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Abstract
Intermodal freight transportation facilitates today’s global trade. The benefits of intermodal freight transportation have been 
studied and are more observable in commercial logistics; however, the potential benefits of humanitarian logistics have not 
been thoroughly investigated. This research aims to present a resilient transportation framework by modeling intermodal 
transportation utilizing interoperable loading devices during disaster responses. We developed an integer programming 
model based on a time–space network by considering route and vehicle availabilities that are allowed to change with time. 
We consider vehicles with varying capacities in three transportation modes (i.e., ground, maritime, and air). The contribution 
of this study is threefold: (1) Two compatible unit load devices are proposed for humanitarian logistics; (2) a mathematical 
model that includes integer variable representation for vehicle fleets in different transportation modes is developed; and (3) 
intermodal transportation is compared with single-mode transportation using a real-life dataset. Our main results are as fol-
lows: In terms of cost, intermodal transportation is effective when demand occurs in consecutive periods and response time 
is short. Inventory is held more in intermodal transportation when it is cost-effective to use transportation modes with large 
capacities. Thus, the benefits of the responsiveness of intermodal transportation outweigh the costs of mode interchange and 
inventory holding for sudden-onset disasters where quick responses are needed within a short time.

Keywords  Intermodal freight transportation · Dynamic network flow · Disaster response · Integer programming · Network 
flexibility

1  Introduction

The COVID-19 pandemic showed humanity that no matter 
how far we are in our scientific achievements and techno-
logical advances, we do not have a sound solution to disas-
ters. An event is considered to be a disaster by the Centre for 
Research on the Epidemiology of Disasters (CRED) when at 
least one of the following conditions occurs:

1.	 Ten or more people reported killed
2.	 Hundred or more people reported affected
3.	 Declaration of a state of emergency

4.	 Call for international assistance (CRED [1]).

COVID-19 has been the most devastating disaster over the 
past century since the Spanish flu (1918). Nevertheless, a 
global disaster was not required to invoke the work on reduc-
ing the impact of disasters altogether for humanity. Each 
year, we were reminded of an annual average of more than 
62,000 deaths and 186 million people affected during the 
last 40 years (UNDRR [2]). Moreover, an annual average of 
more than $118 billion (USD) in economic losses have been 
reported (UNDRR [2]).

These high figures of human and economic loss lead 
researchers to study disasters. The academic literature on 
disasters can be classified into four phases: mitigation, pre-
paredness, response, and recovery phases (Altay and Green 
[3]). The mitigation and preparedness phases are pre-disaster 
phases, whereas the latter two are post-disaster. Strengthen-
ing infrastructure, public training in addition to legislative 
work are examples of actions during the pre-disaster phases. 
Search and rescue activities, provision of food and shelter, 
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or rebuilding infrastructure are examples of actions during 
post-disaster phases.

This research pertains to the logistics operations during 
the response phase of sudden-onset disasters. Humanitar-
ian logistics can be defined as an emergency form of its 
commercial counterpart “for the purpose of alleviating the 
suffering of vulnerable people” (Kopzcak and Thomas [4]). 
A disaster is an emergency that causes a shortage in the 
supply of several items. Relief items refer to products 
needed in a disaster area, such as food, water, medicine, 
blankets, and tents. Transportation of relief items to the 
disaster areas plays an essential role in saving human lives 
(Özkapıcı et al. [5]). Moreover, almost 80% of all humanitar-
ian responses are logistics activities (Van Wassanhove [6]). 
Thus, even a small improvement in the efficiency of logistics 
activities is important in the overall response performance.

Response performance is measured by whether or not 
enough relief items are promptly provided for beneficiaries. 
Thus, a flexible transportation system resilient to the impact 
of disasters is critical to the survivability of beneficiaries 
(Adams et al. [7]). Using single-mode transportation has a 
higher risk of interruption of services. Multimodal trans-
portation provides a more flexible system as it inherently 
provides alternative options (Ponomarov and Holcomb [8]). 
It has been shown that the deprivation cost of having insuf-
ficient relief supplies increases exponentially with time 
(Holguin-Veras et al. [9]; Holguin-Veras et al. [10]). Quicker 
transportation with multiple transportation mode options 
will result in less suffering by reducing response times.

The aim of this research is to develop a mathemati-
cal model for Intermodal Freight Transportation (IFT) in 
humanitarian logistics. IFT, a particular form of multimodal 
transportation, is “a system of transport whereby two or 
more modes of transport are used to deliver the same load-
ing unit or truck in an integrated manner, without loading 
or unloading, in a [door to door] transport chain” (UNES-
CAP [11]). In today’s commercial logistics, containeriza-
tion and intermodal freight transportation are prevalent, 
especially over longer distances. Global trade would not 
be as convenient or fast if products themselves were han-
dled instead of handling via intermodal transportation units 
(e.g., standard steel freight containers). IFT provides quicker 
service by reducing mode interchange times, thus utilizing 
humanitarian logistics (Ertem et al. [12]). Nevertheless, 
academic work on intermodal freight transportation and 
humanitarian logistics is not yet established.

Several advantages of IFT can be listed for humanitar-
ian logistics. Firstly, if part of a road is hit by a disaster and 
is damaged, it cannot be used or it can only be used with 
service interruptions and lower capacities. Road transporta-
tion is the most utilized transportation mode during disaster 
and non-disaster times (Ertem et al. [13]). With IFT, one 
can switch to another transportation mode (e.g., rail, air, 

or water) on the damaged part. This availability is used for 
undisrupted delivery of relief items to beneficiaries. Sec-
ondly, IFT can solve the inherent coordination challenges 
(Balçık et al. [14]) in humanitarian logistics. Each entity in 
IFT might operate different modes, whereas a single com-
pany would operate all modes in multimodal transportation 
(IFRC [15]). Therefore, IFT operates as a decentralized sys-
tem. Decentralization is necessary for an international dis-
aster relief operation where international non-governmental 
organizations (INGOs) may be allowed to operate only on 
specific transportation modes within a country. The local 
government may not allow INGOs to deliver relief supplies 
beyond international airports (EMDAT [16]).

In order to realize the advantages of IFT in humanitarian 
logistics, a piece of equipment that is interoperable in differ-
ent transportation modes is required. IFT utilizes standard 
20 ft. or 40 ft. steel freight containers for interoperability. 
These containers (e.g., boxes) are called intermodal trans-
portation units (ITUs). During a relief operation, different 
transportation modes may require a different type of ITU, 
which may result in changing ITUs and handling each relief 
item during mode changes. To overcome this challenge 
and save time of handling operations, we propose using an 
intermediary package for relief products/kits, namely a unit 
load device (ULD). ULDs are commonly used in airline 
transportation (IATA [17]). Certain ULDs are suitable for 
use in humanitarian logistics. Specifications of two com-
patible ULD types are given in Fig. 1. We propose putting 
ULDs into ITUs and, in some cases, putting them directly 
into the vehicles (such as putting ULDs into an airplane). 
IFT can benefit from using different modes of transporta-
tion, thereby increasing resilience without wasting time on 
handling. Therefore, we hypothesize that the benefits from 
using IFT in humanitarian logistics are better realized when 
ULDs are exploited.

The main objective of this study is to develop a mathe-
matical model for using IFT in humanitarian logistics and to 
measure the benefits of IFT over single-mode transportation 
in a number of scenarios. To the best of our knowledge, this 
is the first study presenting IFT modeling in humanitarian 
logistics using loading units (Ertem et al. [12]). The contri-
bution of this study is threefold: (1) Two compatible unit 

Fig. 1   ULD types
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load devices are proposed for humanitarian logistics; (2) a 
mathematical model which includes integer variable repre-
sentation for vehicle fleets on different transportation modes 
is developed; and (3) intermodal transportation is compared 
with single-mode transportation using a real-life dataset.

The remainder of this paper is organized as follows: In 
the following section, we explain our research methodol-
ogy. In Sect. 3, we present the motivation of our study and 
the literature gap. In Sect. 4, we present a description of 
the problem framework and the mathematical model we 
propose. In Sect. 5, we test our mathematical model using 
various scenarios and discuss our findings. In Sect. 6, we 
provide an extension of our mathematical model and test the 
resilience and flexibility of IFT in terms of satisfaction of 
demand and mode availability. Finally, we draw conclusions, 
note the limitations of our study, and suggest future research 
directions in Sect. 7.

2 � Research Methodology

Our research methodology is composed of seven steps, as 
shown in Fig. 2. We first identify the literature gap based on 
Ertem et al. [12]. Then, we investigate the features of com-
mercial intermodal transportation that might be utilized in 

humanitarian logistics. As a result of this investigation, we 
propose unit load devices that are suitable for use in humani-
tarian logistics. The fourth step includes the development of 
a two-echelon mathematical model for intermodal transpor-
tation of relief supplies. Later, we gather a real-life dataset 
to be used in our experimental study. We draw conclusions 
and provide insights for practice after completing a scenario-
based experimental study.

3 � Literature Review

This research is motivated by two recent literature surveys: 
Özdamar and Ertem [18] and Ertem et al. [12]. Özdamar and 
Ertem [18] reviewed the mathematical models in humanitar-
ian logistics for the two post-disaster phases: response and 
recovery. The response phase includes mass evacuation, road 
clearing, relief, and transportation of casualties. The recov-
ery phase includes debris collection, sustaining relief opera-
tions after an initial emergency period, and reconstructing 
any disrupted elements of beneficiaries’ lives (Özdamar and 
Ertem [18]). Their survey categorized the models in terms of 
their network flow (e.g., dynamic network flow (DNF) and 
static network flow (SNF)), and vehicle representation styles 
(e.g., integer variables and binary variables).

There are studies considering a single-mode under a 
multi-echelon setting in the humanitarian logistics litera-
ture. For example, Tavana et al. [19] planned both pre- and 
post-disaster phases considering location, inventory control, 
and routing decisions under a multi-echelon network setting 
for perishable items. They used a multi-objective mixed-
integer linear programming model. Here, we concentrate on 
the literature considering the use of multiple transportation 
modes. Ertem et al. [12] presented a comprehensive litera-
ture and practitioner review dedicated to IFT in humani-
tarian logistics. They discussed how only 13 out of 369 
academic articles mentioned transportation mode changes 
during disaster relief operations. They also indicated that 
none of these articles specifically discussed transportation 
using ITUs or ULDs. Table 1 summarizes thirteen articles 
that report transportation with multiple modes along with 
the contribution of this work.

It can be concluded from Table 1 that only seven articles 
include a transportation mode change feature. Among those 
seven articles, there is no study which combines multi-com-
modity multi-period intermodal transportation using ITUs 
and ULDs while minimizing cost.

We further investigate the most related studies reported 
in Table 1 that follow a similar problem structure with the 
classification in our study. In Table 2, our study is compared 
with the three most related studies in the literature according 
to the model and solution, where the model includes sets, 

Fig. 2   Research methodology steps
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Table 1   Analysis of studies involving multimodal transportation (Ertem et al. [13]) and a comparison with our study

Short Name Model Method Trans-
shipment 
point

Objective Multi-
commodity 
transportation

First transpor-
tation mode

Second 
transportation 
mode

Disaster type

Abdelgawad and 
Abdulhai [51]

Evacuation Linear pro-
gramming, 
mixed-inte-
ger program-
ming

No Min. cost
Min. waiting 

time

No Road Rail Not mentioned

Adıvar and Mert 
[52]

Relief supplies 
routing

Linear pro-
gramming

Yes Min. cost
Max. cred-

ibility

Yes Not mentioned Not men-
tioned

Flood

Barbarosoğlu 
and Arda [53]

Relief supplies 
routing

Stochastic 
program-
ming

Yes Min. cost Yes Air Road Earthquake

Clark and 
Culkin [22]

Relief supplies 
routing

Mixed-integer 
program-
ming

No Min. cost Yes Air Road, rail, sea Earthquake

Haghani and Oh 
[20]

Relief supplies 
routing

Heuristic Yes Min. cost Yes Not mentioned Not men-
tioned

All

Haghani and Oh 
[54]

Relief supplies 
routing

Mixed-integer 
program-
ming

Yes Min. cost Yes Not mentioned Not men-
tioned

All

Hu [55] Relief supplies 
routing

Mixed-integer 
program-
ming

Yes Min. cost No Road Rail, sea Not mentioned

Özdamar et al. 
[21]

Relief supplies 
routing

Linear pro-
gramming, 
mixed-inte-
ger program-
ming

Yes Max. delivery Yes Air Road, rail, sea Natural disas-
ters

Salmerón and 
Apte [56]

Relief supplies 
routing 
Evacuation

Stochastic 
program-
ming, 
mixed-inte-
ger program-
ming

Stochastic 
program-
ming, 
mixed-inte-
ger program-
ming

No Min. expected 
casualties

Min. expected 
unmet 
transfer 
population

No Air Road Not mentioned

Tean [57] Relief supplies 
routing

Simulation No Max. survival 
rate

No Air Road, rail, sea Earthquake, 
hurricane

Vitori-
ano et al. [58]

Relief supplies 
routing

Goal program-
ming

Yes Min. cost
Max. min reli-

ability

No Air Road, rail, sea Food crisis

Yi and Kumar 
[59]

Relief supplies 
routing 
evacuation

Mixed-integer 
program-
ming

No Min. service 
delay

Yes Road Not men-
tioned

All

Zhu et al. [60] Relief supplies 
routing

Integer pro-
gramming

No Min. cost Yes Road Rail Earthquake, 
flood, 
typhoon

Our study Relief supplies 
routing

Integer pro-
gramming

Yes Min. cost Yes Road Rail, sea, air Sudden onset
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parameters, key decision variables, dealing with multimodal 
property, constraints, and objective(s).

To be concise, we highlight several improvements and a 
limitation of our approach. The only study considering inter-
modal transshipment is ours. The effects of intermodality 
are seen in sets (transshipment type), key decision variables 
(mode transshipment), and while dealing with multimodal-
ity. In line with intermodality, we assume kit groupings, 
which also does not appear in the other three studies. We 
considered vehicle availability w.r.t. periods (vehicle avail-
ability in parameters and vehicle availability in key decision 
variables). Haghani and Oh [20] and Özdamar et al. [21] 
also considered the decision variable of vehicle availability 
w.r.t. periods; however, they did not specifically keep track 
of vehicles. Instead, they assumed an available (all or newly 
added) number of vehicles for periods as a parameter. Route 
availability is another significant difference in our study 
(route availability in parameters).

We model the route availability w.r.t. the transship-
ment mode and period and define it by binary parameters. 
Haghani and Oh [20] used mode capacities which can also 
define availability, while the other two studies did not con-
sider route availability. Özdamar et al. [21] assumed mode 
availability, which does not change over time, but in turn 
defines a mode on a route that is either available or not avail-
able throughout the planning horizon.

Mode selection and change are the other two significant 
differences in our study. Özdamar et al. [21] used integer deci-
sion variables and imposed mode selection via a connection 
to a dummy node, which is not equivalent to using a decision 
variable for mode selection. We used a binary decision vari-
able for mode change. Haghani and Oh [20] used a decision 
variable defining the number of relief items that change modes, 
and the other two studies did not consider mode changes. Only 
Clark and Culkin [22] used an exact solution algorithm, like 
us. Backlogs are assumed in the other three studies; however, 
we did not allow backlogs in our main model.

When Table 2 is examined, intermodality, parking limita-
tions (e.g., container capacity of a warehouse), and minimiz-
ing holding costs are our novel contributions to the literature. 
In order to ensure intermodality, ITU and ULD are defined for 
humanitarian logistics. Moreover, capacity is defined for these 
transportation units. Transportation capacities of suppliers 
and warehouses are altered dynamically during each period 
to account for vehicle availability. Therefore, the proposed 
model has dynamic capacitated suppliers and warehouses.

According to the classification of Özdamar and Ertem 
[18], a DNF-TS model is developed here to minimize trans-
portation, operation, and inventory holding costs consid-
ering the availability of capacitated vehicles, routes and 
depots, and multiple transportation modes for multiple-
periods. Moreover, vehicles are represented as integer flows. 
Although Haghani and Oh [20], Özdamar et al. [21], and Ta
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Clark and Culkin [22] mentioned multiple transportation 
modes, they did not specifically discuss IFT or ULDs.

Therefore, the proposed model here is unique in the lit-
erature and a contribution to addressing the literature gap 
at the intersection of intermodal freight transportation and 
humanitarian logistics research topics.

4 � The Model

4.1 � Problem Description

The flow of relief items starting with acquisition from 
suppliers through the delivery to disaster areas is given in 
Fig. 3. We assume that the total number of relief-items of 
any type required per capita is known a priori. This is our 
first assumption, abbreviated as A#1. Then, one can define 
a combination of items needed for a group of people, which 
can be called a “kit.” Vaillancourt [23] emphasized the 
importance of kit management, which includes kit design. 
In our study, we assume one type of kit and consider kit 
management steps beyond the scope of our study (A#2). For 
example, a group of five people may need one tent, five pil-
lows, and ten blankets, which forms a shelter kit. We use 
shelter kits as a unit for transportation. These shelter kits 
are put into large boxes (e.g., 40 ft. steel freight containers, 
swap bodies, semi-trailers), which corresponds to ULDs or 
ITUs in our study (IFRC [15]).

Referring back to Fig. 3, we assume that the flow is only 
downstream; i.e., there is no transportation within the same 
level (Baskaya et al. [24]) or upstream in the multi-echelon 
network (A#3). Items are first grouped as kits (ULDs) at 
the supplier locations. We assume that each supplier can 
provide every type of item without any quantity capacity 
(A#4). Although unlimited supply assumption may seem 

unrealistic, items of consideration are commodities that can 
be easily found from other suppliers. To highlight the con-
tribution of IFT, suppliers only differ in their availability of 
transportation modes.

Different types of ULD are used in practice. We allowed 
the two most common types of ULD in our study. All ULDs 
are loaded into ITUs and then transferred to terminals (i.e., 
hubs, and transfer and storage locations). Depending on the 
transportation mode to be used from then on, ITUs may 
be directly transferred to disaster areas or disaggregated to 
ULDs to load into aircraft or to stock. Terminals are the 
unique storage locations where a ULD is the only medium 
that can be used to stock relief items for future use. When 
ULDs or ITUs arrive in a disaster area, they must be disag-
gregated down to relief items in order to be distributed to 
beneficiaries. In our model, we assume an unlimited avail-
ability of ULDs and ITUs (A#5) and demand is in terms of 
kits (ULDs) so that we do not explicitly consider the final 
disaggregation and distribution (A#6) and consider last-
mile distribution (Balçık et al. [25]) beyond the scope of 
our study.

In our study, we assume a two-echelon transshipment 
network (A#7), which is used in Turkey by the Disaster 
and Emergency Management Presidency (DEMP). Sup-
pliers are responsible for transportation from suppliers to 
terminals, and terminals are responsible for transportation 
from terminals to disaster areas. We assume that suppli-
ers and terminals can use only their vehicles which return 
to their original locations after transportation has been 
accomplished (A#8). We aim to represent the decentrali-
zation in humanitarian responses with this enforcement 
(Balçık et al. [14]). We assume three transportation modes, 
namely ground, maritime, and air (A#9). Trucks and trains 
operate in ground mode on separate sub-networks, ships 
are used for maritime transportation, and helicopters and 

Fig. 3   Transportation of relief 
items with ULD
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air freighters move in air mode, and they can share their 
sub-networks when necessary. We assume a limited number 
of vehicles to operate in each transportation mode at the 
beginning of the response phase (A#10). Suppliers send 
relief items to terminals at critical hub locations, and then, 
the items are shipped to disaster areas. We assume that ter-
minals can hold inventory w.r.t. their capacity, but disaster 
areas cannot (A#11). This structure is used by DEMP.

After a disaster occurs, the feasibility of transportation 
is affected, and this effect is unpredictable. Moreover, vehi-
cle availabilities w.r.t. time have to be considered. Termi-
nal capacities may also change. Thus, capacities and avail-
abilities will change as time progresses. To overcome these 
uncertainties inherent to the problem, we constructed a 
dynamic model that incorporated dynamic vehicle availa-
bilities, delivery path availabilities, vehicle capacities, depot 
capacities, the lead time of vehicles, the number of relief 
items, and different transportation modes.

For ULDs, we assumed flow conservation and force equal-
ity in inventory balance constraints (A#12). Therefore, we 
would assume non-perishability of relief items, which is valid 
for shelter kits consisting of a tent, blankets, and pillows.

Considering the standard dimensions of ULDs (IATA 
[17]) and ITUs, we use the AKE type of ULD as ULD-1, 
the AKH type of ULD as ULD-2 (see Fig. 1), and the 40 ft. 
standard steel freight container (with internal dimensions 
of 12.035 m × 2.352 m × 2.391 m) as the ITU in our study. 
Then, we calculated the number of ULDs to be loaded into 
the ITU (or vehicle in direct loading). Although the maxi-
mum number of ULDs that can fit into an ITU has not been 
tested in a disaster operation, we assume that our numbers 
are valid since we simply use the volumes (A#13).

We assumed that the total demand is deterministic as 
we are using demand instances from previous earthquakes 
(A#14). We also assumed that demand does not arise at all 
at the time of disaster (i.e., period zero) as a whole, but is 
distributed over time with the following attributes (A#15). 
Demand has a response period (the period that the first 
demand realization occurs after the disaster), a density (total 
demand is realized in a “density” number of periods in equal 
amounts), and an interval distribution (number of periods 
in consecutive demand occurrences). All disasters occur 
once at a time and consequences are immediate (aftershock 

earthquakes may be an exception, but the main destruction 
is with the very first earthquake), but the total demand is not 
clear since communication with beneficiaries is not possible. 
Those responsible/personnel need time to arrive at the loca-
tion of a disaster, and time is required to calculate or esti-
mate demand. Therefore, despite total demand being created 
at the time of disaster (time zero), realization of demand is 
distributed over time. We assume all demands should be met 
on time (A#16) for our main model. We further relax this 
assumption as an extension of our model in Sect. 6.

For comparison purposes, we developed a single-mode 
transportation model in which we limited intermodality. 
We assumed any mode among available modes could be 
selected, but only that single mode was to be used in trans-
portation (A#17).

4.2 � Mathematical Model

Different objectives and factors are considered for humani-
tarian logistics, such as minimization of waiting time, casu-
alties, the number of vehicles, unmet demand or maximi-
zation of delivery, served beneficiaries, and survival rates. 
As can be seen in Özdamar and Ertem [18], (Tables 1, 2), 
many studies consider minimization of costs as the objec-
tive function. Cost may be composed of all the objectives 
above (e.g., penalizing waiting time or unmet demand) plus 
transportation-related costs (all types of personnel, trans-
portation of items/mediums, personnel/time/energy for 
handling, fuel for vehicles, maintenance/rent of vehicles), 
facility/equipment usage costs (e.g., terminal/warehouse 
usage rent/depreciation, equipment or container usage/fixed 
purchases), opportunity costs (e.g., inventory holding), or 
other costs. Since cost is the broadest objective that might 
cover any undesired or desired situation, we prefer using 
cost as the objective function in our model. We assume all 
demand is met, and consequently, we do not include unmet 
demand penalty costs in our model, which allows us to focus 
primarily on the benefits of using intermodal transportation. 
For the problem described in Sect. 4.1, we propose an Inter-
modal Humanitarian Logistics Mathematical Model (IMM) 
to minimize cost. The index sets and parameters are given in 
Appendix A, and the decision variables are presented below.

4.2.1 � Decision Variables

MOijmt =

{

1, if transportation mode m is used to transport items from supplier i to terminal j at start of time t

0, otherwise

Njkmt =

{

1, if transportation mode m is used to transport items from terminal j to disaster area k at start of time t

0, otherwise
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Wjt =

{

1, if terminal j is used in time t

0, otherwise

V
mit

= Number of available vehicle inmodem in supplier i at start of time t

VEmjt = Number of available vehicle inmodem in terminal j at start of time t

VUijmt = Number of vehicle inmodem used from supplier i to terminal j at start of time t

VEUjkmt = Number of available vehicle inmodem used from terminal j to disaster area k at start of time t

Xhijmt = Amount of item h transported by transportationmodem from supplier i to terminal j at start of time t

Yhjkmt = Amount of item h transported by transportationmodem from terminal j to disaster area k at start of time t

SULDrcijmt = Number of ULD r in ITU c transported by ransportationmodem from supplier i to terminal j at start of time t

WULDrcjkmt = Number of ULD r in ITU c transported by transportation mode m from terminal j to disaster area k at start of time t

SITUcijmt = Number of ITU c transported by transportation mode m from supplier i to terminal j at start of time t

WITUcjkmt = Number of ITU c transported by transportation mode m from terminal j to, disaster area k at start of time t

ITUScijmt =

{

1, if ITU c is transported from supplier i to terminal j by transportation mode m at start of time t

0, otherwise

ITUWcjkmt =

{

1, if ITU c is transported from terminal j to disaster area k by transportation mode m at start of time t

0, otherwise

INrjt = Inventory of ULD r in terminal j left over at the end of time t

MCjmm�t =

�

1, if there is a mode changing between transportation mode m of supplier i and transportation mode m� of terminal j at start of time t

0, otherwise

⎧

⎪

⎨

⎪

⎩

.

4.2.2 � Mathematical Model of IMM

Objective Function

1.	 The objective function is the sum of the following costs: 
transportation of ULDs and ITUs, handling, mode 
change, vehicle usage, terminal usage, ULD and ITU 

type usage, and total inventory holding over all peri-
ods (1). These costs are composed of several cost items, 

such as cost of fuel for vehicles, the maintenance costs 
of vehicles and equipment, cost of personnel who han-
dle and operate vehicles, depreciation cost of vehicles 
and equipment, handling costs of loading/unloading of 
vehicles or transportation units, mode changes between 
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vehicles or transportation units, terminal rent, costs of 
acceptance activities, the examination of supply items, 
weighing, extra storage charges for waiting areas, cus-
toms clearance charges, and leashing/unleashing costs.

Demand Constraints

2.	 Relief item demand of each disaster area is satisfied in 
each period (2).

3.	 Item flows are converted to ULD flows from suppliers 
to terminals (3).

4.	 Item flows are converted to ULD flows from terminals 
to disaster areas (4).

(1)

Minimize

M
∑

m=M−1

∑

j∈WH

∑

i∈S

∑

r∈ULD

∑

c∈ITU

∑

t∈TIM

crijmweuldrSULDrcijmt

+

M
∑

m=M−1

∑

k∈DA

∑

j∈WH

∑

r∈ULD

∑

c∈ITU

∑

t∈TIM

corjkmweuldrWULDrcjkmt

+
∑

t∈TIM

∑

j∈WH

∑

r∈ULD

horjtINrjt +
∑

j∈WH

∑

t∈TIM

fcihlWjt

+
∑

j∈WH

∑

m∈TM

∑

m�∈TM

∑

t∈TIM

mccjmm�MCjmm�t

+
∑

i∈S

∑

j∈WH

∑

m∈TM

∑

t∈TIM

fcvmVUijmt+

+
∑

j∈WH

∑

k∈DA

∑

m∈TM

∑

t∈TIM

fcvmVEUjkmt

+

M−2
∑

m=1

∑

k∈DA

∑

j∈WH

∑

c∈ITU

ccocjkmWITUcjkmt

+

M−2
∑

m=1

∑

i∈S

∑

j∈WH

∑

c∈ITU

∑

t∈TIM

cccijmSITUcijmt

+

M
∑

m=1

∑

k∈DA

∑

j∈WH

∑

c∈ITU

∑

t∈TIM

fcitucITUWcjkmt

+

M
∑

m=1

∑

i∈S

∑

j∈WH

∑

c∈ITU

∑

t∈TIM

fcitucITUScijmt

(2)

M
∑

m=1

J
∑

j=1

Yhjkm(t−ljkm) ≥ dehkt ∀ h ∈ IT , ∀ k ∈ DA, ∀ t ∈ TIM

(3)Xhijmt =
∑

c∈ITU

∑

r∈ULD

inghrSULDrcijmt ∀ h ∈ IT , ∀ i ∈ S, ∀ j ∈ WH, ∀ m ∈ TM, ∀ t ∈ TIM

(4)Yhjkmt =
∑

c∈ITU

∑

r∈ULD

inghrWULDrcjkmt ∀h ∈ IT ,∀j ∈ WH,∀k ∈ DA,∀m ∈ TM,∀t ∈ TIM

ITU Capacity of Vehicles

5.	 The number of ITUs transported from a supplier to a ter-
minal can be at most the total ITU capacity of vehicles 
in a transportation mode used for the selected path (5).

6.	 The number of ITUs transported from a terminal to 
disaster areas can be at most the total ITU capacity of 
vehicles in a transportation mode used for the selected 
path (6).

ULD and ITU Flow from Suppliers to Terminals

	 7.	 The total length of ULDs loaded has to be at least the 
total length of the ITUs transported by the vehicle (7). 
Note that the height of the ULDs and ITUs is constant 
and they do not put a constraint on loading.

	 8.	 If the ITU type is not selected for the route and trans-
portation mode, the number of ITUs transported by the 
transportation mode throughout should be zero (8).

	 9.	 If the number of ITUs transported by the transportation 
mode throughout is zero, a binary variable indicating 
ITU type selected for the route and the transportation 
mode has to be zero (9).

	10.	 The ITU type can be assigned to one route for each 
transportation mode and period (10).

	11.	 If the route is not assigned with a transportation mode, 
the ITU type cannot be assigned (11).

(5)
SITUcijmt ≤ cacmVUijmt ∀c ∈ ITU,∀i ∈ S,

∀j ∈ WH,∀m ∈ TM,∀t ∈ TIM

(6)
WITUcjkmt ≤ cackVEUjkmt ∀c ∈ ITU,∀k ∈ DA,

∀j ∈ WH,∀m ∈ TM,∀t ∈ TIM.

(7)

∑

r∈ULD

leuldrSULDrcijmt ≤ leitucSITUcijmt

∀c ∈ ITU,∀i ∈ S,∀j ∈ WH,∀m ∈ TM,∀t ∈ TIM
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ULD and ITU Flow from Terminals to Disaster Areas

	12.	 Constraint Set  (12) works similarly to Constraint 
Set (7) for ULD and ITU operations from terminals to 
disaster areas.

	13.	 Constraint Set  (13) works similarly to Constraint 
Set (8) for ULD and ITU operations from terminals to 
disaster areas.

	14.	 Constraint Set  (14) works similarly to Constraint 
Set (9) for ULD and ITU operations from terminals to 
disaster areas.

	15.	 Constraint Set  (15) works similarly to Constraint 
Set (10) for ULD and ITU operations from terminals 
to disaster areas.

	16.	 Constraint Set  (16) works similarly to Constraint 
Set (11) for ULD and ITU operations from terminals 
to disaster areas.

Terminal Capacity

(8)
SITUcijmt ≤ qITUScijmt ∀c ∈ ITU,∀i ∈ S,

∀j ∈ WH,∀m ∈ TM,∀t ∈ TIM

(9)
ITUScijmt ≤ SITUcijmt ∀c ∈ ITU,∀i ∈ S,

∀j ∈ WH,∀m ∈ TM,∀t ∈ TIM

(10)

∑

j∈WH

∑

i∈S

∑

c∈ITU

ITUScijmt ≤ 1 ∀m ∈ TM,∀t ∈ TIM

(11)

∑

c∈ITU

ITUScijmt ≤ MOijmt ∀i ∈ S,∀j ∈ WH,∀m ∈ TM,∀t ∈ TIM.

(12)
∑

r∈ULD

leuldrWULDrcjkmt ≤ leitucWITUcjkmt ∀c ∈ ITU,∀k ∈ DA,∀j ∈ WH,∀m ∈ TM,∀t ∈ TIM

(13)WITUcjkmt ≤ qITUWcjkmt ∀c ∈ ITU,∀k ∈ DA,∀j ∈ WH,∀m ∈ TM,∀t ∈ TIM

(14)ITUWcjkmt ≤ WITUcjkmt ∀c ∈ ITU,∀m ∈ DA,∀j ∈ WH,∀k ∈ TM,∀t ∈ TIM

(15)

∑

j∈WH

∑

k∈DA

∑

c∈ITU

ITUWcjkmt ≤ 1 ∀m ∈ TM,∀t ∈ TIM

(16)

∑

c∈ITU

ITUWcjkmt ≤ Njkmt ∀k ∈ DA,∀j ∈ WH,∀m ∈ TM,∀t ∈ TIM

	17.	 Total ending ULD inventory of the previous period 
and total ULDs received from the supplier (i.e., those 
having departed from the supplier some lead time ago) 
cannot exceed the ULD capacity of the terminal (17).

	18.	 The total ITUs received from a supplier cannot exceed 
the ITU capacity of the terminal (18).

Mode Selection According to Availability of Routes

	19.	 Mode selection can be made from the supplier to the 
terminal if the mode is available (19).

	20.	 Mode selection can be made from the terminal to the 
disaster if the mode is available (20).

ULD Inventory Balance Equation for Terminals

	21.	 Inventory balance constraints for the terminals after the 
first period are given in (21).

	22.	 Inventory balance constraints for the terminals for the 
first period are given in (22).

(17)

∑

m∈TM

∑

i∈S

∑

c∈ITU

∑

r∈ULD

SULDrctijm(t−ltijm)

+
∑

r∈ULD

INrjt−1 ≤ cwuldjWjt ∀j ∈ WH,∀t ∈ TIM

(18)

∑

m∈TM

∑

i∈S

∑

c∈ITU

SITUcijm(t−ltijm) ≤ cwitujWjt ∀j ∈ WH,∀t ∈ TIM

(19)
MOijmt ≤ aijmt ∀i ∈ S,∀j ∈ WH,∀m ∈ TM,∀t ∈ TIM

(20)
Nijmt ≤ avjkmt ∀j ∈ WH,∀k ∈ DA,∀m ∈ TM,∀t ∈ TIM.

(21)

INrj(t−1) +
∑

m∈TM

∑

i∈S

∑

c∈ITU

SULDrcijm(t−ltijm) = INrjt

+
∑

m∈TM

∑

k∈DA

∑

c∈ITU

WULDrcjkmt ∀r ∈ R,∀j ∈ WH,∀t ∈ TIM

(22)
beinrj = INrjt +

∑

m∈TM

∑

k∈DA

∑

c∈ITU

WULDrcjkmt

∀r ∈ R,∀j ∈ WH, t = 1 ∈ TIM.
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Vehicle Flow Balance Equation and Vehicle Assignment

	23.	 The number of available vehicles at the suppliers for 
the first period is calculated by considering the initial 
availability (23).

	24.	 The number of available vehicles at the suppliers for 
the second period is calculated by considering the 
usage of the previous period (24).

	25.	 The number of available vehicles at the suppliers for 
and after the third period is calculated by considering 
the arrival of vehicles completing their tours (25).

	26.	 The number of available vehicles at the suppliers is 
limited by the total number of vehicles owned (26).

	27.	 The number of vehicles used at the suppliers by a trans-
portation mode can be at most the number of available 
vehicles (27).

	28.	 Suppliers cannot use vehicles in a transportation mode 
if the same mode is not assigned to a route from the 
suppliers to the terminals (28).

	29.	 The number of available vehicles at the terminals for 
the first period is calculated by considering initial 
availability (29).

	30.	 The number of available vehicles at the terminals for 
the second period is calculated by considering the 
usage of the previous period (30).

	31.	 The number of available vehicles at the terminals for 
and after the third period is calculated by considering 
the arrival of the vehicles completing their tours (31).

	32.	 The number of available vehicles at the terminals is 
limited by the total number of vehicles owned (32).

	33.	 The number of vehicles used at the terminals in a trans-
portation mode can be at most the number of available 
vehicles (33).

	34.	 Terminals cannot use vehicles in a transportation mode 
if the same mode is not assigned to a route from the 
terminals to the disaster areas (34).

(23)Vmit = svbmi ∀i ∈ S,∀m ∈ TM, t = 1

(24)Vmit = Vmi(t−1) −
∑

j∈WH

VUijm(t−1) ∀i ∈ S,∀m ∈ TM, t = 2

(25)

Vmit = Vmi(t−1) −
∑

j∈WH

VUijm(t−1)

+
∑

j∈WH

VUijm(t−2ltijm) ∀i ∈ S,∀m ∈ TM,∀t > 2

(26)Vmit ≤ svbmi ∀i ∈ S,∀m ∈ TM,∀t ∈ TIM

Transportation Mode Assignment According to Vehicle 
Availabilities on Time Horizon

	35.	 Constraint Set  (35) guarantees that a mode can be 
assigned to a route until all vehicles in the same trans-
portation mode are used and if all vehicles in a mode 
are used. This mode cannot be assigned to a route until 
vehicles return to the supplier. Travel times from the 
supplier to the warehouse and the warehouse to the 
suppliers are assumed to be the same. Therefore, the 
waiting time to re-assign the same mode takes twice 
the vehicles’ lead time of the route.

	36.	 Constraint Set (36) works as Constraint Set (35) by 
cumulating over each supplier and terminal.

	37.	 The total number of modes selected is limited by the 
total number of vehicles owned (37).

	38.	 The total number of selected modes for a supplier can 
be at most the number of available vehicles (38).

	39.	 Suppliers cannot select a mode unless a vehicle is 
used (39).

	40.	 Constraint Set  (40) works similarly to Constraint 
Set (35) for mode assignments from the terminals to 
the disaster areas.

	41.	 Constraint Set  (41) works similarly to Constraint 
Set (36) for mode assignments from the terminals to 
the disaster areas.

(27)
J
∑

j=1

VUijmt ≤ Vmit ∀i ∈ S,∀m ∈ TM,∀t ∈ TIM

(28)
VUijmt ≤ qMOijmt ∀i ∈ S,∀j ∈ WH,∀m ∈ TM,∀t ∈ TIM

(29)VEmjt = wbvmj ∀j ∈ WH,∀m ∈ TM, t = 1

(30)VEmjt = VEmj(t−1) −
∑

k∈DA

VEUjkm(t−1) ∀j ∈ WH, ∀m ∈ TM, t = 2

(31)

VEkjt = VEmj(t−1) −
∑

k∈DA

VEUjkm(t−1)

+
∑

k∈DA

VEUjkm(t−2ljkm) ∀j ∈ WH,∀m ∈ TM,∀t > 2

(32)VEmjt ≤ wbvmj ∀j ∈ WH,∀m ∈ TM,∀t ∈ TIM

(33)

K
∑

k=1

VUEjkmt ≤ VEmjt ∀j ∈ WH,∀m ∈ TM,∀t ∈ TIM

(34)VUEjkmt ≤ qNjkmt ∀k ∈ DA,∀j ∈ WH,∀m ∈ TM,∀t ∈ TIM.
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	42.	 Constraint Set  (42) works similarly to Constraint 
Set (37) for mode assignments from the terminals to 
the disaster areas.

	43.	 The total number of selected modes for a terminal can 
be at most the number of available vehicles (43).

	44.	 Terminals cannot select a mode unless a vehicle is 
being used (44).

ULD Assignment to ITU

	45.	 ULDs can only be loaded into suitable ITUs of a mode 
for suppliers (45).

(35)
∑

j∈WH

t�+2ltijm
∑

t�=t

MOijmt� ≤ q

(

Vmit −
∑

j∈WH

MOijmt

)

∀i ∈ S,∀m ∈ TM,∀t ∈ TIM

(36)
∑

j∈WH

∑

i∈S

t�+2ltijm
∑

t�=t

MOijmt� ≤ q

(

∑

i∈S

Vmit −
∑

j∈WH

∑

i∈S

MOijmt

)

∀m ∈ TM,∀t ∈ TIM

(37)

∑

j∈WH

∑

i∈S

MOijmt ≤

∑

i∈S

svbmi ∀m ∈ TM,∀t ∈ TIM

(38)
J
∑

j=1

MOijmt ≤ Vmit ∀i ∈ S,∀m ∈ TM,∀t ∈ TIM

(39)
MOijmt ≤ VUijmt ∀i ∈ S,∀j ∈ WH,∀m ∈ TM,∀t ∈ TIM

(40)

∑

k∈DA

t�+2ljkm
∑

t�=t

Njkmt� ≤ q

(

VEmjt −
∑

k∈DA

Njkmt

)

∀j ∈ WH,∀m ∈ TM,∀t ∈ TIM

(41)

∑

j∈WH

∑

k∈DA

t�+2ljkm
∑

t�=t

Njkmt� ≤ q

(

∑

j∈WH

VEmjt −
∑

k∈DA

∑

j∈WH

j ∈ WH

)

∀m ∈ TM,∀t ∈ TIM

(42)

∑

j∈WH

∑

k∈DA

Njkmt ≤

∑

j∈WH

wbvmj ∀m ∈ TM,∀t ∈ TIM

(43)

J
∑

j=1

Njkmt ≤ VEmjt ∀j ∈ WH,∀m ∈ TM,∀t ∈ TIM

(44)Njkmt ≤ VUEjkmt ∀k ∈ DA,∀j ∈ WH,∀m ∈ TM,∀t ∈ TIM.

	46.	 ULDs can only be loaded into suitable ITUs of a mode 
for the terminals (46).

Determine Intermodality

	47.	 Constraint Set (47) tracks the mode change during a 
particular period and the terminal using the arriving 
vehicle’s mode (which departed a lead time ago) and 
the departing vehicle’s mode.

	48.	 If the same mode is used for the arriving and departing 
vehicles, Constraint Set (48) forces usage of the same 
ITUs.

Sign and Type Restrictions

	49.	 Non-negativity is imposed on integer decision vari-
ables (49).

	50.	 A binary restriction is imposed on integer decision 
variables (50).

(45)

SULDrcijmt ≤ citurcmq ∀r ∈ ULD,∀c ∈ ITU,∀i ∈ S,

∀j ∈ WH,∀m ∈ TM, ∀t ∈ TIM

(46)

WULDrcjkmt ≤ citurcmq ∀r ∈ ULD,∀c ∈ ITU,∀m

∈ DA,∀j ∈ WH,∀k ∈ TM, ∀t ∈ TIM.

(47)
MOijmt−ltijm

+ Njkm� t ≤ MCijmm�t + 1 ∀i ∈ S,

∀j ∈ WH,∀k ∈ DA,∀m ∈ TM,m� ∈ TM, ∀t ∈ TIM

(48)

ITUScijmt−ltijm + mcwmm�MCijmm�t

≤ ITUWcjkmm�t + 1 ∀c ∈ ITU,

∀i ∈ S,∀j ∈ WH,∀k ∈ DA,∀m ∈ TM,

∀m� ∈ TM,∀t ∈ TIM.

(49)

SULDrcijkt,WULDrcjmkt, SITUcijkt,WITUcjkmt,Xhijmt,Yhjkmt,

INrjmt,Vmit,VEmjt,VUijmt,VEUjkmt ∈ ℤ
+

(50)
MOijmt,Njkmt,MCmm�jt, ITUScijmt, ITUWjkmt,Wjt ∈ {0, 1}
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 To measure the benefits of intermodal transportation, we 
define a Single-Mode Humanitarian Logistics Mathematical 
Model (SMM), which limits the intermodality of IMM by 
adding the following constraints:

SMM Constraints

	51.	 If the arriving vehicle’s mode (which departed a lead 
time ago) and the departing vehicle’s mode is differ-
ent, Constraint Set (51) ensures that the supplier and 
terminal cannot select those modes.

	52.	 Only a single mode can be used by suppliers (52).
	53.	 Only a single mode can be used by the terminals (53).

 In terms of complexity of the models, the number of vari-
ables and constraints is 13,657 and 12,743 for IMM and 
13,657 and 14,807 for SMM, respectively.

5 � Experimental Study

Van Wassenhove [6] classified disasters using two cat-
egories: (1) source (i.e., natural or human-made) and (2) 
occurrence duration (i.e., sudden onset or slow onset). In 
this paper and in our experimental study, we used data on 
natural and sudden disasters that have occurred previously 
in Turkey. The August 17, 1999 earthquake that occurred 
in the Marmara Region, the most industrialized region of 
Turkey, is a milestone for Turkey. As a result of this earth-
quake, 17,479 people died, 43,953 people were injured, 
and many lost their homes (Özmen [26]). The govern-
ment and researchers focused more on investigating the 
possible ways to prevent İstanbul, the most crowded city 
of Turkey, from experiencing potential disasters (Parsons 
et al. [27]; Özdamar et al. [21]; Görmez et al. [28]).

We use the real-life data from Kavlak [29], from which 
four different disaster scenarios are generated, and we 
solved the SMM and IMM problem instances with our 
models. Comparing results, we identify the benefits of 
intermodal humanitarian transportation over single-mode 
transportation. We use five metrics for performance 
comparison, viz. total cost, number of total vehicles 
used (Uijmt plus VEUjkmt), capacity utilization of vehi-
cles (CUmijt), inventory amount (INrjt), and number of 

(51)

MOijmt−ltijm
+ Njkm�t ≤ q(1 −MCijmm�t)

∀i ∈ S,∀j ∈ WH,∀m ≠ m�
,m and m

� ∈ TM,∀t ∈ TIM

(52)
∑

m∈TM

MOijmt ≤ 1 ∀i ∈ S,∀j ∈ WH,∀t ∈ TIM

(53)
∑

m∈TM

Njkmt ≤ 1 ∀j ∈ WH,∀k ∈ DA,∀t ∈ TIM

total intermodal transportation units used (SITUcijmt plus 
WITUcjkmt). Yadav and Barve [30] proposed twelve criti-
cal success factors (CSFs) to evaluate the performance 
of humanitarian supply chains. Two of them are inven-
tory management and agile humanitarian supply chains 
(CSFs), where some of our metrics belong to those CSFs. 
Other than capacity utilization, the metrics are obvious by 
definition and they correspond to decision variables in the 
mathematical programming models. Capacity utilization 
of vehicles is defined in (54) as follows:

5.1 � Data and Parameter Estimation

We used the following primary sources for data: DEMP, 
TCDD (State Railways of the Turkish Republic), Port 
(corresponding port operators in Turkey), DHL (the cou-
rier company), and expert opinion (Mediterranean Region 
sales manager of DHL Turkey). Appendix B gives the 
parameter, its source(s), and a short explanation of the 
data preparation process.

With the exception of dehkt, we believe Appendix B 
provides sufficient information on all parameters. Using 
the historical record on disasters from DEMP [31], we 
calculated the used item amounts per disaster victim for 
each relief item. Rounding these ratios to integers, we 
find that a group of five people needs one tent, five pil-
lows, and ten blankets, which forms a shelter kit. After-
ward, we use this shelter kit to generate total demand for 
disaster scenarios. In the next subsection, we explain how 
we distribute total demand to periods and obtain dehkt.

(54)
CUmijt = 100

∑C

c=1

∑R

r=1
SULDrcijmtleuldr

∑C

c=1
SITUcijmtleituc

∀m ∈ VH,∀i ∈ S,∀j ∈ WH,∀t ∈ TIM.

Table 3   City allocations of scenarios

Scenario # Suppliers Terminals Disaster areas

1 Hamburg İzmir Denizli
İstanbul Antalya

2 Hamburg İstanbul Afyon
Barcelona İzmir

3 İzmir Kayseri Erzincan
Adana Kahramanmaraş

4 İstanbul Samsun Ankara
Bursa Eskişehir



3835Arabian Journal for Science and Engineering (2022) 47:3821–3846	

1 3

5.2 � Problem Instances

We defined four scenarios using a number of cities for the 
supplier, terminal, and disaster area locations (see Table 3). 
The disaster areas were selected from cities where earth-
quakes had previously occurred.

Among these cities, there are logistic warehouses already 
established or under construction by the Turkish Disaster 
and Emergency Management Presidency (DEMP [32]). 
Moreover, there are Turkish State Railways logistic centers 
already established or under construction in a number of 
cities. (TCDD [33]).

For each of the four scenarios, we generated 21 instances 
and solved them using both SMM and IMM, which makes a 
total of 168 problem instances. Initial vehicle numbers deter-
mine the processing capacities of suppliers and terminals. 

Therefore, to observe the flexibility of the mathematical 
model according to the proximity of the first demand occur-
rence for a given scenario, we use two levels for the initial 
number of available vehicles, viz. 92 and 412. For 92 vehi-
cles, a demand density of 3 is used (i.e., demand occurs in 
three periods) that starts from period 4 (i.e., response time is 
4) and have ten different interval distributions (0–9) on the 
time horizon. By interval distribution, we mean the number 
of periods without demand between consecutive demands. 
For 412 vehicles, we use demand densities of both 3 and 5. 
For the demand density of 3 starting from period 16, we use 
four different interval distributions (0–3). For the demand 
density of 5, we assume both periods 4 and 16 for the start-
ing periods, where we define five and two different interval 
distributions for those demand densities, respectively. Fig-
ure 4 summarizes the instance generation.

Fig. 4   Instance generation 
scheme

Fig. 5   Demand generation 
scheme
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We explain the generation of total demand in the previous 
subsection and assume total demand is distributed equally 
over several periods of demand density. Figure 5 presents 
four examples to clarify our method.

In Fig. 5, the first scenario is the base where demand den-
sity is 3, the response period 4, and the interval distribution 
1. When the interval distribution becomes 0, demand occurs 
in consecutive periods. Compared to the base example, when 
the response period becomes 16, the first demand occurrence 
is during period 16. Increasing demand density from 3 to 5 
increases the number of periods that demand occurs, but at 
each demand occurrence, the amount is reduced such that 
the total demand is conserved.

Among all instances, we cannot find a feasible solution 
for the 18 instances of SMM of Scenario 2. When the 
vehicle number is the highest and demand starts in the 
latest period, we obtain feasible instances for high demand 
intervals (namely for 412 vehicles and demands starting 
in the 16th period with the demand density/interval pairs 
being (3, 2), (3, 3), and (5, 1). The reason for this is that 
both suppliers are foreign and they cannot respond quickly.

5.3 � Numerical Results

We performed all runs on a Windows 2012 Server work-
station with 88 GB RAM and an Intel Xeon Processor 
E5-2620 using GAMS 24.0.2. Minimum, average, and 
maximum solution times of our models are 93.4, 135.5, 
and 186.3 s, respectively.

For cost comparisons, we define the percentage increase 
in the objective function value (OFV) of SMM w.r.t. OFV 
of IMM in (55) as follows:

In Table 4, the numerical results are summarized w.r.t. 
the scenarios presented in Table 3. As explained in the pre-
vious subsection, only three instances for Scenario 2 could 
be solved.

Referring to Table 3, Scenarios 1 and 2 include interna-
tional suppliers, in which the former scenario has one sup-
plier and the latter both suppliers from abroad. We observe 
mode changing for only those two scenarios, and almost in 
all instances, mode changing occurs. For Scenarios 3 and 4, 
both suppliers are domestic, and mode changing does not 
exist, which leads to having the same objective function 
for SMM and IMM for all instances of the two scenarios, 
i.e., GAP is zero. Therefore, we can compare costs for all 
instances for Scenarios 1 and 2.

The average cost GAP is higher in Scenario 1, which 
indicates that the intermodality advantage is higher when 

(55)GAP =
OFVIMM − OFVSMM

OFVSMM

× 100
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domestic and international supplier alternatives exist at the 
same time. More detailed analyses of GAP for Scenarios 1 
and 2 can be seen in Fig. 6, which shows the average cost 
GAP w.r.t. the number of demands and the number of vehi-
cles for the two scenarios. For the demand density and 412 
vehicles, there is no GAP for Scenario 1 since SMM can 
solve for the same solution using more vehicles for less 
demand. GAP is not defined for Scenario 2 for a demand 
density of 3 and 92 vehicles since there is no feasible 
SMM solution. When there is a limited number of vehicles 
(92 vehicles), or there are more demand occurrences (such 
as demand density of 5 and 412 vehicles) for Scenario 1, 
there is a GAP. The largest GAP for a demand density of 3 
and 92 vehicles in Scenario 1 is a 43.4% cost reduction w.r.t. 
SMM and it is for consecutive demand occurrences that start 
in the earliest period (i.e., shortest response time). Hence, 
in a short response time, using multi-mode transportation 
brings significant cost advantages by changing modes. For 
that specific instance, this finding is supported by changing 
modes twice for every three transshipments. For a demand 
density of 5 and 412 vehicles, and due to infeasibility issues, 

there is only one instance in Scenario 2, so it is not very 
meaningful to compare scenarios at this parameter setting.

We sum the number of vehicles used from suppliers to 
terminals and from terminals to the disaster area to find the 
total number of vehicles used in an instance. Since we use a 
different number of available vehicles among the instances 
for each scenario, we use the ratio of the average number of 
all vehicles used to the average number of available vehi-
cles. From Table 4, similar to the GAP results, this percent-
age does not change from SMM to IMM for Scenarios 3 
and 4. For Scenario 2, although the GAP was lower than 
Scenario 1, the reduction is more significant than Scenario 1. 
Thus, when all suppliers are international, disaster relief 
could be managed with a significantly lower number of vehi-
cles, which is an essential operational advantage.

In all instances of Scenario 2, we do not observe signifi-
cant differences in the percentage reduction, and therefore, 
we cannot distinguish the effects of the problem parameters 
on the metric. For further analysis, we compare the number 
of vehicles used for Scenario 1 in Fig. 7. As expected, the 
number of vehicles used is in line with cost. When there 
is a limited number of vehicles, or there are more demand 
occurrences, SMM uses more vehicles. The most consider-
able difference for vehicle usage is for the instance having 
the largest cost GAP, where 12 vehicles are used for IMM, 
whereas 19 are used for SMM.

Overall capacity utilization is more than 95%, which is 
relatively high. Considering Table 4, for Scenarios 3 and 4, 
where the cost GAP is zero, we observe the same capacity 
utilization for SMM and IMM over both from the supplier to 
the warehouse and from the warehouse to the disaster area. 
For Scenarios 1 and 2, we observe that capacity utilization 
is lower (or at most equal) in SMM due to mode restric-
tion in general. For some instances, mode restriction has a 
counter effect, and by changing to a transportation mode that 
has lower cost per capacity, it may result in lower capacity 
utilization for IMM. On average, the differences in capacity 
utilization are small.

We calculate the total volume of the ULD inventory at 
the terminals using the volumes and the ULD-1 and ULD-2 
inventory amounts. We observe from Table 4 that when 
there is at least one international supplier, IMM tends to 
hold more ULD inventory at the terminals. When the two 
suppliers are domestic, the behavior is the opposite. Specifi-
cally, in Scenario 2, the average amount of inventory held is 
significantly larger than the other scenarios for both SMM 
and IMM, since both suppliers are foreign, and they are far 
from the disaster area. In contrast, IMM holds almost 50% 
more inventory than SMM. The reason for holding more 
inventory in IMM is due to using only the rail mode from the 
warehouse to the disaster area to benefit from unit capacity 
transportation cost. Rail capacity in ULD is large, and train 
departures are less frequent, which results in holding more 

Fig. 6   Average cost gap with respect to the number of demand occur-
rences and number of vehicles

Fig. 7   Average number of vehicles used for Scenario 1
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inventory at the warehouse. In terms of composition, 79% of 
inventory is the ULD-2 type for SMM, whereas it is 87% for 
IMM. ULD-2 is larger and better to hold inventory, which 
affects the composition of ULD-2 in total inventory.

For the last metric, i.e., the number of ITUs used, among 
all instances, there are only three instances where the num-
ber of ITUs used differs between SMM and IMM. The com-
mon property among those three instances is the number 
of vehicles being the highest and response time being the 
latest. SMM uses more ITUs than IMM since after selecting 
a mode on a route, it should continue with the same mode, 
where switching to another mode might be more efficient.

6 � An Extension of the Model

6.1 � Problem Description of the Extended Model

Flexibility is defined as “a multi-dimensional ability to adapt 
efficiently to changing external and internal conditions in 
disasters to maintain or improve humanitarian supply chain 
performance (Baharmand et al. [34]).” As an extension of 
our mathematical model, we added a limited relief supply as 
a changing external condition and relaxed the demand ful-
fillment constraint (Assumption #15). We also added relief 
item procurement cost and backorder (deprivation) cost to 
our objective function. We aim to provide our mathematical 
model flexibility of not meeting demands and penalizing 
unmet demands with deprivation cost. We used the depriva-
tion cost function provided by Holguin-Veras et al. [9] and 
calculated exponentially increasing period level deprivation 
costs. We assumed that all demand actually originated at the 
time of disaster and penalized deprivation cost w.r.t. time 
zero.

Resilience is defined as “the ability of a system to return 
to its original state or move to a new, more desirable state 
after being disturbed (Christopher and Beck [35]).” For 
instance, the original state of the transportation network 
might include only highway transportation, but after being 
disrupted by a collapsed bridge as a result of an earthquake, 
the new state might consist of only air and rail modes. Thus, 
to include resilience in our discussions, we use different 
network availability levels for each problem instance. Since 
the network is disrupted by the disaster, we only consider 
the path (i.e., arc) availabilities connected to the location 
of the disaster. If any path to a disaster area is disrupted, 
we assume it occurs at the time of the disaster (i.e., time 
zero) and continues over the entire planning horizon. For 
the three transportation modes, we make further assump-
tions. If the maritime mode becomes unavailable, it is due 
to damage to the harbor, which means all the paths from all 
warehouses are disrupted. For ground mode, the highway 
connections from warehouses to the disaster location are 

separate, and therefore, any path closure from a particular 
warehouse does not affect the others. Railway connections 
are also considered similarly. For the air mode, helicopters 
and other aircraft can be used. Helicopters are not affected 
by disasters since they can land almost anywhere, so for 
helicopters, path availability is not affected by disasters. 
Assuming that all aircraft use the same single airport at the 
disaster location, these paths are either all open or all closed 
for aircraft depending on availability.

To measure resilience, we use the beta index of network 
connectivity (i.e., availability), which is the total number of 
paths divided by the total number of nodes (Rodrigue [36]). 
It is evident that as the same number of nodes in the net-
work is connected by multiple transportation modes, the beta 
index increases because of the increased number of available 
paths. Therefore, a higher beta index is desired for a network 
to be resilient.

6.2 � Extended Mathematical Models

To extend our mathematical models, we add the following 
decision variable for unmet demand and cost parameters:

Adding (56) to the objective function (1), we include 
unmet demand penalty and procurement cost to the model.

In order to relax the assumption of no unmet demand, we 
replace (2) with (57) and (58).

From (57), relief item demand of each disaster area in the 
first periods is either satisfied or left to the second period as 
unmet demand.

U
hkt

= Amount of unmet (backordered) demand for item h

at disaster area k at the end of time t

cu
ht
= Cost of unmet demand (i.e., deprivation cost)

for item h for one period at time t

pcht = Procurement cost of item h at time t

(56)

∑

h∈IT

∑

k∈DA

∑

t∈TIM

cuhtUhkt +
∑

h∈IT

∑

i∈S

∑

j∈WH

∑

m∈TM

∑

t∈TIM

pchtXhijmt

(57)

M
∑

m=1

J
∑

j=1

Yhjkm(t−ljkm) + Uhkt ≥ dehkt ∀h ∈ IT ,∀k ∈ DA, t = 1

(58)

M
∑

m=1

J
∑

j=1

Yhjkm(t−ljkm) + Uhkt − Uhkt−1 ≥ dehkt

∀h ∈ IT ,∀k ∈ DA,∀t > 1 and ∈ TIM
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By (58), relief item demand of each disaster area in a 
period and the accumulated unmet demand is either satisfied 
or left to the next period as unmet demand.

We develop extended IMM (IMM-Ext) and extended 
SMM (SMM-Ext) by applying these modifications to IMM 
and SMM, respectively. The number of variables and con-
straints is 13,705 and 12,751 for IMM-Ext and 13,705 and 
14,815 for SMM-Ext.

6.3 � Additional Data and Parameter Estimation 
for the Extended Model

We gathered data for procurement and deprivation costs 
of two relief items: tents and blankets. Procurement cost 
is obtained from the State Supply Office online sales plat-
form (SSO [37] and SSO [19]). Deprivation cost (i.e., cost 
of unmet and backordered demand) starts from the 20th 
hour after the disaster. We used the exponential cost func-
tion given by Holguin-Veras et al. [9]:

(59)�(t) = 0.2869e0.0998t

where t is the number of hours that passed after the disaster. 
The deprivation cost of the 20th hour is taken as equal to the 
original procurement cost of the relief item using the cor-
rected deprivation cost function in Holguin-Veras et al. [9], 
with the cost increasing as time passes. To give an idea about 
the magnitude of the deprivation cost, the following estima-
tions can be provided: 72 h. after a disaster, the deprivation 
cost is about 8% more than the procurement cost; 96 h. after 
a disaster, the deprivation cost is almost twice the procure-
ment cost; and 120 h. after a disaster, deprivation cost is 
more than ten times the procurement cost. Hence, depriva-
tion cost becomes more significant when beneficiaries suffer 
for longer time periods.

6.4 � Numerical Results of the Extended Model

As explained in Subsection 5.2, we were able to find a fea-
sible solution for only three instances (out of 21) of SMM 
for Scenario 2 since both suppliers are international. The 
infeasibility of SMM instances stemmed from demand sat-
isfaction constraints. In the extended model, we relaxed 
the demand satisfaction constraint and allowed for unmet 
demand. Therefore, we would use Scenario 2 for the numeri-
cal studies of our extended model. In Fig. 8, the network 
availability of Scenario  2 is given. Between any node, 
there can be five path types for three transportation modes 
(maritime, air-aircraft, air-helicopter, ground-highway, and 
ground-railway). For Scenario 2, ground railway is not avail-
able between suppliers and warehouses, and maritime and 
air-aircraft are not available between warehouses and the 
disaster area.

We calculate the beta index considering the entire net-
work. As an example, we can consider that no path is dis-
rupted because of the disaster and all paths are open. Then, 
the beta index is calculated. There are a total of 16 paths 
from the suppliers to warehouses and 6 paths from the 
warehouses to the disaster area, which gives a total of 22 
available paths for the entire network. Dividing this total by 
the total number of nodes (2 suppliers, 2 warehouses, and 1 

SUPPLIERS WAREHOUSES DISASTER AREA

Mari
me
Air (Aircra�)

Air (Helicopter)
)retpocileH(riA)yawhgiH(dnuorG

Ground (Railway)
Ground (Highway)

Mari
me
Air (Aircra�)

Air (Helicopter)
Ground (Highway)

)retpocileH(riAemitiraM
)yawliaR(dnuorG)tfarcriA(riA
)yawhgiH(dnuorG)retpocileH(riA

Ground (Highway)

Mari
me
Air (Aircra�)

Air (Helicopter)
Ground (Highway)

Barcelona İzmir

Hamburg İstanbul

Afyon

Fig. 8   Network availability of Scenario 2

Table 5   Network availability levels and beta index values for intermodal transportation for Scenario 2

Path Network availability level

From To Mode A1 A2 A3 A4 A5 A6 A7 A8 A9 A10 A11 A12 A13 A14 A15 A16

İstanbul Afyon Ground (highway) 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0
İstanbul Afyon Ground (railway) 1 1 1 1 0 0 0 0 1 1 1 1 0 0 0 0
İstanbul Afyon Air (helicopter) 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
İzmir Afyon Ground (highway) 1 1 0 0 1 1 0 0 1 1 0 0 1 1 0 0
İzmir Afyon Ground (railway) 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0
İzmir Afyon Air (helicopter) 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Beta Index 4.4 4.2 4.2 4.0 4.2 4.0 4.0 3.8 4.2 4.0 4.0 3.8 4.0 3.8 3.8 3.6
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disaster area, summing to 5), the beta index for this instance 
is found as 4.4 (= 22/5).

Considering all the path disruption possibilities, we enu-
merate all 16 different path availabilities and define them 
as network availability levels in Table 5 for Scenario 2 for 
intermodal transportation. Note that level A1 corresponds 
to the above example. For each level, we calculate the beta 
index for intermodal transportation.

For single-mode transportation, since a mode cannot be 
changed at the warehouse, if a mode is unavailable from a 
supplier to a warehouse, we exclude the same mode from 
the warehouse to the disaster area and calculate the beta 
index correspondingly. Considering the same example of 
the A1 level, maritime and air-aircraft modes from suppli-
ers to the warehouses are not counted since they are not 
available from the warehouses to the disaster area. Similarly, 
ground railway is not counted since it is only available from 
the warehouses to the disaster area. Therefore, a total of 12 
paths is available and the beta index for A1 for single mode 
is found to be 2.4 (= 12/5). Note that only four availability 
levels remain for the single mode. For example, A1, A2, 
A5, and A6 correspond to the same availability level for the 
single mode.

We consider the same vehicle availability, demand den-
sity, response period, and interval distribution levels given 
in Fig. 4 and generate 42 settings for Scenario 2. With 16 

different network availability levels and two transportation 
types (intermodal and single mode), we solved a total of 
1344 problem instances. We performed all runs at a Win-
dows 2012 Server workstation with 88 GB RAM and an 
Intel Xeon Processor E5-2620 using GAMS 24.0.2. The 
minimum, average, and maximum solution times of our 
models are 83.1, 755.4, and 14,149.0 s, respectively.

As presented in Table 6, IMM-Ext gives less average total 
cost, average unmet cost, and percent average unmet cost 
over the average total cost compared to SMM-Ext and this 
difference is larger when vehicle availability level is 412. 
The reason for this is the number of available vehicles affect-
ing the overall transportation capacity with larger capacity 

Table 6   Summary of results for 
extended models

Total # of 
vehicles (TV)

Model Average of unmet demand cost 
(AUDC), in thousand TRY​

Average of total cost 
(ATC), in thousand TRY​

% AUDC of ATC​

92 IMM-Ext 469,232 517,961 90.3%
SMM-Ext 475,152 524,095 90.4%

412 IMM-Ext 45,346 75,158 45.1%
SMM-Ext 54,399 85,333 48.1%

Fig. 9   Average total cost of 
IMM-Ext and SMM-Ext w.r.t. 
Beta Index

Table 7   Summary of results for extended models

Total # of vehicles 
(TV)

Model Average volume of total 
ULD inventory at terminals 
(m3)

92 IMM-Ext 1656
SMM-Ext 2307

412 IMM-Ext 3816
SMM-Ext 8356
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allowing intermodal transportation to operate more effec-
tively. Lower unmet demand cost indicates that intermodal 
transportation is more flexible than single-mode transporta-
tion and it better satisfies the demand when a network is 
disrupted.

For the 412 available vehicles case, with decreas-
ing beta index, i.e., a less resilient network, average total 
cost increases for both IMM-Ext and SMM-Ext (Fig. 9a, 
b, respectively). This indicates that increased network 
resilience has a positive effect on the performance of both 
options.

Average ULD inventory volumes are given in Table 7. 
More available vehicles allow the holding of more inventory 
in the warehouses for both IMM-Ext and SMM-Ext. IMM-
Ext holds less inventory than SMM-Ext for both levels.

For the 412 available vehicles case, IMM-Ext holds less 
inventory compared to SMM-Ext for any interval distribu-
tion of demand and response period (Fig. 10). Realizing 
demand earlier (i.e., response period is 4) allows holding 
less inventory than late demand realization (i.e., response 

period is 16) for both models. For late demand realization, 
both models tend to hold more inventory to reduce unmet 
demand.

Average unmet demand costs of IMM-Ext and SMM-
Ext w.r.t. interval distribution and response periods are 
given in Fig. 11. From the unmet demand cost perspective, 
both models have average unmet demand costs close to 
zero for the response period of 16, which is a result in line 
with inventory volumes. Moreover, IMM-Ext has less cost 
compared to SMM-Ext for any case.

7 � Conclusions

This study addresses intermodal freight transportation 
(IFT) in humanitarian logistics for transportation of relief 
items during the response phase of a disaster. To the best 
of our knowledge, this is the first study in the literature 
presenting IFT modeling in humanitarian logistics using 
loading units. The contributions of this study can be listed 
as follows: (1) Two suitable unit load devices are pro-
posed for humanitarian logistics; (2) a mathematical model 
which includes integer variable representation for vehicle 
fleets on different transportation modes is developed; and 
(3) intermodal transportation is compared with single-
mode transportation using a real-life dataset.

This study is novel because capacitated intermodal 
transport units (ITU) and unit load devices (ULD) are 
explicitly considered for the first time in the literature 
to properly represent intermodal transportation. Moreo-
ver, parking limitations (e.g., the container capacity of a 
warehouse) and holding costs are included with integer 
vehicle flow representations. To account for flexibility and 
resilience of intermodal freight transportation, an extended 
model is presented with deprivation cost (i.e., backorder 
cost of unmet demands) and varying route availabilities.

We review both the commercial logistics and humani-
tarian logistics literature and analyze the use of multiple 
transportation modes. Since intermodal transportation 
requires an intermodal transport unit (e.g., a container), we 
propose unit load devices using standard dimensions from 
commercial air cargo transportation. The proposed integer 
programming model is based on a time–space network by 
considering route and vehicle availabilities that change over 
time. We represent the number of vehicles available in each 
period with integer variables, which is an improvement on 
the previous related models. Hence, the number of decision 
variables decreases, making the model more tractable. To 
see the potential benefits of IFT in humanitarian logistics, 
we compare our proposed IFT model with a single-mode 
transportation model via four different scenarios. We used 
total cost, the number of vehicles used, capacity utilization 
of vehicles, and inventory amount as performance metrics. 

Fig. 10   Average volume of total ULD Inventory at terminals (m3) of 
IMM-Ext and SMM-Ext w.r.t. interval distribution and response peri-
ods

Fig. 11   Average unmet demand cost (thousand TRY) of IMM-Ext 
and SMM-Ext w.r.t. interval distribution and response periods
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The first and the second scenarios are where suppliers are 
international NGOs, and the third and the fourth scenarios 
are where suppliers are national. Demand density, response 
times, interval distribution of demand on time horizon, and 
the number of vehicles initially available are altered in these 
scenarios.

We observe that using IFT provides maximum benefit 
(i.e., 43% improvement in the objective function) when 
demand is in consecutive periods, requires the shortest 
response time, and the number of vehicles is low. Another 
observation we make is that IFT changes transportation 
mode in two out of three transshipments. Therefore, we 
can claim that when an immediate response is required and 
demand is in consecutive periods, using IFT brings cost 
advantages, thereby overcoming the disadvantage of chang-
ing modes. The number of vehicles used follows a similar 
pattern to cost such that IFT uses fewer vehicles when an 
immediate response is required and demand is in consecu-
tive periods. We observe that capacity utilization is as high 
as 95% on average with low variability. Therefore, the capac-
ity utilization metric appears to be insignificant for inter-
modality. Inventory is held more in IFT when international 
NGOs are involved, and less inventory is held in IFT when 
a national response is required. IFT benefits are also visible 
in the extended model results. Changing network availability 
highlighted the flexibility and resilience of IFT.

Based on our results, we have three policy suggestions. 
We observe that the number of vehicles available is the most 
critical parameter in cost performance. Organizations cop-
ing with disaster relief should ensure adequate amounts of 
vehicle parking. Secondly, using suppliers solely far from 
disaster areas increases inventory significantly. Policymak-
ers are better to use suppliers that are as close as possible 
to disaster areas. Finally, intermodality brings flexibility for 
immediate response. Therefore, policymakers should con-
sider intermodality in their planning; i.e., they should choose 
suppliers and warehouse locations in network designs and 
procure any necessary equipment for intermodal transporta-
tion, such as unit load devices.

For future work, this study can be enhanced in several 
ways. We use five network nodes with two echelons for each 
scenario; moreover, more complex supply chain configura-
tions may be tested in the future. The beta index of more 
complex network configurations will be more diverse when 
single-mode and multiple-mode alternatives are compared. 
When the network includes a greater number of nodes and 
paths, the mathematical model will lend itself to large-scale 
instances for which a heuristic algorithm can be developed.

Future studies might also increase the number and level of 
factors in the experimental design. Some factors that might 
be considered could include periods, number of suppliers, 
warehouses, disaster areas, type of ITUs, types of ULDs, 
and types of relief items. Other objective functions which 

can be considered in the future are minimization of response 
times and maximizing road reliability. When other objective 
functions are tested, a multi-criterion mathematical model 
could be developed with varying importance of different 
objective functions.

During the response phase of humanitarian logistics, the 
transportation of relief items plays a vital role in survival. 
Hence, an efficient transportation plan should be developed 
rapidly. This study is the first step to create a resilient trans-
portation plan which includes mode changes with vehi-
cle and route availabilities. Our perspective of combining 
intermodal freight transportation and humanitarian logistics 
using unit load devices is novel to disaster operations man-
agement practice and research.

8 � Appendix A: Parameters Used 
in the Mathematical Model

8.1 � Sets

ITSet of relief items, IT = {1, …, H}
SSet of supplier nodes, S = {1, …, I}
WHSet of terminal nodes, WH = {1, …, J}
DASet of disaster areas, DA = {1, …, K}
TMSet of transportation modes, TM = {1, ..., M}
TIMSet of time periods, TIM = {1, …, T}
ITUSet of intermodal transportation unit types,
ITU = {1, …, C}
ULDSet of unit load device type, ULD = {1, …, R}

8.2 � Parameters

dehkt = Demand of item h in disaster area k at time t

inghr = Number of item h in ULD r

cwituj = ITU capacity of terminal j

cwuldj = ULD capacity of terminal j

citu
rcm

= Loading availability of ULD r into ITU

c in transportation mode m

cacm = ITU c capacity of vehicle in transportation mode m

svb
mi

= Number of available vehicles in transportation mode m of supplier

i at the beginning of period t= 1
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wvbmj = Number of available vehicles in transportation mode

m of terminal j at the beginning of period t= 1

vuldr = Volume of ULD r

vituc = Volume of ITU c

weuldr = Weight of ULD r

weituc = Weight of ITU c

leuldr = Length of ULD r

leituc = Length of ITU c

crijm = Cost of transporting one kilogram of ULD r from supplier i to terminal j by using transportation mode m

corjkm = Cost of transporting one kilogram of ULD r from terminal j to disaster area k by using transportation mode m

cccijm = Cost of transporting an ITU c from supplier i to terminal j by using transportation mode m

ccocjkm = Cost of transporting an ITU c from terminal j to disaster area k by using transportation mode m

horjt = Inventory holding cost of ULD r in terminal j at time t

beinrj = Inventory of ULD r in terminal j at beginning t = 1

aijmt = Availability of route from supplier i to terminal j for transportation mode m at time t

avjkmt = Availability of route from terminal j to disaster area k for transportation mode m at time t

ltijm = Needed time to transport items from supplier i to terminal j by transportation mode m

ljkm = Needed time to transport items from terminal j to disaster areas k by transportation mode m

mccjmm� = Cost of mode changing between transportation modes m and m� in terminal j

mcwmm� =

{

1, if arriving mode m is same with departure mode m� at terminal

0, otherwise

9 � Appendix B: Information About 
Parameters

q = Big number

fcituc = Fixed cost of using ITU type c

fcvm = Fixed cost of using vehicle in transportation mode m

fcihl = Fixed cost of using a terminal
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Parameter Source References Explanation

dehkt Generated DEMP [31] Demand gener-
ated from real 
earthquakes 
hard-hit house 
data

inghr Calculated Turkish 
Airlines [38] 
and Brinkley 
[39]

Calculated using 
standard ULD 
dimensions 
and relief item 
dimensions

cwituj , cwuldj Calculated Seagoline [40], 
ASBAS [41], 
Kumport 
[42], TCDD 
[33], Sam-
sunport [43] 
and Gemport 
[13]

Calculated using 
ITU and ULD 
dimensions 
and terminal 
sizes

citurcm Calculated Turkish 
Airlines [38] 
and Brinkley 
[39]

Calculated using 
ITU, ULD 
dimensions, 
transportation 
mode capabili-
ties

cacm Web Nasmaritime 
[44]

Vehicle capaci-
ties are taken 
from the 
web pages of 
related organi-
zations

vuldr , vituc , 
weuldr,leuldr

Web Turkish 
Airlines [38] 
and Brinkley 
[39]

ULD dimen-
sions, volumes 
and weights 
information on 
web pages

weituc , leituc Web Turkish 
Airlines [38] 
and Brinkley 
[39]

Container 
dimensions 
are taken from 
related web 
sites

crijm , corjkm Web Turkish Air-
lines [45]

ULD transporta-
tion costs are 
obtained from 
the Turkish 
Airlines air 
freight price 
list

Parameter Source References Explanation

cccijm , ccocjkm Expert Opin-
ion, TCDD

Tekin [46] and 
TCDD [47]

Transportation 
costs of ITUs 
in seaway, 
highway, and 
airway modes 
are determined 
from DHL and 
domestic and 
foreign price 
tariffs. For 
railway mode, 
TCDD cargo 
tariffs are used 
for domestic 
railway trans-
portation

horjt TCDD, Ports Seagoline [48], 
ASBAS [41], 
Kumport 
[42], TCDD 
[49], Sam-
sunport [43], 
Gemport [13]

Holding costs 
are determined 
by using price 
tariffs accord-
ing to the cities 
of shipping 
companies and 
TCDD

aijmt , avjkmt Calculated Tekin [46], 
TCDD [47] 
and Turkish 
Airlines [38]

0 or 1 is 
assigned 
depending on 
terminal avail-
ability

ltijm , ljkm Calculated Tekin [46], 
TCDD [47] 
and Turkish 
Airlines [38]

Calculated 
using distance 
information 
obtained from 
DHL, TCDD, 
and Turkish 
Airlines web-
pages

mccjmm′, fcituc , 
fcihl, fcvm

Calculated Mersinport 
[50]

Calculated using 
Ports price lists
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