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Preface

Infrastructure construction and maintenance are the key requirements of regional 
and national development in different countries. At the same time, infrastructure 
projects require greater investment compared to smaller building construction 
projects. Therefore there is a need to focus on this topic and conduct more 
investigations in the field of infrastructure projects. This book presents some key 
concepts and practices around the theme of critical infrastructure.

Chapter 1 describes the key concepts of infrastructure management, construction, 
structure, and Industry 4.0, which includes mapping and monitoring technologies. 
This chapter briefly presents a set of selected infrastructure projects in a 
metropolitan area. It also presents examples of technologies relevant to Industry 
4.0, such as temporal airborne light detection and ranging (lidar), which can be 
used for analyzing 3D urban changes.

Chapter 2 discusses four categories of sustainability maintenance of critical 
infrastructures: (1) minimizing adverse impacts of the infrastructure on people 
through maintenance, (2) keeping the maintenance operations sustainable, (3) 
allocating sustainable material throughout the maintenance process, and (4) 
protecting and restoring the environment in maintenance operations. In each 
category, some of the best practices and methods are discussed. Also highlighted is 
the significance of considering the hosting community’s concerns, the managers’ 
determination to maintain sustainable performance, sustainable handling of 
materials, sustainable maintenance operations, and continuous restoration of 
damages caused by the infrastructure were highlighted.

Chapter 3 presents and proposes the use of a complex simulation model, called the 
reconfiguration simulator (RecSIM), enabling the evaluation of the effectiveness 
of resilience enhancement strategies for electric distribution networks and the 
required resources to implement them. The focus is on one specific attribute of 
resilience, which refers to the promptness and efficiency which recover the service 
functionality after a crisis event by managing and deploying the available resources 
rapidly and effectively. The chapter discusses that the RecSIM allows estimating 
how and to what extent technological, topological, and management issues might 
improve electrical distribution networks’ functionality after the occurrence of 
accidental faults, accounting for interdependency issues and reconfiguration 
possibilities.

Chapter 4 presents the concept and meaning of construction productivity and the 
techniques used in measuring workforce productivity in the construction industry. 
It discusses three major methods for monitoring and measuring this productivity. 
The first relates to visual recording that requires taught watchers to be available 
on location to monitor and record work by specialists. The second is the physical 
recording technique, which involves direct surveillance that includes a qualified 
observer observing the site for the full duration of the work day using a work 
study method or work measurement. The third technique discussed is the use of 
questionnaires and interview surveys, which involve information gathering through 
an interview with supervisors and workers working in the construction industry.
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Chapter 5 refers to one of the significant sectors of critical infrastructure, which 
is undoubtedly healthcare. It is vital for health services to be able to perform 
their function, even in times of crisis. The crisis of naturogenic character has the 
so-called cascade effect, which causes other extraordinary events and crises. An 
example of this may be a windstorm resulting in a power outage. A significant 
impact of the power supply outage in healthcare is observed in hospitals. There is 
currently no assessment tool to set the hospital’s readiness for a power outage. The 
aim of the chapter is to analyze the current state of the crisis preparedness of the 
hospital.

Chapter 6 presents a brief review of ancient and modern bridges, including the 
process of design, material selection, construction, and maintenance. It discusses 
that each structure has different requirements to cover, such as span clearage, 
traffic flow, geometry, and characteristics of the place to build; therefore, a great 
variety of bridges can be developed. Common materials used in construction are 
structural steel, reinforced concrete, pre-stressed concrete, or post-tensioned 
concrete. Depending on the structural behavior of each type of bridge, there 
will be a maximum clear span to cover, which depends directly on the project’s 
budget. Prevention and control of degradation processes is achieved by effective 
maintenance methods applying protection technology such as paints, coatings, and 
cathodic protection.

Dr. Samad M.E. Sepasgozar and Dr. Sara Shirowzhan
The University of New South Wales,

Sydney, Australia

Dr. Faham Tahmasebinia
The University of Sydney,

Australia
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Chapter 1

Introductory Chapter:
Infrastructure Management, 
Construction, Structure and 
Industry 4.0
Samad M.E. Sepasgozar, Sara Shirowzhan 
and Faham Tahmasebinia

1. Introduction

Infrastructure has large capacity to enhance the efficiency of cities and the
productivity of the national economy. It has a wide range of benefits from different
perspectives including social, economy and environment in both short and long 
terms. The main objectives of an infrastructure are to improve national, interre-
gional and international network and connectivity for people, business and trades. 
Infrastructure development is one of the most important functions of governments
all around the world since it has a great impact of the national economy.

This book presents some concepts and practices around the theme of critical 
infrastructure. The following sections introduce (i) the concept of critical infra-
structure management, (ii) structural design for concrete elements of infrastruc-
ture, and (iii) Industry 4.0 and digital data, which may be used for infrastructure
management including mapping and monitoring technologies.

2. Definitions and concepts

Many countries are planning to invest on infrastructure projects. For example, 
the Australian government planned to invest over $75 billion for developing trans-
portation network including tunnelling, roadways and railworks across the country
in a period of 10 years.

Infrastructure generally refers to any foundation, system or basic physical for
social development. It can be a basic structure, system or service such as highways, 
streets, roads, bridges, mass transit infrastructures (e.g. airports), dam, reservoirs, 
water supply and resources, waste and waste water infrastructure, hydroelectric
plants, massive irrigation systems, telecommunications facilities, power generation
and transmission and hazardous waste removal and storages. This type of infra-
structure is synonymous to economic infrastructure. Social infrastructure includes
cultural, educational and healthcare facilities.

The ninth goal of the Sustainable Development Goals introduced by the United 
Nations Development Programme refers to ‘industry, innovation and infrastruc-
ture’. Innovation refers to the use of any new creative idea, technology, system, 
process, practice, material artefact or a nontrivial change and improvements that
bring about valuable and meaningful change with benefit to stakeholders [1, 2]. 
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It also mentions that economic growth highly depends on the investment on 
infrastructure and innovation. There are several terms and concepts related to 
infrastructure, which will be introduced in Table 1.

Australian investment plan is an example of infrastructure investment plans, 
which are committed in developing transport infrastructures over a decade. The 
investment plan presents a positive reform and roadmap for a period of 15 years 
for this country. The main objectives of the investment plan are to improve 

Term and 
concept

Purpose and definition

Sustainable 
infrastructure

Gives access to energy, improves connectivity and mobility, increases the community 
benefits and balances social, economic and environmental needs. It also includes 
rehabilitation and reuse of current infrastructure

Smart city [3] A modern high-tech city that uses intelligent and communication technologies to 
connect citizens, information and governance and manage resources, economy and 
city elements. Its purpose is to provide a sustainable, green, efficient and innovative 
environment and to increase mobility and the human life quality

Smart 
infrastructure 
(structural health 
monitoring)

Utilisation of new information and communication systems including connected 
sensors (Internet of Things) to monitor and manage infrastructure in a real-time 
manner. The sensors help to minimise disruption, costs and down time and maximise 
capacity, operational efficiency, effectiveness and sustainability

Critical 
infrastructure

Refers to assets, facilities, systems and processes required for a society to function. 
This may include heating facilities (e.g. natural gas, fuel), food production and 
distribution networks, water supply (water, sewage), hospitals, transportation 
systems (railway network, airports, harbours, fuel supply), electricity generation and 
distribution systems, telecommunication networks
Critical infrastructure risks: risk = threat × vulnerability × consequence

Critical urban 
infrastructure

Refers to facilities and network systems at the urban scale such as water, sewerage, 
power lines, gas and telecommunications

Critical 
infrastructure 
sectors

A total of 16 sectors identified by Presidential Policy Directive 21 (PPD-21) are [4] 
transportation systems, water and wastewater systems, information technology, 
materials and waste, government facilities, healthcare and public health, financial 
services, food and agriculture, energy, emergency services, dams, defence industrial 
base, communication, critical manufacturing, commercial facilities and chemical 
sectors

Critical 
infrastructure 
resilience (CIR)

Refers to the ability of the city or country to anticipate, prevent and protect with 
a coordinated plan for the network, responsive and timely recovery actions, while 
circumvent threats provide minimum level of services

Table 1. 
Definitions of basic terms and concepts.

Figure 1. 
Woolgoolga to Ballina in October 2018 (project ID: INF12): (a) bridge over Clarence River and (b) bridge over 
Richmond River. (courtesy: www.pacifichighway.nsw.gov.au).
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connectivity of peopled and regions, interregional logistics, health, safety, security 
and effectivity to the national transport system. Table 2 shows a list of examples of 
infrastructure projects to address these objectives.

3. Mechanism of prestressing

The structure of infrastructure can be a mix of different materials and elements 
[5]. This section focuses on one of the popular innovations which can be used in 
many different infrastructures. One of the most relevant concepts to structure is 
prestressing. Prestressing refers to the intentional creation of permanent stresses in 
an element of a structure, for the purpose of improving its strength and behaviour 
under various services and conditions [6]. Prestressed concrete is an engineering 

Project 
ID

Infrastructure project Short description

INF01 WestConnex (including 
different stages)

33-km-long underground motorway including 19 km of new 
tunnels, widening 7.5 km of the existing M4, estimated project cost 
$10–$45 billion including land acquisitions and network extensions

INF02 M4 Western 46-km-long dual carriageway motorway

INF03 NorthConnex 9-km-long dual road tunnels, linking the M1 and M2 Motorways, 
estimated project cost $3 billion

INF04 The Northern Road upgrade 35-km-long, upgrades four to eight lanes in the Northern Road, 
estimated project cost $1.6 billion

INF05 M12 Motorway A new east-west motorway in Sydney, major access route to the 
Western Sydney Airport, estimated project cost $1.2 billion 
(duration, 2020–2025)

INF06 Bringelly Road 10 km upgrading Bringelly Road from two lanes to a six-lane divided 
road, estimated project cost $509 million (duration, 2015–2020)

INF07 CityLink-Tullamarine 
widening project

Upgrading of the Tullamarine Freeway between the Melbourne 
Airport and Melrose Drive in Victoria state, estimated project cost 
$250 million (duration, 2016–2018)

INF08 Great Western Highway Install concrete median barrier, install raised islands, safety upgrades 
at different locations of the Great Western Highway (NSW)

INF09 Bringelly Road upgrade 10-km-long, upgrades Bringelly Road from two lanes to a six-lane 
divided road, located near to Eastwood Road (NSW), $509 million 
(duration, 2015–2020)

INF10 Sydney Light Rail (including 
several projects or phases)

(i) CBD and South East Light Rail (12 km route including 19 stops)
(ii) Inner West Light Rail (12.7 km route including 23 light rail stops, 
capacity to transport more than 9.7 million customers yearly)
(iii) Newcastle Light Rail
(iv) Light rail in Randwick

INF11 Badgerys Creek Airport Sydney’s second airport, estimated project cost $2.5 billion

INF12 Woolgoolga to Ballina (see 
Figure 1)

155-km-long, link in the Pacific Highway including 9 interchanges, 
170 bridges and 350 connectivity structures

INF13 The new Northern Beaches 
Hospital

With 488 beds, 50 emergency bays, 14 operating theatres, 20 
intensive care beds, 40 maternity beds

Note: Descriptions of the benefit of each project and any other specific project details can be obtained from websites of 
the Department of Infrastructure, Regional Development, New South Wales Government, New South Wales Roads 
and Maritime Services (RMS), and/or relevant city council, designers, consultants or contractors.

Table 2. 
Selected infrastructure projects in a metropolitan.
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innovation that improves many of the service and strength performance behaviours 
of reinforced concrete. This is a practical solution to the design of many engineering 
structures in a cost-effective manner. Prestressed concrete is a fastidious form of 
reinforced concrete. Prestressing engages the application of an initial compres-
sive load to the structure to decrease internal tensile forces which may lead to 
controlling crack. The initial compressive load is imposed and sustained by highly 
tensioned steel reinforcement (tendons) reacting on the concrete. With eliminat-
ing cracking, a prestressed concrete section is significantly stiffer than the equal 
reinforced concrete section.

The tendons are cast within the concrete at first freely within ducts, which 
are grouted at a later stage to bond the tendons. Prior to grouting, the tendons are 
jacked to very high stresses. The jacking reactions are pressed against the ends of the 
concrete member and then transferred permanently to cast in end anchors. This is 
shown in a simplified form in Figure 2.

In practice the duct ‘profile’ will vary to suit the purpose of the member. The 
tendons are permanently ‘prestressed’ in tension; the concrete is permanently 
‘prestressed’ in compression. High-tensile wire strands have fy ≈ 1870 MPa.  
Higher-strength concretes have   f  c  ′   ≈ 30–50 MPa. Although strong in compression, 
concrete is weak in tension. Table 3 presents the basic concepts in prestressed 
concrete structures.

The poor performance of the concrete in tension gave rise to the concept of 
‘prestressing’ the concrete in order to overcome bending tensions and cracking pro-
duced under load, thereby retaining elastic behaviour. Early attempts at prestress-
ing failed because of the shrinkage and creep strains in the concrete. For example, 
early reinforcing bars had yield stresses ≈ 200 MPa and could be pretensioned to a 
stress of order 120–150 MPa. The subsequent strains are of order

 ε = σ/E = 120/200,000 = 600 × 10−6 (1)

where ε is the strain, σ is the stress and E is the module of elasticity.
The development of prestressed concrete is credited to Eugene Freyssinet of 

France [7], who in 1928 started using high-strength steel wires for prestressing. 
Such wires, with an ultimate strength as high as 1725 MPa and a yield point over 
1240 MPa, are prestressed to about 1000 MPa. At this level of stress, the losses are a 
much smaller percentage of the prestress. For example, assuming a total creep and 
shrinkage strain of order 800 × 10–6, this would result in a loss of prestress of order:

 σ = (800 × 10−6) × (2 × 105) = 160 MPa (2)

Hence, the residual prestress =1000–160 = 840 MPa or 84% of the original 
level. Practical development of prestressed concrete was made possible by further 
development of high-strength concrete and high-tensile wire strands through the 
twentieth century [8–11]. It was also necessary to develop reliable and economical 

Figure 2. 
A simplified illustration of the mechanism of prestressing.
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methods of tensioning the strands and for the permanent end anchoring the 
strands to the concrete. Freyssinet [7] developed conical wedges for end anchor-
ages and designed double acting jacks which tensioned the wires and then thrust 
the wedges into the anchor cones which held them. These early advances in pre-
stressing were mainly European. Steel became the primary construction material 
in the USA, with the secondary use of structural concrete in buildings. However, 
the American engineer Lin [6] became a major contributor developing the load 
balancing theory during the 1950s. Australia, with a more developed concrete 
industry and low seismic activity, became a major advocate of prestressed con-
crete buildings (Figure 3).

Loss of prestress in the tendon force up to 40% or more of the jacking force can 
be experienced, depending upon the cable length, drapes, concrete shrinkage and 
so forth. This becomes important in relation to AS3600 [12]. It is necessary that 
a minimum amount of prestress remains in the strands, so that they may develop 
their full-strength capacity in strain compatibility with the concrete as it bends.

In addition to the longitudinal force P (or C) exerted on a prestressed member 
at the anchorages, transverse forces are also exerted on the concrete member 
wherever change of angle or curvature exists in the tendons. Other bending 
actions are also applied to the member where the member section changes due to 

Element Description

Strand An element in which a number of high-tensile wires are woven together as a combined 
unit

Tendon Generally defined as the wire, strand or bar (or any discrete group of wires, strands or 
bars) that is intended to be prestressed

Cable Groups of tendons, collected together in a duct or anchorage

Prestressed The prior stressing of both the concrete and the tendons prior to the service use of the 
element

Pretensioned The tendons are tensioned (in a casting bed) prior to pouring of the concrete. The 
tendons are cut and bonded to the concrete after it attains strength. Used in precast 
construction

Post-tensioned The tendons are laid in metal ducts in the concrete and tensioned after the concrete 
attains strength. This is the most commonly used system in buildings and other 
structures in Australia

Bonded tendons Where the ducts which contain the tendons are filled with cement grout after the 
tendons are stressed—this effectively bonds them to the concrete like reinforcing 
steel. Tendons can subsequently develop further stresses under bending actions due to 
strain compatibility, enabling the full strength of the bonded tendons to be realised at 
ultimate strength

Unbonded 
tendons

Where the tendons are not grouted but are greased for corrosion protection and 
contained within a plastic sheath. This method is not permitted under as 3600 except 
for slabs on the ground. Unbonded tendons can be used in specialised applications such 
as cable-stayed bridge cables, for example, allowing the monitoring and replacement of 
individual strands

Immediate 
losses

(a) Short-term elastic strain of the concrete (progressive stressing)
(b) Anchor wedge draw-in
(c) Friction loss along the length of the ducts

Time-dependant 
losses

(a) Long-term creep and shrinkage strain of the concrete
(b) Relaxation in the (seven wires twisted) strands

Table 3. 
The basic concepts in the prestressed concrete structures including main elements of the structure.
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steps and so forth or P is applied eccentrically. For this analysis it is very helpful 
to remember that the concrete is a free body distinct from the tendon until the 
ducts are grouted, at which point they start to act together. This is then considered 
how the tendon imposes forces on the concrete free body at the anchorages and 
through its changes of direction. Consider the concrete in half of the beam as a 
free body, which has forces imposed on it from the tendon and the other half of 
the beam (Figure 3).

Figure 4. 
Producing profile from an urban area to present building objects: (a) lidar data including road structure; (b) 
profile; (c) a selected lidar point cloud of Sydney areas produced by an UAV.

Figure 3. 
A prestressed section for analysis.
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The forces on the concrete are:

• Ca and Cc in horizontal equilibrium

• wpL/2 and Vanch in vertical equilibrium

Now determine ec the eccentricity between the two C forces. Note that the P 
force in the tendon reacts against the concrete as Ca and there is no support reaction 
since there are no externally applied loads.

For moment equilibrium about A, and ignoring friction losses

   C  c    (=  C  a   = P)  ×  e  c   =  w  p   L / 2 × L / 4 =  w  p    L   2  / 8  (= P × e)   (3)

Now consider the elastic stresses in the concrete:

  P / A  (pre − compression)  ± M / Z  (uplift moment due to the cable)   (4)

  = P / A ± P × e × y / I  (5)

In order to designing prestressed concrete structures, a proper understanding 
of structural performance at all stages of loading is important. This can be essen-
tial where it is a comprehensive knowledge of the design criteria specified in the 
relevant design standard, such as the minimum requirements to fulfil both ultimate 
and serviceability requirements.

4. Industry 4.0 technologies and digital data

This section presents different technologies and techniques which can be used 
for monitoring the structure of urban areas and infrastructures. The new trend 
of automation and data transferring process is called Industry 4.0. The core com-
ponent of Industry 4.0 is digital data. Industry 4.0 refers to different technology 
applications using Internet of Things (IoT), cyber-physical systems, artificial 
intelligence, machine learning, cloud computing, machine-to-machine and human-
to-machine communication and real-time technologies. The concept of Industry 
4.0 is adopted by the construction industry. The concept of Construction Industry 
4.0 can give better connectivity among construction supply chain stakeholders and 
real-time access to construction operation, enhancing safety, productivity and the 
quality of construction. Utilisation of digital technologies such as 3D printing [13], 
airborne lidar [3, 14, 15], hand-held laser scanners [16, 17], building information 
modelling (BIM) [18], wireless sensors [19] and automation is changing the infra-
structure management including construction and maintenance.

For example, Figure 4 shows the temporal airborne lidar which can be used for 
analysing 3D urban changes. Airborne lidar provides valuable digital data which 
is useful for analysis of the spatial pattern of building height and the proximity 
analysis with the road’s hierarchy.

Spatial data mining (SDM) methods have been used to investigate the unknown 
relationships between spatial and nonspatial attributes of data sets [20] that may 
not be apparent using more basic data analysis techniques. The need for knowledge 
discovery and spatial data mining ‘to extract unknown and unexpected information 
from spatial data sets’ was suggested by Mennis and Guo [21]. Two popular SDM 
methods being used in geographic information systems (GIS) and remote sensing 
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are spatial autocorrelation statistics [14, 21, 22] and nonparametric density estima-
tion [23]. However, the potential of these SDM methods to explore urban height 
patterns using airborne lidar data has yet to be actively investigated. While a spatial 
autocorrelation statistic known as local Moran’s I (LMI) is used to find the distribu-
tion pattern of building heights, the elevations of buildings were aggregated into 
large-sized cells using the mean elevation value of the included buildings [3, 22, 24].

Detection of the distribution pattern of clusters of relatively higher (CRH) 
buildings in a city with varying or heterogeneous heights is crucial for the spatial 
and temporal change analysis of vertical developments and for trend analysis of 
vertical urban compactness over time [15]. Detection of the CRH buildings in a city 
of heterogeneous heights is also essential for thermal urban modelling and urban 
heat island analyses because the level of heat produced by higher buildings is differ-
ent from that by lower buildings [25].

Geostatistics is a useful technique for spatial analysis. It refers to statistics used 
to analyse spatial data and spatiotemporal data sets. Shirowzhan and Lim [22] 
utilised a spatial analysis procedure using temporal point clouds in advanced GIS. In 
this analysis a novel method examined ground elevation extraction in slant areas 
and building classifications. A relevant technique for measuring compactness in 
three-dimensional environment is Moran’s  I  (MI) and  G  indices. Moran’s I and  G  
are global autocorrelation statistics, which computes the correlation between pairs 
of data points [14]. Autocorrelation can be calculated for a variable that changes 
over time, for linear spatial series and for two-dimensional spatial series. MI is an 
extended version of Pearson’s product-moment correlation coefficient for a single 
variable [14]. Pearson’s correlation between two variables x and y from n observa-
tions is defined as

  ρ =    ∑ i=1  n    ( x  i   −  x ̄  ) ( y  i   −  y ̄  )  ________________________   
  [   ∑ i=1  n     ( x  i   −  x ̄  )   2  ∑ i=1  n     ( y  i   −  y ̄  )   2  ]     

1/2
 
    (6)

where   x ´    and   y ́    are the mean values of x and y, respectively. For a univariate 
series, say x, MI will estimate the correlation between   x  i    and   x  j   .

For infrastructure monitoring, autocorrelation statistics can be applied to the 
variable describing the elevation of airborne lidar points in order to determine if   x  i    
and   x  j    belong to the same class.
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Chapter 2

Maintaining the Sustainability of 
Critical Infrastructure
Mohammadsoroush Tafazzoli

Abstract

Critical infrastructures operations significantly affect the triple bottom lines of 
sustainability. Considering the dynamic nature of infrastructure and its surround-
ing environment, the interaction between them can dramatically change over time. 
This results in a deviation from the predictions used in the design and construction 
of the infrastructure. Therefore, the negative impacts of critical infrastructures on 
the environment, society, and economy can exacerbate throughout their service 
life. It is crucial to maintain these impacts within the desired limits. The measures 
that attempt to perpetuate a facility’s adverse effects on the triple bottom lines 
of sustainability can be called sustainability maintenance. Regular maintenance 
operations of infrastructure create an opportunity to integrate sustainability 
maintenance into preventive, corrective, and periodic maintenances. This chapter 
discusses four categories of sustainability maintenance of critical infrastructures: 
(1) minimizing adverse impacts of the infrastructure on people through mainte-
nance, (2) keeping the maintenance operations sustainable, (3) sustainable material 
allocation throughout the maintenance process, and (4) environmental protection 
and restoration in maintenance operations. In each category, some of the best 
practices and methods are discussed.

Keywords: critical infrastructure, maintenance, sustainability, environment, society, 
economy

1. Introduction

Critical infrastructures around the globe serve human beings in multiple aspects 
by supplying their essential needs for energy, water, food, healthcare, and trans-
portation to name a few. These facilities are vital for the health, well-being, and 
economic growth of nations and are pivotal contributors to sustainable develop-
ment. On the other hand, critical infrastructures can directly or indirectly affect 
the environment, economy, and society in a negative way [1–3]. For example, in 
the United States, almost 30% of all electricity is generated from coal. Coal power 
plants generate 42% of mercury emissions. This emission can damage the digestive, 
nervous, and immune systems, and is a critical threat to child development. While 
only 1/70th of a teaspoon of mercury deposited on a 25-acre lake can make the fish 
unsafe to eat [4]. As seen in Table 1, the EPA reports show that only in 2014, US coal 
plants generated 45,676 pounds of mercury [5].

The negative impacts of critical infrastructure are not only environmental. 
The ripple effect of ecological degradation can significantly affect the health and 
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Figure 1. 
Factors causing a deviation from the predicted interaction of infrastructure with its surrounding environment.

well-being of human beings as well as the economy of the hosting community. For 
instance, in the example above the pollutants generated by the coal-fired power 
plants contribute to cancer, heart and lung diseases, neurological problems, and 
asthma, [4]. Additionally, the resultant acid rain can damage and degrade proper-
ties and affect the economy of neighboring areas.

Considering the immense impacts of critical infrastructure facilities on the 
sustainability triple bottom line [6], it is crucial to develop a comprehensive plan 
throughout the life-cycle of these facilities to maintain their sustainable perfor-
mance. While these impacts are mainly studied and the strategies to control them 

Pollutant Hg SO2 NOx PM* Pb Cd CO VOC** As

Amount 45,676 3.1 × 106 1.5 × 106 197,286 41.2 9332 576,185 22,124 77,108

Unit pounds tons tons tons tons pounds tons tons pounds

*Particulate matter.
**Volatile organic compounds.

Table 1. 
Pollutants created by coal plants in the in 2014 in the USA

Power plant name Location Operation 
start

Shutdown 
year

Reason of shutdown

Crystal river Crystal river, 
Florida

March 13, 
1977

February 5, 
2013

High price of repairs 
($3.44 billion)

Kewaunee nuclear 
station

Kewaunee 
Wisconsin

December 
1973

May 7, 2013 No buyer for the plant

San Onofre Nuclear 
Generating Station

San Clemente, 
California

1968 June 2013 Long time-repair and 
high restart costs

Clinton Nuclear 
Plant

Clinton, Illinois 1987 June 1, 2017 Becoming extremely 
uneconomical

Table 2. 
The reasons for the shutdown of some nuclear power plants in the USA [8].
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are established at the pre-design phase [7], due to a large number of internal and 
external factors (see Figure 1), all the potential effects of critical infrastructure on 
the sustainability cannot be predicted until the facility starts its operation.

The impacts of the critical infrastructure on the economy, immigration, ecosys-
tem, and environment may take a direction different from the forecasted scenarios. 
Examples are the shutdown of four nuclear power plants in the USA (see Figure 2 
and Table 2) which wasted billions of dollars from the taxpayers. The unpredict-
able aspects of infrastructure are primarily because many external factors that 
can impact the sustainability performance of infrastructure are not predictable. 
Additionally, the external factors can affect the tolerance of the hosting environ-
ment in dealing with the negative impacts. Hence, the sustainability maintenance 
plans of infrastructure must be updated to effectively respond to the changes and 
decelerate the sustainability deterioration of critical infrastructure.

2. Best practices to maintain the sustainability of infrastructure projects

This section discusses the best practices to maintain the sustainability of infra-
structure projects during their service life. These practices are explained in five 
categories as it can be seen in Figure 3. In each category, the recommended policies 
and practices are sub-categorized and discussed. These practices can be applied 
to any infrastructure facility or specific ones. Facility managers, decision-makers, 
and maintenance operation personnel must understand the necessity of investing 
in the implementation of these practices and motivate other personnel to a col-
laborate effort for maintaining a high quality of service from the facility as well as 
minimizing the negatives impacts of the infrastructure on the triple bottom lines of 
sustainability.

Figure 2. 
Four critical infrastructures shutdown in the USA [8].
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2.1  Reducing the negative impacts of infrastructure on people through  
effective maintenance

Depending on the size, type, and location of critical infrastructure facilities they 
can potentially affect large groups of people. These people can belong to one of the 
following categories.

1. People who work at the facility (full-time employees).

2. People who live in the vicinity of the facility (neighbors).

3. People who regularly commute to the facility (clients).

The sustainability maintenance measures to protect the health and well-being 
of people who belong to each of these categories can vary. There are comprehensive 
safety instructions to protect the people inside the facilities (including person-
nel and clients). The following practices in this section are primarily focused on 
protecting the people who live in the vicinity of an infrastructure facility (group 2). 
It is essential to keep in mind that people’s health is the tops priority of sustainable 
development and it cannot be compromised or put at risk.

2.1.1 Maintaining community goals

While an infrastructure facility is developed to serve the public, it can be 
detrimental to the hosting community goals. Consider this case: A power plant that 
was established decades ago in the proximity of some small neighborhoods, initially 
led to the creation of job opportunities and a considerable amount of immigration 
to this area. The small neighboring communities who live near this facility were 
pleased about the foundation of this power plant as the value of their properties 
increased dramatically due to the economic growth. The facility administrators are 
now going to extend the facility’s production. Locals are against this decision as they 
may believe that the air pollution caused by the power plant has increased in the last 
few years. This can be attributed to an increase in the production of the plant that 
can lead to more pollution. The power plant is now a burden on the community as 
the area has sufficiently developed and people feel that it is creating more problems 
for the community than contributing to the local development. The enlargement of 
the existing power plant threats the community goals by diminishing the quality of 
life and vitality of the locals. This example explains how a sustainable facility can 
turn to be detrimental to community goals and values.

The maintenance process creates the potential to identify and fix the gradual 
deviation of the infrastructure from the community expectations and goals. The com-
munity needs to notice that their concerns are considered and their voice is heard by 
the infrastructure’s decision makers [9]. In order to meet the community’s concerns 
people or their representatives must be involved in the decisions. Different tools can 
be used to communicate with the community and hearing their concerns. Survey 
questionnaires can particularly be helpful when the decision makers have to select 
between different requests by the public to figure out which options are more vigor-
ously requested by the public. Communicating with stakeholders and inviting them to 
meetings to express their concerns about the issues caused by the facilities that can be 
mitigated through maintenance is another possible solution to engage people.

Another critical consideration in the assessment of the community issues and 
concerns and incorporating them into the maintenance plans is the conflict of 
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interest between different communities [10]. This happens when one community 
benefits from a decision while another community finds it detrimental for its 
common goals. In these situations, hearing people’s voice and their concerns can 
lead to informed decisions that more effectively address the concerns of the affected 
communities (Figure 4).

2.1.2 Maintenance to motivate using alternative modes of transportation

Many critical infrastructure facilities are extended to meet the growing demand 
of the hosting community for the type of service they provide. As a result of this 
extension, more people need to commute to these facilities as full-time employees 
or clients. The maintenance of critical infrastructure creates an opportunity for 
motivating people to use alternative modes of transportation (such as walking 
or using bicycles) to commute to the facility. This is particularly important for 
infrastructures with a high number of visitors and employees such as commercial 
facilities. Some suggested policies are listed below [11].

Figure 3. 
Five categories of sustainability maintenance of critical infrastructures and their sub-categories.
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interest between different communities [10]. This happens when one community 
benefits from a decision while another community finds it detrimental for its 
common goals. In these situations, hearing people’s voice and their concerns can 
lead to informed decisions that more effectively address the concerns of the affected 
communities (Figure 4).

2.1.2 Maintenance to motivate using alternative modes of transportation

Many critical infrastructure facilities are extended to meet the growing demand 
of the hosting community for the type of service they provide. As a result of this 
extension, more people need to commute to these facilities as full-time employees 
or clients. The maintenance of critical infrastructure creates an opportunity for 
motivating people to use alternative modes of transportation (such as walking 
or using bicycles) to commute to the facility. This is particularly important for 
infrastructures with a high number of visitors and employees such as commercial 
facilities. Some suggested policies are listed below [11].

Figure 3. 
Five categories of sustainability maintenance of critical infrastructures and their sub-categories.
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• Assigning priority parking for hybrid vehicles.

• Creating facilities to use bicycles (parking spaces for bikes and shower rooms 
for the drivers).

• Using gulf cars for the trips within the facility.

• Installing electricity charger in parking for electric vehicles.

• Improving access to public transit.

2.1.3 Maintaining and improving the esthetic aspects

Considering the magnitude of many critical infrastructures, and their long 
service life, the appearance of many of these facilities deteriorate, and if they are 
not maintained, they can become the eyesores of the hosting community. This 
can indirectly impact the neighboring areas and decline their property value. The 
maintenance must preserve the attractiveness of the community to live and work 
through the application of different measures that can enhance the appearance of 
the infrastructure facility. Some examples of performing this are using barrios that 
can mask an unpleasant view or renewing the paint, fixing the fences, and taking 
advantage of advertisements on old looking walls or other surfaces.

2.2 Keeping the maintenance operations sustainable

The maintenance process of critical infrastructure can involve heavy construc-
tion or lengthy operations with a lot of potential negative impacts on different 
aspects of sustainability. Since one of the primary purposes of the maintenance 
measures is improving sustainability performance, it is crucial not to compromise 
sustainability during the maintenance process. Some of the measures for keeping 
the maintenance operations sustainable are explained in the following.

2.2.1 Ensuring the safety of maintenance operations

Many infrastructure maintenance activities involve risks for the people who 
work in the project or who live in the project’s proximity [12]. Hazards involved in 
construction or maintenance of infrastructure facilities could be even more than 

Figure 4. 
Best practices to maintain community goals throughout the service life an infrastructure facility.
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typical (non-infrastructural) facilities as most of them are unique, extensive, and 
challenging to identify the potential risks during the maintenance operations. As 
an example replacement of cables of the Golden Gate Bridge requires working at 
the 746′ above the water level where rain and wind are common. At such condition 
safety measures to protect the laborer from falls is essential.

The hazards of maintenance operations can pose risks to the public too [12]. 
Trench collapses and scaffold collapses are some examples. Proper site fencing is 
one of the major preventive measures. The public can find watching the mainte-
nance operations, such as replacing a segment of a street bridge, interesting. The 
crowd gathered around a maintenance site is a potential risk that must be handled. 
In many cases, the movement of large construction equipment, particularly when 
exiting the site, can cause the risk of accidents with other vehicles, buildings in 
congested urban areas, and pedestrians. There are comprehensive safety measures 
in each country to protect the public against these hazards. Any negligence or 
underestimating the importance of cautiously implementing safety measures must 
be eliminated throughout the entire maintenance operations.

2.2.2 Minimizing the disturbance of maintenance operations

Many maintenance measures can potentially create a lot of dust, noise, road 
closure, traffic congestion, odor, power outage, vibration, light pollution, and other 
problems to the community. It is essential to ensure that such disturbances are 
minimized. Some suggested policies are listed in Figure 5.

2.3 Sustainable leadership and management of infrastructures’ maintenance

A large number of factors are involved in sustainability [13]. Examples are 
people and their health, well-being, and vitality; planet and the impacts of pollu-
tions, energy consumption, and depleting resources on wildlife and habitat; and the 
economy with its connections to industrialization, and growing demand for more 
raw materials and disturbances in nature [14, 15]. This means that a great deal of 
interdisciplinary knowledge and expertise are required to make a sustainable deci-
sion. Additionally, every decision has its tradeoffs that need to be evaluated, and it 
can be challenging to decide what to compromise in the hope of gaining something 
that is more crucial to the public. The term public in this context is not only the 
people who might be impacted by that decision; it also spans to future generations 
[16]. The pressure of profitability almost always amplifies this complexity as it is a 
powerful incentive for decision-makers to accept the downfalls of a decision in the 
hope of economic growth.

While the concept of sustainability seems to be a straightforward approach for 
most people, due to its comprehensiveness and the conflicts of interests which it 

Figure 5. 
Best practices to minimize the disturbance of maintenance operations for the neighbors.
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inherits, it requires a lot of leadership and management. Some of the best practices 
of sustainable management of infrastructure are discussed in this section.

2.3.1 Involving all stakeholders from Early Stages

While the need for the collaboration of stakeholders in decisions seems to be 
obvious, the significance of their early collaboration might not be sufficiently 
noticed. People, particularly, must be involved before decisions are made to ensure 
the concerns of the community are adequately considered in the decision making 
process [17]. This can be done through the managers’ determination to integrate the 
public’s demand and concerns in the decisions and involve experts from different 
disciplines to come up with optimized decisions. It is crucial to keep in mind that 
maintenance provides an opportunity to adjust and change an existing infrastruc-
ture based on the actual issues observed during its operation.

The public’s engagement should not be considered an additional challenge 
for the project. Reflecting the public’s input in the project is an essential factor in 
coming up with the decisions in which the public’s concerns are considered, and 
negative impacts on the hosting community are minimized. This requires building a 
relationship with the key stakeholders. Although in some regions there are regula-
tions that enforce the involvement of the public, the sustainability goals go beyond 
fulfilling the minimum required standards and seek for active engagement, trans-
parency in notifying the public about potential impacts and incorporating them in 
the process of decision making.

Managers must facilitate communications using all the possible tools. While 
many maintenance projects are composed of the involvement of multiple indepen-
dent entities who are primarily focused on delivering their portion of work, manag-
ers must minimize isolated thinking and establish a collaborative approach in which 
impacts on sustainability can be easily communicated between different project 
players. Similar to integrated project delivery in construction, the maintenance 
operations should also attempt to reach to an optimized collaborative environment 
from the start point. This approach is in contrast with the traditional methods 
in which project parties prefer to work separately. The managers’ determination 
and attempt to change the independent work environment to a collaborative work 
environment is essential in the success of sustainability plans in an infrastructure 
maintenance project.

2.3.2 Motivating innovation

The maintenance management team must promote any changes in the existing 
maintenance strategies that can potentially improve sustainability. An effective 
change is utilizing new technologies for data collection. The amount and quality 
of data about infrastructure are closely linked with the quality of maintenance. 
Management must establish a culture of “change for the better” in the maintenance 
team to seek for any modifications in the existing maintenance policies that can lead 
to improvement. This improvement can be about cutting the maintenance costs, 
improving the quality of the infrastructure serviceability, or enhancing the sustain-
ability of maintenance operations to name a few.

2.3.3  Instilling a commitment to sustainability throughout the maintenance 
operations

The management’s commitment to sustainability is pivotal in promoting 
or discouraging sustainable approaches among all team members [18]. The 
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managers must make sure that the team has a sufficient understanding of the 
threats of all the maintenance operations to sustainability and work effectively 
with them to minimize these threats. This commitment must be observable in 
the design, schedule, field activities, and inspections. The team must be aware 
that the management has no willingness in compromising sustainability for less 
critical goals such as performing the operations more quickly, or cutting the 
costs unless they can be justified in a sustainable-thinking context. Sustainability 
workshops before beginning the maintenance operations are often needed 
to transfer the determination of the company to contribute to sustainability 
to the project players as well as teaching them the best practices that trigger 
sustainability.

Commitment to sustainability must be established as a subject that is as impor-
tant as safety. While this may seem exaggerated for some contractors, they can 
understand it better considering that unsustainable methods can potentially impact 
the health or well-being of communities at local, national, or even international 
levels, while unsafe operations mostly pose risks to the staff on the job site or 
the neighbors only. Moreover, since protecting the health of human beings is an 
indispensable element of sustainable development [14], improving the job site 
safety perfectly lines up with the goals of sustainability [19]. Combining safety and 
sustainability workshops are expected to contribute to instilling a crucial need for 
sustainability among the maintenance team.

Some of the potential impacts of the maintenance operations on the hosting 
environment can only be noticed during the operations. Therefore, throughout the 
operations, the management team is responsible for supporting any decision or 
activity that can enhance the sustainability of the operations and achieve a level of 
sustainability that is beyond the original plans.

2.3.4 Material, waste, and by-product management

Although material, waste and by-product handling is a team effort, the manage-
ment role in leading the team is substantial. Material handling aims at maximizing 
the efficiency of the construction and maintenance materials. There are various 
methods and best practices to implement it. Some highly recommended tools are 
briefly explained in the following.

1. Just-in-time (JIT) procurement of materials which attempts to minimize the 
need for storing materials and bringing them to the site when they can be 
almost immediately used in the maintenance operations. The advantages of JIT 
material procurement is shown in Figure 6 [20].

Figure 6. 
Advantages of shipping the material to the facility Just-In-Time.
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2. Waste management workshop for the team. There are a lot of potentials for 
effective management of waste and by-products in a maintenance project. 
Project-specific opportunities for reduction of waste, reuse, recycle, convert, 
or compost must be identified by the managers or their representatives. 
Laborers should receive adequate instructions about the firm’s waste manage-
ment policies and be motivated to contribute to it.

2.3.5 Minimizing sustainable performance degradation

It is often observed that sustainability concerns are usually centered to the facil-
ity’s design and construction phases (rather than the operation phase) and once an 
infrastructure facility starts operation, the focus of its managers is maintaining its 
level of service at the expected quality and. This explains why the negative impacts 
of a facility on sustainability becomes more noticeable in the course of its service 
life. Another reason for sustainable performance degradation are populist managers 
who make decisions to pretend their attention to sustainability, while they refuse 
to accept the sustainability costs that people or media will not necessarily notice or 
appreciate.

Maintenance operations are primarily focused on replacements that can improve 
the serviceability or durability of a facility. Less attention is commonly paid to 
fixing the sustainability issues. Although infrastructure projects are often designed 
with careful examination of the potential impacts of the facility, due to the dynamic 
nature of the surrounding environment and other modifications in the facility in 
the course of its service life, many sustainability issues may arise when the facility 
is in operation. Managers have a critical responsibility to continuously measure and 
mitigate the sustainability threats of the project. Maintenance for sustainability 
can encompass low-cost activities such as eliminating the noise caused by displace-
ment of a utility hole cover to more intensive maintenance such as restoring the 
vegetation affected by the pollution. The target is to maintain the infrastructure 
surrounding in such a way that the facility’s footprint is almost none beyond its 
shell. This requires a specific focus in maintenance that is supported and pursued by 
the managers.

What makes maintaining sustainable performance more challenging are the 
changes in the management team. Different managers have different priorities in 
mind that can impact their determination for maintaining the facility’s sustainabil-
ity. A useful tool that can prevent underestimating sustainability in maintenance 
policies is developing a comprehensive long-term plan for sustainable perfor-
mance that can be pursued by future managers. On the other hand, relying on old 
approaches inherited from previous managers is not helpful as the project’s impacts, 
and the demands for environmental protection can change. The managers must, 
therefore, seek solutions for improvement while staying committed to the long term 
plans of sustainable maintenance.

2.3.6 Extending service life

The development of an infrastructure facility is often the product of the mon-
etary contribution of a large number of taxpayers. Some of the infrastructure 
facilities also require a lot of compromises due to their adverse impacts, particularly 
on the environment. Therefore, it is crucial to make every effort to extend infra-
structures’ service life as much as possible.

A great deal of a project’s service life depends on the quality of its design. 
Flexible design enables the project to respond to the variations in public’s demand 
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from the facility, and the dynamic changes of the facility as well as the external 
factors it interacts with. The design must allow reconfiguration as well as refur-
bishment of the facility and minimize the need for demolition or replacements. 
Additionally, the design must establish a high resiliency in the facility to survive 
against the external pressures. Though, even with a perfect design, the facilities will 
gradually start to deteriorate. As can be seen in Figure 7 [21], two main approaches 
can be applied to extend the service life of infrastructures, maintenance and 
rehabilitation. Both approaches primarily depend on budget and project condition. 
Maintenance is done in shorter intervals, and higher frequencies improve the asset 
condition [22]. When regular maintenance activities cannot effectively improve the 
asset condition, a rehabilitation or renewal activity must be pursued. This requires 
more time, budget, and effort but, as they can be seen in the graph, can more sig-
nificantly improve the infrastructure condition. In this figure, the distance between 
the two parallel diagonal dotted lines on the x-axis indicates the added time to the 
service life as a result of maintenance and rehabilitation.

Facility managers must be mindful about a load of service on the facility even 
though it is below the capacity. A higher load of operation is linked with quicker 
deterioration. The manager should keep close attention to avoid over-production to 
lower the unnecessary load to the infrastructure. Setting various inspection inter-
vals depending on the frequency of the need for repairs in different components of 
a facility is another helpful approach. Long inspection periods for all components is 
detrimental to effective maintenance which is geared towards extending the facil-
ity’s service life and must be avoided.

2.3.7  Establishing the difference between sustainability and environmental 
protection

Although environmental protection is a critical goal of sustainable development, 
it is essential to understand that sustainability goes beyond environmental protec-
tion and involves social and economic goals. The establishment of this understanding 
is the responsibility of the managers. This can be challenging because understanding 
the potential threats to communities can be more complicated than figuring out the 
environmental threats. Some maintenance decisions may not have negative environ-
mental impacts, but they may be detrimental to the society or economy.

Here is an example of the necessity of paying attention to the social aspects 
of sustainability besides the environmental aspects. Consider a coal plant with 
a private access road that is far enough from a residential neighborhood. While 

Figure 7. 
Extending infrastructure service life through maintenance and rehabilitation/renewal.
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developing the maintenance plan, the plant’s manager suggests relocating the access 
road to the neighborhood nearby that has a low population can save the travel time 
for the trucks that supply the materials for the plant. The decision seems to make 
sense from the environmental aspect as it saves a few minutes of travel time and can 
potentially lead to a reduction in the pollution caused by the trucks in the long run. 
However, it will impact the people living in the small neighborhood on a daily basis. 
Therefore, if environmental protection is the sole criteria for making a sustainable 
decision the social and economic aspects of sustainability can be compromised, and 
this defeats the purpose of sustainable development.

It is essential to establish equity in pursuing sustainability [23] Equality in 
sustainability can be defined as being impartial to the communities while making 
decisions that can impact the triple-bottom-line of sustainability in neighboring 
areas. Lopsided progress in sustainability programs by putting one community 
prior to another is in contrast with sustainability goals. Bearing in mind that trade-
offs are inherited in many decisions tied to development, the community facing the 
consequences of a decision may be different from the community that benefits from 
it. Keeping the balance between neighboring communities in benefiting from the 
opportunities promotes sustainable development.

2.4 Sustainable material allocation throughout the maintenance process

Growing concerns about depletion or shortage of resources, in addition to 
increasing demands for more materials, explains the necessity of efficient resource 
allocation [24]. Depending on the type of infrastructure and the depth of the 
maintenance operations, the volume of required materials for the maintenance can 
vary from small amounts to enormous quantities. For example, tons of concrete 
can be required in the replacement of a bridge segment. The way these materials 
are selected, shipped, and used in the maintenance operations have impacts on the 
triple bottom lines of sustainability. According to the World Counts, on average 
everyone uses 16 kilos of resources extracted from the earth every day, and for 
people in the western world, this number is much higher—up to 57 kilos of newly-
mined minerals per day [25]. Based on the United States Geological Survey (USGC) 
the U.S. apparent consumption of raw materials at the beginning of the century has 

Figure 8. 
U.S. apparent consumption of raw materials (courtesy of USGS).
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increased more than six times from 1940s (see Figure 8). The infrastructures are 
massive consumers of resources worldwide. For example, a total of approximately 
1.5 billion tons of aggregates, 35 million tons of asphalt, 48 million tons of cement, 
and 6 million tons of steel is in place in interstate highways of the USA [25].

In addition to the depletion of resources, transportation and shipping of raw 
materials can affect the environment in multiple direct or indirect ways. The 
massive amount of construction materials that were mentioned in the example 
above must be transported to sites through thousands of trips by heavy equipment 
that contributes to air, water, and noise pollution as well as fuel consumption. The 
indirect effects of trips to supply the materials for the infrastructure can indirectly 
contribute to global warming, climate change, and threaten the health of human 
beings. Additionally, continuous traffic of heavy equipment to an infrastructure 
(such as plants and refineries) will have impacts of the property value of the sur-
rounding neighborhoods and affect the economy bottom-line of sustainability.

These examples indicate that any improvement in the way the infrastructure mate-
rials are procured is expected to significantly contribute to sustainable development.

2.4.1 Selecting sustainable material suppliers and manufacturers

Purchase of materials is commonly done through bidding and choosing the least 
expensive bidder that meets the expected quality. Less attention is paid to how sus-
tainably the supplier or manufacturer procures the material. Selecting the material 
supplier is a multi-criteria decision [26, 27]. Selection criteria of material supplier 
or manufacturer must modify and include the following criteria (Figure 9).

• Extraction methods used by the supplier. This explains the policies the manufac-
turer uses in extraction to maintain the balance of resources in nature and what 
measures they utilize to minimize the negative impacts on the ecosystem. There 
are six principles of green extraction [28]: 1) using renewable plant resources, 2) 
using alternative solvents, 3) reducing energy consumption by energy recovery, 
4) converting wastes to co-products, 5) reducing unit operations, and 6) maxi-
mizing non-denatured and biodegradable uncontaminated extracts.

• Green processing of the raw materials. This defines how sustainably the extracted 
materials are processed by the manufacturer. There are multiple criteria to mea-
sure this. Some of these criteria are as follows: (1) Compliance to physical safety 
(safety measure regarding flammability, explosivity, corrosion, oxidation, and 
radioactivity), (2) compliance to air pollution reduction (meeting the allowable 
impacts on air, water, and soil), and (3) sustainable waste management (waste 
generation reduction, green recycling methods, recyclability of products).

• Green shipment. This defines the measures the manufacturer utilizes to mini-
mize the pollution generated in the shipping process. Some criteria to measure 
this are as follows: (1) using low polluting vehicles and (2) efficient shipment 
design (to minimize the number of trips).

Figure 9. 
Selection criteria of material supplier or manufacturer.
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• Disclosure of material ingredients. The supplier must disclose the life-cycle 
information of the chemicals they have used in the product. This is more 
important for the infrastructure facilities that are in the proximity of children 
or other sensitive groups.

2.4.2 Material use reduction

The maintenance operation must seek for minimizing the need for raw materi-
als. This can be achieved without compromising the quality of maintenance if 
certain measures are taken collaboratively. Some of these measured are explained in 
the following.

• Using recycled materials. Using recycled, reused, and renewable materials 
reduces the demand for raw resources and contributes to preserving them for 
future generations. Maintenance operations that involve reconstruction of seg-
ments have high potentials to reuse certain elements of the existing part that 
is demolished. This requires an assessment of the opportunities to reuse and 
planning it before the demolition starts. Additionally, repair policies instead 
of replacement, particularly for equipment pieces, can significantly contribute 
to saving the embodied energy that has been used to manufacture, ship, and 
install the existing equipment. However, in all cases, the quality and perfor-
mance criteria must not be compromised.

2.4.3 Purchasing from local manufacturers and disadvantaged businesses

Procurement of materials from local suppliers lines up with sustainability goals 
in two ways: (1) by supporting the local businesses and contributing to economic 
growth and the welfare of the local community and (2) by reducing the negative 
impacts of shipment of materials on sustainability (air pollution caused by the ship-
ping vehicles, costs, and risks of road accidents).

In addition to local suppliers, the disadvantaged businesses must be sup-
ported while selecting the suppliers, or manufacturers. In the U.S. public 
projects, there is commonly a specified minimum percentage of purchases that 
must be obtained from the disadvantaged businesses. Examples of these busi-
nesses are African Americans, Hispanics, Native Americans, Asian-Pacific and 
Subcontinent Asian Americans, and women-owned companies. Considering that 
most infrastructure facilities are public, maintenance purchases that are often in 
smaller amounts compared with new construction purchases creates an opportu-
nity to support disadvantaged business although these businesses may not afford 
to be the lowest bidder.

2.4.4 Monitor energy consumption

One of the purposes of infrastructure maintenance must be maintaining 
the infrastructure’s negative impacts within the decided limits throughout the 
service life of the facility. For an operating infrastructure facility, a large amount 
of these impacts depend on energy consumption rates. The energy performance 
of infrastructure facilities is expected to decline throughout the years of service. 
Maintenance must fix the degradation of energy performance. This depends on the 
quality of energy monitoring that enables the facility managers to identify were the 
energy losses are occurring and fix them.
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2.5 Environmental protection and restoration in maintenance operations

Although infrastructure projects are often designed and constructed by study-
ing and minimizing their potential impacts on the environment, due to a variety 
of mostly unpredictable causes, these facilities can cause different damages to the 
neighboring areas. It is essential to include the protection and restoration of such 
damages in the maintenance policies. The degradation of nature happens gradually, 
and the damages can be difficult to notice without inspections.

In Addition to restoration, the causes of the damage to nature need to be studied, 
and preservation from further damage must be added to the maintenance programs 
of the infrastructure. For instance, if soil pollution has been reported, different pos-
sible scenarios of the causes of pollution need to be considered. The common prac-
tice in such cases is relying on the most obvious cause for the damage while further 
assessment can reveal some causes that may seem unlikely. The comprehensiveness 
of the assessment has a central role in the quality of maintenance programs.

Infrastructure facilities affect the surrounding environment in various ways. 
Although some compromises about the negative environmental impacts are inevi-
table, taking certain measures can significantly reduce these impacts. The majority 
of the environmental protection activities are related to the design and construc-
tion phases; however, the maintenance policies of infrastructures can contribute 
to effectively preserve its surrounding environment. What follows are some of the 
methods to enhance environmental protection while the facility is operating.

2.5.1 Minimizing the disturbance of maintenance to wildlife

Depending on the facility’s location, the maintenance operations can disturb 
wildlife in different ways. While a lot of consideration is commonly given to mini-
mizing the disturbance to wildlife during the construction process, the risks of 
maintenance operations on the environment are, in many cases, underestimated 
and this can create severe threats for the habitats and wildlife. These risks are 
increased when wildlife is exposed to them for longer durations. This exposure can 
even impact migration, feeding, and breeding patterns. For instance, using vibra-
tors in maintenance operations of a dam can affect the fish reproduction in adjacent 
waters.

EPA provides comprehensive guidelines and requirements [29] to ensure that 
maintenance operations’ disturbances to wildlife are minimized. Some primary 
measures in doing so are listed in the following:

• Identifying vulnerable species in the project vicinity (including species sensi-
tive to noises or vibrations, species that need large habitats, and species with 
low reproductive pedigree).

• Maximizing off-site operations (instead of performing the tasks on an eco-
sensitive site).

• Minimizing different pollution types (air, water, soil, noise, and light pollu-
tion). Depending on the type each of the mentioned pollutions requires taking 
multiple measures for prevention.

• Establishing stringent fire-protection measures and regulations (for transfer-
ring and storing flammable materials, equipment fuel procurement, and 
smoking on the site).
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• Restoring the changes on the natural habitat during after the operations 
(removing temporary equipment access roads by replacing the polluted or 
compacted soil with the natural soil of the area, restoring the damages vegeta-
tion and views.

2.5.2 Continuous assessment of environmental impacts

Depending on the type, size, and location of the infrastructure it can affect 
different elements of the natural world including habitats and species. The interac-
tions between the facility and its surrounding environment can vary over time 
because both the infrastructure and the environment are dynamic systems with 
altering elements that interact with the elements of one another. For instance, the 
amount of pollution infrastructure generates can change based on its production. 
On the other hand, the tolerance of the adjacent environment can also modify based 
on the severity and frequency of rainfalls, the intensity of winds, and temperature 
inversion in different seasons or years. Another example is the tolerance of water 
bodies to pollutants which decrease as they are exposed to more contaminants. In 
this situation, the infrastructure may have to reduce its production to maintain the 
water quality before other preventive measures can be implemented.

The environmental assessment methods, required tools, intervals of measure-
ment, and data analysis methods depend on the type of environment that is in 
the proximity of the infrastructure. Figuring out the pattern of the repetitive 
alterations in the reactions between the infrastructure and the responses from the 
environment can significantly improve the preventive measures.

2.5.3 Restoring the damages caused by the infrastructure

Paying adequate attention to preventive measures is essential in the manage-
ment of infrastructure. Though, considering the complexities and unpredictability 
involved during long years of service of infrastructures some damages to the 
adjacent environment are inevitable. However, these damages can be minimized by 
executing restorative measures. Depending on the type of damage, a wide variety 
of options exist for restoration purposes. It is crucial to keep in mind that some 
of these damages cannot be readily observable and they require a more in-depth 
examination of the area and evaluation of the facility’s impacts.

Restorative measures are focused on bringing the adjacent environment back to 
the condition it had before the infrastructure was developed, as much as possible. 
These measures are more critical when the damages affect residential areas, wild-
life, habitat, rare species, greenfields, wetlands, prime farmlands, and historical 
sites.

The restorative measure can have different types depending on the type of dam-
ages they try to restore. Some of the main types are the following:

• Emergency restoration. This is when the damage should be taken care of 
immediately. For examples the leakage of pollutant fluids. The facility must 
develop a plan with the collaboration of different organizations to react quickly 
when such damages occur. In the case above, after the leakage is stopped, 
immediate action is required to remove the spilled fluid before the contamina-
tion transfers to lower layers of soil or a water body.

• Restoring the damages of a fire or smoke. One of the most critical impacts of 
infrastructure on the environment is increasing the risk of fires. Adequate 
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preventive measures must be taken to mitigate the risk of fire transfer from the 
facility to adjacent areas. In addition to these measures, in case a fire happens, 
the damages it has caused must be restored by recreating the affected vegeta-
tion or removing the soot, water used in extinguishing the fire), and odor. In 
cases that restoration is not possible, the surface area and types of damages 
must be measured, and an equal amount of vegetation must be planted in an 
alternative site.

• Restoring disturbed soil. Natural soils are affected by the infrastructure in two 
major ways: (1) oil and other pollutants’ spill and (2) compaction of soil as a 
result of temporary traffic of heavy equipment. Some maintenance operations 
utilize heavy equipment pieces that pollute and compact the natural soil. The 
facility managers tend to keep the temporary access roads in case a need arises 
in the future. This approach must be avoided as it unnecessarily expands the 
footprint of the facility.

In almost all restoration activities, promptness goes a long way and delaying 
the fixes can lead to irreparable damage. The key to prompt restoration is thinking 
ahead and having the required plans ready to step in when the need for restoration 
urges.

3. Conclusion

Critical infrastructures have significant adverse impacts on sustainability that, 
if not handled, can defeat their purpose of serving to the public. Although a lot of 
attention is paid to develop a critical infrastructure with a minimal footprint, once 
a facility is operating less consideration is paid to evaluate how it interacts with 
its surrounding environment or the host community. It was mentioned that the 
dynamic nature of the infrastructure and its hosting environment causes a lot of 
alterations in how the facility impacts its surroundings. Examples such as the shut-
down of nuclear power plants in the USA indicate that in many cased the planned 
trajectory of infrastructure may not be pursued due to various internal and external 
factors that affect infrastructures. Without proper maintenance of sustainability 
performance, the negative impacts of infrastructures will gradually accumulate 
and may lead to irreversible damages. Continuous data collection, inspections, 
and measurement of the environmental impacts are essential to identify how the 
facility’s performance must be modified to maintain its negative impacts within the 
desired limits.

Sustainability maintenance is an ongoing process throughout the service life of 
infrastructure to maintain its negative impacts within the desired limits and ideally 
enhance its sustainability performance. It was mentioned that regular maintenance 
operations provide a significant opportunity to mitigate the negative sustainability 
impacts of infrastructure. Unlike the design phase in which the sustainability 
threats are predicted, while performing the maintenance operation, most of the 
sustainability-related issues are precisely identified.

The significant roles of considering the hosting community’s concerns, manag-
ers’ determination to sustainable performance, sustainable handling of materials, 
sustainable maintenance operations, and continuous restoration of damages caused 
by the infrastructure were highlighted.
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preventive measures must be taken to mitigate the risk of fire transfer from the 
facility to adjacent areas. In addition to these measures, in case a fire happens, 
the damages it has caused must be restored by recreating the affected vegeta-
tion or removing the soot, water used in extinguishing the fire), and odor. In 
cases that restoration is not possible, the surface area and types of damages 
must be measured, and an equal amount of vegetation must be planted in an 
alternative site.

• Restoring disturbed soil. Natural soils are affected by the infrastructure in two 
major ways: (1) oil and other pollutants’ spill and (2) compaction of soil as a 
result of temporary traffic of heavy equipment. Some maintenance operations 
utilize heavy equipment pieces that pollute and compact the natural soil. The 
facility managers tend to keep the temporary access roads in case a need arises 
in the future. This approach must be avoided as it unnecessarily expands the 
footprint of the facility.

In almost all restoration activities, promptness goes a long way and delaying 
the fixes can lead to irreparable damage. The key to prompt restoration is thinking 
ahead and having the required plans ready to step in when the need for restoration 
urges.

3. Conclusion

Critical infrastructures have significant adverse impacts on sustainability that, 
if not handled, can defeat their purpose of serving to the public. Although a lot of 
attention is paid to develop a critical infrastructure with a minimal footprint, once 
a facility is operating less consideration is paid to evaluate how it interacts with 
its surrounding environment or the host community. It was mentioned that the 
dynamic nature of the infrastructure and its hosting environment causes a lot of 
alterations in how the facility impacts its surroundings. Examples such as the shut-
down of nuclear power plants in the USA indicate that in many cased the planned 
trajectory of infrastructure may not be pursued due to various internal and external 
factors that affect infrastructures. Without proper maintenance of sustainability 
performance, the negative impacts of infrastructures will gradually accumulate 
and may lead to irreversible damages. Continuous data collection, inspections, 
and measurement of the environmental impacts are essential to identify how the 
facility’s performance must be modified to maintain its negative impacts within the 
desired limits.

Sustainability maintenance is an ongoing process throughout the service life of 
infrastructure to maintain its negative impacts within the desired limits and ideally 
enhance its sustainability performance. It was mentioned that regular maintenance 
operations provide a significant opportunity to mitigate the negative sustainability 
impacts of infrastructure. Unlike the design phase in which the sustainability 
threats are predicted, while performing the maintenance operation, most of the 
sustainability-related issues are precisely identified.

The significant roles of considering the hosting community’s concerns, manag-
ers’ determination to sustainable performance, sustainable handling of materials, 
sustainable maintenance operations, and continuous restoration of damages caused 
by the infrastructure were highlighted.
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Abstract

Electrical distribution networks deliver a fundamental service to citizens. 
However, they are still highly vulnerable to natural hazards as well as to cyberat-
tacks; therefore, additional commitment and investments are needed to foster 
their resilience. Toward that, this paper presents and proposes the use of a complex 
simulation model, called reconfiguration simulator (RecSIM), enabling to evaluate 
the effectiveness of resilience enhancement strategies for electric distribution net-
works and the required resources to implement them. The focus is, in particular, on 
one specific attribute of resilience, namely, the readiness, i.e., the promptness and 
efficiency to recover the service functionality after a crisis event by managing and 
deploying the available resources rapidly and effectively. RecSIM allows estimating 
how and to what extent technological, topological, and management issues might 
improve electrical distribution networks’ functionality after the occurrence of 
accidental faults, accounting for interdependency issues and reconfiguration possi-
bilities. The viability of implementing RecSIM on a real and large urban network is 
showcased in the paper with reference to the study case of the electrical distribution 
network (EDN) of Rome city.

Keywords: electrical distribution network, resilience metrics, interdependence, 
outage recovery, vulnerability

1. Introduction

Electrical distribution network (EDN) delivers a fundamental service to citi-
zens. Unfortunately they are still very vulnerable to natural hazards as well as to 
cyberattacks; both can affect electricity infrastructures, leading to power outages 
that might distress and delay the recovery of the impacted communities. In Europe, 
for example, adverse space weather, riverine floods, and earthquakes are recognized 
to be the prevalent hazards with high potential for disrupting the functions of the 
power grid. While high-voltage overhead transmission systems proved to be robust 
to earthquake hazard, earthquake-induced ground motion was recognized to cause 
inertial damage to electric distribution system, in particular, to heavy equipment, 
such as generators and transformers, and brittle items, such as ceramics, as well as 
to the building housing the substations; earthquake-induced ground failure and 
soil liquefaction were identified as one the main causes of damage to buried electric 
infrastructure components [1–3]. The time required for restoring power supply 
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tacks; therefore, additional commitment and investments are needed to foster 
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1. Introduction

Electrical distribution network (EDN) delivers a fundamental service to citi-
zens. Unfortunately they are still very vulnerable to natural hazards as well as to 
cyberattacks; both can affect electricity infrastructures, leading to power outages 
that might distress and delay the recovery of the impacted communities. In Europe, 
for example, adverse space weather, riverine floods, and earthquakes are recognized 
to be the prevalent hazards with high potential for disrupting the functions of the 
power grid. While high-voltage overhead transmission systems proved to be robust 
to earthquake hazard, earthquake-induced ground motion was recognized to cause 
inertial damage to electric distribution system, in particular, to heavy equipment, 
such as generators and transformers, and brittle items, such as ceramics, as well as 
to the building housing the substations; earthquake-induced ground failure and 
soil liquefaction were identified as one the main causes of damage to buried electric 
infrastructure components [1–3]. The time required for restoring power supply 
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following earthquakes was seen to range from few hours to months (being more 
frequently in the range from 1 to 4 days) depending on the repair capabilities (e.g., 
availability of man power, machinery, and spare material) and on the level of access 
to damaged facilities, possibly delayed by damages to the road network and/or by 
traffic congestion [1].

As far as adverse meteorological conditions are concerned, both the transmis-
sion and distribution systems have been adversely affected by water bomb causing 
flooding, extreme snowfall or windstorm, and overheating [1]. As an example, high-
voltage overhead lines might be subjected to failure due to ice sleeves on conductors 
during snowfalls; medium-voltage overhead lines might be subjected to failure due 
to fall of trees during windstorms, while overheating can cause catastrophic failure 
of underground cables [4, 5]. As an example, a clamorous case occurred in Auckland, 
New Zealand, in 1998 that involved the failure of four major underground cables due 
to overheating in the summer period. The failure of the underground cables kicked 
off a 5-week-long power outage across the central city and caused an estimated long-
term economic impact equivalent to 0.1–0.3% New Zealand’s gross domestic product.

From the few facts mentioned above, it is clear that additional commitment 
and investments would be worthwhile, if not needed, to foster the resilience of the 
EDNs.

EDN resilience can be pursued steadily before, during, and after crisis situations 
by putting in place, in an integrated and balanced way, various actions aimed at 
increasing the robustness of the network components; the redundancy of the system; 
the resourcefulness, i.e., availability of resources (such as backup systems, human and 
material resources); and the readiness, i.e., the promptness and efficiency to recover 
the service functionality after a crisis event by managing and deploying the avail-
able resources rapidly and effectively [6].

The works presented in this paper focuses on the resilience enhancement after 
crisis events, with particular emphasis on the factors that might increase the readiness.

A further aspect examined by this work is the interdependency of EDNs with 
other critical infrastructures (CIs) and the implication that this has on the resilience 
of EDNs. EDNs are, in fact, essential for the functionality of other services such 
as water, telecommunications (tlc), roads, and other public services; on the other 
hand, EDNs depend on other critical infrastructures to deliver their service. In 
particular, EDNs are highly dependent on telecommunication that provides telecon-
trol functionality to EDN, to such an extent that it is fair to assume that electrical 
and telecommunication networks do represent a unique, connected system of systems 
whose control, protection, and management should be performed as if it was a 
unique system.

The paper is organized as follows. Section 2 presents relevant works related 
to existing methods for the resilience assessment of EDNs. Section 3 contains a 
description of the abstract model representing the topology and the constitutive 
elements of a large EDN. Section 4 identifies metrics for assessing the resilience of 
EDNs in terms of induced service impacts after different kinds of perturbations. 
Finally, Section 6 presents the implementation on the case study of Rome, Italy.

2. Related work

All definitions of resilience point to quantify a dynamic, adaptive property of a 
system (or of a system of systems) expressing its ability to withstand perturbations 
and to recover, rapidly and effectively, to equilibrium condition as similar as pos-
sible to that prior to perturbation [6–9]. When dealing with a technological system, 
the property of being “adaptive” inevitably leads to think of a number of factors 
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influencing the way the system might adapt other than its mere technological 
qualities (such as robustness, technological update of the components, etc.): these 
factors might include risk awareness and preparedness, to ordinary and emergency 
management capabilities, in general to management skills which must support 
the technological and the design quality of the network. Moreover, in the case of a 
system of systems, the resilience of a system also depends on the degree of resilience 
of the other systems whose services should be available for the recovery process and 
on the level of dependency that is between them. The nowadays emphasis on the 
resilience property of technological systems is a direct symptom of the increased 
awareness that networks’ functional dependency is one of the major issues that 
must be considered for improving CI protection and, as such, should be always 
appropriately considered when dealing with modeling and simulation activities of 
these systems. In particular, in Europe different resilience assessment and man-
agement methods as well as new approaches and guidelines are proposed within 
interesting EU projects. The project SMR [10] proposes the guidelines and system 
dynamic modeling and simulation techniques to increase the resilience of cities, 
whereas the IMPROVER project [11] is more focused on CI. The project DARWIN 
[12] is focused on improving responses to expected and unexpected crises affecting 
critical societal structures during natural disasters (e.g., flooding, earthquakes) 
and man-made disasters (e.g., cyberattacks). To achieve this, DARWIN developed 
resilience management guidelines aimed at critical infrastructure managers, crisis 
and emergency response managers, service providers, first responders, and policy 
makers. Other interesting EU project results can be found in [13–15]. The main 
objective of these projects is the proposal of European Resilience Management 
Guideline (ERMG) frameworks to drive decision and policy makers, local govern-
ments, and CI operators toward more resilient cities, societies, and infrastructures. 
ENEA has proposed CIPCast a framework for the resilience evaluation of a specific 
area that is compliant with the general guidelines proposed, for example, in [10]. 
CIPCast allows geographical information system, GIS-based risk assessment, 
and situational awareness through the continuous acquisition of different kinds 
of data from the field (e.g., weather forecast, infrastructure network status). 
Furthermore, CIPCast allows the assessment of the impacts and consequences of 
possible damage scenarios due to the prediction of natural hazards (such as heavy 
rain, flash floods, earthquakes) on the infrastructure networks and services and 
on the affected communities [17, 18]. The present work describes RecSIM [19], 
a specific module of CIPCast allowing the operational resilience assessment of 
electrical distribution grids. Indeed, there is an increasing demand for resilience 
framework assessment of power grids due to the fact that electrical power grids are 
recognized as critical lifelines that have to cope with different threads including 
extreme natural disasters and man-made attacks [20–25]. An extensive review of 
the existing metric system and evaluation methodologies, as well as a quantitative 
framework for power resilience evaluation, is presented in [9] where a classifica-
tion and review of the different approaches proposed in literature are provided. 
Firstly, the proposed resilience evaluation approaches can be classified as qualitative 
methods and quantitative methods. Qualitative methods, thorough general picture 
of the system, provide guidelines for long-term energy policy making. In contrast, 
quantitative methods are often based on the quantification of system performances. 
The different methods can be further classified as simulation-based [20], analyt-
ical-based [21], and methods based on statistical analysis and historic outage data 
[22]. According to this classification, RecSIM can be classified as a quantitative-
simulation-based approach. In particular, RecSIM takes in input a damage scenario 
(i.e., the set of electrical grid components in failure), the resource available to face 
the crisis in terms of crews available, and the functioning status of the supervisory 
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control and data acquisition (SCADA) system and computes, in output, the power 
grid performance degradation in terms of the number of electrical users discon-
nected times the minutes of disconnection. As metrics for characterizing, in a 
posteriori analysis, the resilience of the power grid is proposed in [24] in terms of 
outage duration, dependency and interdependency relations, and the existence of 
energy storages, and a mathematical model for their calculation is proposed and 
implemented with respect to test cases focusing on recent natural disasters hitting 
major countries. In [25] the authors adopted the definition of resilience provided by 
the NIAC [26] that considers robustness, redundancy, and rapid recovery as main 
resilience features and developed a sequential Monte Carlo-based model for assess-
ing the impact of weather on EDN resilience and applied to transmission networks. 
Their model considers the impact of human response during weather emergencies 
through the characterization of the delay required for the restoration of damaged 
components (due to delay in the development of individual situation awareness in 
the affected control centers) and the delay in the information sharing between the 
system agents, namely, the transmission system operators (TSOs) and the repair 
crews. As a test case, the model was applied to the transmission network considering 
extreme wind events, and simulation results show the resilience of the network in terms 
of robustness, redundancy, and response measures. Other past works also included the 
effects of humans [27], and others consider the dependencies [28] on resilience.

Similar to the approach proposed in [24] but considering the performance of 
EDN grids in complex urban contexts, RecSIM considers, simultaneously, the influ-
ence of different key features that might affect the time required for restoring the 
functionality of EDNs after extreme events, namely, (1) the degree of dependency 
with other networks providing essential services; (2) the network topology;  
(3) the number of repair crews available; (4) the number and functionality of 
SCADA telecontrol devices; and (5) the conditions of the road network and of the 
traffic that might delay repair activities.

3. Model description

The proposed model aims at providing a model scheme, for the resilience 
assessment of EDNs, where all the abovementioned influencing factors could be 
appropriately considered.

Having recognized that resilience mostly starts with a number of activities that 
are performed during the normal operational mode of the network such as ordinary 
management of assets, accurate prediction of the events, and subsequent efficacy in 
performing preparedness actions rather than only with a “last minute” emergency 
management; the idea was to realize advanced technological tools enabling CI 
operators to improve the operational procedures during the normal operation mode 
while ensuring a continuous monitoring of external scenarios to forecast possible 
perturbing events, accompanied to some ex ante prediction of the expected impact 
(in terms of both economic losses and reduction of citizen’s well-being) of possible 
emergency scenarios. With this objective in mind, ENEA has designed and realized 
a decision support system (DSS), called CIPCast, enabling to provide an opera-
tional (24/7) forecast and risk analysis for the CI in a specific area [16]. CIPCast 
includes a map of CI elements which could be hit and disrupted by predicted 
natural events (flash floods, snow, landslides, flooding) or occurred events (such as 
earthquakes). CIPCast allows to estimate:

• The physical impacts induced on EDNs following earthquakes [17] and flooding 
events
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• The impact on service functionality associated with the predicted damage of CI 
elements (in terms of outage duration and geographical extension), also consid-
ering possible perturbation cascades toward other networks and services [29, 30]

• The consequences of the predicted outages, according to several metrics 
accounting for economic losses, reduction of citizen well-being, and impacts on 
the quality of service

Within CIPCast, the RecSIM simulator represents the basic module for the 
resilience assessment of the EDN, as better described in Section 4.

This section describes the theoretical model used to represent the topology of a 
large EDN within RecSIM. Figure 1 shows the main elements of the proposed model.

EDNs are composed of a number of primary substations (PS). Each PS originates 
one (or more) medium-voltage (MV) line(s) ending into a further PS. The MV line 
is cut at a certain stage by a switch which decouples the line into two halves, each one 
supplied by one of the two overlooking PS. Each line connects a number of second-
ary substations (SS) that, from the technological point of view, can be of one of the 
following types: “normal,” “remotely telecontrolled,” “automated,” and “frontier” 
substations (represented, respectively, as white, gray, orange, and purple nodes in 
Figure 1). The “automated” substations are key elements of the network as they are 
able to perform automatically the isolation and restoration procedures needed to 
react to failures happening to their downstream substations. “Frontier” substations 
can be used to restore a portion of a MV line from another MV line. The configura-
tion of the network switches defines the running configuration of the network. The 
electrical operator attempts to operate the network in order to maintain as much as 
possible the grid in a so-called normal configuration which is chosen by the opera-
tor as being able to allow the optimal operability of the grid (i.e., a good trade-off 
between robustness and efficiency, with the lowest possible electrical losses).

During a crisis, the electrical operator can change the configuration of the net-
work by operating the switches along the perturbed lines; the operator brings the 
network into a “contingency” configuration, in order to restore as fast as possible 
the electrical service to the final users.

The model considers, furthermore, the dependencies between the electrical 
distribution grid supervisory control and data acquisition (SCADA) systems and 
the telecommunication components providing the telecontrol service. As shown in 
Figure 2, the telecontrolled substations use the communication service provided 
by the telecommunication (tlc) network components (i.e., the base transceiver 

Figure 1. 
The elements considered in the electrical distribution grid model.
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Within CIPCast, the RecSIM simulator represents the basic module for the 
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This section describes the theoretical model used to represent the topology of a 
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is cut at a certain stage by a switch which decouples the line into two halves, each one 
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substations (represented, respectively, as white, gray, orange, and purple nodes in 
Figure 1). The “automated” substations are key elements of the network as they are 
able to perform automatically the isolation and restoration procedures needed to 
react to failures happening to their downstream substations. “Frontier” substations 
can be used to restore a portion of a MV line from another MV line. The configura-
tion of the network switches defines the running configuration of the network. The 
electrical operator attempts to operate the network in order to maintain as much as 
possible the grid in a so-called normal configuration which is chosen by the opera-
tor as being able to allow the optimal operability of the grid (i.e., a good trade-off 
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work by operating the switches along the perturbed lines; the operator brings the 
network into a “contingency” configuration, in order to restore as fast as possible 
the electrical service to the final users.

The model considers, furthermore, the dependencies between the electrical 
distribution grid supervisory control and data acquisition (SCADA) systems and 
the telecommunication components providing the telecontrol service. As shown in 
Figure 2, the telecontrolled substations use the communication service provided 
by the telecommunication (tlc) network components (i.e., the base transceiver 
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The elements considered in the electrical distribution grid model.



Infrastructure Management and Construction

38

station—BTS hereafter—of the telecommunication network). In turn, BTS are sup-
plied by the energy provided by the SS of the EDN, thus configuring a dependency 
loop (no energy on a specific BTS, no telecontrol functionality of this BTS in favor 
of other SS of the network). In this work, we suppose that BTS do not have power 
backup, i.e., we will simulate the worst possible case. This implies that if a certain 
BTS depends on a certain substation SS that is in a damaged (or disconnected) state, 
that specific BTS will immediately stop functioning.

Each SS can be modeled as a finite state machine as shown in Figure 3. In normal 
conditions, the SS is in the initial “functioning” state. Starting from this state, the 
secondary substation (SS) can move into two different states:

• Failure state: when a failure in the SS occurs, transition 1 is activated. The SS 
remains in this state for the expected failure duration;

• Not functioning state: in case of a contingency, the protection devices of the grid 
will disconnect a number of secondary substations that will change their state 
from “functioning” to “not functioning.” For example, when a SS moves into the 
failure state, all SS on the same line move into their not functioning state. A SS 

Figure 3. 
Secondary substation (SS) finite state model.

Figure 2. 
Electrical distribution grid SCADA system and tlc dependencies.
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remains in this state waiting for restoration. The duration of the restoration can be 
in the range of few minutes (about 3–5 minutes) if the SS can be telecontrolled or 
much longer (50–55 minutes to few hours) depending on several factors (e.g., time 
required by emergency crews to reach the faulted substation and to restore it).

4. Resilience metrics

Let us assume to have an EDN characterized by its topology, with nodes N 
and links L corresponding to electrical stations and electrical lines, respectively. 
The function representing the functioning state for all the elements of the EDN is 
referred to as F:

  F (N, L, t)  = 0 ∀ t  (1)

if all elements N and L are in a functioning state and all telecontrol functionalities 
are active. Let us now introduce a perturbation function P that can change the state 
of one EDN element from the functioning state to one of the other possible states. In 
such a case

  P : F (N, L, t)  →  F   ′  (N, L, t)   (2)

where   F   ′  (N, L, t)  > 0  for  t ∈  [0, T]   and zero elsewhere. For the sake of simplicity, 
we will apply the perturbation P only to the electrical secondary station (referred 
to as SS). Time T represents the time when all elements have been repaired and the 
network comes back to its fully functional state F(N, L, t) = 0. A perturbation P, in 
principle, could affect one (or more) electrical station and bring it (or them) from 
the functioning state to the not functioning or the failure states.

The damage of a SS consequent to the introduction of P produces a sequence of 
perturbations on the network. These consist in the disconnection of other nodes 
along the line due to instantaneous opening of protection switches. The damaged 
nodes are replaced by power generators (PGs) to ensure electrical continuity to the 
node’s customers. The damaged nodes will not be repaired in the time space of the 
simulation, but their function will be restored through the settlement of PGs.  
The disconnected nodes, in turn, are reconnected either through a telecontrol 
operation (if available) or by dispatching technical crews to provide manual recon-
nection. All such interventions require specific times, which are considered when 
defining a restoration sequence of interventions. The impact of the perturbation P 
on the EDN is measured using a key performance indicator (KPI) that is currently 
used by the Italian Energy Authority to estimate the level of service continuity of 
an EDN. Such KPI is expressed as the number of disconnected customers ni of the 
i-th EDN node times the duration   𝝉𝝉  i    of its disconnection. Such a value is expressed 
in terms of kilominutes (i.e., 103 minutes). Thus, if the damage of the i-th SS of the 
network will result in the disconnection of m SS, each one for a time   𝝉𝝉  j    ( j = 1, m)  , the 
overall KPI outage metrics will be measured in terms of   𝚪𝚪  i    that is defined as follows:

   𝚪𝚪  i   =  ∑ 
j=1

  
m

     n  j    𝝉𝝉  j    (3)

For a given perturbation P, the integral over the simulated time span of Eq. (3) 
represents the perturbed functional state of the grid defined in Eq. (2):

   ∫ 0  T     F   
′
  (N, L, t) dt =  𝚪𝚪  i    (4)
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  𝚪𝚪  i   , thus, represents the impact that the damage of an EDN element (the i-th 
node) can produce, by using an official KPI as a metric. The larger the value of   𝚪𝚪  i   ,  
the weaker the capability of the network to withstand the perturbation in terms 
of impacts produced on the EDN customers. In general the value of   𝚪𝚪  i    depends on 
different factors (described in detail in Section 4) ranging from the topology of the 
network and the employed technologies to the efficiency of operator restoration 
procedures; therefore, it would not be inappropriate to correlate the value of   𝚪𝚪  i    with 
the inverse of the resilience concept R. In other terms

   R   −1  ∝  𝚪𝚪  i    (5)

We can generalize the concept by checking the EDN behavior versus all possible 
perturbations. The overall operational network resilience will be thus associated 
with the inverse of the value of the integral of the distribution function of all the   𝚪𝚪  i     
values ( D (𝚪𝚪)  ) resulting from the failure of each one of the N nodes of the EDN 
(normalized with respect to the total number of nodes N):

  R ∝   1 _______ < 𝚪𝚪 >   =   ∫ D (𝚪𝚪) d𝚪𝚪 ________ 
∫ 𝚪𝚪D (𝚪𝚪) d𝚪𝚪

     (6)

The higher the impact, the lower is the resulting operational resilience of the 
EDN network.

5. The simulation scheme and the reconfiguration simulator (RecSIM)

The RecSIM represents the basic module of the proposed framework for the 
resilience assessment of the EDN. RecSIM enables to carry on a “crisis game” 
consisting in the estimation of all  𝚪𝚪  values resulting from the application of differ-
ent perturbations. The simulator allows configuring different parameters allowing, 
in turn, the simulation of different electrical operational conditions (e.g., SCADA 
system not available, traffic jams, etc.) and the analysis of how the resilience indica-
tor varies in these different operation conditions.

Figure 4 shows the input of the RecSIM and its output (i.e., the consequence of a 
perturbation in terms of   𝚪𝚪  i   ). RecSIM inputs are:

• Network topology—expressed as the EDN graph and the perturbation P represented 
by the SS brought in the damaged state.

• SCADA system—expressed in terms of the set  𝛀𝛀  of SS that can be remotely 
telecontrolled.

• Efficiency of SCADA system—expressed in terms of the functioning status of 
the BTS bi providing communication service to the EDN and in terms of tlct 
the time needed to perform a remote operator action (using the EDN SCADA 
functionalities).

• Efficiency of restoration procedures—expressed in terms of the time needed by 
an emergency crew to reach a damaged SS (  tr  t   ), to perform a manual recon-
nection action (  m  t   ), and to set in place a PG to feed the users of the damaged 
SS (or of other SS which will result to be isolated, thus needing a PG as they 
were damaged) (PGt). The input time values represent “mean” values as they 
have been provided by the electrical operator as resulting from its standard 
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operation times. RecSIM performs simulations by using these values as mean 
values of a flat distribution from which time values to be used in the simulation 
are randomly extracted from the flat distribution.

• Technical resources—expressed in terms of the number C of technical crews 
available in the field. The number of available PGs is assumed to constitute an 
unlimited resource. Further development of the algorithm will consider the 
finiteness of available PGs.

The output of RecSIM is represented by the value of the impact of the damage 
scenario (caused by the perturbation P and by its cascading effects) on the EDN, 
considering all the restoration actions performed (in series or in parallel, if several 
technical crews were simultaneously available): the substitution with a PG of a 
damaged node and, whenever the case, of an isolated node; the manual reconnec-
tion of disconnected nodes by the available technical crews; and the automatic 
reconnections made through remote telecontrol operations. These actions are 
needed to restore the EDN and to bring it back to its normal operating condition. 
Upon these actions, all users are supposed to be reconnected to the grid. As previ-
ously said, damaged SS are just substituted by a PG, and, at the end of the simula-
tion, they are still in the damaged state although their function is guaranteed by the 
PG. The impact of the perturbation P on the EDN is thus computed using Eq. (3).

6. Simulation, analysis, and discussion of the results

In a previous work [19], the EDN of the metropolitan Rome, area (Italy), was 
deeply investigated by extensive calculations enabling to estimate its resilience 
score, according to the definition reported in Section 3. RecSIM has been used to 
study the behavior of the whole EDN of the metropoli-Rome EDN that is a large 
EDN grid composed of 139 PS and 14938 SS distributed along 1607 MV lines. 

Figure 4. 
The RecSIM input and output components.
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operation times. RecSIM performs simulations by using these values as mean 
values of a flat distribution from which time values to be used in the simulation 
are randomly extracted from the flat distribution.

• Technical resources—expressed in terms of the number C of technical crews 
available in the field. The number of available PGs is assumed to constitute an 
unlimited resource. Further development of the algorithm will consider the 
finiteness of available PGs.
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scenario (caused by the perturbation P and by its cascading effects) on the EDN, 
considering all the restoration actions performed (in series or in parallel, if several 
technical crews were simultaneously available): the substitution with a PG of a 
damaged node and, whenever the case, of an isolated node; the manual reconnec-
tion of disconnected nodes by the available technical crews; and the automatic 
reconnections made through remote telecontrol operations. These actions are 
needed to restore the EDN and to bring it back to its normal operating condition. 
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tion, they are still in the damaged state although their function is guaranteed by the 
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6. Simulation, analysis, and discussion of the results

In a previous work [19], the EDN of the metropolitan Rome, area (Italy), was 
deeply investigated by extensive calculations enabling to estimate its resilience 
score, according to the definition reported in Section 3. RecSIM has been used to 
study the behavior of the whole EDN of the metropoli-Rome EDN that is a large 
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Figure 4. 
The RecSIM input and output components.
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The power grid has 6348 telecontrolled SS (i.e., 42% of the total SS) and 1012 
automated SS (i.e., 6% of the total SS). Considering the MV lines, the power grid 
has 1447 MV lines that contain at least 1 telecontrolled SS (90%) and 510 MV lines 
containing at least 1 automatized SS (31%). The considered power grid is set in the 
so-called normal configuration that is:

1. A specific topology of the network (consisting of a given number of SS, with a 
given fraction of telecontrolled, automatic, and frontier SS)

2. With the switches along the medium-voltage lines located in specific points,

3. The telecontrolling BTS providing services to a certain extent (in our simula-
tion we consider a default fraction of unavailable BTS leading telecontrolling 
functionality unavailable—apparently a “physiological” conditions of depend-
ent networks)

4. A given number of technical crews available in the field for the manual recov-
ery operations

5. Standard times for the solution of the different actions to be performed for SS 
restoration

When referred to “normal configuration,” we will refer to equal (1)–(5) condi-
tions. The reported simulation has the character of a “stress test.” Two different 
stress schemes have been adopted: the unbiased perturbation scheme and the 
heuristic scheme.

In the unbiased perturbation scheme, each electrical substation (SSi i = 1, N), 
one at a time, has been set in the damage state and the resulting impact of electrical 
crisis estimated in terms of the   𝚪𝚪  i    defined in Eq. (3). Figure 5 reports the distribution 
function   D   1  (𝚪𝚪)   for all resulting   𝚪𝚪  i   . This simulation will be referred to as the “(N− 1) 
analysis,” as it involved the set in the damage state of a single SS (at a time).

Figure 5. 
  D    (1)   (Γ)   distribution of the resulting impacts as functions of the impacts, for a N − 1 analysis, i.e., in the event of 
one node damaged.
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The same stress test could be repeated by setting in the damage state two, three, 
or more SS simultaneously, in a way intended to generate crisis situation of higher 
impact (although with a lower probability of occurrence. Each case will produce a 
distribution function of the  𝚪𝚪  values such as D(2)(  𝚪𝚪 ), D(3)(  𝚪𝚪 ), etc.

The impact distribution   D    
(i)   (𝚪𝚪)   functions do provide the generating function for the  

resilience score, which has been associated to its normalized integral Eq. (6): 
the larger the integral of the distribution, the lower the resilience. In fact, for an 
infinitely resilient network, each damage should correspond to the lowest possible 
(or vanishing) impact in the terms expressed by Eq. (3). The overall system resil-
ience could be estimated as a series of terms each one representing the contribution 
toward resilience for different (and progressively large) perturbations:

  R =  a    (1)    R    (1)   +  a    (2)    R    (2)   +  a    (3)    R    (3)   + … .  (7)

While the terms R(i) will be achieved by applying Eq. (6) to the different 
D(i)(Γ), the terms a(i) can be related to the probability of the event; this would 
produce a series of progressively smaller terms which will reduce the impact of 
the high order contributions to the total value. The first terms related to (N − 1) 
and (N − 2) events would thus dominate the series in Eq. (7) which will provide 
an unbiased estimate of the global resilience of the network when perturbations 
are imposed following an exhaustive scheme rather than a heuristic method.

A different perturbation scheme (the heuristic one) has been also applied to 
provide a further possible perturbation scheme aiming to realize a resilience assess-
ment which, in such case, will be measured by estimating Eq. (6): this will be done 
through the use of a distribution function D(h)( 𝚪𝚪 ) resulting from the application of 
the heuristic perturbation scheme. The heuristic scheme has been thus designed and 
applied to compare the resulting resilience score   R    (h)    with that obtained through the 
use of the unbiased perturbation scheme.

Instead of producing systematic damages (as in the unbiased scheme), we have 
produced “educated” damage scenarios where SS have been set in the damaged state 
as a function of their effective rate of faults (as declared by the electrical operator). 
The heuristic perturbation scheme is thus carried out in the following way. Let us 
assume to know the rate of faults per day ρI of each SS of the network, expressed in 
terms of the average number of times that the SS have been recorded to be out of 
order. Statistics have been collected along several years and the number of observed 
faults normalized over the number of days of observation. The ρI value could 
be thus assimilated to the daily probability that the specific substation goes in a 
damaged state. The cause of SS fault could be different: the SS could be hit by some 
external event (i.e., natural hazard and/or its consequences) or by some internal 
event (i.e., the disruption of some component). The statistical fault rate per com-
ponent does not distinguish between the origins of fault; we will thus consider this 
fault rate as an “intrinsic” property of the EDN element.

The heuristic perturbation scheme has been thus applied to the network “normal 
configuration” by simulating M working days: in each day of operations, the dam-
aged state of each SS has been sampled (as in a Monte Carlo scheme) by extracting 
a random number ri (ri = [0, 1]) and by comparing it with the ρi value: if ri < ρi, the 
i-th SS is put in the damaged state where it remains unperturbed elsewhere. The SS 
set in the damage state have been put simultaneously in the damaged state, in order 
to simulate the worst-case scenario. This procedure is repeated n times to scan each 
SS and then repeated M times to simulate different working days.

This procedure generates very few damages, as the rate of faults of the substations 
is usually particularly small. However, it generates cases where one (or even more than 
one) substation will result in a damaged state. This procedure thus allows to sample 
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distribution function of the  𝚪𝚪  values such as D(2)(  𝚪𝚪 ), D(3)(  𝚪𝚪 ), etc.

The impact distribution   D    
(i)   (𝚪𝚪)   functions do provide the generating function for the  

resilience score, which has been associated to its normalized integral Eq. (6): 
the larger the integral of the distribution, the lower the resilience. In fact, for an 
infinitely resilient network, each damage should correspond to the lowest possible 
(or vanishing) impact in the terms expressed by Eq. (3). The overall system resil-
ience could be estimated as a series of terms each one representing the contribution 
toward resilience for different (and progressively large) perturbations:

  R =  a    (1)    R    (1)   +  a    (2)    R    (2)   +  a    (3)    R    (3)   + … .  (7)

While the terms R(i) will be achieved by applying Eq. (6) to the different 
D(i)(Γ), the terms a(i) can be related to the probability of the event; this would 
produce a series of progressively smaller terms which will reduce the impact of 
the high order contributions to the total value. The first terms related to (N − 1) 
and (N − 2) events would thus dominate the series in Eq. (7) which will provide 
an unbiased estimate of the global resilience of the network when perturbations 
are imposed following an exhaustive scheme rather than a heuristic method.

A different perturbation scheme (the heuristic one) has been also applied to 
provide a further possible perturbation scheme aiming to realize a resilience assess-
ment which, in such case, will be measured by estimating Eq. (6): this will be done 
through the use of a distribution function D(h)( 𝚪𝚪 ) resulting from the application of 
the heuristic perturbation scheme. The heuristic scheme has been thus designed and 
applied to compare the resulting resilience score   R    (h)    with that obtained through the 
use of the unbiased perturbation scheme.

Instead of producing systematic damages (as in the unbiased scheme), we have 
produced “educated” damage scenarios where SS have been set in the damaged state 
as a function of their effective rate of faults (as declared by the electrical operator). 
The heuristic perturbation scheme is thus carried out in the following way. Let us 
assume to know the rate of faults per day ρI of each SS of the network, expressed in 
terms of the average number of times that the SS have been recorded to be out of 
order. Statistics have been collected along several years and the number of observed 
faults normalized over the number of days of observation. The ρI value could 
be thus assimilated to the daily probability that the specific substation goes in a 
damaged state. The cause of SS fault could be different: the SS could be hit by some 
external event (i.e., natural hazard and/or its consequences) or by some internal 
event (i.e., the disruption of some component). The statistical fault rate per com-
ponent does not distinguish between the origins of fault; we will thus consider this 
fault rate as an “intrinsic” property of the EDN element.

The heuristic perturbation scheme has been thus applied to the network “normal 
configuration” by simulating M working days: in each day of operations, the dam-
aged state of each SS has been sampled (as in a Monte Carlo scheme) by extracting 
a random number ri (ri = [0, 1]) and by comparing it with the ρi value: if ri < ρi, the 
i-th SS is put in the damaged state where it remains unperturbed elsewhere. The SS 
set in the damage state have been put simultaneously in the damaged state, in order 
to simulate the worst-case scenario. This procedure is repeated n times to scan each 
SS and then repeated M times to simulate different working days.

This procedure generates very few damages, as the rate of faults of the substations 
is usually particularly small. However, it generates cases where one (or even more than 
one) substation will result in a damaged state. This procedure thus allows to sample 
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(among the manifold of possible damaged network states) those states where one or 
more SS are simultaneously damaged, in agreement with the rate of faults of the dif-
ferent stations. Over nh = 1515 damaged configurations were obtained with the Monte 
Carlo sampling, of which 1163 were constituted by a single damaged SS; 296 with 2 
damaged SS; 49 with 3 damaged SS; 5 with 4 damaged SS; and 2 with 5 damaged SS.

Figure 6 summarizes all the results obtained thanks to the simulations by using the 
(N − 1) and the (N − 2) unbiased scheme and the heuristic perturbation scheme. In all 
simulations (both for the unbiased and for the heuristic schemes), the same number of 
technical crews C available for the service restoration has been assumed (C = 2). The 
three curves, however, derive from simulations scheme which have produced differ-
ent amounts of crisis scenarios whose impacts have been measured through Eq. (3). 
In fact, for the unbiased (N − 1) simulation, a number of crisis scenarios n equal to 
the number of nodes N have been produced (n(N − 1) = N = 13,618). In the case of the 
unbiased (N − 2) simulation, a number of crisis scenarios n(N − 2) = 271,581 have been 
produced (this number corresponds to the total number of double faults occurring 
along the same medium tension line).

For the heuristic perturbation scenario, the number of cases was, in turn, 
nh = 1515 as previously stated. The most relevant feature of the three distributions 
must be observed in the impact dimension. The perturbations produced by using 
an unbiased (N − 2) scheme produce very large effects, as they tend to involve a 
large number of SS, which impose a sequence of interventions (with the provided 
number of technical crews k available, not all SS could be simultaneously repaired).

The estimate of the corresponding R(1), R(2), and R(h) [through the use of Eq. (6)] 
appropriately renormalized all the distributions. Application of Eq. (6) to the three 
different distribution functions provides the following values: R(1) = 2.17 × 10−2, 
R(2) = 7.60 × 10−3, and R(h) = 1.78 × 10−2.

It is interesting, in turn, to notice that crises produced by the heuristic scheme 
(i.e., involving SS which have shown a large propensity to fault), although in some 
cases involving more than a SS produces impacts which, even in the largest cases, 
are of the same dimension of those produced by worst cases in the (N − 1) unbiased 
simulation. This is probably due to the fact that more vulnerable SS are located 

Figure 6. 
Comparison of the  D (𝜞𝜞)   distribution values for the N − 1 and N − 2 unbiased scheme simulation resulting 
from the simulation via the heuristic scheme (red = unbiased (N − 2), purple = unbiased (N − 1), and 
black = heuristic scheme).
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along lines, which do not produce relevant outages in case of fault (either for the 
presence of a few not remotely controlled SS and/or for the presence of a not too 
large number of connected customers).

Different scores are the results of the different adopted simulation schemes. 
Rather than the absolute resilience score, what should be estimated which might 
have a technological meaning are “resilience score variations”: when the same net-
work (and/or its management properties) is modified, the same simulation scheme 
can be adopted and the resilience score measured again. The difference of the 
resilience score (before and after the modifications) will provide an indication on if 
modifications have (or have not) produced benefits to the overall network resilience.

7. Conclusions

The work presented in this chapter that built a great amount of work done on 
the same topic [18, 19] presents the RecSIM system and its relevant capabilities to 
represent and simulate real urban system and in particular problems related to the 
reconfiguration of electric distribution systems following faults. In particular two 
major achievements are highlighted, one related to the possibility to account for a 
number of issues, which have not been appropriately considered in the resilience 
assessment process in the existing literature, and the second concerning the viabil-
ity of implementing RecSIM (and its scalability) to large, real EDN. In particular 
reference has been made in the paper to the case study of Rome city that has a quite 
large distribution network containing more than 13,500 electrical substations.

As for the general achievements in the area of the models for estimating resilience 
of EDN, a novel, computable scheme has been identified, on which the RecSIM 
engine, described in the paper, is based on. The RecSIM model considers different 
factors encompassing all the phases of risk management, including the technologi-
cal properties of the network, the fault management procedures, and the network 
interdependency with the telecontrol network. In many cases of previous works on 
the same topic (recalled in Section 2), the resilience estimates have been done by using 
models which considered just the electrical response of the network, thus disregarding 
the topological and technological features of the network, as well as the management 
skills and procedures, and the external and environmental constraints. The EDN 
management model behind the RecSIM tool, in turn, is able to reconstruct the impact 
of a crisis by considering all the abovementioned factors (recalled in Section 4) which 
play a critical role in determining the overall systemic resilience of the EDN. Moreover, 
the possibility of relating the resilience to the distribution of impacts generated by a 
range of possible perturbations, described in this chapter, provides a further improve-
ment to the prosed approach. Many different perturbation schemes could be therefore 
investigated, and a resilience score, more suitable for to the user’s requirements, can be 
therefore assessed. Last but not the least, this scheme could also be prone to be modi-
fied by varying the outage impact metrics. Whereas in this work the outage impact Γ 
was assessed in terms of the KPI adopted by the Italian regulatory agency [Eq. (3)], 
it can be expressed by considering further metrics, able to account, for instance, the 
economic losses or the level of wealth reduction caused to the citizens [19].

As from the analysis of the data resulting from the case study analyzed, i.e., the 
Rome city EDN, the profile of the impact distribution functions resulting from the 
different simulations made on the basis of the unbiased and the heuristic schemes 
has revealed two main results.

Firstly, the unbiased (N − 2) scheme provides the worst-case scenario. The simul-
taneous damage of two SS residing along the same medium-voltage line, produces 
(as expected) impacts of a significant severity since several other SS are involved.  
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The work presented in this chapter that built a great amount of work done on 
the same topic [18, 19] presents the RecSIM system and its relevant capabilities to 
represent and simulate real urban system and in particular problems related to the 
reconfiguration of electric distribution systems following faults. In particular two 
major achievements are highlighted, one related to the possibility to account for a 
number of issues, which have not been appropriately considered in the resilience 
assessment process in the existing literature, and the second concerning the viabil-
ity of implementing RecSIM (and its scalability) to large, real EDN. In particular 
reference has been made in the paper to the case study of Rome city that has a quite 
large distribution network containing more than 13,500 electrical substations.

As for the general achievements in the area of the models for estimating resilience 
of EDN, a novel, computable scheme has been identified, on which the RecSIM 
engine, described in the paper, is based on. The RecSIM model considers different 
factors encompassing all the phases of risk management, including the technologi-
cal properties of the network, the fault management procedures, and the network 
interdependency with the telecontrol network. In many cases of previous works on 
the same topic (recalled in Section 2), the resilience estimates have been done by using 
models which considered just the electrical response of the network, thus disregarding 
the topological and technological features of the network, as well as the management 
skills and procedures, and the external and environmental constraints. The EDN 
management model behind the RecSIM tool, in turn, is able to reconstruct the impact 
of a crisis by considering all the abovementioned factors (recalled in Section 4) which 
play a critical role in determining the overall systemic resilience of the EDN. Moreover, 
the possibility of relating the resilience to the distribution of impacts generated by a 
range of possible perturbations, described in this chapter, provides a further improve-
ment to the prosed approach. Many different perturbation schemes could be therefore 
investigated, and a resilience score, more suitable for to the user’s requirements, can be 
therefore assessed. Last but not the least, this scheme could also be prone to be modi-
fied by varying the outage impact metrics. Whereas in this work the outage impact Γ 
was assessed in terms of the KPI adopted by the Italian regulatory agency [Eq. (3)], 
it can be expressed by considering further metrics, able to account, for instance, the 
economic losses or the level of wealth reduction caused to the citizens [19].

As from the analysis of the data resulting from the case study analyzed, i.e., the 
Rome city EDN, the profile of the impact distribution functions resulting from the 
different simulations made on the basis of the unbiased and the heuristic schemes 
has revealed two main results.

Firstly, the unbiased (N − 2) scheme provides the worst-case scenario. The simul-
taneous damage of two SS residing along the same medium-voltage line, produces 
(as expected) impacts of a significant severity since several other SS are involved.  
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In this case, the model would be able to help the detection of the most impacting 
causes and to validate the possible improvements which could be introduced by 
acting on specific issues (i.e., by increasing the quantity of telecontrolled SS along 
the lines and/or by increasing the number of technical crews available and/or by 
improving the telecontrol strategy). This information would be particularly useful 
for electrical operators for the planning of new activities for enhancing resilience.

Secondly, the heuristic scheme, where SS are damaged according to their effective 
rate of fault (as measured and reported by the electrical operator), provides a resil-
ience score which is slightly lower than the one resulting from the (N − 1) unbiased 
scheme. As previously discussed, this could be the result of the correct management 
of the operators which has “segregated” more vulnerable assets along the lines whose 
disruptions cause less relevant impacts on services. The RecSIM tool, in this respect, 
could be useful for assessing which should be the correct way for further improving 
this score by selecting the substations (among those which have produced the crisis 
scenarios accounted for in the simulations) whose robustness improvement could 
further reduce the impact and thus increase the resilience score. Moreover, the tool 
can be used within more general framework as, for example, the emergency manage-
ment support tool CIPCast-ES [16] which allows to explore a realistic earthquake 
event occurring in an urban area by predicting disruptions on buildings and critical 
infrastructure and by designing a reliable scenario, accounting for road obstruction 
due to building collapse, to be used to design an efficient contingency plan.

In conclusion, the RecSIM model, being able to gather into a unique scheme 
several EDN features, can provide a reliable tool for the analysis of large and complex 
infrastructures. This is going to be exploited in Italy through the establishment of a 
competence center for risk analysis and forecast of critical infrastructure called EISAC.
it (European Infrastructure Simulation and Analysis Centre Italian node [31]) which will 
deliver competences and services to support operators and public authorities commit-
ted to the protection and the emergency management of critical infrastructure.
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deliver competences and services to support operators and public authorities commit-
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Measuring Infrastructure Skills 
Productivity
Rex Asibuodu Ugulu, Stephen Allen and Andrew Arewa

Abstract

This chapter presents the concept and meaning of construction productivity and 
the techniques used in measuring workforce skills productivity in the construction 
industry. There are three major methods highlighted for monitoring and measuring 
productivity in the construction industry. The first relates to visual recording that 
requires taught watchers to be available on location to monitor and record work by 
specialists. The second is the physical recording technique which involves a direct 
surveillance technique that includes a qualified observer observing the site for the 
full duration of the working day operation using the work study method or work 
measurement. This method was typically illustrated with the application of regres-
sion model and learning curve theory to improve labour productivity. The third 
measuring technique discussed is the use of questionnaires and interview survey 
which involves information gathering through an interview with supervisors and 
workers working in the construction industry. Finally, the chapter discussed how 
infrastructure productivity can be improved through effective supervision, material 
management and supply chain management, project front-end planning (loading) 
and work face planning, training and certification of workforce and labour manage-
ment and relations.

Keywords: construction, measurement, productivity, method study, skills,  
work measurement, work study

1. Introduction

Productivity in its broader sense is the association between a given output and 
the resources used to produce it; this relationship represents the global productivity 
factors, expressed as a fraction, of which the numerator is a measure of output and 
the denominator a measure of all factors combined. The combination of the factors 
of production (capital, labour, raw materials and power) is always heterogeneous, 
and values must be introduced to find an expression for it [1]. It is easier to relate 
output to a single factor than to a combination of factors. Labour is the factor 
considered in most cases, but it may be capital or a given raw material, for example.

Productivity is defined by the Concise Oxford English Dictionary “as the effective 
power of production and the proportion which goods are produced”. In this defini-
tion, it can be deliberated that the main resource in productivity is the workforce.

Construction operatives are the most productive resource; therefore, produc-
tivity in the construction industry is dependent primarily on human performance 
and effort [2]. Construction labour productivity is an important productivity 
index due to the numerous human labour required to carry out and complete 
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a task. Researchers in the field of economists will agree on the significant of 
productivity to an industry, an individual enterprise or the national economy; 
however, there has not been any agreement on the actual measurement techniques 
of productivity.

The Bureau of Labor Statistics (BLS) updated the productivity measures for four 
infrastructure construction industries in 2017. These industries were only recently 
published due to difficulties in measuring worked hours and output [3]. The US 
construction sector in 2017 contributed a large portion to the economy with 4.3% 
of GDP and 6.1% of all industry employment which was attributable to the sector. 
Recently, the BLS noted that the infrastructure industries comprise about 10.5% of 
the entire industry sector’s employment.

1.1 Productivity concepts

There have been several construction labour productivity (CLP) definitions that 
point towards the various perception of the productivity in the construction indus-
try. The European Association of National Productivity Centres [4] defined pro-
ductivity “as how resourcefully and efficiently goods and services are being formed, 
efficiently in this setting be doing things right or utilizing resources to achieve 
anticipated results”. Productivity is also defined by the American Association of 
Cost Engineers [5] “as a labour efficiency of relative measure, either bad or good 
when related to a recognised base or norm.” “The comparative nature of construc-
tion productivity generate most challenges in tracing it as a complete significant 
over time, it is feasible to gather information on the arrangement of the recognised 
base, or yardstick” [6]. However, the professionals in the construction industry 
and project managers defined labour productivity as a proportion of expected over 
actual productivity; this is mathematically expressed as

  Performance Ratio  (PR)  =   Actual Productivity  __________________  Expected Productivity    (1)

When a PR is higher than the unity, it means that the daily-based quantities 
require more work hours than the normal average day baseline; also, it implied 
that the productivity of that day was worse than the baseline productivity [6]. The 
importance of this method is that progress is based on the constructed work and not 
the hour work utilised and productivity can be measured despite the type of work 
done. The Bureau of Labor Statistics [7] well defined labour productivity as pro-
ductivity per real worked hours, and these hours refer to the really worked hours, 
and this quantity discounts holidays, trip and sick leave; nevertheless, it comprises 
salaried and voluntary overtime.

Productivity measures how capitals are hired efficiently; it is defined “as the 
quantity of a specific amount of input per unit of labour to a specific measure of 
output and usually measured as total output divided by the numbers of units of 
labour employed to produce that output” [8]. Labour productivity in the construc-
tion industry can be described as the man-hour output per day, which is often 
reduced by poor provision of inadequate tools and equipment; delayed, unclear or 
inadequate instructions; unbalanced work gangs; wrong working method; inad-
equate incentives; and non-delegation of authority from senior supervisors to lower 
supervisors.

Productivity definitions seem to be dependent on the context and the research-
er’s opinion on the study. Previous studies on engineering, technology and econom-
ics classified productivity into three broad industry groups; these various groups 
defined productivity from their various viewpoints [9].
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Definitions of productivity are aimed at explaining the meaning of the term, 
while measured descriptions in the previous case are used as a base of measure-
ment; the main objective is to increase and productivity [10].

From the above background, productivity can be defined as the volume cor-
relation relating to work hour utilisation and production. It is also the correlation 
relating to amounts of input hours used by an organisation to produce output:

  Labour productivity =   output produced  ______________  input work − hour    (2)

From Eq. 2, output can be described as any process of the outcome, either a 
product or service, whereas input work hour consists of the hours utilised in a pro-
cess. However, the relationship between a variety of output components and work 
hour is very complex. Measurement of construction skills productivity presents 
practitioners and academics with a variety of challenges.

Several challenges have been recognised by diverse researchers for declining 
labour productivity under the classifications of incomplete documentation, design 
changes, supply chain fragmentation and inefficient project management as the 
most important drivers affecting productivity in the mid-rise private development 
in Australia [11]. Ugulu and Allen [12] carried out an experimental examination on 
the importance of on-site craft gangs’ learning productivity and found an average 
improvement of learning rate of 94.21% gains as illustrated in Table 3. The study 
additionally discovered that on-site learning is a huge factor influencing productiv-
ity of construction craft gangs. In a related study, Tanko et al. [13] developed a 
framework for value management (VM) implementation, exploring the current 
construction practice factors that will improve construction productivity, the study 
found that people, environment, government and information are important fac-
tors that can be used by construction stakeholders to improve construction produc-
tivity practices in the Nigerian construction industry.

An investigation on productivity of panelised and long span timber construction 
using time lapse photography on five active case study construction sites to measure 
installation productivity was conducted by Forsythe, Brisland [14], using net crane 
time as the basis for measuring productivity, being the time dedicated purely to 
crane cycles involved directly in installing prefabricated timber panels; 521 cycles 
were measured relating to the installation of 5592 m2 of panels. The study found 
that panelised prefabricated timber construction offers a fast and productive site 
installation process [14].

2. Measuring construction productivity

Labour productivity measurement in the construction industry is a difficult 
task; in most cases labour productivity is usually taken to mean productivity. 
This stems from the fact that projects in the construction industry are labour-
intensive using basic equipment [15]. Productivity described the quantification of 
how well operatives use available resources to produce outputs from inputs [15]. 
The American Association of Cost Engineers [5] described productivity as when 
associated with standard or to a recognised base as the relative measure of labour 
efficiency is either good or bad.

The BLS [3] opined that the increase in labour productivity during the 
2000–2005 period was primarily driven by a large rise in output. Beginning in 2005, 
output fell through 2009 at a speedy rate than the worked hours, leading to a sharp 
reduction in productivity of labour during that period. The productivity of labour 
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a task. Researchers in the field of economists will agree on the significant of 
productivity to an industry, an individual enterprise or the national economy; 
however, there has not been any agreement on the actual measurement techniques 
of productivity.

The Bureau of Labor Statistics (BLS) updated the productivity measures for four 
infrastructure construction industries in 2017. These industries were only recently 
published due to difficulties in measuring worked hours and output [3]. The US 
construction sector in 2017 contributed a large portion to the economy with 4.3% 
of GDP and 6.1% of all industry employment which was attributable to the sector. 
Recently, the BLS noted that the infrastructure industries comprise about 10.5% of 
the entire industry sector’s employment.

1.1 Productivity concepts

There have been several construction labour productivity (CLP) definitions that 
point towards the various perception of the productivity in the construction indus-
try. The European Association of National Productivity Centres [4] defined pro-
ductivity “as how resourcefully and efficiently goods and services are being formed, 
efficiently in this setting be doing things right or utilizing resources to achieve 
anticipated results”. Productivity is also defined by the American Association of 
Cost Engineers [5] “as a labour efficiency of relative measure, either bad or good 
when related to a recognised base or norm.” “The comparative nature of construc-
tion productivity generate most challenges in tracing it as a complete significant 
over time, it is feasible to gather information on the arrangement of the recognised 
base, or yardstick” [6]. However, the professionals in the construction industry 
and project managers defined labour productivity as a proportion of expected over 
actual productivity; this is mathematically expressed as

  Performance Ratio  (PR)  =   Actual Productivity  __________________  Expected Productivity    (1)

When a PR is higher than the unity, it means that the daily-based quantities 
require more work hours than the normal average day baseline; also, it implied 
that the productivity of that day was worse than the baseline productivity [6]. The 
importance of this method is that progress is based on the constructed work and not 
the hour work utilised and productivity can be measured despite the type of work 
done. The Bureau of Labor Statistics [7] well defined labour productivity as pro-
ductivity per real worked hours, and these hours refer to the really worked hours, 
and this quantity discounts holidays, trip and sick leave; nevertheless, it comprises 
salaried and voluntary overtime.

Productivity measures how capitals are hired efficiently; it is defined “as the 
quantity of a specific amount of input per unit of labour to a specific measure of 
output and usually measured as total output divided by the numbers of units of 
labour employed to produce that output” [8]. Labour productivity in the construc-
tion industry can be described as the man-hour output per day, which is often 
reduced by poor provision of inadequate tools and equipment; delayed, unclear or 
inadequate instructions; unbalanced work gangs; wrong working method; inad-
equate incentives; and non-delegation of authority from senior supervisors to lower 
supervisors.

Productivity definitions seem to be dependent on the context and the research-
er’s opinion on the study. Previous studies on engineering, technology and econom-
ics classified productivity into three broad industry groups; these various groups 
defined productivity from their various viewpoints [9].
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time as the basis for measuring productivity, being the time dedicated purely to 
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were measured relating to the installation of 5592 m2 of panels. The study found 
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Labour productivity measurement in the construction industry is a difficult 
task; in most cases labour productivity is usually taken to mean productivity. 
This stems from the fact that projects in the construction industry are labour-
intensive using basic equipment [15]. Productivity described the quantification of 
how well operatives use available resources to produce outputs from inputs [15]. 
The American Association of Cost Engineers [5] described productivity as when 
associated with standard or to a recognised base as the relative measure of labour 
efficiency is either good or bad.

The BLS [3] opined that the increase in labour productivity during the 
2000–2005 period was primarily driven by a large rise in output. Beginning in 2005, 
output fell through 2009 at a speedy rate than the worked hours, leading to a sharp 
reduction in productivity of labour during that period. The productivity of labour 
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increased since 2009; however, in 2017 it is far below its 2005 topmost as presented 
in Figure 1. productivity of labour for single-family residential infrastructure 
(NAICS 236115x). The report further stated that infrastructure industry experi-
enced a decrease in productivity output and a slight fall in worked hours, resulting 
to decreasing productivity of labour until 2010. In 2010, the productivity output 
returns to normal until 2017, when output slightly declined [3].

Construction skills productivity measurement is complex and challenging 
when comparing productivity in the construction industry between nations [16]. 
Productivity indices are utilised to adjust input and output information with the 
goal that efficiency measurement can be differentiated after some time and among 
industry divisions, and countries found that these lists vary among nations [17]. For 
instance, output in the construction industry is complicated when compared and 
quantified within a nation due to complexity in comparing single-family households 
to transportations, colleges to bridges or clothes centres to workplace buildings.

The National Research Council [18] noted that worldwide productivity evalua-
tions have similar encounters, such as the heterogeneity of inputs and outputs. The 
loss of valued information on the nature of heterogeneous building construction 
output is as a result of combining data to an organisational level [17]. In addition, 
[18] noted that “an industry productivity analyst varies on whether productivity in 
the construction industry is decreasing or improving.” Productivity has been declin-
ing for over 30 years. However, some construction projects and construction tasks 
studies document investigated improved in their productivity in the US industry 
productivity analysis [18].

Contractor’s labour performance measure is degraded by variability in building 
processes when the presence of variation with process of construction time can no 
longer be determined [19]. Construction variability inflates the construction duration 
and decreases the processes and the ability of the production network [20]. Rework 
flow in construction project is a significant cause of variability that causes procedures 
to be unpredictable [6]. However, in building projects, rework can be arising due to 
errors in construction exposed through official stage examinations or casual on-site 
observations. Additionally, another kind of rework is client-related rework, which is 
instigated by variations in project design, plan and scope by the client [21].

Construction on-site is environmental dynamic and subjected to a high level of 
unpredictability and outside volatility that can be caused by constraints outside the 
project location, such as extreme conditions of weather, while internal variability 

Figure 1. 
Productivity of labour for single-family residential infrastructure [1].
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can be caused by various sources of unstable motivation, workflows and quality 
issues causing rework [22]. Construction variability presence influences the pos-
sible increase in the production rate by improving bottleneck processes [19].

Previous literatures in engineering management studies have revealed that the 
two major noteworthy instruments for controlling changeability work process are 
unpredictability caused by rework which can be limited using effective observing 
and quality review [23, 24]. Walsh and Sawhney [25] saw that workflow process 
levelling approaches deliver steady outstanding burdens for exchange of temporary 
workers and workflow process levelling in construction productivity can be con-
nected in different courses.

Bashford and Sawhney [26] carried out an investigation and observed that in 
the activity-based model, an equally spaced schedule is upheld for all activities. In 
order to tackle these problems of unnecessary rework and ineffective time, certain 
management techniques have been evolving which is known as “time and motion 
study” but are now termed work study [27].

Shirowzhana [28] investigated the use of a Wi-Fi-based positioning and com-
municating system for indoor positioning with radio communication systems called 
the Voice Communication and Locating System (VCLS). The VCLS was integrated 
with BIM and GIS for enhancing labour productivity in the construction industry. 
The GIS and the BIM were used for displaying the positions of mobile devices for 
tracking the position of a worker in a proposed site. The study revealed that VCLS 
has the ability of tracking the estimated locations of workers in 3D environment 
and GIS and VCLS are valuable software that could improve the communication 
efficiency and quality of interaction on the infrastructure site.

2.1 Techniques used for measuring time and motion study

There are three major methods used in the measurement of time and motion 
study (work study) in construction productivity [29]:

1. Visual recording method

2. Physical recording method

3. Interview and questionnaire method

2.1.1 Visual recording method

Visual account is a strategy utilised in observing the execution of specialists on 
destinations persistently, and it may be considered as a pioneer in the use of visual 
chronicle method for efficiency checking determinations [29]. Parker and Oglesby 
[30] saw that this procedure includes the utilisation of photography time-slip with 
the application of a camera concentrated on a work territory and a photo is taken at 
precise time interims extending from 2 to 8 minutes. This strategy has a few advan-
tages over others giving right, enduring and unquestionable records that can be 
valuable to teach determination of construction claims and contract contradictions, 
assessing workforce skills performance and evaluating the productivity of construc-
tion methods. This technique is related with a few burdens, for example, creating 
distress between the labourers being continually watched, lacking inadequate 
coverage area and the prerequisite for various cameras on huge destinations.

Another kind of visual recording approach is the utilisation of tape recording 
framework in estimating workforce abilities execution. It has related elements of 
a task yet catches all or most concurrent exercises considering less eyewitnesses 
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can be caused by various sources of unstable motivation, workflows and quality 
issues causing rework [22]. Construction variability presence influences the pos-
sible increase in the production rate by improving bottleneck processes [19].

Previous literatures in engineering management studies have revealed that the 
two major noteworthy instruments for controlling changeability work process are 
unpredictability caused by rework which can be limited using effective observing 
and quality review [23, 24]. Walsh and Sawhney [25] saw that workflow process 
levelling approaches deliver steady outstanding burdens for exchange of temporary 
workers and workflow process levelling in construction productivity can be con-
nected in different courses.

Bashford and Sawhney [26] carried out an investigation and observed that in 
the activity-based model, an equally spaced schedule is upheld for all activities. In 
order to tackle these problems of unnecessary rework and ineffective time, certain 
management techniques have been evolving which is known as “time and motion 
study” but are now termed work study [27].

Shirowzhana [28] investigated the use of a Wi-Fi-based positioning and com-
municating system for indoor positioning with radio communication systems called 
the Voice Communication and Locating System (VCLS). The VCLS was integrated 
with BIM and GIS for enhancing labour productivity in the construction industry. 
The GIS and the BIM were used for displaying the positions of mobile devices for 
tracking the position of a worker in a proposed site. The study revealed that VCLS 
has the ability of tracking the estimated locations of workers in 3D environment 
and GIS and VCLS are valuable software that could improve the communication 
efficiency and quality of interaction on the infrastructure site.

2.1 Techniques used for measuring time and motion study

There are three major methods used in the measurement of time and motion 
study (work study) in construction productivity [29]:

1. Visual recording method

2. Physical recording method

3. Interview and questionnaire method

2.1.1 Visual recording method

Visual account is a strategy utilised in observing the execution of specialists on 
destinations persistently, and it may be considered as a pioneer in the use of visual 
chronicle method for efficiency checking determinations [29]. Parker and Oglesby 
[30] saw that this procedure includes the utilisation of photography time-slip with 
the application of a camera concentrated on a work territory and a photo is taken at 
precise time interims extending from 2 to 8 minutes. This strategy has a few advan-
tages over others giving right, enduring and unquestionable records that can be 
valuable to teach determination of construction claims and contract contradictions, 
assessing workforce skills performance and evaluating the productivity of construc-
tion methods. This technique is related with a few burdens, for example, creating 
distress between the labourers being continually watched, lacking inadequate 
coverage area and the prerequisite for various cameras on huge destinations.

Another kind of visual recording approach is the utilisation of tape recording 
framework in estimating workforce abilities execution. It has related elements of 
a task yet catches all or most concurrent exercises considering less eyewitnesses 
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nearby. One of the burdens of this strategy is discovered that the procedure is a 
costly technique; it requires taught watchers to be available on location to moni-
tor and record the work finished by specialists. The rudimentary methodologies 
utilised in this execution are activity sampling, visiting the site every day and 
consistent observation. Sampling activity strategy is otherwise called sampling 
work [30].

Activity sampling technique can be portrayed as a sporadic recognition method-
ology that incorporates seeing a little degree of assignment events that is adequately 
tremendous to have a numerical consequence. Regardless, it includes an eyewitness 
who may stroll around the project site and record workforces’ events, it is used to 
pass on a gadget for describing how the pros commit their time on attempted site, 
and it is occasionally expected that work accomplished, or yield is identified with 
the measure of period spent on direct work [30]. Activity sampling technique has 
been used widely and tested by several researchers, and important results were 
presented in many technical articles; one of the main importance of the method is 
that several workers can be concurrently observed by an observer on site, while the 
main drawback accompanying this method is the assumption that the amount of 
direct time spent is related to the outputs [31].

An investigation carried out on the US plant construction using an extensive 
analysis of the data collected by activity sampling established there was no relation-
ship among the direct working time spent and the outputs. The investigation found 
that work sampling technique does not differ between actual and busy work and 
decided that direct labour cannot be used to estimate productivity [31].

Another type of activity sampling technique is the daily visit technique which 
is also known as intermittent observation method that encompasses the observer 
collecting data from site visit on a day-to-day basis [32]. According to Naoum 
and Hackman [32], finished site work or construction is visually checked by the 
observer and, if appropriate, marked on drawings; this technique has numerous 
importance, and if building sites are in near closeness to one another, the viewer can 
screen numerous sites throughout the same day.

Significance of this strategy is that it evades the turmoil joined by workforces 
being watched and checked and underpins in maintaining a decent relationship 
among the watcher and site labourers. The information assembled by this proce-
dure relies upon the exactness and precision of the information given by the site 
specialists; the steady perception strategy can be isolated into perception by direct 
technique and work study technique.

2.1.2 Physical recording technique

Direct observation technique can also be described as a physical method of 
observation that consists of a researcher physically observing the site for the total 
duration of the operational day and the observer concentrating his devotion on a 
gang of skilled craft members and recording direct and contributory time spent on 
the work and the period that is not consumed at work such as late starts and early 
quits, attending to personal needs and breaks [33].

This technique offers a correct data and is very advantageous in determining the 
time input distribution used to accomplish certain outputs. The major disadvantage 
of this method comprises dissatisfaction and mistrust between the workers or 
group being constantly monitored, which might cause incorrect or inflated produc-
tivity, and also, on big project sites, it might necessitate more than one observer to 
efficiently observe the tasks rendering this method expensive [34]. There are three 
parallel approaches to physical recording technique, namely, work study, method 
study and work measurement.
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• Work study

The term “work study” considers the parallel strategies of method study and 
work measurement, which by an efficient method of examination and enhance-
ment try to get the most ideal utilisation of human and materials assets [27].

The work study strategy is another related procedure like the immediate percep-
tion technique; notwithstanding, it shifts in the season of checking by the watcher 
on location; this technique, perception identifies with the work grouping of the 
undertaking analysed (British standard glossary, BS 3138). Work study can be all 
around characterised as an association benefit dependent on those techniques; 
particularly work measurement and method study strategy contemplate what is 
utilised when exploring human work in all background, and this can prompt the 
precise examination of the considerable number of capitals and variables which 
aggravate the viability and economy of the condition being inspected, so as to 
impact improvement [32].

Work study bolsters the parallel method study and work measurement strategies, 
which is a methodical technique for acquiring the most ideal utilisation of material 
and HR. It is a standout among the most possibly helpful apparatuses of the man-
agement. Conventional men can accomplish extraordinary outcomes by limiting 
squandered exertion and time and setting an appropriate standard of execution.

• Method study

Method study measures the adequacy of the strategy and work technique pro-
cured to convey frameworks of examination designed for the headway of efficiency 
measures and surroundings of working [35]. The aim of method study is to evaluate 
the best method of doing work in order to recommend the best efficient technique 
of production. Although the detailed analysis may become more complex, the basic 
procedure is summarised in Figure 2.

The initial approach to this method is to first select the type of work that will 
impact the overall productivity of the skills workforce. The factors to be considered 
during the selection are economic, technical or human. Economic factors can 
include “bottlenecks” that can influence other activities. For example, form work-
ing on reinforced concrete-framed buildings, the operations can involve lots of 
labour/plant or the transportation of materials through a long distance like excava-
tion of long hauls and repetitive work like building. There are always technical 
issues, but these issues must be resolved by a consultant specialist [27].

• Work measurement

A work measurement complements method study in order to derive the maxi-
mum benefits from a systematic study of work activities. While method study is 
related to the approach in which work is performed, work measurement is inter-
ested with the human resources involved in the job. Although work measurement 
and method study are interdependent, they cannot be separated from each other.

The mental approach of work study is primarily the application of common 
sense, and assessment of the expected time needed to carry out a specific task by 
work measurement, because of the special technique employed, is mainly the field 
of the trained and experienced expert. Nevertheless, a project manager must have 
an adequate understanding of the principle involved if he is to employ work study 
successfully. Since work measurement seeks to reveal the shortcomings of manage-
ment and to show up the behaviour of workers, it is often met with resistance so 
that an understanding of human factors involved is important. It is worth noting 
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nearby. One of the burdens of this strategy is discovered that the procedure is a 
costly technique; it requires taught watchers to be available on location to moni-
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that several workers can be concurrently observed by an observer on site, while the 
main drawback accompanying this method is the assumption that the amount of 
direct time spent is related to the outputs [31].

An investigation carried out on the US plant construction using an extensive 
analysis of the data collected by activity sampling established there was no relation-
ship among the direct working time spent and the outputs. The investigation found 
that work sampling technique does not differ between actual and busy work and 
decided that direct labour cannot be used to estimate productivity [31].

Another type of activity sampling technique is the daily visit technique which 
is also known as intermittent observation method that encompasses the observer 
collecting data from site visit on a day-to-day basis [32]. According to Naoum 
and Hackman [32], finished site work or construction is visually checked by the 
observer and, if appropriate, marked on drawings; this technique has numerous 
importance, and if building sites are in near closeness to one another, the viewer can 
screen numerous sites throughout the same day.

Significance of this strategy is that it evades the turmoil joined by workforces 
being watched and checked and underpins in maintaining a decent relationship 
among the watcher and site labourers. The information assembled by this proce-
dure relies upon the exactness and precision of the information given by the site 
specialists; the steady perception strategy can be isolated into perception by direct 
technique and work study technique.

2.1.2 Physical recording technique

Direct observation technique can also be described as a physical method of 
observation that consists of a researcher physically observing the site for the total 
duration of the operational day and the observer concentrating his devotion on a 
gang of skilled craft members and recording direct and contributory time spent on 
the work and the period that is not consumed at work such as late starts and early 
quits, attending to personal needs and breaks [33].

This technique offers a correct data and is very advantageous in determining the 
time input distribution used to accomplish certain outputs. The major disadvantage 
of this method comprises dissatisfaction and mistrust between the workers or 
group being constantly monitored, which might cause incorrect or inflated produc-
tivity, and also, on big project sites, it might necessitate more than one observer to 
efficiently observe the tasks rendering this method expensive [34]. There are three 
parallel approaches to physical recording technique, namely, work study, method 
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• Work study

The term “work study” considers the parallel strategies of method study and 
work measurement, which by an efficient method of examination and enhance-
ment try to get the most ideal utilisation of human and materials assets [27].

The work study strategy is another related procedure like the immediate percep-
tion technique; notwithstanding, it shifts in the season of checking by the watcher 
on location; this technique, perception identifies with the work grouping of the 
undertaking analysed (British standard glossary, BS 3138). Work study can be all 
around characterised as an association benefit dependent on those techniques; 
particularly work measurement and method study strategy contemplate what is 
utilised when exploring human work in all background, and this can prompt the 
precise examination of the considerable number of capitals and variables which 
aggravate the viability and economy of the condition being inspected, so as to 
impact improvement [32].

Work study bolsters the parallel method study and work measurement strategies, 
which is a methodical technique for acquiring the most ideal utilisation of material 
and HR. It is a standout among the most possibly helpful apparatuses of the man-
agement. Conventional men can accomplish extraordinary outcomes by limiting 
squandered exertion and time and setting an appropriate standard of execution.

• Method study

Method study measures the adequacy of the strategy and work technique pro-
cured to convey frameworks of examination designed for the headway of efficiency 
measures and surroundings of working [35]. The aim of method study is to evaluate 
the best method of doing work in order to recommend the best efficient technique 
of production. Although the detailed analysis may become more complex, the basic 
procedure is summarised in Figure 2.

The initial approach to this method is to first select the type of work that will 
impact the overall productivity of the skills workforce. The factors to be considered 
during the selection are economic, technical or human. Economic factors can 
include “bottlenecks” that can influence other activities. For example, form work-
ing on reinforced concrete-framed buildings, the operations can involve lots of 
labour/plant or the transportation of materials through a long distance like excava-
tion of long hauls and repetitive work like building. There are always technical 
issues, but these issues must be resolved by a consultant specialist [27].

• Work measurement

A work measurement complements method study in order to derive the maxi-
mum benefits from a systematic study of work activities. While method study is 
related to the approach in which work is performed, work measurement is inter-
ested with the human resources involved in the job. Although work measurement 
and method study are interdependent, they cannot be separated from each other.

The mental approach of work study is primarily the application of common 
sense, and assessment of the expected time needed to carry out a specific task by 
work measurement, because of the special technique employed, is mainly the field 
of the trained and experienced expert. Nevertheless, a project manager must have 
an adequate understanding of the principle involved if he is to employ work study 
successfully. Since work measurement seeks to reveal the shortcomings of manage-
ment and to show up the behaviour of workers, it is often met with resistance so 
that an understanding of human factors involved is important. It is worth noting 
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that time study provides a record of a particular operation, and not a check on an 
individual’s performance [27]. The general procedure for work measurement is 
presented in Figure 3.

Work measurement can be carried out by the advanced method. Time study is 
the basic technique: Timing is usually performed with a watch unless the extremely 
accurate measurement is required, when devices such as the cine camera or portable 
tape machine may be used. The watch can be a good wrist or pocket type with a 
second hand, but a stopwatch is better and more convenient. The purpose of work 
study is to optimise productivity from the manpower and materials available, and 
since it is management’s responsibility to see that the best use is made of organisa-
tion resources, it is, therefore, building managers who must be convinced of the 
value of work measurement application on building operations [27].

• Work measurement procedure

Work measurement includes structuring a progression of perception structures to 
incorporate pertinent undertaking data. Site information data is incorporated into the 
perception shape. Precedent: venture type, perception number, compelling beginning 
date, space limitation, assuming any, ordinary day by day working hours, and the site 
management level. Furthermore, a short depiction of the watched task, for example, 
the technique, divider type, adds up to floor zone, and the quantity of stories will like-
wise be incorporated into the form. At long last, the qualities of each watched exchange 
are featured as presented in Table 1: work measurement form. The fundamental 
motivation behind these structures is to reliably record the basic efficiency parameters 
of data sources and their related yields for the different aptitudes or exchanges and to 
reflect, to an expansive degree, the genuine conditions on destinations.

Figure 2. 
Method study procedure.
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Table 2 presents a typical analysis of work measurement data using the simple 
linear regression technique to investigate the relationship between the cycle num-
bers of the repetitive productive work input. The dependent variable is the skills 
worker recorded observed time productivity. A significant level of 5% was used 
to determine the relationship between skills worker inputs and cycle numbers by 
substituting the recorded observed time into the linear regression model equation:

  Y = α + βX  (3)

From the regression equation, α and β indicate the intercept and the slope of the 
linear regression model. The slope and the intercept are estimated; thus

  β =  (n∑ xy − ∑ x∑ y)  / (n∑ x2 −  (∑ x)  2)   (4)

  α = Ῡ − βẊ  (5)

where y are the man-hours and x are the cycle numbers.
In the regression equation above, α and β were used to calculate the regression 

model for the skills productivity as presented in Table 2.
As depicted in Table 2, the slope and the intercept were estimated; thus

  β =  (n∑ xy − ∑ x∑ y)  /  (n∑ x2 −  (∑ x)  2) , and α = Ῡ − βẊ  (6)

In order to measure the significant of the skills (blockwork) productivity, the 
authors employed the application of the learning curve theory utilising the straight-
line unit model as presented in Table 3. The mathematical model for the straight-
line learning curve is

  Y = TI ×  (×)  b  (7)

where y = cost and man-hours; T1 = cost, man-hours or time necessary to 
perform the first unit; x = cycle number of the unit; and b = slope of the learning 
curve, which is calculated as

  b = InS / ln2  (8)

Figure 3. 
Work measurement procedure.
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where S is the learning rate, which is defined as the percentage reduction in the 
unit input, i.e. cost, man-hours or time, as a result of doubling the number of units 
completed. Eq. 8 can be rewritten as

                                                     S =  (2 ̂  b)  ∗ 100                                                (9)

2.2 Questionnaires and interviews

Questionnaire and interview techniques involve collection of information 
through interviews from workers and supervisors in the construction industry [36]. 
The two types of surveys that are mainly used by observers are:

1. The craftsmen’s questionnaire survey

2. The foreman delay survey

• The craftsmen’s questionnaire

The craftsmen’s questionnaire survey is an intermittent perception strategy that is 
utilised for assessing the management productivity and to recognise difficulties impact-
ing skilled workers’ output and motivation. This procedure includes a normal premise; 
the labourers are asked to give a guess of the loss of time on site, rank the seriousness 
of the difficulties and prescribe system to these difficulties, and therefore, managers 
would have the capacity to distinguish difficulties activated by deferrals and their 
plausible administrative suggestions to these difficulties. This strategy produces work 
joy and inspiration between the specialists as it communicates the feeling of association 
in the enhancement of the job instead of being only a device for its achievement [37].

The inconvenience of this system is because information gathered together are 
normally founded on the labourer’s memories and estimates as opposed to correct 
and point-by-point ongoing data.

Shortcoming originates from the measurement that workforces are not in a site 
to quantitatively perceive the reasons of general delays as they are not regarding the 
organisation, which lessens the individual technique and inclined to incorrectness, 
and work may likewise be irritated when workforces are named upon to fill the 
forms in classification for namelessness purposes; also, the methodology ends up 
being troublesome and dreary when every representative needs to fill a form.

The investigation conducted by Chang and Borcherding [37] recommended a 
new method which is related to the activity sampling method. In this method work-
ers are selected randomly and are requested to fill the questionnaire form based on 
their utmost current events; this technique leads to better-quality accurateness and 
abridged work interruption as workforces are near to the observer at their various 
areas of work to complete the surveys form on the spot.

• The foreman delay survey

The basic principle of the foreman delay survey method is to assist foremen, being 
closer to their work in order to determine and calculate the losses due to time at the 
close of each day at work with acceptable correctness [38]. This technique involves the 
foremen being requested to fill a list for day-to-day delay account in the project site, and 
the obtained information is measured, and a summary of time lost is shown stipulating 
all the stages of site supervision, together with the foremen who contributed to the data.

This method generates job happiness and motivation for foremen and their 
teams as they increase in value the fact that their decisions are respected by site 
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the labourers are asked to give a guess of the loss of time on site, rank the seriousness 
of the difficulties and prescribe system to these difficulties, and therefore, managers 
would have the capacity to distinguish difficulties activated by deferrals and their 
plausible administrative suggestions to these difficulties. This strategy produces work 
joy and inspiration between the specialists as it communicates the feeling of association 
in the enhancement of the job instead of being only a device for its achievement [37].

The inconvenience of this system is because information gathered together are 
normally founded on the labourer’s memories and estimates as opposed to correct 
and point-by-point ongoing data.

Shortcoming originates from the measurement that workforces are not in a site 
to quantitatively perceive the reasons of general delays as they are not regarding the 
organisation, which lessens the individual technique and inclined to incorrectness, 
and work may likewise be irritated when workforces are named upon to fill the 
forms in classification for namelessness purposes; also, the methodology ends up 
being troublesome and dreary when every representative needs to fill a form.

The investigation conducted by Chang and Borcherding [37] recommended a 
new method which is related to the activity sampling method. In this method work-
ers are selected randomly and are requested to fill the questionnaire form based on 
their utmost current events; this technique leads to better-quality accurateness and 
abridged work interruption as workforces are near to the observer at their various 
areas of work to complete the surveys form on the spot.

• The foreman delay survey

The basic principle of the foreman delay survey method is to assist foremen, being 
closer to their work in order to determine and calculate the losses due to time at the 
close of each day at work with acceptable correctness [38]. This technique involves the 
foremen being requested to fill a list for day-to-day delay account in the project site, and 
the obtained information is measured, and a summary of time lost is shown stipulating 
all the stages of site supervision, together with the foremen who contributed to the data.

This method generates job happiness and motivation for foremen and their 
teams as they increase in value the fact that their decisions are respected by site 
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management. Furthermore, the foreman delay surveys do not consider the avail-
ability of data on the efficiency of work approaches in a job and the capability of the 
labour force or the level of productivity attained; also, it offers a reasonably priced 
technique of finding input times activities.

3. How can infrastructure skills productivity be improved?

Previous researchers [12, 14, 39] on improving infrastructure productivity 
observed that infrastructure productivity can be improved through any of the 
following:

1. Effective supervision and monitoring

2. Material management and supply chain management

3. Project front-end planning (loading) and work face planning

4. Training/learning and certification of workforce

5. Labour management and relations

• Effective supervision and monitoring

In effective supervision and leadership area of improving construction produc-
tivity, professionals in the construction industry should adhere to the following:

 ○ Ratio of labour to supervision of 1–8 to 1–20. Should not exceed 20

 ○ Oversight with experience and authority

 ○ More formal process to enforce company failures

 ○ Accountability of scope, time and cost

 ○ Availability of all materials for construction

• Material management and supply chain management

Material management and supply chain managers should ensure the following:

 ○ Ensure that all materials are available in a timely manner.

 ○ “Look ahead” material management and logistic plans.

 ○ Provide more resources, for example, material availability, land surveyors, 
construction supervisors and contractors.

 ○ Provide the right materials at the right time and ensure accountability.

 ○ Build relationships with suppliers.

 ○ Implement material management and controls in advance.
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• Project front-end planning (loading) and work face planning

 ○ Front-end planning is the method of developing enough strategic information 
which the project team can address the scope of the project and requirements 
that allow successful execution of the project, defining long-term plan, objec-
tives and scope rather than jumping into design and quick construction.

 ○ If long-term goals and planning are more concretely defined, rework can be 
limited. Define scope of project and reduce conflicting scopes.

 ○ Plan projects in detail before starting.

• Training/learning and certification of workforce

 ○ Training programs for both foreign and local labour help companies improve 
productivity in the following ways:

 ○ Encourage more organisational training for lower-level supervisors who are 
directly responsible for people on the tools.

 ○ Provide training and mentoring for frontline supervision.

 ○ Provide training for project management field/plant personnel.

 ○ Ensure proper training on the job to infrastructure worker to enhance experience.

 ○ Infrastructure trades promotion versus office/clerical alternative education.

 ○ If resource from other countries is used, then foreman must speak the same 
language.

 ○ Investing in apprentice training is necessary.

 ○ Provision of proper programs for mentorship will improve both work perfor-
mance and training effectiveness.

• Labour management and relations can be improved through:

 ○ Better relationship with workers because when management treat workers 
better, they perform better.

 ○ Provide attractive incentives, education and skilled labourer retention.

 ○ Foster a productivity culture productivity with an aim to get above 65%.

4. Conclusion

This chapter featured the systems utilised in measuring productivity in the 
construction industry. There are three noteworthy techniques that are possible 
for measuring construction skills productivity. The first identifies visual record-
ing strategy that includes the use of consistent record of the labourer execution 
output on sites. The second is the physical recording procedure which includes 



Infrastructure Management and Construction

66

management. Furthermore, the foreman delay surveys do not consider the avail-
ability of data on the efficiency of work approaches in a job and the capability of the 
labour force or the level of productivity attained; also, it offers a reasonably priced 
technique of finding input times activities.

3. How can infrastructure skills productivity be improved?

Previous researchers [12, 14, 39] on improving infrastructure productivity 
observed that infrastructure productivity can be improved through any of the 
following:

1. Effective supervision and monitoring

2. Material management and supply chain management

3. Project front-end planning (loading) and work face planning

4. Training/learning and certification of workforce

5. Labour management and relations

• Effective supervision and monitoring

In effective supervision and leadership area of improving construction produc-
tivity, professionals in the construction industry should adhere to the following:

 ○ Ratio of labour to supervision of 1–8 to 1–20. Should not exceed 20

 ○ Oversight with experience and authority

 ○ More formal process to enforce company failures

 ○ Accountability of scope, time and cost

 ○ Availability of all materials for construction

• Material management and supply chain management

Material management and supply chain managers should ensure the following:

 ○ Ensure that all materials are available in a timely manner.

 ○ “Look ahead” material management and logistic plans.

 ○ Provide more resources, for example, material availability, land surveyors, 
construction supervisors and contractors.

 ○ Provide the right materials at the right time and ensure accountability.

 ○ Build relationships with suppliers.

 ○ Implement material management and controls in advance.

67

Measuring Infrastructure Skills Productivity
DOI: http://dx.doi.org/10.5772/intechopen.85953

• Project front-end planning (loading) and work face planning

 ○ Front-end planning is the method of developing enough strategic information 
which the project team can address the scope of the project and requirements 
that allow successful execution of the project, defining long-term plan, objec-
tives and scope rather than jumping into design and quick construction.

 ○ If long-term goals and planning are more concretely defined, rework can be 
limited. Define scope of project and reduce conflicting scopes.

 ○ Plan projects in detail before starting.

• Training/learning and certification of workforce

 ○ Training programs for both foreign and local labour help companies improve 
productivity in the following ways:

 ○ Encourage more organisational training for lower-level supervisors who are 
directly responsible for people on the tools.

 ○ Provide training and mentoring for frontline supervision.

 ○ Provide training for project management field/plant personnel.

 ○ Ensure proper training on the job to infrastructure worker to enhance experience.

 ○ Infrastructure trades promotion versus office/clerical alternative education.

 ○ If resource from other countries is used, then foreman must speak the same 
language.

 ○ Investing in apprentice training is necessary.

 ○ Provision of proper programs for mentorship will improve both work perfor-
mance and training effectiveness.

• Labour management and relations can be improved through:

 ○ Better relationship with workers because when management treat workers 
better, they perform better.

 ○ Provide attractive incentives, education and skilled labourer retention.

 ○ Foster a productivity culture productivity with an aim to get above 65%.

4. Conclusion

This chapter featured the systems utilised in measuring productivity in the 
construction industry. There are three noteworthy techniques that are possible 
for measuring construction skills productivity. The first identifies visual record-
ing strategy that includes the use of consistent record of the labourer execution 
output on sites. The second is the physical recording procedure which includes 



Infrastructure Management and Construction

68

Author details

Rex Asibuodu Ugulu1*, Stephen Allen2 and Andrew Arewa3

1 Department of Quantity Surveying, Federal University of Technology Owerri, 
Nigeria

2 School of Construction Economics and Management, Built Environment, 
University of Salford, UK

3 Quantity Surveying and Commercial Management, Coventry University, 
Coventry, UK

*Address all correspondence to: rexugulu@gmail.com

an immediate surveillance system that incorporates a qualified onlooker really 
watching the site for the full length of the working day; the eyewitness or observer 
concentration is on a group of skilled workers who record the time spent on direct 
work. On enormous sites, more than one onlooker might be expected to produc-
tively watch the task of work utilising work study, method study or work measure-
ment. The third measuring system is the utilisation of surveys and interviews which 
include data assembling through a meeting from supervisors and workers working 
in the construction industry. Finally, the chapter concluded that infrastructure 
productivity can be improved through effective supervision, material management 
and supply chain management, project front-end planning (loading) and work 
face planning, training and certification of workforce and labour management and 
relations. The above different strategies featured and talked about with illustrations 
are utilised in the measurement of infrastructure skills productivity.
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Chapter 5

Hospital Energy Resilience
Katerina Vichova and Martin Hromada

Abstract

Many emergencies and crises threaten the whole world. These affect not only 
the lives, health, and property of citizens but also the subjects and elements of the 
critical infrastructure itself. Breaking the critical infrastructure system would have 
a severe impact on the state’s security, securing the basic living needs of the popula-
tion, the health of the people, or the economy of the country. One of the significant 
sectors of the critical infrastructure is undoubtedly healthcare. It is vital for the 
health service to be able to perform its function, even in times of crisis. The crisis 
of naturogenic character ordinarily has the so-called cascade effect, which causes 
other extraordinary events and crises. An example of this may be windstorm, 
resulting in a power outage. A significant impact of the power supply outage in 
healthcare is observed in hospitals. There is currently no assessment tool to set the 
hospital’s readiness for a power outage. The aim of the chapter is to analyze the 
current state of the crisis preparedness of the hospital.

Keywords: power outage, hospital, energy supply, critical infrastructure,  
emergency management

1. Introduction

Many extraordinary events and crises threaten the whole world. There were 281 
disasters and 61.7 million people were affected by the natural disaster in 2018 in the 
whole world (based on the International Disaster Database). Next, there were about 
1600 storms in 2018. These disasters often cause the power outage. These affect not 
only the lives, health, and property of citizens but also the subjects and elements of 
the critical infrastructure itself. Naturogenic or anthropogenic threats could cause 
it. The aim of each state is to protect its citizens and the necessary infrastructure of 
the country where systems called critical infrastructure can be considered. Breaking 
the critical infrastructure system would have a severe impact on the state’s security, 
securing the basic living needs of the population, the health of the people, or the 
economy of the country. However, the critical infrastructure system must be viewed 
comprehensively [1].

There are many sectors of the critical infrastructure (see Figure 1).
In some cases, the disruption of the critical infrastructure has an impact on the 

next system. Rinaldi called this as the cascade effects [3]. Next, Rehak examined the 
cascade effects in the critical infrastructure system [4].

As with any network, a critical infrastructure system has elements with different 
levels of importance (criticality). The damage, disruption, or failure of an important 
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Figure 2. 
Critical infrastructure system [4].

Figure 1. 
Critical infrastructure sectors [2].
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(critical) element has a more or less serious impact based on the number and charac-
ter of linkages that define its level of effect, dependence, or interdependence [4].

The crisis of naturogenic character ordinarily has which causes other emer-
gency — it could be called cascade effect (see Figure 2). An example of this may be 
windstorm, resulting in a power outage. One of the most critical risks for modern 
science is a large scale power system blackout [5]. Over the decade, electricity plays 
a major role in the modern day life. Even a momentary power outage can create 
chaos, revenue loss, and loss of life [6].

It is clear from the list of sectoral criteria that the health sector is also essential 
for maintaining the state’s security and maintaining the functioning of the country. 
Here, it is necessary to mention the interconnection of critical infrastructure ele-
ments. Just breaking the essential element of infrastructure—power outage could 
result in a cascade effect, namely healthcare.

The aim of the chapter is to analyze the current state of the crisis preparedness 
of the hospital.

2. Power outage

As has already been noted, naturogenic emergencies and crises may also result in 
further indications. One of them is a power outage (in some countries we can also 
find the term blackout). In the Czech Republic, this threat is frequently described 
as the failure of large-scale electricity supplies, but sometimes we can also find the 
term “blackout” [7, 8]. In English literature, we can find a replacement for the term 
“power outage”. The term blackout is defined as a total power outage in a large area 
[9]. Furthermore, this term refers to the moment when the balance between the 
production and consumption of electricity has been violated, and the security of 
supply is undermined [7].

Power outage affects not only the lives of people but also the operation of the 
whole state, especially the economic development of the affected area. The par-
ticular feature of the blackout is that the secondary consequences of the outage are 
many times greater than the effects on the plants for the production, transmission, 
and distribution of electricity. The cause of this is dominoes that arise from the 
interconnection of the entire critical infrastructure [8].

It is a predictable factor that causes disturbances on the transmission or distribu-
tion system. In this case, the account is also taken of historical events where a power 
outage was caused mainly by the wind storm. This event could create a cascade 
effect when one cause gradually raises a series of related events.

Also, the failure of the power supply may be caused by a technical fault. 
Disturbances, such as transformer fire, can occur both at the power generation 
points and directly in the transmission and distribution system. If a combination of 
several serious faults occurs, a significant power outage may occur.

Among other causes, we could include the human factor. In case of concurrence 
of several negative influences, dispatchers may erroneously assess the situation that 
may result in a significant power outage. Such conditions are prevented mainly by 
professionally qualified service personnel and by creating a comprehensive set of 
safety rules. From the analysis of available data, it is clear that even a terrorist attack 
may also be a cause of failure. The attack could be made directly, for example, by 
the destruction of the transformer station, or it could be done through information 
networks, called the cyberattack.

Finally, there may also be a significant over-flow of energy from foreign grids. 
An example may be the transport of electricity from power plants in northern 
Germany to the sampling centers in the southern parts of Germany through the 
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transmission system of the Czech Republic. In the event of a sudden increase in 
electricity production, along downtime could occur.

Act No. 458/2000 Coll., on business conditions and the execution of state admin-
istration in the energy sector and on the amendment of some laws (Energy Act), indi-
cates that an emergency may occur in the electricity grid. A state of emergency means 
a condition resulting from natural disasters; measures taken by the state authorities 
for an emergency, a state of state threat, or a state of war; accidents or cumulation of 
failures in electricity generation, transmission, and distribution facilities; smog situ-
ations according to special regulations; terrorist attack; unbalanced electricity grid 
balances or parts thereof; transmission of a fault from a foreign electricity system; 
when physical or personal safety is at risk and causes significant and sudden electric-
ity shortages or threats to the integrity of the power system, its security, and reliability 
in the whole territory of the state, the significant territory or part thereof [10].

Although the company has relied on electricity infrastructure since the early 
twentieth century, the increasing complexity of infrastructure and its interdepen-
dence with other infrastructures such as information and communication technolo-
gies makes it more vulnerable. Even if the electricity supply outage is rare, it will 
occur more frequently and for a more extended period (the result of naturogenic 
crisis caused by climate change) [11].

Due to the sophisticated security system, the most likely cause of a major power 
outage is overlapping several primary reasons at one time. Due to the cause of 
the power supply outage, the rate of renewal of supplies also develops. If there is 
marked physical damage to the infrastructure, the recovery time will be propor-
tional to the extent of the damage—in days to weeks [12].

Based on the fact that today’s world is dependent on electricity, which is used 
in all areas of life, the power supply outage may have significant consequences. It 
could, therefore, be assumed that the power outage will occur in all areas—health, 
public transport, supply, restriction, or interruption of drinking water, gas, heat, 
outages of mobile operators, Internet network failure, public safety, etc.

2.1 History of the power outage in the world

The whole world is struggling with power outages that last for a variety of periods, 
affecting states or parts of them, and hence different populations. Power outages are 
widespread in Asia; however, the low level of robustness of the energy network is 
taken into account. Nevertheless, even developed countries do not avoid these events, 
as a cascading effect of an ever increasing number of emergencies and crises.

The northeastern portion of the US and the southeastern part of Canada hit an 
extensive power outage in 2003. In total, about 50 million people were affected, and 
in some places, a state of emergency was declared. The cause of this outage was the 
interconnected problems mentioned. It is said to have been the neglect of main-
tenance of vegetation along backbone power lines, the inability to detect network 
problems and communication with neighboring power systems, inadequate train-
ing of dispatchers, and lack of backup systems.

This power outage resulted in several events. It was a failure of the mobile 
telephone network due to overloading by a massive number of calls and a lack of 
energy to charge mobile phones. Mobile network reliability proved to be quite low 
and unreliable in a crisis. In some places, there has been a drop in pressure in the 
water pipes, and there is a risk of the entry of dangerous substances and organisms 
into the water. The electrified lines were out of service throughout the downtime in 
the USA. In chemical operation, 140 kg of poisonous vinyl chloride was leaked into 
the river, and some had to be hospitalized. The mines were trapped by miners who 
evacuated after the resumption of electricity supplies.
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In the same year, Italy and Switzerland suffered a significant power outage. It 
affected about 56 million people. Again, these were cumulative causes that resulted 
in a significant power outage. The backbone line between Switzerland and Italy 
was heavily overloaded, and there was a shortage of surrounding vegetation. The 
operators had 10–15 min to solve this situation, which they could not solve. After 
the failure of the second backbone line, there was a cascade effect and the interrup-
tion of all other lines [7].

The following table shows the history of the significant power outage in the 
whole world (see Table 1).

Table 1 shows the significant power outage from 1998 to 2015. As can be seen, 
the largest population without electricity was in 2012 in India. This outage hit 670 
million of the inhabitants.

2.2 History of the power outage in the Czech Republic

Even though the Czech Republic is using efficient instruments of crisis manage-
ment in the electricity sector, its requirement ever is taken into account that this 
event may occur. After the devastating storm Kyrill in 2007 and Emma in 2008, we 

The date of the 
power outage

Country Cause Inhabitants 
without 

electricity 
(millions)

31/03/2015 Turkey The shutdown of two power plants and 
simultaneous maintenance on transmission 

lines (not confirmed)

70

26/10/2012 Brazil Fire in the substation 53

30/07/2012–
31/07/2012

India The gap between production and dynamically 
growing consumption (overloaded lines), 

which has been momentarily exacerbated by 
unfavorable climatic conditions

670

08/09/2011 USA and 
Mexico

Operator error and consequent failure of the 
high voltage line

3

11/03/2011 Japan The decommissioning of nuclear power plants, 
after their damage to the tsunami caused by 

the earthquake

4.4

28/1/2008 China The snowstorm destroyed the very high 
voltage line

30

11/11/2009 Brazil, 
Paraguay, and 

Uruguay

Short circuit of three transformers due to 
heavy rains
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18/08/2005 Indonesia 
(Java Islands 

and Bali)

Multiple EC failure to eliminate 2700 MW of 
the power
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27/09/2003–
28/09/2003

Italy Storm 56

14/8/2003 USA and 
Canada

Short branches of the tree and consequently a 
weak solution to these initiation faults
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20/02/1998–
27/03/1998

New Zealand Repeated failures on the high voltage cables 1
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must admit that [13]. In this respect, critical infrastructure equipment is a back-up 
powerhouse with its fuel supply, which is capable of covering the consumption of 
essential offices, hospitals, etc. [7]. Hospitals are a critical infrastructure sector 
where it is necessary to operate as soon as possible restored.

The failure to supply electricity of the same magnitude as the one mentioned in 
the world has not yet been recorded in the Czech Republic. There were only local 
power outages or power line interruptions. These are several, frequently caused by 
extraordinary events and crises of a natural character.

On the verge of the power outage was the power industry declared an emergency 
on 24 July 2006 in the Czech Republic. It was not a typical power outage regarding a 
fatal impact on the consumer—no households have been interrupted by the supply 
of electricity in the Czech Republic. However, due to the announced regulatory 
levels, large consumers have had to limit their collection [14]. The reason for this 
outage was the previous rupture between the Hradec and Etzenricht substation. 
This line was replaced, but on July 24, when the substation was re-connected to an 
unexpected outage at the Diviča substation, this increased the demand from the 
Czech Republic to Austria. The cascade effect then caused further outages [14].

Another reported power outage, this time with an impact on the population, had 
a cause in the Kyrill storm, which was moved across Western and Central Europe 
and also hit the Czech Republic in 2007. The CEZ Energy Group has declared a state 
of emergency in the Czech Republic as a result of this storm. Due to the conse-
quences of the wind turbine, 27 percent of CEZ Group supply points were found 
without electricity, which includes more than a million households. This condition 
was caused mainly by the fall of trees and branches into power line, thunderstorm, 
and other weather influences [15].

Emma was struck by Europe and the Czech Republic a year later. Again, it 
caused the fall of trees to power lines, which resulted in up to 920,000 households 
without electricity. The Herwart storm came as a result of the fall of trees to 
power lines in the Czech Republic 10 years after Emma’s. CEZ Group has declared 
a calamity situation in eight regions. Without electricity, there were 500,000 
subscribers. CEZ Group registered approximately 14,000 households without 
electricity [16].

There was also an intense storm of Fabianne in 2018. This storm caused power 
outages, primarily because of the trees grabbed on the line. There were 160,000 
households without electricity.

From the history of large-scale power supply outages, it can be observed that the 
greatest cascade effects caused by naturogenic phenomena have the greatest effect 
on the outage.

2.3 Power outage in the hospitals

This part of the chapter deals with the history of power supply outages with 
impact toward the hospitals. A list of selected events according to the time horizon 
in selected parts of the world is presented.

An earthquake hit the islands of Lombok and Bali in Asia in July and August 
2018. During this disaster, 98 people died. The earthquake intensity was on the 
seventh Richter scale. This catastrophe has caused landslides and as a consequence 
of the downstream cascade effect, power outage [17]. The main hospital in Tanjung 
in the north was critically damaged and evacuated. Employees prepared a provi-
sional hospital—about 30 beds were in the shade of the trees and in the tent on the 
playground to have a place to treat the wounded. Other hospitals were overcrowded, 
and some patients were treated in car parks [18].
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Tropical storm Leslie hit Europe in 2018. This storm hit mainly the southern part 
of Europe. The most affected were Portugal, France, Spain, and the island state of 
Mallorca. The storm caused a flash flood in these states. The hospitals were flooded, 
and thousands of people in France were evacuated. A similar situation was also in 
Portugal, which was also hit by flash floods [19].

Another was the Irma Hurricane in the US. It was the strongest hurricane in the 
Atlantic in recorded history. The storm arrived on the Barbuda coast in September 
2017. Its wind speed was 185 miles per hour for 37 hours. More than 10 million 
people have stayed in Florida without electricity. More than 5 million Florida 
residents were evacuated [20]. Some hospitals were affected by Hurricane Irma. 
Hospital staff decided to dismiss patients who were able to be in home care. Other 
patients had to be evacuated to other hospitals. In some hospitals, urgent income 
has been interrupted.

Hurricane Sandy arrived on the US coast in October 2012. It was a post-tropical 
cyclone. The Hurricane began as a tropical wave in the Caribbean and quickly, in 
just 6 hours, turned into a tropical storm. It turned into a hurricane during October 
24th. The total deaths reached 285, including 125 deaths in the United States. 
Hurricane caused damage of $ 62 billion and $ 315 million in the Caribbean. More 
than 7.5 million people were without electricity [21].

Hurricane Sandy caused floods to hit hospitals, causing power outages in 
New York. Five hospitals were forced to evacuate patients. The evacuation was also 
required due to power outages. Other hospitals were evacuated due to the flood of 
cellars. The aggregates that were placed here ceased to work.

These events are just a selection of some naturogenic disasters that have had an 
impact on the hospitals. A naturogenic disaster did not cause the following power 
outage. It was a power outage that lasted for 6 weeks in 1998. The city of Auckland 
was hit in New Zealand. A technical failure caused this outage. The initial assump-
tions of the downtime were for 1 week and then the estimates of the energy com-
pany’s employees were specified per month. The number of banking data centers, 
stock exchanges, central city offices, customs and immigration, inland revenue, 
internal affairs, social care, Auckland City Council, central police, significant 
hospitals, University campus and technical institute, television and radio stations, 
hotels, and more was affected. Although many of these buildings have generators, 
various switching failures have caused problems and subsequent outages. Some 
institutions have tackled a power failure by purchasing aggregates from Australia or 
Poland [22].

The Czech Republic has not met the failure of electricity supply with the impact 
to the hospitals of such magnitude.

3. Crisis management and healthcare

As mentioned above, the security threats to the Czech Republic, but also the 
whole world have the character of naturogenic or anthropogenic. These may result 
in the power outage.

Act No. 458/2000 Coll. regulates energy in the crisis (Energy Act) and the 
decrees of the Ministry of Industry and Trade (Decree No. 80/2010 Coll., Decree 
No. 344/2012 Coll., Decree No. 225/2001 Coll.). Electricity for the population will 
be delivered according to the appropriate level of regulation, tripping, and fre-
quency plan based on the specific situation [10].

The Ministry of Health of the Czech Republic is responsible for crisis manage-
ment in health care. To that purpose, a crisis preparedness workplace is set up [23]. 
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The Charter of Fundamental Rights and Freedoms states that everyone has the right 
to health protection. Citizens have the right to free healthcare and medical aid by 
public (health) insurance under the conditions laid down by law [24].

The Ministry of Health of the Czech Republic states that its role in crisis man-
agement is to ensure framework conditions for the provision of health care at the 
crisis by creating and enforcing state health policy [25].

Crisis preparedness in the health sector is defined as the ability of health care 
providers, and health care facilities to provide essential health care to the popula-
tion locally relevant to administrative unit for emergency and crisis in the continu-
ity of medical policy for the provision of health care by qualified personnel [25].

In the introduction of the chapter, the impact of crises on state security and 
threats to its infrastructures was mentioned. This subchapter describes crisis 
management in the hospitals.

Healthcare facilities are spaces for the provision of health services [26]. 
However, this concept includes not only hospitals but also therapeutic institutions, 
spa health facilities, general practitioners, and others.

For this research, a healthcare facility—a hospital was selected. A hospital is a 
medical facility licensed to provide health care, has many beds, an organized medical 
team of the requisite qualification, and offers continuous nursing services. Hospitals 
are divided by the number of beds to small (up to 700 beds) and large. They can also 
be classified by type of ownership into hospitals owned and administered by the 
state, public hospitals administered by regions, towns and municipalities, private 
hospitals or nonprofit hospitals, and hospitals based on a business principle [27].

The term healthcare is also defined, which can be considered a multidisciplinary 
field. Healthcare is modern medicine that represents a complex process that accu-
mulates human knowledge from a wide range of disciplines, not just science, but 
also technical and social sciences. The collected data and acquired knowledge are 
thus used both for theoretical and scientific purposes, that is, for the development 
of the discipline as an academic discipline, as well as for the practical decisions of 
both political and managerial disciplines [28]. From the above definitions of health 
care, it is evident that there are also other disciplines, one of which is also computer 
science. It interferes with healthcare not only in the form of electronic patient cards 
but primarily as a national health register. Nowadays, information support for crisis 
management is also being used. The objective of information support is to simplify, 
streamline, and accelerate crisis management with the help of information systems.

As has been mentioned, healthcare is a multidisciplinary field, which also 
involves other interests. This work attempts to connect three branches, namely 
health, informatics, and crisis management.

4. Critical infrastructure and healthcare

As mentioned above, the objective of each state is to protect its citizens and the 
basic infrastructures of the country where systems called critical infrastructure 
can be considered. Disruption of a critical infrastructure system would have a 
significant impact on state security, the security of the basic living needs of the 
population, the health of people, or the state’s economy. The Czech Republic defines 
industry criteria for identifying industries, sub-sectors, and critical infrastructure 
elements. Healthcare is also one of the critical sectors of critical infrastructure.

With the increasing insertion of new information and communication technolo-
gies into all areas of life, resource consumption, and the maintenance of living 
standards, new threats arise not only for individuals but also for the economy, the 
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state, and society. Threats can arise from not only organized groups and terrorist 
and criminal organizations, but also manifestations of hostilities of countries, 
natural disasters, or competing struggles for necessary raw materials. Specific area 
of society’s life more dependent on, critically reliant on another area, the more 
severely the infrastructure sector is causing the functionality or limitation of the 
feature of a particular sector [29]. Government Regulation No. 432/2010 Coll. 
criteria for identifying critical infrastructure elements were introduced in the Czech 
Republic. This government regulation divides the criteria into cross-cutting and 
sectoral. Sectoral criteria are defined by the following sectors:

• energy,

• water,

• food and agriculture,

• health,

• transport,

• communication and information systems,

• financial market and currency,

• emergency services, and

• public administration [30].

It is clear from the list of sectoral criteria that the health sector is also essential 
for maintaining the state’s security and maintaining the state’s functionality. It 
should be noted that this is a hospital with a total number of acute beds of at least 
2500. However, no condition is fulfilled by any hospital in the Czech Republic.

Because of the need to cope with the crisis in hospitals, it is essential that 
hospital emergency care must be implemented. In this case, it should be noted that 
the critical infrastructure referred to is directed to healthcare. In healthcare, as in 
other areas, eight critical areas are defined (see Table 2). In healthcare, they have 
their specific features and commodities. All of them are essential for healthcare, 
and their activities are under crisis management [31].

1. Electricity, gas, and fuel

2. Supply—drugs, lingerie, food, and water

3. IT—medical documentation, internal contact, and contact with superiors and other external 
organizational units

4. Management

5. Transport of persons and materials—medical and supportive

6. Insurance and finance—sharing personnel, health service, and costs

7. Special substances—medicines, artificial nutrition, and special and basic medical supplies

Table 2. 
Critical area of the hospital [31].
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6. Insurance and finance—sharing personnel, health service, and costs

7. Special substances—medicines, artificial nutrition, and special and basic medical supplies

Table 2. 
Critical area of the hospital [31].
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5. Supply of healthcare facilities at the time of power outage

Czech Standard ČSN 33 2140 entered into force on electrical wiring in rooms 
for medical purposes in 1987. This ČSN was valid until 2015. Subsequently, ČSN 33 
2000-7-710 was introduced for low-voltage electrical installations; part 7-710 deals 
with special-purpose devices in particular premises—medical areas. It should be 
noted that this current ČSN is valid for newly built medical facilities.

For medical premises, a power source must be installed which, in the event of a 
faulty mains supply, for a specified period and at a predetermined switch-over time, 
provides power to devices divided by a power source with different switching times.

Power supplies with a switching time of up to 0.5 s including—in the event of a 
voltage failure on one or more phase wires in a switchboard, a power supply must 
be used to provide power to illumination of operating tables and another necessary 
lighting, such as endoscopes, at least after 3 h, and the resumption of voltage must 
be within 0.5 s [32].

Power supplies with a switching time of up to 15 s—safety lighting and other 
devices (see below) must be connected within 15 s to a power source capable of sup-
plying power for at least 24 h when the voltage on one or more mains power supply 
mains security purposes will be reduced to less than 90% of the nominal value for 
more than 3 s [32].

Power supplies with a switching time of more than 15 s—power supplies for 
other electrical equipment of medical equipment that do not meet the requirements 
listed above and are required for health services may be connected to the power 
supply automatically or manually. This power supply must be capable of delivering 
power for at least 24 h. These electrical devices can be sterilizing devices; building 
equipment such as heating or air conditioning, ventilation, building, and waste 
disposal facilities; cooling device; kitchen furnishings; and battery chargers [32].

Lightning escape routes are considered as safety lighting; illumination of exit 
signs; all wiring (including switchboards with main switchboards) of rooms with 
safety and additional safety sources; rooms where essential services are provided; 
group 1 healthcare facilities; and group 2 medical facilities [32].

Among other devices, we can include selected fire lifts; ventilation systems 
for smoke extraction; people search systems; medical electrical appliances used 
in group 2 medical areas which are intended for surgical or other applications 
of vital importance; electrical devices for the delivery of medical gases, includ-
ing compressed air, vacuum supply, and anesthetic gas discharge system, as 
well as their monitoring devices; and fire detection, fire alarm, and fire extin-
guishing systems.

This standard provides a classification of safety circuits for healthcare facilities 
(see Table 3).

Class Interruption

Class 0—without interruption Power is provided automatically without interruption

Class 0.15—very short interruption Power supply automatically up to 0.15 s

Class 0.5—short interruption Power supply automatically up to 0.5 s

Class 5—normal interruption Power supply automatically up to 5 s

Class 15—middle interruption Power supply automatically up to 15 s

Class >15—long interruption Power is automatically provided for more than 15 s

Table 3. 
Classification for the interruption [32].
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The classification of importance may vary for each site. In this case, the highest 
safety requirement obligation is taken. It is possible to refer to the following table 
(Annex B of the ČSN), which contains the classification of healthcare facilities 
regarding safety circuits (see Table 4).

Table 4 shows the classification of healthcare facilities by group. The author 
considers the operating rooms, the postoperative room, intensive care units, the 
delivery room, and the premise for premature babies to be the essential premises 
regarding electricity supply.

Hospitals are among healthcare facilities whose rapid and efficient services play 
an essential role in reducing disaster mortality rates [33]. A critical part of crisis 
management is the search for and mitigation of the risks to the population, depend-
ing on assistance and care in the healthcare facilities [34].

Therefore, hospitals should be designed and built to be able to deal effectively 
with all kinds of crises [35]. One of the problems of the World Health Organization 
(WHO) is the disaster preparedness of the hospitals [36]. There is still no standard 
and valid tool for assessing disaster preparedness in the hospitals [37]. Disaster 
managers need accurate and useful tools to assess disaster preparedness for 

Medical area Group Class

0 1 2 ≤0.5 s >0.5 s ≤ 15 s

Massage room X X X

Bed room X X

The birth hall X X X

ECG, EEG, and EHG room X X

Endoscopy X X X

Investigation room or nursing room X X X

Urology X X X

Radiological room X X

Hydrotherapy X X

Physiotherapy X X

Anesthesia X X X

Operating room X X X

Operational preparation room X X X

Operational gypsum room X X X

Postoperative room X X X

Catheterization room X X X

Intensive care room X X X

Angiography X X X

Hemodialysis X X

Magnetic resonance X X X X

Nuclear medicine X X

Room for premature babies X X X

Intermediate care unit X X X

Table 4. 
Medical room and their classification [32].
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hospitals. However, there is no standardized and comprehensive instrument for 
this purpose [38]. Based on the authors’ quotations and the analysis carried out, 
it can be stated that there is still no evaluation system to determine the hospital’s 
preparedness for the crisis.

6. Methodology

In this chapter, four scientific methods were used. Firstly, it was the analysis, 
which we used for the analysis of the hospitals. Secondly, the method comparison was 
used, which compares the results from the analysis. Thirdly, the induction method 
was used, where this method serves to examine the fact of creating a hypothesis from 
the points obtained. Finally, the heuristic analysis of the preparedness was used.

The heuristic analysis of the preparedness was developed for the evaluation of 
the hospitals. Based on this assessment, we will get an accurate idea of the weak-
nesses and strengths of the assessed hospitals.

This analysis was divided into four categories. The hospitals were assessed from 
the point of view—emergency water supply, emergency food supply, emergency 
energy supply, and other emergency supply.

Emergency power supply—this category evaluates the preparedness of the hos-
pitals for emergency energy supplies—the ownership of energy supply replacement 
units. However, these aggregates are fuel-dependent, and it is, therefore, necessary 
to assess fuel supply to the hospital. It deals with the area of contractual fuelling, its 
gas station, etc.

Based on the above analysis, an assessment was performed using Eq. (1):

  HP =    (R + H)  ______ 2 × H   × 100%  (1)

where HP is hospital preparedness, R is sum of results (obtained points), and H 
is the number of assessed heuristics.

The evaluation methodology consisted in assigning a response to each question 
answered in the form of valuation from a predefined set of values (−1 = does not 
agree, 1 = agree; 0 = partly agree, and blank field if the problem is not relevant).

7. Results

This part of the chapter is focused on assessing the crisis preparedness of the 
hospitals in the area of emergency energy supply.

The assessment method was proposed—heuristic analysis of the preparedness. 
This analysis was used for assessing 13 hospitals in the Czech Republic. The Czech 
Republic is divided into 14 regions. Each region has a different number of hospitals. 
As a rule, each region has one faculty hospital. However, there are exceptions; for 
example, the Zlín Region does not have a faculty hospital. There is only a regional 
hospital. There are also district hospitals, private hospitals, and specialized hospi-
tals. The evaluated hospitals were from five regions in the Czech Republic. Based on 
the mentioned introduction of this paper, the focus is on emergency energy supply. 
The following figure shows the results of the 13 hospitals (see Figure 3).

Figure 3 shows the emergency energy supply of the hospitals in the Czech 
Republic. There is a differentiation of the emergency energy supply of the hospi-
tals. As can be seen, the best-evaluated hospital from the point of view is South 
Moravian Hospital 1. On the other hand, the worst evaluated hospital is in Central 
Bohemian Region 1. The type of hospital could cause this differentiation.
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It was in the readiness of the hospitals to make sure that we saw the supply of 
electricity and that we saw significant differences. And this fact enabled us to define 
the primary aim of our research and this chapter.

Each hospital has to deal with the external issue of emergency fuel stocks 
to address individually. There is currently no valid legislation to ensure this. 
Some hospitals address this situation through a contractual agreement with fuel 
suppliers (ČEPRO or other contractors); other hospitals own a gas station where 
they have sufficient supplies even for a more extended period of the power sup-
ply. On the contrary, there are also hospitals that do not solve this problem at all 
and do not have a contractual agreement with any supplier of fuel. If necessary, 
they use their ambulances to deliver fuels in barrels from gas stations. Here, 
however, it is essential to take into account the fact that there may be a power 
failure in the whole region and there will be no possibility to use all the gas 
stations.

8. Discussion

In general, healthcare and the provision of health care in hospitals play an 
essential role for each country. The whole world is threatened by a series of events 
that may be of naturogenic or anthropogenic character. These events may result in 
a power outage. The power outage just mentioned has a significant impact on the 
hospitals. It is therefore crucial that hospitals maintain normal operations even 
during the crisis.

This chapter deals with hospital energy resilience. The relationship between 
critical infrastructure-health and power outage is mentioned. This point is dis-
cussed regarding nomenclature as well as its history and impact on hospitals. In the 
past, significant power outage impacts on hospitals could be observed.

Subsequently, a heuristic analysis of the hospital preparedness was carried out. 
This analysis was used to evaluate the strengths and weaknesses and the subsequent 
comparison of the evaluated hospitals. A total of 13 hospitals were assessed in the 
Czech Republic. Based on this analysis, we have concluded this issue. This analysis 
evaluated the different preparedness of hospitals in the field of emergency energy 
supply. Each hospital is building a different path to this issue. Therefore, it cannot 
be said that hospitals will be fully operational in the event of a crisis.

Figure 3. 
Emergency energy supply of the hospitals [author].
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Hospitals belong to the healthcare facilities whose rapid and efficient services can 
play an essential role in reducing disaster mortality rates [33]. One of the problems of 
the World Health Organization (WHO) is the disaster preparedness of hospitals [36]. 
There is still no standard and valid tool for assessing disaster preparedness in hospi-
tals [37]. Disaster managers need accurate and useful tools to assess disaster prepared-
ness for hospitals. However, there is no standardized and comprehensive instrument 
for this purpose [38]. Crisis management deals with Act No. 240 of 2000 Coll., which 
does not directly address the disaster preparedness of the hospitals. The exact number 
of hours that fuel supplies for the aggregate supply must have is not specified. There 
is only ČSN 33 2000-7-710 that was introduced for low voltage electrical installations; 
part 7–710 deals with individual purpose devices in particular premises—medical 
areas. This norm says only until when the electricity must be restored.

Based on the authors’ references and the analysis carried out, it can be stated 
that there is still no evaluation system to determine the hospital’s preparedness for 
the crisis. For these purposes, we propose to introduce a hospital evaluation system.

In the last few decades, science has called the algorithm many practical tools to 
help solve various computer problems. The algorithm is a set of rules that are typical 
of specific computer calculations or activities [39].

It is assumed that the use of this system will not only be within the hospital 
but also by the regional office. We will create a Web portal that will illustrate the 
hospitals in the region. Each hospital will fill in the data that are required to calcu-
late the length of hospital maintenance (or only selected rooms/circuits) and will be 
stored in this portal. When the power outage occurs, the expected failure interval 
will be entered. That will make it clear which hospitals are capable of managing the 
crisis without having to deliver fuel. Otherwise, the request will be sent to external 
suppliers or the regional authority (depending on the length of the power supply 
outage) for the fuel supply. All communication would then take the form of data 
sentences that would be documented. These data sentences would not only serve to 
send a request but subsequently to acknowledge the receipt of the application, to 
submit information about the resources assigned and quantity.

9. Conclusion

The aim of the chapter was to analyze the current state of the crisis prepared-
ness of the hospital. There have been an increasing number of crises not only in 
the Czech Republic but also in the world in recent years. It has an impact on the 
critical infrastructure of the country and hence on the lives, health, and property of 
citizens. Information technologies are increasingly affecting citizens’ lives and help-
ing in day-to-day activities, but also in solving the crisis. We can, therefore, see the 
multidisciplinarity of this field, which also affects the area of population protection 
and crisis management.

The central part of the chapter was an assessment of the current state. We are 
increasingly confronted with threats of naturogenic and anthropogenic character. 
These events have a direct impact, and in some cases, they also cause cascading 
effects. An example may be a windswept wind that can cause trees to fall on the 
power lines and a subsequent power outage. The impact is already on the mentioned 
critical infrastructure of the country, including, among others, the health sector. In 
the hospitals, it is necessary to supply electricity in the required range and quality. 
Based on previous research, it has been found that hospitals’ preparedness in the 
field of emergency energy supply is at a different level. Some hospitals in the Czech 
Republic are not prepared to face a long-term power outage and rely on help from 
authorities and other crisis management bodies.
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Besides, there is no comprehensive and uniform assessment system to assess the 
readiness of hospitals to face a crisis—power outage. At the end, a possible way to 
solve this situation was proposed.

The results of the research will be used as a form of information support in 
solving the crisis—power supply shortage in hospitals and also in other medical 
facilities and other facilities. In particular, the use will be linked to the needs of the 
hospital and the regional authority and any external contractors.
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Chapter 6

Bridges: Structures and Materials,
Ancient and Modern
Arturo Gonzalez, Michael Schorr, Benjamin Valdez
and Alejandro Mungaray

Abstract

Every nation needs the infrastructure to perform all kind of activities related to
the improvement and service of the society. Transportation system became part of
the infrastructure due its connection between two destinations, using maritime,
land, or aerial methods, creating a link for social and economic activity. Bridges are
widely used to cross rivers, valleys, and roads, providing a passage with other parts
of the land since ancient times to modernity. Each structure has different require-
ments to cover, such span clearage, traffic flow, geometry and characteristics of the
place to build; therefore, a great variety of bridges can be developed. Common
materials used on construction are structural steel, reinforced concrete, pre-stressed
concrete, or post-tensioned concrete; depending on the structural behavior of each
type of bridge, there will be a maximum clear span to cover, which depends directly
on the project’s budget. There are a variety of loads and environmental conditions
that the new and existing structure needs to support effectively, including dead
load, traffic, rain, wind, flood, and seismic events, using effective structural design
process and techniques; on the other hand, there are long-term deterioration pro-
cess, such as corrosion, wear, and fatigue, which should be considered on the
maintenance process, avoiding additional costs, several damages, and catastrophic
failures. Prevention and control of degradation process is achieved by effective
maintenance methods applying protection technology such as paints, coating and
cathodic protection. The purpose of this chapter is to show a brief review of ancient
and modern bridges, including the process of design, material selection,
construction, and maintenance.

Keywords: infrastructure, bridges, maintenance, deterioration, construction

1. Introduction

If a society wants all its function working efficiently, it requires many elements
that meet its needs. Basic functions such as food, water, electricity and transporta-
tion require all types of structures to fulfill its purpose. Infrastructure embraces all
the buildings that support the goods and services of the community, with
an integral and optimal functioning.

All the services of the society require some type of support to be carried out. An
engineer, architect or lawyer needs a space to develop their businesses and support
its clients; a merchant needs a highway to transport their products to their final
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engineer, architect or lawyer needs a space to develop their businesses and support
its clients; a merchant needs a highway to transport their products to their final
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destination; supplying water to any destination requires pipes, pipelines and tanks.
There are many examples where each service requires some type of infrastructure.

As a general example, consider the construction of an international airport. The
main purpose is the aerial communication of the city, which can be used for
traveling, tourism and transportation of goods. Listing all the needs of any airplane,
there will be at least the following requirements to fulfill:

a. Landing strip to perform effectively the air traveling.

b. Control tower for monitoring the air traffic flow.

c. Airport building to perform all administrative activities.

d. Hangar for airplane maintenance and storage purposes.

e. Water supply, storage, pipelines and sewage for the entire place.

f. Fuel supply and storage for the airplanes.

g. Land highways and bridges to connect the city with the airport.

h. Electricity towers and electrical station to supply energy.

According the previous example, there are many construction elements and
buildings that enhance the aerial communication. The combinations of these struc-
tures contribute with the airport to operate efficiently. This type of infrastructure
can contribute enabling tourism, transportation, productivity and employment
opportunities, increasing the economic activity. Therefore, the infrastructure has
a wide variety of structures which can be part of a specific sector and fulfill
a simple function.

If any infrastructure element of the airport fails, there will be issues with its
functionality; for example, if any bridge is closed due any malfunction or mainte-
nance, the transport of the passengers, goods and services will be affected.

Bridges have a special place in transportation infrastructure due its direct rela-
tionship with other places. These structures have the purpose to carry on the traffic
loads of the highway, crossing any obstacle and perform an effective communica-
tion between two destinations. Since there are many variables to consider in the
performance of the bridges, such geometry, span clearance, traffic flow and avail-
able materials, there are many options of bridges to choose.

Planning, design and construction process for any bridge looks logical and nec-
essary steps, looking for the good behavior of the structure during any traffic load
or resisting flood or seismic events. However, maintenance process guarantee the
life of the structure, which applied correctly, will avoid any closure of the bridge
and traffic issues.

On this chapter, the main purpose is to focus on bridges as part of land trans-
portation infrastructure, its behavior and the performance during the design,
construction and maintenance process.

2. Infrastructure

Basically, all the buildings are part of the infrastructure and fulfill a specific
function. According to the American Society of Civil Engineers (A.S.C.E.), there are
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16 categories in the infrastructure: Aviation, bridges, dams, drinking, water, energy
hazardous waste, inland waterways, levees, parks, ports, rail, roads, schools,
solid waste, transit and wastewater [1]. Due to a wide variety structures, the
infrastructure can be classified according to its use.

a. Transportation infrastructure

Related to all structures used by the people, products, goods or services to move
forward its final destination. Depending on the type of transport, these can be
divided into three categories:

i. Land: City roads, highways, train rails and bridges.

ii.Maritime: Structures used by ships or vessels, for example ports and channels.

iii.Aerial: Airports and heliports.

b. Energy infrastructure

Related to all structures intended for the generation and distribution of any
types of energy. Depending on the energy type, it can be divided into:

i. Electricity: Electrical stations and supply networks.

ii.Oil and gas: Refineries and pipelines.

iii.Alternative energy sources:Wind towers, nuclear plants and geothermal plants.

c. Hydraulic infrastructure

Structures intended for water distribution and supply, divided into:

i.Water distribution network: Related to water supply, distribution and
irrigation. Examples include open channels, pipelines and aqueducts.

ii.Drainage networks: Related to distribution and storage purposes, including
gray water from industry and rain. Examples include sewer and drainage.

iii.Waste water treatment plants: Related to structures with waste water cleaning
purposes, including removing sediments to biological cleaning process.

iv.Water storage: Related to structures to retain water. Examples include dams
and storage tanks.

d. Telecommunication infrastructure

Related to all structures intended for telecommunication industry:

i.Cellphone network: All structures supporting signal development for cellphone
operations, including antennas and signal structures.

ii. Television, radio and internet network: Related to antennas for signal
distribution via cable wires and wireless signal.
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irrigation. Examples include open channels, pipelines and aqueducts.

ii.Drainage networks: Related to distribution and storage purposes, including
gray water from industry and rain. Examples include sewer and drainage.

iii.Waste water treatment plants: Related to structures with waste water cleaning
purposes, including removing sediments to biological cleaning process.

iv.Water storage: Related to structures to retain water. Examples include dams
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Related to all structures intended for telecommunication industry:
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operations, including antennas and signal structures.
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e. Building infrastructure

Related to all structures intended for industry requirements, business commu-
nity, energy operations and living places.

i. Industry and business: Structures used for industry and business operation
purposes. Examples include a single or multiple story structures and may be
used as offices, machinery, equipment and industrial process.

ii. Living places: Intended for population housing, including buildings of single or
multiple story levels.

iii. Basic services: Structures related to operation services as water distribution,
electricity and general supplies.

iv. Primary services and recreational purposes: Places designed for city assistance,
including fire and police stations, hospitals, schools, theaters and stadiums.

Figure 1 shows a general view of Mexico City and the Vidalta cable-stayed
bridge as transportation infrastructure, connecting via highways the whole series of
multi-story buildings in the background.

According the previous infrastructure classification, all described structures do
not work as isolated buildings. Instead, all elements must be connected looking for
the harmony in a society, working effectively and should not affect any building
performance.

As an example, there is a hospital that provides all types of medical treatment in
an urban area. If the city’s electrical stations stop working, the hospital will cease to
be fully functional due to lack of electrical power, affecting medical equipment and
lighting requirements. Now, if the same hospital has no enough roads for access, its
capacity will be very limited, including medical staff and patients.

3. Bridges, a general overview

We recognize that all structures are part of the infrastructure and each one
works together. The bridges take a special role, due its function to connect two
different points, crossing valleys, rivers, lakes and cliffs.

Bridges are needed on land transportation infrastructure because they connect
different points that usually can be inaccessible. If we analyze a single bridge crossing
a river, it can have many views, depending on each person’s perspective [3]:

Figure 1.
View of Vidalta cable-stayed bridge, Mexico City [2].
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a. A person who lives in the city can visualize the bridge as a simple access to
schools, parks and theaters, or a simple way to visit a family member.

b. An engineer or architect visualizes the bridge as a way to connect the road
with two points of the city, such as hospitals or fire stations.

c. From the business community, the bridge can be viewed as access to different
areas for trade, distribution of goods and services.

Depending on the needs of the society to have a bridge, it would be its impor-
tance. A bridge that serves as a quick link to recreational parks with a low traffic
flow will have less impact than a bridge crossing a large river and connecting two
points of the city with high traffic flow.

Taking into account the sentence above, we can realize that bridges are not
built arbitrarily; a whole planning should be performed including design,
construction, operation and maintenance of the structures. Therefore, for the
transportation system, the bridge is a key element [3] according to the following
reasons:

a. Capacity control

i. Bridges must comply with traffic flow needs during its life period.

If a bridge has a small number of lanes, narrow sizes or poor spaces, the struc-
ture cannot maintain a continuous vehicular flow.

ii. Bridges must comply with required loads during its life period.

This means that the analysis and structural design must take into account all the
loads that the bridge must support. For example, if the structure is located on an
interstate highway and was not designed to support heavy truck loads, it will have
limited vehicle traffic and those trucks will not be able to use the bridge; therefore,
these trucks will have to plan an alternate route.

b. High cost for the entire road system

i. Bridges represent a high percentage of road’s budget.

If we analyze the construction process of a road and measure the cost per unit
distance, the bridges are very expensive compared to the highway.

ii. High cost variability for different bridge geometries.

Depending on the number of lanes required, types of vehicles to be supported,
distances and/or clear span to cover, materials and available labor, the cost of the
bridges are variable. Proper planning is required to meet the needs and comply with
the budget.

c. The bridge as part of the system

i. If the bridge has a failure, the road system fails.

If we analyze the entire road and at specific place, one of the bridges does not
work, the vehicular flow will be affected, increasing traffic flow, delays, time lost
and the need of alternative route.
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ii. If the bridge is not operating, alternate routes will be affected.

When a bridge does not work, people who used the affected road will have the
need to use an alternative route, which probably is not designed for a sudden
increase of vehicular flow, causing wasted time, greater distances and additional
fuel required.

For a successful transportation system, a balance should exist between vehicle
volume, supported loads and proper budget. Figure 2 shows a section of Mexico
City’s transportation system, showing balance between the number of lanes, signs,
bridges and several road accesses.

3.1 Types of bridges: ancient and modern

We can think that all existing bridges with the variety of materials, geometries,
loads and designs have always existed. However, the evolution of bridges has
occurred within the changing needs of the society since the 19th century, with the
improvement of materials, optimization techniques, architectural and structural
designs [3].

3.1.1 Ancient bridges

In the beginning, bridges were built with a simple geometry and had very
limited uses, because they only covered very short span, such as small rivers. These
bridges used basic materials such as wood, ropes and stone.

3.1.1.1 Stone arch bridges

The first bridges that were built based on mathematics methods were the stone
arch. The exact construction date is not known, but there are structures built by
civilizations such as the Greeks or the Romans, where they used this type of bridges
as aqueducts, roads for people walking and carriages.

The stone arch bridges, as shown in Figure 3, take advantage of the compressive
capacity of the rock due its geometry, supporting its own weight and live loads.
These structures are usually robust and each of the arches supports the upper deck.
Some examples of this bridge’s type are the Segovia Aqueduct, located in Spain and
the Pont Du Gard Aqueduct, located in France, both built between the 1st and 2nd
centuries.

Figure 2.
View of Mexico City road system [4].
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3.1.1.2 Wooden and steel truss bridges

By the beginning of the 19th century, the structures used wood as common
material and truss bridges began to emerge (Figure 4). These wooden trusses took
advantage of the axial stress capacity of the bar elements, creating bridges with
longer spans, low weight and enough stiffness to withstand higher loads. Due the
large number of geometries that can be created with trusses, there are possible
arrangements which the bar elements can have taking advantage of the tension
and compression stress capacities. Some examples can be mentioned:

a. Trusses with straight bars

i. Geometries as Pratt, Warren and Baltimore types.

ii. Geometries using cables for tension elements.

b. Combination between trusses and arch

i. Geometries as Wernwag and Burr types.

3.1.2 Modern bridges

In the mid-19th century, with the development industry sector, vehicles and
trains entering into circulation using the current transportation system. Therefore, a
greater number of roads, railroad and bridges were built to serve the increase of
transportation demands.

Figure 3.
Stone arch bridge crossing a small river.

Figure 4.
Geometry types of trusses.
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3.1.2.1 Steel truss bridges

Since the increase of traffic flow and weight of vehicles started, the wooden
bridges were already insufficient to support these vehicle loads and the structures
began to use steel materials. With the structural steel available on construction
market, these bridges had a significant improvement, including the increase of
spans length covered and supporting higher loads. Steel trusses bridges replaced
wooden trusses and began to build bigger structures. Figure 5 shows an example of
this bridge’s type.

3.1.2.2 Suspension bridges

The introduction of suspended bridges was an important innovation, due the
very large spans length that they can cover. These structures have very large geom-
etries with visual impact on the users, using them as a symbol for the city. Examples
of such structures are the Brooklyn Bridge, located in New York and the Golden
Gate Bridge, located in California. The overview of the Golden Gate Bridge is shown
in Figure 6.

The geometry of the suspended bridges consists of two central support towers,
the main cables supported between the towers, the secondary cables supported on
the main cables, the main deck and supporting girders. As a structure, all cables
work as tension elements and support the main deck where the traffic flows.

Due the tension cables, suspended bridges can take advantage of the ability to
obtain very large spans without intermediate supports. They are widely used to
cross very large rivers where conventional bridges are unable. However, one of the

Figure 5.
Forth bridge, Edinburgh, Scotland [5].

Figure 6.
Golden Gate suspended bridge, San Francisco, U.S.A. [6].
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disadvantages of this type of structures is the aerodynamic stability, product of the
slenderness relationship between main slab, span clearage and the action of thrust
forces produced by the wind loads.

3.1.2.3 Reinforced, pre-stressed and post-tensioned concrete bridges

With the introduction of Portland cement on the market and the development of
concrete construction techniques, design theories for reinforced concrete were
developed for structures on the early 20th century.

For long span bridges, reinforced concrete bridges based on arch below main
deck are used. It basically consists of an arch in the lower section and piers to
support the main deck. All the elements of the bridge are working under compres-
sion, with the exception of the main deck that works at flexure. These types of
bridge take advantage of the material capacity on compression and avoid tension
elements.

Most of the existing bridges cover small and medium spans, which are very
useful for roads and highways connecting cities. Girder-based structures with sim-
ple or continuous supports are widely used for these cases.

Girder-based bridges can be inefficient due the bending behavior of the girder if
we compare it with trusses. However, the girders are relatively easy to build and the
relationship between cost and benefit makes these types of structures economically
competitive. Figure 7 shows El Zacatal Bridge, located on Mexico and based on pre-
stressed concrete girders.

3.2 Structures and functions

Depending on the span to be covered, the traffic flow, the availability of mate-
rials and labor, the designer will define the geometry of the bridge. Most of the
bridges have short spans and use girders of reinforced concrete, pre-stressed con-
crete or structural steel. Bridges with intermediate spans use trusses and arches. For
very large spans, suspended bridges are the best option.

All types of bridges must have the following qualities:

a. Cover the vehicular flow demand, with enough lanes and/or spaces.

b. Support dead, live and accidental loads.

c. The structure is economically viable.

Figure 7.
Bridge of pre-stressed concrete Girders el Zacatal, México [7].
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3.2.1 Structural analysis and design

To comply with the previous qualities, the general statement to ensure safety on
the structural design of any bridge should follow the next equation:

Resistance≥Effects of the loads (1)

The structural design process includes two general ways to comply with Eq. (1)
and develop safety structures [1]:

a. Allowable Strength Design (ASD)

i. This procedure uses the linear behavior of the materials with a defined
yield strength which is located below the ultimate strength.

ii. Safety is obtained specifying the effects of the loads should produce
stresses as a fraction of yielding stress.

b. Load and Resistance Factor Design (LRFD)

i. This procedure reduces the resistance multiplying a resistance factor φ,
usually less than 1; and the load is multiplied by a load factor γ,
usually greater than 1.

ii. Since each load has different levels of recurrence, these factors will vary
depending on the load type.

The general way to obtain the stresses depends directly on the applied force, the
internal force and the geometry of the structural element [8]. The behavior of each
load applied can be listed as follows:

3.2.1.1 Axial stress

Applied to elements with tension or compression forces.

σ ¼ P
A

(2)

Where:
σ: Axial stress. Units: lb./in2 (N/mm2)
P: Internal axial force. Units: lb. (N)
A: Cross-sectional area. Units: in2 (mm2)

3.2.1.2 Direct shear stress

A to elements with direct shear forces.

τ ¼ V
A

(3)

Where:
τ: Direct shear stress. Units: lb./in2 (N/mm2)
V: Internal shear force. Units: lb. (N)
A: Cross-sectional area. Units: in2 (mm2)
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3.2.1.3 Torsion stress

Applied to elements with torsional moments.

τ ¼ Tr
J

(4)

Where:
τ: Torsional stress. Units: lb./in2 (N/mm2)
T: Torsional moment. Units: lb-in (N-mm)
A: Cross-sectional area. Units: in2 (mm2)

3.2.1.4 Bending stress

Applied to elements with bending moments.

σb ¼ Mc
I

(5)

Where:
σb: Bending stress. Units: lb./in2 (N/mm2)
c: Distance between neutral axis and external fiber. Units: in (mm)
I: Moment of inertia of the cross-sectional area. Units: in4 (mm4)

3.2.1.5 Shear stress due bending

Applied to elements with bending moments.

τb ¼ VQ
Ib

(6)

Where:
τb: Shear stress due bending. Units: lb./in2 (N/mm2)
Q: Moment of area. Units: in3 (mm3)
I: Moment of inertia of the cross-sectional area. Units: in4 (mm4)
b: Width of the cross-sectional area. Units: in (mm)

For structures with combination of forces applied at the same times, all stresses
are present and interact in the same time. Therefore, the stress combination can be
represented with maximum and minimum principal stresses, as shown below:

σ1,2 ¼
σx þ σy

2

� �
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σx � σy

2

� �2
� τxy2

r
(7)

Where:
σ1, σ2: Maximum and minimum principal stress.
σx, σy: Normal stress on x or y direction due axial or bending forces.
τxy : Shear stress due direct shear forces, torsion or bending forces.

Units for all stresses: lb./in2 (N/mm2)
According to Eq. (7), we should note that on maximum and minimum principal

stress, the shear stress is always zero. Now, the maximum shear can be found
following the next equation:

τmax ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σx � σy

2

� �2
� τxy2

r
(8)
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σx � σy

2

� �2
� τxy2

r
(8)
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In the case of the maximum shear stress, the normal stress is not zero and can be
found as follows:

σprom ¼ σx þ σy
2

� �
(9)

3.2.2 Bridge categories according the location of the main deck

The bridges can be classified according to its size, geometry, main function
and structure type. As a general way, the bridges can be divided into three
categories:

Category 1: The structure is located below the main deck.

a. Straight trusses.

b. Trusses with arch geometry.

c. Arches with stone or masonry material.

d. Rigid frames.

The geometry of this type of structures allows the user to have a clean view of
the road. In addition, most of the structural elements of the geometry have to work
under compression stress.

Category 2: The structure is located above the main deck.

a. Trusses.

b. Suspension bridges.

c. Cable-stayed bridges.

For these types of structures, the geometry is fully visible and for large bridges,
such as suspended or cable-stayed, the user can appreciate the architecture. Most of
the structural elements have to work under axial loads, mainly tension.

Category 3: The structure coincides with the main deck.

a. Girder-based bridges.

i. Lightened and solid slabs.

ii. Girders with varieties of cross sections.

These types of structures work mainly under bending and shear stresses. Bridges
of this type are the most used for short span.

3.3 Special bridges: Mexicali, Tacoma, Coatzacoalcos, Calatrava Jerusalem

Due to the great imagination of design and construction process, there are a
large number of bridges in operation with a wide variety of geometries. Therefore,
below are a few examples to show.
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3.3.1 Mexicali bridges: solution of the road distributor

The Mexicali road distributor consists of a series of bridges connecting the main
roads with the purpose of traffic flow continuity. Basically consists of two
reinforced concrete bridges as underpass section and two structural steel bridges as
overpass section. This structure is shown in Figure 8.

The underpass bridge section, both for vehicular and a railway line, consists of a
reinforced concrete slab supported at the ends by retaining walls and circular
columns of reinforced concrete supporting the center of the span. The main struc-
ture of this bridge section works as continuous girder. The spans are relatively short
and the structural slab depth is enough to fulfill the flexure stresses requirements.

The structure also has two structural steel decks as an overpass bridges,
consisting of continuous girder and supported by steel columns. The length of the
spans is small since they do not exceed 165 feet (50 m). A particular feature of this
particular structure is the energy dissipation device located below the girder sup-
ports. Mexicali has high seismic activity and the structure needs to withstand the
seismic loads with good lateral displacement performance.

3.3.2 Tacoma narrows bridge: a lesson learned

The suspension bridge located at Tacoma Narrows consists of two main struc-
tural steel towers supporting a main cable and the main deck is stiffened by two
steel girders. A total length of 5905 feet (1800 m) and a span of 2930 feet (893 m)
were covered. It was inaugurated in 1940 and became one of the largest bridges in
the world.

The main feature of this bridge was the dramatically collapse of the main deck
after a few months of inauguration, due to the oscillating movement with the action
of the wind flow. These forces were considered for structural design; however,
with a much slower wind velocity, the vibration movement increased with enough
speed to make the structure collapse. Looking into Figure 9, the oscillating
movements of the bridge can be observed.

Under research, the main reason for the collapse of the bridge was the concept of
resonance, which means, a range of coincidence between the natural frequency of
the structure and the frequency of wind thrust loads. The concept of vibration and
resonance is not visible easily and many factors influenced on the event:

Figure 8.
Mexicali bridges, road distributor [9].
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a. Very high slenderness ratio of the bridge.

b. Use of girders instead of truss as deck stiffener.

c. Obstruction of air flow due the girder itself, causing whirlwind.

After this event, studies on aerodynamics and aero-elasticity topics in the struc-
tures increased significantly, developing procedures to simulate these events on
structures, including bridges of very large spans.

3.3.3 Coatzacoalcos bridge: Mexico infrastructure

The cable-stayed bridge located in Veracruz, Mexico consists of two main
reinforced concrete towers that support the main deck with cable tensors and the
slab stiffened by two reinforced concrete girders. The structure has a total length of
3838 feet (1170 m) and a span length of 944 feet (288 m). Figure 10 shows an
overview of the structure.

Figure 9.
Tacoma narrows suspension bridge, under aerodynamic vibrations [10].

Figure 10.
Coatzacoalcos II cable-stayed bridge overview [11].
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The bridge consists of 15 supports, 14 sections and the main structure. The
towers and secondary columns are made of reinforced concrete; the main girder is
shaped like a drawer with reinforced concrete and the cable tensors supporting the
main deck are made of structural steel. It was inaugurated in 1984 and considered
one of the largest structures in Mexico.

3.3.4 Jerusalem bridge: architecture and modernity

This cable-stayed bridge is located in the city of Jerusalem and has a total span of
1181 feet (360 m). The bridge aims to help the city light trail system and the
structure consists of a main tower connecting the structural steel slab using 70 steel
cables and reinforced concrete supports.

The main feature of this bridge belongs to the architecture and geometry. It
was designed by Santiago Calatrava, a world-renowned architect and engineer, and
the user can recognize the structure as an unconventional bridge. As shown in
Figure 11, we can see the special geometry of the main tower and each of the cable
tensors, showing a harp shape. In addition, the main deck has a curved form.

The structure was inaugurated in 2008 marking a symbol in the city of Jerusa-
lem. Due to the great height of the main tower and its harp-shaped geometry, the
bridge can be appreciated from any place of the city.

4. Bridges construction and materials

Due the large number of variables on the conceptual design of a structure, there
is no special formula for determining the best option of a bridge. Many variables
come into play, from the experience of the engineers and architects, to the specific
needs of the place, such as topography, soil characteristics and materials availability.

There are several models to describe the general process of design, built, opera-
tion and maintenance of a bridge in a general way. One of the most compact
flowcharts was proposed by Addis [13], shown in Figure 12.

The process for any bridge design consists of input data, regulations, design
process and results, explained as follows:

Figure 11.
Jerusalem cable-stayed bridge [12].
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4.1 Inputs

All the information required to start the design process of any bridges is placed
in this category and can be classified as public and personal. Public information
refers to all existing bibliography like books, magazines, publications and software
available in the industry. These references should include all topics related to brid-
ges such as material properties, construction process, architectural design and
structural design. Personal information refers to the experience acquired by engi-
neers, architects and companies dedicated to the construction industry.

4.2 Regulations

All the rules, restrictions and limitations imposed on the process of creating and
design fall into this category. Details such as the budget, the client’s guidelines,
construction regulation and allowed materials are some of the established rules.

4.3 Output

All the information processed to be able to build any bridge is placed in this
category and can be divided into the description and justification of the results. The
description refers to all drawings, including architecture, structural, facilities and
roads. The justification refers to all technical information that supports the draw-
ings, from structural engineering to budgets.

4.4 Design procedure

In the central part of the flowchart is located the bridge design process, where
the input data, regulations and results are interacting together. The design of a
bridge implies the imagination of engineers and architects to solve the problem
statement, use of the previous knowledge to select the best geometry option and
justify the solution with the required calculations.

The flowchart process applies to any type of bridge and can be simple or com-
plicated as required. If we want a successful development of any bridge, there must
be a balance between the variables described in Figure 12.

Another point regarding the design process of bridge is the selection of the
appropriate material and geometry. According to Table 1, a recommended bridge’s
type is shown using geometry, material and span range selection variables [3].

Figure 12.
Model of the bridge design process [13].
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The recommended span range is related directly with budget challenges of each
project. As an example, consider the construction of 100 m span length structure
which can be developed using a concrete slab and concrete girder, according the
recommendations of Table 1.

Performing a structural and design of the proposed bridge, we can find the
minimum size for the concrete slab and the concrete girders; considering concrete
slab, the thickness to support 100 m of span will require a great depth in slab and
therefore, a large amount of concrete material will be required; therefore, if we use
girders, the amount of material will be less in comparison.

Depending the span range and geometry of the project, the best economical
option of bridge selection will be the efficient use of each material mechanical
properties, stress-strain relationship and the characteristics of the site.

4.5 Steel bridges

Bridges with steel material can enter into any of each three categories described
on Section 3.2.2. Depending on the type of steel to be used, yielding allowable stress
of the structural steel can vary between 36 ksi (249 MPa) and 70 ksi (483 MPa).
According to the American Institute of Steel Construction [14], common steel alloys
are A36, A992 and A572 Grade 50.

Within the steel bridges, the most common geometries are:

a. Straight truss, variable geometry truss or arc-shaped trusses.

b. Cable-stayed bridges.

c. Suspended bridges.

d. Bridges supported by girders.

A steel truss bridge is shown in Figure 13, with straight truss at the center of the
span and variable height near the column supports. The incremental height on the
truss near the columns occurs due an increment axial stress in each truss member.
The foundation, anchorage and check slab are made of reinforcement concrete;
piers can be made of steel or reinforced concrete, depending the site characteristics.

Steel cable-stayed bridge and suspension bridge with general geometry are
shown in Figures 14 and 15. Both structures have a main tower supporting the main

Bridge type Material Span range

Slab Concrete 0–40 ft. (0–12 m)

Girder Concrete 40–1000 ft. (12–300 m)

Girder Steel 100–1000 ft. (30–300 m)

Cable-Stayed Steel 300–3500 ft. (90–1100 m)

Truss Steel 300–1800 ft. (90–550 m)

Arch Concrete 300–1380 ft. (90–420 m)

Arch Steel 800–1800 ft. (240–550 m)

Suspension Steel 1000–6600 ft. (300–2000 m)

Table 1.
Span lengths for various bridge types [3].

107

Bridges: Structures and Materials, Ancient and Modern
DOI: http://dx.doi.org/10.5772/intechopen.90718



4.1 Inputs

All the information required to start the design process of any bridges is placed
in this category and can be classified as public and personal. Public information
refers to all existing bibliography like books, magazines, publications and software
available in the industry. These references should include all topics related to brid-
ges such as material properties, construction process, architectural design and
structural design. Personal information refers to the experience acquired by engi-
neers, architects and companies dedicated to the construction industry.

4.2 Regulations

All the rules, restrictions and limitations imposed on the process of creating and
design fall into this category. Details such as the budget, the client’s guidelines,
construction regulation and allowed materials are some of the established rules.

4.3 Output

All the information processed to be able to build any bridge is placed in this
category and can be divided into the description and justification of the results. The
description refers to all drawings, including architecture, structural, facilities and
roads. The justification refers to all technical information that supports the draw-
ings, from structural engineering to budgets.

4.4 Design procedure

In the central part of the flowchart is located the bridge design process, where
the input data, regulations and results are interacting together. The design of a
bridge implies the imagination of engineers and architects to solve the problem
statement, use of the previous knowledge to select the best geometry option and
justify the solution with the required calculations.

The flowchart process applies to any type of bridge and can be simple or com-
plicated as required. If we want a successful development of any bridge, there must
be a balance between the variables described in Figure 12.

Another point regarding the design process of bridge is the selection of the
appropriate material and geometry. According to Table 1, a recommended bridge’s
type is shown using geometry, material and span range selection variables [3].

Figure 12.
Model of the bridge design process [13].

106

Infrastructure Management and Construction

The recommended span range is related directly with budget challenges of each
project. As an example, consider the construction of 100 m span length structure
which can be developed using a concrete slab and concrete girder, according the
recommendations of Table 1.

Performing a structural and design of the proposed bridge, we can find the
minimum size for the concrete slab and the concrete girders; considering concrete
slab, the thickness to support 100 m of span will require a great depth in slab and
therefore, a large amount of concrete material will be required; therefore, if we use
girders, the amount of material will be less in comparison.

Depending the span range and geometry of the project, the best economical
option of bridge selection will be the efficient use of each material mechanical
properties, stress-strain relationship and the characteristics of the site.

4.5 Steel bridges

Bridges with steel material can enter into any of each three categories described
on Section 3.2.2. Depending on the type of steel to be used, yielding allowable stress
of the structural steel can vary between 36 ksi (249 MPa) and 70 ksi (483 MPa).
According to the American Institute of Steel Construction [14], common steel alloys
are A36, A992 and A572 Grade 50.

Within the steel bridges, the most common geometries are:

a. Straight truss, variable geometry truss or arc-shaped trusses.

b. Cable-stayed bridges.

c. Suspended bridges.

d. Bridges supported by girders.

A steel truss bridge is shown in Figure 13, with straight truss at the center of the
span and variable height near the column supports. The incremental height on the
truss near the columns occurs due an increment axial stress in each truss member.
The foundation, anchorage and check slab are made of reinforcement concrete;
piers can be made of steel or reinforced concrete, depending the site characteristics.

Steel cable-stayed bridge and suspension bridge with general geometry are
shown in Figures 14 and 15. Both structures have a main tower supporting the main

Bridge type Material Span range

Slab Concrete 0–40 ft. (0–12 m)

Girder Concrete 40–1000 ft. (12–300 m)

Girder Steel 100–1000 ft. (30–300 m)

Cable-Stayed Steel 300–3500 ft. (90–1100 m)

Truss Steel 300–1800 ft. (90–550 m)

Arch Concrete 300–1380 ft. (90–420 m)

Arch Steel 800–1800 ft. (240–550 m)

Suspension Steel 1000–6600 ft. (300–2000 m)

Table 1.
Span lengths for various bridge types [3].

107

Bridges: Structures and Materials, Ancient and Modern
DOI: http://dx.doi.org/10.5772/intechopen.90718



cables; the difference between these two bridges is the arrangement of the cables.
Cable-stayed bridges use a series of cables to support the deck connected directly
with the main tower; when the suspension bridges use a main cable supported
between the towers and a series of secondary cables supporting the main deck.

For both cable-stayed and suspension bridges, the main deck has a high slender
ratio due the long span covered and need additional structural elements to increase
the stiffness. Trusses are commonly used to stiff the main deck and allow the wind
to flow through these structural elements.

Tension stress is developed by the cables, which are the optimal geometry giving
a capacity to increase the span length. Looking into Table 1, for span lengths higher
than 3500 ft. (1100 m), the suspension bridge is the only economical option to
choose.

Bridges supported by steel girders are shown in Figure 16. The main deck is the
combination of the concrete slab, a wide variety of structural steel beam, piers and
anchorage geometries. The steel girders can be simply or continuous beams using
hot rolled sections or developed by steel plates.

Steel girders are working with bending stresses, which usually requires more
material if it is compared with truss elements. However, according to Table 1, these
types of bridges can be economical competitive for short and medium span lengths
due its easy construction procedures and less time-consuming during installation of
the girders. Also, these girders have a great stiffness compared with truss bridges,
reducing vibration responses produced by traffic and wind flow.

Figure 13.
Steel truss bridges for long span lengths.

Figure 14.
Steel cable-stayed bridges for long span lengths.

Figure 15.
Suspension bridges for long span lengths.
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4.6 Concrete bridges

Concrete bridges can be categorized as below or directly on the main structure,
as described on Section 3.2.2. According to the American Concrete Institute
(A.C.I.), the compression strength of concrete can vary from f’c of 3 ksi (20 MPa)
to 7 ksi (48 MPa), depending on cement, water, natural gravel and sand ratios
used [15].

There are many advantages of concrete material compared with structural steel,
including its capacity to support compression stresses and the availability on con-
struction industry. Tension stresses are carried out by the reinforcement, making a
composite structural material.

Within the reinforced, pre-stressed and post-stressed concrete bridges, we can
find the following geometries:

a. Arc-shaped concrete below the main deck.

b. Cable-stayed bridges, where the entire structure used concrete except for
tensors.

c. Bridges supported by girders.

Arc-shaped concrete bridge is shown in Figure 17, which consists of an arc
shaped element below all the structure, supporting the piers and the main deck. The
concrete arch-shaped element is working mainly by compression stress due its
curvature, taking advantage of the material capacity. Piers are working as flexure-
compression stress and the main deck is working as shear and bending stress.
According to Table 1, the recommended span length for structural and economical
purposes is 300–1380 ft. (90–420 m).

The principal feature of pre-stressed concrete girders against simply reinforced
concrete girders is the increase of the span length without the need of increases the

Figure 16.
Steel bridges for short and medium span lengths.
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beam height, taking advantage of the effective inertia and providing greater stiff-
ness to the bridge. This geometry type is widely used to build bridges across the
cities, highways or interstate roads.

According to Table 2, there are a wide variety of recommended girders, consid-
ering precast pre-stressed or cast-in-place post-stressed concrete with different
cross-sectional geometries, taking account the clear span to cover and the material
mechanical properties [16].

Each construction procedure have its own benefits; for example, precast pre-
stressed girders have the advantage of less time installation consuming and mini-
mum frameworks to use compared with cast-in-place post-stressed girders or cast-
in-place slabs, but only can be performed a simple cross-sectional area; by the other
hand, cast-in place girders can have any desired cross-sectional geometry, which is
adaptable and commonly required on any project.

A concrete girder bridge is shown in Figure 18, considering few types of con-
struction procedures and geometries, using the same piers and anchorage.

Cast-in-place reinforced concrete slab or T-beams can be used for small span
lengths, as recommended in Table 1, and precast pre-stressed I-beams are used for
spans lower than 150 ft. (45 m) according Table 2. All these types of girders works
for bending stress, which limits the span range; however, due its easy construction
procedures, are widely used for most common bridges.

4.7 Other materials

Most bridges use structural steel and concrete as main materials. However, there
are other materials that can help to complement the structure, depending on some
features:

Figure 17.
Concrete bridges for medium span lengths.

Bridge type Span range

Precast pre-stressed I-beam 0–150 ft. (0–45 m)

Cast-in-place post-stressed box girder 100–300 ft. (30–90 m)

Precast balanced cantilever, constant depth 100–300 ft. (30–90 m)

Precast balanced cantilever, variable depth 200–600 ft. (60–180 m)

Cast-in-place cantilever segmental 200–1000 ft. (60–300 m)

Cable-stayed with balanced cantilever segmental 800–1500 ft. (240–450 m)

Table 2.
Span lengths for various concrete bridge types [16].
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a. Wooden bridges, used for small crosswalks or where span lengths are short
and loads are low.

b. Stainless steel, where it replaces carbon steel parts of the bridge, increasing
resistance to humidity and environmental factors.

c. Carbon fibers, used as rehabilitation process and perform capacity
improvement of existing structural elements.

5. Maintenance avoids bridge deterioration

The general process for the development of any bridge are described in the flow
chart showed in Figure 12 and includes planning, design, operation and mainte-
nance procedures. To ensure the useful life of the bridge, a maintenance plan must
be established, depending on the physical and environmental factors.

According to AASHTO, there are a high variety of loads that the bridge must
support and should be considered in the structural design process [17]. These loads
are considered as physical factors and can described as follows:

a. Dead loads

Refers to the own weight of the structure, including installations, finishes, bear-
ing surface and all loads that will not have variability over time.

Figure 18.
Concrete bridges for short span lengths.
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b. Live loads

This type of loads refers to a generalized use of the bridge, this means the traffic
flow and people walking, including braking, impact, collision and their dynamic
loads. This category includes environmental factors such as rain and snow.

c. Accidental loads

This type refers to an extraordinary event that the structure needs to support,
commonly produced by wind and earthquake loads. In some cases, a collision by a
ship or a flood event may be considered.

In addition to physical loads, there are other factors that can affect the useful life
of the bride, named environmental factors and described as follows:

a. Humidity

This environmental factor affects the chemical composition of iron and steel
materials, which in direct contact creates corrosion process and develops a material
degradation.

b. Abrasive factors

These factors can affect the material composition due the chemicals reactions by
air, water and soil exposures. Each material could have a specific chemical reaction
and depends for the levels of exposure.

Dead, live and accidental loads affect the mechanical properties of the structure
itself, which results are stresses and deformations. If a load exceeds the capacity of
the material, some type of damage will occur, from permanent deformation to crack
growth, and the structural element will require a repair.

The environmental factors are associated with the material degradation process,
which can results in reduction of the effective inertia. All cases imply the reduction
of material resistance and element sizes, developing a stress and strain increase, and
therefore, a possible failure.

Proper maintenance avoids possible damages on the structural elements due any
physical or environmental factors, and therefore, an increase of the structure
expected life.

6. Degradation process: corrosion, wear and fatigue

Since the physical and environmental factors are present in each structure, all
materials may be subjected to alterations in their chemical composition, modifying
the mechanical and physical properties, shortening the useful life of the structure
and requesting any kind of repairmen. These factors with the alteration are listed in
this section.

6.1 Degradation due environmental factors: corrosion

Structural steel and concrete reinforcing steel in presence of humidity will have
the problem of corrosion, a chemical process involving an electrochemical reaction
which occurs due the direct exposure to water, creating rusting and developing the
material degradation process.
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For reinforcing steel in concrete structures, the corrosion problem can be present
when the rebar is exposed, oxidizing the area and develops structural problems.

Figure 19 shows a damaged pier due corrosion of the reinforcement steel, losing
the coating and reducing the cross-sectional area, which means a reduction of the
mechanical capacity of the element.

On the other hand, if the structural steel is fully exposed to the environment
without any humidity protection, the level of oxidation will be present on the entire
element and will develop a generalized rusting reaction. Figure 20 shows a struc-
tural steel bridge with all elements damaged by corrosion.

6.2 Degradation due physical factors: wear and fatigue

Wear degradation during the life of a bridge occurs due its continuous use,
where the friction is present by physical forces, including the pass of the vehicles
over the main deck. These vehicles generate frictional forces when perform braking
and accelerating, causing wear on the structure. For bridges where the piers are in
contact with water flow, the friction causes degradation.

Usually traffic flow perform low wear degradation over the deck, however, if the
road have any defect, will create bumps and wear will be increased rapidly, creating
damages. Bridges using simply supported girders will require construction joints
between supports; these joints are examples of places were bumps are easily created

Figure 19.
Concrete piers of reinforced steel with corrosion problems [18].

Figure 20.
Bridge of structural steel with corrosion problems [19].
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due poor construction procedures. Figure 21 shows a typical bump problem, which
can be avoided using any joint procedure and materials offered in the industry.

Another physical factor that affects the structure is fatigue, caused by the load-
ing and unloading forces due the traffic flow, affecting the stressed elements of the
bridge. Fatigue causes degradation on material mechanical properties with each
load cycle; this means each vehicle passing over the deck. If each cyclic load pro-
duces a stress equal or higher to yielding stress of the material, therefore a large
amount of cycles will cause a decrease on the material allowable, allowing brittle
failure of the element. Figure 22 shows a crack developed due fatigue stress loads;
notice there are no yielded zones on the beam, only a sudden crack.

6.3 Prevention and protection

Since material degradation process is inevitable for both physical and environ-
mental factors, a few actions must be considered on the design process to control

Figure 21.
Bridge concrete construction joint damaged [20].

Figure 22.
Steel beam with fatigue crack failure [21].
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corrosion, wear and fatigue. Prevention and protection procedures are required,
including maintenance process to avoid possible damage.

Corrosion prevention is the best economic way to preserve the structural ele-
ments of any bridge and the result is a positive benefit in the useful life of the
materials [22]. Acidic corrosive emissions and hydrocarbons, in combination with
high humidity accelerate the process of corrosion and degradation. The designer
should analyze the type of electrochemical attack that would occur during the life of
the structure.

For structural steel, epoxy paints are used to insulate direct contact of water or
moisture. For the reinforcement of concrete, should take care of the coating to avoid
exposure to moisture. As shown in Figure 23, the possibility of install a cathodic
protection system should be considered.

Wear degradation process is unavoidable for any surface subjected to friction;
therefore, the damage depends of the applied load and affected zone. If a flexible
roadway is used, wear degradation is higher and requires additional maintenance
compared with reinforced concrete roadway. By the other hand, reinforced con-
crete piers may have contact with the water flow of the river; frictional forces
would be present and wear factor became an issue, requiring additional coating to
protect the reinforcing bars.

For fatigue degradation process, the designer must consider the weight of all
vehicle types, cyclic loads, loading scenarios and fatigue material properties as a
way to prevent brittle failure. All elements should have enough stiffness to avoid
high stresses under typical cyclic load cases, therefore the fatigue allowable stress
should be greater than the applied loads. Fatigue procedures as Modified Goodman
Diagram or Miner’s Rule are used [24].

7. Testing and monitoring

To ensure the success of all methods implemented to avoid bridge degradation,
a testing and monitoring plan must be established as part of the maintenance proce-
dure. The cost of maintenance plan should be incorporated on the bridge’s budget [25].

As a first step, visual review of the bridge structural elements should be performed
in a scheduled given time. The girders, piers, connections, cables, deck and materials
used must show no damage, such as cracks, corrosion, visible deformations or any
variable that indicates a problem. Monitoring techniques are used as a way to mea-
sures the loading cycles, cracks or corrosion and prevent any damage on the bridge.

For corrosion mitigation and prevention, the maintenance process must have a
plan taking into account the next features:

a. Expected useful life of the bridge.

b. Environmental exposure.

Figure 23.
Steel beam with fatigue crack failure [23].

115

Bridges: Structures and Materials, Ancient and Modern
DOI: http://dx.doi.org/10.5772/intechopen.90718



due poor construction procedures. Figure 21 shows a typical bump problem, which
can be avoided using any joint procedure and materials offered in the industry.

Another physical factor that affects the structure is fatigue, caused by the load-
ing and unloading forces due the traffic flow, affecting the stressed elements of the
bridge. Fatigue causes degradation on material mechanical properties with each
load cycle; this means each vehicle passing over the deck. If each cyclic load pro-
duces a stress equal or higher to yielding stress of the material, therefore a large
amount of cycles will cause a decrease on the material allowable, allowing brittle
failure of the element. Figure 22 shows a crack developed due fatigue stress loads;
notice there are no yielded zones on the beam, only a sudden crack.

6.3 Prevention and protection

Since material degradation process is inevitable for both physical and environ-
mental factors, a few actions must be considered on the design process to control

Figure 21.
Bridge concrete construction joint damaged [20].

Figure 22.
Steel beam with fatigue crack failure [21].

114

Infrastructure Management and Construction

corrosion, wear and fatigue. Prevention and protection procedures are required,
including maintenance process to avoid possible damage.

Corrosion prevention is the best economic way to preserve the structural ele-
ments of any bridge and the result is a positive benefit in the useful life of the
materials [22]. Acidic corrosive emissions and hydrocarbons, in combination with
high humidity accelerate the process of corrosion and degradation. The designer
should analyze the type of electrochemical attack that would occur during the life of
the structure.

For structural steel, epoxy paints are used to insulate direct contact of water or
moisture. For the reinforcement of concrete, should take care of the coating to avoid
exposure to moisture. As shown in Figure 23, the possibility of install a cathodic
protection system should be considered.

Wear degradation process is unavoidable for any surface subjected to friction;
therefore, the damage depends of the applied load and affected zone. If a flexible
roadway is used, wear degradation is higher and requires additional maintenance
compared with reinforced concrete roadway. By the other hand, reinforced con-
crete piers may have contact with the water flow of the river; frictional forces
would be present and wear factor became an issue, requiring additional coating to
protect the reinforcing bars.

For fatigue degradation process, the designer must consider the weight of all
vehicle types, cyclic loads, loading scenarios and fatigue material properties as a
way to prevent brittle failure. All elements should have enough stiffness to avoid
high stresses under typical cyclic load cases, therefore the fatigue allowable stress
should be greater than the applied loads. Fatigue procedures as Modified Goodman
Diagram or Miner’s Rule are used [24].

7. Testing and monitoring

To ensure the success of all methods implemented to avoid bridge degradation,
a testing and monitoring plan must be established as part of the maintenance proce-
dure. The cost of maintenance plan should be incorporated on the bridge’s budget [25].

As a first step, visual review of the bridge structural elements should be performed
in a scheduled given time. The girders, piers, connections, cables, deck and materials
used must show no damage, such as cracks, corrosion, visible deformations or any
variable that indicates a problem. Monitoring techniques are used as a way to mea-
sures the loading cycles, cracks or corrosion and prevent any damage on the bridge.

For corrosion mitigation and prevention, the maintenance process must have a
plan taking into account the next features:

a. Expected useful life of the bridge.

b. Environmental exposure.

Figure 23.
Steel beam with fatigue crack failure [23].

115

Bridges: Structures and Materials, Ancient and Modern
DOI: http://dx.doi.org/10.5772/intechopen.90718



c. Classification of the bridge.

d. Details of corrosion mitigation and prevention methods.

e. Maintenance programs.

If there is no budget on review and monitoring procedures, maintenance will not
be a preventive action and becomes corrective, which means higher repair costs and
partial or total closure of the bridge.

8. Conclusion and recommendations

The definition of infrastructure includes wide variety of structures, each one
with a specific purpose and its function serves the development of the society. All
elements of the infrastructure are connected and any issue of an individual part will
affect the entire system, slowing down the economic growth.

Transportation infrastructure has the purpose to connect two places using aerial,
land and maritime methods, developing a wide variety of structures to comply with
its objective. Bridges are part of land infrastructure and are used as link between
two places with difficult access using single roads or highways. These types of
structures have higher construction costs per mile if they are compared with single
roads; therefore, there must be a complete plan to develop the project, which should
include the number of lines required to meet traffic flow, vehicle load, site, geo-
metric and budget requirements.

Large bridges exist since hundreds of year ago, where its use was restricted to
aqueducts, carriages and road connectors for travelers, using as construction mate-
rial stone and wood. The introduction of train and vehicles on the industry with the
development of structural steel and Portland cement, modern bridges began,
increasing load capacity and span length to cover.

There is no specific formula to choose the best option of bridges, due large
amount of factors that depends on the structure, as geometry of the bridge, the
experience of the construction companies, materials, loads to be carried out,
labor available, budget and local site restrictions. A whole process that involves
planning, design, construction and maintenance of the structure must be
established.

The best economical option for a bridge is the combination of the efficient
interaction of geometry and material, taking advantage of tension elements as the
main structure. As we can see in Table 2, cable-stayed and suspension bridge are
the best economical option for span lengths higher than 1800 ft. (550 m), due
tension capacity of the steel cables. The span recommendations of Tables 1 and 2
are a combination of efficient stress capacity due proposed geometry, in alignment
of low deformations and material savings, making lower costs and improving
budgets.

While planning, design and construction stages of the bridge are carefully stud-
ied to ensure its functionality; maintenance is given less importance thinking that
the structure will have its useful life without any problems, when reality implies a
degradation process, due its use and environmental factors. Maintenance plan is
needed to avoid over costs during the life of the bridge.

Wear and fatigue degradation can be carefully studied and analyzed during the
design procedure process, which will be present on all structures. However, corro-
sion degradation depends of the local site environment, mainly humidity and water
contact, considered automatically as maintenance plan. Some cases, this
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maintenance plan is not developed during the design process, and therefore, is not
implemented by the time required.

Maintenance plan is always required for a long term useful life of any structure,
because degradation process is present all the time. There are issues to be solved if
damage due environmental factor is present and maintenance plan was not devel-
oped during design process, including budget, repairmen high cost of damaged
elements and closure of the bridge. As a conclusion, these issued can be avoided if
proper maintenance plan is developed during the design process.

For a successful bridge development, a complete plan should be considered in
the entire design process, including the bridge’s proposal, design process, construc-
tion methods and maintenance program. All variables together will result as a long-
term useful life for any structure.
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