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ABSTRACT

This study develops and validates a quantitative framework for assessing supply chain resilience
in U.S. manufacturing and infrastructure. Using 48 sector-year observations (2018-2025) and a
simulation-augmented SEM approach, it examines how structural risks, strategic enablers, and
institutional pressures shape resilience outcomes. Supplier concentration, disruption frequency,
and climate exposure weaken resilience capabilities, while domestic capacity, digital maturity, and
resilience investment strengthen them. Resilience capabilities mediate these effects, and
institutional pressure amplifies the benefits of enablers. Scenario simulations show that moderate
increases in domestic capacity and resilience investment (10—-15%) raise the Resilience Index by
8-12%, with diminishing returns beyond this range. The study provides a replicable tool for
benchmarking and demonstrates resilience as a measurable, policy-responsive system property.

Keywords: Supply Chain Resilience; Institutional Amplification; Resilience Engineering; U.S.
Manufacturing; Supply Chain Policy

INTRODUCTION

Introduction

Global supply chains have entered an era of constant disruption. The COVID-19 pandemic,
semiconductor shortages, cyber attacks, and climate events exposed the fragility of systems
optimized solely for cost and speed. As (Sheffi, 2021) and (Bahrami et al., 2022) emphasize,
efficiency without resilience magnifies vulnerability, forcing a shift toward continuity and
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adaptability as strategic priorities. Supply Chain Resilience (SCR) the ability to anticipate, absorb,
adapt, and recover from shocks has become the defining capability for maintaining stability in
turbulent environments (Rahmawati & Salimi, 2022).

In the United States, this issue is most acute in manufacturing and infrastructure sectors that sustain
the national economy and defense ecosystem. These sectors anchor critical energy, transport, and
communication systems whose failure can trigger nationwide ripple effects. Federal initiatives
recognize resilience as a national priority (Masa’deh et al., 2018). Yet despite policy attention, the
U.S. still lacks a quantitative framework that measures sectoral resilience and evaluates
intervention efficiency. Most research remains descriptive, firm level, or regional, offering little
insight into how structural and institutional factors jointly shape resilience outcomes (Juan et al.,
2022).

This study integrates three complementary perspectives to fill that gap. Resource Dependence
Theory explains structural exposure and vulnerability arising from concentrated resource
dependencies (Salancik & Pfeffer, 1978). Resilience Engineering describes the internal processes
anticipation, absorption, adaptation, recovery through which organizations convert resources into
adaptive capacity (Dell'Orto et al., 2024; Ochieng, 2018; Vaandrager, 2024; Yan et al., 2025).
Institutional Theory adds the external dimension of regulation and governance, emphasizing that
public policies, industry standards, and social expectations amplify or constrain resilience
formation (Amenta & Ramsey, 2010; Rahmawati & Salimi, 2022). Taken together, these theories
suggest that resilience is not merely technical but institutionally conditioned, emerging from the
interaction of structure, capability, and governance.

The U.S. context provides an ideal empirical ground for testing this integrated framework.
Agencies such as the U.S. International Trade Commission (US-ITC), Federal Emergency
Management Agency (FEMA), Department of Energy (DOE), and Bureau of Economic Analysis
(BEA) maintain high quality data on trade, disruption frequency, and investment, enabling rigorous
measurement. Moreover, recent industrial policies have created measurable shifts in domestic
capacity, digital infrastructure, and institutional pressure. Analyzing these dynamics offers a timely
opportunity to quantify how resilience operates as a systemic property at the sector level.

The paper contributes in four significant ways. Theoretically, it unites Resource Dependence
Theory, Resilience Engineering, and Institutional Theory into a coherent causal model that
captures the interplay of dependency, capability, and governance. Methodologically, it introduces
a simulation augmented SEM approach that combines confirmatory analysis with probabilistic
experimentation, advancing quantitative resilience modeling. Empirically, it constructs the first
sector level Resilience Index (RI) for U.S. manufacturing and infrastructure based entirely on
audited federal data, ensuring transparency and replicability. Conceptually, it develops the idea of
institutional amplification, whereby policy and regulatory frameworks magnify the effects of
enabler investments on resilience capabilities.

By merging theory, data, and simulation, this study reframes resilience as a measurable, policy
responsive construct rather than an abstract managerial ideal. The remainder of the paper is
organized as follows. Section 3 elaborates the theoretical background and hypotheses, Section 4
presents the research methodology, Section 5 reports results from SEM and simulation analyses,
Section 6 discusses theoretical and managerial implications, and Section 7 concludes with policy
recommendations and directions for future research.
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Theoretical Background and Hypotheses Development (Expanded Version)

Supplier Concentration and Resilience Capabilities

Supply chains that rely on a narrow group of suppliers, geographic locations, or sourcing channels
experience structural dependency that weakens strategic flexibility (Guo et al., 2020).
Concentrated supply portfolios limit switching capacity, restrict sourcing negotiation power, and
increase exposure to localized shocks such as political instability, transportation failures, or
pandemics. Once a critical supplier or region becomes disrupted, the organization loses immediate
access to inputs, which delays production continuity and forces costly emergency decisions. Over
time, this dependency hinders the firm’s learning capacity, making it less equipped to anticipate
and prepare for reoccurring disruptions (Chowdhury et al., 2019; Guo & Mantravadi, 2025; Wong
& Ngai, 2022).

These vulnerabilities directly suppress resilience capabilities because concentrated supply
structures reduce opportunities for real time adaptive reconfiguration. Without alternatives,
organizations cannot rapidly adjust their allocation strategies, diversify logistics routes, or
rebalance inventory when disruptions occur. Even if managerial teams are proactive, structural
rigidity reduces the effectiveness of adaptive action. Therefore, supplier concentration
fundamentally undermines the development of sensing, absorption, and recovery mechanisms that
define resilience capabilities.

H1: Supplier concentration has a negative effect on resilience capabilities.

Disruption Frequency and Resilience Capabilities

When disruptions occur infrequently, organizations can allocate resources toward proactive
preparedness and capability development (Abourokbah et al., 2023). However, when disruptions
become recurrent whether caused by transportation shut downs, labor disputes, cyber incidents, or
public health emergencies management attention shifts from long term capability building to short
term firefighting (Singh et al., 2023). Frequent disruptions reduce operational stability and
continuously drain financial and human resources that would otherwise be available for planning,
training, and digital integration. This chronic volatility reduces the predictability of operations,
making learning from prior disruptions less effective because conditions change before lessons are
institutionalized.

Repeated disruption also weakens psychological and organizational readiness, as crisis fatigue
reduces the willingness to invest in preventive measures and long term digital upgrades (Ameer et
al., 2024). As disruption frequency increases, absorption capacity decreases, and resilience
capabilities deteriorate instead of strengthening. The organization becomes reactive rather than
anticipatory, losing its ability to plan ahead and recover quickly. Therefore, recurring disruption
erodes the structural and behavioral foundations of resilience.

H2: Disruption frequency has a negative effect on resilience capabilities.

Cyber Exposure and Resilience Capabilities

Modern supply chains increasingly depend on digital platforms for production planning, inventory
visibility, forecasting, transportation management, and financial transactions (El Baz & Ruel,
2024). High cyber exposure stemming from interconnected networks, IoT integration, and cloud
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dependencies creates more attack points for hackers and system breaches. Cyber incidents disrupt
digital sensing mechanisms, corrupt operational data, and paralyze communication systems,
making it difficult to generate accurate forecasts and coordinate responses during crises. These
disruptions undermine trust in digital systems, leading organizations to operate defensively rather
than proactively (Dubey et al., 2023; Robertson et al., 2022).

Because resilience relies heavily on real time sensing and rapid coordination, digital paralysis
directly reduces resilience capabilities. When organizations face high cyber exposure without
equivalent cyber preparedness, they cannot rely on automated alert systems, dynamic routing
algorithms, or remote coordination platforms during disruptions. The result is slower recognition
of threats, delayed recovery execution, and higher operational uncertainty. Consequently, cyber
exposure weakens the core mechanisms visibility, anticipation, and rapid decision making that
resilience depends on.

H3: Cyber exposure has a negative effect on resilience capabilities.

Climate and Physical Risk and Resilience Capabilities

The increasing frequency and intensity of climate driven physical disruptions such as heatwaves,
hurricanes, floods, wildfires, and extreme weather threaten key supply chain infrastructures
including seaports, energy grids, transportation corridors, and warehousing hubs (Farrukh &
Sajjad, 2025). These events force prolonged shutdowns, impair asset integrity, disrupt labor
availability, and trigger cascading delays across downstream operations. Regions repeatedly
affected by climate shocks face persistent supply interruptions, escalating insurance costs, and
ongoing uncertainty that destabilizes strategic planning (Hasan Al-Obaidy et al., 2025).

Such recurrent climate related shocks deteriorate resilience capability formation by draining
contingency budgets and slowing preventive investment cycles. Instead of improving adaptive
mechanisms, organizations operating under constant physical risk spend most resources on
recovery rather than capability enhancement. Over time, this makes anticipation, reconfiguration,
and rapid recovery more difficult to sustain. Thus, climate and physical risk impose systemic
barriers that fundamentally restrict the development of resilience capabilities.
H4: Climate and physical risk have a negative effect on resilience capabilities.

Domestic Capacity and Resilience Capabilities

Domestic capacity reduces exposure to volatile global supply chains and geopolitical dependencies
by anchoring production, warehousing, logistics, and resource access within national borders
(Shojaei et al., 2025). Localized capacity enhances operational reliability, shortens transportation
lead times, and improves access to skilled labor and energy infrastructure during global crises (Xue
et al., 2025). When key production activities are domestically embedded, organizations gain
greater control over supplier negotiations, regulatory compliance, and demand response planning
(Anand & Vohra, 2022).

These structural advantages accelerate the development of resilience capabilities by enabling faster
operational reconfiguration when disruptions occur elsewhere (Abourokbah et al., 2023).
Domestic capacity supports resource redundancy, facilitates cross industry collaboration, and
enables parallel production alternatives mechanisms crucial for sensing, response, and recovery.
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Therefore, greater domestic capacity strengthens foundational resilience mechanisms by insulating
firms from global volatility.
HS: Domestic capacity positively influences resilience capabilities.

Resilience Investment and Resilience Capabilities

Resilience investment such as infrastructure redundancy, backup inventory, emergency operations
planning, employee training, and risk intelligence tools directly builds the organizational
foundation for managing uncertainty (Yang et al., 2025). Firms that deliberately allocate budgets
to resilience develop long term learning routines, improve decision making readiness, and refine
response protocols through practice rather than improvisation (Singh et al., 2023). Investment also
ensures that resilience becomes a strategic priority rather than a reactive cost center activated only
after disruptions occur.

These investments translate into stronger resilience capabilities by shaping operational routines
that support anticipation, rapid absorption, and accelerated recovery. When the necessary financial
and managerial resources are available in advance, organizations do not struggle to mobilize
support during crises. As a result, investment transforms resilience from a temporary coping
mechanism into a continuous and repeatable competency.

Hé6: Resilience investment positively influences resilience capabilities.

Digital Maturity and Resilience Capabilities

Digital maturity reflects the sophistication of technologies used for real time monitoring, predictive
analytics, transportation optimization, cyber defense, and cloud based collaboration (Ambrogio et
al., 2022). High levels of digital maturity enable detailed visibility of upstream and downstream
activities, allowing earlier detection of bottlenecks and more accurate forecasting of demand and
supply fluctuations (Nurhayati et al., 2022). Moreover, digitally connected supply chains
accelerate decision making by automating data flows and simulating alternative responses before
physical execution.

This digital foundation strengthens resilience capabilities by enabling rapid and coordinated
actions during shocks (Abourokbah et al., 2023). Real time information platforms facilitate
adaptive reallocation of resources, Al based routing enhances responsiveness, and predictive
analytics reduce diagnostic delays. Digital maturity therefore acts as a direct amplifier of sensing,
agility, and recovery mechanisms that define resilience.

H?7: Digital maturity positively influences resilience capabilities.

Resilience Capabilities and Resilience Performance

Resilience capabilities represent the operational mechanisms anticipation, adaptation, absorption,
and recovery through which organizations sustain performance during volatile conditions
(Abourokbah et al., 2023). When these capabilities are strong, disruptions do not significantly
reduce productivity, capacity utilization, or customer service levels. The organization adjusts
supply routes, reallocates labor and materials, balances inventory dynamically, and restores normal
operations swiftly (Tang et al., 2023).

Therefore, resilience capabilities are the strongest determinant of resilience performance because
they convert resource advantages (e.g., domestic capacity, investment, digital maturity) into real
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performance outcomes such as continuity, speed of recovery, and operational stability. This link is
captured quantitatively through the Resilience Index, which aggregates reliability and continuity
indicators.

H8: Resilience capabilities positively influence the Resilience Index (RI).

Institutional Pressure as a Moderating Mechanism

Institutional environments represented by funding programs, regulatory mandates, cybersecurity
standards, infrastructure compliance rules, and reporting requirements create governance
structures that push organizations to prioritize resilience (Esangbedo et al., 2024). When
institutional pressure is high, firms face incentives and accountability to adopt digital tools,
diversify capacity, maintain redundancy, and coordinate risk management across partners (Wamba,
2022). This policy context reinforces the strategic allocation of resources toward resilience rather
than short term cost optimization.

As a result, institutional pressure strengthens the impact of domestic capacity, resilience
investment, and digital maturity on resilience capabilities (Ameer et al., 2024; Danso et al., 2024;
Tang et al., 2023). Under strong governance, capability formation becomes faster, deeper, and more
consistent across supply chain actors. Conversely, in weak institutional environments, resource
investments yield weaker or delayed improvements.

H9: Institutional pressure positively moderates the relationships between domestic capacity,
resilience investment, and digital maturity and resilience capabilities, such that these relationships
become stronger under higher institutional pressure.

Resilience Capabilities and Final Performance Outcome

The integrated theoretical model positions resilience capabilities as the final and most influential
mechanism determining system level resilience performance (Salamzadeh et al., 2025). Once
capabilities are fully operationalized, organizations achieve continuity, stability, and rapid
recovery even under extreme environmental uncertainty (Aryee et al., 2012). Thus, resilience
capabilities serve as the bridge between managerial inputs and measurable performance impacts
captured by the Resilience Index.

Given that the Resilience Index reflects aggregated performance indicators continuity, recovery
speed, reliability, and stability the final hypothesis states that better resilience capability translates
directly into higher resilience performance outcomes.

H10: Resilience capabilities have a positive direct effect on the Resilience Index (RI).

Conceptual Model Overview

The theoretical relationships described above form the integrated conceptual model illustrated in
Figure 1. Four risk drivers (H1-H4) negatively affect resilience capabilities, while three strategic
enablers (H5-H7) exert positive influences. Resilience capabilities mediate these effects to
determine system performance, captured through the Resilience Index. Institutional pressure
moderates the strength of enabler capability links (H9a—HO9c), representing the institutional
amplification mechanism. The final path (H10) connects resilience capabilities to overall
performance, completing the causal structure.
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Figure 1. Conceptual Model

RESEARCH METHODOLOGY

This section details the empirical design, dataset construction, measurement validation, and
simulation procedure used to test the conceptual model introduced earlier. The objective is to
provide methodological transparency and reproducibility consistent with The Journal of Supply
Chain Management Science standards.

Research Design

The study employs a simulation augmented covariance based structural equation modeling (CB-
SEM) approach to test the hypothesized relationships and examine resilience sensitivity to policy
interventions. The choice of CB-SEM, executed in AMOS v28, allows for robust estimation of
both measurement and structural models, ensuring model identification and comprehensive fit
indices (Hair et al., 2019).

To complement SEM’s confirmatory strength, StatTools (Palisade) is used for Monte Carlo
simulations, generating probabilistic distributions of the Resilience Index (RI) under varying
institutional and investment scenarios. This dual design statistical confirmation and scenario
experimentation enables both theoretical validation and managerial insight.
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Data and Sample

The dataset covers U.S. manufacturing and infrastructure sectors for the period 2018-2025,
aggregated from publicly available federal sources including the U.S. International Trade
Commission (US-ITC), Federal Emergency Management Agency (FEMA), Department of Energy
(DOE), and Bureau of Economic Analysis (BEA). A total of 48 sector year observations were
included, each representing a distinct industry segment with standardized annual indicators.
Although the sample size appears modest, model parsimony and construct reliability meet the
(Hair et al., 2021) criterion for minimum sample size adequacy in SEM (at least five cases per
estimated parameter). Each construct was measured using normalized ratios and indices derived
from these audited datasets, ensuring data quality and replicability. Descriptive statistics for all
constructs are reported in Appendix E.

Construct Operationalization
All latent constructs were operationalized using composite indicators grounded in prior literature,

summarized in Table 1.

Table 1. Construct Measurement and Data Sources

Construct Indicators (Examples) Data Source | Measurement
Scale

Supplier Import dependency ratio; top 5 | US-ITC Ratio (0-1)

Concentration supplier share

Disruption Average annual incident rate FEMA Count per year

Frequency

Cyber Exposure Reported cybersecurity breach | DHS/CISA Annual incidents

cases

Climate Risk NOAA extreme event frequency NOAA Count

Domestic Capacity | Domestic production share BEA Percentage

Resilience Capital expenditure on redundancy | DOE $ millions

Investment

Digital Maturity Industry level ICT index BEA Normalized (0-1)

Institutional Regulatory intensity index Federal Categorical (1-5)

Pressure Register

Resilience Latent construct Derived  via | Standardized

Capabilities PCA

Resilience  Index | Weighted composite of continuity | Derived 0-100

(RD and stability

All indicators were mean centered and standardized before SEM analysis to minimize
multicollinearity. Missing data (less than 3%) were treated using expectation maximization
imputation in AMOS.
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Measurement Model Assessment

Construct validity and reliability were confirmed through standard SEM diagnostics. Convergent
validity was established by factor loadings > 0.70, average variance extracted (AVE) > 0.50, and
composite reliability (CR) > 0.70 (Hair et al., 2022). Discriminant validity was assessed using the
Fornell-Larcker criterion and the HTMT ratio < 0.85. All construct measurement items and
indicators are presented in Appendix A.

Table 2. Construct Reliability and Validity

Construct CR | AVE | a HTMT | Remarks
Risk Drivers 0.88 1 0.63 | 0.820.71 Valid
Enablers 0.90 | 0.68 | 0.84 | 0.76 Valid

Resilience Capabilities | 0.92 | 0.71 | 0.87 | 0.69 Valid
Institutional Pressure 0.86 | 0.62 | 0.80 | 0.65 Valid
Resilience Index 0.911]0.69 |0.86|0.72 Valid

The overall measurement model achieved a good fit: ¥?/df = 2.11, CFI = 0.943, TLI = 0.931,
RMSEA = 0.052, and SRMR = 0.048, indicating satisfactory model adequacy.

Structural Model and Hypothesis Testing

The validated measurement model was used to estimate the structural relationships corresponding
to hypotheses HI-H10. Path significance was evaluated via bootstrapped 5,000 sample resampling
at the 95% confidence level. Institutional moderation (H9) was tested using interaction terms
(mean centered multiplicative constructs) following (Ping Jr, 1995). The Resilience Index (RI)
served as the dependent latent construct, with direct, indirect, and moderated paths estimated
simultaneously to capture mediation and amplification effects. Multiple diagnostic checks
confirmed no common method bias concerns (Appendix B)

Table 3. Structural Model Fit Indices

Fit Index | Recommended | Obtained | Interpretation
*/df <3.00 2.26 Good

CFI >0.90 0.945 Acceptable
TLI >0.90 0.932 Acceptable
RMSEA | <0.08 0.054 Excellent
SRMR <0.08 0.047 Excellent

Simulation Procedure

To complement SEM’s deterministic findings, StatTools Monte Carlo simulations were conducted
to model uncertainty in resilience outcomes. Using the estimated SEM coefficients as deterministic
baselines, each simulation ran10,000 iterations, varying domestic capacity, investment, and
institutional pressure within £25% of their observed means. This procedure generated a
probabilistic Resilience Index distribution for multiple policy scenarios, allowing the identification
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of thresholds where marginal policy gains began to decline. The simulation outputs informed
Section 5’s scenario analysis. All data were obtained from public, audited, and non-identifiable
sources; thus, no ethical risk existed. Analytical scripts, variable definitions, and summary
statistics are available upon request to ensure replicability. The correlation structure among
constructs appears in Appendix F

RESULTS AND ANALYSIS

This section presents the results of the covariance-based structural equation modeling (CB-SEM)
and simulation analyses used to test the ten hypotheses (HI-H10) developed in Section 3. The
findings are structured into four parts: (1) measurement model validation, (2) structural model
results, (3) mediation and moderation analysis, and (4) simulation-based scenario analysis.

Measurement Model Validation

The confirmatory factor analysis confirmed that all constructs demonstrated strong reliability and
validity (see Table 2 in Section 4). All standardized factor loadings exceeded 0.70 (p < 0.001), and
the overall fit indices indicated an excellent measurement model: y*/df =2.11, CFI =0.943, TLI =
0.931, RMSEA = 0.052, and SRMR = 0.048. These results confirm that the constructs are
unidimensional and appropriate for testing the hypothesized structural relationships. Inter
construct correlations were moderate (ranging from 0.32 to 0.64), satisfying discriminant validity
based on the Fornell-Larcker criterion. The HTMT ratios remained below 0.85, confirming
discriminant separation between latent variables. No multicollinearity issues were detected (VIF
< 3.0 for all constructs). Outer loadings and condensed cross-loading evidence supporting
discriminant validity are provided in Appendix C.

Structural Model Results

Table 4 reports the standardized path coefficients for the structural model, which jointly explain
72% of the variance in Resilience Capabilities and 67% of the variance in the Resilience Index
(RI). The structural model achieved an excellent fit: y*/df = 2.26, CFI = 0.945, TLI = 0.932,
RMSEA = 0.054, and SRMR = 0.047 all within recommended thresholds (Hair et al., 2022).
HTMT ratios were below the 0.85 threshold (Appendix D), further supporting discriminant
validity.

Table 4. Structural Path Coefficients and Hypothesis Testing

Hypothesis | Path B t- p- Result
(Standardized) | value | value

HI Supplier Concentration leads to | -0.28 -3.64 | 0.001 | Supported
Resilience Capabilities

H2 Disruption Frequency increases | -0.22 -2.95 | 0.004 | Supported
Resilience Capabilities

H3 Cyber Exposure improves | -0.17 -2.21 ]0.028 | Supported
Resilience Capabilities
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H4 Climate/Physical Risk | -0.24 -3.11 | 0.002 | Supported
enhances Resilience
Capabilities
H5 Domestic Capacity increases | 0.31 4.09 |<0.001 | Supported
Resilience Capabilities
H6 Resilience Investment | 0.36 4.47 ]<0.001 | Supported
improves Resilience
Capabilities
H7 Digital Maturity enhances | 0.28 3.68 | <0.001 | Supported
Resilience Capabilities
HS8 Resilience Capabilities | 0.55 6.24 | <0.001 | Supported
increases Resilience Index (RI)

The results confirm that all hypothesized paths (H1-HS8) are statistically significant in their
predicted directions. Negative coefficients for HI-H4 validate the detrimental influence of
structural risks on resilience capabilities, while positive coefficients for H5—H7 confirm the
strengthening effect of strategic enablers. The large, positive coefficient for H8 underscores the
mediating power of resilience capabilities in improving overall performance.

Mediation and Moderation Effects

A bootstrapping (5,000 resamples) approach tested the indirect effects of enablers on performance
through resilience capabilities. The indirect effect of resilience investment on RI (f = 0.20, p <
0.001) and of digital maturity on RI (B = 0.15, p = 0.002)** were both significant, confirming
partial mediation. To assess moderation, interaction terms were created between institutional
pressure and each enabler (Hair & Alamer, 2022). The three moderation effects were positive and
significant:

Table 5. Moderation Path

Moderation Path B t-value | p-value | Interpretation

Institutional Pressure moderates Domestic | 0.14 | 2.12 0.035 Amplifies effect
Capacity improves Resilience Capabilities
Institutional Pressure moderates Resilience | 0.18 | 2.47 0.014 Amplifies effect
Investment improves Resilience Capabilities
Institutional Pressure moderates Digital | 0.21 | 2.92 0.005 Amplifies effect
Maturity improves Resilience Capabilities

These findings support H9a-H9c, demonstrating the institutional amplification effect. Firms
operating under stronger regulatory or policy regimes exhibit greater returns on resilience-related
investments. Finally, HI10 the direct link between resilience capabilities and RI was strongly
supported (B =0.55, p <0.001), confirming that capability formation directly enhances resilience
performance.

Simulation Based Scenario Analysis
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To complement the structural model (Hair & Alamer, 2022), Monte Carlo simulations were
performed using StatTools to test the sensitivity of resilience outcomes under different policy
scenarios. Each simulation ran 10,000 iterations using triangular distributions centered on
observed means with +25% variability for domestic capacity, resilience investment, and
institutional pressure.

100 -

95 -

90

85

80

75
T T T T T T T
-20 -10 (0} 10 10 20 30
Policy Intervention (%)

Figure 2. Monte Carlo Simulation Results for Resilience Index

A simple plot of “Resilience Index” (y-axis) vs. “Policy Intervention (%)” (x-axis) would show
steep gains between +5% and +15%, then a plateau beyond +20%, indicating diminishing returns.
The results show that:
e A 10-15% increase in domestic capacity or resilience investment improves the RI by 8—
12% on average.
e Increasing both enablers simultaneously under high institutional pressure amplifies gains
up to 15-18%.
e Beyond 20% intervention, marginal returns decline, suggesting an optimal investment
corridor.
e Digital maturity demonstrates non-linear effects, with incremental ICT improvements
producing disproportionate benefits under strong institutional support.
This simulation evidence confirms the SEM findings and provides actionable policy thresholds.
Institutional coordination and moderate, well targeted investment deliver the highest resilience
return without excess redundancy.

Summary of Findings

The empirical results collectively validate all ten hypotheses. Structural vulnerabilities undermine
resilience capabilities, while strategic enablers especially investment and digital maturity
strengthen them. Resilience capabilities significantly mediate performance improvements, and
institutional pressure amplifies the translation of resources into adaptive strength. The combination
of CB-SEM validation and simulation-based experimentation demonstrates that supply chain
resilience is not only quantifiable but also policy sensitive. The findings underscore that resilience
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in the U.S. manufacturing and infrastructure sectors can be systematically enhanced through
coordinated institutional design and data driven investment strategies.

DISCUSSION AND IMPLICATIONS

This study set out to quantify and model supply chain resilience in the U.S. manufacturing and
infrastructure sectors using a simulation augmented structural equation modeling framework. The
empirical results, supported by confirmatory and simulation evidence, reveal several important
insights that advance both theory and practice in supply chain management. These findings
reaffirm the centrality of resilience capabilities as a dynamic performance driver while clarifying
how institutional environments amplify their development and impact.

Theoretical Implications

The results demonstrate that structural exposure manifested through supplier concentration,
disruption frequency, cyber exposure, and climate risk exerts a statistically significant negative
influence on resilience capabilities. This outcome validates the Resource Dependence Theory
proposition that over reliance on limited resources creates vulnerability (Garcia-Morales et al.,
2012; Salancik & Pfeffer, 1978). However, by embedding this relationship within a dynamic
capability framework, the study expands Resource Dependence Theory beyond its traditional static
assumptions. It shows that firms are not passive actors trapped by dependencies; rather, they can
strategically reconfigure those dependencies through resilience engineering investments (Ochieng,
2018; Yan et al., 2025). This intersection confirms that structural dependence and capability
formation coexist in a dynamic equilibrium, where managerial agency mediates environmental
constraints.

The mediation results support the view that resilience capabilities are the transformation layer
linking strategic enablers to performance. This extends dynamic capabilities theory (Teece et al.,
1997) into the resilience domain by providing quantitative confirmation that capabilities convert
tangible resources into measurable outcomes. The large positive coefficient between resilience
capabilities and the Resilience Index (RI) reinforces the premise that resilience is not an abstract
quality but a structured competence that directly determines continuity and recovery performance.
Consequently, the findings bridge the gap between resilience as concept and resilience as
measurable capability system a key advancement sought by The Journal of Supply Chain
Management Science.

A unique contribution of this paper lies in identifying institutional amplification as a boundary
condition that strengthens enabler capability linkages. The moderation results reveal that when
institutional pressure through regulation, funding, or policy standards is strong, the effects of
domestic capacity, resilience investment, and digital maturity on resilience capabilities intensify
significantly. This extends Institutional Theory (Amenta & Ramsey, 2010) by introducing a
quantifiable mechanism of amplification rather than mere compliance. The implication is that
institutions do not only enforce norms; they dynamically magnify learning, investment, and
adaptation processes within firms. This insight bridges institutional analysis with systems
modeling, a contribution rarely achieved in previous empirical resilience studies.
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Methodologically, the integration of CB-SEM with Monte Carlo simulation represents a major
step toward unifying confirmatory modeling and probabilistic experimentation. SEM provides
causal verification; simulation extends those findings into scenario-based prediction. The
simulation results revealed diminishing returns beyond 20% intervention, demonstrating the
practical payoff curve of policy investment a pattern impossible to observe through traditional
SEM alone. This simulation augmented SEM framework thus advances supply chain science by
linking statistical inference with computational experimentation, transforming resilience research
from descriptive analytics to predictive policy modeling.

Managerial Implications

For practitioners, the empirical hierarchy of effects offers a clear roadmap for resource allocation.
Resilience investment and digital maturity emerged as the strongest enablers of resilience
capabilities, followed closely by domestic capacity. Managers should therefore prioritize
investment in digital visibility and analytics infrastructure, which enable rapid sensing and
adaptive coordination across tiers (Juan et al., 2022; Robertson et al., 2022). Simultaneously,
targeted redundancy in critical inputs rather than generalized stockpiling should be maintained to
offset supplier concentration risks. The results imply that capability building is most effective
when technological and financial enablers are developed jointly rather than sequentially.

The negative effects of supplier concentration, disruption frequency, cyber exposure, and climate
risk confirm that resilience erosion originates from both physical and digital dependencies.
Managers must thus approach risk mitigation as an ecosystem strategy, not an isolated procurement
function. Supply diversification, near shoring of strategic inputs, multi sourcing contracts, and
cross sector emergency coordination are tangible pathways to reduce exposure. The findings
provide quantitative evidence that such diversification translates into measurable improvements in
the Resilience Index.

The moderating results indicate that organizations operating under stronger institutional oversight
such as federally regulated infrastructure or defense suppliers achieve greater resilience gains per
unit of investment. Managers in less regulated industries can mimic this effect by adopting
voluntary standards (e.g., NIST cybersecurity frameworks, ISO 22301 business continuity
certification) that simulate institutional discipline. Embedding policy style accountability
mechanisms within corporate governance amplifies the payoffs of resilience spending, essentially
creating self imposed institutional pressure.

Simulation findings highlight the risk of diminishing returns. Beyond moderate thresholds (20%
increases in domestic capacity or resilience investment), additional spending yields marginal
improvement. Managers should interpret this plateau as an optimization signal: resilience
effectiveness is not purely proportional to investment but contingent on systemic balance.
Overspending on redundancy without corresponding digital integration or coordination wastes
capital. Hence, resilience management should be guided by return on resilience analysis (ROR)
rather than risk aversion alone.

Policy Implications

From a policy perspective, the evidence suggests that institutional frameworks can serve as
amplifiers of private resilience investment. Programs that combine funding incentives, data sharing
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mandates, and transparency requirements increase the marginal effectiveness of firm level
initiatives. For example, federal procurement policies rewarding resilience certification or digital
visibility could create positive externalities across supply networks. The results confirm that such
amplification is statistically measurable and materially significant, supporting the rationale for
public private resilience partnerships.

The study’s construction of a sector level Resilience Index (RI) provides policymakers with a
replicable benchmarking tool. Agencies can adopt the RI as an early warning metric to identify
sectors with declining adaptive capacity or over concentration risk. Because the index integrates
institutional variables, it can also measure the effectiveness of policy interventions over time.
Embedding this indicator into national supply chain monitoring systems would enable a
continuous feedback loop between research, policy design, and implementation.

Simulation results show that resilience improvement follows an S-curve: substantial gains up to
15% intervention, then saturation. Policymakers should therefore allocate resources based on
optimal resilience elasticity maximizing systemic improvement per fiscal dollar rather than simply
increasing subsidies. Targeting mid range interventions (10—-15%) yields the highest marginal
benefit, while exceeding 20% may produce diminishing system wide efficiency. This finding
supports the design of adaptive funding programs that respond dynamically to observed
performance gains.

Given the strong performance of digital maturity in the model, national policy should treat digital
infrastructure as a resilience enabler on par with physical redundancy. Federal incentives for
cybersecurity modernization, data interoperability, and real time risk analytics would enhance
sectoral agility. The study empirically validates that digital investment contributes directly to
resilience outcomes and indirectly through capability amplification evidence that can justify future
public funding priorities.

Implications for Supply Chain Science

Beyond managerial and policy relevance, this study contributes to the methodological maturation
of supply chain science. By demonstrating how simulation and SEM can be integrated, it bridges
the long-standing divide between statistical modeling (which verifies relationships) and systems
simulation (which predicts behavioral outcomes). This dual approach offers a template for future
quantitative research in resilience, sustainability, and digital transformation. Furthermore, by
operationalizing institutional pressure as a measurable construct, the study paves the way for multi
level modeling that connects organizational behavior with policy environments an area largely
underexplored in empirical SCM literature.

Limitations and Future Research Directions

While the study provides robust evidence, several limitations create opportunities for future work.
First, the dataset is limited to 48 observations representing aggregated industry segments. Future
studies could employ panel level or firm level data to refine micro causal relationships. Second,
the institutional amplification effect, though statistically significant, was modeled at an aggregate
level; more granular institutional indicators (e.g., state level regulatory density, compliance costs)
could offer deeper insight. Third, the simulation modeled policy variations independently; future
multi agent simulations could explore interactive or cascading policy effects across sectors.
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Finally, extending the framework internationally would reveal how institutional amplification
differs in emerging markets or regions with weaker regulatory infrastructure.

Collectively, the results reinforce a central proposition: supply chain resilience is an engineered,
quantifiable, and policy responsive system property. The combination of structural, capability, and
institutional factors explains most of the observed variance in performance, underscoring that
resilience can be strategically optimized rather than improvised. By integrating Resource
Dependence Theory, Resilience Engineering, and Institutional Theory into a simulation augmented
SEM, the study demonstrates how theoretical pluralism and quantitative rigor can jointly advance
both the science and practice of resilience.

CONCLUSION AND FUTURE RESEARCH

This study set out to develop and validate a simulation augmented structural equation model
(SEM) for quantifying and analyzing supply chain resilience in U.S. manufacturing and
infrastructure sectors. By integrating Resource Dependence Theory, Resilience Engineering, and
Institutional Theory, the research positioned resilience as a quantifiable system property shaped by
structural dependencies, adaptive capabilities, and institutional pressures. The results confirm that
resilience can be both measured and optimized a major step forward for supply chain science and
policy.

Theoretical Contributions

Theoretically, this paper advances supply chain resilience research in four distinct ways. First, it
fuses structural and behavioral theories into a single analytical framework, bridging Resource
Dependence Theory’s emphasis on external dependencies with Resilience Engineering’s focus on
adaptive internal processes. This multidimensional integration allows resilience to be understood
as an equilibrium between environmental constraints and managerial agency.

Second, it operationalizes resilience capabilities as a measurable latent construct within a
confirmatory SEM framework, converting what was often treated as a qualitative narrative into a
statistically verifiable mechanism.

Third, it expands Institutional Theory by introducing the measurable construct of institutional
amplification, transforming abstract governance pressure into a quantifiable moderator of
organizational adaptation.

Finally, it contributes to the methodological evolution of supply chain science by introducing a
simulation augmented SEM design that unites deterministic inference and probabilistic prediction
an approach applicable to other domains such as sustainability, circular economy, and digital
transformation.

Managerial and Policy Implications

For practitioners, the findings provide an actionable roadmap for developing resilience
strategically rather than reactively. Managers should prioritize investments in digital integration,
local capacity expansion, and redundancy initiatives while maintaining balance to avoid
diminishing returns. The validated Resilience Index offers a diagnostic benchmark that firms can
adopt internally to evaluate the effectiveness of their resilience programs.
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For policymakers, the results offer a data driven foundation for designing national resilience
strategies. By demonstrating that institutional frameworks amplify organizational investment
effects, the study justifies federal and state initiatives that link funding, regulation, and
transparency. Institutional amplification transforms resilience from a private concern into a
collective system outcome. The Resilience Index can thus serve as a monitoring tool for measuring
sectoral progress and policy effectiveness over time.

Limitations

Despite its rigor, the study has limitations that must be acknowledged. The sample 48 aggregated
sectoral observations capture macro level patterns but limits micro level inference. Future work
should expand the dataset to include firm level and regional observations to capture heterogeneity
across industries. Additionally, while the simulation provides probabilistic insights into policy
effects, it assumes independence among interventions. Future research could adopt multi agent
simulations or system dynamics models to explore interactive feedback loops among sectors,
policies, and supply tiers. Finally, institutional pressure was measured as a composite index; future
studies could disaggregate it into coercive, normative, and cognitive dimensions to isolate specific
policy mechanisms driving amplification effects.

Future Research Directions

The simulation augmented SEM framework introduced here opens several research avenues.
Scholars could replicate this model across different national contexts to test whether institutional
amplification is culture or system dependent. Cross country comparisons between highly regulated
economies (e.g., the U.S. or EU) and emerging markets could reveal whether institutional strength
moderates’ resilience elasticity differently. Moreover, future research could incorporate temporal
dynamics, converting static SEM relationships into panel or longitudinal models that capture how
resilience evolves over time. Integrating machine learning with SEM could also enhance predictive
accuracy and scenario complexity. Lastly, researchers could extend this framework beyond
resilience to explore digital sustainability and supply chain circularity, testing whether similar
amplification effects arise when institutional mechanisms promote environmental or ethical
performance outcomes.

This study provides robust empirical and methodological evidence that supply chain resilience can
be engineered, quantified, and optimized through the deliberate alignment of resources,
capabilities, and institutions. It transforms the notion of resilience from a metaphor of endurance
into a measurable, actionable property of economic systems. By integrating theory, data, and
simulation, the research bridges the traditional divide between management science and policy
design an essential step toward developing a unified science of resilient supply chains. For
scholars, the study demonstrates how complex theoretical constructs can be translated into
empirical, predictive models. For policymakers and managers, it offers practical thresholds,
measurable indicators, and strategic guidance for building stronger, more adaptive systems.

In an era where disruption is the norm rather than the exception, understanding and quantifying
resilience is no longer optional it is the foundation of economic stability and national security. The
simulation augmented SEM approach proposed here provides a replicable path forward for
designing, testing, and scaling resilience strategies that balance efficiency with endurance,
ensuring that supply chains remain both competitive and unbreakable.
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Appendix A — Measurement Items and Construct Indicators

Construct Code | Measurement Item (Short Description)

Supplier Concentration SC1 | Dependence on a small number of suppliers

SC2 | High share of inputs from top five suppliers/countries
SC3 | Limited switching ability to alternative suppliers
Disruption Frequency DF1 | Number of operational disruptions experienced annually
DF2 | Severity of disruption impact on production/logistics
DF3 | Duration of disruption before full operational recovery
Cyber Exposure CE1 | Number of cybersecurity incidents affecting operations
CE2 | Vulnerability of information systems to cyberattacks
CE3 | Interruptions caused by cyber breaches or data loss
Climate / Physical Risk CR1 | Frequency of climate-related disruptions

CR2 | Infrastructure sensitivity to extreme weather events

CR3 | Geographic exposure to physical and environmental
hazards

Domestic Capacity DC1 | Percentage of production located domestically

DC2 | Availability of domestic suppliers for critical inputs
DC3 | Ability to scale domestic operations during disruptions
Resilience Investment RI1 | Allocation of financial resources for redundancy
initiatives

RI2 | Training and preparedness activities for crisis response
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RI3 | Maintaining backup facilities, suppliers, and logistics
options

Digital Maturity DMI1 | Use of analytics and data-driven decision tools

DM?2 | Integration of loT and automation in core operations

DM3 | Cloud-based collaboration and digital connectivity across
partners

Resilience Capabilities RC1 | Ability to anticipate and prepare for disruptions

RC2 | Flexibility to reconfigure operations during crises

RC3 | Speed of recovery and restoration of normal operations

Resilience Index | RIx1 | Continuity of operations during disruptions
(Performance)

RIx2 | Speed of recovery and minimal downtime

RIx3 | Stability of service and demand fulfilment during crises

Appendix B— Common Method Bias Assessment

Test Type Threshold Obtained | Interpretation

Harman’s Single-Factor | <50% variance | 36.4% No dominant factor — No CMB
Test concern

Full Collinearity VIF <33 1.87 —2.61 | No multicollinearity-based CMB
Marker Variable | Non-significant | AR? = | No CMB concern

Technique AR? 0.014

Conclusion: Across multiple diagnostic tests, common method bias is not a concern in this dataset.

Appendix C — Outer Loadings and Cross-Loadings (Condensed Format)

Indicator | Primary Highest Cross- | Difference Interpretation
Loading Loading

SC1 0.84 0.22 (DF) 0.62 High discriminant validity
SC2 0.88 0.24 (DF) 0.64 High discriminant validity
SC3 0.81 0.20 (DF) 0.61 High discriminant validity
DF1 0.83 0.27 (CE) 0.56 High discriminant validity
DF2 0.88 0.30 (CE) 0.58 High discriminant validity
DF3 0.85 0.29 (CE) 0.56 High discriminant validity
CEl 0.82 0.26 (DF) 0.56 High discriminant validity
CE2 0.88 0.27 (DF) 0.61 High discriminant validity
CE3 0.80 0.24 (DF) 0.56 High discriminant validity
CR1 0.83 0.24 (RC) 0.59 High discriminant validity
CR2 0.86 0.23 (RO) 0.63 High discriminant validity
CR3 0.84 0.24 (RC) 0.60 High discriminant validity
DC1 0.89 0.29 (RC) 0.60 High discriminant validity
DC2 0.87 0.28 (RC) 0.59 High discriminant validity
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DC3 0.85 0.27 (RC) 0.58 High discriminant validity
RI1 0.90 0.42 (RC) 0.48 Acceptable separation
RI2 0.88 0.41 (RC) 0.47 Acceptable separation
RI3 0.87 0.43 (RC) 0.44 Acceptable separation
DM1 0.86 0.36 (RC) 0.50 High discriminant validity
DM2 0.87 0.35 (RC) 0.52 High discriminant validity
DM3 0.84 0.34 (RC) 0.50 High discriminant validity
RCl1 0.89 0.49 (RIx) 0.40 Acceptable separation
RC2 0.87 0.48 (RIx) 0.39 Acceptable separation
RC3 0.88 0.50 (RIx) 0.38 Acceptable separation
RIx1 0.90 0.53 (RC) 0.37 Acceptable separation
RIx2 0.88 0.52 (RC) 0.36 Acceptable separation
RIx3 0.86 0.51 (RC) 0.35 Acceptable separation

Interpretation summary: All items load highest on their intended construct and display sufficient
separation from cross-loadings, confirming discriminant validity.

Appendix D — HTMT Matrix

Construct SC |[DF |CE |[CR |[DC |[RI |DM |RC |RIx
Supplier Concentration (SC) | —
Disruption Frequency (DF) | 0.57 | —
Cyber Exposure (CE) 0.51 1 0.62 | —
Climate / Physical Risk (CR) | 0.49 | 0.58 | 0.55 | —
Domestic Capacity (DC) 0.3410.39 1036|042 | —
Resilience Investment (RI) 0.3710.40 | 0.38 | 0.41 | 0.63 | —

Digital Maturity (DM) 0411046049 (0.45]0.66 | 0.61 | —
Resilience Capabilities (RC) | 0.45 [ 0.49 | 0.50 | 0.48 | 0.71 | 0.68 | 0.64 | —
Resilience Index (RIx) 0.3910.41 | 0.42 1 0.40 | 0.68 | 0.70 | 0.63 | 0.78 | —

Threshold rule: HTMT < 0.85 — All constructs exhibit discriminant validity.

Appendix E — Descriptive Statistics

Construct Mean | SD | Skewness | Kurtosis
Supplier Concentration | 0.62 | 0.14 | 0.21 -0.44
Disruption Frequency | 3.41 1.12 1 0.53 -0.18
Cyber Exposure 7.83 13.29]0.66 0.12
Climate / Physical Risk | 5.11 | 1.95 | 0.49 -0.09
Domestic Capacity 0.54 [0.17 [ -0.32 -0.31
Resilience Investment | 2.87 | 0.96 | -0.15 -0.22
Digital Maturity 0.58 |0.18]-0.28 -0.41
Resilience Capabilities | 0.63 | 0.15 | -0.24 -0.36
Resilience Index (RIx) | 74.31 | 8.92 | -0.19 -0.29
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Appendix F — Correlation Matrix

Construct SC |[DF |CE |CR |DC |RI |DM |RC |RIx
Supplier Concentration (SC) | 1.00

Disruption Frequency (DF) | 0.43 | 1.00

Cyber Exposure (CE) 0.39 1046 |1.00

Climate / Physical Risk (CR) | 0.37 ]0.44 [0.42 | 1.00

Domestic Capacity (DC) -0.21 | -0.24 | -0.26 | -0.28 | 1.00

Resilience Investment (RI) | -0.19 | -0.22 | -0.21 [ -0.23 | 0.47 | 1.00

Digital Maturity (DM) -0.17 | -0.20 | -0.24 | -0.22 | 0.44 | 0.36 | 1.00

Resilience Capabilities (RC) | -0.29 | -0.32 | -0.31 | -0.33 | 0.59 ] 0.56 | 0.53 | 1.00
Resilience Index (RIx) -0.26 | -0.28 | -0.30 | -0.29 | 0.62 | 0.58 | 0.55
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