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Abstract

This study proposes a novel dual-role weighting framework for dry port location selection,
bridging the gap between commercial logistics efficiency and strategic disaster resilience.
Designed to establish a new theoretical evaluation paradigm, the research utilizes the
Fuzzy Rough SWARA (FR-SWARA) method and a 12-person expert panel to weigh a
comprehensive set of 31 criteria under high-dimensional uncertainty. The findings reveal
a decisive hierarchical shift, where spatial and infrastructure-related dimensions signif-
icantly outweigh traditional cost considerations. This empirical evidence substantiates
the transition from ‘just-in-time’ to ‘Just-in-Case’ logistics architectures. Ultimately, the
study reconceptualizes the dry port as a ‘strategic stabilizer’—a critical infrastructure node
that absorbs systemic shocks and maintains supply chain continuity during diverse crises,
including natural disasters and the COVID-19 pandemic. The proposed weighting frame-
work offers a robust theoretical roadmap for policy and managerial decision-making in
volatile geographies.

Keywords: dry port; emergency logistics; resilience; multi-criteria decision-making
(MCDM); supply chain security

1. Introduction
Maritime transport constitutes the backbone of global trade flows, facilitating over

80% of global commodity trade and ensuring access to international markets. However,
recent global shocks have exposed the structural vulnerabilities of these critical networks.
The COVID-19 pandemic triggered unprecedented disruptions, precipitating severe port
bottlenecks and soaring freight rates, which laid bare the inherent limitations of just-in-time
(JIT) models [1,2]. Furthermore, geopolitical tensions, such as the Russia–Ukraine war and
trade disputes between major economies, have necessitated a strategic realignment towards
alternative trade routes and accentuated the precarity of supply chain security [3–5].

In addition to anthropogenic shocks, maritime logistics infrastructure faces escalating
threats from natural disasters and climate change. Alongside the Great East Japan Earth-
quake and Hurricane Katrina, the recent 2023 Kahramanmaraş and Hatay earthquakes
have starkly illustrated how the physical destruction of logistics infrastructure can incapac-
itate supply chains and vital emergency response operations [6–8]. These compounding
pressures necessitate a paradigm shift from purely efficiency-oriented logistics to resilient
and adaptive systems capable of withstanding multi-dimensional crises [2].
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The concept of dry ports was developed to alleviate seaport congestion and optimize
the operational efficiency of inter-port cargo transportation, driven by the exponential
growth in global trade volumes and the surge in containerization [9,10]. In response to
these multifaceted challenges, a dry port is defined as an intermodal terminal located
inland, typically directly connected to seaports via high-capacity transport modes such as
railways [11–14]. The strategic siting of a dry port is paramount for fully unlocking its opera-
tional advantages [15]. However, given the vulnerabilities mentioned above, evaluating dry
ports solely through a conventional commercial lens remains strategically inadequate. To
address these disruptions, emergency logistics has emerged as an indispensable capability
for sustaining supply chain continuity.

Consequently, emergency logistics constitutes a vital component of disaster manage-
ment and risk reduction in extraordinary scenarios such as natural disasters, pandemics,
crises, and wars, facilitating the rapid deployment of relief materials and life-saving support
during times of crisis [16]. Integrating this capability into dry port location selection trans-
forms these infrastructural nodes from mere cargo buffers into strategic dual-purpose hubs.

Despite extensive research on dry port locations and emergency logistics as indepen-
dent domains, a critical research gap persists in the extant literature: previous decision-
making models have largely evaluated commercial logistics hubs and emergency response
centers as mutually exclusive entities. This dualistic treatment fails to capture the systemic
operational synergy required when the broader logistics network—including near-port,
mid-range, and distant facilities—faces systemic damage, congestion, or incapacitation
due to large-scale crises such as earthquakes or pandemics. While conventional studies
predominantly emphasize ‘just-in-time’ (JIT) efficiency, recent global disruptions necessitate
a strategic transition toward ‘Just-in-Case’ (JIC) logistics architectures.

In this context, the conceptual framework presented in Figure 1 illustrates this struc-
tural transition. To operationalize this shift, the present study ontologically redefines dry
ports as ‘strategic stabilizers’. Within this framework, a strategic stabilizer is defined as a
logistics node that possesses the structural redundancy and multi-scalar connectivity to
maintain supply chain continuity when the overarching logistics system is compromised.
Unlike a standard ‘resilient node’—which primarily focuses on self-recovery—a strategic
stabilizer functions as an integrated hub for both operational coordination and emergency
logistics distribution. These stabilizers are specifically designed to absorb systemic shocks
by serving as high-capacity staging areas for emergency response network integration,
ensuring functional stability across the national logistics network regardless of the specific
point of failure.

Figure 1. Conceptual framework.

https://doi.org/10.3390/su18094255

https://doi.org/10.3390/su18094255


Sustainability 2026, 18, 4255 3 of 32

To address these multi-dimensional requirements, rather than executing a standard
site-specific location application, this study aims to develop a robust, dual-role strate-
gic weighting framework designed to systematically harmonize inherently conflicting
objectives. By employing the Fuzzy Rough SWARA (FR-SWARA) method to prioritize
resilience-oriented sub-criteria and encapsulate stakeholder dissonance within a rough
boundary structure, the proposed framework seamlessly integrates traditional commercial
metrics with critical resilience components. Ultimately, this scientifically grounded infras-
tructure valuation model extends supply chain resilience theory and provides a strategic
roadmap for public policy formulation and targeted incentive allocations.

2. Literature Review
2.1. Dry Port Concept

The concept of a dry port has evolved from simple inland clearance depots to ad-
vanced intermodal terminals that facilitate modal shifts and regional development. Early
definitions focused on relieving seaport congestion [17] and inland customs processing [18].
In the contemporary literature, a dry port is defined as an inland intermodal terminal
directly connected to a seaport by high-capacity transport means, where customers can
leave/pick up their standardized units as if they are directly at a seaport [11,19]. Roso
et al. [11] further categorized these facilities into close, mid-range, and distant dry ports
based on their distance from the seaport, highlighting their function as extended gates.

From a sustainability perspective, dry ports significantly mitigate the negative exter-
nalities of seaport operations by shifting freight from road to rail. Several studies have
quantified these benefits. For instance, Khaslavskaya and Roso [12] and Carboni and
Orsini [20] demonstrated substantial reductions in CO2 emissions and congestion through
effective dry port implementation. Furthermore, these facilities enhance global logistics effi-
ciency by acting as buffer zones during peak periods, thereby optimizing vessel turnaround
times and providing competitive advantages to the hinterland industries [21–23].

2.2. Review of Criteria and Methodologies Used in Dry Port Location Selection

Dry port location selection is a complex multi-criteria decision-making (MCDM)
problem involving conflicting quantitative and qualitative factors such as cost, accessibility,
and environmental impact [24]. Owing to the high capital investment and irreversibility of
the decision, the literature offers a wide array of methodological approaches. Early studies
predominantly utilized hybrid MCDM models; for instance, Kayikci [25] and Ka [26]
employed Fuzzy AHP integrated with Artificial Neural Networks (ANNs) and ELECTRE,
respectively, to evaluate macroeconomic and infrastructural criteria.

More recent research has incorporated spatial and environmental dimensions into
the decision-making process. Komchornrit [27] and Raad et al. [28] combined MCDM
methods with Geographic Information Systems (GISs) to assess spatial–temporal factors
alongside traditional economic metrics. Similarly, environmental sustainability has gained
prominence, with studies such as Pham and Lee [29] focusing on green routing models to
minimize total emissions. The diversity of criteria, ranging from traditional cost metrics to
social and political factors, and the evolution of methodologies are summarized in Table 1.

As shown in Table 1, while numerous studies have utilized MCDM methods for dry
port location selection, they have predominantly focused on economic and operational
criteria. Methodologies have evolved from traditional AHP and ANP to more complex
hybrid approaches; however, the integration of resilience and emergency response capa-
bilities as core decision criteria remains limited. This study differentiates itself from the
listed literature by introducing a ‘dual-use’ perspective, evaluating dry ports not only as
commercial nodes but also as critical assets for national disaster management.
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Table 1. Some dry port location selection studies have been found in the literature.

Author Year Country Method

Lv and Li [30] 2009 China ANP
Wei et al. [31] 2010 - Fuzzy ANP

Ka [26] 2011 China AHP-ELECTRE
Ambrosino and Sciomachen [32] 2014 Italy Mixed-Integer Linear Programming

Roso et al. [33] 2015 Croatia AHP
Chang et al. [34] 2015 China Linear Programming
Wang et al. [35] 2017 China Integer programming

Komchornrit and Weerawat [27] 2020 Thailand SEM-MACBETH-PROMETHEE
Tadic et al. [36] 2020 Slovenia Gray Delphi-AHP-CODAS

Saka and Çetin [37] 2020 Türkiye AHP
Božicević et al. [38] 2021 Croatia AHP

Raad et al. [28] 2022 Iran Fuzzy SWARA, GIS Fuzzy MULTIMOORA
Chowdhury and Munim [39] 2023 Bangladesh Fuzzy AHP-BWM-PROMETHEE

Wu and Zhang [40] 2023 China Game Theory
Nguyen et al. [41] 2016 Vietnam SWING
Bagheri et al. [15] 2024 Iran Deterministic, Stochastic, and Robust Models

Kine et al. [42] 2025 Ethiopia GIS-SMART

2.3. Emergency Logistics Concept and Emergency Logistics Centers

Emergency logistics are designed to minimize response times and provide critical
materials and services following sudden catastrophic events such as natural disasters,
pandemics, and wars [43]. This system constitutes a critical aspect of disaster response
and management by coordinating and efficiently transporting resources, relief teams and
materials to affected areas. Effective emergency logistics play a pivotal role in mitigating
human casualties and enhancing recovery trajectories [44–46]. Owing to its inherently mul-
tilayered and complex nature, this process requires effective coordination and collaboration
among various actors, such as public institutions, non-governmental organizations, and
the private sector [47,48]. The operational intervention of emergency logistics is uniquely
challenging, particularly in urban areas with high and dynamic populations. To adapt to
these uncertainties, emergency logistics must develop flexible and adaptable supply chain
strategies that can respond to sudden changes in resource requirements and distribution
channels [47].

Emergency logistics centers are strategic facilities designed to facilitate the rapid and
efficient distribution of resources during emergencies such as natural disasters, pandemics,
and wars [49]. These facilities must have the capacity to handle a wide range of goods,
including food, medical supplies, shelter materials, and rescue equipment, as well as
the capabilities to meet demands that may vary depending on the severity and type of
emergency [50].

One of the key factors that can directly impact the speed and efficiency of relief
efforts is the proximity of emergency logistics centers to the affected areas [51,52]. The
location selection of emergency and humanitarian aid logistics facilities is vital in terms
of the effectiveness of disaster management processes and the timely delivery of aid to
communities affected by disasters [51,53,54]. This strategic decision directly affects the
determination of the central points for the storage, distribution, and coordination of relief
supplies, as well as disaster preparedness and response capacity. The location selection
of emergency logistics centers requires the simultaneous evaluation of uncertainties in
demand and conditions, multiple objectives, and various qualitative and quantitative
factors [55,56]. Although the criteria considered in the site selection problem vary from
study to study, some factors frequently emerge in the literature. Transportation options and
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accessibility are considered by many researchers to be critical factors. Yılmaz and Kabak [57]
stated in their study on Istanbul that transportation options are the most important main
criterion for main distribution centers. Similarly, Geng [58] emphasized the importance of
proximity to main transportation networks for rapid response, while Wang and Ma [54] and
Boonmee et al. [53] also highlighted the critical role of transportation distances to demand
points and access to infrastructure. Pang et al. [59] stated that prioritizing areas with high
population density would increase response effectiveness, and Wang and Ma [54] and
Geng [58] also included this criterion in their studies. Similarly, Feng et al. [60] identified
population density distribution as the most important criterion in their work based on
MCDM and GIS integration. Cost factors [55,56], infrastructure [61], physical characteristics
of facilities, and potential for cooperation with local/international stakeholders [62] are
other important criteria found in the literature. The advancement of humanitarian logistics
and emergency response modeling has increasingly integrated fuzzy logic with dynamic
simulation techniques to manage stochastic environments. Notably, the synergy between
fuzzy clustering and agent-based modeling (ABM) has demonstrated significant efficacy in
simulating complex rescuer behavior during large-scale emergencies [63]. Furthermore,
fuzzy agent-based expert systems have been successfully utilized to navigate imprecise
operational parameters in industrial optimization [64]. Despite these advancements, a
profound gap remains in the literature regarding the integrated evaluation of commercial
and emergency logistics perspectives. Historically, these two domains have been treated
in parallel due to their perceived conflicting goals: commercial efficiency seeks a lean,
‘just-in-time’ structure with minimal inventory, whereas disaster resilience necessitates
intentional ‘Just-in-Case’ redundancies. Evaluating these in isolation leads to either ‘fragile
efficiency’ or ‘uneconomical redundancy’. This study overcomes this isolation by proposing
a dual-role model that harmonizes these perspectives beyond the reach of conventional
agent-based simulations which typically focus on single-purpose response effectiveness.

3. Materials and Methods
In the development of a robust multi-criteria decision-making model, the rigorous

elicitation of criterion weights is paramount for aligning analytical outcomes with the
strategic priorities of decision-makers. While a plethora of weighting techniques exists
within the MCDM literature, this study deliberately adopts the Fuzzy Rough Stepwise
Weight Assessment Ratio Analysis (FR-SWARA) method. The rationale for selecting the
FR-SWARA framework over other established fuzzy techniques—such as Fuzzy AHP,
Fuzzy BWM, or Fuzzy DEMATEL—is strictly tied to the high-dimensional and deeply
uncertain nature of dual-role infrastructure planning.

Conventional matrix-based methods, such as Fuzzy AHP and ANP, rely on exhaustive
pairwise comparisons that induce severe cognitive fatigue and consistency issues, partic-
ularly when evaluating a complex hierarchy of 31 distinct sub-criteria. Similarly, Fuzzy
BWM relies heavily on the absolute identification of single ‘best’ and ‘worst’ criteria. This
mathematically forces an artificial consensus in a dual-role model where public and private
experts hold fundamentally conflicting reference points (e.g., cost versus vulnerability).
Furthermore, methods that enforce rigid mathematical consistency thresholds often necessi-
tate the artificial recalibration of expert judgments, thereby compromising the authenticity
of the original assessments.

The FR-SWARA method overcomes these limitations by offering a cognitively parsi-
monious, stepwise approach that eliminates strict consistency constraints and preserves
the fidelity of the experts’ true priorities. Crucially, the fuzzy rough extension distinguishes
itself from standard fuzzy methodologies through endogenous uncertainty modeling. In-
stead of relying on subjective membership functions, objective ‘rough’ intervals are derived
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directly from the data distribution. This integration captures the true boundary of expert
disagreement without diluting it into a single crisp average, making it uniquely suited
to harmonize the conflicting paradigms of commercial logistics efficiency and emergency
infrastructure resilience.

3.1. Preliminaries

Fuzzy sets capable of utilizing linguistic values have been created to address both
qualitative and quantitative information involving uncertainty in the decision-making
process [65]. Fuzzy sets have been used in many studies in the literature, and their applica-
bility has been demonstrated [66–73]. Fuzzy logic is a computational methodology derived
from the fuzzy set theory proposed by Zadeh [65] that determines degrees of truth instead
of binary truth values such as 0 and 1 [74]. These degrees of certainty provide a more
quantitative decision-making framework in complex and uncertain environments [75].

A fuzzy triangular number is a special type of fuzzy number used to represent un-
certain or indefinite numerical values. A triangular fuzzy number is represented by three
real numbers, denoted as M = (l, m, u), where (l) is the minimum value, (m) is the peak
value, and (u) is the maximum value. This structure reflects uncertainty by forming a
triangular membership function where membership values increase linearly from (l) to
(m) and decrease linearly from (m) to (u) [76].

In fuzzy multi-criteria decision-making problems, criterion evaluations in the form of
linguistic values must be converted into fuzzy numbers. Accordingly, the linguistic values
and membership degrees used in this study are listed in Table 2.

Table 2. Linguistic variables and TFN values.

Linguistic Variable (LV) TFN Value

Absolutely Very Important (AVI) (1, 1, 2)
Important (IM) (2, 3, 4)

Moderately Important (MI) (3, 4, 5)
Neutral/Undecided (NE) (4, 5, 6)

Slightly Less Important (SLI) (5, 6, 7)
Unimportant (UI) (6, 7, 8)

Absolutely Insignificant (AI) (8, 9, 10)

The concept of rough numbers, used particularly in scientific disciplines such as
mathematics and decision-making, refers to the representation of uncertain information
with lower and upper bounds derived from raw data without resorting to any interpretation.
This representation method allows researchers to maintain objectivity during the data
integration process of decision models [77].

In the application of fuzzy rough sets, linguistic expressions are first quantified using
fuzzy logic, and the resulting values are evaluated within the rough set framework. In this
approach, it is assumed that fuzzy values are handled as defined on the universal set U and
generally represented as Ãi = (xl

i , xm
i , xu

i )(i = 1, 2, . . . , n). For a given set of evaluations,
θe =

{
xe

1, xe
2, . . . , xe

n
}

, where the index e ∈ {l, m, u} denotes the specific component (lower
bound l, middle value m, and upper bound u) of the fuzzy number, the rough lower and
upper limits of the component (ce

i ) can be defined as follows [71,73,78,79]:

Lim(ce
i ) =

1
Ne

Ne

∑
k=1

φk ∈ Apr(ce
i ) (1)

Here, Equation (1) calculates the rough lower limit (Lim) of the fuzzy number compo-
nent (ce

i ). This calculation is performed by taking the average of the values within the lower
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approximation set (Apr (ce
i )), which is formed by all evaluations (φk) of the k-th expert

(where k = 1, 2, . . . , K, and K is the total number of experts) that are equal to or less than
the value ce

i . Furthermore, Ne denotes the total number of evaluations contained within
this lower approximation set.

Lim(ce
i ) =

1
Ne

Ne

∑
k=1

φk ∈ Apr(ce
i ) (2)

Similarly, Equation (2) calculates the rough upper limit (Lim) of the fuzzy number
component (ce

i ). This calculation is performed by taking the average of the values within the
upper approximation set (Apr(ce

i )), which is formed by all evaluations (φk) of the experts
that are equal to or greater than the value ce

i . Furthermore, Ne denotes the total number of
evaluations contained within this upper approximation set.

Using these calculated limits, a fuzzy rough number, FRN, is created, represented by
Ãi. The structure of the Ãi number is defined by Equation (3).

FRN(Ãi) = ([xlL
i , xlU

i ], [xmL
i , xmU

i ], [xuL
i , xuU

i ]) = ([Lim(xl
i), Lim(xl

i)], [Lim(xm
i ), Lim(xm

i )], [Lim(xu
i ), Lim(xu

i )]) (3)

If there are two FRN values, FRN(Ã) = ([alL, alU ], [amL, amU ], [auL, auU ]) and
FRN(B̃) = ( [b l L, blU ], [bmL, bmU ], [buL, buU ] ), the following operations are performed
on them.

Addition:

FRN(Ã) + FRN(B̃) = ([alL + blL, alU + blU ], [amL + bmL, amU + bmU ], [auL + buL, auU + buU ]) (4)

Subtraction:

FRN(Ã)− FRN(B̃) = ([alL − buU , alU − buL], [amL − bmU , amU − bmL], [auL − blU , auU − blL]) (5)

Multiplication:

FRN(Ã)× FRN(B̃) = ([alL × blL, alU × blU ], [amL × bmL, amU × bmU ], [auL × buL, auU × buU ]) (6)

Division:

FRN(Ã)÷ FRN(B̃) = ([alL ÷ buU , alU ÷ buL], [amL ÷ bmU , amU ÷ bmL], [auL ÷ blU , auU ÷ blL]) (7)

For FR numbers to have a valid structure, there must be a specific ordering relationship
between the component limits. Specifically, the lower limit of the lower component must
not be greater than the upper limit of the middle component (aU

1 ≤ aL
2 ) and the upper limit

of the middle component must not be greater than the lower limit of the upper component
(aU

2 ≤ aL
3 ). It is acceptable for these limit values to be equal to each other. However, if

these ordering constraints are not met, necessary adjustments to the FR numbers must be
made to resolve the resulting mathematical inconsistency [79]. The required adjustments
are presented in Equation (8).

Lim(cl
i) = Lim(cm

i ) i f Lim(cl
i) > Lim(cm

i )

Lim(cm
i ) = Lim(cu

i ) i f Lim(cm
i ) > Lim(cu

i )
(8)

3.2. Fuzzy Rough SWARA Method

The Stepwise Weighted Average Ratio Analysis (SWARA) technique, one of the multi-
criteria decision-making methods introduced to the literature by Keršuliene et al. [80], is
a method used to calculate the weights of criteria in decision problems. This approach
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is based on determining and ranking the relative importance levels of criteria based on
the assessments of experts or decision-makers. The main objective of this method is to
enable actors involved in the decision-making process to first rank the evaluation criteria
according to their own perception of importance and then determine their weights through
comparisons between criteria based on this ranking [71]. This method has been applied in
many fields and has undergone several modifications [81–86].

Chen and colleagues [72] developed the SWARA method using a fuzzy rough number
set and proposed the Fuzzy Rough SWARA method. The algorithmic flowchart of the
proposed FR-SWARA framework is presented in Figure 2.

Figure 2. Conceptual flowchart of the proposed FR-SWARA methodology.

The computational procedure is implemented through the following steps:
Step 1. The decision problem, consisting of m evaluation criteria, is defined.
Step 2. A panel of experts is established to evaluate the criteria. The experts evaluate

the importance of each criterion using a predefined linguistic scale. For each expert,
(k = 1, 2, . . . , K where K is the total number o f experts), a fuzzy number (Fkj) corresponding
to the linguistic expression given for each criterion (j = 1, 2, . . . , m) is used to construct the
initial fuzzy evaluation matrix F. The matrix F, of size K × m, is structured as follows:

F = [Fkj]K×m =


F11 F12 . . . F1m

F21 F22 . . . F2m

...
...

. . .
...

FK1 FK2 . . . FKm


K×m

(9)

Step 3. The conversion of the experts’ individual evaluations into a fuzzy rough
number FRN(Xj)k is given in Equation (10).

FRN(Xj)k = [(xL1
jk , xU1

jk ), (xL2
jk , xU2

jk ), (xL3
jk , xU3

jk )] (j = 1, 2, . . . m),(k = 1, 2, . . . , K) (10)

The initial fuzzy rough decision matrix is obtained using Equation (11), which aggre-
gates the FRN(Xj)k numbers derived from each expert’s evaluation.
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FRNinitial =


FRN(X1)1 FRN(X2)1 . . . FRN(Xm)1

FRN(X1)2 FRN(X2)2 . . . FRN(Xm)2
...

...
. . .

...

FRN(X1)K FRN(X2)K . . . FRN(Xm)K


K×m

(11)

Step 4. For each criterion in the FRNinitial matrix, the individual fuzzy rough evalua-
tions provided by the K experts are aggregated to establish the group fuzzy rough number,
FRN(Xj)group, which represents the consensus of the expert panel. The components of this
group fuzzy rough number are calculated using Equation (12):

FRN(Xj)group =

[(
1
K

K

∑
k=1

xL1
jk ,

1
K

K

∑
k=1

xU1
jk

)
,

(
1
K

K

∑
k=1

xL2
jk ,

1
K

K

∑
k=1

xU2
jk

)
,

(
1
K

K

∑
k=1

xL3
jk ,

1
K

K

∑
k=1

xU3
jk

)]
(12)

Step 5. The criteria are subsequently ranked in descending order of their importance
based on the aggregated group fuzzy rough matrix. This ranking procedure is executed
using Equation (13).

FRN(X(1))group
≽significance FRN(X(2))group

≽significance · · · ≽significance FRN(X(m))group
(13)

The group fuzzy rough numbers corresponding to the ranked criteria form the ranked
group matrix (FRNRGM) of size m × 1. Each row of this matrix represents a criterion—
ordered by its relative importance—along with its associated group fuzzy rough number,
as structured in Equation (14):

FRNRGM =


FRNgroup(X(1))

FRNgroup(X(2))

...

FRNgroup(X(m))


m×1

(14)

Step 6. Each fuzzy rough number in the FRNRGM matrix is normalized and con-
verted to a FRN(N(j)) number. FRN(N (1)) = [(1.00, 1.00), (1.00, 1.00), (1.00, 1.00)].
The normalized fuzzy rough number value for the criterion ranked first in impor-
tance is directly assigned to (j = 1). To calculate the FRN(N(j)) values for the
subsequent criteria in j > 1, the FRNgroup(X(m)) fuzzy rough number for the least
important criterion C(m) among all criteria in the FRNRGM matrix is determined as
FRN(Z) = [(zL1, zU1), (zL2, zU2), (zL3, zU3)] = maxFRNRGM. The calculation of the
FRN(N(j)) numbers is provided by Equation (15).

FRN(N(j)) =
FRNgroup(X(j))

FRN(Z) ,

FRN(N(j)) =

[(
xL1
(j)

zU3 ,
xU1
(j)

zL1

)
,
(

xL2
(j)

zU2 ,
xU2
(j)

zL2

)
,
(

xL3
(j)

zU1 ,
xU3
(j)

zL1

)] (15)

The components of the number FRN(N(j)) are shown in Equation (16).

FRN(N(j)) = [(nL1
(j), nU1

(j) ), (n
L2
(j), nU2

(j) ), (n
L3
(j), nU3

(j) )] (16)

Step 7. The transformed importance coefficient, denoted as FRN(S(j)), is calculated.
For the most important criterion (ranked first, where j = 1), this value is directly assigned
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as FRN(S(1)) = [(1.00, 1.00), (1.00, 1.00), (1.00, 1.00)]. For the subsequent criteria (j > 1),
the transformed importance coefficients are calculated using Equation (17).

FRN(S(j)) = [(nL1
(j) + 1, nU1

(j) + 1), (nL2
(j) + 1, nU2

(j) + 1), (nL3
(j) + 1, nU3

(j) + 1)], (j > 1) (17)

Step 8. Using the calculated transformed importance coefficient, FRN(S(j)), the fuzzy
rough number FRN(ℜj), which represents the recalculated weight for each j-th criterion, is
computed. The index j indicates the criterion’s position in the importance ranking. The
structure of FRN(ℜj) is shown in Equation (18).

FRN(ℜj) = [(ℜL1
j ,ℜU1

j ), (ℜL2
j ,ℜU2

j ), (ℜL3
j ,ℜU3

j )] (18)

The specific components of FRN(ℜj) are obtained as follows using Equation (19):

FRN(ℜj)



ℜL1
j =

1.00 j = 1
ℜL1

j−1

SU3
j

j > 1

 , ℜU1
j =

1.00 j = 1
ℜU1

j−1

SL3
j

j > 1


ℜL2

j =

1.00 j = 1
ℜL2

j−1

SU2
j

j > 1

 , ℜU2
j =

1.00 j = 1
ℜU2

j−1

SL2
j

j > 1


ℜL3

j =

1.00 j = 1
ℜL3

j−1

SU1
j

j > 1

 , ℜU3
j =

1.00 j = 1
ℜU3

j−1

SL3
j

j > 1





(19)

Step 9. To determine the final criteria weights, it is first necessary to compute the
aggregated fuzzy number FRN(ℵ), which represents the sum of all FRN(ℜj) values. This
aggregated fuzzy number is calculated using Equation (20).

FRN(ℵ) =
m
∑

j=1
FRN(ℜ(j))

FRN(ℵ) =
[(

m
∑

j=1
ℜL1
(j),

m
∑

j=1
ℜU1
(j)

)
,

(
m
∑

j=1
ℜL2
(j),

m
∑

j=1
ℜU2
(j)

)
,

(
m
∑

j=1
ℜL3
(j),

m
∑

j=1
ℜU3
(j)

)]
FRN(ℵ) = [(ℵL1,ℵU1), (ℵL2,ℵU2), (ℵL3,ℵU3)]

(20)

The final fuzzy rough weight FRN(W(j)) for each criterion is calculated using
Equation (21).

FRN(W(j)) =

[(
ℜL1
(j)

ℵU3 ,
ℜU1
(j)

ℵL1

)
,

(
ℜL2
(j)

ℵU2 ,
ℜU2
(j)

ℵL2

)
,

(ℜL3
(j)

ℵU1 ,
ℜU3
(j)

ℵL1

)]
, (j = 1, 2, 3, . . . , m) (21)

Subsequent to deriving the final fuzzy rough weighting coefficient FRN(W(j)) for each
criterion, these local weights are systematically aggregated to construct the overarching
strategic hierarchy. Given that the FR-SWARA methodology operates on rough boundaries
rather than crisp point estimates, this aggregation necessitates the application of interval
arithmetic. Specifically, the global fuzzy rough weight of a sub-criterion is computed by
multiplying its local interval bounds by the corresponding global interval bounds of its
parent main criterion. To preserve the structural integrity of the uncertainty buffer, scalar
multiplication is executed across the lower and upper limits, Lglobal = Lparent × Llocal and
Uglobal = Uparent × Ulocal , respectively, thereby formulating the resultant global [L, U]

interval. This rigorous hierarchical aggregation ensures that the priority of any specific
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resilience or operational metric is mathematically contextualized within its overarching
macro-category. The synthesized global boundaries are subsequently utilized to rank the
sub-criteria, thereby unveiling the multi-dimensional priorities inherent to the dual-role
dry port model.

4. Results
In the application phase of this study, the application of the Fuzzy Rough SWARA

method, whose details are given in the Materials and Methods section, to the dry port
location selection problem will be addressed. This process begins with the definition of dry
port location selection criteria determined based on a comprehensive literature review and
expert opinions. The defined criteria were established with a comprehensive perspective,
encompassing both the traditional logistics functions of dry ports and their potential roles
in disaster situations. The flowchart of the study is presented in Figure 3.
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Rough Fuzzy SWARA Modeling

Final Results

 

Figure 3. Flowchart of the study.

4.1. Determination of the Criteria Set

Based on the literature review and expert opinions, the criteria set was structured
under six main dimensions. The location dimension includes Accessibility to Markets and
Production Centers and Proximity to the Logistics Ecosystem for operational efficiency,
while economic sustainability is evaluated through Regional Development and Trade
Potential. Given the study’s dual-purpose nature, this dimension also covers Exposure to
Natural Disaster Risks and the Vulnerability Level of the Service Area.

The transport dimension is analyzed through Distance to Seaport, Distance from the
Airport, Distance from Major Highway, and Distance from the Existing Railway Line, which
determine cost and competitiveness. Additionally, Reliability of Connectivity to Emergency
Response Networks is integrated for emergency scenarios. The infrastructure dimension

https://doi.org/10.3390/su18094255

https://doi.org/10.3390/su18094255


Sustainability 2026, 18, 4255 12 of 32

measures technical sufficiency via Physical Capacity and Expansion Flexibility, Transporta-
tion Route Capacity, Transportation Network Integration, and Cargo Handling Diversity.
Resilience is ensured through Reliability and Redundancy of Operational Infrastructure,
Structural Integrity and Durability of the Facility and the critical Emergency Logistics and
Coordination Competence.

The financial dimension, cost, covers initial investment items such as Installation Cost
and Land Acquisition Cost, alongside Transportation Cost, Storage Cost, and Operating
and Maintenance Costs. The social and political dimension addresses the investment
environment through Access to Skilled Labor, Social Acceptance and Stakeholder Relations,
Favorability of the Legal and Regulatory Framework, and Financial Incentives and Public
Support. Finally, the environmental dimension includes Sustainable Transportation and
Emission Management, Waste Management and Circular Economy, and Energy Efficiency
and Clean Energy Use, while ecological harmony is secured through Sustainable Land Use
and Biodiversity Conservation and Environmental Adaptation and Social Integration. The
criteria set is provided in Table 3.

Table 3. Criteria set.

Criterion Reference Criterion Reference

Location Cost

Accessibility to
Markets and

Production Centers
[23,24,26,27,47,54,59,60,87–92] Installation Cost [26,28,49,56,93–95]

Regional
Development and

Trade Potential
[25,26,28,31,36,59,87,88,92,95–99] Transportation Cost [24–26,28,35,61,62,87–89,92,94]

Proximity to the
Logistics Ecosystem [19,24,25,38,57,90,92,100,101] Storage Cost [24,62,89,91,94,102,103]

Exposure to Natural
Disaster Risks [28,53,58,61,62,91,104] Land Acquisition

Cost [24,26,28,31,39,91]

Vulnerability Level
of the Service Area [53,55,57,105] Operating and

Maintenance Costs [28,94,95,106,107]

Transport Social and Political

Distance to Seaport [24,26,28,36,89,97,108] Access to Skilled
Labor [13,24,28,31,39,52,62,89,92,99,109–111]

Distance from the
Airport [24,28,57,62,91,97]

Favorability of the
Legal and Regulatory

Framework
[24,25,28,36,39,62]

Distance from Major
Highway [24,26,27,53,57,60,91] Financial Incentives

and Public Support [24,26,28,101,111]

Distance from the
Existing Railway

Line
[24,26,38,61,99,104,108,112] Social Acceptance and

Stakeholder Relations [24,52,62,95,96,99]

Reliability of
Connectivity to

Emergency Response
Networks

[53,57–60,62,91,113]
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Table 3. Cont.

Criterion Reference Criterion Reference

Infrastructure Environmental

Physical Capacity
and Expansion

Flexibility
[24,25,49,53,57,58,61,89,93–95,114,115]

Sustainable
Transportation and

Emission
Management

[24,25,29,87,91,93,95,99,112,116–118]

Reliability and
Redundancy of

Operational
Infrastructure

[25,28,31,52,57–59,92,119–121]
Waste Management

and Circular
Economy

[24,59,93,95]

Transportation Route
Capacity [25,45,54,61,93] Energy Efficiency and

Clean Energy Use [13,41,122–127]

Transportation
Network Integration [11,19,25,38,57,99,128]

Environmental
Adaptation and Social

Integration
[24,29,39,102]

Cargo Handling
Diversity [24,38,57,61,101,111]

Sustainable Land Use
and Biodiversity

Conservation
[24–26,93,95,102,122]

Emergency Logistics
and Coordination

Competence
[31,48,49,52,53,56,58,60,91,115,120–135]

Structural Integrity
and Durability of the

Facility
[55,95,136–139]

4.2. Application of the Model and Analysis of Results

In the application phase of this study, the Fuzzy Rough SWARA method, which is
at the core of the developed model, will be detailed in terms of how it is applied to the
strategic dry port location selection problem. The process began with a comprehensive
literature review and the presentation of a set of criteria, determined based on the opinions
of a 12-person expert team, as input to the model. The evaluation process was conducted
by a diversified panel of 12 experts, whose comprehensive demographic and professional
profiles are summarized in Table 4 and visualized in Figure 4. To ensure that the pro-
posed model effectively harmonizes commercial logistics efficiency with strategic disaster
resilience, the panel was deliberately structured to include balanced representation from
public authorities, academia, the maritime port sector, and the logistics industry. As illus-
trated in Figure 4A, the sectoral distribution reflects a strategic configuration—comprising
Public (33.3%), Private/Industry (33.3%), Port (16.7%), and Academia (16.7%)—designed to
internalize the complex friction between profit-driven efficiency and public-driven security.

Furthermore, as depicted in Figure 4B, the panel’s architecture is characterized by
exceptional professional seniority and academic rigor; 100% of the participants possess a
minimum of ten years of experience, with 75% holding advanced graduate degrees (MSc
or PhD). This heterogeneous composition serves as a structural safeguard against cognitive
bias to ground the model in deep operational reality, ensuring that the resultant weighting
scheme represents a scientifically rigorous synthesis capable of reconciling conflicting
commercial and humanitarian imperatives.

Building upon this robust demographic foundation, the panel was systematically
engaged to validate the comprehensiveness and structural integrity of the proposed eval-
uation framework. An initial pool of factors, extracted from the extant literature, was
subjected to a Delphi-inspired filtering process. This iterative refinement systematically
eliminated redundant metrics—for instance, consolidating the overlapping dimensions of
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‘Proximity to the Logistics Ecosystem’ and ‘Transportation Network Integration’—thereby
ensuring that the final set of 31 sub-criteria was both exhaustive and mutually exclusive.
Beyond general sectoral diversity, the authoritative capacity of the selected experts was
purposefully curated based on their direct operational involvement in managing complex,
multi-dimensional supply chain disruptions. Notably, every member of the panel pos-
sesses field-validated experience in mitigating severe logistical bottlenecks and supply
crises triggered by both major seismic events and the COVID-19 pandemic. This highly
specialized domain expertise ensures that the aggregated judgments across all 31 sub-
criteria are grounded in pragmatic, dual-role operational reality rather than purely abstract
theoretical assumptions.

Table 4. Profiles of the expert panel.

Expert ID Sector Institutional Context/Professional Role Education Experience (Years)

E1 Private Senior Freight Forwarding & Logistics Manager MSc 15–20
E2 Public Disaster & Emergency Management Authority PhD 20+
E3 Port Port Operations & Cargo Handling Specialist BSc 10–15
E4 Port Maritime Logistics & Forwarding Consultant BSc 15–20
E5 Private Logistics & Crisis Distribution Director PhD 20+
E6 Public Municipal Disaster Prevention & Planning Unit MSc 15–20
E7 Public Civil Defense & Disaster Coordination Expert MSc 15–20
E8 Academia Maritime Transportation & Resilience Professor PhD 20+
E9 Academia Supply Chain Risk Management Researcher PhD 10–15

E10 Industry Intermodal Transport & Terminal Manager MSc 10–15
E11 Public Regional Infrastructure & Transport Policy Specialist MSc 15–20
E12 Industry Senior Warehouse & Distribution Operations Manager BSc 20+

Figure 4. Profile of the expert panel: (A) sectoral distribution; (B) experience and education levels.

The criteria were divided into six main groups, each with its own sub-criteria. In line
with this structure, the weighting process was carried out separately for the main criteria
first, followed by the sub-criteria under each main criterion.

The first and critical step in obtaining the weights of the criteria was for each expert to
evaluate the criteria according to their importance levels using the linguistic expressions
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presented in Table 2, based on their own assessment opinions. After this evaluation matrix
was created, ([Fkj]e×m), the second step involved converting the linguistic values given by
the experts into equivalent fuzzy numbers. For example, as indicated in Table 2, the value
Definitely Very Important is represented by the triangular fuzzy number (1, 1, 2), while the
value important is represented by the triangular fuzzy number (2, 3, 4). This conversion
process allows all linguistic evaluations to be converted into appropriate fuzzy number
equivalents, enabling uncertainty to be expressed mathematically.

The next stage of the application process is the conversion of fuzzy numbers obtained
from the experts’ individual linguistic evaluations into crisp fuzzy numbers. This con-
version involves determining crisp lower and upper approximations for the sub (l, m, u)
components of each fuzzy number. Based on the assessments of the main criteria, the fuzzy
number Fkj corresponding to the linguistic expression given by each expert is taken as a ba-
sis. In this context, the coarse lower limit (Lim(ce

i )) for each component (ce
i ) of the observed

fuzzy number is calculated using the formula defined in Equation (1). Similarly, the coarse
upper limit (Lim(ce

i )) is determined using the formulation in Equation (2). These calcula-
tions are performed by taking the average of other expert evaluations that are equal to or
smaller/larger than the relevant expert’s evaluation value. It is critically important that the
obtained coarse fuzzy numbers have a valid structure and that the ordering relationship
between the component limits is ensured. To resolve any mathematical inconsistencies that
may arise if these ordering constraints are not met, the corrections in Equation (8) must be
applied. This procedure is applied separately for each expert’s evaluation of each criterion,
and, as specified in Equation (10), the fuzzy rough numbers FRN(Xj)k that form the initial
fuzzy evaluation matrix are obtained.

This procedure is explained below using the example of one of the main criteria,
location, for Expert 1.

All experts’ assessments for the location criterion are provided in Table 5.

Table 5. Experts’ assessments of the location criterion, one of the main criteria.

Experts LV Fuzzy Evaluations for the Location Main Criterion (l, m, u)

Expert 1 IM 2 3 4
Expert 2 IM 2 3 4
Expert 3 IM 2 3 4
Expert 4 AVI 1 1 2
Expert 5 IM 2 3 4
Expert 6 AVI 1 1 2
Expert 7 AVI 1 1 2
Expert 8 AVI 1 1 2
Expert 9 AVI 1 1 2
Expert 10 AVI 1 1 2
Expert 11 IM 2 3 4
Expert 12 IM 2 3 4

Expert 1’s linguistic expression important (IM) for the location criterion is represented
by a triangular fuzzy number according to Table 2 (2, 3, 4). The coarse lower and upper
limits for each component of this fuzzy number (l = 2, m = 3, u = 4) are calculated using
Equations (1) and (2), utilizing the other expert evaluations in Table 6.

https://doi.org/10.3390/su18094255

https://doi.org/10.3390/su18094255


Sustainability 2026, 18, 4255 16 of 32

Table 6. Initial decision matrix for main criteria.

Criteria Initial Group Fuzzy Rough Matrix

Location
l m u

L U L U L U
1.25 1.75 1.5 2.5 2.5 3.5

Transportation
l m u

L U L U L U
1.38163 2.65774 1.660354 3.48413 2.66035 4.4653

Infrastructure
l m u

L U L U L U
1.83704 3.70337 2.309259 4.64087 3.30926 5.64087

Cost
l m u

L U L U L U
2.58889 4.1765 3.361111 5.16955 4.36111 6.16955

Social and Political
l m u

L U L U L U
2.80873 4.04444 3.80873 5.04444 4.80873 6.04444

Environmental
l m u

L U L U L U
2.92109 4.60972 3.921086 5.60972 4.92109 6.60972

The calculation of the coarse fuzzy number for Expert 1 is as follows:

Lim(cl
1) =

2+2+2+1+2+1+1+1+1+1+2+2
12 = 1.50

Lim(cl
1) =

2+2+2+2+2+2
6 = 2.00

Lim(cm
1 ) =

3+3+3+1+3+1+1+1+1+1+3+3
12 = 2.00

Lim(cm
1 ) =

3+3+3+3+3+3
6 = 3.00

Lim(cu
1 ) =

4+4+4+2+4+2+2+2+2+2+4+4
12 = 3.00

Lim(cu
1 ) =

4+4+4+4+4+4
6 = 4.00

Applying this principle, the initial fuzzy rough decision matrix (FRNinitial) is created,
which forms the basis for calculating the FR SWARA method. This matrix is shown in
Table 6 for the main criteria.

After creating this FRNinitial matrix, the criteria were ranked according to their impor-
tance level, which is the fifth step of the Fuzzy Rough SWARA method. According to the
methodology, the criterion with the lowest value in this decision matrix is determined as the
most important criterion. In this context, the location criterion was determined as the most
important criterion among the main criteria because it had the lowest value. The transporta-
tion and infrastructure criteria follow location in order, while the environmental criterion
is ranked as having the highest values. The ranking process was performed according to
the principles specified in Equation (13). After ranking the criteria, the FRNRGM matrix
is obtained. As Step 6, data normalization of the FRNRGM matrix was performed. This
normalization was carried out using Equations (15) and (16), and normalized fuzzy rough
numbers (FRN(N(j))) were obtained for each criterion. After obtaining the normalized
fuzzy rough numbers, the calculation of the FRN(S(j)), which is Step 7 of the Fuzzy Rough
SWARA method, is performed. In this step, the value of the most important criterion
is directly assigned as one. The values of the other criteria are calculated based on the
determined ranking and normalized values, as shown in Equation (17). These coefficients
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reflect the relative influence of each criterion on the decision-making process and form the
basis for determining the final weights. The FRN(S(j)) matrix is given in Table 7.

Table 7. Matrix of main criteria FRN(S(j)).

Criteria
l m u

L U L U L U

Location 1.00 1.00 1.00 1.00 1.00 1.00
Transportation 1.20903 1.3374 1.3374 1.67847 1.67847 2.52864
Infrastructure 1.27793 1.46926 1.46926 1.84397 1.84397 2.93109

Cost 1.39168 1.683 1.683 2.11222 2.11222 3.11208
Social and Political 1.42494 1.77396 1.77396 2.22638 2.22638 3.06925

Environmental 1.44194 1.79679 1.79679 2.25503 2.25503 3.26276

After determining these FRN(S(j)) values, Equation (19) is used to obtain the
FRN(ℜj) matrix shown in Table 8.

Table 8. FRN(ℜj) matrix.

Criteria
l m u

L U L U L U

Location 1.00 1.00 1.00 1.00 1.00 1.00
Transportation 0.39547 0.59578 0.59578 0.74772 0.74772 0.82711
Infrastructure 0.13492 0.3231 0.3231 0.50891 0.50891 0.64723

Cost 0.04335 0.15297 0.15297 0.30238 0.30238 0.46507
Social and Political 0.01413 0.06871 0.06871 0.17046 0.17046 0.32638

Environmental 0.00433 0.03047 0.03047 0.09487 0.09487 0.22635

In the final stage of the Fuzzy Rough SWARA method, the final fuzzy rough weights
of the main criteria, calculated using Equations (20) and (21), are presented in Table 9.

Table 9. Final fuzzy rough weights of the main criteria.

Criteria
l m u

L U L U L U

Location 0.28636 0.35407 0.35407 0.46061 0.46061 0.62806
Transportation 0.11325 0.21094 0.21094 0.34441 0.34441 0.51948
Infrastructure 0.03864 0.1144 0.1144 0.23441 0.23441 0.4065

Cost 0.01241 0.05416 0.05416 0.13928 0.13928 0.29209
Social and Political 0.00404 0.02433 0.02433 0.07851 0.07851 0.20499

Environmental 0.00124 0.01079 0.01079 0.0437 0.0437 0.14216

As a result of applying all the steps of the Fuzzy Rough SWARA method detailed
above, the final fuzzy rough weights of both the main criteria and the sub-criteria associated
with these main criteria were obtained for the dry port site selection and emergency logistics
center functions. These weights reflect the relative importance of the relevant main and sub-
criteria in the decision-making process. All obtained criterion weights are comprehensively
presented in Table 10.

The hierarchical distribution of the global weights and their uncertainty intervals,
presented in Table 10, is illustrated in Figure 5, where the bars represent the range between
lL and uU values to reflect the degree of expert consensus and uncertainty.
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Table 10. Fuzzy criteria weights obtained using the Fuzzy Rough SWARA method.

Criteria
l m u

L U L U L U

Location 0.28636 0.35407 0.35407 0.46061 0.46061 0.62806
Transportation 0.11325 0.21094 0.21094 0.34441 0.34441 0.51948
Infrastructure 0.03864 0.11440 0.11440 0.23441 0.23441 0.40650

Cost 0.01241 0.05416 0.05416 0.13928 0.13928 0.29209
Social and Political 0.00404 0.02433 0.02433 0.07851 0.07851 0.20499

Environmental 0.00124 0.01079 0.01079 0.04370 0.04370 0.14216
Location

Accessibility to Markets and Production Centers 0.09863 0.14338 0.14742 0.23544 0.24343 0.41272
Regional Development and Trade Potential 0.03554 0.07209 0.07706 0.15280 0.16140 0.31217

Vulnerability Level of the Service Area 0.01120 0.03359 0.03743 0.09189 0.09946 0.21853
Exposure to Natural Disaster Risk 0.00354 0.01566 0.01819 0.05529 0.06132 0.15292

Proximity to the Logistics Ecosystem 0.00118 0.00660 0.00830 0.03006 0.03549 0.10189
Transport

Distance to Seaport 0.03391 0.07169 0.07207 0.14533 0.14634 0.28179
Distance to Major Highway 0.01635 0.04555 0.04606 0.11097 0.11209 0.23356

Distance to the Main Railway Line 0.00784 0.02879 0.02928 0.08426 0.08539 0.19215
Emergency Response Network Connection Reliability 0.00323 0.01564 0.01603 0.05503 0.05602 0.14308

Distance to Airport 0.00119 0.00705 0.00735 0.02981 0.03076 0.09052
Infrastructure

Physical Capacity and Expansion Flexibility 0.01067 0.03858 0.03901 0.10575 0.10706 0.24904
Reliability and Redundancy of Operational Infrastructure 0.00432 0.02224 0.02273 0.07671 0.07808 0.20009

Transportation Capacity 0.00156 0.01217 0.01258 0.05282 0.05409 0.15471
Structural Integrity and Durability of the Facility 0.00057 0.00637 0.00666 0.03478 0.03586 0.11728

Cargo Handling Diversity 0.00020 0.00305 0.00323 0.02098 0.02179 0.08302
Transportation Network Integration 0.00007 0.00142 0.00156 0.01230 0.01320 0.05867

Emergency Logistics and Coordination Competency 0.00002 0.00062 0.00070 0.00678 0.00742 0.03896
Cost

Transportation Cost 0.00412 0.02177 0.02177 0.07271 0.07271 0.20290
Installation Cost 0.00124 0.01141 0.01141 0.05023 0.05023 0.15612

Land Acquisition Cost 0.00041 0.00519 0.00519 0.03008 0.03008 0.11376
Operating and Maintenance Cost 0.00013 0.00233 0.00233 0.01778 0.01778 0.08179

Storage Cost 0.00004 0.00100 0.00100 0.01011 0.01011 0.05661
Social and Political

Access to Skilled Labor 0.00154 0.01014 0.01103 0.04273 0.04762 0.14573
Favorability of the Legal and Regulatory Framework 0.00046 0.00432 0.00551 0.02730 0.03265 0.10786

Financial Incentives and Public Support 0.00013 0.00167 0.00253 0.01586 0.02060 0.07611
Social Acceptance and Stakeholder Relations 0.00004 0.00059 0.00120 0.00836 0.01336 0.05207

Environmental
Sustainable Transportation and Emissions Management 0.00039 0.00391 0.00398 0.02041 0.02089 0.08654

Energy Efficiency and Clean Energy Use 0.00016 0.00231 0.00000 0.01542 0.01595 0.07071
Waste Management and Circular Economy 0.00006 0.00117 0.04828 0.01001 0.01051 0.05329

Sustainable Land Use and Biodiversity Conservation 0.00002 0.00056 0.01236 0.00610 0.00651 0.03854
Environmental Compliance and Social Integration 0.00001 0.00024 0.00271 0.00334 0.00373 0.02575

Figure 5. Cont.
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Figure 5. Global weight intervals.

4.3. Comparative Analysis and Methodological Validation

To rigorously validate the stability and theoretical robustness of the proposed FR-
SWARA framework, a comprehensive multi-method benchmarking analysis was conducted.
The baseline expert evaluations were re-computed using SWARA, the Fuzzy Analytic
Hierarchy Process (FAHP), and the Fuzzy Best–Worst Method (FBWM). This comparative
approach serves to empirically demonstrate how the dual-role dry port model behaves
under distinct mathematical constraints and differing decision-making paradigms.

4.3.1. Methodological Comparison at the Main Criteria Level

At the macro level, the comparison of main criteria weights presented in Table 11
reveals a high degree of stability across all evaluated methodologies. Irrespective of the
underlying algorithmic mechanics, the spatial and physical dimensions—namely ‘location’
and ‘transportation’—consistently dominate the decision matrix. This alignment confirms
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the foundational reliability of the proposed framework in prioritizing structural resilience
over conventional cost metrics.

Table 11. Methodological comparison of main criteria weights.

Main Criteria FR-SWARA Interval [L, U] SWARA (Rank) Fuzzy AHP (Rank) Fuzzy BWM (Rank)

Location [0.28636, 0.62806] 0.34517 (1) 0.35049 (1) 0.34000 (1)
Transportation [0.11325, 0.51948] 0.23884 (2) 0.24252 (2) 0.23526 (2)
Infrastructure [0.03864, 0.40650] 0.16803 (3) 0.17062 (3) 0.16551 (3)

Cost [0.01241, 0.29209] 0.11494 (4) 0.08754 (4) 0.14152 (4)
Social and Political [0.00404, 0.20499] 0.07890 (5) 0.08012 (5) 0.07772 (5)

Environmental [0.00124, 0.14216] 0.05413 (6) 0.06871 (6) 0.03999 (6)

4.3.2. Global Sub-Criteria Weights and Rank Reversal Analysis

While the macro-level hierarchy remains stable, the distinct mathematical properties of
the selected MCDM methods become pronounced at the sub-criteria level. Table 12 details
the global weights and corresponding hierarchical ranks for all 31 sub-criteria, exposing
critical rank reversals that stem from methodological variations.

Table 12. Global weights and methodological rank comparison of all sub-criteria.

Sub-Criteria FR-SWARA Interval
[L, U]

SWARA
(Rank)

Fuzzy AHP
(Rank)

Fuzzy BWM
(Rank)

Accessibility to Markets and Production Centers [0.09863, 0.41272] 0.11244 (1) 0.08668 (1) 0.13684 (1)
Regional Development and Trade Potential [0.03554, 0.31217] 0.07646 (2) 0.05894 (4) 0.09305 (2)

Distance to Seaport [0.03391, 0.28179] 0.06942 (3) 0.07136 (2) 0.06759 (3)
Physical Capacity and Expansion Flexibility [0.01067, 0.24904] 0.05711 (4) 0.05870 (5) 0.05560 (4)

Distance to Major Highway [0.01635, 0.23356] 0.05495 (5) 0.05649 (7) 0.05350 (6)
Vulnerability Level of the Service Area [0.01120, 0.21853] 0.05052 (6) 0.06491 (3) 0.03689 (9)

Transportation Cost [0.00412, 0.20290] 0.04552 (7) 0.03509 (12) 0.05540 (5)
Reliability and Redundancy of Operational Infra. [0.00432, 0.20009] 0.04495 (8) 0.05775 (6) 0.03282 (11)

Distance to the Main Railway Line [0.00784, 0.19215] 0.04398 (9) 0.04520 (8) 0.04282 (7)
Installation Cost [0.00124, 0.15612] 0.03460 (10) 0.02668 (15) 0.04211 (8)

Exposure to Natural Disaster Risk [0.00354, 0.15292] 0.03440 (11) 0.04420 (9) 0.02512 (15)
Transportation Capacity [0.00156, 0.15471] 0.03436 (12) 0.03532 (11) 0.03346 (10)
Access to Skilled Labor [0.00154, 0.14573] 0.03238 (13) 0.03329 (14) 0.03153 (12)

Emergency Response Network Connection Reliability [0.00323, 0.14308] 0.03217 (14) 0.04134 (10) 0.02349 (16)
Structural Integrity and Durability of the Facility [0.00057, 0.11728] 0.02591 (15) 0.03330 (13) 0.01892 (21)

Land Acquisition Cost [0.00041, 0.11376] 0.02511 (16) 0.01935 (20) 0.03055 (13)
Favorability of the Legal and Regulatory Framework [0.00046, 0.10786] 0.02382 (17) 0.02448 (17) 0.02319 (17)

Proximity to the Logistics Ecosystem [0.00118, 0.10189] 0.02266 (18) 0.01747 (21) 0.02758 (14)
Distance to Airport [0.00119, 0.09052] 0.02017 (19) 0.02073 (18) 0.01963 (20)

Sustainable Transportation and Emissions Mng. [0.00039, 0.08654] 0.01912 (20) 0.02456 (16) 0.01396 (24)
Cargo Handling Diversity [0.00020, 0.08302] 0.01830 (21) 0.01411 (24) 0.02227 (18)

Operating and Maintenance Cost [0.00013, 0.08179] 0.01801 (22) 0.01389 (25) 0.02192 (19)
Financial Incentives and Public Support [0.00013, 0.07611] 0.01676 (23) 0.01723 (22) 0.01632 (22)
Energy Efficiency and Clean Energy Use [0.00016, 0.07071] 0.01558 (24) 0.02002 (19) 0.01138 (26)

Transportation Network Integration [0.00007, 0.05867] 0.01292 (25) 0.01328 (26) 0.01258 (25)
Storage Cost [0.00004, 0.05661] 0.01246 (26) 0.00960 (30) 0.01516 (23)

Waste Management and Circular Economy [0.00006, 0.05329] 0.01173 (27) 0.01507 (23) 0.00857 (28)
Social Acceptance and Stakeholder Relations [0.00004, 0.05207] 0.01146 (28) 0.01178 (27) 0.01116 (27)

Emergency Logistics and Coordination Competency [0.00002, 0.03896] 0.00857 (29) 0.01101 (28) 0.00626 (29)
Sustainable Land Use and Biodiversity Conservation [0.00002, 0.03854] 0.00848 (30) 0.01089 (29) 0.00619 (30)

Environmental Compliance and Social Integration [0.00001, 0.02575] 0.00566 (31) 0.00728 (31) 0.00414 (31)

The empirical shifts observed in Table 12 provide profound insights into the complexity
of harmonizing conflicting priorities within a dual-role logistics model. Notably, the
disaster-oriented criterion ‘Vulnerability Level of the Service Area’ ascends to the third rank
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under the FAHP method. This surge is attributable to the FAHP’s strict pairwise consistency
requirements and inherently risk-averse structure, which naturally amplifies security and
resilience parameters. Conversely, under the FBWM approach—which optimizes weights
against predefined best/worst reference points—the efficiency-driven ‘Transportation Cost’
criterion experiences a significant upward shift to the fifth rank, while falling to the 12th
rank in the FAHP.

These methodological discrepancies underscore the theoretical limitations of tradi-
tional point-estimate techniques, which compel decision-makers to artificially collapse
conflicting objectives (commercial efficiency versus disaster resilience) into a singular, rigid
hierarchy. In contrast, the theoretical superiority of the FR-SWARA method lies in its
capacity to preserve the boundaries of expert cognitive divergence. By yielding an uncer-
tainty interval, the proposed model effectively encapsulates these opposing methodological
tendencies. The overlapping boundaries (e.g., between cost and vulnerability metrics)
act as a strategic planning buffer, empowering policymakers to seamlessly navigate the
transition between ‘just-in-time’ operations and ‘Just-in-Case’ disaster responses without
mathematically sacrificing either objective.

4.4. Sensitivity Analysis Based on Expert Perspectives: Scenario-Driven Robustness Test

A critical challenge in modeling a dual-role dry port is the inherent cognitive diver-
gence among stakeholders. To empirically test the robustness of the proposed framework
and to address how different professional backgrounds influence uncertainty, the 12-person
expert panel was theoretically divided into two distinct sub-panels based on their institu-
tional affiliations.

The Fuzzy Rough SWARA (FR-SWARA) aggregation procedure was recalculated for
each sub-panel to observe how the rough intervals [L, U] expand, contract, and shift in
response to sectoral biases:

Scenario 1 (Public and Academic Experts): Computed using only the judgments
of experts affiliated with public disaster management and academia, who theoretically
prioritize structural resilience and environmental safety.

Scenario 2 (Private Sector and Industry Experts): Computed using the evaluations of
experts from port operations and the private logistics sector, whose primary motivations
align with cost minimization and market accessibility.

4.4.1. Expert-Based Sensitivity at the Main Criteria Level

The impact of the expert sub-panels on the rough interval boundaries [L, U] of the
main criteria is presented in Table 13. While the boundaries for ‘cost’ expand significantly
upward under the industry panel, the spatial dimensions (‘location’ and ‘transportation’)
maintain their hierarchical dominance across both expert groups.

Table 13. Rough intervals and rank shifts in main criteria based on expert profiles.

Main Criteria Baseline (All
12 Experts) [L, U]

Scenario 1
(Public/Academic)

[L, U]

Scenario 2
(Private/Industry)

[L, U]

Location [0.28636, 0.62806] [0.18349, 0.40244] [0.37692, 0.82669]
Transportation [0.11325, 0.51948] [0.12094, 0.55477] [0.10648, 0.48841]
Infrastructure [0.03864, 0.40650] [0.05777, 0.60777] [0.02180, 0.22931]

Cost [0.01241, 0.29209] [0.00795, 0.18716] [0.01633, 0.38447]
Social and Political [0.00404, 0.20499] [0.00604, 0.30648] [0.00228, 0.11564]

Environmental [0.00124, 0.14216] [0.00185, 0.21255] [0.00070, 0.08019]
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4.4.2. Sub-Criteria Rank Reversals and Interval Dynamics

The most profound insights regarding cognitive divergence emerge at the sub-criteria
level. Table 14 presents the rough intervals [L, U] and the resulting hierarchical shifts (based
on interval midpoints) for all 31 sub-criteria across the different expert sub-panels.

Table 14. Rough intervals and rank shifts in all sub-criteria based on expert profiles.

Code Sub-Criteria Baseline [L, U] (Rank) S1: Public [L, U] (Rank) S2: Private [L, U] (Rank)

C1.1 Accessibility to Markets and Production Centers [0.09863, 0.41272] (1) [0.06035, 0.25255] (4) [0.13276, 0.55555] (1)

C1.2 Regional Development and Trade Potential [0.03554, 0.31217] (2) [0.02175, 0.19102] (8) [0.04784, 0.42021] (2)

C2.1 Distance to Seaport [0.03391, 0.28179] (3) [0.03458, 0.28739] (3) [0.03043, 0.25287] (4)

C3.1 Physical Capacity and Expansion Flexibility [0.01067, 0.24904] (4) [0.00653, 0.15239] (11) [0.01436, 0.33523] (3)

C2.2 Distance to Major Highway [0.01635, 0.23356] (5) [0.01667, 0.23820] (6) [0.01467, 0.20959] (6)

C1.3 Vulnerability Level of the Service Area [0.01120, 0.21853] (6) [0.01828, 0.35660] (1) [0.00603, 0.11766] (12)

C4.1 Transportation Cost [0.00412, 0.20290] (7) [0.00252, 0.12416] (14) [0.00555, 0.27312] (5)

C3.2 Reliability and Redundancy of Operational Infra. [0.00432, 0.20009] (8) [0.00705, 0.32651] (2) [0.00233, 0.10773] (15)

C2.3 Distance to the Main Railway Line [0.00784, 0.19215] (9) [0.00800, 0.19597] (9) [0.00704, 0.17243] (9)

C4.2 Installation Cost [0.00124, 0.15612] (10) [0.00076, 0.09553] (18) [0.00167, 0.21015] (7)

C1.4 Exposure to Natural Disaster Risk [0.00354, 0.15292] (11) [0.00578, 0.24954] (5) [0.00191, 0.08234] (18)

C3.3 Transportation Capacity [0.00156, 0.15471] (12) [0.00095, 0.09467] (19) [0.00210, 0.20825] (8)

C5.1 Access to Skilled Labor [0.00154, 0.14573] (13) [0.00157, 0.14863] (12) [0.00138, 0.13078] (11)

C2.4 Emergency Response Network Connection Reliability [0.00323, 0.14308] (14) [0.00527, 0.23348] (7) [0.00174, 0.07704] (20)

C3.4 Structural Integrity and Durability of the Facility [0.00057, 0.11728] (15) [0.00093, 0.19138] (10) [0.00031, 0.06315] (23)

C4.3 Land Acquisition Cost [0.00041, 0.11376] (16) [0.00025, 0.06961] (23) [0.00055, 0.15313] (10)

C5.2 Favorability of the Legal and Regulatory Framework [0.00046, 0.10786] (17) [0.00047, 0.11000] (16) [0.00041, 0.09679] (16)

C1.5 Proximity to the Logistics Ecosystem [0.00118, 0.10189] (18) [0.00120, 0.10392] (17) [0.00106, 0.09143] (17)

C2.5 Distance to Airport [0.00119, 0.09052] (19) [0.00121, 0.09232] (20) [0.00107, 0.08123] (19)

C6.1 Sustainable Transportation and Emissions Mng. [0.00039, 0.08654] (20) [0.00064, 0.14122] (13) [0.00021, 0.04660] (25)

C3.5 Cargo Handling Diversity [0.00020, 0.08302] (21) [0.00012, 0.05080] (28) [0.00027, 0.11175] (13)

C4.4 Operating and Maintenance Cost [0.00013, 0.08179] (22) [0.00008, 0.05005] (29) [0.00017, 0.11010] (14)

C5.3 Financial Incentives and Public Support [0.00013, 0.07611] (23) [0.00013, 0.07762] (22) [0.00012, 0.06830] (22)

C6.2 Energy Efficiency and Clean Energy Use [0.00016, 0.07071] (24) [0.00026, 0.11538] (15) [0.00009, 0.03807] (27)

C3.6 Transportation Network Integration [0.00007, 0.05867] (25) [0.00007, 0.05984] (26) [0.00006, 0.05265] (24)

C4.5 Storage Cost [0.00004, 0.05661] (26) [0.00002, 0.03464] (31) [0.00005, 0.07620] (21)

C6.3 Waste Management and Circular Economy [0.00006, 0.05329] (27) [0.00010, 0.08696] (21) [0.00003, 0.02869] (28)

C5.4 Social Acceptance and Stakeholder Relations [0.00004, 0.05207] (28) [0.00004, 0.05310] (27) [0.00004, 0.04673] (26)

C3.7 Emergency Logistics and Coordination Competency [0.00002, 0.03896] (29) [0.00003, 0.06357] (24) [0.00001, 0.02098] (29)

C6.4 Sustainable Land Use and Biodiversity Conservation [0.00002, 0.03854] (30) [0.00003, 0.06289] (25) [0.00001, 0.02075] (30)

C6.5 Environmental Compliance and Social Integration [0.00001, 0.02575] (31) [0.00002, 0.04202] (30) [0.00001, 0.01386] (31)

The empirical interval shifts delineated in Table 14 corroborate theoretical postulates
regarding sectoral divergence, simultaneously demonstrating the methodological efficacy
of the FR-SWARA approach. Specifically, when priorities are derived exclusively from
the Public/Academic sub-panel (S1), the uncertainty bounds for the ‘Vulnerability Level
of the Service Area’ exhibit substantial expansion ([0.0183, 0.3566]), thereby elevating the
criterion to the foremost rank. This adjustment directly mirrors the systemic prioritization
of structural resilience inherent to public administration paradigms. Conversely, the private
sector sub-panel (S2) markedly amplifies the upper thresholds of commercial determinants,
as evidenced by the ascension of ‘Transportation Cost’ ([0.0055, 0.2731]) to the fifth rank in
the hierarchy.
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Notwithstanding these expected dichotomies, the primary theoretical contribution of
this sensitivity analysis is articulated through the stability of the baseline (All 12 Experts)
parameters. The proposed dual-role framework effectively subsumes the polarized evalu-
ations of both sub-groups. Rather than imposing a rigid, crisp consensus that inherently
marginalizes divergent stakeholder priorities, the baseline rough intervals systematically
assimilate the cognitive divergence between public and private experts. Even amidst these
conflicting motivational drivers, macro-location variables such as ‘Distance to Seaport’ and
‘Distance to Major Highway’ retain stable operational bounds, consistently occupying the
upper echelons of the hierarchy. Consequently, this empirical evidence substantiates that
integrating heterogeneous expert profiles within a rough boundary framework yields a
highly resilient ‘Just-in-Case’ logistics architecture, one that remains structurally robust
even under extreme stakeholder dissonance.

5. Discussion
The main objective of this study is to develop a hybrid model that integrates the

conventional logistics efficiency functions of dry ports with the role they can assume as
emergency logistics centers in crisis and disaster situations, and to determine the basic
criteria set for the functionality of this model. To this end, the existing literature on dry ports
and emergency logistics was first systematically reviewed; then, based on expert opinions,
the SWARA method, a multi-criteria decision-making technique, was modified to carry
out the process of weighting the criteria. The Fuzzy Rough SWARA approach effectively
models the high degree of uncertainty and ambiguity inherent in disaster scenarios. By
utilizing rough set theory, the subjective judgments of the 12-expert panel are transformed
into an objective and consistent weighting framework, providing more robust insights for
crisis-time decision-making compared to traditional MCDM methods.

This study aims to bridge a critical lacuna in the literature by synergizing the logistics
efficiency and emergency center functions of dry ports into a singular strategic infrastruc-
ture investment. Indeed, the multifaceted shocks experienced in recent years, which have
severely destabilized global supply chains, have unequivocally underscored the exigency
of this integrated approach. The COVID-19 pandemic exposed the limitations of JIT models
by causing unprecedented disruptions in supply chains, bottlenecks at ports, and record
increases in freight costs. Similarly, the Russia–Ukraine war in the Black Sea disrupted
maritime trade in the region, threatening global food and energy security and increasing
the shift towards alternative trade routes. Trade tensions between the US and China have
negatively impacted freight costs, increasing the pressure to restructure supply chains.

In addition to these geopolitical and health crises, the devastating effects of natural
disasters have demonstrated the fragility of infrastructure. For example, the estimated cost
of each day that the Port of Houston in the US was closed due to a hurricane was $322
million, illustrating the magnitude of the economic losses caused by such disruptions. In
Türkiye, the collapse and fire disaster at the strategically important Port of Iskenderun
following the 6 February 2023, Kahramanmaraş earthquakes painfully demonstrated the
vulnerability of critical infrastructure during disasters and its negative impact on national
and international supply chains. These global and regional crises prove that logistics
infrastructure must be designed not only for commercial efficiency but also to be resilient
to shocks and dual use, which is a strategic necessity.

The criterion weights obtained using the Fuzzy Rough SWARA method confirmed
the importance of this dual-use approach. Among the main criteria, the fact that the
location criterion has the highest weight shows that strategic geographical positioning is
indispensable for the success of a dry port. Upon a granular examination of the global
weights, the fact that the lower limit of the location criterion nearly intersects the upper
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limit of the cost criterion provides empirical validation that site selection supersedes all
conventional operational cost considerations in terms of strategic primacy. This finding
coincides with the importance of access to markets and production centers, as emphasized
by Rodrigues et al. [24] and Ka [26]. From a strategic decision-making perspective, the
dominance of the location and transportation criteria implies that physical proximity and
connectivity are non-negotiable prerequisites for resilience. While cost reduction is the
primary driver in traditional logistics, these results suggest that in a dual-purpose model,
investors and public authorities must accept higher initial setup costs to secure long-term
operational continuity during crises.

However, in this study, the sub-criterion Accessibility to Market and Production
Centers under the main criterion of location has the highest weight, distinguishing it
from traditional approaches as it includes not only commercial potential but also disaster-
focused sub-criteria such as Vulnerability Level of the Service Area and Exposure to Natural
Disaster Risk. This highlights that investment decisions should be made not only based
on economic feasibility but also on their potential to contribute to regional resilience.
Specifically, the global weight of the Vulnerability Level of the Service Area criterion
is significantly higher than fundamental financial indicators such as Installation Cost
and Operating and Maintenance Cost, numerically proving the priority of post-disaster
resilience over economic efficiency.

The fact that the transportation criterion has the second highest weight reinforces the
vital role of intermodal connections for both commercial logistics and emergency operations.
In particular, the high weights of the sub-criteria Distance to Seaport and Distance to
Major Highway form the basis of an effective hinterland connection, as emphasized by
Roso et al. [11] and Yılmaz and Kabak [57]. Additionally, the significant weight assigned
to the Reliability of Connection to Emergency Response Networks criterion reflects the
expectation that the dry port will support not only its own operations but also regional
response capacity in a crisis. These findings are consistent with the work of [132] and
Zamiar and Kowalkowski [133], which point to the critical role of public–private sector
collaboration in disaster management and logistics planning.

Infrastructure was identified as a key factor in this study. The high weights of sub-
criteria such as Physical Capacity and Expansion Flexibility and Reliability and Redundancy
of Operational Infrastructure indicate that a dry port must not only meet current demand
but also have the critical ability to adapt to unexpected situations such as future growth
and sudden flows of relief supplies. This finding parallels the work of Fu and Tang [61],
who drew attention to the condition of infrastructure facilities, and Jeevan et al. [52], who
emphasized resource availability for emergency centers. In particular, the inclusion of sub-
criteria such as Structural Integrity and Resilience of the Facility and Emergency Logistics
and Coordination Capability in the model strengthens the study’s unique approach of
prioritizing resilience to natural disasters such as earthquakes. Furthermore, a critical
operational synergy exists between Structural Integrity and Emergency Response Network
Connection Reliability. Physical resilience becomes a strategic asset only when integrated
with redundant transportation corridors, illustrating that the model treats these criteria as
an integrated system rather than isolated variables.

Although the main criteria of cost, social and political, and environmental have lower
weights than location, transportation, and infrastructure, they are indispensable for a
sustainable and acceptable investment. Notably, this hierarchy deviates from traditional
dry port studies, where cost frequently ranks among the top priorities. The fact that
location and transport outweigh cost in this study is a unique outcome of the dual-use
focus, empirically proving that strategic security and disaster readiness take precedence
over immediate economic savings in resilience planning. Notably, the fact that the global
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weight of the Accessibility to Markets and Production Centers sub-criterion is higher than
the total weight of each of the cost, Social–Political, and environmental main criteria reflects
the undisputed superiority of market focus and operational continuity in logistics network
design. Social and political sub-criteria, particularly Access to Skilled Labor and Favorable
Legal and Regulatory Framework, provide the social operating license and operational
ease necessary for the long-term success of the project. The fact that the Sustainable
Transportation and Emissions Management criterion has the highest weight under the
Environmental main criterion confirms the potential of dry ports to reduce their carbon
footprint by promoting environmentally friendly modes such as rail, which is consistent
with the findings of Hanaoka and Regmi [112] and Pham and Lee [29].

A core theoretical challenge of the proposed dual-role framework is navigating the
inherent friction between commercial efficiency and disaster resilience. The transition to a
‘Just-in-Case’ (JIC) logistics architecture is empirically justified not merely by the macro-
level dominance of location over cost, but by the specific hierarchical shift observed within
the sub-criteria. In traditional paradigms, operational costs dictate site selection. However,
in this study, disaster-oriented metrics such as the Vulnerability Level of the Service Area
and Reliability of Connectivity to Emergency Response Networks strategically outrank
fundamental fiscal indicators like Installation and Operating Costs. This indicates that the
JIC architecture fundamentally redefines infrastructure valuation: operational continuity
during systemic shocks is prioritized over short-term financial optimization. Consequently,
when decision-makers face conflicting priorities—such as an optimal market access site
located in a high-vulnerability zone—the framework dictates the necessity of ‘strategic
redundancy’. It mandates accepting higher initial capital expenditures to engineer physical
resilience into vulnerable commercial hubs, thereby harmonizing profit-driven utility with
public-driven security.

Furthermore, while the mathematical validation in Section 4.3 demonstrates the stabil-
ity of the results, the theoretical justification for employing FR-SWARA over traditional
multi-criteria methods is deeply rooted in the context of this dual-role problem. In inte-
grating commercial and emergency logistics, stakeholders possess inherently conflicting
priorities. Traditional pairwise comparison methods often impose strict consistency limits,
which can suppress extreme but valid minority opinions—such as a public official’s hyper-
focus on disaster safety versus a private investor’s focus on ROI. The FR-SWARA approach
overcomes this by utilizing rough interval boundaries to objectively encapsulate cognitive
dissonance. Rather than diluting expert disagreement into a single crisp average, the
rough sets map the ‘friction’ between efficiency and resilience directly into the final fuzzy
rough weights, making it uniquely equipped to handle the high-dimensional uncertainty
of dual-purpose infrastructure planning.

6. Conclusions
This research presents a comprehensive paradigm shift in dry port location selec-

tion by developing a novel hybrid model that harmonizes commercial logistics efficiency
with strategic disaster resilience. Through the application of the Fuzzy Rough SWARA
(FR-SWARA) method, this study empirically demonstrates that the strategic valuation of
dry ports must transcend traditional cost-centric models. The findings reveal a decisive
hierarchical shift where the spatial dimensions of location, transportation, and infras-
tructure significantly overshadow immediate financial obligations. Specifically, the high
global weights assigned to factors such as the Vulnerability Level of the Service Area
and Reliability of Operational Infrastructure substantiate the empirical transition from
‘just-in-time’ (JIT) to ‘Just-in-Case’ (JIC) logistics architectures. In this new paradigm, re-
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silience is no longer an auxiliary feature but a foundational prerequisite for national supply
chain security.

Central to this study is the reconceptualization of the dry port as a ‘strategic stabilizer’,
a critical infrastructure node designed to absorb systemic shocks rather than propagate
them. Unlike traditional hinterland extensions, a strategic stabilizer acts as a multifaceted
buffer capable of maintaining operational continuity during diverse crises, ranging from
localized natural disasters like the 2023 Kahramanmaraş earthquakes to global disruptions
such as the COVID-19 pandemic. By leveraging redundant physical capacity and structural
integrity, these facilities ensure that essential relief and commercial flows are coordinated
even when primary maritime gateways are compromised. Fundamentally, the strategic
stabilizer serves as a ‘shock absorber’ within the national logistics architecture, preventing
the cascading failures that typically follow systemic disruptions.

From a theoretical perspective, this study extends supply chain resilience theory
by mathematically embedding disaster-oriented criteria into a classical logistics decision
model, offering a robust new lens for infrastructure valuation in volatile geographies.
Managerially and politically, the results advocate for a strategic realignment of investment
incentives. We argue that public–private partnership (PPP) frameworks must evolve to
prioritize facilities offering high-dimensional resilience and rapid response capabilities over
those solely focused on initial cost minimization. In an era of increasing geopolitical and
environmental volatility, dry ports must be conceptually elevated from passive cargo hubs
to active components of national defense and economic security.

Despite its robust framework, this study acknowledges specific limitations. First, the
expert panel’s primary focus on the Turkish maritime and seismic landscape inherently
reflects a regional bias. Future research should recalibrate the model in regions facing
distinct threats, such as hurricanes, extreme weather events, or evolving global trade route
shifts driven by climate change. Second, while the FR-SWARA method effectively captures
high-dimensional uncertainty, it relies on the assumption of criteria independence. Given
the complex interdependencies within dual-use systems—where physical capacity directly
impacts connectivity—future work should incorporate network-based methodologies to
map and quantify these causal feedback loops.

Finally, to transition this static framework into a dynamic operational roadmap, future
investigations should integrate the decision model with approaches that combine fuzzy
logic and agent-based modeling. Utilizing such dynamic simulations and fuzzy expert
systems will allow researchers to model real-time agent-rescuer behaviors and evaluate
the effectiveness of logistics responses under varying emergency conditions. This dynamic
integration will enable a precise quantification of the trade-offs between proactive resilience
investments and potential disaster losses, ensuring that the ‘Just-in-Case’ architecture
remains adaptable to an evolving and unpredictable global threat landscape.
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