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Abstract: The most well-known and used evaluation system to determine the life cycle of a product,
is the life cycle assessment (LCA). In Europe, the use of the life cycle assessment (LCA) to assess the
environmental performance of products is becoming commonplace, which is why substantial efforts
have been made in the last two decades to develop new life cycle assessment (LCA) methodologies
and software. This paper evaluates the life cycle assessment (LCA) for the rehabilitation of a national
road sector in Romania. The biggest ecological problem facing mankind is the effect of global warming
and climate change associated with this phenomenon, due to the increase of the concentration of
pollutants to the atmosphere, and this paper presents the results of the life cycle assessment (LCA)
based on a cradle-to-gate approach. For this case study, were used three rehabilitation alternatives.
These alternatives and the existing pavement structure were analysed using the GaBi software,
Ganzheitlichen Bilanzierung (German for holistic balancing), to assess the environmental impact of
global warming, the stratospheric impact of ozone, and the impact on human health. The results
obtained in this study illustrate the importance of a life cycle assessment approach for evaluating the
sustainability for different designs and for the construction of road rehabilitation options.
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1. Introduction

The life cycle analysis of a product or service is a process with high applicability,
making it possible to assess the flows of the materials, energy, and waste of a product
over the entire life cycle of the product or service, and its impact on the environment.
The analysis covers the complete life cycle of a product, process, or activity, including
the production of raw materials, manufacturing, transport and distribution, use, reuse,
maintenance, recycling of materials, and final disposal or destruction. According to the
standard SR EN ISO 14040: 2007 [1], life cycle means “consecutive and interrelated stages
of a product system, from the acquisition of raw materials or the generation of natural
resources to post-use”.

The life cycle analysis for construction evaluates the impact of a structure over its
lifetime. Once the lifespan has been exhausted, the environmental impact is determined
by abandoning or removing the pavement structure. Therefore, the environmental impact
assessment has become a key factor in the design and the construction of infrastructure
works [2-4]. After disposal, the materials may be reused whole or in part, if appropriate
disposal techniques are applied. This procedure is one of the keys to sustainability. The
special features of the construction sector are the large volumes of materials used, the
long life of the finished products; the need to consider construction as a whole, rather
than to compare alternative materials; and the significant effect of longevity and the
need for constructions to repair the environmental loads. A road is different from many
other products in that production methods, material consumption, etc., vary significantly
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both between construction projects and within them [5-7]. A significant example may be
geotechnical conditions, which may vary depending on the geographical location of the
road. Due to various conditions, it was not possible to use a static life cycle assessment
model. Cumulative environmental action along with traffic action during the life of the road
proved to be high compared to the loads caused by the construction and the maintenance of
the pavement itself [8]. On the other hand, traffic loads and road construction are weighted
in different ways, so a direct comparison is not completely unequivocal. If the effect of
the pavement structure on environmental and traffic actions could be estimated, it could
be significant in terms of energy consumption and atmospheric emissions [9]. However,
based on current knowledge, the effect of alternative constructions is extremely difficult to
estimate. In the past, consideration of the environmental impact and transport sustainability
issues has generally been minimal. Recently, the aggravation of environmental burdens
has required an urgent reconsideration of the main environmental aspects in the design
and construction of roads. According to European Commission [10] estimates, transport
accounts for 32% of Europe’s energy consumption and 28% of the total CO, emissions.
To limit climate change and the resulting global temperature increase by below 2 °C, a
reduction of at least 60% in greenhouse gas emissions compared to 1990 in the transport
sector is needed.

The most well-known and used evaluation system to determine the life cycle of the
road sector is the life cycle assessment method [11]. Figure 1 shows the stages of a road,
from construction to the end of the service life. Life cycle assessment is an assessment
method used to analyse and quantify the impact of pavement structures on the environment
throughout the life cycle. This potential impact concerns the use of non-renewable resources,
population health, and environmental consequences, useful in decision-making processes
for both infrastructure and traffic planning [11-15]. The result contains information on
energy consumption and greenhouse gas emissions. There are four distinct steps to be
performed in an LCA study [14], namely: goal definition and scope, inventory analysis,
impact assessment, and the interpretation of the results. The results are expressed in terms
of key environmental factors, namely: energy consumption and greenhouse gas emissions.
According to SR EN ISO 104040: 2007 [1], LCA is a tool that “addresses environmental
issues and the potential impact on the environment during the life of a product, from the
purchase of raw materials, production, use, to recycling and disposal (cradle to gate)”.

ROAD
CONSTRUCTION

OPERATION AND
MAINTENACE

1 1

FINAL DISPOSAL OR
REUSE OF MATERIALS

Figure 1. The life cycle of a road.
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An LCA study can be classified, depending on the considered life cycle period, as
presented in Figure 2 [1], into the following;:

e  Cradle-to-grave—an evaluation of the life cycle of a product, from the purchase of raw
materials to recycling and disposal.

e  Cradle-to-gate—an evaluation of the partial life cycle of a product, from the purchase
of raw materials to the manufacturing stage, before shipment to the consumer.

e  Gate-to-gate—an evaluation of the partial life cycle of a product, which is considered
a single process that adds value to the entire production.

e  Gate-to-grave—an evaluation of the life cycle of a product, from the purchase of raw
materials to recycling or disposal.

CRADLE - TO - GRAVE

4

\ 4 A\ 4

RESOURCE =>

GRADLE-TO-GATE GATE-TO-GATE | GATE-TO-GRAVE

= INITIAL = OUTPUT = SERVICE =—> DISPOSAL/
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Figure 2. LCA classification [1].

In Europe, the use of the life cycle assessment to assess the environmental performance
of products is becoming commonplace. As a part of life cycle assessment (LCA), life cycle
cost (LCC) is used to assess the economic and environmental performance of products
and services. Life cycle cost (LCC) is an analysis technique aimed at quantifying the
costs associated with the life cycle of a product or service [16,17]. LCC is not a financial
accounting method, but a cost management tool that takes into consideration all the
direct costs incurred during the life cycle of a product [18]. In Québec (Canada), the
Ministry of Transport has recognized the LCA method as a key element in choosing the
pavement [19]. Substantial efforts have been made over the last two decades to develop new
LCA methodologies and software, such as GaBi, which was elaborated by the International
EP in collaboration with the University of Stuttgart [20,21]. It details the costs, energy,
and environmental impact of the supply and refining of each raw material or processed
component of a manufactured article [22]. GaBi software combines GaBi databases, created
by PE INTERNATIONAL Company, with other commercial databases and regional content.
GaBi includes both aggregated database and process database. To design the road life cycle,
GaBi database modules were used considering the specific processes and materials for the
construction industry [23].

2. Short History

The concept of life cycle analysis first appeared in the 1960s, due to the rapid depletion
of fossil fuels, which caused widespread global interest in energy, and it was first used to
understand and assess the impact of energy consumption [24]. Big industrial companies in
the USA [25] were the initiators of the concept of the life cycle analysis. Its development
has focused on the systematic approach used to assess the environmental consequences
of a product, process, or activity from a cradle-to-grave perspective. Initially, researchers
focused on the energy consumption of existing buildings, capitalizing on their energy-
saving potential. Subsequently, it gradually expanded to all aspects of infrastructure
construction. Research on road energy consumption also appeared relatively early on, and
many research achievements have been applied in practice.
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Over time, studies have been conducted in the field of road infrastructure; more
precisely, among the first studies on the life cycle analysis of a pavement structure were
done in Finland in 1960 by Hiakkinen and Méke [5,26,27]. The study consisted of a compar-
ative analysis between ordinary concrete pavements and asphalt pavements. The authors
conclude that when the energy of the raw material for road construction is taken into
consideration, the asphalt pavement consumes twice as much energy as the concrete pave-
ment, and if the raw material energy is not included, the energy consumption of these two
pavements is equal. In the case of carbon dioxide emissions, ordinary concrete pavement
discharges 40-60% more than asphalt pavement [26]. Another comparative study between
hot mixed asphalt concrete pavement and continuously reinforced concrete pavement was
conducted by Horvath and Hendrickson [26,27] in the United States. They found that in
the production stage of materials, the energy consumption of asphalt concrete pavement
is about 40% higher than that of continuous reinforced concrete pavement. Most of the
environmental indicators of asphalt concrete pavement are better than that of continuous
reinforced concrete pavement. Roudebush [28] concluded in his study that the energy value
of asphalt pavement is about 90.8% higher than that of concrete pavement. During the
production and maintenance of the pavement, the energy value of the asphalt concrete is
higher than that of the cement concrete. In Canada, Berthiaume and Bouchard [26] applied
energy—the part of the energy that can be transformed into any form of energy—to study
the energy consumption and environmental impact of asphalt and cement concrete. Strip-
ple [29], through their study, which included accessory facilities of a highway, concluded
that the energy consumption of cement concrete pavements is higher than that of asphalt
concrete pavements. Zapata and Gambatese [30], by analysing the energy consumption of
asphalt concrete pavements and continuous reinforced concrete pavements, found that the
continuous reinforced concrete pavement consumes more energy in the production and
construction stage of materials, including the energy consumption of cement production.
The energy consumption of cement production is the main factor, while the drying energy
consumption of mixed aggregates is a significant factor affecting the energy consumption
of asphalt pavement.

Since 1996 until now, at least one study per year has been published that applies the
methodology of road life cycle assessment. Although this allowed for the accumulation of
knowledge in this field of research, there was no clear evolution of the scientific field during
this period. In the current literature for pavement structures, there are contradictory results
that occur from the use of different assumptions and the application of LCA methodology.
The framework for life cycle environmental assessment is relatively complete after years of
research, but there are still many shortcomings in the detailed model and data collection
is also in the initial stage. The rehabilitation of pavement structures in terms of life cycle
performance has not been studied in the past; the focus was mainly on the performance
prediction of new pavements [31,32]. The work produced so far by the International
Organization for Standardization (ISO) [33-35] has led to a recommendation to use SETAC’s
“Code of Practice” as a basis for future work. The European Standardization Organization
CEN proposed complying with the ISO recommendations. The LCA framework and
theory have been described in the ISO 14040 and ISO 14044 [33-35] series standards, which
calculate the life cycle in a quantitative framework.

3. Materials and Methods
3.1. General Information about the Analysed Road Sector

The purpose of the study is to outline an overview of the life cycle analysis of a road
sector that is part of the Romanian national road DN73, between km 111 + 000 and km 120
+ 000. This study took place on the territory of Brasov Country between Tohanu Nou and
Résnov, which connects Muntenia and Transylvania. Knowing the analyses made so far at
a national and international level, a study on LCA using GaBi software is presented below.
The reconstruction of the old road with new pavement is the most efficient alternative in
terms of a negative impact on the environment.



Appl. Sci. 2022,12, 1769

50f16

On the road sector mentioned above, an existing rigid pavement with a surface asphalt

surface layer was identified, and as presented in Table 1 it consisted of the following.

Table 1. Existing pavement structure.

Pavement km km
Structure 111 + 000 112 + 000

km km km km km km km
113 + 000 114 + 000 115 + 000 116 + 000 117 + 000 118 + 000 119 + 000

Asphalt 5cm 5cm
Concrete 18 cm 18 cm 18 cm 18 cm 18 cm 19 cm 18 cm 19 cm 18 cm
Ballast 15 cm 40 cm 25 cm 70 cm 40 cm 15 cm 40 cm 75 cm 20 cm
Broken 30 cm 20 cm 20 cm 25 cm 40 cm
stone

The technical class is III Importance category III. The traffic calculation was established

based on the average annual daily traffic in standard axles of 115 kN, and was determined
using the total number of crossings of the standard axle. The traffic calculation for a
prospective period of 15 years, taken in the calculation, was 2.91 m.s.a. (million standard
axles—for a heavy traffic load).

3.2. Presentation of the State of Pavement Degradation

The existing degradations on the analysed pavement structure were cracks, alligator

cracking, local settlements, and cracks in multiple directions (see Figure 3). Their causes
are related to the following [31]:

Insufficient load-bearing capacity for current road traffic;

Uneven thickness of the pavement structure;

Inhomogeneity of the structure along the road;

The small thicknesses of the pavement structure had and still have a negative influence
on the frost—thaw behaviours, and an important part of the degradations of the
structure being caused by this aspect.

Figure 3. Existing pavement structure degradations.

The degradations of the pavement caused by the frost—thaw phenomenon consisted

of the following:

Road bumps caused by water accumulated in freezing areas and turning it into ice
lenses;

Settlements, alligator cracking, and cracks caused by the accumulation of water from
melting ice lenses, by softening the supporting ground, and heavy traffic;

Cracking and tiling of cement concrete slabs.
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Structural degradation: the slabs had cracks, blocked joints, and a polished surface,
but without unevenness, which that would involve their restoration.

Surface degradations

This type of failure is caused by the following:

Cracks transmitted to the joints;

Edge degradation, with a low, medium, and high severity level;
Swells;

Polished surfaces;

Exuded surfaces, with a medium severity level;

Pinched surfaces with medium and high severity;

Shoulder failures.

3.3. Rehabilitation Proposals

Based on the degradations observed in the field, the need to carry out intervention
works as soon as possible was noted, and several strategies for maintenance and rehabilita-
tion were established, and some of them were selected for the application.

In order to have a unitary behaviour of the pavement structure along the entire width
of the road, both the transverse and longitudinal profiles need to be standardized regarding
the thickness and load-bearing capacity of the pavement structure.

The following variants are proposed.

3.3.1. First Variant

This operation involves milling the existing asphalt surface to a thickness of about 5 cm,
distributing the obtained material across the width of the road platform, and supplementing
the thickness of the foundation with a layer of 15 cm of crushed stone or stabilized ballast.
Three layers of asphalt mixtures will be placed over the executed foundation, as follows:

e 5 cm MASF 16 or 4 cm MASF 16 according to the project (MASF—fibre-stabilized
asphalt mixture)

e 6.cm BAD 20 or 5 cm BAD 25 according to the project (BAD—lightweight asphalt
concrete)

e 8cm AB31or5or6 cm AB 2 according to the project (AB—asphalt bitumen mixture).

3.3.2. Second Variant

Complete restoration of the pavement structure, with the basic use of the material
resulting from the milling of existing mixtures, and then the transformation of the elastic
structure into a semi-rigid pavement structure, according to the one used for the road
widening boxes.

3.3.3. Third Variant
Reinforcing the existing structure, which involves the following:

e  Repairs of the areas marked with degradation, with a 40% share of the total road
surface in the Pitesti—Campulung sector and 10% of the total road surface in the
Campulung—Brasov sector;

Resolving surface degradations, before starting the reinforcement works;
Execution of a base layer of the mixture AB 2, with a minimum of 12 cm total thickness,
laid in two layers of 6 cm thickness each (the first with an equalizing role);

e Laying a geocomposite with a resistance of at least 50 kN/n in both directions, over
the first layer of at least 6 cm of the base mixture;

5 cm thick bonding layer;
4 cm thick wear layer.
For the analysed road sector, the reinforcement of the existing pavement structure was

provided according to the third variant proposed above. The drainage of the waters was
generally done by removing the ballast foundation from the road widening boxes.
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4. Results
4.1. LCA with GaBi
4.1.1. First Step

The first step was to collect important general data about the analysed road sector.
It was located on national road 73, km 111 + 000 — km 200 + 000, between Tohanu Nou
and Rasnov. According to the technical documentation, the prospective traffic study was
2.91 m.s.a. The pavement structure of the existing road was rigid. The modernization was
made according to the third variant of the technical expertise, which consisted of: laying a
base layer with a thickness of 6 cm, a bending layer of 5 cm, and a wear layer of 4 cm.

4.1.2. Second Step

The second step was to create modernization alternatives, which helped to present
the life cycle assessment of the materials in each alternative, and showed the most efficient
option in terms of negative impact on the environment.

Knowing these data, the following alternatives were examined for the existing pave-
ment structure, and three modernization alternatives respecting the traffic conditions, the
technical documentation, and the variants were proposed by the expertise. Thus, the
alternatives are presented in Figure 4, and are as follows:

e  First alternative: Reinforcement, according to the third variant. The laying of three
layers of asphalt mixtures.
e  Second alternative: Reinforcement with geocomposite, according to the third variant.
The laying of the asphalt mix layers over a geocomposite.
e  Third alternative: Complete restoration of the pavement structure, according to the
second variant.
1st alternative

2nd alternative 3rd alternative

4 cm - MASF 16 4 cm - MASF 16 4 cm - MASF 16
[[T]|5 cm - BAD 25[[[[| [[T]5 cm - BAD 25[[[[|
6cm-AB 2 6cm-AB2
JI' """"" H ‘ | FL@; ‘ Geocomposite kit
6cm-AB2 [ { ‘

25 cm - Stabilized
ballast

18 cm - Concrete

0 cm - Stabilize:
layer soil
. — ——

LA LIRS

e
e
=2
e
—

|
]

.20 cm - Bréken st&né.‘

Figure 4. Alternatives.

Transport of materials was not included in the study, but it should be noted that this
may be affected by the availability of materials, transport distances, weather conditions, etc.
Energy use and related emissions for construction equipment used for initial construction
and rehabilitation for all cases were not included. According to the literature, from the
studies conducted with EcoConcrete software [7], the contribution of construction equip-
ment to the total energy consumption was only 1% for the initial construction and was even
lower for the rehabilitation works. EcoConcrete [7] is a tool that enables the calculation
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of environmental profiles for ten different European ready mixed and precast concrete
products.

The first alternative was to reinforce the existing structure according to the third
variant of the technical documentation, without geocomposite, as the modernization did.
After the repair of the concrete pavement surfaces, we made a base layer with a thickness
of 6 cm (km 111 + 000 — km 112 + 000) or 8 cm (km 113 + 000 — km 120 + 000), a bonding
layer of 5 cm, and a wear layer having a thickness of 4 cm.

The second alternative was to reinforce the pavement structure with geocomposite, also
according to the third variant of the expertise. After the repair of the concrete pavement surfaces
was executed, we added a base layer with a thickness of 6 cm (km111 + 000 — 112 + 000) or
8 cm (km 113 + 000 — 120 + 000), they positioned a geocomposite with the resistance of at
least 50 kIN/n, and then added another base layer with a thickness of 6 cm (km111 + 000 —
112 + 000) or 8 cm (km 113 + 000 — 120 + 000), respectively; a bonding layer of 5 cm;, and a
wear layer of 4 cm.

The third alternative was the complete restoration of the pavement structure, according
to the second variant of the expertise. To verify the thickness of the reinforcing road layers,
the design was performed with CALDEROM 2000 [36] software to calculate the specific
stresses and strains on the road systems, under the static load of the standard axle, and these
were verified according to the criteria provided in PD 177/2001 [36] on the load-bearing
capacity. Thus, from km 111 + 000 to 112 + 000, the pavement structure was composed of a
30 cm layer of stabilized soil with hydraulic binders, 30 cm of stabilized ballast, 25 cm of
stabilized ballast with hydraulic binders, 6 cm base layer, 5 cm bonding layer, and 4 cm
wear layer. From km 113 + 000 to 120 + 000, the pavement structure was composed of the
following: 30 cm layer of soil form stabilized with hydraulic binders, 30 cm of stabilized
ballast, 25 cm of ballast stabilized with hydraulic binders, 8 cm of layer base, 5 cm bending
layer, and 4 cm wear layer.

4.1.3. Third Step

The third step was to define the materials and calculate the quantities (volumes). Con-
sidering the processes available in the databases, we considered the following hypotheses:

The MASF 16 layer is assimilated with a layer of asphalt;

The BAD 25 m layer is assimilated with a layer of asphalt;

The AB2 layer is assimilated with a layer of asphalt;

The concrete pavement is assimilated with the C25/30 class of concrete;
The geocomposite is assimilated with an approximate amount of fibre;
The stabilized ballast layer is assimilated with a simple ballast layer;
The stabilized soil layer is assimilated with an assimilated soil road.

The quantities for the existing pavement structure are presented in Table 2.

Table 2. Quantities (existing pavement structure).

Total

Pavement km km km km km km km km km Vol Quantities

Structure  111+000  112+000 113+000 114+000 115+000 116+000  117+000  118+000 119 + 000 ‘[’n‘l‘c‘}‘e [Tonel
Asphalt 35 35 70 154

Concrete 126 126 126 126 126 133 126 133 126 1148 2525.6
Ballast 105 280 175 490 280 105 280 525 140 2380 4760
Broken 210 140 140 175 280 945 1606.5

stone

The quantities for the first pavement structure are presented in Table 3.
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Table 3. Quantities (first alternative).

Total

Pavement m km m m m m km m km Volume Quantities
Structure  111+000  112+000  113+000  114+000  115+000  116+000  117+000  118+000 119 + 000 tme] [Tone]
MASF 16 28 28 28 28 28 28 28 28 28 252 554.4
BAD 25 35 35 35 35 35 35 35 35 35 315 693
AB2 42 42 56 56 56 56 56 56 56 476 1047.2
Concrete 126 126 126 126 126 133 126 133 126 1148 2525.6
Ballast 105 280 175 490 280 105 280 525 140 2380 4760
Broken 210 140 140 175 280 945 1606.5
stone
The quantities for the second pavement structure are presented in Table 4.
Table 4. Quantities (second alternative).
Pavement km km km km km km km km km VTi)ta] Quantities
Structure ~ 111+000  112+000  113+000  114+000  115+000  116+000  117+000  118+000 119 + 000 Tmel [Tonel
MASF 16 28 28 28 28 28 28 28 28 28 252 554.4
BAD 25 35 35 35 35 35 35 35 35 35 315 693
AB2 42 42 56 56 56 56 56 56 56 476 1047.2
Geocomposite
AB2 42 42 56 56 56 56 56 56 56 476 1047.2
Concrete 126 126 126 126 126 133 126 133 126 1148 2525.6
Ballast 105 280 175 490 280 105 280 525 140 2380 4760
Broken 210 140 140 175 280 945 1606.5
stone
The quantities for the third pavement structure are presented in Table 5.
Table 5. Quantities (third alternative).
Pavement km km km km km km km km km VTi‘)ta] Quantities
Structure ~ 111+000  112+000  113+000  114+000  115+000  116+000  117+000  118+000 119 + 000 Tmel [Tonel
MASF 16 28 28 28 28 28 28 28 28 28 252 554.4
BAD 25 35 35 35 35 35 35 35 35 35 315 693
AB2 42 42 56 56 56 56 56 56 56 476 1047.2
Stabilized 175 175 175 175 175 175 175 175 175 1575 3150
ballast
Ballast 210 210 210 210 210 210 210 210 210 1890 3780
Stabilized 210 210 210 210 210 210 210 210 210 1890 3213
ayer soil

4.1.4. The Negative Impact on the Environment

After defining the materials and calculating the quantities, we started the study using
GaBi software. This study applied the “cradle-to-gate” approach. The considered life
cycle period was from the resource extraction (cradle) to the factory gate (i.e., before it is
transported to the consumer—service to initial processing). After obtaining the results from
the GaBi software, the next step was the interpretation of these results. Regarding the nega-
tive impact on the environment, we used the following indicators for the global warming
potential (climate change midpoint, including biogenic carbon), ozone stratospheric impact
(ozone depletion midpoint), and the impact on human health (human toxicity midpoint
and cancer effects).

Global warming means an instantaneous increase in the average recorded temper-
atures of the atmosphere near the ground and water. This currently involves two major
issues: reducing greenhouse gas emissions and adapting to the effects of climate change,
which are already visible and inevitable. The causes of warming are the greenhouse effect,
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which is a natural phenomenon through which part of the Earth’s radiation is retained
by the Earth’s atmosphere; carbon dioxide, which is the main element that ensures life;
methane, which is another chemical element in gaseous form, in which carbon is found in
the atmosphere; ozone, which is extremely necessary for life because it reflects the sun’s
ultraviolet radiation; eruption of the volcano, which contributes to global warming in two
ways, through greenhouse gases and volcanic ash and sulphur aerosols; and anthropogenic
effect, which is due to carbon dioxide emissions (burning fossil fuels for transportation,
heating, and electricity generation), methane emissions (agricultural activities), and N,O
emissions (use of chemical fertilizers and burning fossil fuels) [37]. In terms of road, rail,
sea, and air, the transport infrastructure is influenced by the manifestations of extreme
weather events, heat waves, heavy snowfalls, storms, floods, increasing slope instability,
and the changing geophysical properties of the Earth. Therefore, the design of an adequate
infrastructure has an extremely important role in minimizing the causes of global warming.
In the case of the current study, according to Table 6, we found that the reinforcement of the
pavement structure without a geocomposite (first alternative) was the most efficient from
this point of view. In Figure 5, we can see more synthetically the results of the analysis.
Thus, compared to the existing road pavement, the impact of global warming is higher
for modernization and reconstruction alternatives. This is mainly due to the chemical
processes that occur in the execution of asphalt layers, especially in the construction of
a new road. As can be seen, the third alternative has the highest impact with a value of
66%. The first alternative has 12% and the second alternative has 14%, with both having an
almost similar impact on global warming, due to the similar pavement structure; however,
in the second alternative there is an additional base layer AB2, therefore this alternative
has a bigger value.

Ozone is a colourless gas that is composed of three oxygen atoms. It is found in
the stratosphere, more precisely between 20-30 km above the Earth, where it protects
the surface from dangerous ultraviolet (UV) rays. For its measurement, the Dobson [38]
unit is used, which is equal to 0.001 atm-cm. According to information published by
NASA, the total ozone layer measures 300 Dobson units. A decrease in the number of
Dobson units in the ozone layer means less protection against ultraviolet radiation. The
causes of this can be chlorine, in the form of table salt; bromine, in various treatments;
chlorofluorocarbons (known as Freon), which are used as refrigerants; and smog, created
by nitrogen oxides produced by cars, power plants, factories. According to research in
recent years, the ozone hole above Antarctica has begun to close, which means that ozone
is below 220 Dobson units [39,40]. Concerning the road transport infrastructure, pollution
caused through transport has a significant effect on the formation of the ozone hole. The
infrastructure of a metropolis-type city leads to increased air pollution and increased
noise. This is why the inhabitants of big cities want to move out of town, and so they
generally use personal cars to get to work. This factor leads to increased pollution and
ozone depletion. The current study is important for obtaining the protection of the ozone
layer as much as possible, as well as the increased air quality. According to Table 7, the
first alternative (reinforcement of the pavement structure) is the most efficient from this
point of view. Figure 6 shows more synthetically the results of the analysis. Here, can be
observed that the third alternative is the most unfavourable, with an impact of 45% and its
value being approximately equal to the total emissions given in the existing road pavement
with 14% impact, and the first alternative having 19% and the second alternative having
22%. This is caused by the production and disposal of nitrogen oxides during new road
construction. The first alternative requires the smallest labour force, which means that this
variant produces the smallest amount of nitrogen oxide, but it is also more favourable in
terms of the stratospheric impact of ozone.
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Table 6. Global warming potential.

Climate Change Midpoint, incl Biogenic

Alternatives Layers Carbon (v1.06) [kg CO»-Equiv.]
Layer Total
Asphalt 9879.078
Existing pavement Concrete 230,567.568 270,745.998
structure
Broken stone 19,470.426
Ballast 10,828.926
MASF 16 35,564.681
BAD 25 44,455.852
1st alternative AB?2 44,455.852 385,343.304
Concrete 230,567.568
Ballast 10,828.926
Broken stone 19,470.426
MASF 16 35,564.681
BAD 25 44,455.852
2nd alternative AB2 67,177.732 475,242,915
AB2 67,177.732
Concrete 230,567.568
Ballast 10,828.926
Broken stone 19,470.426
MASF 16 35,564.681
3rd alternative BAD 25 44,455.852 2170,036.288
AB2 44,455.852
Ballast 15,765.642
Soil 2,029,794.262

14%

66%

Figure 5. Global warming potential.

M Initial construction
M 1st alternative
2nd alternative

3rd alternative
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Table 7. Ozone stratospheric impact.

Ozone Depletion Midpoint (v1.06) [kg

Alternatives Layers CFC-11 eq]
Layer Total
Asphalt 7.66 x 1077
EXiz:E%:tiiZent Concrete 1.28 x 107> 271 x 1073
Broken stone 1.06 x 1075
Ballast 3.00 x 1070
MASF 16 2.76 x 1070
BAD 25 3.45 x 107°
1st alternative AB? 3.45 x 10~6 3.60 x 107°
Concrete 1.28 x 10~
Ballast 3.00 x 1070
Broken stone 1.06 x 1075
MASF 16 2.76 x 1070
BAD 25 3.45 x 107°
2nd alternative AB2 5.20 x 107° 430 x 1073
AB2 5.20 x 1070
Concrete 1.28 x 10~
Ballast 3.00 x 1070
Broken stone 1.06 x 10>
MASF 16 2.76 x 107°
3rd alternative BAD25 345 X 107° 8.60 x 107°
AB2 3.45 x 1070
Ballast 436 x 1070
Soil 7.20 x 107°

M |nitial construction
M 1st alternative
M 2nd alternative

3rd alternative

Figure 6. Ozone stratospheric impact.

Human health is closely linked to the state of the environment. Clean air and water
are essential for people’s lives. Researchers have shown, in recent decades, the climate and
nature crisis, which is also due to road construction. Polluted air, noise, and hazardous
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chemicals have a negative effects on people’s well-being. A study conducted by the World
Health Organization (WHO) [41] shows that the quality of the environment is responsible
for 12-18% of deaths in the 53 countries of the European region. In Europe, the greatest
environmental risk is air pollution, which is closely linked to heart disease, stroke, lung
disease, and lung cancer. An estimated 400,000 premature deaths each year in the EU
are due to polluted air. The noise of modes of transport, as well as industry, leads to
discomfort, sleep disorders, and cardiovascular disease. In terms of hazardous chemicals,
in everyday life, people are exposed to a wide range of chemicals, through the air, water,
consumer products, and food [41]. These factors show us that before building a road, it is
essential to know the current state in terms of human health. According to Table 8, the first
alternative (reinforcement of the pavement structure) is the most efficient from this point
of view. The fact is also noted in Figure 7. As mentioned above, considering the impact
on people’s health, the third alternative, with an impact of 81% on human health, is the
most unfavourable, namely the elimination of the old road and the construction of the new
road. The most favourable option is the first alternative, with 7%, which requires a reduced
workforce, so the hazardous chemicals on human bodies are much lower than the two
alternatives. The next favourable option is the second alternative, with 11%.

Table 8. The impact on human health.

Human Toxicity Midpoint, Cancer Effects

Alternatives Layers (v1.06) [CTUN]
Layer Total

Asphalt 2.38 x 107*

Existing pavement Concrete 393 x 1074 742 104

structure Broken stone 410 x 107° '

Ballast 7.03 x 107°
MASF 16 8.55 x 1074
BAD 25 10.69 x 1074

1st alternative AB2 1069 x 104 34.97 x 104
Concrete 393 x 1074
Ballast 7.03 x 107°
Broken stone 410 x 1072
MASF 16 8.55 x 1074
BAD 25 10.69 x 104
AB?2 16.15 x 10~4

2nd alternative AB2 16.15 x 1074 56.58 x 1074
Concrete 393 x 1074
Ballast 7.03 x 107°
Broken stone 410 x 1072
MASF 16 8.55 x 1074
BAD 25 10.69 x 104

3rd alternative AB2 10.69 x 10~* 435.17 x 10~
Ballast 1.02 x 1074

Soil 404.22 x 1074
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1%

M Initial construction
M 1st alternative
[ 2nd alternative

[13rd alternative
81%

Figure 7. The impact on human health.

5. Conclusions

As previously mentioned, the purpose of the paper is to study the life cycle assessment
of the road sector located on DN 73, between km 111 + 000 — 120 + 000. For the analysis,
we used GaBi software [22], which is the most common software in the case of LCA study,
and complies with the recommendations of the International Reference Life Cycle Data
System (ILCD) Handbook, Recommendations for Life Cycle Impact Assessment in the
European Context, European NormsEUR 24571 EN and EN15804: 2012-A1: 2013, as well as
the ISO 14040 and 14044 standards [22].

The results obtained with GaBi software considered the following: the potential impact
of global warming, the stratospheric impact of ozone, and the impact on human health.
These factors are largely influenced by the greenhouse effect, ozone, and carbon dioxide
emissions. In this case, the burning of fossil fuels for transport is the element that has the
most negative impact on the environment. The results obtained in the analyses in terms of
life cycle assessment are presented in Table 9, by performing a ranking from 1 to 3 for each
alternative studied.

Table 9. LCA results.

Environment Impact 1st Alternative 2nd Alternative 3rd Alternative
Global warming potential 1 2 3
Ozone stratospheric impact 1 2 3
The impact on human health 1 2 3
Total 3 6 9

According to Table 9, we can conclude that the first alternative is the most effective in
terms of a negative impact on the environment.

From the results obtained with GaBi software, it can be observed that the ranking of
alternatives is the same in all three cases (global warming potential, ozone stratospheric
impact, and the impact on human health). The first alternative has the best grade (1), fol-
lowed by the second alternative with a satisfactory grade (2), and then the third alternative
has an insufficient grade (3). The first alternative is the most favourable because it requires
a reduced workforce, which leads to the production of small amounts of nitrogen oxides.
The first and the second alternatives have almost similar values, which are given by an
almost similar pavement structure; in the second alternative, there is an additional base
layer AB2, which leads to the production of more nitrogen oxide. The third alternative
is the most unfavourable. This is mainly due to the chemical processes that occur in the
execution of asphalt layers, especially in the construction of a new road.
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From the results obtained in this study, it can be concluded there is a need to ap-
ply on time intervention strategies to extend the pavement structure life, and, as can be
seen, the third alternative consisting of the construction of a new pavement structure
involves the consumption of a large number of bituminous binders and non-renewable
granular materials and the release of a large quantity of CO»e (2,170,036.288 kg CO»e) into
the atmosphere.

In this case, the burning of fossil fuels for transport is the element that has the most
negative impact on the environment. Regarding the results obtained, it can be seen that
in order to avoid the depletion of fossil fuels, an evaluation of the impact of energy
consumption must be taken into account. Given this information, it can be concluded that
such an LCA study is essential for the construction of a road.
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