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were identified as the most
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Supply chain resilience in agri-food industries is of particular importance due to
exposure to multiple risks and unforeseen disruptions. This study aims to
develop a hybrid fuzzy decision-making model for identifying and assessing the
importance of risks and formulating strategies to improve resilience in agri-
food supply chains. The research is applied in terms of purpose and descriptive-
survey in nature. The study data were collected from five experts and managers
familiar with the meat and protein-products sector, who were selected through
snowball sampling. First, influential risks and resilience strategies were
extracted through a literature review and then evaluated and screened using the
Fuzzy Delphi Method (FDM). Subsequently, the Fuzzy Ordinal Priority
Approach (OPA-F) was employed to determine the importance and assign
weights to risks, while the Fuzzy Quality Function Deployment (FQFD)
approach was applied to identify appropriate resilience improvement
strategies. The OPA-F results indicated that infrastructure and logistics risks,
with a weight of 0.3849, constituted the most important risk dimension in the
supply chain under study. Moreover, “insufficient technology development,”
with a weight of 0.2012, was identified as the most critical sub-risk. The FQFD
results revealed that "investment in infrastructure,” "technology adoption and
development,” and "process standardization" are the most important strategies
for improving resilience, respectively. The findings demonstrate that the
application of hybrid fuzzy decision-making models can assist agri-food
industry managers in identifying critical risks, prioritizing corrective actions,
and enhancing supply chain resilience.
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1. Introduction

Agri-food supply chains (AFSCs) are essential to food
security and economic development, yet their multi-
actor structure and dependence on biological,
environmental, infrastructural, and market
conditions make them particularly susceptible to
disruption. The perishability of food products,
exposure to climatic variability, fluctuating input
prices, uneven material quality, and transportation
and cold-chain constraints can rapidly propagate
failures across procurement, production, storage,
and distribution. Recent crises, including the COVID-
19 pandemic and intensifying climate and logistics
disturbances, have further demonstrated that
efficiency-oriented supply chains cannot ensure
continuity unless they also possess the capacity to
anticipate, absorb, respond to, recover from, and
adapt to adverse events (Hosseini et al, 2019;
Kazancoglu et al., 2024).

These challenges are especially pronounced in meat
and protein-product supply chains. Their operations
depend on strict food-safety requirements,
uninterrupted refrigeration, reliable energy, stable
access to raw materials, and close coordination
among suppliers, processors, warehouses, and
distributors. A localized failure in technology, quality
control, refrigeration, or supply can therefore affect
the entire chain and increase product loss, service
disruption, and public-health exposure (Davoudi et
al., 2024). Improving resilience requires more than
compiling a list of risks: managers need a structured
mechanism for validating context-specific risks,
determining their relative importance, and
translating the results into prioritized and mutually
compatible actions.

Previous research has extensively examined AFSC
risk identification, risk assessment, and resilience
capabilities, but these activities are often treated as
separate analytical stages. Evidence remains limited
on integrated, context-sensitive frameworks that
quantitatively connect the importance of risks to the
strategies capable of addressing them, particularly in
real industrial meat and protein complexes.
Moreover, such decisions are frequently based on
linguistic expert judgments rather than complete
quantitative datasets. Fuzzy multi-criteria decision-
making is therefore suitable because it retains the
ambiguity inherent in expert assessments while
enabling systematic comparison of multiple risks
and actions (Afrasiabi, et al, 2022; Sahoo &
Goswami, 2023).

Accordingly, this study develops an integrated FDM—
OPA-F-FQFD framework for managing risk and
strengthening resilience in an agri-food supply
chain. It aims to (i) identify and validate the relevant
main and sub-risks and resilience strategies, (ii)
determine the relative importance of the validated
risks, and (ili) prioritize resilience strategies by
considering both risk importance and the
relationships among risks and strategies. The

framework is intended to turn expert knowledge into
transparent implementation priorities and support
the targeted allocation of limited managerial
resources.

2. Methodology

Protein-product manufacturers operating in the
Shiraz Special Economic Zone and Industrial Estate,
Iran. Five senior managers and specialists were
selected through snowball sampling. Their expertise
covered supply-chain management, production and
operations, procurement and supplier management,
quality and food safety, warehousing, cold-chain
management, and distribution; their professional
experience ranged from 18 to 32 years. Literature-
derived factors were supplemented with context-
specific suggestions from this expert committee.

The analysis proceeded in three linked stages. First,
the Fuzzy Delphi Method (FDM) was used to screen
and validate risks and resilience strategies. Experts
rated each factor on a five-level linguistic scale
represented by triangular fuzzy numbers. Their
judgments were aggregated, defuzzified by the
centroid method, and compared with a 0.70
acceptance threshold. Consensus was assessed
across two rounds using the absolute change in
defuzzified scores, with a maximum acceptable
difference of 0.10. From an initial set of 20 risks and
12 strategies, two risks and two strategies were
removed; the second round confirmed consensus on
18 sub-risks grouped under seven main risk
dimensions and ten resilience strategies.

Second, the Fuzzy Ordinal Priority Approach (OPA-F)
was applied to derive the weights of the validated
risks. Experts expressed risk importance through
linguistic rankings converted to triangular fuzzy
numbers. The attribute-based OPA-F linear-
programming model simultaneously incorporated
expert judgments and ordinal positions without
requiring  pairwise = comparisons or  prior
normalization. The resulting fuzzy weights were
defuzzified and ranked in descending order (Ataei et
al., 2020; Mahmoudi et al., 2022).

Third, Fuzzy Quality Function Deployment (FQFD)
translated the risk assessment into resilience
priorities. In the House of Quality, the validated risks
were defined as WHATSs and the resilience strategies
as HOWs. Experts evaluated the strength of each
WHAT-HOW relationship and the positive or
negative correlations between HOWSs using
established linguistic scales (Bottani & Rizzi, 2006).
Initial strategy importance was calculated by
combining fuzzy risk weights with the aggregated
risk—strategy relationship matrix. The scores were
then adjusted for inter-strategy correlations,
defuzzified, and ranked. Finally, seven sensitivity
scenarios varied the weight of the most important
main risk while proportionally redistributing the
remaining weights. Rank stability was examined
through scenario comparisons and Spearman rank
correlations.
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3. Results and Discussion

The FDM stage established a contextually validated
decision structure consisting of seven main risks, 18
sub-risks, and ten resilience strategies. The seven
main risks were supply, demand, financial,
infrastructure and logistics, biological and
environmental, climate and natural disasters, and
political and legal risks. Consensus in the second
Delphi round indicated that the retained factors
were both relevant to the case and sufficiently stable
for subsequent weighting and strategy evaluation.
OPA-F identified infrastructure and logistics risks as
the dominant risk dimension, with a final weight of
0.3849, followed by biological and environmental
risks (0.2492) and supply risks (0.1333). The
remaining  dimensions—climate and natural
disasters (0.0678), political and legal risks (0.0657),
demand risks (0.0509), and financial risks
(0.0482)—received lower relative priorities.
However, these lower weights should not be
interpreted as indicating that these dimensions are
unimportant. Rather, the ordering reflects the
experts’ assessment of the  case-specific
concentration of wvulnerability in operational
infrastructure, logistics, biological exposure, and
supply continuity.

At the sub-risk level, insufficient technology
development ranked first, with a final weight of
0.2012, followed by pests and diseases (0.1635),
product perishability (0.0857), weak agricultural
infrastructure (0.0711), and cold-chain disruption
(0.0685). These results reveal a coherent
vulnerability  pattern. Limited technological
capability reduces visibility, monitoring, process
control, forecasting, and rapid response. Biological
hazards and product perishability can directly
degrade product quality and safety, while weak
agricultural infrastructure and cold-chain failures
amplify losses during storage and distribution. The
findings are consistent with research emphasizing
the role of refrigeration, logistics reliability, and
technological capability in limiting waste and
disruption in perishable-food and meat supply
chains (Davoudi et al., 2024; Kumar et al., 2021).

The FQFD results ranked investment in
infrastructure as the most important resilience
strategy, with a defuzzified score of 2.018, followed
by technology adoption and development (1.748)
and process standardization (1.590). Safe and
flexible inventory management (1.483),
diversification of supply sources (1.415), a supply-
chain risk-management culture (1.276), transparency
and information sharing (1.062), financial
instruments (1.027), public and policy programs
(1.026), and enhanced supply-and-demand
forecasting (0.681) occupied the subsequent
positions. The leading strategies align closely with
the highest-ranked vulnerabilities: infrastructure
investment can strengthen storage, transport, energy
reliability, and cold-chain continuity; technology
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adoption can improve traceability, real-time
monitoring, data exchange, and decision speed; and
process standardization can reduce quality
variability and support consistent food-safety and
operating controls.

The priorities are mutually reinforcing rather than
isolated. Infrastructure provides the physical
platform for reliable operations, technology supplies
visibility = and  analytical = capability, and
standardization embeds repeatable controls across
organizational boundaries. Together, these three
leading strategies can improve prevention and
preparedness before disruptions, support
coordinated responses during incidents, and
accelerate recovery afterward. Managers should
therefore consider a staged portfolio: first, address
critical cold-chain, energy, transport, and storage
gaps; second, deploy monitoring, traceability, and
information  technologies; and  concurrently
institutionalize standardized quality, safety, and
contingency procedures. Complementary measures
such as diversified sourcing, flexible safety stocks,
and risk-sharing financial tools can further reduce
residual exposure.

Sensitivity analysis confirmed the robustness of the
strategy ranking. Even when the weight of
infrastructure and logistics risk—the highest-
weighted risk dimension—was varied extensively,
investment in infrastructure, technology adoption
and development, and process standardization
retained the first three positions in every scenario.
The Spearman rank-correlation coefficients across
the scenarios ranged from 0.939 to 1.000, with an
average of 0.972. Only limited changes occurred
among the lower-ranked alternatives. This stability
strengthens the practical credibility of the
recommendations and indicates that the three
leading strategies respond simultaneously to several
risk dimensions rather than merely addressing the
single highest-weighted risk.

The study contributes methodologically by
integrating factor validation through FDM, fuzzy risk
weighting through OPA-F, and strategy translation
and prioritization through FQFD within a unified
decision-support process. Unlike stand-alone
prioritization exercises, the FQFD component
explicitly links each strategy to the risks it mitigates
and incorporates interdependencies among the ten
resilience strategies. Practically, the framework helps
managers distinguish between actions that appear
attractive in isolation and those that provide broad,
risk-adjusted resilience value under uncertainty.

4. Conclusions

This study proposed a hybrid fuzzy decision-making
framework to identify critical risks and prioritize
resilience strategies in the supply chain of meat and
protein-product manufacturers. Combining FDM,
OPA-F, and FQFD enabled the research to validate
context-specific factors, preserve uncertainty in
expert judgments, weight risk dimensions, and
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convert risk priorities into actionable strategic
responses. The results show that the case supply
chain is most vulnerable to infrastructure and
logistics constraints, biological and environmental
threats, and supply-related instability. At a more
detailed level, insufficient technology development,
pests and diseases, product perishability, weak
agricultural  infrastructure, and  cold-chain
disruption require particular managerial attention.
Investment in infrastructure, technology adoption
and development, and process standardization
emerged as the most effective resilience strategies.
Their stable positions under sensitivity analysis
indicate that they offer robust wvalue across
alternative risk-weight assumptions. The proposed
framework can therefore support agri-food
managers in identifying critical vulnerabilities,
sequencing corrective investments, and
strengthening the capacities to respond, adapt, and
recover.

The findings should nevertheless be interpreted in
light of several limitations. The expert panel was
small because the subject required specialized
operational knowledge, and the views of all
stakeholder groups may not be fully represented.
The data were judgment-based and collected at one
point in time; fuzzy logic captures ambiguity but
cannot remove subjectivity. The single-case design
also limits direct generalization across industries
and regions, and causal interactions among risks
were not independently modeled. Future studies
could include broader stakeholder samples, replicate
the framework across different AFSCs and
geographic settings, examine temporal changes, and
model causal risk structures using fuzzy DEMATEL,
ISM, or MICMAC. Comparative weighting and
ranking with OPA-G, fuzzy BWM, ARAS, COPRAS,
MULTIMOORA, or EDAS would provide further
robustness evidence.
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Table 10. FDM screening results for risks and resilience strategies
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Figure 3. AFSC risks in meat and protein products sector.
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Table 11. Rank and linguistic terms associated with AFSC sub-risks
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Table 12. TFNs corresponding to AFSC sub-risks
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Table 13. Optimal fuzzy weights of AFSC sub-risks
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Table 15. Final defuzzified weights and overall ranking of main AFSC risks and rub-risks
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Figure 5. Ranking of risks based on defuzzified weights: (a) main risks; (b) sub-risks.
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Table 16. Results of expert evaluation of WHATs—HOWs relationships
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Table 16 continued.

H; Ha Hs Hy Hs He H7 Hs Ho Hio
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R; - S - - - - - - - A%
Rs S - S - S c c M S c
Rs S - S M M S = M M c
Rs M - S - M S M = S S
Rs M - - S - c c - = M
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Table 17. Results of expert evaluation of HOWs—-HOWs relationships
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Table 17 continued.
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Table 18. Adjusted fuzzy importance, defuzzified scores, and ranking of resilience strategies
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Table 19. Elasticity coefficients for changes in weights of main risks
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Table 20. Adjusted weights of main risks under sensitivity analysis scenarios
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Table 21. Ranking results of resilience enhancement strategies under sensitivity analysis scenarios
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Figure 6. Ranking results of resilience enhancement strategies under sensitivity analysis scenarios.
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