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ABSTRACT. Community resilience against major disasters is a multidisciplinary research field that garners an
ever-increasing interest worldwide. This paper provides summaries of the discussions held on the subject
matter and the research outcomes presented during the Second Resilience Workshop in Nanjing and
Shanghai. It, thus, offers a community view of present work and future research directions identified by the
workshop participants who hail from Asia—including China, Japan, and Korea—, Europe, and the Americas.
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1. Introduction

The Second Resilience Workshop (henceforth, simply, workshop) hosted by the Southeast University and the
Tongji University convened to bring together both senior and junior researchers in order to address
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fundamental issues in disaster resilience. The workshop’s proceedings provide a conventional compilation of
the presentations given and discussion sessions held (Lu and Wu 2018). In the present paper, the authors
have aimed to aggregate and organize the workshop’s contents and to develop a community perspective on
future research directions.

The starting point in the Workshop was the evaluation of the state-of-knowledge on resilient infrastructure
in light of the lessons learned from recent major disasters. Attendees represented researchers from Japan,
China, Hong Kong, Korea, Europe, and the Americas.

The keynote talks addressed critical themes in current and emerging threads of research in resilience, such
as studies on community- and regional-scale resilience, dependencies among infrastructure systems, and
human behavior during catastrophes. Discussions also included evaluating the benefits that may come from
structural control and health monitoring, laboratory and field testing for model/method validation, and
guantitative reconnaissance during, and in the aftermath of, extreme events.

Keynote and invited speakers from each region presented their visions on where the resilience levels of built
environment need to be, and on how interdisciplinary research can delineate these levels and illuminate the
path toward their attainment. Subsequently, small-group discussions took place on the (i) design and
improvement of new and existing structures and infrastructure systems, (ii) implementation of novel
engineering practices to rapidly enhance resilience of communities, and (iii) emerging disciplines such as
Artificial Intelligence (Al) and other fields that bring can forth drastically improved assessment and modeling
capabilities at regional scales. Different approaches that are presently being explored around the world and
their potential synergetic effects were examined, which led to ideas on coordination of these efforts for
accelerating the discoveries/developments. The Workshop participants then resolved to create several
Working Groups who were tasked to brainstorm in order to develop action plans that identify the present
knowledge/capability gaps, and delineate specific applications together with their potential impacts.

The present manuscript is organized into two parts: the first part is devoted to an overview of the state-of-
the-art of resilience research that emerged from the keynote and invited speakers in the sessions of the
workshop. The second part presents on the Working Group outcomes.

1.1 Grand challenges in achieving resilient socio-cyber-technical self-learning infrastructure systems

Resilience—a term comprising Latin roots re- and salire-"back," (MWD, 2020)—was initially used in a
technical sense to denote the capacity (strength) of a material to withstand dynamic (impulsive) loads
without fracturing by Thomas Young in early 19-th century (see, pg. 143, Young, 1847). The use of the term
has since expanded into disciplines, which include psychology, ecological systems science, community and
social sciences. In particular, civil engineers have begun using the term resilience to denote the ability of
critical infrastructure systems to return to pre-disaster conditions and attempted to define it as a quantitative
measure for different natural hazards (see, for example, Bruneau et al., 2003).

Resilience is often context-sensitive and can take on different meanings at individual, societal, jurisdictional,
levels. It also aggregates a range of capabilities in preparing for, responding to, protecting from, detecting,
preventing, and recovering and learning from disruptive events. Correspondingly, resilience cycle phases
include (a) preparation, (b) building up protective capabilities (e.g. of structures), (c) detection, (d)
prevention, (e) absorption, (f) response, (g) recovery, (h) adaption, and (i) learning. While, in an overall sense,
resilience is understood as a measure of system functionality, it is not yet known how to systematically
determine which resilience cycle phases are relevant for given infrastructure and hazard scenarios.



While concepts of resilience are increasingly adopted, customized, and operationalized under various
disciplines, researchers and relevant agencies are continuously confronted with ever-increasingly complex,
and highly interconnected and interdependent systems. Questions often thus arise whether the paradigm is
taken up at sufficient complexity and granularity to make any practical impact.

While technological capabilities that can devise more resilient systems, and analytical capabilities that offer
better quantification/understanding of resilience are improving at a rapid pace, potential threats and hazard
exposures also appear to be increasing. The natural question therefore is whether these improvements can
abate potential catastrophic disruptions to critical infrastructure systems due to natural hazards.

1.2 Working groups for devising roadmaps of future research on resilience

The participants inter alia had backgrounds in the fields of earthquake engineering, civil engineering of
infrastructure (e.g., bridges), catastrophe management, network modelling, electrical engineering,
guantitative risk analysis, technical and functional safety, and computer science. A wide range of
methodologies was covered from conceptual frameworks, engineering analytical approaches, component
and large-scale structure resilience and their simulation, modelling and simulation to network modelling
sciences, Machine Learning (ML) and Al expert systems.

Taking this background into account, and for stimulating the formulation of detailed future resilience
research roadmaps based on identified challenges, technological drives and societal needs, three working
groups (WGs) were created to try to answer some critical questions about the resilience of infrastructure and
communities, taking up also feedbacks of participants (States 2018; Boumphrey and Bruno 2015; Thoma et
al. 2016; Haring et al. 2016).

(1) WG #1 - Frameworks, fundamentals and education for future infrastructure risk control and
resilience: How to enhance understanding of the fundamental processes underlying natural hazards,
extreme events on various spatial and temporal scales, as well as the variability inherent in such hazards and
events? What curricular changes are necessary to better prepare the future generation of Civil Engineers for
Critical Infrastructure Security (CIS) and Resilience Research (States 2018)?

(2) WG #2 - How to improve Critical Infrastructure Systems with Emerging Technologies: Future critical
infrastructure systems predictive simulation and emerging technologies: How to improve our capability to
model and forecast (including uncertainty quantifications of) such hazards and events by better
understanding of infrastructure socio cyber-physical systems? How to advance modeling and smart
technologies that promise an opportunity for groundbreaking discoveries to improve resilience? For
instance, how to transform infrastructure, from physical structures to sensing, self-aware and responsive
systems? How to assure that increasingly interconnected CIS meet demands and withstand environmental
hazards?

(3) WG #3 - Big data analytics, ML and Al for future human support in disruption events and critical
infrastructure system resilience: How to enhance societal preparedness and societal resilience against the
impacts of natural and man-made hazards? How to make sound research investments to better develop
technology that supports critical infrastructure and human-technology interactions? How to leverage in this
context big data, Al platforms and data analytics at various scales? How to promote a multidisciplinary
collaboration between the Engineering, Computer and Information Science, and Social, Behavioral and
Economic Sciences, also to address socio-political and technical issues?



2. State-of-the-art in existing research on resilience of civil infrastructure systems

In this section, references are made to the main contributions that were presented during the
Second Resilience Workshop. These were classified into five main groups: (i) methods and progresses for
assessing community resilience, (ii) aspects specifically related to infrastructures with special attention to
bridge structures, benefits to resilience that can be derived from (iii) control, (iv) monitoring solutions, and
(v) the contribution of large-scale laboratory tests to the assessment and improvement of building resilience.

2.1 Earthquake resilience of communities

Seismic damage simulation of buildings on a regional scale is of great significance to enhancing community
resilience. The topic has received worldwide attention and many methods have been proposed in recent
decades (Council 1985; Hori and Ichimura 2008; Lu and Guan 2017; MRI 2003). Among them, the cityscape
nonlinear time-history analysis is one of the representative methods (Lu and Guan 2017). A series of key
challenges in earthquake scenario simulation can be addressed using this method, including modeling the
features of different buildings and ground motions (Lu et al. 2014; Xiong et al. 2016; Xiong et al. 2017), high-
fidelity visualization (Xiong et al. 2015), secondary disaster simulation and resilience assessment of urban
buildings (Xu et al. 2016; Zeng et al. 2016).

The cityscape nonlinear time-history analysis has been adopted by the NHERI SimCenter supported by the
National Science Foundation (NSF) of the United States to simulate community resilience, through which an
open-sourced general-purpose framework for seismic damage simulation and resilience assessment of urban
buildings (referred to as SimCenter Workflow) was proposed (Lu et al. 2020). A seismic damage simulation
and loss prediction for 1.8 million buildings in the San Francisco Bay Area were performed using the
SimCenter Workflow. The simulation included the entire process from the earthquake fault rupture to the
building loss. Specifically, the ground motions based on a 7.0-magnitude simulated Hayward fault earthquake
were used as the input ground motions. Different buildings had different ground motion inputs according to
the simulated earthquake scenario. The seismic response of each building was then predicted using the
nonlinear time-history analysis. The distribution of the median building loss ratios and repair/rebuilding times
were computed with the SimCenter Workflow for all buildings as shown in Figures 1 and 2, respectively. The
seismic responses of buildings in downtown San Francisco were visualized realistically to promote
earthquake disaster mitigation for non-professional people, as shown in Figure 3. This implementation
provided a useful reference for simulating earthquake resilience of the large-scale community.
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Figure 1 Distribution of median building loss Figure 2 Distribution of the median building
ratios in the Bay Area repair/rebuild time in the Bay Area

Disp (m)

Figure 3 Visualization of the seismic response of buildings in downtown San Francisco (t=13.2 s)

Focusing on the issue of modelling the infrastructures’ interdependency that may have a critical role in
cascading and amplification effects, the Re-CoDeS (Resilience — Compositional Demand/Supply) framework
allows to explicitly consider the evolution of demand and supply for infrastructures service over time. The
goal of the Re-CoDeS framework is to apply the compositional demand/supply approach to an
interdependent system of systems composed by several civil infrastructures and a community. Furthermore,
it enables the resilience quantification. Using this extension, the dependency of one system on another one
can be determined considering the resource or service demand, the resource or service supply, and the
coupling of these two metrics. Such a holistic understanding of the evolution of the demand and supply in an
interdependent setting would allow de-aggregation of community resilience objectives in order to focus and
redirect resources to those systems and components that will produce the greatest overall benefit.

Figure 4 depicts the virtual setting to test the Re-CoDeS framework composed by the electric power supply
system, the cellular communication system, and the building stock, which is divided into different
agglomerations. Figure 5 reports the results of the case study, showing the resilience of the electric power
supply system during the first 100 days after the disaster (occurring at t=0) (Didier et al. 2018).
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Moving to community resilience and real-world case studies, after the Canterbury earthquakes, the central
business district of Christchurch was demolished to a significant extent. It is presently being rebuilt as a city
with a variety of structural forms, but predominantly with steel structures. Interviews with a significant
number of stakeholders and engineers were conducted (Bruneau and MacRae 2017) to quantify the extent
of the shift in construction practice taking place there, with the objective of identifying the drivers that have
influenced the decisions on selecting structural materials and systems of new buildings that are being (will
be) erected in the region.

The number of casualties caused by an earthquake is usually linked to the collapse of structures—a scenario
wherein fatalities are either immediate, or imminent as people become trapped under debris. While human
losses are positively correlated to structural damage, injuries have also been found to occur even when no
damage was present. Such injuries are due to individuals being struck by objects or falling off staircases while
trying to escape from the buildings. Therefore, the shaking itself is deemed to be a significant cause for
injuries and death during earthquakes. Preliminary work in this area aimed at understanding the ability of
normal people to maintain their positions during ground shaking. This subject has not been extensively
studied, but some pioneer work has been carried out by Takahashi et al. (2004; 2011).

Test on humans due to vibration has been performed in other areas of knowledge (Griffin 1998; 2012). The
main idea is to evaluate the ability to perform control evacuation or controlled pre-determined tasks. The
literature review indicates that these conditions are influenced by stability of the individual in standing
positions, the motion of individual in a sitting position, the level and frequency of the vibration at the points
of entry to the individual, state of health, gender, age, and, most importantly, previous experience or
practice. Due to the large number of variables and their variabilities among human subjects, testing is difficult
to capture the overall tendencies. Additionally, the monitoring ability to detect the capacity of individuals is
difficult due to their spatial motion. Tests were then performed on different individuals and human
characteristics. Each person is equipped with sensors to analyze the person’s stability and capability to
maintain the initial position, heart rate and breathing in order to measure the main vital parameters and
anxiety of the person during the shaking. A six degrees of freedom shaking table and a unidirectional shaking
table are used to generate artificial earthquakes (Aguilar et al. 2017). In addition, a virtual reality setting is
used in order to recreate a more realistic environment. During the experiment, special attention is given to
the factor of “surprise” which is necessary to ensure a natural reaction of the individuals. Figure 6 reports
the setup of the tests performed at the Politecnico di Torino (Resilience Lab). The individual is equipped with
safety devices and placed on the shaking table wearing the virtual reality device. Kinect sensor is used to
monitor the body movements during and after the simulated ground motions. Vital parameters are also
monitored.




Figure 6 Tests performed at Politecnico di Torino (Turin, Italy)

Individual response is highly dependent on expectations, experience and mental preparation. In Chile due to
its high rate of seismicity, with a magnitude 5 earthquakes, or higher, occurring in average 70 times per year,
people are more trained to react to strong ground motions. Individuals were tested for several different
motions and they learned quickly how to reposition themselves on more stable position. When the individual
experiences loss of equilibrium, the first reaction observed is to lift and open the arms and to lower the
body’s center of gravity for ensuring equilibrium. It has been observed that the surprise component affects
essentially the outcomes. Long ground and floor motions produce higher anxiety but not necessarily
uncontrollable stability. The use of special tools as virtual reality and multi-degree of freedom platforms
allows to reproduce more consistent conditions.

2.2 Resilience of critical infrastructures & bridges

Undoubtedly, infrastructure is the backbone of the world’s economies. This include transportation networks,
such as bridges, tunnels, subways, railways, ship yard cranes; water delivery, utilities, dams, various pipeline
networks, power transmission, communication network, government centers, and large business centers.
Resilience is fundamentally a theoretical concept. Yet ongoing and warranted reflection regarding this
concept in the context of disaster and emergency management and mitigation, crisis management, and the
protection of critical infrastructures, for instance, has thrust this concept into the policy making arena, where
considerations concerning its practical application are becoming important. While difficult, given the
complexity of resilience, and its definitional ambiguity, the ability to assess such a concept helps to bridge
the gap between theory and application, between academic and policy circles.

The design and construction of civil infrastructures is a significant cost to a country but the proper use of the
scientific methods to monitor and maintain these structures is indispensable. Therefore, civil engineers strive
to design and construct structures meeting the highest standards of engineering in order to enhance
durability and functionality of such infrastructures. However, civil engineers have been slow in adopting
Civionics Engineering and Structural Health Monitoring (SHM) to maintain the infrastructures. Through the
development of the new discipline of Civionics that integrates Civil Engineering and Electronics, innovative
resilient structures can be developed (Mufti et al. 2007; 2010; Rivera et al. 2007).

There have been a number of bridge collapse accidents in recent years, causing large casualties and property
losses. Concepts such as redundancy and robustness play a significant role, respectively to have alternative
resources in the event of out-of-service of certain structural elements and to sustain certain performance or
stress levels without showing degradation or loss of functionality. A new redundancy index was introduced
to investigate the after-fracture redundancy of an aged truss bridge in Japan (Lin et al. 2016).

Traditional research focuses on the method of numerical analysis. For example, Domaneschi et al. (2018)
studied the disproportionate collapse of an existing cable-stayed bridge at the numerical level by employing
a validated model from literature and the Applied Element Method. The earthquake input is used for the
numerical simulations and the role of redundancy in the bridge structural scheme is proved as the strategic
measure for avoiding the disproportionate collapse and improving robustness. With this aim, new
redundancy indexes that account the system reserve resources have been also introduced.

Numerical models are often devised and validated via tests on reduced-scale structures in the laboratory.
However, boundary and loading conditions in such tests may not fully reflect the ground truth. As such, there



is a continual need to extract data/metadata from real-life events for model validation. Forensic
investigations (see, for example, Peng et al., 2019 - Figure 7; Domaneschi et al 2020; Morgese et al. 2020)
and post-event reconnaissance campaigns (Stewart et al., 2019) provide this crucial data for component or
system-level model validation, which, in turn, improves the accuracy of scenario-based regional-scale
disaster simulations. With advances in computational capabilities, the use of detailed high-fidelity models to
represent large/regional inventories of buildings, bridges, etc. has become possible. On the other hand, while
recent technologies (e.g., drones, LIDAR scanners, etc.) enable rapid collection of voluminous data, it is still
difficult to convert raw data (e.g., images, basic measurements) into metadata that needed for model
development and validation, and for loss assessment.

Figure 7 Image-based measurements of the collapsed Florida University pedestrian bridge for forensic

analyses (reproduced from Peng et al., 2019).

Moving to regional scale, intercity networks constitute a highly important civil infrastructure in developed
countries as they contribute to the prosperity and development of the connected communities. This was
evident after recent strong earthquakes that caused extensive structural damage to key transportation
components. Quantifying therefore, the resilience of road networks (defined as their ability to withstand,
adapt to, and rapidly recover after a disruptive event), it can be a challenging issue of paramount importance
towards holistic disaster risk mitigation and management.

This feature can be can be approached by establishing a comprehensive, multi-criterion framework for
mitigating the overall loss experienced by the community after an earthquake event. They are decoupled
into the direct structural damage-related loss and the indirect loss associated with the travel delays of the
network users, as well as the wider socio-economic consequences in the affected area. This probabilistic risk
management framework (Figure 8) is implemented into a software to facilitate informed decisions of the
stakeholders (Kilanitis and Sextos 2018), both before and after a major earthquake event, thus prioritizing
the pre-disruption strengthening schemes and accelerating the inspection and recovery measures,
respectively.
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2.3 Structural control and base isolation solutions toward seismic resilience

Isolation has traditionally been considered as a passive technique in the classification of structural vibration
control, while it has also active, semi-active and hybrid forms. Application to tall buildings is limited, because
large displacements may introduce large overturning moment (Wu and Ou 2015).

Seismic performance of isolation layer determines the safety of isolated structures due to certain failure
mode of isolation structures. Indeed, the deformability of isolation bearings has many restrictions such as
limited foundation gap and horizontal stiffness.



In (Domaneschi and Martinelli 2015) the concept of seismic resilience of a controlled cable-stayed bridge has
been explored through investigations and finite-element simulations. The case study is represented by a
refined finite element model of an existent cable-stayed bridge, the object of an international benchmark.
The semiactive signature of the structural control elements is exploited online to compensate for losses of
performance due to failure of some of the control elements. The proposed control solution’s results show
the ability to nullify the time interval between the damage occurrence and restoration (even if not complete)
of system performance. This innovative aspect is related to how the devices’ semiactive feature is exploited
to enhance resilience. Therefore, the concept of immediate resilience is first introduced. A new measure of
resilience is also proposed with reference to the performed simulations. The positive outcomes coming from
redundant and automatic seismic protection systems, such as the one here implemented, offer a contribution
not only in undamaged working conditions but also when local failures occur, providing on-the-fly
compensation to performance losses.

2.4 SHM and damage detection toward operational and hazard resilience

Monitoring systems may be useful to obtain information on the degradation conditions, to be able to adopt
in advance the necessary actions and, thus, reduce risks of disproportionate collapses. In particular, a set of
system identification techniques have been recently proposed using structural response variables only: they
are usually mentioned as output-only techniques. These approaches originated by the need of operating
without disrupting the normal activities (e.g., traffic flow) or by the difficulty of consistently measuring the
input loading (e.g., wind pressure, traffic load, etc.). Such innovative identification technique can successfully
perform when the response of the structural system is independent of the input, or in other words, when
the transfer function of the system is independent of the external loading. It is usually related to stationary
(or weakly stationary) white signals.

In (Domaneschi et al. 2017) damage detection in composite concrete-steel structures that are typical for
highway overpasses and bridges is investigated by using only structural response variables (output-only
technique). The method developed is based on the dynamic curvature analysis of real strain data from an in-
service structure for real time applications. A FE approach is also developed in parallel for interpreting the
structural behavior and then assessing the effectiveness of the method. The data are acquired from long-
gauge fiber optic strain sensors under traffic loading of the structure. The probabilistic analysis of the peak
values of dynamic curvature PSDs is used to study the real data and compared to FE results. The real data
show unusual behavior at one location where the average and standard deviation of the peak values of
curvature PSDs are significantly higher than expected. These outcomes are in accordance with a previous
study that identified unusual behavior at the same location.

In (Domaneschi et al. 2016) an output-only arrangement of the Interpolation Damage Detection Method was
checked for a suspension bridge based on responses to the wind-induced vibrations of a calibrated finite
element model. Effect of noise was evaluated for different damage intensities and positions with respect to
a number of damage scenarios. Damage is modeled by a reduction, at several different positions, of the local
stiffness in bridge deck members. Both noise-free and noise-polluted scenarios were considered in the
numerical simulations. The output-only arrangement has been demonstrated effective at the numerical level
for the Level Il damage identification (damage localization) on a wind excited long-span bridge.

2.5 Building resilience and large-scale laboratory tests



Seismic resilience of infrastructures or structures is the capability to withstand the effects of earthquakes
and to recover efficiently the original functionality. Moreover, the time required to restore/recover that
functionality, i.e. rapidity to restore the original functionality, is a critical parameter of resilient structures.

There is a call for the development of structural systems which realize supreme seismic performance without
or with very slight increase of cost compared with those required in ordinary structures. Hence, the key
concept in this part is to introduce rational structure systems for modern structures and retrofitting
techniques, which suffer controlled damage from simulated seismic forces meanwhile substantial increase
in cost is not required, to enhance but succeed the advantages of conventional structures.

Since the advantages of advanced composite materials—i.e., Fiber Reinforced Polymers (FRPs)—include:
lightweight, high strength-to-weight or stiffness-to-weight ratios, corrosion resistance, and, in particular, the
elastic performance; strengthening of existing structures and reinforcement of modern structures with FRP
have drawn increased attention.
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Figure 9 Idealized load-deformation behavior of the proposed FRP-steel damage controlled structures (Wu
et al. 2009)

According to Figure 9, the proposed structure can be kept in place for a relatively long time without collapse
during a large earthquake, though severe damage may occur, and the original function of the structures may
be recovered through the replacement of some elements.

A comprehensive evaluation for the recoverability of existing bridge columns retrofitted with external FRP
confinement was done by Mohamed (2010). Furthermore, as shown in Figure 10, application of bond-based
Near-Surface Mounted (NSM) retrofitting technique using FRP bars was proposed and experimentally
evaluated by (Fahmy and Wu 2012; Fahmy and Wu 2016).
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Figure 10 Proposed retrofitting techniques for existing structures using FRP

For modern structures, innovative hybrid reinforcement, Steel Fiber Composite Bars (SFCBs), was proposed
as alternative reinforcement for columns in place of the traditional steel reinforcement. Experimental and
numerical studies were carried out to evaluate the performance of bridge columns reinforced with the SFCBs
(Fahmy et al. 2010). The innovative bar is composed of inner steel core and outer longitudinal fibers, so it
combines the mechanical characteristics of both the elastic fiber and the ductile steel.

Furthermore, recently, a novel reinforcement details using both FRP bars and Steel Reinforcement was
proposed for modern RC bridges and buildings (FSRC) (Ibrahim et al. 2016; Ibrahim et al. 2015; Ibrahim et al.
2018). Texture of the FRP bars was applied as a design parameter to control the performance of the FSRC
elements.

To support the development of low-damage concrete structures, a system level shake-table test of a low-
damage concrete wall building implementing state-of-art design concepts will be conducted on the multi-
functional shake-table array at Jiading campus, Tongji University as part of an international collaborative
project. The test building is a two-story building with plan dimensions of 5.4mx8.95m, and the total height
of the building from foundation surface is 8m with each story 4m high. The overview of test building is shown
in Figure 11, and more information about the test building can be found in (Zhou et al. 2018). The building
structural system consists of self-centering concrete walls that provides the primary lateral-load resistance
in both directions and concrete frames using slotted beam details are designed to resist predominantly
gravity loads. The sizes of the key building components are listed in Table 1. The test building also
incorporates dampers and implemented flexible or isolating wall-to-floor connections to reduce the
interaction between wall and floor systems. Before the test, numerical analysis of the test building behavior
based on the finite element model in OpenSees software was performed. The frames in the test building
were modelled and analyzed. In the frame model, the self-centering concrete walls with dampers at the wall
base were modeled using a fiber hinge model and the slotted beam joints were modeled with lumped
plasticity elements. Simulation results agreed with the test building design and showed that the test building
achieved the low-damage design philosophy with good energy dissipation. The simulation model will be used
to further predict the results of the test building subjected to earthquake ground motions. And, the response
of the simulation models will be further validated with the large-scale shake-table test results.



Table 1 Summary of member sizes

Member Size (mm)
Columns in all levels 400 x 400
Beams in all levels 300 x 400

Walls at long span direction 150 x 2500
Walls at short span direction 150 x 2000

Figure 11. Test building overview

Damaged and deficient structures can prove to be among the biggest obstructions in an otherwise resilient
community. An innovative rehabilitation technique was developed for the upgrade of such structures. The
main component that helped build resilience in these structures were FRP. The associated lab investigation
for one of the structures estimated that the observed damage caused about a 20% reduction in the capacity
of the columns and much larger reductions in the ductility and energy dissipating capacity. The experimental
results also showed that the strength and ductility of these structures could be more than recovered by
repairing them using the developed techniques, which employed special grouts and FRP.

In particular, several bridge columns and beams damaged by steel corrosion along a major highway in
Toronto made the bridge seriously deficient (Figures 12a, 12b) (Homam et al. 2001; Kharal and Sheikh 2018;
Sheikh and Homam 2004; Sheikh and Yau 2002). An industrial structure was also studied which was found to
be shear critical and deficient for seismic resistance (Figure 12c) (Duong et al. 2007). Based on an extensive
research program in which half scale models of the prototypes were tested in the lab, innovative techniques
were developed to rehabilitate the structures in a cost-effective manner with minimal closure time of the
structures. The non-traditional materials used in the upgrade/repair included glass and carbon-fiber
reinforced polymers. The bridge structure was closely monitored for over ten years after rehabilitation
especially for corrosion. Although the corroded steel and the contaminated concrete were not removed from
the structure, field measurements showed that the corrosion activity and risk of corrosion reduced with time
in the repaired columns. The upgraded industrial structure has withstood severe earthquakes without any
serious damage.



Figure 12 Highway bridge damaged by steel corrosion (a), Rehabilitated columns after twenty years of
service (b), deficient industrial structure (c)

Based on the laboratory studies and field monitoring, it is concluded that innovative solutions involving FRP
and specialized grouts can help upgrade structures for sustainability under severe load and environmental
conditions. The upgraded structures have performed flawlessly for over twenty years, indicating high
durability. It can be concluded that resilience and durability can be introduced into deficient or damaged
structures through innovative techniques employing new materials such as fibre-reinforced polymers (FRPs).



3. Future resilience research directions
3.1 WG #1: Fundamental Concepts

Group #1 was composed of Lili Xie, Gian-Paolo Cimellaro, Michel Bruneau, Zhishen Wu as Co-Chairs, Max
Didier as Reporter, Mohammad Noori and Ivo Haring as Contributors.

The identification of future fundamental resilience research needs and related academic educational
challenges are the main topics identified within the WG #1 activity.

The needs were agreed to consist of the development of flexible and generally accepted frameworks, i.e.
assessment process models, resilience improvement, development, implementation and optimization
models. Such models should also take the cultural, societal context and expectations of operators, users, and
citizens into account, in particular how to translate them in acceptance and evaluation criteria. Much more
work is believed to be necessary to understand and simulate local loadings (e.g. on building level in case of
earthquakes and flooding), especially of combined multiple threats, such as physical impact and flood loading
or cyber combined with physical-natural and physical-terroristic. Measuring and metrics for resilience is
believed to remain an ongoing future task, in particular on system level. Specific challenges identified
comprise Mega Cities, legacy infrastructure, fast simulation of large-scale urban built environments as well
as increasingly interlinked infrastructure systems, and the use of (unspecific and dedicated) data, data
analytics up to self-learning approaches (ML, Al).

The education focus for long term scientific and applied capacity improvement is believed to build on strong
(multiple) subject domain experts, who should take also advanced courses in system science modelling
approaches as well as data-driven sciences. In all cases students are proposed to be taught also within broad
real-world application projects to learn how to involve users and decision makers and respective
participatory science approaches for enhancing future resilience research.

3.1.1 Frameworks, fundamentals and education for future infrastructure risk control and resilience

WG #1 identified several objectives regarding fundamental frameworks, research needs and methodological
gaps for future resilient infrastructures. As acceptable overall risk control and resilience strongly depends on
the societal context and consensus, it needs (i) to be better clarified which overall frameworks, process, and
models, are necessary; (ii) to be better understood of threats; (iii) to be better modelled and simulated taking
account of inter and intra dependencies; (iv) to provide of risk control and resilience quantities accepted by
end users and academia; (v) to improve of risk and resilience evaluation criteria and consensus; (vi) to provide
of fundamentals for better risk control and resilience, including fast but predictive models; (vii) to define of
curricula guidelines for future resilience research taking account of the high variability of subject domains
and the need for specific knowledge to allow for progress; (viii) to address the need for continuous academic
education.

3.1.2 Key challenges for resilience research and education

The following specific challenges were identified: (i) Contextual boundaries of resilience research and how it
links up with other fields (such as actuarial science) need to be addressed in a systematic way. (ii) Resilience
guantification needs to be extended beyond civil engineering (or purely technical aspects) in order to take
the social and economic impacts and dimensions (community holistic approach) into account. (iii) How
different countries, regions, cultures, communities and determine the boundary conditions of resilience
assessments need to be examined. (iv) the circumstantial and contextual scales and granularities at which
resilience should be delineated—e.g., for individual, community, higher political, or social levels. (iv) the



scaling and normalization of resilience metrics should be identified and broadly adopted. (v) research on
hazard resilience of mega cities and lifeline (e.g., water, power, and transportation) systems should be
prioritized.

So far, research on critical infrastructure in a civil context has not yet been canonized by any means. It is
observed that true progress in this domain often depends on a broad knowledge in several disciplines.
Typically, advancing the domain requires drawing on fundamental knowledge in related disciplines—e.g.,
civil engineering, mechanical engineering, computer science, physics, or other STEM (Science, Technology,
Engineering, Mathematics) subjects. As such, it also appears imperative to devise educational opportunities
for cross-training future researchers and scientists.

3.1.3 Major research gaps

Presently available resilience assessment frameworks—e.g., HAZUS (FEMA, 2006) are deemed inadequately
populated with granular asset inventories, which, in turn, limit both their scopes and accuracies (see, e.g.,
Shultz, 2017). Given the present capabilities in data science, computing, and sensing, it appears that these
deficiencies can be overcome within a few years through coordinated efforts (Cetiner et al., 2019; Yu et al.,
2019). Moreover, existing frameworks are either too domain-specific to be generalizable or are too generic
to yield actionable results. This occurs, in particular, if such frameworks and processes are de facto adapted
to very specific applications, e.g. earthquake engineering. Examples include the MCEER framework of the
Multidisciplinary Center for Earthquake Engineering Research of the University at Buffalo and, to a lesser
extent, the PEOPLES framework (Renschler et al. 2010). Furthermore, existing frameworks do not
systematically aim at the maximum separation possible between resilience assessment and improvement
process steps—see, for example, the discussion in (Haring et al. 2017). Furthermore, most existing
schemes/frameworks tend to miss interdependencies.

The advantages of deductive and inverse methods in resilience have not yet been considered. Also, a
systematic dimensional analysis over resilience metrics have not yet been attempted. Current damage
models at various scales, from structures to buildings and infrastructures, are still mainly focusing on initial
damage effects, rather than on recovery, and even less so on post-event improvement options.

It is expected that advanced modelling tools and assessment frameworks will enable better pre-event
planning, and rapid functional recovery.

3.1.4 Improved frameworks to address the challenges

Frameworks of improved risk control and resilience for critical infrastructures will need to account for several
key issues. The following are deemed critical for immediate examination: (i) existing standards and their
coverage and knowledge gaps, (ii) aggregation of societal and individual perspectives/metrics for hazard-loss
and resilience more explicitly, (iii) more explicit articulation and consideration of risk acceptance criteria and
societal priorities, (iv) participative and informed decision-making by individuals, stakeholders, and the
government agencies.

Furthermore, frameworks should take advantage of the available access to digitalized spatial and semantic
infrastructure data, be modular and sufficiently specific to predict effects on the level of individual buildings,
take account of social media data and computational resources. Segregation and diversification of
communication channels also need to be considered, as well the level of education and experience required
to conduct the necessary assessments and decisions.



3.1.5 Roadmaps and strategies for future implementation

It is expected that mainly existing frameworks and approaches will be further extended, interlinked and
enriched with new technological approaches and methods. Furthermore, standardization is expected to
increase on different levels, especially standards as CityGML (CityGML 2019) on semantic digital city,
infrastructure and building level and building information models (BIM) (Nawari 2018) on single building level
are candidate formats not only for exchange of digital data, but also for assessment procedures using such
data. Additional examples are extended GIS formats as well as, for example, OpenStreetMap or similar
proprietary formats.

3.2 WG #2: How to improve Critical Infrastructure Systems with Emerging Technologies: Future critical
infrastructure systems predictive simulation and emerging technologies

Group #2 was composed by Professors. Aftab Mufti, Xilin Lu, Jinpin Ou, Shamim Sheikh, Ying Zhou as Co-
Chairs, Marco Domaneschi as Reporter, Mohammad Noori and Ivo Haring as Contributors.

This critical infrastructure resilience research roadmap focuses on better infrastructure modelling and
simulation and leverage of future innovative technologies. It covers and extends classical definition of Critical
Infrastructure System (CIS) and emphasizes known interdependencies of such infrastructures, which leads to
the question of better understanding interfaces and interdependencies. Simulation resources are proposed
to be much extended using advanced computing approaches as well as more flexible and scalable modelling
approaches that will also cover uncertainty modelling. An ever-increasing fraction of empirical data-driven
approaches is also expected. The gathering of data is assumed to be more and more automated using avionics
approaches and specific as well as open source data. Up to large-scale mega city real-time monitoring and
simulation is expected to be realized including with respective decision and planning support actions.
Standardization activities are recommended to be supported also by academia to ensure consistency and
take-up of worldwide already existing approaches.

3.2.1 Background and introduction

The current increment of extreme events and disasters all over the world due to climate change but also to
increasing complexity and interdependency of modern communities highlights the fact that a policy for
growth that will safeguard our medium- and long-term prosperity must far more emphasize on innovation
than has previously been the case. This innovation has also to improve existing systems to keep them able to
face new risks and multiple-hazards, but also lead to fundamentally new solutions and breakthroughs.

While the road to the enhancement of short term seems rather straightforward, one main challenge is to
understand how to model and predict the more medium and long-term effects of self-learning or even Al
systems on overall risk control and resilience of critical infrastructure systems. A further challenge is how to
improve such smart technologies such that they actually support the handling of major undesired and
unpredictable events, as opposed to technology that focuses on optimizing systems close to standard
operation.

3.2.2 Critical infrastructure definitions and main objectives list

“Resilience is the ability of a system to withstand a major shock within acceptable degradation that is
recoverable in reasonable time, cost and risk”. This is the definition adopted by Group 2 and it applies well
when critical infrastructures are considered. Earthquakes, tsunami, floods, explosions, impacts, hurricanes
and their combinations have been recognized as major disasters that can affect critical infrastructures.



Accordingly, with slight extensions of the definition of the USA PATRIOT Act (107-56 2001) and focusing on
the classes of Critical Civil Infrastructures, they can be summarized in the following five main assemblies: (i)
Tl - Transportation Infrastructure, (ii) El - Energy Infrastructure, (iii) WW - Water Waste Water System, (iv)
ES - Emergency Services, (v) IT - Information Technologies, (vi) BR - Building Structures and Residences.

Based on this bottom-up constructive definition of resilience and main infrastructure elements that need to
be considered, WG #2 identified the key challenges for future resilience research. In particular, the following
subsections cover the main future resilience research topics believed to be of dominating impact on
successful future research activities. In each case, selected major research gaps, frameworks and research
contexts to address the challenges and new concepts, methods and technologies to be further developed in
the future are given.

3.2.3 ‘Better understanding of the intra- and inter-dependencies of critical infrastructure systems ‘

Understanding the impact of disasters to civil infrastructure network allows to guide strategic pre-disaster
hazard mitigation and post-disaster recovery planning of a community. However, civil infrastructures depend
on each other to exchange products, information or services. When disasters happen, these dependencies
would aggravate the initial damage and lead to cascading failures. Thus, understanding the dependencies
among infrastructure facilities is also essential in modeling the damage and recovery of a community under
disruptive events.

Interdependencies can be described through a matrix approach that also may be useful for numerical
implementation with the use of logic functions. Table 2 identifies the interdependencies between the six
critical civil infrastructures of section 3 that should be much further resolved in simulation approaches. For
instance, WW does not influence Tl (“No”) but ES influences Tl (“Yes”).

Table 2 Interdependency-Based Modelling for Critical infrastructural systems

Infrastructure TI El ww ES IT BR
Tl - Transportation Infrastructure Yes No No No Maybe Yes
El- Energy Infrastructure Yes Yes No Maybe Maybe Yes
WW - Water Waste Water System No Yes Yes Yes Maybe Yes
ES - Emergency Services Yes No No Yes Yes Maybe
IT - Information Technologies Maybe | Maybe | May be | Yes Yes Yes
BR - Building Structures and Residences | Maybe | No No Maybe Maybe Yes

When the model of a critical infrastructure is developed, it must comprise the systems itself but also the
interaction with other infrastructural systems. This last requirement is probably the main issue to be solved.
Indeed, infrastructures are becoming more and more interoperable and interdependent within complex
urban environments. Connected with this issue are the input requirements of modelling and simulation
approaches that are affected by several parameters for describing the hazard itself and such as uncertainties,
risks, actions and their space distribution that may be difficult to define. This is more evident when stochastic
inputs are considered. However, also deterministic loadings are characterized by several parameters and
(systematic) uncertainties.

3.2.4 ‘Data-informed and driven infrastructure modelling and simulation’



Models may comprise numerical (e.g. FE — finite element or Applied Element — AE models) but also analytical
ones. Besides, physical and field models can be also developed. Connected with is the model validation that
is usually a complex process to develop and conduct. This is more evident when community and multi-layer
hybrid systems are considered. Indeed, it is usually difficult to have available validation data for complex
systems or emergency evacuation due to extreme events. However, when input and output data are
available, models can be also extrapolated.

Connected with the emergency evacuation issues, e.g. by employing Agent Based Models (ABM), is the
Human Behavior (HB) modelling. Certainly, the role of emotions and altruism for example can be crucial
during evacuation due to external shocks and may drive the decision-making procedures.

An issue related to both the human behavior and modelling of critical infrastructures is the structural
collapse. It may affect the neighboring structures or interconnected critical infrastructures. Furthermore,
local collapses or partial failures may affect the entire system collapse (progressive collapse) or its functions.

Lessons from the past and historical disasters of critical infrastructure systems may allow to establish post-
disaster performance standards and objectives.

Besides, the opportunity of developing large scale numerical simulations and real time hybrid simulations
(sensing and numerical) is also a critical interest. Indeed, they allow to assess and measure how existing
communities can respond to disaster and to plan possible countermeasures to improve the community
response. Figure 13 orders some elements regarding sensing, simulation and infrastructure improvements
discussed above and in the following text sections.

Structural
Analysis

Figure 13 Sensing, simulation and evaluation of resilience of critical infrastructures
3.2.5 ‘Future health monitoring and early warning’

Connected to the critical infrastructures and resilience is the development of sensing technologies that may
support the decision makers and the disaster management. Satellite technologies are gaining more and more
interest for their ability to monitor large scale conditions and for the possibility to predict extreme weather
events. This is also driven by free access high-quality data.



Early warning systems (EWSs) against natural hazards have focused the attention of scientists and designers
in the last decades as an effective tool for improving resilience of communities and systems. EWSs can
provide a few to a few tens of seconds warning prior to damaging ground shaking and are currently
operational in Mexico, Taiwan and Japan. Their use is connected to the recent progress in the sensing systems
technology, remote sensing and wireless systems.

The adoption of smart devices in emergency environments is becoming more and more important. Several
scenarios, such as post-earthquake and fire emergency activities, are very attractive for possible applications,
even if they present several scientific challenges that must be addressed in order to satisfy rescuers’
requirements.

Critical infrastructures and urban structures need constant maintenance and inspection of the structural
health condition and safety of the users. However, to access the structure is getting harder and harder due
to the dimensions and compliances. In order to deal with this problem, many researchers have developed
robots for system health monitoring (SHM) inspections.

3.2.6 ‘Resilience-based improvements for critical infrastructural systems already in service’

Reasonably expected and largely expected events to occur during the service life of a structural or
infrastructural system may be useful to plan retrofitting, renovating and repairing actions. To this aim and to
withstand to external hazard while protecting both new and existing structures and infrastructures, passive
control, active, semi-active and adaptive control systems can be useful. Furthermore, control systems can be
used to improve the system resilience through the automatic compensation of possible out-of-service of
structural components (immediate resilience).

Focusing on structural and infrastructural renovation, duplication of critical components or functions of a
system with the intention of increasing reliability of the system can be essential to provide additional reserve
(redundancy). It means that the failure of a component does not result in the collapse of the entire system
and alternative loading paths can be provided. This concept may play a significant role for existing structures
but also for the design of new ones, and could be comprised in new standards and guidelines.

3.2.7 ‘Resilience-based design for infrastructure and systems, community resilience and
demonstration flagship projects (living labs)’

Innovative approaches to decision-making methods for the design of new infrastructures in times of climate
change, multi-hazards conditions and increasing interdependencies are expected. The result directly
downstream of this innovation process is the creation of new guidelines that are directly available and can
lead to a general development in the direction of the creation of resilient communities.

Besides, the community preparedness is also a crucial aspect towards resilient communities and can be
deployed on many levels, from the higher-education level (e.g. engineers) to the training of technicians and
citizens. If the first one is mostly developed at the academic level, citizens may be prepared to withstand and
cope with disasters through civil protection and emergency agencies.

Demonstration projects can be also considered at this stage. A good example is the development of the Indian
Ocean Tsunami Warning and Mitigation System (UNESCO) was initiated at the World Conference for Disaster
Reduction in 2005, in which from that point many organizations have been engaged in the task of developing
tsunami early warning systems and community-based disaster risk management in coastal regions.



3.2.8 ‘Emerging Technologies for innovation of resilient infrastructure and systems in design and
planning’

Emerging technologies are expected to help in improving the community resilience and infrastructures
supporting urban disaster risk management and strengthen community resilience. Climate change and
urbanization are increasing the risk and impact of disasters and rapid urban development has been driving
up urban risk. Mega-disasters are happening more frequently. This coupled with the growing urban
populations makes it critical to better support community resilience, so that people living in urban areas can
be supported by more effective organizations but also help themselves, as frequent shocks and stresses
become a common part of everyday life.

To attain such objectives, emphasis must be made on the requirement of active engagement of scientific
research and engineering applications, e.g. in the area of smart materials and nanotechnologies for future
cities. E.g. the addition of nano-composite materials into cement has shown notable potential in improving
its performance and compressive strength.

Traditional disciplines as SHM and control are required to make a new effort to understand and cope the
new and evolving conditions. In addition, it is also necessary to push in the direction of new, multidisciplinary
solutions, such as Civionics (Mufti et al. 2007) which, like Avionics and Mechatronics, still needs to be fully
understood and developed, see Figure 14.
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Figure 14 Expected development from classical system health monitoring to advanced approaches

Implementation of existing sensors and developing of new sensors for civil engineering needs toward a real
time monitoring of civil structures and infrastructures is one of the primary actions that are expected.
Developing equipment that is waterproof, robust and reliable, able to survive in harsh construction processes
is also a foremost requirement towards new and effective solutions. Also, the provision of cheap localization
of non-rescue persons and objects indoors remains challenging. Such a capability would open up many
possibilities.

As a result of an increasing monitored world, an exponential increase in the data collected should be
expected. Therefore, data mining, management, processing and interpretation will require major research
and development efforts at university and industrial level. Connected with this is the development of web
platform bases and cloud monitoring solutions. Connected to big data and data mining in an increasingly
complex world is the ML, deep learning and the use of bio inspired algorithms. Indeed, the aforementioned
technologies have changed the old paradigm “input-algorithm-output” toward a new scientific creativity.

Technologies like augmented reality in construction are emerging to digitalize the construction industry,
making it significantly more effective. Furthermore, the digital twin — a concept of having a real-time digital
representation of a physical object — is also an emerging technology towards resilient communities and
infrastructures.

3.2.9 Roadmaps and strategies proposed for future implementation



Different goals had been aligned along an ambitious timeline, with appropriate measures along all phases
(short term, medium term, long term) (Lu and Wu 2018). Among the others the following ones are herein
reported: (i) advancement of single key approaches and technologies, including the better understanding of
tipping-point damage modelling, but also technologies for safety of individuals. (ii) Taking advantage of ever
better sensors in multiple smart phones, smart watches and further mobile devices. (iii) Al- and ML driven
active protection systems with no material or physical redundancy, i.e. with nothing but intelligent system
immediate response resilience back-up.

It is expected that future implementations of technological and scientific advances toward resilience
improvements will be driven besides research results also by the development of new guidelines and
standards. Indeed, although it is vital to continue scientific research and the development of new
technologies, and therefore to advance in the various fields that can support new infrastructures and resilient
communities, it is essential to create a strong link from research to scientific application. This link, obviously
adapted to real-life conditions and local social, economic and political issues, is represented by guidelines
and standards. In other words, the key rules that are established by governments themselves in order to
unify and improve the conditions of countries. Here supporting scientists and the countries should take up
existing approaches and collaborate to further pool expertise.

3.3 WG #3: Big data analytics, ML and Al for future human support in disruption events and critical
infrastructure system resilience

Group #3 was composed by Professors Teruhiko Yoda, Ertugrul Taciroglu, Ivo Haring as Co-Chairs, Anastasios
Sextos as Reporter, Mohammad Noori as Contributor.

Recent research results as well as lessons learnt after man-made and natural disasters reveal that critical
infrastructure relies on interactions between humans and technical solutions that are implemented during
crisis. Such experiences and the continuously increasing amount of available data, analytics and intelligence
stimulates the question how future resilience research can exploit technological advancements to improve
the capacity of both humans and critical infrastructure during disruption events. The present workshop
report summarizes the options available to (a) involve users, operators and decision makers in joint research,
(b) take advantage of digital semantic urban and rural data, to use ML to determine input parameters for
modelling and simulation of infrastructure, (c) design a modular hub for storage of information and risk and
resilience assessment with respect to a broad set of potential threats, as well as (d) use of similar modules
within systematic procedural approaches, e.g. spatial scenario definitions, person exposure, abstract threat
visualization, visualization of damage. It is envisioned that the scientific community can build around a hub
platform with the aim to enhance the resilience of critical infrastructure networks in terms of downtimes and
disruption costs, including large scale, “what-if”, vulnerability scenarios.

3.3.1 Motivation, background and introduction

Even though the above abstract notion of resilience objectives is generally agreed, the challenge to reach
such goals is still debatable among different schools of thought originating from different disciplines, such as
engineering, economics and social sciences). As a result, resilience of critical infrastructure remains a versatile
task, in particular when approached with mainly engineering, technical and natural science research
instruments.

Taking advantage of the existing and future options offered by big data analytics, ML and Al for human
support in case of disruption events within CIS, the main technological and engineering challenges can be



critically discussed addressing the following questions on how to: (i) enhance societal preparedness and
societal resilience against the impacts of natural and man-made hazards, (ii) make sound research
investments to better develop technology that supports critical infrastructure and human-technology
interactions, (iii) promote a multidisciplinary collaboration toward an holistic resilience approach.

From a systemic perspective, resilience of individual assets to single threats are rather well understood. This
holds in particular, when noting that most infrastructure subsystems when sufficiently isolated can be well
assessed almost to any degree of resolution and with respect to all aspects when resorting to traditional
disciplinary sciences, e.g. classical earthquake engineering, by doing more and better “of the same or similar”
approaches. However, there is still a lack of a holistic framework to assess the resilience at an infrastructure
system level considering all interactions among individual component, network and inter-systems level.

At the same time, it was acknowledged that new scientific approaches on subsystem and component level
are critical for overall system resilience. However, it was argued that only in the context of the overall system
assessment it can be decided whether such resilience improvements are of real benefit. This is an argument
to avoid allocating resources to non-relevant system capabilities and designs for modelling and simulation
and even more in real world rather than into real bottlenecks for better resilience.

As modern communities become more interdependent than ever, the potential impacts of hazardous events
have a broader potential footprint on infrastructure systems. The frequency, modality and level of extremity
of known and new hazards (e.g., climate, cyber-related, “Al-related”) as well as our exposure to them is
expected and often (already) observed to be massively increasing. At the same time serviceability,
functionality, safety and security (technical) capabilities of infrastructure systems are massively increasing as
well. In particular, technological capabilities and the ability to generate, harvest, predict and process data
and relevant system information are rapidly enhancing. Quite general, the question arises whether the
potential weaknesses of modern infrastructure systems can be cured with technological means itself. This
will be one of the guiding questions and will be shown to be answered rather optimistically in the present
report.

Key challenges identified that could be addressed with promising results in future resilience research include
but are not limited to: (i) the lack of common language and approaches, (ii) the lack of will to collaborate
across the boundaries of different disciplines (e.g. to overcome school of thought thinking), (iii)
fragmentation and/or inaccessibility of data with unknown levels of reliability (bad quality data), (iv) high
computational cost and modelling challenges, (v) uncertainties at various levels, (vi) liability concerns of
stakeholders, (vi) resilience research is hard to validate, (vii) quantification, strategy and response to natural
and man-made hazards are cultural, financial, local and experience-dependent, (viii) resilience is not yet
generally believed and/or known to be a business case for success.

3.3.2 Major gaps in state-of-the-art

In the years after 9-11 several threads of research could be identified regarding critical infrastructure
contextualization, assessment and improvement. Regarding the level of detail of investigations, at least in
the European Union (EU) research calls opened by the European Commission (EC), a business-ready
technology is sought with strong relevance to the civil security user community as well as for massive
company involvement towards good economic prospects. This can be motivated by the insight that resilience
assessment and improvement is most efficiently conducted at the level of economic decision makers by
addressing improvements possible without changing the legal and societal framework.



Furthermore, there are not yet country-wide, multi-country or even worldwide generally accepted
approaches and even less standards to understand, model and simulate interconnected critical infrastructure
systems as well as single such infrastructures. If domain-specific standardization approaches have been
successful, they have been supported by research insights and, often, only available on the community level.
There is a lack of further such efforts covering resilience from a more generic technical perspective and much
more so for specific infrastructure domains.

Regarding research needs, methodological frameworks are missing capable to improve the efficiency of
resilience approaches, the time scales of adaption to true needs of society, economy and the environment.
For instance, it is challenging to identify motivating factors that lead to increased engagement of actual
decision makers, which are typically driven by economic revenue, branding options or patented innovation.

Besides these more generic red threads, more specific research gaps can be identified that result in the
research questions and key challenges identified in sections 2 and 3. Cluster of gaps of current research
include: (i) how to better cope with lack of data, bad data and big data. (ii) How to address the lack of man-
power that can be assigned to more frequent resilience issues with the help of more automated approaches
as accessible with ML and Al approaches, in particular for sensing, inspection, pre-decision making, (iii) how
to design hybrid and partly autonomous systems for coping with rare events, which by definition generate
few training data, (iv) how to quantify resilience gain in terms of economic profit.

3.3.3 Framework to address the challenges

Frameworks include: (i) the risk management and analysis approaches that focus on “risks on expected
resilience behavior”(see, for example, §3 of Haring et al. (2016)), (ii) agile short term and long-term processes
driven by disruption events to perform successful mitigations, (iii) semi-quantitative expert and citizen
opinion assessment and evaluation frameworks (see e.g. sections 3 and 7 of Haring et al. (2016)), (iv) MCEER’s
standard and more recent PEOPLES framework, see respectively Renschler et al. (2010) and Kilanitis and
Sextos (2018), and (v) performance-function based resilience assessment and improvement processes. The
objective is a sufficiently resolved and trusted system resilience quantification to show that all developed
and implemented improvement measures lead to overall acceptable system resilience. (see e.g. Haring et al.
(2017)).

An example is the structured approach of the “Foresight review of resilience engineering: Designing for the
expected and unexpected” stipulated by Lloyd’s register foundation, which provides background, definitions
and challenges while focusing on engineering solutions (Boumphrey and Bruno 2015).

The following non-exclusive actions are proposed to address the challenges to stronger support future
resilience research: (i) explore synergies between inter-disciplinary groups and define common procedures
and protocols, (ii) take advantage of data analytics and ML techniques to overcome communication barriers
and costs, (iii) aim at “all-resilience” approaches, (iv) extend or combine existing simulation urban risk control
and resilience frameworks as developed in the EU projects D-BOX, ENCOUNTER, VITRUV and EDEN (Fischer
et al. 2018; Haring et al. 2018; Vogelbacher et al. 2016), (v) develop data harvesting tools for building
inventories (data pipelines), (vi) customize ML techniques for resilience applications, (vii) train public data
sets for model calibration and verification, (viii) develop APIs (Application Programming Interfaces) and
interface technologies between assets, sensors, geo-spatial data (GIS), smart systems representations (digital
twins), digital building, infrastructure and urban areas models such as BIM, City-GML, Internet of
Infrastructure (lol), and early warning systems. Furthermore, (ix) enhance rapid real-time post-event
capabilities, (x) promote seamless transition between system health monitoring and functionality



assessment, (xi) define core professional competencies for engineering practitioners and students in the
domain of resilience concepts.

3.3.4 Roadmaps and strategies proposed for future implementation

Figure 15 presents a tentative roadmap for future resilience research focusing on the development of a
world-wide hub for representation, modelling, simulation of single critical infrastructure elements as well as
networks and coupled networks. It is envisioned that such a development is conducted in several steps. It is
believed that scientific exchange of a potential user community of such a critical infrastructure modelling and
simulation hub is crucial for success, one such opportunity could be a third international workshop on critical
infrastructure resilience.

Identification of objectives
and Challenges

4

Sim-City m Common
databases,
APIs, tools
and
protocols

(benchmark virtual city)

4

Resilience Hub for international

collaboration

\ 4

Discussion and advancement at
workshops and conferences of

scientists and users

Figure 15 Tentative roadmap to an international exchange platform for large scale area and critical
infrastructure simulation and assessment, also showing how it can be iteratively improved

4. Concluding Remarks

The 2nd International Workshop on Resilience was held during October 31-November 1, 2018 in Nanjing, and
on November 2, 2018 in Shanghai; and was co-organized by the Southeast University, and the Tongji
University. The workshop brought together participants from civil, mechanical, systems, and earthquake
engineering fields. Participants brainstormed to identify pathways into more effective approaches for
assessing and achieving hazard resilience of critical infrastructure systems. The workshop also aimed to
summarize state-of-the-art and to identify the challenges that lie ahead. To facilitate the identification of
critical issues to be addressed, three Working Groups were formed. It was envisioned that the pursuing the
suggested research roadmaps proposed by the Working Groups and further refining them into community
standards can result in safer and more resilient urban communities. It was equally deemed important to
pursue the development of new integrated interdisciplinary programs for education of the next generation
of civil and risk management engineers.



WG #1 was challenged to identify important threads of technology-driven resilience research for improving
critical infrastructure systems. It was concluded that comprehensive and granular frameworks and processes
that take advantage of current capabilities in data science and computation need to be further developed.
To obtain stable assessments, frameworks that adequately take up the true needs of all actors—without
anticipating solutions from a purely technical point of view—are required.

This vision therefore anticipates (i) regional simulations of a range of natural and man-made catastrophes,
carried out at high resolution at local scales (e.g. for an individual building or bridge); (ii) inter-disciplinary
fundamental research guided by true user needs; (iii) the development of fast computation capabilities for
multi-scenario analyses, using advanced computational solutions that also can be employed in the aftermath
of catastrophes for coordinated emergency response and functional recovery. It was also deemed crucial to
(iv) develop curricula for resilience engineering to be rooted in dedicated domain-specific anchor subjects,
as well as generic capabilities such as complex systems modelling.

WG #2 envisioned many of the proposed future innovations to be ready for operational use within at least
mid-term time scales or even shorter, especially in the area of automated airborne inspection and rescue
support. Further research activities are recommended to cover such areas as leveraging cloud/parallel
computing technologies for large-scale infrastructure modeling and simulations, while taking advantage of
dedicated sensor networks and open source data. Real-time capabilities need to be developed to better
support operators, first-responders and infrastructure managers.

Modelling and simulation issues with the emerging technologies related to monitoring and early warning
systems have also been discussed, which were considered as the two faces of the same coin—namely, the
virtual simulation environments that examine large inventories of the digital twins or real-life assets, and the
sensor networks and surveillance systems that collect the data in real-time from the real world. Integrated
into a single system, virtual worlds can be used to simulate catastrophe timelines while updating the models
(e.g., in a Bayesian sense) using during-event sensor measurements and observations. The existing and
emerging technologies were also discussed to devise a future vision for smart and resilience infrastructure
systems. Finally, the need for development of resilience standards and guidelines was also identified as
strategic future effort.

WG #3 concluded that a convergence in advanced processes, methods, and technological advances is
imminent and will yield resilience assessment capabilities that scale up to handle highly-complex and coupled
systems and events. Automated development of asset inventories (digital twins) and application of machine
learning methods are the primary capabilities that will result in the said convergence. The workgroup
concluded that the workshop participants exemplified the current capabilities scattered around the world,
and highlighted the need to develop sustainable and coordinated research efforts to accelerate discoveries
and capabilities.
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