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Abstract: This study investigates the resilience of a three-echelon supply chain (SC) subject to potential disruptions 
in the transportation system. Four key resilience factors—visibility, velocity, redundancy, and flexibility—are considered. 
A simulation model is developed to represent the SC, and multiple scenarios are evaluated, each reflecting a unique 
combination of these resilience policies. Performance metrics such as average time in the system, resource utilization, 
number of breakdowns, and total operational cost are computed for each scenario. To determine the most effective 
strategy, fuzzy data envelopment analysis (FDEA) is applied, allowing for decision-making under uncertainty. The 
findings highlight the critical importance of visibility and redundancy in enhancing supply chain resilience. The 
proposed framework offers practical guidance for managers in selecting optimal strategies to mitigate the impact of 
transportation disruptions. 
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INTRODUCTION 
In recent years, supply chains have been increasingly exposed to a broader and more complex array of 
disruptions. Predicting how a supply chain (SC) will respond to various types of disturbances has become 
a significant challenge for businesses worldwide. Effective management and organizational strategies are 
now essential to mitigate these disruptions, emphasizing the need to build resilient supply chains. 
Resilience has emerged as a critical capability in supply chain management. It is commonly defined as the 
ability of a system to absorb unforeseen disturbances, adapt to changing conditions, and rapidly recover 
to its original or an improved state following a disruption. This concept has gained significant attention 
in academic literature and industry practice as a means to enhance operational continuity and competitive 
advantage. Given the complexity and stochastic nature of modern supply chains—especially those 
involving large-scale operations—analytical solutions are often impractical. As a result, simulation has 
become a powerful and widely accepted tool for modeling supply chain behavior under disruption. 
Simulation enables the estimation of key performance indicators (KPIs), such as cost, system time, and 
resource utilization, by replicating the dynamic and uncertain conditions of real-world systems. This study 
focuses on evaluating the resilience of a three-echelon supply chain facing potential transportation 
disruptions. It considers four key resilience factors: visibility, velocity, redundancy, and flexibility. Various 
scenarios, each representing a unique combination of these resilience policies, are developed and 
simulated. The resulting performance data are analyzed using Fuzzy Data Envelopment Analysis (FDEA), 
a technique that accommodates uncertainty and imprecision in decision-making. Through this approach, 
the most effective resilience strategy is identified, offering practical insights for supply chain managers 
aiming to enhance operational robustness. 
 
METHODOLOGY 
Simulation represents one of the tools most frequently used to observe the behavior of SCs in order to 
highlight its lack of efficiency and evaluate new management solutions in a relatively short time. The 
simulation is performed for the following outputs: the number of failure, the average time in system, the 
total cost of the system and the average resource availability. Due to imprecise nature of transportation 
delay, an optimistic and pessimistic time has also been considered. For ranking the scenarios, the FDEA 
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approach is used. In this study, Visual Simulation Language for Analogue Modelling (SLAM), as a fully 
object-oriented simulation language, is used for modelling and simulating the predefined problem.  
FDEA model 
Investigating the efficiency of different scenarios is of interest and the fuzzy data are inputted to the FDEA 
model to obtain the ranking of scenarios. This is obtained by considering pessimistic, optimistic and most 
likely values. There are 13 scenarios with fuzzy transportation delays and this means that simulation will 
be run 39 times for 39 combinations of all states (pessimistic, most likely and optimistic). 
The FDEA method seems to be suitable for problems associated with uncertainty pertinent to the 
existence of the qualitative data set. The reason for using the FDEA approach is the nature of data which 
are imprecise. Also in the FDEA approach, criteria do not need weighting, while in other approaches 
such as fuzzy technique for order performance by similarity to ideal solution (TOPSIS) and fuzzy analytical 
hierarchy process (AHP), criteria need weighting. Hence, the FDEA approach was chosen to rank the 
scenarios. Saati, Hatami-Marbini, and Makui (2009)8 presented a new method for ranking the efficient 
units based on a Charnes, Cooper and 
Rhodes (CCR) model. This was obtained by adding the constraint  to the CCR model and achieving the 
results for a Banker, Charnes and Cooper (BCC) model.9 The fuzzy BCC model for 
ranking the layout alternatives is as follows:  
In Model (1), indices i, r and j show the inputs, outputs and scenarios, respectively This is because inputs 

should be reduced, while outputs should be increased in optimisation problems. x~ 
ij and y~ 

ij are, 
respectively, the input and output variables of FDEA which are triangular shaped fuzzy numbers, and x~ 

ip and y ~ 
rp are the optimistic value for input variables x~ 

ij and pessimistic value for output variables y ~ 
ij, 

respectively. Substituting fuzzy values x~ 
ij and y~ 

ij with x~ 
ij = (xp, xm, xo) and y = (yp, ym, yo), respectively, 

and using α-cuts method, Model (1) can be stated as follows: 

In Model (1), a is a parameter belonging to the interval [0 1]. Model (1) is a parametric linear programming 
model which can be used for obtaining the optimum solution for each given value of a. Since the objective 
of this study is to analyse the efficiency of resilience scenarios based on output indicators, the output-
oriented BCC model has been utilised, and the efficiency and rank of each layout are determined based 
on Model (1) for different α value. 
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INVESTIGATION 
This study includes an investigation that has an SC consisting of three stages. At the first stage, it has two 
factories that produce five types of parts: three types at the first factory and two types at the second one. 
Let us denote the products of the first as M1, M2 and M3; and of the second as M4 and M5. The supply 
of the first stage is infinite, meaning that whenever we need these parts, they are available. With three 
different vehicles, these parts are transported to two other factories: M1, M2 and M3 to the first factory 
and M4 and M5 to the second one. These two factories assemble the parts into C1 and C2. Again, the 
vehicles transport two of them to a factory where final assembly is done. The appropriate vehicle takes 
the final product to the ultimate plant. A schematic view is shown in Figure 1. For assembly at stage 2, 
one unit of each arrived part is needed; and for assembly at stage 3, 2 units of C1 and 3 units of C2 is 
needed. The time of processing at stage 2 has the exponential. 
Figure 1. The SC network. 
 
 
 
 
 
 
 
 

distribution with mean value of 1, and the time at stage 3 has the exponential distribution with mean 
value of 2. Five trucks with capacity of 20 units per load, three trucks with capacity of 30 and Five with 
capacity of 10, are available. 
In order to evaluate resilience strategies in the proposed SC, 13 different scenarios are defined as follows: 
Scenario 1 (basic scenario): In this scenario, the main SC is supposed, without disruption and any 
resilience strategy. For comparing the situations in which disruptions may occur (i.e. the one needing 
resilience factors), we need this basic scenario. 
Scenario 2 (disruption scenario): In this scenario, the disturbance may occur but no resilience strategy 
has been assumed. The failure occurs with a specific distribution. This scenario is needed to evaluate the 
effectiveness of resilience strategies in disturbance situations. 
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Scenario 3 (resilient scenario 1): This scenario is our first scenario in which a resilience factor is 
considered. The factor is velocity that means the increase in rate of system recovery. Velocity is one of the 
agility factors, and this makes this scenario agile. 
Scenario 4 (resilient scenario 2): In this scenario, we assume the visibility factor which means the quick 
response of the system to any disruption. In our case, immediately after a truck breaks down, system 
responds (i.e. there is no delay between failure of a resource and replacing it with another one). As it was 
mentioned, the visibility is one of the agility factors. So in other words, this scenario also expresses the 
agility of the SC. 
Scenario 5 (resilient scenario 3): In this scenario, we are taking the redundancy factor into account. 
Redundancy means the augmentation in the number of resources. 
Scenario 6 (resilient scenario 4): In this scenario, the system has both factors of visibility and velocity 
together. That means the system is definitely agile. The system responds to any disruption without delay 
and repairs with a faster rate. 
Scenario 7 (resilient scenario 5): This scenario includes velocity and redundancy together. In addition to 
availability of more resources, the recovery time is less. The combination of two resilience factors is 
assumed in this case. 
Scenario 8 (resilient scenario 6): In this scenario, the concept of redundancy along with visibility has been 
considered. It is obvious that having extra resources and a quick response to disruption makes the system 
more resilient. 
Scenario 9 (resilient scenario 7): Extra resources and flexibility of using them in place of each other is 
supposed in this case. The aforementioned characteristics make our system redundant and flexible.  
If a resource breaks down, not only an extra one is available, but also it can be replaced by other resources 
as needed. 
Scenario 10 (resilient scenario 8): Seeking for a resilient system is led to combining redun- dancy, velocity 
and visibility strategies. When a resource needs recovery, the system reacts immediately by offering more 
resources and repairing the failed one rapidly. 
Scenario 11 (resilient scenario 9): Among the resilience factors, velocity, flexibility and redundancy are 
assumed in this scenario. 
Scenario 12 (resilient scenario 10): Visibility, flexibility and redundancy make this scenario more resilient. 
Scenario 13 (resilient scenario 11): Finally, in this scenario, all the aforementioned resilient factors are 
taken into account. 
As we mentioned earlier, in each scenario we considered some resilience factors. The summaries of 
assumptions are shown in Table 2. 

 
Simulation network modelling 
In the simulation network, the products (i.e. raw materials and assembled parts) are considered as entities; 
and the trucks are taken up as resources. In this process, the raw materials are sent into the original 
network by a CREATE node and since the plant orders one unit each day, they double to make enough 
of C1 and triple to make enough of C2. If the requisite resource (i.e., truck) is available, they will arrive 
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to the factory where the first assembly gets done. Otherwise, they wait in the AWAIT node. The nodes 
employed for modelling the process are UNBATCH, ASSIGN, BATCH, QUEUE, FREE, COLCT, 
ASSEMBLE, RESOURCE, PREEMPT and TERMINATE. The network of the first scenario shows the 
situation with no resilience policy. Scenario 2 has the factor of disruption. At the third scenario, velocity, 
as a resilience factor, plays a part. At the fourth scenario, the assumption of visibility is taken into account. 
Scenario 5 has the factor of redundancy. 
 
RESULTS AND DISCUSSION 
After running the simulation, the reports are collected. Table 4 shows the results of simulation for 
pessimistic, most likely and optimistic situations. The transportation delays of these situations are shown 
in Table 3. In Table 4, total cost of system consists of the costs of trucks and the costs to repair them. 

 
In this study, the FDEA approach is used as an effective method to rank the scenarios and analyze the 
data. 10 All the performance indicators are imported to the FDEA model in order to determine the 
efficiency score and rank of scenarios. Table 5 shows the results of using the FDEA approach. In a real-
word setting, determining the α-cut value depends on the extent of the system under study. These values 
are related to the measure of certainty in a real-world case. When the certainty increases and the fuzzy 
system goes to the certain situation, α goes to one; so depending on the limit of certainty, the most 
appropriate α is selected. This study covers a wide range, so the different values of α-cuts between 0 and 
1 are considered.  As seen in Table 5, for α-cut-1, scenario 1 reaches the first place and this was predictable 
since this scenario is the basic scenario where no disruption happens and no work stoppage occurs. For 
α-cut-0.01, 0.1 and 0.2, scenario 4 reaches the first place and this shows the importance of visibility in the 
system. It is certain that a system should be visible to withstand the situations in which disruption may 
occur, because having a clear view of the system becomes more critical in case of a disturbance. Scenario 
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8 for α-cut-0.3, 0.4, 0.5, 0.6, 0.7 and 0.8 is the best which shows the significant role of visibility and 
redundancy. Redundancy plays a significant role especially when the disruption occurs in a transportation 
system which is our case. Finally, for α-cut-0.9, 0.95 and 0.99, scenario 5 achieves the first place. The 
factor that was considered in scenario 5 was redundancy. So, the results of the FDEA approach show the 
importance of considering visibility and redundancy among the factors of resilience. 

CONCLUSION 
Supply chains are increasingly exposed to unpredictable disruptions, particularly in transportation 
systems, which can significantly impair performance. Therefore, resilience has become essential for supply 
chain sustainability. This study presents a comprehensive framework that integrates simulation and fuzzy 
data envelopment analysis (FDEA) to assess the impact of various resilience strategies in a three-echelon 
supply chain.We modelled 13 distinct scenarios, each representing a different policy combination of four 
key resilience factors: visibility, velocity, redundancy, and flexibility. The simulation results, evaluated 
through FDEA, demonstrate that implementing resilience-enhancing factors leads to improved system 
performance. Among these, visibility and redundancy emerged as the most influential in mitigating 
transportation-related disruptions. The proposed framework offers practical insights for supply chain 
managers, helping them identify and implement optimal resilience strategies under uncertainty. Future 
research can expand on this work by exploring additional resilience dimensions and incorporating real-
time data analytics to further enhance decision-making in dynamic supply chain environments. 
 
REFERENCES 
1. Juan SJ, Li EY, Hung WH. An integrated model of supply chain resilience and its impact on supply chain performance under 
disruption. The International Journal of Logistics Management. 2022 Feb 1;33(1):339-64. 
2. Ivanov D, Dolgui A, Sokolov B, Ivanova M. Literature review on disruption recovery in the supply chain. International Journal 
of Production Research. 2017 Oct 18;55(20):6158- 74. 



International Journal of Environmental Sciences 
ISSN: 2229-7359 
Vol. 11 No. 4,2025 
https://theaspd.com/index.php 
 
 

167 
 

3. Katsaliaki K, Galetsi P, Kumar S. Supply chain disruptions and resilience: A major review and future research agenda. Annals 
of Operations Research. 2022 Dec 1:1-38. 
4. Shekarian M, Mellat Parast M. An Integrative approach to supply chain disruption risk and resilience management: a literature 
review. International Journal of Logistics Research and Applications. 2021 Sep 3;24(5):427-55. 
5. Aldrighetti R, Battini D, Ivanov D, Zennaro I. Costs of resilience and disruptions in supply chain network design models: a 
review and future research directions. International Journal of Production Economics. 2021 May 1;235:108103. 
6. Ivanov D, Dolgui A. Low-Certainty-Need (LCN) supply chains: a new perspective in managing disruption risks and resilience. 
International Journal of Production Research. 2019 Aug 29;57(15-16):5119-36. 
7. Dodgson M, Gann DM, Salter A. The impact of modelling and simulation technology on engineering problem solving. 
Technology Analysis & Strategic Management. 2007 Jul 1;19(4):471-89. 
8. Hatami-Marbini A, Saati S, Makui A. An application of fuzzy numbers ranking in performance analysis. Journal of Applied 
Sciences. 2009 Jun 25;9(9):1770-5. 
9. Banker RD, Charnes A, Cooper WW, Swarts J, Thomas D. An introduction to data envelopment analysis with some of its 
models and their uses. Research in governmental and nonprofit accounting. 1989 Feb;5(1):125-63. 
10. Soltanpour Gharibdousti M. Azadeh A. Performance evaluation of organizations based on human factor engineering using 
fuzzy data envelopment analysis (FDEA). Journal of Soft Computing in Civil Engineering. 2019 Jan 1;3(1):63-90. 


