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Abstract. For road infrastructures, the concepts of sustainability and resilience are becoming more and more relevant.
The sustainability is closely linked with the concept of development that meets the needs of the present without com-
promising the ability of future generations to meet their own needs. The resilience is usually connected with the occur-
rence of extreme events or unusual disturbances (earthquake, landslide, floods) during the life cycle of infrastructures
and refers to their ability of recover the previous functionality. Usually, the two concepts that account for two desired
qualities of the infrastructures are applied following separate approaches. Better choices in road design, maintenance
and rehabilitation should lead to an improvement of both qualities. On the other hand, an in deep analysis of the sus-
tainability and resilience demonstrates a significant number of similar characteristics. In the light of the above premises,
in the present paper, the suitability of an integrated approach in the choice of the rehabilitation alternatives after an ex-
treme event is evaluated. A method to assess the sustainability, based on life cycle costs, and to estimate the resilience is
setup. It resulted that an integrated perspective can be pursued and both resilience and sustainability allow addressing
an appropriate amount of technical, economic and environmental/social issues and can lead to identifying the most ef-

ficient solution of rehabilitation.
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1. Introduction

Construction, operation, and rehabilitation of road infra-
structures result in significant environmental impacts. Air
pollution, energy consumption, noise, land occupancy, ex-
ploitation of natural resources, accidents are noteworthy
impacts to take into account. On the other hand, during
the service life, the capability of a road to withstand to a
singular perturbation is a fundamental property to guar-
antee the assigned functionality. In road construction and
rehabilitation both the concepts of sustainability and resil-
ience are becoming more and more relevant.

The sustainability in design and management is cur-
rently dominating the research and the practical interests
in the different topics of the road engineering. The concept
of sustainability rose to prominence in the late 1980s and
became a central issue in world politics. Brundtland et al.
(1987) in the report Our Common Future defines for the
first time the model of sustainable development, as “the
development that meets the needs of the present without
compromising the ability of future generations to meet
their own needs”. Sustainability is a model characterized

by a holistic view and brings together three dimensions:
ecology, economy, and society (Bocchini et al. 2013).

Another important concept, connected to the occur-
rence of extreme events during the life cycle of an infra-
structure, is the resilience. In general, the resilience is a mea-
sure of the ability of a system to withstand an extraordinary
event and to recover efficiently and rapidly the damage in-
duced by such event. In the case of road infrastructures, the
resilience refers to the ability to deliver a certain service level
even after the occurrence of an extreme event and to recover
their proper functionality as fast as possible.

Usually, the two concepts that account for two desired
qualities of the infrastructures, are applied following sepa-
rate approaches, few attempts to combine the two concepts
can be found in the literature (Bocchini et al. 2013, Zinke
et al. 2012). However, an in deep analysis of the sustain-
ability and resilience demonstrates a significant number
of similar characteristics. In fact, both concepts address a
holistic view and deal with the assessment of an infrastruc-
ture system, by using economic and social categories as a
base for measurement. Further, the instruments and the
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calculation methods applied for the evaluation are simi-
lar: Life Cycle Assessment (LCA), Life Cycle Cost Analy-
sis (LCCA), Multi-Criteria Analysis (MCA) can efficiently
address both the concepts. Finally, both concepts have as-
sumed in the recent years a great importance in research
and practice. Better choices in road design, maintenance
and rehabilitation should lead to an improvement of either
these qualities.

In the light of the above premises, in the present pa-
per, the suitability of an integrated approach in the choice
of the rehabilitation alternatives after an extreme event is
evaluated. A method to assess the sustainability, based on
the assessment of life cycle costs, and to estimate the resil-
ience is also proposed.

2. Sustainability: concept and approach

The sustainability is associated to the definition provided
by the World Commission on Environment and Develop-
ment, 1987: .. development that meets the needs of the
present without compromising the ability of future gen-
erations to meet their own needs ..”. However, there is no
mathematical theory embodying these concepts, although
one would be immensely valuable in humanity’s efforts to
manage the environment. The idea of sustainability applies
to integrated systems comprising humans and the rest of
nature (Cabezas et al. 2005).

The idea of sustainability for the road should be ad-
dressed not just in the design of infrastructures, but also
in the rehabilitation, reuse or optimisation of existing in-
frastructures. This way to operate complies with the prin-
ciples of urban sustainability and global sustainable devel-
opment.

Trustworthy design and management need to balance
social, economic and environmental issues. Obviously, the
sustainable infrastructures should lead to improving so-
cio-economics.

The three dimensions or pillars, internationally ac-
cepted as a well-established framework for the conceptual
model of sustainability, are: economic, ecological, and social
(Otto 2007). Economic viability concept relates to the public
finance and is based on the financial and economic assess-
ment of investments. Environmental sustainability builds
on the externalities framework. Social sustainability draws
from public policy framework where service delivery, gov-
ernance, and social equity are critical (Reddy et al. 2014).

Achieving sustainability on these three dimensions is
a challenge.

Often in current practice, the economic decisions far
outweigh environmental and social decisions in the con-
struction industry where the choices are usually made to
maximize both short and long-term profits. In the light of
this evidence, the successful implementation of sustain-
ability is highly dependent on the ability and facility to
measure and estimate environmental, societal and long-
term economic variables, and convert them into benefits
and costs (Chong et al. 2007). Even if most practitioners
are persuaded of the importance of the sustainability, the

deficiency of convincing data and calculations methods
hamper its application during the decision-making stage.
On the other side, it is also difficult to convince investors
that increasing initial expenditure could benefit them in
the long run.

In this context, LCA and LCCA are effective tools to
assess the sustainability of road construction and rehabili-
tation. In the following, a brief description of these tools
is provided.

According to Set (1993) LCA allows:

1. to evaluate the environmental burdens associated
with a product, process, or activity by identifying and qu-
antifying energy and materials used and wastes released to
the environment;

2. to assess the impact of energy and materials used
and releases to the environment;

3. to identify and evaluate opportunities to affect en-
vironmental improvements. The assessment includes the
entire life cycle of the product, process or activity, encom-
passing, extracting and processing raw materials; manu-
facturing, transportation, and distribution; use, re-use,
maintenance; recycling, and final disposal.

Typical life cycle assessment parameters include:

— Material Usage, the amount of material used ex-

pressed in its mass and volume;

— Embodied Energy the amount of energy required
for extraction, processing, manufacturing, trans-
portation, and assembly of building materials;

— CO, Emissions, the emission of carbon dioxide, that
contributes to global warming;

— Air Pollution, sulphur dioxide, nitrous oxides,
methane, particulate and volatile organic com-
pounds;

— Solid Waste Generation, the solid waste generated
during manufacturing and construction;

— Water Pollution, the quantity of water use associ-
ated with a material process, including the effluent
deposited into water bodies;

— Environmental Costs, externalities connected with
construction.

Life Cycle Costing (LCC) is one of the best tools
available to assess the benefit and cost of the infrastructure
construction. It involves financial forecasts of infrastruc-
ture performance based on construction, operation and
maintenance/renewal costs. This technique relies on the
time value of money and expresses the infrastructure life
cycle cost as a net present value. In other words, the total
cost of construction, operating and maintaining the infra-
structure is expressed as a single sum of money needed
today to cover these costs over the study period selected
for the life cycle costing exercise. Monetized externalities
can be factored into this type of assessment to express the
performance of the infrastructures in currency (Pratico,
Giunta 2016a; Pratico, Giunta 2016b).

The main drawbacks of LCA, LCCA methods are
the time and costs needed for the execution of a rigorous
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assessment. In some cases, data referred to the parameters
listed above are missing or incomplete. There are also dif-
ficulties in the representation of environmental impacts
among alternatives. For this last aspect, the use of Eco pro-
file (Fig.1) can simplify the interpretation of life cycle as-
sessments. However, there may be problems in achieving
consensus on thresholds of sustainability. To construct an
Eco profile, it should address the following aspects: select
life cycle parameters, perform analyses to obtain impacts
and then convert units of impact measurements (kg to

ENERGY

ACIDIFICATION

I SUSTAINABLE
I FEASIBLE
CONVENTIONAL

Fig. 1. Example of Eco profile to represent Environmental
Impacts of Buildings (Peuportier 2001)
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Fig. 3. Resilience and its properties

tonnes) to fit within the scale of Eco profile. The number
of parameters selected determines the number of sides of
the polygon (Peuportier 2001).

3. Resilience concept and measures

The concept of resilience accounts for eleven aspects:

1. four main properties (Robustness, Redundancy, Re-
sourcefulness and Rapidity);

2. four main dimensions (Technical, Organizational,
Social and Economic);

3. three main results (More Reliability, Lower Socio-
Economics Consequences, Fast Recovery) (Bocchini
et al. 2014; Bruneau et al. 2003) (Fig.1).

As for the main properties:

— Robustness accounts for the reduced probability of
degradation or loss of function in the event of dis-
turbance or extreme event;

— Redundancy refers to the duplication of critical
components or functions of a system with the aim
of increasing reliability;

— Resourcefulness is the capacity to identify problems,
establish priorities, and apply material (i.e. mon-
etary, physical, technological, and informational)
and human resources in the process of recovery to
meet established priorities and achieve goals;

— Rapidity is the capacity to meet priorities and
achieve goals promptly to contain losses, recover
functionality and avoid future disruption.

Figure 3 graphically illustrates the properties of the
resilience (Zhang, Wang 2016), and highlights the mutual
interdependence, i.e. Rapidity in recovery the functionali-
ty depends on Resourcefulness and Redundancy.

Regarding the dimensions of resilience:

— Technical dimension includes all the aspects related
to the construction and other technological aspects
and refers to the ability of the physical system to
guarantee acceptable/desired level of performance
post critical event;

— Organizational dimension considers the capacity of
the organization that manages the infrastructure to
make decisions and take actions useful to achieve
greater Robustness, Redundancy, Resourcefulness,
and Rapidity;

— Social dimension involves the impact on commu-
nity and the mitigation measures;

— Economic dimension refers to the direct and indi-
rect costs deriving from the reduction of the func-
tionality and the rehabilitation.

Outcomes of resilience are:

— More Reliability: lower probability for the infra-
structure to reach limit states;

— Fast recovery, namely the rapidity with which the
functionality is re-established during a disaster; this
is a paramount characteristic of resilient systems;

— Low Socio-Economic Consequences, this outcome is
guarantee by both probabilities of low service level
reduction and fast recovery.
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It should be noted that any resilience-based analysis
and decision require a quantitative measure of the system
performance (Zhang, Wang 2016). The performance of a
transportation network can be measured by different me-
trics, e.g. flow capacity (Nagurney, Qiang 2007), connectiv-
ity (Chen et al. 2002; Clark, Watling 2005), and travel time
(Asakura, Kashiwadani 1995; Chen et al. 2007). However,
these metrics are mainly used to measure network perfor-
mance under normal service conditions and are inadequate
in reflecting the network susceptibility to disruptive, low-
probability high-consequence natural and human-made
hazards or its resilience (earthquakes, floods, terrorist at-
tacks). More recently, other metrics have been proposed to
measure the capability of the network after a disaster:
— used post-disaster connectivity and traversal cost
among multiple origin-destination pairs in a net-
work (Peeta et al. 2010);

— coverage and transport accessibility (Chang, No-
jima 2001);

— pathway redundancy among all origin-destination
pairs (Ip, Wang 2011).

4. Objective of the work

In the light of the above considerations, the aim of the pre-
sent paper is the proposal of an integrated sustainability-
resilience based approach in the assessment of different
rehabilitation alternatives after an extreme event. The inte-
grated perspective embodying both resilience and sustain-
ability allows addressing an appropriate amount of tech-
nical, economic and environmental/social issues and can
lead to identifying the most efficient solution of rehabilita-
tion. To this purpose a method to evaluate the sustainabil-
ity, based on life cycle costs, and to estimate the resilience
from the monetary standpoint is setup.

5. Integrated approach

The integrated approach sustainability — resilience in the
rehabilitation of an infrastructure after an extreme event
here proposed allows identifying which alternative, result-
ing in the lowest total cost and high performance to per-
turbation in post-event life, is the most suitable solution
for the rehabilitation.

The approach is articulated in three main steps:

— Step 1: Identification of the rehabilitation alterna-

tives;

— Step 2: Estimate of life cycle cost of each alternative;

— Step 3: Estimate of the resilience, in monetary

terms, of a given infrastructure for each rehabilita-
tion alternative.

Regarding the Step 1, for the identification of the re-
habilitation alternatives, it is important to consider techni-
cal, economical and time issues. As for the technical pro-
blems, it is important to take into account the following
aspects, if inherent to the solution of rehabilitation:

— horizontal/vertical alignment;

— type of embankment (materials, geometry);

— type of tunnel;

— type of bridges (steel beams, cement precast beams,
span);

— type of pavement, safety barriers, signs and other
tools for safety.

The identification of the alternatives to putting in
comparison should also consider the costs of construction
and the time required to restore the functionality of the
infrastructure (Pratico et al. 2011;2013). Based on the pre-
liminary consideration of these elements some solutions
can be considered inappropriate as alternatives and thus
excluded in the successive analyses.

In Step 2, for each alternative, an estimate of the su-
stainability can be performed based on methods such as
LCA and LCCA. In the proposed approach the LCCA is
considered and applied. Life Cycle Cost Analysis is an en-
gineering economic analysis tool that allows quantifying
all the costs associated with a given option of the project
(new project or rehabilitation project). Life Cycle Cost
Analysis considers agency expenditures, for construction,
operation, maintenance, disposal and user costs (delays
produced by work zones, vehicle expenses) throughout
the life of an alternative. A comprehensive LCCA analysis
should also consider the environmental costs, for exam-
ple regarding CO, emissions, energy consumption, Global
Warming Potential.

By reviewing and estimating all costs during the life
span, LCCA allows to determine and demonstrate the eco-
nomic merits of design alternatives analytically and con-
sequently helps transportation agencies to identify the
most sustainable solution (Giunta 2016; Giunta, Pratico
2017; Pratico, Giunta 2016a; 2016b).

Regarding the evaluation of the resilience for the
given rehabilitation alternative, Step 3, it is important to
consider:

1. the need to monetize this property, for an easy con-

sideration in the decision-making processes;

2. the consideration of the main events that can cre-
ate a perturbation and affect the functionality of the
infrastructures;

3. the probability of occurrence of these events. Each
infrastructure, based on its proper features (a type
of alignment, type of embankment, type of bridge,
type of tunnel), in the case of extreme events, be-
haves differently regarding the loss of functional-
ity and consequently regarding time and cost to re-
store the previous level of functionality.

The cost to restore the functionality, namely the cost
of reconstruction of the road infrastructures or its parts
after an extreme event, and the time needed for recon-
struction, which greatly affects the costs supported by the
users, can be efficiently used to evaluate the resilience in
monetary terms. It should be noted that the cost to re-
store mainly considers inside two of the main properties
of the resilience, Robustness and Redundancy, (the higher
Robustness and Redundancy, the higher the reconstruction
cost), while time to restore considers the Resourcefulness
and the Rapidity.
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The rebuilding after an extreme event also produc-
es environmental impacts that should be monetised for a
comprehensive cost evaluation. These costs are different
and additional costs concerning the ones related to the
service life of the infrastructure in normal conditions.

Figure 4 shows a diagram of the proposed integrated
approach. The model to estimate the costs for sustainabil-
ity and resilience is explained in the following.

Based on the LCCA approach, the cost of the sus-
tainability, C,,, of a given rehabilitation alternative can be
evaluated as:

Csus = Cag + CMS + CE}’IV > (1)

where Cag = the cost of the agency for construction, op-
eration, maintenance, and disposal, C,, - refers to the ex-
penditure of the user for delays produced by maintenance
activities and C,,,, - the cost of environmental burdens
due to the construction and maintenance activities.

These costs are related to different periods of the life
of an infrastructure; therefore, to various alternatives at a
given period, it is necessary to discount them. To this aim,
the present value (PV) of the cost can be adopted. Present
Value is calculated as follow:

1+i )
PV.=C.| —| , 2
] J(1+rj @

where PVj is the Present Value of the jth cost (Cj), i is the
inflation rate, r is the interest rate, and # is the #? year of
the service life.

Based on this assumption, the total present value
(TPV) of sustainability is:

TPV,

sus

=PV, + PV, +PV,,, . 3)

The total present value can be evaluated during the
service life of an infrastructure. Life Cycle Cost Analysis
enables to assess the trends of TPV during the time.

On the contrary, the evaluation of the resilience
should emphasize the impact of the infrastructure dama-
ge, failure, and recovery when subject to hazards charac-
terised by a low probability of occurrence and potentially
high consequences. In this sense, it is possible to associate
to each considered alternative the cost of the total recove-
ry of functionality in case of a later undesired event. The
expenditure for recovering the functionality is disconti-
nuous during the service life because it is related to the
occurrence of an extreme event. A probability of occur-
rence characterises each event. Consequently, the impact
of an extreme event regarding the expenditure to recover
the functionality of an infrastructure or its part should be
evaluated as follow:

C res— ZPiCres,i > (4)
i

where P; is the probability of occurrence of the event i; and
Cieci 1s the cost for the recovery of the functionality after
the event i.

The cost for the recovery of the functionality encom-
passed the three classes of cost considered for the sustaina-
bility and namely, the agency cost for reconstruction of the

infrastructure, the user cost, and the environmental cost.

C C .+ Cus’i + Cem,’i , (5)

res,i — rec,i

is the cost of reconstruction after the event ith,

where C,,_;
C,,, ; is the cost supported by the users for the loss of func-
is the environmental cost associated

tionality and C,,,, ;
with the reconstruction. It should be noted that:
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— the cost of reconstruction depends on the level of
resistance that it would achieve in the rehabilitated
infrastructure (the higher the resistance, Robustness,
and Redundancy, the higher the reconstruction cost);

— the user costs are related to the delays for slow-
downs or journey of alternative routes, and it
should be addressed at the scale of the transporta-
tion network. According to Bocchini et al. (2013),
they can be evaluated as follow:

Cus = I:Ncar (Ctime,cur + Coper,car ) + Ntruck

(Ctime,truck + Coper,truck ):| Trec tdelay > (6)

where N_,. and N, refer to the daily number of cars
and tracks affected by the limitation of traffic, C

and Ctime,truck’ are respectively the time cost for cars and
trucks; Copercar and Copertruck — Operation costs per hour
for cars and trucks; T, is the time in days needed for the
reconstruction and the recovery of functionality; t;,,,, is
the delay in hours supported by the users.

The activities connected to the rehabilitation of the
infrastructures (material productions, transportation, and
landfill) also produce environmental impacts that can be
quantified for example regarding CO, emissions (Giunta
2016; Giunta, Praticd 2017; Pratico, Giunta 2016a; 2016b).

time,car

Cenv = ZZijUij > (7)
k j

where Q;; — the quantity of the j impact due to the kth
process and UP;; — the unit cost of the impact.

The choice of the best solution of rehabilitation can be
pursued based on the sum of the costs of sustainability (Equa-
tion 3) and resilience (Equation 4) using the monetization of
the two most important aspects about each alternative.

TCk = TPVsus,k + Cres,k > (8)

where TC;. — the total cost related to the kth alternative
while TPV, and C,; are respectively the discounted
costs related to the sustainability and the cost of resilience.

The lower total cost could bring to identify the best
rehabilitation strategy. Following the proposed approach,
the most important aspects associated with sustainability
and resilience assessment are considered at the same time
and in the process of mutual interaction.

6. Conclusions

1. Resilience and sustainability are two qualities of the in-
frastructure that should be pursued at the same time when
decisions are made regarding the design, maintenance,
and management of infrastructure systems even if in some
case the pursuit of resilience can conflict with the pursuit
of sustainability.

2. The consideration of these two qualities can help in
the identification of the best strategy of the rehabilitation
of an infrastructure or its part also after an extreme event.
Nowadays natural disasters (earthquakes, landslides,
floods) are getting more frequent importance, and thus the
resilience assessment of the infrastructures and the selec-
tion of the most effective recovery strategies is essential.

3. The main challenge in the evaluation of sustainabil-
ity and resilience of a transport infrastructure is the quan-
titative measure of these qualities.

4. In this paper, an integrated approach is proposed
and a method to estimate in monetary terms the sustain-
ability and the resilience of a given rehabilitation alterna-
tive after an extreme event is set-up.

5. For the estimation of sustainability the Life Cycle
Cost Analysis has been efficiently applied.

6. For the resilience, an accurate estimate of the costs
of reconstruction, depending on the level of resilience that
it would like achieved, of the user costs, due to the loss
of functionality of the infrastructures, and of the environ-
mental costs, related to the reconstruction activities, help
to evaluate a given alternative from this standpoint.

7. The approach proposed seems useful to address a
complete evaluation of different design/rehabilitation alter-
natives. Practical applications of the approach are ongoing.
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