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Apart from security issues, war-torn societies and countries face immense challenges in rebuilding damaged
critical infrastructure. Existing post-conflict recovery frameworks mainly focus on social impacts and mitigation.
Also, existing frameworks for resilience to natural hazards are mainly based on design and intervention, yet, they
are not fit for post-conflict infrastructure recovery for a number of reasons explained in this paper. Post-conflict
peacebuilding can be enhanced when resilience by assessment (RBA) is employed, using standoff observations
that include data from disparate remote-sensing sources, e.g. public satellite imagery, forensics and crowd-
sourcing, collected during the conflict. This paper discusses why conflicts and warfare require a new framework
for achieving post-conflict infrastructure resilience. It then introduces a novel post-conflict framework that in-
cludes different scales of resilience with a focus on asset and regional resilience. It considers different levels of
knowledge, with a focus on standoff observations and data-driven assessments to facilitate prioritisation during
reconstruction. The framework is then applied to the transport network of the area west of Kyiv, Ukraine to
demonstrate how resilience by assessment can support decision-makers, such as governments and multilateral
financial institutions, to address infrastructure needs and accelerate financial and humanitarian assistance,
absorb shocks and maximise infrastructure recovery after conflict.

1. Introduction servants and maintain public services during the war. G7 finance min-

isters pledged $20 billion to “help Ukraine close its financing gap and

Post-conflict rehabilitation in war-shattered countries is a weighty
and vital operation for restoring peace and security and assuring resil-
ient and sustainable socio-economic development of the country and the
region. War and conflict impose tremendous losses and impacts at
multiple scales and sectors, including physical infrastructure, which is
targeted during hostilities (Hay et al., 2019). The ongoing war in
Ukraine provides such an example of conflict costs; as of March 16,
2022, there was an estimated $100 billion of infrastructure damage
alone, while total material damage was valued at $210 billion (Ciuriak,
2022) and counting. The immediate focus is on mobilising resources, in
the absence of tax receipts, to fund government functions, pay public
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continue ensuring the delivery of basic services to the Ukrainian people”
(Group of Seven (G7), 2022). Since the conflict commenced on the 24th
of February 2022, this financial gap increases by an average of $5 billion
a day, due to the loss of critical infrastructure in a country with GDP of
$155 billion. These losses include mainly direct damage to infrastruc-
ture, as currently reconstruction is limited. The total cost of rebuilding
infrastructure, homes and businesses might amount to $1 trillion (Caon
& Shehadi, 2022; UN News, 2022). International organisations, i.e. the
World Bank, International Monetary Fund (IMF) and European Union
(EU) and other individual countries and investors will play a leading role
in reconstruction, however, they have their own rules and priorities
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(The Economist, 2022). Therefore, an objective and evidence-based
resilience framework could facilitate a common course of action in
peacebuilding.

Restoring damaged infrastructure is vital to peacebuilding and social
resilience because effective infrastructure is the backbone of the re-
covery process and urban resilience, in conjunction with ecological and
social resilience (Schlor et al., 2018) and sustainability (Yang et al.,
2018). Based on the available literature, the recovery of a war-torn
country after conflict and warfare (Kreimer, 1998; Watkins et al.,
2017), and the achievement of its macroeconomic stability requires
prioritising the rebuilding of physical infrastructure, with emphasis on
transportation, energy, agriculture, and urban development. Apart from
the restoration of physical infrastructure and facilities, the economic
dimension of post-conflict reconstruction also involves providing relief
assistance and re-establishing social and other services (Earnest, 2015).
Such support should ensure the appropriate conditions for the private
sector development, implementation of essential structural reforms for
growth (Tzifakis, 2013) and more sustainable infrastructure (Watkins
et al., 2017) to align with the Sustainable Development Goals of the
United Nations and reduce urban vulnerability (Kyprianou et al., 2022).
It is inevitable that governments will not initially achieve all the con-
ditions required for the resumption of development. Likewise, recon-
struction aid might be shaped by external organisations applying
conceptual frameworks for new developments, however, these frame-
works might be inappropriate for war-torn countries (del Castillo,
2008).

Reconstructing a war-torn country’s infrastructure is an immense
operation, which can benefit from recent advances in catastrophe and
resilience modelling and the use of openly available data to better
inform these models (Bujones et al., 2013). However, there are also
challenges that must be overcome to successfully deliver such frame-
works (Hoeffler, 1998). First, it is of paramount importance to have a
practical resilience framework for the rebuilding and recovery of
essential infrastructure, e.g. transportation, energy, water and commu-
nications. The framework must produce a recovery that is sustainable
and well-informed based on (i) the evolving needs of the people, region
and/or country, (ii) the changes in critical infrastructure use, impor-
tance and its repurposing, (iii) the priorities in reconstruction based on
available funds and resources, and (iv) the risks of protracted-hostilities
(Hay et al., 2019). The latter can prolong the recovery period because
post-conflict, there are still security issues and hence infrastructure
destruction may recur, affecting social, e.g. households, economic, e.g.
firms and businesses, and physical infrastructures, e.g. bridges, roads,
railway stations, hospitals and schools (Girod, 2015). Second, the
framework must adapt available resilience theory, frameworks and tools
(e.g. (Argyroudis et al., 2020)) to the needs and particularities of the
post-conflict country and its state (Al-Saidi et al., 2020). Third, the
resilience framework should fully deploy state-of-the-art technology to
accelerate the identification of damaged assets and networks and hence
facilitate targeted and well-informed decision-making in reconstruction
operations (Fantini et al., 2020). Damaged assets can be identified sys-
tematically during the conflict to generate meaningful data and docu-
mentation of infrastructure condition, for example by monitoring
damage using standoff techniques (e.g. satellite imagery) (Witmer,
2015; Casciati et al., 2017) and other technologies (Weir et al., 2019;
Argyroudis et al., 2022; Knoth et al., 2018) and use of available maps
and geospatial analysis to better design recovery of affected cities
(Cariolet et al., 2019; Levin et al., 2018). The deployment of satellite
imagery and social media crowdsourcing for assessing infrastructure
disruptions has been extensively investigated in the past in the context
of natural disasters (Kryvasheyeu et al., 2016; Imran et al., 2013; Chen &
Hutchinson, 2007) and environmental impact (Arturo Mendez Garzon &
Valanszki, 2020) or location and extent of building damage as a result of
conflicts (Boloorani et al., 2021). These studies demonstrated the added
value brought by aerial surveys to facilitate mainly identification or
severity of damage (Chen & Ji, 2021) and very recently to enable
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adaptive recovery and prioritisation (Kottmann et al., 2021). In such
cases, the focus in typically on power grids, dynamic replanning based
on damage information updates and tweaking recovery actions may be
applicable. However, the focus of these papers is on buildings or energy
networks and does not integrate information from different sources (e.g.
crowdsourcing). Yet, this intelligence from data can inform objectives,
assessment and assist in setting priorities, which can then be leveraged
during and after the conflict to accelerate decision-making for recon-
struction and incentivise resilience financing. For example, this can
facilitate re-building productive capabilities, infrastructure repair and
reconstruction, strengthening governance and institutions, leveraging
opportunities to connect to new markets, by reducing uncertainty and
clearly communicating the case for supporting the reconstruction.
Communicating this sensitive information is often challenging though as
it should not be available in the public domain.

Nevertheless, to date, we have a lack of fit-for-purpose resilience
frameworks for post-conflict peacebuilding of critical infrastructure.
Available post-conflict reconstruction frameworks mainly refer to social
impacts and mitigation (Kottmann et al., 2021; Anderlini & El-Bushra,
2004; Maxwell et al., 2017) and do not provide adequate information on
hard assets and infrastructure (Brown, 2002). The focus of reconstruc-
tion frameworks is, for example, on the impact of conflicts on livelihoods
and displacement of populations, the role of social networks and the
actions to ensure social well-being and inclusivity and to restore internal
security (International Monetary Fund, 2022). There are a number of
different actors who are providing financial support through various
modalities including governments, international organisations, devel-
opment finance institutions and non-governmental organisations. These
organisations would aid reconstruction through official development
assistance, concessional and non-concessional lending and other
financing instruments and measures such as debt cancellation and
budget  support. Most support is in the form of
government-to-government transfers. Each implies different financial
terms and implications for the macroeconomy. In general, this refers to
financial and humanitarian aid but not military assistance. For example,
for the recent conflict in Ukraine, a range of pledges were made in the
early months of the war notably by the European Union, European Bank
for Reconstruction and Development, World Bank and the IMF. These
stakeholders would benefit from such a framework to facilitate
communication and mutual accountability between authorities of the
affected country to better prioritise and target funds to support the rapid
recovery of critical infrastructure (Clarvis et al., 2015).

This paper provides a resilience framework for damaged critical
infrastructure that aims to incentivise recovery and peacebuilding in
war-torn countries by facilitating improved management and decision-
making. The framework’s main novelty is that it introduces for the
first time, resilience by assessment (RBA) in war-torn countries, i.e. the
evaluation of affected critical infrastructure during the course of the
conflict, in conjunction with resilience by intervention (RBI), i.e. post-
conflict (Hynes et al., 2022; Mahoney et al., 2022) to accelerate
decision-making and reconstruction. It is recognised that RBA has been
broadly used in natural hazards that occur over long periods of time
leading to infrastructure damage, thereby enhancing resilience (Car-
iolet et al., 2019). Nevertheless, the new RBA framework that is intro-
duced by this paper, entails standoff assessments and the collection of
data for enhancing post-conflict resilience. The framework deploys data,
concerning the topology and typology of critical assets, while RBI uses
post-conflict ground-validated data and forensics to evaluate infra-
structure reliability, capacity, operability, and evolving demands. Pro-
active resilience by design (RBD) (Mahoney et al., 2022) for civil
infrastructure is not considered here as it is unrealistic in case of con-
flicts. This framework is applied to a case study transport network in the
area of Kyiv, Ukraine to demonstrate how resilience by assessment can
support decision-making and post-conflict policy and practice in infra-
structure recovery. This research will lead to further developments by
extending its applicability to other assets including infrastructure
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systems interdependencies, in conjunction with evidence and data made
available when safe access to infrastructure will be possible.

2. Challenges to existing resilience frameworks

Since the emergence of resilience in civil engineering, introduced in
Bruneau et al. (2003), several frameworks have been developed for
diverse systems and services (Ganin et al., 2016; Bostick et al., 2018;
Linkov et al., 2021). The frameworks focus on the resilience of com-
munities and cities (Cimellaro et al., 2016; Castillo et al., 2022), critical
infrastructure exposed to floods (Nofal & van de Lindt, 2021; Mitoulis
etal., 2021) or earthquakes (Cardoni et al., 2022; Bocchini & Frangopol,
2012; Cimellaro et al., 2021; Argyroudis et al., 2020), including dete-
rioration effects (Yang & Frangopol, 2019). Other frameworks concern
multiple hazards (Argyroudis et al., 2020; Li et al., 2020), including
dependencies (Balakrishnan & Cassottana, 2022; Guidotti et al., 2016)
and propose representative resilience metrics (Sharma et al., 2018;
Fuggini & Bolletta, 2020; Argyroudis, 2022) based on documented past
events (Zorn & Shamseldin, 2015). Building from the above studies, this
paper provides a new and urgently needed post-conflict resilience
framework for critical infrastructure in war-ravaged countries. This
framework has significant challenges and differences from the estab-
lished frameworks, and introduces innovations as discussed below:

The resilience by assessment (RBA), as described in Section 4. This
is a major knowledge gap for achieving a well-informed and rapid post-
conflict reconstruction of critical infrastructure. Existing resilience
frameworks for critical infrastructure are applied mainly to natural
hazards such as earthquakes and climate stressors, e.g. floods. Thus,
RBA’s practicality and impact are low in natural hazard resilience
frameworks compared to RBD and RBI, because the duration of these
events is relatively short and thus provides a minimum opportunity for
RBA. However, in power grids, adaptive strategies might be applicable
by adjusting solutions during the recovery based on updated informa-
tion and evidence of the network condition, based on standoff obser-
vations and data. Yet, this is not typical or common in transport
infrastructure, for example, roads, bridges or tunnels, which have low
redundancies and the design of restoration measures precedes their
application and is very rarely tweaked or adapted during the recovery
phase. This is due to the lack of adaptiveness for typical tenders, con-
tracts and procurement processes in the construction industry.

Assess the type and dispersion of infrastructure damage, e.g. as a
result of shelling and antagonistic attacks (Angskog et al., 2018), which
is substantially different in outcome and extent from the damage that is
encountered by other stressors (Tang & Hao, 2010). Conflict and
resulting destruction intensity can be nation-wide, with variable in-
tensities that do not follow certain attenuation laws, which is the case for
natural hazards. In a post-conflict resilience framework, damage mainly
concerns the visible, above-the-ground components and infrastructure
assets, e.g. bridge superstructures, building facades and roofs, and water
tanks, while the impact on foundations or underground structures, e.g.
pipelines, is significantly smaller. From a network topology point of
view, this information is less accessible for many infrastructure systems,
partially or fully buried under the ground, and hence assessment of its
structural and operational capacity during conflict is very challenging, if
not impossible. Another peculiarity is that preventive measures are not
relevant to -conflict resilience frameworks e.g. strengthening of trans-
port infrastructure against attacks similar to strengthening against nat-
ural hazards (Lagos et al., 2020). Nevertheless, concepts of game theory
can be used for defending e.g. electric power grids against attacks
(Holmgren et al., 2007). This is substantially different from other
frameworks, e.g. climate adaptation prior to natural hazard occurrences
(Rattanachot et al., 2015). Regarding dispersion of infrastructure dam-
age during conflict, this may be segregated within large areas, regions
and/or the entire country. The damages can be extensive, including
numerous critical assets, e.g. bridges, hospitals, transport hubs such as
ports, airports and railway stations, and communication towers. Such
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infrastructure may be targeted as part of plotted assaults or defence
actions and deliberate incapacitation, which are difficult to predict
(Mattsson & Jenelius, 2015), e.g. blowing up critical bridges and release
of water from dams to block military advances (Kumar, 1997). Thus,
anthropogenic attacks lead to damage by intelligent opponents, have
different memory and are less random compared e.g. to climate hazards
(Angskog et al., 2018). Also, conflict leads to widespread and on some
occasions nation-wide damage, while damage induced by natural haz-
ards is more localised in specific areas and regions.

Differentiate emergency planning during and after the conflict.
Planning needs to be adapted and varies based on the conflict duration,
protracted hostilities, societal needs and military operations. These
distinctions are not needed for emergency planning after natural haz-
ards, which occur over shorter timeframes and are typically followed by
interventions underpinned by federal civil protection mechanisms, and
are likely to be fully functional for supporting the rehabilitation process.

The post-war recovery measures are driven by the target of ‘life
preservation first’ and the changes in the functional purpose of
certain assets and networks. This means increasing the redundancy of
the network and prioritising this over its efficiency (Ganin et al., 2017;
Linkov et al., 2022), thus safeguarding the functionality of the society in
periods of protracted hostilities, as opposed to designing for increased
efficiency of a few assets. For example, in energy systems, a usual
practice against high-impact low-probability events is to make the
network bigger by adding redundant power transmission and distribu-
tion routes to safeguard the infrastructure against external shocks
(Panteli et al., 2017). Regarding infrastructure repurposing, post-war
recovery measures might be substantially different from the ones after
natural hazards, because people fled and/or changed habits, thus the
framework incorporates the emergent use and functional purpose of
critical infrastructure. This may include reduced capacity needs, vari-
able mobility patterns and different demands in certain areas.

A post-conflict framework must incorporate new political con-
ditions and constraints. Existing frameworks presume available na-
tional capacity for reconstruction and rehabilitation, sufficient financial
resources and technical assistance, reconstruction expertise, and
manpower and materials for reconstructing damaged assets. However,
in post-conflict countries, political decisions, acceptance of peace-
building by the people, or rejection of foreign aid (e.g. not allowed to
enter the country) and support by international organisations, will
determine policies (Seneviratne et al., 2015) and post-war resilience.
These factors will define the lag time in recovery, which may be sub-
stantially longer than the recovery period after natural hazard
occurrences.

Fig. 1 illustrates the main differences between the resilience models
for natural hazards (a) and conflicts (b). The main differences between
these two models concern: (i) the duration of the hazards where natural
hazards (e.g. earthquakes, floods) the majority of which are usually
abrupt in comparison with a war conflict, which lasts longer; (ii) the
unique opportunity to reduce the lag time and thus accelerate RBI by
deploying RBA while the conflict is still ongoing. RBA has less practi-
cality and significance for certain natural hazards such as floods,
earthquakes or tsunamis, which occur over short periods of time.
Nevertheless, RBA is valuable in low evolving natural hazards such as
prolonged winds affecting energy grids. It is noted that during normal
operation infrastructure operability degrades, and the pace of degra-
dation depends on the robustness and redundancy of the network. Also,
Fig. 1(a) shows the case where an external shock (e.g. cyber-attack) or
natural hazard (e.g. earthquakes) reduces suddenly the performance of
infrastructure, resulting in a system performance similar to the so-called
resilience triangle. However, there are cases where the perturbation
develops over longer periods of time. For example, fatigue due to wind-
induced long-term vibrations, yet these perturbations are part of Life
Cycle Analyses and hence concern mainly the assessment of lifecycle
sustainability (Yang & Frangopol, 2019). This behaviour of the system,
reflected in Fig. 1(b), has been approximated by researchers using a
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RBI: resilience by intervention using reactive measures (ex-post)

Fig. 1. Typical resilience models for abrupt natural hazards (a) and conflicts (b).

resilience trapezoid as it includes the slow performance degradation
after the event. These approaches have been applied and adopted in
most critical infrastructures, including for example power systems
where a comparison of the resilience triangle and trapezoid can be found
in Panteli et al. (2017).

Fig. 1 demonstrates that the recovery phase differs substantially for
hazards of different nature, but this comparison is not the focus of this
paper. This section explained why substantial deviations and adjust-
ments are needed for existing resilience thinking, to evolve and support
a robust resilience-based peacebuilding framework. It is clarified that
RBA is distinct from absorption in this resilience framework. The
framework of this paper is described in detail in Section 3. Nevertheless,
some infrastructure systems might be positively impacted by RBA,
which requires time for the integration of data into the resilience
models. Such systems are power systems and distribution networks,
where infrastructure operability might be decreasing over longer pe-
riods of time, e.g. prolonged heatwaves and/or wildfires impact on en-
ergy networks.

3. Post-conflict resilience framework

The resilience framework must account for different spatial scales of
resilience, i.e. national, regional/network and asset. Decision-making
and prioritisation for the recovery of the network can influence the
restoration of a single asset and vice-versa. Also, physical dependencies
(connectivity) between bridges, roads, railways, transport hubs (railway
stations, airports) and Service Providing Nodes (SPNs) and critical fa-
cilities such as hospitals, should be taken into account. Fig. 2 illustrates
the proposed resilience framework for critical infrastructure recovery,
using a case study in Ukraine, with a detailed description below.

This framework can be easily adopted and applied to most in-
frastructures. In fact, the UK National Infrastructure Commission (Na-
tional Infrastructure Commission, 2020) encourages critical
infrastructure operators and owners, such as energy, water, communi-
cations, etc., to develop and apply such frameworks for their resilience
assessment, quantification and enhancement. In energy systems, for
example, the different nodes in Fig. 2 can be representing the electrical
substations (as the railway stations) which are acting as the connection
of the transmission lines (as the roads, railways and bridges) transferring

energy from the generation stations to the end-users.

3.1. Levels of knowledge of infrastructure condition and demand

Three levels of knowledge for infrastructure condition and demand
assessment are identified. Level 1 (L1) refers to the topology, typology
and physical connectivity between critical infrastructure assets and
SPNs within the region (e.g. connectivity between power generation
stations, substations, transmission lines and customers in energy sys-
tems). L2 refers to the case where details are available, leading to further
engineering knowledge, e.g. knowledge of the infrastructure capacity
(for example, energy transmission system capacity), which depends on
the condition of the asset, prior to the conflict and after any damage was
caused by external stressors, e.g. shelling. L2 also includes the engi-
neering demand for this structure, e.g. the required load-bearing ca-
pacity due to emergency and normal traffic anticipated on a bridge post-
conflict (short- medium- and long-term), or the expected energy demand
to flow through a transmission network corridor (during and post-
conflict). L3 describes dependencies between the asset and other so-
cial factors, functionality demands and resilience of the supply chain for
the construction materials, e.g. the required traffic volume for a bridge
and the number of patients that would need to be transferred to a hos-
pital or the transfer of goods and/or materials to and from regional hubs
and the affected assets. With regard to asset-level assessments, the
framework of this paper focuses on L1 as a means to improve RBA, while
L2 and L3 are expected to be available post-conflict to support RBI.
However, as the network is a graph, the node dependencies can be
derived from topology, using traffic engineering and the context of
transport assets. Therefore, at the network level L1 and L3 overlap and/
or interact, yet the use and demand might change substantially after
conflict. Also, different sources of knowledge available before, during
and after conflict are identified in this framework. These sources of
knowledge constitute the core of the proposed framework and are dis-
cussed in detail in Section 4.

3.2. Steps of the framework

At a national level (step 1) it is expected that certain funds would be
allocated per region/province and spent to maximize the country’s
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Fig. 2. Resilience framework for rebuilding critical infrastructure after conflict.

resilience. Step 2 shows the region west of Kyiv in Ukraine including the 2019)), i.e. minimum operating capability (MOC), which is most likely the

towns of Irpin, Hostomel, Bucha and Stoyanka. The map in Step 2 of one corresponding to emergency planning, minimum sustainable capa-
Fig. 2 plots the main roads and railways, bridges, railway stations, and bility (MSC) that corresponds to the performance that can be maintained
hospitals. Arguably, their recovery is more efficient when prioritisation by the available resources in the post-conflict country,’ and full operating
is conducted and hypothetically shown here as the case of ‘after conflict- capability (FOC), similar or higher (as a result of adaptation measures
with framework’, as opposed to the case of ‘after conflict-without and interventions) to the original. The decision-making for recovery
framework’, where fewer assets and connections have been recovered. prioritisation depends on a number of attributes which differ signifi-
This prioritisation requires identifying the scenario that produces the cantly from the ones relating to natural disasters (Zamanifar & Hart-
maximum resilience for the network as per step 3 (below) and the asset mann, 2021). For example, for transportation infrastructure,
as per step 4 (below). post-disaster recovery commonly uses topological, social, and functional

In step 3, the resilience of the region is shown as a function of time attributes (Merschman et al., 2020) as well as the criticality of the asset

including the beginning and the end of the conflict, the period where no
reconstruction occurs (idle time), followed by a period of protracted
hostilities during which the functionality of the region is expected to be
fluctuating. The recovery may achieve different levels of performance,
which are described by three target capabilities (as per (Hay et al.,

! In energy systems the “sustainable capability” refers to the capability of an
energy infrastructure to sustain a minimum level of functionality for a period of
time, before full restoration takes place.
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and damage level. Similarly, in energy systems, different attributes are
utilised for post-disaster recovery, for example, the criticality of the
loads to be served or disconnected (e.g. hospitals, and police stations)
(Moreno et al., 2022). For RBA purposes, we emphasize the topological
and social attributes, i.e. shortest paths to SPN (e.g. hospitals, airports)
that pass through each (damaged) link or node within the network and
the distance and travel time to SPNs. Functional attributes such as the
total travel distance within the regional network or total travel time
within the regional network are meaningful for RBI. However, during
the conflict, the origin-destination (O-D) patterns and total travel times
are irregular, and thus, not appropriate for assessments. Hence, in this
paper, topological and social, concerning connectivity to SPNs, and
financial attributes through the reconstruction cost, are considered.
These attributes are used to identify the resilience optimum based on
which the asset recovery sequence is objectively prioritized.

Step 4 refers to the resilience of a single asset which depends on the
assessment and decision taken at the network level. The figure illustrates
the case of a bridge which has been damaged during the conflict. After
the damage, the restoration of the asset will depend on the extent of
damage, the duration of the conflict, the resources allocated for the
restoration post-conflict and/or during the protracted conflict period,
and the level of target capability (see step 3). The following terms are
mentioned in the figure of step 4 and further discussed by Mitoulis et al.
(2021): (1) Vulnerability and Robustness, which depend on the bridge
type, e.g. continuous or simply-supported deck (Argyroudis & Mitoulis,
2021), the material, and the component(s) damaged by the blast. (2)
Redundancy, which depends on the alternative structural components to
transfer loads on the ground (aka statically indeterminate structure),
while for the network depends on the alternative routes. (3) Resource-
fulness, depends on the availability of needed resources and services and
the capacity to mobilise them for post-disaster recovery. (4) Idle time
depends on the conflict’s duration, accessibility, responsiveness and
prioritisation. (5) Rapidity & recovery time is influenced by the bridge
importance, available resources and policies, the extent of damage, and
restoration tasks, amongst others. It is noted that the standoff assess-
ments, which are described in Section 4, are extremely valuable to all
steps described above, as they can accelerate the recovery by rapid
resilience assessments at the regional and asset level. This resilience
framework is expected to enable well-informed decision-making by all
interested parties to prioritise infrastructure recovery efforts before and
during the reconstruction phase.

4. The value of standoff and ground-validated data

Existing post-conflict peacebuilding emphasises reactive measures
during the reconstruction period (Hay et al., 2019). Yet, effective
implementation of post-conflict operations requires intensive moni-
toring during the course of the conflict. For example, the World Bank
(Kreimer, 1998) highlights the need to allocate sufficient resources for
monitoring and assessment, so that peacebuilding funds are allocated
during peace negotiations. Also, monitoring and standoff observations
can reduce lag time due to waiting to assess infrastructure conditions
until after the conflict resolves because access to the ground during the
conflict is challenging and high risk. Lag time could also be the result of
authorities having different priorities or the state of damage will not
remain final and war-induced destruction is often ongoing, with not
much perspective on what will become of the asset’s condition when it is
finally safe to intervene.

We argue that this hurdle can be overcome by leveraging openly
available data, which can be collected by standoff observations, in
conjunction with forensics and crowdsourcing. Such data can be ob-
tained from disparate sources available prior to the conflict, e.g. traffic
data, satellite imagery, inventories, maps, inspection records, previous
studies, and during the conflict and protracted hostilities, e.g. satellite
imagery, aerial photography, complemented by phone metadata and
news or social media crowdsourcing. This data, when deployed by the
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framework described in Section 3, can accelerate critical infrastructure
assessments, and facilitate faster post-conflict decision-making and re-
covery and hence more effective financing for resilient and sustainable
peacebuilding of cities focused on the safety and security of the society,
inclusive of political processes, core government functions and the rule
of law (OECD, 2018).

This defines the framework of this paper, which is enhanced by
resilience by assessment (RBA). More specifically, each one of the steps
described above can benefit from data available prior to, during, and
after the conflict. For example, prior to the hazard/conflict, open data
from Google Earth and OpenStreetMaps and previous studies, see e.g.
(IMPACT, 2020; Ivanenko, 2020) for Ukraine, can provide useful in-
formation for L1 assessments of asset topology and connectivity at a
national and regional level. This may also include information about
assets’ functionality, e.g. traffic volumes of bridges. Accessibility to
designs, drawings and inspection records is less likely due to data pro-
tection security and potential loss of data during conflicts. For example,
data could inform the design of adaptation measures to climate change
(Smith et al., 2021). However, this is less relevant to conflicts, where
RBD for critical infrastructure is highly unlikely because planners typi-
cally do not consider future conflicts in infrastructure design. Never-
theless, planners can develop and leverage openly available data to fulfil
RBA, during the hazard/conflict and protracted hostilities. For
example, satellite imagery can be used to identify the location of
affected infrastructure, the extent of damage, and, in conjunction with
openly available mapping services, the connectivity to other SPNs and
alternative routes (Weir et al., 2019; Witmer, 2015; Fakhri & Gka-
natsios, 2021; Levin et al., 2018).

Available data from crowdsourcing, e.g. photographs from social
media, research platforms which monitor damage in areas that experi-
ence conflict (see e.g. UNITAR?) and news broadcasts, can be used to
validate satellite reported damage and improve theaccuracy of assess-
ments. Freely available tools such as Google Earth or street views and
photographs of Google Maps can be used to measure the dimensions of
assets that are damaged, define their geometry, as well as the type of the
asset. Further, reports by infrastructure owners and operators, such as
power system operators, can be utilized to assess the damage to critical
infrastructures, such as power stations and power lines. This can assist in
further validating the type and extent of damage as well as the potential
duration and cost of reconstruction. Post-conflict validation can be
achieved with inspections on the ground, which, in case of reduced
accessibility, can be enhanced by UAV imagery-derived point clouds,
digital twins (Loli et al., 2022; Loli et al., 2022; Greenwood et al., 2019),
and monitoring to deliver accurate representations of the physical asset
and its surrounding environment.

This intelligence is invaluable for several reasons, including the re-
covery modelling of the asset and the region/province after the conflict
and the ability to optimise decision-making and resource allocation. At
the network level, openly available maps and data can underpin the
planning of reconstruction to improve the resilience of the region. For
example, Fig. 3 below shows the level of information that can be ob-
tained by openly available data, e.g. locations of main towns, bridges,
roads, and SPNs such as hospitals and airports. Based on this informa-
tion, adequately accurate planning of alternative scenarios for the re-
gion’s reconstruction and resilience can be achieved, i.e. the
optimisation of the infrastructure operability, for given resources.
Further information is provided in the case study of Section 5.

At the asset level, open data can provide valuable and practical
evidence. Fig. 4a to 4d show the information that is openly available in
Google Maps for an overpass bridge along T1019 at the junction with
MO06 (E40) (Kalynivka, Kyivska, Oblast). From this data, (i) the location
of the bridge that was established to be damaged was identified

2 United Nations Institute for Training and Research, https://www.unitar.org
/maps/countries/107
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Fig. 3. (a) The boundaries of the chosen region (green line) for the case study (see Section 5). (b) A project on Google Earth map showing the west of Kyiv area in
Ukraine, illustrating the locations of (i) Irpin River; (ii) damaged river crossing bridges; (iii) centres of Districts (Raions); (iv) main hospitals and the Antonov airport.

(50°25'02.9"N 29°48'03.7"E), (ii) the length, width and depth of its pier with cap beam, backfills retained with concrete blocks), and hence

deck were measured (i.e. length: 4 x 21.75 m = 87 m, width: 15.5 m, estimates can be provided for (iv) the cost of repair, that was estimated
depth: 1.2 m), (iii) the type of the bridge was identified (straight, at €4,05 million, assuming a cost of €3000/m?, which is the typical cost
continuous slab deck on one line of 14 elastomeric bearings, double bent for the types of bridges that were damaged and identified based on
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A damaged bridge in Ukraine on a route M-07
Source: Ukravtodor

We (bridgeukraine.org) are looking for engineers who want to help rebuild
Ukrainian Infrastructure. If you are one of them, please fill the form below.

https://Inkd.in/eSvuat_b

#warinukraine #rebuildukraine

S-2 Original True Colour
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pre-conflict

structures and destroyed infrastructure i@

This above-ground pedestrian crossing near Kalinivka is destroyed iy ditrams;
Work is currently being carried out on its dismantling to ensure safe travels.

Another destroyed crossing near Buzov has already been dismantled.

Fig. 4. The level of knowledge for RBA enhancement (a) bridge topology, (b) Google Street View of the bridge elevation and geometry, (c) view of the bridge
typology (deck, pier and embankment), (d) the expansion joint of the bridge (used to assess the length of the spans), (e) the satellite images before and during conflict
(Copernicus Sentinel-2 10 m optical imagery), (f) and (g) bridge damage crowdsourcing from social media (some sentences were intentionally deleted to exclude

comments from users that take sides and ensure anonymity).
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openly available data (WSDOT Bridge Design Manual M 23-50.21,
2022) and engineering judgement. Also, it is assumed that the replace-
ment bridges will be constructed using expedient and cost-effective so-
lutions, e.g. prefabrication with I-beam bridges and cast in situ methods,
(v) repair tasks (e.g. replacement of deck, bearings and partial recon-
struction of piers), and duration of demolition/replacement of part of
the bridge (see (Mitoulis et al., 2021)). Also, (vi) the connectivity of this
bridge with the surrounding area and SPNs can be identified using
openly available data. In Fig. 4e the satellite images are shown for the
same bridge before and during the conflict. Complementary data and
validation can be achieved in some instances from crowdsourced data
and evidence, for example, LinkedIn and Facebook, as shown in Fig. 4f
and 4g. From these figures, the extent and type of damage can be
identified. If the information regarding damage is insufficient, alterna-
tive methods can be used, e.g. super-resolution enhancement of
high-resolution images like Sentinel-2 or Landsat 8/9 (Cresson, 2022;
Lanaras et al., 2018) and/or SAR interferometry (Markogiannaki et al.,
2022) to measure non-visible damage and deformation, and translate
these into potential structural damage.

For the case of the west Kiev — Irpin bridges, satellite data from
Copernicus Sentinel-2 satellites were used. Optical Sentinel-2 imagery
was investigated using a comparison of frames before and after the
estimated date of possible damage or collapse. The frames selected cover
the timespan between February the 2nd and March the 10th, 2022. This
data is available on the Copernicus Open Access Hub.® Sentinel-2 mul-
tispectral optical imagery has a ground resolution of 10 m for Red,
Green, Blue and Near-Infrared bands and a temporal revisit of ~5 days.
Sentinel-2 imagery is an improvement over the previously best-available
open and public satellite imagery (i.e. the Landsat 8 with 15 m ground
resolution and 16 days of revisit) that can assist in rapid damage
assessment by mostly visual inspection at service-providing nodes. Due
to the limitations of ground pixel resolution to 10 m, no detailed iden-
tification of damage or small-size features, e.g. structural components of
critical assets, can be performed. However, such data and identification
techniques can be useful in case of severe or complete damage to an
asset. Resolution enhancement techniques, such as super-resolution
(Cresson, 2022) can greatly improve visual interpretation and recogni-
tion of structural features and damage on the bridges (Fig. 4e) but should
be applied with caution, as false features or unwanted artefacts may be
introduced. Commercial Very High Resolution (VHR) optical imagery
with a resolution of 0.3-2.0 m is more suitable for assessing damage on
structures such as bridges, but there are still limitations to its use, for
example, (a) non-open source with a high cost of acquisition, (b) no
regular revisit schedule and temporal coverage, (c) smaller swath width
(usually <20 km) than open Sentinel-2 and Landsat 8/9 satellites
(185-290 km) that enables capture of a larger region, (d) geometric
distortions due to oblique acquisition angles (common features in rapid
response frames).

The importance of disparate data sources in resilience assessments
depends on a number of parameters. For example, the reliability, ac-
curacy, uncertainty, and accessibility of data sources are all very
important for a consistent and applicable resilience framework, yet,
when the latter refers to conflicts some data are protected due to
confidentiality, and hence they are not openly available. These disparate
sources provide heterogeneous data of different value and significance
toward resilience assessments. For example, data from social media
might provide high-definition photographs of assets, however, might
not be reporting the exact location or not provide information for the
entire asset, e.g. only local damage of a long-span bridge. Similarly,
satellite imagery of low resolution can be used for damage identifica-
tion, yet does not provide adequate accuracy for the type of damage and
the components of the asset. Therefore, it is of paramount importance to
develop holistic frameworks and practical tools, for successfully fusing

3 https://scihub.copernicus.eu/
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multimodal heterogeneous data, to inform resilience modelling.

In conclusion, using publicly accessible data for RBA during the
conflict can increase resilience as shown in Fig. 5 in a qualitative
manner. The top plot illustrates the resilience model of a region affected
by conflict without considering RBA, while the bottom plot shows the
case where RBA is employed. First, the idle time without RBA is likely to
be substantially longer because the network and asset level engineering
data will be insufficient for planning. Thus, it is expected that the pri-
oritisation process would be more time-consuming due to the lower level
of asset and network understanding. Therefore, the duration of RBI will
be shorter when RBA is employed. Second, RBA will enhance the resil-
ience during the period of protracted hostilities as emergency planning
will be more efficiently designed, leading to shorter times of restoration
and increased operability. The benefit of RBA is also shown in a quan-
titative manner based on the definition of resilience which is propor-
tional to the area under the resilience curve (see also Eq. (1)). The area
under the bottom plot in Fig. 5 is larger (A2>A;), meaning that resilience
is higher when RBA is employed. Furthermore, this framework can offer
a vulnerability assessment of the restored assets and thus reduce the
duration of the restoration, if data is made available. This is an approach
that assumes an ideal reconstruction environment, yet, the operability
level of infrastructure could remain dynamic and unknown until the
conflict is deterministically settled, which imposes great uncertainties in
RBI.

5. Application of the framework in the west Kyiv province,
Ukraine

This section is an application of RBA as per the framework described
in Fig. 2. This case study demonstrates how damage assessments for
critical assets and lifelines, in conjunction with resilience analyses based
on standoff observations during the course of the conflict, can accelerate
recovery. The application is based on the very recent destruction of
transport assets in west Kyiv province in Ukraine, during which several
bridges along the Irpin river were extensively damaged. The location
and the size of the study area were selected considering the spatial
distribution of the damaged assets, the strategic importance of the area,
the proximity to the capital and the dependency to its emergency (e.g.
hospitals) and other services (e.g. financial, educational) as well as the
availability of data for the needs of this case study. This application
assumes recovery to full operating capability (FOC), however, the
framework can be applied by aiming at higher or lower levels of oper-
ating capability (e.g. minimum sustainable or minimum operating
capability) depending on the post-conflict needs. Although critical
infrastructure protection was recently introduced in Ukraine’s national
security policy, this was mainly at a conceptual level and for peacetime
conditions (Sukhodolia, 2018).

5.1. Steps for resilience-based decision-making in transport infrastructure
recovery

In what follows, the steps of the proposed resilience framework are
described in detail, including the evolution of network performance for
which the process described in Merschman et al. (2020) was used (see
Appendix A). The method is extended in this paper because limited re-
sources (funds, materials, workforce) will be available post-war. Hence,
the cost of reconstruction is paramount and for this reason, resilience is
normalised with the reconstruction cost (see Egs. (1) to (5) below). The
results of this analysis will inform decision-making and prioritisation for
rebuilding Ukraine, based on new and communicable resilience metrics.
The four steps described below were followed:

Step 1: A number of damaged critical transport assets (riverine
bridges of Irpin river) have been identified as the main source of
traffic disruption between Kyiv and the areas of Irpin and Bucha,
Kyievo-Sviatoshyn district, Makarivs’kyi district, and Borodyanka
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Fig. 5. The resilience model of a region affected by conflict (a) without considering RBA, (b) consider deployment of RBA.

district, as shown in Fig. 3. This case study assumes level 1 (L1) of
knowledge, and a prioritisation based on topological, social and
functional attributes. The boundaries of the districts were taken from
Hijmans (2015).

Step 2: Based on the openly available traffic data (i.e. Google traffic),
the main roads connecting the aforementioned areas to central Kyiv
were found to be operable. However, several bridges were exten-
sively damaged, and they are closed. Temporary bridges are
currently serving emergency traffic (MOC). For the needs of this

Table 1

Geometry, cost and restoration time for the case study bridges.

application, four critical damaged bridges (B1 to B4 shown in
Table 1) were selected as the main links between the areas shown in
Table 2 and Kyiv. The damage to these bridges was validated by
satellite imagery and crowdsourced data (see Section 4). For each
one of the representative areas of Table 2, four alternative routes
were identified, including travel time and distance (topological and
functional attributes). Each one of these routes passes over bridges
B1 to B4. For example, paths 1.1, 1.2, 1.3 and 1.4, from Irpin/Bucha
to Kyiv, are passing over Bl, B2, B3 and B4, correspondingly. The

Bridge Coordinates Spans Length (m) Width (m) Area (m?) Reconstruction cost™ (€) Restoration time** (days)
B1. Hotenka 50.5533, 30.2843 3 140 26 3640 10,920,000 328

B2. Irpin South 50.4910, 30.2590 3 120 22 2640 7920,000 238

B3. Stoyanka 50.4469, 30.2351 2 90 30 2700 8100,000 243

B4. Hnativka 50.3911, 30.2177 4 100 10 1000 3000,000 90

" cost estimated at 3000 €/m? for conventional RC/PC bridges.
“* B4 was the reference bridge, while the restoration time was adjusted based on the area for B1, B2, B3, by a factor of 3.64, 2.64, 2.70, respectively.
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Table 2
Representative Origin-Destination (O-D) and alternative routes through the case study bridges.

O-D traffic flow Alternative routes Roads along the route Distance (km) Time (min) Serving bridge Road on bridge
1. Irpin/Bucha to Kyiv, 16,674 vehicles/day* 1.1 E373 29.87 40 Bl E373
1.2 P30 32 42 B2 P30
1.3 P30, E40 50 90 B3 E40
1.4 P30, T1038, P04 50.5 75 B4 P04
2. Kyievo-Sviatoshyn District to Kyiv 5201 vehicles/day* 2.1 E373 49.8 60 Bl E373
2.2 E40, P30 34 43 B2 P30
2.3 E40 26 31 B3 E40
2.4 P04, E40 39.2 45 B4 P04
3. Makarivs'kyi District to Kyiv 4792 vehicles/day* 3.1 E40, E373 82 90 Bl E373
3.2 E40, P30 64 60 B2 P30
3.3 E40 56.2 52 B3 E40
3.4 E40 67.6 64 B4 P04
4. Borodyanka to Kyiv 5779 vehicles/day* 4.1 E373 58.4 63 Bl E373
4.2 P30 56.2 60 B2 P30
4.3 E373, E40 61.5 62 B3 E40
4.4 E373, E40 76.3 75 B4 P04

*

10% of the population.

shortest routes in Table 2 are shown in Fig. 6, connecting the four
main areas west of the Irpin river with the capital Kyiv. For each
district of origin, the population was found from online census data
(State Statistics Committee of Ukraine, 2022), and the daily traffic
was considered to be 10% of the population. This assumption does
not affect the resilience assessment; thus, if a different percentage
was assumed, the resilience assessments would remain unchanged
for this case study. It is also noted that the destination chosen, i.e.
Kyiv, represents the position of the main hospitals that serve these
areas (social attributes).

Step 3: Regarding the regional resilience, which drives the rehabil-
itation of the infrastructure network, it is assumed that the infra-
structure system operability, bounces back to its full operating
capability (FOC). No other scenarios for minimum sustainable ca-
pacity (MSC) or minimum operating capacity (MOC) were examined.
The network performance (NP) was assessed for all alternative
bridge repair sequences (i.e. 24) by calculating Ci, corresponding to
functional and topological measures (see Eqs. (Al) to (A4) in
Appendix A). In this paper, we present results for the following six
sequences, which envelope all the solutions: Sequence 1 (S1): B1, B2,
B3, B4; Sequence 2 (S2): B4, B3, B2, B1; Sequence 3 (S3): B2, B1, B3,

1. Irpin/Bucha to Kyiv 2. Kyievo-Sviatoshyn District to Kyiv

(route 1.1 in Table 2) (route 2.3 in Table 2)
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Fig. 6. Shortest routes for the four representative connections of the case study.
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B4; Sequence 4 (S4): B4, B3, B1, B2; Sequence 5 (S5): B3, B2, B1, B4;
Sequence 6 (S6): B2, B3, B1, B4.

For the functional measures (C1, C2, see Egs. (A1) and (A2) in the
Appendix) the total travel time and distance for all vehicles with no
bridge damaged and when one or more bridges are damaged were
computed for each step of a given sequence of restoration. The topo-
logical measure (C3, see Eq. (A3) in the Appendix) was based on the total
number of shortest paths on each bridge for a given combination of
damaged and functional bridges. For example, when the sequence of B1,
B2, B3, B4 was considered, the factors C1, C2, and C3 are calculated for
the following cases: (i) only B1 is open, (ii) B1 and B2 are open, (iii) B1,
B2 and B3 are open, (iv) B1, B2, B3 and B4 are open. NP is calculated
based on C1, C2 and C3 considering variable weighting factors (y1, v,
v3) ranging from 1 to 5. These values are reasonable based on literature
(Merschman et al., 2020) and were used to examine the sensitivity of NP
to topological and functional parameters, which take a minimum value
of 1.0 (small influence) to 5.0 (dominant parameter). In post-disaster
decisions for bridge repair, these weights reflect different priorities of
the operators and decision-makers during the reinstatement of the net-
work’s operability, i.e. whether functionality or topology is more
important. The social measure described by C4 (e.g. travel time from
different zones to hospitals) is meaningless in this particular application
because the city of Kyiv as the destination also represents the location of
the main hospitals, hence the same O-D can be used, Also, this paper is
not dealing with emergency planning but with reconstruction. Hence,
C4 is equal to 1.0.

Step 4: First, the asset functionality is negligible, hence, all bridges
B1 to B4 were considered to be completely damaged. The target
functionality of reconstruction was considered to be FOC, thus, the
asset will be reconstructed and will offer its full functionality, equal
to the original one. For the assessment of the network performance,
no idle time was considered and the post-damage NP was considered
to be 0.1. The time of reconstruction is considered proportional to
the area of the deck (see the last column in Table 1). For example, the
baseline restoration time of 90 days was assumed for B4 which has a
total plan area of 1000 m? and hence the reconstruction time of B1,
which has a plan area of 3640 m? is estimated 3.64 times longer, i.e.
328 days. This approximation was based on the results of a recent
survey for bridge reconstruction, which provided a mean duration of
36.6 days of one span. This duration is adjusted here to 30 days per
span, to take into account the size of the deck area, which is
approximately 20% smaller compared to the survey’s baseline
(Mitoulis et al., 2021; Mitoulis & Argyroudis, 2021).

This paper focuses on the infrastructure network of a war-ravaged
city, therefore for the case study resilience is defined as the ability of
the network to recover from the effects of asset failure (bridges) in a
timely and cost-effective manner. Towards this, Eq. (1) expresses the
resilience index R(ty), as per (Cimellaro et al., 2009):

1

R(th) = P—

(€Y

In
/ NP(t)dt
fo

where ty, - t, is the time window for which R(ty) is estimated, e.g. for the
case study analysed here and for the total duration of each one of the
sequences S1 to S4, ty, is 898 days and to=0, while NP(t) is the time-
variant network performance. Note that the evolution of R(t,) means
that t, depends on the commencement and the duration of B; restoration.

The cost of each bridge is given by Eq. (2):
Cb; = Ac 2

The cumulative cost for a given sequence Si is given by Eq. (3) and
the normalised cumulative cost is calculated based on Eq. (4):
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P
Cbp = > Cbi 3
i=1
. Cbp
Cni = Cb,. “4)

Hence, the cost-based resilience R¢(ty,) is calculated as per Eq. (5):

R(l},)
Cn;

Re(th) = 5)

where:

A, is the plan area of the bridge deck given in Table 1, i.e. total length
times the width of the deck,

¢ is the unit cost for the construction of 1 m? of the deck, which is
fixed at 3000 €/m? for conventional RC/PC bridges,

Cb,, is the cumulative sum of bridge reconstruction costs, i.e. the
sequence of partial sums of the given sequence of bridges,

p is the bridge that is being under restoration for the identified se-
quences of this case study (S1 to S4) and for which the resilience of the
network is assessed,

R.(ty) is the value of the cost-based resilience index of the network at
the time ty, that bridge p is restored.

It is noted that for i = p, Cn;j=1, therefore the maximum value of the
cost-based resilience index Rc(ty) is identical to the resilience index
estimated when the cost is not taken into account. This value is always
smaller than 1 due to the loss of functionality because of the damage that
leads to functionality loss.

5.2. Results and discussion

In this section, the results of the bridge repair sequence prioritisation
are presented in terms of network performance vs time (Fig. 7a and 7b,
assuming equal weighting factors y;=ys=y3= 1.0). Also, the resilience
index (Fig. 7c and 7d) and resilience normalised with cost vs time are
presented (Fig. 7e and 7f). Two different scenarios for the traffic were
assumed. The first assumes traffic per O-D is proportional to the popu-
lation (Fig. 7a, c, ), which is considered to be more realistic. The second
assumes the same traffic flows per O-D (Fig. 7b, d, f). The R values re-
ported in Fig. 7a and b, are the resilience metrics taken as the maximum
values of plots in Fig. 7c and d, and calculated based on Eq. (1), for a
time window of 898 days, which is the cumulative restoration time for
all bridges B1 to B4 (Argyroudis, 2022). It is noted that it is common to
allow traffic on a bridge even when the bridge is under repair and the
bridge has not gained its full structural capability. The linear increase in
the network functionality assumes that the reinstatement models illus-
trating the post-conflict gain of the traffic capacity of the network is
linear, i.e. allowing limited traffic on bridges that are damaged, but
under repair, which corresponds to e.g. emergency and minimum
operational traffic. A stepwise model for the network performance
would be unrealistic, as this would practically simulate the case where a
bridge is fully restored before allowing any traffic on it (Mitoulis et al.,
2021).

It is observed that the sequences with the highest performance in the
first phase are the ones which commence with the reconstruction of B2
(see sequences S3 and S6). This result is showing the importance of the
bridge in the south Irpin and justifies from a strategic point of view, the
severity of the attack in this region. The sequence with the best network
performance is depicted with the black line (S6) and reaches the com-
plete restoration before any other sequence, while it maintains the
highest network performance in comparison with the other sequences
throughout the entire hypothetical recovery. The performance of the
sequences is not changing dramatically for the two adopted traffic flow
models (Fig. 7a and b), except for the network performance of S1, while
S2 and S4 have increased more swiftly network performance when
traffic was considered to be equal distributed in all O-D. Also, the shapes
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Fig. 7. Evolution of network performance (a, b), evolution of resilience index (c, d) and resilience normalised with cost over time (e, f), for equal weighting factors
(y1=y2=y3= 1.0) and traffic proportional to the population (a, c, €), or equal traffic flow per O-D (b, d, f).
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of the restoration curves remain the same, except for S5, which is closer
to a linear behaviour until the value of NP=0.9 and the restoration is
more gradual for the assumption of equal traffic flow. This is the reason
why it is exhibiting also better resilience performance than the S3 in
Fig. 7f, regarding its position in Fig. 7e. Fig. 7e and f justify that the best
(S6) and the worst (S1 and S4) solutions regarding the repair sequence in
terms of network performance maintain their position also in terms of
cost. However, B4 is the bridge that has the smallest area and hence the
lowest cost, and the smallest repair duration. This justifies the reason
that S4 is the best sequence in the first phase when resilience is nor-
malised with cost.

To better understand the importance of combined resilience and
cost, Fig. 7 also shows the evolution of the resilience of the network over
time considering the network performance and the network resilience
accounting for the cost. All cases assumed y;=y=y3= 1.0. The com-
parison of Fig. 7c vs 7e and 7d vs 7f, yields that for limited budgets (e.g.
post-war) restoration of bridge B4 first, i.e. considering Sequence 4,
(S4): B4, B3, B1, B2, would maximise the short-term resilience within
the first 100 days, whereas long-term resilience is maximised by
Sequence 6 (S6): B2, B3, B1, B4. Therefore, the cost-based resilience
index is informative in that it shows the evolution of the network
resilience for a given sequence of bridge restoration, which also in-
dicates the optimum allocation of resources (including financial) for a
more expedient achievement of resilience in the short-term and/or the
longer-term.

Fig. 8 illustrates the network performance vs time assuming variable
weighting factors, aiming to better understand the sensitivity of NP and
resilience for the analysed sequences when the focus is on functionality
(y1, y2) or topology (y3). The sequence with the highest performance for
all the scenarios with the different weighting factors remains S6. The
variation of the weighting factors seems to have affected negatively
more S2 and S4, which in all scenarios have the lowest performance in
terms of resilience (R). S5 is also affected, at least until the first bridge
repair, as the network performance remains relatively low. For the best
sequence (S6) that leads to the highest resilience index R = 0.75
(Fig. 7a), the NP reduces when unequal weighting factors are consid-
ered, with the worst scenario being y3=5.0, for which R = 0.61. Thus, it
is also observed that factor y3 (which refers to the topology) is having the
highest impact on the sequences, both for the scenarios with different
weighting factors. The increase of y3 is found to lead to a reduction of R
up to almost 30%. The increases of y; and y; lead to similar results
regarding the sequences of restoration.

Apart from the in-series reconstruction of bridges (i.e., one by one), a
parallel reconstruction of at least two bridges at the same time was also
examined corresponding to the sequences P1 to P6 (see Fig. 9). The
assumption of the P1 to P6 scenarios is that there is no limitation to the
availability of labour, and hence, the simultaneous reconstruction of two
bridges, e.g. B14+B2, would require a total time equal to the maximum of
the reconstruction time of the two individual bridges, i.e. 328 days. The
time window for which the resilience index was estimated in all cases
was equal to the one used for S1 to S6, i.e. 898 days, meaning that for P1
to P6, the network performance is NP=1 after day 571. Fig. 9 shows that
the resilience index is increased when parallel reconstruction of more
than one bridge takes place. Indicatively, the maximum achieved R for
S6 was 0.75, whereas for P6 this value was estimated equal to 0.84.
From the examined sequences of reconstruction, the one that was
influenced mostly was the resilience of S5 (R is increased from 0.67 to
0.84) and the ones that were less affected was S3 (R is increased from
0.69 to 0.75). Yet, the resilience-based decision-making for reconstruc-
tion would not be altered significantly for the case of the parallel
reconstruction as still S6 and P6 stand with the highest long-term
resilience. The sequence when considering in series construction with
decreasing resilience is S6, S3, S5, S1, S2, S4, while when parallel
reconstruction is considered, the optimal sequence is P5 or P6, P1 or P3,
P2 or P4 for a time window of 898 days.
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5.3. Limitations and future directions

The current study focuses on the resilience assessment of the trans-
port network due to war-induced disruptions and the subsequent
destruction of main critical infrastructure, such as bridges. The proposed
approach assumes an ideal reconstruction environment, yet a number of
factors and correlations that impose significant uncertainties will have
to be included in future research. These include infrastructure in-
terdependencies, risks of protracted hostilities, post-conflict demand,
available functionality and potential repurposing of infrastructure, post-
conflict changing needs of businesses, people and communities, social
and organisational reforms, budget limitations and political decisions
for the reconstruction.

Also, from a financial point of view, the implications of conflict are
also macro-critical, as they destabilise balance of payments (BOP) po-
sitions, disrupt trade and financial flows, and hinder the development of
productive resources. Government resources are important because of
market failures during and following conflicts. Commercial lenders will
likely not be interested in investing in infrastructure reconstruction
because of the sums involved and the uncertainties related to returns on
investments. Governments can help de-risk such investments, but it is
likely that external public funding would be essential to support conflict-
affected states to achieve macroeconomic stability, enhance resilience,
strengthen governance, and promote inclusive growth (International
Monetary Fund, 2022).

A potential association between the resilience capacities of the
transport network and the supply chain of the construction sector will
also have to be taken into account (Blagojevi¢ & Stojadinovic, 2022).
The proposed framework will be extended in the future to include case
studies regarding railways, schools and energy infrastructure, as
numerous energy and water plants have been either severely or
completely damaged, along with their interdependencies with the
healthcare system (e.g. hospitals, crucial supply chain for the healthcare
system). Moreover, resilience planning can take into consideration the
calculation of the recovery time of potential insurgent actions and the
constant presence of hybrid threats, especially in regions of high and
diachronic geopolitical instability, where the end of a major conflict
doesn’t secure the end of the tension between the two or more in conflict
parts. Also, the huge progress in the usage of UAV or special cameras for
the inspection of damaged structures can lead to a new source of in-
formation for more accurate resilience modelling, by providing more
information for the level of knowledge 2 (L2). The proposed resiliency
framework can be examined under the prism of post-war urban planning
frameworks (Kyprianou et al., 2022), to associate actions and support
efficient decisions, also considering this in conjunction with other haz-
ards (Wang & van de Lindt, 2022).

6. Conclusions

This paper introduces a new framework for the quick recovery of
war-torn countries. The framework focuses on resilience-informed pri-
oritisation of infrastructure assets. Thus, this framework has the po-
tential to enable better cooperation amongst different decision-makers,
donor agencies, institutions, interested parties, and other aider countries
on the basis that infrastructure peacebuilding prioritisation is performed
with an objective prism, that is the swift recovery of the area. Thus, the
framework can contribute to the mitigation of influences of own rules
and priorities in post-war reconstruction for the benefit of the societies.
The main novelty of this paper is that it introduces resilience by
assessment (RBA), i.e. enhancing resilience assessments during the
conflict, in conjunction with resilience by intervention (RBI), i.e. post-
conflict for critical infrastructure asset reconstruction. Three levels of
engineering knowledge are introduced by the framework, while the
application entails data-driven standoff assessments using, e.g. satellite
imagery and crowdsourced evidence, with emphasis on the topology
and typology (L1) of damaged critical assets. Engineering capacity and
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Fig. 9. Comparisons of the evolution of the resilience index of the network considering in series (continuous lines S1 to S6) and parallel (dashed lines P1 to P6)
bridge reconstruction sequences for equal weighting factors (y;=y>=y3= 1.0) and traffic proportional to the population.

demand (L2) and social factors and functionality demand (L3) will be
employed post-conflict in support of RBI.

The proposed framework was implemented for the prioritisation of
bridge repair sequence for a transport network based on optimised
resilience and cost. A number of possible prioritisation scenarios were
examined in the areas west of Kyiv in Ukraine. In-series and parallel
reconstruction strategies were examined. The sequence of bridge
reconstruction S6: B2, B3, B1, B4 is qualified as the most efficient for the
in-series strategy, leading to the greatest resilience index. If at least two
bridges are reconstructed in parallel an 8 to 20% increase in the resil-
ience index is achieved, while sequences P5: B3+B2, B1+B4 and P6:
B2+B3, B1+B4 are the most efficient ones.

The analysis also spotlighted the significance of the South Irpin
bridge (B2), for the most efficient restoration of the transport network.
This is justified by the fact that the sequence scenarios B3 and B6, which
prioritised the restoration of this bridge were found to have the greatest
resilience indexes, while those which didn’t prioritise the reconstruction
of B2 exhibited lower performance. The two assumptions for the traffic
flow per origin-destination (O-D) showed no great differentiations in the
shape and the performance of restoration sequence scenarios. Moreover,
the comparison of the sensitivity of the transport network performance
to its functionality (expressed by y; and ys) and asset topology
(expressed by v3), yielded that the topology factor y3 had the highest
impact on network performance and R, as its increase from 1 to 5 led
almost all the sequence scenarios to a decreased network and resilience
performance. The increase of the y; and y, respectively led to a reduc-
tion of the resilience R in comparison with the case where all y were
taken equal to 1. This reduction of R ranges between 9 and 30%, when v;
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increases from 1 to 5. The case study included some approximations,
such as the traffic flow (step 2), the sequence of restoration and the
weighting factors of the functional and topological measures (step 3).
Yet, the assumptions made are based on expert judgement, and hence
the comparative results would not change significantly if different
values were assumed.
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Appendix A

The following equations by Merschman et al. (2020) were used for the assessment of network performance (NP) in the case study of Section 5.

TTD; — TTD,
C =1 _ Al
1 + Y1 * TTDO ( )
where,
C; = functional measure factor for total travel distance (TTD),
TTD; = the TTD with one or more bridges being closed because of damage,
TTD = the TTD with all bridges being functional, and y; = a weighting factor.
TTT, — TTT,
=1 - A2
Co=1+yp,%* TTT, (A2)
where,

C, = functional measure factor for total travel time (TTT),

TTT; = the TTT for all vehicles when one or more bridges are damaged,

TTTy = the TTT with no bridge damaged, and y, = a weighting factor.

The total travel time (TTT) and total travel distance (TTD) where taken from GoogleMaps considering minimum times and distances for each O-D
(e.g. see Fig. 6).

o(v), —Z/_,0(v
o= 172 Bty a3)
m y

where,
C3 = topological measure factor,
o(v) = the total number of shortest O-D paths (see Table 2) on bridge v for a particular combination of damaged bridges,
o(v)o = the initial number of shortest paths that pass through all bridges under consideration given that all are functional,
cij = the total number of shortest paths that exist from i to j (origin-destination points),
n = the number of bridges under consideration,
m = the total number of nodes that exists in the network, and
y3 = a weighting factor for the topological measure.

1

= A4
CiC;CiC, Ad

NP

where NP is the network performance metric, and Cj, Co, C3, and C4 are functional, topological, and social measure factors. C4 was taken equal to 1.0
as the destination of the case study (Kyiv) coincides with the main hospitals.
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