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  EXECUTIVE SUMMARY  
2021LR04EN 

INCREASING RESILIENCE OF EARTH STRUCTURES TO 

NATURAL HAZARDS 

This report provides preliminary background on the topic of “Increasing Resilience of Earth 

Structures to Natural Hazards” assigned to WG1 of PIARC TC 4.3 as part of the 2020-2023 Work 

Program. This topic will be further developed as part of the 2020-2023 Work Cycle and is expected 

to be completed by two adittional documents for this topic: a Case Studies Report and a Full Report. 

This Literature Review provides general insight on how the concept of resilience is currently being 

considered among the academic and technical community.  Adapting and refining this concept and 

determining how it applies to earth structures and natural hazards will be developed in the 

subsequent reports. 

The production of this report was carried out in multiple phases. The first phase involved a cursory 

review and selection  of relevant documents that address, directly or indirectly, the concept of 

resilience. The selected documents address the concept of resilience in various ways, from the most 

general meaning of the concept, to its specific application in road infrastructure. In the second 

phase, the selected documents had been analyzed in order to extract and highlight any factors that 

may impact resilience, any hazards that may be present, and any existing methodologies for the 

measure of resilience and corresponding indicators. 

This literature review presents all relevant information, under appropriate subcategories, namely 

complex systems, infrastructures and assets. Case studies presented in this literature review have 

also been listed in Chapter 8. 

In order to serve its function as preliminary background for future works, conclusions and 

reccommendations have been provided in Chapters 9 and 10 of the document.   

As a result of this literature review, it was concluded that resilience is not a well established or 

extensively studied concept and, therefore, an unambiguous definition valid for every technical 

field of interest does not exist. Moreover, no specific consideration to earth structures was found 

in reference documents when adressing the concept of resilience. This topic is expected to be 

further developed in future works planned by WG1 of PIARC TC 4.3 during the 2020-2023 working 

cycle, including coordination with other PIARC Technical Committees. 
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1. INTRODUCTION 

The main objective of this literature review is to provide insight into how the concept of resilience is 

being considered among infrastructure stakeholders, how it can be adapted and applied to earth 

structures and to identify specific measures to increase resilience in these elements. 

The contents of this literature review are structured into 12 Chapters. Following the introduction, 

the report details the methodology employed during the document selection and revision process, 

and explores relevant concepts extracted from selected douments. Specific Chapters have been 

devoted to identified concepts, including the definition of resilience and other secondary concepts 

associated to it, disruptive events,  methodologies for a qualitative or quantitative measure of 

resilience, and resilience enhancing measures, to explore what existing literature has to offer. Finally, 

this report includes a chapter on case studies as listed in the bibliography, two Chapters for 

Conclusions and Recommendations and two additional sections for the Glossary and References. The 

final References Chapter consolidates a list of all finalized documents from the selection and revision 

process for consultation as required. 
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2. METHODOLOGY 

The production of this literature review was undertaken in four diferent phases. 

The first phase consisted of a cursory selection process for relevant documents that address, directly 

or indirectly, the concept of resilience. The selection includes some existing PIARC reports but 

primarily non-PIARC published documents. A list of finalized documents and their respective titles 

and authors has been compiled into the References Section of this report. Criteria used during the 

selection process assessed relevancy to the concept of resilience or to other related aspects, such as 

hazards, risk management, and vulnerability of earth structures. The selection criteria also 

considered other relevant aspects, such as resilience assessment and measures for improving 

resilience. 

In the second phase, selected documents had been reviewed by members of Working Group WG-1 

“Increasing Resilience of Earth Structures to Natural Hazards” of PIARC TC 4-3 “Earthworks”. With 

the aim of harmonizing and objectifying the results of the revision process, a common worksheet was 

used by all participating TC members. The mentioned worksheet is presented in Figure 1.  Individual 

copies of the worksheet were completed for each document that was reviewed. 

During the third, all information compiled in the worksheets was shared among TC members 

commissioned to prepare this literature review. The information had been analysed and discussed in 

order to identify potential similarities in any aspect related to resilience, with a special interest in 

earth structures. 

The final stage concludes with the writing of the present document, where the gathered information, 

the conclusions and the recommendations have been presented in the following Chapters. 
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Figure 1 : Questionnaire worksheet used for the literature review. 
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3. DEFINITION OF RESILIENCE 

This Chapter will address how the concept of resilience is defined by the selected documents listed 

in the Bibliography. 

Although there is no consensus on a specific definition for resilience, common ideas and themes for 

this concept exist and are presented by selected documents. Terminology employed in describing 

the concept of resilience varies widely according to specific applications. (Figure 2). 

 

Figure 2 : evolution of resilience concepts (Folke, 2006, from Djalante, 2013) 

 

As an example, some definitions for this concept are exposed: 

• General definition: The ability of a system, community or society exposed to hazards to 

resist, absorb, accommodate to and recover from the effects of a hazard in a timely and 

efficient manner, including through the preservation and restoration of its essential basic 

structures and functions, as defined by United Nations International Strategy for Disaster 

Reduction (UNISDR) (Djalante et al., 2012).  

• Resilience in a system: The capacity of a system to plan for, recover from and adapt to 

adverse events overtime, as defined by USA National Academy of Science (Ientile et al., 

2020). 

• Resilience in a system : In most fields, the concept is recognized to be multifaceted.The 

ability of a system to reduce the chances of a shock, to absorb a shock capable of causing 

abrupt reduction of performance, and to recover quickly after the occurrence of a shock. 

(Marcelo et al., 2018). 

• Resilience in a complex system: The ability of the system to react to perturbations, 

internal failures, and environmental events by absorbing the disturbance and/or 

reorganizing to maintain its functions. A measure of the ability of these systems to absorb 

changes of state variables, driving variables, and parameters, and still persist. Stability. The 

capacity to absorb environmental shocks and still maintain function. The ability of the 

system to face with and adapt to change. A multifaceted capability of complex systems 

that encompasses avoiding, absorbing, adapting to, and recovering from disruptions. In 

the literature, resilience can be subclassified as ecological resilience, organizational 

resilience, resilience engineering, system resilience, and psychological resilience 

(Frascaccia et al., 2018). 

• Resilience engineering: Ability of a system to sense, recognize, adapt, and absorb 

variations, changes, disturbances, disruptions, and surprises. The ability to bounce back 

when hit with unexpected events. The joint ability of a system to resist (prevent and 
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withstand) any possible hazards, absorb the initial damage, and recover to normal 

operation. (Frascaccia et al., 2018). 

• Resilience in a transport system:  

o The ability of assets, networks and systems to anticipate, absorb, adapt to 

and/or rapidly recover from a disruptive event (Highways England, 2020a). 

o Asset’s ability to withstand shocks in such a way that minimizes functionality 

losses (i.e., robustness or resistance) and asset’s capacity to recover 

functionality across multiple dimensions following a disaster event (i.e., 

recoverability) (Onishi, 2018). 

• Resilience of critical infrastructure: a transformative, cyclical process that builds 

capacities in technical, social and organisational resources for critical system function, so 

as to mitigate the impacts of disruptive events and long-term incremental changes, thus 

guaranteeing the continued provision of its basic functions. Critical infrastructure 

resilience is based upon new forms of risk management, adaptability and the assessment 

of potential trade-offs between parts of a system. A resilient infrastructure is capable of 

dealing with scenarios linked to disastrous events with the aim of minimizing service 

interruptions and quickly recovering. (Ientile, 2020). 

• Resilience of infrastructure: Ability to absorb, withstand, and rapidly recover from hazard 

strikes impacting the local, regional, or national level. The Infrastructure Resilience Domain 

(IRD) focuses on built civil infrastructure and lifeline systems and how they interact with 

other infrastructure systems to support the greater local, regional, and national resilience 

(Kiyoshi, 2018).  

• Resilience of transport infrastructure with respect to a defined service: The ability to 

continue to provide service if a hazard event occurs. (Burkhalter et al., 2021). 

After analyzing these definitions, the question of “resilience of what” (Marcelo et al., 2018) 

(Frascaccia et al., 2018) clearly arises. The term resilience can be defined at verious levels, based on 

its application: a general definition, in a system as a general concept, in an specific system (e.g., a 

transport system), in a part of a system (e.g., a transport infrastructure) or in specific,  defined assets 

(e.g., earth structures). Our own opinion is that, to provide a complete definition of resilience, it is 

crucial to have a predefined scope or, in other words, the level or the scale on which resilience should 

be considered. 

At all levels, the concept of resilience and related topics are often illustrated with a cyclical 

framework that includes the following stages: prevent, prepare, respond, and recover (Figure 3).  
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Figure 3: how methodology of resilience can help after a disaster at a system scale (Lange et al., 2016) 
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4. OTHER CONCEPTS INVOLVED 

The definition of resilience, at any level of consideration, also includes related concepts that need to 

be clearly defined. As an example, we can find the following concepts from reviewed documents: 

Concepts directly related to resilience in its definition, as they are explicitly mentioned in its definition 

by some of the authors : 

• Service (in a transport system): ability to perform an activity in a certain way. This 

definition can be operationalised, for example, as the ability to transport from A to B the 

required goods and persons, within a specific amount of time, and for goods without being 

damaged, while for persons without being hurt or losing their lives (Burkhalter et al, 2021). 

• Hazard event: (Burkhalter et al., 2021) The event that could occur due to the presence of 

the hazard (Highways England, 2020a). 

• Disruptive event: (Ientile et al., 2020) (Highways England, 2020a). 

• Transport system: considered to have three main components: 1- Infrastructure, 2- 

Environment and 3-Organization (Burkhalter et al., 2021). 

• Infrastructure (in a transport system): the physical assets that are required to provide the 

service (Burkhalter et al., 2021). 

• Resilience “of what” : includes the analysis of the boundaries of the complex system and 

of their features critical for resilience (Frascaccia et al., 2018). 

• Resilience “to what” : concerns the characteristics of disturbance, specifying its nature and 

magnitude (Frascaccia et al., 2018). 

Concepts indirectly related to resilience, as they are considered to be closely related to the concept 

but not explicitly mentioned in its definition: 

• Risk analysis (Mignelli et al., 2012) (Figure 4). 

• Risk assesment (Moreno et al., 2009) (The World Bank) (ROADAPT, 2014) (Figure 4). 

• Risk management (Moreno et al., 2009) (Ientil et al., 2020) (Highways England, 2020a) 

(Figure 4). 

• Vulnerability (Cerema, 2016) (Ientile et al., 2020) (Highways England, 2020a). 

• Asset criticality: Operational characteristics of an asset, such as its location and use, that 

define its contribution to the performance of the network (Highways England, 2020a). 

• Network Criticality: The importance of the network, proximate to the asset, in delivering 

an organisation’s strategic outcomes (Highways England, 2020a). 

• Trigger: An occurrence which, when combined with an existing hazard, may lead to a 

defect or hazard event (Highways England, 2020a) (Rotaru, 2009). 
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Figure 4 : concept of risk analysis, risk assesment, and risk management (Projet National C2ROP, 2020)  

Principles, factors, categories, dimensions, drivers and key concepts of resilience. In this category 

there have been listed different sorts of concepts that have a clear influence on resilience and 

deserved to be mentioned in order that they could be considererd in future works for PIARC TC 4.3: 
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• 6 principles  (Frascaccia et al., 2018):  

o flexibility  

o controllability 

o early detection 

o minimization of failure 

o limitation of effects 

o administrative controls/procedures 

• 5 factors  (Frascaccia et al., 2018):  

o design 

o detection potential 

o emergency response plan 

o human factor 

o safety management 

• 2 categories (Frascaccia et al., 2018): 

o Physical infrastructures (e.g. transport infrastructures) 

o Production systems 

• Dimensions (Frascaccia et al., 2018): 

o Stability: refers to the ability of the system to preserve or return to the same 

equilibrium state when a failure occurs.  

o Robustness: is the property of the system to maintain its basic functionality 

when subjected to failures and voluntary attacks. 

o Vulnerability: concerns the sensitivity of the system to threats and stress. It 

measures the degree of loss and damage due to the impact of hazards. 

o Safety : is a condition of an engineering system associated with lack (or limited 

levels) of injury to people and of property damage, achieved through a 

defense process of hazard identification and risk management. 

o Adaptive capacity: involves transformation, learning, self-organization, and 

positive feedback at multiple scales.  

o Flexibility: capacity of the system (e.g., transportation system) to take 

different positions to respond better to change. 

• Dimensions (Kiyoshi, 2018): 

o Redundancy 

o Rapidity 

o Resourcefulness 

o Robustness 

o Adaptation 

• Drivers (Frascaccia et al., 2018): 

o Redundancy and connectivity are considered as the main drivers of the 

resilience of engineering systems, because they are found to positively impact 

on adaptability and robustness.  

o Redundancy: a number of elements providing the same function to the 

system. 

o Connectivity: the ability of different elements to be linked by different 

pathways. 

• Components (Highways England, 2020b): 
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o Resistance: Represents the prevention of the hazard event or engineering of 

assets and systems to withstand hazard events without damage or disruption. 

This could include reconstruction of a geotechnical asset, re-grading of the 

slope, or the installation of an Special Geotechnical Measure (SGM). It could 

also include regular maintenance of the geotechnical asset and associated 

SGMs (e.g. soil nails, drainage) that are designed to mitigate the likelihood of 

a geotechnical event occurring. 

o Reliability: Represents the ability of an affected asset to function as designed 

during a hazard event, even if deteriorated, with damage limited to an 

acceptable tolerance (in terms of the impact on the functioning of the network 

and/or the cost to repair the damage). This could include monitoring that 

provides warning of any change in state and therefore limit the impact on the 

network performance.  

o Redundancy: Represents the ability of the road network to function without 

the affected asset, possibly with a reduced level of performance. This could 

include providing equivalent assets to the affected asset, such as alternative 

gantries with additional electronic information signage and ensuring that 

there are adequate and appropriate diversions available. It may not be 

feasible to have redundancy in all locations.  

o Response and Recovery: Represents the ability to recover the asset and/or 

system capability after a hazard event. This could include general emergency 

response plans or site specific contingency plans for areas of known risk; this 

could include asset monitoring with appropriate trigger levels. These plans 

should be communicated, and rehearsals undertaken. Moreover, a supply 

chain that is ready to undertake investigatory and remedial works in a timely 

manner should be available. 

• Key resilience concepts related to road transport sector (Marcelo et al., 2018): 

o Loss of functionality (𝐿𝑜𝐹): accounts for reduced levels of service due to 

disaster events, most often natural.  

o Structural robustness: helps alleviate or prevent reduced levels of service in 

the event of a disaster. 

o Recoverability: refers to the ability of an asset to recover its functionality 

quickly. 

o Project-Level versus System-Level Resilience: When evaluating and measuring 

resilience, it becomes important to clarify the level of analysis (the “resilience 

of what”). Assessment of project-level resilience considers the functionality 

loss in the event of a shock and the ability of an asset to quickly recover from 

functionality loss. System-level resilience, on the other hand, refers to the 

region's or infrastructure network's capacity to absorb and recover from 

disasters. 

After analysing the concepts mentioned by selected documents, it is clear that to obtain a correct 

and complete definition of resilience, it is necessary to outline two concepts in advance; the 

boundaries of the system where resilience is to be assessed (Figure 5) and the hazard or disruptive 

event that affects the system, or, in other words, the resilience “of what” “to what”. 
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Figure 5 : the boundaries of the system (from the authors) 

When considering the scope of Working Group 1 of PIARC TC-4.3 (increasing resilience of earth 

structures to natural hazards), the boundaries or the level of the system to be assessed would have 

to be earth structures, (i.e. geotechnical assets of a transport (road) intrastructure) and the disruptive 

event would have to be natural hazards. A more general approach could be considered (a complete 

infrastructure network, the whole transport system, any other disruptive event different to natural 

hazards), but this consideration would exceed the scope of the work program for TC 4.3. 

That analysis is also recommended for all related concepts for resilience as mentioned in this Chapter, 

in order to consider potential applications in any methodology that could be developed for measuring 

the resilience of earth structures to natural hazards.  
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5. IDENTIFIED HAZARDS OR DISRUPTIVE EVENTS 

5.1. HAZARD CLASSIFICATION 

Any hazard, disruptive event, disaster or threat that could affect a transport system or its 

environment at a regional scale and is included in the documents referenced in this report was 

identified and compiled. This task considered four levels: events affecting the environment, the 

complete transport systems, the whole infrastructure and a specific earth structure.   

Obviously, the same hazard could be considered affecting more than one level. In this case, the event 

has only been compiled in the category related to the highest level that could be affected, in order 

to avoid repetition. The hazards are classified in the following levels, going from big to small: 

5.1.1. Identified hazards to environment / regional scale 

• Natural disasters (earthquakes, hurricanes, floods,…) (Moreno et al., 2009) (Luci-Atienza, 

2020) (Marcelo et al., 2018). 

• Volcanic eruptions (Luci-Atienza, 2020) (Marcelo et al., 2018) (Kiyoshi, 2018) (García). 

• Earthquakes (Luci-Atienza, 2020) (Marcelo et al., 2018) (PIARC, 2013) (Kiyoshi, 2018). 

• Tsunami (Marcelo et al., 2018) (Kiyoshi, 2018) (García, undated) (The World Bank). 

• Forest fires (Luci-Atienza, 2020) (PIARC TC C.3, 2013) (Kiyoshi, 2018) (García, undated). 

• Tropical cyclone, typhoon, tornado, hurricane (Lange et al., 2016) (Luci-Atienza, 2020) 

(Kiyoshi, 2018) (García, undated). 

• Winter storms (García, undated). 

• Climate change (Moreno et al., 2009) (Zbarnea and Popa, 2016) (ROADAPT, 2014). 

• Intense precipitation events combined with deforestation increased the vulnerability as 

well as the magnitude of flooding (increases rate of run-off and reduces structural integrity 

of slopes) (Moreno et al., 2009). 

• Deforestation and erosion (Zbarnea and Popa, 2016). 

• Floods, torrents, flash floods. (Zbarnea and Popa, 2016) (Lange et al., 2016) 

(Marcelo et al., 2018) (Kiyoshi, 2018) (García, undated) (The World Bank, undated). 

• Drought (The World Bank, undated). 

• Any unforeseen disaster risks (Kiyoshi, 2018). 

5.1.2. Identified hazards to transport systems 

• Broad range of events, which can be classified as intentional or unexpected: terroristic 

attacks, sabotages, technical failures, human failures, accidents, natural events, disasters, 

changes in technology, society, and environment (Frascaccia et al., 2018). 

• Technological hazards (Kiyoshi, 2018). 

5.1.3. Identified hazards to infrastructure 

• Rate of increase in precipitation intensity and in number of extreme precipitation events. 

Heavy rainfall. (Moreno et al., 2009) (Lange et al., 2016) (PIARC TC C.3, 2013) (Kiyoshi, 

2018) (García, undated). 

• Large rainfalls in short periods (Zbarnea and Popa, 2016). 

• Increase of frequency of extreme weather events (Moreno et al., 2009) (Lange et al., 2016). 
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• Landslides (Burkhalter et al. 2021) (Mignelliet al., 2012) (Zes ofnea and Popa, 2016) (Luci-

Atienza, 2020) (Marcelo et al., 2018) (PIARC TC C.3, 2013) (Rotaru, 2009) (García, undated) 

(The World Bank, undated). 

• Excess transport capacity of the bridges and culverts sections (under-dimensioning). 

(Zbarnea and Popa, 2016). 

• Obstruction of drain sections (Zbarnea and Popa, 2016). 

• Unauthorized constructions in riverbeds (Zbarnea and Popa, 2016). 

• Snow / ice closures (García, undated). 

• Sink holes (García, undated). 

• Pavement failures (García, undated). 

• Riverbed erosion (Zbarnea and Popa, 2016). 

5.1.4. Identified hazards on earth structures 

• Road washout and soil moisture levels affecting structural integrity of roads (Moreno et 

al., 2009). 

• Highway flooding from increased run off or drainage overload  (Moreno et al., 2009). 

• Rockfalls  (Mignelli et al., 2012) (Cerema, 2020) (PIARC TC C.3, 2013). 

• Overload of drainage system  (Moreno et al., 2009). 

5.2. IMPACTS AND IMPORTANCE OF HAZARDS IN THE WORLD 

Natural hazards occur all around the world but their nature and impact vary. Djalante uncovered 

numerous documents and maps (presented below) in her literature review. 

5.2.1. Impact on population 

It is an evidence that the number of disasters that are registred since 1900 increased till 2000 (Figure 

6). We can observe a slight decreasing from 2000 to 2011 Djalante explained with the risk 

management many countries adopted. 
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Figure 6. Number of disasters caused by natural hazards reported during 1900-2011 (from EMDAT, 2021b, 
Djalante, 2013) 

The number of affected people by natural hazards are reported in Figure 7. The number of affected 

people is well correlated to the number of disasters, but not the number of death which clearly 

decreases, may be due to the effort to protect people against the damages (levee reinforcement, risk 

management, etc.). 
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Figure 7. The number of people affected by disasters all arround the world increased with the number of 
disasters and the demographic increasing (left). But the Risk management reduced the number of deaths 

(right). 

The cost of the natural disasters clearly increases with the number of total damages (Figure 8). 

 

Figure 8. Estimated damage (US$ billion) caused by disaster During 1900-2011) (from EMDAT, 2012b, 
Djalante 2013). The total amount of damages mainly increases from 1970 till now 
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5.2.2. Impact of natural disasters all around the world 

Djalante (2013) summarized the impact at a world scale using detailed arguments on the evolution 
of natural disasters (Figure 9). She first exposed that hydro-meteorological hazards were the most 
important hazards, and  that they dominate the effects on the population. Hydro-meteorological 
hazards include atmospheric, hydrological or oceanographic phenomena, as typhoones and 
hurricanes, thunderstorms, hailstorms, tornados, blizzards, heavy snwfall, avalanches, coastal storm 
surges, floods and flash floods, drought, heatwaves and cold spells. 

 

Figure 9: numbers of geophysical and hydro-meteorological disasters 1990-2013 (EMDAT, 2012b, from 
Djalante, 2013) 

The geophysical disasters (Figure 9) as earthquakes, volcanic eruption, landslides and tsunamis are 

in number of disasters, number of people killed and total number of affected people less important, 

despite their are more demonstrative and strikes mind. 

If efforts are to be done, it is clearly based on hydrometeorological disasters. Table 1 expresses the 

detailed number of disasters, killed people, affected people and the amount of damages, countered 

from 1990 to 2012, we can classify from 1 to 3 : 

• The number of people killed:  

o (1) Drought, responsible for 11,711,271 deaths.  

o (2) Floods, causing 6,933,334 deaths. 

o (3) Earthquakes, resulting in 2,296,206 deaths. 

• The number of people affected:  

o (1) 3,524,576,308 as a result of floods. 

o (2) 2,165,064,458 due to drought. 

o (3) 924,560,237 as a result of storms. 
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• The number of disasters :  

o (1) 4,153 flood events. 

o (2) 3,571 storm events.  

o (3) 1,175 earthquake events. 

• The total cost of damages (in US Dollars):  

o (1) $588.2 billion (B) from floods. 

o (1bis) $531.5 B due to earthquakes.  

o (3) $399.7 B caused by storms. 

Table 1. different types of disasters and their impacts worldwide 1990-2012 (EMDAT, 2013c, from Djalante, 
2013) 

 

If we examine the localisation of the disasters, Djalante (2013) explained that low and middle income 

countries were the more greatly affected by natural disasters, not because of an increased number 

of event but due to the impact on the population. The World Risk Index illustrates this vulnerability. 

 

Figure 10. World Risk Index 2012 showing that developing countries are more vulnerable (UNU-EHS, 2012) 
(Djalante, 2013) 

Lots of countries adapted resilient concept to reduce the effects of natural hazards. They are 

presented in Figure 12.  
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Figure 11. Number of disasters, killed and total affected, and total damages according to the World Bank 
classification of incomes (no = number). Lower and Middle income countries are disproportionnally impacted 

by disasters mainly in terms of people affected and killed, but total damages in high income countries are 
highest (EMDAT, 2012b, from Djalante, 2013) 

 

Figure 12 : geographical distribution of progress towards HFA (Hyogo Framework for Action) priorities for 
action during the period 2011-2013 (UNISDR, 2013a, from Djalante, 2013) 

Climate change is expected to increase the frequency of natural disasters in the coming decades. The 

map below illustrates in red the countries that will be more affected by the effects of climate change. 
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Figure 13. Climate Change Vulnerability Index showing that developing countries are more vulnerable 
(Maplecroft, 2012, from Djalante, 2013) 

5.3. CONCLUSIONS:  

It is clear that hazards that have the potential to affect a system, infrastructure, or determined assets 

within infrastructure, must be identified as a first step to developing a fitting approach to the concept 

of resilience. The concepts of hazards and resilience are linked, where hazards represent the “what” 

in the “resilience to what” question. 

With regard to the 2020-2023 scope of work for WG1 of PIARC TC 4.3, the analysis of resilience will 

be limited to natural hazards, though other approaches could be considered in more extensive 

research. 

Low and Middle Income Countries, as defined by PIARC, are most affected and will continue to be be 

more affected in the future due to expected climate change, and emphasis must first be placed on 

the protection of the population. High Income Countries tend to adapt their infrastructures when the 

impact of natural hazards will impac on the economy and global system. 

The main objective is to implement resilience in all activities (e.g. design, construction, maintenance, 

management)  in an effort to reduce the impact of  flooding, drought, storm, and earthquake events 

in order to protect people. 
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6. HOW TO MEASURE RESILIENCE 

6.1. METHODOLOGIES 

6.1.1. Introductory information:  

This Chapter strives to compile all the proposed methodologies for measuring resilience that are 

included in the list of references for this report. In most cases, these methodologies are experimental 

and have been carried out on selected case studies only. A common methodology applied broadly by 

the academic and/or technical community does not currently exist. 

The proposed methodologies are applied at different levels (system-wide and infrastructure-specific) 

and have been classified accordingly. Methodologies applied at the infrastructure assets level (such 

as to earth structures) have been found. 

The World Conference on Disaster Reduction was held in Hyogo, Japan, in January 2005. This 

conference was the creation of the Hyogo Framework for Action (HFA), building the resilience of 

Nations and Communitues to Disasters (UNISDR, 2007). The HFA is the framework for a 

comprehensive, integrated, multidisciplinary approach to implement disaster reduction measures. 

6.1.2. Methodologies applied on transport systems:  

Burkhalter et al. (2021) presents a methodology for measuring the resilience of a transport system 

and its application to a fictitious but realistic case study. When considering natural hazards, resilience 

is measured as the difference between: (i) the service provided by the infrastructure if no hazard 

event occurs and the service provided by the infrastructure if a hazard event occurs; and (ii) the costs 

of intervention if no hazard event occurs and the costs of interventions if a hazard event occurs. 

(i)+(ii). For this calculation, service is measured by three indicators (travel time, safety and 

socioeconomic activities). 

Highways England (2020a) presents a methodology to assess the resilience of a road transport using 

a risk management approach. They define four steps for assessing the resilience of a highway 

network:  

• Define the level of performance to be provided (Network performance objectives) at a link 

(junction to junction) scale. 

• Identify hazard(s). This stage will output a categorisation and description of the potential 

hazard event(s) that could impact on the section of highway network under assessment. 

• Assess risk: 𝑅𝑖𝑠𝑘 = 𝐿𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 𝑥 𝐶𝑜𝑛𝑠𝑒𝑞𝑢𝑒𝑛𝑐e 

• Estimate the ability to respond. The ability to respond will influence the consequence of a 

hazard event. Consequence is reduced due to knowing when the event is about to occur 

so that proactive measures can be put in place, alongside knowing what to do when the 

event does occur therefore expediting recovery. 

6.1.3. Methodologies applied on infrastructure: 

Marcelo et al. (2018) suggests that resilience can be expressed as function of loss and recovery time 

across four dimensions: travel time, economic benefit, provision of life-saving services, and provision 

of relief goods. They propose a methodology to estimate project-level resilience and not system-level 

resilience as they are defined in Chapter 4. Assessment of project-level resilience considers the 

functionality loss in the event of a shock and the ability of an asset to quickly recover from 
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functionality loss. Their paper also present the application of their methodology on three case studies 

located in Japan. 

Other authors, as Mignelli et al. (2012), do not measure the resilience itself, but they apply their own 

methodology to other related concepts, such as risk exposure. For roads, the exposure to risk due to 

rockfall events is calculated by determining the annual probability of collapse occurrence, the 

probability of a vehicle’s presence in the event path at the time of its occurrence, and the probability 

that one or more occupants will be killed or that damage to the road caused by the rockfall will result 

in a vehicular accident. 

6.2. RESILIENCE INDICATORS 

6.2.1. Introductory information 

The methodologies exposed in the previous section consider their own indicators. Additionally, other 

authors have presented some qualitative indicators without presenting a methodology for measuring 

resilience. 

The identified resilience indicators are presented in two different categories, depending on the level 

at which resilience is to be estimated (e.g. system or infrastructure). As in the case of methodologies, 

no specific resilience indicators on infrastructure assets have been found. 

6.2.2. Indicators at a government level 

Hyogo Framework for Actions proposed several indicators that are prioritized in Figure 14, and may 

be considered as very general indicators : 

 

Figure 14 : Hyogo Framework for Actions priorities for action and indicators of progress (extract from Djalante, 2013) 

6.2.3. Indicators on transport systems:  

Moreno et al. (2009) mention social and economic impacts as resilience indicators in transport 

systems, but in a general and qualitative (not quantitative) terms. 
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Burkhalter et al. (2021) present resilience indicators corresponding to their own methodology for 

measuring resilience. The indicators were grouped at the highest level as infrastructure, environment 

or organization indicators.  

• Infrastructure indicators are considered those related to the physical man-made parts of 

the transport system. They consisted of condition state, protective measure, and 

preventive measure indicators. Protective measure indicators pertained to how well the 

physical man-made parts of the transport system can protect the infrastructure providing 

the service. Preventive measure indicators pertained to how well the physical man-made 

parts of the transport system can withstand the reference hazard. Condition indicators 

pertained to how well the physical man-made parts of the transport system can provide 

the service it was originally designed to provide. 

• Environment indicators were those related to the physical natural parts, and the 

nonphysical man-made parts of the transport system. An example of the former is the 

exposure to hazards. An example of the latter would be the available budget.  

• Organisation indicators are those related to non-physical man-made parts of the transport 

system, e.g. the activities of the organisation managing the infrastructure. They consisted 

of pre-event and post-event activities indicators, whereas pre-event and post-event 

referred to the start of the landslide considered in their case study. 

6.2.4. Indicators on infrastructure: 

Moreno et al. (2009) also consider cost of reparation an aid as resilience indicators in infrastructures. 

Burkhalter et al. (2021) also consider some parameters to estimate resilience in a infrastructure. 

These parameters could be also considered infrastructure resilience indicators and are listed below: 

• Intervention cost: The impact of executing restoration interventions. 

• Travel time: The impact of travel condition in terms of time lost and the impact of travel 

condition on the vehicle cost for work and leisure. 

• Safety: The impact due to the user being involved in an accident divided by property 

damage, injury, deaths. 

• Socio-economic activities: The impact of people and goods not being able to travel. 

Marcelo et al. (2018) present a detailed list of quantitative indicators. The proposed indicators 

directly consider resilience at the project level through the concept of accumulated loss of 

functionality (𝐴𝐿𝐹) (Figure 15). 𝐴𝐿𝐹 conceptually relates inversely to resilience. In other words, the 

lower the 𝐴𝐿𝐹, the more 'resilient' the project is. 

The Accumulated Loss of Functionality is related to a determined specific project and has four 

dimensions (𝑡=travel time, 𝑢=road utilization or economic benefit, 𝑠=life-saving and 𝑟=relief 

provision). ALF is estimated by two indicators : Loss Of Functionality (LoF) and Time for Recovery 

(TfR). 
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Figure 15 : concept of resilience and functionality of a road (left), and accumulated loss of functionality with 
and without project (right) (Marcelo et al., 2018) 

6.2.5. Indicators on infrastructure assets: 

Moreno et al. (2009) identifie some characteristics of infrastructure assets that can increase 

vulnerability and have a subsequent effect on resilience. These asset characteristics are the state of 

repair, age, drainage system, construction materials, design and load, and although they are not 

defined as indicators by the authors, could be considered as resilience indicator to a certain extent. 
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7. MEASURES FOR IMPROVING RESILIENCE 

7.1. INTRODUCTORY INFORMATION 

As in previous Chapters, any measure to improve resilience that was mentioned in the referenced 

documents has been compiled and listed.  

It is obvious that any measure that can be applied to improve resilience has a direct relation to the 

hazard to which resilience is going to be considered (“resilience to what”) and the system where 

resilience is going to be determined (“resilience of what”). 

As in the case of methodologies and indicators, the proposed measures can be applied at different 

levels (system, infrastructure and assets) and have been classified accordingly. Obviously, some 

measures can be applied at more than one level. In this case, the measure has only been listed in the 

category related to the highest level affected, so as to avoid repetition. 

7.2. IN A TRANSPORT SYSTEM 

Burkhalter et al. (2021) consider relevant to define target values for resilience indicators in a 

transport system and, subsequently, take actions to reach the target values. The specific actions 

develoved to reach the target values would be the resilience enchancing measures. 

Highways England (2020a) presents a general approach for improving resilience in a transport 

system. It can be summarized in the following activities: 

• Understanding the risks posed to assets from hazard events, in terms of the performance 

that assets deliver to the road infrastructure/network. 

• Preparedness as a complementary measure to identify and prevent additional threats. 

• Adaptation and recovery, should a hazard event occur, to help to expedite restoration of 

normal road services. 

• Strategic approaches to adapt the network to longer-term issues (e.g. climate change). 

• Risk management, making the best use of available information, to make informed 

decisions around interventions or other mitigation actions. 
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Figure 16 : the three main concept including in resilience at a global scale, including management system of 
the society (Djalante, 2013) 

Kiyoshi (2018) also includes general measures that can be classified as: 

• Planning / Preparedness. 

• Mitigation. 

• Response. 

• Recovery. 

• Rebuild. 

The World Bank (2018) has a similar approach for defining measures to enhance resilience, that are 

based on risk management and are classified as follows: 

• Risk identification: Risk assesments (community based, probalistic modelling); risk 

mapping; information campaigns; public outreach; etc. 

• Preparedness: Civil protection system; pre-posititioning emergency response equipment; 

early warning system; contingency planning; etc. 

• Risk Reduction: Structural and non-structural measures; land use planning; policies and 

regulation; infrastructure retrofitting; etc. 

• Financial Protection and Risk Financing: Assesing and reducing contingent liabilities; 

budget appropriation and execution; ex-ante and ex-post financing instrument; etc . 

• Resilient Recovery: Resilient recovery and reconstruction policies, ex-ante design of 

institutional response. 

Toribio and Moli (2021) suggest some measures that can be applied in an specific case study (stretch 

of the A16 higway in Italy). The measures than can be considered more representative are : 

• developing and improving an operative emergency plan, 
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• improving the maintenance strategy, 

• installing instrumented monitoring and alert system, 

• installing a new safe shutdown system and  

• building an alternative route path. 

Luci-Atienza (2020) describes the creation of the Department of Disaster Resilience in the 

Phillippines, with the aim to manage natural disasters. The measures considered focuse on: 

• better governmental coordination and more efficient management. 

• the creation of an specific administrative Department of Disaster Resilience (DDR) 

organized in three key areas: disaster risk reduction, disaster preparedness and response, 

and recovery, rehabilitation and building forward better. 

García (Undated) explains the responsabilities of and purposes for an specific body, the Office of 

Emergency Management and Infrastructure Protection (OEIMP), that has been developed to ensure 

the service provided by the road network in California (United States). This office  can be considered 

as an specific measure to increase resilience in this network and is divided in six operational branches:   

• Homeland Security (Infrastructure protection) 

• Recovery Engineering (after major damage) 

• Winter Operations 

• Hazardous Materials 

• Emergency Operations (field operations in response to a disaster or calamity) 

• Caltrans Warning Center (will assist other agencies and local authorities with the 

restoration of function and mobility to affected city and county critical infrastructure) 

Ientile et al. (2020) present a map of the vulnerability of a road network to a disruptive event and a 

specific index EVI (Edge Vulnerability Index). This could be a method that can complete the risk 

analysis on the lane and provide information to the stakeholder of the importance of different parts 

of the road infrastructure. Crossing the two information is interesting because it can gives priority for 

actions of reinforcement for earth structures. 

PIARC E.3 (2019) tries to answer how the stakeholder of a road transport system can manage the 

behaviour of a driver, and make him take the good decision when he is on a road affected by a 

disaster that can reduce the number of deaths. This issue is approached as a question of a tool, the 

quality of information and the quality of management. 

Djalante (2013) proposes some basis for resilience that can be also considered as measures for its 

improvement : 

• participation and collaboration among stakeholders and community, including scientists, 

managers, governments, public, etc., 

• self-organization and networks and 

• learning and innovation. 

An interesting information presented by Fujita ( ) is that it has little sens to improve resilience of an 

infrastructure if the whole system is not resilient itself. For example, in Turkey, a factory was built by 

Japanese, using earthquake standards. This factory wa very resilient to this natural hazard. But this 

was not the case, in the town were employees lived. After an earthquake, the factory was intact but 

not the town. The factory couldn’t work anyway, even if the goods were not affected by the disaster.  
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Figure 17 : extract from Sébastien MAIRE presentation, webinaire on Transitions and Resilience for territories 
(November, 24th, 2020). The factory (up) is resilient to an earthquake, but not the town were employees lived 

(down). The system is not resilient to this natural hazard 

As another example, if the disaster prevention base is not protected itself against a hazard, no 

recovery could happen. 
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Figure 18 : 2011 Big earthquake in Japan (extract from Fujita presentation). The local government office 
building before the event (up) and after the event (down) 

The Risk Management provides very usefull information for these type of analyses. 

7.3. IN A INFRASTRUCTURE 

Moreno et al. (2009) present some measures for improving resilience based on risk assessment and 

management: 

• Risk assessment: 

o Determine zones of expected climate change. 

o Determine assets. 

o Determine risk to assets . 

• Risk management:  

o Reforestation : 

▪ Along roadways for structural integrity of slope. 

▪ In upper watershed to reduce rate of runoff. 

o Increase drainage capacity. 

o Flood resistant materials.  

o Increase bridge clearance. 
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o Future infrastructure designs that integrate affects of intense precipitation 

events. 

o Urban planning that integrate effects of intense precipitation events. 

o Hydrology Studies to detect the change in flow.  

o Geological studies for subsurface stability and flow.  

o Monitoring systems. 

Highways England (2020b) also considers some mesures that can be put on practice on a road 

infrastructure: 

• Enhancement measures, monitoring, or robust response and recovery processes to 

enhance the resilience of the road network to geotechnical events. 

• Actions for reducing ground-related risk (pre-event). 

• Actions to enhance the overall resilience to ground-related hazard events, by improving 

the network’s ability to respond to, and recover rapidly from such events where they 

cannot be avoided or prevented. 

• Application of a well-defined process for deciding, planning and implementing these 

actions. 

• Embedment of a feedback loop to ensure that the network’s resilience includes the ability 

to adapt and learn. 

These measures should be implemented following five steps: 

1- Risk evaluation: Risk acceptability and an estimation of risk change over time. 

2- Identification of potential actions. These include Accept (monitor), Preparedness for, Reduce 

(maintain or improve) and Prevent/Remove/Avoid the assessed risk. 

3- Resilience based decision making. What action(s) should be taken to eliminate, reduce, 

control or communicate the risk level for each hazard event, and in what order of priority. 

4- Action planning and implementation.  

5- Ability to adapt and learn : After an event, a review should be undertaken to identify, act 

upon and disseminate any lessons learnt. 

PIARC TC 3.2 (2010) also focuses on risk analysis on an infrastructure and considers that the step 

before a resilient attitude is to be aware and manage the risk. This type of analysis could be the first 

step in resilience enhancing measures (Figure 19). 

 

Figure 19 : example of risk assessment matrix (PIARC, 2010). 
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Mignelli et al. (2012) consider tools for risk management and its reduction as measures for improving 

resilience in infrastructure. 

Zbarnea and Popa (2016) present some enhancing resilience measures for infrastructures that have 

been applied in a case study (damaged bridge in Romania). They focus on:  

• emergency management (road network inspection, traffic guidance and collecting 

information about road condition), 

• short-term recovery after an event, 

• agreements between road administrator and contractors for intervention in case of 

emergency, 

• alternative paths in order to ensure traffic continuity (provisional river crossing – pontoon 

bridge in the case study), 

• the redesign to adapt to the new conditions (climate change) and  

• Intelligent Transport Systems (ITS) for road surveillance and information collection. 

Lange et al. (2016) present some measures applied after a flooding event in Queensland (Australia): 

• Application of a disaster response and recovery process. Disaster management plans. 

• Implementation of Regional Emergency Management Teams. 

• Operational and tactical response to the event. Road Network Incident Response Plans. 

• Inspection of the condition of the road network and undertaking emergency repairs to 

reconnect communities. 

• Identification of areas of potential disruption in the network infrastructure. 

• Application of the principles of the emergency management cycle: Prevent, prepare, 

respond and recover. 

Marcelo et al. (2018) mention some measures than can be applied on infrastructures: 

• the design of a structure and the materials used in construction, 

• agreements between the public and the private sectors to collaborate in an emergency or 

the establishment of a clear incident management system, 

• emergency management plans and 

• the creation of new alternative routes. 

Cerema (2020a) (2020b) considers the neccessity of the analysis of each event, or hazard, that can 

affect an infrastructure, and consequently, its resilience. These documents focus on the prior 

classification of events (hazards) and emphasize the importance of the memory of an event and the 

case history. The registration of all the events gives a tool to prioritise sectors along the lane. It can 

also give informations on the volumes, the type of hazard, the date, the precise location, the way the 

stakeholder reacted or the maintenance has been done, and help to save the associated documents, 

even from newspapers. 

A case history along the infrastructure is the memory of the hazards and may be the base for building 

resilience. With a good information, the stakeholder can : 

• Reinforce the design of the earth structure where it is needed = adaptation. 

• Reinforce the maintenance or the monitoring of specific sectors = asset management. 

• Plan the associated means and regularly learn from the case history. 
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Cerema (2020c) shows a map of hazards associated to rockfall in a mountainous area, for road and 

railway. The document provides a good definition of rock fall hazards and a tool to evaluate the 

probability of occurrence. 

Cerema (2016) considers the localisation and prioritisation along the infrastructure of the earthquake 

hazard and the vulnerability of the bridges and earth structures (retaining walls, natural slopes) to 

Earthquakes (Figure 20). 

 

Figure 20 : map of sismicity in the south of France, crossing information with the studied infrastructure in the 
Sisroute software (Cerema, 2016). Evaluation of sismicity impacts on bridges and slopes.  

PIARC TC C.3 (2013) references a specific tool called CAPTA, a database that can be considered as a 

measure for improving resilience. 

7.4. IN EARTH STRUCTURES  

Moreno et al. (2009) propose improving slope stability (retaining walls, revegetation) as a specific 

measure for increasing the  resilience of earth structures. 

Mignelli et al. (2012) also present some measures that can be applied to earth structures, specifically 

in relation to rockfall. Several protective and safety devices are provided as examples including 

ground embankments, net fences, bolting for drapery meshes and tunnels. 

PIARC TC C.3 (2013) also mentions two examples of specific measures for earth structures: the 

adaptation of slope design and drainage against rainfall or earthquakes. 



 

INCREASING RESILIENCE OF EARTH STRUCTURES TO NATURAL HAZARDS  

 

2021LR04EN 

34 

 

8. CASE STUDIES 

8.1. INTRODUCTION 

This Chapter compiles all the case studies metioned in the referenced documents, clasiffied by scope.  

8.2. TRANSPORT SYSTEMS 

• Case study of Indonesia at a national scale. An examination of the achievement of  the 

Hyogo Framework for Action (HFA) indicators in the country (Djalante et al., 2012). 

• Three case studies : tropical cyclone Debbie in Australia, earthquake in Japan and 

earthquake in Chile (PIARC TC E.3, 2019). 

• Section of Autostrada (Highway) A16, in Italy (Burkhalter et al. 2021). 

8.3. INFRASTRUCTURES 

• Tabasco (Mexico) flood in 2007 (Moreno et al., 2009). 

• Queensland’s experience with the floods in summer of 2013. Queensland’s road network 

(Central Queensland Region, Australia) (Lange et al., 2016). 

• Three by-pass roads in Japan: Case 1 - Proposed construction of a Bypass Road in a Flood-

Prone Area; Case 2 - Proposed construction of a Bypass Road in a Tsunami-Prone Area; and 

Case 3 - Proposed construction of a Bypass Road in Landslide-Prone and Heavy Snow Area 

(Marcelo et al., 2018). 

• Highway A2 in Guadalaraja, between Barcelona and Madrid (Spain) (Ientile et al., 2020). 

• Stretch of 1.5 km of an ancient Roman road that provides access to the Bard Military 

Fortress in the Aosta Valley, north-western Italy (Mignelli et al., 2012). 

8.4. ASSETS 

• Bridge of Dornesti (situated on road DN 17A km 77+575, over Suceava river) Iasi regional 

road Directorate, Romania (Zbarnea and Popa, 2016) 
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9. CONCLUSIONS AND NEXT STEPS  

Taking into account the revision of the selected documents that have been exposed, it seems clear 

that the concept of resilience is still under an open discussion. The general idea of resilience can be 

considered as mainly agreed but we haven´t found an exact an undubitable definition of the concept 

in any field. 

If we try to list the main, and more agreed features of the concept, we can mention: 

• The concept resilience is currently applied in several academic fields. In the literature, 

resilience can be subclassified as ecological resilience, organizational resilience, resilience 

engineering, system resilience, and psychological resilience. (Frascaccia et al., 2018). The 

definition for resilience vary in every different field, but all the approaches tries to 

determine the ability of a complex system (understood in the most general way) to 

maintain its functionality when it is exposed to a disruptive event (also understood in the 

most general way, it could be a hazard, a threat, or even a change). 

• Resilience is a concept that can not be dissociated to other secondary concepts. We would 

like to highlight that to describe resilience it is mandatory to define the resilience “to what” 

and “of what” (Marcelo et al., 2018) (Frascaccia et al., 2018). 

• Searching for the resilience “to what”, we can find in the literature any threat or disruptive 

event, natural or artificial. In a general consideration of a hazard, we can find a broad range 

of events: terroristic attacks, sabotages, technical failures, human failures, accidents, 

natural events, disasters, earthquakes, tsunamis, forest fires, and changes in technology, 

society, and environment. Considering the scope of the working program for WG1 of PIARC 

TC 4.3, future works should be focused on natural hazards. Other approaches, considering 

any of the other possible disruptive events, can be developed, buy they would be beyond 

the scope of our working program. 

• Switching to the resilience “of what”, the analysis in the documents selected in the 

bibliography vary in a very broad range of aspects. We can quote complex systems 

(Frascacia et al., 2018), transport systems (Burkhalter et al. 2021), infrastructure (Marcelo 

et al. 2018) and infrastructure assets. The boundaries of “the what” where resilience is 

going to be determined can be considered at these four different levels. The level of 

infrastructure assets has very little references in the selected bibliography. If we focus the 

analysis in earth structures, considering them as a type of infrastructure assets, no specific 

reference has been found.   

We would also like to highlight that not specific bibliography about earth structures have been found. 

When considering specifically Low and Middle Income Countries (LMICs), it has been found in the 

literature that it exists a common concern about resilience against natural disasters. We can mention 

the paper about the creation of an specific governmental Department of Disaster Resilience in the 

Phillippines, with the aim to manage these events (Luci-Atienza, 2020). Djalante et al. (2012) and 

Djalante (2013) also present an increasing interest on improving resilience to disasters, natural 

hazards and climate change in Indonesia (Figure 21). 
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Figure 21 :  the frame for a resilient institution / system, and the five pillars of action applied in Indonesia 
(World Bank Group, undated) 

Taking into account all the aspects mentioned before, some general considerations about the future 

works for PIARC TC 4.3 could be made: 

• It would be advisable to determine an agreed definition for «Resilience of earth structures 

to natural hazards». This approach would be consistent with the scope of the current 

workig program for PIARC TC 4.3. 

• It would be also interesting to achieve a valid methodology to measure this specific type 

of resilience, defining relevant quantitative indicators for this concept, if possible. 

• As a final step, the testing of the proposed methodology on selected case studies could be 

considered.  

• Determine specific measures for improving resilience on earth structures. 

We can also summarise the needed information to collect to build a resilient earthwork system to 

natural hazards, in the figures bellow (Figure 22 and Figure 23). 
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Figure 22 : Inspired concept on how building a resilient earthwork system based on World Bank indications. In 
orange, the curve of non resilient infrastructure and in green, a more resilient infrastructure. The time for 

recovery is greatly reduced, working on the adaptation of the design, on the delay for reaction after a 
disaster, and preparing the works for repairing the damages. 

 

Figure 23 : Key point of resilience of Earth structure to natural hazards, proposed by the authors 
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10. RECOMMENDATIONS 

10.1. INTRODUCTORY INFORMATION 

At the stage of the literature review, it is difficult to make specific recommendations, either for 

decision makers, stakeholders or PIARC. This specific recommendations are supposed to be 

developed during the works to be completed in the full report considered in the current working 

program for PIARC TC 4.3. 

Despite of this, we can present some general recommendations for PIARC TC 4.3 at this stage. 

10.2. RECOMMENDATIONS FOR PIARC TC 4.3 

The main recommendation for PIARC TC 4.3 would be to improve the research of the concept of 

resilience, but focused specifically on earth structures and natural hazards. With these purpose we 

think that is important to achieve the following goals, compiling its final results in the full report: 

• Agreed definition of « Resilience of Earth Structures to Natural hazards ». 

• Proposal for a methodology for measuring resilience of earth structures to natural hazards. 

• Proposal for quantitative resilience indicators in order to compare resilience of several 

indivual assets (earth structures) to an specific natural hazard. 

• Application of the proposed methodoloy on several case studies and verification of the 

results.  

• Determine specific measures for improving resilience on earth structures. 

At this stage of the working progress of PIARC TC 4.3 (Literature Review) it is difficult to make specific 

recommendations for Low and Middle Income Countries (LMICs). It would be advisable to define 

these specific recommendations during our working cycle (2020-2023) and include them in the PIARC 

TC 4.3 WG1 Full Report. 
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11. GLOSSARY 

Term Definition 

ALF Accumulated Loss of Functionality 

CAPTA Costing Asset Protection: An All Hazards Guide for Transportation 

Agencies 

CEREMA Centre d'études et d'expertise sur les risques, l'environnement, la 

mobilité et l'aménagement 

HFA Hyogo Framework for Action 

ITS Intelligent Transport Systems 

LMICs Low and Middle Income Countries 

LOF Loss of Functionality 

SGM Special Geotechnical Measure 

TC Technical Committee 

TFR Time for Recovery 

WG Working Group 
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