the document “Green Public Procure-
ment Criteria for Road Design, Construction and Maintenance” [6], in order to encourage
the purchasing of products, services and works with reduced environmental impacts; more-
over, at the end of 2019, it adopted the European Green Deal [7], in order to meet the target
of zero GHG emission by 2050.

Therefore, with the aim of pursuing these goals, decision-makers and researchers have
been focused on developing different methodologies to assess sustainability, also in the field
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of road construction [8]. A widely accepted and standardised method (ISO 14040-series)
for quantifying and assessing the potential environmental impacts of road pavement is
the Life Cycle Assessment (LCA) [9], which helps to quantify, analyze, and compare the
environmental impacts of different types of pavement from material extraction to their end
of life [10].

Several LCA applications have dealt with road infrastructures and, in particular, with
the analysis of the road pavement [11–13]; however, very few applications are applied
for the construction of embankments or road subgrades [14–16]. Moreover, due to the
increasing interest in the use of alternative materials, wastes, or secondary raw materials in
road construction works [17], the LCA becomes a powerful and useful tool in assessing the
potential environmental benefits that could be achieved in comparison with the current
state of the practice (current state of knowledge) [18].

In addition, among the different recycled materials investigated in the road industry,
lignin is gaining more and more popularity as a sustainable reuse option for several
applications in civil engineering work [19,20]. In fact, lignin is the most common and
widespread biopolymer on Earth; moreover, as paper industries and biorefineries produce
millions of tons worldwide every year, it is broadly available [21].

The last decade has witnessed a plethora of useful and promising applications for
lignin, including as a bitumen extender [22], as a partial replacement in bituminous
binders [23], or as fibers in asphalt mixtures [24].

Another encouraging example is the application of lignin as an environmentally
friendly stabilizing agent of rejected or marginal existing in-situ soils, whose good me-
chanical properties are confirmed in different laboratory and field investigations [20,25,26].
Based on these results, an effort should be made to assess the environmental viability of
using lignin-stabilized soil in road embankments.

Therefore, this study addresses this need through a comparative LCA analysis for a
typical high-volume traffic Italian road embankment. In particular, a more common quick-
lime soil stabilization and a lignin stabilization were compared; moreover, two different
roads were selected for the analysis: a highway and a secondary rural road, for a total of
four different scenarios.

For each defined scenario, the pavement structure was designed in order to meet
the standard structural requirements, depending on the materials used. The LCA analy-
sis quantitatively assessed the environmental impacts during the materials’ production,
transportation, and construction phases, with a cradle-to-gate approach.

2. Materials and Methods

Part 2 of this paper outlines the assumptions and methods implemented in the study.
The general structure of this section is organized as follows: Section 2.1 (goal and scope
definition) and Section 2.2 (system boundaries and functional unit) present two significant
elements of the LCA framework, according to the related standards; Section 2.3 provides
detailed assumptions on the soil stabilization (Section 2.3.1), on the methodology used
in GHG assessment (Section 2.3.2), and on the evaluation of the impacts related to trans-
portation (Section 2.3.3) and construction (Section 2.3.4) activities. Sections 2.4 and 2.5
explore and detail the activities and processes related to each life-cycle stage (production,
transportation, and construction).

2.1. Goal and Scope Definition

This study provides the results of an LCA of an embankment construction project on a
1-km-long section of two Italian roads. The roads selected can be classified as a highway,
an A class road and a secondary rural road, a C1 class road, in accordance with the Italian
standard D.M. 5/11/01 “Functional and Geometric Standards for Road Construction” [27].

Furthermore, two different stabilization methods were investigated, including the
use of lignin and lime. Stabilization allows the minimization of the environmental
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impacts and contributes to the decrease in project costs, as it is an effective treatment for
re-using in-situ soil [28,29].

The environmental impacts involved in the lifecycle phases of the embankment con-
struction were assessed in terms of global warming potential (GWP), with a 100-year time
horizon. The main purpose of the analysis was to evaluate the environmental impacts in
terms of carbon footprint (amount of CO2 emissions associated with the specific activities),
related to the stabilization of soil with lime and lignin.

2.2. System Boundaries and Functional Unit

The functional unit (FU) used in this study was 1 km of road embankment. The
analysis includes all the processes involved in the construction of an embankment section
from the base to the preparation of the pavement formation level.

The total depth of the embankment was 2 m for both road sections. The width changed
depending upon the considered road: the width of the highway was 14.50 m, the width of
the rural road was 11.50 m.

For comparison purposes, the impacts were related to a unit of service, which was
1 m3 of the road embankment section.

The analysis was developed from cradle to gate, focusing on the construction phase;
it also included material extraction and production, and the transportation of materials.
Drainages and erosion measures were not included in the analysis.

2.3. General Assumptions
2.3.1. Soil Stabilization

For the embankment body and subgrade construction, it was assumed that locally
available soil deposits were used (e.g., the soil volume obtained from the excavations of cut
sections within the site). This assumption allowed the elimination of the costs related to the
option of using a better quality of borrow soil [30]. The replacement of locally weak soils
with a higher quality of soil also increased the time of the operations and the environmental
impacts related to the production of the aggregates and the waste from excavated soil.
However, in-situ soil does not always meet the construction standards.

The in-situ soil properties are summarized in Table 1.

Table 1. Properties of in-situ soil.

Property Characteristic

Particle Size Distribution [%]

Gravel (2–75 mm) 28.2
Coarse sand (0.425–2 mm) 13.1

Fine sand (0.075–0.425 mm) 8.4
Silt and clay (<0.075 mm) 50.3

Atterberg Limits [%]

Liquid Limit (LL) 38
Plasticity Limit (PL) 20
Plasticity Index (PI) 18

Standard Proctor compaction test

Optimum water content (wopt) [%] 13.4
Maximum dry unit weight (γd,max) [kg/m3] 1910

Modified Proctor compaction test

Optimum water content (wopt) [%] 10.3
Maximum dry unit weight (γd,max) [kg/m3] 2038

AASHTO soil classification A-6
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Given the significant presence of the clay matrix (about 50%), the soil had a poor
performance to be reused as fill without preliminary treatment. Two stabilizing agents
were used to upgrade the properties of the clayey soil: lime, which use is widespread in
road stabilization, and lignin, a waste product (obtained from paper and pulp industry)
that has also recently been used as a soil stabilizer.

Several laboratory tests were carried out to investigate the stabilized soil behavior
in different conditions, to choose the appropriate treatment formulations, and to assess
the corresponding performance-related properties. In particular, in the experimental
plan, both the untreated and stabilized soils were characterized by physical and mechan-
ical tests, such as Atterberg limits, CBR (California Bearing Ratio), UCS (Unconfined
Compressive Strength), and ITS (Indirect Tensile Strength) tests. All methods and results
are reported in a previously published study [25]. The optimum content of lignin and
lime was 0.4% (as a percentage of the optimum water content) and 2.5% (as a percentage
of soil dry weight), respectively.

In particular, the obtained results showed that the use of lignin as a stabilizing agent
is appropriate for the treatment of the soil for the embankment body construction, but
that it is unsuitable for subgrade construction. For subgrades, the standards [31] report
that CBR values collected after wet conditioning (4 days) must range between 20 and
25%. As obtained in [25], lignin has a poor ability in upgrading the bearing capacity of
the investigated soil in wet conditions (CBR value obtained for specimens immersed in a
water bath for 4 days was 3.4%), whereas the 2.5% lime-treated soil allows us to record a
CBR value of 22.5% in the same conditioning conditions. For this reason, in this study, the
proper technique for stabilizing the pavement subgrade exclusively involved the use of
lime for both scenarios. The applications investigated are summarized in Figure 1.
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Figure 1. Summary of the LCA application.

The selection of the two types of roads was strictly related to the fact that the
standards require specified structural quality criteria for the subgrade and embankment
layers, which are different for each road type. In particular, the following acceptance
thresholds are required [31]:

For the embankment body,

• highway: γd,max ≥ 92% of the maximum dry unit weight obtained by the laboratory
modified Proctor compaction test;

• secondary rural road: γd,max ≥ 97% of the maximum dry unit weight obtained by the
laboratory standard Proctor compaction test.

Then, for the subgrade,
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• highway: γd,max ≥ 95% of the maximum dry unit weight obtained by the laboratory
modified Proctor compaction test;

• secondary rural road: γd,max ≥ 100% of the maximum dry unit weight obtained by
the laboratory standard Proctor compaction test.

Given these design specifications, the expected maximum dry density values for the
lignin-treated soil and the lime-treated soil are shown in Table 2. In order to achieve the
optimal compaction level, field compaction values must be as close as possible to these
values obtained by laboratory tests.

Table 2. Maximum dry unit weight and optimum water content for each scenario.

Application γd,max [kg/m3] wopt [%]

Scenario A|LS 2038 10.33
Scenario A|QS 1956 11.69
Scenario B|LS 1910 13.40
Scenario B|QS 1820 15.20

During construction operations, the A-6 soil is transported to the construction site and
then embanked, treated, and compacted. It was assumed that a soil expansion of about
19% would be taken into account for the difference between the loose soil volume that is
excavated and transported, and the soil volume in the embankment after compaction.

2.3.2. Assessment of Greenhouse Gas Emissions

In the LCA procedure, the data collected in the phase of Life Cycle Impact (LCI) were
assigned to impact categories during the Life Cycle Impact Assessment (LCIA) analysis.
In this study, the impact category investigated was global warming potential (or climate
change). All the significant environmental processes contributing towards global warming
were analyzed individually; then, all different flows were aggregated, expressing the GWP
impact in terms of kg of carbon dioxide equivalents (kg CO2-eq). This common unit was used
to compare the emissions of different GHGs that contribute toward GWP in a different way;
this is because each gas has different radiative properties and lifetime in the atmosphere [32].
The GHGs assessed in this work were carbon dioxide (CO2), nitrous oxide (N2O), and
methane (CH4). The CO2-eq was obtained by summing the CO2-eq of each gas, which was
given by the product between the emission of a GHG and its global warming potential for a
time horizon of 100 years. The GWP values are reported by the Environmental Protection
Agency (EPA) [33]; in more detail, the GWP value used for converting N2O to CO2 is 298,
and when converting CH4 to CO2, a GWP value of 25 is assumed.

This study explores the environmental burdens associated with material production,
construction, and transportation.

In the phases of construction and transportation, emissions are strictly attributable
to fuel consumption; thus, the starting point of the assessment of GHG emissions is the
calculation of the fuel needed for each task. GHG emissions were obtained by multiplying
the fuel consumed in each activity by vehicles and earthwork machines with the emission
factor. It was assumed that the emission factor for diesel was 2.60 kg of CO2 per liter [34].
Emission factors for N2O and CH4 are reported in Table 3, depending on the vehicle type.

Table 3. Emission Factors for on-road and non-road vehicles [35].

Vehicle Type CH4 N2O

kg/L kg/L

Construction/Mining Equipment 2.48 × 10−4 2.30 × 10−4

Industrial/Commercial Equipment 2.46 × 10−4 2.30 × 10−4

kg/km kg/km

Light-Duty Trucks 1.80 × 10−5 1.33 × 10−5
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2.3.3. Assessment of Emissions Generated by Transportation Activities

Air emissions associated with fuel consumption during transportation activities can
be obtained with the general equation:

Emissionij= FC(transport−v)j×EFi (1)

where FC is the fuel consumption of the specific vehicle “v”, and the subscripts “i” and “j”
stand for the air pollutant and the transport activity, respectively.

Aggregates for the coarse-grained layer were transported from the plant to the con-
struction site by 32 t trucks [36]. This type of vehicle was also considered to be used for
local soil movement and quicklime transportation from the source to the worksite.

Fuel consumption FCtransport-truck [L/m3] for the selected truck was computed
as follows [37,38]:

FCtransport−truck =
K × d × Ic

C
(2)

where K is a coefficient related to the difference in fuel consumption between a full-loaded
truck and an empty one (K = 1.7),

d [km] is the mean distance travelled during the transport-related activity,
Ic [L/km] is the fuel consumption at maximum load of the specific truck,
C [m3] is the truck capacity.
Tanker trucks were used to transport water and lignin from sources to the worksite.

The fuel consumed in the transport of these materials was calculated on the basis of the
total number of trips NT (trips include empty returns); more specifically, the number of
trips needed was obtained by dividing the volume to be transported by the tanker truck
capacity (11,924 L/tank [39]). The fuel consumption associated with the tanker truck
considered in this study FCtankertruck was assumed to be 0.42 L/km [39], hence, the total
fuel FCtransport-tankertruck can be calculated as follows:

FCtransport−tan kertruck= FCtan kertruck×d × NT (3)

where d (km) is the mean distance travelled during a single trip.
Emissions due to the transport of geotextile membranes by a small lorry with a payload

of up to 3.3 t were assessed in the following way:

• CO2 emissions [kg] were evaluated on the basis of the data available in the European
Reference Life Cycle Database (ELCD) [40], and as a function of the distance covered
[km] and the transported mass [t] by the truck.

• CH4 [kg] and N2O [kg] emissions were obtained by the product between the distance
travelled [km] and the relative emission factor values reported by the EPA [35] for
light trucks (Table 3).

The transportation distances for each material used in this study are shown in Table 4.
An average distance of 1.2 km was considered for the transportation of in-situ soil (transport
of the local soil to be treated from the temporary storage site to the worksite). Furthermore,
the same distance was considered for transporting both lime and lignin to the worksite.

Table 4. Average transportation distances.

Input Materials Transportation Distance [km]

Aggregates for the coarse-grained layer 20
Water 19

Geotextiles 55
Quicklime 30

Lignin 30
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2.3.4. Assessment of Emissions Generated by Earthwork Machines

The assessment of the greenhouse gas emission “i” generated in the activity “j” by
earthwork machines follows the general function:

Emissionij= FC(eq−m)j×EFi (4)

where FC indicates the fuel consumption of the specific machine “m” and EF is the emission
factor (Table 3).

The general function for the assessment of the fuel consumption (1 m3 of activity) of the
vibratory roller FCeq-roll [L/m3] and the excavator FCeq-exc [L/m3] is the following [37,41]:

FCeq−(roll or exc) = P × SC×LF1+LF2

2
× 1

ρfuel
×Pr (5)

where P [kW], SC [kg/kWh], and Pr [h/m3] are the power, the engine specific consumption,
and the productivity of the equipment, respectively. The SC at full power ranges between
0.213 kg/kWh and 0.268 kg/kWh [41]; an average value of 0.25 kg/kWh is assigned to this
parameter, as suggested by the existing literature [37]. ρfuel is the mean specific weight of
the fuel, which is assumed to be 0.85 kg/L [41].

LF1 and LF2 are engine load factors, depending on the equipment type. As illustrated
by [37], load factors can be assessed by specific laws, as follows:

• For the vibratory soil compactor

LF1= 0.05173e0.00142D (6)

LF2= 0.21032G0.43210 (7)

• For the excavator

LF1= 0.0339e0.0014D (8)

LF2= 0.2007e0.0262t (9)

where D [kg/m3], G [%], and t[min] are the material density, the grade of the slope, and
the duration of use, respectively.

The productivity of the excavator is assumed to be 400 m3/h [42]. The productivity for the
vibratory soil compactor Prroll [m3/h] can be calculated using the following equation [43,44]:

Prroll= (L × V × S)/N (10)

where L [m] is the compacted width per pass, V is the average speed in kilometers per
hour, S is the compacted thickness, in millimeters, and N is the number of machine passes
to achieve the desired compaction. Equation (11) gives the number of passes of the roller in
order to achieve compaction, as a function of the field dry density γd,field [g/cm3] and the
moisture content w [%] [45]:

γd,field= 1.065 + 0.033 × w + 0.084 × N (11)

Fuel consumed by the dozer FCeq-doz, the binding agent spreader FCbas, the soil
stabilizer FCst, and the motor grader FCmtg is defined by:

FCeq−(doz, bas, st or mtg)= FC × ottot (12)

where FC [L/h] is the specific fuel consumption of the machine and ottot [h] is the total
operating time required to complete the single activity. For example, for dozer activity, ottot
is obtained from the relationship between the total volume of loose soil excavated by the
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dozer [m3] and the dozer productivity Pr [m3/h]. Information regarding the FC and Pr
was collected from the manufacturer’s specifications and previous studies [42].

2.4. Production of Input Materials

Life cycle inventory data was collected from the literature for the production of the
materials. The contribution to the environmental lifecycle impacts is summarized in Table 5
for each input material.

Table 5. Average kg CO2-eq emissions generated from each material production.

Process Code Material kg CO2-eq/kg Reference

PA Aggregates for the coarse-grained layer 6.18 × 10−3 [46]
PG Geotextiles 2.35 [47]
PQ Lime 0.94 [48]
PL Lignin 0.26 [49]

2.5. Transportation and Construction Activities

All processes that contribute towards global warming are described and assessed
in detail. The construction stages accounted for in this study are reported in Figure 2.
Moreover, Figure 2 provides an overview of the construction and transportation operations
that are considered for each scenario.
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The construction stage is divided into five subphases, which are discussed in the
following sections.

2.5.1. Embankment Base Treatments (EBT)

This phase included preliminary operations aimed at the preparation of the embank-
ment base (EBT|C). Surface vegetation and organic soil were removed to a depth of 30 cm
below the ground level. This soil was not suitable to be used as fill embankment soil as it
was high in organic material content. For this reason, it was temporarily stockpiled on the
sides of the worksite as it was used for covering the finished embankment and restoring
the local vegetation at the end of the works.

EBT also includes the excavation of the soil for the construction of the anti-capillary
layer (EBT|E). In this case, the excavated material (A-6 soil) (plus the soil from the
initial excavation) was used to fill up the embankment body. Trucks transported this
soil to a temporary storage site (EBT|T). All processes and equipment at this stage are
listed in Table 6.

Table 6. EBT: processes and equipment.

Activity Code Input Resources Process Code Processes
Transport/

Construction Site
Equipment

Output

EBT Fuel

EBT|C Cleaning and
removing topsoil Dozer

Emissions
Embankment base

EBT|E Excavation for the
anti-capillary layer Excavator

EBT|T
Transport of the excavated

soil to the temporary
storage site

Truck (32 t)

Table 7 provides the values of the engineered earth volumes in this phase.

Table 7. EBT: engineered earth volumes.

Process Code Scenario A Scenario B

Removed topsoil [m3] EBT|C 6138.00 5274.00
Excavated soil [m3] EBT|E 7984.00 6832.00

Transported soil to the
temporary storage site [m3] EBT|T 9902.23 8473.45

2.5.2. Anti-Capillary Layer Construction

The embankment design includes the construction of a granular layer with a capillary-
breaking effect. The processes involved in this phase are reported in Table 8.

Table 8. ALC: processes and equipment.

Activity Code Input Resources Process Code Processes Transport/Construction
Site Equipment Output

ALC
Aggregates

Water
Fuel

ALC|Ta
Transport of aggregates to

the construction site Truck (32 t)
Emissions

Anti-capillary
layer

ALC|Tw
Transport of water to the

construction site Tanker truck

ALC|C Compaction of the
anti-capillary layer

Vibratory soil
compactor
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Aggregates for the coarse-grained layer were transported from the quarry site to the
construction area (ALC|Ta). The soil used can be classified as A-3 (fine sand), according to
the AASHTO soil classification [50].

A standard Proctor compaction test was carried out on this soil to define the maximum
dry unit weight and the optimum water content; the values obtained for these parameters
by the laboratory test were the following: γd,max = 2290 kg/m3 and wopt = 6.02 % [25]. This
analysis is required to assess the number of passes and the productivity of the roller. The
values obtained by applying Equations (6), (7), (10) and (11) are summarized in Table 9.

Table 9. Main parameters for vibratory toller compactor fuel consumption assessment.

Characteristic Value

N [-] 12
S [mm] 400

Prroll [m3/h] 355
D [kg/m3] 2020

G [%] 0
LF1 0.91
LF2 0

The hypotheses regarding the density of loose soil D are based on the values of
previous studies [37]; in particular, a 10% soil expansion value was assumed in order to
consider the difference between the loose soil volume and the soil density in the bank after
compaction. The volume of aggregates required in Scenario A and Scenario B is 9051.17 m3

and 7745.19 m3, respectively.
The assumption was that, before compaction, additional water was provided to correct

the soil moisture content. More specifically, it was supposed that the original water content
was 2%, thus 4.02% more water was added to the treated soil. This last operation involves
water transport to the worksite (ALC|Tw).

2.5.3. Geotextiles Transport to the Construction Site and Installation

Geotextiles are used to protect the anti-capillary layer from the uncontrolled passage of
soil particles, due to their filtering and separation functions. In addition, the installation of
geotextiles is required to prevent intermixing between the granular soil and the underlying
soil, preserving the drainage capacity and the structural integrity of the coarse-grained soil
layer [51]. The geotextiles used in this study were 6.50 m wide with a mass per unit area of
255 g/m2. The geotextiles were installed below the anti-capillary layer and at the interface
between the anti-capillary layer and the embankment soil.

The geotextile installation-related operations are reported in Table 10. This construc-
tion step included two main activities: the transport of the geotextiles by a small lorry
(GTXI|T) and rolls handling by a forklift, supporting the laying operations (GTXI|L). The
emissions of the diesel forklift were obtained by an average of values from previous studies,
considering drive with load and no load, and an average distance of 1.5 km [52].

Table 10. GTXI: processes and equipment.

Activity Code Input Resources Process Code Processes Transport/Construction
Site Equipment Output

GTXI Geotextiles
Fuel

GTXI|T Geotextiles transport to the
construction site Small lorry (3.3 t) Emissions

Geotextiles
installedGTXI|L Geotextiles handling

and installation Forklift



Sustainability 2023, 15, 1912 11 of 19

2.5.4. Embankment Body Construction: Lignin Stabilization

All the activities and each piece of equipment involved in this construction phase are
shown in Table 11.

Table 11. ECLS: processes and equipment.

Activity Code Input Resources Process Code Processes Transport/Construction
Site Equipment Output

ECLS

Lignin
Water
Fuel

ECLS|Ts Transport of the A-6 soil Truck (32 t)

Emissions
Embankment body

ECLS|TL
Transport of lignin to the

construction site Tanker truck

ECLS|Tw
Transport of water to the

construction site Tanker truck

ECLS|SM Spreading and mixing Soil stabilizer

ECLS|C Compaction of the layer Vibratory soil
compactor

The first sub-process of the embankment body construction was the transport of the
required volume of the A-6 soil from the stockpile sites to the construction area (ECLS|Ts).
The soil treatment by lignin also involves the transport of lignin (ECLS|TL) and water
(ECLS|Tw). The lignin used in this study was a dark brown liquid in a concentrated
condition that required dilution before mixing (part of the required optimum water content
was used) [25]. The optimum moisture content, as determined by the laboratory compaction
test (standard or modified, depending on the Scenario, see Table 2), was used as a guide in
the assessment of the proper moisture content, given that the original water content of the
soil was 6%.

The volumes of soil and lignin needed for each scenario are provided in Table 12.

Table 12. Volumes of soil and lignin needed for each scenario.

Process Code Scenario A|LS Scenario B|LS

Transported A-6 soil [m3] ECLS|Ts 24,431.81 19,323.25
Imported lignin [t] ECLS|TL 15.54 15.95

The placing, treatment, and compaction of fill material were carried out in two layers;
the thickness of each layer was 50 cm and the working depth of the used soil stabilizer was
51 cm (Wirtgen WR 240 i). The soil stabilizer machine allowed the spread and mixing of the
lignin and water into the existing soil. Each layer was uniformly compacted to the desired
design specifications before the next layer was applied. Parameters for the assessment of
the compaction sub-phase are reported in Table 13.

Table 13. Main parameters for compaction operations based on lignin stabilized scenarios.

Characteristic
Value

Scenario A|LS Scenario B|LS

N [-] 7 4
S [mm] 500 500

Prroll [m3/h] 760.71 1331.25
D [kg/m3] 1540.00 1540.00

G [%] 0 0
LF1 0.46 0.46
LF2 0 0

2.5.5. Embankment Body Construction: Lime Stabilization

The same A-6 soil was treated by lime in the Scenario A|QS and Scenario B|QS. The
sub-processes and transport/construction equipment are detailed in Table 14.
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Table 14. ECQS: processes and equipment.

Activity Code Input Resources Process Code Processes
Transport/Construction

Site Equipment Output

ECQS

Quicklime
Water
Fuel

ECQS|Ts Transport of the A-6 soil
Truck (32 t)

Emissions
Embankment body

ECQS|TQ
Transport of lime to the

construction site
Tanker truck

ECQS|Tw
Transport of water to the

construction site
Tanker truck

ECQS|S Lime spreading
Binding agent spreader

ECQS|M Mixing
Soil stabilizer

ECQS|C Compaction of the layer
Vibratory soil compactor

The addition of lime to A-6 soil increases the optimum moisture content and reduces
the maximum dry density.

Table 15 reports the volume of soil to be transported for the construction of 1-km-long
section and the quantity of lime required for the soil treatment, according to the design
specifications, for both scenarios.

Table 15. Volumes of soil and lime needed for each scenario.

Process Code Scenario A Scenario B

Transported A-6 soil [m3] ECQS|Ts 23,451.15 18,412.73
Imported lime [t] ECQS|TQ 903.00 709.00

The sub-process ECQS|S (Lime spreading) involves the use of the binding agent
spreader (Wirtgen SW 16 MC). Soil treatment, mixing, and compaction are carried out
for two layers 50 cm deep, as for the embankment stabilized by lignin. The compaction
step-related parameters are summarized in Table 16.

Table 16. Main parameters for compaction operations based on lime stabilized scenarios.

Characteristic
Value

Scenario A|QS Scenario B|QS

N [-] 6 3
S [mm] 500 500

Prroll [m3/h] 887.50 1775.00
D [kg/m3] 1540.00 1540.00

G [%] 0 0
LF1 0.46 0.46
LF2 0 0

2.5.6. Subgrade Construction and Preparation of Pavement Formation Level

Subgrade lime stabilization was required for each scenario as the in-situ soil was
unsuitable for providing adequate support for pavement structure functionality during
its service life, and lignin treatment does not fulfil the construction standards. The sub-
processes involved in this phase (Table 17) were the same as the processes discussed for the
embankment body construction (lime stabilization).
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Table 17. SUBC: processes and equipment.

Activity
Code

Input
Resources Process Code Processes Transport/Construction

Site Equipment Output

SUBC
Quicklime

Water
Fuel

SUBC|Ts Transport of the A-6 soil Truck (32 t)

Emissions
Subgrade and pavement

formation level

SUBC|TQ
Transport of lime to the

construction site Truck (32 t)

SUBC|Tw
Transport of water to the

construction site Tanker truck

SUBC|S Lime spreading Binding agent spreader
SUBC|M Mixing Soil stabilizer
SUBC|C Compaction of the layer Vibratory soil compactor

SUBC|F Precision-finishing Motor grader
Vibratory soil compactor

Table 18 provides the values of the engineered soil volumes in each sub-phase and the
quantity of lime required for the soil treatment of the 1-km-long sections.

Table 18. Soil volumes (transported and engineered) and lime quantities required in Subgrade construction.

Process Code Scenario A Scenario B

Transported A-3 soil [m3] SUBC|Ts 18,039.35 13,969.09
Imported lime [t] SUBC|TQ 695.00 536.00

Engineered soil volumes during the
precision-finishing phase [m3] SUBC|F 3300 2700

Parameters involved in the assessment of fuel consumption during the compaction
phase are the same as Table 16, except for LF2, which is calculated taking into account the
grade of the slope, of 2.5% (LF2 = 0.04).

In addition, this last construction phase includes the preparation of the pavement
formation level, slopes finishing, and the trimming of surfaces (SUBC|F). The slopes of the
finished embankments were covered with the topsoil stockpiled during the process and
EBT|C for the re-establishment of site vegetation.

3. Results and Discussion
3.1. Carbon Dioxide Emissions and GWP Analysis

Figure 3 shows the LCA output in terms of global warming potential. In this section,
data are reported for each scenario (1 km of road embankment, sections 2 m deep) and the
life-cycle stages accounted for in this study. Furthermore, all the processes (production,
transportation, and construction) that contribute towards global warming are aggregated
in “Cradle to Gate” values.

As can be seen in Figure 3, the production of materials is the phase that contributes to
a significant share of the total environmental impact. More specifically, the contribution of
production-related impacts ranges between a minimum of 93–94% (for Scenario B|LS and
Scenario A|LS, respectively), and a maximum of 96–97% (for Scenario B|QS and Scenario
A|QS, respectively). However, it can be noted that the lowest production-related emissions
can be recorded for the scenarios involving lignin treatment for the stabilization of the em-
bankment body. This result translates into a lower GWP, considering the cradle-to-gate system.
Overall, the contribution of the construction operations is less than 2% of the whole lifecycle.
Comparing the two different stabilization techniques (Scenario A|LS vs. Scenario A|QS and
Scenario B|LS vs. Scenario B|QS) the results suggest that, for the specific case study, the
impacts from transportation and construction activities are approximately comparable.
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Figure 3. Contribution of each Life-cycle process to Global Warming Potential (GWP).

Figure 4 allows one to quantify the contribution that the production of each input mate-
rial has to the production of the assessed impact. The production phase was disaggregated
to assess the magnitude of each material in terms of GWP.
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Figure 4. Contribution of the production process of each material to Global Warming Potential (GWP).
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Comparing the values for each scenario, the highest rates of GWP are observed for
the lime production process. As was expected from the production processes analysis
(Section 2.4), lime production generates significant quantities of air pollutants. The envi-
ronmental impacts of lime production depend largely on limestone decomposition (about
60%), fuel combustion (39%), and electricity consumption (1%) [48].

It is worth noting that lignin is a waste material, and impacts related to its production
process are approximately four times lower than the ones obtained for lime.

This analysis does not allow us to draw concrete conclusions about the comparison
between the scenarios, as different embankment sizes are taken into account. For this
reason, in the following section, the environmental impacts will be compared with each
other, referring to a unit of service.

3.2. Carbon Dioxide Emissions and GWP Analysis Per Functional Unit

In this section, to compare the environmental impact of the two stabilization proce-
dures, an analysis was carried out; this referred to the functional unit, which is 1 m3 (one
meter of thickness) of the road embankment section.

GWP and carbon dioxide emissions, generated from construction activities, are re-
ported in Tables 19–21. Information is reported for each sub-process and per functional
unit. More specifically, Table 19 summarizes the data for processes that are common to
all scenarios. Table 20 shows emissions related to the construction of the embankment
body and lignin treatment stabilization. Emissions generated for the construction of the
embankment body, involving the lime treatment, are reported in Table 21. This last table
includes CO2 and CO2-eq emissions related to subgrade construction. It is necessary to
underline that, in Tables 20 and 21, two different emission values are reported for the
process related to water transportation to the construction site; this is due to the fact that
the optimum moisture content is different for Scenario A and Scenario B (thus, the water
content per m3 is different between Scenario A and Scenario B). Tables 19–21 provide the
framework for the assessment of emissions generated for various construction operations.

Table 19. CO2 and CO2-eq generated for the construction activities common to all scenarios (data Per FU).

Process Process Code Applications CO2 [kg] CO2-eq [kg]

Cleaning and removing topsoil EBT|C A|LS; A|QS; B|LS; B|QS 0.251 0.258
Excavation for the anti-capillary layer EBT|E A|LS; A|QS; B|LS; B|QS 0.198 0.203

Transport of the excavated soil to the temporary
storage site EBT|T A|LS; A|QS; B|LS; B|QS 0.111 0.114

Transport of aggregates to the construction site ALC|Ta A|LS; A|QS; B|LS; B|QS 1.686 1.735
Transport of water to the construction site ALC|Tw A|LS; A|QS; B|LS; B|QS 0.284 0.292

Compaction of the anti-capillary layer ALC|C A|LS; A|QS; B|LS; B|QS 0.147 0.151
Geotextiles transport to the construction site GTXI|T A|LS; A|QS; B|LS; B|QS 0.004 0.246

Geotextiles handling and installation GTXI|L A|LS; A|QS; B|LS; B|QS 0.002 0.002

Transport of the A-6 soil
ECLS|Ts
ECQS|Ts
SUBC|Ts

A|LS; A|QS; B|LS; B|QS 0.111 0.114

Precision-finishing SUBC|F A|LS; A|QS; B|LS; B|QS 0.044 0.045

Table 20. CO2 and CO2-eq emissions related to lignin-treatment stabilization activities (data per FU).

Process Process Code Applications CO2 [kg] CO2-eq [kg]

Transport of lignin to the
construction site ECLS|TL A|LS; B|LS 0.005 0.006

Transport of water to the
construction site

ECLS|Tw
A|LS 0.233 0.239
B|LS 0.397 0.409

Spreading and mixing ECLS|SM A|LS; B|LS 0.260 0.267

Compaction of the layer ECLS|C
A|LS; B|LS 0.035 0.036
A|LS; B|LS 0.020 0.020
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Table 21. CO2 and CO2-eq emissions related to lime-treatment stabilization activities (data per FU).

Process Process Code Applications CO2 [kg] CO2-eq [kg]

Transport of lime to the
construction site

ECQS|TQ
SUBC|TQ

A|LS; A|QS; B|LS;
B|QS 0.109 0.112

Transport of water to the
construction site

ECQS|Tw
SUBC|Tw

A|QS; A|LS 0.306 0.315
B|QS; B|LS 0.494 0.508

Lime spreading ECQS|S
SUBC|S

A|LS; A|QS; B|LS;
B|QS 0.035 0.036

Mixing ECQS|M
SUBC|M

A|LS; A|QS; B|LS;
B|QS 0.260 0.267

Compaction of the layer ECQS|C
SUBC|C

A|QS; A|LS 0.030 0.031
B|QS; B|LS 0.015 0.015

The most impactful sub-processes are the transport of aggregates to the construction
site and the transport of water to achieve the optimum moisture content during embank-
ment construction (both lignin and lime treatments).

Geotextile handling and installation, and the transport of lignin to the construction
site, allow us to record the lowest GWP.

Considering the embankment body construction activity, the comparative analysis
between the emissions related to lime stabilization and lignin stabilization allows this study
to draw the following main conclusions:

i. The difference between emissions generated for the transportation of lignin and
lime is significant. From the comparison between the vehicles used in this process
(tanker truck for lignin transportation and truck 32 t for lime transportation), it can be
noted that the capacity of the truck is approximately twice the capacity of the tanker;
furthermore, fuel consumption per km is similar and the distance travelled is the
same in both cases. However, the amount of lignin is significantly lower than the
required quantity of lime (0.40% vs. 2.5%); as a result, lime transportation generates
impacts approximately 20 times higher than lignin transportation.

ii. Emissions from the transportation of water from the source to the site were relatively
high, particularly for the lime-treated embankment, as the optimum water content
is higher in this scenario compared with the alternative scenario involving lignin
stabilization (11.69% vs. 10.33% for the highway and 15.20% vs. 13.40% for the rural
road). Furthermore, the optimum moisture content is lower in Scenario A; thus,
impacts related to water transportation are significantly reduced for the highway
embankment construction.

iii. As reported in Section 2.5.4, the soil stabilizer machine allows to concentrate spreading
and mixing in a single process (ECLS|SM). This condition translates into the reduction
of fuel consumption and GWP. Compared to the lime-treated embankment scenario,
the lignin treatment solution allows us to obtain an approximately 12% decrease in
the average values of air pollutants generated during the spreading and mixing of the
stabilizing agent with soil.

iv. The compaction effort required in lignin stabilization is higher than the one required
in lime soil treatment; thus, the highest number of roller passes is recorded for the
lignin-stabilized soil layer (seven vs. six for the highway and four vs. three for the
rural road). For this reason, GHGs emissions are slightly higher for A|LS and B|LS
scenarios when compared with A|QS and B|QS scenarios, with a percentage increase
of about 16%.

v. Overall, the results suggest that scenarios that include lime stabilization in the em-
bankment body construction, allow us to record the highest rates of GWP, both for
transportation (includes transportation of A-6 soil, lignin, and water to the construction
area) and construction activities (includes soil stabilizer spreading, mixing with existing
soil, and compaction operations). In particular, the percentage increase ranges between
51% (Scenario A|QS vs. Scenario A|LS) and 39% (Scenario B|QS vs. Scenario B|LS) for



Sustainability 2023, 15, 1912 17 of 19

transportation activities, and between 10% (Scenario A|QS vs. Scenario A|LS) and 11%
(Scenario B|QS vs. Scenario B|LS) for construction activities.

4. Conclusions

The Life Cycle Assessment (LCA) is a project-level tool that allows us to assess the
environmental impacts of an infrastructure, from raw material production to the end of life
phase. In this study, the environmental impacts related to an embankment construction
project are investigated by a cradle-to-gate approach. The analysis focuses on all the
processes involved in the construction of an embankment section from the base to the
preparation of the pavement formation level. Results are provided for two different roads,
a highway and a rural secondary road, given the fact that standards require specified
structural quality criteria (different for each road type) for the subgrade and embankment
layers. Furthermore, two different stabilization methods were investigated including the
use of lignin and lime. Stabilization allows us to minimize the environmental impacts,
using locally available soil deposits, such as the soil volume, obtained from the excavation
of cut sections within the site. All processes that contribute towards global warming
are investigated and described in detail. The LCA output, in terms of global warming
potential, shows that the production of materials is the phase that contributes a significant
share of total environmental impact (more than 90%) for all the scenarios. The lowest
production-related emissions can be recorded for the scenarios involving lignin treatment
for the stabilization of the embankment body. Moreover, it can be noted that lignin is a
waste material and impacts related to its production process are approximately four times
lower than the ones obtained for lime. For comparison purposes, the analysis was carried
out referring to a functional unit, which is 1 m3 of the road embankment section. The
most important finding of the comparative analysis, between the emissions related to lime
stabilization treatment and lignin stabilization treatment of soils, suggests that including
lime stabilization in the construction of the embankment body allows us to record the
highest rates of GWP, both for transportation and construction activities. The study carried
out in this paper provides preliminary results, since calculations were based on several
hypotheses, and estimates were made using average values and calculations. For this
reason, in future research, attention will be focused on the possibility of overcoming this
limit by monitoring the production and construction processes, in order to obtain a more
reliable and complete inventory database.
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