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Abstract—The global crises of the early 2020s, including
the COVID 19 pandemic, escalating geopolitical
conflicts, and intensified climate events, revealed
fundamental vulnerabilities in globally optimized supply
chain architectures. Strategies prioritizing cost
efficiency, lean inventories, and Just in Time (JIT)
methodologies proved incapable of withstanding
systemic, multi directional shocks, necessitating a
paradigm shift towards Supply Chain Resilience (SCR)
and long term viability. This paper presents a systematic
analysis of the evolution of SCR frameworks,
highlighting the transition from reactive risk mitigation
to proactive, viability focused design. Key structural
findings mandate strategic redundancy through network
redesign specifically regionalization, reshoring, and
mandatory multi sourcing and the deployment of
operational buffers, shifting from JIT to optimized Just
in Case (JIC) inventory. Crucially, the analysis identifies
technological acceleration as a critical resilience
multiplier, emphasizing the role of Digital Twins for real
time risk simulation and Artificial Intelligence/Machine
Learning (AI/ML) for predictive forecasting. The report
explores the core paradoxical tension between cost
efficiency and resilience, advocating for rigorous
quantitative models (e.g., Mean Time to Recovery
(MTTR) and Integrated Performance Loss) to justify the
return on investment for redundancy and ensure
persistent, viable supply chain performance.

Index Terms—Supply Chain Resilience; Global Crisis;
Systemic Shocks; Viability; Robustness; Agility; Just in
Time (JIT); Just in Case (JIC); Multi sourcing;
Reshoring; Regionalization; Digital Twins; Artificial
Intelligence (Al); Mean Time to Recovery (MTTR);
Paradoxical Tensions; Geopolitical Risk; Climate
Change; Supply Chain Viability; Systemic Risk.
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[. INTRODUCTION

Contextualizing Systemic Supply Chain Shocks

1.1 The Crisis of Global Interconnectedness: From
Efficiency to Vulnerability

Before 2020, supply chain management (SCM) was
overwhelmingly focused on minimizing costs and
maximizing efficiency, driven by globalized trade and
predictable demand patterns. This approach
championed lean inventories, JIT production, and the
heavy concentration of production in a few major
regional hubs. While this strategy was economically
effective in stable times, it inherently removed the
critical buffers and flexibility required to absorb large
scale disruptions.

The widespread systemic failure observed during the
pandemic and subsequent crises exposed this fragility,
resulting in a "perfect storm" where simultaneous
disruptions rapidly compounded

into significant supply chain failures. Data from the
early disruption phase indicated that serious
turbulence affected 57% of responding companies. The
catastrophic downtime and subsequent inflationary
pressure caused by shortages of critical inputs strongly
suggest that pre crisis risk management was
fundamentally flawed. It focused on incremental risk
mitigation based on historical probability, failing to
account for system viability under low probability,
high impact

risks (LPHIRs). This exposure reveals that unmitigated
risk was effectively an unpriced cost component
embedded within the lean structure. Consequently, the
massive subsequent investment required to build
resilience represents an overdue capitalization effort
aimed at internalizing this externalized risk.
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1.2 Defining the Systemic Shock Taxonomy
(Pandemic, Geopolitical, Climate)

Recent global disruptions are characterized not only
by their severity but also by their convergence,
creating complex, cascading effects across global
supply lines. A systematic framework for
understanding these shocks is necessary.

Pandemic Shocks

The COVID 19 pandemic distinguished itself from
previous disruptions by adversely affecting all stages
of Global Supply Chains (GSCs) including
manufacturing, processing, transport, and logistics
simultaneously, while also inducing significant and
erratic shifts in consumer demand. This systemic
turbulence  highlighted the  vulnerability of
interconnected networks and reinforced the need for
enhanced SCR as the main driver to reduce risk.

Geopolitical Shocks

Geopolitics has transformed supply chains from mere
operational structures into strategic assets and
leverage points. Geopolitical turbulence, including
tariffs, wars, and trade conflicts , now operates with
unprecedented speed and broad sectoral reach,
demanding a rapid recalibration of global strategies.
Executives reported being surprised by many political
risks that impacted their operations, underscoring a
pervasive lack of preparation for this dynamic
landscape. The shifting geopolitical rivalries reshape
alliance structures and trade relationships, thereby
fundamentally altering how businesses must structure
their operations globally.

Climate Shocks

Climate induced changes present a range of disruption
types. They include long term, slow onset events like
rising global sea levels that threaten the viability of
shipping ports , coupled with increasing frequency of
LPHIRs, such as extreme weather events. Moreover,
policy responses intended to mitigate climate change
introduce novel supply risks; for instance, emissions
targets in certain countries can trigger temporary
shutdowns of manufacturing plants, directly
influencing product availability.

The convergence of these three shock types
pandemics, geopolitics, and climate marks an era
where systemic risk is expected, rather than
exceptional. Economic research confirms that supply
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chains are key transmitters of these shocks
internationally, with  network  amplification
accounting for about half of a disruption’s total effect.
For example, approximately one quarter of the GDP
and inflation effects observed in the U.S. after 2020 are
attributed to shocks originating outside the country
that propagated through the global input output
network. Therefore, the analytical focus must
transition from the probability of disruption at an
individual node to the propagation risk across the
entirc supply chain system. This realization
emphasizes the essential need for a "viability focused"
organizational response rather than merely "resilient"
incremental adjustments.

II. CONCEPTUAL FRAMEWORKS OF SUPPLY
CHAIN RESILIENCE (SCR)

2.1 Definitions of SCR: Capacity to Resist, Adapt,
and Recover

Supply Chain Resilience (SCR) moves beyond simply
minimizing  disruptions; it  represents  the
comprehensive capability of a supply chain network to
manage uncertainty and complexity. SCR is
academically defined as the ability of a supply chain
to maintain, quickly resume, and successfully restore
operations following an interruption. This capacity
manifests when the network can withstand the initial
shock, adapt to altered conditions, and ultimately
recover to ensure customer demand is met and
performance is sustained. Fundamentally, resilience is
understood as the capacity to persist, adapt, and
transform. The measurable outcome of this resilience
is established in the organization after an investment
is made in the necessary capabilities.

2.2 The Resilience Components: Robustness, Agility,
Flexibility, and Visibility

The operationalization of SCR is widely

conceptualized through several composite dimensions

that capture the supply chain’s capability to respond
and adjust to disruptions.

e Robustness refers to the capacity to withstand the
immediate impact and maintain function during
the initial shock phase, often achieved through
structural diversity and redundancy.

e  Agility and Flexibility describe the capability to
rapidly adjust to changes in requirements,
demand, or environmental conditions in the
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shortest possible time. This involves flexible
transportation options, postponement strategies,
and the swift reconfiguration of the supply base.
Digitalization plays a direct role here, enhancing
business process agility and flexibility by
facilitating resource reconfiguration.

e Visibility is defined as the extent to which an
organization can track and monitor supply chain
activities from raw materials to final delivery
across multiple tiers. True resilience requires
analytical visibility that connects cause and effect
across these tiers, enabling the organization to
anticipate problems and exert proactive control
before bottlenecks form.

A theoretical framework is essential for structuring the

complex inter relationships among supply

chain vulnerabilities and the necessary capacity

factors needed to mitigate risks, especially LPHIRs. A

formal, shared taxonomy for Supply Chain Risk

Management (SCRM), such as the Department of

Defense framework, is critical to ensuring that cross

functional teams use common terms when identifying,

assessing, and mitigating supply chain risks.

23 Modeling Vulnerability and Capacity: A
Theoretical Typology for LPHIRs

For high impact, low probability risks, risk
prioritization requires structural models that map
specific vulnerability categories (e.g., concentrated
production in a single geographic hub) to
corresponding capacity factors (e.g., dual sourcing or
regionalized manufacturing).

Resilience is not a static property but rather a dynamic
capability. It is the continuous process of reconfiguring
resources, both internal and external, enabled by the
organization's absorptive capacity and readiness for
change. The ability to recover quickly (high agility) is
intrinsically linked to the organization's ability to
swiftly switch suppliers, adjust production lines, or
leverage flexible contracts. The organization’s
maturity in risk management processes and
operational capabilities serves as the mechanism
through which investments in flexible manufacturing
and structural redesign are translated into
demonstrable operational effectiveness and superior
resilience under stress.

[II. THE INTEGRATION OF THESE CONCEPTS LEADS TO A STRUCTURED APPROACH FOR
MEASURING AND EXECUTING RESILIENCE STRATEGY
Table 1: Framework: Resilience Capacity and Operationalization

Resilience Phase Core Capacity (Wieland Defining Action Operational Strategy Post Crisis Mandate
& Wallenburg) Example
Resistance Robustness (Absorption) Withstand shock; Buffer Inventory (JIC), [ Investment in strategic
Maintain function Multi sourcing redundancy
Adaptation Agility (Response) Adjust structure rapidly; [ Flexible production, |Proactive risk simulation
Reconfigure resources | Rapid sourcing pivot, and resource pivot
Digital modeling
Recovery Transformation Return to or exceed pre MTTR monitoring, Viability focused long
(Restoration) disruption state Network Redesign term network design
(Reshoring)

IV. THE GREAT PIVOT: STRATEGIC SHIFT
FROM LEAN TO VIABILITY

4.1 Deconstructing the Lean Supply Chain
Model: Lessons from Crisis Failure

The widespread adoption of JIT logistics and cost
minimization strategies led to optimized, yet brittle,
supply chains. These strategies, characterized by
reduced inventories and maximized asset utilization,
effectively removed the systemic buffers necessary to
absorb system wide shocks. The operational

IJIRT 188563

consequences were severe. The COVID 19 crisis
illustrated how sharp, erratic variations in downstream
demand the "bullwhip effect" devastated upstream
actors, especially small and medium sized enterprises
(SMEs). This failure demonstrated that the hyper
efficient model was inherently unstable when faced
with nonlinear, multi point disruptions.

42 The Emergence of Just in Case (JIC)
Philosophies and Trade offs
The catastrophic failures of lean systems necessitated
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a fundamental strategy redesign toward resilience first.
This redesign often involves a shift toward Just in Case
(JIC) philosophies, which emphasize maintaining
higher inventory levels, or "safety stock," to safeguard
against unforeseen disruptions, demand surges, or
supplier delays. JIC prioritizes operational resilience
over cost efficiency, thereby ensuring continuity
during turbulent times.

However, the adoption of JIC carries significant
tradeoffs that managers must carefully balance.

While JIC offers high resilience against shocks, it
increases costs related to warchousing, insurance, and
the risk of obsolescence, potentially straining
operational budgets. Furthermore, the sustainability
profile of JIC is often poorer, as storing and managing
larger inventories can increase energy use and waste.
Policy interventions encouraging universal increases
in safety stock must be approached judiciously, as
unnecessary redundancy adds cost, potentially leading
to waste, and limits capital available for critical
investments in sustainability and innovation.

The modern supply chain mandate does not call for an
indiscriminate return to JIC but rather the
implementation of a strategically differentiated
buffering system. Low cost, easily sourced inputs may
continue under modified JIT rules, while critical, high
risk, or monopolistically sourced components (LPHIR
components) require optimized JIC rules based on
their risk profile. Effective JIC management requires
accurate, data driven forecasting of both consumption
rates and pricing trends; otherwise, misjudgments can
result in securing surplus inventory at highly inflated
market prices when volatility strikes.

43 Amplification and Propagation of Shocks
through the Supply Network

Supply chains act as highly effective conduits for
amplifying and propagating economic shocks. When a
firm experiences a disruption, the shock rarely remains
localized. Downstream firms relying on the disrupted
firm's inputs face indirect disruptions, delays, or
production halts.

Simultaneously, upstream suppliers also feel the effect
due to disrupted ordering patterns. Models show that
this network amplification mechanism can account for
nearly 50% of a disruption’s total effect.

This reality requires a strategic shift in risk
assessment. Effective resilience strategies must
incorporate explicit measures of shock transmissibility
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within the network structure. The analytical focus
must transition away from simply assessing the
probability of failure at an isolated node toward
analyzing the potential for systemic, multi-tier
propagation across the entire network. Because shocks
originating abroad can contribute substantially to
domestic economic turbulence , strategies such as
reshoring or nearshoring become justified not only by
corporate resilience but also by considerations of
national economic stability and security, positioning
supply chains as critical geopolitical assets.
Identifying and classifying suppliers beyond the
immediate first and second tiers (deep tier visibility) is
essential to managing this propagation risk.

V. STRUCTURAL STRATEGIES FOR NETWORK
HARDENING

5.1 Network Redesign: The Calculus of
Regionalization and Nearshoring

In response to sustained systemic shocks,
organizations are revamping their global strategies,
focusing on relocations and back shoring to create
shorter Global Supply Chains (GSCs). This trend is
driving a  phenomenon sometimes termed
"Slowbalisation," where trade becomes increasingly
regional and focuses on deeper intra regional linkages,
particularly in blocs like Europe, North America, and
Asia.

The strategic benefits of regionalization are
substantial. A shorter, less complex path from
producer to consumer inherently results in less
exposure to macro factors like trade wars, tariffs,

and global pandemics. This approach shortens time to
market, reduces the cost of logistics, and minimizes
inventory needs. Furthermore, empirical studies
indicate that nearshoring and reshoring can provide
positive environmental benefits by significantly
reducing \text{CO} 2 emissions associated with long
distance transportation.

Executing reshoring strategies, however, is
challenging. Moving production from traditionally
low-cost regions to high-cost countries requires
substantial innovation, particularly in digitalization
and automation, to maintain cost competitiveness.
Successful reshoring relies heavily on a firm's
foundational dynamic capabilities, including superior
absorptive capacity, change readiness, flexibility, and
agility, as these traits reduce the transaction costs
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associated with network reconfiguration. Ultimately,
reshoring must be perceived not merely as a reaction
against offshoring but as a forward looking strategy
supported by technological innovation and
governmental policy, positioning businesses for
sustained competitiveness within a "greening"
manufacturing environment.

5.2 Sourcing Diversification: Implementing Multi
Tier Dual Sourcing

The global crisis definitively invalidated the practice
of single vendor, lowest price sourcing. This structural
flaw meant that any localized disruption was
immediately amplified into a global shortage.
Consequently, dual sourcing and multi sourcing have
become the preferred strategies for risk mitigation.
Companies are now seeking sourcing diversity that
includes suppliers offering blended lead times and
production capabilities across multiple geographic
locations. Even diversifying suppliers within existing
sourcing regions can prove to be an effective and
balanced risk mitigation technique.

The wurgency of this shift was empirically
demonstrated in the medical supply chain during the
COVID 19 outbreak. The inability of U.S. medical
supply companies to rely solely on Asian
manufacturing hubs for essential equipment caused a
severe domestic crisis. This forced key firms, such as
BD, to undertake massive, expensive capacity
upgrades (e.g., investing $1.2 billion over four years)
to expand domestic syringe production capabilities
and reduce single source dependency. The necessity of
multi sourcing drives greater scrutiny of the entire
supply base, pushing companies to achieve deep
visibility understanding their suppliers at least two or
three tiers deep to assess risk, geography, and
production constraints.

5.3 Enhancing Manufacturing and Operational
Flexibility
Functional flexibility is a nonnegotiable prerequisite
for viable supply chains facing long term systemic
shocks. Enhancing resilience requires the creation of
production volume flexibility, necessitating dynamic
adjustment of batch sizes and supplier contracts.
Flexibility itself is a critical indicator of SCR, applying
both at the organizational level (e.g., flexible work
arrangements) and across the complete supply chain
(e.g., flexible transport options). The ability to rapidly
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reconfigure manufacturing lines and adapt operational
processes is essential for recovering and ensuring
performance persistence during disruption.

VI. TECHNOLOGY AS A RESILIENCE
MULTIPLIER

6.1 Digital Transformation for End to End Visibility
and Traceability

The post crisis landscape demands sophisticated data
processing to manage dynamic

complexity. The incorporation of advanced digital
technologies, such as Artificial Intelligence (Al),
Machine Learning (ML), Big Data, and Cloud
Computing, fundamentally enhances the quantity and
quality of data acquisition, significantly improving
forecasting and corporate response capability.
Digitalization allows companies to integrate
operational information across supply chain partners,
building a robust cooperation network and enhancing
trust, which facilitates rapid resource allocation at the
entire supply chain level. Furthermore, the
convergence of Al, Blockchain, and the Internet of
Things (IoT) not only drives operational efficiency but
also promotes sustainable supply chain management
by establishing systems committed to environmental
stewardship. Blockchain, for example, secures tamper
proof record keeping and reduces reliance on
intermediaries, thus increasing the inherent robustness
of the system.

6.2 Predictive Resilience: Application of Al and
Machine Learning in Risk Forecasting

Al and ML are transforming supply chain management
by enabling predictive resilience, moving managers
from reactive recovery to proactive foresight. ML
systems are utilized to forecast customer demand,
discover complex market patterns, and analyze a
multitude of factors to optimize workflow. Empirical
investigations show that tree based algorithms, such as
Random Forest (RF) and Gradient Boosting Machine
(GBM), demonstrate superior generalization error and
outperform other regression models in predicting
crucial metrics, like product availability dates under
disruption.

Beyond forecasting, predictive analytics allow
companies to optimize logistics processes, suching as
route planning and truckload configurations, which
directly supports the achievement of sustainability
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goals by reducing waste and environmental impact.
However, the successful deployment of Al is
predicated on the pre existing maturity of a firm’s SC
risk management processes. Organizations must
recognize that Al functions as a tool to augment
human expertise; it cannot replace human intelligence,
critical decision making, or relationship building.
Implementing AI also necessitates managing new
cyber security risks across the ML supply chain,
demanding full visibility of all suppliers and
components to ensure secure integration.

Therefore, resilience is achieved through augmented
intelligence, not fully automated intelligence.

6.3 Digital Twins: Simulating Disruption
Scenarios and Optimizing Resource Allocation
Digital Twins (DTs) represent a crucial application of
advanced technology in establishing resilience. DTs
shift resilience management from a reactive
framework to predictive control by allowing
organizations to simulate real time conditions and
anticipate  potential  bottlenecks  before they
materialize. DTs integrate with IoT, AI, and
blockchain technologies to foster a more adaptive and
robust supply chain ecosystem.

The functionality of DTs is particularly relevant for
addressing systemic shocks. DTs enable the modeling
of complex, multi directional impacts and delayed
ripple effects inherent to LPHIRs, scenarios that
traditional probabilistic models often fail to handle.
Through simulation, DTs can model risk propagation,
help redesign sourcing, and simulate financial
impacts, such as the effect of tariffs, improving both
cost efficiency and sustainability. Evidence of their
effectiveness includes a major retailer using a digital
twin to achieve a 10% improvement in distribution
center utilization and a 5% reduction in fulfillment
costs. Despite growing interest, further evidence based
research is still required to validate the practical
effectiveness of interoperability standards for DTs
across diverse global supply chains. DTs provide the
necessary dynamic simulation environment to test
viability the long term capacity to survive by modeling
performance under prolonged operational and
financial stress.
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VII. THEPARADOXICAL TENSIONS: COST,
RESILIENCE, AND SUSTAINABILITY

7.1 The Cost Resilience Trade off: Quantifying
the Value of Redundancy

A fundamental challenge in modern SCM is the
paradoxical tension between cost efficiency and
resilience. High resilience demands redundancy,
structural diversity, and buffers, which inherently
conflict with the traditional objective of minimizing
costs and optimizing assets.

Resilience is an investment a capacity invested in
ahead of time. This investment increases operating
expenses and can negatively affect financial
performance if not strategically justified. Managing
these persistent tensions requires moving beyond
simple trade off acceptance to adopting a "both/and"
decision making philosophy. This involves using a
Paradox Cognition Decision Framework (PCDF) that
structurally integrates managerial mindset (cognitive),
organizational setup (structural), and digital tools
(technological) to support synergistic outcomes.

72 Inventory Buffers and Financial Strain:
Optimizing Safety Stock Levels

The strategic deployment of buffer inventory (or safety
stock) is crucial for mitigating supply and demand
uncertainty. However, this strategy is cost intensive;
the reliance on JIT procurement, while cost efficient in
stable periods, exposed firms to financial strain during
periods of volatility, forcing them to purchase inputs
at peak market levels.

Effective buffer stock strategies are designed to create
a middle ground by securing critical materials in
advance without excessive stockpiling. These
strategies are highly dependent on the accuracy of
forecasting consumption rates and pricing trends.
Misjudgments in forecasting can lead to substantial
financial losses due to surplus, inflated price inventory,
underlining the need for advanced predictive
analytics. The goal is to define optimal safety stock
levels specifically for critical product characteristics
and risk profiles.

7.3 Integrating Environmental Sustainability:
Green SCM and the Impact of Localization

The increasing frequency of disruptions has elevated
both sustainability and resilience to core strategic
imperatives in SCM. Green SCM practices,
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particularly localization strategies like nearshoring
and reshoring, offer synergistic benefits by reducing
supply risk while simultaneously having a positive
environmental impact, primarily through the
significant reduction of transport related \text{CO} 2
emissions.

Nevertheless, paradoxical tensions persist. JIC
strategies, with their requirement for larger

inventories and longer storage times, often lead to an
increased carbon footprint, directly conflicting with
sustainability ~goals. Furthermore, incorporating
sustainability requirements can introduce higher
material and logistics costs, clashing with the

traditional drive for cost efficiency.

The resolution of the Sustainability Resilience paradox
is often enabled by technological and structural shifts.
Digitalization, coupled with regionalization, acts as a
critical catalyst. While safety buffers increase local
storage needs, regionalization fundamentally shortens
the supply path, mitigating long haul transport
emissions. Concurrently, AI/ML used for resilience
forecasting simultaneously optimizes vehicle routes
and reduces product waste. The viability framework
necessitates integrating environmental, social, and
governance (ESG) considerations directly into
resilience metrics.

Table 2 provides a comparative analysis of the evolving supply chain strategies: Table 2: Comparative Analysis: JIT,

JIC, and Viability Focused SCM

Aspect Pre Crisis JIT Post Crisis JIC Viability Focused SCM Strategic Goal Shift
(Efficiency) (Redundancy) (Hybrid/Digital)
Risk Profile High exposure to Low exposure to Optimized exposure via [From Risk Avoidance to
systemic, synchronous | supply/demand volatility | differentiated sourcing Risk Acceptance
shocks
Primary Cost Driver [Low inventory, optimized|  High holding costs, Investment in From Cost Minimization
labor rates obsolescence, capital IT/Digitalization, to Optimized RORI
strain strategic inventory costs
Resilience Mechanism Limited built in High safety Functional flexibility, |From Lean Processes to
capacity/buftfer stock/inventory reserve predictive analytics, Dynamic Capacity
network diversity
Sustainability Link Primarily related to Negative (increased  [Synergistic (Localization,| Integration of ESG with
logistics optimization | waste/storage footprint) Al driven waste Resilience
reduction)
VIII. MEASUREMENT AND ASSESSMENT OF investments and
RESILIENCE CAPACITY strategies.
8.1 Quantitative Modeling of  Recovery 8.2 Key Performance Indicators (KPIs) for

Performance

To move resilience from a qualitative strategic goal to
a quantifiable, measurable objective, rigorous metrics
are required. Resilience (R) is modeled quantitatively
using the concept of integrated performance loss over
the disruption and recovery period. This metric
calculates the area of performance loss, given by the
integral of performance deviation Q(t) from the target
performance (100%) between the time of disruption
(t_0) and the time of recovery (t_1):

This formula effectively captures the total negative
impact the product of severity and duration providing
a robust measure of recovery effectiveness. Applying
this quantitative model allows organizations to
empirically validate the true efficacy of resilience
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Resilience Monitoring: MTTR, Flexibility, and OTIF
A comprehensive set of Key Performance Indicators
(KPIs) is necessary for
monitoring. These KPIs are classified to track the
temporal aspects, capability inputs, and operational
outcomes of resilience efforts:

continuous resilience

¢ Time Metrics: The Mean Time to Recovery
(MTTR) measures the average time required to
restore supply chain functionality following a
disruption, providing an essential measure of
recovery speed.

¢ Capability Indicators: Supply Chain Visibility
measures the extent of monitoring capabilities
across multiple tiers (from raw materials onward),
determining the organization's ability to anticipate
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shocks. Supply Chain Flexibility assesses the
systemic ability to adjust and adapt to changes in
demand or supply.

t Outcome Metrics: The On time In Full (OTIF)
Delivery Rate tracks the persistence of meeting
promised customer performance levels during
stress, acting as a crucial measure of post
disruption service reliability.

The utilization of these quantifiable KPIs enables
managers to benchmark responsiveness and justify
strategic choices. Furthermore, performance based
contracts are increasingly being leveraged to address
system disruptions by tying compensation to agreed
upon performance metrics, including reliability and
quality terms.

8.3 Developing Supply Chain Risk Maturity
Models for Organizational Assessment

Organizational readiness for disruption is assessed
using maturity models. These tools, such as the
MaMoReS framework, allow organizations to score

their capabilities across vital dimensions like
flexibility, redundancy, visibility, and collaboration.
Empirical findings consistently demonstrate that
companies possessing mature supply chain and risk
management processes exhibit significantly greater
resilience than those with immature structures.

The goal of integrating performance measurement
must transition toward calculating the Return on
Resilience Investment (RORI). This requires
managers to incorporate the financial cost of
redundancy (e.g., JIC inventory, multi sourcing
contracts) against the monetary value derived from
reducing both the magnitude of performance loss (R)
and the duration of recovery (MTTR). To justify costly
capacity investments in a post lean environment,
quantitative facility location models must incorporate
geopolitical risk factors alongside cost precision into
the resilience calculus , ensuring that investment in
capacity yields a demonstrable net financial benefit by
avoiding catastrophic disruption costs.

Table 3: Core Quantitative Metrics for Measuring Supply Chain Resilience

Metric Category Example Metric Formula/Concept Measurement Focus Strategic Utility
Impact & Recovery Integrated Performance | \int {t 0}~{t 1} [100 - | Total negative impact | Quantifies disruption
Loss (R) Q)] dt areauntil performance | cost for RORI analysis.
restoration.
Time Efficiency Mean Time to Average time from Speed of adaptive Focuses resources
Recovery (MTTR) disruption initiation to | andrecovery response. on recovery process
operational return. optimization.
Capability Input Supply Chain Visibility | Real time monitoring | Organizational ability to | Predicts effectivenessof
Score capability across N tiers anticipate and trace proactive management.
(Tier 1, 2, 3+). shocks.
Readiness Level Resilience Maturity Assessment against Capacity invested in Benchmarks
Score flexibility, redundancy, ahead of time. organizational
collaboration dimensions. preparation level.

IX. CONCLUSION, MANAGERIAL INSIGHTS,
AND FUTURE RESEARCH

9.1 Synthesis of Findings: A Viability Focused
SCM Mandate
The analysis confirms that the systemic,
interdependent crises experienced globally necessitate
a permanent abandonment of the efficiency at all costs
paradigm. The new operational mandate is the
establishment of a Viable Supply Chain Model, which
fundamentally differs from traditional resilience

analysis by focusing on long term survival in deep
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uncertainty. This viability is achieved through
mandated structural diversity (regionalization, multi
sourcing), enhanced functional flexibility
(reconfigurable manufacturing), and the strategic
acceptance of redundancy. The ability to successfully
navigate this shift hinges entirely on the integration of
advanced digital technologies that provide the
predictive power and simulation capacity needed to
manage complexity and test long term survival under
stress.
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9.2 Policy and Managerial Recommendations

1.

Prioritize Network Restructuring: Organizations
must move beyond incremental adjustments and
commit to a structural redesign of their global
footprint. This includes shortening GSCs through
regionalization and implementing hybrid
sourcing frameworks based on rigorous
quantitative models that accurately incorporate the
cost and probability of geopolitical and climate
risks.

Invest in Predictive Digital Infrastructure:
Investment must be concentrated on analytical
visibility tools, specifically Digital Twins and
AI/ML forecasting models. These
technologies enable real time risk modeling and
simulation, fundamentally

robust

shifting resilience
practice from reactive recovery to proactive
foresight and operational control.

Institutionalize Dynamic Capabilities: Managers
must develop and institutionalize formal SCRM
taxonomies and maturity models to continuously
assess organizational readiness. Recognizing that
effective physical reshoring and rapid pivoting
require  preexisting  dynamic
(flexibility, change readiness), resources must be
allocated to upgrade internal processes before
large structural moves are initiated.

Quantify Resilience Investment: To resolve the
inherent cost resilience paradox,

capabilities

managerial decisions must be justified by calculating
the Return on Resilience Investment (RORI). This
requires using quantitative performance metrics, such
as the Integrated Performance Loss (R) and MTTR, to
demonstrate that the cost of strategic capacity and
buffers is outweighed by the financial value of avoided
disruption.

9.3 Directions for Future Research

Future academic research should focus on refining the
theoretical and empirical underpinnings of viability
focused SCM:

1.
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Advanced Risk Propagation Modeling: Deeper
analysis is required to explore multi-dimensional
risk propagation mechanisms across hierarchical
supply chain levels. This work must provide
systematic theoretical support for predicting how
shocks amplify and cascade through complex
networks.

Empirical Validation of RORI: Developing and

[1]

[3]
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empirically validating comprehensive
quantitative models for RORI that integrate the
full spectrum of capacity investment costs
(inventory, dedicated capacity, digitalization)
against the calculated cost savings from
disruption mitigation.

Integration of Industry 5.0 (I5.0): Investigating the
practical application of the technology driven,
human centric 15.0 framework in manufacturing
supply chains to resolve the paradoxical tensions
between sustainability and resilience, examining
how digital tools foster true synergy.
The Role of Emerging Digital
Researching the practical feasibility,
implementation challenges, and cyber security
implications of cutting edge technologies (e.g.,
advanced Metaverse applications, large scale
language models like ChatGPT) in enhancing the
speed and quality of information transfer
necessary for complex, global SCR.

Systems:
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