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A B S T R A C T   

Efficiency and profitability are the main drivers of globalization and have led to long and complex supply chains. 
Recent disturbances such as COVID-19 or the Suez Canal obstruction caused severe supply disruptions and 
thereby unveiled the vulnerability of global trade. Resilient supply chains are characterized by the capacity to 
absorb, adapt to, and restore after disruptions. Building upon the established concept of the ‘resilience curve’, 
this article explores the interplay between resilience capacities, metrics, and actions in the state-of-the-art 
literature. We first analyze and harmonize the terminology used to describe capacities as well as metrics for 
quantifying resilience. This results in a set of 17 resilience metrics that describe all characteristics of the resil-
ience curve and can be used as a tool to assess the resilience of a supply chain. Subsequently, we propose how 
these metrics can be applied to quantify the effect of resilience actions. Finally, we analyze which actions are 
proposed in the literature and classify those actions according to their relation to traditional supply chain 
planning tasks. Practitioners such as supply chain decision-makers can implement these actions to strengthen the 
absorptive, adaptive, and restorative capacities and are provided with mathematical formulations to quantify the 
strengthening effect of actions. Academic research can, inter alia, integrate the metrics into multi-criteria 
optimization models for decision-making and explore the interplay between economic efficiency, environ-
mental sustainability, and resilience.   

1. Introduction 

Supply chains provide products and services to customers and soci-
ety, and to be competitive, the product or service must be provided cost- 
efficiently and fast. Companies thus strive to increase their economic 
performance by increasing revenues (e.g., expansion of product variety), 
reducing costs (e.g., reduction of the number of suppliers, just-in-time 
production), and reducing assets (e.g., outsourcing of less profitable 
divisions), which has led to long and complex global supply chains 
(Tang, 2006). However, economic efficiency under normal circum-
stances can come with high costs and even lead to uncompetitive supply 
chains in case of unexpected disruptions and changing market envi-
ronments (Lee, 2004). In light of pandemics, politically unstable regions, 
vulnerable trade routes, and consequences of climate change, the topic 
of supply chain disruptions is more discussed than in previous decades. 
For example, the COVID-19 pandemic demonstrated how shortages due 
to local production stops can propagate through highly specialized, 

efficient, and global supply chains, leading to disrupted systems and 
networks (Pujawan & Bah, 2022). Similarly, the obstruction of the Suez 
Canal by the Ever Given in March 2021 blocked 12 % of the daily global 
trade for six days and caused a total economic loss of between $6 and 
$10 billion, illustrating the vulnerability of global supply chains (Rus-
son, 2021). 

Those two prominent examples demonstrate that a wide variety of 
causes can compromise the performance of a supply chain. Bruneau 
et al. (2003) initially presented a conceptual framework for studying a 
system’s resilience by mapping a performance degradation after a 
disruption over time, which later resulted in the so-called ‘resilience 
curve’. Resilience metrics formally describe the curve and are thereby an 
indicator for the resilience of a system that faces a disruption (Poulin & 
Kane, 2021). How good or bad a supply chain copes with a disruption 
depends on its resilience capacities, i.e., its capabilities to absorb the 
disturbance, adapt to the changed conditions, or restore the status quo 
ante (Biringer et al., 2013; S. Hosseini et al., 2019; Vugrin et al., 2011). 
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Resilience actions are precautionary, anticipatory steps that decision- 
makers can proactively take to strengthen the absorptive (e.g., phys-
ical protection of plant), adaptive (e.g., rerouting), and restorative (e.g., 
repair team) capacities and thereby to improve the resilience metrics 
(Carvalho et al., 2012; S. Hosseini et al., 2019; Sun et al., 2022). 

Several literature reviews on supply chain resilience (SCR) have 
investigated definitions, quantification methods, and resilience actions. 
Among existing definitions of SCR, there is little consensus regarding 
terminologies and the various aspects that ‘resilience’ may comprise (Y. 
Han et al., 2020; Hohenstein et al., 2015; Kamalahmadi & Parast, 2016; 
Poulin & Kane, 2021; Ribeiro & Barbosa-Póvoa, 2018). To fill this gap, 
some reviews have synthesized existing definitions (e.g., Kamalahmadi 
& Parast, 2016) or proposed frameworks to analyze existing and stan-
dardize new definitions (e.g., Ribeiro & Barbosa-Póvoa, 2018). 

Other reviews have focused on existing quantitative SCR assessment 
methods and their relation to qualitative, theoretical resilience concepts. 
Han et al. (2020) synthesized the literature on performance metrics of 
resilience, identified readiness, response, and recovery as the three main 
resilience capacities, and presented a framework to link capacities to 
metrics. S. Hosseini et al. (2019) reviewed operations research (OR) 
models incorporating resilience metrics and categorized actions (i.e., 
proactive or reactive decisions) to increase SCR according to the 
absorptive, adaptive, and restorative capacity. Both studies identified a 
lack of resilience metrics that are developed based on capacities (Y. Han 
et al., 2020; S. Hosseini et al., 2019). Ribeiro and Barbosa-Póvoa (2018) 
reviewed quantitative SCR models and concluded that many studies 
examine drivers of resilience (e.g., connectivity of edges within a 
network, or robustness of a supply chain) without quantifying resilience 
per se. Similarly, Sharkey et al. (2021) investigated the relationship 
between network optimization and resilience theory in articles on 
physical or cyber-physical systems by classifying networks according to 
four resilience aspects (robustness, rebound, adaptability, and extensi-
bility). They found that most models focus on the optimization of system 
robustness and rebound, while the aspects of adaptability and extensi-
bility are rarely represented. As a first attempt to close the gap between 
quantitative approaches and concepts of resilience theory, Poulin and 
Kane (2021) addressed previous findings on heterogeneous metrics and 
terminologies. They introduced a standardized taxonomy and catego-
rized existing metrics according to the characteristics of the resilience 
curve they describe (Poulin and Kane, 2021). 

Other reviews have focused on quantitative methods that aim to 
increase SCR by actions. Hohenstein et al. (2015) and Behzadi et al. 
(2020) analyzed existing quantitative methods and categorized actions 
separately, and Snyder et al. (2016) categorized methods from OR and 
management science according to their aim (e.g., assessment of 
disruption effects on supply chains, modeling of decisions on sourcing 
strategy) and found that most models consider only a single resilience 
action. 

Although the existing reviews contribute to a better understanding of 
existing SCR definitions and the interrelations between resilience ca-
pacities and resilience metrics, as well as between resilience actions and 
resilience metrics, the following research gaps still exist: 

Gap 1: The terminology for resilience capacities is heterogeneous 
and needs clarification and consolidation. In contrast to existing re-
views, we aim to provide an overview of various existing terms and 
analyze which of the aforementioned capacities established in resilience 
theory (i.e., absorptive, adaptive, restorative capacity) is addressed. 

Gap 2: The relation between the concept of the resilience curve, 
resilience capacities, and existing quantitative metrics needs to be 
analyzed. To extend the work of Poulin and Kane (2021), we use their 
proposed taxonomy to reformulate the heterogeneous mathematical 
formulation of the various metrics employed in the literature, locate 
them along the resilience curve, and analyze the differences in the 
mathematical formulation. Finally, we propose a set of metrics with a 
unified terminology and synthesized mathematical formulations, with 
which all characteristics of the resilience curve can be described 

quantitatively. In addition, we integrate the resilience capacities into the 
resilience curve to draw the relationship between resilience capacities, 
resilience metrics, and the resilience curve. 

Gap 3: The benefit of resilience actions needs to be quantifiable 
(Behzadi et al., 2020). We conceptually present how the set of metrics 
(cf. gap 2) can be used to quantify the positive effect of resilience actions 
on each characteristic of the resilience curve. 

Gap 4: The relation between resilience actions, traditional supply 
chain planning tasks, and their effect on resilience is underrepresented 
in SCR literature. Sharkey et al. (2021) state that the contribution of 
resilience actions to the improvement of the overall resilience of a sys-
tem is insufficiently investigated. Studies have already classified existing 
resilience actions according to their type (e.g., Hohenstein et al., 2015), 
time-horizon (e.g., Ribeiro & Barbosa-Póvoa, 2018), or which capacities 
they strengthen (e.g., S. Hosseini et al., 2019). However, understanding 
the interplay between traditional supply chain planning tasks, resilience 
actions, and the capacities strengthened by these actions is essential for 
estimating the effect of planning decisions on SCR. Our work categorizes 
identified resilience actions according to their time-horizon and type of 
planning task and draws the link to the capacities that are strengthened. 
Against this background, we investigate the following research 
questions:  

• RQ1: Which terminology does resilience literature use to describe 
resilience capacities (Gap 1)? 

• RQ2: Which general mathematical formulations of resilience met-
rics can be derived from literature to describe the resilience curve 
and to assess the resilience capacities (Gap 2)? How can the effect 
of resilience actions be quantified with these metrics (Gap 3)? 

• RQ3: Which resilience actions for strengthening the SCR are pro-
posed in the literature, and how can they be classified (Gap 4)? 

To answer RQ1 and RQ2, we review articles on SCR as well as articles 
on systems and networks other than supply chains. This is attributed to 
the rapid development of the field of resilience research, which is why 
including systems and networks ensures that the state of the art of sys-
tem resilience theory and resilience quantification is captured. Finally, 
RQ3 is answered based on the reviewed supply chain literature 
specifically. 

This work adds to the existing literature by investigating the re-
lations between resilience capacities, resilience metrics, and resilience ac-
tions. It further contributes to a standardized terminology and, 
consequently, a common qualitative and quantitative understanding of 
resilience in the supply chain context based on the concept of the 
resilience curve. To the best of our knowledge, our work is the first that 
derives a literature-based set of generalized metrics for assessing the 
benefit of resilience actions on each characteristic of the resilience 
curve. This set is proposed as a basis for decision-making to strengthen 
the resilience of supply chains. Section 2 presents the method to identify, 
review, and analyze the relevant literature. Section 3 answers the 
research questions: Subsection 3.1 analyzes the existing types of per-
formance, i.e., the benchmark value against which the resilience of a 
system is measured. Subsection 3.2 analyzes how resilience capacities 
are understood in the literature and which terms are used. Subsection 
3.3 analyzes existing metrics, their relation to the resilience curve and 
the capacities, and how they can be used to assess resilience actions. In 
subsection 3.4, the resilience actions proposed in the supply chain 
literature are classified into an extended version of the traditional supply 
chain planning matrix by Fleischmann et al. (2008). Finally, section 4 
discusses the limitations of our work and provides an outlook on how 
our findings can be used by both academia for future research and 
supply chain decision-makers. 

2. Method 

Fig. 1 visualizes the research procedure to identify resilience 
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capacities, metrics, and actions from existing literature. Since we focus 
on articles that explicitly provide a resilience metric, keywords referring 
to metrics and resilience are included in a title search. Many quantitative 
SCR articles have developed optimization models containing metrics as 
objective functions or constraints to design or improve resilient systems. 
Consequently, the title search also includes two keywords referring to 
optimization to cover these articles in our analysis. Furthermore, the 
applied search string is tailored to detect metrics in the context of sys-
tems and networks, and supply chains in particular. Since existing 
research on resilience theory mainly focuses on systems, with supply 
chains being one prominent example (S. Hosseini et al., 2016; Poulin 
and Kane, 2021; Quitana et al., 2020), we extend the search to the 
literature on resilient systems in general, aiming to transfer insights (e. 
g., metrics) to supply chains specifically. The terms system, network, 
supply network, and supply chain are therefore searched in title, abstract, 
and keywords. The terms capacity and actions are intentionally not 
included in the search string since existing literature may refer to these 
concepts with a plethora of different terms. The search for peer- 
reviewed articles was conducted in August 2023 in the ‘Web of Sci-
ence’ database, which was chosen due to its multidisciplinary scope and 
frequent use within quantitative resilience reviews. We are aware that 
the applied search string might not identify all articles on resilience 
optimization models that might be applied in individual OR case studies. 
However, the search string adequately covers our primary goal to 
include a broad set of existing metrics that are sufficient to quantify all 
resilience curve characteristics and the effect of resilience actions. The 
application of a broader search string, including synonymous of resil-
ience (e.g., disruption or risk) or the keywords metric or optimization in the 
topic search, would lead to an unmanageable number of results. 

In total, 1653 articles were identified and subsequently screened 

based on their title, abstract, and keywords. In this step, 1159 articles 
were excluded when they (1) focus on psychology, livelihood, or human, 
animal, social, or ecological systems, (2) do not present resilience met-
rics or a resilience objective function, or (3) cannot be linked to the 
resilience curve. Consequently, 494 articles were identified as eligible 
for the full-text analysis as they present a resilience metric in the context 
of supply chains, systems, or networks and can be linked to the resilience 
curve or resilience capacities. 

After the full-text analysis, 323 articles were excluded when (1) the 
proposed resilience metric cannot be expressed quantitatively, (2) the 
resilience metric cannot be linked with the resilience curve, (3) the 
mathematical formulation of the resilience metric is missing, or (4) the 
article presents a review of resilience metrics, resulting in 171 relevant 
articles. Lastly, we conducted a backward search with (previously 
excluded) SCR reviews and the identified SCR articles, which yielded 49 
additional articles. In total, 220 relevant articles (see Appendix A) were 
analyzed in depth. If possible, three main pieces of information were 
extracted from these articles: (1) the terminology applied to describe 
resilience capacities, (2) the resilience metric and its mathematical 
formulation, and (3) the resilience actions proposed to strengthen the 
resilience capacities of supply chains. 

Section 3.2 assigns the identified terms to describe resilience aspects 
to the corresponding capacities. Section 3.3 analyzes and consolidates 
the resilience metrics. First, we identify the mathematical formulations 
of 395 metrics in the investigated literature. Second, these metrics are 
reformulated using the taxonomy of Poulin and Kane (2021) to express 
the mathematical formulations in a standardized language (e.g., p(t) is 
the performance at any time t). Third, the standardized metrics are 
mapped to the characteristics of the resilience curve they describe. 
Fourth, we analyze the variants of the mathematical formulations for 

Fig. 1. Literature search and review methodology.  
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each characteristic and ultimately synthesize them into 17 unified 
metrics. Finally, in section 3.4, the identified resilience actions are 
assigned to existing supply chain planning tasks and categorized ac-
cording to the planning horizon and the resilience capacity that is 
strengthened. All identified actions are located in an extended version of 
the traditional supply chain planning matrix introduced by Fleischmann 
et al. (2008). 

3. Results 

Section 3 analyzes the identified terminologies for capacities, met-
rics, and actions. It discusses different types of system performances 
(section 3.1), analyzes and harmonizes terms used to describe resilience 
capacities and maps them to the resilience curve (section 3.2), compiles 
a set of 17 metrics to quantify all characteristics of the resilience curve 
and the benefit of resilience actions (section 3.3), and reviews resilience 
actions and classifies them into an extended supply chain planning 
matrix (section 3.4). 

3.1. Types of performance 

A wide variety of causes can disrupt the performance of supply 
chains. Observing performance over time allows for illustrating the 
resilience curve of disrupted systems, which builds the foundation for 
resilience considerations in various studies. Since there is no unambig-
uous measure of a system’s performance, this section examines how 
‘performance’ is interpreted in the literature: It either refers to the pro-
ductivity of a system (economic performance pe(t), physical output po(t)), 
to the quality (pq(t)), or to availability criteria (availability/number of 
components pn(t)) (Poulin & Kane, 2021). 

The majority (174 of 220) of the reviewed articles present resilience 
metrics based on output performance. In the context of supply chains 
specifically, this can refer to the percentage of fulfilled demand (Ojha 
et al., 2018; Ribeiro & Barbosa-Póvoa, 2022; Sawik, 2017; Schmitt & 
Singh, 2012; Zavala et al., 2019), the number of products shipped from 
the manufacturer to the customer (Fattahi et al., 2017; Rajesh, 2016), 
the number of products not delivered from supplier to the manufacturer 
(Torabi et al., 2015), or the production capacity (Vugrin et al., 2011). 
Most of the remaining studies refer to the output performance in terms of 
the loss in system functionality (e.g., Francis & Bekera, 2014; Ghosh & 
De, 2022; Henry & Ramirez-Marquez, 2012; Sun et al., 2022). Only 52 of 
220 studies present resilience metrics based on economic, quality, or 
availability criteria. Economic criteria determine the system’s perfor-
mance in 30 studies, especially in the context of SCR. Here, most of the 
presented metrics are based on the increase in costs associated with a 
disruption and/or recovery (e.g., Anderson et al., 2018; Arab et al., 
2016; Belhadi et al., 2021; Carvalho et al., 2012; Fattahi et al., 2020; 
Hishamuddin et al., 2013; Maheshwari et al., 2017; Mari et al., 2014; 
Shahbazi et al., 2021; Smith et al., 2020; Vugrin et al., 2011; H. Zhang 
et al., 2018, 2019), or to the overall profit or lost profit (e.g., Bao et al., 
2019; Behzadi et al., 2020; Shang et al., 2022; W. J. Tan et al., 2020). 
Ribeiro and Barbosa-Póvoa (2022) propose the cash flow-based ex-
pected net present value as part of their resilience metric. 16 studies 
describe the performance through quality parameters pq(t) such as the 
lead time (Carvalho et al., 2012; Spiegler et al., 2012), the ratio of 
products delivered on-date, the ratio of shipments arriving with no 
damage (Rajesh, 2016), the reliability of infrastructure (Aghababaei 
et al., 2021; Bruneau et al., 2003) or individual performance indices (e. 
g., Y. Bai et al., 2022; Zarghami & Zwikael, 2022). Ten studies refer to 
the performance based on the availability of components pn(t) by eval-
uating the number of failed edges or nodes in power systems (Ouyang 
et al., 2012; Panteli et al., 2017; Yarveisy et al., 2020; H. Zhang et al., 
2018), the number of employed workers (Di Tommaso et al., 2023) or 
the number of facilities affected by a stockout within a supply chain 
(Rajesh, 2016). 

3.2. Resilience capacities 

How a system maintains its performance in case of a disruption de-
pends on the system’s resilience capacities. Most conceptual resilience 
literature differentiates between absorptive, adaptive, and restorative ca-
pacity (Biringer et al., 2013; S. Hosseini et al., 2019; Vugrin et al., 2011), 
with some literature separately including a withstanding capacity 
(Ouyang et al., 2012; Shin et al., 2018; Umunnakwe et al., 2021). 
Absorptive capacity is the extent of a system’s ability to resist or absorb 
external impacts and refers to the system’s vulnerability (Biringer et al., 
2013; Vugrin et al., 2011). Adaptive capacity is a system’s ability to 
reorganize itself to offset disruptions (Biringer et al., 2013; Vugrin et al., 
2011), and restorative capacity describes a system’s repair efficiency and 
effectiveness (Biringer et al., 2013; Vugrin et al., 2011); both refer to a 
system’s recoverability. In this chapter, we investigate the terms used in 
literature to refer to the characteristic of the resilience curve that is 
addressed by a metric. Consequently, the evaluated terms are assigned 
to the related resilience capacity. Our procedure aims to categorize 
heterogeneous terminology on resilience capacities. We thereby 
contribute to a better understanding of the relation between resilience 
metrics and absorptive, adaptive, and restorative capacity, as pointed 
out by Y. Han et al. (2020). In some works, it is noticeable that the terms 
capacity and capability have been used interchangeably, with a majority 
of studies using the term capacity. This work only uses capacity but un-
derstands the two terms as synonyms. In total, 248 terms (81 unique 
terms) relating to the absorptive, adaptive, or restorative capacity were 
identified in the literature and are analyzed in detail in the following (cf. 
Table 1). 

95 of the 220 investigated studies refer to the absorptive capacity. 
Absorptive capacity has the highest impact on a system’s performance 
from the beginning of the disruptive event until the performance is 
compromised the most (cf. Fig. 2). The term ‘absorptive capacity’ itself 
has been used by ten studies (Aghabegloo et al., 2023; Cheng et al., 
2020; Francis & Bekera, 2014; Jinyi et al., 2020; Ouyang et al., 2012; 
Vugrin et al., 2011; Y. Yang et al., 2018; Yarveisy et al., 2020; Zhao 
et al., 2016, 2017). Eleven studies use the term ‘robustness’ when 
referring to absorptive capacity (Ahmadi et al., 2022; Amirioun et al., 
2019; Beyza & Yusta, 2021; Cimellaro et al., 2010; Dong et al., 2022; 
Fang & Zio, 2019; Goldbeck et al., 2019; Y. Li & Zobel, 2020; Reed et al., 
2009; Tao et al., 2022; Yao et al., 2023; Z. Zhang et al., 2023). For 
example, Fang and Zio (2019) propose a resilience metric to quantify the 
robustness of a system as the functionality right after the disruption. 
Nine studies use the term ‘vulnerability’ (Alguacil et al., 2014; Amirioun 
et al., 2019; Fang et al., 2015; Ghorbani-Renani et al., 2020; Kim & Yeo, 
2016; Mari et al., 2014; Niu et al., 2023; Ojha et al., 2018; Z. Zhang et al., 
2023) to describe resilience metrics which, e.g., assess the event impact 
in terms of the immediate performance decline (Amirioun et al., 2019). 
Six studies use the term ‘absorption’ (Najarian & Lim, 2019; Roach et al., 
2018; Tran et al., 2017; Valenzuela et al., 2018; Veit et al., 2023) for 
metrics that evaluate, e.g., how well the performance of a system can be 
retained during a disruption (Najarian & Lim, 2019). Five studies refer 
to ‘responsiveness’ to describe the immediate reaction to a disruption 
(Ahmadian et al., 2020; Ayala-Cabrera et al., 2019; Rajesh, 2016; 
Schmitt & Singh, 2012). Three studies use the term ‘resistance’, which is 
used similarly to ‘robustness’ (Amirioun et al., 2019; H. Li et al., 2023; 
H. Zhang et al., 2018). Only three studies use the term ‘absorptive 
capability’ (Nan et al., 2016; Nan & Sansavini, 2017; X. Wang et al., 
2022), underlining the dominance of the term ‘capacity’ in quantitative 
resilience literature. However, some works use terms like ‘recovery 
speed’ (Y. Li & Zobel, 2020; Z. Liu & Wang, 2021; Schmitt & Singh, 
2012) or ‘rapidity’ (Huang & Pang, 2014; Ren et al., 2017; X. Wang 
et al., 2022) which do not explicitly refer to absorptive capacity. Those 
works aim at quantifying resilience on an aggregated level without 
differentiation between resilience capacities. In this case, we separated 
the applied metrics into the components that describe the characteristics 
of the resilience curve that refer to absorptive capacity (see 3.3). For 
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example, the duration of performance degradation from the start of 
disruption to the minimum performance describes the absorptive ca-
pacity of the system as part of a metric that quantifies the total duration 
of disruption (e.g., Ren et al., 2017). The remaining identified terms are 
closely related to absorptive capacity and either refer to the aspect of 
robustness (i.e., ‘redundancy and robustness’, ‘resistant capacity’, 
‘resistance ability’, ‘withstanding capacity’, ‘withstanding capability’) 
or absorption (i.e., ‘response’, ‘mitigation’, ‘mitigation ability’ ‘sus-
tainability’). 78 studies do not use a term related to the absorptive ca-
pacity, although we conclude that they present a corresponding metric. 

The adaptive capacity and restorative capacity jointly correspond to a 
system’s recoverability (S. Hosseini et al., 2019) after a shock and thus 
affect the performance from its lowest point to the end of recovery. The 
adaptive capacity is mentioned in eleven studies, of which the majority 
directly refer to the resilience curve and the differentiation between the 
three resilience capacities. The majority of studies use the term ‘adaptive 
capacity’ (Aghabegloo et al., 2023; Francis & Bekera, 2014; Gotangco 
et al., 2016; Vugrin et al., 2011; Yarveisy et al., 2020; Zhao et al., 2016, 
2017). These studies aim to assess the extent to which a system can 
increase its performance to a new equilibrium as a reaction to a 
disruption. Alternative terms are ‘adaptive capability’ (C. Chen et al., 
2021; Nan & Sansavini, 2017) and ‘adaptation’ (Najarian & Lim, 2019, 
2020), appearing in two studies each, and ‘adaptability’ (Ojha et al., 
2018). The term ‘redundancy’ is used by two studies to evaluate the 
extent of performance recovery by using alternative routes within a 
redundant road network (Aghababaei et al., 2021) or the duration until 
the redundancy of a network is used for performance recovery of a 
communication network (Appasani et al., 2022). 33 studies refer with 
their metrics to restorative capacity. Most of them use the term 

Table 1 
Heterogeneity in the terminology in the observed literature. The table links the 
used terms with associated resilience capacities (absorptive, adaptive, and 
restorative; Vugrin et al., 2011). The number of the respective sources refer to 
the numbering of the reviewed articles as provided in Appendix A.  

Term Articles 

Absorptive capacity 

“robustness” 11 (Ahmadi et al., 2022; Amirioun et al., 2019; 
Cimellaro et al., 2010; Dong et al., 2022; Fang & Zio, 
2019; Goldbeck et al., 2019; Y. Li & Zobel, 2020; 
Reed et al., 2009; Tao et al., 2022; Yao et al., 2023; Z. 
Zhang et al., 2023) 

“absorptive capacity” 10 (Aghabegloo et al., 2023; Cheng et al., 2020; Francis 
& Bekera, 2014; Jinyi et al., 2020; Ouyang et al., 
2012; Vugrin et al., 2011; Y. Yang et al., 2018; 
Yarveisy et al., 2020; Zhao et al., 2016, 2017) 

“vulnerability” 9 (Alguacil et al., 2014; Amirioun et al., 2019; Fang 
et al., 2015; Ghorbani-Renani et al., 2020; Kim & 
Yeo, 2016; Mari et al., 2014; Niu et al., 2023; Ojha 
et al., 2018; Z. Zhang et al., 2023) 

“absorption” 6 (Najarian & Lim, 2019, 2020; Roach et al., 2018; 
Tran et al., 2017; Valenzuela et al., 2018; Veit et al., 
2023) 

“responsiveness” 4 (Ayala-Cabrera et al., 2019; Q. Han et al., 2023; 
Rajesh, 2016; Schmitt & Singh, 2012) 

“resistance” 3 (Amirioun et al., 2019; H. Li et al., 2023; H. Zhang 
et al., 2018) 

“absorptive 
capability” 

3 (Nan et al., 2016; Nan & Sansavini, 2017; X. Wang 
et al., 2022) 

“recovery speed” 3 (Y. Li & Zobel, 2020; Z. Liu & Wang, 2021; Schmitt & 
Singh, 2012) 

“sustainability” 3 (Anderson et al., 2018; Cimellaro et al., 2015; C. 
Zhang et al., 2022) 

“rapidity” 3 (Huang & Pang, 2014; Ren et al., 2017; X. Wang 
et al., 2022) 

“redundancy”; 
“robustness” 

2 (Ayyub, 2014; Didier et al., 2018) 

“resistant capacity” 2 (Ouyang et al., 2012; Y. Yang et al., 2018) 
“response” 2 (Ahmadian et al., 2020; Z. Zhang et al., 2023) 
“mitigation” 2 (X. Liu et al., 2021; Lücker & Seifert, 2017) 
“resistance ability” 2 (W. J. Tan et al., 2020; Tao et al., 2022) 
“withstanding 

capacity” 
2 (Fan et al., 2023; Marasco et al., 2022) 

“withstanding 
capability” 

2 (Kwasinski, 2016; Tofani et al., 2018) 

“mitigation ability” 2 (Abdin et al., 2019; Gabrielli et al., 2022) 
+ 24 other terms 1  

Adaptive capacity 

“adaptive capacity” 7 (Aghabegloo et al., 2023; Francis & Bekera, 2014; 
Gotangco et al., 2016; Vugrin et al., 2011; Yarveisy 
et al., 2020; Zhao et al., 2016, 2017) 

“adaptive capability” 2 (C. Chen et al., 2021; Nan & Sansavini, 2017) 
adaptation 2 (Najarian & Lim, 2019, 2020) 
redundancy 2 (Aghababaei et al., 2021; Appasani et al., 2022) 
adaptability 1 (Ojha et al., 2018) 

Restorative capacity 

“restoration” 20 (Alizadeh et al., 2022; Arab et al., 2016; Baroud 
et al., 2014; Cavdaroglu et al., 2013; Fang & 
Sansavini, 2017a, 2019; Heath et al., 2016; Henry & 
Ramirez-Marquez, 2012; Matisziw et al., 2010; Ni 
et al., 2018; Niu et al., 2023; Nurre et al., 2012; 
Nurre & Sharkey, 2018; Pant et al., 2014; Sang et al., 
2021; Sharkey et al., 2015; Y. Tan et al., 2018, 2019; 
Ulusan & Ergun, 2018; Z. Yang & Marti, 2022) 

“restorative capacity” 6 (Aghabegloo et al., 2023; Cheng et al., 2020; Ouyang 
et al., 2012; Vugrin et al., 2011; Y. Yang et al., 2018; 
Yarveisy et al., 2020) 

“restoration 
efficiency” 

2 (Amirioun et al., 2019; H. Zhang et al., 2018) 

“restoration 
economics” 

2 (H. Zhang et al., 2018, 2019) 

+ 4 other terms 1  

Adaptive or restorative capacity (allocation ambiguous)  

Table 1 (continued ) 

Term Articles 

“recovery” 36 (Abdelmalak et al., 2023; Ahmadi et al., 2021, 2022; 
Ahmadian et al., 2020; G. Bai et al., 2021; Bao et al., 
2019; Beyza & Yusta, 2021; Burton et al., 2017; 
Carvalho et al., 2022; Di Tommaso et al., 2023; Dui 
et al., 2023; Fattahi et al., 2020; Hishamuddin et al., 
2013; Y. Hosseini et al., 2023; Kwasinski, 2016; 
Kyriakidis et al., 2018; M. Li et al., 2019; R. Li et al., 
2017; X. Liu et al., 2021; Mishra et al., 2022; Munoz 
& Dunbar, 2015; Najarian & Lim, 2019; Reed et al., 
2009; Roach et al., 2018; Senkel et al., 2021; Smith 
et al., 2020; Spiegler et al., 2012; Tofani et al., 2021; 
Tran et al., 2017; Veit et al., 2023; J. Zhang et al., 
2022; J. Zhang, Li, et al., 2023; J. Zhang, Ren, et al., 
2023; M. Zhang et al., 2022; Z. Zhang et al., 2023; 
Zhao & You, 2019) 

“recovery ability” 10 (Galbusera et al., 2016; Hao et al., 2023; Jinyi et al., 
2020; H. Li et al., 2023; Nan et al., 2016; Podesta 
et al., 2021; W. J. Tan et al., 2020; Tao et al., 2022; J. 
W. Wang et al., 2010; Zhao et al., 2016) 

“responsiveness” 8 (Fattahi et al., 2017; Q. Han et al., 2023; Rajesh, 
2016; Ribeiro & Barbosa-Póvoa, 2022; Schmitt & 
Singh, 2012; Watson et al., 2022; H. Zhang et al., 
2018, 2019) 

“rapidity” 8 (Bruneau et al., 2003; Cimellaro et al., 2010; 
Goldbeck et al., 2019; Huang & Pang, 2014; Reed 
et al., 2009; Ren et al., 2017; Q. Zhang et al., 2020; 
Zhou & Chen, 2020) 

“recovery capability” 7 (Baroud et al., 2014; L. Chen & Miller-Hooks, 2012; 
Fang & Sansavini, 2017b; Q. Han et al., 2023; Miller- 
Hooks et al., 2012; Nan & Sansavini, 2017; X. Wang 
et al., 2022) 

“recovery capacity” 6 (Fan et al., 2023; Marasco et al., 2022; Song et al., 
2022; Yu & Baroud, 2019; Zhao et al., 2016, 2017) 

“recovery rapidity” 4 (Arjomandi-Nezhad et al., 2021; Fang & Zio, 2019; 
Mao et al., 2021; Najarian & Lim, 2020) 

“recoverability” 3 (Fang et al., 2016; Francis & Bekera, 2014; 
Ghorbani-Renani et al., 2020) 

“recovery effort” 2 (Chan & Schofer, 2016; Das, 2020) 
+ 29 other terms 1   
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‘restoration’ (Alizadeh et al., 2022; Arab et al., 2016; Baroud et al., 
2014; Cavdaroglu et al., 2013; Fang & Sansavini, 2017b, 2019; Heath 
et al., 2016; Henry & Ramirez-Marquez, 2012; Matisziw et al., 2010; Ni 
et al., 2018; Niu et al., 2023; Nurre et al., 2012; Nurre & Sharkey, 2018; 
Pant et al., 2014; Sang et al., 2021; Y. Tan et al., 2018, 2019; Ulusan & 
Ergun, 2018; Z. Yang & Marti, 2022), followed by the term ‘restorative 
capacity’ (Aghabegloo et al., 2023; Cheng et al., 2020; Ouyang et al., 
2012; Vugrin et al., 2011; Y. Yang et al., 2018; Yarveisy et al., 2020). The 
majority of these studies present metrics to assess the extent of perfor-
mance restored from disruptions by repair activities (e.g., Baroud et al., 
2014; Henry & Ramirez-Marquez, 2012; Ouyang et al., 2012; Pant et al., 
2014; Yarveisy et al., 2020). Similar terms like ‘restorative capability’ 
(Nan & Sansavini, 2017), ‘restoration ability’ (Khayatzadeh et al., 
2022), and ‘restoration capability’ (C. Chen et al., 2021) appear in single 
studies. Two studies each refer to the terms ‘restoration efficiency’ to 
assess the effectiveness (Amirioun et al., 2019; H. Zhang et al., 2018) 
and ‘restoration economy’ to evaluate the costs (H. Zhang et al., 2018, 
2019) of restoration. 

108 studies use terminology that cannot be mapped unambiguously 
to one of the three capacities. The most common ambiguous term is 
‘recovery’, appearing in 36 studies (e.g., Li et al., 2017), followed by 
‘recovery ability’ in ten studies (Galbusera et al., 2016; Hao et al., 2023; 
Jinyi et al., 2020; H. Li et al., 2023; Nan et al., 2016; Podesta et al., 2021; 
W. J. Tan et al., 2020; Tao et al., 2022; J. W. Wang et al., 2010; Zhao 
et al., 2016) indicating that most of these studies do not build their 
resilience metrics on the theoretical concept of three distinct capacities. 
Instead, they differ in the ability of a system to absorb and recover from 
a disruption (e.g., Galbusera et al., 2016) without clearly indicating if 
the adaptive or restorative capacity has effected the recovery. In eight 
studies, the term ‘responsiveness’ is used to describe the speed and 
extent of performance recovery attributable to the system’s restorative 
and adaptive capacities (Fattahi et al., 2017; Ribeiro & Barbosa-Póvoa, 
2022; Schmitt & Singh, 2012; Watson et al., 2022; H. Zhang et al., 2018). 
The term ‘rapidity’ and ‘recovery rapidity’ is used in eight and four 
studies and refers to the speed (Goldbeck et al., 2019; Mao et al., 2021; 
Najarian & Lim, 2020; Ren et al., 2017; Q. Zhang et al., 2020; Zhou & 
Chen, 2020), the slope of the performance curve (Arjomandi-Nezhad 

et al., 2021; Cimellaro et al., 2010; Reed et al., 2009), or the ability/ 
inability to recover within a proper time (Arjomandi-Nezhad et al., 
2021; Bruneau et al., 2003; Fang & Zio, 2019; Huang & Pang, 2014), 
which could either be attributed to adaptive or restorative capacity. The 
terms ‘recovery capability’, ‘recovery capacity’, ‘recovery effort’, and 
‘recoverability’ are also used to describe metrics focusing on the extent 
of performance recovery and do not explicitly refer to adaptive or 
restorative capacity. 29 studies use individual terms to describe their 
resilience metrics. However, 90 studies present resilience metrics, which 
– according to our understanding – assess adaptive or restorative ca-
pacity without using any terminology besides ‘resilience’. 

3.3. Resilience metrics 

Resilience metrics describe the resilience curve and can be used to 
assess a system’s capacities to absorb, adapt, or restore in case of a 
disruption. In the literature, we identify 395 metrics. As already 
apparent from the terminology used to describe these metrics (see 3.2), 
many studies combine different aspects of the resilience curve into one 
single metric, which we break down into its components for compara-
bility. This procedure results in 523 metrics analyzed in this review (see 
Supporting Information B). We apply a consistent taxonomy (cf. 
Appendix B) on these metrics to reformulate the mathematical formu-
lations for a comparative analysis. Finally, they are categorized ac-
cording to the characteristic elements of the resilience curve they 
describe and to the related capacity. Thus, we complement and extend 
the set of resilience metrics introduced by Poulin and Kane (2021). The 
resulting set of 17 resilience metrics describes all characteristics of the 
resilience curve. It represents the state of the art of quantifying resilience 
(i.e., the absorptive, adaptive, and restorative capacities) of systems and 
networks, specifically supply chains. After describing the resilience 
curve in Fig. 2, this section analyses the 17 metrics in detail and proposes 
mathematical formulations to assess the improvement of these metrics 
by resilience actions. 

Fig. 2 displays the idealized performance of a system in case of a 
disruption, commonly referred to as the resilience curve. The perfor-
mance is generically denoted with p(t) and each characteristic point in 

Fig. 2. General resilience curve with resilience metrics identified in the reviewed literature or as summarized by Poulin and Kane (2021). Nomenclature: pc critical 
threshold | t0 beginning of control interval | th0 exposure to hazard | te initial system disruption | td end of performance degradation | ts begin of system recovery | tf 
completion of system recovery | th1 end of exposure to hazard | tc end of control interval (see Appendix B). 
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time is based on the literature: The observation period starts at t0 (e.g., 
Fang & Zio, 2019; Q. Han et al., 2023; Losada et al., 2012; Ouyang et al., 
2012; Poulin & Kane, 2021; Spiegler et al., 2012; Touzinsky et al., 2018; 
Veit et al., 2023), the actual hazard at th0 (e.g., Abdin et al., 2019; 
Amirioun et al., 2019; Anderson et al., 2018; Poulin & Kane, 2021; Y. 
Yang et al., 2018), and the disruption at te (e.g., Fattahi et al., 2020; R. Li 
et al., 2017; Munoz & Dunbar, 2015; Vugrin et al., 2011). The hazard 
then ends at th1 (Senkel et al., 2021; Y. Yang et al., 2018; H. Zhang et al., 
2018), the performance stops to degrade at td (e.g., Ayyub, 2014; Shen 
et al., 2023; Valenzuela et al., 2018; Zavala et al., 2019; J. Zhang, Ren, 
et al., 2023), the recovery starts at ts (e.g., Nan & Sansavini, 2017; 
Panteli et al., 2017; Poudel et al., 2020; H. Zhang et al., 2019) and ends 
at tf (e.g., Das, 2020; Marasco et al., 2022; Omer et al., 2009; Sun et al., 
2022). tc marks the end of the observation period (e.g., Blagojević et al., 
2022; Cimellaro et al., 2010; Nozhati, 2021; Tran et al., 2017). Our work 
introduces the metrics absorb duration, failure ratio, cumulative absorptive 
performance, and cumulative absorptive impact in addition to the resilience 
metrics depth of impact, residual performance, critical threshold, residual 
capacity, failure rate, and resistive duration (defined by Poulin & Kane, 
2021), which can be applied for assessing its absorptive capacity. We 
further introduce the metrics cumulative recovery performance, cumulative 
recovery impact, endure duration, and the recovery duration in addition to 
the recovery rate, recovery ratio, and restored performance (defined by 
Poulin & Kane, 2021), which can be used to determine adaptive and 
restorative capacity. 

Table 2 lists all 17 resilience metrics, separated into metrics affecting 
the absorptive, adaptive, and restorative capacity, and whether the 
metric is performance-, time-, rate-, or integral-based. It includes the 
generic formulation for quantifying each metric (column a). Table 2 
further recommends how these metrics can be applied to assess the 
positive effect of resilience actions (column b) compared to a system 
without explicit resilience considerations. Except for three relative 
metrics, the remaining formulations are not normalized to receive ab-
solute values. However, as identified in some studies, normalization can 
be useful in the case of comparative studies. Fig. 3 displays the perfor-
mance increase resulting from improved resilience capacities by resilience 
actions for systems facing a disruption. The magnitude of the perfor-
mance increase can be calculated for each metric using the calculation 
rule of Table 2, column b. 

Resistive duration (metric 1a in Table 2) was identified in five studies 
as the duration from the beginning of the hazardous event, which is 
chosen as the start of the observation period (t0 = th0) to the start of 
performance disruption (te) (Amirioun et al., 2019; Anderson et al., 
2018; X. Wang et al., 2022; J. Zhang et al., 2022) A single study proposes 
a normalization by the extreme event duration (th0 to td) as part of a 
resistance metric to assess the absorptive capacity (Kwasinski, 2016). A 
resilience action could lead to a delayed start of performance disruption, 
which could be quantified as the difference between resistive duration 
with implemented resilience actions and without (metric 1b). Absorb 
duration (2a) was defined in our study as the duration from te to the end 
of performance degradation (td) in line with five studies (Abdelmalak 
et al., 2023; Malek et al., 2023; Ren et al., 2017; Roach et al., 2018; X. 
Wang et al., 2022). The remaining 17 studies refer to the absorb duration 
by assessing the total disruption phase from te to tf (e.g., Losada et al., 
2012; W. J. Tan et al., 2020) and thus do not differ between the three 
capacities. For these studies, we focus in our analysis on the component 
of the metric representing the absorb duration (i.e., te to td). Six studies 
propose to normalize this metric, either against the duration of the 
hazardous event (Senkel et al., 2021), the observation period (Didier 
et al., 2018), or the disruption duration (Q. Han et al., 2023; Jinyi et al., 
2020; Veit et al., 2023). A resilience action could lead to, e.g., a delayed 
drop in performance, and could be quantified analogously to the resistive 
duration (2b). 

Depth of impact (3a) was identified in 28 studies and is measured as 
the difference between the undisrupted performance (p(t0)) and the 
performance after the end of performance degradation (p(td)) (e.g., 
Ahmadian et al., 2020; Shang et al., 2022). Eleven of these studies 
propose a normalization by dividing by p(t0) (e.g., Amirioun et al., 2019; 
Fang et al., 2015). A resilience action mitigates the impact of the 
disruption on the maximum performance loss. The performance gap 
with and without adequate resilience action can quantify this benefit 
(3b). 

The resilience metrics critical threshold and residual capacity are only 
provided in the framework by Poulin and Kane (2021). Critical threshold 
(4a) defines the minimum level of performance required to prevent a 
system collapse (Poulin & Kane, 2021). A resilience action could lower 
this threshold and thus decrease the system’s vulnerability (4b). Residual 
capacity (5a) is the distance between the critical threshold and the 

Table 2 
Overview of resilience metrics, their localization along the resilience curve, their quantification (column a), and how they quantify the positive effect of resilience 
decisions (b).  

Resilience metric Articles Capacity Type (a) Quantification (b) Positive effect of resilience decisions 

(1) resistive duration 1 absorptive time-based te −t0 (ter −t0)−(te −t0) = ter −te 
(2) absorb duration 8 absorptive time-based td −te (tdr −ter)−(td −te)
(3) depth of impact 10 absorptive performance-based p(td)−p(t0) (pr(tdr)−pr(t0) )−(p(td)−p(t0) )
(4) critical threshold 1 absorptive performance-based pc −(pcr −pc)

(5) residual capacity 1 absorptive performance-based p(td)−pc (pr(tdr)−pcr )−(p(td)−pc )

(6) residual performance 11 absorptive performance-based p(td) pr(tdr)−p(td)
(7) failure ratio 5 absorptive performance-based p(t) − p(td)

p(t0) − p(td)
pr(t) − pr(tdr)

pr(t0) − pr(tdr)
−

p(t) − p(td)
p(t0) − p(td)

(8) failure rate 2 absorptive rate p(td) − p(te)
td − te 

pr(tdr) − pr(ter)
tdr − ter

−
p(td) − p(te)

td − te 
(9) cumulative absorptive performance 20 absorptive time integral ∫ td

t0 p(t)dt 
∫max(td ,tdr )

t0 (pr(t) −p(t) )dt 
(10) cumulative absorptive impact 14 absorptive time integral ∫ td

t0 (p(t)−p(t0) )dt 
∫max(td ,tdr )

t0 [(pr(t) − pr(t0) )−(p(t) − p(t0) ) ]dt 

(11) endure duration 14 adapt. / restor. time-based ts −td −((tsr − tdr)−(ts − td) )
(12) recovery duration 22 adapt. / restor. time-based tf −ts −

((
tfr − tsr

)
−
(
tf − ts

) )
s. 

(13) restored performance 13 adapt. / restor. performance-based p
(
tf
)

p(t0)
pr
(
tfr
)

pr(t0)
−

p
(
tf
)

p(t0)
(14) recovery ratio 7 adapt. / restor. performance-based p(t) − p(ts)

p(t0) − p(ts)
pr(t) − pr(tsr)
pr(t0) − pr(tsr)

−
p(t) − p(ts)
p(t0) − p(ts)

(15) recovery rate 5 adapt. / restor. rate p
(
tf
)
− p(ts)

tf − ts 
pr
(
tfr
)
− pr(tsr)

tfr − tsr
−

p
(
tf
)
− p(ts)

tf − ts 
(16) cumulative recovery performance 32 adapt. / restor. time integral ∫ tc

td p(t)dt 
∫ tc

max(td ,tdr)
(pr(t) −p(t) )dt 

(17) cumulative recovery impact 22 adapt. / restor. time integral ∫ tc
td (p(t) −p(t0) )dt 

∫ tc
max(td ,tdr)

[(pr(t) − pr(t0) )−(p(t) − p(t0) ) ]dt  
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performance at its lowest point p(td) (Poulin & Kane, 2021). Residual 
performance (6a) is defined in our work according to the majority of 
studies (14 out of 25) as the distance between p(td) and zero perfor-
mance (e.g., Cimellaro et al., 2010; Nan & Sansavini, 2017; Badr et al., 
2023). Ten of 25 studies normalize the residual performance against p(t0)
(e.g., Goldbeck et al., 2019). Both residual capacity and residual perfor-
mance can be increased by lowering the critical threshold or reducing 
the depth of impact by a suited resilience action (5b, 6b). 

Failure ratio (7a) is defined in our work as the percentage of perfor-
mance that, at any time t, has not degraded yet. This is in line with five 
studies (Azimian et al., 2021; Carvalho et al., 2012; Z. Liu & Wang, 
2021; Rajesh, 2016; Schmitt & Singh, 2012), mainly from the supply 
chain context, which formulate this metric as the current performance 
during a disruption p(t) normalized by the hypothetical undisrupted 
performance p(t0). In contrast, three studies refer to the performance 
already degraded until time t (Haeri et al., 2020; Hosseini-Motlagh et al., 
2020; Zahiri et al., 2017). When this ratio is measured during the endure 
or recovery duration instead of the absorb duration, it is called the recovery 
ratio (14a; see below). Failure rate (8a) is defined as the slope of the 
performance curve, i.e., the ratio of the total performance loss and the 
absorb duration as identified in six studies (Abdelmalak et al., 2023; Di 
Tommaso et al., 2023; Nan et al., 2016; Nan & Sansavini, 2017; Panteli 
et al., 2017; X. Wang et al., 2022). Similar to the failure ratio, a higher 
absorptive capacity due to a resilience action could lead to a shallower 
slope and, thus, a more controlled, less severe performance degradation. 
The resulting improvement could be quantified as the difference be-
tween the respective metric with and without a resilience action (7b, 
8b). 

Cumulative absorptive performance is the most common metric iden-
tified for measuring absorptive capacity. It represents the area under the 
performance curve as the time integral of the system’s performance until 
td (9a) as identified in 10 studies (e.g., Ayyub, 2014; Cheng et al., 2020; 
X. Liu et al., 2021; Tao et al., 2022). Another, only rarely employed 
variant is to calculate the integral between the beginning of the hazard 
(th0) and te (Anderson et al., 2018) or td (Abdin et al., 2019) to assess the 

ability of a system to completely resist a disruption without performance 
loss. Most studies propose to normalize the integral of the disrupted 
against the undisrupted performance. Conversely, cumulative absorptive 
impact represents the time-integrated performance loss. It is measured as 
the area over the resilience curve until td (Amirioun et al., 2019; Chan & 
Schofer, 2016; Nan et al., 2016; Nan & Sansavini, 2017; Shen et al., 
2023). Analogously to disruption duration as a proposed metric, 71 
studies refer to the area above or under the resilience curve and quantify 
resilience by a single value comprising the absorptive, adaptive, and 
restorative capacity. Thus, these studies do not refer exclusively to the 
characteristics of the resilience curve attributed to the absorptive ca-
pacity. Their metrics capture the area under the performance curve 
either during the observation period (from t0 to tc) (e.g., Cimellaro et al., 
2015; Ghorbani-Renani et al., 2020; Kalinowski et al., 2015; Ouyang 
et al., 2012; Spiegler et al., 2012; Veit et al., 2023) or the disruption 
phase (from te to tf ) (e.g., Cubillo & Martínez-Codina, 2019; Hong et al., 
2021; Panteli et al., 2017; Vugrin et al., 2011; Yao et al., 2023). Espe-
cially studies in the optimization context often do not differentiate be-
tween resilience capacities but apply area-based metrics as objective 
functions (e.g., Nozhati, 2021) or just use them to evaluate the resilience 
of a network (e.g., Lau et al., 2018). When an implemented resilience 
action has a positive effect on the resilience curve’s trajectory (e.g., a 
longer resistive duration, a smaller failure rate, or a smaller depth of 
impact), the area below the performance curve increases accordingly. As 
illustrated in Fig. 3, we propose to measure this cumulative absorptive 
improvement as the difference between the time-integrated performances 
with and without resilience actions between t0 and td or tdr, depending 
on which of the two curves reaches the point of lowest performance last 
(9b, 10b). A selection of cases where the lowest performance is reached 
earlier with the resilience action not in place is displayed in Appendix C. 

Endure duration (11a) covers the disrupted phase from td to ts, as 
identified in three studies (Malek et al., 2023; Panteli et al., 2017; Ren 
et al., 2017), only two studies propose a duration from the end of the 
hazard (th1) to ts (H. Zhang et al., 2018, 2019). As for the absorb duration, 
eleven studies propose the total disruption phase (from te to tf ) as 

Fig. 3. Application of resilience metrics to determine the effect of resilience decisions on performance. Mathematical formulations for the computation of the positive 
effect of resilience decisions can be found in Table 2, column b. Nomenclature: pcr lower critical threshold | ter delayed initial system disruption | tdr delayed end of 
performance degradation | tsr earlier begin of system recovery | tfr earlier completion of system recovery (cf. Figure 2 and Appendix B). 
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resilience metric (e.g., Losada et al., 2012; Paseka et al., 2018), which 
includes the endure duration without explicitly referring to its charac-
teristic of the resilience curve or its relation to the capacities. A resil-
ience action could shorten the endure phase by a prolonged absorb 
duration or by an earlier start of recovery activities (11b). The endure 
duration is followed by the recovery duration (12a) from ts to tf which is in 
line with 16 studies (e.g., Carvalho et al., 2022; Goldbeck et al., 2019; 
Munoz & Dunbar, 2015; Pant et al., 2014). Another 16 studies measure 
it from td to tf or tc, either assuming that recovery operations starts 
immediately (td = ts, no endure duration) (e.g., Francis & Bekera, 2014; 
Veit et al., 2023) or do not precisely differentiate between endure and 
recovery duration (e.g., Ahmadi et al., 2021; Burton et al., 2017; Chan & 
Schofer, 2016). Simultaneously to the absorb and endure duration, the 
recovery duration is identified as part of the disruption duration (e.g., 
Badr et al., 2023; Belhadi et al., 2021). Like for the endure duration, a 
resilience action could have the effect of a shortened recovery duration 
(12b). 

Restored performance (13a) and the recovery ratio (14a) describe the 
percentage of performance after full recovery relative to the undisrupted 
performance p(t0). Restored performance is identified in 27 studies (e.g., 
Miller-Hooks et al., 2012; Podesta et al., 2021; Zavala et al., 2019) as the 
metric of the performance after full recovery at tf . The metric is often 
used as objective function of models optimizing the SCR (e.g., Dixit 
et al., 2016; Ribeiro & Barbosa-Póvoa, 2022). Few studies either quan-
tify the extent of recovered performance (p(tf ) − p(td) or p(tf ) − p(ts)) (e. 
g., Q. Han et al., 2023; Jinyi et al., 2020; Zavala et al., 2019; H. Zhang 
et al., 2018), or the deviation of p(tf ) from p(t0) (H. Li et al., 2023; Z. 
Zhang et al., 2023). The recovery ratio is applied in five studies (e.g., 
Carvalho et al., 2012; Schmitt & Singh, 2012) as the metric of recovered 
performance relative to the undisrupted performance generically for any 
time t. As already identified for the failure ratio, three studies quantify 
the performance not recovered yet as the difference between the per-
formance at any time p(t) and p(t0) (Haeri et al., 2020; Hosseini-Motlagh 
et al., 2020; Zahiri et al., 2017) during the endure and recovery duration, 
whereas one study additionally normalized this expression by p(t0)
(Gotangco et al., 2016). Two studies quantify the actual performance 
restored (p(t)−p(ts)) relative to the performance lost (p(t0) − p(ts)) 
(Baroud et al., 2014; Henry & Ramirez-Marquez, 2012), which we 
adopted for our set of mathematical formulations (14a). The effect of a 
resilience action can be quantified analogously to the failure ratio (13b, 
14b; see 7b). 

Recovery rate (15a), analogously to failure rate (8a), is defined as the 
slope of the performance curve during the recovery duration and appears 
in seven studies as proposed in our work (e.g., Kwasinski, 2016; Reed 
et al., 2009). A resilience action that leads to a steeper slope thus 
strengthens the restorative and/or adaptive capacities of the system 
(15b). 

Similar to cumulative absorptive performance during the resistive and 
absorb duration, the most common metric to quantify the recoverability 
is cumulative recovery performance, which is identified in 106 studies. 43 
of these studies refer to the area under the curve during the complete 
observation or disruption period as already discussed for cumulative 
absorptive performance and consequently do not propose metrics exclu-
sively assessing the adaptive or restorative capacity. In contrast, 21 
studies explicitly correspond to the area under the performance curve 
from td to tc which is adopted in our formulation (16a) (e.g., Alizadeh 
et al., 2022; Cavdaroglu et al., 2013; Iloglu & Albert, 2020; Shang et al., 
2022) or from td to tf as in 26 studies (e.g., Arjomandi-Nezhad et al., 
2021; Ayyub, 2014; Lei et al., 2019). Most of the studies propose a 
normalization against the area under the undisrupted performance 
curve. Eight studies subtract the performance at the end of degradation 
(p(td)) to only consider the recovered part of the area under the per-
formance curve (e.g., Mishra et al., 2022; Sharkey et al., 2015). Only a 
few studies refer to the performance integral from td to ts (e.g., Poudel 
et al., 2020) or from ts to tf as in ten studies (e.g., Cheng et al., 2020). 

Conversely, cumulative recovery impact is – similar to cumulative absorp-
tive impact – defined as the integral of the performance lost. The most 
common formulation is the area above the curve during disruption (from 
te to tf ) (e.g., Ghosh & De, 2022) or observation period (t0 to tc) (e.g., 
Huang & Pang, 2014). 13 studies (e.g., Bao et al., 2019; Bruneau et al., 
2003; Fang & Sansavini, 2019; Kyriakidis et al., 2018) measure it from td 
to tf , while four studies integrate from td until a defined level of recovery 
(tc) (Burton et al., 2017; Munoz & Dunbar, 2015; Y. Tan et al., 2018, 
2019) which we choose as most appropriate formula in our work (17a) 
to additionally consider the performance loss until the end of the 
observation period when the performance does not return to the initial 
state. Only four studies integrate from ts to tf (Goldbeck et al., 2019; Y. 
Hosseini et al., 2023; Nan et al., 2016; Nan & Sansavini, 2017). Thirteen 
studies propose a normalization against the undisrupted performance 
curve (e.g., Amirioun et al., 2019; Uday & Marais, 2014) or the duration 
of endure and/or recovery duration (e.g., Hong et al., 2021; X. Wang et al., 
2022). Two studies quantify the area above the curve from ts until any 
time t (e.g., G. Bai et al., 2021; Dui et al., 2023) following the idea of the 
recovery ratio. An exemplary resilience action could increase the overall 
cumulative recovery performance and reduce the cumulative recovery 
impact (e.g., through a shorter endure phase, a shorter recovery phase, a 
higher recovery ratio, a faster recovery rate, or a higher restored perfor-
mance). This effect can be quantified analogously to cumulative absorptive 
performance as cumulative recovery improvement (16b, 17b; see 9b, 10b), 
starting at the point (td or tdr) at which the latter two end. Heath et al. 
(2016) propose to assess the benefit of network restoration according to 
the area between the resilience curve with and without the imple-
mentation of a resilience action as proposed in this work. 

3.4. Resilience actions 

This section reviews the resilience actions identified in the observed 
literature on SCR in particular. Resilience actions are precautionary, 
anticipatory actions that decision-makers can implement proactively to 
strengthen the system’s absorptive, adaptive, and restorative capacities 
to cope with disruptions and improve resilience, as visualized in Fig. 3. 
The observed literature does not apply a consistent terminology for 
resilience actions, wherefore different studies refer to management con-
trols (e.g., Pettit et al., 2010), resilience or mitigation measures (e.g., C. 
Chen et al., 2021; L. Chen et al., 2020; Lücker & Seifert, 2017), and 
resilience or mitigation strategies (e.g., Carvalho et al., 2012). In quanti-
tative models for SCR planning, the resilience actions are the ‘objects of 
decision’, i.e., it needs to be decided which set of different actions is to 
be implemented, at what time, and to what extent. The type of action 
varies according to the capacity to be strengthened, the planning hori-
zon (strategical, tactical, operational), the potential disruption, and the 
industry. Actions take a central role in quantitative decision models 
(Behzadi et al., 2020; Ribeiro & Barbosa-Póvoa, 2018), which is why an 
overview and classification of identified actions is given in the 
following. 

Fig. 4 gives an overview of the analyzed systems and the type and 
frequency of the investigated disruptions. Supply chains are, with 29 
studies, most frequently subject to resilience considerations, followed by 
electric power systems, communities, and production sites. Generic 
disruptions without further specification and meteorologically caused 
disruptions (e.g., storms, tornados, blizzards, and drought) are most 
frequently assumed, followed by geophysical-caused disruptions (e.g., 
earthquakes) and generic supply disruptions. A few studies assume 
anthropogenic disruptions such as cyber and terrorist attacks. While 
studies on multi-echelon supply chains mostly consider generic supply, 
transportation, or distribution disruptions without further description of 
causality, studies on electric power systems and communities primarily 
assume natural disasters (especially meteorological and geophysical). 

The supply chain planning matrix is a model for structuring the 
planning tasks that underlie supply chain decision-making (Fleischmann 
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Fig. 4. Frequency of analyzed systems in the identified literature with the assumed type of disruptions.  

Fig. 5. Supply chain planning matrix (based on (Fleischmann et al., 2008) extended by absorptive, adaptive, and restorative resilience actions and structured by 
hierarchical decision-level and supply chain process. The number indicates in how many studies the respective measures were found (please find the full table with 
references in Supporting Information C). 
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et al., 2008). It hierarchizes the individual decisions in supply chain 
management by their planning horizon into the strategic, tactical, and 
operational decision levels (Fleischmann et al., 2008). It further sub-
divides the planning tasks by the supply chain processes of procurement, 
production, distribution, and sales. Fig. 5 gives an overview of all 
identified resilience actions classified by an extended supply chain 
planning matrix (Fleischmann et al., 2008) that additionally clusters 
into absorptive, adaptive, and restorative actions alongside the two 
regular dimensions. Since some resilience actions cannot be matched 
with the four existing SC processes, it introduces supporting actions as an 
additional process. To indicate the focus of current research, the figure 
further shows the number of studies in which a resilience action was 
mentioned. We identified 63 actions on the strategic level, 44 on the 
tactical level, and 16 on the operational level. While most actions are 
identified in the procurement, only a few are found for sales. 

Very few studies classify their proposed resilience actions by resil-
ience capacity, horizon, or process. S. Hosseini et al. (2019) are the only 
study to classify SCR actions by their hierarchical decision level. To 
address this literature gap, this work classifies the actions based on the 
context of the studies they originate from and matches them to the 
planning tasks and horizons of the original supply chain planning matrix 
introduced by Fleischmann et al. (2008). 

Actions associated with large investments and long-term planning 
horizons are classified on the strategic level, and most identified actions 
on the strategic level strengthen absorptive capacity. The strategic 
procurement strengthens absorptive capacity through supplier segre-
gation (rejection of high-risk suppliers) and multiple sourcing (S. Hos-
seini et al., 2019). Storage planning for raw material and intermediates 
storage location and capacity is suggested by various literature as ac-
tions for increasing the absorptive capacity (Ribeiro & Barbosa-Póvoa, 
2018). Adaptive capacity is enhanced by the identification of potential 
backup suppliers, by strategic cooperations with backup suppliers that 
are used in case of primary supplier disruption (S. Hosseini et al., 2019), 
and by sharing information that contributes to the recovery process with 
cooperating supply chain partners (Belhadi et al., 2021). A resilience 
action of strategic production planning is location planning that con-
tributes to absorptive capacity by spatially distributed facilities and 
warehouses (Fang & Zio, 2019; Senkel et al., 2021). Production system 
planning increases absorptive capacity through resilience-oriented 
planning of production capacities, which mainly includes the planning 
of redundant production capacities (Ribeiro & Barbosa-Póvoa, 2018; W. 
J. Tan et al., 2020). Another action is the physical protection of assets 
(Vugrin et al., 2011). To strengthen adaptive capacity, backup facilities 
and technologies can be implemented, which are only activated in the 
event of disturbances (W. J. Tan et al., 2020). Strategic distribution 
planning increases absorptive capacity by implementing redundant 
transportation links (Ribeiro & Barbosa-Póvoa, 2018) and resilience- 
oriented warehouse location planning (Fattahi et al., 2017; Schmitt & 
Singh, 2012). A supporting action with a strategic character that in-
creases absorptive capacity is the implementation of big data analytics 
for the early identification of disruptions (Rajesh, 2016). To strengthen 
adaptive capacity, financial resources for system modifications can be 
kept available for urgently required system modifications (Vugrin et al., 
2011). 

On tactical level, procurement strengthens the absorptive capacity 
through resilience-oriented inventory policies (Spiegler et al., 2012). 
Qualifying staff can prevent potentially hazardous behavior (Sun et al., 
2022) and improve staff’s ability to analyze and interpret information 
on critical system components (Belhadi et al., 2021). Adaptive capacity 
is strengthened by flexibly adapting inventory policies in the event of 
disruptions, e.g., by placing orders at backup suppliers (Torabi et al., 
2015). Restorative capacity is strengthened by introducing a qualified 
repair team (C. Chen et al., 2021; Sun et al., 2022; Vugrin et al., 2011). 
Tactical production planning increases resilience by outsourcing pro-
duction capacities (Ribeiro & Barbosa-Póvoa, 2018) and proactive 
maintenance (Sun et al., 2022). Adaptive capacity is strengthened by 

backup resources such as machinery and personnel (Behzadi et al., 2020; 
Vugrin et al., 2011). Tactical distribution planning improves absorptive 
capacity by increasing final product inventories (Ojha et al., 2018) and 
by proactive maintenance of lifelines (Belhadi et al., 2021). Adaptive 
capacity is strengthened by keeping backup transportation modes 
available in case of primary mode disruptions (S. Hosseini et al., 2019). 
Reallocating final product inventories in case of disruptions increases 
the adaptive capacity (Fattahi et al., 2017; Zavala et al., 2019). Tactical 
sales improves adaptive capacity by prioritizing customers (Fattahi 
et al., 2017). The regular monitoring of critical system components is a 
supporting action that increases the absorptive capacity (Datta et al., 
2007). To strengthen the restorative capacity, resilience management 
can implement a monitoring system that detects failures and tracks 
down disruptions efficiently (Vugrin et al., 2011). 

On the operational decision level, no actions for improving absorptive 
capacity were identified. Adaptive capacity is determined by the actual 
realizable quantities of backup suppliers (Torabi et al., 2015; Zhao et al., 
2017), the agile adaption of order management (C. Chen et al., 2021; 
Hishamuddin et al., 2013), and the ability to flexibly substitute input 
materials (Vugrin et al., 2011). The adaptive capacity of the production 
is strengthened by the efficient integration of backup production ca-
pacities and flexible production rescheduling (Hishamuddin et al., 
2013). Distribution planning improves the adaptive capacity by flexible 
routing abilities (Carvalho et al., 2012). In sales, adjusting prices and 
flexibly adjusting the pursued service level (e.g., not serving the entire 
demand) simultaneously increase the supply chain’s adaptive capacity 
(S. Hosseini et al., 2019). Customer prioritization (Fattahi et al., 2017) 
and the ability to temporarily deliver a product substitute (Carvalho 
et al., 2022) also improve adaptive capacity. Torabi et al. (2015) suggest 
to support disrupted suppliers in their recovery efforts to ensure 
continuous supply, which we ascribe to the supporting actions that in-
crease restorative capacity. 

4. Discussion and conclusion 

Hardly predictable disturbances can affect the functionality of sys-
tems and impair their performance. Depending on how well a system can 
absorb, adapt to, or restore from a disruption, the performance decline 
and recovery will turn out differently. Building upon Poulin and Kane 
(2021), who set the basis for assessing infrastructure resilience by a 
consistent set of metrics that describe the resilience curve, our work 
covers the interplay between the curve, capacities, metrics, and actions 
in a supply chain context (as illustrated in the graphical abstract). First, 
we extract 395 metrics from the investigated literature and second, 
harmonize them by the terminology of Poulin and Kane (2021). We then 
map the standardized metrics to the characteristics of the resilience 
curve and eventually synthesize them into 17 unified metrics with 
respective mathematical formulations (i.e., 1a-17a). This set represents 
the state of the art of quantifying resilience based on the concept of the 
resilience curve and the absorptive, adaptive, and restorative capacities 
of systems and networks generally and supply chains specifically. Based 
on the identified set of metrics, we propose a set of mathematical for-
mulations for those metrics to assess the effect of resilience actions (i.e., 
1b-17b). 

The applicability is given in science and practice: Research, for 
example, could apply the set of standardized mathematical formulations 
(i.e., 1a-17a) in ex-post analyses to compare, e.g., how different systems 
have coped in the face of disruption and what resilience capacities the 
system possessed in each case. Companies could apply the metrics for 
assessing the resilience of their supply chain by simulating hypothetical 
disruption scenarios to approximate their resilience curve and gain in-
sights into their absorptive, adaptive, and restorative capacities. As an 
example, an OEM interested in assessing its absorptive capacity could 
investigate the performance (e.g., in terms of produced units) in the face 
of a real historical or simulated hypothetical disruption. The resulting 
curve could then be characterized by the metrics relating to the 
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absorptive capacity (e.g., resistive duration, absorptive duration, depth 
of impact, failure rate) to draw conclusions on the state of resilience or to 
deduce if additional actions are required to build up resilience 
capacities. 

Decision-makers aiming to increase resilience (of a system in general, 
a supply chain, or a specific process) could apply the metrics (i.e., 1b- 
17b) to compare the efficiency of different potential resilience actions 
in cost-benefit assessments. These metrics could further be integrated 
into optimization models to decide on the optimal combination of ac-
tions aiming at maximizing economic or resilience objectives. For 
instance, Iris and Lam (2019) studied the case of berth and quay crane 
planning in vessel loading by using the concept of recoverable robustness 
to optimally balance the absorption of uncertainties through buffers and 
the recoverability through efficient rescheduling in case of disruptions. 
Our concept could be applied in such assessments to quantify the benefit 
of integrated optimization approaches compared to less elaborate 
resilience planning approaches. 

Furthermore, we classified anticipatory resilience actions identified 
in literature into the traditional supply chain planning matrix according 
to their time horizon, similar to Hosseini et al. (2019), and the supply 
chain stage. In addition, we identified supporting actions for strength-
ening resilience capacities, extending the traditional supply chain 
planning tasks. The resulting Fig. 4 gives practitioners and researchers 
an overview of actions, organized by planning task, time horizon (i.e., 
short-term, mid-term, long-term), and affected resilience capacity. 

Naturally, the conclusions drawn from our results are subject to 
certain limitations. While applying the proposed metrics works in a 
synthetic and academic setting, real-life cause-effect chains are often 
difficult to trace and interpret. Therefore, the applicability of practical 
case studies and potential adjustments needs further investigation. 
Consequently, the trajectory of the resilience curve (Fig. 2) and the ef-
fect of resilience actions on it (Fig. 3) are only illustrated exemplarily. To 
show the abundance of possible trajectories, Appendix C presents three 
alternative examples of how actions could affect the resilience curves 
and their metrics. The concept of the resilience curve, the proposed set of 
metrics, and the understanding of ‘resilience’ in our study are only one 
attempt to assess resilience in a supply chain context. Without adjust-
ments, it is not universally applicable to other resilience contexts, such 
as urban or food system resilience. In addition, we only consider metrics 
that can be located along the resilience curve and exclude formulations 
that do not fit the resilience curve concept, e.g., metrics that quantify the 
volatility of performance during recovery (Tran et al., 2017). 

As illustrated in Appendix C, resilience actions do not necessarily 
positively impact all metrics simultaneously. For example, the positive 
effect of a shorter endure duration and an earlier start of recovery could 
come, in turn, with a decreased recovery rate (cf. Appendix C, case IV). 
Consequently, we advise decision-makers to select resilience metrics 
according to the supply chain process they want to improve. For 
instance, in critical infrastructure (e.g., electric grids, hospitals), the 
time-integrated performance may be less relevant than the ability to 
ensure a minimum performance level, for which magnitude-based 
metrics may be more meaningful. It also bears mentioning that the 
presented resilience metrics are interdependent, meaning that a change 
in one metric will automatically lead to a change in at least one other 
metric (e.g., between duration-based and integral-based metrics). 
Generally, we deem time integral-based resilience metrics like the cu-
mulative absorptive performance preferable, as they convey the most in-
formation. However, they require a high level of data available to be 
precise and meaningful. Time-based (e.g., endure duration) or 
performance-based metrics (e.g., depth of impact) may be preferable 
when performance data is only available for certain points in time or 
when single characteristics of the curve are to be assessed. 

The underlying data to describe the resilience curve can either be 
empirical (real-life data of disruption and following recovery) or be 

estimated based on simulated disruption scenarios and predictions of the 
resulting reactions (Poulin & Kane, 2021). While ex-post analyses can 
yield relevant insights on passed events, conclusions for future system 
performances are limited since disruptions can occur in a wide variety of 
different and hardly predictable ways. The decision as to which resil-
ience actions should be implemented requires a prediction of disruption 
scenarios and an approximation of the resulting change in performance. 
It must be emphasized that an exact determination of a system’s resil-
ience is hardly possible due to uncertainties in predicting the nature, 
scope, and timing of eventual disruptions. The preciseness of resilience 
considerations depends on various factors, such as the accuracy of pre-
diction on how an action affects the system or whether a disruption 
occurs as predicted. 

Building upon our findings, future research could focus on the 
following aspects: (1) application of the proposed metrics and their 
mathematical formulations in real case studies for a better under-
standing of resilience curve characteristics and related capacities, (2) 
application of the metrics to select and assess the effect of actions to 
strengthen capacities, (3) integration of the proposed metrics as resil-
ience objectives in multi-criteria optimization models to weight the 
benefit of resilience actions against economic or environmental objec-
tives (e.g., minimizing costs) or by integrating them as constraints. If 
research introduces new metrics, they should be categorized according 
to the presented characteristics of the resilience curve and related 
capacities. 

The uncertainty of future disruptions remains the main challenge. 
Therefore, future studies could assess the effect of actions on the resil-
ience curve by the proposed metrics for various scenarios weighted by 
their probability of occurrence as a measure of risk. To bring the con-
cepts of ‘resilience’ and ‘risk and uncertainty’ together, future studies 
could also examine the existing literature specifically on risk and un-
certainty in the context of resilience. The overview of SCR actions gives 
an idea about possible resilience-enhancing measures and how actions 
could be classified in future studies. This study’s search string was not 
pivotally designed to identify resilience actions, wherefore future 
research could explicitly review feasible actions to be applied to 
strengthen the absorptive, adaptive, and restorative capacities of supply 
chains. 
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Appendix  

Appendix A 
Overview of the reviewed articles. Nomenclature: SCR supply chain resilience | SR system resilience | SC supply chain.       

Capacities  Metrics 

Authors Year Context Application Disruption absorptive adaptive restorative adapt. 
/ 
restor. 

original 
terminology for 
respective 
capacities 

time- 
based 

performance- 
based 

rate- 
based 

integral- 
based 

Abdelmalak et al. 2023 SR electric power 
system 

meteorological x   x recovery x x x  

Abdin et al. 2019 SR electric power 
system 

meteorological x    mitigation ability    x 

Aghababaei et al. 2021 SR road network geophysical    x robustness; 
redundancy    

x 

Aghabegloo et al. 2023 SR integr. energy 
system 

generic 
disruption 

x x x  absorptive capacity; 
adaptive capacity; 
restoration capacity  

x  x 

Ahmadi et al. 2022 SR electric power 
system 

meteorological x   x robustness; recovery; 
readjust ability 

x x  x 

Ahmadi et al. 2021 SR electric power 
system 

meteorological x   x recovery; readjust 
ability 

x   x 

Ahmadian et al. 2020 SR electric power 
system 

production 
disruption 

x  x x responsiveness; 
restoration; 
criticality  

x  x 

Alguacil et al. 2014 SR electric power 
system 

generic 
disruption 

x    vulnerability  x   

Alizadeh et al. 2022 SR other generic 
disruption   

x  restoration    x 

Amin et al. 2023 SR electric power 
system 

generic 
disruption 

x    − x   

Amirioun et al. 2019 SR electric power 
system 

meteorological x   x robustness; 
vulnerability; 
resistance; 
restoration 
efficiency 

x x  x 

Anderson 2018 SR electric power 
system 

meteorological x    sustainability x   x 

Appasani et al. 2022 SR electric power 
system 

generic 
disruption    

x redundancy x    

Arab et al. 2015 SR electric power 
system 

meteorological    x − x 

Arab et al. 2016 SR electric power 
system 

generic 
disruption   

x  restoration    x 

Arjomandi- 
Nezhad et al. 

2021 SR electric power 
system 

meteorological x   x recovery rapidity   x x 

Ash et al. 2022 SCR multi-echelon SC biological x   x − x 
Ayala-Cabrera 

et al. 
2019 SR water supply 

system 
technical x    responsiveness  x   

Ayyub et al. 2014 SR community generic 
disruption 

x   x redundancy; 
robustness; 
resourcefulness; 
rapidity    

x 

Azimian et al. 2021 SR electric power 
system 

generic 
disruption 

x   x − x   

Badr et al. 2023 SR integr. energy 
system 

generic 
disruption 

x   x − x x  x 

G. Bai et al. 2021 SR electric power 
system 

generic 
disruption    

x recovery    x 

Y. Bai et al. 2022 SR integr. energy 
system 

technical x x x  degradation; 
adaption; restoration    

x 

Bao et al. 2019 SR production site terrorist attack    x recovery    x 
Baroud et al. 2014 SR water supply 

system 
meteorological   x x recovery capability; 

restoration 
x x   

Behzadi et al. 2020 SCR multi-echelon SC technical x   x − x   x 
Belhadi et al. 2021 SCR multi-echelon SC biological x   x − x    
Beyza & Yusta 2021 SR electric power 

system 
generic 
disruption 

x   x recovery  x   

Blagojevic et al. 2022 SR community generic 
disruption 

x   x − x 

Borghei & 
Ghassemi 

2020 SR electric power 
system 

meteorological x   x − x 

Bruneau et al. 2003 SR community geophysical    x rapidity    x 
Burton et al. 2017 SR community geophysical x   x recovery x x  x 
Carvalho et al. 2012 SCR multi-echelon SC supply 

disruption 
x   x − x   

(continued on next page) 
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Appendix A (continued )      

Capacities  Metrics 

Authors Year Context Application Disruption absorptive adaptive restorative adapt. 
/ 
restor. 

original 
terminology for 
respective 
capacities 

time- 
based 

performance- 
based 

rate- 
based 

integral- 
based 

Carvalho et al. 2022 SCR multi-echelon SC supply 
disruption; 
production 
disruption 

x   x recovery x x   

Castillo et al. 2020 SR other technical   x  restorability  x   
Cavdaroglu 2013 SR electric power 

system; other 
generic 
disruption   

x  restoration    x 

Chan & Schofer 2016 SR rail transportation meteorological x   x preparedness; 
recovery effort; 
rebound ability 

x   x 

Chandrasekaran 
& Banerjee 

2016 SR other geophysical    x − x 

C. Chen et al. 2021 SCR production site terrorist attack x x x  resistance capability 
& mitigation 
capability; adaptive 
capability; 
restoration 
capability    

x 

H. Chen et al. 2017 SR port terrorist attack    x redundancy; 
efficiency  

x   

L. Chen & Miller- 
Hooks 

2012 SCR freight 
transportation 

meteorological    x recovery ability  x   

Cheng et al. 2020 SR other generic 
disruption 

x  x  absorptive capacity; 
restorative capacity  

x  x 

Cimellaro et al. 2010 SR hospital geophysical x   x rapidity; robustness  x x x 
Cimellaro et al. 2015 SR integr. energy 

system 
geophysical x   x sustainability    x 

Confrey et al. 2020 SR electric power 
system 

meteorological    x − x   

Cubillo & 
Martinez- 
Codina 

2019 SR water supply 
system 

meteorological x   x response capacity    x 

Das et al. 2020 SR road network hydrological    x recovery effort    x 
Didier et al. 2018 SR community generic 

disruption 
x   x redundancy; 

robustness; 
resourcefulness; 
rapidity 

x x  x 

Dixit et al. 2016 SR freight 
transportation 

meteorological    x − x   

Dong et al. 2022 SR road network generic 
disruption 

x   x robustness; 
adaption; recovery 
capability    

x 

Dui et al. 2023 SR freight 
transportation 

transport 
disruption    

x recovery    x 

Fan et al. 2023 SR integr. energy 
system 

supply shock x   x withstanding 
capacity; recovery 
capacity 

x x   

Fang et al. 2016 SR integr. energy 
system 

meteorological    x recoverability    x 

Fang et al. 2015 SR electric power 
system 

cyber attack x    vulnerability  x   

Fang & Sansavini 2019 SR electric power 
system 

generic 
disruption   

x  restoration    x 

Fang & Sansavini 2017b SR electric power 
system 

generic 
disruption   

x    x  x 

Fang & Sansavini 2017a SR electric power 
system 

cyber attack    x recovery capability  x   

Fang & Zio 2019 SR electric power 
system 

generic 
disruption 

x   x robustness; recovery 
rapidity    

x 

Fattahi et al. 2017 SCR multi-echelon SC distribution 
disruption    

x responsiveness  x   

Fattahi et al. 2020 SCR multi-echelon SC distribution 
disruption    

x recovery    x 

Faturechi et al. 2014 SR airport generic 
disruption    

x − x   

Feng et al. 2022 SR other terrorist attack    x − x 
Figueroa-Candia 2018 SR electric power 

system 
meteorological    x restoration ability    x 

Filippi et al. 2019 SR other technical x   x − x 

(continued on next page) 
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Appendix A (continued )      

Capacities  Metrics 

Authors Year Context Application Disruption absorptive adaptive restorative adapt. 
/ 
restor. 

original 
terminology for 
respective 
capacities 

time- 
based 

performance- 
based 

rate- 
based 

integral- 
based 

Francis & Bekera 2014 SR electric power 
system 

meteorological x x  x absorptive capacity; 
adaptive capacity; 
recoverability 

x x   

Gabrielli et al. 2022 SCR multi-echelon SC generic 
disruption 

x   x mitigation ability; 
recovery possibility    

x 

Galbusera et al. 2016 SR other generic 
disruption 

x   x recovery ability    x 

Garifi et al. 2022 SR electric power 
system 

meteorological x   x − x 

Gerges et al. 2023 SR community generic 
disruption 

x   x − x 

Ghorbani-Renani 
et al. 

2020 SR integr. energy 
system 

terrorist attack x   x vulnerability; 
recoverability    

x 

Ghosh & De 2022 SR electric power 
system 

meteorological x   x − x 

Goldbeck et al. 2019 SR rail transportation; 
electric power 
system 

meteorological x   x robustness; rapidity x x  x 

Gong & You 2018 SR production site generic 
disruption     

− x 

Gotangco et al. 2016 SR community meteorological x x   adaptive capacity  x   
Haeri et al. 2020 SCR multi-echelon SC generic 

disruption 
x   x − x   

Q. Han et al. 2023 SR other − x   x responsiveness; 
survivability; 
recovery capability 

x x  x 

Hao et al. 2023 SR rail transportation generic 
disruption    

x recovery ability    x 

Hashemifar et al. 2022 SR electric power 
system 

generic 
disruption 

x   x − x 

Heath et al. 2016 SR electric power 
system 

meteorological   x  − x 

Henry & 
Ramirez- 
Marquez 

2012 SR road network geophysical   x  restoration  x   

Hishamuddin 
et al. 

2013 SCR multi-echelon SC meteorological    x recovery    x 

Hong et al. 2021 SR community meteorological x   x − x 
Y. Hosseini et al. 2023 SR road network geophysical    x recovery    x 
Hosseini-Motlagh 

et al. 
2020 SCR multi-echelon SC generic 

disruption 
x   x − x   

Y. H. Huang 2021 SR electric power 
system 

generic 
disruption 

x   x − x 

Huang & Pang 2014 SCR multi-echelon SC meteorological x   x rapidity; redundancy  x  x 
Hulse et al. 2021 SR other generic 

disruption 
x   x resistance; 

absorption; 
restoration; recovery    

x 

Iloglu & Albert 2020 SR road network meteorological    x − x 
Ivanov 2018 SCR multi-echelon SC supply 

disruption    
x − x   

Jeong et al. 2006 SR water supply 
system 

terrorist attack x    − x   

Kalinowski et al. 2015 SR − generic 
disruption 

x   x − x 

Khalili et al. 2017 SCR multi-echelon SC generic 
disruption    

x − x 

Khayatzadeh 
et al. 

2022 SR integr. energy 
system 

generic 
disruption 

x   x withstanding ability; 
restoration ability    

x 

Kim & Yeo 2016 SR road network generic 
disruption 

x    vulnerability  x   

Kwasinski 2016 SR electric power 
system 

generic 
disruption 

x   x withstanding 
capability; recovery 

x  x  

Kyriakidis et al. 2018 SR integr. energy 
system 

meteorological    x recovery x   x 

Ladipo et al. 2019 SR other meteorological x   x − x 
Lau et al. 2018 SR electric power 

system 
generic 
disruption 

x   x − x 

Lei et al. 2019 SR electric power 
system 

meteorological    x − x 

H. Li 2023 SR other terrorist attack x   x resistance; recovery 
ability  

x  x 

(continued on next page) 
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Appendix A (continued )      

Capacities  Metrics 

Authors Year Context Application Disruption absorptive adaptive restorative adapt. 
/ 
restor. 

original 
terminology for 
respective 
capacities 

time- 
based 

performance- 
based 

rate- 
based 

integral- 
based 

M. Li et al. 2019 SR rail transportation generic 
disruption    

x recovery    x 

Li et al. 2017 SCR multi-echelon SC generic 
disruption 

x   x withstand 
disruption; recovery    

x 

Y. Li & Zobel 2020 SCR multi-echelon SC generic 
disruption 

x  x x robustness; 
restorative capacity; 
recovery speed 

x x  x 

L. Liao & Ji 2020 SR electric power 
system 

meteorological x   x − x 

T. Liao et al. 2018 SR road network terrorist attack x   x − x 
X. Liu et al. 2021 SR integr. energy 

system 
generic 
disruption 

x   x mitigation; recovery    x 

Z. Liu & Wang 2021 SR electric power 
system 

cyber attack x   x reliability; recovery 
speed 

x x  x 

Losada et al. 2012 SR production site generic 
disruption 

x   x − x    

Lücker & Seifert 2017 SCR multi-echelon SC production 
disruption 

x   x mitigation    x 

Maheshwari et al. 2017 SCR multi-echelon SC meteorological x   x − x   
Malek et al. 2023 SR electric power 

system 
generic 
disruption 

x   x − x x  x 

Mao et al. 2021 SR road network meteorological    x recovery rapidity x   x 
Marasco et al. 2022 SR community meteorological x   x withstanding 

capacity; recovery 
capacity  

x  x 

Mari et al. 2014 SCR multi-echelon SC generic 
disruption 

x   x vulnerability    x 

Matisziw et al. 2010 SR other generic 
disruption 

x  x  restoration    x 

Miller-Hooks 
et al. 

2012 SR freight 
transportation 

generic 
disruption    

x recovery capability  x   

Mishra et al. 2022 SR electric power 
system 

generic 
disruption 

x   x coping capacity; 
recovery    

x 

Munoz & Dunbar 2015 SCR − − x   x recovery x x  x 
Najarian & Lim 2019 SR electric power 

system 
generic 
disruption 

x x  x absorption; 
adaptation; recovery 

x   x 

Najarian & Lim 2020 SR electric power 
system 

generic 
disruption 

x x x  absorption; 
adaptation; rapidity 

x   x 

Nan & Sansavini 2017 SR electric power 
system 

meteorological x x x x absorptive 
capability; adaptive 
capability; 
restorative 
capability; recovery 
capability  

x x x 

Nan et al. 2016 SR electric power 
system 

meteorological x x  x absorptive 
capability; adaptive 
capability; 
restorative 
capability; recovery 
ability  

x x x 

Ni et al. 2018 SR production site generic 
disruption   

x  restoration    x 

Niu et al. 2023 SR road network geophysical x  x  vulnerability; 
restoration    

x 

Nozhati 2021 SR electric power 
system 

geophysical x   x −

Nurre et al. 2012 SCR electric power 
system; other 

meteorological   x  restoration    x 

Nurre & Sharkey 2018 SR electric power 
system 

meteorological   x  restoration    x 

Ojha et al. 2018 SCR multi-echelon SC generic 
disruption 

x x   vulnerability; 
adaptability    

x 

Omer et al. 2009 SR other geophysical    x vulnerability 
reduction  

x   

Omidian & Khaji 2022 SR other geophysical    x sustainability    x 
Ouyang et al. 2012 SR electric power 

system 
biological x  x  resistant capacity; 

absorptive capacity; 
restorative capacity    

x 

Ouyang & Fang 2017 SR electric power 
system 

terrorist attack x   x − x 

(continued on next page) 
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Appendix A (continued )      

Capacities  Metrics 

Authors Year Context Application Disruption absorptive adaptive restorative adapt. 
/ 
restor. 

original 
terminology for 
respective 
capacities 

time- 
based 

performance- 
based 

rate- 
based 

integral- 
based 

Pant et al. 2014 SR port transport 
disruption   

x  restoration x    

Panteli et al. 2017 SR electric power 
system 

meteorological x   x − x x x x 

Paseka et al. 2018 SR water supply 
system 

meteorological x   x − x    

Podesta et al. 2021 SR community meteorological x   x recovery capacity  x x x 
Poudel et al. 2020 SR electric power 

system 
meteorological x   x − x 

Rajesh 2016 SCR multi-echelon SC supply 
disruption 

x   x flexibility; 
responsiveness  

x   

Reed et al. 2009 SR electric power 
system 

meteorological x   x robustness; rapidity; 
recovery  

x x x 

Ren et al. 2017 SR other generic 
disruption 

x   x rapidity x    

Ribeiro & 
Barbosa-Povoa 

2022 SCR multi-echelon SC supply 
disruption    

x responsiveness  x   

Roach et al. 2018 SR water supply 
system 

meteorological x   x absorption; recovery x x  x 

Sabouhi et al. 2021 SCR multi-echelon SC generic 
disruption 

x    − x   

Salehi et al. 2022 SCR multi-echelon SC production 
disruption 

x   x − x 

Salmeron et al. 2009 SR electric power 
system 

terrorist attack x    − x   

Salmeron & 
Wood 

2015 SR electric power 
system 

terrorist attack    x − x 

Sanchis et al. 2020 SCR production site generic 
disruption 

x    − x   

Sanci & Daskin 2019 SR other transport 
disruption   

x  − x 

Sang et al. 2021 SR integr. energy 
system 

generic 
disruption 

x   x restoration    x 

Sawik et al. 2017 SCR production site supply 
disruption 

x   x − x 

Schmitt & Singh 
M. 

2012 SCR multi-echelon SC supply 
disruption 

x   x recovery speed; 
responsiveness 

x x   

Senkel et al. 2021 SR integr. energy 
system 

distribution 
disruption 

x   x recovery x x  x 

Shahbazi et al. 2021 SR electric power 
system 

meteorological x   x − x   

Shang et al. 2022 SR hospital geophysical x   x redundancy; 
resourcefulness 

x x  x 

Sharkey et al. 2015 SR electric power 
system; water 
supply system; 
other 

meteorological   x  restoration    x 

Shen et al. 2023 SR electric power 
system 

generic 
disruption 

x   x recovery response    x 

Simonovic & 
Arunkumar 

2016 SR water supply 
system 

meteorological    x − x 

P. Singh et al. 2023 SR other meteorological x   x − x 
Smith et al. 2020 SR electric power 

system; water 
supply system 

geophysical    x recovery    x 

Song et al. 2022 SR water supply 
system 

geophysical    x recovery capacity x   x 

Soualah et al. 2023 SR electric power 
system 

generic 
disruption 

x   x − x 

Spiegler et al. 2012 SCR multi-echelon SC supply 
disruption 

x   x readiness; 
responsiveness; 
recovery    

x 

Sun et al. 2022 SCR production site generic 
disruption 

x   x − x 

J. Sun et al. 2023 SR other 
(infrastructure 
system: road 
network, electric 
power system, 
wastewater system) 

meteorological x   x − x 

(continued on next page) 
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Appendix A (continued )      

Capacities  Metrics 

Authors Year Context Application Disruption absorptive adaptive restorative adapt. 
/ 
restor. 

original 
terminology for 
respective 
capacities 

time- 
based 

performance- 
based 

rate- 
based 

integral- 
based 

W. J. Tan et al. 2020 SCR multi-echelon SC generic 
disruption 

x   x effectiveness; 
resistance ability; 
recovery ability 

x   x 

Y. Tan et al. 2018 SR electric power 
system; water 
supply system 

meteorological   x  restoration    x 

Y. Tan et al. 2019 SR electric power 
system; water 
supply system 

meteorological   x  restoration    x 

Tang et al. 2023 SR other generic 
disruption 

x   x − x 

Tang et al. 2021 SR rail transportation transport 
disruption 

x   x − x 

Tao et al. 2022 SR road network technical x   x resistance ability; 
recovery ability; 
robustness  

x  x 

Tariverdi et al. 2019 SR hospital generic 
disruption    

x − x   

Tofani et al. 2021 SR electric power 
system 

generic 
disruption    

x recovery    x 

Tofani et al. 2018 SR electric power 
system 

generic 
disruption 

x   x withstanding 
capability    

x 

Di Tommaso 
et al. 

2023 SR other generic 
disruption 

x   x recovery  x x  

Torabi et al. 2015 SCR multi-echelon SC geophysical    x robustness; rapidity    x 
Touzinsky et al. 2018 SR port meteorological x   x preparation; 

resistance; recovery; 
adaption    

x 

Tran et al. 2017 SR other meteorological x   x absorption; 
recovery; 
responsiveness; 
recovery speed 

x x   

Uday & Marais 2014 SR airport generic 
disruption    

x recoverability 
importance; 
disruption 
importance    

x 

Ulusan & Erugn 2018 SR other geophysical   x  restoration    x 
Valenzuela et al. 2018 SCR − − x    absorption  x   
Veit et al. 2023 SR other cyber attack x   x absorption; 

recovery; 
performance 
capacity 

x x  x 

Verleysen et al. 2023 SR production site supply 
disruption 

x   x − x 

Vugrin et al. 2011 SR multi-echelon SC meteorological x x x  absorptive capacity; 
adaptive capacity; 
restoration 
efficiency    

x 

J. Wang & Liu 2019 SR road network meteorological x    absorbing ability    x 
J. W. Wang et al. 2010 SR other cyber attack    x recovery ability x    
X. Wang et al. 2022 SR airport meteorological x x x x susceptibility; 

absorptive 
capability; rapidity; 
recovery capability; 
adaptive capability; 

x x x x 

Y. Wang & Wang 2020 SR road network generic 
disruption    

x recovery 
effectiveness  

x   

Watson et al. 2022 SR other generic 
disruption    

x responsiveness    x 

Jinyi et al. 2020 SR other cyber attack x   x absorptive capacity; 
recovery ability; 
stable state 
capability 

x x  x 

Xu et al. 2023 SR electric power 
system 

meteorological x   x − x 

Y. Yang et al. 2018 SR electric power 
system 

meteorological x  x  resistant capacity; 
absorptive capacity; 
restorative capacity    

x 

Z. Yang & Marti 2022 SR electric power 
system 

generic 
disruption   

x  restoration    x 

(continued on next page) 
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Appendix A (continued )      

Capacities  Metrics 

Authors Year Context Application Disruption absorptive adaptive restorative adapt. 
/ 
restor. 

original 
terminology for 
respective 
capacities 

time- 
based 

performance- 
based 

rate- 
based 

integral- 
based 

Yao et al. 2023 SR electric power 
system 

meteorological x   x robustness x x  x 

Yarveisy et al. 2020 SR electric power 
system 

generic 
disruption 

x x x  absorptive capacity; 
adaptive capacity; 
restorative capacity 

x x x  

Yu & Baroud 2019 SR community meteorological    x recovery capacity  x   
Yuan et al. 2014 SR electric power 

system 
terrorist attack x    − x   

Zahiri et al. 2017 SCR multi-echelon SC generic 
disruption 

x   x − x   

Zarghami & 
Zwikael 

2022 SR other generic 
disruption 

x   x − x 

Zavala et al. 2019 SCR multi-echelon SC distribution 
disruption    

x capability to recover  x   

C. Zhang et al. 2022 SR water supply 
system 

technical x   x sustainability x x  x 

H. Zhang et al. 2019 SR electric power 
system 

meteorological    x responsiveness; 
recovery efficiency; 
restoration 
economics 

x x  x 

H. Zhang et al. 2018 SR electric power 
system 

meteorological x   x toughness; 
resistance; 
responsiveness; 
restoration 
efficiency; 
restoration 
economics 

x x  x 

Zhang, Li et al. 2023 SR community geophysical x   x recovery x x   
J. Zhang et al. 2022 SR rail transportation technical    x recovery  x  x 
Zhang, Ren et al. 2023 SR rail transportation technical    x recovery    x 
J. M. Zhang & T. 

Wang 
2023 SR other biological x   x − x 

M. Zhang et al. 2022 SR other geophysical    x recovery x   x 
Q. Zhang et al. 2020 SR water supply 

system 
geophysical    x rapidity x   x 

X. Zhang et al. 2021 SR electric power 
system 

meteorological    x restoration  x   

X. G. Zhang et al. 2022 SR production site meteorological    x − x   
Z. Zhang et al. 2023 SR rail transportation biological x   x vulnerability; 

robustness; response; 
recovery 

x x   

Zhao et al. 2017 SR water supply 
system 

biological x x  x adaptive capacity; 
absorptive capacity; 
recovery capacity 

x x  x 

Zhao et al. 2016 SR water supply 
system 

biological x x  x absorptive capacity; 
adaptive capacity; 
recovey capacity; 
recovery ability 

x x  x 

S. Zhao & You 2019 SCR multi-echelon SC generic 
disruption 

x   x recovery    x 

J. X. Zheng & 
Huang 

2023 SR electric power 
system 

meteorological x   x − x 

Zhou et al. 2020 SR airport generic 
disruption 

x   x − x 

Zhou & Chen 2020 SR airport meteorological    x rapidity x    
Zobel et al. 2021 SR community meteorological    x resistance ability; 

recovery ability    
x 

Zong et al. 2022 SR integr. energy 
system 

geophysical x   x − x 

Zukhruf & Frazila 2018 SR port technical    x recovery response  x     
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Appendix B 
Nomenclature used within this article.  

Explanation Without implementation of resilience actions With implementation of resilience actions 

beginning of control interval t0   

exposure to hazard th0   
initial system disruption te  ter 
end of performance degradation td  tdr 
begin of system recovery ts  tsr 
completion of system recovery tf  tfr 
end of exposure to hazard th1   
end of control interval tc   

performance p(t) pr(t)
performance based on the output po(t) por(t)
performance based on number of system components pn(t) pnr(t)
performance based on technical system parameters pt(t) ptr(t)

performance based on economic parameters pe(t) per(t)

critical threshold pc  pcr  

Appendix C. Alternative trajectories of the resilience curve.    

(I) Resilience curve as illustrated and described in section 3.3  
(II) Alternative case 1: The resilience actions lead to a performance disruption starting at te = ter and ending at tdr > td. As a result, the resistive 

duration is not affected by a resilience action, but i.a., the absorb duration has been increased and thus improved (cf. formulations in Table 2), 
strengthening the absorptive capacity. Likewise, the adaptive and/or restorative capacity have been strengthened by shorter endure and re-
covery phases and a higher restored performance and recovery rate, resulting in a higher cumulative recovery performance.  

(III) Alternative case 2: The resilience actions lead to a performance disruption starting at ter > te and ending at tdr < td. As a result, i.e., the resistive 
duration, residual performance, and depth of impact are positively affected by the resilience actions, strengthening the absorptive capacity. 
However, the absorb duration has been shortened, and the failure rate has increased, offsetting improvement in the cumulative absorptive per-
formance to some degree. The adaptive and/or restorative capacities have been strengthened regarding a higher restored performance, recovery 
rate, and residual performance, correlating with a higher cumulative recovery performance. Some resilience metrics remain almost unchanged (e. 
g., endure duration). 

(IV) Alternative case 3: The absorptive capacity remains entirely unchanged by the resilience actions. Only the adaptive and/or restorative ca-
pacities are strengthened by a shorter endure duration, a higher restored performance, and, consequently, a higher cumulative recovery 
performance. 
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Appendix D. Supplementary data 

Supplementary data to this article can be found online at https://doi.org/10.1016/j.cie.2024.110176. 
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Ghorbani-Renani, N., González, A. D., Barker, K., & Morshedlou, N. (2020). Protection- 
interdiction-restoration: Tri-level optimization for enhancing interdependent 
network resilience. Reliability Engineering & System Safety, 199, Article 106907. 
https://doi.org/10.1016/j.ress.2020.106907 

Ghosh, P., & De, M. (2022). Probabilistic Quantification of Distribution System Resilience 
for an Extreme Event. International Transactions on Electrical Energy Systems, 2022, 
1–13. https://doi.org/10.1155/2022/3838695 

Goldbeck, N., Angeloudis, P., & Ochieng, W. Y. (2019). Resilience assessment for 
interdependent urban infrastructure systems using dynamic network flow models. 
Reliability Engineering & System Safety, 188, 62–79. https://doi.org/10.1016/j. 
ress.2019.03.007 

Gotangco, C. K., See, J., Dalupang, J. P., Ortiz, M., Porio, E., Narisma, G., Yulo- 
Loyzaga, A., & Dator-Bercilla, J. (2016). Quantifying resilience to flooding among 
households and local government units using system dynamics: A case study in 
Metro Manila. Journal of Flood Risk Management, 9(3), 196–207. https://doi.org/ 
10.1111/jfr3.12222 

Haeri, A., Hosseini-Motlagh, S., Ghatreh Samani, M. R., & Rezaei, M. (2020). A mixed 
resilient-efficient approach toward blood supply chain network design. International 
Transactions in Operational Research, 27(4), 1962–2001. https://doi.org/10.1111/ 
itor.12714 

Han, Q., Pang, B., Li, S., Li, N., Guo, P., Fan, C., & Li, W. (2023). Evaluation method and 
optimization strategies of resilience for air & space defense system of systems based 
on kill network theory and improved self-information quantity. Defence Technology, 
21, 219–239. https://doi.org/10.1016/j.dt.2023.01.005 

Han, Y., Chong, W. K., & Li, D. (2020). A systematic literature review of the capabilities 
and performance metrics of supply chain resilience. International Journal of 
Production Research, 58(15), 4541–4566. https://doi.org/10.1080/ 
00207543.2020.1785034 

Hao, Y., Jia, L., Zio, E., Wang, Y., Small, M., & Li, M. (2023). Improving resilience of 
high-speed train by optimizing repair strategies. Reliability Engineering & System 
Safety, 237, Article 109381. https://doi.org/10.1016/j.ress.2023.109381 

Heath, E. A., Mitchell, J. E., & Sharkey, T. C. (2016). Applying ranking and selection 
procedures to long-term mitigation for improved network restoration. EURO Journal 
on Computational Optimization, 4(3–4), 447–481. https://doi.org/10.1007/s13675- 
016-0065-z 

Henry, D., & Ramirez-Marquez, J. E. (2012). Generic metrics and quantitative 
approaches for system resilience as a function of time. Reliability Engineering and 
System Safety, 99, 114–122. https://doi.org/10.1016/j.ress.2011.09.002 

Hishamuddin, H., Sarker, R. A., & Essam, D. (2013). A recovery model for a two-echelon 
serial supply chain with consideration of transportation disruption. Computers and 
Industrial Engineering, 64(2), 552–561. https://doi.org/10.1016/j.cie.2012.11.012 

Hohenstein, N. O., Feise, E., Hartmann, E., & Giunipero, L. (2015). Research on the 
phenomenon of supply chain resilience: A systematic review and paths for further 
investigation. International Journal of Physical Distribution and Logistics Management, 
45(1/2), 90–117. https://doi.org/10.1108/IJPDLM-05-2013-0128 

Hong, B., Bonczak, B. J., Gupta, A., & Kontokosta, C. E. (2021). Measuring inequality in 
community resilience to natural disasters using large-scale mobility data. Nature 
Communications, 12(1), 1870. https://doi.org/10.1038/s41467-021-22160-w 

Hosseini, S., Barker, K., & Ramirez-Marquez, J. E. (2016). A review of definitions and 
measures of system resilience. Reliability Engineering & System Safety, 145, 47–61. 
https://doi.org/10.1016/j.ress.2015.08.006 

Hosseini, S., Ivanov, D., & Dolgui, A. (2019). Review of quantitative methods for supply 
chain resilience analysis. Transportation Research Part E: Logistics and Transportation 
Review, 125, 285–307. https://doi.org/10.1016/j.tre.2019.03.001 

Hosseini, Y., Karami Mohammadi, R., & Yang, T. Y. (2023). Resource-based seismic 
resilience optimization of the blocked urban road network in emergency response 
phase considering uncertainties. International Journal of Disaster Risk Reduction, 85, 
Article 103496. https://doi.org/10.1016/j.ijdrr.2022.103496 

Hosseini-Motlagh, S.-M., Samani, M. R. G., & Saadi, F. A. (2020). A novel hybrid 
approach for synchronized development of sustainability and resiliency in the wheat 
network. Computers and Electronics in Agriculture, 168, Article 105095. https://doi. 
org/10.1016/j.compag.2019.105095 

Huang, Y., & Pang, W. (2014). Optimization of Resilient Biofuel Infrastructure Systems 
under Natural Hazards. Journal of Energy Engineering, 140(2), 04013017. https://doi. 
org/10.1061/(asce)ey.1943-7897.0000138 

Iloglu, S., & Albert, L. A. (2020). A maximal multiple coverage and network restoration 
problem for disaster recovery. Operations Research Perspectives, 7, Article 100132. 
https://doi.org/10.1016/j.orp.2019.100132 

Iris, Ç., & Lam, J. S. L. (2019). Recoverable robustness in weekly berth and quay crane 
planning. Transportation Research Part B: Methodological, 122, 365–389. https://doi. 
org/10.1016/j.trb.2019.02.013 

Jinyi, W., Ning, L., Jing, S., & Luo, X. (2020). Measurement and Analysis of the Key 
Metrics of Information System Resilience. IOP Conference Series: Materials Science and 
Engineering, 751(1), Article 012044. https://doi.org/10.1088/1757-899X/751/1/ 
012044 

Kalinowski, T., Matsypura, D., & Savelsbergh, M. W. P. (2015). Incremental network 
design with maximum flows. European Journal of Operational Research, 242(1), 
51–62. https://doi.org/10.1016/j.ejor.2014.10.003 

Kamalahmadi, M., & Parast, M. M. (2016). A review of the literature on the principles of 
enterprise and supply chain resilience: Major findings and directions for future 
research. International Journal of Production Economics, 171, 116–133. https://doi. 
org/10.1016/j.ijpe.2015.10.023 

Khayatzadeh, J., Soleymani, S., Mozafari, S. B., & Shourkaei, H. M. (2022). Optimizing 
the operation of energy storage embedded energy hub concerning the resilience 
index of critical load. Journal of Energy Storage, 48, Article 103999. https://doi.org/ 
10.1016/j.est.2022.103999 

Kim, S., & Yeo, H. (2016). A Flow-based Vulnerability Measure for the Resilience of 
Urban Road Network. Procedia - Social and Behavioral Sciences, 218, 13–23. https:// 
doi.org/10.1016/j.sbspro.2016.04.006 

Kwasinski, A. (2016). Quantitative Model and Metrics of Electrical Grids’ Resilience 
Evaluated at a Power Distribution Level. Energies, 9(2), 93. https://doi.org/10.3390/ 
en9020093 

Kyriakidis, M., Lustenberger, P., Burgherr, P., Dang, V. N., & Hirschberg, S. (2018). 
Quantifying Energy Systems Resilience-A Simulation Approach to Assess Recovery. 
Energy Technology, 6(9), 1700–1706. https://doi.org/10.1002/ente.201700841 

Lau, E., Chai, K., Chen, Y., & Loo, J. (2018). Efficient Economic and Resilience-Based 
Optimization for Disaster Recovery Management of Critical Infrastructures. Energies, 
11(12), 3418. https://doi.org/10.3390/en11123418 

Lee, H. L. (2004). The triple-A supply chain. Harvard Business Review, 82(10), 102–113. 
Lei, S., Chen, C., Li, Y., & Hou, Y. (2019). Resilient Disaster Recovery Logistics of 

Distribution Systems: Co-Optimize Service Restoration With Repair Crew and Mobile 
Power Source Dispatch. IEEE Transactions on Smart Grid, 10(6), 6187–6202. https:// 
doi.org/10.1109/TSG.2019.2899353 

Li, H., Sun, Q., Zhong, Y., Huang, Z., & Zhang, Y. (2023). A soft resource optimization 
method for improving the resilience of UAV swarms under continuous attack. 
Reliability Engineering & System Safety, 237, Article 109368. https://doi.org/ 
10.1016/j.ress.2023.109368 

Li, M., Wang, H., & Wang, H. (2019). Resilience Assessment and Optimization for Urban 
Rail Transit Networks: A Case Study of Beijing Subway Network. IEEE Access, 7, 
71221–71234. https://doi.org/10.1109/ACCESS.2019.2919105 

Li, R., Dong, Q., Jin, C., & Kang, R. (2017). A New Resilience Measure for Supply Chain 
Networks. Sustainability, 9(1), 144. https://doi.org/10.3390/su9010144 

M. Bruckler et al.                                                                                                                                                                                                                               

https://doi.org/10.1016/j.cie.2015.12.029
https://doi.org/10.1016/j.cie.2015.12.029
https://doi.org/10.3390/sym14061182
https://doi.org/10.3390/sym14061182
https://doi.org/10.1007/s10479-023-05301-w
https://doi.org/10.1016/j.spc.2023.05.015
https://doi.org/10.1016/j.spc.2023.05.015
https://doi.org/10.1111/risa.12396
https://doi.org/10.1109/TR.2016.2521761
https://doi.org/10.1061/(ASCE)IS.1943-555X.0000380
https://doi.org/10.1016/j.ress.2016.10.028
https://doi.org/10.1016/j.ress.2016.10.028
https://doi.org/10.1016/j.ress.2018.12.002
https://doi.org/10.1016/j.ejor.2019.01.052
https://doi.org/10.1016/j.ejor.2019.01.052
https://doi.org/10.1016/j.tre.2017.02.004
https://doi.org/10.1016/j.ijpe.2020.107755
https://doi.org/10.1016/j.ijpe.2020.107755
https://doi.org/10.1007/978-3-540-74512-9_5
https://doi.org/10.1016/j.ress.2013.07.004
https://doi.org/10.1016/j.ijggc.2022.103797
https://doi.org/10.1016/j.ress.2020.106907
https://doi.org/10.1155/2022/3838695
https://doi.org/10.1016/j.ress.2019.03.007
https://doi.org/10.1016/j.ress.2019.03.007
https://doi.org/10.1111/jfr3.12222
https://doi.org/10.1111/jfr3.12222
https://doi.org/10.1111/itor.12714
https://doi.org/10.1111/itor.12714
https://doi.org/10.1016/j.dt.2023.01.005
https://doi.org/10.1080/00207543.2020.1785034
https://doi.org/10.1080/00207543.2020.1785034
https://doi.org/10.1016/j.ress.2023.109381
https://doi.org/10.1007/s13675-016-0065-z
https://doi.org/10.1007/s13675-016-0065-z
https://doi.org/10.1016/j.ress.2011.09.002
https://doi.org/10.1016/j.cie.2012.11.012
https://doi.org/10.1108/IJPDLM-05-2013-0128
https://doi.org/10.1038/s41467-021-22160-w
https://doi.org/10.1016/j.ress.2015.08.006
https://doi.org/10.1016/j.tre.2019.03.001
https://doi.org/10.1016/j.ijdrr.2022.103496
https://doi.org/10.1016/j.compag.2019.105095
https://doi.org/10.1016/j.compag.2019.105095
https://doi.org/10.1061/(asce)ey.1943-7897.0000138
https://doi.org/10.1061/(asce)ey.1943-7897.0000138
https://doi.org/10.1016/j.orp.2019.100132
https://doi.org/10.1016/j.trb.2019.02.013
https://doi.org/10.1016/j.trb.2019.02.013
https://doi.org/10.1088/1757-899X/751/1/012044
https://doi.org/10.1088/1757-899X/751/1/012044
https://doi.org/10.1016/j.ejor.2014.10.003
https://doi.org/10.1016/j.ijpe.2015.10.023
https://doi.org/10.1016/j.ijpe.2015.10.023
https://doi.org/10.1016/j.est.2022.103999
https://doi.org/10.1016/j.est.2022.103999
https://doi.org/10.1016/j.sbspro.2016.04.006
https://doi.org/10.1016/j.sbspro.2016.04.006
https://doi.org/10.3390/en9020093
https://doi.org/10.3390/en9020093
https://doi.org/10.1002/ente.201700841
https://doi.org/10.3390/en11123418
http://refhub.elsevier.com/S0360-8352(24)00297-3/h0445
https://doi.org/10.1109/TSG.2019.2899353
https://doi.org/10.1109/TSG.2019.2899353
https://doi.org/10.1016/j.ress.2023.109368
https://doi.org/10.1016/j.ress.2023.109368
https://doi.org/10.1109/ACCESS.2019.2919105
https://doi.org/10.3390/su9010144


Computers & Industrial Engineering 192 (2024) 110176

23

Li, Y., & Zobel, C. W. (2020). Exploring supply chain network resilience in the presence 
of the ripple effect. International Journal of Production Economics, 228, Article 
107693. https://doi.org/10.1016/j.ijpe.2020.107693 

Liu, X., Fang, Y.-P., Ferrario, E., & Zio, E. (2021). Resilience Assessment and Importance 
Measure for Interdependent Critical Infrastructures. ASCE-ASME J Risk and Uncert in 
Engrg Sys Part B Mech Engrg, 7(3). https://doi.org/10.1115/1.4051196 

Liu, Z., & Wang, L. (2021). Leveraging Network Topology Optimization to Strengthen 
Power Grid Resilience Against Cyber-Physical Attacks. IEEE Transactions on Smart 
Grid, 12(2), 1552–1564. https://doi.org/10.1109/TSG.2020.3028123 

Losada, C., Scaparra, M. P., & O’Hanley, J. R. (2012). Optimizing system resilience: A 
facility protection model with recovery time. European Journal of Operational 
Research, 217(3), 519–530. https://doi.org/10.1016/j.ejor.2011.09.044 

Lücker, F., & Seifert, R. W. (2017). Building up Resilience in a Pharmaceutical Supply 
Chain through Inventory, Dual Sourcing and Agility Capacity. Omega, 73, 114–124. 
https://doi.org/10.1016/j.omega.2017.01.001 

Maheshwari, P., Singla, S., & Shastri, Y. (2017). Resiliency optimization of biomass to 
biofuel supply chain incorporating regional biomass pre-processing depots. Biomass 
and Bioenergy, 97, 116–131. https://doi.org/10.1016/j.biombioe.2016.12.015 

Malek, A. F., Mokhlis, H., Mansor, N. N., Jamian, J. J., Wang, L., & Muhammad, M. A. 
(2023). Power Distribution System Outage Management Using Improved Resilience 
Metrics for Smart Grid Applications. Energies, 16(9), 3953. https://doi.org/10.3390/ 
en16093953 

Mao, X., Zhou, J., Yuan, C., & Liu, D. (2021). Resilience-Based Optimization of 
Postdisaster Restoration Strategy for Road Networks. Journal of Advanced 
Transportation, 2021, 1–15. https://doi.org/10.1155/2021/8871876 

Marasco, S., Kammouh, O., & Cimellaro, G. P. (2022). Disaster resilience quantification 
of communities: A risk-based approach. International Journal of Disaster Risk 
Reduction, 70, Article 102778. https://doi.org/10.1016/j.ijdrr.2021.102778 

Mari, S., Lee, Y., & Memon, M. (2014). Sustainable and Resilient Supply Chain Network 
Design under Disruption Risks. Sustainability, 6(10), 6666–6686. https://doi.org/ 
10.3390/su6106666 

Matisziw, T. C., Murray, A. T., & Grubesic, T. H. (2010). Strategic Network Restoration. 
Networks and Spatial Economics, 10(3), 345–361. https://doi.org/10.1007/s11067- 
009-9123-x 

Miller-Hooks, E., Zhang, X., & Faturechi, R. (2012). Measuring and maximizing resilience 
of freight transportation networks. Computers and Operations Research, 39(7), 
1633–1643. https://doi.org/10.1016/j.cor.2011.09.017 

Mishra, D. K., Ghadi, M. J., Li, L., Zhang, J., & Hossain, M. J. (2022). Active distribution 
system resilience quantification and enhancement through multi-microgrid and 
mobile energy storage. Applied Energy, 311, Article 118665. https://doi.org/ 
10.1016/j.apenergy.2022.118665 

Munoz, A., & Dunbar, M. (2015). On the quantification of operational supply chain 
resilience. International Journal of Production Research, 53(22), 6736–6751. https:// 
doi.org/10.1080/00207543.2015.1057296 

Najarian, M., & Lim, G. J. (2019). Design and Assessment Methodology for System 
Resilience Metrics. Risk Analysis, 39(9), 1885–1898. https://doi.org/10.1111/ 
risa.13274 

Najarian, M., & Lim, G. J. (2020). Optimizing infrastructure resilience under budgetary 
constraint. Reliability Engineering & System Safety, 198, Article 106801. https://doi. 
org/10.1016/j.ress.2020.106801 

Nan, C., & Sansavini, G. (2017). A quantitative method for assessing resilience of 
interdependent infrastructures. Reliability Engineering & System Safety, 157, 35–53. 
https://doi.org/10.1016/j.ress.2016.08.013 
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