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Email: yilmazhaf@itu.edu.tr 

 

Özgür Kabak 

Industrial Engineering Department 

Istanbul Technical University, Faculty of Management, Maçka, Istanbul, Turkey  
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ABSTRACT 
Effective distribution center location planning is crucial 

in disaster management, as it significantly influences the 

transportation, storage, and delivery of relief supplies to 

affected areas. This study uses a novel multi-objective 

mathematical programming model to optimize the concurrent 

selection of main distribution centers (MDCs) and local 

distribution centers (LDCs). The model addresses six key 

objectives: minimizing distances between demand points, 

LDCs, and MDCs; determining optimal numbers of LDCs and 

MDCs; reducing unsatisfied demand; improving citizens' 

accessibility to LDCs; and evaluating the suitability of selected 

centers for humanitarian operations. A goal programming 

approach is used to solve the model effectively. The model's 

applicability and efficacy are demonstrated through a case 

study in Istanbul, a region prone to seismic activity, with 

detailed sensitivity analyses validating its performance. By 

tackling the complexities of distribution center location 

planning in disaster management, this study enhances the 

efficiency and resilience of humanitarian logistics, ensuring the 

timely and effective delivery of relief supplies during crises. 

 
Keywords: disaster relief operations, humanitarian logistics, 

Istanbul earthquake, location, multiple-objective optimization 

1. INTRODUCTION 
Natural disasters have inflicted substantial harm on 

human populations in recent years, resulting in significant 

fatalities and widespread devastation worldwide. The 

staggering records indicate that since 2010, there have been 

nearly 7,000 disasters, causing approximately 600,00 deaths, 

and affecting nearly 2 billion people, with predicted 

economic consequences exceeding US$ 2 trillion 

(www.emdat.be). Among the most prevalent natural 

disasters are floods, earthquakes, storms and landslides. The 

escalating frequency and impact of these disasters have 

prompted a growing focus from academics and researchers 

on this critical topic, seeking to aid vulnerable communities 

in disaster prevention and recovery. 

Effective disaster management entails a holistic 

approach, involving coordinated efforts before, during and 

after disasters to mitigate their destructive effects and restore 

normalcy in affected societies (Galindo and Batta, 2013). 

The field of disaster management revolves around 

identifying strategies to reduce and combat the risks 

associated with these calamitous events (Haddow et al., 

2013). An optimal logistics strategy should involve 

organizing resources and relief supplies, identifying and 

establishing distribution centers and planning the 

distribution of these items (Das et al., 2021). Scholars 

commonly classify disaster management into distinct stages, 

including mitigation, preparedness, response, and recovery 

(Altay and Green, 2006). Mitigation and preparedness, the 

pre-disaster stages, aim to minimize the physical, economic 

and social impacts by pre-positioning relief supplies, 

devising response plans, and strengthening building codes. 

The post-disaster stages encompass response efforts, such as 

search and rescue operations, relief supply distribution, and 

the provision of financial assistance to victims (Natural 

Hazards Research and Applications Information Center, 

2005, Sections 2–4). Notably, disaster response operations in 

the post-disaster stage include the establishment of facilities 

in affected areas to deliver relief goods to the population 

(Noham and Tzur, 2018). 

In the realm of disaster management, facility location 

models play a pivotal role in determining the optimal 

placement of warehouses, distribution centers, medical 

facilities, and shelters, as well as designing efficient 

distribution strategies for pre- and post-disaster operations 

(Boonmee et al., 2017). Among the critical challenges within 

this domain is the design of a well-structured distribution 

network to facilitate the seamless delivery of relief goods 

through distribution centers (DCs). 

In humanitarian logistics, distribution centers are 

typically categorized as Main Distribution Centers (MDCs) 

and Local Distribution Centers (LDCs). MDCs serve as 

stable facilities for storing, handling or arranging relief 

supplies, while LDCs are temporary centers established 

within the disaster zone, responsible for directly delivering 

relief supplies to the victims. MDCs are often considered the 

main coordination points for relief supplies, while LDCs act 

as the final delivery points for goods to the affected 

population. 
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While existing literature has predominantly focused on 

the location selection problem of LDCs, recognizing the 

critical significance of last-mile distribution from LDCs to 

beneficiaries, the inclusion of MDCs in studies has been 

relatively limited. Furthermore, the number of research 

works presenting mathematical models that simultaneously 

consider both MDCs and LDCs is scarce, creating a gap in 

the broader disaster location literature. Existing multiple-

objective models have also been limited in terms of the 

number of objectives considered (Tavana et al., 2017; Cao et 

al., 2021). 

This study seeks to address these critical gaps by 

introducing a novel multi-objective mathematical model that 

enables the simultaneous determination of MDC and LDC 

locations. The proposed model encompasses six key 

objectives, aiming (1) to minimize the total weighted 

distance among opened MDCs, LDCs, and demand points, 

(2) to maximize  the total performance scores of the opened 

DCs, (3) to minimize the total unsatisfied demand, (4) to 

minize the number of opened LDCs, (5) to minize the 

number of opened MDCs, and finally, (6) to minimize 

victims' walking distance to assigned LDCs. Details of the 

literature review specifically conducted for objectives and 

mathematical models used for the targetted problem is 

presented in Section 2 while the details of the objectives are 

explanined in Section 3. 

In this respect our research question can be stated as 

follows: How does the novel multi-objective mathematical 

model, designed to simultaneously determine the locations 

of MDCs and LDCs, perform in optimizing disaster 

management strategies in the context of urban centers, 

considering the specific case study of Istanbul. 

The significance of addressing this research question is 

underscored by the immense challenges posed by disaster 

management, particularly in the context of urban centers 

vulnerable to catastrophic events. As one of the world's 

largest cities and at risk of a devastating earthquake, Istanbul 

serves as a pertinent real-life application for the proposed 

model. With a population exceeding 15 million and an 

estimated impact on 1-3 million people and 40-60 thousand 

buildings, the importance of preparedness and response 

planning cannot be overstated, making Istanbul an ideal case 

study for validation. 

To test and calibrate the performance of the proposed 

model, comprehensive sensitivity analyses are conducted to 

optimize crucial parameters such as the minimum percentage 

of covered demand at each demand point, average allowed 

walking distance, minimum acceptable performance of 

LDCs and MDCs, and minimum required capacity usage. 

These analyses contribute to setting optimal parameter 

values, ensuring robust and reliable results for real-world 

applications. 

This study makes a significant innovative contribution 

by developing a multi-objective mathematical model that 

simultaneously optimizes the locations of both MDCs and 

LDCs, thereby addressing a critical gap in the disaster 

management literature. Its application in Istanbul offers 

valuable insights, illustrating the model's effectiveness in 

urban disaster scenarios. Moreover, the incorporation of 

sensitivity analysis for parameter optimization enhances the 

adaptability of the model across diverse contexts. Given that 

Turkey is a high-risk earthquake zone, this research holds 

particular importance. The proposed model equips decision-

makers with the ability to assess distribution center 

alternatives based on a comprehensive array of criteria, 

including those not explicitly incorporated into the model, 

thereby providing a flexible and essential tool for optimizing 

disaster management strategies. 

The paper is organized as follows: Section 2 presents a 

literature review that is used to derive the the six objectives 

used in the study. In Section 3, the proposed methodology is 

introduced. Section 4 showcases the application in Istanbul. 

Section 5 offers practical and managerial insights based on 

the application results. Finally, Section 6 concludes the 

paper, emphasizing the significant contributions and 

potential applications of the proposed model. 

2. HOW THE SIX OBJECTIVES 

ARE DERIVED 
In this section, we provide an anwer how the six 

objectives used in the study are derived based on the 

literature review. For this, we present a summary of the 

humanitarian logistics literature with a particular focus on 

the location selection of DCs in terms of DC types. To find 

out the objectives used in the literature, we analyzed 57 

relevant papers using ScienceDirect and Scopus databases, 

utilizing keywords such as "disaster location," "disaster 

response," "disaster relief," "disaster management," and 

"humanitarian logistics." Papers that specifically addressed 

the facility location problem were selected after the keyword 

search. Appendix 1 and 2 provide a list of the papers and the 

objectives used for the location problem of MDCs and LDCs, 

respectively. Additionally, Table 1 summarizes the papers in 

terms of the objectives they employ. 

 
Table 1 Objectives used in DC location studies in humanitarian 
logistics 

Objective 
Number of 

Papers 
LDC MDC 

Time/distance to LDCs or 
beneficiaries 

34 X X 

Demand coverage 33 X X 

Transportation cost 31 X X 

Investment cost 17 X X 

Beneficiaries’ travel cost 9 X  

Accessibility/ availability 8 X X 

Storing/operating cost 6 X X 

Equity 5 X  

Unused inventory cost 5 X  

Psychological/ uncovered 
demand cost 

3 X  

Total potential environmental 
risk 

2 X X 

Security 2 X  

Reliability 2 X  

Socio-economic 
development level 

2  X 

Procurement cost 2 X  

Infrastructure 1  X 

Storage environment 1  X 

Management 1  X 
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The literature review reveals various objectives used in 

mathematical models for locating MDCs: 

- "Cost" is the most prevalent objective for MDC 

location selection. It encompasses investment, 

maintenance or storage cost, and operational or 

transportation cost in certain proposed models (e.g., 

Tofighi et al., 2016; Tavana et al., 2017; Vahdani et al., 

2018; Rahmani et al., 2018; Camacho-Vallejo et al., 

2015; Timperio et al., 2017). 

- Objectives related to "time/distance to LDCs or 

beneficiaries," such as "proximity to beneficiaries" and 

"LDC access time," are employed by various 

researchers and they are second most commonly 

utilized criteria. (Ahmadi et al., 2015; Tofighi et al., 

2016; Camacho-Vallejo et al., 2015; Vahdani et al., 

2018)."Demand coverage" is also one of the most 

commonly utilized criterion for MDC location 

selection (e.g., Afshar and Haghani, 2012; Salmeron 

and Apte, 2009; Camacho-Vallejo et al., 2015; Verma 

and Gaukler, 2015; Ahmadi et al., 2015; Salman and 

Yucel, 2015; Serrato-Garcia et al., 2016). 

- "Accessibility" is considered in some models (e.g., 

Salman and Yucel, 2015; Brito Jr. et al., 2020; Verma 

and Gaukler, 2015; Vahdani et al., 2018; Noham and 

Tzur, 2018).  

- "Infrastructure," "hygiene of the storage environment," 

and "management" are considered in a single study by 

Brito Jr. et al. (2020). “Infrastructure” is also adopted 

by Leeuw and Mok (2018), considering it as the 

distance of a DC from ports and airports. However, 

since this article does not contain a mathematical 

model, it is not included in Table 1. 

- "Socio-economic development level" is a criterion 

employed only by Ahmadi et al. (2015) and Timperio 

et al. (2017). 

- "Total potential environmental risk" identifies two 

criteria concerning sustainable distribution systems by 

Cao et al. (2021) and locationg DCs outside of 

identified hot zones by Timperio et al. (2017).  

Turning to the literature review for LDC locating 

mathematical models, we find the following highlights: 

- "Time/distance to LDCs or beneficiaries" and "demand 

coverage" are the two most favored objectives for 

LDCs. 

- Different cost types, such as "transportation cost," 

"investment cost," "uncovered demand cost," 

"operating cost," "unused inventory cost," and 

"procurement cost," are used in locating LDCs. 

Transportation cost is the most commonly used cost 

type, while "psychological/uncovered demand cost" 

and "unused inventory cost" are among the least 

preferred criteria in the literature, each adopted by only 

a few studies. 

- Transportation time between LDC and MDC is 

considered separately by some researchers (Vitoriano 

et al., 2011; Cao et al., 2018; Tavana et al., 2017; 

Maharjan and Hanaoka, 2018). 

- "Equity" is an objective adopted solely in papers 

focusing on LDCs (e.g. Florez et al., 2015; Rancourt et 

al., 2015; Condeixa et al., 2017; Hasani and Mokhtari, 

2018). 

- “Efficacy” seeks to reduce distribution time for each 

demand point while accounting for the arrival of relief 

goods. Kobayashi et al. (2019) propose "efficacy" as a 

measure of how effectively distribution time is utilized 

in relief efforts by comparing it with equity and 

efficiency metrics. 

- "Safety & security" is considered by Vitoriano et al. 

(2011) and Cavdur et al. (2016). 

- "Environmental effects" is only employed  by Boostani 

et al. (2020).  

Table 1 demonstrates the wide array of criteria used in 

disaster DC location studies. The most commonly adopted 

criteria are "demand coverage," "time/distance to LDCs or 

beneficiaries," "transportation cost," "investment cost," and 

"beneficiaries’ travel cost." Notably, the criteria for MDC 

and LDC differ due to their distinct purposes, as explained 

earlier. 

The proposed model in this study integrates three of the 

top four criteria from the literature for DC location selection: 

"total distance to beneficiaries," "demand coverage," and 

"investment cost." Furthermore, an objective is added to 

minimize average walking distance among demand points 

and their assigned LDC, akin to the concept of beneficiaries' 

travel cost, which is the sixth most preferred criterion in the 

literature. Additionally, an objective is included to evaluate 

the suitability/operational efficiency of a location for MDC 

and LDC, aiming to maximize the performance scores of the 

selected/opened DCs. These scores can be assessed based on 

various criteria, which might not be set as specific objectives 

in the model, such as office and warehouse facilities, cost, 

infrastructure, and security (Yılmaz and Kabak, 2020). To 

the best of our knowledge, this is the first study to consider 

the conformity of DC criteria in mathematical models for 

location selection. 

Furthermore, equity, a common objective in the 

literature, is incorporated into the proposed model as 

constraints. While often overlooked in the literature, the 

importance of warehouse facilities criteria is acknowledged 

in the constraints, considering its crucial impact on relief 

operations and ensuring the delivery of healthy goods in real-

life scenarios. Lastly, the proximity of MDCs to airports and 

seaports is also added as constraints to enable the supply 

chain to utilize different transportation modes, thus 

enhancing the accessibility of MDCs to suppliers. 

This paper employs a multi-objective approach to 

address the complexities of humanitarian logistics. The 

objectives are specifically designed to optimize the 

distribution of relief supplies, enhance accessibility, reduce 

unsatisfied demand, ensure the model's cost-effectiveness 

and evaluate the operational efficiencies of  DCs for relief 

efforts such as preserving relief supplies. By integrating all 

six objectives, this paper adopts a holistic approach to relief 

operations, with each objective addressing distinct facets of 

disaster management. This comprehensive strategy 

significantly enhances the overall efficiency and 

effectiveness of relief efforts. 
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The model effectively balances trade-offs among the 

objectives, recognizing that conflicts may arise—such as the 

conflict between minimizing costs and maximizing 

accessibility. By considering all objectives, decision-makers 

can navigate these trade-offs more effectively and make 

informed choices. Furthermore, the model’s adaptability to 

complex scenarios is critical, as disasters often present 

unforeseen challenges. The multi-objective framework 

provides the necessary flexibility to respond to varying 

conditions and requirements in real time. Additionally, the 

diverse objectives reflect the needs of various stakeholders, 

including affected populations and local governments, 

thereby enhancing stakeholder engagement. This 

consideration fosters collaboration and support among these 

groups. By optimizing multiple objectives, the model not 

only contributes to immediate response efforts but also 

builds resilience in disaster management and preparedness. 

In summary, these objectives are essential for developing a 

well-rounded, efficient, and effective disaster management 

strategy. Their comprehensive consideration facilitates 

improved decision-making and enhances outcomes during 

crisis situations. 

The details and specific formulations of the proposed 

model are provided in the following section. The model's 

comprehensive integration of various objectives and criteria 

reflects its potential for robust and efficient disaster 

management decision-making. 

3. PROPOSED METHODOLOGY 
This study aims to address the location selection of 

disaster response MDCs and LDCs in a single model. Given 

the multiple-objective nature of the examined problem, a 

multiple-objective mixed-integer program is developed, 

incorporating the following six objectives: 

1. Minimizing the weighted distance among demand 

points, MDCs, and LDCs: This objective primarily 

focuses on reducing the average distance traveled by 

relief supplies from the source to the demand points. It 

basicly optimizes relief supply distribution and holds 

critical importance in delivering relief items efficiently, 

making it the most preferred objective in the literature. 

It is crucial for facilitating the efficient transportation 

and delivery of relief supplies, as it directly influences 

the speed and effectiveness of response efforts. 

2. Maximizing the performance scores of the opened 

distribution centers: In real-life scenarios, DC 

alternatives conform to required criteria, such as 

warehouse and office facilities, based on their specific 

characteristics and conditions. Evaluating DC 

performance scores becomes crucial for assessing 

alternatives according to specified criteria, especially in 

complex disaster environments. Assessing the 

suitability of distribution centers helps ensuring that 

selected locations can effectively support humanitarian 

operations and prevent perishing foods. By employing 

Multi-Criteria Decision Making (MCDM) or Multi-

Attribute Decision Making (MADM) methods, this 

objective aims to maximize the convenience of relief 

operations, ensuring products are delivered to disaster 

victims without deterioration. Moreover, it allows for 

the consideration of both qualitative and quantitative 

criteria and the separate evaluation of LDCs and 

MDCs. The proposed model uses the results from 

Yılmaz and Kabak (2020), where an MCDM model 

using an integrated Interval Type-2 Fuzzy Analytic 

Hierarchy Process (AHP) and Interval Type-2 Fuzzy 

Technique for Order of Preference by Similarity to 

Ideal Solution (TOPSIS) approach was developed to 

specify the performance of DC criteria. 

3. Minimizing the total unsatisfied demand: Minimizing 

unsatisfied demand is crucial for ensuring that all 

affected individuals receive the assistance they need, 

thus improving overall disaster response outcomes. The 

demand at a demand point or region is contingent on 

factors such as the magnitude of the disaster, building 

damage ratio, topography of the region, and the number 

of buildings and people. The IMM-JICA report (2002) 

provides estimates for different Istanbul earthquake 

scenarios, forecasting the demand population by taking 

100%, 50%, and 10% of the population in heavily, 

moderately, and partially damaged buildings, 

respectively. This study adopts this assumption to 

estimate the demand. 

4. Minimizing the number of opened LDCs: This 

objective aims to reduce the investment cost of opened 

LDCs. While the model focuses on overall 

optimization, it can minimize only one type of DC, and 

in this case, it can specifically reduce the number of 

LDCs. This approach acknowledges that there are 

usually many more LDCs in the disaster relief chain 

compared to MDCs. As MDCs and LDCs have distinct 

missions and features, it is essential to consider the 

existence of two different types and missions of DCs 

and avoid solely focusing on reducing the total number 

of DCs without considering their unique roles. 

5. Minimizing the number of opened MDCs: Similar to 

the fourth objective, this objective aims to minimize the 

investment cost of opened MDCs. It recognizes the 

difference in numbers between MDCs and LDCs in the 

disaster relief chain and specifically focuses on 

reducing the number of MDCs. By minimizing the 

number of opened distribution centers (both MDCs and 

and LDCs), the objectives help control costs while 

maintaining effective logistics. 

6. Minimizing the average walking distance between 

demand points and their assigned LDC: In the 

proposed model, disaster victims are assumed to reach 

LDCs on foot. Therefore, minimizing the average 

walking distance of victims to access relief aids is of 

utmost importance. This objective addresses the 

specific average distance between assigned LDCs and 

the served/satisfied individuals, acknowledging the 

chaotic and challenging conditions during post-disaster 

scenarios. This objective ensures that affected 

populations can easily access  necessary aid and enables 

the model to enhance overall accessibility. 

It is important to emphasize that these objectives are not 

necessarily conflicting; rather, they are complementary and 

synergistic in nature. While some objectives focus on 

minimizing costs, such as investment cost for opened LDCs 

and MDCs, others concentrate on maximizing the 

performance scores of selected DCs to enhance the 

efficiency of disaster relief operations. Additionally, 

objectives such as minimizing total unsatisfied demand and 

average walking distance between demand points and their 
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assigned LDCs are driven by the central aim of ensuring that 

aid reaches affected populations promptly and effectively. 

Moreover, the consideration of both qualitative and 

quantitative criteria in the objectives contributes to a 

comprehensive and balanced decision-making process. By 

taking into account multiple attributes, the proposed model 

enables a thorough evaluation of DC alternatives, facilitating 

better-informed decisions for disaster management. 

The simultaneous optimization of these objectives 

accounts for the interplay between different criteria and 

operational requirements, promoting a more holistic 

approach to disaster response planning. By working in 

harmony, these objectives collectively aim to improve the 

overall efficiency, effectiveness, and responsiveness of the 

distribution network, ultimately benefitting disaster-affected 

communities. 

In conclusion, the integration of these diverse 

objectives within the proposed model ensures that disaster 

response MDCs and LDCs are selected in a manner that not 

only optimizes various criteria but also addresses the unique 

challenges of disaster scenarios. By recognizing the 

complementary nature of these objectives, the model 

provides a comprehensive and robust tool for decision-

makers, offering an optimal and balanced solution for 

disaster management. 

 

3.1 Proposed Mathematical Model 
The proposed multiple-objective integer programming 

model is presented in this sub-section. The sets, parameters, 

and decision variables of the model are given below: 

  

Sets: 

K Set of demand points, indexed by k 

J Set of candidate Local Distribution Center (LDC), 

indexed by j 

I Set of candidate Main Distribution Center (MDC), 

indexed by i 

 

Parameters: 

𝑙𝑘  Product demand of demand point k, 𝑘 ∈ 𝐾 

sj  Capacity of LDC j, 𝑗 ∈ 𝐽 

𝑐𝑖  Capacity of MDC i, 𝑖 ∈ 𝐼 

djk Distance between LDC j and demand point k, 𝑗 ∈ 𝐽, 
𝑘 ∈ 𝐾 

bij  Distance between MDC i and LDC j, 𝑖 ∈ 𝐼, 𝑗 ∈ 𝐽 

wi  Performance score of MDC i, 𝑖 ∈ 𝐼  

wj  Performance score of LDC j, 𝑗 ∈ 𝐽 

𝑓𝑖
𝑚 Warehouse facilities performance score of MDC i, 

𝑖 ∈ 𝐼 

𝑓𝑗
𝑙 Warehouse facilities performance score of LDC j, 

𝑗 ∈ 𝐽 
α Minimum satisfied demand rate at every demand 

point k 

ℎ𝑖  Distance between MDC i and assigned airport, 𝑖 ∈
𝐼 

𝑓𝑖  Distance between MDC i and assigned seaport, 𝑖 ∈
𝐼 

λ Minimum acceptable warehouse facilities priority 

(weight) for MDC i, 𝑖 ∈ 𝐼 

𝜇 Minimum acceptable warehouse facilities priority 

(weight) for LDC j, 𝑗 ∈ 𝐽 

𝑃  Maximum acceptable distance between MDC i and 

assigned airport, 𝑖 ∈ 𝐼 

𝑅  Maximum acceptable distance between MDC i and 

assigned port, 𝑖 ∈ 𝐼 

𝑚𝑎𝑤 Maximum average distance between demand point 

k and assigned LDC j,  𝑗 ∈ 𝐽, 𝑘 ∈ 𝐾  

𝑚𝑤  Maximum acceptable distance between demand 

point k and assigned LDC j,  𝑗 ∈ 𝐽, 𝑘 ∈ 𝐾 

𝐿  Minimum required capacity usage rate for opening 

LDC j, 𝑗 ∈ 𝐽 

𝑀 Minimum required capacity usage rate for opening 

MDC i, 𝑖 ∈ 𝐼 

 

The decision variables are defined as follows. The 

binary variables 𝑥𝑖 and 𝑦𝑗 indicate whether a candidate MDC 

i and LDC j is opened or not, respectively. Variable tjk 

denotes the quantity shipped from LDC j to demand point k. 

Similarly, aij denotes the quantity shipped from MDC i to 

LDC j. 

  

Decision Variables: 

𝑥𝑖 ∶ {
1;   𝑖𝑓 𝑀𝐷𝐶 𝑖 is opened

0;  otherwise
          𝑖 ∈ 𝐼 

𝑦𝑗 ∶ {
1;  𝑖𝑓 𝐿𝐷𝐶 𝑗 is opened

0; otherwise
          𝑗 ∈ 𝐽 

tjk: Satisfied demand amount of point k by LDC j 

aij: The transferred amount of product from MDC i to LDC 

j 

 

The proposed model based on the above notation is given 

below. 

 

Min 𝑍1 =  ∑ ∑ 𝑑𝑗𝑘𝑡𝑗𝑘𝑘𝑗 + ∑ ∑ 𝑏𝑖𝑗𝑎𝑖𝑗𝑗𝑖         (1) 

Max 𝑍2 =  ∑ 𝑤𝑖𝑥𝑖𝑖 + ∑ 𝑤𝑗𝑦𝑗𝑗           (2) 

Min 𝑍3 = ∑ (𝑙𝑘 − ∑ 𝑡𝑗𝑘𝑗𝑘 )           (3) 

Min 𝑍4 =  ∑ 𝑦𝑗𝑗            (4) 

Min 𝑍5 =  ∑ 𝑥𝑖𝑖            (5) 

Min 𝑍6 =  ∑ ∑ 𝑑𝑗𝑘𝑡𝑗𝑘𝑘𝑗 / ∑ ∑ 𝛼 𝑙𝑘𝑘𝑗         (6) 

 

Subject to: 
∑ 𝑡𝑗𝑘  ≤  𝑠𝑗𝑦𝑗  𝑘 ,       ∀𝑗           (7) 

∑ 𝑡𝑖𝑗  ≤  𝑐𝑖𝑥𝑖 𝑗 ,         ∀𝑖          (8) 

∑ 𝑎𝑖𝑗 =  ∑ 𝑡𝑗𝑘𝑘  𝑖 ,    ∀𝑗          (9)  

∑ 𝑡𝑗𝑘𝑗 ≥ 𝛼 𝑙𝑘,     ∀𝑘         (10) 

∑ 𝑥𝑖𝑖|𝑓𝑖
𝑚≥ λ ≥ ∑ 𝑥𝑖𝑖 /2        (11) 

∑ 𝑦𝑗𝑗|𝑓𝑗
𝑙≥ 𝜇 ≥ ∑ 𝑦𝑗𝑗 /2        (12) 

∑ 𝑥𝑖𝑖|ℎ𝑖≤𝑃 ≥ 1          (13)    

∑ 𝑥𝑖𝑖|𝑓𝑖≤𝑅 ≥ 1          (14) 

∑ ∑ 𝑑𝑗𝑘𝑡𝑗𝑘 ≤ 𝑚𝑎𝑤𝑘𝑗 ∑ ∑ 𝑡𝑗𝑘𝑘𝑗        (15) 

𝑡𝑗𝑘 = 0       𝑓𝑜𝑟 𝑑𝑗𝑘 > 𝑚𝑤        (16) 

∑ 𝑎𝑖𝑗𝑖 ≥ 𝐿𝑠𝑗𝑦𝑗 ,    ∀𝑗        (17) 

∑ 𝑎𝑖𝑗𝑗 ≥  𝑀𝑐𝑖𝑥𝑖 ,      ∀𝑖        (18) 

𝑎𝑖𝑗, 𝑡𝑗𝑘, 𝑑+, 𝑑− ≥ 0,  𝑥𝑖, 𝑦𝑗 𝜖 0,1       (19) 

 

The objective functions of the proposed model are 

given by Eq.(1)-(6). The first objective function (Eq. 1) 

represents the minimization of total weighted distance 

among opened MDCs, LDCs, and demand points. The 

second objective given in Eq. (2) maximizes the total 

performance scores (priorities) of the opened DCs. In other 
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words, this objective enables the selection of more 

appropriate DCs based on preferred criteria by the DM and 

increases the efficiency of humanitarian logistics operations. 

The objective function (Eq. 3) aims to minimize total 

uncovered demand. The objective functions given in  Eq. (4) 

and Eq. (5) minimize the total number of opened LDC and 

MDC, respectively. The objective function (Eq. 6) aims to 

minimize the total walking distance of the victims from their 

demand point to the assigned LDC.  

Eq. (7) and (8) are the capacity constraints of LDCs and 

MDCs, respectively. Eq. (9) guarantees that no commodity 

abides in LDCs. Eq. (10) is the equity constraint and ensures 

that the demand of every demand point will be satisfied at 

least at a specified minimum satisfied demand rate (α). With 

this constraint, it is ensured that there is not much difference 

between the points in the distribution of the products. For 

instance, if 𝛼 equals to 0.6, the model will satisfy 60 % of the 

demand at every demand point. It might also be satisfied at 

higher rates at some demand points, but not lower. Herewith 

the decision maker will be able to prevent any discrimination 

in supply among demand points. Eq. (11) and (12) represent 

that at least half of the opened MDCs and LDCs have a 

warehouse facilities performance score above the determined 

level by the DM. Warehouse facility performance is defined 

in terms of suitability for operations such as loading, 

unloading, storage area for relief supplies, storage area for 

vehicles, and other properties such as floor capacity, loading 

bays, floodlights, place, and number of doors, healthy 

environment to prevent perishing relief goods, etc. Detailed 

information on mentioned criterion can be found in Celik and 

Gumus (2016) and Roh et al. (2015). Since MDCs and LDCs 

have different missions and infrastructure requirements, two 

different constraints are added for LDCs and MDCs for 

warehouse facilities performance scores (𝑓𝑖
𝑚 and 𝑓𝑗

𝑙) that are 

different from the performance score of DCs (𝑤𝑖 and 𝑤𝑗). 

The former is related to only warehousing facilities while the 

latter includes all relevant criteria defined by the DM. Eq. 

(11) and (12) enable DM to select at least half of the DCs 

that meet the warehouse facilities performance score at 

desired level, thus helps to increase the efficiency of relief 

operations. 

Leeuw and Mok (2018) emphasizes the importance of 

an DC infrastructure by focusing its distance to airports and 

seaports.  Considering that MDCs are critical points that 

relief supplies can be transferred from both national and 

international suppliers, this study adopts similar logic and 

Eq. (13) and (14) make sure that at least one opened MDC is 

within the maximum acceptable distance (P and R) to the 

assigned airport, and seaport supply point, respectively. 

These constraints enable the selection of MDCs that are 

convenient for different transportation modes. Thus, relief 

supplies can be delivered to MDCs simultaneously and 

quickly with different ways. Eq. (15) expresses that victims’ 

average walking distance to their assigned LDC is lower than 

a specific value determined by DM (𝑚𝑎𝑤). Although this 

constraint is similar to sixth objective, this constraint is 

added to prevent the model from obtaining a compromised 

solution with a long walking distance that DM cannot accept. 

Eq. (16) prevents the assignment of a demand point to an 

LDC that is more distant than the maximum acceptable 

distance (𝑚𝑤). By this constraint, a victim will not need to 

walk more than the given threshold. 

Eq. (17) and (18) impose the minimum capacity usage 

rate for opened LDCs and MDCs, respectively. These 

constraints enable DM to open DCs that can cover their 

opening cost. Eq. (19) defines the nature of the decision 

variables of the model. 

 

3.2 Solving the Proposed Model: A Goal 

Programming Approach 
Goal programming minimizes the deviation between 

the goals and their achievement levels and aims to transform 

multiple objectives into a single one (Taha, 2003). It is one 

of the most preferred techniques for decision-making 

problems with multiple conflicting objectives. Additionally, 

goal programming problems can be solved easily by non-

complex solution procedures (Sen and Nandi, 2012). That’s 

why, in this study, a goal programming approach is used to 

solve the proposed multiple-objective programming model. 

The goal programming formulation with m goals is 

given below. 

 

𝑀𝑖𝑛 𝑍 = ∑ (𝑑𝑖
+ +𝑚

𝑖 𝑑𝑖
−)       (20) 

𝑓𝑖(𝐱) − 𝑑𝑖
+ + 𝑑𝑖

− = 𝑓𝑖
∗          𝑖 = 1, … , 𝑚     (21) 

𝐱 ∈ 𝐗          (22) 

𝐱, 𝑑+, 𝑑− ≥ 0         (23) 

 

The objective function contains primarily the 

deviational variables (𝑑𝑖
+, 𝑑𝑖

−) that represent each goal. 𝐱 =
(𝑥1, 𝑥2, … , 𝑥𝑛) are the decision variables. 𝑓𝑖(𝐱) represents the 

function for goal i and 𝑓𝑖
∗ is target achievement level of goal 

i. In Eq. (22) the feasible region for the problem excluding 

the achievement of the goals is defined.  

One of the most important disadvantages of this 

approach is the subjectivity for setting the achievement 

levels of the goals and aspiration levels (Hughes and 

Grawoig, 1973). A suboptimal solution might be computed 

if the goals are set too low. It is required to make weights and 

objective values homogeneous. Additionally, the decision 

maker may not have the information required by this method. 

To overcome these disadvantages, in this study, the goals are 

determined by solving the mathematical program for each 

objective independently. 

The goal programming approach is applied with the 

following steps: 

Step 1. Solve the model for each of the objectives 

𝑍1, 𝑍2, … , 𝑍6 independently. 

Step 2. Determine the optimum solutions obtained in 

Step 1 (𝑍1
∗, 𝑍2

∗, … , 𝑍6
∗) as goals.  

Step 3. Formulate and solve the goal-programming 

model. Additionally, since the results in Step 2 have different 

unit of measures, they are  normalized in the goal 

programming model with Eq. (24) and (25). Denominator 

express the range of the maximum and minimum solution. 

Numerator denotes positive and negative deviation of the 

solution from the optimal one for the maximization and 

minimization objectives respectively. 

 

𝐌𝐢𝐧 ∑ 𝒅𝒊
+ ∆𝒊⁄   for maximization objectives       (24) 

𝐌𝐢𝐧 ∑ 𝒅𝒊
− ∆𝒊⁄   for minimization objectives       (25) 

 

Step 4. The solution of the model is called a 

compromised (harmonized) solution that is obtained as a 

result of minimizing the undesired deviational variables in 
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the form of an achievement function. As a result, a solution 

that is close to the desired goals is found. 

4. APPLICATION: THE CASE OF 

ISTANBUL 
Istanbul, with a population of over 15 million, stands as 

one of the most populated cities in the world. Located near 

an active fault zone in the Marmara Sea, approximately 20 

km south of the city, it carries an extremely high seismic 

hazard risk (Le Pichon et al., 2001). In 1999, an earthquake 

with a magnitude of 7.4 struck close to Istanbul, resulting in 

20,000 fatalities, 50,000 injuries, and an economic loss of 6.2 

billion USD (Salman and Yucel, 2015; Erdik and Durukal, 

2008). Based on estimates, a potential earthquake in Istanbul 

may impact more than 3 million people, leaving at least half 

of them homeless and heavily damaging over 60,000 

buildings. In preparation for such a disaster and its aftermath, 

the selection of MDC and LDC locations becomes crucial. 

In 2002, the Japan International Cooperation Agency 

(JICA) and Istanbul Metropolitan Municipality collaborated 

on a disaster prevention and mitigation plan for Istanbul 

(IMM-JICA, 2002). The report included four earthquake 

scenarios for the city, with the worst-case scenario, Model C, 

depicting a magnitude of 7.7 on the Richter scale (See Figure 

1). 

 

 
Figure 1 Earthquake scenarios for Istanbul (IMM-JICA Report,7-

1) 

 

IMM-JICA report (2002) states that because of the size 

of broken fault segments, damage and affected people 

geographically within the city will be different in the 

scenarios. The ratio of the heavily damaged buildings 

depending on Model C is given in Figure 2. The dark red 

area denotes the heavily damaged region while the blue and 

white colors depict the areas that are not affected by the 

related earthquake scenario.  

For this application, the data from Model C is utilized, 

and demand points along with their demand levels, MDC 

candidates, and LDC candidates are determined accordingly. 

 

4.1 Candidate Locations 
Candidate LDC and MDC locations for the Istanbul 

case are carefully selected through a combination of the 

Istanbul Disaster Response Plan (IDRP) 

(https://istanbul.afad.gov.tr) and expert consultations. Face-

to-face meetings were conducted with three experts from 

AFAD (Disaster and Emergency Management Presidency of 

the Ministry of Interior, Turkey), who possess specialized 

knowledge in earthquake DC locations, to gain valuable 

insights into the determination of DC candidate locations. 

Regarding LDCs, the initial selection process, 

following the IDRP guidelines, involves identifying public 

buildings like stadiums and schools as potential candidates. 

Subsequently, based on expert recommendations, culture 

center facilities of municipalities are added to the list of 

candidates. Moreover, experts suggest the inclusion of 

shopping centers due to their suitability for humanitarian aid 

operations, equipped with convenient features such as roof 

and rack systems, ample parking space, and ease of vehicle 

operations. Consequently, a total of 181 LDC alternatives are 

determined. 

  

 
Figure 2 Ratio of heavily damaged buildings for Scenario 

earthquakes of Istanbul (IMM-JICA Report,7-1). 

 

As for MDCs, the IDRP provides five initial 

alternatives, which are considered in the first place. 

Additionally, to ensure comprehensive coverage, 

warehouses of commercial cargo companies operating in 

Istanbul are included as MDC candidate points. These 

selections take into account various criteria, such as capacity, 

building structure, equipment, and equipment suitability. As 

a result, the list comprises 27 MDC alternatives, thoroughly 

evaluated for their compatibility with the disaster response 

requirements. 

 

4.2 Assumptions and Data Collection 
The IDRP outlines crucial timeframes for disaster 

response operations. It assumes that the service group 

responsible for in-kind donations and warehouse 

management will be assembled within 12 hours of the 

disaster occurrence. Additionally, MDCs and LDCs are 

expected to be activated within 3 days (72 hours) after the 

disaster, following the determination of the victims' demand. 

However, due to the inherent uncertainty in post-earthquake 

conditions, there may be challenges and unforeseen 

circumstances that need to be addressed in real-time. 

To facilitate smooth transportation and response 

operations, the Priority Road List, determined in the IDRP, 

plays a pivotal role in ensuring that essential roads are given 

priority for opening and usage. Periodic reinforcement works 

are carried out for critical transportation points, such as 

bridges and viaducts, to enhance their structural integrity and 

resilience in disaster scenarios. It is also assumed that the 

roads connecting the opened DCs and demand points will be 
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added to the priority road list to avoid disruptions during the 

product transfer process. 

For the application, data from 751 neighborhoods in 

Istanbul is utilized, with 482 neighborhoods on the European 

side and 269 on the Anatolian side. However, the Adalar 

district, consisting of five islands in the Marmara Sea (known 

as the Princes' Islands), is excluded from the dataset as its 

needs are addressed through a separate transportation plan. 

Additionally, neighborhoods located more than 13 km away 

from any candidate LDC are not included in this application, 

and separate plans will be made to accommodate their needs. 

The estimation of parameters for the application is as 

follows: 

Demand: The IMM-JICA report (2002) provides 

estimates for the victim population based on the damage 

level of buildings. Similar to Görmez et al. (2011), the 

demand in each district is calculated considering the 

population and the severity of building damage. Different 

percentages of population are considered for heavily (100%), 

moderately (50%), and partially (%10) damaged buildings, 

respectively. The demand amounts are determined based on 

the estimated number of victims in each neighborhood. 

In 2020, to update the probable earthquake loss in 

Istanbul, Bogazici University and Istanbul Metropolitan 

Municipality published the "District Possible Earthquake 

Loss Estimate Booklets" (https://depremzemin.ibb.istanbul) 

for 39 districts and their neighborhoods. These booklets 

include an analysis of injuries, loss of life, building damage, 

and infrastructure damage in a possible earthquake if Model 

C Scenario in the IMM-JICA report occurs. This updated 

information is used to predict the demand. 

DC Capacities: It is assumed that all candidate DCs 

have capacity constraints in line with real-life scenarios. The 

capacity of all MDC and LDC candidates is derived from the 

land area data obtained from the General Directorate of Land 

Registry and Cadastre Parcel Query Application 

(https://parselsorgu.tkgm.gov.tr). 

Distances: The parameters ℎ𝑖, 𝑓𝑖, which represent the 

distances among demand points (neighborhoods) and DC 

alternatives, are obtained through Google Maps. 

Performance Scores: The results of the MCDM model 

proposed by Yılmaz and Kabak (2020) are used for the 

parameters wi, wj, 𝑓𝑖
𝑚 , 𝑓𝑗

𝑙. This MCDM model specifies 

weights of the related DC criteria using AHP and prioritizes 

alternative DCs with the Interval Type-2 Fuzzy TOPSIS 

approach. For further details, refer to Yılmaz and Kabak 

(2020). 

The remaining parameters, α, λ, 𝜇, 𝑃, 𝑅, 𝑚𝑎𝑤, 𝑚𝑤, 𝐿, 

and 𝑀, will be determined by the decision-maker (DM) 

based on their specific preferences and requirements for the 

disaster response scenario. These parameters play a crucial 

role in shaping the model's outcomes, and their optimization 

ensures a robust and tailored decision-making process for 

disaster response planning. Scenario and sensitivity analyses 

are conducted in the next section to support the DM to set the 

values of these parameters  (α, λ, 𝜇, 𝑃, 𝑅, 𝐿, 𝑀, and 𝑚𝑎𝑤).  

Based on the above-given parameters, the goal 

programming model is formulated as follows. 

  

𝑀𝑖𝑛 𝑍 = 𝑑1
+ + 𝑑2

− + 𝑑3
+ + 𝑑4

+ + 𝑑5
+ + 𝑑6

+      (24) 
∑ ∑ 𝑑𝑗𝑘𝑡𝑗𝑘𝑘𝑗 + ∑ ∑ 𝑏𝑖𝑗𝑎𝑖𝑗𝑗𝑖 − 𝑑1

+ = 𝑍1
∗      (25) 

∑ 𝑤𝑖𝑥𝑖𝑖 + ∑ 𝑤𝑗𝑦𝑗𝑗 + 𝑑2
− = 𝑍2

∗         (26) 

∑ (𝑙𝑘 − ∑ 𝑡𝑗𝑘𝑗𝑘 ) − 𝑑3
+ = 𝑍3

∗         (27) 

∑ 𝑦𝑗𝑗 − 𝑑4
+ = 𝑍4

∗        (28) 

∑ 𝑥𝑖𝑖 − 𝑑5
+ = 𝑍5

∗        (29) 

(∑ ∑ 𝑑𝑗𝑘𝑡𝑗𝑘𝑘𝑗 / ∑ ∑ 𝛼. 𝑙𝑘𝑘𝑗 ) − 𝑑6
+ = 𝑍6

∗      (30) 

 

Constraints that are given in Eq (7)-(19) 

𝑎𝑖𝑗, 𝑡𝑗𝑘, 𝑑+, 𝑑− ≥ 0, 𝑥𝑖, 𝑦𝑗 𝜖 {0,1}      (31) 

 

In this model, 𝑍1
∗, 𝑍2

∗, … , 𝑍6
∗ are the optimal values of 

models solved with objective functions 𝑍1, 𝑍2, … , 𝑍6, 

respectively. 

 

4.3 Sensitivity Analysis for Setting Parameters 
To ensure the robustness and effectiveness of the 

proposed mathematical model, a sensitivity analysis is 

conducted to determine the optimal values of the parameters. 

The goal is to examine how changes in specific parameters 

affect the results and identify critical threshold levels. 

 
Table 2 The scenario analyses 

ID 
Investigated 
parameter 

Parameter 
Interval 

Parameter 
Values 

Significant 
Objective 

Functions* 

1 

Maximum average 
walking distance 

(𝑚𝑎𝑤) 
3-5 km 3, 4, 5 

𝑍1, 𝑍3, 𝑍4, 
𝑍5 

2 

Minimum 
acceptable 

warehouse facilities 
performance score 

for MDC (λ) 

0.55 – 0.7 

0.55, 0.57, 
0.6, 0.63, 
0.65, 0.67, 

0.7 

𝑍1, 𝑍5 

3 

Minimum 
acceptable 

warehouse facilities 
performance score 

for LDC (𝜇) 

0.21-
0.6796 

0.21, 0.26, 
0.49, 0.6, 

0.627, 
0.67, 

0.6796 

𝑍2, 𝑍3, 𝑍4 

4 

Maximum 
acceptable 

distance between 
MDC i and 

assigned airport 

(𝑃) 

7-36 km 
7, 8, 11.5, 
17.8, 25.6, 

31, 36 
𝑍5, 𝑍6 

5 

Maximum 
acceptable 

distance between 
MDC i and 

assigned port (𝑅) 

7-30 km 
7, 10, 13, 
18.7, 21, 
24, 30 

𝑍4 

6 

Minimum required 
capacity usage rate 
for opening MDC 

(𝑀) 

0-0.8 
0, 0.2, 0.4, 

0.5, 0.6, 
0.7, 0.8  

𝑍1, 𝑍3 

7 

Minimum required 
capacity usage rate 

for opening LDC 

(𝐿) 

0-0.3 
0, 0.1, 0.2, 

0.3 
𝑍4 

*𝑍1: Average product transportation 
distance 

  𝑍2: Average DC performance score 

  𝑍3: Total uncovered demand 

  𝑍4: Number of opened LDCs 

  𝑍5: Number of opened MDCs 

  𝑍6: Average walking distance 

 

For each analysis, a parameter is selected for 

investigation, and an interval for its value is defined. Several 

points within the interval are then chosen for evaluation. 

Additionally, since the "minimum covered demand rate at 

every demand point (α)" interacts significantly with other 
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parameters, the analysis is performed for various α values. 

The interval for α is set as 70% - 100% for all analyses, 

covering α values of 70%, 80%, 90%, and 100%. 

Subsequently, the model is solved using the related objective 

functions. The complete list of all the analyses is presented 

in Table 2. 

For example, in Scenario 1, the "Maximum average 

walking distance (𝑚𝑎𝑤)” parameter is investigated, and its 

interval is defined as 3-5 km. The analysis is conducted for 

𝑚𝑎𝑤 values of 3, 4, and 5 km. As there are four α values 

considered, a total of 12 runs are performed to cover all 

combinations. These analyses are repeated for all six 

objective functions. If the results for an objective function in 

a specific scenario do not provide significant information, 

they are not presented. For instance, in Scenario 1, only the 

results for 𝑍1, 𝑍3, 𝑍4, and 𝑍5 are considered to derive 

conclusions since they are the significant objective functions 

for this particular scenario. The last column of Table 2 

presents the noteworthy objective functions for each 

scenario. 

Finally, the results from the sensitivity analyses are 

consolidated to interpret the findings and comment on 

critical thresholds. This allows the decision-maker to 

understand how changes in the parameters impact the 

outcomes and make informed decisions in disaster response 

planning. 

The GAMS software with the CPLEX solver, running 

on a laptop with an Intel Core i5 @ 1.6 GHz processor, is 

employed to solve the models. The computation time for 

each run is approximately 3 minutes. 

 

4.3.1 Scenario 1: Maximum Average Walking Distance 

(maw) 

In this sensitivity analysis, we investigated the impact 

of the maximum average walking distance (maw) on the 

feasibility and performance of the proposed model. The 

initial analysis indicated that the model becomes infeasible 

when maw is less than 3 km. Considering that an average 

walking distance of more than 5 km would require victims to 

walk for over an hour under inhumane conditions, we tested 

maw values of 3 km, 4 km, and 5 km. 

Figure 3a presents the results for the objective function 

"the number of opened MDC" under different maw values. It 

is evident that to ensure the coverage of all demands, the 

average walking distance must be set to at least 4 km. When 

maw is 3 km, the model yields a feasible solution only when 

α is less than or equal to 80%. The number of opened MDCs 

shows limited sensitivity to changes in α within the range of 

80-100% when maw is 4 km. Moreover, the model exhibits 

insensitivity to α changes when maw is 5 km.  

Notably, the lowest number of opened MDCs is 

observed when maw is 3 km. This outcome occurs because, 

in contrast to maw values of 4 km and 5 km, the model solely 

focuses on covering the minimum demand dictated by the α 

constraint to achieve feasibility. Consequently, the total 

covered demand decreases, leading to a reduction in the 

number of opened MDCs compared to higher maw values, as 

shown in Figure 3c. 

Figure 3b presents the results when the objective 

function is set as "the number of opened LDCs." Similar to 

the previous analysis, maw must be at least 4 km to cover all 

demands. As maw decreases, the model tends to increase the 

number of opened LDCs to cover demand greater than α. 

Moreover, the model reduces the number of opened MDCs 

to decrease the average product transportation distance. 

The results for the objective function "Total covered 

demand" are displayed in Figure 3c. Total covered demand 

is insensitive to changes when α = 90%, 100%, and maw = 4 

km and 5 km. The results of the objective "the average 

product transportation distance" are shown in Figure 3d. 

Interestingly, choosing maw = 3 km and maw = 4 km with   

α = 70% and 80% results in the same average product 

transportation distance. 

 

 

 

 

 
Figure 3 The result of Scenario 1 with objective function 

a) Number of opened MDCs 

b) Number of opened LDCs 

c)Total uncovered demand 
d) Average product transportation distance 

 

Based on the comprehensive analyses in Scenario 1, we 

recommend selecting maw = 5 km. Increasing maw from 4 

km to 5 km leads to significant improvements in the 

objective functions, making maw = 5 km the preferred choice 

to effectively cover all demand while optimizing disaster 

response operations. 
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4.3.2 Scenario 2: Minimum Acceptable Warehouse Facilities 

Performance Score for MDC (λ) 

In this sensitivity analysis, we examined the impact of 

the minimum acceptable warehouse facilities performance 

score for MDCs (λ) on the feasibility and performance of the 

proposed mathematical model. The parameter analysis 

interval for λ was set as 0.55-0.7, considering the 

performance scores of the candidate MDCs. 

 

 

 
Figure 4 The result of Scenario 2 with objective function 

a) Number of opened MDCs 

b) Average product transportation distance 

 

 

Figure 4a illustrates the results for the objective 

function "the number of opened MDCs." The analysis 

reveals that the change in λ between 0.55 and 0.65 has little 

impact on the number of opened MDCs. The decrease in the 

number of opened MDCs only occurs when the examined 

parameter increases above 0.67. This is because higher 

values of λ force the model to select DCs with higher 

performance scores, which are fewer in number. 

In Figure 4b, we present the results for the objective 

function "average product transportation distance." The 

analysis demonstrates that the variation of the examined 

parameter between 0.55-0.63 has minimal effect on the 

average product transportation distance. However, a critical 

point emerges when increasing this parameter to 0.67, 

similar to the impact on the number of opened MDCs. 

As a result of the comprehensive analyses in Scenario 

2, we recommend setting the minimum acceptable 

warehouse facilities performance score for MDCs as 0.63 

when aiming to cover all demand. However, if the DM aims 

to cover at least 70-80% and 90% of the demand at every 

demand point, then the related parameter should be set as 

0.67 and 0.7, respectively. These values strike a balance 

between warehouse performance and the number of opened 

MDCs, optimizing the disaster response process while 

ensuring that the selected MDCs meet the required 

performance standards. 

 

4.3.3 Scenario 3: Minimum Acceptable Warehouse Facilities 

Performance Score for LDC (μ) 

In this analysis, we investigated effect of parameter μ 

on the feasibility and performance of the proposed 

mathematical model. The parameter analysis interval for μ 

was set as 0.21-0.6796, considering the performance scores 

of the candidate LDCs. 

Figure 5a illustrates the results for the objective 

function "the number of opened LDCs" with respect to 

changes in μ. The analysis indicates that the parameter is not 

sensitive to changes between 0.21-0.627. However, a strong 

sensitivity arises when μ increases above 0.627. This is 

because, at higher μ values, the model is compelled to select 

LDCs with higher performance scores, which are fewer in 

number. The most sensitive point is when μ reaches 0.6796, 

resulting in a 35% decrease in the number of opened LDCs. 

However, this decrease also leads to reductions in the total 

covered demand and the average DC performance score. 

 

 

 
Figure 5 The result of Scenario 3 with objective function 

a) Number of opened LDCs 

b) Total uncovered demand 

c) Average DC performance score 

 

Figure 5b shows the effect of the change in μ on the 

average DC performance score. The analysis reveals that the 

model is not sensitive to μ changes between 0.21-0.49. 

However, an increase above 0.49 leads to a decrease in the 

average DC performance score, with the most significant 

sensitivity observed when μ reaches 0.6796. This decrease 
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occurs because the model is compelled to select LDCs with 

a low total performance score but with higher μ. 

As a result, we recommend setting μ as 0.67 as a 

balanced choice. However, it is crucial to note that this 

parameter is highly sensitive to the number of opened LDCs. 

Additionally, altering the number of opened LDCs impacts 

the average product transportation distance and average DC 

performance score depending on the value of α. Therefore, 

DMs should carefully decide on the value of μ based on their 

specific priorities, as it exhibits high sensitivity to different 

objectives and can significantly influence the overall disaster 

response strategy. 

 

4.3.4 Scenario 4: Maximum Acceptable Distance between 

MDC and Assigned Airport (P) 

In this analysis, we explored parameter P where 

interval for P was set as 7-36 km, considering the distances 

between MDCs and their corresponding airports. 

Figure 6a illustrates the results for the objective 

function "the number of opened MDCs" with respect to 

changes in P. The analysis reveals that the number of opened 

MDCs is one more than in other cases when P is set to 7 or 8 

km, with α = 100%. This occurs because candidate MDCs 

within this distance range have lower capacities compared to 

other MDCs, requiring the model to open an additional MDC 

to cover all demand adequately. Conversely, when α = 70% 

and P = 36 km, the number of LDCs decreases, and the 

number of MDCs increases by 2. However, the examined 

parameter shows low sensitivity to other changes. 

Additionally, Figure 6b demonstrates that the average 

walking distance of a victim increases significantly, 

especially when α = 70% and P is set to 7 and 17.8 km, 

respectively. 

 

 

 
Figure 6 The result of Scenario 4 with objective function 

a) Number of opened LDCs 

b) Average walking distance 

 

Based on the results, we recommend setting P as 11.5 

km when α = 100% and 8 km for α = 70%, 80%, and 90%. 

These values strike a balance between the number of opened 

MDCs, the number of LDCs, and the average walking 

distance of victims, thereby ensuring an efficient and 

effective disaster response operation. 

 

4.3.5 Scenario 5: Maximum Acceptable Distance between 

MDC and Assigned Port (R) 

In this analysis, the parameter R is examined.  The 

parameter analysis interval for R was set as 7-30 km, 

considering the distances between MDCs and their 

corresponding ports. 

Figure 7 illustrates the results for the objective function 

"the number of opened LDCs" with respect to changes in R. 

The analysis revealed that when α = 100% and 90%, the 

number of opened LDCs increases as R changes within the 

range of 7-10 km. The model showed low sensitivity to 

changes in R between 10-21 km. However, beyond this 

range, at R = 24 and 30 km, the number of opened LDCs 

becomes highly sensitive. 

Based on the results, we recommend setting parameter 

R as 13 km to ensure the coverage of 80-100% of the demand 

at every demand point. For a coverage target of 70% of the 

demand, the parameter R should be preferred at 10 km. These 

choices strike a balance between the number of opened 

LDCs and the distance to the assigned port, optimizing the 

disaster response efficiency while meeting specific coverage 

objectives. 

 

 
Figure 7 The result of Scenario 5 with objective function Number 

of opened LDCs 

 

4.3.6 Scenario 6: Minimum Required Capacity Usage Rate 

for Opening MDC (M) 

In this scenario, the parameter M  is explored. The 

parameter analysis interval was set between 0 and 80%, as 

the proposed model couldn't find feasible solutions when M 

≥ 80%. 

Figure 8a displays the results for the objective function 

"the number of opened MDCs" with varying M values. 

Notably, when M = 60%, the average product transport 

distance increases when α = 70%, 80%, and 90%. The 

sensitivity is particularly pronounced at α = 90%. If the 

desired M value is set to 60% or 80%, the average product 

transport distance increases by approximately 10 km due to 

the reduced number of opened MDCs. However, parameter 

changes beyond these specific values can be considered 

insensitive in terms of average product transportation 

distance. 
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Figure 8b demonstrates the change in M concerning 

total covered demand and the minimum satisfied demand 

rate at every demand point. The analysis revealed that M is 

not sensitive to changes in terms of total covered demand 

when α = 90-100%. However, it shows moderate sensitivity 

when M is increased to 70% with α = 80%. Thus, we 

recommend setting the minimum required capacity usage 

rate for opening an MDC at 50% when the desired coverage 

level is α = 90%, and M = 60% for other demand ratios. 

These choices optimize the utilization of MDC capacities 

while ensuring effective disaster response operations. 

 

 

 
Figure 8 The result of Scenario 6 with objective function 

a) Average product transportation distance 

b) Total uncovered demand 

 

4.3.7 Scenario 7: Minimum Required Capacity Usage Rate 

for Opening LDC (L) 

In this scenario, parameter L, is examined. The 

parameter analysis interval was set between 0 and 30%, as 

the proposed model could not find feasible solutions when L 

≥ 30%. 

 

 
Figure 9 The result of Scenario 7 with objective function number 

of Opened LDC 

 

Figure 9 shows the impact of L on the number of 

opened LDCs and the coverage level α. When L is ≤ 20%, 

the model opens as many LDCs as possible to reduce the 

average walking distance (maw) for efficient relief 

operations. However, this parameter becomes highly 

sensitive when it is increased to 30% and α = 90% and 100%. 

In such cases, the number of opened LDCs remains 

approximately the same for α = 70% and 80% since the 

model prioritizes reducing the total covered demand to 

optimize the solution. For the remaining scenarios, the 

parameter change is considered insensitive. 

Based on the results, we recommend setting the 

minimum required capacity usage rate for opening an LDC 

at 30%. This choice will ensure an appropriate balance 

between the number of opened LDCs and the coverage level, 

leading to an efficient and effective disaster response system. 

 

4.4 Results of the Sensitivity Analysis 
Based on the comprehensive sensitivity analysis 

conducted in this section, we summarize the results from two 

perspectives: suggested values of the parameter and the 

objective functions. The critical points for the parameters in 

the proposed model are summurized as follows: 

Demand Coverage: Sensitivity analysis indicates that 

selecting α = 100% does not significantly adversely affect 

the objectives. Considering the humanitarian responsibilities 

and ethical implications, this paper covers all demand to 

establish an disaster response system in Istanbul case. 

Average Walking Distance (maw):  The model requires 

at least 4 km for total demand coverage; however, 

establishing the parameter at 5 km yields more optimal 

solutions for the objectives. Consequently, the average 

walking distance for victims should be limited to a maximum 

of 5 km, which corresponds to a reasonable duration for 

walking.  

 
Table 3 Solution of Istanbul application for suggested parameters. 

Analyzed Value Model Solution 

Total weighted distance / 115,041,200  product.km 

Average product 
transportation distance 

26.37 km 

Total DC performance 
value 

66.457 

Average DC performance 
value 

0.639 

Total uncovered demand 0 

Covered demand rate 100% 

The number of opened 
MDC 

4 (MDC 1, 2, 19, 20) 

The number of opened 
LDC 

100 

Average walking distance 3.886 km 

 

Minimum Acceptable Warehouse Facilities 

Performance Scores: At least half of the opened MDCs and 

LDCs should have warehouse facility performance scores 

exceeding 0.63 and 0.67, respectively. Increasing this 

performance threshold for LDCs significantly reduces the 

number of opened LDCs. However, this adjustment 
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adversely affect the average performance score of the DCs. 

Similarly, increasing the performance threshold for MDCs 

significantly raises the avarage transportation distance for 

relief supplies. 

Minimum Required Capacity Usage Rate for MDC and 

LDC: The minimum required capacity usage rate for opening 

an MDC and LDC should be set at 60% and 30%, 

respectively. It is the upper limit for this LDC parameter to 

obtain a feasible solution. 

Maximum Acceptable Distance to Assigned Port: The 

maximum acceptable distance between an opened MDC and 

its assigned port should be limited to 13 km. Decreasing the 

value of this parameter increases the number of opened 

MDCs. 

Maximum Acceptable Distance to Assigned Airport: 

The maximum acceptable distance between an opened MDC 

and its assigned airport should be limited to 11.5 km. This 

limitaiton optimally balances the objectives related to the 

number of opened LDCs and average walking distance for 

affected individuals. 

When the proposed mathematical model is executed 

with the above-given parameters, the results presented in 

Table 3 are obtained. The optimal locations for opened 

LDCs and MDCs are illustrated in Figure 10, demonstrating 

an effective distribution of relief resources in response to 

potential disasters in the Istanbul area. 

 

 
Figure 10 Opened DCs for Istanbul application with the suggested 

parameters. 

 

Upon analyzing the model solution using the suggested 

parameters, the following observations related to the 

objectives are made: 

MDC and LDC Numbers: As anticipated based on the 

sensitivity analysis results, four MDCs are opened to ensure 

full coverage of all demands with an average walking 

distance (maw) of 5 km. The LDC number is 100, which 

aligns with the higher value chosen for the parameter μ. 

Average Walking Distance: Despite setting maw to 5 

km, the average walking distance is calculated as 3.886 km. 

This indicates that only a small percentage of victims need 

to travel around 5 km to reach the nearest LDCs, which are 

strategically located near densely populated areas. 

Average Product Transportation Distance: Due to the 

reduction in the number of DCs compared to the sensitivity 

analysis, the average product transportation distance is 

slightly higher. This is expected as the focus was on 

optimizing the DCs to achieve full demand coverage while 

minimizing the total number of DCs. 

Average DC Performance Score: The average DC 

performance score is determined as 0.639, which closely 

matches the warehouse facilities' performance scores of the 

selected DCs. This indicates that the chosen DCs have 

adequate warehouse facilities' performance to efficiently 

handle and distribute relief resources. 

Overall, the model solution with the suggested 

parameters demonstrates an effective disaster response plan 

with a balanced distribution of MDCs and LDCs. The 

optimization process aims to cover the maximum demand 

while minimizing the number of DCs and optimizing 

walking distances for the affected population. The results 

indicate that the proposed disaster response plan can 

efficiently handle potential disasters in the Istanbul area.  

5. MANAGERIAL INSIGHTS 
Based on the results the following insights for 

managers and DMs on the field can be derived: 

1. Optimal Resource Allocation: The proposed model 

provides DMs with an effective tool for optimizing 

resource allocation during disaster response planning. 

By selecting suitable locations for MDCs and LDCs 

based on multiple objectives, managers can ensure that 

aid materials are efficiently distributed to affected 

areas. The sensitivity analyses shed light on critical 

parameter values, enabling managers to make informed 

decisions and prioritize objectives based on the specific 

needs of the disaster scenario. 

2.  Prioritizing Accessibility and Coverage: The sensitivity 

analysis highlights the significance of distance and 

coverage-related criteria in disaster relief logistics. 

Managers can use this information to prioritize the 

objective functions accordingly. By focusing on 

reducing average walking distances for victims while 

maintaining adequate coverage, disaster response 

efforts can be more efficient and effective, leading to 

quicker aid delivery and improved outcomes for 

affected communities. 

3.  Flexibility in Decision-Making: The sensitivity 

analyses demonstrate that certain parameters have 

varying degrees of impact on the model's results. This 

finding emphasizes the importance of flexibility in 

decision-making. Managers can adjust the parameter 

values based on their specific priorities and stakeholder 

requirements. By customizing the model to suit 

different scenarios and disaster types, DMs can tailor 

their response strategies to the unique challenges posed 

by each situation. 

4.  Addressing Uncertainties: While the proposed model 

provides a robust framework for location selection, 

uncertainties are inherent in disaster situations. Future 

studies incorporating fuzzy mathematical models or 

other uncertainty-handling techniques can be explored 

to account for fluctuations in demand and other 

parameters. This approach will enhance the model's 

resilience and enable managers to adapt their strategies 

dynamically in rapidly changing disaster scenarios. 

5.  Integration of Infrastructure Considerations: In future 

iterations of the model, incorporating infrastructure 

considerations, such as bridges and tunnels that may 

affect accessibility after a disaster, can further enhance 

its practicality. By factoring in the potential impact of 
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damaged DCs and roads, decision-makers can better 

prepare for post-disaster challenges and ensure 

continuity in aid distribution. 

6.  Learning from Behavioral Studies: Behavioral studies 

analyzing beneficiary actions in chaotic disaster 

situations can provide valuable insights into human 

response patterns. Integrating these findings into the 

model can enhance its accuracy and effectiveness, 

leading to more informed decision-making during 

disaster response planning. 

In conclusion, the proposed model offers a valuable 

decision support tool for disaster response planning at the 

tactical level. By leveraging sensitivity analyses and 

customizing parameter values, managers can optimize 

resource allocation, prioritize objectives, and adapt their 

strategies to diverse disaster scenarios. Continued research 

and integration of infrastructure considerations and 

behavioral insights will further refine the model's practicality 

and enhance disaster relief logistics, ultimately improving 

aid delivery and outcomes for affected communities. 

6. CONCLUSIONS AND FUTURE 

STUDIES 
In this paper, we addressed the crucial task of selecting 

suitable locations for MDCs and LDCs to facilitate efficient 

transportation of aid materials in the event of a potential 

earthquake. We introduced a multi-objective mixed-integer 

mathematical model and successfully solved it using a goal 

programming approach. To demonstrate the practical 

application of the model, we conducted a real-case study for 

Istanbul, a city vulnerable to high-magnitude earthquakes. 

Extensive sensitivity analyses were performed to determine 

the appropriate values for the model parameters, which can 

be adapted to other application areas with necessary updates. 

One notable aspect of the sensitivity analyses is the 

importance of objective functions. Although all objectives 

were initially considered equally important in the multiple-

objective model, certain objectives exhibited more 

significant impacts on the results than others. For instance, 

the number of opened LDCs (𝑍4) had a substantial effect on 

four out of seven parameters, while average product 

transportation distance (𝑍1) and total uncovered demand (𝑍3) 

affected three parameters each. This finding aligns with 

previous research in the literature, where distance and 

coverage-related criteria were commonly preferred as 

primary objective functions. 

It is essential to emphasize that our proposed DC site 

selection model serves at the tactical level specifically for 

distributing disaster relief products within a city. Therefore, 

it is not suitable for determining locations for permanent 

warehouses nationwide or international distribution centers 

for humanitarian aid organizations. Furthermore, in 

scenarios involving floods or tsunamis, the potential 

abandonment of certain neighborhoods must be taken into 

account when identifying demand points. 

For future studies, it would be beneficial to develop a 

fuzzy mathematical model to handle uncertainties in demand 

and other parameters, which are typically subject to decision-

makers' judgments. Various methods, such as extensions of 

fuzzy sets, can be explored to compare the obtained results. 

Additionally, incorporating the consideration of damaged 

DCs and roads after a disaster (Salman and Yucel, 2015) and 

network restoration  (Rojas Trejos et al., 2023) would further 

enhance the model's practicality. Behavioral studies could 

also be conducted to understand the beneficiaries' actions in 

chaotic disaster situations (Gutjahr and Dzubur, 2016), 

contributing to a more comprehensive disaster response 

strategy. 

In conclusion, our proposed model offers valuable 

insights for disaster response planning at the tactical level, 

specifically for city-based distribution of aid during various 

types of disasters. Sensitivity analyses serve as a powerful 

decision support tool for parameter selection, and decision-

makers can prioritize objectives based on stakeholder 

priorities. As we continue to refine and expand our approach, 

we hope to contribute further to the field of disaster relief 

logistics and optimize the allocation of resources for better 

preparedness and response in critical situations. 
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